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AFML-TR-7S-42 
Volume I 

FOREWORD 

This report was compiled by the Aeronautical Systems Branch« 

Systems Support Division, Air Force Materials Laboratory, Wright- 

Patterson AFB, Ohio.   It was Initiated under Project 7381, "Materials 

Applications.H Task 738107, "Cormxlon Control and Failure Analysis," 

with Mr. Fred H. Meyer, Jr. as the Project Engineer.   The 1974 

Trlservlce Conference is a follow-up to three similar conferences held 

In 1967, 1968, and 1972. 

The report Includes all available papers from the 1974 Trlservlce 

Corrosion of Military Equipment Conference. 

This technical report was submitted by the author In February 197S. 

Proceedings of prior conferences are available In AFML Technical 

Report TR-67-329 (1967) and In Metals and Ceramics Information Center 

Report MCIC 73-19. 

The purpose of the 1974 Conference was to continue Interservlce 

coordination In the areas of corrosion research and corrosion prevention 

and control.   Specifically, the objectives were to make Department of 

Defense personnel, contractors and Interested Individuals aware of the 

Important corrosion problems In military equipment, to present the status 

of significant corrosion research projects currently pursued by the 

military services and to provide a general forum for exchange of 

corrosion prevention and control Information. 

Ill 
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THE AIR FORCE CORROSION AND PREVENTION AND CONTROL PROGRAM 

r 'i 

SLIDE (1)   Today, I will review the Air Foroeo Corrosion Prevention and 
Control prograint vhloh as I will explain a bit later, has been given the 
rather appropriate name "Rivet Bright".    I would like to oover our program 
changes, efforts we have and are making now, and then where we are heading 
in the future.    I would be the last to represent these endeavors as the 
ultimate answer to all ills.   But they are a starting point from which we 
can improve and expand our efforts.    None of us is singlely capable of 
providing a panacea to the many interactive relationships associated with 
the corrosion phenomenon.   However, if each of us reason and work together, 
there is hope that the necessary solutions will be found. 

SLIDE (2)   Corrosion is one of the most insideous, costly, and most common 
destroyers of aerospace systems and equipment in the Air Force today.    It is 
indiscriminate as to where and when it stikes and is highly detrimental to the 
operational capability of first line weapon systems and equipment.    Corrosion 
prevention and control is never-ending and cannot be resolved solely by the 
periodic processing of aircraft and equipment through a depot facility.    It 
must, of neceotiity, start at the lowest echelons and be routinely practiced on 
a regular daily basis.   Failure to do so generally results in corrosion 
problems of major magnitude and a subsequent costly corrective program. 
Corrosion today is causing intolerable costs and naintonance problems in the 
field and at overhaul facilities.   Effective corrosion prevention programs 
will contribute to stopping its progress before it affects the operational 
capability of a weapon system.   Incorporation of preventive measures into the 
design and development of new systems or equipment before the equipment is 
exposed to severe environmental operating conditions will contribute signi- 
ficantly to reducing corrosion problems and costly maintenance actions. 

SLIDE (3)   These are all real nice words and they definitely relate to a very 
serious and costly problem in the Air Force today.   To prevent these from 
becoming "buzz words", we want to have a program that dynamically addresses 
the problem from systems inception. 

Not to make light of the complexities, scope, or effort of our problems, 
the real thrust to minimizing the effects of corrosion must come In the 
"ufr'front" considerations of the design, development and acquisition processes. 
The Air Force must make every effort to reduce support costs in the coming 
years if we are to have the necessary dollars to develop and operate a viable 
Air Force.    To reduce this cost of ownership, adequate considerations as to 
the corrosion prevention and control for a weapon system, equipment and 
subsystems will contribute significantly to reducing total life cycle costs. 
Withput intelligent and effective designed in corrosion prevention, no amount 
of field or depot level efforts will lick the problem.    The philosophy and 
direction of todays AF corrosion program is now receivirg ever increasing 
Importance. and I can assure you, emphasis at all levels of command and manage- 
ment. 

SLIDE (4.)   To illustrate the range and the magnitude of the corrosion problem, 
let me cite a few facts and figures. 
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- It hat often been thought or aaeuned that our depot work, and costs, 
nere caused by wear out or structural repair.    This Isn't the case anymore - 
Actually upwards of £60 of the 71 75 structural repair and replacement 
nanhours was causeu by» or related to, corrosion. 

- To cite a few specific aircraft systems, the Air Force Logistics 
Cononnd has spent 

- 31 million dollars on corrosion rework of the C-130 during FY 73/74 

- 12 million on the C-U1 during the same period 

- over 2 million on corrosion of the F^ in FY 74 

- another 2 million on the F-111 during FY73 

* and now, 7 million dollars is being spent to repair corrosion damage 
on the B-52G force Just to prevent major structural repair at the next PDM. 

If I nay stretch a speakers prerogative Just a bit, let me highlight some 
examples that make up our corrosion losses: 

SUDE (5)   In the area of electronics - this relay box was installed unprotected 
in the nose wheel-well of an older fighter aircraft.    Similar installations 
are in our fleets of first line aircraft and still cau&ine serious problems. 

SLIDE (6)   This antenna was installed on an ECM pod - it had been held in a 
readiness condition (but never been used) and I doubt very much that it 
would be very effective as a penetration aid for a fighter attack force. 

SLIDE (7)   Switching to Maintenance Structures-this is a C-130 longeron end 
fitting discovered during programmed depot maintenance. 

SLIDE (8)    This condition was found under a helicopter cabin floor - over and 
above the visual finding, it also relates to very poor maintenance and 
housekeeping. 

SLIIE (9)    This was a structural member of a transportable airborne battlefield 
conmand post.    Rehabilitation costs are approaching Initial costs. 

SLIDE (10)    I certainly would hate to be a downed flier depending on this hoist 
during a crunch type situation. 

SLIDE (11)   Storage is an often forgotten area. 
- This outer wing spent three years in outside storage - this was found 

on the outside of the wing rendering it quite useless until repaired. 

SLIDE (12)    This diesel engine was used for about 6 hours then stored in sunny 
California for a year.   You could have given it a good wash Job with the 
quantity of water found Inside. 

SLIDE (13)    This shows corrosion deterioration war reserve material.   This ia 
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u you can surmisei but a snail sampling.   I only have dwelt on this with you 
to enphsis that ooouranoes of this nature must be reduced and prevented now, 
not several years hence.   We Just don't have the resources available to us, 
either In the 0/to, or acquisition pocketbooks to let it continue* 

SLIDE (H)    The Air Force Corrosion Prevention and Control program, has as its 
goal "The reduction of the deterioration by corrosion to aerospace systems, 
equipment and components".   And as the design allowable criteria of our 
materials become more restrictive, corrosion prevention emphasis becomes more 
inportant.   To increase awareness and the overall emphasis on the corrosion 
program, it was given the official nick-name, "Rivet Bright".   Someone 
apparently felt that it symbolized a clean, sound weapon system that is 
corrosion free and operationally ready.   Our Intention is to use "Rivet Bright" 
to highlight and identify the Impact corrosion has on the Air Force mission, 
what is is costing us, and what we can do to correct the situation. 

SLICE (15)   Our corrosion program is still in the throes of re-vitaliaation. 
expansion and improvement.   Summarizing briefly, these changes include: 

- redirecting a major portion of the program to a philosophy of prevention 
rather than control - remembering the old saying "an Ounce of Prevention". 

- clarifying program objectives so that we're all headed in the 
direction. 

- expanding Air Staff involvement, responsibilities and response to insure 
that the program gets the visibility and support it requires. 

- directing the establishment of corrosion prevention advisory boards for 
all new major weapon systems, including prototype, before the design is 
finalised and full scale development begins. 

- identifying actions to insure corrosion prevention requirements are 
Included in new system and modification programs. 

- enhancing the exchange of technical and management information to Insure 
that the latest state-of-the-art corrosion technology is available and used. 

- expanding ATC training emphasis on corrosion prevention and control in all 
maintenance, logistics and supply curricula. 

Without detailing the policies and procedures of Rivet Bright, 

SLIDE (16)   it will suffice to say that all levels of management and sonmand 
will become involved.   Ue want to: 

- Insure that operational units have weapons and equipment as corrosion free 
as we can give them. 

. minimize the impaot of corrosion on our maintenance capabilities 

U 
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- us« our r«Bouro««. both dollars and people power, In the moat 
productive» nsnnsr. 

- have continuous comnunlcstlon with industry and vith other services 
to promote technological ad^ancementa and to adopt such advancements to Air 
Force use. 

- assure corrosion prevention technology is included throughout the design, 
development, fabrication, operation, and maintenance activities of a system 
life cycle. 

SLIDE (17)   As I said, particular emphasis must, and will be directed toward 
incorporating corrosion prevention into the acquisition process through 
what ve refer to now as "Up-PVont Logistics".    This embodies the various 
programs and techniques utilised during acquisition of systems and equipments 
to consider and minimize the downstream costs of ownership.   Of major importance 
in regards to corrosion is the feedback of design or material deficiencies 
uncovered in operational systems and equipments so that they can be minimised 
or eliminated in future designs. 

We oust Insure that corrosion prevention and control is given adequate 
consideration from the start, even In protype development.   Industury and 
Government cannot in the interest of minimizing prototype costs, delay the 
inclusion of corrosion protection in early design studies for it will heavily 
burden future operating costs of the system.   The implementation of corrosion 
prevention advisory boards is one way to insure that such technical considerations 

mde. 
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While I feel that we now tore "Rive Bright" headed in the right direction, 
and have optimistic hopes for its future, I didn't intend to leave you vith 
the feeling that we're Just beginning our efforts - To the contrary, a great 
many things have been and are going on - each of which has had a direct 
influence on changing the philosophy and attack of the program. 

SLIDE (18)    In addition to revising the regulation governing the corrosion 
program, which was published on 18 October; 

- a HQ OSAF OPR has been established to respond to the needs of the program 
and insert Front-end Logistics considerations. 

- An AF standard for materials and processes for corrosion prevention 
and control has been drafted and will be going through coordination shortly, 

- efforts have been underway to establish corrosion prevention sdvisorv 
boards for the ACF and AM5T and the AGF board is now being formed. 

- an excellent training film for corrosion has been made and distributed 

- Joint AFLC/AFSC command corrosion surveys have been performed for most 
major connnands 

- PAGER LIMB, a corrosion severity classification project has been underway 
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- productive nee tings and exehangeg of information have been held both 
in this country and the United Kingdom with our friends in the RAF 

- a major effort has been launched by the commands, and fully supported 
by the Air Staff, for acquisition of new/modernized corrosion control 
facilities 

- a long term test and evaluation of dessert storage procedures has 
been completed 

- the general series technical orders relating to corrosion were revised 
and subsequently updated - CEM and Storage are in progress 

- extensive materials research and field test programs have been 
initiated 

- Initial efforts to develop a corrosion data prediction system has been 
started 

-  ■ 

These are all highly productive and beneficial efforts, - But they are only 
the beginning.    I would like to reiterate, if we are to reduce those hundreds 
of millions of dollars corrosion Is costing the AF each year, a lot more has 
to be done, and without much more delay. 

SLIDE (19)   Let me mention several areas where I feel .we must take initiative 
and start something moving.   We must; 

- include the requirements for corrosion prevention considerations for a 
weapon system in all primary acquisition regulations 

- identify and define critical areas in Rivet Bright, and establish the 
priorities to obtain the necessary resources 

- develop adequate corrosion programs for syrtems and equipment other than 
aircraft/missiles - eg avionics/electronics, vehicles, AGE 

- foster .loint service coordination and Interfacing in the methodologies 
of corrosion program management and reduce any unnecessary duplication. 

- in addition to predictive efforts, develop a viable and productive 
corrosion data system for the prevention, contr J1 and repair of corrosion 
damage on all systems and equipment. 

- motivate industry to develop and use materials and techniques that 
are productive in preventing and reducing corrosion 

- and lastly, establish a direct positive interface between those programs 
and technologies that have such an Important influence on each other - namely 
corrosion, NDI and ASIP / 



SUDE (20)    In conclusion, I submit that these are the challenges of the present 
and the future.    In the past we concerned ourselves with controlling corrosion 
Just so we could keep our heads above water.    To continue on such a path Is 
oost prohibitive.    Today the pendulum Is moving toward emphasis on prevention 
as the best and most cost effective means of controlling corrosion.   To 
acconpllsh our goals, it will require the development and implementation of 
techniques which will provide incentives to improve the corrosion protection 
of a weapon system; optimize resource management; and resolving the conflict 
between design-to-cost goals and the trade-off flexibility required to reduce 
the oost of ownership.    The need and the task is there - Now all that is required 
is for us to get busy and get it done. 
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ATC CORROSION CONTROL 

TODAY I WANT TO GIVE YOU A GENERAL IDEA OF THE BASIS FOR THE ATC 
CORROSION CONTROL EFFORT BY DESCRIBING OUR FLEET AND SOME OF ITS 
CHARACTERISTICS AND FOLLOW THAT WITH A COUPLE OF PROBLEMS WHICH 
HAVE BEEN ABSORBING OUR TIME AND EFFORT. 

THE FLEET 

WHEN SOMEONE MENTIONS A MAINTENANCE PROBLEM THAT AIR TRAINING COMMAND 
IS HAVING. YOU MAY CHUCKLE TO YOURSELF AND WONDER — NOW WHAT SORT OF 
PROBLEM COULD ANYONE HAVE ON AIRCRAFT AS SMALL AND UNSOPHISTICATED AS 
THE T-37 AND T-38? WELL, LET ME ASSURE YOU THAT WHAT WE MAY LACK IN 
SIZE OF OUR AIRCRAFT IS MORE THAN OFFSET BY SHEER NUMBERS. THE 
PARKING RAMPS AT OUR UPT BASES ARE LITTERED WITH TINY AIRPLANES — 
EACH FLYING TRAINING WING OWNS FROM 165 TO 200 OF THE PRIMARY 
TRAINERS; AND. AS YOU WELL KNOW, CORROSION IS NOT A PROBLEM THAT 
DEPENDS ON THE COMPLEXITY OF A WEAPON SYSTEM. 

THE T-38 IS BUILT FROM A VARIETY OF MATERIALS — STEEL. MAGNESIUM. 
TITANIUM, AND OVER 10 DIFFERENT ALUMINUM ALLOYS. WHILE THIS VARIETY 
OF METALS IS NOT UNIQUE. THE FACT THAT IT IS PACKAGED IN SUCH A SMALL 
AIRCRAFT WITH LIMITED ACCESSIBILITY MAKES CORROSION CONTROL ON THE 
T-38 NO SMALL MATTER. 

ALTHOUGH WE DO NOT OFFICIALLY PAINT AIRCRAFT FOR APPEARANCE. ONE LOOK 
AT A "STRIPPED" '38 WOULD MAKE YOU THINK THAT IF AN EXCEPTION IS EVER 
MADE TO THAT RULE. IT WILL BE FOR THE '38.  SERIOUSLY. THOUGH. THE 
CONSTRUCTION OF THE T-38. WHICH MAKES EXTENSIVE USE OF ALUMINUM 
HONEYCOMB. HAS PRESENTED SPECIAL PROBLEMS WHICH WE HAVE JUST BEGUN TO 
ADDRESS. MORE ON THAT LATER. 

OUR OTHER PRIMARY TRAINER, THE T-37, WAS DELIVERED TO THE AIR FORCE 
AS AN ALUMINUM AIRPLANE.  THE MAJORITY OF EXTERIOR SURFACES ARE CLAD 
ALUMINUM. THROUGHOUT THE LONG AND USEFUL LIFE C'F THE T-37 (WHICÖ DATES 
BACK TO 1956) WE EXPERIENCED LITTLE CORROSION TROUBLE.  BUT ABOUT FOUR 
YEARS AGO, WE COULD FORESEE MAJOR PROBLEMS DEVELOPING ON THE EXTERIOR 
OF THE AIRCRAFT, PRIMARILY ON THE AFT SECTION AND EMPENNAGE IN THE 
EXHAUST TRAIL. THE CLAD SURFACE WAS BEING ERODED AND PITTING CORROSION 
WAS ATTACKING THE BASE METAL, QUITE SEVERELY IN SOME CASES. FOLLOWING 
A JOINT AFLC/ATC FLEET SURVEY, THE DECISION WAS MADE TO PAINT THE T-37 
TO HALT THE CORROSION AND ADD MORE YEARS OF USEFUL LIFE TO THE AIRFRAME. 
THE CHOICE OF A PAINT SCHEME BECAME A CONTROVERSIAL MATTER, WITH ALL 
CONCERNED AGENCIES MAKING RECOMMENDATIONS. FINALLY, A PLAIN WHITE PAINT 
SCHEME WAS CHOSEN. 
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SO, NOW EACH WING OWNS AT LEAST 165 TINY AIRPLANES WHICH ARE PAINTED 
AS A PRIMARY MEANS OP CORROSION PREVENTION.    EACH WING HAS ONE 
CORROSION FACILITY FOR STRIPPING,  COMPLETE REPAINTING, AND MAJOR 
TOUCHUP OF THESE AIRCRAFT. 

THE COMPLETE STRIPPING, CORROSION TREATMENT, AND REPAINT OF A T-37 
OR T-38 REQUIRES FIVE FULL WORKDAYS TO COMPLETE.    ON A SMOOTH, 
UNINTERRUPTED SCHEDULE, EACH AIRCRAFT CAN BE BROUGHT IN FOR A COMPLETE 
GOING-OVER ONLY APPROXIMATELY ONCE EVERY FOUR YEARS.    THAT REALLY 
STRETCHES THE EFFECTIVE SERVICE LIFE OF ANY PAINT FILM, PARTICULARLY 
ON A SUPERSONIC AIRCRAFT LIKE THE T-38.    WE HAVE TO MAINTAIN TIGHT 
SCHEDULES.    EVEN SO, THE,RANDOLPH SHOP MANAGED TO COMPLF.TE THE FIRST 
T-38 TRANSFERRED TO THE'THUNDERSIRDS. 

THE PROBLEMS 

WITH THAT BACKGROUND, YOU CAN IMAGINE THE IMPACT OF THE RECENT SHORTAGE 
OF POLYURETHANE PAINT.    SOME BASES WERE WITHOUT PAINT, WITH THE EXCEPTION 
OF RESERVES FOR MINOR TOUCHUP, FOR SIX WEEKS.    IN A SITUATION LIKE THIS, 
NOT ONLY ARE THOSE AIRCRAFT CURRENTLY IN DIRE NEED OF TREATMENT DELAYED, 
BUT ALL THOSE FURTHER DOWN THE LINE ARE POSTPONED AND SUFFER THE 
CONSEQUENCES.    WE FOUND THAT WHILE THE MIL SPEC PAINT WAS NOT AVAILABLE 
AT GSA,  IT WAS AVAILABLE FROM THE SAME COMMERCIAL SOURCES THAT SUPPLY 
GSA,  ALTHOUGH AT A HIGHER PRICE.    WE FEEL THAT PROBLEMS OF THIS SORT 
COULD BE AVOIDED OR TEMPERED BY A PROVISION FOR A LONG LEAD WARNING OF 
IMPENDING SHORTAGES.    EVEN THOUGH CORROSION PREVENTION IS MUCH CHEAPER 
THAN CORROSION CORRECTION,  IT IS GOING TO COST A GREAT DEAL MORE IN THE 
FUTURE. 

THE IMMEDIACY OF THE PAINT SHORTAGE IS,   I FEEL, FAR OUTWEIGHED BY AN 
INSIDIOUS PROBLEM WHICH HAS JUST BEGUN TO SURFACE.    THIS PROBLEM IS 
PECULIAR TO HONEYCOMB STRUCTURES;  AND,  IN THE T-38,  THAT'S SERIOUS. 

FOR A LONG TIME NOW, WE'VE HAD TO WATCH HONEYCOMB VERY CLOSELY.     SKIN- 
TO-CORE DISBOND OF HONEYCOMB HAS CAUSED THE FAILURE OF STRUCTURAL 
COMPONENTS SUCH AS THE WING TIP.    WHEN THE WING TIP FAILS AND LEAVES 
THE AIRCRAFT,  IT CAUSES FURTHER DAMAGE TO THE FUSELAGE AND RUDDER 
IN ADDITION TO JEOPARDIZING THE AIRCRAFT AND CREW.    THE WING TIP PROBLEM 
INTRODUCED US TO THE SPECIAL PROBLEMS OF HONEYCOMB AND LED US INTO A 
SEARCH FOR NDI METHODS TO DETECT DELAMINATION.    THE RESULT WAS THAT WE 
INTRODUCED TO THE AIR FORCE INVENTORY THE COMMERCIAL SONDICATOR FOR 
HONEYCOMB INSPECTION.    WE DIDN'T KNOW IT AT THE TIME, BUT DELAMINATION 
IS A SYMPTOM OF OTHER PROBLEMS AND NOT NECESSARILY A PROBLEM BY ITSELF. 

INCOMPLETE OR POOR BONDS BETWEEN THE SKIN AND CORE OF A HONEYCOMB PANEL 
ALLOWS THE INTRODUCTION OF WATER VAPOR TO THE CORE.    THE WATER VAPOR 
CONDENSES AND OVER A PERIOD OF TIME,  THE CORE FILLS WITH WATER AND A 
VARIETY OF FAILURES RESULT: 
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A. THE MOISTURE CORRODES THE SKIN BETWEEN THE SKIN AND ADHESIVE 
AND DEGRADES THE BOND OVER A LARGE ENOUGH AREA TO CAUSE STRUCTURAL 
FAILURE. 

B. THE MOISTURE CAN FREEZE AT ALTITUDE AND CRUSH THE CORE AND 
DELAMINATE LARGE AREAS OF THE PANEL.    THIS HAS HAPPENED ON THE RUDDERS 
OF SEVERAL T-38'S AND CAUSED THE LOSS OF A NUMBER OF RUDDERS. 

C. THE MOISTURE SETS UP CORROSION IN THE HONEYCOMB MATERIAL — 
ONLY .0007 TO .001 GAGE ALUMINUM AND QUITE HANDILY EATS AWAY THE 
STRENGTH OF THE PANEL WITH NO EVIDENCE OF DELAMINATION. 

D. THE MOISTURE ENCOURAGES THE SKIN TO CORRODE TO THE POINT THAT 
HOLES ARE EATEN THRU THE PANEL FROM THE INSIDE OUT — REGARDLESS OF HOW 
FINE A JOB CORROSION CONTROL SPECIALISTS DO. 

WE'VE KNOWN FOR A LONG TIME THAT WE HAD SOME MOISTURE IN OUR HONEYCOMB, 
BUT IN THE ABSENCE OF AN INEXPENSIVE,  RELIABLE INSPECTION METHOD, WE 
DIDN'T KNOW HOW MUCH OR WHERE.     NOW THAT THE KODAK INDUSTREX RADIO- 
GRAPHIC PAPER IS AVAILABLE.  WE CAN INSPECT THE ENTIRE HONEYCOMB AREA 
OF THE T-38 FOR MOISTURE FOR ABOUT 30 DOLLARS IN MATERIALS.    HERE IS 
AN EXAMPLE:    WE JUST RECENTLY STARTED A SAMPLE INSPECTION OF THE T-38 
FLEET USING THE RADIOGRAPHIC PAPER IN AN ATTEMPT TO DETERMINE THE 
EXTENT AND SEVERITY OF THE MOISTURE PROBLEM.     INITIAL RESULTS SEEM TO 
INDICATE THAT IT IS NOT THE CLIMATE OF THE AREA WHERE THE AIRCRAFT IS 
LOCATED OR THE CARE IN HANDLING AND TREATMENT IT GETS THAT AFFECTS THE 
MOISTURE PROBLEM.    WE SUSPECT THAT IT IS THE BASIC MANUFACTURING PROCESS 
THAT PERMITS THE INTRODUCTION OF MOISTURE. 

IN OUR EFFORTS TO SOLVE OR AT LEAST SOFTEN THIS CORROSION PROBLEM, 
WE'VE DONE A LOT OF RESEARCH AND FOUND A DEARTH OF INFORMATION ON 
HONEYCOMB AND ITS TREATMENT.     ONLY ONE GROUP IS ACTIVELY PURSUING 
THE PROBLEM AND THEY ARE HERE AT THE MATERIALS LAB WHERE A LONG RANGE 
STUDY AND COMPILATION OF INFORMATION IS UNDERWAY.    THEIR RESULTS WILL 
BE PUBLISHED IN THE FORM OF A HANDBOOK.  I UNDERSTAND,   IN A COUPLE OF 
YEARS. 

IN AN AIRCRAFT WHERE SO MUCH OF THE STRUCTURE IS HONEYCOMB,  A SERIOUS 
PROBLEM WITH HONEYCOMB CAN CRIPPLH PHE FLEET.    WITH THE T-38 MARKED 
FOR SERVICE 'TIL 1985,  WE'VE GOT A REAL CHORE CUT OUT FOR OURSELVES 
IN THE SEARCH FOR A SOLUTION TO THE MOISTURE PROBLEM. 

I HOPE I'VE GIVEN YOU AN INSIGHT INTO SOME OF THE CORROSION CONTROL 
WORK IN ATC. IF NOTHING ELSE, I HOPE YOU REALIZE NOW THAT THE SIZE 
OF AN AIRCRAFT DOESN'T DICTATE THE SIZE OF ITS CORROSION PROBLEMS. 
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CORROSION IN AIRBORNE ELECTRONIC COUNTERMEASURES EQUIPMENT 

by 

Thomas K. Moore, Major, USAF, ASD/ENFSS 

James R. Myers, Professor of Metallurgy, AFIT/DET 

U.  S.  Involvement In Southeast Asia and the recent Israeli-Arab 
War have clearly established the importance of airborne electronic 
countermeasures (ECM) equipment.    Reliable ECM equipment must be avail- 
able if tactical and strategic aircraft operations are to be conducted 
effectively with a minimum of losses.    Unfortunately, electronic equip- 
ment is vulnerable to various forms of mechanical damage; it is also 
susceptible to deterioration by an electrochemical process called 
corrosion.    Corrosion can occur any time the components within an ECM 
package are exposed to an aggressive environment, such as humid air 
and water.    Corrosion damage can frequently be related to the dense 
packaging of components in ECM devices which often results in the 
intermetalllc contact of dissimilar metals;  it is compounded by a 
general lack of corrosion prevention during fabrication and mainte- 
nance.    As a result, a vide variety of corrosion forms can occur. 
These include:     (1) exfoliation  (intergranular attack);   (2) general 
corrosion;   (3) concentration cell corrosion;   (4) galvanic corrosion; 
and  (5) pitting attack. 

The purposes of this paper are:    (1)  to examine several typical 
examples of corrosion which have occurred in ECM equipment;   (2)  to 
identify the form(s) of corrosion associated with each case; and (3) 
to discuss methods of minimizing the problem.    Basically,  it will 
demonstrate that improved manufacturing processes must be used to in- 
sure that materials susceptible to corrosion will not come into con- 
tact with a corrosive environment. 

Waveguides are a typical component of ECM systems;  they are gen- 
erally fabricated from 6061-16 aluminum alloy.    Because waveguides 
can be large structures, they are assembled from sections.    This means 
that the uncoated waveguide interior can be exposed to an aggressive 
environment during shipment, when for example the packaging fails to 
provide adequate temporary protection.    A typical example of poor pack- 
aging is the mere placement of the waveguide section in a polyethylene 
bag, secured with a rubber band.    Poor packaging will allow moisture 
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Co come Into contact with the bare metal (which Is required to obtain 
the correct electrical properties Inside the waveguide) and corrosion 
will result. 

The electrical requirement for a bare waveguide Interior surface 
makes It Impossible to coat the Inside of the waveguide with an epoxy 
primer (Ref.  1) which would normally be required Inside aluminum tubing 
In aircraft (Ref,   2). 

Corrosion, as shown In Figure 1, Inside waveguides creates an 
insulator (hydrated AI2O3) on the surface; this significantly decreases 
the efficiency of this electronic component In providing a propagation 
path for the microwave energy.    Being a portion of the transmitter, the 
corroded waveguide results In less energy available for radiation and 
a decrease In the effectiveness of the countermeasures system. 

Since In this application the use of paints or primers to provide 
protection from the environment would result In unacceptable electronic 
properties, other protection must be used.    The aluminum waveguide must 
be Isolated from the electrolyte (water).    A close fitting, water- 
Impervious, molded plastic cap to close off the end of the waveguide 
would provide such protection and make this uniform attack and pitting 
less probable.    This low cost protection provides satisfactory Isola- 
tion of the waveguide.    As a result, the expense of replacing this com- 
plex-shape waveguide can be avoided. 

An array of spiral antennae (Figure 2) Is used as a part of the 
receiver section of certain electronic countermeasure devices.    The 
spiral of copper Is fabricated by chemically milling (or etching) In 
an acid bath.    Material not needed to form the spiral Is removed by 
this controlled corrosion process.    After being etched In add the 
spiral Is encased In plastic.    The plastic coating provides excellent 
environmental protection by effectively Isolating the copper. 

Failures of these antennae have been reported In the field after 
several months of service.   The copper spiral, as shown In Figure 2, 
undergoes corrosive attack.    Failure analysis established that the 
antenna manufacturer had not properly removed all of the etchant from 
the copper component's surface.    Add was therefore Included along 
with the antenna during encapsulation.    Replacement of more than one 
hundred antennae was necessary to remove the corroded ones from 
service. 

rv* This corrosion experience points out the need for careful process 
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FIGURE 1    -   Pitting attack and general corrosion of 6061-T6 aluminum 
alloy waveguide.    White colored corrosion products on the 
surface are a hydrated form of aluminum oxide. 
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FIGURE 2    -    General corrosion of copper spiral antenna caused by 

acid trapped during encapsulation. 
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control during manufacture.   Many large electronic firm« buy critical 
conponanta from amall suppliers who have Inadequate knowledge of the 
corrosion problems which can be Introduced by manufacturing processes. 
Small manufacturers should be provided finish-system requirements; 
this may require considerable guidance In order to obtain components 
which meet specified requirements. 

Crevice corrosion, which occurred In the structure of one elec- 
tronic countermeasure pod designed for external carriage on fighter 
aircraft. Is evident in Figure 3.    Galvanic corrosion also occurred 
because of the dissimilar alloys which were In intimate contact.    The 
ring structure of the pod, as indicated by arrow 1, is 17-4PH stain- 
less steel; the shell structure pointed out by arrow 2 Is 2024 alumi- 
num alloy; and the mechanical fasteners In the shell, as indicated by 
arrow 3, are AISI 8740 steel. 

Corrosion products are visible in the crevice between the 
corrosion resistant steel ring and the aluminum sheet structure.    The 
aluminum alloy shell also shows evidence of some pitting while the 
steel fasteners are covered with hydrated ferric hydroxide (FeOOH). 

This structural assembly received very little corrosion protection. 
Only the aluminum alloy was protected; this was only given a chromate 
conversion coating (Ref. 3) evan though dissimilar metals, as defined 
by MIL-STD-889 (Ref. 4), are present. 

Had the aluminum, and preferably also the 17-4PH stainless steel, 
been primed in detail before assembly, and if the alloy steel faateners 
had been Installed with wet primer,  the corrosion probably would not 
have occurred.    Electrical isolation of dissimilar metals is generally 
required to prevent galvanic corrosion.    Currently-used coating systems 
provide considerable resistance to electrochemical attack by Isolating 
the dissimilar metals and preventing the penetration of the electrolyte 
to the corrosion cell. 

Numerous failures of soldered connections have been found during 
field inspection and repair of printed circuits and other electronic 
components.    In many Instances the failed Joints have shown visible 
evidence of solder flux residues.    This was confirmed by chemical 
analysis.    In corroded solder connections, traces of rosin and of 
chloride compounds have been found.    While rosin is less corrosive 
than zinc or ammonium chlorides, which are conmonly used soldering 
fluxes,  even mild rosin fluxes contain components which when combined 
with other electrolytes promote corrosion. 
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FIGURE 3 - Crevice corrosion, pitting attack, general corrosion, and 
galvanic corrosion of Inside ECM pod structure. 
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Corrosion of soldered connections can be prevented by removing 
all flux after soldering. This process control Is essential If 
corrosion Is to be avoided. Methods of removing corrosive solder flux 
Include vapor degreaslng (Ref. 5). Solvents, such as alcohol or ether, 
may also be used to remove fluxes from soldered components. Denlson 
(Ref. 6) has described the problem of improperly cleaned printed 
circuit boards and provides Information on both the need and methods 
of cleaning them. 

Another example of corrosion In electronic countermeasure equip- 
ment Involves bare coaxial connectors. A partially disassembled hard 
coaxial connector showing corrosion both Inside the connector and on 
the aluminum alloy structure adjacent to the connector Is shown In 
Figure A. The materials Involved here are Type 303S austenltlc stain- 
less steel (the connector nut), 6061-T6 aluminum alloy (the aluminum 
frame), and sllverplated, copper-coated steel (the central element 
In the coaxial cable). 

The corrosion Inside the connector occurred because water seeped 
Into the area. Water will penetrate to the central conductor, when 
the connector nut Is not properly torqued during manufacture or routine 
maintenance. When properly torqued the nut will prevent water from 
penetrating the connector and providing the electrolyte necessary for 
corrosion. Reliability of this ECM system improved after the insti- 
tution of stringent quality control measures in manufacturing, includ- 
ing the checking of each threaded connector for proper torque values. 

It should also be noted in Figure 4 that exfoliation of the 
aluminum alloy, indicated by arrow 2, occurred near the connector nut. 
The connector nut was so close to the aluminum frame that a drop of 
water could bridge the gap between the two components. The presence 
of this electrolyte in an area where the chromate coating had been 
partially removed from the aluminum alloy frame by mechanical action 
during nut Installation, served to complete the corrosion cell. 

To demonstrate more clearly the nature of the attack which occurs 
when a galvanic couple of 6061 aluminum alloy and Type 303S corrosion 
resistant steel, metallically-connected specimens of these materials 
were exposed by the authors to aqueous environments for extended times. 
These 6000 hour tests Included exposure to both oxygen-saturated water 
and to an oxygen-saturated 3.5% NaCl solution. It Is known, but not 
widely appreciated, that 6061-T6 aluminum alloy can exfoliate. An 
example of exfoliation In this alloy is shown in Figure 5. 
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FIGURE 4    -   Corrosion Inside hard coaxial connector.    Note that 
exfoliation of the 6061-T6 aluminum also occurred near 
t!ie connector nut. 
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Photomicrograph shovjing exfoliation In 6061-16 
aluminum alloy. 

FIGURE 5 

111 

--———'——~-'—j'— 



Exfoliation corrosion of the aluminum alloy structure could have 
been prevented by designing the connection so that the nut was 
physically more distent from the plate, (i.e., so that a drop of water 
could not be supported between them). It could also have been avoided 
or greatly reduced by the application of a primer coet to the conver- 
sion coated aluminum alloy surfaces. 

CONCLUSION 

The examples of corrosion which have been shown are only a few 
of those which have occurred in ECM systems. Since dissimilar alloys 
will continue to be used in closely-packed electronic components, it 
is vital to provide corrosion protection to these systems. ECM com- 
ponent materials are selected on the besis of their electronic pro- 
perties; in many cases inherent corrosion resistsnce is not e materials 
selection factor. Environmental protection is therefore mandatory if 
corrosion is to be avoided. 

Improved manufacturing process control is necessary to avoid the 
use of methods which can reault in corrosion of the end item in ser- 
vice. Thorough removal of corrosive substances such as etchants, 
soldering and brazing fluxes, good cleaning practices, and correct 
heat treatment of alloys are all effective methods of reducing the 
probability of corrosion. 

Protective coatings can also provide effective corrosion protec- 
tion. Whether they are protective covers and closures for maintenance 
use, primers end finish systems for coating structural components, 
conformal coatings for circuitry, or hermetrically seeled containers 
for particularly critical items, protective coatings help isolate 
susceptible materials from hostile environments. Greater use of pro- 
tective coatings appears to be a convenient and effective way to 
reduce corrosion in ECM equipment. 

When ECM equipment is shipped or stored the packing materials 
must provide adequate environmental protection. Attention must be 
given to providing packaging which provides protection from hostile 
environments and yet which is inexpensive end easy to use. 

Corrosion can also be evoided by improved design. Features such 
as drain holes, seals, careful component placement, and the elimina- 
tion of pockets which trap fluids reduce corrosion susceptibility. 
A designer's judicious choice of materials end processes, coupled with 
his knowledge of and desire to avoid corrosion creating situations 
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can greatly Increase ECM system reliability and reduce the life 
cycle cost of this vital military equipment. 
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ABSTRACT 

General corrosion mechanisms of alloy steel jet engine compressor com- 
ponents are discussed.   Basic emphasis Is placed on the effects of oxidation- 
aqueous corrosion on component Integrity and engine performance.   The effect of 
protective coatings will also be discussed both In terms of effectiveness of protec- 
tion as well as engine performance characteristics.   Examples of coating perfor- 
mance In such engines as the Pratt and Whitney 1-57, Allison/Rolls Royce TF-41 
and United Aircraft of Canada T400 will be given. 

I. INTRODUCTION 

The excellent performance of the gas turbine engine In commercial and 
military aviation is a matter of record.   It is questionable whether the extent of 
commercial air travel presently taken for granted could havp been possible without 
the reliability and quality built into the Pratt & Whitney JT3D, IT4 and JT9D, the 
G.E. CI610/CF700 and CF6 and the Rolls Royce Spey and RB211 engines.   These 
engines have performed remarkably well and have maintained their basic economic 
position through many years of service. 

The characteristics of these engines in combination with their commer- 
cial air frames, however, vary considerably from those of their military counterparts, 
such as, the Pratt & Whitney J57, 175 and TF33, the G.E. 179, J8S and TF39 and the 
Rolls Royce/AUlson TF41.   These engines in combination with their air frames nor- 
mally experience much higher stress levels as well as considerably more severe 
environmental conditions.   For this reason, one Immediately assumes that more 
complex mechanical designs, as well as without question, superior grade materials 
would be used in the military counterpart engines.  Although often military hardware 
initially assumes complex geometries as well as utilizes higher grade materials, 
the facts of engineering life-cost, maintainability, and reliability often take prece- 
dence. 

The bulk of this paper will be spent describing what can be classified as 
an engineering approach to the reliability and cost effective design of military jet 
engine compressor hardware.   By utilizing surface treatments such as pack alumi- 
nizing, one can produce a component that often can more effectively perform in the 
environmental conditions encountered in severe military missions than more expen- 
sive homogeneous materials.   Where possible presently utilized designs are 
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described and comparative cost factors are Introduced Indicating the benefits o 
utilizing composite coating-base metal technology rather than designing utlllzlr. 
bulk properties. 

II.       MATERIALS USED IN JET ENGINE COMPRESSOR COMPONENTS 

In order to help describe the fundamental mechanisms and methods for 
prevention of corrosion In jet engine compressors a description of materials used In 
present day engines Is given.   Figure 1 Is a schematic of a jet engine compressor 
pointing out the placement of rotor bladlng, rotor spacers, rotor disks, stator vanes 
and air seals that make up the assembly.   Table 1 gives a summary of the major 
materials utilized in conventional gas turbine engine compressors.   Rather than 
going over detailed metallurgical reasons for the specific use of each material a 
short generalized description of each material, enough to aid In the evaluation of 
corrosion phenomena and related protective coatings Is given. 

A Description of the Material Applications 

(1) Disks and Spacers 

AMS 4340 and AMS 6304 are the most often utilized materials for com- 
pressor disks and spacers.   These are normally used in the forged condition.   The 
use of very high strength low alloy steels is necessary since these components are 
very highly stressed particularly during aircraft takeoff and landing.   Disks are 
therefore often low cycle fatigue limited.   These low alloy steels are obviously ex- 
tremely susceptible to marine corrosion damage, therefore, they are almost always 
coated.   Since these materials lose their strength above 8000F, in new compressors 
nickel base alloys such as Inco 718 are often used.   T1-6A1-4V disks are often used 
in the cooler front end of the compressor when engine weight is an especially criti- 
cal design requirement.   Higher temperature titanium disk materials are also being 
utilized in some of the newer engines in order to maximize thrust to weight ratios. 

(2) Blades, Vanes and Shrouds 

AMS 5616 and its counterpart "Greek Ascoloy" along with AMS 355 are 
the work horse materials of jet engine, bladlng and vanes.   These stainless steels 
possess excellent high temperature fatigue strength along with reasonable process- 
ing costs.   Where higher temperatures above 900or are experienced nickel base 
alloys such as Inco 718 and Inconel X750 are utilized.   These latter materials are 
not susceptible to marine corrosion damage as are AMS 5616, AM   355, etc., how- 
ever, they are extremely expensive to fabricate and difficult to repair.   They are 
also often brazed with expensive braze alloys In hard vacuum and cannot be in- 
spected by high resolution flourescent magnetic particle techniques.   Titanium alloys 
such as T1-6A1-4V have seen extensive use in fan blades because of their excellent 
strength to weight ratios. 
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(3)      Joining 

The welding of 410 type stainless steel stationery non-air flow compo- 
nents such as shrouds and cases Is accomplished using AMS 5776, 410 base weld- 
ing rod, and tungsten Inert gas weld techniques.   No repair welding other than 
electron beam welding of T1-6A1-4V fan blades Is permitted on any rotating compo- 
nent or stationery airfoil component. 

Applicable brazing alloys are shown In Table 1.  AMS 4770 braze Is used 
extensively In the low temperature section of most compressors while AMS 4772 is 
utilized with AMS 5616 stainless steel in slightly more severe and higher tempera- 
ture environments.  Silver-copper-palladium and gold-nickel brazes are often 
utilized In conjunction with nickel base alloys as well as with steel materials 
where more severe oxidation-corrosion environments are encountered. 

11 

III.     CORROSION PROTECTION 

A large number of coatings are available for the protection of metals 
against corrosion damage.   In many cases where only surface protection is needed 
the visual appearance of the coated part will determine whether adequate protection 
has been obtained.   More critical requirements will be placed on the coating when 
protection must be provided against corrosion related phenomena.   Examples of 
these corrosion Initiated mechanisms are corrosion fatigue, stress corrosion, and 
hydrogen induced embrittlement from external environments. 

Interpretation of the coating performance in these cases becomes more 
complicated.   For example, an analysis of degree of protection is not available 
through visual examination.   As indicated, martensltic stainless steels are repre- 
sentative of steels which require protection from corrosion initiated damage partic- 
ularly in the application of compressor vanes and blades.   Coatings applied to 
cyclic stressed martensltic stainless steels must protect against pit formation be- 
cause often the stress Intensification induced by a corrosion pit can supply the 
Initiation site for fatigue failure.   Figure 2s is a photomicrograph indicating how 
what appeared to be a protected blade, in this case a NiCad coated 410 stainless 
steel J57 blade, has In fact developed corrosion pitting which is consistent with 
possible fatigue stress amplification.   As can be seen a small discontinuity in the 
nickel plate lead to the corrosion pit.   Figure 2b shows how corrosion occurred 
through the slight break In the Ni plate.   This is indicated by analyzing the iron 
concentration by electron microprobe analysis. 

In order to protect 410 stainless steels against temperature and other 
environmental conditions developed in Jet engine compressors one must consider 
the use of truly sacrificial coatings, I.e. coatings which retain their anodic 
characteristic even after severe oxidation and/or salt corrosion. 
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Figure 3 Is the electromotive series of various metals and coatings 
relative to saturated calomel electrode In 3% sodium chloride solution.   It can be 
seen that it is desirable to use a coating exhibiting a potential of less than -0.40 
volts for the protection of 410 stainless steels.   The patented Chromalloy A12 
coating Is such a sacrificial type coating for 410 steels.   It has been utilized on 
numerous airfoil components of Tiilltary Jet engine compressors.   Specific applica- 
tions will be described In the ne^t section. 

In figure 4a It Is clear that sacrificial corrosion has occurred rather than 
pitting corrosion on a component utilizing the A12 coating.   A cross section, Figure 
4b, through the coating Indicates that only sacrificial corrosion products are formed 
on the coating rather than corrosion of the base material.   Figure 4c shows the 
microprobe analysis of corrosion products Indicating that the coating had corroded 
sacriflcially to the base material.   The sacrificial behavior of the A12 coating is 
very dramatically shown In Figure 5 which is a 157 blade in which the coating has 
been removed by grit blasting from the leading edge to mld-alrfoil.   It is clear that 
after salt spray exposure for 120 hours no corrosion is observed on the blade lead- 
ing edge, however, substantial corrosion has been encountered on the uncoated 
blade. 

The A12 coating Is a diffusion produced coating in which aluminum vapors 
are utilized to form an alumlnlde on the surface of the part.   This type of coating is 
an absolute requirement for close tolerance jet engine parts.   For example, devia- 
tions of as little as half a thousand on a blade or vane airfoil can significantly 
affect the performance of a jet engine compressor.   Figure 6 is a cross section 
through the leading edge of a 157 airfoil which clearly shows the coating coverage 
and uniformity available with the Chromalloy A12 system.   A12 affords an order of 
magnitude improvement over that which could be attained by any painting or other 
overcoat process.   Another illustration of the A12 diffusion coating is shown in the 
photomicrograph (Figure 7) of a section through a drilled and tapped hole.   Note how 
the coating follows the contour of the thread. 

Numerous engine tests on the 185, CJ610/CF700, TF41, 157 and JT3D 
have been carried out utilizing Chromalloy Al2 coated airfoil components.   In no 
case has performance degradation been encountered, in fact, as will be indicated 
in the next section, in numerous cases performance improvements have been en- 
countered.   As well. Initial performance characteristics have been maintained 
during service due to improved surface conditions and lack of corrosion product 
build-up. 

The protection of low alloy steels such as AMS 6304 is a much more 
difficult problem.   As can be seen in Figure 3, aluminum base coatings are only 
slightly more anodic than low alloy steels.   Aluminum based coatings therefore 
often lack significant sacrificial characteristics to protect these low alloy steels 
against marine corrosion damage.   To protect these materials the TSM coating 
utilizing magnesium as the base element has been developed.   Magnesium is tied 
up in TSM as a complex intermetallic such that only limited sacrificial corrosion 
occurs in environments such as would normally actively react with pure magnesium, 
ElectromoMve measurements in 3% sodium chloride solution against a saturated 
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calomel electrode indicates a potential of less than -0.9 volts for TSM coated 
materials.   Significant testing has been carried out Indicating that the TSM coating 
can protect low alloy G.C. Chromalloy cases, AMS 6304 disks, etc., In the tem- 
perature regime normally experienced by these components.   The TSM coating Is 
compatible with the dimensional requirements of various Jet engine components. 
For example, the fit tolerances of stator vanes In a casing of the type utilized In 
the J85 Indicate that less than .0003" build-up is required to ensure optimum 
assembly.   In this case again only a diffusion process would meet the tolerance 
requirements, the Internal dovetail slot being Impossible to coat uniformly by any 
standard plating, spray or dip process. 

IV.      SPECIFIC MILITARY ENGINE APPLICATIONS 

(1)      United Aircraft of Canada T400 Engine 

Figure 8 shows the gas generator case of the T40u engine manufactured by 
United Aircraft of Canada, Limited.   The T400 engine which has application on the 
UH-1N Iroquols helicopter generates approximately 1,800 shp.   The gas generator 
casing Is the major central body of the engine and comprises an Integral diffuser as 
well as a central portion of the compressor section.   The case contains a multipli- 
city of flanges, screw holes, as well as an Integral type diffuser.   The gas gener- 
ator case Is a particularly good application for the A12 coating.   It Is possible with 
the Al2 gaseous diffusion process to coat the Internal diffuser as well as all tapped 
holes and flanges.   History on uncoated cases utilized In marine environments In- 
dicated significant reductions in performance after 100 to 200 hours of operation. 
Recently, an A12 coated case was flown In the Baltic for more than 5,000 hours 
without any performance degradation or attack of the basis material.   More than 
1,000 gas generatot ca^es have already been coated.   Excellent field experience 
has been reported. 

During the Initial development period of the T400 engine a study was 
made to determine the possibility of fabricating the gas generator case of Inco 718 
to eliminate marine corrosion.   Although data was generated Internally at UACL, an 
Independent estimate of the cost of the case indicated a two to three fold Increase 
If fabricated with Inco 718.   Since the 410 stainless case cost Is in the vicinity of 
$6,000.00, a $6,000 to $12,000 Increase in engine cost was estimated.   This In- 
crease would have been Incompatible with total systems costs. 

(2)      Rolls Royce/AUlson TF41 Stator Assembly 

\ 

Figure 9 Is a photograph of a TF41 split compressor stator assembly. 
The stainless steel vanes of this assembly have been A12 coated for approximately 
three years.   At the Inception of the engine program NICad plating was employed 
for corrosion prevention.   It was found however, after a relatively short period of 
engine service, approximately 100 hours, that due to the high temperatures ex- 
perienced by the compressor the Cd sacrificial ovorplate was oxidized thereby re- 
ducing completely its sacrificial behavior.   The presence of microscopic defects 
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In the nickel plating consequently produced a severe corrosion pitting condition. 
Scrap rates of approximately 35%, as a consequence of corrosion pitting, were 
encountered during this period.   Since the Introduction of the A12 coating system 
pitting scrap rates have continually decreased.   More than 700 engine compressors 
have been coated with the A12 coating.   The coating did not effect compressor per- 
formance.   In fact, In a test carried out at the Naval Air Systems Test Facility, 
Newark, New Jersey, five A12 coated compressors were evaluated relative to un- 
coated compressors.   No change In performance was determined which was In con- 
trast to spray coated compressors, similarly tested, where significant reductions 
In performance were found. 

(3) Pratt & Whitney Aircraft J57, J75 and TF33 Blades and Vane Shroud Assemblies 

The application of the A12 coating to military Pratt & Whitney engines 
was initiated in 1968.   Figure 10 is a photograph of some of the components pre- 
sently coated with the A12 system.   Up to the present more than 40,000 vane shroud 
assemblies have been coated.   Overall engine performance has been shown to Im- 
prove with this coating and pitting corrosion damage has been totally eliminated. 
The scrap rates due to corrosion damage have been reduced to zero from a range of 
5-15% prior to the application of the A12 coating.   The scrap rate on blades due to 
corrosion has been reduced from a high of 20% to zero over this period of time.   In 
excess of 10,000,000 compressor blades have already been coated with A12. 

(4) General Electric J85 Compressor Stator Assembly 

The 185 is the most power dense engine presently in the Air Force and 
Navy Inventory.   Because of its extremely tight dimensional requirements, all pre- 
vious attempts to coat the airfoils of this engine including complex aluminum vapor 
deposition, have failed in the past.   In the last two years extensive performance 
testing has been carried out on A12 coated J85/CI610/CF700 compressors.   In no 
case has degradation of the performance of the compressor been found.   Also because 
of the extremely tight fit requirements the dovetail slots in the Chromalloy (CrMoV 
steel) compressor case were masked prior to standard spray or dip coating.   The use 
of the TSM coating to coat the dovetail slots has allowed the overall coating of the 
stator assembly thereby eliminating the severe corrosion problem associated with 
the corrosion freezing of the stator segments in the case. (See Figure 11).   Navy 
J85 engines are presently being TSM coated to eliminate this severe maintenance 
problem.   This problem could have been resolved by a change In the casing material, 
however, economic factors did not allow such a material selection change. 

CONCLUSIONS 

The present paper has outlined some fundamental requirements for the 
protective coating of jet engine compressor airfoil and case components.   An attempt 
has been made to describe the engineering factors which are often the principal 
factors in material selection.   Descriptions of diffusion coating applications, in- 
cluding the TF4] compressor stator assembly, J85 stator assembly, T400 gas 
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generator case and J57 vane/shrouds and blades have been debcrlbed.   The basic 
advantages of diffusion coatings, such as Improved uniformity, thickness control 
and most Importantly controlled production reproduclblllty have been briefly pre- 
sented.   Although future engine designs have not been discussed, It should be 
clear that In order to meet the requirements of both advanced performance and de- 
creased cost, consideration should be given to the application of composite diffu- 
sion coating/base metal systems.   Utilization of diffusion coated low alloy and 
stainless steels, rather than across the board Implementation of expensive titanium 
or high nickel base alloy systems, should be considered. 
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Figun I. Sectional view of Rolls-Royce/Allison TF 41 
engine which powers the LTVA-7 aircraft showing major 
compressor components. Compressor is of axial variety 
with a 3-stage low pressure, 2 stage intermediate com- 

pressor with steel stators and titanium rotor blading and 
11 stage high pressure compressor with stainless steel 
vanes, case, disks and spacers, titanium rotor blades, stage 
1-8, and stainless steel blades, stages 9-11. 

Table 1. Base and braze alloys utilized in military jet engine compressors. 

COMMON COMPRESSOR MATERIALS 

ALLOY COMPOSITION APPLICATION                j 

AISI4340 0.40 C, 0.8 CM.8 Ni, 0.25 Mo Disks, Spacers 
Chromalloy (G.E.) 0.20 C, 1.0 Cr. 1.0 Mo. 0.1 V Cases 
AMS6304 0.40 C, 0.95 Cr, 0.30 V Disks, Spacers 
AISI410 12.5 Cr, 0.15 C Blades, Vane/shrouds   j 
AM 355 0.13 C, 15 Cr, 4.25 Ni, 2.75 Mo Vanes. Blades, Cases 
AMS5616 13.0Cr, 2Ni,0.12C,3W Blades. Vane/shrouds 
Ti6AI, 4 V 6.0 Al, 4.0 V Blades, Disks 
lnco718 53 Ni, 19 Cr, 3.0 Mo, 0.8 Ti, 0.6 Al, 

19.0 Fe, 5.3 (Cb + Ta) Blades, Vane/shrouds 
Inconel x • 750 73.0Ni, 7.0Fe, 15.5Cr,0.7AI, 

2.5 Ti. 0.9 (Cb + Ta) 

BRAZE ALLCK 

AMS 4770 50 Ag, 15.5Cu, 16.5Zn, 18Cd Stainless Steel 
AMS4772 54 Ag, 40 Cu, 5 Zn, 1 Ni Stainless Steel 
PWA706 54 Ag, 25 Pd, 21 Cu Stainless Steel 
PWA 698, AMS 4787 82Au, 18Ni Inconel. Stainless Steel 
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Figur« 2a. Photomicrogrdph of Ni Cad coated AMS5616 
J57 compressor blade with small discontinuity in nickel 
plate leading to corrosion pit. 
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CORROSION 
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Kv 

Figure 2b. Iron X ray imaae (electron-microprobe) of 
nickel cadmium coating in 2a showing sub-coating cor- 
rosion pit. 
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Figun 3. Electromotive series of various metals and 
coatings relative to saturated Calomel electrode in 3% 
sodium chloride solution. The Al2 coating 'iron alumi- 
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nide)0.73\ and the TSM 3 (magnesium imermetallic) 
0.96 v are shown to be anodic to stainless steel and low 
alloy steels respectively. 
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Figuri 4>. Sacrificial surface corrosion products on the 
surface of Al2 coated Chromalloy Al2 J57 compressor 
blade. 

500x 

Figure 4b. Cross-section through sacrificial corrosion 
products showing no attack of basis material (electro 
lytic oxalic acid etch). 
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Figure 4c. Electron-microprobe point counts for iron 
made on 4b section indicating again sacrificial protection 
afforded by Al2 coating. 
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Figurt b SacrifkiaJ protacttonof Al^ cudtiiKjfxhibitfd 
during 120 hr bdli sprjy exposure AMS 5616 J57 
blddcs were utilized Prior to leütmg the coating w.i.% 
removed from the leading adge up to the centei of the 
airfoil. Ai can i><i seen, no pittuuj of the basis material 
occurred in the i.ncoated area. 
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A 12 COATING 

AIRFOIL 

FlfUN & Photomicrograph of AMS 5616 compressor 
blade leading edge indicating uniformity 4nd coating 
coverage only available with the Chromalloy A!2 pack 
diffusion process. 
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Figure 7. Photomicrograph of section through a drilled 
and tapped hole. Notice should be taken of the unifor- 
mity of the coating around the complex contour of the 
thread. 
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Figurt 8. The T400/PT6 gas generator case shown 
in the above figure represents an ideal application 
for the Al 2 coating since complete protection can 
be offered in chanels, diffusion tubes and other 
irregular surfaces. This protection could not be 
obtained with any spray or plating technique. 
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Fiqun 9. TF 41 stator assembly containing Al2 coated 
stator vanes. Vanes and compressor casing are "410" 
type stainless steel. 
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Figure 10. Al2 coated Pratt and Whitney J57. J7^ and 
TF33 vane shroud assemblies and blades. 
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Figurt 11. J85 Stator assembly with TSM 3 coated Chro 
malloy (CrMoV) case and A12 coated 410 S.S. vane seg- 
ments. Thickness of TSM 3 coating controlled to less 

than 0.0002" buildup without negatively affecting cor- 
rosion protection. 
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Stress Corrobion History of Apollo-Siturn Ldunch Vehicle AS-208 
(Skyldb IV) and Associated Components 

Ey H.  L. Gilmore and C.  E.  Cataldo 

Abstract 

The history of  aluminum 717Ö-T6 and  7079-Tb52 forgings through 
design,   fabrication,  testing,and storage to the successful flight of 
the Skylab IV mission is documented.    The decision process,  inspection 
routine,and repair which led to Sdfe operation of the boost vehicle are 
related.     Specific forgings involved are 7i7ö-T6 E-Beams and  7079-T652 
fin spjrs in the base of the S-IB first  stage, vertical reaction beams 
(7079-T6S2)  in the S-IB/S-IVB interstage,  among other components.    The 
lessons  learned  from the Saturn experierc-? in terms of material control, 
systematic  inspection,  labordtory  simulation,and guidelines developed 
are vital to future systems in  aerospace dnd ground-based structures. 
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Stress Corrosion History of  Apollo-Sdturn LauiiLh Vohitle AS-2ÜB 
 (SkylJt' IV) and  A;,'uii ited Conni  nent:..  

Prior to launch of the Skylab IV crew on 
vehicle (see Figure I), several mdior matpridl 
thdt required the concentrated effort;, of a la 
resolve and to establish the subsequent flight 
During pre-launch preparations, bulMieads on t 
dentally collapsed; stress corrosion cracks we 
locations on two major components of the stage 
cracked skin stringers were found; and a cable 
when broken wires were detected. This paper d 
sion problems encountered and the actions take 
verify the structural integrity of the vehicle 
materials ipplications. Similar problems on t 
vehicle AS-20J  are discussed  also. 

the AS-208 (*) launch 
5. problems were encountered 
rge number of people to 
worthiness of the vehicle. 

wo fuel tanks were acci- 
re discovered in several 
structure;  fatigue 

-harness had to be replaced 
escribes the stress corro- 
n to correct them and  to 
,  witli respect to the 
he two stages of launch 

Decisions  to  remove and  replace,   repair,   ana/or fly as is on these 
components  were made on the i.i:i:   of   the  following considerations: 

(1) Analysis  of   cr icks 
(/) Proof  test parameters and  life cycle determination 
( i) Repair methods 
(4) Safety 

Launch Vehicles  Background 

Tht; two launch vehicles to be discu-sed  in tnis paper were assembled 
and  static   fired   in   I )hL   for  launches   scheduled   in 19b7 and  Hob. 
Although a total  of  14  S-IB stages were built,   for  qualifying Apollo 
hardware   is  well  as  for actual  Apollo missions,  the Saturn V lunar 
program   jccelerate.i  to  such an extent   and  confidence in the Apollo hard- 
were  increased,   the S-IB missions were  reassigned  and  flown on the Saturn 
configuration.     Five Saturn IB missions were  flown successfully,  hence 
eliminating  the  need   for  the nine additional   stages  to back-up the 
Apollo missions.     The  remaining  nine S-IB  stages were placed  in storage 
within the Micnoua  Plant  beginning  in  196b with  strincent controls of 
te-.'per «ture,   t.u-:idity  and conta-i.inant:   in the  enclosuref.     Storage was 

(*) Three F and D vehicles (SA-?dl throu-jh SA-'^Oi)  and twelve operational 
vehicles  (C,A-/J4  through SA-?14) constitute the Saturn IB program.     Each 
Saturn IB launch vehicle consists of   an S-IB stage (i.e.  S-IB-b).  an 
S-IVB  stage  (i.e.   S-IV-B-8),   an  S-IB/S-IVB interstage,  and an instrument 
unit.     When the  launch vehicle combines with the Apollo payload,   its 
configuration  is  designated Apollo-Saturn (AS);   hence,   AS-PUH,   AS-20y, 
and so forth. 
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discontinued  for each Skyidb dssiyned S-IB stdye in 1972 according to 
the scheduled ruquirements of checkout,  prepdr<ition for shipment and 
launch. 

Because of additional knowledge leurned dbout the stress corrosion 
cracking (SCC) behavior of the high strength 7000-series aluminum 
alloys during the late 1960*5, and considering the age of the S-IB 
and S-IVB stages  in 1972,  an inspection procedure was prepared  for 
selected SCC susceptible materials in the Skylab launch vehicles. 
Periodic inspections were made at Michoud  and Kennedy Space Center (KSC) 
with the final   inspection to be achieved  within  30 days of launch. 

Although the stress corrosion inspection for the S-IB-6 and S-IB-7 
stages were negative, S-IB-8, S-IB-9 and the assigned S-IB/S-IVB inter- 
stages were not quite so fortunate. 

S-IB Thrust Structure E-Beam Cracking 

Stress corrosion cracks were found in the outboard end of a thrust 
outrigger upper E-Bea-n (see Figure 2) during installation of stabilizing 
and support  fins on the S-IB-9 stage in late August of 1973.    These 
cracks,   shown as dye penetrant indications  in  ch'? four photographs  shown 
in Figure 3,  were found by an observant  technician as he was installing 
fin attachment bolts in the immediate vicinity of the Fin 7 E-Beam. 
As a result,   immediate visual examination was made of all the forged 
7178 aluminum E-Beams  installed on the S-IB-9  stage which was located 
in the Vertical Assembly Building at KSC.     Another crack was found also 
in the same E-Beam located near the center,  as shown in Figure 3.     A 
third crack was  found in a beam toward the inboard end at position 
Fin 4;  this  crack  is  shown also in the composite Figure 3,  note the 
straightness of the dye bleed-out  initiating  in the hole under the 
fastener nut.     Dye penetrant inspections were made of several other 
questionable visual  indications;  however,   no additional cracks were 
founc  in the  E-Beams  on the S-IB-9  stage. 

A similar inspection of the S-IB-b  stage located on the launch 
pad and undergoing preparation for launch of  the Skylab IV Crew,  re- 
vealed only  one crack  which WdS  found  near the inboard end of  the 
upper E-Beam at position Fin A.    The decision was made to remove this 
crack  for failure analysis.    The coupon containing the crack is  shown 
in Figure 4.     Note that the crack did not originate or terminate in  a 
fastener hole,  nor did  it propag ite through th<j thickness of the beam 
material,  as  shown in the low^r left  and  right  side photographs  in 
Figure 4.     A slight  bowing of the material  can be seen also in the  right 
side view. 
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To expose the fracture surface for study on the scanning electron 
microscope (SEM) as well as to retain Intact cracks for metallographic 
study, the sample was cut in a manner to leave both ends of the crack 
undisturbed.     A flat view shown in the upper right corner of Figure 5 
shows the end of the intergranular crack; whereas,  a cross-sectional 
view made near the opposite end depicts the crack traversing inter- 
granularly in the transverse direction.    The SEM photograph in the 
lower right corner of Figure 5 shows the typical intergranular cracking 
along the fracture face.    Mud crack patterns in corrosion deposits were 
found near the initiation, as shown in Figure 6. 

With the cause of cracking verified for the beam in Fin 4 of the 
S-IB-8 stage,  stress calculations were made to determine if an inplace 
repair could be made safely to insure structural integrity of the E-Beam. 
The calculations were favorable with the recommended fix being a spacer 
and doubler as  shown in Figure 7. 

The S-IB-^ stage E-Beam cracks were removed and examined similar 
to the one from S-IB-8. Stress calculations and repairs were made on 
an individual basis for these cracks. 

Failure Analysis Summary for E-Beams 

The following comments summarize the findings made on the E-Beam 
cracking: 

1. The cracks were caused by stress corrosion. 
2. The E-Beam material (7178-T6) is highly susceptible to stress 

corrosion cracking. 
3. Stage environmental exposure is favorable for long crack free 

life. 
4. Applied stress (residual plus assembly) is sufficient to 

cause cracks.    Measured data indicate levels on the order 
of  10,000 psi. 

5. Failure data on bare samples of  7178-T6 at 10,000 psi.: resulted 
in failure in 3 to 4 years under inland environment, and 
2 to 4 months under seacoast environment. 

6. Use of  a zinc chromate system extends time to failure by a 
factor of 2 to 4. 

7. There is a probability that additional E-Beam cracks may 
develop but all applied stress data indicate that they will 
initiate on the visible surfaces. 

8. Periodic visual inspection will detect any significant crack. 
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Rdtiondle for Acceptable Flight Risk 

The following rationale indicated that the E-Beams were flight 
worthy: 

1. Cracks were caused by stress corrosion. 
2. Residual stress in E-Beams was prime contributing factor. 
3. Process review showed that the S-IB-7 stage beams should 

have had highest residual stresses and greatest potential 
for cracked beams, although none were reported. 

4. All cracks found in the investigation would not have resulted 
in structural failure; i.e., loss of fin, tank or engine 
support. 

5. Highest residual stresses were on surfaces between flanges 
resulting in greatest likelihood of cracking on visible 
surface. 

6. Stress corrosion cracks will occur only in transverse grain 
direction which is not the flight direction. 

Stress Corrosion Cracking of the Rear Spar of 
 the S-IB-8 Stage Fins  

During a scheduled inspection on November 5, 1973, of all compo- 
nents previously determined to be stress corrosion susceptible, cracks 
were found in 15 of 16 attach fittings for the stabilizing and support 
fins on the S-IB-3 stage. This was the final stress corrosion inspec- 
tion scheduled for the launch vehicle and was performed after full 
propelldnt loading was completed as a part of the Count Down Demonstration 
Test (CDDT) conducted 4 days earlier.  At the time of inspection, the 
fuel tanks were loaded and the extent of cracking in the lower spot face 
area of the left and right hand mounting pads of the rear spars was 
clearly visitle. The rear spar fitting shown in Figure 8 is processed 
as a closed die forging of 707 3-T6S2 aluminum alloy.  It is approximately 
42" X 24" X   12" in size and the final machined part weighs 52 pounds. 

Three previous inspections of these parts, as assembled, had 
beer, made, two at Michoud in accordance with routine inspection speci- 
fic ations and one at KSC during the period of September 25 to October 4, 
1^7 5. No cracks were found during these previous inspections even 
though statements by inspection personnel asserted that these critical 
areas had been examined.  Yet, the type of crack found could possibly 
have teen missed due to the locations and characteristics of the 
cracks. They originated in a sharp radius of a bolt hole spot face as 
showr. in Figure 3. 
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Analysit   Results  and Discussions 

An  initial met .lluryical  analysis was mdde on Fin 4,   which was 
the  first  fin removed  from the  stage,   the mating pad of  the lower 
fitting  assembly contained  a  crack  large enough to he  seen with the 
unaided  eye.     The typical crack   found  propogated  from a  sharp  radius 
in the  spot  face  for the main attach bolts.     The crack did  not  origi  ate 
in the bolt hole itself  (see Figure 9).     A section of the Fin 4  spar 
containing  a crack was  removed  at  KSC  and  a metallurgical examination 
was made.     The crack was confirmed to be stress corrosion cracking  by 
visual,   metallographic   and  Scanning   Electron Microscope (SEM)  examinations. 
It   was noted also that  considerable pitting corrosion existed on the 
mating  surface ot   the connecting  pad.     Pits were noted with depths  up to 
about  .002  inch.     The microstructure of the material showed  a normal 
grain structure although tfhere was  some evidence of  slight overheating, 
as  could  have been caused during   initial processing;   this would  not 
result  in any cracking  susceptibility. 

A stress  analysis of the fitting  showed that static  stresses in the 
lower pad  ranged  from 7 500 to  7900  psi.     The  stress corrosion cracking 
(SCC) threshold   for the  7079-T6 material is  less than 8000 psi.     Along 
with the constantly applied  stress,   installation stresses,  and  the 
hostile seacoast environment,  conditions  for cracking in these parts 
were very  favorable. 

Mechanical properties of  the  7079-T652 die  forgings (5-6  inches 
thick)   are  as  follows: 

Mlb-HTPh-S  MIN. 

Lorigltu'iiiial,   psi       ' hort Tr-risv.'rse,  psi       Typical  Valves,   psi 

FTU 
FTY 
%EL 

70,000 
53,000 

7 

(.R,000 
58,000 

7 0,000 
68,000 
14 

Stress Corrosion Threshold  stresses  are: 

Longitudinal -    > 50,000  psi 
Long Transverse     - i0,000  psi 
Short Transverse -    <    8,000 psi 

Thus,  the threshold stresses,   for sustained  service,  are quite  low, 
compared  to the typical mechanical properties  of the material. 
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Stress  corrosion  fdilure of  aluminum alloys  is more often due to 
residual  stresses  in the material than to  short-time service  stresses. 
7079-T552  forgings,  when compressive  surface areas  are machined  away, 
are highly   susceptible to stress  corrosion cracking,  and minute 
cracks,  once  formed,   propogate much more  rapidly  than in most other 
aluminum alloys.     The  initiation  site  of   such a crack might  be detected 
as  a corrosion pit,  or it might  not be evident  at  all.     In previous 
failure of  components  of this  alloy,   no evidence of  actual corrosive 
effects could  be detected in some cases,  yet the  failures were inter- 
granular and  branching,  characteristic of  stress  corrosion failures. 

While the  residual stresses that  may  be present in the S-IB fin 
attachment   fittings  are  unknown,  we must  assume that they might  be  quite 
high   In very  localized  areas.     Based on previous  tests on a very  similar 
part,  the  residual stresses in the  fin  fittings  could be on the order 
of  12,000  to  18,000 psi  tensile. 

Tests on  7079-T651 have been made under various test  site exposures 
and using different  surface treatments  on the material,     A summary  of 
the data  iz  as   follows: 

TE;T SITE OR CONDITION 

3.5  NaCl  (A.I.) 

Pt,   ludity,  P.I. 

Ft.  Comfort,  Texas 

Industrial  Atmos.,  Pci, 

DAYS TO FAILURE AT  55,000 psi  STRESS 

UNPROTECTED       ZnCrO.   PRIMER      SHOT  PEENED 
rRAIJGE OF  5  SPECIMENS^ 

10-17 

iS-45 

35-87" 

55-76 

115 (4-190) 200 (60-520) 

70 (56-240) 1460 N.F. " 

1000 (628-1230) 1460 N.F. 

150 (59-222) 1500 N.F. 

■•v One specimen out of 5 failed in 7 days.  N.F. means "none 
failed. " 

Stresses on the fir; attach fittings were calculated as follows: 

CONDITION 

On Pad - Empty 

Loaded with Fuel Only 

Fueled + 32 Kt. Wind 

Fully Loaded 

Fully Loaded + 32 Kt, Wind 

STRESS, psi 

4,000 

11,500 

16,400 

34,000 

39,000 
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In addition to these stresses, we could conceivably experience 
an additional 18,000 psi stress due to residual stresses in the part, 
resulting in total stresses on the order of 52,000 to 57,000 psi in 
the fully loaded condition. 

Thus, the stresses experienced during fully loaded conditions 
are approximately the same as those for which the test data were 
generated in the exposure tests shown above.  On this basis, it appears 
reasonable to consider that the fittings should withstand at least 
10 days of exposure to a fully loaded condition, with winds, where the 
metal was completely unprotected and a salt water environmert was 
present. 

In one sense that is extremely conservative, in that it is 
based on the worst possible environment with no protection at all.  On 
the other hand, it does not account for possible additional stresses 
that may have occurred due to attachment mismatch and bolting stresses. 
If severe enough, such stresses could easily exceed the yield strength 
of the material. 

The fact that all of the S-IB-8 stage fittings were cracked in 
essentially the same place indicates that all were equally loaded, or 
that all of the these areas exceeded the "threshold" stress for stress 
corrosion.  The failures are obviously due more to applied stresses 
rather than residual stresses, because none of the residual stresses 
must have been below 8,000 psi, short transverse.  Adding this figure 
to the applied stresses during loading gives a maximum stress of 47,000 psi 
which is close to the stress value that was used for the SCC tests in the 
table above. 

Failure Analysis Summary for S-IB-208 Fins 

1.  Cracking resulted from stress corrosion. 
9.     The forging process produced a grain flow transition which 

resulted in a short transverse grain direction in the area 
of the cracks. 

3. Evidence of pitting corrosion was   found. 
4. Spectrographic analysis  and hardness of Rockwell  "E" 109 

confirmed the composition to be 7079 as  specified. 
5. The cracking of the fin spars in fifteen of sixteen locations 

presents  a classical case of  stress corrosion. 
6. The sharp notch in the spot face,  the short transverse grain 

direction,  damage to the protective coating,  exposure to 
the corrosive environment,  and the sustained tensile stresses 
and  age resulted in the failure by  stress corrosion cracking. 
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Rationale for Acceptable Flight Risk 

1. New  fins   installed within  S ddys of   launch. 
2. Reinforcement  fittings installed on   fins  to transfer load 

away   from problem area  in  spar. 
5.     Cracks were caused by stress  corrosion cracking, 
4.     Calculations  showed  safety   factor  sufficient  to warrent 

safe launch. 

S-IVB Reaction Bearn Cracking 

On  November 11,   197 5 during the  final  scheduled   inspection,   cracks 
were oiscovered  near the center]ine of  the inboard  flanges of the S-IVE-8 
aft interstage  reaction beams.     Subsequently,   cracks were found  also on 
the S-IVB-9  aft  interstage  reaction beams of  the  Skylab  rescue vehicle, 
and on a similar test  article at the Marshall  Space Flight Center (MSFC). 
The aft interstage contains eight  reaction beams  which  are machined  from 
707 3-Tbb2  aluminum  alloy die  forgings. 

While the  reaction beams described  above plus those on vehicles 
in storage  at  Michoud,  LA were being examined  for cracks,  a parallel 
effort was  undertaken at the McDonnel Douglas  Facility  at Huntington 
Beach,  CA,  on thirty-one surplus unmachined  reaction beam forgings.     All 
thirty-one were  found  to contain cracks  in similar locations  as those 
in the flight  interstages.     Failure analysis investigations were under- 
taker! on the  beams   at MSFC  and on the unmachined   forgings at  Huntington 
Beach to aetermine the cause of these cracks. 

Two o 
for met a Hog 
findings are 
shown in the 
located near 
Electron Mic 
morphology p 
the fracture 
No. 41 show 
pits in tn-.■ 
Forging  No. 

f   the  dnterstage test  article b 
raphic   ana  fractographic  analys 

shown  in Figure 10.     Note the 
photomicrographs  for beam forg 
the centerline (parting plane) 

roscope  (GEM)  photographs  also 
lus  typical mud  crack patterns 
surface.     Photomicrographs of 

intergranular cracking initiati 
7079-T652  aluminum.     Note that 
19  whereas two cracks were disc 

earns  were removed  at MSFC 
os.     A compilation of  the 
intergranular crack progression 
ing  No.   38.     The cracks were 
of  the  forging.     Scanning 

depict  intergranular fracture 
in the corrosion products  on 
the cracked  area in Forging 
ng  at  the bottom of  surface 
a  single crack was  found  in 
overed   in  Forging No.   38. 

Chemical  analysis   indicated that  the  beam  forgings me*: the 
specifications   for   7073  aluminum alloy.     The  average hardness of 
Rockwell B  89  and  electrical conductivity of  33. b% IACS indicated that 
the forgings were heat treated to the  specified   strength requirements. 
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A typii .i cros.'B-section near the centerline of an inboard 
flange (forjing flash trea) is :hown in Figure 11A, The highly direc- 
tional grain Clow in the flash area is typical and normal.  Figure 11B 
chows the branching interqranular cracking further into the cracked 
beam. The microstructure within the flash area exhibited areas of large 
elongated grains as well as regions of small grains.  This type of 
microstructure is normal for the flash area of 7079 aluminum when die 
forged. 

Reaction Bearn Forging History 

A look at the history of these beam forgings show that the material 
was supplied by the Aluminum Company of America as 11-inch square billets 
and were riie forged in a temperature range of 800oFto650oF and sub- 
sequently heat treated to the T652 condition by Wyman Gordan Company, 
Worchester, MA.  The aged forgings were ultrasonically inspected per 
NAS 824, Grade A and B; however, due to the configuration of the 
forging, certain areas with non-parallel surfaces were not inspecti'le 
by ultrasonic techniques.  One such area, the outer flange, could 
contain a crack nearly an inch deep and would not have been detected 
by this method.  Although fluorescent penetrant inspections were made 
on the machined parts, no cracks were detected prior to installation 
.^ecause the parts were not etched prior to penetrant application.  It 
is highly proratle that tight cracks could have been smeared over 
durinq machinina. 

Examination of S-IVB-8 Aft Interstage 

During the final inspection of the S-IVB-8 stage and aft inter- 
stage, cracks were found in the base of seven of the eight reaction 
beams. The cracks were located on the inboard face, varying in length, 
and on three beams extenoing into the center pocket area a maximum of 
approximately 1/4 inch from the edge of bevel. 

As the result of finding a crack about 36 inches above the base 
on the back-up S-IB/S-IVB-8 interstage in the Vertical Assembly Building, 
a qye penetrant inspection was performed not only on the inboard and out- 
board surface of the fat end of the inboard cap of the S-IB/S-IVB-8 
interstage reaction beams, but on a one inch wide length of all 8 beams. 
No cracks were found except in the base area as previously stated. 
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Failure Analysis   bummary of  S-IVB Aft  Interstage Reaction Beans 

1. MSFC and McDonnel Douglas studies  indicated that failure 
of the  7079-T6  beams  resulted  from stress  corrosion 
cracking. 

2. Residual  stresses  from forging operation caused  failure. 

3. Preferential grain direction in the flash  area contributed 
to failure. 

4. Machining operation would have  smeared over any cracks  and 
would have precluded dye penetrant  detection prior to 
installation. 

Rationale to Leave Reaction Beans  Intact on SA-203 

1. Known cause of  failure was  stress corrosion cracking. 

2. Stress  analysis of the cracked beams indicatea  a Factor of 
Safety in excess of 1.5. 

3. The minimum required Factor of  Safety is  1.4 

4. Repair of  the  beams would require extensive rework and 
possibly  effect the S-IB stage. 

5. Removing  and  replacing the beams would  require demating the 
aft interstage  from the vehicle. 

6. Stress direction was parallel to crack direction. 

In conclusion,  the lessons learned  from the Saturn experience 
in terms of material selection and control,  systematic inspections, 
laboratory simulation  and guidelines developed  are vital to future 
systems in aerospace and  ground  based structures. 
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FIGURE 1  -   APOLLO-SATURN LAUNCH VEHICLE AS-20f 
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SIB 8 REAR FIN SPAR FORGING 

FIGURE 8 

FLORESCENT DYE INDICATION SHOWING CRACK LOCATION 

FIGURE 9 
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SCC IN SIV-B REACTION BEAM FORGING 
FIGURE  11 
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Environmental Corrosion of L606 and Improved Monopropellant 

Catalyst Screen Materials for Low Thrust Rocket Engines 

A.   N.   Ewing1,   K.   T.  Kamber2, 
E.  G.  Kendall^,   and R.   G.  Sherman 

The Aerospace Corporation 
El Segundo,   California 

ABSTRACT 

A major difficulty encountered in designing long life monopropellant 
hydrazine thrusters is that of providing structural elements,   particu- 
larly catalyst bed containment screens,   capable of withstanding the 
severe nitriding environment of hydrazine decomposition.    The use of 
cobalt-based alloys such as Haynes 25 (L605) has gradually evolved. 
Although much more durable than stainless steel,  the Haynes 25 screens 
are still subject to nitriding; after extneded usage,  they become brittle 
and crack,   typically about 100, 000 pulses.    It has long been known that 
platinum is not susceptible to nitriding; however,  its low tensile strength 
makes it unsatisfactory for a containment screen material.    For this 
experimental investigation,   platinum-iridium alloys were selected due 
to the large tensile strength enhancement available from small per- 
centages of iridium. 

Metallurgical tests were conducted to define the basic characteristics 
of the materials involved as an aid in material selection and to help 
understand the basic phenomena involved in screen degradation.    Wire 
samples and woven wire screens of Haynes 25,   Pt-15% Ir,   Pt-10% Rh 
and Nichrome V were exposed to a nitriding ammonia atmosphere at 
temperatures from 1300oF to 1700oF for up to 5000 min.    Metal- 
lographic examinations were made to determine any microstructure 
changes and to measure depth of nitride,  if any; microhardness 
measurements were made,   and tensile tests at room temperature  and 
at elevated temperatures were run on the wire samples.    In addition, 
woven screen samples were exposed to the nitriding atmosphere,   then 
subjected to applied loads from a spherical-ended rod at ambient and 
elevated temperatures,  as a measure of both strength and ductility. 

The data indicate that the nitriding rate of Haynes 25 increases with 
temperature.    The brittle nature of the nitride case suggests that the 
failure mechanism at work in a thruster is one of progressive growth 
of fatigue cracks formed in the brittle surface due to thermal cycling. 
The platinum-iridium alloy did not exhibit any nitriding and remained 
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ductile at all temperatures.    The strength of the platinum-iridium 
alloy,   while consiuerably less than that of Haynes 25 at lower temp- 
eratures,   is about the same as Haynes 25 at the typical thruster 
catalyst bed maximum temperature of  1800oF. 

I.    INTRODUCTION 

Hydrazine thruster requirements have increased to the point where 
Haynes 25 screens can no longer withstand thruster life testing without 
degradation to the point of hole formation and general embrittlement and 
loss of strength due to extensive nitriding.    An improved material is 
needed for catalyst bed screens to withstand more than  10    pulses and 
500 lb of hydrazine.     Evaluation of such materials has generally con- 
sisted of empirical engineering data acquired from thruster testing. 
After the time and expense of such testing,   it is often found that the 
selected material does not live up to expectations. 

A series of metallurgical and engineering tests were conducted on 
screens made of Haynes 25 and platinum-iridium alloys and on wire of 
these materials and wires of nichrome and platinum-10% rhodium. 

II.    DISCUSSION 

A.        Metallurgical Considerations 

Nascent nitrogen is a hydrazine decomposition product which can affect 
the chemical composition and physical properties of screen materials. 
The result of nitrogen attack on Haynes 25 is the formation of a hard 
case consisting of chromium,   iron,   and tungsten nitrides.    This case is 
brittle and can be the cause of crack formation in stressed areas,   such 
as the instance in which the woof wire in a screen bends around a warp 
"■ire.    It is postulated that the additional stresses,   caused by thermal 
cycling during pulse operation,   cause the brittle outer nitrided case to 
crack.     The cracks form during the quenching period and expose addi- 
tional parent material to the nitriding atmosphere.     During the subse- 
quent quench,   the weakened material cracks deeper in a self-propagating 
manner until the wire is completely severed. 

Neither platinum nor iridium react with nitrogen,   and an alloy of the two 
is expected to be equally inert.    The basic tensile strength of platinum 
is low -  18, 000 psi compared to 195, 000 psi for cold drawn Haynes 25 at 
70oF.    The difference is less pronounced at 2000oF (see Table I).    It was 
felt that sufficient iridiutn should be added to raise the tensile strength of 
the alloy as close to Haynes 25 as possible within the limits of ductility 
required for weaving.     Several samples of 25% iridium were acquired; 
however,   a screen lot containing 15% iridium was ultimately selected due 
to difficulties encountered in weaving the 25% iridium alloy.    The resul- 
tant strength was predicted to equal that of Haynes 25 at 2000oF,   and to 
be approximately 70, 000 psi at 70oF.     This was considered sufficient, 
based on a calculation of the stress incurred by a  10-mil diameter wire 
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Table I.    Physical Property Comparison 

Nitriding Susceptibility (in. /min): 

1300oF 1700oF 

Platinum - 10% Iridium 0* 0* 

Platinum - 15% Iridium 0* 0* 

L-605 

500 mm 1 xlO"6* 3x10-^ 

5000 min 0 2xl0-6* 1 x lO"6^ 

Ultimate Tensile Strength (lb/in.   ) 

L-605 

Platinum 

Iridium 

Platinum - 10% Iridium 

Platinum - 15% Iridium 

Platinum - 25% Iridium 

Coefficient of Thermal Expansion (in. 

L-605 

Platinum 

Iridium 

Platinum - 10% Iridium 
(estimated) 

Platinum - 25% Iridium 
(estimated) 

70oF 2000oF 

195,000/185 000/ 
I65.000*t 

14,000* 

18,000 4,400 

150,000 75,000 

55,000 10,000 

83,000* 15,000* 

125,000 30,000 

in. -0F): 

200oF 2000oF 

6. 9 x lO"6 

■ 6 5. 1 x 10 

3. 8 x 10 

5.0 x 10 

-6 

-6 

4.7 x 10 -6 

10 x 10'' 

5.7 x 10" 

4.3 x 10' 

5. 5 x 10" 

5.2 x 10 -6 

Data derived from Aerospace laboratory tests 

Data for straight wire/kinked wire/nitrided wire, respectively 
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in a 40-nieöl;  screen.    It a single layer of unsupported screening were 
to withstand the upper catalyst bed pressure drop of 30 psi,   the ten- 
sile loading would be 4850 lb/in*1-. 

The major &tress placed on the screen is due to its thermal expansion 
and contraction,   as well as that of the chamber and support ring to which 
it is brazed or welded.    Analysis of this effect was not attempted; how- 
ever,   the coefficient of thermal expansion for platinum and its alloys 
appears favorable (Table I) compared to Haynes 25,     The coefficient 
is lower by approximately one-half,   indicating a potentially favorable 
reduction in the expansion and buckling forces on a contained screen, 
Resistance to crack formation during cooldown is a balance between 
tensile strength to withstand the stress and ductility to relieve it.    Plati- 
num and Haynes 25 represent two opposite ends of the spectrum.    It was 
intended to reach the appropriate compromise  with the Pt-Ir alloy, 
which would also exclude further reduction in both properties due to 
nitriding, 

B.       Apparatus and Procedure 

1, Nitriding 

Test specimens were nitrided in a 2-1/2 in diameter quartz tube 
which was inserted in a  12-in,   long resistance heated tube furnace capa- 
ble of temperatures up to 2000oF.    An ammonia nitriding atmosphere 
was passed through the tube (see Figure  1) at a flow rate sufficient to 
maintain 70 to 90% dissociation.    The temperature in the furnace was 
controlled by feedback froni a platinum-rhodium thermocouple. 

The specimens were placed in a quartz boat of sufficient size to 
ensure adequate specimen separation and ammonia circulation.    In turn, 
the quartz boat was inserted into the quartz furnace tube adjacent to the 
control thermocouple.     Test durations of 500 min and 5000 min were used. 
Early tests included cyclic heating to 1700oF and cooling to 250oF for 500 
cycles,  but did not cause cracking of L605 wire,   probably because the 
screen was not stressed,   and this technique was discarded. 

The apparatus was used to condition wire and screen specimens 
prior to other tests,   as well as to establish the nitriding characteristics 
of all materials at  1300,   1500 and  1700oF. 

2, Tensile Tests 

•■■  • 

A  1 0, 000-Ib Instron machine was used.    A 3-1/2 in,   long resistance 
tube furnace with a 3/16-in,   diameter inner ceramic muffle,   was positioned 
vertically around the wire test specimen.    The temperature field was 
plotted for each test temperature and calibrated to a  control thermocouple 
on the outside of the muffle. 

All tests were run in air.     The 0,010-in,   wire specimens were 
allowed to equilibrate for one minute prior to loading.     The data were 
reduced in terms of ultimate and fracture strength and reduction in area 
at various temperatures and nitriding conditions. 
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3, Screen Deflection Test Apparatus 

The same tensile machine was used to apply a push load to screen 
specimens  1/2 in.   in diameter.    A fixture,   shown in Figure 2,  held the 
screen securely around its perimeter while a  l/2-in.  diameter rod was 
pushed against it into a 5/16-in.  diameter hole.    The fixture was posi- 
tioned within a standard    2200oF Marshal Furnace 14 in.  long with a 
2-1/2 in.   inside diameter.    Also shown are typical yielded "hat" sec- 
tions formed in the test specimens. 

All the samples (Haynes 25 and Pt-15% Ir) were first heat treated 
in the nitriding atmosphere at 1700oF for 500 min. Traces of load ver- 
sus deformation length were developed for various temperatures. 

4. Microhardness Testing 

Tests were run using a diamond pyramid impressor with a  10 and 
50 gm load.     Measurements were made along the end diameter of a wire 
potted in Incite,   and converted to equivalent Rockwell readings. 

C.        Results 

1, Nitriding 

Nitriding is a chemical and diffusion process whose rate is con- 
trolled by time and temperature.    In commerical terms,   L605 is not 
considered a nitriding material because the rate is extremely slow as 
compared to nitriding steels at conventional nitriding temperatures 
(1050oF).    However,   at the higher temperatures encountered in thruster 
applications,   the nitriding rate of L605 is increased as much as five- 
fold.    Also,   since the wire is of small diameter,   a nitride case of 0. 001 
in.  becomes significant.    Figures 5 and 6 show the as-received micro- 
structure and the  1500oF,   500-min nitride case,   respectively,   using a 
modified Fry's etch and 250X magnification.    The fact that the nitriding 
reaction is time and temperature dependent is shown by comparing the 
nitride case formed after 500 and 5000 min at  1500oF,   and 5000 min at 
1700oF,   as shown in Figures 6 through 8.    At the higher temperature and 
longer time,   the case is approximately 90% of the entire cross section. 

Previous published work indicated that Nichrome V did not nitride. 
However,   Figure 9 shows that this material will nitride,   under the en- 
vironmental conditions of the present study,   at a rate less than that of 
L605.    Figure lOshows that the Pt-15% Ir does not nitride,  and there 
were no surface effects from a 5000 min exposure at 1700oF. 

2. Tensile Strength 

The differences are quite large at room temperature but decrease 
markedly at temperatures above I300oF.    Listed below in Table II and 
plotted in Figure 11 are the ultimate strengths of the as-received materials 
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Fig.   1.    Laboratory Nitriding Apparatus 

Screen Deflection Test Fixture 
^-/ 

1/4 DIA 
PUSH ROD 

SCREEN 
RETAINER — 

L-605 Pt-15%lr 

TYPICAL TEST SPECIMENS 

5/15 DIA 

Fig.   2.    Screen Deflection Test Fixture 
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Fig. L-605 Wire, As Received Fig.   6     L-605 Wire, Exposed to 
NH3 at 1500oF for 500min 

Fig.  7     L-605 Wire, Exposed to Fig.      8 L-605 Wire,  Exposed to 
NH3 at 1500oF for 5000 min NH3 at 1700oF for 5000 min 

Fig.   9    Nichrome V Wire,.  Exposed    Fig. 10     Pt-15% IR Wire, Exposed 
to NH3 at 1300oF for 5000 to NH3 at 1700oF for 5000 
min min 
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at room temperature,   1700oF and 2000oF.    The platinum base alloys 
retain a greater percentage of their room temperature strength at 
high temperatures but,   in absolute terms,   L605 has higher strength 
at temperatures up to Z000oF, 

Table II. Ultimate T ensile Strength ui Un -nitrided Wire 

Material 70oF (ksi 1 1700 3F (k si) 2000oF (ksi) 

L- 605 195 36 14 

Nichrome V 132 8 4 

Pt -15% Ir S3 Z4 15 

Pt -10% Rh 48 10 8 

More important for thruster applications is the strength after ex- 
posure to the severe service co.ditions.    The relative tensile character- 
istics,  after long-time nitriding exposure,   are shown in Figures  12 through 
14,   and the individual characteristics of each material are shown in Figures 
15 through 18.    The tensile strength of the platinum alloys was unaffected 
by the severe simulation of service environment; however,   the strengths 
of the Nichrome V and,   to a greater extent,   the L-605 were degraded by 
the exposure. 

This degradation in L-605 tensile strength is exhibited at room temp- 
erature and up to 1300oF.    At higher temperatures,   the metal nitrides 
appear to increase strength slightly,   as computed using the original cross- 
sectional area of the 0. 010-in.   diameter wire.    Actually,   the L-605 nitriding 
caused an increase in diameter of up to 0. 001 in.    Use of this enlarged area 
would decrease the strength up to 21%.    Therefore,   the cross-over effect 
illustrated in Figure 16 should not be considered a real effect. 

In order to compare the effect of the nitride case on the L-605 woven 
wire and on the smooth wire,   individual strands of the woven wire were 
tested.     These strands had kinks from weaving which could act as notches 
if the material were embrittled.     The results are shown in Table III. 

The data indicate a  10 to 45 ksi reduction due to kinks,   and the severe 
degradation caused by the nitrided case.    The 1700oF -  5000 min exposure 
results in a cross-section almost entirely of nitrided L-605.    The shorter 
times and lower temperature samples are,  in actuality,   composite ma- 
terials with a hard case ar i soft core.    The brittle case is cracked as the 
kinks attempt to straight',   under the tensile load.    The apparent increase 
in strength with nitriding 'emperature is due principally to the area effect 
and may also be related to the fact that the nitride formed at high temper- 
ature is softer and less friable than that formed at the lower temperatures 
(see Section C-3). 
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No data are presented on the reduction of area prior to specimen 
fracture because it was so erratic.    Generally,  the platinum alloys 
were ductile and exhibited good reductions of area at all temperatures 
and after all exposures.    The L-605 in the as-received condition also 
showed excellent ductility.     However,  after nitriding the reduction in 
area was nil. 

Table   III.     Ultimate Tensile Strength of Individual L-605 Woven 
Wire Strands After Exposure to Various Temperatures 
and Atmospheres 

Atmosphere 

NH3 

NH 

NH3 

NH3 

NH 

NH3 

VAC 

Condition 

As received 

1300OF -  500 min 

1300oF -  5000 min 

1500OF - 500 min 

1500OF -  5000 min 

1700OF -  500 min 

5000 min 1700OF 

1700UF -  5000 min 

Ultimate Strength at 70   F (psi) 

185,000 

98,000 

90,000 

HO, 000 

90,000 

141,000 

98,000 

169,000 

3. Hardness 

The microhardness measurement results are shown in Table IV.    The 
higher hardness of the 1700  F core is attributed to some partial nitriding, 
as shown in Figure 8. 

Table IV.    Rockwell Hardness Values for 0.010-in.   L-605 
Wire Nitrided at Various Temperatures-for 500 Min 

Sample 

As received 

1300oF Nitride 

1500OF Nitride 

1700OF Nitride 

Core.  R 
i 

45 

45 

45 

47. 5 

Case,  R 

67 

60 

53 

For thruster fabrication,   the bed screens are typically brazed to their 
supports at 1950oF for 5 min.     Therefore,  a series of nitriding and hardness 
tests were performed on woven wire samples after a I950oF/5 min vacuum 
treatment.    This resulted in annealing and clso a significantly lower core 
hardness.    The depth of case was not affected; however,   the final case 
hardness was as described in Table V. 
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Table V.     Rockwell Hardness Values for 0.010-in.   L-605 
Wire Annealed al  1950oF for 5 min and Then Nitrided 

Sample 

As annealed 

1050oF Nitride^ 

I300oF Nitride 

1500oF Nitride 

17ü0oF Nitride 

Core,   R, 

98 

98 

97 

'»7 

97 

c ase, R 
c 

  

58 

56. 5 

56 

43. 5 

* Normal commercial nitriding temperature 

The data in Tables IV and V indicate that nitride case hardness is 
directly affected by the basic hardness of the starting material and is de- 
pendent upon the nitriding temperature. 

4. Screen Deflection Tests 

The results of the screen deflection tests of Haynes 25 (L605) and 
Pt-15% Ir woven screen samples are shown in Figure 19,   wherein the 
maximum load sustained by the screen specimen prior to yielding or 
failure is plotted versus test temperature.     Because of the constraints 
of the compression test fixture and the ductility of the Pt-15% Ir material, 
those screen samples had a much higher maximum load than the L-605 
samples over much of the test temperature range.    The maximum loads 
for the L-605 samples exceeded those for the Pt-15% Ir samples only af- 
ter the test temperature reached approximately  1500oF.    All the samples 
were initially subjected to the same nitriding atmosphere at  1700oF for 
500 min. 

Figure 20 illustrates the typical L605  "saw-tooth" load curves which 
correspond to a load reduction as individual strands crack and break.     Up 
to 1000oF there is an initial discontinuity (at a load of       6 lb) which was 
accompanied in some cases by an audible "tink" sound resulting from frac- 
ture of the first wire.     This point is the initial failure load which is also 
plotted in Figure  19.     Also shown is the specific depressed "hat" section 
test specimen,   which incurred strand failure. 

Figure 21 illustrates that at temperatures above 1500   F the nitrided 
layer on the L605 samples makes a transition from a brittle to a ductile 
material,   and the load deflection curves take on the appearance of the Pt- 
15% Ir curves.    The Pt-15% Ir screen samples were ductile throughout the 
entire test temperature range of 70oF to 1900oF,   as evidenced by the 
yielded but unbroken test specimens. 
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Fig.  20.    Screen Deflection Test 
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Fig.   21.     Screen Deflection Test 

III.    CONCLUSIONS 

The following conclusions arc drawn from the results presented in this 
paper: 

Pl-lS^i iridium is more suitable than Haynes 25 (L605) for hydrazine 
thrustcr catalyst bed retention screens. The increase in ductility is more 
significant than the accompanying loss in ultimate tensile strength. 

Fundamental metallurgical laboratory tests can be used for catalyst 
bed screen material selection to reduce the scope of thruster development 
programs. 

IV.    RFCOMMENDATIONS 

\ 

It is recommended that metallurgical investigation of Pt-Ir alloys should 
continue for possible improvement of resistance to crack formation in a 
screen matrix.     Included in the study should be a  stronger alloy (20 to 25% 
iridium) and a  more ductile alloy (10% iridium). 
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Similar metallurgical properties for alternate materials in use should 
be established for correlation with thruster life test results. 

Finally,   an improved laboratory test should be developed to force crack 
formation in a  screen matrix due to thermal cycling in a nitriding 
atmosphere. 

• 
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SATURN IB/SKYLAB IV STRESS CORROSION PROBLEMS 

INTRODUCTION 

The highly successful NASA Skylab Program was completed upon the return of the 
third crew on February 9, 1974 after 84 days In earth orbit.  Each of the crews com- 
posed of three astronauts had been launched to their Skylab missions by Saturn IB 
vehicles designed and built as part of the Apollo Program.  A typical view of the 
launch v-'hicle, in the process of rollout from the Vehicle Assembly Building to 
Launch Complex 39B at the Kennedy Space Center, is shown in Figure 1.  Saturn Vehi- 
cles 206, 207, and 208 were used for crew launch. 

The three Saturn IB stages flown in the Skylab Program (S-IB-6, S-IB-7, and 
S-IB-8) were assembled and static fired in 1966 for launches scheduled in 1967. 
They were part of the Saturn IB series of launch stages originally intended lor the 
purpose of qualifying Apollo hardware in earth orbit prior to the lunar landing. 
Many dual launches were planned and a total of fourteen S-IB stages were built. 
However, as the Saturn V lunar program accelerated, and confiHence in the Apollo 
were increased, S-IB missions were reassigned and flown on a Saturn V Stage. The 
five Saturn IB missions flown were successful, thereby eliminating the need for S-IB 
Stages to back up subsequent Apollo missions.  The nine remaining stages from the 
Apollo Program were placed in storage. 

The potential for problems arising from the extended life of the S-IB Stages 
was recognized and a storage plan was placed in effect.  Each stage was stored in 
a tent enclosure within the Michoud Plant, beginning in 1968.  The control of tem- 
perature, humidity and contaminants in the enclosure was subject to specified veri- 
fications.  Storage was discontinued for each Skylab assigned stage in 1972 accord- 
ing to the scheduled requirements of checkout, preparation for shipment and launch. 

Design applications of stress corrosion susceptible alloys became a matter of 
concern as additional technical knowledge of such alloys was generated and the age 
of the hardware increased.  An inspection procedure was prepared for selected struc- 
tural and mechanical parts.  Periodic inspections were to be performed at the 
Michoud Plant after each stage was removed from storage and at Kennedy Space Center 
after erection for launch.  The final inspection was required to be accimplished 
within thirty days of launch. 

All stress corrosion inspections were negative for the S-IB-6 and S-IB-7 
Stages, but two incidents of stress corrosion cracking of primary structural parts 
occurred on the S-IB-8 Stage.  This paper presents the rationale that was used to 
assure the structural integrity of that stage as a result of the cracks in the rear 
spar attach points for the fins and In one E-beam of the thrust support structure. 

The science of Linear Elastic Fracture Mechanics was used to develop a sys- 
tematic approach to the problem of fracture control of stress corrosion susceptible 
structure. The basic elements of the approach are shown in Figure 2.  The rectangu- 
lar elements are fracture mechanics properties or calculations and the circular ele- 
ments are inputs from other disciplines.  A flaw must already be present in the 
material, having been produced by chemical or mechanical means (e.g., corrosion or 
fatigue) or introduced during the manufacturing process.  Sustained stress is intro- 
duced into the part as residual stress from the fabrication process, assembly stress 
from clamp-up effects or long-time service loads. Through the use of the stress in- 
tensity, K, as a data correlation parameter, laboratory data on stress corrosion 
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threshold (Kiscc) and cr-ck growth rate (—-) can be used to define service condi- 
dt 

tions which will cause initiation of crack growth, crack growth rate and eventual 

crack size.  Laboratory data on fatigue crack growth rate (—) and critical stress 

intensity (Kc) can be used with design stress data to predict in-service crack 
growth and critical crack size.  Results of these analyses provide input to the 
formulation of a fracture control approach, which can He within a spectrum ranging 
from "use as is" to "ci.inge design." 

The   fin analysis   focused  on  the mechanism of crack  formation,  while  the E-bean 
analysis  involved  almost   the  full  procedure outlined   in Figure  2.     A  discussion of 
those problems   and   their  solution  follows. 

STRESS CORROSION CRACKING OF THE REAR SPAR OF THE S-IB-8 STAGE FINS 

The  inboard rear  spar,   Figure 3,   is processed as  a closed die  forging of  7079- 
T652 Aluminum Alloy.      It   is  approximately 42" x  24"  x   12"  In  size  and  the   final  ma- 
chined part weighs   52  pounds.     It   is one of two   inboard  spars  which attach eich of 
the  eight   fins  to  the  S-IB Stage,   Figure 4.     Fins  are  shipped separately to the 
Kennedy Space Center   in containers  „nd  are attached   to   the  stage  upon erection  in 
the Vehicle Assembly  Building.     The   fins  have a   flight   function and,   in addition, 
are  the support base   for  the  stacked space vehicle.   Figure  1,   prior to  launch. 

Stress corrosion inspections of the S-IB-8 Stage fins, prior to shipment to 
the Kennedy Space Center and reinspection during the period September 26, 1973 to 
October  2,   1973 while  on  the   launch pad,   did not reveal  any cracks. 

The cracked   spars were discovered on November  6,   1973 during  the  final stress 
corrosion  inspection which was   performed after  full   propellant   loading of  the space 
vehicle had been  performed  as  part of the Countdown Demonstration Test conducted 
four days  earlier.     At   the  time of  inspection,   the  fuel   tanks were  loaded and the 
extent of cracking  in  the lower  spotface area of the  left and right hand mounting 
pads  of the  rear  spars  was clearly visible,  Figure  5.     Fifteen  of  the  total  sixteen 
locatiois on  the  eight   fins  exhibited cracks of varying  lengths  extending  from the 
edge of  the mounting  pad  to  approximately 3/4  Inch   Inboard of  the  spotface. 

Although the  cracks differed  In  length,   the  upper circumference of each spot- 
face was   Involved.     A  typical   view  I    shown by  fluorescent  dye  in Figure  6.    The 
absence of a radius   on  the  spotface  tool,  which created  a  sharp nofch effect  In   the 
corner of  the  spotface.   Is  apparent  In Figure  7.     Also,   damage  to  the  protective 
coatings   Is  evident.     Damage  to protective coatings   Is   Incurred   In  the process of 
attachment  of the   fins   to  the  S-IB Stage  and also because  this  bolt hole   Is an at- 
tach point   for holding   fins  In  shipping containers. 

rJ 

Macro examinations  of metallurglcally polished  sections  of  the mounting pads 
revealed  that  the   forging process  produced a grain   flow  transition which resulted 
In  a  short   transverse  grain  In   the area  of  the cracks.   Figures  8  and  9. 

Evidence of  pitting corrosion,  Figure 10,  was  observed.     However,   a  el'iar  In- 
dication of a  point  of   InltlatloM  for any of the  fractures was not  determined.     The 
mlcrostructure.   Figure   11,   Is   typical   for a 7079-T652  aluminum  forging alloy.     The 
hardness was Rockwell   "E"  1Ü9  and  spectrographlc  analysis confirmed  the composition 
to be  7079,   as  specified. 

Fracture  studies  conducted by the Metallurgical  Analysis  Branch,  Materials 
and Process  Laboratory,  MSEC,   confirmed  that  stress  corrosion cracking was  the mode 
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of failure. The SEM micrograph. Figure 12, indicates an intergranular fracture 
with secondary cracking and corrosion products. The fractograph. Figure 13, de- 
picts the "rock candy" appearance characteristic of stress corrosion. 

The cracking of the fin spars in fifteen of sixteen locations presents a 
classical case of stress corrosion.  The sharp notch in the spotface circumference, 
coincident with the short transverse grain, damage to the protective coatings and 
exposure to the corrosive environment at the launch pad, are factors which, com- 
bined with sustained tensile stresses and age, resulted in cracking of this stress 
corrosion susceptible alloy. 

The criteria flight loads and crack geometry were sufficient to cause propa- 
gation of the existing cracks during flight.  It was impractical to predict final 
crack length and net structural capability without testing one or more cracked fins. 
Because replacement fins were available, the decision was made to replace all of 
the cracked fins. The fact that cracking had occurred at fifteen of sixteen possi- 
ble locations during an apparently short time frame raised the question of the 
cause of the cracking. More specifically, it was necessary to determine whether it 
was possible for the cracking to occur again during the time period preceding launch. 

The most significant fracture mechanics properties for this problem pertain 
to sustained stress flaw growth behavior. Fig'ire 14 is from the Damage Tolerant 
Design Handbook, MCIC-HB-01, and represents a composite plot of available crack 
growth data, with crack growth rate plotted as a function of the stress intensity 
parameter, K  This represents averaged data for plates and die forgings in a salt 
solution, hence is not strictly applicable to this problem, but it was an adequate 
representation for the purpose at hand. Figure 14 shows a plateau value of 2-3 
inches per h> ar for the flaw growth rate, at stress intensities ranging from 11 KSI 

Ju\  upward. This is a very high sustained stress flaw growth rate - the highest 
reported in the Damage Handbook for any aluminum alloy. Figure 14 also shows that 
flaw growth has been observed at stress intensities as low as 4 KSI /In, but in con- 
sideration of the less severe environment and the short service life of the replace- 
ment fins the threshold stress Intensity (Kiscc) was taken as 7 KSI fin. 

The initial flaw depth was taken as .002 inches, which was the depth of cor- 
rosion pits which had been observed at the fin spar pad location on the cracked 
fins, Figure 10. This is a resonable assumption, since all fins receive the same 
protective coatings and are stored under the same conditions. 

The constant stress required for stress corrosion crack growth is Induced in 
the fin spar pad by three mechanisms - residual stress due to the manufacturing 
process, assembly stress due to clamp-up effects during fin installation and stresses 
resulting from normal service loads.  Residual stress measurements were made by 
the blind hole drilling method at thirteen locations on each of two production fin 
spar forgings. The highest tension stress recorded was 8.0 KSI, and the mean re- 
sidual tension stress was 3.5 KSI.  Typical residual stress profiles are shown In 
Figure 15. Assembly stress was evaluated experimentally using an Instrumented fin 
assembly, and it was determined that a stress of 3.0 KSI could be expectec In the 
crack-opening direction due to clamp-up effects. Service stress levels were de- 
termined by extrapolation of structural test data. These are introduced at the fin 
attachment locations by "heel and toe" loads due to vehicle weight, so they vary 
with the amount of fuel on board.  During most of the prelaunch period, the vehicle 
is empty and the service stress Is 3.1 KSI.  The non-cryogenic fuels are loaded ap- 
proximately two to three weeks preceding launch and stay on board thereafter. The 
service stress for this condition is 7.7 KSI. The cryogenic fuels are on board for 
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several  hours during Countdown  Demonstiation Test   (CDDT),   which  is  approximately one 
week  before  launch,   then  are  reloaded a   few hours  before   launch.     This  produces a 
stress  of  22.3 KSI. 

Stress concentration effects cause a  sharp  increase   in  the  sustained stress 
level   in  the vicinity of  the  sharp corner of the  spotface.     This   stress concentra- 
tion  factor was estimated  from handbook data as  lying within  the  range of 3.0 to 
8.0.     The  stress level   is   increased by this   factor  iimediately at  the corner,   but 
drops  off  sharply with distance  from the notch.     In consideration of  the  spar pad 
geometry  and  the  loading conditions,   .050 was  taken as  a  reasonable  estimate of the 
zone  of   influence of  the  stress  concentration effect. 

Figure  16  is a  plot of  stress  level  required  for crack growth versus effective 
surface  flaw depth  ("a/Q")>   assuming a  threshold stress   intensity of  7.0 KSI /in. 
Figure  16  shows that a  flaw depth of   .002  requires a sustained  stress  level of 82 
KSI  to  initiate crack growth.     This  is an  invalid flaw growth  threshold because  it 
is  above   the material  yield  strength of 60 KSI.     In such cases,   the conservative ap- 
proach   is   to set  the  threshold  equal   to  the yield strength,   hence  the criterion for 
initiation of  flaw growth   from a  corrosion pit was  set at  60  KSI.     Another signifi- 
cant  criterion is   the  stress  required   to  sustain  flaw growth outside  of  the zone of 
influence of  the  stress  concentration  effect.     This  is  the  stress  level corresponding 
to  a  stress   intensity of  7.0 KSI /in.   at  a   flaw depth of approximately   .050,   which 
is  shown   in Figure  16  to  be   16  KSI.     Hence  the minimum design   stress   level which can 
cause  extensive cracking was   taken as   16  KSI. 

Table  1  summarizes   the crack growth potential   for  each of  the  on-pad design 
conditions.    The maximum stress  range represents a stress concentration  factor of 
3.0  to 8.0 applied to  the  total  mean stress  level defined earlier,   and  is  the range 
of  stress  levels which are possible  at  the corner of the  spotface.    As  stated above, 
initial  crack propagation  from a  corrosion pit can occur within  the  stress concen- 
tration  zone  if the maximum stress  exceeds 60 KSI and propagation can continue  if 
the  sustained stress exceeds  16  KSI.     Table 1  shows  that   limited crack growth  is pos- 
sible  prior  to loading cryogenics  and  that  extensive crack growth can occur while 
the vehicle  is  fully loaded.     Referring to Figure 14,   flaw growth rate  increases 
sharply with stress  intensity  for  this material  until  the  limiting  "plateau" value 
is  attained.     Since  stress   intensity varies  linearly with  the   stress  level,   and  the 
on-pad  fully-loaded condition  produces  a   stress which  is  significantly above  the 
threshold,   it appears  that  rapid   flaw growth  is  possible  at   this  time.     Although  this 
condition  exists  for only  two  to   three hours  prior  to  launch,   the  possibility of 
cracking on  the replacement   fins  could not be  ruled out. 

A  fitting was designed  to provide  local reinforcement  at  the  fin attach points 
in  the event of further cracking.     This   fitting is  shown  in Figure  17.    A structural 
test  of a cracked fin with  fittings   installed demonstrated an adequate  factor of 
safety.     Based on  that  test  result,   the  decision was made  to  resume  the countdown 
procedure   following  installation of  uncracked,   reinforced   fins. 

STRESS CORROSION CRACKING OF UPPER E-BEAM OF THE S-IB-8  STAGE  THRUST STRUCTURE 

The upper E-beam  is  processed  tro.n a hand  forged billet of  7178-F aluminum 
alloy.     The process  sequence   is:   rough machine,  solution  treat,   straighten,   age to 
T6,   finish machine and apply alodine plus  two  spray coats of  zinc chromate primer. 
The part   is  approximately 82" x  7" x 6"  la size and the  final  machined part weighs 
50 pounds. 

The E-beams are the  upper and  lower  structural members  for  the eight out- 
rigger assemblies.     They are  fastened  to  the outrigger shear  panels,  Figure  18,  and 
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a  pair of  these assemblies  is  joined   together  to   form one outrigger  assembly.     The 
outriggers are  attached  to  the center  barrel,   Figure 19,  and extend  radially out- 
board  to provide attaching points   for   the  fins,   support  the  eight   70-inch  diameter 
propellant   tanks  and resist  the   thrust   loads  of  the  four outboard  engines. 

E-beam cracks were  first  discovered on  S-IB-9 which was  the  backup  stage   for 
the  Skylab 4 mission.    Cracks were noted on   two  upper E-beams  during  the  installa- 
tion  of   fins  on August  24,   1973.     Inspection  of  the complete inventory of E-beams 
revealed one  crack   in  the Fin 4  upper E-beam of  the S-IB-8 Stage.     The crack was 
located  in  the   lower bay of the  beam eight   inches   from the  inboard  end and was  ap- 
proximatoly  2.5   inches  long.   Figure  20. 

A coupon,   containing the  entire  crack  area,   was  removed  from   the E-beam and 
subjected  to  metallurgical  examination.     Fracture  studies conducted  by  the Metal- 
lurgical Analysis  Branch,  Materials  and Process Laboratory, MSEC,   confirmed  that 
stress  corrosion cracking was  the mode of  failure,  reference Figure  21.     The micro- 
structure was normal  for a  7178  T6 alloy in all areas where cracks  occurred.     It was 
noted  that  the  fracture surfaces were very close  together   (tight cracks)  and a  tena- 
cious  oxide   film existed on all   fracture   faces.     Because the  stages  were  stored   from 
August   1968   to March  1972  in a  controlled  environment,   it   is  reasonable  to  assume 
that   it   took a   long  time  to  build  up  such an  oxide   film and that   these were  old 
cracks.     The  discovery of zinc  chromate  primer  in one crack  (S-IB-9)   further  sub- 
stantiates   this  assumption.     It  was   significant  to  note  that  the  E-beam cracks  all 
occurred  in planes  parallel   to   the   long dimension of the part,   but   there was  no  pre- 
ferred   location or orientation otherwise. 

The E-beams  were repaired  by replacing   the cracked material  with  auxiliary 
hardware.     A  typical  repair  is   shown  in Figure 22.     Because the possibility of ad- 
ditional  cracks occurring could  not  bi   excluded,   a  fracture control   rationale was 
required  for  the E-beams.    The basis  for  that rationale was  in linear  elastic  frac- 
ture mechanics,   and   it encompassed most  of  the procedure outlined   in  Figure  2. 
Standard  fracture mechanics  tests  were  conducted,   using specimens  cut   from produc- 
tion E-beams   to  establish Mode   I  and Mode  II  fracture  toughness   (KJC  and Kjjg),   sus- 
tained  stress   flaw growth  threshold   (Kiscc)   an^ sustained stress   flaw growth rate 
(°a/dt).     Residual   stress measurements  were  taken on  flight configuration spare 
parts.     The  test data were used with  stress  analysis results  to quantitatively eval- 
uate   the possible extent of cracking and resulting structural  behavior. 

Static   fracture tests were conducted on thru-thickness cracked  specimens, 
with  all cracks   in the transverse  grain direction.     The specimen load  lines were 
oriented at varying angles  to  the crack  to  impose combined  tension and shear  load- 
ing  in varying ratios.    This  "mixed mode"  loading condition exists   in most areas of 
the E-beams  which are susceptible  to  cracking.    The  test results  are  presented  in 
Figure  23 as  a plot of Mode  I vs. Mode  II stress   intensity at failure,   each one 
normalized by  the single-mode critical   stress   intensity,  24 KSI  Jin.  and  26  KSI 

yin.,   respectively. 

Sustained stress  flaw growth behavior was evaluated using double cantilever 
beam  (DCB)   specimens.    The DCB specimen provides a decreasing stress   intensity with 
crack  growth  for constant displacement of  the  load  points.    The specimens were 
initially loaded  to a stress  intensity close  to  the  failure point.     The crack growth 
rates  measured early in the test gave  an  indication of the maximum crack growth rate 
attainable under stable conditions.     The stress  intensity at crack arrest was  taken 
as  KJSCC»   

t^e mininmm stress  intensity  for  flaw growth under sustained  stress condi- 
tions.     A total of eight specimens  were  tested,   four each in distilled water and  salt 
water  to bracket  the seacoast environment at  the  launch facility.     Five of  the eight 
specimens  showed no growth at stress   intensities ranging from 7.0  to  28.0 KSI  /in. 

108 

- ....... .^■^- 
   ---■ -...--■— -^.-   . 

.-«.^MMMMai 



ggfüliS «   •" W.tMMIIhl pp^ippmH^nf   ■.   -i ii>iw—™ 

Of  the  remaining  three specimens,   the   lowest  stress  intensity at which  crack growth 
occurred was   12.0 KSI  /in,  and the highest crack growth rate observed was   .0043 
in/hr.     The  test  results  for these  three specimens  are shown in Figure 24 • 

Figure 25   shows  typical  results  of residual   (processing)  stress  measurements 
made  on an E-beam taken  from storage.     This  data was  generated by the   blind hole 
drilling method.     The residual  stress   survey concentrated on the web  and  ribs  be- 
cause   these areas  experieice the highest  service stresses  in the crack-propagating 
directions.     Additional measurements  were taken on  the  flanges at  two  external 
points   (not   shown)  which  indicated residual compression stresses  in   the  potential 
crack opening direction of the same magnitude as  those on the web.     The  results of 
the  residual   stress measurements can be  summarized as  follows: 

1. The  web  stress was  low  (less   than  7.0 KSI),   varying along  the   length  in 
an irregular manner. 

2. Extremely high residual   tension stress   ( >45 XSI)  was measured  in the  in- 
board   rib just  below  the surface.     This   stress was  always  in  the  7-inch  direction, 
tending  to produce a  crack  in  the  3-inch  direction. 

3. In all  areas of high residual   tension or compression,   the  stress approaches 
zero  at  the   surface. 

Potential locations for str 
tion of grain direction, residual 
possible wherever the combined re 
rosion threshold of 7 KSI in the 
locations for the upper E-beams a 
of high potential assembly stress 
to cause cracking. The exception 
which were postulated because of 
measured in those areas. The tai 
alignment and shimming methods wh 
locations. 

ess  corrosion cracks were established   in considera- 
stress  and  assembly stress.    Cracks  were assumed 

sidual  and assembly stress exceeded   th«  stress cor- 
transverse grain direction.    The potential crack 
re  shown in Figure 26 .    Most of these   were  in areas 
,   the  residual   stress not being high   enough alone 
s  are  the end rib cracks   (Al,  A2, Gl,   G2 and G3) 
the  extremely high residual  stresses   that had been 
1   section assembly procedure included precision 
ich  virtually eliminated assembly  stress at  these 

The sustained stress  crack growth  data  obtained on  this program were Ctmbined 
with  existing data on 7178-T6 n.aterial   to  formulate criteria  for quantitatively as- 
sessing  the possible crack length at  each potential  crack  locatiqn.     As  ground rules 
for  this  study,  a  stress corrosion threshold  stress of 7.0 KSI and a  KisCC value of 
10.0 KSl/Tn.  were assumed.    The method  for predicting potential crack  size  is   shown 
schematically  in Figure 27.    The dotted  line depicts ona half of a  typical  sustained 
stress   profile  (assembly plus processing residual),  which  is usually  locally sym- 
metric  about  an attach point.     If  this   stress  exceeds  7 KSI,  a crack will   form and 
grow by the  standard stress corrosion mechanism.     It will continue to grow as  long 
as   the  stress near  the crack tip exceeds  7 KSI and  it will  also grow  if   the combina- 
tion of  stress and crack length produces  a  stress  intensity above  that  required  for 
sustained stress  flaw growth,  Kiggg.     In  the plot  shown,   the solid line represents 
a crack arrest  envelope within which  a  crack will  not grow under  sustained stress 
conditions.     The  intersectiun of that   line with the sustained  stress  line defines 
the maximum possible extent of a crack.     It should be noted that this  representa- 
tion  does not  take  into account  secondary effects  associated with crack growth, 
such as  the  stress relieving effect  of  a growing crack due to decreased  structural 
stiffness. 
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The critical crack size was  calculated  for each potential  crack  location, 
using design stress  levels and  the  failure criterion shown  in Figure  23.    Table 2 
shows  the results of that  study and compares   them to the corresponding potential 
crack size,   estimated by the preceding method.    Assessment categories were assigned 
to  each crack location based on  the   following criteria: 

o      Category X:    The possible crack size exceeds  the critical  crack size. 

o      Category Y:    The critical  crack size exceeds  the  possible crack size by a 
significant margin. 

o      Category Z:    The design stress level   in the crack-opening direction  Is so 
low  that unstable crack propagation  Is  not  possible. 

In consideration of  the slow  flaw growth rate for  the E-beam material,   peri- 
odic   inspection was considered a  sufficient  safeguard against calculatlonal   Inac- 
curacies  for  all Categories  Y and Z  locations. 

The Category X cracks were  analyzed to  determine likelihood of detection,   pos- 
sible extent  of unstable crack propagation and resulting structural capability. 
All  Category X cracks are  located  in  the inboard ribs  and would be due entirely to 
the high residual  tension stress   that was measured in this area.    All  of the  data 
were  consistent  in showing tension stress on  the visible surface and compression 
stress on the hidden surface,  so  It was unlikely that a crack would  form in an area 
that was  inaccessible  to  inspection.     However,   the minimum critical crack size  in 
this  area  is  0.18 inches  and a crack of this  size cut Id conceivably exist under  a 
bolt  head or could develop  from a  smaller crack after the  final  inspection.     The 
crack would be  in the 3-inch direction,  normal   to  the high residual  tension stress 
(see Figure   26) .    There are  two main  tension bolts  in this  area,   and  the  failure 
mode would be  loss of effectiveness of a single bolt with crack arrest  in the vicin- 
ity of the  rib-web  interface.    The other bolt would still  be active,   and by analysis, 
would be able   to carry the  total E-beam load with an adequate  factor of safety  for 
all  design  load conditions.     If two   failures  occurred at the same end of an E-beam, 
the   total  load capability at  that  point would be lost.    This condition was also an- 
alyzed and   it was  found that  there  is  sufficient  structural redundancy in the out- 
rigger assembly to transfer all  loads   to the  adjacent structural  and maintain an 
adequate factor of safety. 

The E-beams were also analyzed   for possible structural  deficiencies which 
might result  in  the event of nominal-sized cracks occurring at each of the Cate- 
gories Y and Z  locations.     It was  determined  that a potential problem existed at 
the  upper E-beam "C-2" location,  which is  the  support point  for the  70-inch LO2 
tanks.    Although the crack size required for  unstable crack propagation  is very 
large,   the reduction in local  stiffness,  resulting from the  Introduction of a  three 
inch crack at  this location,  would cause a reduction in overall vehicle stability 
against wind  loading.     It was determined that after rollback of the Mobile Service 
Structure,   the required safety factors  against  this  failure mode would not be met 
if the winds  exceeded 31 knots. 

r i 

The results of the E-beam study were presented to a committee of  fracture con- 
trol   experts  and Skylab program officials.     The decision was made  to continue  the 
periodic stress  corrosion inspections  and,   in  the absence of  further cracking,   to 
fly  the S-IB-8 with the repaired E-beams.    A   launch rule waf  established precluding 
rollback of  the Mobile Service Structure if peak winds were predicted  to exceed  30 
knots. 
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CONCLUSION 

The Chrysler Corporation Space Division approach  to  fracture control  of stress 
corrosion  susceptible hardware   in   the as-built state  has  been outlined.     The  estab- 
lishment  of a  fracture control  plan for each critical  structural  component  on the 
S-IB Stage  that  is  fabricated  from stress corrosion susceptible material,   has be- 
come a  formal requirement for  the Apollo-Soyuz mission next year.     Each detail  part 
will  be   analyzed  to  assess   the  potential   for  stress  corrosion cracking and  subse- 
quent  structural  behavior,   in essentially  the manner presented  in   this paper. 
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Figure 1.    Saturn IB Launch Vehicle 

|   FRACTURE CONTROL APPROACH | 

CHANGE DESIGN                         j 
CHANGE MATERIAL 
STRUCTURAL REINFORCEMENT 
PERIODIC INSPECTION 
REPLACE FAILED PART 
USE AS IS                                         j 
ETC 

Figure 2.    Fracture Mechanics Approach to Stress 
Corrosion Control 
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FlgURI  1.     Hear Spar (MSFC photo) Figure 4.    Fin, S-IB Stage (KSC photo) 

■j M 
Figurt' 5.     Cracked Mountin); Pad - Hear Spar 

(K.SC photo) 
Figure (i.    Typical Crack - Hear Spar 

t   ' Figure 7.     .Spoliace Area - Cracked (tsar Spar 
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Ftgan 8,     Forging Grmln Tranaltion - Muuntini; l>ad, 
Uutboard 

FiKure a.     Forging Grain Transition - Mounting 1'ad, 
Inboard 

A». 

K ■ 

■..;  • •-»^f-: ■■ ■ 
Ftguro 1U.   Typical Spar Crack with Pit - 50X (KSC 

photo) 
Fl^-ure 11.   Rear Spar Microstructurc - 200X, Keller's 

Kiel) 

Kit?urv 12.   SEM Micrograph - Fruct  rr Surface,   1UÜUX 
(MSFC photo) 

Figure 13.   Fracture Surface - TEM, ItlSOX (MSFC 
photo) 
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Figure 14.   Sustained Load Crack Growth Hatt' Data for 
Aluminum Alloys in Saturated Na Cl dilution 

KiKure 15.   Typical Kin Spar Residual Stress Levels at 
the Alt Bolt Hole 
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Figure 16.   Fin Spar Threshold Stress tor Flaw Growth 
vs.  Flaw Size, Assembly K = 7.UKSI\/in. 
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Figure 18, Shcai Panel Assembly-Outriguer 

figure 17.  s-lli-» Kin Reinforcement littmn 
(K.sc phutoj 

Figure 19.  S-IB Stuge Assemblj 
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Figure 21).   E-Beam Crack - S-IB-8 (KSC photo) 
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IMHUIV --.  Typical E-Bcani lU'pair 

Fltjurc 21.   Stress Corrosion Crack - S-IB-8 
E-Bt-am, 5UX (MSFC photo) 
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Figure ^.'i.  Normalized Mlxed-Modc Unstabk' Crack 
Propagation Criteria 

'igure 24.   Tust iU'sult.s - Sustained stress Crack Growth 
ol E-Beani Material 
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Figure 26.   Potential Crack Locations - Upper E-Beam 
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Figure 27.  Crack Initiation and Growth-Sustained Stress 
Conditions 
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Table 1.      Crack Growth Potential in the S-IB Fin Spar Pad 
for the Three On-Pad Load Conditions 

Condition 

Sustained Stress ,KSI 

Assessment Beyond Stress 
(Jone,  /one 

Within Stress 
Cone, /.one 

On-Pad, No Fuel It. (i 2Ü-77 
Limited crack growth possible, 
witliin stress concentration /one. 
No extensive crackinn. 

On-Pad, With Fuel 14,2 4:i-iM 
Limited crack growth likely, 
within stress concentration zone. 

No extensive crackinj;. 

On-Pad, Fuel Plus 
CryogenicB 

2S. H S6-23U Extensive crack growth likely. 

Table 2.      Assessment of E-Beam Stress Corrosion Crack- 
ing Potential 

UPPER E-BEAM LOWER E-BEAM 

LOCATION 
POSSIBLE 
CRACK 

LENGTH (IN.) 

CRITICAL 
CRACK 

LENGTH (IN.) 

ASSESSMENT 
CATEGORY* 

LOCATION 
POSSIBLE 
CRACK 

LENGTH ON.) 

CRITICAL 
CRACK 

LENGTH (IN.) 

ASSESSMENT 
CATEGORY' 

A,  1,2 3.0 0.18 X A, 1,2 3.0 0.44 X 

A, 4 1.25 10.5 Y A, 4 2.0 10.8 Y 

A, 5 1.25 40 Z A, 5 2.0 144 Z 

B, 4 1.25 12.8 Y B, 4 2.0 23.6 Y 

i.i 1.25 191 2 B, 5 2.0 330 Z 

C, 2 5.0 55 z C, 1 9.0 23.7 Y 

C,4 1.25 12.8 Y C,5 9.0 330 Z 

C,5 1.25 191 Z D, 4 7.0 18.7 Y 

D, 1 0 23 Y 0,5 7.0 540 Z 

E, 1.2 3.0 168 Z E. 1 0 365 Z 

E, ■< 0 7.3 Y t, 2 3.0 17.4 Y 

E. 5 1.25 168 2 f.* 2.0 10.5 Y 

F, 1,5 1.0 18.4 Y F, 5 2.0 166 Z 

E, ? 5.0 9.4 Y G, 1 3.0 1.23 X 

f.* 5.0 7.0 Y G, 2 3.0 .87 X 

G, 1, 5 7, 0 oo Z G,3 3,0 .87 X 

H 2,0 51 Z H 1.0 46 Y 

•DESCRIPTION Of ASSESSMENT CATEGORIES: 
CATEGORY X - POSSIBLE CRACK LENGTH ^ CR'TICAL CRACK LENGTH 
CATEGORY Y - POSSIBLE CRACK LENGTH' CRITICAL CRACK LENGTH 
CATEGORY Z  -  CRITICAL CRACK LENGTH LARGE 
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INCIDENTS OF CORROSION ON MANNED SPACECRAFT 
-   THEIR CAUSE AND PREVENTION    - 

H.  M.  Clancy 
Space Division 

Rockwell  International 
Downey,  California 

ABSTRACT 

The Apollo program has spanned twelve years and.  Following the Mercury and 
Gemini programs,  is the culmination of the first phase of this country's exploration 
of space.    Apollo also plays a major role in the second phase,  the Skylab program. 
We are now undertaking the third phase of man in space with the Shuttle program 
which will affect the consolidation and application of this new frontier for the 
benefit of all mankind. 

At the start of the Apollo program there v/ere many unknowns and much concern 
regarding the corrosion resistance of a manned space vehicle: 

• How would the exotic materials behave on the ground and in 
space? 

• What would be the effects of using minimum gage metals to 
save weight? 

• What would be the effects of extremely corrosive fluids? 

• Would corrosion be accelerated by extended pad "holds" just 
a few hundred feet from the ocean? 

• What would happen if an astronaut spilled a bag of urine inside 
the crew bay? 

These and many other questions were raised and eventually answered.    We learned 
many things; most of which were simply a reiteration of classic corrosion problems. 
We learned how to handle the "exotic" materials and that once their limitations 
were known,  they become ordinary.    We learned that our concern for a multitude 
of unknowns was indeed extreme and largely unfounded.    We learned that 
corrosion problems on a manned space program are the usual problems of any new 
product - aluminum corrodes and must be adequately protected,  dissimilar metal 
couples corrode vigorously,  parts must be adequately protected through in-plant 
processing,  water is one of the most corrosive fluids aboard. 
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INTRODUCTION 

In 1963, early in Hie Apollo program, NASA asked many of the mafor subcontractors 
to attend a corrosion control conference at the site of future Apollo launches, 
Kennedy Space Center.    At that time the Vertical Assembly Building was a skeleton 
of steel barely visible under mass of construction workers.    In the lobby to the 
conference room were displayed numerous photographs and bottled specimens of 
alligators,  rodents, spiders and snakes captured on previous Cape construction sites. 
One rattlesnake had the dimensions of a boa constrictor and rattlers as big as your 
thumb.    The whole Cape area at that time typified man's struggle against nature. 
Indeed,  the conference continued this theme, emphasizing the extreme tropical sea 
coast environment.    Needless to say,  NASA got Its point across quite well that day. 
However,  as in all programs,  this apprehension gradually gave way to the work-a-day 
problems associated with hardware production.    Over the ensuing years the program 
developed and matured until today KSC with its freeways and sight-seeing buses has 
become an adjunct to Disneyworld.     Likewise, the corrosion incidents that occurred 
on Apollo were similar (with a few exceptions) to those encountered on any aerospace 
program.    Actually, very few corrosion problems occurred at KSC due to the fact 
that the spacecraft was so well protected.    The first indications of corrosion problems 
came from early fluid compatibility tests; later there were in-process and in checkout 
corrosion incidents; and finally post-flight inspection showed some corrosion.    Test 
failures re-emphasized the importance of early material/fluid compatibility evaluation 
and the need for special tests like the NASA fracture mechanics test developed for 
evaluation of tank materials.     The need for good "in process corrosion control" was 
illustrated by aluminum corrosion while sHll on the shelf in the warehouse or using 
department. 

Problems which occurred during checkout were usually traced to fabrication process 
control and GSE/Facilities equipment which inte^aced with spacecraft systems. 
Postflight corrosion was particularly bothersome because it was necessary.to demonstrate 
beyond any doubt that the corrosion was due to salt water ingested on landing and 
was not due to material deficiency.     Actually the spacecraft interior was showed to 
be extremely resistant to various (inadvertent) fluid spills including water glycol, 
water, various food stuffs and urine  - but not salt water. 

Apollo did provide one new lesson:    the smallest indication or suspicion of corrosion 
had major program impact and was sufficient to stop a launch.     In the space effort 
there is no such thing as cleanup and repaint; every corrosion incident must be 
totally understood and corrected.     For these reasons, often as much time was spent 
in understanding a suspected corrosion problem as if i'i were real. 
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The corrosion engineer,,   if he has learned anything,  has learned to be "light on 
his feet."    This is certainly the case today when he is asked to apply all he 
has learned from Apollo in the reduction of corrosion incidents on the Shuttle 
with associated program cost savings.    However,  he must now recognize that 
Shuttle is a spacecraft that will be like a commercial aircraft; it will be reused; 
it will be repeatedly exposed to the Cape elements.    We must build that 
corrosion resistance into the vehicle  - we must remember that corrosion conference 
of 1963. 

SUMMARY 

The attachments summarize some of the incidents and suspected incidents of 
corrosion which occurred on the Apollo program. 

. 
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CORROSION  INCIDENT SUMMARY 

1. Incident;    Failed parachute link 

2. Vehicle;   Apollo 15 

3. System;    Recovery 

4. Part;    Parachute riser to suspension line link 

5. Date;    November 1971 

6. When (Operation);    Postflight 

7. Material;    Link - 4130 steel; nut - A286 CRES 

8. Heat Treat;    Link - 200 ksi 

9. Surface Preparation;    Link  - electroless nickel and tin plated 
Nut   - silver plated 

10. Welding or Brazing  Involved in Corrosion;   No 

11. Analysis;   Initially chute collapse which occurred during  landing was thought 
to be related to link failure.     Subsequent investigation showed 
chute failure due to ignition of fuel dumped during descent.     Failed 
link found on postf light inspection of recovered chutes.    Rust on 
fracture surface.     Tests to demonstrate stress corrosion or hydrogen 
embrittlement from plating were inconclusive. 

12. Cause;    SCC (most probable)  resulting from salt water exposure on landing 

13. Corrosion Type;    SCC aggravated by dissimilar metal contact in thread area 
(silver vs 4130 steel) 

14. Fix;    Change links to  Inconel 718 with no plating 

15. Finding;    Protective plating must remain intact 

12ii 

 . _^   ■    •■ ■  ■ MMWMMi 



■p^^MI 99997=9» W^PWIW H^)H^yB>WpL,p.l ■■iM.".i...^lil.^i..yT^j.;. ,..  ,<ßw'"  JSCT 

3 
U 

m 
Q. 

C 
nj 
s 

125 

■-■■■-■ ■■ ■   ■     . . -   . - - -agaaj^Mi 



IUIIIW  
■ , i wp! .  HLHIIITHW i.n. i.  m^---'-  ""WTTT ■"—,*--^^ 

CORROSION  INCIDENT SUMMARY 

1. Incident;    Cracked frangible nut and washer - 1/16-inch gap in nut 
five days after inspection for integrity 

2. Vehicle;   AS/202 mission 

3. System;    Launch escape 

4. Pbrt:    Frangible nut attaching  launch escape tower to C/M 

5. Date;    August 21,  1966 

6. When (Operation);    Prelaunch checkout at John F.  Kennedy Space Center 

7. Material;    Nut - 4340 steel,  electroless nickel and tin plated 
Washer - 4130 steel,  electroless nickel and tin plated with 

dry film lube 

8. Heat Treat; Nut, 200-200 ksi and washer,  180-200 ksi 

9. Surface Preparation;    Plated 

10. Welding or Brazing Involved in Corrosion;    No 

11. Analysis;   Macro's, fractographs.     Salts (green) identified by X-ray diffraction 
and emission spectrograph to be fluorides.    Electroless Ni cracked. 

12. Cause;       Rain dissolved ammonium fluoroborate (NH4BF4) ablator material on 
launch escape engine skirt which ran down tower leg and puddled 
in leg well.     Solution stress corroded nut and washer :n five days. 
Plating had cracked exposing base metal. 

13. Corrosion Type;    SCC 

14. Fix;    Seal ablator,  cover and seal  leg well 

15. Finding;    Components must be protected from possible fluids running down stack. 
Integrity of protective finish on SCC susceptible material  is essential. 
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CORROSION  INCIDENT SUAAMARY 

1. Incident;    Rust in CM RCS 

2. Vehicle;    Skylab 3 mission 

3. System;    RCS 

4. Part;    RCS assembly 

5. Date;    June 1970 

6. When (Operation);    Cleanliness verification (system flushing) 

7. Material:    Various but primarily 304L CRES 

8. Heat Treat;    Condition B 

9. Surface Preparation;    Passivated 

10. Welding or Brazing Involved in Corrosion;    No 

11. Analysis;      X-ray diffraction showed iron-oxide hydroxide and trace of 
ferrous chloride.     Particles were 20-40 microns in size. 

12. Cause;     The Freon MF (fluorotrichloromethane) previously used for flushing 
had backed up into flushing unit gaseous nitrogen heater which 
oxidized and continued to blow particles into RCS during subsequent 
drying operations. 

13. Corrosion Type;    Thermal chemical 

14. Fix;    Added check valve upstream and depth filter at system interface 

15. Finding;    GSE and facilities corrosion control can be as critical as flight 
hardware 
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CORROSION INCIDENT SUMMARY 

1. Incident;    Failure of rotation hand controller in checkout 

2. CSM:   None 

3. System;    Guidance and navigation 

4. Port;   Astronaut's hand controller 

5. Date;    November 1972 

6. When (Operation);    Checkout following rework 

7. Material;   7075 

8. Heat Treat;    -T6510 

9. Surface Preparation;    Chem filmed 

10. Welding or Brazing Involved in Corrosion;    No 

11. Analysis;   Fractography, microprobe showed typical stress corrosion cracking 
through short transverse section of part 

12. Cause;    Gear pushed onto shaft and clamped up with screw putting 
section under sustained load (tensile stress) 

13. Corrosion Type;    SCC 

14. Fix;    Change to 7075-T73; selectively machine to eliminate short 
transverse loading 

15. Finding;     Prohibit use of 7075-T6 in nvniature electro-mechanical unit 
where slight interference on shaft or small differences in torque 
on miniature fasteners can significantly increase stress levels 
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Yaw Section Gear Crack 
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CORROSION INCIDENT SUMMARY 

1. Incident;    Check and relief valve leakage from paiiiculate contaminafion 

2. V?hicle!   Apollo 15 (check valve); Apollo 16 (relief valve) 

3. System;    Cryo (fuel cell) 

4. Part;   Check valve and relief valve 

5. Date;   10-5-70 (check valve); 2-71 (relief valve) 

6. When (Operation);    System checkout prior to delivery to 
John F.  Kennedy Space Center 

7. Material;   304L CRES tubing 

8. Heat Treat;    Condition B 

9. Surface  Preparation;    Electropolish 

10. Welding or Brazing Involved in Corrosion;   Yes,  brazing at 1875 F. 

11. Analysis;    X-ray diffraction showed particles to be ferrous chloride (Fe C^^h^O). 

12. Cause;    Use of Freon TF (I, l,2-+richloro-l#2/2-trifluoroethane) to clean 
parts assembled for brazing just prior to brazing.    Particles caused 
by thermal decomposition of Freon and high-temperature reaction 
with CRES.     Some operators were found to use Freon TF spray 
rinse fust prior to installation of the induction brazing tool.    Usually 
the Freon evaporated and was carried away by the argon purge. 
However, where adjacent components did not allow the internal flow 
of argon (dead-end purge), the Freon could not complete escape. 

13. Corrosion Type;    Thermal chemical 

14. Fix;   Eliminate use of Freon TF just prior to brazing 

15. Finding;    Improper use of cleaning agent 
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Ferrous Chloride Contamination Trapped on the Upstream Side 
of the Wafer Filter in Check Valve 
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CORROSION INCIDENT SUMMARY 

1. Incident;    Leakage of 321  CRES flex hose 

2. Vehicle;    Slcylab 3 and Apollo 17 

3. System;   RCS 

4. Part;   Flex hose to RCS engine 

5. Date;    11-10-71  (Apollo 17); 1-10-73 (Sky I ab 3) 

6. When (Operation):    Skylab 3 leaked Freon during system flushing prior to 
John F.   Kennedy Space Center delivery 

Apollo 17 leaked helium during postflight inspection 

7. Material;   321 CRES convoluted tubing with 321 CRES wire overbraid 

8. Heat Treat;   Condition B 

9. Surface Preparation;    Passivated 

10. Welding or Brazing Involved in Corrosion;   No 

11. Analysis;     Through corrosion pit from outside.    Photomicrographs, emission 
spectograph.  X-ray diffraction and electron microprobe showed 
rust and trace of chlorides. 

12. Cause; Crevice corrosion underneath braid from salt water exposure during 
landing.     Skylab 3 was reuse hose which had been cleaned prior 
to reuse but after corrosion had occurred. 

13. Corrosion Type;    Crevice 

14. Fix;   None 

15. Finding;    Rate of crevice corrosion.    The hose experienced 0,010 penetration 
in approximately thirty days. 
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CORROSION INCIDENT SUMMARY 

1. Incident; Leaking cryo venf disconnect 

2. Vehicle;    Sky lab 4 

3. System;    Fuel eel!  cryo storage (oxygen) 

4. Port;   Vent quick disconnect 

5. Dote;   April 1972 

6. When (Operation);    System leak check prior to delivery to John F.  Kennedy 
Space Center 

7. Material;   304L CKES tubing 

8. Heat Treat;    Condition  B 

9. Surface Preparation:     Passivated 

10. Welding or Brazing  Involved in Corrosion;    Brazing 

11. Analysis;   Nondispersive X-ray analysis and microprobe showed zinc 
on fractvjre surface 

12. Cause;    QD returned to supplier to rework valve seat.     Supplier hand 
brazed temporary extension to valve for leak check using QQ-S-561 
(Ag-Cu-Zn)  alloy.     Residual alloy left on surface cracked tubing 
during subsequent system braze installation (1875 r). 

13. Corrosion Type;    Liquid metal embrittlement 

14. Fix;    Use mechanical fitting for leak check 

15. Finding;    Zinc bearing bxize alloys must be used with caution 
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CORROSION INCIDENT SUMMARY 

1. Incident;    Corrosion of aluminum during machining 

2. Vehicle;   Apollo/Soyuz Test Project (ASTP) 

3. System;    Docking 

4. Part;    Docking system base 

5. Date;   May 1973 

6. When (Operation);    Manufacturing 

7. Material;   7075 

8. Heat Treat;    T73 

9. Surface Preparation;    Machined 

10. Welding or Brazing  Involved In Corrosion;    No 

11. Analysis;    Pitting on certain surfaces 

12. Cause;    Machine coolant sitting for several days between 
part and steel machine base 

13. Type of Corrosion;    Galvanic 

14. Fix;    Change machine coolant 

15. Finding; Coolant successfully c^ed previously because parts were small and 
only on machine short time.    A more severe corrosion condition 
may exist in manufacturing than in service. 
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CORROSION INCIDENT SUMMARY 

1. Incident;      Suspected hydrogen embrlttlament of titanium cryogenic 
storage tank (investigation initiated as the result of 
SIVB tank failure) 

2. CSM:   None 

3. System;    Cryo storage 

4. Part;    Tank 

5. Date;    March 1967 

6. When (Operation);    Scrap tank dissection 

7. Material;    Titanium 5 Al-2.5 Sn   Eli 

8. Heat Treat;    As welded 

9. Surface Preparation;    As machined 

10. Welding or Brazing Involved in Corrosion;    Yes, welded with CP titanium wire 

11. Analysis;    Photomicro's to show titanium hydrides 

12. Cause;     Precipitation of hydrides in welds caused by heating and slow cooling 
from adjacent subsequent weld including hydride precipitation caused 
by use of CP titanium weld wire and thickness of parent material 
which determine degree of dilution of CP material 

13. Corrosion Type;   Hydrogen embrittlement 

14. Fix;    None,  but specification changed to carry precautionary note,     "Do 
not use CP weld wire on joints greater than 0.150 thick." 

15. Finding;    Careful (selected) use of CP titanium for welding and structural 
elements required 
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CORROSION INCIDENT SUMMARY 

1. Incident;    Cracked spring in rotation controller 

2. Vehicle;    Skylab 3 

3. System;    Guidance and navigation 

4. Part;    Rehjm spring in rotation hand controller 

5. Date;    May 1973 

6. When (Operation):    Unit rework 

7. Material;    17-7 PH CRES wire 

8. Heat Treat;    CH900 

9. Surface Preparation;    Pickled and passivated 

10. Welding or Brazing Involved in Corrosion;    No 

11. Analysis;      Cracks were parallel to the axis of the wire in the spring. 
Contaminants were found on spring surface but fracture was ductile. 

12. Cause;    Mechanical overstress during manufacturing/assembly 

13. Type of Corrosion;   None (suspected only) 

14. Fix;    None 

15. Finding;    Mechanical cracking in spring difficult to interpret since cracking 
due to torsional shear 
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Photogxiph of Spring After Extension to Failure 
Arrow  Points to Crack 

Macrograph of Crack Shown In Magnification  13X 
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CORROSION INCIDENT SUMMARY 

1. Incident;    Broken springs on electrical  connector 

2. Vehicle;   Apollo 16 

3. jystem;    Optical unit assembly 

4. Port;    Connector 

5. Date;    August 10,  1972 

6. When (Operation);    Postflight inspection (approximately 35 days after landing) 

7. Material;    Beryllium copper 

8. Heat Treat;    Unknown 

9. Surface;    Gold plating (0.00015 inch) 

10. Welding or Brazing  Involved in Corrosion;    No 

11. Analysis;    SEM shows intergranular fracture 

12. Cause;    Compression of spring cracked gold plating causing exposure of 
base material to salt water on  landing 

13. Type of Corrosion;    SCC 

14. Fix;    None,  postflight anomaly 

15. Finding;    Protective plating must be carefully engineered to make sure it 
does not crack In service 
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CORROSION INCIDENT SUMMARY 

1. Incident; Leakage of CRES tee in cryo system (hydrogen) 

2. Vehicle;   Apollo 16 

3. System;    Fuel cell gas storage system 

4. Port;    Machined tee (.020 wall) 

5. Date;    October 7,   1971 

6. When (Operation);    Prelaunch checkout at John F.  Kennedy Space Center 

7. Material;   304L CRES bar 

8. Heat Treat;    Condition B 

9. Surface Preparation;    Electropolish 

10. Welding or Brazing  Involved In Corrosion;    No 

11. Analysis;    Photomicrographs, microprobe showed oxide inclusion 

12. Cause;     Nonmetallic inclusion in air melt    304L CRES. 
Material should have been vacuum melt. 

13. Corrosion Type;    None (suspected only) 

14. Fix;    Reaffirm use of vacuum melt material and helium leak 
check at supplier 

15. Finding;    As much effort may be expended in proving a leak is not due 
to corrosion as if it were. 

h 

iii? 



PPIP.I '    ", ■"'■ 

CORROSION INCIDENT SUMMARY 

1. Incident;    Crocking of 304L CRES tubing during brazing 

2. Vehicle;    Apollo 15 

3. System;    SPS and ECS 

4. Part;    Helium check valve (SPS); O2 isolation valve (ECS) 

5. Date;    July 1971 

6. When (Operation);    Preiaunch checkout 

7. Material:    304L tubing 

8. Heat Treat:    Condition B 

9. Surface Preparation;    Passivated 

10.    Welding or Brazing Involved in Corrosion;    Yes.     Brazed with gold-copper-nickel 
alloy at 1875 F. 

]}.    Analysis;    Intergranular cracking; crack filled with braze alloy 

12. Cause;    Liquid metal embrittlement by copper In braze alloy under elevated 
temperature and thermal stresses of brazing 

13. Corrosion Type;    Liquid metal embrittlement 

14. Fix;    None.    Cracks always under braze sleeve.     Burst tests showed all failures 
to occur outside sleeve in tubing.     Specimen with simulated cracks beyond 
sleeve withstood thermal shock, vibration and near burst pressure. 

15. Finding;    Very rare occurrence.  Of the approximately 30 thousand brazed 
faints made on the Apollo program, a total of 36 were found to be 
cracked. 
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CORROSION INCIDENT SUMMARY 

1.    Incident;    Suspected SCC of Belleville spring in oxygen reguhtor.    Investigation 
initiated by failure of similar regulator spring on Skylab. 

2#    CSM:     None (investigation only) 

3. System:    ECS 

4. Part;    Oxygen regulator 

5. Date:    March 1971 

6. When (Operation):    Parts on shelf 

7. Material:    Vascomax 300 maraging steel 

8. Heat Treat:    280  ksi 

9. Surface Preparation:    Electro!ess nickel plated 

10. Welding or Brazing Involved In Corrosion:    No 

11. Analysis:   Lab tests showed failure of spring under stress after one day 
alternate water immersion and salt spray exposure and after 
twenty days humidity without electroless nicke! plating. 

12. Cause:     Skylab springs baked four hours at 375 F following plating.     Space 
Division springs received no bake.     Baking embrittled nickel which 
cracked on spring flexing, allowing exposure of Vascomax 300. 

13. Corrosion Type:    None found on Apollo parts 

14. Fix:    No change.     Parts inspected and additional failure mode effects 
analysis performed, 

15. Finding:     Subtle differences In processing can produce significantly different 
environmental resistance.    When base metal has known SCC 
susceptibility,  protective coating becomes very critical. 
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CORROSION INCIDENT SUMMARY 

1. Incident;    Corroded aluminum tubing 

2. CSM;   None (in process) 

3. System;    ECS 

4. Port;    Tube details 

5. Date:   April 1971 

6. When (Operation);    Tube bending and storage 

7. Material;   6061  tubing 

8. Heat Treat;   T6 

9. Surface Preparation;    As received 

10. Welding or Brazing  Involved in Corrosion;    No 

11. Analysis;      No corrosion on inside of tubes.    Corrosion on outside of tubes 
consisted of pitting which opened and became pronounced on 
bending.     Subsequent investigation showed other corroded tubing 
in department stowage area. 

12. Cause;   Atmospheric corrosion in plant handling 

13. Corrosion Type;    Atmospheric 

14. Fix;    Chem film or oil and cover aluminum in process 

15. Finding;    Reemphasized need for "In-Process" corrosion control 
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CORROSION INCIDENT SUMMARY 

1. Incident:    Titanium tank Failure (methanol) 

2. Vehicle:    Apollo 4 

3. System:    Service Propulsion System (SPS) 

4. Part:    Titanium fuel tank 

5. Date:   October 25,   1966 

6. When (Operation)      Proof test 

7. Materirl;    Ti^AMV 

8. Heat Treat:    160 ksi 

9. Surface Preparation:    As heat treated (blue oxide) 

10. Welding or Brazing   Involved in  Corrosion:    No 

11. Observations and Analyses:    Tank ruptured two hours after being pressurized 
with methanol.     Fractography showed brittle fracture.     SCC test 
showed reagent grade methanol to crack Ti-6AI-4V in time 
inversely proportional to stress.    Methanol with more than one 
percent H2O inhibits SCC. 

12. Cause:    SCC in dry methanol 

13. Corrosion Type:    SCC 

14. Fix:    Discontinue use of methanol 

15. Finding:    f\jrer fluids are not necessarily better.     All fluids coming in 
contact with titanium under stress must be evaluated prior to 
use. 
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CORROSION  INCIDENT SUMMARY 

1. Incident;    Titanium tank failure (NTO) 

2. Vehicle;    None 

3. System;    RC? 

4. Part;   Oxidizer stowage tank 

5. Date;   July 12,   1965 

6. When (Operation);    30-day NTO exposure test,   160 F,  250 psig 

7. Material:    Ti-6AMV 

8. Heat Treat:    160 ksi 

9. Surface Preparation;    Ti-Brite cleaned 

10. Welding or Brazing  Involved in Corrosion;    No 

11. Observations and Analyses:    Tank ruptured seven hours after pressurization 
fractography showed brittle fracture and stress 
corrosion cracks 

12. Cause;   Reduced nitrous oxide (white NTO) stress corrodes titanium 

13. Corrosion Type;    SCC 

14. Fix;    Increase and control nitrous oxide in NTO 

15. Finding;    ftjrer fluids are not necessarily better.    All fluids must be 
evaluated for compatibility with titanium. 
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Appearance of RCS Tank After Failure 
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CORROSION INCIDENT SUMMARY 

1. Incident;    Freon MF-titanium tank incompatibility 

2. Vehicle;    None (laboratory test only) 

3. System;    RCS#  SPS 

4. Pert;    All titanium tanks 

5. Dote;    January 12,  1967 

6. When (Operation):    Laboratory compatibility tests at Lyndon B.  Johnson 
Space Center 

7. Material;    Ti-MMV 

8. Heat Treat;    160 ksi 

9. Surface Preparation;    As heat treated (blue oxide) 

10. Welding or Brazing  Involved in Corrosion;    No 

11. Analysis;   Laboratory tests showed SCC of titanium 6AI-4V in Freon MF. 
Tests eventually allowed plotting toughness in any given 
fluid vs time. 

12. Cause;     Freon MF used for cold flow checkout of propellant tanks.    Although 
no tank failure occurred,  use of Freon MF discontinued based on 
laboratory tests. 

13. Corrosion  Type;    SCC 

14. Fix;    Use Freon TF in place of Freon MF and conduct compatibility (fracture 
mechanics) tests on each lot of Freon TF prior to test. 

15. Finding;    Laboratoiy tests can accurately predict tank/fluid compatibility 
problem. 
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INTEOIATING THE AIR FCRCE CORROßlC»! CONTOOL PLAN 

AND ITS EFFECT ON THE F-15 EAGLE 

by 

A. W. Morris 
McDonnell Aircraft Compeny 

St. Louis, Missouri 

.ABSTRACT 

This report discusses the Air Force Corrosion Plan and the McDonnell Aircraft 
Company's Corrosion Control Program for the Eagle Air Superiority Fighter.    The 
key Program activities necessary for providing the Eagle with the capability of 
operating for a 10 year period without serious corrosion problems are identified. 
These include the selection of structural materials, protective finishes and the 
methods used to disseminate these requirements through the Project related entities 
including the Custonwr, Prime Contractor, Subcontractor, Supplier System. 
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1.0    PfffiOIXJCTIOH 

The Air Force Eagle designed and manufactured at the McDonnell Douglas Corp. 
St. Louis facility is the first conventionally fueled aircraft to have a thrust- 
to-weight ratio greater than one.    This characteristic gives the Eagle an exceed- 
ingly high rate of acceleration and rate of climb capability.   When these features 
are combined with light wing loading and large control surfaces, the end result is 
an aircraft with the superior maneuvering capability necessary for a state-of-the- 
art air superiority fighter.    The 10 ft. canopy and the low wing design gives the 
pilot a 360* viewing angle above the aircraft fore and aft axis.    An unusual fea- 
ture of the McDonnell Aircraft Company's (MCAIR) design is the fact that the front 
of the engine air inlet ducts are pivoted at the bottom so that they rotate in the 
vertical plane.    This provides the necessary control over inlet air to enable the 
engines to maintain full power throughout the F-15's wide ranging speed/altitude 
flight envelope and during violent air cnbat maneuvers.   See Figure 1. 

However, it is not the purpose of this paper to dwell on the Eagle's flight 
characteristics but to discuss a far more interesting subject to a corrosion 
engineer - the corrosion control features used in its design and the corrosion 
control program used to Implement these design features. 

In order to put the F-15's corrosion control technology in perspective it is 
necessary to look back and see what we had in the way of technology a few years 
ago.    Until the 1960's, military aircraft were selected on the basis of "fly-away" 
cost and flight performance.    In the imnediate post-World War II era this was a 
successful policy from a eonroaiOB control standard because the materials used 
vsre relatively corrosion resistant.   The structure was made out of light gauge 
material and the skins were generally alclad light gauge aluminum sheet.    Because 
only a minimum of protection from corrosion was required, protective methoüs ware 
held to a low key effort both in the research and development field and in the 
application area.    In contrast to the stagnation which existed in corrosion con- 
trol methods, rapid advances were made in the development of higher stmngth 
structural materials.    For example, the use of 7075-T6, 717B-T6 and 7079-T6 
aluninum alloys as well as the use of higher strength steels and magneai jn alloys 
became increasing popular.    As a result, airframe structures became more efficient 
but the impact of using these corrosion susceptible materials was not seriously 
assessed because of the fTajpaented responsibility for corrosion control in both 
ths corporate and military organiiational structure. 

When aircraft representing the ultimate in structural efficiency were exposed 
to corrosive operating conditions, auch as aircraft carrier deployment, whole aircraft 
models were scrapped because the cost of repairing corroaion damage would have exceeded 
the value of the aircraft'  '.    We now realize that the combined effect of using bare 
aluminum skins instead of alclad skins, the use of materials at their highest strength 
level and the use of heavy gauge aluminum was such that conventional protective systems 
were no longer capable of protecting these ultra efficient structural materials. 
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The need for corrective action accelerated corrosion research and develop- 
ment to an unprecedented level.    One of the most significant advances was aade 
by aluminum suppliers in the development of the intergranular corrosion resis- 
tant overaged tempers.    The use of magnesium allcgrs was restricted.    The shot 
peening of high strength steels became a mandatory operation for stress corro- 
sion prevention.   MCAIR funded a 5 year in-house corrosion control research and 
developoent program.    This program made it possible to evaluate the corrosion 
resistance of newly developed materials and the protection provided by the use 
of fastener and Joint sealing techniques.   Through the Navy's encouragement in 
the use of this technology, the F-4 became one of the first aircraft to make 
use of the overaged aluninum alloy tempers to prevent stress corrosion and 
sxfoliatlon problems and to use sealants to control corrosion at fastener 
locations and Joint interfaces.    As a result, when the Air Force F-15 contract 
was awarded, MCAlfi was in a position to appreciate the need for application 
of the state-of-the-art corrosion control methods and was experienced in deal- 
ing with the problems associated with their inpleoentation.. 

Because protective finishes are no longer regarded as the only corrosion 
control method, the finish specification by itself is no longer an adequate 
method of specifying and controlling corrosion control technology useage. 
Utilisation of the state of the art technology required a new approach to aircraft 
design.    The Air Force had the foresight to introduce their corrosion control plan 
as a contractual requirement at a time when corrosion specialists were needed as 
part of the design team to promote full utilisation of the advances in corrosion 
resistant materials.    Also, the scope of corrosion control technology has increased 
to a point where a program which is an integral part of the design, manufacturing, 
and deployment activities is required to coordinate corrosion control related acti- 
vities.    The Air Force corrosion control plan meets this requirement by providing 
a framework of program activities and controls upon which a successful corrosion 
control program can be built. 

2.Q   SUMMARY OF THE AIR FORCE CORROSION CONTROL PLAN REQUmiMENTS 

The stated objective of the plan is to "provide an effective corrosion pre- 
ventive and control plan on a total system basis.    To assure that corrosion 
considerations and control measures are properly integrated during contract defi- 
nition, engineering development, and operational phases in consonance with the 
designated life cycle of the system and mission objectives."   In order to meet 
this objective, the plan requires the contractor to design, implement and main- 
tain a corrosion control program and to identify the office or individual respons- 
ible for administering the program. (3)   The plan goes on to detail the scope and 
structure the program must have to receive Air Force approval.    The principal 
requirements for the program are summarised below: 

o    Selection of corrosion control design features such as materials, 
protective coatings, drainage and sealing requirements on the basis 
of an snviromental analysis. 

o   Review of Engineering drawings by corrosion control specialists. 

o   Development and maintenance of a corrosion control training program. 

o   Suhmittal of a finish specification for Air Force Approval. 
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o   Control of manufacturing process«* and methods to ensure the Intrinsic 
corrosion resistance of structural materials will not be Jeopardised. 

o   Control of subcontractors and suppliers to ensure coapliance with program 
structural material, finish, sealing, processing and drainage requirements. 

o   Customer and contractor reviews during design, manufacturing and deploy- 
ment until system obsolescence. 

o   Specification of Quality Assurance's corrosion control functions. 

Although the above sunraary is not complete, it outlines the scope of the pro- 
gram the contractor must maintain from design concept to obsolescence.    All con- 
tractor supplied equipment including grcsad support equipment must be covered by 
the contractor's corrosion control program.    The only hardware not ur/ler full con- 
trol of the plan is goverment furnished equipment and standard part?.    Technically 
standard parts fall under the plan's provisions, but the fact is,  government and 
industry specifications to which standard parts are fabricated hove not been 
reoriented to meet the more stringent plan requirements. 

The plan revolutionises the concept of aircraft corrosion control in these 
respects: 

o   It provides a balanced system of activities and controls as a framework 
for a contractual corrosion control program to be maintained from design 
to obsolescence. 

o   It requires that the administrator of the program be Identified. 

o   It requires that the customer and the contractor cooperate in regular 
program reviews. 

o   It requires a training program be set up so that Engineering, Quality 
Assurance and Production are familiar with corrosion control methods and 
technology. 

In other words, the plan is based on a systems engineering concept in which 
the network of corrosion control related activities which are diffused through 
company divisions, and which interlock with another network in the Air Force are 
defined in such a way that they can be monitored and correlated as required. 

3.0    THE MCAIR CORROSION CCWTOOL PRQgtAM^) 

The prime objective of the MCAIR program is to build a weapon system which 
can operate for a ID year 'rtriti without the need for scheduled depot maintenance 
to repair corrosion damage        or experience indicateJ that by maximising the use 
of alclad aluniman and the overawed alianimm alloy temper conditions and by using 
state-of-the-art protective systems, this goal can be achieved.    To realise this 
difficult objective it would be necessary to make effective use of the Air Force 
Corrosion Control Plan in designing a program which would effectively implement 
the required technology.    Selecting technology which would meet our 10 year objecti-'e 
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Is a relatively aiaple task compared to the task of caasunlcatlon.    Angr weak 
spots In eomunlcating the plan requirements to Engineering, Quality Assurance 
and Manufactarlnx personnel assigned to the project by rfCAIR or contractors would 
result in nonunironnity in corrosion control desif   features.    Comunlcating 
these more stringent requirements to specialised equipment suppliers was also a 
challenging problem. 

The principal features of the program used to select the F-15 corrosion con- 
trol design features and to conminicate these requirements to outside and In-house 
personnel is sunarised in Table 1. 

TABLE 1 MCAIR CORROSION CONTROL PROGRAM SIMMARY 

Program Phase 

Design 

Manufacturing 

Deployment 

Activities & Controls 

0 Select corrosion control design features based on 
a 10 year operational life criteria 

0 Document selected design features in:    "Corrosion 
Control Plan", "Air Vehicle Specification", "Finish 
Specification" and "Corrosion Control Quidelinos" 

o Corrosion specialist review of Itogineering drawings, 
process specifications, procurement specifications, 
proposals and equipment supplier's proposed usage of 
materials, finishes and processes 

0 Participate in Customer^lCAIR corrosion control 
design reviews 

0 Utilise a corrosion control training program to 
acquaint Engineering - in-house and contractor 
personnel - with the program requirements and their 
individual responsibilities 

0 Utilise a corrosion control training program to 
acquaint Production and Quality Assurance - in-house 
and contractor personnel - with the program require- 
ments and their individual responsibilities 

o Monitor process controls, assembly operations, and 
supplier environmental aualification test results. 
Participate in Gustomer/MCAIR reviews en in-house and 
major subcontractor manufacturing facilities and oper- 
ations 

0 Participate in Custcmer/MCAIR inspections of aircraft 
after environental hangar test, after 1 year squad- 
ron deployment and at Customer scheduled intervals 
thereafter 

0 Recommend appropriate design changes or maintenance 
corrective action as required 

0 Provide technical support at the request of the Customsr 

Now that the program has reached the point uhere production aircraft are on 
the assembly line with the first delivery to Tactical Air Command scheduled for 
November of this year, it is possible to look back on the deal/jr. and manufactur- 
ing elements of the program and Identify some activities which had a major impact 
in helping MCAIR meet the program objectives. 
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3.1 Corrosion Control Design Feature Selection - The initial and one of the key 
program activities was the selection of the corrosion control design features 
such an structural materials, protective finishes and water trap drainage provi- 
sions.    The approach taken was to avoid design features which caused, or contri- 
buted to, corrosion problems in older designs and to substitute materials and 
preventive methods which had proved themselves over the years such as alclad 
coatings on aluminus or which,  although recently developed, had sufficient service 
history behind them to prove their superiority over less successful design fea- 
tures.    The following discussion illustrates how these concepts were implemented 
first in selecting and then in documenting F-15 design features. 

Finish Deficiencies - In older designs, corrosion problems were related 
to the following protective finish inadequacies: 

o    There was no established criteria for protecting surfaces which because 
of functional or fabrication method reasons could not be  painted. 

o Exterior paint systems such as lacquers, acrylics and epoxies were subject 
to cracking with resultant exposure of the substrate in locations where it 
was most vulnerable to attack - moldline fastener locations. 

&    The less protective interior finish systems were often used instead of the 
exterior system in areas which are interior located but are in fact ex- 
posed to the exterior environment. 

o    Dissimilar metal Joints were not identified and given adequate protection. 

o    Cadmium plating on standard parts such as fasteners was too thin to pro- 
vide adequate protection (.0002 in min). 

3.2 F-15 Finish Specification Requirements - For the purpose of protective finish 
application the aircraft was divided into three environmental areas;    exterior, 
interior and Jet fuel.   When the paint finish system applicable to an environmental 
area could not be applied for functional reasons, emphasis was placed on the con- 
cept that the alternate protective system must be at least as protective as the 
paint finish or the component material must be a corrosion resistant type that does 
not require a protective finish.    For example, if paint were removed from an area to 
provide electrical grounding and an environmental sealing technique could not be.ucsd, 
the area is electroplated or the material is required to be corrosion resistant *4', 
Low alloy steel parts with a functional wear surface received as a minimum, a .002 
in. thick electroplate of nickel or chromium.    A large number of functional surfaces 
do not require protection because of the extensive use of stainless steel and tita- 
niun fittings in the F-15 design. 

The following excerpt from the F-15 Finish Specification shows that all areas 
exposed to the exterior environment are clearly identified(5),     In so doing, we 
are meeting the corrosion control plan requirements that protective methods be 
related to environmental conditions. 

I 
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EXCtRPT HKH F-15 FINISH SPEdFICATICH 

"3.0   REQUIREMENTS 

I'H 

Exterior Surfaces - Con^onent part surfaces which comprise or lie in the 
following areas shall be considered exterior surfaces.; 

o   Airfraoe moldline 

o   Landing gear and arresting gear exterior, cutouts, fold areas, doors, 
and wells 

o Speedbraks moldline and edges, cutouts, and conpartaent 

o Missile wells 

o Refueling well 

o Oun compartment 

o Chaff dispensing wells 

o Air Inlet and exit ducts 

c Cockpit floor 

o Pylons and external stores moldline (except external fuel tanks).** 

End of excerpt. 

Exterior Finish BequirenentB - Exterior surfaces receive the following finish 
system on nonfunctional surfaces: 

o   All skins and attaclnents are coated with sealant on faying surfaces to 
preclude moisture entrapment 

o   All permanent fasteners in aluminum and low alloy steel cdtaponents are 
installed with sealant. - Removable fasteners are Installed after the 
access door countersinks have been painted 

o   Surfaces receive an opoxy primer coat and a two-coat linear polyurethane 
enamel paint systems except for some titanium and stainless steel compon- 
ents in "hot*1 areas.    The polyurethane onamel topcoat used on the F-15 
had shown its superior anti-cracking and weather resistant characteristics 
over a two year test period on operational Air Force and Navy Phantom 
aircraft 

The F-15 landing gear finish requirements are an example of using field esqaer- 
lence to correct problem areas.   During a tour of the Warner Robins AFB overhaul 
facilities it was noted that most landing gear corrosion damage occurred in the 
I.D. of bushed holes and in the I.D. of tubular struts containing air spaces.   These 
problems result from the policy of inserting bushings into unprotected holes and 
from applying only one coat of primer to the landing gear I.D. surfaces in spite of 
the fact that exterior air has free access to areas ^ot submerged in hydraulic oil. 
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Tö oTercoo» these daflcieneies, the bushed holes in the F-15 300M alloy gear com- 
ponents are cacknliB plated as are the 0.0. of the bushings. The 1.0. of the F-15 
tubular gear components which enclose air spaces have the smae protective finish 
as the 0.0. - a .005 in. ndninnm coating of low embrittlement cadmium which is 
first chromated and then painted with the exterior paint finish. 

Fasteners - Each aircraft is assembled using thousands of fasteners and the 
installed cost runs into thousands of dollars. Tet fasteners tended to be ignored 
in industry and military finish specifications. The question of whether a tlta- 
niia or stainless steel fastener In aliain« structure should be treated as a 
dissimilar metal interface or not, is not directly addressed. In addition, there 
seemed to be an assumption that all fasteners are a monolithic item like a rivet. 
In fact, structural engineers tend to use the moat weight effective fastener types. 
Therefore it Is COBMO practice to use an aluminum collar on a titanium or stain- 
less steel pin when using a pin and collar type fastener instead of a stainless 
collar. Aluminum nut plates nay contain stainless steel nut elements with cadmiuB 
plated screws and stainless steel retainers. 

As a result of the large nunber of possible fastener element material com- 
binations, there was a lot of confusion on the assembly floor about when to seal 
a fastener and when not to Mai it, or whether to paint it for corrosion protec- 
tion or to leave it bare. Corrective action included emphasizing rules govern- 
ing fastener/structural Interface protection during the Corrosion Control Training 
sessions. This training course is discussed in a subsequent chapter. 

All project personnel who complete the training program are Issued a pocket 
sised "Corrosion Prevention Procedures" manualv6'. This manual contains the 
following sealing Instructions: 

"Sealing Requlrenents for Permanent Fasteners: There are appradmately 
A42,000 fasteners used in the F-15 airframe assembly. Therefore, the 
most ccnaon functional surface sealing operation Involves the sealing of 
fastener holes. Fasteners are sealed for two general reasons - to prevent 
corrosion and to prevent leakage from wet fuel cells or pressurised compart- 
ments. The following general rules apply to pemanent fastener Installa- 
tions. 

• 

General Rule #1 - Coat all fasteners with eealant before insertion in alundnvun, 
composite, or cadmium plated components which are on the moldline or in 
exterior locations as defined by the Finish specification. 

General Rule #2 - Seal all fasteners located in holes which penetrate into a 
pressurised compartment or wet fuel area. 

The following requirements apply to all fasteners which are not covered by 
the two general mies specified above. The following applications may be 
sealed either with sealant or with wet paint primer. 

Seal all stainless steel fasteners or alunlnum fasteners elmaents such as 
rivets, collars, or washers which contact titanium, stainless steel or 
Inconel type alloys. 
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Saal all cndmixm plutad tutentr» or faatener elaoents which contact stain- 
less steel, brass, copper, or Inconel. 

NOIE: 
1) Cadmiun plated fasteners are prohibited in applications which would 

bring them into contact with titanium, and titanium fasteners are 
prohibited in applications which would bring them into contact with 
cadmium plated components. 

2) Honal fasteners or copper plated fasteners should net be used in 
contact with aluminum components. 

3) Violations of 1) or 2) above should be brought to the attention of the 
supervision for corrective action." 

The above instructions permit the use of sealant or paint primer to protect 
fastener interfaces or interior components but require the use of sealant on ex- 
terior located fasteners,    ftie reasoning behind these requirements stems from the 
fact that exterior skins and doors are subject to a greater degree of flexure under 
cyclic loads than interior structure.    Therefore, sealant Is required on exterior 
located fasteners because its superior flexibility allows it to accconodate to the 
flexing and relative movement between fastener and component without rupturing. 
Paint is permitted in lieu of sealant on interior located fasteners because in- 
house corrosion exposure tests indicate it provides corrosion protection equal, 
or superior to sealant. 

Cadmim plated fastener corrosion problems are avoided through the une of 
stainless steel, titanium and aluminum fasteners for 9S£ of the moldllne applica- 
tions.    The cackniua plated fasteners that are used are MCAIR specials because 
they have a thicker cadmium plating requirement than standard fasteners - Class 2 
instead of Class 3« 

Magnesiim JUloys - There are only three aiiframe components fabricated from 
a magnesitm alloy.   These are k2f)lC magnesium castings.   Their configuration was 
carefully studied to ensure freedom from water traps before permission was re- 
quested from the Air Force for magnesium utilisation.   They are required by the 
Finish Specification to have all assembly line fitting and hols drilling accon- 
plished before the finish system is applied.   The parts are brought to the astwm- 
bly line match drilled and fitted; then they are given a heavy (Type I) Dow 17 
coating as well as an extra coat of primer and an extra topcoat.   Therefore, all 
surfaces including fastener holes are completely incapsulated by the anodic coat- 
ing and paint system.    In addition, all faying surfaces and fasteners are coated 
with a polysulfida sealant imnediately before assembly. 

Copposlte Structures - All aluminim honsyeoab core used on the F-15 is the non- 
perforated type and has a proprietary conoslon resistant coating on the sorfaes. 
Both alininum and titanium skins are coated with a corrosion inhibiting adhesive pnmer 
for corrosion protection before the structural adhesive is applied for bonding 
purposes.   In addition, all honeycomb assemblies including those with composite 
skins are leak tested after the exposed bondlinss are sealed by application of a 
polysulfide sealant.   This is accomplished by submerging the assembly in hot 
water and looking for air bubbles produced when the positive pressure generatel 
as the air in the honeycomb is heated forces its way through any voids which may 
be present in the sealant coated bondline.   Any "leakers" are resealed and retested. 
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3.3   F-15 Material Selaction - The most damaging types of corroaion experienced 
by aircraft using the 7XXX and 2XXX series alloys in a T6 temper condition are 
stress corrosion cracking and exfoliation.    Stress corrosion caused more compo- 
nent failures but exfoliation is more expensive to repair because it normally 
affects a large number of parts Instead of a few.    In-hou»e experience backed 
up with data from aluminum suppliers indicated that thin gauge sheet less than 
.080 in. was generally resistant to this type of attack if good quenching practices 
after solution treatment wer« applied.   Our selection criteria required that tne 
moro susceptible products be used in temper conditions formulated to resist stress 
corrosion and exfoliation attack a^ shown in Table 2. 

TABI£ 2 - AIJUHINUM ALLOT SELBCTICM CRITERIA 
FCR THE PREVENTION OF CCRROSION THAT TTPITIES'TruSAGE 

Product 

Sheet less than 
.080 in. thick 

Sheet thicker than 
.080 in. 

Plate 

Forgings 

Type of Attack 
Typical of T6 Temper 

(7XXX and ZPOC Series Allors) 

Pitting 

Exfoliation 

Exfoliation, Stress 
Corrosion 

Stress Corrosion 

♦2024-T8r 
«7075-T6 
«202V-T6 
6061-T6 

*7075-T76 
«2024-T72 
«2024-T81 
6061-T6 

«7075-T73 
*2024-T851 
6061-T6 

♦»7075-T73nx 

NOTES: Extrusions are similar to sheet and plate in corrosion susceptibility 
♦Alclad materials are ussd where environaental conditions could cause 
pitting. 

♦«7075-T73XXX is the only aluminum material recoonsncled for forgings. 

The F-15 aluninum product usage is unique in tha+ the ureas identified in 
the Finish Specification as "exterior" are alelad or anodlsed or are fabricated 
from 6061-T6. Alelad was used in perference to anodize except when product type, 
fabrication or functional requirement precluded its use. Our experience indicated 
that alelad provided sacrificial protection to adjacent non clad areas such as 
edges and countersinks. In contrast, anodlsed coatings lack the capability to 
protect non-anodized countersinks and other adjacent nou-anodised surfaces. Access 
doors with removable fasteners proved to be the most susceptible type of compon- 
ent to exfoliation corrosion attack on previous aircraft designs. Fortunately, 
in order to meet "turnaround" requirements, a large number of F-15 access doors 
are either secured by latches or quick release type fasteners. Other doors are 
corrosion resistant becuase they are fabricated from titanium. Aluiinum doors 
secrued with removable fasteners in addition to being alelad must be fabricated 
from the exfoliation resistant 7075-T76, 7075-T73, 2024-172, or 2024-T851 
materials. 
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Exfoliation and stress corrosion resistant overaged tempers were also used 
for alvmlnuB extrusions.    7075 alloy extrusions In the medium gauge sises were 
overaged to the 776511 temper and heavier gauges to the 7075-173511 terser.   The 
exfoliation and stress corrosion resistant 2024-T8511 alloy temper was also used 
in many applications.   Another important corrosion control design factor is that 
hundreds of lightly loaded miscellaneous Items such as shims, spacers, brackets 
and some fairings are fabricated from an alloy with superior resistance to inter- 
granular and pitting corrosion - 6061-T6.   Formerly such items were fabricated 
from 2024-14 or 2024-13.   Naturally aged 2XXZ series alloy tempers such as 
2024-T4, T42, 13, T351 and T3511 were prohibited because their instability in the 
F-15 thermal environnent invited intergranular corrosion attack (7). 

mapijl AH?y" "■ AH- titanium alloys are used in the annealed condition. 
Ti-6A1-4V is used in applications where toughness and fatigue resistance are 
prime requirements.    In other applications, Ti-6Al<-6V-2Sn is used where its 
superior strength-to-weight ratio can be used to advantage.   High pressure 
hydraulic tubing is fabricated from Ti-3A1-2.5V. 

Ferrous lüffll - Stainless steel selection was controlled to prevent the use 
of alloys or mlcrostruetures which are susceptible to intergranular attack (300 
series alloys) or stress corrosion (precipitation hardening alloys).    The SAE 
4340 type alloy forgings which caused stress corrosion problems in older designs 
when they were heat treated to high strength levels are restricted to the 180- 
200 ksl ultimate tensile strength range for F-15 applications.    The high streng*h 
landing gear components are fabricated from 300M steel.   This material has been 
used successfully for coonrcial aircraft gear components. 

Haterial Distribution - The manner in which these materials are distributed 
throughout the airframe is shown in Figure I.   Alclad aluninum alloy skins pre- 
dominate in the forward fuselage and the forward part of the center fuselage. 
In contrast, the aft part of the airfraoe is fabricated from titanium alloys, 
boron epoxy composites, brased titanium composites and aluninun honeycomb. 

3.4   Program Controls - It is not difficult to select materials which have th<» 
required corrosion resistance properties for a 10 year service life and to draw 
up another list of materials which do not have the required properties.   The dif- 
ficult part of the program is to conmunieate this information in such a way that 
it will be accurately utilised thoughout the prims contractor, subcontractor and 
component supplier system. 

There is no traditional vehicle for specifying material usage that parallels 
the use of a finish specification for control of finish usage,   la order to provide 
a working document to aid all designers to select materials approved by structures, 
metallurgists and corrosion specialists, a MCAIR Report, "F-15 Corrosion Control 
Guidelines" (8) was compiled by corrosion specialists and approved by the Project 
Engineering Manager to give it the required authority.   This report was distributed 
to the program design team before any drawings were released.    The report not 
only minimised the nunber of drawings rejected by the corrosion specialist during 
his review but also reduced communication problesis with the designers. 

The report also provided guidance on methods for water trap elimination 
including the use of drain holes at low spots or for sealant utilisation to raise 
the level of a low spot if a drain hole could not be drilled at that particular 
location. 

■ 

170 

-■'—^- u __^ ^^BMaMaiaMdHaaaM]MB 



^^ ^Sw^iwi.lin Jii.JJ.Ijln, IU i J5*i. 

The E33 Data Item - Procurement Specifications required suppliers of COD- 
ponents and systems - electronic equipment exeepted - to submit an E33 data item 
for approval.    This data item requires full disclosure of the material, finish 
and processes used to fabricate each detail part.    These data items were reviewed 
by corrosion specialists to ensure conformance with our material and finish re- 
quirements.    Although these requirements were clearly stated in the Procurement 
Specification a substantial marber of data item responses indicated they were not 
taken seriously and that the suppliers intended to continue using materials that 
were responsible for corrosion problems on previous aircraft designs.   Therefore, 
without the E33 data item submittal and review requirement, airborne systems and 
components would not have met F--15 material and finish requirements. 

Engineering Drawing Review - Besides providing the necessary control to en- 
sure only approved materials and finishes are used, the drawing review also pro- 
vides an opportunity to suggest changes which reduce dissimilar metal interfaces 
or which reduce costs through standardisation of material usage.    Host dissimilar 
metal contacts involve the selection of standard parts such as fasteners, clamps and 
plumbing or electrical system details which are not compatible with interfacing 
structure. 

3.5   The Corrosion Control Training Program - Just as the Corrosior Control Guide- 
line o Report was a major factor in familiarising design personnel with the corro- 
sion control Design Features and was a major factor in ensuring compliance, so that 
Corrosion Control Training Program was a major instrument for performing the same 
functions during the manufacturing phase of the program.    The training program is 
a mandatory requirement for all in-house and major subcontractor personnel assigned 
to the F-15 project.    Two different programs are available for presentation. 

Engineering, Quality Assurance and Manufacturing supervision are given class- 
room training sessions by a corrosion specialist which included the following sub- 
ject matter: 

o Corrosion theory 

o typical corrosion problems and causes 

o Corrosion control program contractual requirements 

o The F-15 corrosion control design features 

o Mechanisms by which F-15 design features avoid or prevent corrosion problems 

o   Detail and assembly operations which have a critical effect on weapon 
system corrosion resistance. 

Prodi action Training Program - Because of the large number of Production per- 
sonnel arid production floor Quality Assurance personnel who wore required to partici- 
pate in the Training program (approximately 1200), this presentation was automated. 
A tape recording was used in conjunction with a slide projector. 

This training program was based on the pocket sited reference book mentioned 
previously (6), a copy of which was given to all in-house and contractor personnel 
who attended the course.    The presentations acd the training seaaloos are organised 
by the MCAIR F-15 Training Ospartaant. 

The program content was oivided into two sections: 
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Section I dlscuBsea detail part fabrication and finishes with emphasis on 
the importance of:   1) protecting parts from corrosion or mechanically induced 
surface damage during handling, processing and storage, 2) F-15 contractual 
mechanical, thermal and chemical processing requirements, 3) finishes for painted 
parts and finishes for surfaces which cannot be painted because of functional re- 
quirement o. 

The second section addressed Itself to assembly operation corrosion control 
requirements such as eompartmental drainage, mold line sealing, removal of foreign 
objects fron compartments, dissimilar metal protection as well as paint finish 
requirements for subftssemblifts. 

The pocket ailed Corrosion Prevention Procedure handbook in addition to pro- 
viding the above detailed information cautioned all personnel to be on the "look- 
out" for any of the following violations and to report them to their supervision 
for corrective action: 

o   Bare structural materials in contact with aluminum (unless contact area 
is environmentally sealed). 

o   Cadmium or silver plated parts in contact with titanium. 

o   Assembly line drilling or "fitting" of painted magnesium parts. 

o   Unprotected aluminum fastener elements such as screws, washers, collers, 
etc., in contact with titanium or stainless ?teel. 

The reason that bare structural materials in contact with aluminum - unless 
contact areas are environmentally sealed - is a violation is that materials which 
do not have a protective finish are corrosion resistant and therefore incompatible 
with aluminum.    The finish specification  requires that all such dissimilar metal 
joints be assembled with a coating of uncured paint or primer on the mating sur- 
faces so that a "squeese out" of excess material is obtained.    This ensures that 
all voids in the Joint are filled with paint or sealant to deny access to moisture 
and other corrodents. 

The interfacing of any cadmium plated parts with titaniun is prohibited not only 
because It may cause «■brittlement and cracking of the titanim microstructure, but also 
because the materials are galvanically incompatible.   Silver in contact with ti- 
tanium alloys has an adverse effect on their stress corrosion resistance at tem- 
peratures in excess of 450'F and therefore the use of standard silver plated stain- 
less steel fasteners or other silver plated components is prohibited in applica- 
tions where they would contact titanium. 

■ 

Magnesium parts are supplied to the assembly line in a painted condition. 
Drilling of holes or any other operation which would damage the anodized Dow 17 
coating and the paint finish are prohibited because there is no touch-up treat- 
ment which supplies equivalent protection to Dow 17«   kad magnesium needs all the 
specified protection to remain corrosion free for the life of the airfran». 

Aluminum fastener elements in an aluminum structure would be automatically 
painted with the rest of the subassembly.    In contrast, an interior located tita- 
niun or stainless steel structure is normally not painted.   Therefore, aluminum 
fastener elemonts located in such a structure must be touched up by hand. 
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There are two general points of Interest concerning the training program: 

1. A eoBputer prograa Is used to ksep track of personnel changes so that 
the Training Departasnt can arrange training sessions as new personnel 
are assigned to the project. 

2. More than 1,500 NCAIR personnel and a large mnber of priae contractor 
personnel have been exposed to the corrosion control training and have 
received a copy of the "Corrosion Control Handbook". 

4.0 COMCLOSICM 

There can be a significant gap between the quality of the technology built 
into a product and that which has been made available for use through research 
and development programs. This is generally true iimedlately following rapid 
technology advances and la especially true if the new technology cannot be applied 
by traditional application methods. Corrosion control technology in the middle 
öO's is a case in point. It had suddenly expanded in scope and sophistication to 
the extent that it was no longer solely concerned with protective finishes. If 
advances in corrosive resistant material technology were to be fully exploited, 
the corrosion engineer had to move from the traditional peripherlal role of writ- 
ing a finish specification tc one of active pardcipation in the conceptual and 
detail design of the product. Acceptance of this concept and its implementation 
would normally be a slow process and during such a transition a significant gap 
in applied technology and state-of-the-art technology would exist. 

The Air Force Corrosion Control Plan played a vital role in speeding up the 
transition process. By making the plan contractual and having the contractor 
identify the plan manager, corrosion control was no longer everybody's and nobody's 
responsibility. The Plan outlined the scope of the contractor's program and set 
the ground rules for developing a program which had the necessary management and 
technical attributes for success. 

The Eagle Corrosion Control Program which has been discussed in general terms 
is one example of an infinite variety of plans which can be oullt around the 
Corrosion Control Plan Blueprints. The program built on these blueprints can b* 
a facade or an efficient corrosion control implementation tool depending on the 
type of support it receives from project management and depending on the skill and 
dedication of the hundreds of personnel who have a direct or peripherlal part in 
its function. 

In the writer's opinion a successful program should have the following 
characteristics. 

0 The program must have a cleareut objective 

0 Selected corrosion control technology must be compatible with the 
program objective 

0 Materials and finishes must be selected on enviromental basis 

0 Component materials which would normally be painted but which cannot be 
painted most be given equivalent protection by another corrosion preven- 
tion method 
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0 Materials which are too corroalon prone to be oapeble of protection by 
comentlonal flolahea should be avoided. If this is not possible, than 
thej aust be protected by a special finish ttllor naile to neet their 
requl r—int.s. The shot peened, ehronaled eadaius, paint systaa eoabina- 
tion finish used on hi^i strength steels is sn "^T1

* of a special finish 
ccabinaticn required for a potentially corrosion suoeeptlble naterial. 

0 The progrn bbjectiTea nust be kept in nlnd during day to day decision 
■aking to prevant a grauual deterioriation in applied technology quality. 

It la felt that the Eagle's Corrosion Control Progran Is sueceeeful by 
today's standards. Howersr, the nonent of truth will not arrive until a signi- 
ficant nunber of aircraft hare been in serrLce for the duration of their design 
life. Therefore, it would be interesting to ccnpare the conclusions drawn at 
that tine with the conclusions -*iat appear valid today. 
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STRESS CORROSION CRACKING  SUSCEPTIBILITY OF 
0 TITANIUM ALLOY 38-6-44:     CANDIDATE ALLOY 

FOR SCOUT TORSION BAR 

by 

Walter F. Czyrklis and Milton Levy 
Army Materials and Mechanics  Research Center 

IVatertown,  Massachusetts        02172 

ABSTRACT 

The threshold stress intensities for stress corrosion crack propagation 

in beta titanium alloy 38-6-44,  Ti-3Al-8V-6Cr-4Mo-4Zr,  has been determined 

in salt water arid methanclic solutions.    The alloy was immune to SCC in aqueous 

sodium chloride solutions.    However,   in methanolic  solutions,  the alloy was 

very susceptible to SCC.    This marked susceptibility in methanolic solutions 

can be mitigated by the addition of an inhibitor sodium nitrate.    Crack exten- 

sion in the alloy was transgranular and failure occurred by brittle quasicleav- 

age in methanolic solutions. 
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INTRODUCTION 

The newer beta-type titanium alloys are finding increasing use because of 

their excellent fabricability,  corrosion resistance,  and heat treatment response 

In the ductile solution treated condition,  these alloys are easily formed and 

cold headed for applications such as honeycomb, thin sheet, and fasteners.    The 

excellent deep hardening characteristics of beta titanium alloys also make them 

attractive for thick section parts. 

One of these newer 6 alloys, titanium alloy 38-6-44, nominal composition 

Ti-3Al-8V-6Cr-4Mo-4Zr, has been selected as the candidate material for the 

Scout Army Vehicle dual rate torsion bar application.    The selection of this 

alloy appears to be an excellent materials choice because of its superior 

spring rate characteristics.    Also, depending on the heat treat cycle, many 

strength-ductility combinations can be produced and, unlike some of the other 

beta alloys,  the brittle omega phase does not form during the heat treatment. 

By proper aging of the solution treated material, ultimate tensile strengths 

in excess of 200 ksi can be obtained. 

Other ß alloys, including Beta III1, have been reported as susceptible to 

SCC in aqueous solutions.    The strength level of Ti-38-6-44 proposed for the 

Scout torsion bar application is relatively high and usually susceptibility to 

SCC increases with increasing strength level.    For these reasons,  SCC of 

Ti-38-6-44 may be a potential problem for Scout and ATAC requested that AMMRC 

investigate the alloy's SCC susceptibility.    Reported herein,  is the alloys 

response to SCC in the solution treated and aged condition that is identical 

to the heat treatment proposed for the Scout torsion bar application. 
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EXPERIMENTAL PRDCEDURE 

' 1 

Materials 

Titanium alloy 38-6-44 was obtained from Reactive Metals Inc. in the form of 

9/16-inch thick plate which had been solution treated at 1700oF for thirty 

minutes and air cooled, then aged at 8750P for 24 hours and air cooled. The 

chemical composition and mechanical properties of the material are shown in 

Table I, 

Single edge notched cantilever beam specimens, 6 x 1 x 0.5 inch with a 

0.3-inch deep, 45° included angle notch were fabricated from the plate mater- 

ial in order to determine this alloys susceptibility to stress.corrosion 

cracking. The specimens were of L-T orientation, that is, they were cut with 

the long dimension parallel to the direction of grain flow and notched so as 

to cause crack growth and fracture during testing to take place through the 

long transverse direction. 

Metallographie examination of the alloy shows a microstructure of equiaxed 

beta grains with a finely dispersed alpha phase (dark) in the beta (light) 

matrix. Note the a precipitation at the grain boundaries and the enriched 

ß region adjacent to the ß grain boundaries. See Figure I. 

The environments used for testing were 3.5% sodium chloride, methanol, and 

methanol to which a small amount of hydrochloric acid was added. Reagent grade 

chemicals and distilled water were used to prepare the solutions. The sodium 

chloride was used to simulate a sea water environment while methanol has been 

used as a de-icing solution in both automotive and aircraft applications. The 

methanol plus hydrochloric acid solution is a convenient way of introducing 
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chloride ion into methyl alcohol.    Titanium alloys have been found to be 

susceptible to stress corrosion in all of these environments. 1-5 

TEST PROCFDURF 

The cantilever beam test developed by Brown and Beachem was used to 

determine the alloy's degree of susceptibility to SCC.  In this test, speci- 

mens containing a sharp flaw (a notch which is sharpened by fatiguing) are 

deadweight loaded in cantilever bending with a plastic ceil containing the 

desired environment surrounding *he pre-cracked central portion of the 

specimen. Stress intensity was calculated from the Kies equation given in 

Figure 2. Also shown in Figure 2 is the specimen geometry and test rig. 

The results of the stress corrosion tests were plotted as initial applied 

stress intensity K . vs. time to failure, and the plane-strain threshold 

stress intensity level, KT  , below which crack growth did not occur, was 
I sec 

determined. 

Fracture surfaces were replicated by the plastic carbon technique and 

examined by electron microscopy. Chromium was used as a replica pre-shadow- 

ing material. 

RESULTS AND DISCUSSION 

Figure 3 contains plots of critical stress intensity vs. time to failure 

for  Ti-38-6-44 in 3.5% NaCl, CHjOH, O^OFf + 0.5% HC1, and CH.OH + 0.5% HC1 + 

0.5% NaNO solutions. These plots show that KT   is 34.5 ksi /In. in NaCl, o XSCC 

16 ksi An.   in CHjOH. and 6 ksi /in. in CH OH + HC1. The air value, K , is 

35 ksi i^irT. These data indicate that the alloy is immune to sodium chloride 
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SCC and is very susceptible to SCC in methanolic solutions, particularly in 

methanol + HC1 solution. Thus, the measure of susceptibility KT  /K,v, r     ' Iscc IX' 

decreases from 0.46 in CH.OH to 0.17 in CH OH + HC1 solution. Average crack 

growth rates (based on optical comparator measurement of the total crack 

extension in the SCC zone as a function of time) were 1.4 x 10  in/hr (3.6 

x 10"1 mm/hr) and 3 x 10'2 in/hr (8.2 x 10"1 mm/hr) in CH^H and CH3OH + HC1 

solutions respectively. The stress intensities at failure were 56 ♦ 2 ksi /irT. 

and 44 ♦_ 2 ksi /IrT. respectively. The addition of 0.5% I1C1 increased the 

average crack growth rate in methanol by a factor of ^.    Figure 3 also 

shows that NaNO, increases KT   for the alloy in CH_OH + HC1 from 6 to 30 3 Iscc 7     3 

ksi /in. which approaches the air value of 35 ksi /Tn. Thus, NaNO_ markedly 

reduces the susceptibility of the alloy to SCC in this extremely aggressive 

environment. 

Macroscopic examination of the fracture surfaces of specimens which 

exhibited environmental cracking revealed three distinguishable zones, namely, 

the fatigue zone under the notch, the slow crack growth or SCC rone, and 

finally the fast fracture area (see Figure 4). There was no apparent SCC 

zone for specimens showing immunity to SCC. Figures 5-10 are high magnifica- 

tion replica fractographs which show the effect of environment on the fracture 

mode of the alloy. Crack extension in all environemnts, including air, was 

transgranular. The transgranular plastic fracture shown in Figure 5a-5c is 

typical for specimens fractured in air as well as for the fast fracture zone 

of specimens tested in aqueous and methanolic solutions. The main feature of 

their fracture topologies is that they all contain dimples. In Figure 5c, 
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the dimples are relatively small and shallow, whereas the dimples are larger 

and more pronounced in Figure 5a and 5b. 

The fracture surfaces of the specimens tested in NaCl solution (immune 

to SCC) and inhibited CH OH + HC1 solution (little susceptibility to SCC) 

showed no discernible slow crack growth area.  See Figures 6 and 7. Note the 

similar ductile rupture topologies (shallow dimples). 

Fractographs of the specimens stress corroded in uninhibited methanolic 

solutions (very susceptible to SCC) are shown in Figures 8-10. Figure 8 

shows the interface of the fatigue and slow crack growth areas and Figure 9 

the center of the slow crack growth area. The SCC failure mode is transgranu- 

lar brittle quasi-cleavage.  Figure 10 shows that there is an intermediate 

zone in the transition from slow crack growth to fast fracture which is 

characterized by cleavage tongues. The fast fracture zone, as mentioned 

earlier, has a ductile dimple rupture topology. 

CONCLUSIONS 

1. The solution treated and aged titanium alloy 38-6-44 is immune to sodium 

chloride stress corrosion when the alloy is tested in the L-T direction. Thus, 

SCC in salt water environments is not expected to be a problem. 

2. Methanolic solutions provide extremely aggressive environments for the 

SCC of Ti-38-6-44. The susceptibility is markedly increased in CH.OH + HC1 

solution. 

3. The SCC resistance of Ti-38-6-44 in CH OH + HC1 solution can be signifi- 

cantly improved by the addition of sodium nitrate to the solution. Thus, care 

should be taken that the Ti-38-6-44 components do not come in contact with 
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methanolic solutions unless the methanol is inhibited with NaNCL. 

4. Fractographic analysis of the stress corroded specimens showed that 

crack extension in the alloy in all environments was transgranular. Fail- 

ure in the methanolic solutions was by brittle quasi-cleavage fracture. 

The alloy exhibited fractographic ductile characteristics (dimple rupture) 

in air, 3.5% NaCl and inhibited CH-OH + HC1 environments. 

i  ■ 

183 

■ ..., 

.-   ... ._.. ...- .. 
-—-. .   ■ - .  

^    ■-  —     -■ Ma^MUMI^ftJ 



n** ss 

LITERATURF CITED 

1. J.A. Feeney and M.J. Blackburn, '"Effect of Microstructure on the Strength, 

Toughness and SCC Susceptibility of a Metastable 0 Titanium Alloy", Met. Trans., 

Vol. 1, Dec. 1970, p. 3309. 

2. B.F. Brown, "A New Stress Corrosion Cracking Test for High Strength Alloys", 

Materials Research and Standards, Vo. 6, No. 3, March 1966, p. 129. 

3. E.G. Haney and W.R. Wearmouth, "Effect of 'Pure' Methanol on the Cracking 

of Titanium", Corrosion, V. 25, 1969, p. 87. 

4. K. Mori, A. Takamura, and T. Shimose, "Stress-Corrosion Cracking of Titan- 

ium and Zirconium in MCI Methanol Solutions", Corrosion, V. 22, 1966, p. 29. 

5. M. Levy and D.W. Seitz, Jr., "Stress Corrosion of Ti-8Al-lMo-lV in Methanol 

♦ HC1 solutions", Corrosion Science, Vol. 9, 1969, p. 341-351. 

6. B.F. Brown and CD. Beachem, "A Study of the Stress Factor in Corrosion 

Cracking by Use of the Pre-Cracked Cantilever Beam Specimen," Corrosion Science, 

Vol. 5, 1965, p. 745. 

181| 

K ....._...   .... .- .--■..■■,.-■ . ..^ :........      ■-. ., 
 ■  -■ ■- ■-- -   - ■ L— ^^^L^^^tmmmmuääiMl^ am 



mmmm MlUMmiiw 

Vi 
IU 

H 
cc 
Ui 
CL 

i 
CL 

< 

u 
UJ 

/ I 

w 
u 
UJ 
a. 

W3 

-J 

3 

c o 

t/3 I-I 

^2 

^ 
M 

Z 

U u 

Ok 

o o 

00 

o o 
* 

o 
<M 

o 
o 

c o 

o o 

o 

SO 

K) 

o 

o 

in 
o> 

to 

►o 

'S 
> 
<» 
o 

5 

I 
SO 

I 
oo 

o 

< 

8 
•H 

9 

o 
M 

•H 

ft » 
Pu 
O 

§ 
c o 

o a c 
E  O 
O -H 

•H 
-I -o 
(4 C 
U O 

•H U 

§< 
u cn 

w 
eo 
15 

I 2 

185 

■" " ■ —»nliiimr»   ■ 



WW^FW.lill, »-i  ""   ■'   ■«■,»■■'■■   '"      tmii^T 

Figure 1. Photomicrograph of Ti-38-6 44 

in the a^-received STA condition. 

Mag. 250X 

Specimen 

Tesl^ 
Frame 

A 

Corrosion Cell 

h 

Loading Arm 

A 

■t 
L • 6 Inches 
W ■ I Inch 

1     BW3/? 

where: 
M ■ the bending moment at the notch 
B • the thickness o( the specimen 
W • the depth of the specimen 

ß • 4.12y(i-a/wiJ . u-a/wr 

1 
B ■ 0.5 inch 

Figure 2. Cantilever rig, specimen geometry and 
equation for stress intensity values 
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50 
O 3.5% NaCI 

D CHjOH 

OCHjOH + 0.4% HCI 

^ CH30H + 0.4% HCI + 0.5% NaNOj 

K.      • 34.5 ksiv^rr 

Time to Failure, Minutes 

Figure 3. Stress corrosion curves for titanium alloy 38-6-44 

Fatigue 

SCC 

Fast Fracture 

1.000 

Figure 4. Fracture surfaces of specimens stress corroded in (a) CH3OH and (b) CFLOH + HCI.   Mag. 4X 
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•. Mag. 3,200X b. Mag. 3,500X 

c. Mag. 3.500X 

Figure 5. Fractographs of Ti-38 6-44 showing 
ductile rupture in the rapid fracture zone. 

Fracture 

Fatigue 

Figure 6. Fracture topology of Ti-38-6-44 showing 
'atlgue and fracture zones resulting from stressing 
in aqueous NaCI and inhibited CH3OH + HCI 
Mag. 2.50OX 

l±* 

Fracture 

-'<4rf**.< 

Fatigue 

Figure 7. Fracture topology of Ti-3S-6-44 showing 
fatigue and rapid fracture zones resulting from 
failure in air.   Mag. 2,200X 
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PMigut 
Figure 8. Fractograph of Ti 38 6 44 showing fatigue and 
SCC zones resulting from stressing in methanolic solutions. 
Mag. 2,800X 

Figur«! 9. Topology of Ti-38-6-44 of the SCC zone 
resulting from stressing in methanolic solutions. 
Mag. 6,300X 

SCC 

Figure 10. Fracture topolugy of Ti-38-6-44 
of the SCC and rapid fracture zones for 
specimen failed in CH3OH.   Mag. 41600X 
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MATERIALS  HEQU1RKMENTS   IN A  HYDROGEN  ECONOMY—NEW CHALLENGES? 

II.   r.   Syroll,   U.   L.   Jcmus,   and   N.II.Ci.   Daniels' 

ABSTRACT 

It   Is anticipated  thai   tliu energy  shortages  already experienced  in  the  United 
States  will  develop   Into a Berlous crisis   before   the end of   the  twentieth  century. 
The supply  <>f   gaseous  and  liquid  fossil   fuels,   barely   adequate for our needs  today 
is  expected   to   fall   short   of   the  demand   in   the  years  to come.     Consequently,   there 
has been  an  increasing  recent  effort   to develop  alternative  fuels.     One  fuel   that 
has  received much attention  is hydrogen,   which has  the  advantages of   being  clean 
(Its  combustion  product   is nonpolluting)   and  in  plentiful  supply  (in  the  form of 
water) . 

Numerous publications discuss  the merits  and   feasibility of a national, 
hydrogen-based   fuel   sjstem  (a  "hydrogen  economy"),   and  many  predict  the widespread 
use of  hydrogen   by   the  year  2020. 

Of   the wide variety of  problems  that   could  occur with the  introduction of a 
hydrogen  economy,   those  related  to materials  are  considered   in  this paper.     The 
transmission,  storage,   and use of  hydrogen  are discussed briefly,  but major 
emphasis   is  placed on   the materials  research and  development  needs  related   to large- 
scale,   low-cost  hydrogen production. 

INTRODUCTION 

This  paper  is based  on portions of   a   study1   conducted  for Defense Advanced 
Research  Projects Agency   (ARPA)  dealing with materials  problems  that  would   be 
encountered with  the widespread  iptroduction of  advanced  nonfossil   fuel   systems. 
The  fuel   considered  in greatest detail   in   this study was hydrogen. 

There  have  been an  Increasing number of  publications  in  recent  years   that have 
discussed  the merits  and  feasibility of   a  national  hydrogen-based  fuel   system—the 
so-called  hydrogen economy.     Because of   the ever  increasing  shortage of  fossil  fuels, 
many  predict  the  widespread use of  hydrogen  by  the year 2020.     Its chief  advantages 
are  that   it  is  in plentiful  supply   (in  the   form of water)   and  that  its conbustion 
product   is nonpolluting  (unlike fossil   fuels). 

•' 

The  merits or financial   feasibility  of  a hydrogen economy will  not be  discussed 
here.      Instead,   it will  be assumed  that  a   fuel  system  based on hydrogen will   be 

'Stanford  Research  Institute, Menlo Park,   California. 
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introduced, and that, because oi  a shortane oi   lossil luels, hydrogen will be pro- 

duced entirely from ;\ nonfossil source, namely water.  It will further be assumed 

thai a primary source of energy, (e.g. , nuclear, solar, wind) will be available in 

sufficient quantities to allow the extraction of the required amount of hydrogen 

from water.  01 the wide variety oj problems that could occur with the introduc- 

tion oi a hydrogen economy, only problems related to materials will be discussed, 

and particular emphasis will be placed on problems thai need immediate attention to 

permit the successful Introduction of a hydrogen economy in 40 to 50 years. 

THE HYUROGEN ECONOMY 

II appears that there is a deep-seated feeling in a large number of the popu- 

lation thai hydrogen Is a "dangerous gas." Frequent mention is made of the Hinden- 

borg disaster and oi   the embri tt lenient and slow crack growth that have long been 

observed m metals exposed to hydrogen environments.  On the other hand, the 

'.  uni liar laboratory gas bottles containing hydrogen have apparently had a perfect 

safety record for more than 50 years, and many years of practical experience have 

already boon amassed in the transmission ol gaseous hydrogen for industrial uses— 

admittedly over relatively short distances and at relatively low pressures.  So what 

is the truth? 

In the study1 conducted for ARPA, the materials problems that might be encoun- 

tered in a hydrogen luel economy wore examined in detail.  lour major aspects of 

the hydrogen fuel system were studied:  (1) production, <2) transmission and distri- 

bution, <'.i)   storage, and (!) end use.  Although important materials research and 

development needs were idiitilie«! in each ol these four areas, it is the belief of 

the authors that no insurmountable materials-related obstacles exist to prevent the 

sale and successful transportation, storage, and use ol hydrogen fuel.  It was 

apparent ti it the major effort must go into developing improved methods of producing 

hydrogen li large volumes at minimum cost.  Materials research and development needs 

related t< large-scale, low-cost hydrogen production will now be discussed in greater 

clet ail. 

LAKGE-SCALE, LOW-COST HYDROGEN PKODUCTION 

Even a partial hydrogen fuel economy would require the production of enormous 

quantities of hydrogen.  The quantity of hydrogen required to have entirely replaced 

the 1970 U.S. dossil fuel consumption would have been about 631 million tons. 

Replacing the 1970 U.S. natural gas supply alone would have required 215 million tons 

oi hydrogen.  (See Table I.)  In a future total hydrogen e nomy, billions of tons 

per year would be required.  Contrast this need with the world production of hydrogen 

in 1970 of about 17 million tons, only 5% of which was derived from nonfossll sources. 

/ ;• 

Water  is  the  only credible nonfossll     source of   the  required quantities of 
hydrogen,   and,   in  the  short-to-mid-term future,  nuclear  fission appears  to  be  the 
only  possible  source of  the energy  needed  to extract  hyJrogen from water;   in the 
longer  term,  other energy  sources  such as  solar heat   and  nuclear fusion may become 
important. 
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Energy Source 

Fossil fuels 

Table 1 

ANNUAL U.S. ENERGY SUPPLY (1970) 

Energy Content (1015 Btu)    H, Equivalent* (106 Tons) 

Natural gas 

Coal 

Licjuld hydro- 

carbons 

22.1 

13.5 
29.4 

215 

131 
285 

Tola I lossi1 Iuols 

All other 

(JS.o 

2.« 

031 

27 

/I 

"Based on the lower heating value ol H2 (51,571 Btu/lb) . 

Three possible routes can be suggested for using nuclear energy to extract 

hydrogen from water:  electrolysis, direct thermal splitting, and thermochemical 

splitting.  Electrolysis is the only proven method, but electrolysis requires an 

inefficient Intermediate step in which heat energy is converted into electricity. 

A process for splitting water using thermal energy alone would avoid this inter- 

mediate step and might, therefore, be capable of producing hydrogen with a higher 

overall efficiency and at a lower cost.  The direct thermal dissociation of water, 

requiring temperatures in excess of 25000C for appreciable conversion, is not fea- 

sible within the limitations of foroseeablo reactor technology.  However, it is 

theoretically possible to split water by a combination of chemical and thermal steps 

at temperatures below the ~ 1000aC level anticipated in tuture high-temperature gas- 

coolod reactors.  A considerable effort is now underway in laboratories around the 

world to reduce to practice the thermochemical splitting concept. 

The type of process being sought is a closed chemical cycle In which the maximum 

process temperature is below 10000C, and only water is consumed, any chemical inter- 

mediates being completely recycled.  A large number of possible cycles have now been 

proposed, and the range of possibilities is still growing with several groups using 

computerized search routines to identify promising reaction sequences.  However, none 

ol the proposed cycles have yet been integrated into even a bench-scale process, and 

it is not yet clear which cycle or cycles should be selected for further development. 

In fact, it seems likely that three to five years of additional research into reac- 

tion thermodynamics and kinetics will be required before the most attractive cycles 

and their associated materials problems can be clearly defined. 

An indication of the types of materials problems that are likely to be encoun- 

tered in future thermochemical splitting plants can be obtained by reviewing the 
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^enoral   natui'c  of   the  cycles now under ruiisuloi-at ion.     All  water splitting «.'ycles 
involve  sumo  sort   <>1   liy<l i'olysis  stop   111 which   hydio^c-n  or  oxyKcn   is  generated,   uither 

ilirotily or via imc ov nioic chemtcal   iiUcrmucllnlos,    Because <>J   their strung loiidency 
lo  hyd mly/.o,   mulill   halidcs  arc   involved   in  many  ol   the  proposed   thennocliemical 
split liiiK i-yclos.    Other proposed speiies   Include halugens, hydrugon halides,   liquid 
metals,  metal   oxides  and  metal  hydi-oxides,   as  well   as  hydrogen,  oxygen,  and  steam. 
A  typical  exampxe ol   a   reaction sequence,   the Mark  IB process proposed hy  the EURATOM 
group   in   Italy,   is shown here: 

■ 

(1) CaBra   •   HgO   . Ca(OH)a   •   2HBr 

(2) Hg2Br2   i   2HBr - 2HgBr2   +  H2 

(3) HgBr;,   •   Hg  - Hg2Br2 

(4) HgBr2   •   Ca(OH)2 - CaBr2   i   HgO   •   H20 

(5) HgO - Hg   •   A02 

1200C 

120'C 

200oC 

eoo'c 

It seems probable that corrosion of containment vessel materials will be a major 

problem in the chemically aggressive, high-temperature environments involved in this 

and all other thennochemical splitting cycles.  In addition to the need lor corrosion 

resistant materials and coatings, materials with good high-temperature strength will 

be needed, especially for reaction vetrsels required to operate at high pressures. 

Kor instance, the calcium bromide hydrolysis step in the above EURATOM Mark IB pro- 

cess is to be carried out at TSOT and at a system pressure of 30 atmospheres. 

As for the proven hydro^on production route, electrolysis, it should be noted 

first that electrolysis is an old technology.  The electrolytic decomposition of 

water was first demonstrated In 1800, and electrolysis has been used for the com- 

mercial production oi hydrogen for more than 60 years.  Electrolyzer design remained 

virtually unchanged until recently, and, as a consequence, conventional electrolyzers 

are characterized by conservative design and engineering, which leads to low energy 

efficiency, low cell capacity, and high capital costs. 

Table 2 shows that , for a typical large conventional electrolyzer, the cost of 

electric power consumed is by far the major contributor to the cost ol the hydrogen 

produced.  II electrolytic hydrogen was to be produced on the vast scale required 

for Its use as a luel, the mass production of electrolyzers ol advanced design would 

be necessary.  This would probably result in a decrease in the capital cost contri- 

bution to below the 24 percent shown In Table 2 and so would further increase the 
percentage of product cost attributable to the electric power consumed. 

Therefore, to minimize product cost, electrolyzer development must be directed to 

optimizing the utilization of electric power, I.e., to maximizing the electrolyzer 
efficiency. 

The thermal efficiency of electrolysis is commonly defined as the ratio between 

the gross heating value of the hydrogen produced and the heating value of the elec- 

trical energy expended.  By this definition, the theoretical thermal elficlency 
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of electrolysis  is  120 percent at STP because ol   the  endothermic nature of  elec- 
trolysis.     The  thermal  efficiency   increases  as  the   temperature   is   increased,   such 
that   at   550oK  (1   atmosphere pressure)   the   theoretical  efficiency  hus   reached  about 
150 percent.     In comparison,   the  actual   Ihurmal   el 1 iiioiicie.s  ol   today's  cominercial 
electroly/.eis  range  1 rom about  50 percent   lor older  units  to about  80 percent   for 
the best  current  units. 

Table  2 

BRKAKDOWN OF COSTS FOK  ELECTROLYTIC  HYUKOGEN PRODUCED 
BY A LARGE CONVENTIONAL ELECTKOLYZEH 

Cost  contribution 

Electric  Power Consumed 
Capital   Costs 

Other Consumables 

Operation and Maintenance 

Percent   ol   Product Cost 

6!» 5 
2'1 

4 5 

2 

100 

The discrepancy between theoretical and practical efficjencies is associated 

almost entirely with the extra voltage above theoretical that must be applied to 

the electrodes of a real cell in order to achieve a reasonable rate of hydrogen 

production.  A number of factors contribute to this overvoltage.  Concentration 

polarization ol the anode and cathode and resistive voltage drops in the electron 

conduction path account for minor contributions to the overvoltage, but, In today's 

commercial elect r-olyzers, the major contributions are due to activation polarization 

of the electrodes and the resistive voltage drop in the ion conduction path. 

Resistive voltage losses can be minimized by minimizing tnterelectrode spacing, 

keeping product gases out of the current path, using a high-conductivity electrolyte, 

maximizing the ionic conductivity ol the separator, and increasing the operating 

temperature.  Activation polarization can be minimized by using eleclrocatalysts, by 

increasing the elfective area of the electrodes, and by increasing the operating 

temperature.  It will be noted that an increase in the operating temperature decreases 

both resistive voltage losses and activation polarization. Temperature increases and 

the use ol eleclrocatalysts are considered most likely to lead to the desired sub- 

stantial improvements in efficiency.  Materials research and development needed to 

allow these advances will now be discussed. 

Most of today's commercial electrolyzers use aqueous solutions of potassium 

hydroxide as the electrolyte.  Before any substantial operating temperature increase 

is possible in these alkaline electrolyzers, the materials problems that must be 

overcome include severe corrosion of the nickel anode and rapid deterioration of 

separator and cell frame materials at temperatures above about 100oC. 

■    • Because  the materials currently  used  for  the anode  and cathode  structures 
(nickel  and  iron respectively)   are themselves  fairly  good catalysts for oxygen and 
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Kydrogen evolution, it has been suggested that significant improvement in catalytic 

activity can be obtained only by using noble metals such as platinum.  However, the 

use of noblo metal catalysts on a hydrogen economy scale can probably be ruled out 

tor reasons of cost and availability,  For instance, at a moderate catalyst loading 

ol I gram, ft2 (about l mg/cm8), the amount of catalyst required for a hydrogen pro- 

duction capacity equivalent lo the 1970 U.S. consumption of natural gas would be of 

the order of 2 million pounds, compared with a current annual world production of 

platinum of about 0.1 million pounds and a U.S. annual production of a mere 620 

pounds.  (See Table 3.)  These figures emphasize the need for the development of 

improved, nonnoble electrocatalysts. 

Table 3 

CnTALYST  REQUIREMENTS OK NOBLE  METAL CATALYZEU ELECTROLYZ;;RS 

Catalyst  loading of  1   gram/ft2 = 

1970 U.S.   natural  gas  consumption 

..   Catalyst   required 

World   production  ol   platinum 

U.S.   production ol   platinum 

90 grams  of catalyst  per pound/hour 
of  H2   production capacity 

5 x  107  pounds/hour of H2   production 
capacity 

2  x   106   pounds 

1.2 x 10s pounds/year 

(520 pounds/year 

I 

An entirely different   type ol  electrolyzer,   prototypes of which have shown 
potential   lor high  thermal   efficiency,   is  based  on  the use of  a hydrogen-ion con- 
ducting membrane ol   perfluorinated sulphonic acid—the so-called  solid polymer elec- 
trolyte.     This  12-niil   thick  polymer membrane combines  tho  functions of  the electro- 
lyte and  the  separator.     Prototyp«' cells of   this  type  currently use noble metal 
electrocatalysts  but,   for the  reasons discussed above,   these would probably have  to 
be replaced  with  nonnoble catalysts  in  the event  of  a hydrogen economy.     Improvements 
in performance could  be obtained by decreasing the thickness of the polymer membrane; 
this approach   is  presently   limited  by  the difficulty  of  producing  thin,  pinhole-free 
membranes.     Further improvements   in performance could  be obtained by Increasing  the 
operating  temperature  above   the current  value of  about 80oC.     At  present,   the maximum 
operating  temperature   is  limited by chemical  and  mechanical  stability of  the membrane 
to about   125°C.     Thus,   lor a   temperature   increase much  above  the present  value,  a  new 
ion-conducting membrane material  would  have  to be developed. 

SUMMARY AVU CONCLUSIONS 

The materials  research  and development  programs  that we  feel  are needed  in 
support  of  the  further development of  alkaline electrolyzers are as follows: 

• Development  of   improved  corrosion-resistant materials  for use  in  the 
anode electrode  structure. 
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• Development oi beparator materials with Improved conductivity and 

with temperature capability tu about 200ot'. 

• Development ol inexpensive polymorif materials with lenperature 

< .iKibi I i i \ ii> alioui '.!(») r im- usf in coll I rames, 

• Development and lauruation ol gas diffusion electrode structuros 

with hinh ellei livo electrode areas. 

• Development 01 active, nonnoble electrocatalysts iov  both the anode 
and cathode. 

Research and development needs in the field of solid polymer electrolyzers are 

summarized as follows: 

• Development of inexoensive ion-conduct inn memoranes with supeno 

- Ionic conductivity (M , 0 or OH ) 

- Temperature capability 
- Mechanical and chemical stability. 

• Development of active nonnoble electrocatalysts for both the anode 
and cathode 

i  , v 

if   these materials  challenges  can be  successfully  met,   the development  of  elec- 
Iroly/urs   showing   thermal   dInlencies ol   about   100 percent   will   become  possible  at 

curronl   densities  up   lo   i   lactor of !> higher than in presonl   units.     With  this  porform- 
aiHc,   plus   Iho   ii'ducl inn   in elect roly/.er capital   costs   that  could  be  anticipated  as 
a   rosiill   o|   mass   jirndiii lion,   luture  electrolyzers   could   produce  hydrogen  costing 
little more per  unit   energy  than electricity.      In  addition,   an ecologically  sensible 
luel   system would   be  one   step closer   to practical   reality. 
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Chemical Corrosion Inhibition of Steel In Hydrofluoric Acid 
by 

F. Pearlstein and R. F. Weightman 
Pitman-Dunn Laboratory 

U. S. Army Frankford Arsenal 
Philadelphia, Pa. 19137 

Binary chemical munitions are designed to produce toxic chemical agents by 
the reaction of relatively nontoxlc ingredients. To readily combine ingredients 
at the time of usage, binary projectile designs necessarily incorpoiate separating 
membranes. One of the reactants employed in the G-agent binary process is class- 
ified as corrosive and represents a potential hazard to the integrity of its 
separating 0.25 mm thick steel membrane. The corrosive action is believed to stem 
primarily from the presence of small quantities of hydrofluoric acid either as a 
production impurity or a (degradation product. 

The use of more corrosion resistant membrane materials has been considered 
for the binary chemical munitions and 321 stainless steel was Indicated potentially 
suitable (1). Another approach towards solving the problem is the addition of 
chemical corrosion inhibitors to the corrosive reactant (CR) for mitigating attack 
of the steel membrane material.  It is well known that numerous chemical agents are 
very effective for inhibiting corrosion of steel in hydrochloric or sulfuric acid 
solutions (2-6). Little specific data has been published on corrosion inhibition 
of steel in hydrofluoric acid solutions but one might expect that the compounds 
effective in the other acids would also apply. In the study described herein, 
selected corrosion inhibitors were added to hvdrofluoric acid solution or to the 
corrosive reactant (CR) and the effectiveness in reducing corrosion of steel mem- 
brane material was determined.  Initial studies were conducted with hydrofluoric 
acid solution since the CR was not immediately available and it was expected that 
results with tho two liquids would probably be comparable. 

Experimental Procedure 

All corrosion inhibition tests, unless otherwise specified, were conducted In 
duplicate by immersion of 20 cm2 (1.3 cm x 7.7 cm x 0.25 cm) metal sample in 200 ml 
of solutions at ambient temperature (23 + 20C) in 330 ml capacity polyethylene 
plastic jars tightly sealed during exposure. Corrosion weight loss measurements 
were made after suitable exposure periods. 

Initial tests were conducted with S.A.E. 1010 cold-rolled steel (binary chem- 
ical munitions membrane material) in aqueous 0.59 N hydrofluoric acid solution to 
which was added 1 g/1 candidate corrosion inhibitor, i.e., gelatine (GEL), o-tolyl- 
thiourea (OTTU), benzotriazole (BT), quinoline ethiodide (QEI), n-lauryl pyridlnium 
chloride (NLPC), and oxides of arsenic, antimony and tin. Combinations of two in- 
hibitors, each at 0.5 g/1 concentration, were also studied for inhibition effec- 
tiveness. A newly developed proprietary corrosion inhibitor useful in hvdrofluoric 
acid solution for cleaning boiler tubes (7) was also tested. Limited studies were 
also conducted on corrosion oi metals such as 321 stainless steel, 99.5Z purity 
nickel and AZ31b magnesium. 
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The steady-state corrosion potential of steel In aqueous 0.59 N hydrofluoric 
ac'd solution containing corrosion inhibitor was determined using the Orion 801 
lonanalyzer3 with Orion Ag/AgCl reference electrodes //90-01 filled with 90-00-01 
solu;lon. The electrodes are fabricated with plastic outer sleeves that provide 
resistance to attack by hydrofluoric acid and the electrode potential character- 
istics are equivalent to those of conventional saturated KC1 calomel electrodes. 
The solutions were open to the atmosphere and potential measurements taken period- 
ically up to A8 hours exposure.  Corrosion weight loss measurements were taken at 
the end of the 48 hour period.  Potential measurements were also made on stainless 
steel, nickel, tin, magnesium, lead and antimony. 

Two hundred ml samples of the corrosive reactant (containing 1.9 mole percent 
active hydrogen compounds ) were poured into polyethylene bottles within a dry box 
maintained at low relative humidity with phosphorus pentoxlde.  Selected inhibitors 
were added at 1 g/1 concentration and a steel specimen immersed in each.  Nickel 
and stainless steel specimens were also immersed into uninhibited corrosive react- 
ant (CR) .  Four ml of diisopropyjcarbodiamlde (DICDI) was added to 200 ml samples 
of CR to determine the effectiveness of this acid-neutralizing compound0 in reduc- 
ing corrosion of steel. After 30 days' exposure, the jars were uncapped and 
corrosion weight loss measurements made on the metal specimens. 

Results and Discussion 

The results of corrosion tests on steel in aqueous 0.59 N hydrofluoric acid 
solution containing inhibitors are shown In Table I.  It is readily evident that 
the organic Inhibitors tested were all quite effective for retarding corrosion of 
steel in the hydrofluoric acid solution.  Extrapolating the initial corrosion rate 
of steel in uninhibited acid to the 21 day test period, the inhibitor effective- 
ness  achieved by the organic compounds listed in Table 1 ranged from about 95 to 

99 percent.  Although GEL and BT were less effective than NLPC and QE1, the latter 
two had a greater tendency to produce edge corrosion or pitting than the former. 
OTTU was an effective inhibitor and there was little tendency for nonuniform attack 
on steel.  In most instances, combinations of organic inhibitors yielded lower 
corrosion weight losses than when either of the inhibitors was used alone. 
Exceptions to this were the following combinations: OTTU-QEI, QE1-GEL, JJT GEL and 
NLPC-BT (at > 21 days exposure).  Of the inhibitors tested, only OTTU appeared to 
be insoluble in the hydrofluoric acid solution at 0.5 or 1 g/1 additions.  One 
might thus expect all combinations with OTTU to be more effective than the OTTU 
aione since a saturated solution of OTTU is present in both instances and the addi- 
tion of 0.5 g/1 of another inhibitor would be expected to enhance effectiveness. 
The OTTU-(JEI combination provided a lower degree of inhibition than the OTTU alone 
and, for some exposure periods, the combination was lower in inhibitor effectiveness 

a. Orion Research inc., Caubridge, Mass.  02139. 
b. Determined from NMR studies, Edgewood Arsenal, Edgewood, Md. 

F 
c. isopr-N=C=N-isopr + 2HF + isopr-N-C-N-lsopr 

H F H 
,.   corrosion weight loss, inhibited acid ,  ,.- 

d. (1 -T-T—■; '—.  . ,. .—j rr) x 100 corrosion weight   loss,   uninhibited  acid 
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(higher corrosion weight losties) than either alone. The combination of OTTU-ÜT 
provided the lowest corrosion rate of the organic additive with little tendency 
for nonuniform attack. 

The proprietary corrosion inhibitor  (M107) was more effective  than the organic 
compounds tested and  corrosion was quite uniform.    Although AS2O3  in the acid re- 
sulted in a higher degree of  inhibition than the proprietary Inhibitor, numerous 
blisters in the metal surface were visible at  7X magnification after exposures of 
21 days or more.     It  is believed  that arsenic  Increases  the hydrogen overvoltage 
of  the surface which greatly retards the hydrogen evolution reaction, but increases 
diffusion of atomic hydrogen into  the surface.     Sub-surface combination of atomic 
hydrogen to  the molecular  form could provide  the pressure  to account for blister 
formation.     It  is  interesting  to note that tin or antimony oxide provided little 
inhibitive properties  though tin and antimony are also considered metals of high 
hydrogen overvoltage. 

Corrosion weight  loss with  time of various metals   in 0.59 N hydrofluoric acid 
solution is shown in Figure  1.     Corrosion of  steel  is very rapid as  indicated 
earlier.    The corrosion rate of  stainless steel is considerably lower than steel 
but is nevertheless substantial.     The rate of  nickel corrosion in uninhibited acid 
approximates  that of steel  in acid  solutions containing the more effective inhibi- 
tors tested.    However,  the nickel undergoes pitting-type corrosion.    There was 
virtually no change  in weight of magnesium exposed  to  the acid and  the only visible 
change was  the formation of  a very  thin gold-colored film.     It should be noted  that 
during the first  few minutes after  immersion of  the magnesium in  the acid,  there 
was active hydrogen gas evolution from the surface  indicative cf  corrosion, but  the 
rate of gassing decreased  rapidly and ceased after about  five minutes.    While mag- 
nesium could be considered  as an alternative  to steel membrane material on the basis 
of  its corrosion resistance,  other factors such as mechanical properties and diffi- 
culties  in joining make such recommendatlono premature.    Magnesium may also be con- 
sidered as a vessel for holding the corrosive  reactant during storage though long 
term exposure tests would  first be necessary.    Antimony was available only as rocky 
lumps,  so the area exposed  to the hydrofluoric acid was difficult  to estimate.    The 
corroslou rate of antimony  shown  in Figure 1 is  thus an approximation, but is 
greater than that of any of  thi^ other metals  tested except steel. 

The corrosion potential  of  steel  in hydrofluoric  acid  solutions containing 
additive is shown in Table  II.    The organic compounds were at a concentration of 
1  g/1 while  the metal salt  overvoltage-modifiers were at  a metal  ion molar concen- 
tration equivalent  to  1  g/1  SnO.     The corrosion v/eight  loss  after  A8 hours is also 
shown.    It  is evident  from  the data  that a general  relationship exists between 
potential and weight  loss since  the more effective  Inhibitors  resulted in substan- 
tially higher   (less negative)   corrosion potentials  than the  ineffective ones. 
Since all inhibitors shifted  the corrosion potential of  steel  in  the less negative 
direction,  they are indicated  to have had greater  influence on the  anodic than 
cathodic processes   (8).    The metal  salts, which were believed  to  function by in- 
creasing the hydrogen overvoltage  of  the surface  (9), would have been expected  to 
reflect predominant action on cathodic processes by shifting the corrosion potential 
in  the negative direction  (10).     The reverse was found  from  this  investigation and 
it must be concluded  that  the metal  salts oredominantly stifled  the anodic reaction. 

i   ■ 
The log corrosion weight loss vs steady-state corrosion potential of steel in 

the acid solution containing various inhibitors is shown in Figure 2.  It is inter- 
esting to note that the metal ions produce potentials that approximate a linear 
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relationship with corrosion weight loss reminiscent of the Tafel slope for hydrogen 
evolution.  Bockris and Drazic (11) showed that the Tafel slope should be -120 mv 
per decade when the proton-discharge is the rate determining slope and -30 mv per 
decade when the combination of adsorbed hydrogen atoms is rate determining. The 
experimental slope in Figure 2 is about -45 mv per decade. Further studies are to 
be conducted in order to more clearly elucidate the relationship between corrosion 
rate and corrosion potential of steel In acid containing various inhibitors. 

The organic compounds tended to result in steel corrosion potentials higher 
than that of the metal salts but there was little relationship between corrosion 
rate and potential. The results in Figure 2 show that OTTU caused the most pro- 
nounced shift in corrosion potential Indicating a highly preferential effect on 
the anodic reaction. The results with the proprietary compound, M107, were similar 
to OTTU. See Table I. 

The corrosion potentials of a number of metals in uninhibited 0.59 N hydro- 
fluoric acid solution after a 48 hour immersion period are shown in Figure 3. 
Corrosion weight loss after A8 hours is also given in parenthesis in the figure; 
additional corrosion date are shown in Figure 1 and discussed earlier. Antimony 
is considerably aore noble than steel and the reason for the inability of SbjOs to 
Inhibit acid corrosion of steel (Figure 2) may lie in the adverse galvanic cell 
formed when a film of antimony is electrochemically displaced (immersion deposited) 
on the steel. Lead is more galvanically compatible with steel than antinony and 
lower corrosion rates resulted from additions of PbO (Figure 2).  It is probably 
not advl able to attempt protection of steel with deposits of metals of more noble 
electrode potential (e.g., Ni, Sb, Pb) since there would be danger of corrosive 
penetration of the steel at sites of porosity or defects In the coating. 

Tin acquires a slightly more active corrosion potential than steel and addition 
of SnO (Figure 2) to acid was relatively Ineffective for corrosion inhibition of 
steel because complex tin fluoride ion that is formed probably prevents immersion 
deposition and thus cannot function as an overvoltage modifier. The potential of 
tin indicates that a tin coating on steel would be sacrificially protective to the 
basis metal.  It was Indeed found that when a 15 ym thick deposit of tin was applied 
to steel from an alkaline stannate bath and then Immersed in the 0.59 N hydrofluoric 
acid solution, corrosion of the tin deposit ensued at a substantially lower rate 
than does steel but even when significant areas of basis metal had become exposed, 
there was no evidence of acid attack on the steel; after all of the tin had been 
removed by dissolution, rapid attack of the steel ensued. 

The electrode potential of magnesium was highly active though the corrosion 
rate was extremely low.- Apparently, a thin oxide or fluoride film is formed that 
essentially prevents acid attack. The results indicate that a magnesium plated 
steel surface would be quite effective for sacrificially protecting steel against 
acid corrosion while the coating Itself would be resistant to attack.  Unfortunately 
magnesium cannot be electrodeposlted from aqueous solution but may be plated from 
organometallic solution (12), flame sprayed or deposited by sputtering. 

Arsenic metal in bulk-form was unavailable for test but it would be of interest 
to ascertain its electrode potential in the hydrofluoric acid solution.  If arsenic 
was found to provide sacrificial protection to steel. Its potential value as a pro- 
tective coating would be indicated. Arsenic can be plated from aqueous solutions 
and studies with electroplated arsenic are contemplated. 
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Consideration should also be given the fact that the potential of steel is 
made considerably more noble by addition of OTTU to the hydrofluoric acid solution 
and other metals not so affected could then provide sacrificial protection to steel. 
Lead coatings, for example, might be more active than steel in hydrofluoric acid 
solution containing OTTU and provide sacrificial protection and then additionally 
might provide even more effective corrosion inhibition by introducwion of lead ions 
into the acid. 

Corrosion of steel in the corrosive reactant (CR) was slower than that in 
aqueous 0.59 N hydrofluoric acid by a factor of about twelve which nonetheless rep- 
resents a considerable rate of attack.  Corrosion weight losses of steel Innersed 
for 30 days in CR containing Inhibitors are shown in Table III. None of the addi- 
tives were very effective for reducing corrosion rates in CR and some actually 
accelerated dissolution. The proprietary material (M107) was the most effective of 
the inhibitors but provided only about 70 percent effectiveness. When DICDI was 
added to the (CR) samples, white fumes were generated and the solution became green 
in color. Although sufficient DICDI had been added to theoretically neutralize all 
the acid present, acid attack of the steel was still considerable. The results 
with DICDI and the chemical corrosion inhibitors indicates that the corrosion mech- 
anism in CR differs from that in hydrofluoric acid solution. 

Corrosion of nickel and stainless steel in CR is shown in Table III. Though 
the corrosion weight loss for nickel was lower than that of stainless steel, there 
was a tendency for pitting of the nickel while corrosion of the stainless steel was 
relatively uniform. 

Conclusions 

. 

Corrosion of steel in dilute (0.59 N) hydrofluoric acid solution is greatly 
retarded by the addition of small amounts of AS2O3, o-tolylthiourea (OTTU), benzo- 
triazole (BT), gelatine (GEL), quinoline ethiodide (QEI), or n-laurylpyridinium 
chloride (NLPO). However, hydrogen blistering of steel results from use of AS2O3 
and there is a tendency for pit ting-type corrosion when QEI and NLPC are used. 
The combination of OTTU-BT provides quite effective inhibition with little tendency 
for pitting corrosion; somewhat superior results were, however, obtained with a 
newly developed proprietary inhibitor (H107). The addition of inhibitor to acid 
results in an increase in the corrosion potential of steel indicative of predomi- 
nant inhibition of the anodic reaction; the highest potentials are obtained with 
OTTU or M107 addition. The corrosion potential of steel in acid containing organic 
inhibitors is unrelated to degree of inhibitor effectiveness but with metal salt 
addition, the log corrosion weight loss is linearly related to the potential. 

Steel is rapidly attacked in uninhibited 0.59 N hydrofluoric acid. The 
metals:  steel, antimony, 321 stainless steel, tin, lead, nickel, and magnesium are 
in the order of increasing resistance to acid dissolution. Magnesium corrosion is 
apparent from active gassing during the first few minutes of exposure to acid but, 
thereafter, corrosion of magnesium is nil. Botn magnesium and tin acquire more 
active steady-state potentials than steel. Electrodeposlted tin provides sacrifi- 
cial protection to steel in hydrofluoric acid solution. Nickel, antimony, stain- 
less steel and lead are more noble in corrosion potential than steel in the acid 
solution. 
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Corrosion of steel in corrosive reactant (CR) Is not as rapid as in 0.59 N 
hydrofluoric acid but the Inhibitors that are effective for retarding corrosion in 
the latter solution provide little or no inhibitive action in the former liquid. 
The least corrosion of steel in (CR) is obtained when dlisopropylcarbodiaralde or 
proprietary inhibitor M107 was added. Neither nickel nor 321 stainless steel can 
be considered resistant to attack by CR though both are substantially more resist- 
ant than steel. 
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Table I. Corrosion of Steel in 0.59 N HF Solution at 23 
Containing Chemical Corrosion Inhibitors. 

Corrosion Weight Loss, mg/20 cm2 

± 20C 

Inhibitor, af ter various exposure t :imes 
1 g/1 total 7 days 14 days 21 days 28 days 42 days 

None di 
* 

sintegrated 

OTTU 35 72 135 229 422 

QEI 45 86 165 260 461 

NLPC 60 130 222 357 597 

BT 57 185 363 536 825 

GEL 91 191 352 544 876 

OTTU + QEI 38 76 156 335 520 

OTTU + NLPC 20 41 93 183 409 

OTTU + BT 29 63 112 198 326 

OTTU + GEL 27 54 100 172 363 

QEI + NLPC 21 48 99 183 363 

QEI + BT 30 71 140 229 413 

QEI + GEL 43 97 176 290 605 

NLPC + BT 42 85 201 387 862 

NLPC + G^L 33 71 143 283 399 

BT + GEL 73 256 409 579 954 

M107 25 46 79 112 176 

SnO disintegra 
** 

ted     

Sb203 di£ ■.Integra ted***     

AS2O3 20 41 63 104   

ft   ' ■ 
*Corrosion weight loss 824 mg after two days exposure. 

**Corrosion weight loss 359 mg after two days exposure. 
***Corrosion weight los^s 811 mg after two days exposure. 
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Table II. Steady-state Corrosion Potential of Steel in 0.59 N HF Solution 
at 23 ± 20C Containing Inhibitor; Corrosion Weight Losses After 
48 Hours Immersion. 

Cone, 

8/1 

1.0 

Corrosion Potential vs. S.C.E 
of Steel in HF Solution 

After Various Exposure Times 

• 
Corrosion 
Weight Loss 
After 48 
Hours, 

Inhibitor 2 hrs 

-445 

4 hrs 

-450 

7 hrs 

-447 

24 hrs 

-439 

48 hrs 

-426 

mg 

OTTU 15 

QEI 1.0 -502 -506 -506 -496 -498 16 

NLPC 1.0 -504 -509 -511 -501 -499 18 

BT 1.0 -494 -495 -496 -492 -488 12 

GEL 1.0 -524 -516 -515 -560 -507 17 

SbaOa 1.1 -562 -572 -582 -589 -591 762 

SnO 1.0 -555 -555 -559 -566 -586 359 

PbO 1.7 -548 -551 -555 -562 -571 190 

AS2O3 0.73 -481 -504 -503 -523 -517 13 

Hg20 1.6 -534 -556 -560 -585 -594 642 

None -577 -579 -583 -589 -588 824 

M107 1.0 — -436 -418 16 
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Table  III.     Corrosion of  Steel After  30 Days  in Corrosive Reactant   (CR)  at 23 ± I'C 
Containing Various  Inhibitors;  Corrosion of Steel,   Stainless Steel and 
Nickel in  (CR) 

Metal Inhibitor 

OTTU 

Inhibitor 
Concentration 

1 g/1 

Corrosion Weight Loss, 
m«/20cm2/30 days 

Steel 1036 

Steel NLPC 1 g/1 737 

Steel BT 1 g/1 1076 

Steel OTTU-NLPC 0.5 g/1 each 1073 

Steel OTTU-BT 0.3 g/1 each 1269 

Steel NLPC-BT 0.5 g/1 each 931 

Steel AS2O3 1 g/1 635 

Steel Proprietary M107 1 g/1 330 

Steel DICDI 20 ml/1 300 

Steel None — 1043 

Nickel None — 189 

Stainless Steel None — 312 
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AUSTRAGT 

The tele of carbon dioxide In the corrosion of 99.999 percent mag- 
nesium and AZ31B and HK31A magnesium alloys was Investigated In dis- 
tilled water, and In 0.1, 1.0 and 3.0 percent sodium chloride solu- 
tions. Solution volume Influences with and In the absence of dissolv- 
ed carbon dioxide also were examined. 

It was found that carbon dioxide Increases the corrosion rate of 
magnesium and the magnesium alloys In distilled water. The effect of 
carbon dioxide on corrosion In the sodium chloride solutions varies 
with the alloy and the sodium chloride concentration; In each case 
the carbon dioxide Influence diminishes with Increasing salt concen- 
tration. 

With pure magnesium and HK31A alloy, a larger volume of solution 
was found to have a marked positive effect on corrosion, whereas with 
AZ31 alloy, the effect was less marked. 

N 
.   • 
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INTRODUCTION 

There is little data in the literature on the effect of atmospheric 
carbon dioxide. In equilibrium with distilled water or with sodium ch- 
loride solutions, on the corrosion of pure magnesium and magnesium al- 
loys. Godard, et al,1 states that in static experiments covering 14 
days, the corrosion rate of magnesium metal (99.95 percent purity) im- 
mersed in open containers was 1.2 to 12 mils per year, depending on the 
ratio of the air-solution interface to the area of the specimen. When 
carbon dioxide of the atmosphere was excluded by an Ascarlte trap, the 
corrosion rate was 0.6 mpy. 

Further, there is no Information in the literature on the effect of 
different volumes of solution containing dissolved carbon dioxide. In 
equilibrium with the atmosphere, on the corrosion of magnesium or mag- 
nesium alloys.  Emley2 reported an increase in the corrosion of.  magnesium 
with increase in volume of pure water, but made no mention of carbon 
dioxide effects. 

This report furnishes data concerning the role of carbon dioxide on 
the corrosion of pure magnesium and two commercial magnesium alloys in 
distilled water and sodium chloride solutions.  The effects of different 
volumes of distilled water also are presented. 

EXPERIMENTAL 

Three magnesium metals, rolled sheets, 0.1 cm thick, were included 
in the study:  1) pure magnesium 99.999 percent, tripley distilled, sup- 
plied by Dow Chemical Company from a supply of experimental stock; 
2) HK31A alloy (2.91 percent thorium, .68 percent zirconium); 3) AZ31A 
alloy (3.03 percent aluminum, 1.25 percent zinc). The HK31A and'AZ31B 
were commercially produced stock and rectangular specimens (2.6 x 3.8 cm) 
were cut from the sheets using a power shears. 

Four solutions were used; distilled water, and 0.1, 1.0, 3.0 percent 
sodium chloride solutions. 

The source of air for the experiments was from a central compressed 
air source via a service line to the laboratory.  The carbon dioxide con- 
tent of the line air was analyzed using a Precision Wet Test Meter, and 
found to be 0.033 percent by volume (0.046 percent by weight). This is 
in close agreement with values given in the literature.3 During the ex- 
periments, the line air was passed through a glass-wool packed column to 
remove partlculate matter. For experiments requiring carbon dioxide, 
the line air was regulated by needle valve to a flow of 112 ml/min, and 
led into the test solution. Tygon tubing was used to carry the air from 
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the valve to polyethylene tubing extending into the test solution.    Agi- 
tation of the solutions was adequately accomplished by the bubbling air. 
Solutions of all experiments were so agitated to help minimize scatter 
in results.    Earlier investigations indicated that "still" solutions 
yielded results of wide scatter.1*    For experiments performed with air 
devoid of carbon dioxide,   the line air was passed through a 13 cm col- 
umn packed with Ascaricc  (sodium hydroxide-asbestos granules). 

The containers in which the tests were run were heavy-walled,  poly- 
propylene beakers with tapered closures,  that are friction secured by 
pressing into the beaker mouth.    A rubber stopper, with appropriate holes 
through it to communicate with similar holes through the plastic cover, 
was used to support the air inlet and exhaust tubes, was fitted into 
each closure.    Two sizes of containers were used,  one for the smaller 
volume  (300 ml)  test,  and a larger sfze for the greater volume  (1200 ml). 

The metal specimens were first washed with dlchloromethane to remove 
oily soil.    A 0.1397 cm diameter hole was drilled at one end of each 
specimen to receive the dacron thread by which the specimens would be 
suspended during the tests.    These were then manually cleaned with water- 
wet Scotch-Brlte scouring pads containing a very fine abrasive  (aluminum 
oxide in open-mat plastic fibers).    This was followed by usual metal 
cleaning operations,  namely,  cleaning in hot alkaline solution  (15 min- 
utes),  dipping into two percent chromic acid solution  (one minute,  850C), 
dipping  (one second)  into a nitric acid sulfuric acid solution  (80 ml 
70 percent HNO3,  20 ml 98 percent I^SO^/IHJO) to finish with a bright 
surface.5    The specimens were well rinsed with water at each step, and 
after the bright dip were rinsed with distilled water,  then with "dry" 
acetone.    After thorough drying in the atmosphere,  and conditioning in 
a desiccator,  the specimens were weighed to 0.1 mg and  stored in a des- 
iccator,  over Drlerite,   in readiness for testing. 

Tests conducted in distilled water comprised two groups,  one involv- 
ing a 300 ml volume,  the other a 1200 ml volume.    The ratio of liquid 
volume to metal surface area for the smaller volume was  15,  for the 
larger volume,  60.    All experiments conducted in salt solutions were 
with 300 ml volume only. 

The exposure intervals were 6,  18,  40,  and 66 hours. 

Each test Involved four replicates, for each metal,  each solution, 
each air,  each volume,  and each exposure period.    Each replicate was 
new and was Immersed in a fresh solution. 

After a set of  tests was completed,  the specimens were rinsed with 
distilled water, dried with acetone,  conditioned in a desiccator con- 
taining Drlerite  for 15 minutes and reweighed.    Each specimen was then 
individually placed for 90 seconds in 100 ml of boiling 15 percent 
chromic acid solution contained in a 150 ml beaker.     In determinations 
in which sodium chloride was used as the test solution,  one percent sil- 
ver chromate was added to the chromic acid solution as a scavenger for 
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residual chloride anlons. One 100 ml portion of the chromic acid was 
used for eight specimens and the solution then discarded. The specimen 
was washed thoroughly with distilled water, rinsed with acetone, dried 
at room temperature, conditioned In a desiccator, and weighed again. 

All solutions for the 300 ml volume tests were prepared using water 
"as distilled" and not sparged with carbon dloxlde-free air. The water 
"as distilled" contained approximately 1.6 mg CO2/I. In using the 300ml 
of distilled water the removal of carbon dioxide In the starting sol- 
ution was found to make no difference In the result If carbon dioxide 
containing air was subsequently passed into the liquid. If air devoid 
of carbon dioxide was passed into the same starting solution a very 
slight depression of weight loss occurs and based on initial tests 
these values were calculated and are listed for comparison purposes in 
Table VIII. 

The experiments with 1200 ml of distilled water were in two groups, 
one with the water at the start containing carbon dioxide at approximately 
1.6 mg CO2/I, the other free of carbon dioxide. The water free of car- 
bon dioxide was prepared by continuously sparging distilled water with 
oil pumped nitrogen for at least two days. 

After transferring nitrogen sparged wa.er into the test cell, further 
bubbling of nitrogen through the water in the container was continued for 
18 hours additional. Following this ronditloning step, tests were per- 
formed, one group receiving carbon dioxide free air, the other group, 
line air containing carbon dioxide. 

RESULTS AND DISCUSSION 

The weight loss/area obtained with specimens of the three metals in 
300 ml volumes of distilled water or salt solutions are listed in Tables 
1, II, and III. 

From Table I it is seen that the weight losses in distilled water 
for pure magnesium, AZ31B, and HK31A alloys show approximately en 
eight-fold Increase when air with carbon dioxide is passed through the 
water, as compared to when air free of carbon dioxide is used. In the 
sodium chloride solutions sparged with air containing carbon dioxide, 
pure magnesium yields a slightly higher weight loss at 66 hours, com- 
pared to when air free of carbon dioxide is used.  In the sodium chlo- 
ride solutions sparged with air containing carbon dioxide, pure mag- 
nesium yields a slightly higher weight loss at 66 hours, compared to 
that in distilled water (ca. 165 mg/dm2, dist. H2O vs. ca. 208 mg/dm2, 
3% NaCl soln.). However, when carbon dioxide-free air is passed 
through, weight loss Increases with salt concentration, compared to 
distilled water, and in the 3 percent salt solution is twice as much 
(ca. 18 mg/dm2, dist. H2O vs. ca. 39 mg/dm2, 3% NaCl soln.). 
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On the whole, a similar situation Is observed for HK31 alloy (Ta- 
ble II), although throughout, the corrosion of this alloy Is somewhat 
greater than pure magnesium under like conditions.  However, the effect 
of salt concentration Is more pronounced with HK31 alloy.  In dis- 
tilled water and In the absence of carbon dioxide, corrosion Is least. 
In the salt solutions weight loss Increases progressively, reaching, 
at 66 hours In 3 percent sodium chloride solution, about 2^ times the 
loss In distilled water (ca. 24.7 mg/dm2 vs. 68.5 mg/dm2).  Comparl- 
sous of test results with air containing carbon dioxide show the ef- 
fects of carbon dioxide In accelerating corrosion of HK31 alloy In 
distilled water and In the salt solutions, also the enhancement of cor- 
rosion with increase In salt concentration. 

Table III reveals somewhat different effects on the AZ31 alloy. 
These include a noticeably stronger influence of the presence of salt 
and the concentration of the salt solution in promoting corrosion. Fur- 
ther, it is evident that while carbon dioxide in solution promotes cor- 
rosion in distilled water, it diminishes corrosion attributable to the 
presence and concentration of the salt electrolyte.  Weight loss in 3 
percent salt solution after 66 hours, in the absence of carbon dioxide 
is ca. 57 times that in distilled water; and in the presence of carbon 
dioxide, ca. three times. Smaller differences prevail for the 0.1 and 
1.0 percent salt solutions with and without dissolved carbon dioxide. 

In distilled water devoid of carbon dioxide, each metal exhibits a 
substantial retardation of corrosion with extended exposure time; where- 
as with carbon dioxide in solution, only a slight diminution occurs. 
Pure magnesium and HK31 alloy are similar in their general behavior, but 
weight loss data differ in magnitude. The AZ31 alloy on the whole is 
Indicated less corrrdable in distilled water, either In the absence or 
in the presence of carbon dioxide than p^re magnesium or HK31 alloy. 
But, in the salt solutions, with or without carbon dioxide present AZ31 
alloy is generally more susceptible to dissolution. 

Solution, 
Cone. (Wt 

NaCl 

%) 

Air - 
W or W/0 
CO2 

Metal and 
Comparative 
Corrosion (rate) 

0 W/0 HK31 > Mg > AZ31 

0 W HK31 > Mg > AZ31 

0.1 W/0 AZ31 > HK31 > Mg 

0.1 w HK31 > Mg > AZ31 

1.0 W/0 AZ31 > HK31 > Mg 

1.0 w AZ31 > HK31 > Mg 

3.0 W/0 AZ31 > HK31 > Mg 

3.0 w AZ31 > HK31 > Mg 
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The normal hydroxide film which develops on the metal surfaces In 
distilled water, or In dilute (o.I%) sodium chloride solution2*6, acts 
to diminish, with time, dissolution of pure magnesium or the alloys. 
This condition unquestionably Is rodifled or altered when carbon dioxide 
Is available to act on the film, to form carbonates of the metals In- 
volved, which are more soluble than the respective hydroxides.  In the 
presence of chlorides, the chloride Ion penetrates and sufficiently dam- 
ages the hydroxide film to promote corrosion7'8. Bothwell1 states that 
In the presence of chloride Ion, magnesium hydroxide film Is rendered 
porous, resulting In promotion of corrosion. 

Differences In corrosion among the three metals may be related to 
the alloying constituents, the contribution of the constituents In pro- 
viding films of different solubilities. In test media, and the action of 
the chloride ion on the films produced. For example, solubilities of 
hydroxides and carbonates of magnesium and the principal alloying con- 
stituents of the AZ31 and HK31 alloys are as follows: 

Metal 

Mg. 

Solubility, Cold H90, ppH 
Hydroxide       Carbonate 

3 Mg CO3. 
0.009 Mg (OH)2. }  0.04 

3 H2O 

Al. 

Th. 

0.0001 

1.2 x 10~13 

_ * 

_ * 

Zn. 0.0005 0.001 

Zr. O2CO2. 
0.02  3 H2O    }   - * 

* Not available 

From the solubility data, it would appear that the corrodabillty of 
the metals in distilled water with or without carbon dioxide should fol- 
low the order: AZ31B alloy < pure magnesium < HK31A alloy. This is the 
order derived from the experimental data.  But in the salt solutions, 
the effect of the chloride ion in reducing the effectiveness of the film 
formed on the metal surfaces and in each case resulting in the promotion 
of corrosion, is manifested. The combined effects on the corrosion of 
the metals contributed to by the specific film susceptibility to salt sol- 
ution and carbon dioxide conditions involved are not known. Yet, the rel- 
ative order of attack on the metals has been demonstrated by the weight 
loss data. 

The alloys are more attacked than is pure magnesium, whether or not 
the solutions are free of carbon dioxide, with the exception of the 0.1 
percent sodium chloride solution containing carbon dioxide.  In this case, 
HK31 is more susceptible and AZ31 less susceptible than pure magnesium. 
The greater activity of the alloys is attributed to impurities9' 10 e.g. 
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in HK31 (Z Weight): Cu 0.01, Mn 0.05, Nl 0.005, Fe 0.005; in AZ31: Cu 
0.01, Mn 0.48, Ni 0.005, Fe 0.005 and in addition AZ31B also contains 
0.04 percent calcium. Marked retardation of attack of the AZ31 alloy 
in the presence of carbon dioxide, suggests a combined effect of resist- 
ance of the carbonate film to chloride ion and solubility. 

Corrosion potentials were measured for each metal in three percent 
sodium chloride solution saturated with air containing carbon dioxide or 
with air free of carbon dioxide.  The potentials, vs. S.C.E. were: 

Air  no COj 
Air with COj 

Pure Magnesium 

-1.68 
-1.87 

AZ31B 

-1.60 
-1.56 

HK31A 

-1.80 
-1.81 

Carbon dioxide influence on the corrosion potential of pure magne- 
sium is evident from the higher negative potential, and is in line with 
the greater tendency of pure magnesium to corrode in salt solutions con- 
taining carbon dioxide. Tt is noteworthy that whether or not. carbon di- 
oxide is present, the corrosion potentials are the same in each case for 
HK31 and essentially similar for AZ31.  Yet from the weight loss measure- 
ments in three percent sodium chloride solution, attack of HK31 is greater 
when carbon dioxide is present.  Under the same conditions, attack of AZ31 
is reduced. Two principal anomalies are aoparent.  First, there is non- 
agreement between the significance of corrosion potentials obtained for 
HK31 or for AZ31 and the corrosion performance of each alloy in salt sol- 
utions either containing carbon dior.ide or free of it.  Second, AZ31 dem- 
onstrates the least active potential, yet is overall more reactive in each 
condition. As was mentioned above, metallic alloying constituents, cor- 
rosion film composition and morphology, and chloride ion influence on the 
transfer characteristics of the film contributes in modifying the cor- 
rosion behavior of the magnesium metals. 

Corrosion rate data for each of the metals are listed in Tables IV, 
V, and VI. Ratios of weight loss/area (mg/dm2) for each metal in the 
different solutions, with or without carbon dioxide, are given in Table 
VII, and plotted in Figures 1 and 2. A ratio greater than one indicates 
that carbon dioxide promotes corrosion; whereas a ratio less than one 
signifies a suppression of corrosion by carbon dioxide.  The larger the 
ratio, the more is the effect of carbon dioxide. Table VII Includes the 
interactions of all the parameters examined in the experiments - the 
significance of carbon dioxide, salt concentration, and exposure time. 
The influence of alloy composition also may be inferred from the data. 

Comparison data of weight loss/area (mg/dm2) of the three metals in 
300 ml and 1200 ml of distilled water, with and without carbon dioxide, 
are shown in Table VIII; corrosion ratios for the larger volume (1200 ml) 
are given in Table IX; and comparative weight loss/area ratio in 300 ml 
and 1200 ml, with and without carbon dioxide are presented in Table X. 
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1.0 2.0 
NaCL CONC, PERCENT 

3.0 

■ 

Figure 1.    Ratio of Corrosion    from Presence and Absence of Carbon 
Dioxide Data for Pure Magnesium,  HK31A and AZ31B Magnesium 
Alloys in Distilled Water and Sodium Chloride Solutions 
(300 ml). 
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Figure 2.  Percent Change (Weight Loss) of Pure Magnesium and HK31A and 
AZ31B Magnesium Alloys Sparged with Air Devoid of Carbon 
Dioxide, 300 ml/1200 ml. 
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Corrosion of the three metals Increases In the larger volume of dis- 
tilled water free of carbon dioxide. The volume effect is least with 
AZ31 alloy. With the larger volume of distilled water with carbon di- 
oxide, a marked increase in corrosion occurs, again with least effect on 
AZ31 alloy.  Corrosion of AZ31 alloy is only mildly affected in the lar- 
ger volume of water with carbon dioxide. 

The ratios of corrosion of the three metals in the different volumes 
of distilled water with and without carbon dioxide for the exposure pe- 
riods involved are given in Table X. Table XI shows the percent change 
in weight loss which occurs as a result of going from 300 ml to 1200 ml 
of distilled water, with and without the addition of carbon dioxide. 
Pure magnesium and HK31A are more significantly affected compared to 
AZ31B which is only mildly affected. For the pure magnesium and HK31A 
in the solution with carbon dioxide the percent increase in the larger 
volume is only 20 percent of that of the carbon dioxide free water. 
Changes in the same direction are noted with AZ31B magnesium alloy, but 
the differences are much smaller. The AZ31B magnesium alloy shows vir- 
tually no change at six hours with Increased volume. This is probably 
due to the initial protection of hydroxide film which tends to mask the 
effects which might be attributed to the larger volume of distilled water. 
Figures 2 and 3 are plots of these results. Figure 3 shows that the 
presence of carbon dioxide overshadows the volume effect and only small 
increases in volume effects are seen especially at the longer time pe- 
riods. 

The findings are summarized: 

Air Solution and Relative Order 
W or W/O of Corrosion 

Mg Alloy C02 300 ml 1200 ml 

Pure Magnesium W/O 3% 
A 

> 1% > 0.1% 
A      A 

> DW 
A 

< DW 
A 

W 3% > 1% > 0.1% > DW < DW 

AZ31B W/O 3% 
V 

> 1% > 0.1% 
V       V 

> DW 
A 

< DW 
A 

w 3% > 1% > 0.1% > DW < DW 

HK31A W/O 3Z 
A 

> 1% > 0.1% 
A       A 

> DW 
A 

< DW 
A 

w 3% > 1% > 0.1% > DW < DW 
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Figure 3.  Percent Change (Weight Loss) of Pure Magnesium and HK31A am 
AZ31B Magnesium Alloys Sparged with Air Containing Carbon 
Dioxide, 300 ml/1200 ml. 
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CONCLUSIONS 

1. Atmospheric carbon dioxide in distilled water in equilibrium with 
the air accelerates the corrosion of pure magnesium, AZ31B and 
HK31A magnesium alloy. The degree of coirosion is more drastic as 
the volume of distilled water is increased (300 - 1200 ml) for 
pure magnesium and HK31A magnesium alloys. 

2. The effect of carbon dioxide in a small volume (300 ml) on the cor- 
rosion process shows the following: 

a. Reduces corrosion ratio by approximately 50 percent for pure 
magnesium and HK31A magnesium alloy as the sodium chloride con- 
centration is increased to thiae percent. 

b. An increase in corrosion ratio with lengthening exposure time 
for pure magnesium and HK31A magnesium alloy. 

c. Shows a significant change, and actually retards the corrosion 
of AZ31B In sodium chloride solutions. Also diminishes the 
corrosion ratio of AZ31B magnesium alloy with increasing sodium 
chloride concentration from 0.1 to 3.0 percent and further di- 
minishes with prolonged exposure. 

d. The compositions of magnesium alloy affects wh3ther carbon di- 
oxide suppresses or increases the corrosion process in sodium 
chloride solution. 

3. Influences on corrosion attributable to different volumes of dis- 
tilled water, 300 ml/1200 ml, are as follows: 

a. Corrosion rate increases by ca. 100 percent for pure magnesium 
and HK31A magnesium alloy with air devoid of carbon dioxide. 
When air containing carbon dioxide is passed into the solution 
the corrosion is increased approximately by an additional 20 
percent. 

b. AZ31B magnesium alloy is less affected (20 percent) in solution 
receiving air without carbon dioxide and only a nine percent 
increase in carbon dioxide containing air. 

c. The larger volume (1200 ml) causes a significant reduction in 
the corrosion ratio of pure magnesium and HK31A magnesium alloy 
while little change is seen with AZ31B. 
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THE EFFECT OF TEXTURE ON THE ELECTROCHEMICAL BEHAVIOR OF TITANIUM ALLOYS 

by 

David W. Seitz 
Army Materials and Mechanics Research Center 

Watertown, Massachusetts 02172 

and 

Michael Kurek 
Federal Agency for Procurement and Technology 

Koblenz, Federal Republic of Germany 

ABSTRACT 

Studies are reported on the electrochemical behavior of highly 

textured Ti-4A1 and Ti-4A1-4V alloys.  Specimens were fabricated to 

expose surfaces having preferential basal or prism orientation. Potential 

sweep anodic polarization experiments were carried out to determine the 

effects of specimen orientation, hence texture, on the dissolution charac- 

teristics of the alloys. The environments were sulfuric and hydrochloric 

acid solutions. After polarization, the specimen surfaces were examined 

by scanning electron microscopy and the findings correlated with the 

electrochemical data. 
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INTRODllCTinN 

Most of the reported work on the anisotropic behavior of titanium 

has focused on mechanical behavior.  It has been shown that significant 

improvement in the strength of biaxially stressed components can be 

realized through the use of controlled texture (detailed crystallographic 

structure) titanium1. Until quite recently, little work has been done on 

the effect of texture on corrosion and stress corrosion cracking of 

titanium alloys. However, recently Fraker and Ruff at NBS and Green at 

Martin Marietta, utilizing titanium single crystals, have shown a marked 

difference in the electrochemical behavior of the various crystal surfaces 

These results suggest the possibility of utilizing texture controlled a 

titanium alloys to achieve enhanced corrosion resistance combined with 

improved strength characteristics.  It is the purpose of this work to 

extend the single crystal work to polycrystalline alloys. 

MATERIAL 

The two materials tested were a 0.25 in. thick Ti-4M sheet and a 0.5 in 

thick Ti-4A1-4V plate; the chemistries of which are given in Table I. 

Mechanical property data on the Ti-4A1-4V alloy is given in Table II. 

Note the effect of the preferred orientation on the transverse versus 

longitudinal properties. No mechanical property data was available on 

the Ti-4A1 material. The Ti-4A1-4V alloy has an a + 10°* ß phase compo- 

sition and, although its thermomechanical history is unknown, the texture 

present and the microstructure indicate that this alloy was hot rolled 

low in the a-B field. The Ti-4A1 alloy has an all a equiaxed grain 

structure with the final heat treatment for this material consisting of 

a twenty hour solution treat at 16250F and water quenched. 

2,3,4 
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The pole figures shown in Figure 1 indicate both materials to be 

strongly textured with respect to basal plane orientation.  In the case 

of the Ti-4A1 alloy, the basal planes are sharply aligned in the plane of 

the sheet with random orientation of the prism planes about the c axir.. 

In the case of the Ti-4A1-4V alloy, the basal planes are parallel to the 

rolling direction with the (1010) prism planes parallel to the transverse 

direction and the (1120) prism planes parallel to the plane of the sheet. 

The  procedure and equipment utilized in obtaining the pole figures in 

Figure 1 have been described elsewhere ' . 

PROCKDURF 

The polarization specimens used were in the form of cubes cut from 

the plate and sheet stock (see Figure 1) to expose the desired crystalline 

planes having approximately i sq cm surface area. One face of each cube 

was drilled and tapped for attaching the specimen to the electrode holder. 

The face to be studied was metalographically polished with all other faces 

being coated with a non conductive coating prior to testing. 

7 
The polarization cell was basically that described by Green but modified 

to use only one counter electrode positioned opposite to the specimen face 

to be tested. A heating mantel was used to regulate the temperature of 

the environment ± 2°C.    Potential sweep anodic polarization measurements 

were made utilizing a Wenking potentiostat in conjunction with a moto- 

potentiometer and x-y recorder to automatically record the current versus 

potential data. The potential was changed at a constant rate of 5,000 mv/hr 

and all potential measurements were made versus a saturated calomel electrode 

via a Luggin probe. 
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The environments utilized were 1.5N H-SO.,  5N H SO  ,  and 5N HC1 and 

tests were conducted at room temperature,  50oC,  and 65QC. 

RESULTS AND DISCUSSION 

The polarization curves in Figure 2 show the effect of texture on 

the anodic polarization behavior of the Ti-4A1 alloy in 5N H-SO. at 25, 

50,  and 650C.     In all  cases the peak dissolution current for specimens 

which preferentially expose basal planes is less than that for specimens 

exposing a mixture of prism planes.    The critical potential for passivity 

is the same for both types of specimens at a given temperature but 

shifts  (cathodically)   in the more active direction with increasing 

temperature.    Regardless of crystallographic plane exposed, the maximum 

dissolution current  increased with increasing temperature.    Also the 

higher the temperature, the greater the effect of texture. 

Figure 3 shows  similar data for the Ti-4A1  alloy in 5N HC1.    Again, 

the peak dissolution current for specimens which preferentially expose 

basal planes is  less than that for specimens exposing a mixture of prism 

planes.    However,   increasing the solution temperature reduced the texture 

effect for this alloy in 5N HC1. 

In the case of the Ti-4A1-4V alloy,  it was possible to preferentially 

expose and test two different prism planes;  namely,   (1120)  and  (1010), 

rather than the mixture of prism planes tested in the Ti-4A1 specimens. 

Figure 4 shows the polarization curves obtained for these two prism 

planes as well as for the basal plane in 1.5N H_SO. at room temperature 

(2.)0C).    The basal plane oriented specimens are again found to be less 

reactive,  as reflected in the dissolution currents for the active as 

well  as passive and transpassive regions.    There  is very little difference 

2I4O 
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in the behavior of the two prism planes in this environment.  Increasing 

tht H-SO. concentration to 5N (Figure 5) served only to increase the 

peak dissolution currents for the three types of specimens. When the 

temperature of the 5N environment is increased to 50oC, a difference in 

behavior between the two prism planes becomes evident as shown in Figure 6. 

The (1010) plane specimens show a higher dissolution current than the 

(1120) specimens with the basal oriented specimens showing, as in all 

other cases reported here, the lowest peak dissolution current. Once 

again the critical potential is the same for all orientations at a given 

temperature, but shifts in tht active direction as the temperature of the 

5N ILSO. environment is increased. 
2 4 

METALLOGRAPHY 

Specimen surfaces which had been used in the anodic polarization 

experiments were examined in the scanning electron microscope to elucidate 

the morphology of corrosive attack on the various specimen orientations. 

Figure 7 shows the effect of the anodic polarization runs on the 

surfaces of basal (A.C.F., and G) versus prism (B,D,F, and H) oriented Ti-4A1 

specimens (specimens used to obtain the 50oC data shown in Figure 2), 

A-D are light micrographs while E-ll are scanning electron micrographs. A 

and B show typical areas of basal, (0001), and prism oriented specimens, 

respectively; while C and D are a greater magnification of the areas circled 

in A and B. What is shown in this series of photos is that the contrast, 

light versus dark grains, in A and B is attributable to the surface roughness 

of the grains and not to faceting. Note the relationship between the grain 

surface roughness shown in C and D and the contrast between these same 

grains as seen in A and B. The lighter a grain appears in A or B the 
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smoother its surface appears under higher magnification in C or D; and 

the darker it appears,  the rougher its surface.    The morphology of the 

grain surface roughnesses evident in the higher light magnification photos 

C and D are more clearly illustrated in the scanning electron micrographs 

E-H.    E and G are typical areas of the surface of a basal oriented speci- 

men while F and H are typical of a prism oriented surface.    Note the three 

fold symmetry of the surface features found on grains marked a and b in 

photo E and c in photo G.    This form of attack hr.s been observed by other 

3 4 authors '    and indicates that these grains probably have near basal orien- 

tations.    These grains show a reduced severity of attack  (i.a. material 

loss) when compared with the grains shown in photos F and H.    This difference 

in reactivity accounts  for the difference in the magnitude of the dissolution 

currents observed for these two surfaces in the anodic polarization exper- 

iments. 

The surface features found upon examination of the Ti-4A1-4V alloy 

specimens exposed to the same conditions were quite different as illustrated 

in Figure 8.    This alloy had an elongated cx,ß microstructure.    Scanning 

electron micrographs A,  B, and C show representative areas of,  fOOOl"), 

(1120), and  (1010) preferentially oriented specimen surfaces.    As can be 

seen in these photos,  the loss of material was least from the  (0001)  surface 

and greatest from the  (1010)  surface.    These observations are in agreement 

with the relative magnitude of the dissolution currents  in Figure 6, 

There appears to be three types of material present in these photos.    The 

areas marked  (a)  appear as flat unaffected plateau regions and probably 

represent the original  surface of the sample  (note the presence of polishing 

marks here).    Since the area of this material decreases as we progress 

from (0001)  to  (1120)  to  (1010)  it is assumed to be basal oriented a. 
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The areas marked   (b)   appear as depressed areas where dissolution has taken 

place.     As the area of this type of material  increases from (0001)  to 

(1120)  co  (1010)   it   is assumed to be prism oriented u.    The island material 

marked   (c)  consists of the  ~\0% ß found  in this alloy. 

SUMMARY AND CONCLUSIONS 

1. The basal   (0001)   oriented specimens of both alloys exhibited  lower 

critical current densities for passivity than    the prism oriented 

specimens. 

2. Microscopic examination of the specimen surfaces revealed preferrential 

corrosive attack depending on grain orientation.     Basal oriented 

specimen surfaces were corroded less than prism oriented surfaces of 

the same alloy under  identical exposure conditions.    Thus, microscopic 

observations   support  the anodic polarization data. 

These results  indicate that controlled basal   (0001)  texture in 

polycrystal1ine a titanium alloys can be utilized to provide improved 

corrosion resistance under active anodic dissolution conditions. 

Figure 9   illustrates  how textured titanium can be used to produce 

more corrosion resistant  tubing and pressure vessels  (i.e.  by orienting 

the basal   surface of the textured material  toward the environment). 

This configuration will  also provide increased biaxial strength or 

"burst   strength". 
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TABLE I 

COMPOSITION FOR Ti-4AI and Ti-4AI-4V 
ALLOYS (in weight percenti 

Ti-4AI 
Ti-4AI-4V 

C 0 V Al H N 

O.OI 
0.01? 

0.07 
O.IS 4,12 

4.1 
4.15 

0.004 
0.009 

0.008 
0.019 

Table II 

MECHANICAL PROPERTIES OF TIXTURED Ti^AI-4V PLATI 

Orien- 
tation 

Thick 
(in.) 

Yield Strength 
(pill 

Tensile 
Strength 

(psil 
Elon. 

(%) 
ExlO6 

(psil 0.1% 0.2% 

L 

T 

0.359 

0.358 

100.600 

119.300 

101,200 

119,300 

109,500 

120,400 

21.0 

18.5 

16.3 

18.6 
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Figure 1.  Texture in the Alloys Tested 
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Figure 2.   Polarization Curves for Ti-4AI in 5N H2SÜ4 
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Figure 7.   Effect of Anodic Polarization on Ti-4AI Specimen Surfaces 
in 5N H2S04 at 50C 
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. Figure 8.   Effect of Anodic Polarization on Ti-4AI-4\/ Specimen Surfaces 
in 5N H2S04 at 50C 
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2^2 

L atmmt^tmtmtmtmmamimmm 



P"I'WM 

THE ADHESION OF Al^Oj SCALES ON ALLOYS 

by 

C. S. GIggins, E. J.  Feiten and F.  S. Pettlt 
Materials Engineering and Research Laboratory 

Pratt & Whitney Aircraft 
Middletown,  Connecticut O6U57 

Abstract 

A number of mechanisms have been proposed to explain the effects of 

oxygen-active elements or oxide dispersions on oxide adhesion.     These 

include:    the vacancy sink mechanism,  the enhancer! oxide plasticity mechanism, 

the graded seal mechanism,  the chemical bonding mechanism,  and the mechanical 

pegging mechanism.     Evaluation of some of these mechanisms became possible 

during an investigation of the morphological features of the oxide and sub- 

strate from which the oxide had spalled on a number of alloy systems.    Alloy 

systems  evaluated included NiCrAl(Y),  CoCrAl(Y),  FeCrAl and Pt-6.6A1.     The 

enhanced adherence of oxides on the yttrium-modified NiCrAl and CoCrAl alloys 

was found to be due to the presence of an irregular oxide-alloy interface 

resulting from the formation of yttrium-rich macro and micro oxide pegs 

protruding into the metal at this  interface.     Similarly,  platinum-rich metallic 

protrusions  into the oxide formed on a Pt-6.6A1 alloy also produce an irregular 

oxide-alloy interface and result in excellent  oxide adhesion. 
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Introduction 

The adhesion of Al^O?  scales to alloy substrates under the influence of 

thermally-induced  stresses  is of extreme  importance since the most  oxidation 

resistant coatings for nickel- and cobalt-base  superalloys are designed to 

form AlgO,  on exposure to corrosive environments at elevated temperatures.     ' 

Spalling of the AI2O5 scale  results  in a  loss  of alloy protection and requires 

reformation of the  protective alumina  scale.     Repeated spallation,  as  frequently 

occurs  in practice,   causes  severe depletion of aluminum in the alloy or coating, 

eventually resulting in the formation of less protective  scales. 

It has been found that small additions of oxygen active elements,   such as 

(2-k) (S-7) yttrium, as well as oxide dispersions^ can be used to improve tLi 

adherence of oxide  scales to a]loy substrates.     More  recently it has been 

observed that the addition of platinum to coatings or alloys  is also effective 

in promoting oxide adherence. 

A number of mechanisms have been tentatively proposed to account  for the 

improvement of oxide ndhesion,  namely: 

The Vacancy Gink Mechanism is based on the assumption that the presence of 

voids at the oxide/substiate interface  results in poor external oxide 

scale adhesion.     Oxide pnrticler or oxygen active elements in the alloy 

are proposed to act as  sinks which annihilate the vacancies generated 

during the oxidation process,  thus  preventing the formation of voids at 

the oxide/substrate interface. 
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The Enhanced Oxide Plasticity Mechanism is based on the assumption that 

elements such as yttrium may improve the adhesion of AlgO* by causing the 

A^O* to be more easily deformed and thereby allowing the relief of growth 

and thermally-induced stresses which would otherwise cause spalllng of the 

oxide scale. 

The Graded Seal Mechanism is based on the assumption that a layer of 

oxide is developed between the oxide scale and the alloy which possesses 

a thermal expansion coefficient that gradually changes from values similar 

to those of the alloy to values close to those of the oxide scale as one 

proceeds through this layer from the alloy to the external scaled  ' 

The Chemical Bonding Mechanism proposes that the adhesion of Al^O* scales 

is dependent upon the nature of the atomic bonds which are developed 

across the oxide/substrate interface. Yttrium dissolved in the alloy and 

oxide may alter the nature of the chemical bonds developed at the 

(12) 
oxide/alloy interface/ 

The Mechanica] Pegging Mechanism proposes that oxide pegs are developed 

at the oxide/alloy interface which mechanically key the oxide scale to the 

alloy.^M?) 

The purpose of thic paper Is to present the results of recent experiments 

involving alüoye which form ^xterral AlyO' scales during high temperature 

exposure.  On some of these alloys the Al^O* scale was adherent, while on 

others it was non-adherent. The morpuological features of the oxides and the 

metal substrates from which they rpalled were examined in light of the oxide 

adherence mechanisms described above. New evidence In support of the pegging 

mechanism is presented. 
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Experimental 

Alloys used in this program were Ni-15Cr-6Al,* Fe-25Cr-J+Al and Co-25Cr-6Al, 

with and without 0.1 or 0.5^. yttrium.    These alloys were studied in three 

fabrication conditions,  namely:    as-cast, hot worked and annealed and vapor- 

deposited.    Also evaluated was a cast and annealed Pt-6.6A1 alloy.     Specimens 

of the NiCrAl,  FeCrAl and CoCrAl alloys were isothermully oxidized between 

lOOCP  and ISCXfc in 1 atm of dry air,  the Pt-6.6A1 alloy to li+OCPc.    The oxide 

scales and alloy surfaces were examined using scanning electron microscopy. 

Standard metallographic techniques were also used to examine the oxidized 

specimens.    Adherent oxides were separated from their respective alloys by 

dissolving the alloy in either 10^ bromine-methanol or for the Pt-6.6A1 alloy, 

warm aqua regia. 

Results and Discussion 

The  results presented here were selected from a more comprehensive  study 

concerned with the morphological features of adherent and non-adherent AlgOj 

scales. The evidence presented,   is  in support  of a particular mechanism 

(mechanical  pegging) but does not completely exclude participation of other 

mechanisms in contributing to AlgCU scale adherence. 

It was observed that the Al^O*  scale which formed on the Ni-15Cr-6Al, 

Co-^Cr-rJU and Fe-^Cr-WU. alloys (i.e.  those alloys which do not contain 

Ilk) 
yttrium) during oxidation tends to spall during cooling.     Typical features 

observed on the metal surfaces of NiCrAl and CoCrAl alloys from which the 

oxide had spalled are shown in Figure 1.  It can be seen that there are two 

types of structural features on the metal surface. There are areas where the 

imprints of oxide grains are observed, but there are also numerous areas which 

*A11 compositions are given in weight percent. 
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are smooth and contain no such imprints.    It is believed that at these smooth 

areas the oxide became detached from the alloy substrate at temperature, during 

oxidation since they contain numerous thermal facets,  Figure lb. 

As pointed out in a previous study^        concerned with the spalling of 

AlgO, from an Fe-25Cr-1+Al alloy, void formation Is frequently associated with 

oxide scale spalling.     It can be shown, however,  that void formation is not 

absolutely necessary for oxide scale spalling to occur.    To illustrate this 

point,  an electropollshed specimen of Fe-25Cr-1+Al was oxidized for 2k hours 

at 120CPc in 1 atm of air.    The external AlgOj scale spalled from this specimen, 

but no smooth areas were observed on the substrate surface. Figure 2,     Rather, 

the substrate was totally covered with imprints of oxide grains, Figures 2b and 

2c.    The oxide surface at the substrate interface contained only c, few isolated 

voids.    The structures observed in Figure 2 are not consistent with the vacancy 

sink mechanism since this mechanism presumes that void formation is a precursor 

to spalling of the oxide. 

It has been proposed that elements such as yttrium may improve the 

adhesion of AlpOj on alloys by causing the Al^Oj to be more easily deformed 

and thereby allowing the  relief of growth and thermally-induced stresses which 

would have otherwise caused spalling of the scale.    In the present studies more 

apparent deformation of the Al^Oj has been observed on the alloys which did 

not contain yttrium than on those containing yttrium.  Figure 3.    Oxides formed 

on alloys not containing yttrium were .. ften highly wrinkled. Figure Ja» while 

those formed under the  same conditions on alloys containing yttrium were flat. 

Figure 5b.    The wrinkles in the former alloys frequently occurred at sites 

where the oxide had become detached at temperature. Figure la.    It is therefore 

proposed that the presence of yttrium in the oxide does not result in increased 

oxide plasticity. 
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The graded seal mechanism is based on the supposition that a layer of 

oxide other than Al^O^  is developed between the external oxide scale and the 

alloy.     In this  study no such continuous layer was observed.    However,  the 

zone of alloy beneath the Al ,0,,  scale may become deformed to accommodate 

growth stresses generated as a result of the formation of oxide protrusions 

and particles of yttrium oxide within this  region. 

It is possible that alloying elements may promote oxide adherence 

through chemical effects,  i.e.   by developing stronger atomic bonds across 

the oxide-substrate interface.     It has been proposed that impurities which 

have a greater affinity for oxygen than other elements  in the alloy can play 

a dominant role by developing  stronger atomic bonds across the oxide-substrate 

interface.     In the alloys used in this investigation,   the  standard free 

energy of formation of Y^O*   is more negative than those of NiO, FeO,  CoO, 

Cr,0    and Al^O,.     Consequently It is possible that  in addition to providing 

vacancy sinks  via th'>  formation of internal  oxide particles  or the formation 

of large atom-vacancy complexes,  yttrium as well as other oxygen active 

elements may also promote oxide adherence by developing stronger bonds across 

the oxide-substrate Interface.     It is difficult  to prove or disprove this 

proposition.     It  is worth noting,  however,  that AL 0,  particles in a FeCrAl 

alloy have been observed to significantly Improve the  adhesion of AljO*. 

Such results  indicate  improved adhesion can be achieved without any chemical 

bonding effects. 

In the mechanical pegging mechanism it  is proposed that oxide pegs are 

developed at  the A1^0,-alloy interface which mechanically key the Alp0    to 

the alloy and adherence of the AlpOz to the alloy is therefore improved.     In 

the present  study,   pegs  extending into alloys containing yttrium were observed. 
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Figure h.    Since the AlyOj scales which formed on the NICrAlY and CoCrAlY 

alloys were usually adherent, the surfaces of these scales at the substrate 

interface were examined by dissolving the alloys in a 10 percent bromine- 

methanol solution.    The extracted oxide flakes were separated from the 

solution by filtering and subsequently were washed in pure methanol.    Typical 

features of the Al,-,0, at the substrate interface are presented in Figure h. 

The oxide contained a network of oxide protrusions, Figure h&, which extended 

into grain boundaries of the alloy, Figure Ub.     Electron-beam microprobe 

analyses  showed that these protrusions contained predominantly yttrium.    These 

yttrium-rich protrusions will be referred to as macro pegs. 

The surfaces  of extracted Al^O^ flakes at the  substrate interface always 

exhibited the coarse network of oxide protrusions.  Figure Ita,    On numerous 

flakes much  smaller oxide protrusions were also evident.  Figure ha.    The 

density of these  smaller protrusions was observed to vary from flake to flake. 

An attempt was made to determine the composition of these particles by using 

an energy dispersive technique.    Yttrium was detected  in the  large particles, 

but was not detected  in the smaller partlcleK.     However,   it is believed that 

these particles may have been too small  to generate detectable  intensities. 

Nonetheless,   these   smaller particle:- are also believed to be yttrium-rich. 

These  small oxide  protrusions are considered to be micro pegs.    It is believed 

that the combined effects of macro and micro pegs on the alloys containing 

yttrium contributes   in a significant way to oxide adherence by producing an 

irregular interface between the oxide and alloy. 

In common with the alloys containing yttrium,  the AlgO, scale formed 

on the Pt-^.^Al alloy at temperatures up to  l^tOCfC was  very adherent.    The 

substrate  Interfacss  of oxide flakes obtained from this alloy were compared 
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to those described above.    The surfaces of the oxide flakes obtained from a 

specimen oxidized at 120CPc contained a small number of depressions or voids 

in addition to a continuous network of oxide crystals,  Figure 5a.    Also 

observed in the microstructures of these specimens were numerous pegs at 

the oxide-alloy substrate, Figure 5b.    The pegs at this interface In the case 

of the Pt-6.6A1 alloy were metallic as opposed to the oxide pegs in the NICrAlY 

and CoCrAlY specimens.    The specimen shown In Figure 5b had been oxidized for 

7.5 hours at 135CPc and was raetallographlcally polished,  then etched in hot 

phosphoric oxide. 

The number of these metallic pegs  increases with time and temperature. 

Figure 6,  as  Illustrated for a specimen oxidized for 2 hours at  l^+OCPc. 

Where a slight amount of spalling had occurred,  Figure 6a,  due to fracturing 

the specimen after oxidation,  the citusity of the metallic pegs which had 

protruded into the oxide  scale   Is  clearly pvident.    The substrate  interface 

of the oxide scale wae examined after dissolution of the alloy substrate in 

warm aqua regia.     It can be seen.  Figure Sb, that there are voids  in the oxide 

scale and the relative densities of the metal protrusions and velds  in the 

oxide,   Figures 'a and rh,  are the  same,  and coincident with one another.     It 

is believed that  these metallic pegs  contribute in an important way to the 

excellent adherence of Al^CU on the  Pt-o.fJU alloy,  by forming an irregular- 

interface between the oxide and the alloy substrate. 

.'ummary and Conclusions 

At this time it  is believed that the oxide pegging mechanism best explains 

the  improved oxide adhesion attributed to oxygen active elements,   oxide 

particles and platinum in alloys which contain one or more of these additives. 

While other n^chanisras may contribute synergistically to oxld" adherence,   less 

evidence  in support of these 'nechanlsms  has been obtained to date.     Therefore, 
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while the exact mechanism(s) for oxide adherence remain uncertain, it is 

believed that where improved adhesion is obtained, an important characteristic 

is the development of an irregular interfpce between the oxide and the alloy. 

Macro and micro oxide pegs in NiCrAlY and CoCrAlY alloys and metallic pegs 

in Pt-6.6A1 produce such an irregular interface. 
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Figure 1 - Typical morphological features on the metal 
surfaces of CoCrAl (a) and NiCrAl (b) alloys after 100 
hours at llOCPc in 1 atm. of dry air.    Wrinkles in the 
AlgO* coincided with smooth areas in the alloy surface 
and voids (arrows) were occasionally observed in the 
smooth areas  (a).     Smooth areas on the alloy surfaces 
contained thermal facets (black arrows) whereas rough 
areas contained imprints of oxide grains (b). 
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Figure 2 - Oxide scale and alloy surface morphologies of 
electropolished Fe-25Cr-UAl after isothermal oxidation 
at 120CPc for 2h hrs in air.    (a) General structure of 
oxide flakes and bare alloy surface,     (b) and (c) Low and 
high magnification of alloy surface specifically showing 
that the mounds of alloy were not smooth but faceted 
by imprints of the oxide grains. 
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Figure 3 - Typical morphological features developed at 
the AlgCK-gas  interface of AloO^ scales after 100 hours 
at  ISOCPc in 1 atm.   of dry air.     The oxide scale  is 
highly wrinkled on NiCrAl and CoCrAl alloys (a) but smooth 
on NiCrAl and CoCrAlY alloys  (b). 
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Figure k - Macro and micro oxide protrusions which were 
formed on CoCrAlY alloys during oxidation,    (a) Oxide 
scale morphology at alloy-oxide interface illustratiag 
concentrations of yttrium-rich macro-per;s (arrows), 
(b) Metallographic section shows that the macro-pegs 
are found in the alloy grain boundaries,    (c) Physical 
evidence for the presence of micro-pegs at the alloy- 
oxide interface. 

. 
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Figure 5 - Morphological features typical of the AI2O5 
scales formed on Pt-6.6A1. (a) Oxide flake at gas 
interface contains a small number of depressions or 
voids, (b) Voids are sites where metallic pegs 
protruded. 
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Figure 6 - Morphological features of the metal surface 
of Pt-6.6A1 (a) and the detached AlgOj snale at the 
metal-oxide interface (b) after 2 hours at l^OCPc in 
1 atra. of dry air.     It is apparent that a highly- 
irregular motal-oxide interface has developed. 

■ 
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COMPARISON OF THE HOT CORROSION DEGRADATION OF NICKEL 
AND COBALT-BASE ALLOYS 

by 

J.  A.  Goebel,   E.  J.  Feiten and F.  S.  Pettit 
Pratt & Whitney Aircraft 

Middletown,  Connecticut     Oö'+JT 

Abstract 

The mechanisms for NapSO^-induced hot corrosion of nickel and cobalt and 

alloys of these metals containing chromium and/or aluminum are compared in 

order to determine if there are any fundamental reasons for the apparent superior 

hot corrosion resistance of cobalt-base alloys compared to nickel-base alloys. 

It is  Fhown that cobalt-base alloys are much more resistant to the  initiation of 

hot  corrosion than nickel-base alloys when these alloys contain both chromium 

and aluminum but that for the both types of alloys the hot corrosion degradation 

raechanioms are virtually the  came. 
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Introduction 

Alloy components in the turbine  sections of both marine and aircraft jas 

turbine engines are often subjected to unusually severe corrosion.    This type 

of attack,  usually referrac' to as hot  corrosion,  has been found to be caused 

by molten salt  or ash deposits.     Both niokel and cobalt-base alloys are  subject 

to hot  corrosion attack.    However,  from experiments using burner rigs  it appears 

as though at temperatures on the  jrder of 90CPc that the couiuiardal cobp.lt-base 

alloys are more  resistant to hot corrosion than the commercial nickel-base 

alloys.^   '    The  reasons for this difference in performance have been the  subject 

of considerable  speculation. 

(2) Seybolt and  Beltram"      observed that the basic mechanism of hot corrosion 

was essentially the same for nickel,   cobrlt and binary alloys of these elements. 

Deleterious  reactions occurred at a lower temperature for nickel-be  e  systems 

than for the cobalt-base systems.    WheatfalP^'  has summarized the  considerable 

amount of laboratory and rig testing of nickel and cobalt binary and ternary 

alloys as well as that of some more complex superalloys.    Again,  the commercial 

cobalt-base superalloys were found to be more corrosion resistant than alloys 

based on nickel.    However,  burner rig tests on unalloyed nickel and cobalt 

revealed that these materials had similar corrosion resistances at 1675    and 

175CPF (91^  and 951tüc).    The Ni-25Cr and Co-25Cr binary alloys also had comparable 

corrosion rates at all temperature levels.    The purpose of this puper is to 

examine the hot corrosion degradation mechanisms of nickel,  cobalt and alloys 
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of these metals in order to determine if there are any fundamental reasons 

for the apparent differences in the  resistances of these materials. 

Experimental 

Binary alloys of Ni-25A1,* and CO-25A1 were prepared by casting and 

annealing.    Alloys of Ni-50Cr and Co ?5Cr were cast, hot worked and annealed. 

The aluminum and chromiurr   concentrations of these alloys were sufficient to 

allow during oxidation the development of continuous,  external scales of AlgOj 

and CrgO^,   respectively.    Alloys of Ni-25Cr-6Al (NICrAl) and Co-25Cr-6Al (CoCrAl) 

were prepared by vapor deposition.     (The vapor deposition fabrication procedure 

was used to examine the influence of ralcrostructure on the initiation of hot 

corrosion anc' insults obtained for this part of the investigation will be reported 

elsewhere.)    External scales of AlgO* Wvare  formed on both of these alloys during 

oxidation. 

The hot corrosion testing consisted of either isothermal or cyclic oxidation 

at ICXXfc In oxygen or air using deposits of Na2S0i+.    Sodium sulfate was used 

to initiate the hot corrosion since it is well established that deposition of 

principally Na^SO^ is a precursor to the Initiation of hot corrosion in gas 

turbines.     Specimens of the alloys were polished through 600 grit SIC paper 

and degreased prior to testing.    The  specimens were then coated with ^280^ 

and isothermally or cyclically oxidized.    In the cyclic test, the specimens 

were cycled to room temperature once every hour (50 minutes hot,   10 minutes 

cold) and removed from the test once every 20 hrs.    Every 20 hrs the specimens 

were washed, weighed and visually examined before a fresh coating of NagSO^ 

was applied. 

*A11 compositions are given in weight percent. 
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Results 

1.    Hot Corrosion Behavior of Nickel and Cobalt 

Oxidation experiments performed with specimens  of nickel and cobalt at 

lOOCfc have  shown that  if NaoSOj. is present  on the metal surface,  accelerated 

oxidation occurs during the initial stages of oxidation/   '   '     It has also been 

observed that  the accelerated rate of oxidation does  not persist,  and for periods 

beyond approximately 15 min.  the oxidation rate of Na0SOi4-coated specimens  is 

identical  to that of uncoated specimens. 

Examination of Naos0lt-coated specimens after oxidation has revealed two 

morphological   features which are not found in equivalent  uncoated specimens. 

It appears that  during the period of accelerated oxidation,  the oxide scales 

formed on rja^-SO^-coated nickel and cobalt are porous and non-protective.     In 

addltic-fc it  has been determined that during this  same period sulfur from the 

Ka^SOt,  reaccs with the metal to form a  liquid sulfide  layer separating the 

oxide scale  from the metal.    After longer oxidation times dense,  protective 

oxide scales are eventually formed beneath the  initial porous scales,  and the 

oxidation  rate decreases  toward that which  is  characteristic of nickel and 

cobalt  in the absence of Na^SO^. 

Based upon an examination of the thermodynamic properties of molten NagSOr, 

it has been possible to propose a mechanism to explain the attack of nickel 

and cobalt  by molten NagSO^.     '    According to the proposed mechanism,  an oxide 

film initially forms on the metal beneath the  liquid sulfate by consuming oxygen 

from the melt.     Consequently an oxygen gradient  is established across the molten 

salt  such that  the oxygen activity of the  scale-salt  interface is  reduced.    The 

decreased oxygen activity results in an  increased sulfur activity,  and sulfur 

diffuses through the oxide scale to form sulfides beneath the scale.    The  loss 

of sulfur and oxygen from the NapSO^ results  in a sufficiently large increase xn 
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thf oxide  ion activity of the melt that dissolution of the oxide  scale by the 

bisic melt can occur.    Dissolution (fluxing) of the oxide films is believed to 

occur at  local  sites  in the oxide  scale,   such as grain boundaries,  to the 

extent that, the  liquid penetrates the scale and subsequently spreads laterally, 

stripping  f-he oxide  from the metal.    Repetitive  stripping of the oxide film 

by the Na^sO^ results in rapid oxidation of the metal. 

Based upon the results of these studies it has been concluded that the 

attack of nickel and cobalt by NagSOj^ occurs by essentially the same mechanism. 

5.    Hot  Corrosion of C0-25A1 and Ni-25A1 

Binary alloys of cobalt and nickel containing 25 weight percent Al derive 

their high temperature oxidation  resistance  from protective AlgOi oxide barriers. 

When specimens of these alloys are coated with Na„30L and then oxidized, xinetic 

data which has been obtained indicate that no accelerated oxidation occurs for 

periods up to 10 hrs.    After this initial incubation period, a brief period of 

very rapid oxidation is observed, after which the oxidation rate decreases,  but 

nevertheless remains greater than would be expected in the absence of NagSOj,. 

Detailed examination of C0-25AI and Ni-25A1 hot corrosion specimens as a 

function of time has shown that during the initial stages of oxidation,  protective 

films of AlgO* are formed on these alloys beneath the molten NagSC^.    The 

termination of the incubation period and the onset of rapid oxidation has been 

found to correspond to the rapid destruction of the AlgO* scale,  followed by the 

formation of less protective scales which are rich In nickel or cobalt oxides. 

A typical microstructure resulting from this type of attack is shown in Figure 1. 

It is evident that in addiclon to the formation of a thick, non-protective oxide 

scale,   sulfur from the KapSOii reacts with these allojs to form aluminum sulfide 

particles beneath the oxide scale. 
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The mechanism of attack for both of these alloys  in the presence of NagSOij. 

is believed to be  similar to that for cobalt and nickel.     In particular,  it has 

been proposed that  during the  incubation period conditions are developed in aiolten 

sulfute  such that  penetration of the AlgOz  scales  can occur by basic fluxing of 

the AI2O5 in localized areas.     Once it is penetrated,   rapid  stripping of the 

AlpOj occurs, and  large amounts of sulfur react with the alloy to form aluminum 

sulfides preventing the reformation of a protective AlgOj barrier,  and therefore 

the accelerated oxiddtion rate persists. 

3.    Hot Corrosion of Co-55Cr and Ni-30ür 

Weight-change versus time data obtained, for the  cyclic hot  corrosion 

testing of Co-35Cr and Ni-30Cr alloys are presented  in Figure 2.     No significant 

difference between the  results obtained with the cobalt or nickel-base alloy is 

evident.    Metallographie examination of the specimens  from this test were con- 

sistent with such a conclusion.     On both alloys continuous  layers of CrnO* were 

formed above an internal zone of chromium sulflde particles.    The results which 

have been obtained  for these two alloys indicate that the hot corrosion resistance 

and degradation mechanism of Ni-Cr and Co-Cr alloys,   with chromium concentrations 

such that continuous  external layers of Cr20, are developed on the alloys,  are not 

markedly different.     In the  case of these two alloys,   however,   it  is necessary to 

emphasize that  severe hot corrosion degradation was  not observed  in either alloy. 

More  severe degradation would be expected to be observed eventually after 

sufficiently long periods of testing and it is possible that one of the alloys 

may be more  resistant to the  initiation of the more   severe degradation. 

k.    Hot Corrosion of CoCrAl and NICrAl 

The weight-change versus time data obtained from the cyclic hot corrosion 

and cyclic oxidation testing of Ni-2?Cr-6Al and Co-25Cr-6Al alloys are presented 

in Figures 5a and Jt,  respectively.    Duta obtained vith alloys having the same 
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compositions but which also contained yttrium are also included. The AlgO* 

scales were more adherent on the alloys which contained yttrium. Adherent 

AlgOj scales were evident on the NiCrAlY and CoCrAlY alloys after 350 hours of 

cyclic oxidation. The AI2O5 spalled from the NiCrAl and CoCrAl alloys in the 

cyclic oxidation test and continuous scales of C^O* were eventually developed 

on these alloys p.bove subscale zones of AlgO* particles. In the cyclic hot 

corrosion test, the NiCrAl and NiCrAlY alloys were very severely degraded 

after less than thirty hours, Figure 3a. The severe degradation was caused 

by the development of sulfide stringers in these alloys, Figure ka.f  which were 

subsequently preferentially oxidized. Figure kh.    It appeared as though the sulfide 

stringers may have been liquid at temperature. Figure l+c.  Severe degradation of 

the CoCrAl alloy in the cyclic hot corrosion test was observed after about 

300 hours, Figure 3a. The microstructural features were the same as those 

observed with the NiCrAl and NiCrAlY alloys.  Severe degradation of the CoCrAlY 

alloy in the cyclic hot corrosion test was not observed, but degradation similar 

to that of NiCrAl, NiCrAlY and CoCrAl should occur at some test time beyond 300 

hours.  The points to be emphasized are that the hot corrosion mechanisms of 

NiCrAl and CoCrAl alloys are the same but the CoCrAl alloys are much more 

resistant to the initiation of this type of degradation. 

'' ^1 

Concluding Remarks 

The results obtained in the present btudies show that there is no signif- 

icant difference between the hot corrosion degradation mechanis-ns for nickel 

and cobalt or alloys of these metals containing the same amounts of chromium 

and/or aluminum. It has also been determined that the resistance of such alloys 

to the initiation of hot corrosion degradation are about the same except for the 

alloys containing both chromium and aluminum, in which case the cobalt-base alloys 

are much more resistant. In view of these results, it is proposed that cobalt- 

base alloys are only more resistant to the initiation of hot corrosion degradation 
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than nickel-base alloys containing the same types and amounts of alloying 

elements, when these alloys contain chromium and aluminum. Moreover, in 

such alloys, the chromium and aluminum concentrations must be sufficient 

that continuous layers of AI2O5 are developed upon the alloys during oxi- 

dation in the absence of hot corrosion attack. 
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Figure 1.    Transverse  microstructure of CO-25A1 coated with 0.5 mg/cm 
NanSO^ and cyclically oxidized at 1000° C in 1.0 atra Of oxygen for 80-one 
hour cycles.     Scale contains oxides of cobalt an! aluminum,  while the 
subscale consists mainly of aluminum sulfide particles. 
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Figure 2. Weight-change versus time curves for the cyclic hot corrosion 
of Co-55Cr and Ni-50Cr alloy specimens coated with 5 mg/cm^ at approxi- 
mately 20 cycle (hr) intervals. After 200 cycles the difference in 
total weight change between each alloy is considered insignificant. 
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Tip-are J. Comparison of the weight-chan e versus time curves obtained 
from the ovclic testing of NiCrAl(Y) and CoCrAl(Y) alloys at lOOCfC; 
(a), cyclic hot corrosion using 5 mg/cm^ Na^SO|4, and (b), cyclic oxidation 
without Na^SO^.  Severe corrosion of the NiCrAl, NiCrAlY and CoCrAI 
specimens has occurred in the hot corrosion test, although the scale 
on the CoCrAI alloy has only partially spalled. 
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CORROSION  FATIGUE OF WO AND D6AC 

STEELS  BELOW K,scc 

C.   S.  Kortovich 

TRW  INC.,   CLEVELAND,  OHIO    44)17 

ABSTRACT 

The corrosion fatigue behavior of low alloy martensitic AISI  k}kO and 
D6AC steels  in distilled water below K|scc was studied.    The results  indicated 
that  crack growth  rates for both steels obeyed power  law relationships which 
were not invariant with respect to each other or to results obtained in an 
inert argon environment.    As a  result,  the environmental   contribution to fatigue 
crack growth diminished as cyclic stress  intensity factor  range   increased. 

Activation energy for corrosion fatigue crack growth  in 43^0  (750oF 
temper)  below the threshold stress   intensity factor for stress corrosion 
cracking,  K|scc,  compared more favorably with the value for hydrogen adsorp- 
tion onto a clean  iron surface than for hydrogen diffusion through a steel 
lattice.    However,  the values obtained in this study  indicated that the rate 
controlling factor was probably not associated with such  idealistic processes. 
The crack growth rates for 4340  (750oF temper)   increased with loading time  in 
tension and the trend of the data   Indicated a possible maximum at  lower fre- 
quencies than  those  included  in this  investigation. 

f    . 
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INTRODUCTION 

The performance of high strength steel  components subjected to cyclic 
loading has been observed  to be seriously impaired when exposed  to an aqueous 
environment  (1,2).    This effect   is called corrosion  fatigue and can be 
characterized  in terms of two approaches,  the numbers of stress or strain 
cycles   to produce failure,  Nf,  or the  rate of fatigue crack growth,  da/dn, 
under given   loading conditions.     Studies of corrosion  fatigue have been re- 
ported as early as   1917  (3),  and utilized primarily the first of  the two 
approaches.    More recently,  however,   the emphasis has been shifted  to con- 
siderations of fatigue crack growth.     Two factors are  responsible  for this 
change   (M.    First,  current structural  design procedures utilize  fail-safe 
concepts   that assume  the presence or early  initiation of cracks   in  the 
structures,  and therefore necessitate considerations of crack growth.    Second, 
because of the  inability  to clearly separate crack  initiation from crack 
growth,  Nf data have failed to provide  information  that   is useful   either for 
quantitative design or for understanding the mechanisms  for corrosion 
fatigue   CO. 

Corrosion fatigue may be broadly characterized  in  terms of  three 
general   patterns of behavior as  illustrated  in Figure  I   (5).     For  this 
figure,   Kmax, AK,  K|c and K|scc  refer to the maximum stress   intensity  in 
a given  fatigue cycle,  the cyclic stress  intensity factor range,   the plane- 
strain  fracture toughness,   the "thin  section" fracture toughness  and the 
stress   intensity below which failure does not occur under static   load as a 
result of stress corrosion cracking,   respectively.    The  lower portion of the 
curves  correspond to some apparent  limiting stress-intensity  level   for crack 
growth,   KTHRESHOLD»  and appears  to be  related to the metallurgical   structure 
(6-9)  while the upper portion,  near K|c or Kc, corresponds  to the onset of 
unstable crack growth. 

The three fatigue behavior patterns may be discussed  in  terms of 
K|scc.     At one extreme, Type A behavior represents  those steel-environment 
systems where K|scc approaches  K|c or Kc, and the environmental  effects 
result  from the synergistic actions of fatigue and corrosion  (5,10).    The 
environmental effect   is characterized by a reduction of "KTHRESHOLD" for 
crack growth from a to b and by  increased crack growth  rates at given Kmax 

or AK levels compared to that obtained  in an  Inert environment.    As ^ax 

approaches K|c or Kc,   the environmental   influences are diminished as a re- 
sult of either the rate  limiting nature of the hydrogen  transport processes 
or other mechanical-chemical   interactions  (4). 

At  the other extreme.  Type B  fatigue behavior represents  those 
systems with K\scc substantially  less  than K|c or Kc  (5,10).    The environ- 
mental  effects  in fatigue are quite strong above K|SC(- and are negligible 
below this  level.    A broad range of stee 1-environment(and other alloy- 
environment)  systems exhibit Type C behaviors  that  fall   between  these two 
extremes, with Type A behavior at Kmax  levels below K|scc and Type B 
behavior above K|scc.    The overall  behavior of any particular system depends 
on the complex interactions between environmental, metallurgical   and 
mechanical   loading variables.     Crack growth response can thus differ and 
provide   Insight  into the possible mechanisms for environment-enhanced fatigue 
crack growth. 

—■— 
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The combined role of corrosion and fatigue  in nucleating cracks and  in 
producing accelerated growth below K|scc has only  received very   limited study, 
and only a general mechanism to explain  the effects  is available  (12).    Barsom 
has  found  that cycling below K|scc  in a stress corrosive environment causes 
crack growth acceleration that  is dependent on the loading  time   in tension; 
hence,   the  type of  loading wave form and not on the total   time at maximum 
load   (12).     His  results  for  12Ni-5Cr-3Mo steel showed  that wave  forms  that 
have a slow rise time  (such as sine waves)  produced an appreciable environ- 
mental  effect, while waveforms with fast  rise-times  (such as square waves) 
produced  little or no environment enhancement of crack growth.  Figure 2A.    For 
this material   the environment merely displaced the curve while keeping  the same 
functional   dependence on AK.     Results obtained by Gallagher on HY80 steel   (13) 
and Crooker and Lange on a number of steels  (I),  however,  differ from Barsom's 
with  respect to the constant  ratio of corrosion fatigue to air fatigue crack 
growth rate.  Figure 2B  (1).     Since fatigue crack propagation  laws usually  in- 
volve a power law relationship of AK,   it   is generally believed  that  this  term 
is  the most significant variable governing fatigue crack growth.    Since Barsom's 
data show that the curves for crack growth in an  inert and corrosive environ- 
ment  remain parallel,  the environment-metal   reaction  is at   least as  important 
to crack growth as AK.    When  the curves  converge,  however,   the effect of en- 
vironment  becomes diminished,  and fatigue crack growth becomes a  function 
primarily of AK. 

■ . 

Frequency  is another  important   loading variable which can have a signi- 
ficant effect on corrosion fatigue crack growth below K|SCC.    Recent experi- 
mental   results suggest that some synerglstic effect of corrosion and fatigue 
may be present, and that the effect may  be  influenced by both frequency and by 
the waveform of the applied  load  (I'f.lS).    Corrosion fatigue crack growth ex- 
hibits a maximum at some  intermediate frequency depending on the steel-envlron- 
ment  system,  and approaches  the growth  rate  in an  inert environment at high 
frequencies and, presumably,  at very low frequencies   (lA).    The observed 
frequency dependence suggests a complex  interplay  involving the  rata of pro- 
duction of fresh surfaces by fatigue,   the kinetics of absorption,  the rate of 
repassivat ion, and the rate of transport.    Further fundamental   studies are 
needed  for a better understanding of frequency and waveform effects. 

The purpose of the present study was to develop a model   for explaining 
environmentally accelerated  fatigue crack growth below K|scc   in  high strength 
steels.    The experimental   results were analyzed to provide an  indication of 
the  factors controlling corrosion fatigue and to determine whether power law 
relationships could accurately predict corrosion  fatigue kinetics below K|scc. 
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EXPERIMENTAL  PROCEDURE 

Commercial  heats of 5/8" thick air melted SAE-AISi   WO and D6AC steels 
with  the following compositions were used  for the study: 

Table  I 

Composition of jt^ftO and D6AC Steels   (w/o) 

Alloy Source 
and 

heat No. 

WO 
Allen-Fry 
Heat  6790388 

D6AC 
American Alloy 
Metals 
Heat 3962772 

C  Si   Mn  Cr 

.39 .30 .76 .7k 

Mo   Ni 

.23  1.77 

P    S 

.010 .015 

Cu Fe 

iiB .26 .79 1.05 .98  .63  .008 .005 

11  Balance 

Balance .10 

All tests were conducted on precracked compact K|c plate specimens 0.450" thick. 
The specimens were heat treated prior to finish machining according to the fol- 
lowing sequences: 

^3^0 Heat Treatment 

1.  Normalize 15 minutes, salt bath at I7000F, air cool. 

Austenitize 30 minutes, salt bath at I5500F, oil quench. 

Temper in air, 1 hour plus I hour at 750oF or '»50oF, air cool. 

D6AC Heat Treatment 

2. 

3. 

I. 

2. 

3. 

Normalize 15 minutes, salt bath at I7000F, air cool. 

Austenitize 20 minutes, salt bath at I5000F, oil quench. 

Temper in air, I hour plus I hour at 850oF. 

Duplicate room temperature tensile tests were conducted on material receiving 
these heat treatments and the average of the results are listed in lable II. 
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43'«0-750oF 
Temper 

WO-WF 
Temper D6AC 

225.1 286.0 239.7 

211.i» 233.6 223.8 

\2.k 11.5 9.8 

kl.k ^7.8 35.4 

hl.l W.k 47.8 

Table   II 

Room Temperature Mechanical   Properties of 4340 and D6AC Steels 

Ultimate Tensile Strength   (ksi) 

0.2% Offset Yield Strength   (ksi) 

% Elongation 

% Reduction Area 

RockwelI   C Hardness 

In order  to determine K|scc  for   these  various materials,   sustained   load 
delayed  failure  tests were conducted on  self-leveling  lever-loaded Satec creep 
rupture machines   in distilled water at  320F,   room temperature and 2120F for 
4340 -  750oF temper and  room temperature  for 4340 - 450oF temper and D6AC. 

Load control  corrosion  fatigue  tests were performed on an   Instron 
tensile  testing machine using various AK  levels depending on  the alloy and 
heat  treatment, and at frequencies of 2.4 and 24 cpm.    The cyclic  loading mode 
was  tension-tension below K|scc.     Crack growth kinetics were determined with a 
cantilever beam clip gauge designed  for  these single-edge notch specimens.     The 
compliance was measured by strain gauges  attached to the upper and   lower  faces 
of the gauge beam with the strain bridge output being fed   into a Datronic 
amplifier and  then   into a Moseley single  pen  recorder.     Crack growth characteri- 
stics were measured by recording changes   in  the specimen compliance  for  test 
conditions   involving an  inert atmosphere of dehumidified argon at  room tempera- 
ture and  distilled water at  320F,   room temperature and 2I20F.     The dehumidilMed 
argon  atmosphere was obtained by passing  the   inert gas  through a column of 
magnesium perchlorate before entering  the sealed plexigalss environmental   test 
chamber.     Barsom   (12)   has observed  that environmental  effects   in corrosion 
fatigue near or below K|scc do not occur during th? constant-load portion of 
each   load  excursion.    Therefore,  a  varying  load-time profile was  established 
for  this   study. 
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RESULTS AND DISCUSSION 

I. Frequency and Temperature Effects 

i 

The  frequency and temperature effects were studied by tension-tension 
fatigue  tests  conducted under  load controlled conditions  in distilled water 
at  320F,   room temperature and 2I20F utilizing WO   in the 750oF temper condi- 
tion.    The fatigue crack growth kinetics as a function of AK are shown  in 
Figures  3-5.     The bar across each curve   indicates where K^x exceeded K|SCC. 
as  the crack grew  Into the specimen.     Because of  the geometry of  the compact 
K|c plate specimens  used  In  this study,  K at  the crack tip  increases as  the 
crack travels  and hence,  after a period of  time K        went above K|scc. 

The damaging effect of  room temperature distilled water on  fatigue 
crock growth  rate   Is dramatically shown   in  Figure  A, which  includes  test   re- 
sults  for 43^0 steel   (750oF temper)  tested   in  room temperature dehumidified 
argon.     Considering  the argon  to be an   inert  nonaggressive reference environ- 
ment,   the deliterlous effect of the water on  fatigue crack growth behavior can 
be readily seen by the fact that growth rates below K(scc are approximately 
two orders of magnitude higher  in water and  approximately one order of magni- 
tude higher at  loads above K|scc 

Frequency of applied  load and environment   temperature had a consider- 
able effect upor, the  interaction between the fatigue and environmental  pro- 
cesses.     For all   three temperatures, as  frequency decreased the fatigue crack 
growth  rate   increased  in magnitude  indicating that  the time-dependent action 
of the corrosive environment had more  influence than the cycle dependent 
fatigue damage alone.    A number of  Investigators have observed this frequency 
effect  in various steels tected  in a variety of environments  C*,^, 16,17,18) 
at  loads both above and below K|scc.    These  results have been explained  in 
terms of Troiano's hydrogen embrittlement  theory  (19) which requires a critical 
combination of triaxial  stress and hydrocen concentration in the region of 
maximum stress  triaxial ity.    At lower fr'-quencies more time per cycle is 
available ^or the hydrogen to diffuse to the  region of maximum stress  tri- 
axial ity and hence to enhance the crack growth process.    It is suggested that 
the same explanation   is applicable   In  the present  study  Involving  low alloy 
martensitic ^3^0 steel  tested  in a distilled water environment at  initial 
loads below K|scc- 

Comparison of Figures 3-5 also  indicates that the severity of environ- 
mental  embrittlement  in this high strength steel was also quite temperature 
deoendent,  particularly for loads below K|scc.    This effect was greatest for 
the lower test  frequency, 2.4 cpm.    As  test  temperature  Increased from 320F to 
2I20F,   the crack growth rate below K(SCC  increased by approximately one and 
one half orders of magnitude.    At the 2k cpm test frequency,  the effect below 
«Iscc was slightly less, with the crack growth rate  increasing approximately 
one order of magnitude for the same temperature range.    While the detailed 
mechanism for this  temperature-frequency enhanced environmental  failure  is not 
completely understood,   it  Is suggested that  temperature Increases the reaction 
rates for the various processes associated with failure,   Including the hydrogen 
generating metal-environment reaction,  the transfer processes enabling hydrogen 
to enter the specimen and finally the stress   Induced  lattice diffusion of 
hydrogen to the front of the crack tip.    Both of these frequency and temperature 
effects were observed  in a previous study of '♦3'»0 steel  tested under load condi- 
tions entirely above K|scc  (16). 
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2. Tempering Temperature and Composition Effects 

Tempering temperature and composition effects were studied by fatigue 
tests at 2'» cpm with   initial  K below Kiscc  in room temperature distilled water 
and dehumidified argon utilizing ^O (750°F and kSO"? temper)  and D6AC.    The 
fatigue crack growth kinetics as a function of &K are shown in Figure 6.     In 
the  inert atmosphere,   there appeared to be  little difference In fatigue be- 
havior between  the three materials, at  least until   high values of AK were 
reached.    This would   indicate that  fatigue crack growth was primarily a func- 
tion of AK,  and not of either tempering temperature or composition. 

There was,  however, an appreciable environmental  effect which extended 
from the  rogion below Kjscc into the  region above K|SgC which   indicated  that 
k'ikO  in the i»50oF temper was most susceptible while DoAC was the least sus- 
ceptible to environmental embrittlement.    The effect of tempering temperature 
has been attributed  to the influence of yield strength on a material's basic 
ability to  resist hydrogen embrittlement   (17).     Rowland has observed that  the 
sharpness of a crack tip decreases as the yield strength of a material   de- 
creases due to the  increase in  the amount of plastic deformation caused by the 
lack of a plane strain situation  (17).     As shown by Troiano,  the point of 
maximum stress  triaxiality and hence,  the origin of cracks in hydrogen embrit- 
tled material,   is closer to the base of a sharp notch or crack than  in the 
case of a  blunt crack  (19).    Thus,   the  lower  the yield strength of  the material, 
the further away from the crack tip is the point of maximum stress  triaxiality. 
This means  that the hydrogen must diffuse further  in the low than  in the high 
yield strength material  to reach the critical   region of maximum stress  tri- 
axiality.     In addition,  the lower yield strength material  has an  inherent 
toughness of  its own  due to its ability to plastically deform.    Hence,   the 
observed decrease in  the severity of room temperature environmental  embrittle- 
ment  in the 750oF temper k^O material   (211.'» ksi  yield strength)  compared  to 
the i»50oF temper WO material   (233.6 ksi  yield strength). 

Using  the yield strength criterion discussed previously,  the corrosion 
fatigue characteristics of D6AC  (223.8 ksi   yield strength) should have fallen 
roughly  in between those of the two hlkO temper conditions.    However,  the D6AC 
was more resistant than the ^3^0,   indicating the significance of composition. 
These results confirm the importance of higher Mo  (20) and Cr  (20,21)  for 
enhanced  resistance  to environmental embrittlement   in D6AC as well  as other 
high strength  steels. 

3. Predictability of Experimental  Results 

For loading below K|scc, a number of observers have suggested the power 
law relationship first developed by Paris (22) for sinusoidal loading in an air 
envi ronment, 

da/dn s A (&K)n 

where a » crack length.   Inches 

n ■ number of cycles 

AK s stress  intensity factor range,  ksi   /in. 

A and n are Constants for a given material 
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The exponent n can be evaluated from the slope of the log-log plot of test data. 
Both ParlSi testing in air, and Barsom (12), testing in salt water, found n to 
be invariant for test data gathered from a wide variety of materials. Paris' 
value for n was 4 while Barsom's value was 2.25. For these results the environ- 
ment only influenced the constant A and therefore merely displaced the curve 
while keeping the same functional dependence on AK. Other investigators have 
found, however, that n is not an invariant interger for the environment-material 
systems studied, but rather, is inversely related to the fracture toughneis of 
the material (1,I7»23). Hence, it was suggested that any attempts to describe 
the crack growth behavior of a wide variety of material" with an invariant 
power law should be subjected to careful scrutiny. 

As shown in the log-log plots of Figure 6 for WO (750oF and kSOT  temper) 
and D6AC steels tested in room temperature distilled water and dehumidified argon 
at 2k  cpm, the portions of the curves below K|scc do follow a power law relation- 
ship.  In the inert dehumidified argon atmosphere an approximate slope (n value) 
of 4.19 was obtained for all three materials and the crack growth rates were quite 
similar.  In the distilled water environment the crack growth rates were different 
for each material but also followed a power law relationship below K|s . The 
s'opes, however, were not invariant, ranging from 1.08 for 06AC to 0.9 for 4340 
in the 450oF temper to 0.391 for 4340 in the 750oF  temper. This indicated that 
as AK increased, the curves below K|scc for each material tested in water ap- 
proached those for material tested in the inert environment. Thus, as AK in- 
creased the environmental contribution towards fatigue crack propagation diminished 
slightly but remained the predominant factor, however, because the crack growth 
curves in water never met the corresponding curves in the inert atmosphere. 

Comparison of these results with other data for different steel-environment 
systems (1,17,23) revealed that the slopes in the present study were smaller. This 
suggested that the 4340 and D6AC steel-distilled water system was characterised by 
environmental contributions to fatigue crack growth which diminished more rapidly 
with increases in AK than in the other, more aggressive environments.  In addition 
to this, the fact that the slopes were not invariant agreed with the results of 
Crocker and Lang (I), Rowlands (17), Gallagher (13) and Miller (23), as opposed 
to the results of Barsom (12) and Paris (22) in which the slopes were invariant 
and the environmental contribution remained constant with increasing AK. 

Both tempering temperature and composition hao an effect upon the slopes 
of these curves.  For the 4340 steel, n decreased with the yield strength indicat- 
ing that the envilonmental contribution to crack growth diminished more rapidly 
with the lower yield strength material. As is also evident from Fiqure 6 the 
environmental embrittlement was less severe in the lower yield strength 4340. 
Both the embrittlement behavior and change in n with respect to yield strength 
have also been observed in other steel-environment systems (17). Of the three 
materials D6AC exhibited the highest n value, I.08. Thus, although characterized 
by increased resistance to environmental embrittlement, I ^C also exhibited a 
lesser tendency for this embrittlemtnt to diminish with an inctease in AK. 

tt '. 

4. Corrosion Fatigue Cracking Activation Energy 

The activation energy for corrosion fatigue crack growth rate was deter- 
mined by plotting the logarithm of the growth  rate a:  a function of the  reciprocal 
of the absolute  temperature.    The results for crack growth  rates at 24 cpm, 
obtained from Figures 3-5 are shown  in Figure 7 for AK ■  13 ksi  /in.   (below 
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Kjscc)   and AK = 20 ksi   /in.   (above K|scc).     For comparative purposes  the 5200 
cal/mole which corresponds  to the activation energy for hydrogen adsorption 
onto a clean  iron surface (2k) and the 9000 cal/mole which corresponds  to the 
activation energy for hydrogen diffusion through a  lattice (25.26,28)  are also 
presented   in  the figure.    Activation energy,  Q,   is obtained from the slopes of 
these plots.     Results  for crack growth below K|scc   (Q = 3710 cal/mole)  and  for 
growth above K|scc   (Q ■ 3000 cal/mole) were closer to the 5200 cal/mole value 
for surface adsorption of hydrogen  than  for hydrogen  diffusion.    While this 
ruled out   lattice diffusion as  the possible  rate controlling factor,   it also 
indicated that surface hydrogen adsorption was too simplistic a mechanism. 
The actual  mechanism is more  likely a complex surface process consisting of 
the hydrogen generating metal-environment  reaction,   the alternate formation 
and penetration of  protective surface films and the  transfer processes enabling 
hydrogen  to enter the material   (molecular physisorption and dissociation,  atom 
surface migration and chemisorption and atom solution). 

5. Influence of Loading Time on Corrosion Fatigue Below K|scc 

For environment-enhanced fatigue crack growth below K|scc,  a number of 
investigators  have  shown that wave  form can have a significant and unusual   ef- 
fect  (12,15).    These  results showed that waveforms  that have a slow  load  rise 
time  (such as sine waves)  produced full  environmental  effect, while waveforms 
with fast   load  rise-times produced  little or no environmental  enhancement of 
crack growth.    The  rate of environment-enhanced fatigue crack growth exhibited 
a maximum at some   intermediate frequency depending on  the steel-environment 
system,  and approached the growth  rate at high frequencies and,  presumably,  at 
very  low  frequencies   (14).    These data  indicated that  the time during which  the 
tensile   load   increases controls  the crack growth acceleration, with  the greater 
time yielding the greatest degree of embrittlement.     However,   the  increase  in 
crack growth  rate with increased  time  in  the tensile   loading cycle cannot con- 
tinuously   increase  since very  long   loading  timej approach static  loading where 
no environment effect exists. 

K 

In order to determine the effect of   loading  time in  tension on cyclic 
crack growth  rate below K|scc,   tension-tension fatigue tests at  three  fre- 
quencies   in  room temperature distilled water were conducted utilizing k'ikO 
steel   in  the 750oF temper condition.    The crack growth rates have been plotted 
for  these  tests as  a function of AK  in  Figure k.    These crack growth data are 
replotted   in  Figure 8 as a function of  loading time   In tension for AK at   13 ksi 
/in.   (below K|scc).     Although a maximum was not obtained in the curve,   the fact 
that  the slope steadily decreases   indicates  that the plot may go through a 
maximum beyond 20 seconds/cycle  loading  time  in tension, or a frequency of  1.5 
cpm.    The trend of  the present data on  low alloy martensitic klkO steel  compares 
favorably with the frequency effects observed in  12Mi-5Cr-3Mo maraging steel   (12), 
HY-80 steel   (13)   and R(i-360A steel   (15).    Wei   suggests that  the observed  fre- 
quency dependence below K|scc  implies a complex  interplay  involving  the  rate of 
production of fresh surfaces by fatigue,   the kinetics of hydrogen adsorption, 
the rate of  repassi vation and the  rate of hydrogen  transport  (k).     Further funda- 
mental   studies are needed to separate and analyze the  importance of  these process 
rates  for better understanding of  these  frequency effects. 
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SUMMARY 

sec' 

Experiments were conducted  to study the corrosion fatigue of high 
strength Al SI  k}kO and D6AC  steels below K| in a distilled water 
environment.    The  investigation  included a study of the frequency,  environ 
ment  temperature,  tempering  temperature and composition effects as well as 
the predictability of crack growth rates by power  law relationships,  crack 
growth activation energies and the effect of  loading  time   in tension on 
crack growth rates.     In order to evaluate these characteristics below K| 
sustained load tests were conducted   in a distil'ed water  environment  to 
determine K|scc and were combined with fatigue tests with   initial   loading 
below K|scc. 

Comparison of the crack growth kinetics for environmentally acceler- 
ated fatigue with those for fatigue  in the  inert dehumidified argon atmosphere 
illustrated  the degrading   influence of the aqueous environment.    The effect 
became more pronounced as frequency decreased and  temperature  increased.    At 
any given frequency the corrosion fatigue crack growth rates were at least 
one order of magnitude greater than the cycle dependent argon fatigue crack 
growth rates,   indicating  tnat  the  kinetics were controlled  primarily by 
environmental  attack.    At  lower frequencies more time per cycle was available 
for  the hydrogen to diffuse to the region of maximum stress triaxiallty and 
hence to enhance the crack yrowth process.    Temperature  increased  the reaction 
rates for  the various processes associated with failure,   including  the 
hydrogen generating metal-environment reaction,  the transfer processes 
enabling hydrogen to enter the specimen and finally the stress  induced 
lattice diffusion of  hydrogen to the front of  the crack tip. 

Tempering  temperature and composition, while not affecting the fatigue 
properties of k^kO and D6AC   in the  inert argon environment,  had a considerable 
effect on the embrlttlement characteristics  in distilled water.    klkO steel 
in  the '♦50oF temper condition was most susceptible while DbAC was the least 
susceptible.    This was explained  in   terms of  the higher yield strength of the 
't50cF temper '♦3'tO steel   and  the higher Mo and Cr content of the D6AC steel. 

Both the ^O and  D6AC steels exhibited crack growth behavior below 
K|scc which followed a power  law of   the form da/dn - AAKn.    The slopes of the 
lines,  however, were not  invariant   in distilled water,  but decreased compared 
to  the slope for those materials tested in argon.    This  indicated that as AK 
increased,  the environmental  contribution towards fatigue crack propagation 
diminished.    These  results agreed with those observed  by Crooker and Lang   (1), 
Gallagher  (13),  and Miller   (23).     Both tempering  temperature and composition 
had an effect upon  the slopes of these curves.    For ^O,   the slope decreased 
with yield  strength   indicating that  the environmental   contribution  to crack 
growth diminished more rapidly with the lower yield  strength material .    Although 
characterized by  increased resistance to environmental  embrittlement,  D6AC was 
also characterized by a decreased  tendency for this embrittlement effect to 
diminish with an  increase  in AK. 

• 

The activation energy for corrosion fatigue crack growth rate above 
and below K|s     compared more favorably with the value for  hydrogen adsorption 
onto a clean  iron surface than for  hydrogen diffusion through a steel  lattice. 
However,  the values obtained  in this  study  indicated that  the rate controlling 
factor was probably not associated with such  idealistic  processes.    The corrosion 
fatigue crack growth rates for ^O steel   in  the 750oF temper condition increased 
with loading time  in tension and the trend of the data   Indicated  that a maximum 
point may be reached at  lower frequencies than those  included  in this  investigation. 
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b. Comparative plots of fatigue crack growth rates for D6AC, 
AISI klkO.  HPS-k-.kS,  and 18% Marage (250) steels (1). 

Figure 2. Anomalous Corrosion Fatigue Crack Growth Behavior Below K. 
sec 
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Figure 3. Fatigue Crack Growth Rate for WO  Steel, 750oF Temper, Tested 
in Distilled Water at 320F and Two Fraquencies. 
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Figure 5.     Fatigue Crack Growth Rate for WO Steel. 750oF Temper, Tested 
in Distilled Water at 2120F and Two Frequencies. 
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Figure 6.     Fatigue Crack Growth Rate for klkO Steel,  750oF and kSO'F Temper, 
and D6AC Steel  Tested  in Room Tempfature Distilled Water and 
Dehumified Argon at  2^ cpm.    The n Values are the Slopes of  the 
Straight Line Portion of  the Curves. 
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for Hydiogen Adsorption onto a Clean Iron Surface (5200 cal/mole) 
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Figure 8.     Increase   in Cyclic Crack Growth Rate as a Function of 
Loading Time   in Tension  Below  K|scc  for  ^O Steel, 
750°F Temper,  Tested   in  Room Temperature Distilled Water. 
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The trends of advanced performance aerospace systems toward high tempera- 
ture operation have led to the development of both metals and fluid lubricant mater- 
ials over the past decade that are capable of withstanding stringent thermal and oxi- 
dative stresses without undergoing appreciable degradation.    However,  in the gas 
turbine engine oil area high thermal and oxidative stability must also be accompanied 
by other specific attributes such as metal compatibility,  lubricity, anH reasonable 
Theological properties at low temperatures.    This has presented a problem,   for 
example,  in the case of the polyphenyl ethers typified by the 5P4E structure.    They 
have outstanding oxidative and thermal stability but are unfortunately accompanied 
by poor low temperature flow characteristics and poor lubricating capability (without 
additives)  which fall short of meeting gas turbine engine oil needs.    Currently used 
silicones have excellent rheological properties,   fairly good lubricating capabilities, 
but were found to be lacking in moderately high (4280F to 4650F)  temperature oxi- 
dative environment.    Another class of fluids that appeared to provide most of the 
above-mentioned properties consisted of a series of polymeric perfluorinated polyether 
Quids that also provided chemical inertness,  complete nonflammability,  and non- 
sludging or lacquer formation tendencies.    The first of these known as the "Krytox" 
oils was produced by duPont with varying molecular weight ranges and was recommended 
for use in applications such as high temperature hydraulic fluids and gas turbine engine 
oils.    Their fluid range was not fully acceptable because of a sacrifice of proper 
fluidity at -20oF to maintain reasonable viscosity above 1.0 centistoke at 500oF and 
sufficient volatility at 400   F.    It was also demonstrated by former workers in this 
laboratory that these fluids could be inhibited with additives (solubility sometimes 
difficult)   to increase their useful range at high temperatures by approximately 100oF. 
A similar fluid was also commercially produced by another manufacturer at a later 
date.    This technology was further extended by duPont by synthesizing the perfluoro- 
aklylpolyether with one or more triazine structures included.     The fluids described 
above were evaluated with metals of interest under oxidation corrosion conditions from 
500oF up to 700oF. 

In the metals area the Metals and Processing Branch of the Metals and Ceram- 
ics Division,  Air Force Materials Laboratory,   efforts were directed toward develop- 
ing bearing materials with superior elevated temperature properties over 90ÜoF. 
One of the most commonly used bearing steels,   52100,   could no longer be considered 
in this high temperature regime (1000oF)  because of a rapid loss of hardness and 
dimensional stability.    Hot worked die steels and high speed tool steels met the 
requirements for aircraft bearings with only varying degrees of success.    As a 
result of the work carried out by Crucible Steel under AFML contract, a prototype 
high temperature alloy designated WB-49 was developed for aircraft bearing 
application over 900oF,    This technology was extended to incorporate corrosion 
resistance to the already attained high initial hardness,  adequate temper resistance 
(in the range of 600oF and 900oF) , and good dimensional stability of the alloy.    This 
composition designated as WD-65 was recommended for use as a corrosion resistant 
bearing steel for 500 hours of operation at temperatures up to 900

OT
^. 

Since the perfluorinated fluids had been shown to have outstanding thermal and 
chemical stability at high temperature,  their interaction with high temperature 
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metals that they might encounter was of immediate interest.    Several concurrent 
studies were carried out when the fluids were first introduced with emphasis on 
oxidation stability and metal corrosion tendency.    One of these was performed by 
duPont in a semi micro oxidation-corrosion test rig.    This study showed that the 
perfluoroalkylpolyether fluid, then identified as PR- 143 could be used without 
deleterious effects up to 550 F on most 400 series stainless steels, a high speed 
tool steel and the bearing steels sach as M-l,   M-50,   52100 and WB-49.    It was also 
noted that above 600oF,   several of the frequently used titanium alloys caused severe 
degradation to the PR-143 fluid even in the absence of oxygen.   An unexpected 
improve-nent up to 650oF in corrosion behavior of the bearing steels M-l,  M-50, 
and WB-49 was observed when these materials were hardened and configursd for 
use in ball bearing hardware instead of the washer shaped metal specimens normally 
used in current oxidation-corrosion testing. 

Laboratory investigations conducted by this laboratory on the perfluoroalkyl- 
polyether fluid utilizing slightly different oxidizing conditions showed a considerable 
corrosive effect on most ferrous metals and certain titanium alloys at 550 F and 
above.    Included in these ferrous alloys were M-l,   M-10,   5Z100,  and 440 C th.^t 
were included in the previously described program, 

A more recent evaluation of the interaction between M-50 and WD-65 aircraft 
bearing steels and perfluoroalkylpolyether gas turbine engine oil grade,  by this time 
identified as Krytox 143 AC, was performed by the Air Force Aero Propulsion Lab- 
oratory.    The conditions were again of the oxidation-corrosion variety conducted in 
accord with the Coordinating Research Council (CRC)  procedure L-53-368 at 6440F for 
48 hours.    This test method was the forerunner of the current Method 5307 for Federal 
Test Method Standard 791b used to evaluate the oxidation stability of candidate gas 
turbine engine oils directed toward the requirements of specification MIL-L-27502. 
Both metals suffered excessive corrosion by our current standards with the M-50 
appearing worse than the WD-65 with the naked eye and under the microscope.    The 
M-50 showed a coated,   very rough and pitted surface while the WD-65 was only coated 
and not as rough (Table I) .    Based on previous experience within this laboratory and 
that of outside workers reviewed herein,  these results could be expected at the test 
temperature that was selected.    Ho-vever,   since these high temperature alloys were 
considered to be the aircraft bearing steels of the future and similarly the 
perfluorinated fluids were considered to be the future high temperature class of 
lubricants,   the question arose as to the mutual compatibility of these materials under 
severe projected use conditions.    In order to answer this compatibility question with a 
relative degree of ceitainty, a study was conceived utilizing the micro oxidation- 
corrosion test.     This method, whi>_h has previously been used in high temperature 
fluid studies,   incorporates the severity and repeatability necessary to reliably project 
the interaction of both metals and perfluorinated fluids at high temperatures.    The data 
accumulated in this study are reported herein. 
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TABLE I 

TEST RESULTS FROM A REFLUX OXIDATION-CORROSION TEST 

48 HOURS @6440F 

PROCEDURE: CRC DESIGNATION L-53-368 (FTMS791b,   METHOD 5309) 

METAL SPECIMEN DATA: DESCRIPTION: 

Weight Change 
mg/cm^ 

WD-65 
Before cleaning +0.96 Dark brown and black coating 
After electrocleaning -1.54 Rough 

M-50: 
Before cleaning +1.42 Dark brown and black coating 
After electrocleaning -0.72 Very rough and pitted 

NOTE:     Prefect appearance both specimens: 
Bright,   shiny and polished finish 
Approx: 5/i in.   rms 

Oxidation-corrosion (o-c)   studies were performed under two basic conditions 
with the perfluorinated fluids identified below: 

Sample Identity Fluid Identity 

MLO-73-20 Perfluoroalkylpolyether,   from manufacturer Nr 1 
MLO-73-21 Inhibited perfluoroalkylpolyether 
MLO-73-22 Perfluoroalkylpolyether (HFPO)   triazine 
MLO-73-23 Perfluoroalkylpolyether,  from manufacturer Nr 2 

These fluids were furnished as laboratory samples from interested suppliers and 
are not necessarily typical of fluids that would be supplied on a full scale production. 
The assumption is made that refinements and improvements on the finished product 
would be incorporated in scaling up from the laboratory bench to larger scale manu- 
facturing. 

All investigations were made in micro scale apparatus.    When dissimilar metal 
specimens were employed,  the glassware configuration contained a condenser for 
refluxing fluid vapors.    When ferrous metals were tested,  the condenser was replaced 
with a side arm adapcer in an "overboard" configuration which allowed for collecting 
and measurement of condensed fluid vapors.    All metal specimens were separated by 
glass spacers as illustrated in Figure 1. 
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The metal specimens were selected from combinations previously evaluated 
in perfluoroalkylpolyether fluid (their compositions where possible are covered by 
federal,  military, or industrial specifications as listed on Table II).    The term 

TABLE II 

METAL TEST SPECIMEN IDENTITIES 

Test Specimen Identity 

Titanium,  6 A1-4V 

Aluminum,  2024 

Tool Steel,  M-10 

Silver 

301 Corrosion Resistant 

4140 Steel Alloy 

52100 

410 

M-50,  Tool Steel 

440C 

Specification 

Dissimilar 

MIL-T-9046,  titanium and titanium 
alloy sheet,   strip and plate, type III, 
composition C 

QQ-A-250/4,  aluminum alloy 2024, 
plate and sheet 

AiSI,   Type M-10,  machined from 
bar 

MIL-S-13282,  electrolytic,  99.9, 
Grade A 

MIL-S-5059,   Type 301, Half Hard 

i errous 

Steel alloy,  grade 4140 machined 
from annealed bar 

MIL-S-7430B,  Grade E, from 
annealed strip 

Stainless steel.   Type 410 from 
annealed sheet 

AMS 6490A,  Grade M-BO from 
annealed sheet 

QQ-S-763,  Type 440-C machined 
from annealed bar 

"dissimilar" metals refers to a specific metal combination that includes two ferrous 
metals.    The washer type specimens of WD-65 alloy were furnished for this evalua- 
tion by the Metals and Processing Branch (LLM) of the Metals and Ceramics Divi- 
sion of AFML.    Thev are identified below: 
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Identity 

WD-65 

WD-65-53 

Source 

Colt Industries,  Crucible Inc.,   - fully hardened 
at heat treatment to Rockwell C "65. 5" 

Federal Mogul - did not fully harden at heat 
treatment - Rockwell C "53" 

Washer-shaped specimens of the material from both sources were heat treated as 
follows: 

Preheat at 1550oF/5 min. 

Austenitize at ZIPO'F/Z min; quench into salt at 1000/5 min; air cool to 
room temperature 

Refrigerate at -100°F/30 min. 

Triple temper at, 1000 •F/Z hr.  with refrigeration step (-100oF/30 min) 
between each tempering step. 

The final hardnesses were Rockwell "C" 65.5 for the Colt Industries,  Crucible 
Inc.,  material and Rockwell "C" 53 for the Federal Mogul material.    The reasons 
for the Federal Mogul material not responding to the above heat treatment cycle have 
not been explored. 

The WD-65 and WD-65-53 specimens were investigated alone in each fluid and 
inserted into each combination of dissimilar and ferrous metals,   first to determine 
single metal activity and second to determine the degree of interaction of both WD- 
65's with the metal combinations normally used in oxidation-corrosion studies and 
the fluids in question. 

The failure criteria chosen for this study were essentially the same as those 
used in previous perfluoroalkylpolyether fluid studies.    Attack on the metal speci- 
mens (either weight gain by deposition or weight loss by corrosion) was considered 
excessive if the observed change was greater than 0,2 milligrams per square centi- 
metex- of specimen area over the original weight.    Fluid deterioration criteria were 
derived from the limits set for long-term gas turbine engine oil goals as shown 
below: 

Total acid number 4,0 max 
Viscosity change @ lOCF, % ±25,0 max 

No oxidation-corrosion test was carried beyond TOO'F since this is be/ond the pro- 
jected limit for the perfluoroalkylether fluids due to viscosity and volatility charac- 
teristics. 

Oxidation-corrosion data obtained with the perfluoroalkylpolyether,   MLO-73- 
20,  and the various metals are summarized on Table III.    The reactivity of WD-65-53 
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by itself was nil until 650"F was reached.   At this temperature attacks on all the 
specimens were excessive with deposition ranging from heavy biack to a heavy 
multi-colored (peacock) appearance.    Degradation of the fluid was minimal at all 
temperatures,  which was the rule rather than the exception with other fluids.    Fluid 
condition,  therefore,  will be considered within the prescribed limits unless other- 
wise stated throughout the remainder of this report.    The WD-65 by itself demon- 
strated erratic behavior at 550oF Lat through BVS'F and bOO'F appeared nonreactive 
before it finally failed completely at 650*F (showing heavy black deposits).    This 
erratic behavior had been observed at the lower temperature by other investigators. 

The WD-65-53 with dissimilar metals in the MLO-73-20 fluid did not show 
corrosive attack at 500 "F.    Corrosion began to develop at 550 "F along with aluminum 
and titanium.   All dissimilar metals and WD-65-53 showed excessive corrosion at 
600*F with the WD-65-53 appearing with a tan tarnish and spotted.   A similar 
behavior pattern was observed with WD-65 and the dissimilar metals. 

In oxidation-corrosion characterization with  ' rrous metals,  each hardness 
level of WD-65 showed no corrosion at 500°F along with the othe-   alloys in MIL-73- 
20 fluid.    This trend of nonreactivity of WD-65ls continued to 600,F despite heavy 
corrosive attack on all other ferrous alloys.    It is apparent that none of the other 
ferrous metals' failures could be attributed to the presence of either hardness level 
of WD-65 in this charact3rization or in others involving the different types of fluids 
in this study. 

Oxidation-corrosion data with the perfluoroalkylpolyether base fluid formulated 
with a high temperature corrosion inhibitor additive C,  identified as MLO-73-21, 
appear" on Table IV.    Initial work was begun at a higher temperature level of 650',F 
with WD-65-53 and WD-65 alone to determine the inhibitor effectivity.   No metal 
attack was observed at bSO'F or TOO'F with the washers having a slightly stained 
appearance.    Fluid deterioration at 650"F only was indicated for both hardness 
levels by a gross viscosity loss. 

Dissimilar metals with WD-65-53 showed no reactivity with the inhibited fluid 
MLO-73-21 through 550"F and 600'F and slight reactivity at 700"F with aluminum 
and M-10,    This same trend occurred with WD-65 through 700''F where no reactivity 
was observed even at that top temperature.   All WD-65 specimens at the end of each 
test were slightly stained in appearance.    Fluid deterioration was excessive with the 
WD-65-53 at 550^ and 700oF as indicated by high viscosity and high volatility 
losses.    By comparison,  the WD-65 fluid deterioration at 550 0F and 700 "F although 
not excessive were an order of magnitude or two beyond normal expectations. 

Reactivity of the inhibited perfluoroalkylpolyether MLO-73-21 with WD-65-53 
and ferrous metals was mixed.   At 550,,F M-50 was excessively corroded and at 600, 
the 4140 showed attack.    Corrosion was excessive on all the ferrous metals at 700"F. 
With WD-65 the ferrous metal combination showed very little susceptibility to cor- 
rosion at 550 and 600'F.    However, at 700,F high corrosion was observed.    Inter- 
estingly through the above temperature range to 100'F, both hardness levels of WD- 
65 with both metal combinations were not attacked excessively by the inhibited fluid. 
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Oxidation-corrosion data on the perfluoroalkylpolyether (HFPO) triazine MIL- 
73-22 is summarized in Table V.    Each hardness level of WD-65 when immersed in 
the above fluid showed no attack at 650,F.    At TOO'F the WD-65-53 remains non- 
reactive while the ■WD-65 at 700'F gave incipient corrosion.    Both sets of specimens 
ranged from a light stain to spot deposits in appearance.    With dissimilar metals 
the WD-65-53 and WD-65 showed no corrosion through bOQ'T and up to 700oF with 
the neat fluid and a formulation using the same oxidation inhibitor (additive C) prev- 
iously used with the perfluoroalkylpolyether.   At 700•F the dissimilar metal combi- 
nation showed excessive corrosion of the titanium and M-10 in duplicate tests with 
the neat fluid and the inhibited fluid.    In addition, the silver showed excessive 
weight change in the inhibited fluid only.    Both WD-65,s were characterized by a 
golden stain. 

The study of the ferrous metal combination, WD-65ls and HFPO triazine also 
incorporated an additive effectivepess evaluation in addition to the neat fluid reac- 
tivity.    At 500,F all ferrous metals and WD-65ls were not corroded excessively 
with the neat fluid but at 600 "F most of the ferrous were attacked including M-50. 
Both WD-65I8 did not suffer excessive weight change.    The addition of additive C to 
the fluid eliminated the corrosion at 600 "F on the ferrous combination but was not 
effective at 650'>F.   At both of the above temperatures,  neither WD-65ls showed 
signs of corrosion.    The other additives M-4 and additive B were not as effective as 
additive C in their recommended concentrations in the HFPO triazine at 600'F. 

Oxidation-corrosion data with the perfluoroalkylpolyether fluid from manufac- 
turer Number 2,  MIL-73-23 appears on Table VI .    Due to insufficient sample, com- 
plete characterization of the fluid with all metal combinations and all temperatures 
of interest was not conducted.    Some inferences are made by relating the data 
obtained on this fluid to that obtained on the similar fluid produced by the other man- 
ufacturer. 

The reactivity of WD-65 by itself was minimal at 500,,F up to 600oF.    This 
same performance could be attributed to WD-65-53 at those temperatures by extend- 
ing the data accumulated on the perfluoroalkylpolyether of different manufacturer. 
Both hardness levels showed excessive attack at 650oF with a dark tarnish appear- 
ance.    Interpolated data in Figure 2 shows failure would occur in the neighborhood 
of 630oF. 

In combination with the dissimilar metals, both WD-65,s remained passive 
from 5000F to 600°F with only the silver specimen exceeding the acceptable corro- 
sion limits.    This same behavior of nonreactivity of WD-65,s was observed with the 
ferrous metal group at both of the above temperatures.    At 'OO'F,  however,  all the 
other ferrous metals showed excessive corrosion in the presence of WD-65-53. 
Again utilizing previous data obtained on the similar fluid,  corrosion of the ferrous 
metals in the presence of WD-65 could be assumed at 600 •F.    The appearance of 
the WD-65'8 throughout the dissimilar and ferrous metal evaluations was dull metallic 
with no discoloration.    Fluid deterioration at 600"F with both mixed metal combina- 
tions ranged from borderline passing to failure as indicated by high viscosity changes, 
volatilities, and acid numbers. 
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As a result of this program the conclusions that were reached are as follows: 

1. Both hardness levels of WD-65 showed little reactivity with the currently 
available perfluorinated fluids up to 700CF. 

2. Both WD-65,s were nonreactive in the presence of dissimilar metals up 
to 100'F. 

3. Both WD-bB's were nonreactive in the presence of ferrous metals up to 
VOG'F. 

4. Neither hardness level of WD-65 appeared to catalyze the failure of 
either dissimilar or ferrous metals. 

5. Neither WD-65 contributed to any lack of additive response in the per- 
fluorinated fluids. 

6. Both WD-65,s were substantially less reactive under all conditions and 
with all fluids than M-50 or 52100 bearing steels (Figures 3 and 4). 

7. The difference in hardness level of R     12 between the two WD-65 alloys 
did not affect their reactivity in the perfluorinated fluids investigated up to 7000F. 
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Figure 1.    Micro-O-C Test Appariilur> 
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ABSTRACT 

Electrochealcal testa were perfoned to show the nature of galvanic corrosion when 
graphlte-epoxy coaposlte materials are coupled to aluminum and titanium alloys. 
Open circuit potential measurements In 3.5% HaCl solution showed approximately one 
volt potential difference between the composite and 7075-T6 and 7075-T65I aluminum 
alloys. This relatively large potential dissimilarity provides the driving force 
for corrosion of the aluminum aa an anode aod la cause for concern. The potential 
difference between T1-6-A and the composite was about 0.3 volt for the as received 
unpolished metal surface vs. 8.5 volt for a freshly polished surface. 

Corrosion current data (sero Impedance technique) show that aluminum alloys, 
cadmium plate, cadmium plate + chromate conversion coat «re such more reactive 
than Tl-6-4 when coupled to graphlte-epoxy (——'15 vs. 0.002 ^A/cm2). This 
technique provides a means of ranking the corrosion problem when graphlte-epoxy 
Is coupled to various aircraft alloys. 

Flatwise tensile data Indicated significant strength losses when graphlte-epoxy 
composite sandwich specimens are exposed to salt spray and synthetic sea water + 
SO* spray environments. For tiro week exposure tests the comparative itrength 
losses in the twj environments were 41 vs. 78 per cent respectively. These strength 
losses were greater than those for all aluminum specimens and definitely shows the 
corrosion effect of coupling graphlte-epoxy to aluminum as compared with specimens 
where galvanic effects are minimised. 

%      '   • 

Data obtained show that galvanic coupling of graphlte-epcxy composite to 7075-T651 
aluminum alloy has no effect on the stress corrosion cracking behavior of the 
alloy, but does Increase its general corrosion. 
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INTKOOUCTION 

As • raralt of th« dmmud  for now Mtorlals that «111 outperform the traditional 
■onotithlc aatarlala, organic aatrlx eoapoaltaa with inbarant high straagth to 
«•ight ratloa and high aodall hava baao davalopad for uaa aa aa airfraaa aatarlal. 
Chief aaoog these le the graphlte-epoxy coeposlte ■aterlal that otlllsas a auaber 
of piles of graphite fibers lapregnatad In en eposy aatrls. These eoaposltes offer 
eaglneeis the opportunity to design with totally new aatarlala to "teller fit" a 
coablnatlon of properties for a specific taah. The principal efforts to data heve 
been directed toward graphlte-eposy's ■echsnical and structural behaTior aa «ell 
ts its -aee in febrlcatlon of conpooants. Initial «orh on the conpatibllity of 
graphita-epoxy eoaposltes «1th aetellic uterlels indicated a potentiel gelvenic 
corrosion problea.^*' 

Du« to the inherent nobility of the fileaentery graphite, it is entlcipeted that 
this probiea «ill surface aa the use of conpositee increaees, and nay be con- 
pounded by no« nethode of attachnsnt, e.g., edhesive bonding, stepped structures, 
ascbanfcal fastener configurations, etc. These conbinatione can lead to nulti- 
conponent galvanic couples «ith the problen being particularly aggravated by the 
carrier besed enylrnnnsnt that naval aircraft «uet endure. Quantifying theae 
areas of concern is of vital interest for the eventual nee of fllaasntary graphite 
eoaposltes in optiaiaing design concepts. 

In this study electrocheaieal, nechenicel end stress corrosion cracking (SCC) data 
«ere obteined to define end evaluate the potential galvanic coeroslon problen in 
th« naval air-sea anvlronaent. The electroehenical approach has beeone en la- 
portent technique for studying corrosion probleas fron e design engineering point 
of vie« beceuse It previdee rapid and accurate infomatlon Indicating the severity 
of the corrosion probiea'''™. Meehenlcal tests «ere perforaed to detemine the 
degree of degradation (loae of strength) of the conposlte and "sandwich apectnens" 
(coaposita faces bonded to aluninun honayeonb), vhen eubjected to salt spray, 
synthetic sea water + SOj and high hunidity envlroaswnts. A study of the gelvanld 
effects of grephlte-epoxy conposlte nateriel on the atraee corrosion crack growth 
rats of 7075-T651 aluninun alloy was perforasd. 

Etmimnu. Piocgnmi 

f . 

Test Sneciaens 

As fileaentery grepblte-epozy conposlte was aade fron Meraco 5206-11, a tape of 
"Hodaor", Type II, coated with e nodified epoxy reein eyatea. The grephlte-epoxy 
pre-iapregnatad layera ware fabrieeted into 6 ply laninatea, which were oriented 
0° + 45«. -45°, -45°. 445°, 0°. The final thickness of the conposlte was 0.033 In. 
Details ot the leyup and cure procedures ere given in reference (4). 

The nbtel speclnena of elualnun 7075-16, 5052-H38, end titanlua 6A1-4? were in 
shset fom. The elualnun 7075-T651 alloy was nachinad froa plate stock. The 
cednlun pleted end the chroaate conversion eoeted cedaiua pleted specinene 
utilised low alloy ateel es a substrate. 
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Spaclmn Pr>pT«tlon 

All spaclasM r«c«lved a claaning traatacnt prior to nuking eloctrctehoaleal 
potantl«! aMfurMMntt. Ill« coaposlt« vat rinaad with dittillad water and air 
driad for on« hour. The cadaiua and chromt« conversion coated steel epaciam« 
ware cleaned in boiling bensene for 5 ■inutet. Heaeuraaenta ware aade for sheet 
alualnua aad titaaiun alloys in the a« received condition and after polishing. 
The polishing procedure consisted of an initial polish with 320 grit silicon carbide 
paper followed by 4/0 grit paper. All aetal speciasns received a final S minute 
cleaning in boiling bensene. Meacureaents on the polished apaciasn ware nsde 
approxlaately % hour after polishing. After the initial potential ■easureasnt, 
the polished speciacn «as rinsed in distilled water, dried in air and then 
■ensured again 24 hours later. 

Open Circuit Potential Measureaents 

The open circuit potential or driving force associated with corrosion reactions 
was asasured with an electroaeter or a potentiostat. Haasureaants ware aade in 
3.IX sodiua chloride solution (wt I) with a saturated calomel electrode (SCE) as 
the reference standard. The output of either Instrument was connected to a strip 
chart recorder and the potential was recorded until it became constant (approxi- 
mately one hour). 

Galvanic Current Meaaureaents 

The galvanic current which gives an Indication of the couple1 a corrosion severity, 
was asasured using the sero inpedence technique. A potontlostat was used as a 
sero iapedance instrument by appropriate external connections. The experimental 
setup for the measurements made in this study is shown in Figure 1 (5). In this 
mode one speelasn of the galvanic couple was connected to the working electrode 
and the other specimen to the reference electrode rhorted to the auxiliary elec- 
trode. With the potentiostat set at 0.000V applied potential, the galvanic current 
can be read directly or recorded continuously. 

Stress Corrosion Cracking (SCO Test 

The objective here waa to determine the effect, if any, that graphita-apoxy com- 
posite would have on a growing stress corrosion crack in a high strength aluminum 
alloy to which It was coupled. A fracture mechanics approach was usad with the final 
result showing the stress corrosion crack growth rate vs. the stress intensity 
factor Kx. 

Test Specimsn 

Specimens wers machined from aluminum 7075-T65I plate 2-3/4 in. thick, IS in. wide 
and 5 in. long so that the notch hence cracking would proceed in a direction normal 
to the short transverse direction. Mechanical properties are listed in Table I. T 
The double cantilever beam (DOB) configuration used in this study is khown in 
Figure 2. 

i 
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FIGURE  1    ZERO  RESISTANCE CIRCUIT FOR MEASUREMENT OF 

GALVANIC CORROSION  CURRENTS 

327 



"«^^^",l    ' iiilllinij.il IM a «fM-H^^'liPU'P» 

MACHINED  NOTCH 

BOLT HOLE 

FIGURE 2    DOUBLE CANTILEVER BEAM SPECIMEN 
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TABLE I 

MECHANICAL PROPERTIES OF  7075-T651 ALUMINUM ALLOT 
STRESS CORROSION CRACKING TEST SPECIMENS 

7075-T651* 

Tue Material 

TieId Strength 
(KSI) 

68 

74 

LOMtltudllMl 
Tensile Strength 

Tu (ESI) 

76 

81 

Short Tranevrae     Conducttvlty 
KIscc (ESI In) X I.A.C.S.* 

11.5 

32 

32.5 

* International Annealed Copper Standard 

Side grooving was conaldered unneceaaary line« the elongated grain structure of 
the plate Material and the Intergranular nature of stress corrosion cracking in 
aluaini» alloys eonbine to keep the cracks in a plans. The spsciasns were taken 
only fron the center section of the plats thickness to Insure vnifomity, thus 
sliainsting any possible structural discontinuities associated with ths rolling 
surface. Aftsr ths spsciasns had b«en allied, loading bolt holes wars aachined and 
a notch cut with s wafering saw. Ths surfscss along which ths ersck would bs 
asasursd were polished with aetallo»raphic grinding paper down to a 600 grit finish. 

Ths tsst sst up designed and fabricstsd for this work is lllustrsted in Figure 3. 
Ths stand and bolts srs asds of Nylon so thst for this psrticnlsr situation thsy 
nrs essentially inert and non-conductive. With this fixture ths DCB speclaen stsiJs 
in a vsrticsl position and peraits positioning s nunber of coaposits strips st s 
chosen distance froa and parallel to ths aids of ths speclaen along which the 
crack will grow. Ths electrical circuit is completed by connecting s coppsr wire 
froa the top of the graphite-spozy coaposits strips to ths DCB spsciaen by way of 
ths high strength steel stressing bolts. 

SCC TEST PROCEDURE 

Ths tsst procedure consisted of asssuring ths spsciaen hsight (2h), width(b) and 
Isngth(l). The steel bolt end of the spsciaen was then aasksd with s vinyl costing 
to prevent any galvanic action with the bolts. Ones ths costing dried, ths 
aschlned notch wss wst with a 3.5 percent aqueous NsCl solution and ths crack was 
popped in by sleulcaneously advancing both bolts thus cresting a wedging sction k 
that results in tension st ths root of ths notch. Nhsn ths crack hrd rsachsd 0.1 
inch in length, ths stressing was stoppsd. A asssursaent was than aade of the 
npeclusn height (2h) at the bolt center line to deternine the def lection (v). Ths 
spsciasns wsrs then plscsd in ths Csst environaent, s 3.5 psrcsnt squsous NsCl 
solution st 220C (72°?). Ths salt solution was changed once a wssk and rooa 
teaperature wss kspc constant. Crack lengths were aonltored daily with aessure- 
aents tsksn on both sidss of ths spsciasns. In order to deterains the ultiaate 
length of the stress corrosion crack, ths spsciasns wsrs broken open sft-w s 
psriod of tias when crack arrsst was sssuaed. This providsd ths final point to the 
crack growth Jata. 

Curves of crsck length versus tias wars pespsrsd froa ths resulting data. Ths 
slopss of ths curves st different crsck Isngths provide crsck growth rats data 

* values scsording to Hyatt (6,7) 
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COUPLING WIRES 

COMPOSITE STRIPS 

NYLON STAND AND BOLTS 

1.25X 

: . FIGURE 3    TEST SETUP FOR GALVANIC  COUPLING OF GRAPHITE-EPOXY 
COMPOSITE TO DCB SPECIMEN 
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•• a function of Ki- Tht crack length at «hlch growth caaaot was than utad to 
datandna Kigon Chat lr tha «treaa corrosion cracking strast intanaity liait in 3.51 
aquaout salt solution. Tha equation uaad (6,7) to calculate K ia ae follows: 

3^% , vBh (3h(a ±  .6h)z ♦ hJ) 
KI 3   2 

4  (a + .6hr + hza 

Though a trua Kiscc «»y not ba faaaibla for tha tias liaitation of this study, 
a ralativa valua «as chosan at a crack valocity of 1.4 x 10"5 inehaa par hour 
«hich is äquivalent to one atosdc bond fracturing along tha antira crack front par 
second (8). 

Corrosion Environaent» for Static Tests 

Mechanical test spaciasns ware exposed to tha following three cnwironaents for one 
and two weak periods: 

Salt Spray (Fo«) Test 

Tha ASTM standard test aathod B117-64 was used for salt (HaCl) spray (fog) 
testing. Tha apparatus consists of a fog chaabar, a salt solution rasarvoii, cosi- 
praaaad air, heaters and controls to asat tha raquireasnts of tha taat asthod. 
Tha aalt solution was conposad of 5 + 1 parts by weight of HaCl in 95 parts of 
distilled water. The tsnparatura of the atoaisad solution was 350C(950F) and tha 
pH of tha collection solution waa 6.5 to 7.2. 

S^nthatic Saa Water + S0g Spray (Fog) Test 

This test emriri 
ASTM aalt spray test asthod. 

t ewploys a cabinet siailar to that uaad in the above 
Synthetic sea water was prepared by dissolving 41.953 

graas of "sea-salt" (siaulated sea aalt aix) in one liter of distilled water, SOj 
gaa was injected at regular intervals. 

Conditions in the cabinet were a« follows: 

Synthetic sea water epray aolutiun 
Caoinst teaparatura 
Tower teaperatura 
SO2 ga* injection cycle 
SOj gas fliw 

Conditions shall be such so as to aaintain a: 

pH 6.5 - 7.2 
350C (950F + 2°) 
45.50C (1140F + 2°) 
1 hour every 6 hours 
25 cc/nin. 

Collection rate 
pH 
Specific gravity 

1 to 2 al/hr 
1.8 - 2.5 
1.025 - 1.040 

Huaiditv Test 

■ 
Relative huaidity tests were perforaed at 951 relative huaidity at 490C 

(120°?).    A controlled relative huaidity cabinet was used. 
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Sandifich fUtwlM Twilon T»»t 

Tht "aaodwlch" apccliHn u*«d for flatwise tcnail« t««ta eoaslatad of « core of 
boneyeoab bonded with Metalbood 329 to 2 In. x 2 In. fscinga of elthtr abeet 
«lualnua or conpoelte aeterlal. The three different mterlal coabinaelona of 
"aendwlcb" tpeelaena teatad were: 

(1) Graphlca-epoxy coopoalts fecea bonded to 5052 alunlnua boneycoab 

(2) Graphlte-epoxy coapoalta fecea bonded to Nonax honeyconb 

(3) 5052 alunlnua alloy facea bonded to 5052 elunlnun honeyconb 

The jlunlnun honeyeoab wea 1/2 In. thick with a cell dleaeter of 3/16 In. and a cell 
d«.a»lty of 4.4 lb/eu.ft. 

Flatwlae tensile teata (application of forcea In a direction norwal to the plane 
of the aandwlcb) to pull the facings froai the honeycoab core were perforaed in 
accordance with MIL-STD-401, Sandwich Ccnatructiona and Core Materials; General 
Teat Methode (NOTE: ASTM C297 - Methode for Tenalon Teat of Flat Sandwich 
Constructlona In Flatwlae Plane). The teat waa perforaed on apeelaena with facea 
bonded between aatal loading blocke, 2 Inchee on e aide, which are pulled apart 
In a teatlng nachlne. Teata were conducted at 177o0 (350oF) with a 10,000 pound 
capacity Inatron teat aechlne at a grip eeparatlon apeed of 0.05 In./aln. 

Horlaontal Shear Teet fShort Beaa Teat) 

A conpoalte apeclaen 0.6 In. long, 0.5 In. wide, and approalnately 0.03 In. thick 
waa uaad for the teat. The force waa applied by a 3/8 In. dlaaeter preaaure foot 
to the center of the apeclaen placed on 3.8 In. dlaaeter rollers spaced 0.4 In. 
apart. Horlsontal aheer stress at failure waa calculated using the following 
foraule (9): 

atreaa (pal) - -g-. 

P ■ total load at failure (pounda) 
b ■ apeclaen width (Inehaa) 
t - apeclaen thlckneaa (Inchee) 

Tenetle Teet 

The graphlte-epozy conpoalte tensile teat apeclaana were one In. wide and nine in. 
long with Ik In. long  taba  at the ends.    Longitudinal and transverse strain 
during loading waa obtained fron atraln gagea placed at the center of the apeclaen. 
A 10,000 pound capacity Inatron teat Inatnanent waa uaed end aaaaureaanta aada at 
a grip aeparatlon apeed of 0.05 In./adn. 

RESULTS AND DISCUSSION 

Galvanic Corroalon Kaperlaents 

The objective of the initial phase of the atudy of the galvanic corroalon problea 
wea to perfom feat aiaple teata to note the nature and degree of corroalon attack 
when grephite-epozy conpoalte aaterlal la coupled to atructural aetala and expoaed 
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to • corrosive «nvlronMiit. This «*■ mccoBpllahed by coupling the eoapoalr.« to 
alualm» 5052-H38, Cltanlua 6A1-4V and by coupling alumimm to Plexiglas («■ a 
control). The couples war« exposed to the ASTM standard aalt and synthetic sea 
water + SO, spray (fog) enTlronaonts for one week. In order to conserve anterlal, 
upeclaena 2 In. x 2 In. were used and were joined by two Nylon fasteners so that 
there was en overlap of two square Inches of each naterlal. 

ry of the teat results are as follows: 

TABLE II 

GALVANIC CORROSION TXST RESULTS 

Envlroi—nt 

Standard Salt 
Spray 

Synthetic See 
Hater 
apray 

+ SO, 

Cooposlte + 
Aluwlnua 

Light florroslon 
on surface 

Surface corrosion 
and pitting 
around drilled 
holes 

Cowpcslte + 
 Titanium 

No corrosion 

No corrosion 

Plexiglas + 
Alualnum 

Very light corrosion 

Shallow pitting and 
slight corrosion 
on surface 

Photographs of the dlsaaseabled couples of the aforementioned tests are shown In 
Figures 4 «tnd 5. In Figure 4 (standard salt spray exposure) the 5052 Al coupled 
to the composite shows light surface corrosion, while that In contact with the 
Plexiglas sLows very little, as evidenced by practically no corrosion products on 
the Plexiglas. In Figure 5 (synthetic sea warer + SO2 exposure) the 5052 aluminum 
In contact with the coaposlts shows signs of surface corrosion and pitting around 
the drilled hole. For the aluminum Plexiglas couple there Is evidence of some 
pitting and corrosion on the 5052 aluminum and corrosion products are visible on 
the Plexiglas. The anodic behavior of the aluminum Is clearly evident when coupled 
to the more noble graphlte-epoxy composite. Coupling to the Inert Plexiglas 
caussd no accelerated corrosion of the aluminum alloy. 

Additional corrosion tests were performed on sandwich constructed specimens 
(synthetic sea water + SO2 exposure). Honeycomb (5052 aluminum) was coupled by 
Nylon fasteners to faces of 5052 aluminum sheet. The specimens were coupled with 
and wlchout e fiberglass Interface. The purpose of the tlberglass was to isolate the 
nstals to minimise galvanic corrosion. However, the specimens with ths glass Inter- 
face showed s marked Increase In corrosion as Is drsmatlcslly seen In Figure 6. 
The causa for this Is most probably due to the wicklng action of the fiberglass 
layer, thus creating a crevice to store corrodent. It should be smphsslsad that 
la actual practice the fiberglass layer would be continuously bonded to the honey- 
comb and the composite face so that the wicklng problem would be minimised. 

1 ' \ 

Electrochasdcel Heasuremsnts 

Open circuit potential measurements (no current through the cell) were made In this 
study to show the degree of electrochemical disparity between the graphlte-epoxy 
composite and structural aircraft alloys. The greater the electrochemical potential 
difference between the couples, the greater should be the galvanic corrosion ex- 
perienced by them. 
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Results of open circuit potential ■•■•ureaenta made in 3.SZ HaCl solution (pH 7) 
are presented in Table III. A saturated cklomel electrode was used as the standard 
against which all naterials were neasured. No attempt was made to reaove dissolved 
oxygen fron the solution. 

TABLE III 

OPEN CIRCUIT POTENTIAL MEASUREMENTS 
VS.   SATURATED CALOMEL ELECTRODE 

 Material  

Graphite-Epoxy Coaposite (MARMCO 5206-11) 
Aluainua 5052-H38 
Aluainua 7075-T6 
Aluadnua 7075-T651 
Cadaiua 
Cadniua plated steel  (chronate conversion 

coating) 
Titaniua 6A1-4V (as received) 
Titanium 6A1-4V (freshly polished surface) 
Titanium 6A1-4V (above specimen 24 hrs.   later) 

Potential 

■•-170 mV 
-760 mV 
-770 aV 
-780 mV 
-805 BV 

-735 «V 
-140 mV 
-375 mV 
-260 mV 

The above results shuw potential differences of approximately 1 volt between the 
coaposite and the aluminum alloys as well as the cadmium and the cadmium plated 
steel which had a chrtmate conversion coating. These differences elicit • 
definite ceuse for concern. The potential difference betwe<?s tl<;anlum-6Al-4Vt 
although not quite as lerge, is quite revealing and indicates that a freshly 
polished surface, representative of e freshly drilled hole, is much more active 
than the as received material, whose surface has a more unifon» end thicker inert 
oxide layer. Although the oxide reformation on a polished surface is considered 
to be rapid, the corrosion potential of the freshly polished surface after exposure 
to air foe 24 hours is still more active then the as received sheet material. 
Similar corrosion potential measuresMnts on freshly polished surfaces of the 
aluminum alloya showed only small differences. 

It is to be noted that the potential difference between two metals only indicates 
the tendency of galvanic corrosion between a dissimilar metal couple and is not a 
measure of the corrosion rste. The sixe of the galvanic current, corresponding 
to corrosion rete of the anode in a galvanic couple is a function of the kinetic 
parameters, exchange current density, electrode polarisation, as well as ratio of 
cathode to anode areas (2). The determination of corrosion rates i*> therefore, 
the next study consideration. 

The corrosion current (Imax) can be determined from the polarisation diagrams of 
the materials of a galvanic couple (2). By Faraday's let;, the corrosion rate of 
anodic areas on a metal surface is proportional to the corrosion current and can 
be expressed as a current density. However, this technique is a tedious one and 
obtaining good anodic polarisation curves for elumlnun alloys presents many problems 

The use of the sero iapedance technique previously described provides a powerful 
tool for obtaining galvanic corrosion currents (Icorr) which approximates tue 
corrosion current (Imax) determined from polarisation diagrams (2). It must be 
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■rationed that Che ditaolutlon rates calculated froa galvanic current data and fron 
weight loaa data obtained for Al 7075-T6 differed (12 va. 18 add* reapectlvely). 
The «eight loaa ■eaaureaent waa baaed upon one week exposure of the alualnua alloy 
in 3.51 MaCl aolutlon (no aeration); I.e., aaaa eoapoaltlon for aaklng the electro- 
cbealcal aaaaureaMnta. 

Thia effect ha« alao been obaerved by Manafeld and Parry In their work with aluadnua 
alloys coupled to coeted stelnless steel (10,11). It has been shown froa theoretical 
considerations based on the aixed potential theory that In certain cases these 
deviations are to be expected. Correction procedures for eluainua alloys have been 
described (10-12). 

Galvanic current aeasureaents perforaed in 3.51 sodlua chloride solution are pre- 
sented in Teble IV. These results provide a aeana of ranking the galvanic corro- 
sion problea resulting froa coupling graphite-epoxy conposlte aaterlal to the 
various aircraft hlloys. 

TABLE IV 

ZERO IMPEDANCE GALVANIC CURRENT MEASUREMENTS 
BETWEEN GRAPHITE-EPOKY COMPOSITE MATEklAL AND DESIGNATED ALLOYS 

Couple 

Coaposite Alualnua 5052-B38 
Coaposite Alualnua 7075-T6 
Coaposlt« Alualnua 7075-T651 
Coaposite Cedaiua 
Coaposite Cedaiua plate + chroaate 

conversion coating 
Coaposite Titanlua 6A1-4V iaa received) 
Coaposlt« Titanlua 6A1-4V (freshly polished 

surfece) 

Galvanic Current       aid* 
^A/ea2 

12.7 
12.5 
14.4 
15.5 

10.3 
10.1 
11.7 
77.9 

9.6 
0.002 

7.8 
.003 

0.19 .27 

«Corrosion rate calculated froa the aeesured aero lapedance currents, In milli- 
gram« per square declaeter per day. 

The calculated corrosion rate for the coaposite/alumin-jm couples shows that the 
alualnua 7075-T651 waa slightly aore reactive than the alualnua alloys 7075-T6 or 
5052-H38. Cedaiua waa found to be about seven tiaes aore reactive. Although 
th« chroaate conversion coating over the cedaiua reduced the galvanic current by 
40 per cent, the reactivity waa only slightly leee than the alualnua alloys. The 
titanium alloys followed the expected pattern of having very low galvanic corrosion 
rates; e.g., four orders of aagnituda lower than corresponding alualnua couples. 
However, the galvanic current for the freshly polished titanlua was two orders of 
■agnitude higher than that for the unpolished (aa received) surface. The deta 
clearly indicate that there la a galvanic corroaion problea for graphite-epoxy 
conpositea uhen coupled to atructural alualnua alloys and cedaiua plated high 
strength festenere. 

* add - corrosion rete in milligram« per aquare declaeter per dey. 
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STRENGTH DEGRADATION DUE TO EXPOSURE TO DIFFERENT ENVIRONMENTS 

Sandwich 8—cl—n> 

Flatwise tensile teet« were perfonaed to asaese degrading affects on the coaposlta, 
bonding «aterlal and alumlnua 5052 honeyco^» subjected to high humidity, 9SX RH at 
490c (120oF), the A3TM standard salt spray fog test, tod synthetic sea water spray 
fog test envlronnejts. Flatwise tensile data were obtained at 1770C (3S0oF) on 
sandwich type speclaens after a 30 alnute soak at 1770C (graphlte-epozy composite 
faces bonded with Hetalbond 329 an epoxy adhesive to alumlnua 5052 honeycomb). 

A second group of sandwich specimens were Included In the same environmental testa 
In order to obtain more Information on the controlling factors of strength degrada- 
tion. This group consisted of the following material combinations: 

Interface. 
Grapnlte-epoxy faces bonded to aluminum 5052 honeyconb-wlth fiberglass 

• 
Aluminum 5052 faces bonded to aluminum 5052 honeycomb. 
Graphlte-epoxy faces bonded to Nomex (organic) honeycombs 

The last two groups of specimens were considered non-galvanic controls because of 
the lack of dissimilarity of the couples. Results of flatwise tensile tests are 
presented In Table V. 

The data show that there are significant reductions In strength ,f.  the sandwich 
specimens when subjected to the salt apray and synthetic sea wuter -t- SO2 environ- 
ments. A comparison of the standard deviation calculated from the flatwise tensile 
data for the control sandwich specimens (from one batch) Is indlcAtlve of the rather 
wide scatter wheu testing this type of specimen (Table V). 

It should be realised that galvanic effects might not be the sole factor for degra- 
dation, for example, the probable breakdown of the adhesive may be a contributing 
factor. An analysis of the data Is displayed In Figure 7. Specimens with a 
fiberglass cloth Interface did not conclusively show smaller strength losses as 
compared with specimens without a tlberglass Interface. There Is probably a 
lessened galvanic effect caused by the electrical Insulation between the composite 
and the metallic core. For the one-week exposure tests comparative losses In 
strength (X) In 95X RH were 15.3 vs. 15.7, in the ASTM salt spray fog test, 19.3 
vs. 36.1 and In the synthetic sea water + SO2 teat, 72.8 vs. 68.9, respectively. 
For the two-week exposure tests, the comparative losses In strength In 951 RH were 
9.7 vs. 14.9 percent. In the ASTM salt spray fog test 38.0 vs. 41.3 percent, and In 
the synthetic sea water -f SO,, 63.0 vs. 78.0 percent. An examination of the strength 
loss data for the aluminum 5052 faces bonded to aluminum 5052 hoaaycoab (non-galvanic 
controls) Indicated significant reductions in strength when exposed to the earn« three 
envlrouments. However, the strength reduction was not as great as that obtained for 
the composite face bonded to aluminum honeycomb sandwich specimens. For one-week 
exposure tests comparative losses In strength in 95X RH were 6.4 vs. 15.7 percent. 
In the ASTM salt apray fog test 18.5 vs. 36.1 percent, and in the synthetic sea 
water + SOJ test 52.6 va. 68.9 percent. For the two week exposure tests, the 
comparative losses in strength in 95X RH were 8.8 vs. 14.9 percent, in the ASTM 
salt spray test 29.8 va. 41.3 percent, and in the synthetic sea water + SO2 69.1 
vs. 78.0 percent. This categorically shows the galvanic corrosion effect of 
coupling graphlte-epoxy to aluminum does result in a greater strength loss than the 
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•11 •luainua apaclncnr «her« no galvanic affect axlata. 

Unfortunataly tha data for tha coapoalt« facad tkmax honaycoab aaodwlch apaciaaaa 
of far only a partial picture bacauaa failuraa occurred in tha honaycoab atructura 
rathar than tha bonded Joint. Thia indicatea that the bonded Joint on the all 
organic aandwich apaciaena did not deteriorate upon ezpoaure to any great degree 
and vaa atroager than the Moaex core. 

The differencea in aeverity of the ASTM aalt apray and aynthetic aea water + 80, 
environaenta have been clearly indicatod in the flatviae tenaile data. Figurea 
• and 9 are photographa of "aandwich" apecinena after flatwiae tenaile teating. 
Prior to tenaile teating the apaciaena are bonded to aluainua blocke and after 
teating tha aaparation at the bond Joint between the face and the aluainua honey- 
coab ie eaaily aeen. A conpariaon of the differencea in corroaive attack on tha 
aluainua honaycoab ahowa that there ia conaidarably aore pitting on the apeciaan 
aubjected to the aynthetic aea water + SO^ environment. 

Horiiontal ahaar and tenaile data were alao obtained for graphite-epoxy eoapoaita 
expoaad to the aaaa three anvironaenta. Data were obtained on the eoapoaita for 
galvanlcally coupled aa well aa uncoupled apecinena. Galvanic coupling waa 
accoapliahed by aandwiching the eoapoaita between two aheeta of aluainua 5052 with 
Nylon faatanera. Unexpoaad coapoalte epeclaena were uaed aa controla. Reaulta of 
one-and two-week ezpoaure teata are preaented in Table VI. 

The horiiontal ahaar teata, uaing abort single beaa aethod, arc eaacntially a 
aeaaura of the interlaainar ahaar atrength of the coapoalte (the graphite fibera 
are not being teated). An exaaination of the data in Table VI for the three 
different anvironaenta, in general, ahowa a wide aeatter, lerge atandard deviations, 
in tha atrength for the controla aa well aa the teated apaciaena. It ia under- 
atood that thia type variation in aechanical property aeaaureaenta ia not unconaon 
for organic eoapoaita aaterlala. Thia makes analysis of the data difficult but it 
appeara that there ia no aajor loaa in atrength when the uncoupled or the galvanl- 
cally coupled apaciaena are exposed to the three environments. 

The tenaile data which ia related to the graphite fiber atrength alao ahow a large 
scatter. The tenaile atrength for one teated panel waa^^73,000 pal va.-x^SO.OOO 
pal for another panel. Theae data preaent the aaaa difficulty for analyala and only 
a general atateaent that there la no apparent loaa in atrength can be aade. 

STRESS CORROSION CRACKING 

Thia phaae of the overall study ia intended to determine the effect of coupling 
graphite-epoxy coapoalte to aluainua 7075-T651 on atreaa corroalon crack propaga- 
tion propertlea of the alloy. Streaa corroalon cracking la defined by Chaapion (13) 
aa, "greater deterioration of aechanical propertlea of a aaterial through the 
alaultaneoua action of a atatic atreaa and ezpoaure to a specific environaent than 
would occur by the aeparate but additive action of thoae agenclea." laplled In th« 
definition ia that S.C.C. la controlled by the electrocheaiatry, aachanica and 
aetallurgy of the particular system. The effects of metallurgy and mechanics are 
held conatant for all apaciaena in thia atudy. Thua, electrocheaiatry la the only 
veriable under conaideratlon. 
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Str^s« Corro>lon Cracking Results 

Visual measurement« of the crack lengths became Increasingly difficult as Che length 
of time of the test Increased due to appearance of secondary cracks. Photomacro- 
graphs of the control and galvanlcally coupled specimens are shown In Figure 10. 
The lover magnification photographs show that the control specimen had little, If 
any, surface attack and had developed a black oxide film, while the galvanlcally 
coupled specimen had considerable amount of surface corrosion. From the higher 
magnification photomacrographs, It Is seen that the area Inaedlately curroundlng 
the crack of the control specimen was heavily corroded, while on the galvanlcally 
coupled specimen the entire surface was corroded. This condition necessitated 
opening the specimen to determine the actual extent of the stress corrosion 
cracking. 

Data for control and galvanlcally coupled specimens is plotted in Figure 11. All 
ths points appear to fall into a coonon band that forms a dual slope relationship. 
Stress corrosion cracking stress Intensity factor Kig  is determined through 
extrapolation to a crack growth rate of 1.4 x 10-5 inches per hour, which 1« con- 
sidered crack cessation or the limit to testing since the actual Kiscr is not 
absolutely determlnable.  Using Figure 11 KIscc is 11.5 KSI in. whlett is 4.5 K3I 
in. higher than that obtained by Hyatt (6,7) using the same aluminum alloy heat 
treated to the same condition. This difference can be explained by comparing the 
differences in the mechanical properties and chemical conposition of the specimens 
used by Hyatt to thosedused in this study. In Table I the differences in properties 
are illustrated in the difference in ultimate strengths. In addition, th« material 
used in this study exceeds the upper specification limits for magnesium and is low 
in iron and silicon. These facts help to explain the differences in mechanical 
properties. Additionally, the lower the iron and silicon contents of the alloy, 
the greater the fracture toughness which should result in a higher Kic and a 
slower crack growth rate. The Kic for the specimens used in this work was 26.7 KSI 
in. versus 25 KSI in. for the material in Hyatt'a study. Figure 12 shows the 
presence of secondary cracks about the main crack tip. These secondary cracks would 
relieve the stress in the region of the crack tip and result in a false value of 
Klgcc at t^e high end. 
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SUMMARY 

the following phenonenology was established by this work: 

1, Open circuit potential aeaiureaents in 3%Z HaCl solution indicate that there 
is approxtaately one volt potential difference between graphite-epoxy composite 
and alualnum alloys 7075-T6 and 7075-T651.    This relatively large dissimilarity 
in potential provides the driving fore« for corrosion of the aluminum as an 
j.node and is ciuse for concern.    The difference between the conposite and 
citaniua alloy, Tl-6-4, was about 0.3 volt for an as received unpolished sur- 
face vs. 0.S volt for a freshly polished surface. 

2, Corrosion current data uaploying Che zero impedance technique show that aluminum 
alloys, cadmium plate, cadmium plate 4 chromate conversion coat are mush more 
resctive f.han T1-6A1-4V alloy «hen coupled to graphite-epoxy 
(«v^lS vs. 0.002yltA/cm').    These data provide a means of ranking the galvanic 
corrosion pvoblem resulting from coupling graphite-epoxy conposite to various 
aircraft alloys. 

3, Flatwise tensile data indicate thsc there are significant strength losses «hen 
graphite-epoxy conposite sandwich specimens are exposed to salt spray and 
synthetic sea watsr + SO2 spray environments.    For two-week exposure tests the 
comparative strenüh losses in the two en/iroments were 41 vs 78 per cent 
respectively.    These strength losses were greater than thoce for all aluminum 
specimens and definitely shows th« corrosion effect of coupling graphite-epoxy 
to aluminum as compared with specimens where galvanic effects are minimized. 

4a    Data obtained shows that galvanic coupl'ng of graphite-epoxy conposite to 
707S-T6S1 aluminua alloy has no effect on the stress corrosion cracking rate 
of the alloy, but. does increase the general corrosion. 
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Effect of Vanadium Pentoxlde on Accelerated 
Oxidation of Nickel-Base Alloys 

N.   S.  Bornsteln, M. A.  DeCrescente and H.A.  Roth 
United Aircraft Research Laboratories 

East Hartford, Connecticut 

ABSTRACT 

The oxidation behavior of various nickel-base alloys  in the presence of 
gaseous and condensed vanadium pentoxlde was studied.     It was  found that vanadium 
pentoxlde accelerates the oxidation rate of nickel-base  superalloys.    The product 
of the reaction between V-O    and the substrates  is  dependent  ujon the alloying 
elements present  in the alloy.    In the absence of alloying elements such as aluminum 
and titanium,  the products are vanadates.    However,  when the alloys contain aluminum 
and/or titanium,  the  product of the reaction appears to be a glass. 
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Introduction 

Lover cos'; distillates, residual and certain crude oils may contain organo­
vanadium compound.G which during combustiona-e converted to vanadium pentoxide, 
v 2or:; .· ~Or:; is a low melting oxide and has been known to eause corrosion problems 
iH oil ~d boilers. The pur~ae of this work vas to Jetermine the mechanism 
and extent of corrosion of v?o

5 
on nickel-base superalloys. 

The physical st~te of the v2o~ at gas turbine temperatures depends upon the 
temperature, concentration f vanaCUiml in the fuel and whether or not the fuel 
is being combusted under near or extreme non-equilibri um conditions. Under these 
different conditions the vanadium pentoxide can be present in either the gaseous 
or condensed state. The work presented here will consider the effect of both 
gaseous and condensed V 2o

5 
on gas turbine alloys. Since the composition of the 

protective scales depenas ~n the alloy composition~the ar~oach taken in this 
work vas t determine the effect of v2o~ on nickel, niclo:l binary alloys, and the 
nickel base superalloys currently usea 1n gas turbine engines. 

Gaseous Reactions 

If the vanadium present in the fuel is completely oxidized to the pentoxide, 
an~ the concentration of V~O in the combustion products is less than the critical 
concentration necessary for ~ondensation to occur, then t~~ vansdium will be present 
in the turbine in the gaseous state. 

:Fitzer, et al. , Ref. 1) has shown that V 
2
o (g) mrkedly increases the 

oxidc.>.tion rate of copper and chromium, and has a 5smauer effect on iron and nickel. 
All the ox i des of the metals mentioned above are P type conductor~· . Thus, as 
expected, the intr~duction of a higher valency cat ion in the metal oxide matrix 
results in an increase in the specific rate constant as discussed by Hauffe (Ref. 
2 ). The introduction of an alkali metP.l such as Li ( lm.-er valent cations) would 
decrease the specific rate constant. The effe~t of Li+ doping in Ni O has been 
ver i f i d by Pfeiffer and Hauffe (Ref. 2 ). 

Th oxides comm nly encountered in superalloy systems are NiO, Cr 0 and 
Al20 • Both NiO and Cr 0 have beE'n ident ified as P type conductors. 2J!Jvever, 
Al I)~ is , according t ~~ffe, a probable N conductor. Thus, the incorporation of 
b~~r valent cations in the Al2o

3 
lattice s hould de reR~e the TRtP of ox i dation. 

In order t o determine the effect, if any, of gaseous v2o
5 

on the oxidation 
behavi or of ni~kel·base superalloys a series f TGA experimE'n~ vas performed in 
whic~ nickel, Ni.,Al, B-1900, U-700 , and N1Al spe imens were exposed to oxygen 
containing app.·oitmately 17.6 PP'l v2o5(g). T'"te v2o5 vapors were generated from a 
platinum crucible filled with V 

2
o

5 
and maintained at 8500C. The experimental 

apparatus is shown :In Fig. 1. 

l. Uicke l and Ni~r Alloys 

The rates of oxiCbtion of nicke l in oxygen and oxygen containing 17.6 ppm 
v2or:;_ are shown in Fig. 2 . The exposure of nickel to oxygen containing V 0 vapors 
restllts in an appe.rent increased rate of oxidation. This effect is re~ddcible 
as shown in Fig. 2 and further supported by d1fferences in scale thickness. 'l'be 
thickness of the scale of the specimens exposed to ~ o

2 
is approximately 1.4 mils 



and the thickness of the scale of the specimen exposed to 0 containing 17.5 ~ 
y2o

5
(g) is approximately 2.2 mils thick, Fig. 3. Portions gf the oxide scales trom 

N>tft specimens were mechanically removed and examined by XRD techniques. All lines 
were accow.ted for Nld the only phase observed vas NiO. 

~ addition of minor quantities of ehromi\.111 to nickel increases the rate of 
oxidation of the alloy. The beneficial effect of ebromi\.111 is not observed tmtil the 
seale fo?med on the alloy is a mixture of NiO and Cr2o::t (spinel) or Cr2o

3 
and 

depends upon the tEmperature and chromium content of tne alloy. 

At lOOOOC the oxide seale fonned on the Ni-8 Cr alloy consists of NiO and 
spinel and that foi'IDEd on Ni-17 Cr alloy is spinel and Cr2o~. '1'he introduction of 
17.5 ppm v2o (g) 1n the oxygen stream resulted in an increase in ttl! magnitude of 
the veigbt ~in, similarly to that observed for "A" ntekel. Likewise, the 
thtelmess of the oxide scale at corresponding times was greater for the speei.•ns 
exposed to 0 .,. V 0 (g) than those exposed only to oxygen. X-ray diffraction 
studies reveiled ~n5the case of the Nt-8 Cr alloy the phases NiO and NiCr2o4 and 
for the Ni-17 Cr alloy the phases N1Cr..,~ and Cr2o~. No vana4i\.lll containUJC phase 
vas identified. The representative velgllt gain curves are shovll in Fig. 4. 

2. Ni ~ Alloys and Superalloys 

The oxide seale formed at 1()()(j)c on the intenaetallie eoapounda N1Al and 
N!(.l is alumina vhich is also the major constituent of the 1eale for.ed on most 
n kel base superalloys. If al\.lllina is an N type oxide, then the introduction of 
V or v+5 eationa into the al\.lllina lattice should decrease the number of lattice 
defects, the net result being a decrease in the rate of oxidation of the alloy. 
However, vhen NiAl, Ui~l or B-1900 alloy speciaena were exposed 1n 02 containing 
17.5 ppn v

2
o

5
(g) the !"lite of oxidation increased rather than decreasea. A com­

parison of tne rates of oxidation of NiAl, Ni and B-1900 at l000°C exposed to 
oxygen and oxygen containing 17.5 ppn V 0 (g) is shovn in Fig. 5· The cJata for 
Nifl is not shovn since its data is co~~ident vith that of the superalloy B-1900. 

A comparison f the thickness of the oxide scale for~ed on the intermetallie 
compound Ni~l exposed to o

2 
and 02 + V2o

5
(fd for 1000 min revealed the fo~tion 

of thicker ~eales in the presence 6f V o as vas observed for nickel.. Except for 
th differences 1n the thicknesses of ~ scales, the oxide scales appeared to be 
ir! .. nt11'!'~ . "1.-'!""y diffract! n stud!es fe.ile~ to re•.oea! n:'!Y pha:se ether thnn Ju2o

3
• 

Conde::'lsing v2o
5 

If it is &.ssUIIIed that the turbine metal components are cooler than the hot 
turbine gtlse& and the me+.al temperature ia belov the devpoint of the gaseous V 0 , 
then the v

2
oc; ean continuously condense onto the turbine components. At a~ g~~ 

tilDe the quat!tity of eonderlsed V 0 •Y ba very smal]J nevertheless based upon the 
ability of V Oc; to dissolve oxi~ ~eales, the effect of continuously condensing 
V 

2
o'i on turb_ne parts may be catastrophic. In order t determine the effect of 

eonknsing V 0 , a series of experiments was pertonned in vhieh the follovins 
speciiBens, Ni,5m-loo, B-1900, N1Al, Wupaloy, Ni~l, and NiAl + l and 5 v/o T2o~ 
vere expoeed at ~rPc in flowing oxygen. The epe~iiBens vere suspended by •8111 or 
a platinum ehain tr0111 one arm of a continuously veigh~ Ainavorth 881li4icrobalanee 
A platinum crucible filled vith v2o

5 
vas positioned approxilately 2 inches belov 

JS7 



the specimen and with the aid f supplemental heaters, the platinum crucfole vae 
maintained a t 12000C t 25 . The rate of condensation of v2o5 onto the test specimens 
was determined by suspending a platinum spectmen in place or the test specimen and 
continuously monit r ing the we ight change. After each rWl the change in weight of 
the specimen and that of the platinum chain w~ se parately determined. The t~verage 
rate of weight gain f t he specilllen was 1 x 10 mg/cm2 min . 

1. Ni a d Waspal y 

The phases prese1 e surfac f he specimens will depend upon the rate 
f c ndensati n f V 0 ru1d the quantity f nickel (Ni + Cr) that has reacted 

with xygen to f orm x d s. If th quan i y f v
2

or:, is much greater than the 
xide formed in si u en the mn j r phase present or\ the surface would be a liquid. 

If the qua, tity of oxides i s m ch r a ~er than th amount of liquid v2~~ then 
the ma or phases presen on h aurfac w uld be the solid phases, oxides and 
vana dates. 

If i is 
ul.d e nd 

limited the t 
as i f :nns. 
str ate then 

ssumed t 
be linear. 
i 
I 

t h urface xide is a liquid, the rate of oxidation 
Similar r esul s would be observed if the liquid phase 

al , i . e ., diss l ving a portion of the scale 
phas f rms betwee n the liquid and the sub­
ld d c r ase as the scale thickens. 

nick 1-base alloy, Waspaloy, the rate of oxi-
da 1 was 1 ni ially greater than hat observed i.'"l the absence 

f c r te f xidati n decreased with i ncreasing time. The 
magnitude of h e i gh gain af er 12 min ( 20 hrs) vas less t.han a factor of tvo 
greater than ha obc. r ved i n the absen e f V 

2
os . The e xperimental dnta is shown 

in Fig . 6. Al <:~h i Fig . 6· ;l" ( 1 ) th be t ved ox i dati n behavior in pure 
xygen, (2 ) he measurec1. ra e f ondensati n f ~20 ont a platinum specimen, and 

(3) a SUI!llll8.ti n cur "'hie s i sts f the data f'i" ( 1 ) and ( 2 ) above. Metallo-
graphic examina i n f t he s ales f r med n the nickel specimen revealed a single 
phas oxide scale wi h n appar n ev idence of a vanadate or free v

2
o

5 • It should 
no e d tha af r 1200 in w~ ig f v

2
oc. which condensed ont~ tho! Sp!cimen is 

o. 2 mg/cm2 w ich orresponds a . icknes of 0 . 014 mils {3.57 Y to·5 em). 

2. B-1 O, IN -100, Ni Al and NiAl 

e r es s s . rve r I i and Waspa1 y, similar res'.llts were 
an he alll!llinum r ich alloys . H wever, this w.a not the case. Upon 
e xposure n ens ' ng v2o ( ) the rate f xygen pickup for NiAl, and Bi~l 
specimens appeared t be 1 ne r, Fig . 7 . imilar results were noted f r flle 
superalloys B-1 0 and IN-100 wi th he e xception that the linear rate of weight 
gain was greater during t e fir st 100 min than during the subsequent 1100 min. 
Metallographic exami na n of he a uminum c ntaining alloys re~aled rather thick 
mul.tiphase sca.les and i tl e case f the NiAl specimen, a depleted zone ~Etal­
l ographically identified as 1a

3
A1 beneath the x id.e scale. 

X-ray d1ffra.c 
firm the presence 

? surface of th NiAl specimen did not coo-
t a nickel 'iciUadate phase was tentatively identifi~ 
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The conditions that actually exist within the gas turbine engine are not fully 
movn. It is possible that vanadi\.111 present in the fuel could be present in the 
turbine in the gaseous state, could be continually condensing onto turbine parts, or 
as a result o f buildup within the b·~ner, could be periodically released, then 
impact and adhere to turbine components. The crucible experiments in which alloy 
S}lecimens are totally or partially illlnersed in liquid V o,. try, in part, to simulate 
the latter condition. These types of experiments have ti;~n conducted for many years 
with almost every available alloy and in general the conclusions are the same, 
namely (1) vanadate corrosion involves removal of the normally protec1: ive oxide 
scale allowing increased diffusion rates of oxygen to the metal surface and (2) 
the corrosion could be controlled by deve lopment of alloys (or coatings~ which would 
form protective oxide layers between the liquid ~nadate and the metal surface and/ 
or alter the physical properties of the melt and the operating conditions in the 
engine to reduce the fluxing tendency of the corr dent. 

Many e:Jq:.eriments have been performed in which the corrodent is applied onto a 
test specimen and the rate f oxidation :>f tr.e specimen monitored. The corrodent 
consists of a mixture of salts primarily V.J?_r:, Na2so4, v2o, + NaV01 or complex 
vanadi\.111 bronz s some with excess alkali. -n'ae tes~ specitiietis are orten complex 
alloys. The results of these experiments are usually re]X>rted relative to (a) an 
alloy system and/or (b) ar. anticipated c rr d nt composition. It appears that the 
goal C>f those pr grams was &. defini ion of the best matel"ial, rather than the 
detert!li~t ion of tb~ mechanism by which d~grada. ion occurfl . It appeared obvious 
from the experiments previout:jly r epor t<.)d (cond nsing v

2
o l that the nickel and 

nickel chrcmium alloys wer marKedly differ n i e r ha i or vi h respect to 
v

2
o

5 
than the nicke l lumimun n rme or l k 1 -base superalloys. 

1. Ni~kel 

In ordf" r t.o de ermin 
the specimens were dipped in 
and wei ghed. The quanti y f V 
The v

2 5 
coated specim,ms we 

s ati c 
a x-eser ir 

adher i g 
xpo ed 

'f'ue cot:~paris n in tw!havior b 
nickel ox idized at 30 is shown 
rate of ox i dat ion is greater than 
the magnitude f the change ann 

b havi r 
'iquidV O 

t o the 

0 coated specimens, 
) , qui.ckly cooled 

repor ~d as mg/ cm2 . 
am f flowing xygen. t 

2 
und 17. 1 mg/cm V~O coated 

pr sence f v
2
o,, tbe5init1al 

for he vanadium 1'1' e alloy , but 
as catast~ophic nor is t rate of 

xidation linear, bu as shown, 
decreases with inc r easing ime . 

be 
he r e o f x n f h V 0 at d alloy 

The v2o. coated nickel specim xida ion , scraped n a bias in 
rder to det~mine if mor th n on d easily identified. It was 

immed ately apparen tha the 3r. e htyer s . The surface had a 
"wet" look as if a liquid was pres<> at all h be liquid phase was 
a purple t o purple lack phase and separa i pha fr ~ +..,e nickel substrate 
was a greenish x i de which appeared be JUO, Fig. A cr as-sec i n under 
polarized light shows the V 

2
o,.. phase and the vanadates are ptically active. It 

appears that for the v
2
o

5 
coa ~d nickel, the ou er phase is primrily vanadi\.111 

pentoxide, the innel" pnaee is nic'ke vanadat and th phase adjacent to th nickel 
substrate is nickel oxide. 

The d~fferenc s in the r a es of oxidat1o ween he un a ted and V 
2
o

5 
coated 
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specimens could be the initial dissolution or reaction between v2o'J and NiO to form 
vanadates and during subsequent oxidation the rate of oxy~n picKup is controlled by 
diffusion through the nickel oxide scale. If this is the case 1 then lf a nickel 
specimen is preoxidized to a given weight gt~.in and coated with a given amount of 
V 

2
0

5 
such that at temperature the molar percentages of V 

2
0

5 
to NiO correspond to the 

s<5l1dus of the v
2

o -NiO phase diagram, it would be expec'eeCl that (1) the rate ct 
oxidation of the a~cimen would increase and (2) if the rat6 of oxygen pickup is 
replotted, it would appear as if only simple o.xidatiorJ is occuring. This experiment 
vas rerformed and the results are presented in Fig. 10. Initialll• a nickel specimen 
vas oxidized for approximate~ 1000 min at 83o<>c il'l pure oxygen. The weight gain 
vas approximately 1.05 mg/cm"- which conesp..>nds to 4.91 mgjcm2 of NiO. After expo­
sure for 1000 min, the oxidized nickel specime~ vas di~d into molten v2o

5
(7ooPc) 

and t.he amount of V 2.0r::, retained vas 10.0 mg/cm • Thus, the molar ratio of V 20'1 to 
NiO is 1.25. When 'tM specimen vas reinserted into the TGA Eippcu·atus, the rl.te of 
oxygen pickup increased (Fig. 10) and if the data for the oxidation of the v2o

5 coated preoxidized nickel specimen are replotted on the original coordinate \0 10) 
the resul~~t curve is almost identical to that of the simple oxidation of nickel. 

A second series of experiments ve~ then performed in which nickel vas coated 
with v

2
or::, and oxidized for a predetermined length of time after which the specimen 

vas remo~d from the furnace, recoated with a comparable amount of v2o'i and further 
x idized. If the scale f ormed during the initial treatment ~onsists or V2~5 , a 

vanadate and ., ickel xide, then the add it on of more V 0 would not markeal.y 
influence thP. rate f oxygen pickup. The results of tbi~ experiment are shown in 
Fig 11. 

I itially a nickel specimen vas coated with 17 . 31 mg/cm2 f v2o
5 

and oxidized 
r approximately 120 min at 300c in flCNing oxygen . After 120 min, the specimen 

was removed from :;he furnace , recoated with 12 .43 mg/cm2 f v2?5 and xidized 
an add i ional. min. The data generated during the ini t tal I20 min is shown by 
the pen circles and he data generated after reapplicaUon of 12.43 mg/cm2 v2o

5 is s vn by the filled in circles. It is appe.rent that a smooth curve connec'ts 
all f e data points. When the weight gain f or the initial experimeat is 
pl ed as weight gain squared vs time, he data fall n a straight line indicative 
of parab lie behavi r. If the data from the subsequent experiment are added to 
the orig nal data, the straight line can be continued to 200 min, the duration of 
the experiment. These results indicate that the additional quantity of V 0 did 
n change the r ate f oxidati n f the v2o~ coated nickel and the rate o~ dxidation 
of he v

2
o

5 
c ated nickel can be describe~ ~Y a parabolic equation. 

It appears, ba~d 1.1pon t results he experiments conducted at 83cPc, that 
unalloyed nic&el can , under the experimental c nditions, resist v2o corro.Jion. 
If similar experiments are c nducted at (~xPc , it v uld be anticipa~ed that dur i ng 

xpos1.u-e f r pr l ong durations the rate of weight gain would actually decrease and 
beccaoe negative sine he weight 1 as ass ciat..~d with evaporation f v2o

5 
would 

e xceed the weight gai~ ass ci~ted with the xidation of nickel. 

'l'w ex~riments ver cond cted in which nickel specimens were coated with 21 
and 14 mg/cm f V o_ respectivel y and exposed at goOOC in flowing oxygen for 1200 
min . As had been ~~icipated , af'te-r approximately 200 min, the specimens started 
to 'lose" veigh • The experimental data are shown t n Fig. 12 . Also ahovn in Fig. 
12 are the data for simple ox ic:lBti n o f nickel and the ra.te of veigbt loss of v2o

5 baaed upon the vapor pressure data of Pegg (Ref. 3 ). The dotted linea abovn in 
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Fig. 2 are the summation curves obtained by ad. ·ng the weight loss data from 
evaporation of v2o

5 
to the observed oxidation curves for v2o

5 
coated nickel. 

2. Superallo.vs 

The majority of the experiments described herein -were conducted at 8300c only 
bec~use the initial rate of oxidation of the v

2
o

5 
coated superalloys exposed at 

900 C vas so rapid, that the automatic recording balance could not keep up vitll the 
rate of -weight gain. The experimental problems encmmtered a goooc, vere 
alleviated vhen the temperature vas reduced to 8300C. It is also possible that the 
reactions which occut' at 83oOc are not the same that occur at the higher temperatures 
~•d t'lat t.hf> reaults reported herein are valH for the tempere.+.ure range studied and 
care shoal.d be ~ken vhen extrapolating the data to h~ gher tem,to~Eratures. 

When v2o~ vas applied onto the superalloys, the immediate effect vas a marked 
increase in tne initial rate of oxidation. The 118gnitude f the -weight gatn is 
related to the amoWlt of V .Jl.s..· A comparison of the oxidation behavior of uncoated 
and V 0 coated B-1~0 and-ri-lOC specimens s shovn in Fig. 13. Also shovn ~n 
Fig. f35is the ef~ect of different quantiti s f v2o

5 
(B-1900 alloy, 15 mg/cm 

V 0 and 20 mg/ m v
2
o ). Note also that e rate r oxygen pickup d~~s decrease 

vft~ i ncreasing time alth ugh as c learl y sh vn, the differences in specific rates 
f x idation are rders f magnitude a~rt. 

The xi de s cale f ormed on the V 0 coa ed superalloys does not spall vhen V 0 
oated specimens vere removed fr m t~e 5furnace. In general, the scales vere adh~~nt 

and had t e appe r anc f mir1ute cubic crystals randomly placed n he faces and 
edges f a spe i.I:le • cr ss -secti n thr ugh a V 0 coated B -1 spec !men exposed 
appr ximately 0 min at 300C is shown in Fig. 1t 5 Pr trusions r pimples vere als 

ed on he surface of the specimens and it appears that the protrusi ns r pimples 
are reac i on pr ducts whose s-peC'ific volume is m c h greater than the arithme ical 
vol\~5 of its constituents. 

When the v
2

or:, coated superalloys ve~ ~xposed at 30°C and after a predeter-
ined i!ne, remo~d and recoated vi h V 0 11 , the ~te of xidati n increased oonl1n-

t 00 mi and t e~ h ra e of oxidati decreased vith 

lass modifiers are e 
enera , f r 
lass -forming 

~nt!n the specimen vas rem ved 1'r m the fW"nace, the scales 
v si sign f spallati n. The micr s r ct ·re vas 

umber of applica i ns of v2o
5

• 

no barr i er to liquid v?o
5

) 
ox~dati n behavior v uld 
adheren scale at empera 1re 

s me 1 crease in 
t tl:>e :uar~d 

enter int the glass structure. In 
ial tha a l l onst i uer1 s be 

s dill:l iona do e 
e can f l)rm a glass in vhicb 
i on. Examples f glass modi-
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fing oxides are Ca, Be, Tn, Pb, Mg, Sn, Y, etc. 

In between the glass formers and gla~s modifiers, is another group of oxides 
called intermediates. Intermediates do not form glasses themselves but can enter 
into the ne t vork o f polycomponent glasses. The oxides of al'l.lllinUIIl1 titaniga &Dd 
zirconium are classified as intermediates. 

3. Intermetallic compounds. 

a. Ni~ and NiAl 

The inter.DetaUic compounds, NiA1 and Bi.,Al, fora upon exposure to oxypn 
a thin allherent filln of a1UIIlina. At 8300C, tt1e vef«bt gain associated vith the 
ox dation of N1A1 or Nif1 exposed up to 1000 min in oxygen is less +.ban 0.1 mc/ea2. 

When V ';Pr:; was applied onto Ni.,Al or NiAl spe=t.ns 1 the rate of oxiQ.ation 
increased o!'d@rs of !1188Ditude. ~ response of Ni~l and BLU to v2or:;_ and ox;ypn 
is shown in Figs. 16 and 17 respectively. SUrprisfnsly, there does DOt appear to 
be any quantity effect,2since the -snitude of the vef«bt cb&D&e ~ arq giftn tS.. 
f or the 1 aud 10 mg/cm V2.0S coated Bifl and the 15 and 10 mc/s v2o

5 
coated 

NiAl do n t differ appreci4bJ.y. 

When e ither NiAl or Ni.,Al are coated with V 0 , e1-posed a J~"detemiDed 
l eng h of time and then reca&ted with v2o5, the ~~vior of the spect.n is similar 
t t .at noted for t he s uperalloys. As previously observed the scale fo~d af'ter 

he initial application of v2o
5 

is adherent, vith no visitlle s13ls of spallation 
or cracking . The same is true after reapplication of v

2
o

5
• 

Metallographic examination of the V,..Or:; coated niclrel•l'l.lllinUIIl inte~tallic 
compounds revealed a microe ructure simihf' to that observed vith the V 0 coated 

. r alloys , namely a thick outer oxide scale and a thin (0.3 mils) aahi~nt 1rmer 
e . When the scales formed on V 2o

5 
coated nickel were eDJDined UDder polaris:ed 

, the sclidifi ed v2or:; and nickH vanaaateo are readily identifiable since they 
i refr inge , Howevef', the scalt>s formed on the al\lllin'llll-niclrel intermetallic 
unds as "We l a s those formed on the nuperalloys appear glasq. 

: Ti 

i ce itani u:n is an important alloying ~lement in superalloys {present 14 
g&:!lmS prime, a (TiAl), and in carbides, (r.c and M~) and since its oxide is 
lis ed as an · · ~termediate" with the respect to glKBB fonaation, a series of experi­
i:le. ts ver~ pe r f ormed t o determine the effect of v2o5 

on the oxidation behavior 
of NiTi. 

nlike RiAl , NiTi cannot be considered as an oxidation resistant material 
a leva ed temperatures. The oxidation behavior of NiTi at 8300 C is shovn in 
Fig . 18 . When v

2
or:; is applied onto NiTi the initial rate of oxidation is so 

rapiQ that the automtic recording balance could not keep up vith the rate of 
oxygen p i ckup. The comparison of the oxi~fltion behavior of uncoated and v2~r:; 
coated N Ti is also shown in F~. 18 . It t:bculd '::le noted that after 1200 iilift 
exposure the change in ve~ht as determined by the differences in initial aDd fiJJ&l 
vetgh s i s 25 mg/cm2 as opposed to the 17.2 mg/c~ DOted 1n tle figure. Tbe 
dif'ferences a." believed to be the weight gain which occurred in tbe first minute 
of xposure. 
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The oxide scale formed on NiTl  is protective and based simply upon the weight 
gain data, pft»r exposure for 1200 min the scale is also quite thick.    However, 
when the oxidized NiTi specimen is coated with VpCV, the response of the alloy- 
is almost the same as that of an uncxidlzed specimen. Fig.  19.    Immer"intely after 
application of the V-O-, the rate of oxidation of the alloy began to increase 
and within 50 min the rate of oxidation is extremely rapid.    With prolonged expo - 
sure the rate o-J" oxidation decreases, and it appears that the rate at which oxygen 
is consumed is linear with respect to time. 

The oxide scale formed on the VpO    coated NiTi was examined under normal and 
polarized light and the vanadate phases or solidified VpO   were not observed.    Tue 
appearance of the scale under polarized light was Identical to that described for 
V 0,. coated NiAl. 

CONCLUSIONS 

A.      Vanadium Corrosion 

1. Under the experimental conditions imposed in this study, nickel and 
nickel-chromium alloys form protective scales in the presence of Vo0  .    The 
apparent rate of dissolution of the vanadates ftrmed in liquid Vp0    is slow 
such that if additional quantities of VpO, are deposited onto the ^vanadium oxide 
coated substrate, no increases  in the ratis of oxidation of the substrates are 
observed. 

2. The  initial rapid rates  of oxidation between VpO    and a metal  substrate 
are due to the reduction of the V?0    by the substrate. 

3. Alloys based upon the inxermetallic systems Ni_Al and NlAl(As well as 
NiTi) are particularly susceptible to Vo0    corrosion. 

h.    The product of the reaction between VpO   and alloys which tnnd to form 
alumina or titania rich scales in simple oxidation is glass-like or amorphous. 
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APPARATUS FOR EXPOSING ALLOYS TO V2O5 VAPORS 
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OXIDATION OF NICKEL EXPOSED AT lOOQOC TO OXYGEN 
AND OXYGEN + 17.5 PPM V205 (g) 

O|02 + 17.5PPMV205 
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figure 2 
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MICROSTRUCTURE OF "A" NICKEL EXPOSED AT 1000oC 
FOR 1300 MINUTES TO V205 VAPORS 

2.2 MILS 

i 
OXYGEN + GASEOUS V2O5 

20 P 

1.4 MILS 

I-     -' >- 

OXYGEN ONLY 

Figure 3 
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OXIDATION OF Nt-8 Cr ALLOY EXPOSED AT 10000C TO OXYGEN 
AND OXYGEN + 17.5 PPM V2Os (g) 
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COMPARISON OF THE OXIDATION BEHAVIOR OF Nl, NIAI AND 8-1900 
EXPOSED AT 1000oC TO OXYGEN AND 

OXYGEN +17.5 PPM VjOg (g) 
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i^gure 5 
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OXIDATION OF M AT 900oC IN THE PRESENCE OF 
CONDENSING V205(jn 

V2O5 CONDENSING ONTO Pt 
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figure 6 
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OXIDATION OF NiAl IN THE PRESENCE OF CONDENSING V205 (I) 
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figure 7 

3.0 

V2O5 CONDENSING ONTO Pt 

OXIDATION 

 o- -L_ U 
100 200 300 400   500 600 700 800  900100011001200 

TIME - MIN 

370 

..    ...-■    v ;-.  MMMM—I M^MMMMM mmarnm 



tmmm '^mfmmmmmmmm 

COMPARISON OF THE OXIDATION BEHAVIOR OF UNCOATED AND 
V.Oc COATED A NICKEL - 8300C 
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VANADIUM CORROSION STUDIES 

ANICKtL, 830oC 
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Figure ? 
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VANADIUM CORROSION STUDIES 

A NICKEL 83000 
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Figure 10 
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VANADIUM CORROSION STUDIES 

OXIDATION BEHAVIOR OF A NICKEL COATED WITH 17.31 MG/CM2 V2O5 
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Figure 11 
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VANADIUM CORROSION STUDIES 

A NICKEL-900oC 
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OXIDATION OF VgOg COATED SUPERALLOYS AT 830oC 
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VANADIUM CORROSION STUDIES 

B-1900, 830oC 

100/J 

%7^a^^;r'."... 
i   i 

1       1 
20/J 

tTCHED 

Figure Hi 

377 

......^—^.„■■..■,.J..„..1-.-      ..- ..■■^-,...—■■■..^M.a»—.^^jggjgj HMMMMI^MMii^MMfMHMIIMMMi —- 



TM... 

VANADIUM CORROSON STUDIES 

B-1900. 830° C 
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VANADIUM CORROSION STUDIES OF NI3AI AT 830OC 
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EFFECT OF V2O5 ON THE OXIDATION BEHAVIOR OF NITi AT 830oC 
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REDUCE MAINTENANCE WITH 
IVD ALUMINUM COATINGS 

E. R. Fannin and K. £. Steube 
McDonnell Aircraft Company 

Ion vapor deposited aluminum coatings provide good corrosion protection 
to both high strength aluminum and steel alloys without causing a reduction 
in fatigue life in aluminum or embrittlement in steel.    The coating is also 
useful at temperatures to 9500F and la compatible with titanium.   Neither the 
coating nor the coating process present ecology problems such as associated 
with cadmium coating processes.   MCAIR has applied 6 years' development ex- 
perience with IVD to establish production status which will result in reduced 
maintenance of weapons systems. 
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INTRODUCTION 

Ion vapor deposition (IVD) is a procees that can be used to deposit an alu- 
mir.'jm coating uniformly on complex shaped parts with bxcellent coating to sub- 
strate adherence.    IVD alumirum has definite advantages over vacuum deposited 
cadmium, electroplated cadmium, diffused nickel-cadmium and anodize and has great 
potential for replacing these coatings ir the future. 

IVD is a vacuum deposition procees which differs significantly from the com- 
monly-used physical vapor deposition (PVD) process in that during IVD the substrate 
or workpiece is the cathode of a high voltage circuit.    By maintaining the proper 
Inert gas pressure in the vacuum syetem a DC glow discharge is established about 
the workpiece wherein a portion of the evaporated aluminum is ionised and acceler- 
ated towail the part.    Thla produces a more adherent coating. 

Becaust the IVD process is no., confined to line-of-sight deposition, parts 
having complox shapes can be plated with a uniform coating.    This excellent throw- 
ing power makes the process very attractive for production applications. 

McDonnell Aircraft has recognised the potential of IVD aluminum for reducing 
maintenance problems associated with some of the protective coatings used on weap- 
on systems and has applied 8 years' development experience to establish IVD pro- 
duction coating capability. 

MAINTENANCE PRGBLQß 

Both aluminum and steel alloys are used extensively in the fabrication of 
weapon systems.    Each of these materials must be protected from corrosion by some 
type of coating.    The coatings selected must not only provide adequate protection 
from corrosion but must also be compatible with other materials they may contact. 
Coatings that do not satisfy both conditions can result in a high level of main- 
tenance. 

ALUMINUM ALLOTS 

A typical maintenance problem with some aluminum alloys such as 7075-T6 and 
7178-T6 is exfoliation corrosion.   This type of corrosion is usually initiated at 
the base metal adjacent to a fastener hole as shown in Figure 1.    Anodizing Im- 
proves the corrosion resistance of the aluminum alloys; however, for most parts, 
the drilling and countersinking operation must be done last.    Therefore, the holes 
and countersinks are not anodlzed and moisture penetration into the Joints results 
in corrosive attack of the exposed grain boundaries.   This exfoliation corrosion 
can be interpreted literally as delimin&ting or peeling of layers of the aluninum 
alloy panel. 

The desirability of anodiae as a protective coating for aluminum alloy struc- 
ture has been reduced because of recent design innovations to improve fatigue life 
of these parts   through the use of fatigue enhancing attachments. 
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FIGURE 1 
EXFOLIATION CORROSION OF 7178-T6 ALUMINUM ALLOY PANEL 

385 

...- ^,-^.... .■.-,.-.. -       ■ ' ^^-...-.-■..-^.--- -^.-.-^ 



Prior to the UM of fatigue enhancaunt technlquea auob as Intarfaronea tit 
faatanera and oold worked holes, the fastener holes provided the prlaary stress 
concentration and therefore were the location of aost fatigue failures.   The use of 
fatigue enohaneewnt techniques has signiTicantly reduced this stress concentration 
In and around the hole and has Identified the surface condition as significantly 
influencing fatigue life.   The brittle nature of the enodlse coating can cause 
fatigue failures to initiate at the surface.   These types of failures are Illustr- 
ated in Figure 2. 

The reduction of fatigue life of alwrinw alloys which can result fro« anodise 
coatings is shown graphically in Figure 3.   Note that there Is little difference in 
fatigue life when conventional clearance fit fasteners are used in the Joint.   The 
uncoated material is used as the basis for conparlson and Is assigned a life of 1. 
Cold working the holes in Joints in uncoated aaterlal Increases the fatigue life 
5.4 tines.   However, the fatigue life at Joints is increased only 3 tines when the 
surface of the material la chronic anodised and only 1.6 tines when the surface 
is sulphuric anodised.    The benefits obtained fay cold working holes are obviously 
greatly reduced by the anodise coating. 

i i 

Clearance Fit Fastener 

Fatigue Enhancing Fastener 

■ 

I 

GPJ44367  lb 

FIGURE 2 FATIGUE OF ANODIZED ALUMINUM 
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FIGURES 
SPECTRUM FATIGUE LIFE/COLD WORKED HOLES IN 

7076-T6 ALUMINUM (37.0 KSI-100% TLL) 

STEEL ALLOTS 

Corrosion of steel Is another major source of maintenance problems. Steel 
parts must be protected with son» type of coating to prevent rapid corrosion. 
These coatings often break down and leave the part unprotected. The result is 
that extensive rework or part replacement is required. An example of a part that 
has failed because of corrosion is shown in Figure 4. 

Electroplated cadmiun is the most widely used aerospace protective coating for 
steel parts. Hydrogen enbrittlenent of high strength steel parts ( 200 KSI) limits 
the type of coating system that can be used because of the evolution of hydrogen 
during electroplating. 

Cadmium cannot always be used as a protective coating because it is not can- 
patible with titanium. Under certain conditions a solid metal embrittlement failure 
can occur to a titanium part that is in contact with a cadmium coated steel part. 
This type failure is illustrated in Figure 5. A crack due to solid metal embrittle- 
ment has developed in the hole of a titaniuB plate. The hole contained a cadmium 
plated interference fit type. An electron microprobe scan (Figure 5) shows the 
presence of cadmium down the length of the crack. In addition, molten cadmium (M.?. 
6l0oF) attacks most structural metals under stress, therefore, cadmium usage is 
limited to 450*^ ma-Hni^ applications. 
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FIGURE 4 
FAILURE OF PART DUE TO STRESS CORROSION 

4 
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• Fracture Surface 
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\ Cadmium Concentration! 

Microprobe Scan 

FIGURES SOLID METAL EMBRITTLEMENT 

IVD ALUMINUM 

IVD aluminum coatings are a solution to many of the current corrosion mainten- 
ance problems. 

What is the IVD Process? - Ion vapor deposition is a plating process developed 
approximately ten years ago.    The IVD process is similar to the familiar vacuum 
metallizing process, or physical vapor deposition (PVD)   with one major difference - 
during plating the substrate is held at a high negative potential with respect to 
the vapor source (typically -2 to -3 kV).   This potential, when applied at the proper 
inert gas pressure, causes a DC glow discharge to be established around the cathode 
or part to be coated.   A portion of the evaporant is ionized in this region and accel- 
erated toward the part.    This produces greater adhesion and better thickness uniform- 
ity of the coating. 
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The IVD Process can be made applicable to large parts, and, since the plating 
is not confined to areas within line-of-signt, a very useful pioduction process 
can be realized.   Parts with complex shapes can be plated with a reasonably uniform 
coating even when some of the surfaces to be plated are  recessed or other- 
wise not in line with the vapor source.    The deposit extends into the re- 
cesses and holes of the part because of the many collisions of evaporant atoms with 
the gas molecules surrounding the workpiece.    The schematic shown in Figure 6 illus- 
trates the basic components of a production coater.   This coater utilizes resistance 
heated boats to evaporate aluminum which is continuously supplied by a wire feeding 
system.   Parts to be coated are held in place above the boats by a fixture that 
electrically insulates them from other internal structure while providing the con- 
tact to the negative lead of the high voltage power supply. 

Substrate 

Holder 
(Cathode) 

High Voltage 

Power Supply 

GP74 448? I 

■ FIGURE 6 ION VAPOR DEPOSITION CHAMBER 
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AdvantagBB of IVD Qyer Other Proceesee - The several advantages of IVD aluminvni 
over other protective coatings are sunnarlBed in Figure 7. 

It can replace diffused nickel-cadmium plating on steel and provide better corrosion 
protection at all strength le-rels.   Diffused nickel-cadmium plating is generally United 
to steels having strengths below 200,000 psi because of hydrogen embrittlement.   It 
can also be utilised in contact with titanium structure without causing solid metal 
embrittlement whereas cadmium is prohibited.   Steel parts in contact with fuel can 
be IVD coated.   Again, cadmium plating is prohibited.   It can replace vacuum cad- 
mium plating and be utilised at temperatures up to 950*F.    Cadmium plating has a 
450»F limitation. 

IVD has several advantages over protective coatings commonly used on aluminum 
alloys.   It provides better corrosion protection to high strength aluminum alloys 
than type II anodise in the real aircraft emrironmsnt.    In addition, IVD aluminum 
coatings are soft and ductile and do not adversely effect fatigue life of high 
strength aluminum alloys. 

Aluminum coatings do not present any ecology problems.    The future cost of 
vacuum cadmium coatings, for example, will be increased by strict OSHA require- 
ments for the control of cadmium vapors and dust.   EPA controls on the handling 
and disposal of waste liquors will increase the cost of electroplated cadmium 
coatings. 

STEEL 

ALUMINUM 
{•  Galvanic 

•   Fatigue 
•  Stress Co 

Steel at all Strength Levels 
Contact Titanium 
950oF 

Protection 

Corrosion Protection 

No Ecology Problems 

GP74 4482 3 

FIGURE 7 ADVANTAGES OF IVD ALUMINUM 
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COATING TEST RESULTS 

IVD aluminum coatings were tested for protection of high-strength aluminum 
alloys. The coatings were adherent end afforded protection after 120 hours at 
500°? followed by 120 hours in 5% salt spray. 

Several anall F-4 aircraft doors were coated for demonstration purposes and 
were used to illustrate the excellent adherence of the coating. Metallographie 
cross section of several countersink areas showed a uniform coating thickness and 
an excellent coating to substrate interface. In another series of experiments, 
the area in and around the countersinks of holes drilled in 7178-T6 aluminum alloy 
panels was coated with aluminum. These panels were compared with wimllwr panels 
having unprotected countersinks. After exposure to alternate acidified salt spray 
for two weeks, the IVD protected countersigns showed only minimal corrosion. The 
unprotected countersinks were severely corroded. 

Our assesanent of the IVD coating system on aluminum is that it will provide 
better corrosion protection than anodizing in the real aircraft envirormient. Labor- 
atory tests show undamaged anodise to provide the best corrosion protection; how- 
ever, typically we trim edges and drill and countersink attachment holes on assembly. 
This leaves unanodlzed areas. IVD aluminum can be applied to detail parts in a 
manner similar to anodiee; however, the trimnwi and drilled areas are anodlcally 
protected by the IVD coating which functions like alclad on aluminum alloys. A 
chemical conversion coating is the least protective and most susceptible to damage 
of all the systems. Its primary function is to provide paint adhesion. IVD alu- 
minum coating will provide much more effective corrosion protection. 

Aluminum coatings are soft and ductile, and therefore do not have adverse 
effects on fatigue life. By comparison, type II anodize which is used extensively 
on aluBimn structure, can limit the fatigue improvement resulting from the use of 
fatigue improving attachments such as Interference fit fasteners. Fatigue tests 
show that no reduction in fatigue life results from the application of IVD alu- 
minum coating (Figure 6) to aluminum allays Joined with interference fit fasteners. 

Test results also show that IVD aluminum offers excellent protection to steel. 
A four year outdoor exposure test shows It to protect better than cadmium. This 
test exposure was accomplished on the roof of a McDonnell Aircraft building in 
St. Louis. The test staples, as they appeared after k years exposure, are shown in 
Figure 9. The cadmium protected samples were severely corroded because the cadmium 
had been sacrlfidally consumed while the aluminum coating remained Intact and pro- 
vided the necessary protection. 

SCALE-UP TO PRODUCTION CAPABILm 

}    . , 

As a result of our in-house development and evaluation of the IVD aluminum 
process, NAVAIR awarded us a contract in March 1973 to fabricate a production 
coater for use at the Naval Air Rework Facility at North Island, California. This 
unit was successfully installed in April of this year. 
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30,000 

s 

) 

Machined and IVD Al Plated 59,000 

| 1 1 1 
]                               25 50 
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75 
in Thousands 
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GP74 4367 36 

FIGURE 8 SPECTRUM FATIGUE LIFE/INTERFERENCE FIT FASTENERS 

(34 KSI    100% ILL) 

IVD 
Aluminum 

(0.8 Mil)' 

Vacuum   — 

Cadmium 

(0.5 Mil) 

Vacuum 

Aluminum 

(0.8 Mil) 

Electro- 

plated 

Cadmium 

(0.5 Mil) 

' ^74 4367 3' 

FIGURE 9 FOUR YEAR OUTDOOR EXPOSURE TEST 
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The syatem developed for the Nury was enclosed in a vacuum chamber 4 ft. in dia- 
meter by 8 ft. long (Figure 10)     Aluminum evaporators were positioned along the center 
axis of the chamber.    Parts holders, located above the evaporators, can hold parts 
stationary, pass parts laterally, or rotate parts over the evaporators.    This con- 
figuration allows the coating of flat sheet type parts approximately 2 ft. by 7 ft, 
cylindrically shaped parts approximately 15 in. diameter by 7 ft long, or numerous 
racked small parts. 

Parts shown in Figure 11 are typical of those that have been plated in the Navy 
coater.    Although all parts shown were not coated during the same coating cycle, it 
can be said that the coater is capable of doing so. 

A plating thickness survey made on one of the complex shaped parts is illustrated 
in Figure 12.    The results showed the coating uniformity to be at least equivalent 
to conventional coating processes. 

it FIGURE 10 
MCAIR PRODUCED COATER FOR NAVAL AIR REWORK FACILITY 
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Note: All dimensions in inches 

FIGURE 12 PLATING THICKNESS SURVEY 
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One of the primary benefits of IVD aluminum Is that It allows the replacement of 
costly high strength stainless steel with lower cost aluminum coated low alloy steel. 
An estimate of cost savings was made for several aircraft parts based on this substi- 
tution.    In each case the material substitution results in a significant savingfl. 

As a part of the continuing IVD effort at McDonnell Aircraft, development effort 
has been concentrated on a technique for coating batch quantities (barrel platinr) 
of small parts.    The feasibility of using- a rotating drum, as well as other type 
parts holders have been established and patent disclosures of the plating concepts 
have been made. 

Laboratory tests were conducted to establish optimum parts cleaning and plat- 
ing parameters.   Barrel size and configuration were extensively evaluated for best 
coating results and coating efficiency.    These tests provided the necessary informa- 
tion to design and build a full-scale IVD barrel coater for production use.    A 
schematic of this facility is shown ir Figure 13. 

A chamber measuring 4 ft. diameter and 6 ft. long will be the basis of the 
coating facility.    Two barrels positioned side by side, each measuring approximately 
15 inches diameter and A ft. long, with evaporation boats located below, but centered 
between the barrels will comprise the coating apparatus.    A two barrel configuration 
will be used to take advantage of the tendency of the parts to be coated to partially 
climb up the circumference or side of the barrel as it rotates.   When the evapora- 
tion boats are placed between the two barrel» and the barrels then rotated in oppo- 
site directions the coating region of each barrel is well within the vapor stream of 
the boats.    The number of parts that can be coated per unit time is therefore doubled. 

An estimate of cost savings was made based on replacing a combination of high 
strength sta.Jiless steel fastening devices with IVD aluminum plated alloy steel 
fastening devices for a specific aircraft application.    This substitution would result 
in a savings of several thousand dollars per aircraft. 

CONCLUSION 

IVD aluminum has been shown to have significant advantages over other coatings 
conmonly used to protect steel and aluminum alloys.    Benefits of the coating are 
aummarized in Figure li».    Previously, the IVD process was restricted to laboratory 
type equipment and substrates were limited to simple configuration and small slie. 
McDonnell Aircraft's 8 years   development experience with IVD provided the founda- 
tion for production exploitation of this plating process which will result In 
reduced maintenance of weapon system conponents because of the better corrosion 
protection and fatigue effects of IVD aluminum. 
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FIGURE 13 SMALL PARTS COATER 
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FIGURE 14 BENEFITS 
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THE CORROSION OF 6061 ALUMINUM ALLOY - THORNEL 50 GRAPHITE 
COMPOSITE IN DISTILLED WATER AND NaCl SOLUTION 

by 

D.   L.   Dull,   W.   C,   Harrigan,   Jr. ,   and M.   F.   Amateau 
The Aerospace Corporation,   El Segundo,   Calif.    90245 

ABSTRACT 

The corrosion behavior of an 6061 aluminum alloy - Thornel 50 graphite 
composite has been examiner' in both distilled water and 3. 5% NaCl solution at 
three temperatures 298K,   323K,   and 348K.    The corrosion rate was determined 
by the weight change and was monitored for times upto 1000 hours.    The corrosion 
rates were maximum immediately after the initial immersion and decreased with 
increasing time of exposure.    The NaCl solution was far more corrosive than the 
distilled water and increasing temperature resulted in increased corrosion rate. 
The mode of attack appears to be crevice corrosion promoted by galvanic coupling 
between the aluminum matrix and graphite fibers. 

I.    INTRODUCTION 

Aluminum-graphite composites containing heat treatable matrix alloys have 
been developed for use as  structural materials.    The corrosion behavior of this 
class of materials during exposure to marine and atmospheric environments is of 
concern because of the expected galvanic coupling effect between fiber and matrix. 

Previous qualitative studiss of the corrosion behavior of A356 aluminum 
alloy - Thornel 50 graphite composite in NaCl solution have indicated that the cor- 
rosion rate of the composite is only slightly greater than the alloy matrix material 
(Ref.  1)   This is attributed to the galvanic coupling effect of the graphite fibers that 
produce the anodic polarization of the aluminum matrix.    Sedriks et al (Ref.  2) 
have studied the effects of galvanic coupling on the corrosion behavior of an alumi- 
num -boron composite in a NaCl solution.   Their results indicate that galvanic 
coupling was not a problem because of the low electrical conductivity of the boron. 
However,  they did observe increased localized corrosion at the metal matrix-fiber 
interface. 

This study was undertaken to examine the corrosion behavior of 6061 alumi- 
num alloy - Thornel 50 graphite composites in distilled water and in a 3, 5% NaCl 
solution from room temperature to 348K (750C).    The objective was to identify 
corrosion problems typical of this class of materials.    It is anticipated that the 
results will aid in the selection of new matrix compositions and fabrication tech- 
niques that will minimize corrosion. 
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II.    EXPERIMENTAL 

A.    MATERIALS 

The composite was produced by liquid-metal infiltration of the carbon yarn 
resulting in wire 1.6 mm ( ~63 mils) in diameter.    The composite wire was con- 
solidated into bars 6. 5 mm (0. 25 in. ) square by 150 mm (6 in. ) long by pressing at 
895K (6220C) under 2. 75 MPa (400 psi) pressure for 15 min.    The resulting bars 
contained 30% fiber (0. 114 x 10' kg/m^ density).    The composite bars were machined 
into specimens 5. 85 mm (0. 23 in. ) square by 16. 5 mm (0. 65 in. ) long.    The 6061 
aluminum alloy specimens were made from 0. 25 in.   (nominal) plate material in 
the T6 condition and annealed for 1 hr.   at 773K (500oC),    These specimens were 
machined to 6. 35 mm (0. 25 in. ) by 7. 82 mm (0. 312 in. ) by 15. 9 mm (0. 625 in.) 
long and ground with 600-grit silicon carbide paper. 

B.    TEST PROCEDURE 

The specimens were cleaned by immersing them in an ultrasonic bath of 
methyl alcohol for 15 minutes,   then drying in vacuum at 360K (870C) for 30 min., 
and cooling in a desiccator.     This procedure was applied before each specimen 
weighing.    The corrosion rates were determined for 3. 5% NaCl solution and dis- 
tilled water at three temperatures 298K (250C),   323K (50oC),   and 348K (750C). 
These temperatures were maintained in an isothermal bath to within   ±0. 5K.    The 
specimens were weighed to the nearest 0.1 mg before they were immersed in 
separate jars containing glass beads to maximize surface exposure.    The jars were 
loosely covered to minimize evaporation.    The specimens were removed at approx- 
imately 48-hr.  intervals and cleaned by the method described previously before 
being weighed.    The total environment exposure was 500 to 1000 hrs, 

II.     RESULTS AND DISCUSSION 

Typical weight change data for composite and alloy specimens in the NaCl 
solution and distilled water at 298K (250C) are given in Fig.   1.    The aluminum 
alloy-graphite composite undergoes an initial weight gain after immersion in the 
NaCl solution,  while the alloy undergoes an initial weight loss.    The weight change 
for both the composite and the alloy subsequently subsides with time.    The initial 
weight gain of the composite is attributed to the formation of hydrated alumina on 
both the matrix and the exposed graphite fibers.    This is probably caused by the 
alumina diffusing to and adsorbing on the exposed surface of the graphite fiber. 
The subsequent decreace in weight gain is probably the result of the spalling of 
the corrosion products from the surface once it has become totally covered with 
hydrated alumina.    In distilled water,  neither the composite nor the alloy showed 
any detectable change in weight over the 1000-hr.  period,   even though a very thin 
film covered the specimen after exposure.    This apparent stability of the compos- 
ite is attributed to the low conductivity of the water ( >1 M U cm) used in this 
study.    Low conductivity of water in a corroding system is electrically equivalent 
to producing an open circuit between the metal matrix and the graphite.    The re- 
sult is a reduction in the effect of the galvanic coupling and thus an overall reduc- 
tion of the corrosion rate.    The eventual stability of the alloy is due to the forma- 
tion of a protective hydrated alumina film.    The characteristics of the corrosion 
products on the composites for these conditions has been examined by means of 
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scanning electron microscopy.    Although visual examination showed no evidence 
of corrosion products on the composite specimen exposed to distilled water at 
298K (250C),   a surface film was detected by scanning electron microscopy.    This 
film is shown in Fig.  2(a;.    In the NaCl solution (Fig.   2(b)),  the film is consider- 
ably thicker and has a cracked,   crazed,  or granular appearance in the areas where 
the aluminum alloy had been exposed to the environment.    In both cases,  however, 
the corrosion product covers the graphite fibers that were exposed to the environ- 
ment. 

A summary of the rate of weight change at 0,   150,   and 300 hrs.  is given in 
Table I for the three temperatures used in this study.    The reported corrosion 
rates are an average of measurements taken on two specimens except for the 298K 
(250C) exposure,  in which case,   only one specimen was used.    The corrosion rate 
was determined by taking the slope on the weight versus time plot.    The trends are 
clear.    Corrosion is most severe in the NaCl solution.    In addition,  the composites 
undergo a weight gain,   and the alloy undergoes a weight loss.    A general increase 
in corrosion rate with temperature for all materials and environments is also 
evident.    1   is temperature effect is shown in Fig.  3.    A significant increase in 
corrosion rate occurs above 323K (50oC) for the composites,   especially in the 
NaCl solution. 

The corrosion rates for various exposures for both the alloy and composite 
in distilled water are shown in Fig.  4.    The corrosion rate was negligible for the 
alloys at all temperatures studied and negligible for the composite at 298K (250C). 
At the higher temperatures,   some weight gain was observed for the composite. 

The behavior of the composite and alloy are considerably different in the 
NaCl solution (Fig.   5).    The rate of weight loss for the alloy specimens in NaCl 
solution was maximum immediately after immersion and decreased slightly with 
time.    Although the scatter in a few instances was great,   the decrease in the rate 
of weight gain for the composite specimens at 29SK (250C) and 323K (50oC) was 
evident.    At 348K (750C),   no decrease in the rate of weight change was evident. 
At 348K (750C),   no decrease in the rate of weight change was evident after 300 
hrs.    The chloride ion apparently increased the corrosion rate by promoting 
localized film breakdown,   leading to crevice corrosion.    The eventual decrease 
in corrosion rate generally observed can be attributed to hydrated alumina forming 
on the specimen surface. 

A perpendicular cross section of a composite specimen exposed to the NaCl 
solution at 323K (50oC) is  shown in Fig.   6 at a higher magnification.    Ths typical 
mode of attack is the formation of a crevice at the surface and proceeding into the 
specimen along a region of high fiber density.    The swelling of the composite, 
particularly at the higher temperatures,   is the result of the rapid formation with- 
in the crevice of large amounts of hydrated alumina as evidenced from x-ray dif- 
fraction.    The postulated model leading to swelling is based on the graphite fibers 
being able to catalyze hydrogen ion reduction faster than the aluminum matrix. 
The resulting effect is the stimulation of aluminum matrix dissolution to form 
aluminum ions.    These aluminum ions can then hydrolyze to form hydrogen ions 
and aluminum hydroxide that is eventually transformed into hydrated alumina. 
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IV.    CONCLUSIONS 

1. The corrosion rate of the composite material in NaCl solution increases 
markedly with temperature,   particularly above 323K. 

2. The mechanism of attack is by crevice corrosion along the regions of 
high fiber density. 

3. The galvanic couple effect between the matrix and the graphite fiber is 
the significant factor in the corrosive behavior of the composite. 

4. A practical approach to eliminate this corrosion problem will be use 
use of aluminum cladding. 
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ULTRA HIGH STRENGTH CORROSION-IMMUNE  BOLTING ALLOYS 

Edward  Taylor 
Standard  Pressed Steel Co. 

Jenklntown,   Pa.   19046 

INTRODUCTION: 

Higher  speeds,  higher  temperatures,  and  higher  loads  necessitate higher 
strength   bolting  for military aircraft.     The movement   to ultra high 
strength   levels  and  high  applied  stresses  usually causes  concern over 
stress  corrosion cracking and hydrogen  embrittlement,  both of which  are 
arch enemies of metals.     Extensive evaluations of materials have shown 
that  180,000 psi  is a critical number above which caution  ir exercised 
to a much  greater degree,   because of   increased  susceptibility   to metal 
failure.     Even  so, many applications  nov require strength   levels  of 
220,000  and  260,000 psi where emphasis  on structural   integrity  is  of 
paramount   importance. 

A number  of years  ago, MP35N™   ,   a member of  the MULTIPHASE™ alloy 
family,   was   introduced  to  the aerospace   industry as an alloy capable  of 
260,000  psi   strength  levels without   the   threat of stress  corrosion crack- 
ing or hydrogen embrittlement.(^)     Since   then,   the alloy has  been used 
successfully  in many applications   ranging  from below the  surface of the 
sea   to  the moon and beyond.     It   is   replacing martensitic  age hardenable 
stainless   steel  bomb  rack springs  and  pins,  providing a  10 year minimum 
corrosion-free performance   for a   threaded connection  in a Navy missile 
launch   tube,  designed   into above  and  below waterline  applications   in  the 
new surface effect  ships,  and  is   replacing high strength maraglng steel 
missile   fin deployment springs.     MP35N  bolts  are  also being used   in   the 
water brake  system on steam catapults  where   they  replaced  cadmium plated 
alloy steel.     The  alloy was  selected   for   interference   fit  and maximum 
galvanic   compatibility with   titanium   for use on  the F-14  aircraft.     Inasmuch 
as  no   failures  have  yet  been  reported which  are due  to a  corrosive  attack, 
the  MP35N  alloy  is  enjoying a climate  of  trust and  is  guaranteeing structural 
integrity   in many military applications. 

Now,   anotiier alloy of  the MULTIPHASE   family has  been  introduced  and   is 
called MP159™.     This  alloy  also  provides  260,000 psi   strength   levels,   is 
usable   to   1100oF,  and   is  not  susceptible   to stress  corrosion cracking or 
hydrogen  embrittlement  based  on  standard   laboratory  test methods.'''' 
Efforts   to   initiate crevice  corrosion  and pitting attack have not   been 
successful  either. 

PROPERTIES: 

h      . 

The  nominal  composition of  the MULTIPHASE  alloys contains   liberal   amounts 
of cobalt,   nickel,  chromium,   and molybdenum as  shown   in Table  I.     The 
principal  difference   in composition  between  the  two alloys   is   the  addition 
of   iron,   titanium,  and minor elements  at   the expense of nickel  and 
molybdenum  in  the MP159 alloy. 

TM - Trademarks  of Standard   Pressed Steel  Co. 
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PROPERTIES   -  Continued 

Strength,   p^hieved  by working and  aging,   results   in values  like   those 
given  in Table  II.     The MP159 alloy provides  a wider spectrum cf mechanical 
property  capabilities   than  its  pred2ces.!or  the MP35N alloy,  and many 
other  high  strength  alloys  such as  H-ll,   PH13-8 Mo, Custom 455,  Maraging 
steel   and  even  high   temperature materials  such  as  Rene 95 up  to  1200oF. 
A plot   of ultimate   tensile strength vs.   testing  temperature   (Figure   1) 
reflects   the  ability  of the MP159  alloy   to exceed   the  service  temperature 
limits  of other  high  strength alloys. 

Based  on  stress   relaxation and  thermal   stability studies,   1100oF appears 
to be  a safe   temperature limitation  in normal   stress-life  time applications. 
In service  applications where  life  expectancy   is   relatively short,   1150°F 
and even  12000F can  be  considered. 

Although many of these properties are available from various alloys, the 
MP35N and MP159 alloys offer high strength and corrosion resistance con- 
currently  as  a   functional   feature. 

ENVIRONMENTAL   PERFORMANCE: 

Resistance   la  crevice  corrosion,  as  determined  by  immersion  in  10%  ferric 
chloride  solution  at   room temperature,  yielded  unattacked  surfaces.     Tape 
and  rubber  bands  applied around bolt  shanks   for up  to 96 hours did not 
initiate  attack  on   the MULTIPHASE  alloys,  as   they did on other corrosion 
resistant   alloys   in  only 6 hours,  as  shown   in  Figure 2. 

A simulated  service   test,  employing  aluminum alloy cylinders was  conducted. 
External wrenching bolts were  loaded at  75% of actual ultimate  tensile 
strength  after being  swabbed with  a 3.5% NaCl   solution.     After a period 
of approximately   100 hours,   the cylinders were  unloaded.     No   failures were 
observed with MP35N or MP159 bolts   for periods  up  to  10 cycles  although 
other high  strength  alloys did   fail   because  of   the hydrogen  embrittlement 
produced   {*>J',     Atomic  hydrogen,   generated  on  the cathodic  bolt during 
sacrificial   corrosion  of the aluminum cylinder,  diffused   into  the .netal 
and  caused   a  brittle   fracture. 

Sustained   load   tests with cadmium plated  and  unbaked MP159 bolts   did not 
cause   failure during  200 hours  at  75,  85,  and  90% of ultimate  tensile 
strength.     Similarly,  MP35N notched  bars with   a Kt of 6.0 were  loaded 
at  907, NTS   after cadmium plating and did  not   fail during a 600 hour period'^' 
This  data   is   in  contrast   to  failures  observed   for other high strength 
materials   under   the   same  conHi tions. '   ■' 

■    I 

The MP35N  and MP159  alloys  are noble metals with sea water potentials  near 
that of titanium.     When coupled  to   less  noble metals,  the  latter  are 
attacked  galvanically.     Even  in  the  salty air near  the sea,  aluminum panels 
are attacked  around   fastener heads  unless protective coatings  are  employed. 
V'hen   installed   in  titanium alloy structure and  exposed  to a  chloride 

nvlronment ,  no corrosion   is    observed  on either metal, *■' 
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ENVIRONMENTAL  I'ERFORMANCF: - Continued: 

Although  the MP159  alloy  is  too new  to have  gathered  long  term corrosion 
data,   ehe MP35N alloy has  been  tested   in  a  number of environments  which 
show off  its  uniqueness.     For example,  a wire rope  (1/8 x 7 x  19)  was 
exposed  at Wrightsville  Beach,  N.C.   so  that  5  ft.  were constantly  exposed 
to  the  atmosphere,  4   ft.  were bathed  by   the  rising and  falling  tide,  2   ft. 
were  in  the muddy bottom and  the  remainder was constantly wet.    After six 
years  of  this  exposure,  no apparent  corrosion was  observed during  a 
careful metallographic  examination. 

In  a solution of 3% NaCl,  0.5°/, acetic  acid,   saturated with H2S , MP35N 
smootli   bars  were   loaded  to 75°/, yield   strength, where   they did not   fail 
after   1100 hours  of exposure,  compared  to   just  a   few hours   for alloy  steels 
of  the   same  strength  level.^''     Based  on   these   findings,  a  20,000   foot 
instrumentation cable was constructed of MP35N alloy  for use   in sour oil 
wells where  other  corrosion  resistant   alloys  lack   the strength or  cannot 
provide   the  same  degree of resistance   to  stress  corrosion cracking or 
hydrogen embrittlement. 

In  a severe  elocirochemical   tost,  MP35N  notched  specimens were   loaded   to 
90?» notched   tensile  strength   in  salt  solutions  and  electrolyticaliy charged 
to  generate  hydrogen or oxygen.     After a  considerable period  of  time,  MP35N 
specimens  did not   fail  due  to a  stress  corrosion cracking enviro'.ment  but 
did   fail   due   to hydrogen embrittlement.     However,   it was   far batter   than 
anything else   tested.^0' 

In chemical   solutions,   the MP35N  alloy performs with behavior similar   to 
Hastelloy C.     It   is   readily attacked  by  boiling hydrochloric  acid  but  holds 
up   in   the Streicher  and Huey  tests.     Corrosion  rates  are  also  known   for 
several   other  solutions.(5) 

SUMMARY: 

Ths  superior  corrosion resistance demonstrated   for MP35N and MP159  alloys 
indicates   their  applicability   for a variety of environments  ranging   from 
outer  space   to   inner space.     The  corrosion   immunity of these  alloys,   in 
combination with  high  strength and elevated   temperature capability,   allows 
them  to  provide   fastening  free of  troubles.     Protective coatings  are not 
required,   although   they can be  applied   for   lubrication or protection of 
mating  surfaces. 
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TABLE   I 

Chemistry of MULTIPHASE Alloys 

Fe Ti Alloy Co Ni Cr Mo 

MP35N 35 35 20 10 

MP159 35 26 19 7 

Cb 

.6 

Al 

.2 

TABLE   II 

Mechanical  Properties of MULTIPHASE Alloys 

Alloy 

MP35N 

MP159 

Stress, KSI      Elong-   Reduction 
UTS  Yield  Shear  ation.?,  of Area.% 

286  255 

280  275 140 

11 

8 

39 

35 

. 
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Figure 1. UlCimate Tensile Strength vs. Testing Temperature of High 
Strength Alloys 
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Figure  2.     Crevice   corrosion  test   in  lü7o FeClß  at  room 
temperature caused  pitting  and  severe  attack 
of alloys  other  than the MULTIPHASE Alloys. 
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STRESS CORROSION CRACKING TEST 

NO FAILURE AFTER 5000 HOURS IN 
3,5 NA CL ALTERNATE IMMERSION AT 

75%  U.T.S. 

Figure 3.    Stress corrosion cracking test assembly and 
exposed MULTTPHASE bolt reveal no evidence of 
corrosion due  to crevice or galvanic conditions. 
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HOT CORROSION BEHAVIOR OF MAJOR COMPONENT 
PHASES OF NICKEL-3ASE SUPERALLOYS 

G. Romeo and D.W. McKee 
Corporate Research and Development 

General Electric Company 
Schenectady, New York 12301 

ABSTRACT 

A study has been carried out of the differences in hot 
corrosion behavior of major component phases of Ni-base superalloys 
at 850° and 900oC.  Ni-Cr, Ni-Al, and Ni-Cr-Al alloys have been 
coated witn sodium sulfate and exposed to oxygen or H2S-H2 gas 
mixtures, in order tc provide large variations in oxygen and sulfur 
potential at the gas-scale interface.  The composition of the 
alloys corresponded to the nominal gamma matrix, the gamma-prime 
strengthening phase, and a system in which both these two phases 
are present.  The corrosive attack was monitored continuously by 
thermogravimetry, and a morphological study of the corrosion 
products was carried out by optical microscopy, electron microprobe 
and X-ray diffraction.  The results indicate that the extent and 
mechanism of corrosion of the separate phases is strongly influenced 
by the composition of the en/ironment.  Comparison between the 
different phases under study has shown thst the gamma-prime phase 
is a weak link in the overall corrosion problem. 

INTRODUCTION 

Nickel base superalloys employed in gas turbines frequently 
undergo accelerated corrosion in the presence of sodium sulfate 
deposits.  A high rate of degradation of the metal and the complex 
morphology of the corrosion scales characterize this type of 
attack, generally labeled as "hot corrosion" to distinguish it 
from ordinary oxidation processes (1-6) .  In the past two decades 
numerous studies have been carried out on the subject of hot 
corrosion, and several mechanisms have been advanced to account 
for it.  Yet, to date a generalized explanation for hot corrosion 
has not been made available, mainly because catastrophic attack 
with comparable corrosion products can occur for different alloys 
in a variety of environmental situations.  However, the literature 
data point out to two main aspects of hot corrosion; 

1.  Diffusion of sulfur from the salt/melt interface into 
the alloy.  This favors internal precipitation of 
chromium/sulfide particles, which depletes the alloy 
in chromiam and reduces its corrosion resistance (7-8). 

■ 

hl9 

  



-"». — «;-■"■■- 

2,  Fluxing by the sodium sulfate film of oxides such as 
AljOj and CrzOi,   which would offer protection to the 
alloy in ordinary oxidation conditions.  The solubility 
of these oxides in the salt melt can be influenced 
by elements such as molybdenum, vanadium, tungsten, 
etc., that diffuse outward from the alloy into the 
melt and modify the composition of the latter.  (3) 

On tne other hand, catastrophic corrosion rates can be 
originated by transient reducing conditions in the environment. 
As Nai-SOi, is reduced to Na;.S, the resulting increase in sulfur 
potential at the salt/scale interface can provide the driving 
force for sulfur penetration into the alloy.  In this case 
sulfidation mechanisms may prevail over dissolution mechanisms, 
especially when formation of the liquid nickel-nickel sulfide 
eutectic can take place (9,10). 

The cor 
has been the s 
years (3,4) . 
effect of allo 
structure of a 
(4), the most 
solid solution 
elements such 
an ordered int 
imparts high t 

relation between alloy chemistry and rate of attack 
ubject of considerable investigation in the past 
However, little effort has been made to study the 
y microstructure on corrosion rates.  The micro- 
nickel-base superalloy consists of several phases 
important of which are the f.c.c. gamma matrix, a 
of chromium in nickel, with lesser amounts of other 

as aluminum, titanium, etc.; and the gamma-prime phase, 
ermetallic compound of nickel and aluminum which 
emperature strength to the alloy. 

Since both sulfur 
protective oxides (12) ma 
various phases present in 
undertake a study in the 
hot corrosion behavior of 
ding to the gamma matrix 
determine their separate 
resistance of the complex 
of the results of experim 
gamma matrix and gamma-pr 
simulating oxidizing and 
sodium sulfate deposites. 

diffusivity ana the capability of forming 
y be considerably different for the 
a superalloy, we thought it useful to 
temperature range 850° to 900oC of the 
alloys of nominal composition correspon- 

and the gamma-prime phases, in order to 
influence on the overall hot corrosion 
superalloy.  This paper summarizes part 

onts in which specimens of the nominal 
ime phases were exposed to environments 
reducing conditions in the presence of 

EXPERIMENTAL 

Ingots of nominal composition (wt.%) Ni-35Cr, Ni-20Cr, Ni- 
i3.3Al and Ni-10.4Cr-13.5Al were cast in argon after induction 
melting.  Table I shows schematically the correspondence between 
these alloys and the phases of interest to this study.  The gamma 
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matrix has a fairly wide range of existence in the Ni-Cr phase 
diagram (13); accordingly, two compositions were chosen corre- 
sponding to an upper and a medium level of chromium.  The composi- 
tion Ni-13Al corresponds to the center of the narrow range of 
existence of the gamma-prime phase in the Ni-Al phase diagram (14). 
Finally, the ternary Ni-10Cr-13Al alloy was used to simulate a 
mixture of gamma matrix and gamma-prime phases (15). 

TABLE I 

gamma matrix 

ALLOY SYSTEMS 

gamma-prime 

gamma + gamma-prime 

Ni-35Cr 
Ni-20Cr 

= Ni-13A1 

= Ni-10Cr-13Al 

Platelets were machined 
ing their surface through 600 
were annealed in oxygen for 4 
in order to grow a layer of ox 
tion of metal surfaces in a ga 
specimens were then spray-coat 
exposing them to the corrosive 
corrosion was monitored with a 
Standard mctallographic examin 
diffraction analyses were carr 
of the experiments. 

The specimens were expo 
1)  NajSCK + H2S-H2 and 2)  Na 
and hydrogen-sulfide-hydrogen 
high sulfur potentials, a situ 
in the presence of transient r 
coatings and oxygen were used 
which are prevailing in a gas 
were carried out with the gase 
a rate of about 1/2 litor/mlnu 
in most cases at 900oC. 

out of each ingot, and after grind- 
grit silicon carbide paper they 
to 6 hours at reaction temperature, 
ide which simulated the real condi- 
s turbine during operation.  The 
cd with sodium sulfate, prior to 
atmospheres.  The extent of 
continuous recording microbalance. 

ations, electron microprobe and X-ray 
led out or the specimens at the end 

sed to two t 
zSO., + Oj. 
gas mixtures 
ation that c 
educing cond 
to simulate 
turbine envi 
s flowing at 
te, and the 

ypes of environments: 
Sodium sulfate coatings 
were used to simulate 

an occur in gas turbines 
itions.  Sodium sulfate 
oxidizing conditions, 
ronment.  The experiments 
atmospheric pressure at 
temperature was maintained 

RESULTS AND DISCUSSION 

Reducing Environments 

Fig. 1 shows the morphology of the corrosion product of a 
Ni-35Cr .-Hoy which was exposed for 2 1/2  hours to a 10% H2S-Bal, 
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Hz gas mixture at 850oC. The scale con 
nickel sulfide (Mi 382) which was molten 
layer of chromium sulfide (C^S;,). Nie 
noticed in this inner layer as a result 
phase preferentially along grain bounda 
fast formation of molten nickel sulfide 
accelerated corrosion of the gamma matr 
were made to see whether a pre-existing 
prevented the formation of liquid nicke 
oxide layer only delayed catastrophic a 
took place 

sisted of an outer layer of 
at temperature, and an inner 

kel sulfide stringers can be 
of penetration of a liquid 

ries (16).  In this case 
was iminly responsible for 
ix-type alloy.  Attempts 
layer of oxide could have 

1 sulfide.  Actually, the 
ttack, which eventually 

Fig. 2 shows the weight gam curves for specimens of a 
Ni-35Cr alloy treated directly with the hydrogen sulfide-hydrogen 
mixture or pre-oxidized prior to sulfidation.  In all cases within 
the first two hours the weight gain amounted to about 30 mg/cm2. 
However, in the case of the pre-oxidized specimen the attack was 
delayed because of the time required for sulfur to diffuse through 
the oxide layer.  Instead, in the case of the specimen pre-oxidized 
and coated with 2 mg/cm2 of sodium sulfate either a coherent 
protective oxide could not form or it was fluxed out by the film 
of molten salt so that the incubation period for accelerated corrosion 
was reduced.  Concurrently, the composition of the salt melt was 
modified by the reducing action over Na2SOit of hydrogen in the 
reaction atmosphere.  The latter was partially converted into NaaS, 
resulting in increased sulfur potential at the salt/melt interface. 
Analogous results were obtained with specimens of a Ni-20Cr alloy 
when exposed to H2S-H2 atmospheres. 

In similar environmental conditions characterized by high 
sulfur potentials, the gamma prime phase shows some terdency to 
form a liquid nickel sulfide, although to a lesser degrc-e than the 
gamma matrix.  Fig. 3 shows the weight gain curves for two specimens 
of nominal gamma-prime.  The lower curve (a) corresponds to a speci- 
men treated directly with the 10% H2S-H2 gas mixture.  The weight 
gain after several hours was not as marked as in the case of the 
upper curve (b) corresponding to a specimen pre-oxidized and coated 
with 9 mg/cm2  of sodium sulfate.  In this latter case any barrier to 
sulfidation provided by protective oxides was removed by the fluxing 
action of the sodium sulfate melt.  However, a comparison of the 
diagrams in Figs. 2 and 3 demonstrates that the attcok was less 
extensive than in the case of the gamma matrix system.  Fig. 4 
shows the morphology of the corrosion scale corresponding to curve 
(b) in Fig. 3, consisting mainly of NisSz in all probability molten 
at temperature. 
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The above results indicate that in environmental conditions 
leading to high sulfur potentials and in the presence of molten 
films of sodium sulfate both the gamma matrix and the gamma-prime 
phase show scarce resistance to corrosion, mainly because of very 
rapid formation of the liquid nickel-nickel sulfide eutectic. 

Oxidizing Conditions 

A different situation occurs when gamma matrix and gamma- 
prime are corroded in oxidizing conditions.  Fig. 5 shows the weight 
gain curve for a specimen of Ni-20Cr coated with 10 mg/cm2 of 
sodium sulfate and exposed to oxygen at 900oC for about 6 days. 
The initial weight gain of the specimen amounted to less than 
1 mg/cm2 within the first day, after which the rate of evaporation 
of sodium sulfate became higher than that of weight gain and the 
specimen started losing weight.  These results agree qualitatively 
with those of Goebel at al (3) and those of Hardt et al (17) for 
Ni-Cr alloys of similar composition.  The specimen cross section is 
shown in Fig. 6.  The scale was found to consist of an outer layer 
of NiO and an inner layer of CrjOa.  Internal precipitates of 
chromium sulfide can still be detected within the alloy. In this 
case, however, the scale offered a considerable resistance to 
corrosive attack, most probably because at low sulfur potentials 
relatively little sulfur diffuses through the compact scale, and 
at the same time the rate of dissolution of NiO and Cr?0 3 in the 
sodium sulfate melt is very slow. 

A much larger rate of attack was instead noticed when a 
specimen of nominal gamma-prime was coated with sodium sulfate and 
exposed to oxygen at 900oC.  Fig. 7 shows three weight gain curves 
for specimens of"gamma-prime coated with different amounts of 
sodium sulfate.  In all cases an initial stage of rapid attack was 
noticed, the extent of which was roughly proportional to- the amount 
of sodium sulfate coating.  In a subsequent stage the curves tend to 
taper off.  Fig. 8 shows the scale grown on one of the specimens. 
The corrosion product was found to consist mainly of porous NiO, 
together with particles of a-Al203.  The scarce resistance to hot 
corrosion in oxidizing conditions of the gamma-prime phase is 
probably due to the initial formation of a discontinuous layer of 
AI2O3 at its surface.  If this layer is dissolved by the film of molten 
sodium sulfate the growth of a porous layer of NiO is favored.  This 
porous scale progressively separates the sodium sulfate film from 
the metal; consequently, the slope of the weight gain curves 
progressively decreases.  Crucible tests have indeed indicated that 
exposure of specimens of gamma-prime to excess sodium sulfate at 
900oC in air results in their total destruction after only two 
hours.  It can be then concluded that in purely oxidizing conditions 
the gamma matrix offers excellent resistance to hot corrosion, 
while the gamma-prime appears to be a "weak link" in the overall 
hot corrosion process of a superalloy. 
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The System Gamma + Ganuna-Prime 

Experiments were also carried out with a ternary alloy of 
composition (wt.%) Ni-10.4Cr-13.5Al, to simulate a system in which 
at high temperature the two major phases gamma and gamma-prime 
coexist.  Specimens of this ternary alloy were exposed to reducing 
and oxidizing environments, as described previously for the binary 
Ni-Cr and Ni-Al alloys. 

Fig. 9 shows the dramatic difference between the corrosive 
attack in the absence and in the presence of sodium sulfate coatings. 
The top micrograph shows the relatively little amount of corrosion 
scale Tormed on a specimen of Ni-10Cr-13Al alloy pre-oxidizsd and 
exposed isothermally to a 10% H2S-H2 gas mixture for 8 hours.  In 
this case evidently  the oxide layer offered some barrier to the 
inward diffusion of sulfur, and the attack was confined to a narrow 
surface layer.  On the contrary, when another specimen of the same 
alloy was pre-oxidized and coated with 2 mg/cm2 of sodium sulfate, 
catastrophic attack took place, as demonstrated by the massive and 
complex corrosion product in the lower micrograph of Fig. 9.  In 
this case the fluxing action of zhe  melt was combined with the 
presence of high sulfur potentials, which favored the formation of 
a liquid nickel sulfide phase and the extensive disruption of the 
alloy surface layer.  The attack appears to propagate preferentially 
at the darker areas -in the alloy, of composition corresponding to the 
gamma-prime.  Fig. 10 shows the weight gain curves for specimens 
of a Ni-10Cr-13Al alloy exposed at 850oC to a 10% H2S-H2 gas mixture, 
for different conditions of the metal surface.  Comparing curve (a) 
in Fig. 10 with the curves in Fig. 2 shows that addition of aluminum 
to a binary Ni-Cr alloy delays considerably catastrophic attack, 
probably because of initial formation of a protective barrier of 
oxides and sulfides of aluminum and chromium.  Subsequent depletion 
of the alloy in these elements favors the formation of the liquid 
Ni-Ni3S2 eutectic, and the reaction becomes much faster.  The in- 
fluence of a protective oxide in delaying sulfidation is also shown 
by curve (c) in Fig. 10, corresponding to a specimen pro-oxidized 
prior to sulfidation with the H2S-H2 mixture, but not exposed to 
any fluxing action of sodium sulfate.  Curves (b) and (d) show 
instead that removal of protective oxides by the molten sodium sulfate 
coating originates catastrophic attack soon after the reaction is 
started. 

When the same Ni-10Cr-13Al alloy was exposed :o oxidizing 
environments in the presence of sodium sulfate, a much larger 
incubation period appeared to precede the onset of accelerated 
attack.  Fig. 11 shows the weight gain curves for two specimens of 
Ni-10Cr-13Al pre-oxidized, coated with 10 mg/cm2 of sodium sulfate 
and exposed to oxygen at 900oC.  In this case the oxide layer formed 
on the alloy was found to consist of a mixture of Ni-Cr and Ni-Al 
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spinels, as shown by the micrograph in Fig. 12. Again, the rate of 
dissolution of the oxide scale in the melt vas the factor retarding 
accelerated attack of the alloy.  The difference in the duration of 
the incubation period is probably to be ascribed to non-uniformity 
of the oxide film thickness due to variations in the surface 
preparation of the specimen.  It is worth noting that in Fig. 12 
the attack proceeds internally at localized areas, the composition 
of which was found to correspond to the gamma-prime phase; a larger 
amount of sulfur appears to have diffused into the alloy at these 
areas possibly as a result of a larger density of grain boundaries. 

CONCLUSIONS 

The hot corrosion behavior of an alloy depends on the alloy 
chemistry, its microstructure and the composition of the corrosive 
environment.  Because of its inherent complexity, a generalized 
model for hot corrosion is not yet possible. 

The gamma matrix undergoes catastrophic corrosion in environ- 
ments characterized by high sulfur potentials. At low sulfur 
potentials, such as those prevailing in a gas turbine environment, 
the gamma matrix shows excellent resistance to corrosion.  On the 
contrary, the gamma-prime undergoes hot corrosion both in reducing 
and oxidizing environments.  In addition, the gamma-piime is m-ch 
less resistant than the gamma matrix in oxidizing environments, 
and can be considered a "weak link" in the overall corrosion process 
of commercial nickel-base alloys. 

Studies of the rate of dissolution in molten sodium sulfate 
of protective oxides, and of the correlation between alloy micro- 
structure and accelerated attack would provide a better understand- 
ing of hot corrosion processes. 
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Ni-35Cr .50/* 

Flg.   I.     Ni-35Cr alloy  treated at  850oC with a 
10?;HiS-H2 gas mixture  for  2$  hours.     The scale 
consists of an outer  layer  of nickel   sulfide 
which was molten at  temperature,  and an   inner 
layer of chromium sulfide. 

lii Weight gain curves 
i at 850ÖC to a  \0% 

for a Ni-35Cr alloy 
exposed 
different  treatments, 

0^HjS-H2 gas mixture after 
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i) UNCOAItD 
61 I'RI OXIDIZED AND COATED WltMNiiSOi 

300 400 

TIME IHINI 

Fig.   3.    Weight gain curves  for a NM3A1  alloy 
"treated with  a   'O^S-Hj  gas mixture at  900OC 

after different   treatnients. 

NijSj, 

f 
■ i 

.-^ NisAI 

.50M. 

r 

Fig. ^4.  Scale formed on a Ni-13A1 alloy pre-oxid ized, 
coated with 9 mg/cm2 of Na?S0H and treated with a 
10^H2S-Ha gas mixture at 900

oC.  The portion labeled 
as Ni3S2 was probably molten at reaction temperature. 
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A Ni-20 Cr PRE-OXIOIZED, 
COATED WITH IOmg/cm2  OF N02S04 
AND   TREATED AT gOO^ WITH OXYGEN 

£ -0.4, 

% -0.8. 

1.2; 

60 80 

TIME (HR) 

Fig. 3.  Weight gain curve for a Ni-20Cr alloy pre- 
oxidized, coated with 10 mg/cm2 of Na2S0il and 
exposed to oxygen at 900 C.  The weight loss of 
the specimen can be attributed mainly to evaporation 
of sodium sulfate. 

Ni-20Cr 

"CrS" 
2011 

\ 

Fig.   6.     Duplex oxide  scale  formed on  a  Ni-2üCr alloy 
pre-oxidized,   coated with   10  mg/cm2  of NajCO^ and 
exposed   to oxygen at 900OC  for  about  6 days.     Some 
particles of chromium sulfide  have precipitated 
wi thin  the al loy. 
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Fig.   7.    Weight gain curves  for a Ni-13A1   alloy exposed 
to oxygen  at 900oC after different  treatments. 

NiaAl 50/i 

I   . 

Fig.  8.     Cross  section of Ni-13A1  alloy coated with 
11  mg/cm2  of NajSO^ and treated with oxygen at 900 C 
for  18 hours.    A small  amount of a-AlaOs was detected 
in the main NiO porous scale. 
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Fig.   9.     Ml-10.4Cr-13.5Al   alloy   treated with  a   lO'/.HzS-Hz 
gas   mixture  at   850       for  8 hours: 

Top micrograph:     the  specimen was   pre-oxidized 
Lut   not  coated  with sodium sulfate.     A copper 
plate was   used  for  retaining  the   relatively 
thin  chromium  Sulfide   layer. 

Bottom micrograph:    coating a  pre-oxidized 
specimen with  sodium sulfate  produced deep attack 
and  a complex  scale morphology. 

„' UNCOATtD SP'CIWti 
bl COAIEO WITH 1.3 mj/cm' Of Na?S04 

0 PRF 0>l[)IZED(J\tv AND SUlFIOIZfD 
ISÜFHIRMALIV 

dl PRE OXIDIZEDANDCOATEDWETH 

? mgj[m?0f Na^04 

100        400        >00 

TIKE   miNI 

Fig.    10.     «eight  gain curves   for a   Ni - iCtCr-l 3. 5A1 
a 1 loy  exposed   to a   10.<',H2S-Hi  gas   mixture  at 
after  different   treatments. 
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BOTH  CURVES CORRESPOND T0 Ki-10.4 Cr-13.5 Al 
PRE-OXIDIZED, COATED WITH iOmg/cm2 OF «02804 
AND FINALLY TREATED WITH OXYGEN AT 900«C 

TIME(HR) 

Fig.   11.     Weight  gain curves   for  two specimens of  a 
Ni-lO.^Cr-n^AI   alloy  pre-oxidi7ed,   coated  with 
10 mg/ctr.2 of  t^SOi,  and   treated with oxygen  at  900OC. 
An   incubation  period of  varying  length  has  preceded 
in  both cases  accelerated attack. 

(NiO +NiAI204) 

ALLOY 

• 50^ 

Fig. 12.  Ni-10.4Cr-13.5Al alloy pre-oxidized, coated 
with 10 mg/cm2 of NaaSG«» and f^ated with oxygen at 
900 C for about k  days.  A thick önd porous scale 
consisting of NiO and NiAl20i» has grown externally. 
The arrows indicate internal precipitates of chromium 
sulfide, localized preferentially at the darker phase 
within the alloy. 
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ENVIRONMENTAL  PROTECTION  TO 922  K  (1200 F)   FOR TITANIUM ALLOYS 

BY  M.   T.   GROVES 

TRW   INC. 
MATERIALS  TECHNOLOGY 

CLEVELAND,  OHIO ^117 

ABSTRACT 

t 

The purpose of this program was to evaluate potential coating systems for pro- 

tection of titanium alloys from hot-salt stress-corrosion up to temperatures of 

755 K (900oF) and from oxidation embrittlenent up to temperatures of 922 K 

(1200 F).  Diffusion type coatings containing Si, Al, Cr, Ni or Fe as single 

coating elements or in various combinations were evaluated for oxidation pro- 

tection, hot-salt stress-corrosion (HSSC) resistäncp, effects on tensile and 

fatigue properties, erosion resistance and ballistic impact resistance on an 

a + ß titanium alloy (Ti-6A1-2Sn-')Zr-2Mo). All of the coatings investigated 

demonstrated excellent oxidation protectiveness, but none of the coatings pro- 

vided protection from hot-salt stress-corrosion.  Experimental results indicated 

that both the aluminide and silicide types of coatings actually decreased the 

HSSC resistance of the substrate alloy.  Oxidation exposed coated specimens 

(922 K (1200 F)) exhibited some degradation in tensile properties compared to 

unexposed Ti-6-2-')-2.  About half of the coated specimens had strengths comparable 

to the uncoated Ti-6-2-4-2 substrate exposed at 922 K (1200 F) and tensile elonga- 

tion values that exceeded those of the uncoated substrate.  Fatigue properties 

were degraded by the presence of the coatings.  Ballistic impact damage degraded 

the mechanical properties of the coated specimens.  Only two of the coatings 

completely protected the substrate against erosion resistance at a 20  impinge- 

ment angle, while none of the coatings were completely protective at an impinge- 

ment angle of 90 .  Tests wit'i a ß titanium alloy (Ti-13V-11Cr-3A1) indicated 

oxidation protectiveness comparable to the a + ß alloy, but the thermal cycles 

employed in coating deposition severely degraded the mechanical properties of 

the ß alloy.  It was concluded that the types of coatings which have typically 

been used for oxidation protection of refractory metals and nickel base super- 

alloys are not suitable for titanium alloys because they increase the susceptibility 

to hot-salt stress-corrosion and that entirely new coating concepts must be 

developed for titanium alloy protection in advanced turbine engines. 
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1.0   INTRODUCTION 

Titanium alloys are used extensively for turbine engine compressor 

components up to about 700-750 K (800-900 F) because of excellent strength-to-weight 

ratio, fracture toughness and structural stability.  These unique properties have 

been utilized in the manufacture of turbine engine compressor and fan blades, inlet 

cases, disks ind other components.  Titanium alloys with a greater strength capa- 

bility are being developed for use in advanced engines at temperatures to 922 K 

(1200 F).  The use of titanium alloys in some applications may be restricted by 

erosion and hot-salt stress-corrosion cracking.  In addition, as the use tempera- 

ture of advanced titanium alloys exceeds about 755 K (900 F), another potential 

problem limiting their long term use may be oxygen contamination.  If the full 

potential of titanium alloys is to be exploited, coating systems must be developed 

to protect against the damaging influence of the higher temperature turbine engine 

envi ronment. 

In previous work, a variety of coatings have been evaluated on titanijm 

alloys. Coatings that have provided high temperature oxidation protection for 

titanium alloys in previous work include aluminides     , silicides     , 

titanium intermetal1ic compounds (TiC, TIN, TiB and TiNi)  ' '  , nickel 
(2) (2) 

aluminide   , and diffused coatings of nickel, zinc and chromium  .  Coatings 

deposited on titanium alloys that have been reported to exhibit resistance to 

hot-salt stress-corrosion cracking include nickel plate and an aluminide at 589 K 

(600 F)   ; aluminides, silicides, diffused chromium and diffused zinc at 672 K 

(750 F)   ; and plasma sprayed aluminum at 728 K (850 F)   .  Hard chromium plate 

has provided better dust erosion protection than aluminides, bervllUfc-s, borides 
(9) 

and nickel oxides  .  A titanium carbide coating applied by chemical Vapor 

deposition displayed excellent erosion resistance but significantly reduced 

fatigue strength   .  Erosion tests on diffusion coatings indicated that nickel 

I 90( 

.(2) 
and chromium were protective at impingement angles of 20 and 90 while aluminum 

o . 
and silicon were protective only at the 20  impingement angle 

The objective of this program was to evaluate aluminides and silicides as 

potential protective coating systems for titanium alloys.  Deposition of aluminide 

coatings on superalloys and si Meide coatings on refractory metals by diffusion 

techniques are well developed processes.  Previous work indicated that diffusion 

coatings containing aluminum or silicon could provide oxidation and hot-salt 
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stress-corrosion protection for titanium alloys.  In addition, previous work 

indicated that diffusion coatings containing chromium and nickel provided erosion 

protection at both high and low impingement angles.  Therefore, coatings selected 

for evaluation included both unmodified and modified variations of aluminides and 

si 1icides. 

2.0 EXPERIMENTAL PROGRAM 

The experimental work was conducted in two phases.  In Phase I, ten experi- 

mental coating compositions were evaluated for oxidation protection and erosion 

resistance on Ti-6AI-2Sn-'4Zr-2Mo sheet.  In Phase II, the five most promising 

coating systems were further evaluated for fatigue and ballistic impact properties 

on the Ti-6-2-'i-2 sheet and for oxidation protection on Ti-13V-l1Cr-3Al sheet. 

Phase II also included an evaluation of the hot-salt stress-corrosion resistance 

of the five selected coating systems on two heats of Ti-6-2-'*-2 sheet and a heat 

of Ti-6-2-'(-2 bar stock. 

2.1 Substrate Materials, Coatings and Test Specimens 

Uhemicai compositions and mill forms of the substrate materials are listed 

in Table I. The majority of the exoerimental work was conducted with Ti-6-2-'*-2 

Heat No. A-1  in  the form of sheet.  Additional hot-salt stress-corrosion testing 

was performed on a second heat of Ti-6-2-A-2 sheet B-l..  Heat treatments 

and vendor certified mechanical properties (where available) are listed in Table II. 

Table III lists the coating source compositions, deposition processes and deposition 

temperatures for the ten experimental coating systems. The coating elements were 

Al, Si, Cr, Ni, Mg and Fe which were used either as single coating elements or in 

various combinations. All of the coatings were diffusion deposited either by pack 

cementation or slurry slip pack.  Some of the coatings were applied in two 

separate deposition steps (duplex coatings). Silicon, chromium, magresium and 

nickel were used in the form of elemental powders, while the remainder of the 

materials were purchased as alloy powders. Slurry coatings were applied by 

spraying with suspensions consisting of 100 grams of powder in 300 ml of cellulose 
2 

nitrate to obtain a bisque weight of approximately 50 mg/cm .  The green bisques 
-2 

were air drisd and fired in a 10  torr vacuum furnace. The slurry coated speci- 

mens were supported by bubbled alumina contained within Inconel retorts during 

firing.  Pack cementation coatings were deposited from packs containing source 

material plus 1/2 weight percent CrCl, activator.  The packs were also contained 
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in   Inconel   'etorts  and  heated   in  a   10       torn  vacuum.     Deposition  temperatures 

ranged   from 972  K to  1228  K  (1200oF   to   1750ÜF)   for   times   ranging  from 2  hours 

to   15  hours.     Coating  thicknesses   ranged   from S.lum   (0.0002   inch)   to  ^5.Zum 

(0.0018   inch).     Deposition   times  were  adjusted   so  that  two  coating   thickness 

levels,   designated A and  B,  were obtained   for  each of  the  coating  systems.      in 

general,   the  B   levels  were  approximately   twice   the A  levels. 

Mechanical   property  specimens  are   shown   in  Figure  I.     Tensile  and  hot-salt 

strsss-corrosion  tests were conducted  using  the  flat  tensile specimen  shown   in 

Figure  1(a).     Hot-salt stress-corrosion   tests on bar stock were performed  using 

the   tubular  specimens  shown   in  Figure   1(b).     Mechanical   fatigue   tests  were 

performed   using   the  flat   tensile  specimen  shown   in  Figure   1(c).     All   test  speci- 

mens were  stress   relieved  by  chemical   milling   in  a solution of  3 volume  percent 

hydrofluoric  acid,   30  volume  percent  nitric  acid  and  67  volume  percent  water  prior 

to  coating or   testing.     A minimum of  0.0025  cm   (0.001   inch)   of metal   was   removed 

from al1   surfaces. 

i 

2.2 Metallograohy 

Typical   microstructures  of   the  coatings   in   the as-deposited  condition on 

Ji-6-2-k-2   sheet  are  shown   in   Figure  2.     The microstructures  could   be  classified 

into one  of   three  categories.     Coatings   containing   large  amounts  of  aluminum 

consisted  of an  outer  aluminide and  an   a   layer  adjacent   to  the  substrate  as 

illustrated   by  coating  No.   1   (Figure  2(a)).     Duplex coatings  containing  a   Cr or 

Fe/Cr  pre-coat   consisted of  an  outer  coating  and  a  chromium  rich   layer  adjacent 

to   the  unaffected  substrate  as   illustrated  by  coating  the  Cr  + Al-Mg  system 

(Figure  2(b)).     Layers  adjacent   to   the   unaffected  substrate   in   these  coatings 

probably  contained appreciable  amounts  of   the  ß  phase due  to  the presence of  the 

ß  stabilizing  elements,   Fe and Cr .     The  other  type of  coating  microstructure 

consisted  of  a  coating   layer  adjacent   to  an  unaffected  substrate.     This   type of 

microstructure was obtained  for  the  silicon  coating   (No.   2)   shown   in  Figure 2(c) 

and   for  coatings   in which   the  a and  ß  stabilizing  elements  apparently  offset  each 

other.     The microstructure of   the  Ni-Cr-Al-SI   system,  shown   In   Figure  2(d),  was 

typical   of   the multi-element  coating  systems   In  which an apparent  balance was 

obtained  between  a and  0  stabilizing elements. 
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2. 3 Oxidation  Protection 

The  ten experimental   coatings were screened  for oxidation protection on 

Ti-6-2-'t-2 sheet   (Heat No. A-l) under 922  K  (1200OF)   static oxidation exposure 

conditions.     Coated and uncoated coupons and tensile specimens  were exposed  for 

times  up  to  1000 hours.     Evaluation  consisted of weight  gain,   electron  microprobe 

analyses of exposed coatings  and   residual   tensile properties. 

Weight  gains were  determined  by  cycling  to  room temperature at   100  hour 

intervals.     Cumulative weight  gains after  1000 hours of exposure are shown  in 

Figure  3  for  uncoated  Ti-6-2-/»-2   sheet  and  coated  specimens with  the A   level 

coating  thickness.      (Coating  No.   k   (Al-Si)  was omitted because   its  true weight 

gain  could not  be established.)     Nearly all   coatings  provided  significant pro- 

tection   from oxidation  as   reflected  by   the   low weight  gains  of   the  coated  specimens 

compared  to uncoated specimens.     Particularly outstanding were  coatings   1,  3,  5 

and 6.     These coatings had cumulative weight gains of 0.05  to 0.075 mg/cm    compared 
2 

to a weight gain of  1.110 mg/cm    for uncoated Ti-6-2-'*-2  sheet.     After exposure, 

both  the uncoated and  coated specimens were semi-quantitatively  analyzed for 

oxygen content  using a Phillips  electron probe mir oamlyzer.     The scan areas 

were at  the mid-thickness  of  the substrate  (or uncoated specimens),   immediately 

below the coatings and  immediately below the surface of  the uncoated specimen. 

For coatings  that contained an a   layer   in  the as-deposited microstructure,  the scan 

area beneath the coating was  the a   layer.    Coated specimens  had equivalent oxygen 

contents at  the mid-thickness of   the substrate and  the area  immediately beneath 

the  coating.     Uncoated  specimens   had  a  significantly  higher  concentration of 

oxygen  near  the  surface  compared   to  the mid-thickness.     The electron microprobe 

analyzer   indicated   that  all   of  the  coatings  protected  the  substrate  from oxidation 

at   922  K   (1200oF). 

Tensile properties of the oxidation-exposed coated specimens are compared 

to the tensile properties of uncoated specimens in Figures k  and 5.  The specimens 

were exposed at 922 K (1200 F) for either 100 or 1000 hours.  Following exposure 

the specimens were slow rate tensile tested at room temperature (0.125 mm/min. 

(0.005 in/min.)).  Data are presented for both thickness variations of all ten 

coatings.  Figure k  compares the residual tensile properties of she exposed 

coated specimens with uncoated, unexposed mill annealed Ti-6-2-i»-2. The proper- 

ties of the coated specimens are presented as a percentage of the properties of 
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the uncoated material as the baseline for both 100 hour and 1000 hour exposures. 

The tensile property which was degraded to the greatest extent was tensile 

elongation.  Coatings with the best residual tensile elongation were coatings 2, 

k  and 5.  These coatings had tensile elongation values equivalent to 90-97% of 

the baseline after 100 hours of exposure.  After 1000 hours of exposure, tensile 

elongations of these coatings ranged from about 65-92% of the baseline.  For the 

majority of the coatings, yield strengths and tensile strengths after 100 hours 

of exposure were comparable to those of uncoated, unexposed material and for these 

coatings only a small reduction in strength (1-5%) was obtained after 1000 hours 

of exposure.  Increased coating thickness generally reduced the tensile properties 

by a small amount (1-5%).  The poorest tensile properties were obtained from the 

duplex coatings containing S stabilized substrate/coating interface layers 

(coatings 3, 6 and 9). 

In Figure 5 the residual tensile properties of the coated-exposed tensile 

specimens are compared with the residual tensile properties of similarly exposed 

uncoated specimens as the baseline.  Elongation values of about half of the 

coatings exceeded those of the uncoated material after both 100 and 1000 hours 

exposure.  This was particularly evident after the 1000 hour exposures.  After 

this exposure time, coatings 2, b,   5, 7 and 10 had elongation values ranging from 

180 to 280% of the baseline.  Again the duplex coatings containing the ß stabilized 

substrate/coating interface layers (coatings 3, 6 and 9) had the poorest elongation 

values amounting to only 5 to 30% o' the elongation of the uncoated, exposed 

material.  About half of the coatings had strengths equivalent or higher than the 

uncoated material. 

2.^   Dust Erosion Tests 

All ten coating systems at the greater coating thickness (B level) were 

evaluated for dust erosion resistance using coated and uncoated (mill annealed) 

Ti-6-2-'*-2 coupons.  Erosion tests were conducted using an S.S. White Mini-blast 

unit at impingement angles of 20 and 90 degrees.  The eroding abrasive used was 

27 micron alumina carried through a 0.051 mm (0.019 inch) diameter nozzle at a 

5.08 cm (2.0 inch) standoff distance in an argon g^s stream under a pressure of 

3^.5 KN/m  (50 psig). An abrasion time of 60 second;, was electronically 

controlled.  Erosion resistance was determined by the /veight lost from a constant 

surface area obtained by masking.  Details of this evfluation technique are given 

elsewhere 
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Test results are summarized in the bar graphs presented in Figure 6.  At 

an impingement angle of 20 , only coatings 3 and 5 completely protected the sub- 

strate; i.e., no substrate was eroded.  At an impingement angle of 90 , none of 

the coatings completely protected the substrate. However, coatings 1, 5, 6, 9 

and 10 provided some erosion protection in that less material was eroded from 

the coated specimens than from the uncoatrd specimens. 

2.5   Fatigue and Ballistic Impact Resistance 

Following screening tests of all ten experimental coating systems for oxi- 

dation protection and erosion resistance, the five most promising coating systems 

were selected for further evaluation under fatigue and ballistic impact conditions 

at the B coating thickness level.  Coatings selected for further evaluation 

included Nos. 1, 2, 5, 8 and 10. Figure 7 compares tne fatigue prooerties of 

these coatings on Ti-6-2-4-2 sheet with uncoated Ti-6-2-A-2 sheet in various heat 

treated conditions.  Tests were performed at room temperature on a Baldwin-Universal 

fatigue machine operating at a frequency of 30 Hz. The endurance limit at a maximum 

of 10 cycles was determined in tension-tension utilizing an A ratio (ratio of 

alternating-to-mean stress) of 0.67.  Uncoated specimen heat treated conditions 

included mill annealed, duplex annealed and a 15 hr/1228 K (1750oF) heat treatment 

to simulate the most severe coating cycle. 

Compared to uncoated material, the coated specimens all had reduced 

endurance limits. Based on uncoated duplex annealed material, the endurance 

limit was reduced by 30 to k0%.     Based on uncoated mill annealed material or 

uncoated material heat treated to simulate the coating thermal cycle, the endurance 

limit was reduced by 25 to 33%. 

Ballistic impact resistance of the five selected coetings was evaluated on 

Ti-6-2-^-2 sheet at the B thickness levels of the coatings.  Uncoated mill annealed 

specimens and the coated specimens were impact damaged at room temperature using 

a 0.656 gm steel ball fired from a gas operated pellet gun at a standoff distance 

of 38.I cm (15 inches). Velocities up to 232 m/sec (76O ft/sec) were employed 

and specimens were examined at 30X magnification to detect cracking.  Results of 

the ballistic impact tests are presented in Figure 8.  Initially, the crack 

threshold velocity was determined for uncoated and coated specimens.  The crack 

threshold velocity was defined as the minimum velocity at which the coating would 
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crack without rupture of the substrate material.  As shown in Figure 8^a), a crack 

threshold velocity could not be determined for uncoated material.  Gross rupture 

occurred at the highest impact velocity, 232 m/sec (760 ft/sec), employed in the 

tests.  The coatings all had crack threshold velocities lower than 232 m/sec 

(760 ft/sec).  Coating No. 2 had the highest crack threshold velocity, 1^5 m/sec 

(^75 ft/sec) while coatings 1 and 10 had the lowest crack thresholds, 76 m/sec 

(2^8 ft/sec).  To determine the effect of impact damage on tensile properties, 

coated specimens were damaged using an impact velocity that was 10^ greater than 

the crack threshold velocity. The damaged specimens were then exposed at 922 K 

(1200 F) for 100 hours along with undamaged specimens.  Both groups of specimens 

were tensile tested at room temperature after exposjre.  Yield and tensile 

strengths were comparable for the damaged and undamaged specimens. Tensile 

ductility of toe damaged specimens, however, was reduced as indicated in Figure 

8(b).  The tensile ductility of the damaged specimens is expressed as a percentage 

of the tensile ductility of the undamaged specimens. The best coatings (Nos. 1 and 

5) had tensile elongation reduced by 5 to 10^ compared to undamaged coatings. 

2.6   B Alloy 

The five coatings selected for further evaluation (Nos. 1, 2, 5, 8 and 10) 

were evaluated for oxidation resistance and tensile properties on the ß alloy. 

Ti-13V-l1Cr-3A1 coupons and tensile specimens of Ti-13V-11Cr-3Al were coated using 

the same deposition parameters that were used to obtain the ß coating thickness 

levels on the Ti-6-2-A-2 specimens. Coating thicknesses obtained on T!-13"11"3 

were comparable to those obtained on the Ti -6-2-i»-2.  The coated coupons and 

tensile specimens were exposed for 1000 hours at 922 K (1200 F) along with 

uncoated Ti-13-11-3 coupons. After exposure, the tensile specimens were tested 

at room temperature using slow strain rates (0.125 mm/min. (0,005 in/min.)). 

Results of the static oxiaation tests and post-exposure tensile tests a,-e 

presented in Table IV.  All five of the coatings were protective with respect 

to oxidation of the ß titanium alloy as evidenced by significantly lower weight 

gains on the coated specimens. The tensile specimens, however, had almost zero 

ductility and tensile strengths that ranged between 22 to k8%  of the strength of 

uncoated, unexposed Ti-13-11-3 tensile specimens. 

The reduction In tensile properties of the coated specimenr was attributed 

to excessive grain growth occurring during the coating cycles. Examination of 

hhP 

mmm Krtmm ■HMHH 



m^  ] mil ■. in ■■■■•■»j^-»- i ■■ ■ ■ ■  ■■ 

tensile fractures in the coated, exposed specimens showed that excessive grain 

growth had occurred during the coating thermal cycles and resulted in appreciable 

amounts of intergranular failure.  Typical scanning electron micrographs of the 

fractures observed for the uncoated and coated specimens are shown in Figure 9. 

Grain size (as indicated by the fractographi) and amount of intergranular fracture 

was directly related to the coating thermal cycle.  Fractures from Coating No. 2 

(coating cycle - 15 hr/1228 K (1750 F)) failed primarily by an intergranular 

mode as shown in Figure 9(a).  The fracture of a coated specimen processed under 

a less severe thermal cycle (12 hr/1200 K (1700 F)) had approximately equal 

amounts of intergranular and transgranular failure and a somewhat finer grain 

size as shown in Figure 9(b).  Figure 9(c) shows the transgranular mode of failure 

exhibited by an uncoated specimen. Although the coatings protected the Ti-13"11"3 

substrate fiom oxidation, it was apparent that the coating thermal cycles 

seriously degraded the mechanical properties of this alloy. 

2.7   Hot-Salt Stress-Corrosion Resistance 

Initial hot-salt stress-corrosion (HSSC) tests were conducted on Ti-6-2-A-2 

sheet (Heat No. A-l).    The five coatings selected for further evaluation were 

deposited on tensile specimens at the B coating thiexness levels. The gage 

lengths of the specimens were then salted and the specimens were creep exposed 

ai /i5 K (900 F) Tor 100 hours under various loads.  Uncoated specimens were 

also salted and exposed under the same conditions.  If the specimens survived the 

exposure, they were tensile tested at room temperature using slow strain rates. 

Two criteria were used to determine if hot-salt stress-corrosion had occurred in 

specimens which survived the creep exposure.  First a crack threshold stress was 

determined.  This was defined as the minimum stress at which her>t tint cracks 

could be observed in the tensile fracture under a magnification of 30X.  The 

presence of heat tint cracks indicated that cracking occurred during the high 

temperature exposure. The secnd criteria was an embrittlement threshold 

stress.  Once the crack threshold was established for a particular coating, the 

exposure stress was lowered on successive specimens to determine the minimum 

creep stress under which embrittlement did not occur. A specimen was considered 

to be embrittled by the presence of the salt if its residual tensile elongation 

was less than 80%  of the tensile elongation of oxidation exposed specimens. 

HSSC results for the Initial heat of TI-6-2-4-2 sheet are presented In 

Figure 10.  Initially, both the uncoated and coated specimens rare salted with a 
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6 mg/cm    concentration of NaCl.    With this salt  concentration,  a crack threshold 

stress  could not  be determined  for uncoated Ti-6-2-'*-2,     Heat  tint cracks were 
2 

observed as   low as   17.2 MM/m    (2.5 ksi),   the   lowest exposure stress  used   in  the 
2 

testing.     Crack  threshold stresses  for the coating varied from 3^.5 MN/m    to 
2 

68.9 MN/m    (5.0  to  10.0 ksi).     Embri tt lement   thresholds  for the coated specimens 
2 2 

were   lower than   17.2 MN/m    to 68.9 MN/m    (2.5  to 5.0 ksi)   ehe  lowest  creep 

exposure stresses  used as   indicated   in Figure   10.     Although the coatings   increased 

the crack threshold  stresses, embrittlement still   occurred at   low threshold 

stresses.    At  this  point,   it was  thought  that  the  salt concentration   (6 mg/cm ) 

could be  unreal istical ly high and a 0.2 mg/cm    concentration was  tested on uncoated 

material.    The crack  threshold was   increased,   but  embrittlement was still  detected 

under an exposure stress of 68.9 MN/m    (10 ksi)  as   indicated  indicated  in  Figure 

10.     From  the  results of  the preceding creep exposure  tests,   it was apparent  that 

the coatings  did not  protect  the substrate from HSSC.     In addition,   the J\-6-Z-k'2 

sheet material  appeared  to have abnormally high sensitivity  to HSSC compared  to 

Ti-6-2-A-2 bar stock.     A threshold embrittlement  stress of M7.9 MN/m2   (65 ksi) 

has  been  reported  for uncoated Ti-D-2-'4~2 bar stock .    An additional   series of 

tests was conducted with  the Ti-6-2-^-2  sheet   in which  tensile specimens were 

salted and exposed  at  755 K (900oF)   for  100 hours with no applied  load.     These 

tests showed   that   the presence of salt at  755  K  (900 F)  was sufficient  to embrittle 

the program Ti-6-2-A-2 sheet material.    A similar  series of  tests were performed 

on a  second heat of  Ti-6-2-A-2 sheet material   (Heat  Ho.  B-l).    Salted specimens 

from this second  heat,  exposed with or without  an  applied   load also exhibited an 

extreme  sensitivity   to HSSC. 

The extremely high sensitivity of  the sheet materials  to HSSC embrittlement 

precluded a judgment as  to the effect of  the coatings on HSSC.     In order  to better 

gage  the performance of  the coatings, a quantity of J\-()-2-k-2 bar stock was 
(12) 

obtained  that  had exhibited good HSSC  in a previous  study        .    Tubular  tensile 

specimens, previously shown  in Figure 1(b), were machined  from the bar stock.     The 

five coatings  selected  for further evaluation were deposited on both  the   I.D.  and 

O.D. of  the specimens  using thj deposition parameters   for producing  the B coating 

thickness   level   on   the sheet stock.    A 0.2 mg/crrr  salt concentration was  placed 

on  the gage   length   (O.D. only)  of hoth coated  and  uncoated specimens.    As  before, 

the specimens were exposed under various  creep  loads  at 755 K (900 F)   for   100 

hours.     Specimens surviving the creep-exposure were  then slow rate tensile tested 
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at room temperature.  A crack ttireshold stress and an embrittlement threshold 

stress were determined as with the HSSC tests on sheet specimens.  Following the 
(12) 

criteria used by Gray   , an uncoated specimen was considered embrittled if the 

residual tensile elongation was less than 15%, and the apparent residual reduction 

in area (based on 0.0. measurements only) was less than 25%. A coated specimen 

was considered embrittled if the residue tensile elongation was less than k%,  and 

the apparent residual reduction in area was less than 6%. The results of the 

HSSC tests on Ti-6-2-'*-2 bar stock are presented in Figure 11.  Uncoated material 

had a crack threshold stress betwten 137.8 MN/m2 (20 ksi) and 3^.5 MN/m2 (50 ksi) 

and an embrittlement threshold stress of 103.^ MN/m  (15 ksi), a considerable 

improvement in HSSC resistance over the sheet materials.  All of the coatings, 

however, reduced the HSSC resistance of the substrate.  The crack threshold stress 
2 

for all five of the coatings was 68.9 MN/m (10 ksi) and embrittlement again 
2 2 

occurred at low stress levels, 17.2 MN/m to 3^.5 MN/m (2.5 to 5.0 ksi). Coating 

No. 2 had an apparent crack threshold stress of 3^.5 MN/m (5.0 ksi).  When it 

was attempted to verify the threshold stress level for this coating, embrittlement 

was again evidenced in a post-exposure tensile test as indicated by the bar graph. 

3.0 SUMMARY OF RESULTS 

The following summation can be made from the experiinental work performed 

in this investigation; 

1. All ten experimental coatings protected the substrates from 

oxidation under 1000 hr/922 K (1200OF) exposure conditions. 

2. Tensile tests of coated 71-6-2-4-2 specimer.s oxidation exposed 

at 922 K (1200 F) indicated that tensile properties, particularly 

elongation, were degraded with respect to uncoated, unexposed 

71-6-2-/4-2. 

• 
v 

Tensile properties of coated Ti-6-2-i4-2 specimens, oxidation 

exposed at 922 K (1200 F) compared more favorably to uncoated 

Ti-6-2-i«-2 that was comparably exposed.  After 1000 hours of 

exposure, about half of the coated specimens had strengths 

equivalent or somewhat higher than uncoated materials and 

increased ductility ovtr uncoated specimens. 
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k.     Erosion test results indicated that only two coatings (3 and 5) 

completely protected the subitratt from erosion at an impingement 

angle of 20 , while none of the coatings completely protected 

the substrate from erosion at an impingement angle of 90 . 

5. All five of the coatings selected for fatigue testing (coatings 

1, 2, 5, 8 and in) reduced the fatigue properties of l'\-6-2-k-Z 

sheet. 

6. Ballistic impact damage, fol'owed by oxidation exposure, reduced 

the tensile properties of coatings 1, 2, 5, 8 and '0 on Ti-6-2-'»-2, 

7. Deposition of the selected coatings (1, 2, 5, 8 and 10) on 

Ti-13V-lICr-SAl drastically reduced the tensile properties of 

this alloy. 

8. All of the coatings displayed poor resistance to HSSC. The presence 

of the coating intensified the attack on the substrate. 

CONCLUSIONS 

The present study has shown that the most serious problem associated with 

the diffusion coatings tested on the program is their poor resistance to HS3C at 

755 K (900 F). While good oxidation protection and minimal reduction in tensile 

properties could be obtained with some of the coatings, the fact that the coatings 

intensified HSSC would preclude their uie in turbine engine env i-ronments. The 

program results indicate that the diffusion coating approach, utilizing elements 

such js SI, Al and Cr, that has been used successfully for protecting superalloy 

components, will probably not be useful for protecting titanium alloys from HSSC. 
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TABLE IV 

TOTAL WEIGHT GAINS AND TENSILE TEST RESULTS 

FOR UNCOATED AND COATED TI-13-11-3 ALLOY 

EXPOSED AT 922 K (1200oF) FOR 1000 HOURS 

Coating 
Total Weight 
Gain (Mg) 

U.T .5. .2% Y.S. 

%  Elongation^3' (MN/m2 (ksi) MN/m2 (ksi) 

Uncoated 
Uncoated 

35 509.1 
550.5 

73.9 
79.9 

- - 0.5 
0.5       1 

IB 

1   1B 2 
1 

55'».6 
638.7 

80.5 
92.7 

- - 0.3       l| 
0.4       il 

28 
2B 

22 
21 

6A2.8 
598.7 

93.3 
86.9 - 

- o.4       i 
0.2        I 

|   5B 

i   5B 
1 
1 

652.5 
736.5 

9*».7 
10S.9 

- 
- 

0.3 
"  (b)    1 

86 
8B 

7 
5 

598.1 
564.3 

86.8 
81.9 - 

- 0         | 
0.8       I 

!  10B 

1  10B 3 
663.5 
575.3 

96.3 
83.5 m - 

0.5 
0.1 

1       (c^ 
Uncoated i 1332.5 193.A 1223.0 177.5 2.9       j 

NOTES:  (a)  2.54 cm (1 inch) gage length. 

(b) Pin hole failure. 

(c) Average data for unexposed solution treated 
and aged Ti-13V-l 1Cr-3AI. 
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2.5    (1.0) -^ 

1.3  (0.5)  RADIUS) 
SURFACE  TRUE  TO CENTER- 

0.635v /\      LINE WITHIN    .0025     (0.001) 
10.250) 

32-50    /    / 

1.3 
(0.5) 

r*~    M   n\    ~ CO)    !        /o.kye 
(0.188) 

10.2 (U.O) 

(a) Tensile and HSSC Specimens (Sheet) 

0.889 (0.350) OIAM. 

5/8 - 11 NF 0.635 (0.250) DIAM. 

(b) Tubular Specimen (Bar Stock) 

2.5  (1.0) 

0.63 (.250)  DIAMETER 
2.5 (1.0) 

RAD. 

(c)  Fatigue Specimen 

Figure  I.     Mechanical  Test Specimens 
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(a)     No.   1   - Al 

■ 

(b)    No.   3 -  Cr + Al   - Mg 

; • 
r 

(c)     No.   2   -   Si (d)     No.   8  -   Ni-Cr-Al-Si 

Figure   2.      Typical   As-Deposited   Coating   Mircostructure  on  Ti-6-2-'4-2   Sheet 

(Magnification  -   JjOOX 
Etchant  -  2   v/o HF  +  2   v/o   HNO3   +  H2O) 
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Figure  *♦.     Tensile  Properties  of  Coated  Ti-6-2-^-2  After  Exposure at  922  K   (1200OF) 
Compared   to Uncoated,   Unexposed Mil)   Annealed Ti-6-2-'«-2 
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• MILL  ANNEALED   Ti-6-2-U-2 

- COATING   I 

- COATING   2 

- COATING  5 

- COATING  8 0 

• COATING   10 

-1 1    I   I   I   I I | n 1—i—r  i i i r 

A  UNCOATED   TI-6-2.4.2.   MEAT 
V TREATED   15  HRS/I2280K( 1750oF) 
O UNCOATED  Ti-6-2-U-2,  DUPLEX 

ANNEALED   1/2 HR/I2280K( 1750OFT| 

DUPLEX  ANNEALED 

O     — 

15 HRS/I2280K  (1750oF 

900 

850 

800 

750 

700 

650 p 

600  | 

550 

500 

U50 

kOO 

CYCLES  TO   FAILURE 

Figure 7.  r«ilgu« Properties of Coated and Uncoated Ti-6-2-'»-2 
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Figure 8.     Results of Ballistic   Impact  Tests 
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(a) Specimen 2B - Coating Cycle 15 Hr/1228 K (1750OF) 

(b) Specimen 1B - Coating Cycle 12 Hr/1200 K (17000F) 

300y m 
I l 

(c)   Uncoated Tensile Specimen 

Figure 9.     Scanning  Electron Microscope  Fractographs of  Failures 
Exposed   (1000 Hr/922 K (12000F))   Tensile Specimens 
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SPBCIM€N - SHEEr TEHSfLE 
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mHR/75SK(900oF) 

ItSTINq - POST EXPOSURE TEHSlLE TESTS 
o. !Z5mm/mm (OJOOS IH/MIN}CROSS HEAD SPEEP 
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Figure 10.    Hot-Salt  Stress-Corrosion Tests on Ti-6-2-^-2 Sheet 
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CORROSION RESISTANT ANODIC COATINGS FOR TITANIUM 

B. A. Manty, J. P. Winfree, S. Bonifazi 
Florida Research and Development Center 

Pratt & Whitney Aircraft Division 
United Aircraft Corporation 
West Palm Beach, Florida 

ABSTRACT 

Extensive ilurts have been undertaken with varying degrees of success, to employ 
lx)th conventional and sophisticated coating systems to titanium alloys.   As a class, 
anodically formed oxide coatings have shown promise in solving both wear and corrosion 
problems.   This paper discusses the development of an anodically-formed coating designed 
specifically to provide a barrier layer to counteract the severe galling that occurs in bear- 
ings when titanium is subjected to medium-to-high intensity rubbing or sliding forces.   The 
coating procedure is described and discussed in some detail including electrolyte composi- 
tions and operating conditions.   When used in conjunction with a dry film lubricant, the 
coating serves as a base for lubrication and improves the overall wear life.   Other areas of 
established value include the prevention of both hot salt stress corrosion cracking and gal- 
vanic attack of dissimilar metals.   All these desirable qualities are provided without reducing 
either the tensile strength or fatigue prooerties of the base titanium alloy. 

INTRODUCTION 

Evolution of the modern gas turbine engine has provided the impetus to use light- 
weight metals as a substitute for steel.   In the continuing effort to reduce weight, and con- 
sequently improve aircraft performance, titanium offers especially valuable assistance. 
The rapid and widespread acceptance of titanium alloys by the aerospace industry has been 
based on two important factors:   strength/weight ratio and corrosion resistance.   This 
acceptance has occurred in spite of shortcomings which, in turn, are responsible for re- 
stricting fuller use.   The tendency of titanium to gall and seize when used in medium-to- 
high bearing loads and its susceptibility to stress corrosion cracking have been formidable 
obstacles.   These shortcomings of titanium and its tendency to induce galvanic corrosion of 
other metals have restricted the full use of its alloys.   Pratt & Whitney Aircraft (P&WA) 
developed a process that ameliorates the aforementioned shortcomings without affecting 
mechanical nroperties. 
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TITANIUM ANODIZING METHODS 

■ 

General 

Anodic coatings have been widely used in the field of reactive metal finishing for some 
time and are easily applied to titanium and its alloys.   In contrast to metals such as aluminum 
and magnesium where the oxides have a demonstrated value for improving wear resistance 
and providing corrosion protection, oxides on titanium usually manifest themselves as thin 
(100-10,000 angstrom) interference-colored films.    The coloration results from interference 
due to light refraction/reflection within the surface oxide and is, therefore, directly propor- 
tional to oxide thickness (References 1 and 2). 

Anodic oxidation can lead to any of three events on the titanium surface, namely 
(1) oxygen evolution, (2) metal solution and (H) formation of a metal oxide.   Most processes 
lead to some combination of these three althoug i any one may predominate.   Generally, 
anodic treatment in a halogen-containing electrolyte causes titanium dissolution and oxygen 
evolution to predominate over the oxide formation.    Most other electrolytes, during anodic 
treatment, form oxides on titanium with little oxygen evolution or metal dissolution. 

Since titanium can be anodlzed in virtually any electrolyte, an abundance of "exotic", 
and "special" solutions have been reported and/or patented. The effectiveness of the oxide 
depends on its physical properties, which are in turn dependent on the electrolyte composi- 
tion controlling both structure and ionic or "space charge" inclusions in the oxide. 

Tlicker oxides with desirable engineering properties have also been reported; these 
usually require a more sophisticated process than do the thinner, colored, decorative 
layers. 

P&WA Process 

P&WA's titanium anodize is classified as a hard coating process and is based on 
earlier work of Covington and Millaway (Reference 3).   It uses a neutral electrolyte con- 
taining sodium ammonium phesphate and half-wave rectification. 

Preparation for processing Is considerably simpler than that required for anodic 
treatment of other alloys such as aluminum.   All Items should b • free of sharp burrs before 
degreaslng In alkali or halogenated hydrocarbon.   If the part In process contains residual 
stresses from welding or forming operations, alkali degreaslng Is used to minimize the 
chances of stress corrosion cracking.   Heavy scale or oxides are removed by Vapor blasting 
or by pickling In a nitric-hydrofluoric acid solution.    The former provide» a more uniform 
surface, especially If there are any welds on the part.   Glass bead peenlng can be used 
before anodizing and !s recommended for low-temperature (less than ROOT) applications 
where maximum fatigue strength is required.    Subsequent anodizing does not remove the 
beneficial compresslve stresses resulting In Improved fatigue properties. 

Stop-off paints and tapes a^e used to avoid coating select areas; however, the mask- 
ants tend to lift, exposing bare surfaces that are subject to a high current surge.   Maskants 
are, therefore, not recommended; whenever possible, the entire part Is coated. 
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The Anodizing t:: lectrolyt ' • as rlCntioncd earlier, consists of a neutral sodium am­
ltlonium phosphate solution. It is prcpar :d by mixing trisodium phosphate with phosphoric 
acid and anunonium hydroxide: 

Trisodium Phosphat • 

Phosphoric A<'id 

Ammonium llydroxidc 

pll 

Operating Tcmpcratur..: 

Concentration 

100 g/ 1 

50 ml / 1 

70 m1 1 

7.0- ' .0 

' OOF - 130° F 

In this syst m ithcr lead or ca rbon can be cathode mate rial. Agitation is ncccs­
sa.·y to diss ip::ttc the h at generated during th process and t•etain th homogene ity of the 
solution. Electrolyte t mpe raturcs below o• F arc not recommend d because they make 
production of t hin uniform oxides difficult; ope ration at temperatures above 1 ~10• F results 
in soft <' r, mor e porous oxid coatings. Because the suitable tempe rature range of operation 
is wid •, cooling methods su has coils or heat exchangers ar not necessary. 

The Processing Tank may be cons tru t d from a wid variety of mate rials because 
the el ctrolytc i not particularly aggressiv • The basic requirement is for a sufficiently 
re infor ced tank of suit:iblf' i :w . At the Florida Research and Dev<'lopment Cente r (FRDC), a 
Poly\ inyl ' hloridc (P\C) tank has b •en used for over three years with satisfactory results. 

Proc ssing of parts can be done as summari.zcd on Figure 1. Afte r placing the 
prepared part •nto the electrolyte and making electrical connections, the voltage is raised 
to a pr determined point using a half-wave rectifie r similar to that shown in Figure 2 • 
.'\ s the \'Oltage is inc reased, the oxide inc reases in t.hickness producing a series of inter­
ference col'lrs until a voltage is reached where surface sparking t...egins. A few volts above 
this point will produce the desired thickness. The sparking (or surface burning) will con­
tinue throughout the coat ing process and ce:ase only after the titanium is uniformly coated 
with oxide. The rat at which the voltage is inc reased is lin itcd only by the current restric­
tions of the rectifie r. The parts are then removed, rinsed, and air dried. When a subsequent 
treatment - such as a dry fiim lubricant application - is performt!d, the surfaces should not be 
handled befor e application of the lubricant. 

Figure :! illustrates the approximate shape of potential vs tim e plots for the rectifier 
output at various locations along its c ircuit. During anodizing, the insulating oxide forming 
on the titanium acts like a capac itor and the r efore the waveform approaches that of full 
wave rectified current. When the OC voltage is measured (V2)• the apparent voltage 
increases with time because the m<.-te r is measuring RMS voltage, which for the same peak 
voltage becomes greate r as full wave r ectification is appruach d. Voltage used for thick­
ness control should therefore be measured with the AC voltmete r (V). 

To determine the voltage desired for processing parts, a se ries of specimens are 
run at various voltages, and either thickness or weigtt ~ain measurements are made. Fig­
ure 3 illustrates a typical voltage-vs-thickness and voltage-vs-wcight gain plot obtained 
with this anodizing process. This type or plot should be repeated at regular intet·vals since 
electrolyte composition variations change the r esults. 
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Figure 1.   P&WA Anodizing Process 
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Figure 2.   Anodizing Rectifier 
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Figure 3.    l-'ffcct of Anodizing Voltage on Oxide Thickness 
and Weight Gain 

Since the 'throwing power" of the solution is high, the most complicated part 
configurations, including blind holes and ID tubing walls, can be an jdi zed.   Themain 
reason for uniformity in areas remote from the cathode is the insulating nature of the 
coating formed together with the higli conductivity of the anodizing solution.   As the 
coating builds up In one area, resistance Increases so current Is directed to another area 
with a thinner oxide.   It is therefore Impossible to treat a part too long.   At the preselected 
voltage, anodizing continues only until the coating is complete and then the current ceases. 

With continued use, the solution becomes bluish-violet in color; this Is attributed to 
the formation of [Ti (1120)6]+3 Ions in solutien.   This color will not interfere with the 
anodizing process; however, a sludge of titanium oxide, which forms In the solution, 
should be periodically removed to ensure continued uniform coating. 

OXIDE COMPOSITION AND CHARACTERISTICS 

Composition 

Analjies of these coatings show a high concentration of occluded phosphate.   X-ray 
fluorescence and chemical analysis show a phosphorous content of 25 percent expressed 
as Ti PO4 (which is probably not the only form present).   Infrared analysis has confirmed 
the presence of phosphate ions; X-ray diffraction indicates amorphous oxides. 

Surface Finish 

Final finishes depend on both the original surface finish and the thickness of the oxide 
produced.   For most applications, a thickness of 0.0002 in. - 0.0003 in. is recommended 
and results in a surface finish of 15-30AA (microinches) on surfaces with a 3CAA or less 
starting finish.   Rougher surfaces remain virtually unchanged after anodizing.   Thicker 
oxides result in a slightly rougher surface (Table i).   Generally, the surfaces take on a 
mat appearance with a color of either brown (similar to a cardboard box) for alloys such 
as Ti-6A1-4V or gray for alloys such as Ti-8Al-lMo-lV.   Compositional variations causing 
the color differences have not been determined, but with experience it is possible to 
identify some alloys by the colors produced by anodizing. 
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Table 1.    Kffoct of Anodizln« on Surface Finish (AM8 4928) 

500 m «/In? Weight 800 mg/ln? v. el^ht 
Gain ** Gain** 

Surface Preparation Befor i After Before After 

(i micron AI2O3 polish 4AA* 25-30AA (.A A 45AA 

Grind on 800 «rlt paper 7AA 15-20AA 17AA SOAA 

Grind on 400 ^rlt paper 18AA 55AA 

Grind on 240 grll paper 10AA 20-25AA 15AA C.r)AA 

Grind on 120 ^rit paper 14AA 15-20AA 27AA 50 A A 

As machined 40AA (iOAA 

Vapor blast KiAA 20-30AA 

Grit blast 70AA 55-65AA 

NOTE: •Surface finishes reported as arithmetic average, microinches. 

"Refers to weight gain caused by anodizing 
500 mg/ln?    0.00025 in. 
800 mg/ln?    0.0004 In, 

KFFIX'T OF A\()l)l/K ON WEAR BEHAVIOR 

When titanium is exposed to air it very rapidly becomes coated with a tenacious 
oxide coating that, with repeated exposures, recurs almost instantaneously.   This oxide 
interferes with many coating processes by presenting a barrier to an intimate bond.   It is 
therefore easier to produce a significant coating by modifying the oxide (by anodi/Jng) than 
it is to apply overlays or other (i.e., metallic) coatings.   This anodi/.e was advanced by 
both chemical and electrical process development for specific i'&WA gas turbine 
engines.   The anodize provides a barrier layer that reduces or eliminates the severe galling 
that occurs when titanium is subject to rubHng or sliding forces.   Moreover, since dry film 
lubricants containing molybdenum disulfide have been successfully used in many applica- 
tions, the anodize was developed to provide a good base to augment this type of lubrication. 

Pin-on-Oisk Wear Test 

A pin-on-disk test, similar to that described in ASTM D2716-68T, was used to evaluate 
the wear life of lubricated titanium with and without anodizing.   The wear disk is rotated at 
some selected velocity while a pin rides on the disk subject to a load (Fn) as shown in Fig- 
ure 4.   Tangential forces are measured using strain gages, and coefficients of friction 
(tangential load/normal load) are continuously monitored with high and low values recorded 
during the test until a sharp increase in coefficient occurs (indicating coating failure). 

Results of these tests demonstrate that anodizing before lubricating increases the wear 
life more than 40 percent.   Coefficients of friction varied from 0.05-0.15 in systems with 
molybdenum disulfide type dry film lubricants over the anodic coating.   Tests conducted 
from 80'>F-900°F all indicated anodizing improved the wear life. 
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figure 1.   Pin-on-Dlsk Wear Test 

Other tests conducted at FRDC with threaded connectors demonstrate both the oxide's 
ability to prevent Ka"inK when used alone and its suitability as a base for dry film lubrication. 

EFFECT OF A.\'(>JJl'/I' ON CORROSION SISCKPTIBII 11V 

The overall corrosion resistance of titanium alloys led to their wide use in environ- 
ments hostile enough to destroy many others in a short time.   Its natural resistance to 
corrosion is attributed to the tenacious oxide, which forms over the surface and protects 
the metal from further attack.   There are, however, two forms of corrosion that gas 
turbine manufacturers have as a common problem; these forms restrict some aerospace 
applications. 

Among the limitations !s hot salt stress corrosion cracking (IISSCC), which was first 
observed during creep testing of titanium alloys (Reference 4) and extensively dealt with 
in the past (References 5, 'i, 7).   Generally, titanium rdloys are susceptible to IISSCC at 
temperatures above 500" F. 

The P&W'A anodize hüs been evaluated in IISSCC on numerous commercial allovs by 
both conventional salted stress rupture and bent beam (with stresses calculated usin^ the 
method of Ilaaijer and Loginow, Reference 8) and has been demonstrated to provide a 
significant improvement in the resistance tu cracking (Figure 5) of both T» (-1-1 and 
Tl-6-4.    Limited data show that significant improvements can be expected in ihe stress 
corrosion resistance of many alloys through this anodi/.ing. 

Titanium-induced galvanic corrosion of dissimjlar metals is likewise an area of 
concern.   Suostantial increases are experienced in the corrosion rates of dissimilar metals, 
such as aluminum or low alloy steels coupled to titanium alloys (References 9, 10).   It 
was therefore Intended to develop the anodizing process to produce a nom-onductive oxide 
barrier.   In this way, galvanic currents arc reduced as is the accelerated attack.    Fig- 
ure 6 shows the effect of P&VVA's anodize on the galvanic attfek of a sulfuric acid anodized 
aluminum C355 block with Ti-riAl-4V connectors threaded into it after salt spray testing 
per ASTM B117.   The masrive aluminum oxide production occurring at the Ti/Al inter- 
face was eliminated by anodizing the titanium. 
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In summary, this anodize improves litanium's HSSCC reilfltaoce and controls gal- 
vanic attack of less noble metals coupled 'o titanium in a corrosive environment. 

STRESS 

800 
TEMPERATURE - F 

1000 

Figure 5.   Threshold Stress for Salted Ti-8Al-lMo-lV and 
T1-6A1-4V as Affected by Anodizing 

-ANODIZED Ti 6AI.4V 

JNCOATED Ti 6AI-4V- 
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Figure 6.   Titanium Induced Galvanic Corrosion of Alum mum 
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l-m-.CT OF ANODI/K ON MKrilAMCAI. PHOPKHTIKS 

For many applications of coated titanium alloys, it is important that the coating not 
compromise mechanical properties,   Cienerally, anything applied to the surface will reduce 
the strength of titanium.   One of the development objectives for this anodic coating system 
was minimal effects on Important engineering properties including tensile and fatißue 
strengths. 

Hydrogen i nib rittlement 

Whenever dealing with electrochemical processing ot titanium alloys, the possibility of 
hydrogen absorption and resultant embrittlement must be considered.   In an anodic process, 
with current "on", the workpiece is protected against hydrogen discharge at the cathode. 
Further, at an efficiency of less than 100' , oxygen is evolved at the workpiece, providing 
additional assurance that hydrogen will not cause a problem. 

Although hydrogen adsorption absorption is unlikely during anodizing, some caution is 
appropriate regarding possible hydrogen entry during preanodi/ing operations.    For example, 
pickling with nitric-hydrofluoric acid mixtures requires careful control of the acid ratios, 
otherwise substantial hydrogen pick-up will likelj occur (Reference 11).   Another source of 
hydrogen in some anodizing processes is related to the pH of the anodizing electrolyte.   When 
workpieces are in contact with acid electrolytes, without current applied, there is a possibility 
of hydrogen absorption.   With the neutral electrolyte process described in this paper, pro- 
longed immersion, with or without current, will not result in hydrogen pickup. 

Therefore, when working with hydrogen-sensitive materials such as titanium, safe- 
guards are required to prevent embrittlement. P&WA's anodizing process provides these 
safeguards. 

Tensile Strength 

The effect of anodizing on tensile strength and ductility was investigated using standard 
tensile specimens.   Agreement was good between the yield and ultimate strengths and the 
ductility for anodi/ed and uncoated specimens.    Table 2 summarizes tests conducted at room 
temperature. 

Tests using other titanium alloys and temperatures up to 600'F gave results comparable 
to those above; i.e., no effect of anodizing on tensile properties. 

High Cycle Fatigue 

Krouse rotating beam specimens fabricated from 'Ti-8Al-lIUo-l V were used to determine 
the effects of anodizing on the high cycle fatigue (IICF) strength.   The fatigue limits were 
determined by loading to a point of alternating stress at which the life exceeded 1.0 x 10^ 
cycles.   Anodizing did not reduce the fatigue properties at the elevated temperatures (600oF 
or 900'F, as shown on Figure 7); however, at room temperature a 5'',', reduction in strength 
occurred.   Other alloys in both bar and sheet form behave similarly. 
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Table 2.   Tensile Properties of Anodlzed AMS I'JKi 

ProcegBlng 

Control 1 

Control 2 

Control 3 

Anodlze 4 

Anodlze 5 

Anodlze (! 

Tensile Yield 
psi x lOg 

Tensile Ultimate 
psi x 10:i  

133. 0 

134. 5 

133. 8 

133. 7 

135. 6 

131.1 

111.0 

144.5 

143.2 

143.0 

I4(!.0 

141.9 

80 

70 

ALTERNATING 
STRESS - kii   60 

50 

40 

CYCLES 

Figure 7.   Elevated Temperature llifrh Cycle 
Fatigue Strength of Ti-8Al-lMo-lV 

Klongation, 
Percent 

11 4 

13 0 

12. 2 

12. 0 

13 3 

13. 3 

FD 82922 

A second I'CF test utilizing a constant-stress specimen (Figure 8) in a plate fatigue 
machine was used to assess effects of anodizing on fatigue properties.   The specimens were 
coated on one side only and tested in reverse bending at 600'F and a vibratory stress of 

65 ksi.   There was no significant difference in the cycles to failure of one-side-coated and 
uncoated specimens.    Further, the failures In four of the ten anodlzed specimens originated 
on the coated side while six originated on the uncoated side.   No failures originated at the 
specimens' edge (see Table 3). 

11 must be concluded that anodizing should not have a significant effect on 1ICF properties. 
This characteristic enables the use of anodizing in fatigue limited areas where other coatings 
are not practical.   Moreover, HCF testing forms an integral, and important index of con- 
formance to PftWA'.:! anodizing specification. 
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Figure 8.   Constant Stress High Cycle Fatigue Specimen FD 82920 

Table 3.   Reverse Bending Fatigue Results of Ti-8Al-lMo-lV 
Constant Foixe Plate Specimens Tested at 600oF With 
a Vibratory Stress of ± 65.0 ksi 

Specimen 
Description 

Test 
Orientation 

Cycles 
to Failure Failure Origin 

Uncoated — 1.3x 105 Side 

Uncoated 1.02x 105 Side 

Uncoated — l.OSx 105 

Anodlzed, one side Coated side up 7.2x 104 Uncoated side 

Anodized, one side Coated side up 9.35x 104 Uncoated side 

Anodized, one side Coated side up 1.08x 105 Coated side 

Anodized, one side Coated side up 1.01 x 105 Coated side 

Anodized, one side Coated side up 5.94x 104 Uncoated side 

Anodized, one side Coated side down 8.47x 104 Uncoated side 

Anodized, one side Coated side down 1.13x 105 Coated side 

Anodized, one side Coated side down 1.5x 105 Uncoated side 

Anodized, one side Coated side down 8.1 \ 104 Coated side 

Anodized, one side Coated side down 1.1 x 105 Uncoated side 
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Low Cycle Fatigue 

Cyclic tension-compression tests at COOT and approximately 3 cpm v.vre conducted on 
conventional specimens fabricated from Ti-6Al-2Sn-4Zr-6Mo. 

The specimens were tested as-machined, after shot-peening, and after anodizing (on 
both as-machined and shct-peened surfaces).   Shot-peening tended to increase the LCF 
strength of either as-machined or anodized specimens.   The increased life is attributed to 
compressive stresses induced in the surface to a depth which must be significantly greater 
than the metal involved in anodizing since specimens anodized after peening still demon- 
strrted the improved properties attributed to the compressive stresses.   At high alternating 
stresses, above 120 ksi, anodizing alone (without peening) appeared to reduce the fatigue 
life, while at stresses below 120 ksi, anodizing alone actually increased the life.   These 
results are summarized in Figure 9. 

120 
ALTERNATING 

STRESS 
(kti) 110 

1000 10.000 

CYCLES TO FAILURE 

100,000 

Figure 9.   Effects of Anodize and Peening on Low Cycle 
Fatigue Properties of Ti-6Al-2Sn-4Zr-6Mo at 600°F 

FD 82921 

hlh 

L • -   ■ ■ a       



"  ■"•PT 

1 

SUMMARY 

Anodically controlled oxidation of titanium is used to overcome some of the more 
important limitations to its use in gas turbine engine environments.    Problems in wear and 
corrosion are significantly ameliorated without adversely affecting mechanical properties; thus 
anodically controlled oxidation extends the use of titanium alloys to more fully exploit their 
favorable strength/weight ratios. 

The coatings produced do however have definite limitations.   They offer no structural 
strength and may not properly be used to build up the thicknesses of a vorn or undersize 
part.   Attempts to build up the thickness to 0, 010 in,, although these thicknesses are easily 
achieved, incur significant porosity and nonuniformity.   Likewise, erosion resistance of 
state-of-the-art anodic coatings is poor; they arc of little value for gas path components. 
Since many such parts could use the type of protection supplied by this type -oating, further 
work is in order to improve erosion resistance. 

Although high temperature stability of the coating has not been seriously investigated 
a'uove 000° F, it is suspected that rocrystallization of the original amorphous oxide, which 
occurs above 1.000° F, would drastically reduce its protective qualities. 

It has now been demonstrated, outside the laboratory, that the coating improves the 
operational wear life of titanium parts,   Th's coating appears on over 200 different com- 
ponents in P&WA advanced engines.   On fasteners, it prevents galling wear both with and 
without dry film lubrication.   Vanes that were previously damaged during force fit assembly 
are now coated, eliminating that problem.   A further application adopted by another aero- 
space company is the coating's use on a titanium alloy nose gear for an advanced aircraft. 

In other applications, the coating offers protection from galvanic corrosion and hot 
salt stress corrosion.   Titanium plumbing connecting with aluminum alloy gearboxes are 
anodized to reduce galvanic attack of the aluminum.   Two years service experience attests 
to the effectiveness of this prcventatlve measure. 

The P&WA anodic hardcoating of titanium represents a further extension of the technology 
of titanium alloy surface treatment.    Properly employed, it permits reliable application of 
titanium alloys in environments that previously were considered too severe. 
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STRESS CORROSION CRACKING OF URANIUM ALLOYS 

W.  Czyrklis and M.  Lev/* 

ABSTRACT 

The stress corrosion cracking behavior of U-3/4% Ti, and AMMRC uranium 

allo)s 3/4% Quad, 1% Quad and 1% Quint have been studied utilizing a linear 

elastic fracture mechanics approach. The threshold siress intensities for 

stress corrosion crack propagation for these alloys have been determined 

in distilled H.O and NaCl solutions containing SO ppm Cl" and 21,000 ppm 

Cl~. All of the alloys studied may hi  classified as very susceptible to 

SCC in aqueous solutions since they exhibit SCC in distilled HJ) (<1 ppm 

Cl") and have low KT   values in NaCl solutions. Crack extension in all 
Iscc 

of the alloys in all environments was transgranular and failure occurred 

by brittje quasi-cleavage fracture in NaCl solution. 

r j 
»Army Materials  & Mechanics Research Center, Watertown, MA      02172, 
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STRESS CORROSION CRACKING BEHAVIOR OF URANIUM ALLOYS 

INTRODUCTION 

The superior armor piercing capabilities and ballistic properties of 

high density depleted uranium alloys make them prime candidates for artillery 

applications involving penetrator;. and nuclear ammunition. Many of these 

alloys, however, are susceptible to stress corrosion cracking (SCC) in a 
1 -7 

variety of environments 

Stress corrosion cracking service failures, in general, result from the 

superposition of residual stresses in the system and the applied design 

stresses, or frequently from residual stresses alone. Table 1 lists some 

of the fabrication processes which leave high residual stresses in an alloy 

component.  Several of these processes may be applicable to both penetrator 

and nuclear shell applications. One example is the XM-673 projectile, where 

an important consideration is the resistance of the uranium alloy shell 

material to environmentally induced crack-growth in the region of pins 

(steel) which are retained by interference fit. A state of residual 

tangential tension exists around the pins which in combination with the 

effects of an aggressive environment can cause crack propagation during 

the period of time between manufacture and firing. Utilizing a linear 

elastic fracture mechanics approach, the uranium alloy shell material thres- 

hold of resistance to SCC (KT  ) can be determined. 
Iscc 

This study was carried out to determine the critical threshold intensity 

for SCC, KT  , of several uranium alloys which are candidates for penetrator 
Iscc 

and nuclear shell applications. The data reported herein are for alloys 

in the as-extruded condition only and will serve as base-line data for 

future studies involving the solution treated and aged alloys. 
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EXPERIMENTAL PROCEDURE 

Materials 

The uranium alloys studied include the 3/4% Ti, 3/4% Quad, 1% Quad, 

and the 1% Quint compositions. These alloys weie in the as-extruded 

condition and their chemical analyses and mechanical properties are listed 

in Tables 2 and 3, lespectively.  It should be noted that the 1% Quint alloy 

had the highest strength while the 3/4 Quad alloy had the highest elongation 

and reduction in area (ductility). The 3/4% Ti alloy had the lowest 

strength and had relatively low ductility. 

Microstructures of the alloys are shown in Figure 1 (a, b, c, d). The 

3/4 Ti alloy (a) contains some martensite which is due to the high M temper- 

ature, even though it is air cooled from a high extrusion temperature. Al- 

though the alloy is primarily alpha uranium, some beta uranium (identified 

by x-ray diffraction) is present because of slow cooling through the two-phase 

region. The black specks are probably LLTi intermetallic. The structure 

for the 3/4% Quad alloy (b) is primarily alyha and shows large recrystallized 

grains which probably were prior gamma grains. A second light etching phase 

is present at the grain boundaries. Another phase appears to be finely 

distributed throughout the grains and inclusions of varying shape are also 

present. The microstructure of the 1% Quad alloy (c) is similar to that of 

the 3/4% Quad alloy but also shows evidence of banding. The 1% Quint alloy 

structure (d) is again primarily alpha uranium and shows late recrystallized 

equiaxed grains. A second dark etching phase appears to oucline some of 

the grains in the direction of banding.  Another phase or precipitate is 

distributed throughout the grains and both inclusions and larger scale 

inhomogeneities are evident. 
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The Rnviroiim.;nts used were distilled HJD (contained <1 ppm Cl') and 

3.5% NaCl solution (>21,000 ppm Cl"). A limited number of SCC tests were 

carried out in solutions containing 50 ppm Cl~ in order to determine the 

effect of Cl' concentration. Reagent grade chemicals and distilled H-0 

were used to prepare the solutions. 

Specimens and Test Procedure 

The stress corrosion specimens (see Figure 2) which were single-edge 

notch specimens (6.0" x 0.35" x 0.35") were fabricated from 5/8" diameter 

extrusions and are designated LR, that is, the specimens were cut with the 

long dimension parallel to the direction of maximum grain flow and notched 

so that crack growth and fracture will occur in the radial direction. 

The test uses a precracked bar stressed as a cantilever beam. A sharp 

notch is machined across the rectangular bar specimen at mid-length, and 

is sharpened by fatiguing. The specimen is held in a rack horizontally 

(as shown in Figure 3) with the precracked central portion surrounded by 

a plastic bottle which contains the environment. One end of the specimen 

is clamped to the mast of the rack and the other end to an arm from which 

weights are suspended. On evaluating the alloy, the specimen is first 

stressed in air at increasing loads until it fractures. The data are 

reduced to stress intensity using the Kies equation (shown in Figure 2) . 

Having established the stress intensity for "dry" conditions, K. , a 

specimen is similarly tested in distilled H^O and NaCl solutions at a 

somewhat lower stress intensity. If the specimen did not fail within an 

hour, the stress intensity was increased by approximately 3% each succeeding 

hour until failure occurred and the time required for rupture noted. 

Additional specimens were stressed at lower stress intensities 
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for 12-24 hours to give a more valid value for KT   which was determined 6 Iscc 

from a plot of stress intensity versus time to failure. KT   is the thres- r / Iscc 

hold stress intensity value for the onset of cracking. 

Fractured surfaces were replicated by the plastic carbon technique and 

examined by electron microscopy. Chromium was used as a replica-shadowing 

material. 

RESULTS AND DISCUSSION 

Kt,..,. Determination Iscc 

Figure 4 contains plots of critical stress intensity versus time-to- 

failure for the alloys tested in distilled HJD (<1 ppm Cl"). The data show 

that K.   is 40 ksi /InT for the 3/4 Quad alloy, 28 ksi /InT for the 1% 
Iscc ^      " 

Quad alloy, 21 ksi /in. for the 3/4 Ti alloy, and 9 ksi /in. for the 1% 

Quint alloy. The "dry air" values are 47 ksi /in., 32 ksi /in., 24 ksi 

/in., and 20 ksi /in. respectively. For the test duration time of 12-24 

hours that was employed, the alloys showed relatively little susceptibility 

to SCC in distilled H_0, except for the 1% Quint composition which exhibited 

greater susceptibility. Figure S shows similar plots for the alloys 'in a 

3.5% NaCl environment (>21,000 ppm Cl'). The K,   values obtained, i.e., 

15 ksi /InT for the 3/4 Ti alloy, 12 ksi /in. for the 3/4 Quad alloy, 7 ksi 

/in. for the 1% Quad alloy, and 5 ksi /in. for the 1%  Quint alloy, indicate 

that all the alloys are very susceptible to SCC in this environment. 

Additional tests were carried out with the 1% Quad and 1% Quint alloys 

in a NaCl solution containing only 50 ppm Cl". Threshold values similar 

to those found in the 3.5% NaCl environment (>21,000 ppm Cl") were obtained 

(see Figure 6) indicating that the lower chloride concentration did not 
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significantly affect   (reduce)  the susceptibility of these two alloys to 

SCC in NaCi.    Figure 6 also shows that the susceptibility of the 1% Quint 

alloy to SCC in a NaCl  solution containing 50 ppm Cl' can be markedly reduced 

by adding 0.1M sodium nitrate to thp solution.    Electrochemical studies 

of unstressed specimens have shown that the uranium alloys studied cannot 

be anodically passivated in NaCl solutions containing 50 ppm Cl" or greater 
A 

and pitting of the alloys occurs  .    However, the addition of 0.1M sodium 

nitrate shifts the corrosion potential in the more noble direction, stifles 

the anodic reaction and prevents pitting at potentials up to +0.6V vs SCE. 

The NaNO. also provides an inhibiting effect in the stress corrosion tests 

since the compound reduces the susceptibility of the alloy, that is, it 

increases the K.        from 5 to 16 ksi /in. which approaches the air value 

of 20 ksi  /InT 

A summary of all the results obtained are shown in Table 4 along with 

the ASTM recommended minimum thickness requirement.     It should be noted 

that the specimen geometry for the alloys studied meets all the criteria 

for plane-strain conditions according to ASTM Specification E399-72 ".Plane- 

Strain Fracture Toughness of Metallic Materials" except for the "dry air" 

value obtained for the 3/4% Quad alloy. 

Fractography 

Figures 7 through 10 are high magnification replica fractographs for 

each alloy showing the effect of environment on the fracture mode. Figure 

7 shows that the predominant mode of failure for the U-3/4 Ti alloy in air, 

distilled ILO and 3.5% NaCl solution is transgranular quasi-cleavage.    The 

cleavage planes are broken up into small facets with coarse and ill-defined 

mz 
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river markings and the facets are joined by highly distorted regions.    The 

fractograph for the 3/4 Quad alloy,  Figure 8,  shows that the fracture mode 

in air is transgranular plastic fracture, normal mode.    Note the round and 

equiaxed dimples.     In distilled FLO there is a dual-structured topography 

in the slow growth region.    Areas of quasi-cleavage and ductile dimple 

fracture are observed.     In the slow growth  (SCC)   region the predominant 

failure mode in 3.5% NaCl  is quasi-cleavage. 

Figure 9 shows that the fracture mode for the  1% Quad alloy in ail  is 

mixed quasi-cleavage and dimple rupture.    A similarly structured topography 

was observed in the slow growth region of the alloy in the distilled H?0 

environment, while quasi-cleavage was the failure mode in 3.5% NaCl  solution, 

Dimple rupture is the mode for the 1% Quint alloy in air.  Figure 10.    Note 

that the dimples are  smaller than those observed in the 3/4 Quad al1oy 

indicating that the Quint alloy is less ductile   (see RA values in Table 3). 

In distilled H_0 the fracture consisted of a mixed quasi-cleavage and dimple 

rupture slow growth mode.    The iddition of chloride ion  (50 ppm and 21,000 

ppm) to the distilled H_0 resulted in pure quasi-cleavage fracture while 

the addition of an inhibitor, NaNO,,  to the chloride solution  (50 ppm Cl ) 

produced the dual mode quasi-cleavage and dimple rupture  npography observed 

in distilled ILO.    A summary of the influence of environment on the fracture 

behavior of the uranium alloys is contained in Table 5. 

7 
Magnani    has tested U-0.5% Ti alloy in air and in 50 ppm Cl    solution 

and has reported that the K,       value in air was 25-30 ksi /in.  and 22 ksi r Iscc 

/in.    in the chloride solution.    The alloy was  in the metastable condition 

obtained by quenching from the gamma region.    The stress corrosion fracture 
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mode in both the air and the chloride environment was transgranular. Our 

data for the U-3/49o Ti alloy is quite similar although the Ti content is 

7 
.20% greater. Mugnani observed that the relative susceptibility to 

intergranular cracking decreases as the alloy content decreases. It appears 

from his work that intergranular cracking is observed when the alloy content 

is 4-1/2%  or greater while at lower alloy content the transgranular mode 

is operative. Our work reported herein supports this observation insofar 

as all of the alloys tested had alloy contents less than 4.0% and the 

stress corrosion cracking failure mode was transgranular in all cases. 

Critical Flaw Depth 

In Figure 11, the stress corrosion cracking threshold K,   in air and 

aqueous environments is plotted as a function of yield strength to give an 

(9) 
analysis of the relative merit of various alloy compositions  . The data 

in this figure can be related to critical flow sizes for propagation of a 

stress corrosion crack by the Irwin equation, which gives the crack tip 

stress intensity for a surface flaw of arbitrary geometry: 

.2  1.2™ a 

Q2-0.212(2-)2 

y 

(1) 

where a ^F 'he depth of the crack, o is the applied stress, a is the yield 

stress, and Q is a shape factor for the crack. By assuming a ratio of 

applied stress to yield stress, the minimum critical flaw depth to propagate 

a stress corrosion crack can be expressed in terms of the materials properties 

K.   and a . The straight lines representing flaw depths plotted in Figure 

2 
11 are based on the assumption of a long thin crack (Q =1), and a = a , 

for which equation (I) becomes: 

UÜh 
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K.   2 
a  = 0.2(-i5££) (2) 
cr     o ^ ' 

y 

The assumption a/a    = 1 represents the most conservative case. In 

applications where the applied stress derives solely from res'dual or fit-up 

stresses, a/a    ratios on the order of 0.25 to 0.50 are probably more 

realistic.  In that case the critical flaw depths shown in Figure 11 would 

be 20 times and 5 times larger than those computed from equation (2), 

respectively. The significance of this figure is that if one has a flaw 

size represented by one of the lines, an alloy whose K.   falls above 

that line should be utilized if SCC is to be avoided. 

For the "worst case", (a = a),  the K,   data v;hich have been plotted »v y/» jscc f 

in Figure 11 show that none of the alloys studied can tolerate a flaw as 

deep as.0.050" in any of the environments if the operative stress equals 

the yield strength.    The critical flaw size for the 3/4 Ti alloy appears 

to be 0.010" in both air and 1L0.    The alloy can tolerate a flaw as deep as 

0.001" in 3.5% NaCl  solution.    The 3/4% Quad alloy can readily tolerate a 

flaw 0.010" deep in air and in FLO.     In 3.5% NaCl  solution the tolerable 

crack depth is 0.001".    Flaws as deep as 0.001" can be tolerated by the 1% 

Quad alloy in both air and H„0, but  in NaCl  solutions,  the crack depth 

tolerance is reduced to 0.0001".    The 1% Quint alloy, which is the most 

susceptible alloy,  can tolerate a flaw as deep as 0.0001" in most environ- 

mosts.    Based on crack depth tolerances the alloys can be listed in the 

following order of decreasing merit:    3/4 Quad alloy,  3/4 Ti alloy,  1% 

Quad alloy, and 1% Quint alloy.    For a lower ratio of a/o  , the magnitudes 

of the crack depth tolerances would increase, but  the order of merit rank- 

ing would remain the same. 
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CONCLUSIONS 

1. In relative terms all the alloys studied may be classified as very 

susceptible to SCC in aqueous solutions since they exhibit SCC in dis- 

tilled H„0 and have low KT   values in NaCl solution. 2 Iscc 

2. The alloys can be ranked in the following order of decreasing merit 

incorporating both the SCC resistance K.   and the contribution which 

yield strength levels can make to SCC failure: 3/4% Quad alloy, 3/4% 

Ti alloy, 1% Quad alloy, and 1% Quint alloy. 

3. Sodium chloride provides an extremely aggressive environment for SCC 

of uranium alloys, even at a concentration of 50 ppm Cl , 

4. The SCC resistance of the most susceptible alloy, the 1% Quint, can be 

significantly improved by adding sodium nitrate to the chloride solution. 

5. Fractographic analysis of the stress corroded specimens showed that 

crack extension in all of the alloys in all environments »•'as trans- 

granular. The 3/4% Ti alloy failed by brittle quasi-cleavage fracture 

in air, distilled FLO and NaCl solution. The AMMRC Quad and Quint 

alloys exhibited fractographic ductile characteristics in air (dimple) 

rupture). The distilled hLG environment produced a mixed brittle and 

ductile topography while NaCl solution produced only brittle charac- 

teristics in these alloys. 

FUTURf: WORK 

Similar studies will be carried out with these alloys in the solution 

treated and aged condition. Applied anodic and cathodic potential as well 

as hydrogen permeation experiments will also bs carried out in order to 

elucidate the SCC mechanism or mechanisms which may be operative. 
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Table 1 

Fabrication Processes Which Leave High Residual Stresses 

Welding 

Spinning 

Punching 

Deep Drawing 

Riveting 

♦Overtorquing Threaded Joints (Particularly Tapered Threads) 

*Overtorquing Nut, Bolt and Capscrew Connections 

♦Inserting Over-size and Dissimilar Metal Bushings into Fittings 

Pull-up in the Case of Mismatched Rivets or Holes 

Caulking of Riveted Joints to Prevent Leaks 

improper Heat Treatments 

♦Most Applicable to Our Applications 
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Table 2 

Chemical Analysis of Uranium Alloys 

ppm by wt wt % 
Alloy C H 0 N Mo Nb Zr Ti V 

3/4% Ti <10 2.4 20 7 - - - 0.70 - 

3/4? Quad 50 1.6 40 54 0.73 0.74 0.70 0.49 - 

1% Quad 22 4.4 74 - 1.03 1.04 0.98 0.62 - 

1% Quint 59 - - 23 1.00 1.00 0.94 0.47 0.57 

W 
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Table 3 

Mechanical Properties of Uranium Alloys 

Alloy 
UTS 
ksi 

0.2YS 
ksi 

Elong 
% ' 

R.A. 
% 

Hard 
Re 

3/4% Ti 161.6 88 4.5 4.6 32 
3/4% Quad 200 111.5 16.5 25.4 41 
1% Quad 234 170 8.0 20.5 47 
U  Quint 281.4 236 3.5 4.6 52 
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Table & 

Summary of Uranium SCC Results 

3/4% Ti 
161.6 UTS 
88 YS     ^ 

3/4% Quad 
200 UTS 
111.5 YS   * 

1% Quad 
234 UTS 
170 YS   * 

1% Quint 
281.4 UTS 
236 YS       , 

Environmt.it 
K 

ksi/Tn. 
min. 

thick 
K 

ksi/in. 
min. 

thick 
K            min. 

ksi/Tn. thick 
K 

ksi/in. 
min 

thick 

Air 24 0.015 47 0.44 32         0.089 20 0.018 

H20 21 0.011 40 0.32 28         0.068 9 0.004 

3.5% NaCl 15 0.006 12 0.029 7         0.004 5 0.001 

50 ppm Cl" - - - - 9         0.007 5 0.001 

50 ppm Cl" 
+0.1M NaNO, 

- - - - - 16 0.011 

♦Note: ASTM Minimum Thickness = 2.5 (^-)2 
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Table 5 

Summary of ihe Influence of Environment 

on the Fracture Behavior of Uranium Alloys 

Alloy 

3/4% Ti 

3/4% Quad 

1% Quad 

1% Quint 

Type of Fracture 
Influence of Environment 

Air H20 50 ppm Cl" 21,000   50 p 

ppm Cl'     + 
NaNO 

quasi- quasi- quasi- 
cleavage cleavage cleavage 

plastic 
fracture, 

quasi- 
cleavage 

quasi- 
cleavage 

normal mode 
(ductile 
dimple) 

cleavage 
facets 
plus 

dimples 

normal 
plastic 
fracture. 
smaller 
dimples 
than 
Quads 

plus 
ductile 
dimple 

cleavage 
facets 
plus 

dimples 

quasi- 
cleavage 
some 
dimples 

quasi- 
cleavage 

quasi-cleavage     more 
cleavage- 
like 

cleavage 
plus 

ductile 
dimple 
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3/4% Ti ALLOY 

A. AIR   -   Mag. 2,800X B. H20   -   Mag. 2,800X 

C. 3.5% NaCI   -   Mag. 2,500X 

Figure 7. ELECTRON FRACTOGRAPHS 
OF THE 3/4% Ti ALLOY SHOWING 
FRACTURE IN (A) AIR, (B) H?0, AND 
(C)3.5%NaC! 
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3/4% OUAD 

A. AIR   -  Mag. 2,800X 

./,•     fTS*»" 

! ^   «S 

B. H20 Mag. 2,800X 

C. 3.5% NaCI   -   Mag. 3>000X 

Figure 8. ELECTRON FRACTOGRAPHS 
OF THE 3/4% QUAD ALLOY SHOWING 
FRACTURE IN (A) AIR, (B) Ho0, AND 
(0 3.5% NaCI z 
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1% OUAD ALLOY 

A. AIR   -  Mag. 2,900X B. H20   -  Mag. 2,800X 

C. 3.5% NaCI   -   Mag. 2,500X 

Figure 9.    ELECTRON FRACTOGRAPHS 
OF THE 1% OUAD ALLOY SHOWING 
FRACTURE IN (A) AIR, (B) H90, AND 
(0 3.5% NaCI z 
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1% QUINT 

»s  v . - > . v.^ 

r, v 

A- AIR   -   Mag. 2,500X 

-' # WmfM   -SS* 

'A 

B. H20   -   Mag. 3f800X 

C. 50 PPM Cl   -   Mag.  3.000X D. 50 PPM Cl + 0.1% Naf\iü: 

Mag. 3,500X 

E. 3.5% NaCI    -   Mag. 3(800X 

Fiqure 10. ELECTRON FRACTOGRAPHS 
OF THE 1% OUINT ALLOY SHOWING 
FRACTURE IN (A) AIR, (B) H^O, 
(0 50 PPM CHLORIDE, (D) 50 ^PM 
CHLORIDE PLUS 0.1 M SODIUM 
NITRATE, AND (E) 3.5% NaCI 
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Hot-Sält Stress-Corrosion Cracking 
of Titanium Alloys: 

An Improved Model for the Mechanism 
by 

J.  R. Myers and J. A. Hall 
Metals and Ceranrc Division 

Air Force Materials Laboratory 
Wright-Patterson AFB, Ohio 

Inrrodaction 

Various titanium-alloy components in the compressor sections of modem 
airdraft-gas"turbine engines are subjected to stresses, temperatures, and en- 
vironmental conditions which cause hot-salt stress-corrosion cracking (HSSCC) 
in laboratory tenting.    Ironically, no definitely-identified failures of this 
type have ever occurred in service. 

First observed in 1955 during the creep testing of perspiration contam- 
inated specimens,   (1) the hot-salt stress-corrosion cracking of titanium 
alloys has been extensively studied.   (2-42)   This research has permitted many 
general statejnents to be made regarding the environmentally-induced delayed- 
failure process. 

Numerous models Iiave been proposed to describe the mechanism by which 
this laboratory-observed phenomenon occurs.  (19,30,31,33,Ul)    Unfortunately, 
none of these models can be completely rationalized in terms of the general 
knowledge which presently exists on oorrosion theory and hot-salt stress- 
corrosion cracking.    This is understandable because several of the models were 
proposed prematurely; subseqiient research revealed important factors which had 
not been considered by the earlier investigators.    Other models are considered 
to be inadequate becaiose they were either based upon hypothesis, or they 
failed to completely describe the electrochemistry involved. 

It is the purpose of this paper to present an impcoved model for the hot- 
salt stress-oorrosion cracking of titanium alloys.    This explanation of the 
mechanism is based upon data and verified observations which have been reported. 
in the literature.    Basically, it will be shewn that corrosion-produced hydrogen 
is responsible for the premature failure which can occur when tensile-stressed 
titanium alloys are exposed to hot-salt environments. 

General Statements on HSSC 

In many respects, the HSSCC of titanium alloys is similar to the environ- 
mentally-induced-delayed-failure which has been observed for other materials. 
Surface tensile stresses and a susceptible environment are required if crack- 
ing is to occur.    Unalloyed titanium is not susceptible to the deleterious 
phenomenon.    It is also known that the time-to-failure decreases as the tensile 
stress increases, the time-to-failure can be significantly extended by small 
cathodic currents, a minimum or threshold stress is required, an incubation 
period precedes crack initiation, and the cracks propagate primarily intergran- 
ularly. 

Other factors which must be considered in the development of a HSSCC mech- 
anism are more specifically related to titanium alloys. 

■ 
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HSSCC can be expected to ocaur• .!hen titani~ alloys a!le f'-'CpOSed to certain 
chlOf'ide-OCCltaining ~ts o .IL ' the t~rature range of about 425 to 
9 SOOF ( 220 to SlOOC) • 9J 'nle thema.: '.!Tllfirorment nust be continuously maint.Uned. 
Otherwise, cracking nay rot occur il' a reasonable ti.Jr.e period. C'A!rtain thennal 
cycles which allQ.I the specimens to be J>E>..rjodicall exposed at an.bien t~-
~ mitigate HSSCC. ( 20,39) add.ng doe not occur at teq>erat\.a"es above 

9SOOF (5 OOC) because tit-ar.iu!'t alloys are .p limited; further·, rapid 
general 'XJn'OS ·on occurs at these l a -d temperatures . Cr\aclcing probably has 
oot been cbserYed at t~tures belQ.I al"loot 42 or (2200C) because of the ex­
tremely latg incubation periods which would be t-equired far era~; further, 
thenMl energy is required for pYf'Ohydrolysis of t ; tanitlll chl~ide. 

Oxygen (8,U,l9,26,33, .. 1) and at least a s:~Mll afli)Vflt of DDisture (5,19,26,33) 
are roequired for HSSCC. 'nle water' could cc:~re from the atnaiphere or fluid inclu­
s ions (30) retained in the salt. 

It is also known tha very small ooncentratiom of salt deposits (0.05 to 
2 ~tin2) can cause HSSX . ( !.9, ~trati s of this JMgnitude aM ~ter 
exist on the COfl1>l"eSSor COfl1)0nCltts o_ a· ta'aft-gas-turl:>ine engires. (7) 

nie final envirol'm!ntal factor which 1'11.1St be cor¥\idered is the presence of 
sodil.IJl hydroxide. When sufficient quantities of sodi'"' hydroxide are available, 

he HSSCC phen:Dercn appears t o be in1 · ited. ( 1,.33) 
~ssive stresses on the surface terrl to mitigate the corrosion pr'OCCSs. 

(5,20) It is also krown that the presence of fatigue pre-cracks do rot deer se 
he era~ time-to-failUN . ( 3 ,19 ,36) 

Earlier investigatcina have presented evidence to s}n.r that titanium chlcride 
(26 ,37) and titanh.m hydroxide (or titanium oxide)(ll,37) are involved in the 
corrosion process. Hydrogen, l"oteVIer, is the irr1xrtant el¥1 proc1act of the 
electrochemi.cal JrOOe&S. Hydrogen diffuses into the titani\D alloy prior to 
era~ (17,18,21); Vf!!JAJ high localized conoentratims of hydrogen aA kmwn to 
exist near the cracks when HSSC.'C <bes occur. (17 ,18,33) The embrittlement: which 
is induced bef~ craclcing can be reduoed/elim:inate1 by vacw.n ~· (6,12) 

Although it omnot be finnl.y established \mether hydrogen** or a titanit.m 
hydride (1 , 20) is ir.volved, the species present is not CXlllSidered to be in~ 
ant. '!be ~t fact is lilt dissolved hydrogen nust be tresent in suffic­

i ent quanti ties M cracld.ng is o oe<...'lll.'. 

Proposed Pbdel fer HSSCC 

Using the <kx.unented observations ·.;} 'ch h!lv been described, it is NaSon­
able to believe that an inpn)yed 110de1. -rr HSSC:: can be prooposed. 

'lhe hot titanila-alloy surface h .:"\ren!ld with salt deposits and an at­
SOI'bed JIOisture filJil; oxygen exists L1 .:. t'\ in-contact-with this electrolyte 
(Figur-e lA). Be~ a boundary layer n : ·· ~ the qgrw;sive enviruaent would rot 
be t"'!!IIDYed by high velocity gaes ..U.ch 1o4'.1)rt pass over it. nds is ocrwistent 

*AlthoUgh other halides t<eportedl.y can caw;e H">SCC (30), it will be ~ 
that chl.Oir'ide is the ~ssive ion fer this discussion. 

**Dibri ttl-.rt oould be caused by the intentcticn of hydtqen with di.alacatiana 
cr p-ain bolnllries in such a IIWIIrlller' as to i.mibit 8tNBS-r<: li8'1i.rw slip and 
facilitate creek rucleatim. 
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•.t' th the observatioo that salt deposi s exist on as-turbine-engine canpt'eSSOr 
~ents. (7) Laboratory testi~ has also sha.m that increasing gas velocit­
ies have little, if any, effect on the HSSCC tirre-to-failure. (5,19,20,37) 

Pitting oolY'OSion occurs under salt deposits on the alloy Slll'f ace where 
the passive film has failed and cannot be t-.epaired because of the high-chloride 
concentratioo (Figure l C). (144) U:>calized breakdam of the passive film would 
tend to be facilitated by the prese~ of a surface tensile stress. This is 
a l ogical analysis because it is well established that passive films m an un­
stressed JMtal surface are continwusl y breaking da.m and being repaired on a 
microscopic scale. {45) Cit: is also poss ible that the salt deposit itself may 
ocally destroy the passive fUm.) fi t ting in the la.~-oxygen cootent electro­

l yte un Jer the salt deposit would ...x::cur ac.:coroing to the anodic reaction: 
'N. 'l'i "n + ne , where n = 2 , 3 , or 4 ( 'igure 2). 

The cathodic reaction wr.ich t.OUl.d occur in the higher-oxygen-content 
e leC'tn>lyte adjacent -co the salt deposit would l:le the reductioo of oxygen, ac­
cording to the rp_acti on: 02 + 2H20 + tte • 40fr • Analysis of this 
reactioo and appreciation far the Guldberg Waage Law of Mass Action show ~ 
oxygen and noisture are ~uired if ooiTOSioo of the titanium allay is to occm.•. 
I t so s~ why increasing the hydroxide-ion content of the electn>lyte (e.g. 
by ing sodium hydroxide) stifles the IJSSCC p-.:.-ocess . 

Af er e pit has formed, electn:>l yte would fill this void by capillary 
A net positive charge would develop in the pit e l ectrolyte because of 

nnodic dissolution of titanium. This charge ~ld be neutralized by the 
mion of chl or ·de i ons into t he pit. Any oxy$Z;en in the pit would rapidly 

s umed · further, the concentrat ed soluti on i n the pit wa.aldn' t tolerate 
ence of >.:ygen. The oxy en content of the pit electrolyte would l"apidl 

ch zero. In the pit , t · tanitJn i ons woold react wi tl-t the chlorides to 
i tani1.1n chlori <e.g., T'Cl2). 'Ihis i s cons i s ent witr. the observation 

t t · tan:i.wn chl ··de has en detected as a cotTOsion prOO.l:lct during 
SCC .( 26 ,37) 

Pyrohydrolys is ( 9, 33 ) of t he t i tanium chloride ( :i.Cln) · n the pit would 
occur accoi'ding t o t e general reacti on: TiC111 + nH20 ~ • Ti(OH)n + I'lfr+ + 
nC - • More specificall y, one rea tion could be: TiCl2 + £Hi) ~Ti02 + 
at • 2c1- . The hydrogen-ion concentrati on in the pit t..-ould ii'\Cn!a.Se and per·­

secondary cath:xti.c reaction, the ~uction of hydrogen ions within the p:it, 
'to occur : H+ + e ~ H . This i s t he s~ of t he fll)l".atmti.c hydrogen 

uired for the cracking pt'OCess. 
Hydrogen .f~d at these secondary-c tmdic sites wi t hin the pit l«)\lld 

!'e-" "ly diffuse into the ti tanitm all oy. The hydrogen would concentrate in 
t ht inmcdiate vi i ni.ty of the tensi le stresses which exist :in the t:itani\.lft 

l oy at the base of the corrosion pi t (f igure lD). Providing t~ tensile 
tresses arrl temperature are maintained for a suffi c i ently long time period, 

t his l ocal.ized-hydn:>gen content oould easi ly exceed lOOG ppm (23). As the 
localized hydrogen content i ncreases , the fra::ture toughness of this ~gim 
vou d be JMrkedly decreased. E.Ventually, the stress-intensity factor at the 
base of the oo~ion pit would exceed the fracture toughness of the hydrogen­
<:X:i'lcentrated region. A cmck would then p1-opagate through the concentrated­
hydrogen region (Figure lE). Cracking l«Xlld stop as soon as the ~k tip 
came in contact with a regioo suffich.:ntly lCMer in hydrogen than that re­
quired for crack propagation. At the crack tip, i'lcMever, ~itional hydr'ogen 
would be generated; this would ultimately rediJce the fracture toughness of a 
seoond regim and penni t additional creek propagation. This sequence of events 
would be repeated until the remaining sound metal could m longer suppot•t the 
applied load. Failure of the specimen by rapid craclc: propagatim associated 
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with the instantaneous release of stcred elastic: enm"gy would tlwl occur. 
Once the crack had been i.ni tiated, it is also l'eUOI\ahle to believe that 

each subseques&t crack ~nt would oceur 110re rapidly beeause a lower--hy­
drogen content would be n!Cl~ to aeh:ieve "the cri tioal s'tr'eu-irrterei ty 
factor. 

The m:xiel described is consistent with all obsetvations whieh have been 
verified on the HSSCC of titanillll alloys. It also can be ased to explain wny 
failun!s probably have oot been observed iJll> service. Time is requi.nKS for 
pit initiation and diffusion of hydrogen into the titanillll alloy. Unless suf~ 
ficient localized hydrcgen diffuses into the substrate, the stress-intensity 
factor at tre base of the oo~ion pit will never exceed the fracture tough­
ness of the hydrogen-affected region; the crack cannot be incubated. further, 
if the stress is relaxed prior to crack initiation, the hydrogen woold diffuse 
f:ran the localized refion of high tensile s tress which exists at tlw:: base of 
the corrosion pit. 

Unless ti tani~lloy o: "'IO!lents in an aircraft-gas-turbine ~ine are 
operY!ted at high tensile stresses for sufficiently-long time periods, the lo­
calized hydrogen rx>ntent will never exceed the critical value required for 
crack initiation. Typical aircraft operations are of relatively smrt duration; 
they do not exceed the t.i.JM J"equired far crack initiation. Fortunately, also, 
the hydrogen damage is rot cumulative. Each flight requires that the localized 
hydn:>gd1 regioo (necessary f~ cracting) be re-established. 
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ABSTRACT 

The corrosion resistance of  laboratory produced Alclad 7050 sheet hat been deter- 
alned In ■ NaCl-S02 environment.    The cladding Itself ha» good corrosion properties 
and effectively protects the core from attack.    Surface treatments such as chromate 
conversion coatings and anodlslng retard the rate of sacrificial attack of the 
cladding. 

INTRODUCTION 

Under a Nsval Air Systems Commend contract (1),   Alcoa Technical Center developed a 
cladding for 705U sheet that would sacrificially protect the core without appreciably 
reducing mechanical properties.    The Naval Air Development Center w<*s tasked to 
determine the corrosion resistance of the clad 7050 sheet in the salt-sulfur en- 
vironment in which carrier based naval aircraft operate.    Protection provided by 
chromatlog and anodizing was also determined. 

EXPERIMENTAL PROCEDURE 

Material 

The Alcoa Technical Center furnished three sheets of Alclad 7050-T76, 0.180 in. x 
12 in. x 36 in. (Lot No. S-412843). These sheets were produced in fhe Alcoa 
laboratories. Nominal compositions of the 7050 core and the cladding are as 
follows: 

Zn 

Core 

Cladding 

Mg 

PLRCENTAGE 

Cu Zr SI Fe Tl Cr Mn 

6.0   2.3  2.5    0A     0.12* 0.15* 0.06* 0.04* 0.10* 

5.0   l.l  0.03*  0.1  0.10* 0.08* 0.03* 0.00  0.10* 

* maximum limit 

The thickness of the cladding was measured mlcroacopirally and averaged 3.5 to 5.0 
mils on a side. 

Corrosion Teste 

Triplicate panels 3 in. x 10 in. x .087 in. were used for the corrosion tests. 
Exposure times in the salt-S02 salt fog cabinet were 4, 6, and 8 weeks. Operating 
conditions for this test are: 

51 Salt Solution - pH 6.5-7.2 
Tower Temperature - 115°? + 2 
Cabinet Temperature - 950F + 2 
SO2 gas injection - 1 hour/6 hour cycle at a flow 

rate of 25 cc/min. 

Stepped panels were machined to expose the core at the T/4 and T/2 planes (one 
quarter through the thickness and the midplane) in addition to the as clad surface 
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to ascertain corrosion behavior throughout the thickness of the sheet. A flap 
brush was used to remove the machining marks. 

Panels were exposed as received, ilso chromated with a MIL-C-81706 chemical film 
or anudlzed with MIL-A-8625 cotitlngs, both Type I and II, followed by a dlchromate 
seal. Some of the panels had crosses of three widths, 1/16, 1/8 and 1/4 In. 
machined through the cladding to expose the core. This was done to ascertain the 
degree of sacrificial protection afforded by the cladding to the core. Including 
Its throwing power. 

RESULTS AND DISCUSSION 

The as received clad surface had a very mottled appearance over large areas of the 
sheets. The Alcoa Technical Center was contacted ac to whether the material 
should bt tested as received or whether fhe surface should be abraded with nylon 
pads cr a flap brosh to remove the seale. It was recommended that the material 
be tested as received. 

This mottled appearance was not removed by the non-etch alkaline cleaning or de- 
oxidising solutions and Influenced the visual quality of the subsequent chromate 
coating. The anodlzed coatings, as far as appearance was concerned, were not so 
affected. 

Figure 1 shows the appearance of the as-received surface after 4, 6 and 8 weeks 
exposure In salt spray. The cladding proved to be very effective In protecting 
the core. The cladding Itself underwent general, uniform pitting attack. 

The corrosion behavior of the cladding Is seen more clearly at higher magnification. 
Figure 2 Is a cross section of the as received sheet. Figures 3, 4 and 5 are 
photomicrographs taken of pa «els exposed to sale spray which were cross-sectioned 
through the 1/16 In. wide scribe. After 4 weeks, the cladding thickness has been 
reduced at least 50%. After 6 weeks there Is further reduction and at 8 weeks no 
cladding Is evident. 

An 8-week specimen was also sectioned at the 1/8 and 1/4 In. scribes to determine 
throwing power of the cladding. There was no attack In the 1/8 In. scribe and only 
one small aree In the 1/4 In. scribe. 

Figure 6 shows the appearance of the stepped panels after 4 weeks salt spray. 
After 2 weeks the core surfaces were showing severe pitting attack and some 
exfoliation which worsened with time (Figure 7). The ciaddlng alloy has better 
corrosion resistance than the core alloy (when cladding Is not providing sacri- 
ficial protection to core). 

Chro-ated and anodlzed panels «re shown In Figures 8, 9 and 10 after exposure 
times of 4, 6 and 8 weeks, respectively. The coatings performed as expected, 
the chromate conversion coating showing the most attack, the Type II acodize 
the least. 

Again, the photomicrographs provide more quantitative evaluation of the protection 
afforded to the cladding by surface treatments. Figures 11, 12 and 13 are cross- 
sections through treated panels exposed for 8 weeks in the NaCl-SC^ cabinet. 
These should be compared with Figure S of an untreated panel after 8 weeks when 
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the cladding has been totally consunud. All three treatments protected the 
cladding to some extent, the cladding showing approximately at 50% reduction In 
the same period. 

Figures 14, 15 and 16 show the corrosion resistance of the various treatments 
after 4, 6 and 8 weeks respectively. The sulfurlc acid anodlzed/dlchromate 
sealed treatment In Itself has the best corrosion resistance. 

Paint films were not Included in this study since their performance over the 
above surface treatments was comprehensively presented In a previous publica- 
tion (2). If surface treated Alclad 7050 Is to be painted with a MIL-P-22750 
inhibited epoxy primer and a topcoat, the MIL-C-81706 chromate provide: better 
paint adhesion than the anodlzed coatings. 

CONCLUSIONS 

1. Laboratory produced Alclad 7050 sheet has good corrosion resistance and 
adequately protects the core from attack in a aalt-SC^ environment, 

2. The use of surface treatments, either a MIL-c-81706 chromate conversion or 
MIL-A-8625, Type I and II, anodlzed coatings (dichromate sealed) retards the 
rate of sacrificial attack of the cladding. 

3. For applications where a paint system Is to b>   used, the MIL-C-81706 chromate 
treatment provides the best paint adhesion. 

4. For applications where paint systems will not be used, a MIL-A-8625, Type 11/ 
dichromate sealed coating provides the most corrosion protection to the cladding. 

REFERENCES 

(1) NAVAIRSYSC0M Contract No. N00019-72-C-0146 

(2) S. Brown, I. Shaffer, "Optimum Corrosion Protective Finishing Systems fct 
Aluminum Alloys Used in Na^al Aircraft", Proceedings of 1972 Trl-Service 
Conference on Corrosion, MCIC-73-19 of Dec. 1973. 
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Figure 1. Ale lad 7050 with no surface treatments after various tines In 

NaCI-S02 salt spray (corrosion products removed). 
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Figure 2. Cross section through Alclad 7050 (S Ho. 412843) 
.187 In. thick - Keller's etch - 100X 
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Figur« 3.    Croi8-»«ction through 1/16 In.  scribe on clad 7050 after 4 weeks. 
Cladding thickness reduced by 501 

Cladding 

Core 

Figure 4.    Cross-section through 1/16 in.  scribe on clad 7050 after 6 weeks 
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Figure 5. Cross-tectlon through 1/16 In. scribe on clad 7050 after 8 weeks. 
Mo cladding evident. 

Keller's etch - I12X 
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As 
clad 
surface 

T/4 
plane 
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(mldplane) 

Figure 6. 

■ 

Stepped panel with as received surface, and the T/4 and T/2 planes 
exposed to NaCl-SO- salt spray for 4 weeks. Panel on the right has 
had corrosion products removed In chromic-phosphoric acid solution. 
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Figure 7.    Exfoliation attack at midplane of Ale lad 7050 sheet after 4 weeks 
in NaCl-S02 salt spray - 100Z 
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MIL-C-81706 

MIL-A-8625 
Typ« I 

Dlchromt« S««l 

MIL-A-8625 
Typ« II 

DlchroMC« Seal 

Figur« 8. 4 weeks In NaCl-SO salt spray 
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MIL-C-81706 

MI-L-A-8625 
Type I 

Dlchrowit« Seal 

MIL-A-8625 
Type II 

DlrhrraMf« .s«al 

Figure 10.     8 weeks In NaCl-SO, salt  spray 
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Figure 11. 

MIL-C-81706 

Cladding 

Core 

Figure 12. 
MIL-A-8625 
Type I, 
dlchromate 
seal 

Cladding 

Core 

Figuire 13. 
MIL-A-8625 
Type II, 
dlchromate 
seal 

Cladding 

Core 

8 weeks in NaCl-SC^ salt «pray 

Keller's etch - 100X 
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MIL-C-81706 

MIL-A-8625 
Typ« I 

Dlchromate Seal 

MIL-A-8625 
Type II 

Dlchromate Seal 

Figure 14. 4 weeks In NaCi-S02 salt spray 

&9 

  



■PIP •»■"■^^w^ww i'11.     "'   »    "  .11.11,11   mm    nil    Wi.>^>iiip 

M1.-A-81706 

MIL-A-8625 
Type I 

DlchroMt* Seal 

MIL-A-86?.5 
Type II 

Dlchromat« Seal 

Figure 15. 6 weeks In NaCI-SO, sale »pray. 
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MIL-C-81706 

MIL-A-8625 
Type I 

Dlchronate Seal 

mL-k'8623 
Type II 

Dichromate Seal 

Figure 16. 8 week« In NaCI-S0? aalt aprey 
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