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as in any manner licensing the holder or any other person or corporation, or
conveying any rights or permission to manufacture, use, or sell any patented
invention that may in any way be related thereto,

This report has been reviewed by the Information Office (I0) and is
releasable to the National Technical Information Service (NTIS). At NTIS, it
will be available to the general public, including foreign nations.
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: AFML-TR-75-42
: Volume 1
FOREWORD
l This report was compiled by the Aeronautical Systems Branch,

Systems Support Division, Air Force Materials Laboratory, Wright-
Patterson AFB, Ohfo. It was initiated under Project 7381, "Materials
Applications," Task 738107, "Corrnsion Control and Failure Analysis,"
with Mr. Fred H. Meyer, Jr. as the Project Engineer. The 1974
Triservice Conference is a follow-up to three similar conferences held
in 1967, 1968, and 1972.

The report includes all available papers from the 1974 Triservice
Corrosion of Military Equipment Conference.

This technical report was submitted by the author in February 1975.

E Proceedings of prior conferences are available in AFML Technical

1 Report TR-67-329 (1967) and in Metals and Ceramics Information Center
t . Report MCIC 73-19.
’ <
1 The purpose of the 1974 Conference was to continue interservice
! coordination in the areas of corrosion research and corrosion prevention j ﬂ

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.
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THE AIR FORCE CORROSION AND PREVENTION AND CONTROL PROGRAM

ULIDE (1) Today, I will review the Alir Forces Currosion Prevention and

! Control program, which as I will explain a bit later, has been given the

: rather appropriate name "Rivet Bright". I would like to cover 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

i 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

1 destroyers of aerospace systems and equipment in the Alr 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
1 prevention and control is never-ending and cannot be resolved solely by the

1 periodic processing of aircraft and equipment through a depot facility. It

) must, of necevsity, 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 maintenance problems in the
field and at overhaul facilities. Effective corrosion prevention programs
vill 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 vre 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
"up-front" consideratiors 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 sigrificantly 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- 3

ment. ﬁ

SLIOE (4) To illustrate the range and the magnitude of the corrosion vroblem,

let me cite a few facts ard figures.
2
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t « It has often been thought or assumed that our depot work, and costs,
were causpd by wear out or structural repair. This isn't the case anymore -

| Actually upwards of %60 of the FY 75 structural repair and replacement
manhours was causec by, or related to, corrosion.

__
]
Sl BN T it et

= To cite a few specific aircraft systems, the Air Force Logistics
Command has spent

- 31 million dollars on corrosion rework of the C-130 during FY 73/7,
- 12 million on the C-141 during the same period {

= over 2 million on corrosion of the F=4 in FY 7,
= 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. i

If I may stretch a speakers prerogative just a bit, let me highlight some
exarples that make up our corrosion losses:

in the nose vwheel-well of an older fighter aircraft. Similar installations

t SLIDE (5) In the area of electronics - this relay box was installed unprotected }
¥, are in our fleets of first line aircraft and still causing serious problems., ’1
! :

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 5
b 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.

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

SLIIE (9) This was a structural member of a transportable airborne battlefield
command 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. i
- 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.

.
P = 1

SLIDE (13) This shows corrosion deter%oration war reserve material. This is
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as you can surmise, but a small sampling. I only have dwelt on this with you
to emphsis that ococurances 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 O/M, or acquisition pocketbooks to let it continue.

SLIDE (14) 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
important. 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,
vhat is is costing us, and what we can do to correct the situation,

SLIDE (15) Our corrosion program is still in the throes of re-vitalization,
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 same
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
finalized 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 sommand
will become involved. We want to:

- insure that operational units have weapons and equipment as corrosion free
as ve can give them.

- minimize the impact of corrosion on our maintenance capabilities
L




rod. ::o QUr resources, both dollars and psople power, in the most
productivesmanner.

= have continuous gomunicetion with industry and with other services

to promote technological advancements 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 systen
life oycle.

SLIDE (17) As I said, particular emphasis must, and will be directed toward
incorporating corrosion prevention into the acquisition process through

vhat ve refer to now as "Up-Front logistics™. This embodies the various
programs and techniques utilized during acquisition of systems and equipments

Yo 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 minimized
or eliminated in future designs.

We must 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 minimiging 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
are made,

While I feel that we now have "Rive Bright" headed in the right direction,
and have optimistic hopes for its future, I didn't intend to leave you with
the feeling that we're just beginning our efforts - To the contrary, a great
mny 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 USAF 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,

= offorts have been undervay to establish corrosion prevention advisory
boards for the ACF and AMST and the ACF board is now being formed.

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

= joint AFIC/AFSC command corrosion surveys have been performed for most
major commands

= PACER LIME, a corrosion se;erity classification project has been undervay
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since 1972,

[}
- productive meetings and exchanges of information have been held both
in this country and the United Kingdom with our friends in the RAF

- a mjor effort has been launched by the commands, and fully supported
by the Air Staff, for acquisition of new/modernized corrosion gontrol
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 1
the beginning. I would like to reiterate, if we are to reduce those hundreds i
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 musts

= 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 joint service coordination and interfacing in the methodologies
of corrosion program management ard reduce any unnecessary duplication.

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

- motivate industry to develop and use materials an 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 6
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SLIDE (20) In conclusion, I submit that these are the challenges of the present
and the future. In the past we concerned nurselves with controlling corrosion
Just so we could keep our heads above water. To continue on such a path is

cost prohibitive. 7Today the pendulum is moving toward emphasis on prevention

as the best and most cost effective means of controllirg corrosion. To
accomplish 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 cost 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 EXTERINR SURFACES ARE CLAD
ALUMINUM, THROUGHOUT THE LONG AND USEFUL LIFE ('F THE T-37 (WHICH 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.

29 proceding page Mank
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SO, NOW EACH WING OWNS AT LEAST 165 TINY AIRPLANES WHICH ARE PAINTED
AS A PRIMARY MEANS OF CORROSION PREVENTION. EACH WING HAS ONE
CORROSION FPACILITY FOR STRIPPING, COMPLETE REPAINTING, AND MAJOR
TOUCHUP OF THESE AIRCRAPFT.

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 COMPLFTE THE FIRST
T-38 TRANSFERRED TO THE/THUNDERBIRDS.

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 PURTHER 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
mm.

THE IMMEDIACY OF THE PAINT SHORTAGE IS, I FEEL, FAR OUTWEIGHED BY AN :
INSIDIOUS PROBLEM WHICH HAS JUST BEGUN TO SURFACE. THIS PROBLEM IS k
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.

B o s
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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: ;




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. i

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 CRIPPLT THE 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.

1 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
intermetallic contact of dissimilar metals; it is compounded by a
general lack of corrosion prevention during fabrication and mainte-
nance. As a result, a wide 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-T6 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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to 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
E 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 Al1203) 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 i{s removed by
this controlled corrosion process. After being etched in acid 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. Acid 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.

i A 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 4
surface are a hydrated form of aluminum oxide.
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FIGURE 2

b

General corrosion of copper spiral antenna caused by
acid trapped during encapsulation.
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control during manufacture, Many large electronic firms buy critical
components from small 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 countermeusure 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 fasteners
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 electrochemicul attack by isolating
the dissimilar metals and preventing the penetration of the electrolyte
to the corrosion cell.

Numerous failures of socldered 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. 1In 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 commonly used soldering
fluxes, even mild rosin fluxes contain components which when combined
with other electrolytes promote corrosion.

S i o pa




FIGURE 3 - Crevice corrosion, pitting attack, general corrosion, and
galvanic corrosion of inside ECM pod structure.




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 degreasing (Ref. 5). Solvents, such as alcohol or ether,
may also be used to remove fluxes from soldered components. Denison
(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 4. The materials involved here are Type 303S austenitic stain-
less steel (the conmnector nut), 6061-T6 aluminum alloy (the aluminum
frame), and silverplated, 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 8o 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
tlie connector nut.
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FIGURE 5 - Photomicrograph showing exfoliation in 6061-T6
aluminum alloy.
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Exfoliation corrosion of the aluminum alloy structure could have
been prevented by designing the connection so that the nut was
physically more distant 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 coat 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 basis of their electronic pro-
perties; in many cases inherent corrosion resistance is not a materials
selection factor. Environmental protection is therefore mandatory if
corrosinn 18 to be avoided.

Improved manufacturing process control is necessary to avoid the
use of methods which can result 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 and finish systems for coating structural components,
conformal coatings for circuitry, or hermetrically sealed 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 and easy to use.

Corrosion can also be avoided 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 and 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 1if
cycle cost of this vital military equipmen{. o Hre
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PROTECTIVE COATINGS FOR JET ENGINE COMPRESSOR COMPONENTS

Dr, Martin Weinstein

Turbine Support Division
Chromalloy American Corporation
San Antonio, Texas 78219

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 compunent integrity and engine performance, The effect of

[ protective coatings will also be discussed both in terms of effectiveness of protec-
i tion as well as engine performance characteristics. Examples of coating perfor-

f mance in such engines as the Pratt and Whitney J-57, Allison/Rolls Royce TF-41

1 and United Aircraft of Canada T400 will be given.

L. 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 have been possible without
the reliability and quality built into the Pratt & Whitney JT3D, JT4 and JT9D, the
G.E. CJ610/CF700 and CF6 and the Rolls Royce Spey and RB21] engines. These
engines have performed remarkably well and have maintained their basic economic
position through many years of service.

1 The characteristics of these engines in combination with their commer-

4 cial air frames, however, vary considerably from those of their military counterparts,
' such as, the Pratt & Whitney J57, J75 and TF33, the G.E. J79, J85 and TF39 and the
Rolls Royce/Allison TF41. These engines in combination with their air frames nor-
mally experience much higher stress levels as well as considerably more severe J
environmental conditions. For this reason, one immediately assumes that more E
complex mechanical designs, as well as without question, superior grade materials

would be used in the military counterpart engines, Although often military hardware E
initially assumes complex geometries as well as utilizes higher grade materials, !
the facts of engineering life-cost, maintainability, and reliability often take prece- ]
dence. ]

Chbu e dhac s alin

The bulk of this paper will be spent describing what can be classified as 4
an engineering approach to the reliability and cost effective design of military jet 1
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 utilizir.
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 & schematic of a jet engine compressor
pointing out the placement of rotor blading, 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 detajled metallurgical reasons for the specific use of each material a
short generalized description of each material, enough to aid in the e¢valuation 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 800°F, in new compressors
nickel base alloys such as Inco 718 are often used. Ti-6Al-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, blading and vanes. These stainless steels
possess excellent high temperature fatigue strength along with reasonable process-
ing costs. Where higher temperatures above 900°F 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 Ti-6Al-4V have seen extensive use in fan blades because of their excellent
strength to welight 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 Ti-6Al1-4V fan blades {s 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.

e cbes Sk

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, martensitic stainless steels are repre- {1
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 martensitic 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 faflure. Ficure 2ais 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 1 %
possible fatigue stress amplification. As can be seen a small discontinuity in the s
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.

o meim v .

In order to protect 410 stainless steels against temperature and other
environmental conditions developed in jet engine compressors one must consider i
the use of truly sacrificial coatings, i.e. coatings which retain their anodic |
characteristic even after severe oxidation and/or salt corrosion. i
]
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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 Al2
coating is such a sacrificial type coating for 410 steels, It has been utilized on
numerous airfoll components of military jet engine compressors., Specific applica-
tions will be described in the next section,

In Tgure 4a it i{s clear that sacrificial corrosion has occurred rather than
pitting corrosion on a component utilizing the Al2 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 analyslis of corrosion products indicating that the coating had corroded
sacrificially to the base material. The sacrificial behavior of the Al2 coating is
very dramatically shown in Figure 5 which is a J57 blade in which the coating has
been removed by grit blasting from the leading edge to mid-airfoil. 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 aluminide 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 airfoll can significantly
affect the performance of a jet engine compressor. Figure 6 {s a cross section
through the leading edge of a J57 airfoll which clearly shows the coating coverage
and uniformity available with the Chromalloy A12 system, Al2 affords an order of
magnitude improvement over that which could be attained by any rpainting or other
overcoat process, Another illustration of the Al2 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.

Wumerous engine tests on the ]85, CJ610/CF700, TF41, J57 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, initia]l 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.
Electromotive 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
materfals, Significant testing has been carrlied out indicating that the TSM coating
can protect low alloy G.E. 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 intemal 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 Alrcraft of Canada, Limited. The T400 engine which has application on the
UH-1N Iroquois 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 Al2 coating. It is possible with
the A12 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 Al2 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 generator cases have already been coated, Excellent fleld 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 intermally 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/Allison TF41 Stator Assembly

Figure 9 is a photograph of a TF41 split compressor stator assembly,
The stainless steel vanes of this assembly have been Al2 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 overplate 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 Al2 coating system
pitting scrap rates have continually decreased, More than 700 engine compressors
have been coated with the A)2 coating. The coating did not effect compressor per-
formance. In fact, in a test carried out at the Naval Afr Systems Test Facility,
Newark, New Jersey, five Al2 coated compressors were evaluated relative to un-

i coated compressors., No change in performance was determined which was in con-

l trast to spray coated compressors, similarly tested, where significant reductions
in performance were found,

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

The application of the Al2 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 Al2 system. Up to the present more than 40,000 vane shroud
. ' assemblies have been coated., Overall engine performance has been shown to im-

3 prove with this coating and pitting corrosion damage has been totally eliminated.
r The scrap rates due to corrosion damage have been reduced to zero from a range of
a $=-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 Al2,

(4) General Electric ]85 Compressor Stator Assembly

3 The J85 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/CJ610/CF700 compressors. In no

1 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 3
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 o.tlined some fundamental requirements for the
protective coating of jet engine compressor airfoil and case components. An attempt
;i 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 described. The basic
advantages of diffusion coatings, such as improved uniformity, thickness control
and most importantly controlled production reproducibility 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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Figure 1. Sectional view of Rolls-Royce/Allison TF-4)
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 rotorblades, stage
1.8, and stainless steel blades, stages 9-11.

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

ALLOY

AlSI 4340
Chromalloy {G.E.)
AMS 6304

AISi 410

AM 355

AMS 5616
Ti6AlL4V

Inco 718

Inconel x - 750

BRAZE ALLOY

COMMON COMPRESSOR MATERIALS

COMPOSITION

0.40C, 0.8 Cr, 1.8 Ni, 0.25 Mo

0.20C, 1.0Cr, 1.0Mo, 0.1 V

0.40C, 0.95Cr, 0.30 V

125Cr, 0.15C

0.13C, 15Cr, 4.25 Ni, 2.75 Mo

13.0Cr, 2Ni,0.12C, 3 W

6.0Al, 40V

53 Ni, 19 Cr, 3.0 Mo, 0.8 Ti, 0.6 Al,
19.0 Fe, 5.3 (Cb + Ta)

73.0 Ni, 7.0 Fe, 15.5 Cr, 0.7 Al,
25Ti, 09(Cb+ Ta)

APPLICATION

Disks, Spacers

Cases

Disks, Spacers
Blades, Vane/shrouds
Vanes, Blades, Cases
Blades, Vane/shrouds
Blades, Disks

Blades, Vane/shrouds

AMS 4770 50 Ag, 15.5 Cu, 16.52n, 18 Cd Stainless Steel
AMS 4772 54 Ag, 40 Cu, 52Zn, 1 Ni Stainless Steel
PWA 706 54 Ag, 25 Pd, 21 Cu Stainless Steel
LENA 698, AMS 4787 82 Au, 18 Ni Inconel, Stainless Steel
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'Fiquu 2a. Photomicrograph of Ni-Cad coated AMS 5616
J57 compressor blade with small discontinuity in nickel
plate leading to corrosion pit.

Figure 2b. Iron X-ray imace (electron-microprobe) of
nickel-cadmium coating in 2a showing sub-coating cor-
rosion pit.
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Figure 3. Electromotive series of various metals and nide)0.73\ and the TSM-3 (magnesium intermetallic)
coatings relative to saturated Calomel electrode in 3% 0.98\ are shown to be anodic to stainless steel and low
sodium chloride solution. The Al2 coating {iron alumi- alloy steels respectively.
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Figure 4a. Sacrificial surface corrosion products on the
surface of Al2 coated Chromalloy Al2 J57 compressor
blade.

Figure 4b. Cross-section through sacrificial corrosion
products showing no attack of basis material (electro- ..,
lytic oxalic acid etch).

r— —————————————————————————
NICKEL PLATE

2 6% IRON
CORROSION

37%IRON
38.4% IRON
SUBSTRATE Figurs 4. Elect . e ol
; ron-microprobe point counts for iron
83.3% IRON— made on 4b section indicating again sacrificial protection

afforded by Al2 coating.
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+‘ Figure 5. Sacnficial piotection of Al 2 coating exhibited
duning 120 hr. salt spray exposure. AMS 5616 J57
blades were utilized. Prior 1o testing the coating was
removed from the leading edge up to the center of the
airfoil. As can u» seen, no pitting of the basis matenal
occurred in the uncoated area.

SACRIFiCIAL PROTECTION OF A 2"
COATING |
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Figure 6. Photomicrograph of AMS 5616 compressor
blade leading edge indicating uniformity and coating
coverage only available with the Chromalloy A12 pack
diffusion process.

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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Figure 8. The T400/PTé gas generator case shown
in the above figure represents an ideal application
for the Al2 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.




E Figure 9. TF-4] stator assembly containing Al2 coated
i stator vanes. Vanes and compressor casing are ‘410"
type stainless steel.
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Figure 10. A12 coated Pratt and Whitney J57, J75 and
TF33 vane-shroud assemblies and blades.
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Figure 11. JBS stator assembly with TSM-3 coated Chro-
malloy (CrMoV) case and Al2 coated 410 S.S. vane seq-
ments. Thickness of TSM-3 coating controlled to less

n

than 0.0002" build-up without negatively affecting cor-
rosion protection.
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Stress Corrosion History of Apollo-Suturn Launch Vehicle AS-208
(Skylab IV) dand Associated Components

By H. L. Gilmore and C. E. Cataldo
Abstract

The history of aluminum 7178-T6 and 7079-T652 forgings through

design, fabrication, testingyand storage to the successful flight of

the Skylab IV mission is documented. The decision process, inspection
routine,and repair which led to safe operation of the boost vehicle are
related. Specific forgings involved are 7178-T6 E-Beamns and 7079-T652
fin spars in the base of the S-IB first stage, vertical reaction beams
(7079-T652) in the S-IB/S-IVB interstage, among other components. The
lessons learned from the Saturn experierce in terms of material control,
systematic inspection, laboratory simulation,and guidelines developed
are vital to future systens in 3erospace and ground-based structures.
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Stress Corrosion History of Apollo-Saturn Launch Vehicle AS-208
(Skylab IV) and Associated Components

Prior to launch of the Skylab IV crew on the AS-208 (*)launch
vehicle (see Figure 1), several major materidls problems were encountered
that required the concentrated efforts of a large number of people to
resolve dand to establish the subsequent flight worthiness of the vehicle.
During pre-launch preparations, bulkheads on two fuel tanks were acci-
derntally collapsed; stress corrosion cracks were discovered in several
locations on two major comporents of the stage structure; fatigue
cracked skin stringers were found; and o cable-hdrness had to be replaced
when broken wires were detected., This paper describes the stress corro-
sion problems encounterec and the actigns taken to correct them and to
verity the structural integrity of the vehicle, with respect to the
materials applications. Similar problems on the two stages of launch
vehicle AS-209 are discussed also,

Decisions to remove and replace, repair, and/or fly 45 is on these
conpotients were mace of. the basic of the following conciderations:

(1) Analysis of crick

(7) Proof test parareters and life cycle determination
(‘) Repair rtethods

(4) Safety

Launcii Vehicles Background

The two launch venicles to be discussed in this paper were assembled
10d static fired in L3066 for launches scheduled in 1967 and lYub,
Althouqgnh a total of 14 S-IB stuages were built for qualifying Apollo
hardware ¢ well as for actual Apollo missions, the Saturn V lunar
pro.ram accelerateo to such an extent and confidence in the Apollo hard-
were increased, the S-IB missions were reassiagned ang flown on the Saturn V
conficuration. Five Saturn IB missions were flown successfully, herce
elininating the rneed for the nine additionusl stages to back-up the
Apollo micc<ions. The remaining nine S-IBR stages were placed in storage
within the Michoud Plant bejinning in 196s with strincent controls of
terperature, rutidity and cortaninante in the enclosures. Storage was

e R R I I e kT T TC TS vy VS g g g g g

(*) Three R and D vehicles (SA-201 throush SA-202) and twelve operational
vehicles (Sh-204 through Sh-214) conctitute the Sastur:n IB prugram. Each
Saturn IB laurch vehicle consjsts of an 5-1B stage (i.e. S-IB-8). an
S-IVE cstagye (i.e, S-IV-B-t), an S-1E/S-1VB interstage, and an instrument
ur.it. Whern the launch vehicle coubines with the Apollo payload, its
configuration ic designatec Apollo-Saturn (AS); hence, AS-208, AS-209,
an¢ so forth.
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discontinued for each Skylab assigned S-IB stage in 1972 according to
the scheduled requirements of checkout, prepdaration for shipment and
launch.

Becduse of additional knowledge learned about the stress corrosion
cracking (SCC) behavior of the high strength 7000-series aluminum
alloys during the late 1960's, 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-¢ 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-1IB Thrust Structure E-Beam Cracking

Stress corrosion cracks were found in the outboard end of a thrust
outrigger upper E-Beam (see Fiyure 2) during installation of stabilizing
and support fins on the S-IB-9 stage in late August of 1973, These
cracks, shown as dye pernetrant indications in che 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 aluminun E-Beams installed on the S-IB-9 stage which was located
in the Vertical Assembly Building at KSC. Another crack was found also
ir the same E-Beam located near the center. as shown in Figure *. A
third crack was found in a bean toward the inbodrd 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
found in the E-Beams on the S-IB-3 stage.

A similar inspection of the S-IB-# stage located on the launch
pad and undergoing preparation for launch of the Skylab IV Crew, re-
vealec only one crack which was found near the inboard end of the
upper E-Beam at position Fin 4. The decision was made to remove this
crack for failure analysis. The coupon containing the crack is shown
in Figure 4. MNote that the crack did not originate or terminate in a
fasterier hole, nor did it propagate through the thickness of the beam
material, as shown in the lower 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 tc 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 crackj; 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-9 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 nonths 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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Rationale for Acceptable Flight Risk

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

1. Cracks were cdused 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.

€. 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 6, 1973, of all compo-
rents 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-8 stage. This was the final stress corrosion inspec-
tion scheduled for the launch vehicle and was performed after full
propellant loading was completed as a part of the Count Down Demonstration
Test (CDDT) conductecd 4 days earlier. At the time of inspection, the
fuel tanks were loaced 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 visible. The rear spar fitting shown in Figure 8 is processed
as a closed die forging of 7073-T652 aluminum alloy. It is approximately
42" ¥ 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-
ficstions and one at KSC during the period of September 25 to October 4,
1379, MNo cracks were found during these previous inspections even
tnoush statenent: by inspection personnel asserted that these critical
ireas hat 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 Fizure 3. )
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Analysis Results and Discussions

An initial met llurgical analysis was made on Fin 4, which was
the first fin removed from the staje, the mating pad of the lower
fitting assembly contained a crack large enough to lLe 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 ¢id not origi:.ate
in the bolt hole itself (see Fiagure J)., 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, metallogrdaphic ond Scanning Electron Microscope (SEM) examinations.
It wds noted also thdt concsidersble pitting corrosion existed on the
mating surface of the connecting pad. Pits were noted with depths up to
about .002 inch. The microctructure of the materiual showed a normal
griin structure although there wac some eviadence of slight overheating,
as could have heen caused curing initial processing; this would not
result in any cracking cusceptibility.

A strecs anaslysis of the fitting showed that static stresses in the
lower pad ranged from 7500 to 7300 psi. The stress corrosion cracking
(SCC) threshold for the 7079-Tk material is lecss than 8000 psi. Along
with the constantly applied stress, installation stresses, and the

g

4
hostile sedcoast environment, conditions for cracking in these parts
were very favorable,
Mechanical properties of the 70/9-Tc%2 cdie foryings (5-6 inches ﬁ
thick) are 4s follows: ]
MIL-HD:EK-5 MIN,
Longitudinal, psi “hort Transvorse, psi Typical Valves, psi
FTu 70,000 + 8,000 78,000
FTY 59,000 58,000 68,000
%EL 7

2 14 1

Stress Corrosion Threshold stresses are:

Longitudinal - > 50,000 psi j
pLong Transverse - 50,000 psi y 8
Short Transverse - < 8,000 psi

Thus, the threshold stresses, for sustaired service, are quite low,
compared to the typical mechanical properties of the material.

PACTNCE-Y -

69

S SR D Tk i iaan i e e e o e




-——

[ Al o TR TR TR
e

Stress corrosion failure of aluminurn alloys is more often due to
residual stresses in the material than to short-time service stresses.
7079-Tus? 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 sucn a crack might be detected
as a corrosion pit, or it might not be evident at all. 1In 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 fittinus 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 ©o 18,000 psi tensile.

Tests on 70/9-T»51 have been made under various test site exposures
and usinag different surface treatments on the material. A summary of
the data it as follows:

DAYS TO FAILURE AT 55,000 psi STRESS

TECT SITE Or CONDITION  UNPROTECTED  ZnCrO; PRIMER  SHOT PEENED
(RANGE OF 5 SPECIMENS)

3.5 NaCl (A.I.) 10-17 115 (4-130) 200 (60-520)
Pt. Judity, R.I. 75-45 70 (56-240) 1460 N.F.
Pt. Comfort, Texas 35-87% 1000 (628-1230) 1460 N.F.
Industrial Atmos., Pd. 35-76 150 (59-222) 1500 N.F.

* One specimen out of 5 failed in 7 days. N.F. means "none
failed."

Stresses on the fin attach fittings were calculated as follows:

CONDITION STRESS, psi
On Pad - Empty 4,000
Loaded with Fuel Only 11,500
Fueled + 32 Kt. Wind 16,400
Fully Loaded 34,000
Fully Loaded + 32 Xt. Wind 39,000
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In addition to these stresses, we could conceivably experience
an additional 18,000 pci stress due to residual stresses in the part,
resuv.cing 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 sanre as those for which the test data were
generated in the exposure tests shown above. On this basis, it appears
reasonable to ccnsider 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 environment was
present.

In one sense that ic extremely conservative, in that it is
based on the worst possible environment with no protection at all. On
the cther 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 ctage 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
corrosicn. The failures are obviously cue more to appliec stresses
rather than residudal stresses, because none of the residual stresses
must have been below %,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

Cracking resulted from stress corrosion.

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 7073 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

New fins installed within 5 days of launch.
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.

"
e

S-IVB Reaction Beam Cracking

On November 11, 1973 during the final schecduled inspection, cracks
were Giscovered near the centeriine of the inhboard flanges of the S-IVB-8
aft interstage reaction beams. Subsequently, cracks were found also on
the S5-IVB-9 aft interstaye reaction beams of the Skylab rescue vehicle,
and on o similar test article at the Marshall Space Flight Center (MSFC).
The aft interstage contains eight reaction beams which are machined from
7079-T652 aluminuwn 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 founa to contain crdacks in similar locations as those
in the flight interstages. Failure analysis investigations were under-
taken on the beams at MSFC and on the unmachined forgings at Huntington
Beach to determine th. cause of these cracks.

Two of the interstage test article beams were removed at MSFC
for metallographic and fractograephic analyses. A compilation of the
findings are shown in Figure 10. Note the intergranular crack progression
shown in the photomicrographs for beam forging HNo. 38. The cracks were
located near the centerline (parting plane) of the forging. Scanning
Electror Microscope (SEM) photographs also depict intergranular fracture
morphology plus typical mud crack patterns in the corrosion products on
the fractrcece surface. Photomicrographs of the cracked area in Forging
llo. 49 show int=rgranular cracking initiating at the botiom of surface
pits in th- 7079-TA52 aluminum. lote that a single crack was found in
Forging lo. 19 whereas two cracks were discovered in Forging No. 38.

Chemical analysis indicated that the beam forgings met* the
sperifications for 7073 alusinumn alloy. The average hardness of
Pockwell B #9 and electrical conductivity of 33.5% IACS incdicated thet
the forgirgs were heat treated to the specified strength rcquirements.
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A typic .l cross-section near the centerline of an inboard
flange (foriing flash area) ic Lhown in Figure 11A. The highly direc-
tional grain {lov in the fldsh area is typical and normal. Figure 11B
chows the !ranching intergrdnular cracking further into the cracked
Leam., The uicrostructure within the flash area exh.bited areas of large
eloncated grains as well as regions of small grains. This type of
nicrostructure is normal for the flash area of 7079 aluminum when die
forged,

Reaction Bean Forging History

A lock at the history of these beam forgings show that the material
was supplied by the Aluninum Company of America as 1ll- 1nch square billets
ind vwere die foraed in a temperature range of 800°F to 650°F and sub-
sequently heat treated to the T#52 condition by Wyman Gordan Company,
Worchester, MA. The aged forgings were ultrasonically inspected per
NAS #24, Crade A and B; however, due to the configuration of the
foraing. certain ireas with non-parallel surfaces were not inspecti! le
by ultrasonic tecnniques. One such area, the outer flange, could
contain a crack nearly an inch deep and would not have heen detected
v this method. Although fluorescent penetrant inspections were made
on the machined parts, no cracks were detected prior to installation
Fecause the parts were not etched prior to penetrant application. It
is highly protatle that tight cracks could have been smeared over
during machinina.

Examination of S-IVB-8 Aft Integigggg

During che final inspection of the S-IVB-8 stage and aft inter-
staje, cracks were found in the base of seven of the eight reaction
beams. The cracks werc located on the inboard face, varying in length,
and on three “eams extenaing into the center pocket area a max1mum of
approximately 1/4 inch from the edge of bevel.

As th2 result of finding a crack about 36 inches above the base
on the back-up S-IB/S-IVB-% interstage in the Vertical Assembly Building,
a dye ponetrant 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-1IVB-8
interstage reaction beams, Lut 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 Summary of S-IVB Aft Interstage Reaction Beams
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5.

b.

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

Residual stresses from forging operation caused failure.

Preferential grain direction in the flash area contributed
to failure.

Machining operation would have smeared over any cracks and

would have precluded dye penetrant detection prior to
installation.

Rationale to Leave Reaction Beais Intact on SA-208

Known cause of failure was stress corrosion cracking.

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

The minimum required Factor of Safety is 1.4

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

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

Stress direction was parallel to crack direction.

In conclusion, the lessons learned from the Saturn experience
in terms of material selection and control, systematic inspectilons,
laboratory simulation and guidelines developed are vital to future
systems in aerospace and ground based structures.
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FICURE 1 - APOLLO-SATURN LAUNCH VEHICLE AS-208
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Environmental Corrosion of LL605 and Improved Monopropellant

Catalyst Screen Materials for Low Thrust Rocket Engines

A. N. Ewing!, K. T. Kamber?,
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 (1.605) 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 1300°F to 1700°F 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

l. Research Associate, Metallurgy Department

2. Manager, Applied Metallurgy Section, Metallurgy Departinent
3. Head, Metallurgy Department

4, Consultant
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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 1800CF,

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 1b of hydrazine. FEvaluation of such materials has generally con-
sisted of empirical engineering data acquired from thruster testing.
After the time and expense of such testing, it ic 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.

1I. 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 llaynes 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
wire. It is postulated that the additional stresses, caused by thermal
cycling during pulsc 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
70°F. The difference is less pronounced at 2000°F (see Table 1). It was
felt that sufficient iridium 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 2000°F, and to
be approximately 70, 000 psi at 70°F. 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):
1300°F 1700°F
Platinum - 10% Iridium 0* ox*
Platinum - 15% Iridium o* 0*
L-605
- -6 *
500 min 1 x10°%* 3 x107°
. -6% -6
5000 min 0.2 x 10 1x10
Ultimate Tensile Strength (lb/in.z)
70°F 2000°F
L-605 195,000/185 000/ 14,000%*
165,000%1
Platinum 18,000 4,400
Iridium 150,000 75,000
Platinum - 10% Iridium 55,000 10,000
Platinum - 15% Iridium 83,000 * 15,000
Platinum - 25% Iridium 125,000 30,000

Coefficient of Thermal Expansion (in./in. -°F):

200°F 2000°F
L-605 6.9 x 10-6 10 x 1078
Platinum 5.1x10°° 5.7 x 10°°
12 el ti 3.8 x 10°° 4.3x10°°
Platinum - 10% Iridium 5.0 x 1076 5.5 x 10°°
(estimated)
Platinum - 25% Iridium 4.7 x 1078 5.2 x 1070
(estimated)

*
Data derived from Aerospace laboratory tests 1

TData for straight wire/kinked wire /nitrided wire, respectively
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in a 40-mesh screen, If 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 1b/in?,

The major stress 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 4 (ontained screen.
Resistance to crack formation during cooldown is a balance betwecen
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 witit the Pt-Ir alloy,
which would also exclude further reduction in both properties due to
nitriding.

B. Apparatus and Procedure

1. Nitriding

- ,-‘_54<"Ii‘§u'.,,-,-,~ e

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 2000°F. An amrmonia nitriding atmosphere 1
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 from 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 1700°F and cooling to 250°F for 500 3
cycles, but did not cause cracking of LL605 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 ecstablish the nitriding characteristics
of all materials at 1300, 1500 and 1700°F,

2. Tensile Tests

A 10,000-1b 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 1/2-in. diameter rod was
pushed against it into a 5/16-in, diameter hole. The fixture was posi-

, tioned within a standard 2200°F Marshal Furnace 14 in. long with a
] 2-1/2 in. 1nside 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 1700°F 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 lucite, and converted to equivalent Rockwell readings.

a; i 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
(1050°F)., However, at the higher temperatures encountered in thruster
applications, the nitriding rate of L605 is increased as much as five- E
fold. Also, since the wire is of small diameter, a nitride case of 0. 001 11
in, becomes significant., Figures 5 and 6 show the as-received micro-
structure and the 1500°F, 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 lSOOOF, and 5000 min at
1700°F, 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
L695. Figure l0shows that the Pt-15% Ir does not nitride, and there
were no surface effects from a 5000 min exposure at 1700°F,

2. Tensile Strength

The differences are quite large at room temperature but decrease
markedly at temperatures above 1300°F. Listed below in Table II and
plotted in Figure ll are the ultimate strengths of the as-received materials

89




P

Wy

E{!;{Tu\ QUARTZ BOAT
1

SCREEN
SPECIMENS
T

s

QUARTZ TUBE

FURNACE

14 In.

24 in,

Fig. 1. Laboratory Nitriding Apparatus

Screen Deflection Test Fixture

L -605 Pt-15%1Ir
TYPICAL TEST SPECIMENS

THERMOCOUPLE

N,
H, — OUT
NH,

—=—1/4 DIA

\_/ PUSH ROD

ey
EER
SCREEN I " l I
RETAINER — | p . I
| ; p I
] I | ]
: v :
| I
| |
P or g
| I
1/2 DIA
SCREEN g%
% SCREEN
/ BED
2
S/15 DIA 2

Fig. 2, Screen Deflection Test Fixture

90

i G i




Fig. 5 L-605 Wire, As Received Fig. 6 L-605 Wire, Exposed to
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at room temperature, 1700°F and 2000°F, 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 2000°F.

Table II. Ultimate Tensile Strength of Un-nitrided Wire

Material 70°F (ksi) 1700°F (ksi) 2000°F (ksi)
L-605 195 36 14
Nichrome V 132 8 4
Pt-15% Ir 83 24 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 1300°F. 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 0.00] 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 1700°F - 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 1 soft core. The brittle case is cracked as the
kinks attempt to straigh.o: under the tensile load. The apparent increase
in strength with nitriding feinperature 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}),




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 IIl. Ultimate Tensile Strength of Individual LL-605 Woven
Wire Strands After Exposure to Various Temperatures
and Atmospheres

Atmosphere Condition Ultimate Strength at 70°F (psi)
Sooo As received 185, 000
NH, 1300°F - 500 min 98, 000
NH, 1300°F - 5000 min 90, 000
NH, 1500°F - 500 min 110, 000
NH, 1500°F - 5000 min 90, 000
NH, 1700°F - 500 min 141, 000
NH, 1700°F - 5000 min 98, 000
VAC 1700°F - 5000 min 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

_— T ——————

Sample Core, RC Case, RC

As received 45 --

1300°F Nitride 45 67 ]
1500°F Nitride 45 €0 |
1700°F Nitride 417.5 53

For thruster fabrication, the bed screens are typically brazed to their
supports at 1950°F for 5 min. Therefore, a series of nitriding and hardness
tests were performed on woven wire samples after a 1950°F /5 min vacuum
treatment. This resulted in annealing and zlso 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 at 1950°F for 5 min and Then Nitrided

Sample Core, Rb Case, RC
As annealed 98 =
1050°F Nitride* 98 58
1300°F Nitride 97 56.5
1500°F Nitride 97 56
1700°F Nitride 97 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.

1. 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 15000F, All the samples
were initially subjected to the same nitriding atmosphere at 17000F for
500 min.

Figure 20 illustrates the typical 1.605 ''saw-tooth' load curves which
correspond to a load reduction as individual strands crack and break. Up
to 1000°F there is an initial discontinuity (at a load of 6 1b) which was
accompanied in some cases by an audible 'tink'' sound resulting from f{rac-
ture of the first wire. This point is the initial failure load which is also
plotted in Figurce 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 70°F to 1900°F, as evidenced by the
yielded but unbroken test specimens.
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III. CONCILUSIONS

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

Pt-15% iridium is more suitable than Haynes 25 (L605) for hydrazine
thruster catalyst bed retention screens. The increase in ductility is more
significant than the sccompanying 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. RECOMMENDATIONS

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 &4 more ductile alloy (10% iridium). 1
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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 vehicle, 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 threce 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 1947,
They were part of the Saturn IB series of launch stages originally intended 1or 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 confidence 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-1B
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 accomplished
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 crrck growth rate (%E) can be used to define service condi-
tions which will cause initiation of crack growth, crack grqwth rate and eventual
crack size. Laboratory data on fatigue crack growth rate (_i) 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 lie within a spectrum ranging
from "use as is" to '"'change 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 soluticn follcws.

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 each of
the eight fins to the S-IB Stage, Figure 4. Fins are shipped separately to the
Kennedy Space Center in containers and 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 5-1B-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
locations 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 notch 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-1B Stage and also because this bolt hole is an at-
tach point for holding fins in shipping containers.

Macro examinations of metallurgically 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 arce of the cracks, Figures 8 and 9.

Evidence of pitting corrosion, Figure 10, was observed. However, a clzar in-
dication of a point of initiation for any of the fractures was not determined. The
microstructure, Figure 11, is typical for a 7079-T652 aluminum forging alloy. The
hardness was Rockwell "E'" 109 and spectrographic analysis confirmed the composition
to be 7079, as specified.

Fracture studies conducted by the Metallurgical Analysis Branch, Materials
and Process Laboratory, MSFC, 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 zlloy.

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., Figure 14 is from the Damage Tolerant
Design Handbook, MCIC-HB~0l, 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.ur for the flaw growth rate, at stress intensities ranging from 11 KSI

An 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 #n.

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 Demonstration 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 immediately at the corner, but
drops off sharply with distance from the notch. 1In 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 Jin.
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 stres< 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-1B-8 STAGE THRUST STRUCTURE

The upper E-beam is processed fron 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" ia 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 $-IB-8 Stage. The crack was
located in the lower bay of the beam eight inches from the inboard end and was ap-
proximately 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, MSFC, 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 bc 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 (Kyc and Kyyc), sus-
tained stress flaw growth threshold (Kyscc) and sustained stress flaw growth rate
(d23/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

Jin., 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 Kisec, the minimum 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 26.0 KSI Vin.
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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 experience the highest service stresses in the crack-propagating
directions. Additional measurements were taken on the flanges at two externail
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. 1In all areas of high residual tension or compression, the stress approaches
zero at the surface.

Potential locations for stress corrosion cracks were established in considera-
tion of grain direction, residual stress and assembly stress. Cracks were assumed
possible wherever the combined residual and assembly stress exceeded the stress cor-
rosion threshold of 7 KSI in the transverse grain direction. The potential crack
locations for the upper E-beams are shown in Figure 26. Most of these were in areas
of high potential assembly stress, the residual stress not being high enough alone
to cause cracking. The exceptions are the end rib cracks (A}, A2, G1, G2 and G3)
which were postulated because of the extremely high residual stresses that had been
measured in those areas. The tail section assembly procedure included precision
alignment and shimming methods which virtually eliminated assembly stress at these
locations.

The sustained stress crack growth data obtained on this program were cimbined
with existing data on 7178-T6 naterial 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 Kyscc value of
10.0 KS]Z/TE. were assumed. The method for predicting potential crack size is shown
schematically in Figure 27. The dotted line depicts one 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, Kigcc. 1In the plot shown, the snlid line represents
a crack arrest envelope within which a crack will not grow under sustained ctress
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 calculational 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 coivld 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 LOj
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.

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 4
fly the 5-IB-8 with the repaired E-beams. A launch rule was established precluding
rollback of the Mobile Service Structure if peak winds were pr.dicted to exceed 30
knots.




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~1B Stage that is fabricated from stress cerrosion 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 3, HRear Spar (MSFC photo) Figurc 4. Fin, S-IB Stage (KSC photo)
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Figure 5. Cracked Mounting Pad - Rear Spar Figure 6, Typical Crack - Rear Spar
{KSC photo)
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Figure 7.  Spotlace Arca - Cracked Rear Spar




Figure 8.

Figure 10, Typical Spar Crack with Pit - 50X (KSC Figure 11, Rear Spar Microstructure - 200X, Keller's
photo) Ftch :
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Figure 12.

Forging Grain Transition - Mounting Pad, Figure 9. Forging Grain Transition - Mounting Pad,
Outboard Inboard

-
SEM Micrograph - Fract re Surface, 100UX Figure 13, Fracture Surface - TEM, 3150X (MSFC
(MSFC photo) photo)
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Figure 21, Stress Corrosion Crack - S-IB-§
E-Beam, 50X (MSFC photo)
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g Table 1. Crack Growth Potential in the S-IB Fin Spar Pad
| for the Three On-Pad Load Conditions

Sustiined Stress KS1

I Condition Beyond Stress Within Stress Assessment
Cone. Zone Cone. Zone

Limited crack growth possible,
On-lad, No Fuel 9, 6 29-77 within stress concentration zone,
No extensive cracking.

k Limited erack growth likely,
On-Pad, With Fuel 14,2 43-114 within stress concentration zone,
No extensive cracking,

On-Pad, Fuel Plus 28, R 86230 Extensive crack growth likely,
Cryogenics

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

UPPER E~-BEAM LOWER E-BEAM
!
4 LocATION | ChACK. T Gace | AssessMaN | ocuon | “caack | Caack | Asstsswen
: LENGTH (IN,) | LENGTH (IN,) LENGTH (IN.) | LENGTH (IN.)
E Al 2 3,0 I 0.18 X A, l,2 3.0 0,44 X
A4 | 128 10.5 Y A, 4 2.0 10.8 Y
A, 5 1,25 4C z A, S 2.0 144 z
B, 4 1,25 . 12,8 Y B, 4 2,0 23.6 Y
B, S 1,25 191 z 8,5 2.0 330 z
C,? 5.0 55 z C,4 9.0 23,7 Y
c, 4 1,25 12.8 Y ¢, 5 9.0 330 y4
c, 5 1,25 191 z D, 4 7.0 18,7 Y
D, 1 0 23 Y 0,5 7.0 540 z
£, 1,2 3.0 168 z £, 0 365 z
{ E, 4 0 7.3 Y E, 2 3.0 17 .4 Y
. E, 5 1,25 168 z F, 4 2.0 10,5 Y
F, 1,5 1.0 18,4 Y F, 5 2,0 166 z
F, 2 5.0 | 9.4 Y G, 3.0 1.23 X
F, 4 ’ 5.0 | 7.0 Y G, ? 3,0 .87 X
G, 1,5 7.0 e z G,3 3,0 .87 X
H | 2,0 | 51 | z H 1,0 46 y
*DESCRIPTION OF ASSESSMENT CATEGORIES: 4
CATEGORY X - POSSIBLE CRACK LENGTH ~ CR'TICAL CRACK LENGTH '
CATEGORY Y - POSSIBLE CRACK LENGTH < CRITICAL CRACK LENCTH ;
CATEGORY Z - CRITICAL CRACK LENGTH LARGE §
;
120 i




b

INCIDENTS OF CORROSION ON MANNED SPACECRAFT
- THEIR CAUSE AND PREVENTION -

H. M. Clancy
, Space Division
1 Rockwell International
Downey, Califomia

ABSTRACT

) The Apollo program has spanned twelve years and, following the Mercury and

i 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 offect the consolidation and application of this new frontier for the
benefit of all mankind,

] At the start of the Apollo program there were many unknowns and much concem
' regarding the corrosion resistance of a manned space vehicle:

« How would the exotic materials behave on the ground ond 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 leamed
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 leamed that our concem for a multitude
of unknowns was indeed extreme and largely unfounded. We leamed 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 the Apollo program, NASA asked many of the major 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 hoa 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 Dismeyworld. 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 sill 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 interfaced 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 it were real.,

RO




The corrosion engineer, if he has leamed anything, has leamed to be "light on
his feet." This is certainly the case today when he is asked to apply all he
has leamed 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

b 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

i 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

T T T

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 postflight inspection of recovered chutes. Rust on

: fracture surface. Tests to demonstrate stress corrosion or hydrogen

1 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
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10.

11,

12,

13.
14,

15.

CORROSION INCIDENT SUMMARY

Incident: Cracked frangible nut and washer - 1/16-inch gop in nut
five days after inspection for integrity

Vehicle: AS/202 mission

System: Launch escape
Part: Frangible nut attaching launch escape tower to C/M

Date: August 21, 1966

When (Operation): Prelaunch checkout at John F, Kennedy Space Center

Material: Nut - 4340 steel, electroless nickel and tin plated
Washer - 4130 steel, electroless nickel and tin plated with
dry film lube

Heat Treat: Nut, 200-200 ksi and washer, 180-200 ksi

Surface Preparation: Plated

Welding or Brazing Involved in Corrosion: No

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

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 in five days.
Plating had cracked exposing base metal,

Corrosion Type: SCC

Fix: Seal ablator, cover and seal leg well

Finding: Components must be protected from possible fluids running down stack,
Inteqgrity of protective finish on SCC susceptible material is essential,
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]3.
14,

15,

CORROSION INCIDENT SUMMARY

Incident: Rust in CM RCS

Vehicle: Skylab 3 mission

System: RCS
Part: RCS assembly

Date: June 1970

When (Operation): Cleanliness verification (system flushing)

Material: Various but primarily 304L CRES

Heat Treat: Condition B

Surface Preparation: Passivated

Welding or Brazing Involved in Corrosion: No

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

Couse: 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.

Corrosion Type: Thermal chemical

Fix: Added check valve upstream and depth filter at system interface

Finding: GSE and facilities corrosion control can be as critical as flight
hardware
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F CORROSION INCIDENT SUMMARY

1. Incident: Failure of rotation hand controller in checkout

2, CSM: None
3. System: Guidance and navigation
4, Part: 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 m'niature electro-mechanical unit
where slight interference on shaft or small differences in torque
on minjature fasteners can significantly increase stress levels
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CORROSION INCIDENT SUMMARY

1. Incident: Check and relief vulve leakage from particulate contamination

2, Vshicle: 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,

1, Anulzsis: X-ray diffraction showed particles to be ferrous chloride (Fe Clye2H20).

12, Cause: Use of Freon TF (1,1,2-trichloro-l,2,2-trifluvoroethane) 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 just 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 intemal flow
of argon (dead-end purge), the Freon could not complete escape.

13. Corrosion Type: Themmal chemical

14, Fix: Eliminate use of Freon TF just prior to brazing

15, Finding: Improper use of cleaning agent




!
Ferrous Chloride Contamination Trapped on the Upstream Side J
of the Wafer Filter in Check Valve
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10.

1.

12,

13.

14,

15,

CORROSION INCIDENT SUMMARY

Incident: Leakage of 321 CRES flex hose
Vehicle: Skylab 3 and Apollo 17

System: RCS

Part: Flex hose to RCS engine

Date: 11-10-71 (Apollo 17); 1-10-73 (Skylab 3)

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

Apollo 17 leaked helium during postflight inspection
Material: 321 CRES convoluted tubing with 321 CRES wire overbraid
Heat Treat: Condition B

Surface Preparation: Passivated

Welding or Brazing Involved in Corrosion: No

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

Cause: Crevice corrosion undemeath braid from salt water exposure during
londing, Skylab 3 was reuse hose which had been cleaned prior
to reuse but after corrosion had occurred.

Corrosion Type: Crevice

Fix: None

Finding: Rate of crevice corrosion, The hose experienced 0.010 penetration
in approximately thirty days.
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Corrosion Pit on Inside Diameter of Tube
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12,

13.
14,

15,

CORKOSION INCIDENT SUMMARY

Incident: Leaking cryo vent disconnect
Vehicle: Skylab 4

System: Fuel cell cryo storage {oxygen)
Part: Vent quick disconnect

Date: April 1972

When (Operation): System leak check prior to delivery to John F, Kennedy
Space Center

Material: 304L CRES tubing

Heat Treat: Conditior B

Surface Preparation: Passivated

Welding or Brazing Involved in Corrosior: Brazing

Analysis: Nondispersive X-ray analysis and microprobe showed zinc
on fracture surface

Cause: QD retumed 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 F).

Corrosion Type: Liquid metal embrittlement

Fix: Use mechanical fitting for leak check

Finding: Zinc bearing braze 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: Ne

1. 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 v<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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13.

14,

15.

CORROSION INCIDENT SUMMARY

Incident:  Suspected hydrogen embrittlement of titanium cryogenic
storage tank (investigation initiated as the result of
SIVB tank failure)

CSM: None
System: Cryo storage

Part: Tank

Date: March 1967

When (Operation): Serap tank dissection

Material: Titanium 5 Al-2,5 Sn Eli

Heat Treat: As welded

Surface Prepaiation: As machined

Welding or Brazing Involved in Corrosion: Yes, welded with CP titanium wire

Analysis:  Photomicro's to show titanium hydrides

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

Corrosion Type: Hydrogen embrittlement

Fix: None, but specification changed to carry precautionary note, "Do
not use CP weld wire on joints greater than 0,150 thick,"

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: Retum 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

E_ 9. Surface Preparation: Pickled and passivated

10. Welding or Brazing Involved in Corrosion: No

y 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, _F_l)'t_ None

15. Finding: Mechanical cracking in spring difficult to interpret since cracking
due to torsional shear
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1.

12,

13.
14,

15,

CORROSION INCIDENT SUMMARY

Incident: Broken springs on electrical connector
Vehicle: Apollo 16
System: Optical unit assembly

Part: Connector

Date: August 10, 1972

When (Operation): Postflight inspection (approximately 35 days after landing)

Material: Beryllium copper
Heat Treat: Unknown
Surface: Gold plating (0,00015 inch)

Welding or Brazing Involved in Corrosion: No

Analysis: SEM shows intergranular fracture

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

Type of Corrosion: SCC

Fix: None, postflight anomaly

Finding: Protective plating must be carefully engineered to make sure it
does not crack in service

14,




]3.

14,

15,

Fix: Reaffirm use of vacuum melt material and helium leak

o g ety i e O LS il
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CORROSION INCIDENT SUMMARY

Incident: Leakage of CRES tee in cryo system (hydrogen)

Vehicle: Apollo 16
System: Fuel cell gas storage system
Part: Machined tee (,020 wall)

Date: October 7, 1971

When (Operation): Prelaunch checkout at John F, Kennedy Space Center

Material: 304L CRES bar

Heat Treat: Condition B

Surface Preparation: Electropolish

Welding or Brazing Involved in Corrosion: No

Analysis: Photomicrographs, microprobe showed oxide inclusion

Cause: Nonmetallic inclusion in air melt 304L CRES,
Material should have been vacuum melt,

Corrosion Type: None (suspected only)

check at supplier

Finding: As much effort may be expended in proving a leak is not due
to corrosion as if it were,
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LA,

12,

13.

14,

15,

CORROSION INCIDENT SUMMARY

Incident: Cracking of 304L CRES tubing during brazing

Vehicle: Apollo 15

System: SPS and ECS
Part: Helium check valve (SPS); 0o isolation valve (ECS)
Date: July 1971

When (Operation): Preiaunch checkout

Material: 304L tubing

Heat Treat: Condition B

Surface Preparation: Passivated

Welding or Brazing Involved in Corrosion: Yes. Brazed with gold-copper-nickel

alloy ot 1875 F,
Analysis: Intergranular cracking; crack filled with braze alloy

Cause: Liquid metal embrittlement by copper in braze alloy under elevated
temperature and themmal stresses of brazing

Corrosion Type: Liquid metal embrittlement

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.

Finding: Very rare occurrence, Of the approximately 30 thousand brazed

joints 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 regulator, Investigation
initiated by failure of similar regulator spring on Skylab,

2. CSM: Ncne (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

E 8. Heat Treat: 280 ksi

.E 9. Surface Preparation: Electroless nickel plated
IE 10. Welding or Brazing Involved in Corrosion: No

11, Analysis: Lab tests showed failure of spring under stress after one day
altemate water immersion and salt spray exposure and after
twenty days humidity without electroless nickei 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 3
environmental resistance. When base metal has known SCC
susceptibility, protective coating becomes very critical,
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12,
13.
14,

15.

CORROSION INCIDENT SUMMARY

Incident: Corroded aluminum tubing
CSM: None (in process)

System: ECS

Part: Tube details

Date: April 1971

When (Operation): Tube bending and storage

Material: 6061 tubing
Heat Treat: T6

Suriace Preparation: As received

Welding or Bmzinﬁvolved in Corrosion: No

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,

Cause: Atmospheric corrosion in plant handling

Corrosion Type: Atmospheric

Fix: Chem film or oil and cover aluminum in process

Finding: Reemphasized need for "In-Process" corrosion control
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CORROSION INCIDENT SUMMARY

4 I. 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. Matericl: Ti-6AlI-4V

8. Heat Trg_t_:_f: 160 ksi

9. Surface Freparation: 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-6Al-4V in time
inversely proportional to stress, Methanol with more than one
percent Hp0 inhibits SCC,

12, Cause: SCC in dry methanol

13. Corrosion Type: SCC

14, Ei Discontinue use of methanol

15, Finding: Purer fluids are not necessarily better. All fluids coming in
contact with titanium under stress must be evaluated prior to
use,

i it
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10.

11,

12,
13.
14,

15,

CORROSION [INCIDENT SUMMARY

Incident; Titanium tank failure (NTO)

Vehicle: None

System: RCS
Part: Oxidizer stowage tank

Date: July 12, 1965

When (Operation): 30-day NTO exposure test, 160 F, 250 psig

Material: Ti-6Al 4V
Heat Treat: 160 ksi

Surface Preparation: Ti-Brite cleaned

Welding or Brazing Involved in Corrosion: No

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

Cause: Reduced nitrous oxide (white NTO) stress corrodes titanium

Corrosion Type: SCC

Fix: Increase and control nitrous oxide in NTO

Finding: Purer 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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12,

13.

14,

15,

CORROSION INCIDENT SUMMARY

Incident: Freon MF-titanium tank incompatibility
Vehicle: None (labcratory test only)

System: RCS, SPS

Port:  All titanium tanks

Date: January 12, 1967

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

Material: Ti-6Al4V

Heat Treat: 160 ksi

Surface Preparation: As heat treated (blue oxide)

Welding or Brazing Involved in Corrosion: No

Analysis: Laboratory tests showed SCC of titanium 6Al-4V in Freon MF,
Tests eventually allowed plotting toughness in any given
fluid vs time,

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,

Corrosion Type: SCC

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

Finding: Laboratory tests can accurately predict tank/fluid compatibility
problem,
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INTEGRATING THE AIR FORCE CORROSION CONTROL PLAN

AND ITS EFFECT ON THE F-15 EAGLE

by

A. W, Morrise
McDonnell Aircraft Compeny
St. Louis, Missouri

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 materiale, protective finishes and the
methods used to disseminate these requirements through the Project related entities
including the Customer, Prime Contractor, Subcontractor, Supplier System.
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1,0 INTRODUCTION

The Alr 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 corntrol surfaces, the end result is
an aircraft with the superior mansuvering 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 cwmbat 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 immediate post-World War II era this was a
successful policy from a corcosion control standard because the materials used
were relatively corrosion resistant, The structure was mede out of light gauge
material and the skins were generally alclad light gauge aluminum sheet. Because
only a minimun of protection from corrosion was required, protective methods were
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 strength
structural materials. For example, the use of 7075-T6, 7178-T6 and 7079-T6
aluminum alloys as well as the use of higher strength steels and magnesiim alloys 1
became increasing popular. As a result, airframe structures became more efficient ,
but the impact of using thuse corrosion susceptible materials was not seriously
assessed because of the fragmented responsibility for corrosion control in both
the corporate and military organizational structure,

When aircraft representing the ultimate in structural efficiency were exposed
to corrosive cperating conditions, such as aircraft carrier deployment, whole aircraft
models were scrapped becmﬁ’ the cost of repairing corrosion 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 capabie 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 made
by aluminum suppliers in the development of the intergranular corrosion resis-
tant overaged tempers., The use of magnesium alloys 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
development 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 aluminum alloy tempers to prevent stress corrosion and
sxfoliation 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, MCAIR 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 implementation.

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 useags.
Utilization 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 requiremsnt 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,

2,0 SUMMARY OF THE AIR FORCE CORROSION CONTROL PLAN REQUIRFMENTS

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 nn? identify the office or individual respons-
ible for administering the program. 2) 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 summariged below:

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

o Review of Engineering drawings by corrosion control specialists.

o Development and maintenance of a corrosion control training program.

o Submittal of a finish specification for Air Force Approval,
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o Control of manufacturing processes and methods to ensure the intrinsic
corrosion resistance of structural materials will not be jJeopardized.

o Control of subcontractors and suppliers to ensure compliance 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 summary is uou complete, it outlines the scope of the pro-
gram the contractor must maintain from design concept to obsOlescence. All con-
tractor supplied equipment including gi<nd support equipment must be covered by
the contractor's corrosion control program. The only hardware not uider full con-
trol of the plan is goverrment furnished equipment and standard part=. Technically
standard parts fall under the plan's provisions, but the fact is, govermment and
industry specifications to which standard parts sre fabricated have not been
reoriented to meet the more stringent plan requirements.

The plan revolutionizes 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. 1

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 CONTROL m@g(”

The prime objective of the MCAIR program is to build a weapon system which
can operate for a 10 year ;-vind without the need for scheduled depot maintemance |
to repair corrosion damag.. .cr experience indicates that by maximiging the use
of alclad aluminum and the overaged aluminum alloy temper conditions and by teing
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 objective
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is a relatively simple task compared to the task of commnication. Any weak
spots in cammnicating the plan requirements to Enginsering, Quality Assurance
and Manufact: personnel assigned to the project by MCAIR or contractors would
result in no ormity in corrosion control desig: features. Communicating
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 comminicate these requirements to outside and in-house
personnel is sumarized in Table 1.

TABLE ] MCAIR CORROSION C PROGRAM SUMMAR
Program Phgse Activities & Coptrols
Design O Select corrosion control design features based on

a 10 year operational life criteria

O Document selected design features in: "Corrosion
Control Plan", "Air Vehicle Specification", 'Finish
Specification" and "Corrosion Control Guidelines"

0 Corrosion specialist review of Engineering drawings,
process specifications, procurement specifications,
proposals and equipment supplier's proposed usage of
materials, finishes and esses

O Participate in Custamer IR corrosion control
design reviews

O Utilize a corrosion control training program to
acquaint Engineering - in-house and contractor
persomnel - with the program requirements and their
individual responsibilities

Manufacturing © Utilisze a corrosion control training prograa to
acquaint Production and Quality Assurance - in-house
and contractor persomnel - with the prograam require-
ments and their individual responsibilities

O Monitor process controls, assembly operations, and
supplier envirommental fication test results.
Participate in Customer reviews on in-house and
asjor subcontractor manufacturing facilities and oper-
ations

Deployment © Participate in Customer/MCAIR inspections of aircraft
after envirommental hangar test, after 1 year squad-
ron deployment and at Custamer scheduled intervals
thereafter

O Recammend appropriate design changes or maintenance
corrective action as required

© Provide technical support at the request of the Customer

Now that the program has reached ihe point where production aircraft are on
the assembly line with the first delivery to Tectical Air Command scheduled for
November of this year, il is possible to look back on the desiy:r. and mamufactur-
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 tie selection of the corrosion control design features
such a® 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 aluminum 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 enviromment,

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 fusl. When the paint finish system applicable to an envirommental
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 ..ast 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 njed,
the area is electroplated or the material is required to be corrosion resistant (h .
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 Speciticat%;m shows that all areas k
exposed to the exterior environment are clearly identified ). Inso doing, we

are meeting the corrosion control plan requirements that protective methods be
related to envirommental conditions,
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EXCERPT FROM F-15 FINISH SPECIFICATION

3,0 REQUIREIENTS

Exterior Surfaces - Component part surfaces which comprise or lie in the
following areas shall be considered exterior surfaces:

0o Airframe moldline

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

o Speedbraks moldline and edges, cutouts, and compartment

o Missile wells

0 Refueling well

o Gun compartment

o Chaff dispensing wells

o Air inlet and exit ducts

o Cockpit floor

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

End of excerpt.

Exterior Finish Requirements - Exterior surfaces receive the following finish
system on nonfurictional surfaces:

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

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

o0 Surfaces receive an cpoxy primer coat and a two-coat linear polyurethans
enamel paint systems except for some titanium and stainless steel compon~
ents in "hot" areas., The polyurethane onamsl 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 P-15 landing gear finish requirements are an exampls of using field exper-
ience 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

A 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 sutmerged in hydraulic oil.
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To overcomes these deficiencies, the bushed holes in the F-15 300M alloy gear com-
ponsnts are cadmium plated as are the 0.D. of the bushings. The I.D. of the P-15
tubular gear components which enclose air spaces have the same protective finish
as the O0,D. - a ,005 in. minimm coating of low embrittlement cadmium which is
first chromated and then painted with the exterior paint finish.

Fastepers - Each aircraft is assembled using thousands of fasteners and the
installed cost runs into thousands of dollars. Yet fasteners tended to be ignored
in industry and military finish specifications. The question of whether a tita-
nium or stainless steel fastener in aluminmm structure should be treated as a
dissimilar metal interface or not, is not directly addressed. In addition, there
seemod to be an assumption that all fasteners are a monolithic item like g rivet.
In fact, structural engineers tend to use the most weight effective fastener Lypes.
Therefore it is common practice to use an alumimm collar on a titanium or stain-
less steel pin when using a pin and collar type fastensr instead of a stainless
collar. Alumimm nut plates may contain stainless steel nut elements with cadmium
plated screws and stainless steel retainers.

As a result of the large nmumber of possible fastener element material com-
binations, there was a lot of confusion on the assembly floor about when to seal
a fastensr and when not to saeal 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 persomnel who complete the tr program are lssued a pocket
sized "Corrosion Prevention Procedures" manual\®/., This manual contains the

following sealing instructions:

"Sealing Requirements for Permanent Fasteners: There are approximately
442,000 fasteners used in the F-15 airframe assembly. Therefore, the

most ccamon functional surface sealing operation involves the sealing of
fastener holea. Fasteners are sealed for two general reasons - to prevent
corrosion and to prevent lsakage fram wet fusl cells or pressurized compart-
ments. The following general rules apply to permanent fastener installa-
tions,.

General Rule #1 -~ Coat all fasteners with sealant before insertion in aluminum,
composite, or cadmium plated components which are on the moldlines or in
exterior locations as defined by the Finish specification,

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

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

Seal all stainless steel fasteners or aluminum fasteners elements such as

rivets, collars, or washers which contact titanium, stainless steel or
Inconel type alloys.
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Seal all cedmium plated fasteners or fastener elements which contact stain-
i less steel, brass, copper, or Inconel.

NOTE:

E 1) Cadmium 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
cadnium plated components.

i 2) Monel fasteners or copper plated fasteners should nct be used in
contact with aluminun 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 on interior components but require the use of sealant on ex-
terior located fasteners. The reasoning behind these requirements stems from the
! fact that exterior skins and doors are subject to a greater degree of flexure under
3 cyclic loads than interior structure. Therefore, sealant is required or exteriar
& located fasteners because its superior flexibility allows it to accommodate to the

: flexing and relative movement between fastener and camponsnt without rupturing.
Y Paint is permitted in lieu of sealant on interior located fasteners becauss in-
. house corrosion exposure teste indicate it provides corrosion protection equal,
or superior to sealant.

Cadmium plated fastener corrosion problems are avoided through the ume of
stainless steel, titanium and aluminum fasteners for 95% of the moldline applica-
tions. The cadmium plated fasteners that are used are MCAIR specials because
they have a thicker cadmium plating requirement than standard fasteners - Class 2
irstead of Class 3.

ium Al s -~ There are only three airframs components fabricated from
a magnesium alloy. These are AZIC magnesium castings., Their configuration was
carefully studied to ensure freedom from water traps before permission was re-
quested from the Air Force for megnesium utilisation. They are required by the
Finish Specification to have all assembly line fitting and holes drilling accor-
plished before the finish system is spplied. The parts are brought to the asvem-
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 polysulfide sealant immediately before assembly.

%gﬁa Structures -~ All aluminum honeycomb core used on the F-15 is the non-
perfora ype as a proprietary coriosion resistant coating on tihx surface.

Both alumimm snd titenium sldns are coated with a corrosion inhibiting adhesive pramer
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 bondlines 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 generated :
as the air in the honeycomb is heated forces its way through any voids which may

be present in the sealant ccated bondline, Any "leskers" are resealed and retested.

T
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3.3 F=15 Msterial Selection - The most damaging types of corrosion experienced
by aircraft using the 70X and 2XXX series alloys in a T6 temper condition are
streee 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-house experience backed
up with data from aluminum suppliers indicated that thin gauge shset less than
.080 in. was generally resistant to this type of attack if good quenching practices
after solution treatment were applied. Our selection criteria required that tne
more susceptible products be used in temper conditions formulated to resist stress
corrosion and exfoliation attack as shown in Table 2,

e

TABLE 2 - ALLOY CTION CR
FOR_THE PREVENTION OF C JON THAT TYPIFIES AGE
_ Type of Attack
1 " Typieal of T6 Temper -
) Product JTXOX and 2XXX Series Alloys F-15 UEF
: *#2024-T8
Sheet less than Pitting #7075-T6
.080 in, thick #2024~T6
6061-~16
Sheet thicker than Exfoliation *7075-T76
.080 in, *2024~T72
#202/~-T81
6061-16
Plate Exfoliation, Stress #7075-T73
Corrosion *#202/,~T1851
6061-T6
Forgings Stress Corrosion HI075-T7300X

NOTES: Extrusions are similar to sheet and plate in corrosion susceptibility
#Alclad materials are usad where envirommental conviitions could cause

pitting.
H7075-T73XXX is the only aluminum material recommenced f.> forgings.

The F-15 aluminum product usage is unique in tha* the areas identified in
the Finish Specification as "exterior" are alclad or anodiced or are fabricated
from 6061-T6, Alclad was used in perference to anodize except when product type,
fabrication or functional requirement precluded its use. Our experience indicated
that alclad provided sacrificial protection to adjacent non clad areas such as
edges and countersinks. In contrast, anodiged coatings lack the capability to
protect non-anodised countersinks and other adjacent non-anodiged surfaces. Access
doors with removables 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 mumber 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. Alumimm doors :
secrued with removable fasteners in addition to being alclad must be fabricated :
from the exfoliation resistant 7075-T76, 7075-T73, 2024~T72, or 2024-T851
materials,
|
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Exfoliation and stress corrosion resistant overaged tempers were also used
for alumimm extrusions. 7075 alloy extrusions in the medium gauge sises were
overaged to the T76511 temper and heavier gauges to the 7075-T73511 temper. The
exfoliation and stress corrosion resistant 202,-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-T) or 2024-T3. Naturally aged 2XXX series alloy tempers such as
2024-T,4, T42, T3, T351 and T3511 were prohibited because their instability in the
F-15 thermal enviromment invited intergramular corrosion attack (7).

Titaniym Alloys - All titanium alloys are used in the ammealed condition.,
Ti-6A1-4V 13 used in applications where toughness and fatigue resistance are
prime requirements. In other applications, Ti-6A1-6V-2Sn is used where its
superior strength-to-weight ratio can be used to advantage. High pressure
hydraulic tubing is fabricated from Ti-3Al1-2.5V.

Ferrous Alloys - Stainless steel selection was controlled to prevent the use
of alloys or microstructures 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 ksi ultimate tensile strength range for F-15 applications. The high strength
landing gear components are fabricated from 300M steel. This material has been
used successfully for commercial aircraft gear camponents,

Material Distribution - The manner in which these materials are distributed
throughout the airframe is shown in Figure 1, Alclad aluminum alloy skins pre-
dominate in the forward fuselage and the forward part of the center fuselage.

In contrast, the aft part of the airframe is fabricated from titanium alloys,
boron epaxy composites, brazed titanium composites and aluminum honeycomb.

3.4 Program Controls - It is not difficult to select materials which have the
required corrosion resistance properties for a 10 year service life and to draw
up ancthor list of materials which do not have the required properties. The dif-
ficult part of the program is to commmunicate this information in such a way that
it will be accurately utilized thoughout the prime contractor, subcontractor and

component supplier system.

There 1s no traditional vehicle for specifying material usage that parallels
the use of a finish specification for control of finish usage. 1 order to provide
a working document to aid all designers to selsct materials approved by structures,
metallurgists and corrosion specialists, a MCAIR Report, "F-15 Corrosion Comtrol
Guidelines" (8) was campiled 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 minimiged the mmber of drawings rejected by the corrosion specialist during
his review but also reduced commmication problems 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 utiligation to raise
the level of a low spot if a drain hole could not be drilled at that particular
location.
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The E33 Data Item - Procurement Specifications required suppliers of com-
ponents and systems - electronic equipment excepted - 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 nurber of data item responses indicated they were not
taken seriously and that the suppliers intended to continue using materials that
were responsidble for corrosion problems on previous aircraft designs. Therefore,
without the E33 data item submittal and review requiremsnt, airborne systems and
components would not lhiave mst F.-15 material and finish requiremsnts.

Engireering Drawing Review - Besides providing the necessary control to en-
sure only approved materiales 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. Most dissimilar
metal contacts involve the selection of standard parts such as fastensrs, 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-
lines Report was A major factor in familiariging design persomnel with the corro-

sion coutrol Design Features and was a major factor in enauring compliance , 8o that
Corrosion Control Training Program was a major instrument for performing the same
funcrions during the manufacturing phase of the progran. 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 epecialist 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
sy stem corrosion resistance.

Production Training Program - Bscauss of the large number of Production per-
sonnel ard production floor Quality Assurance personnel who were required to partici-
pate in “he 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 sized reference book mentioned
previously (6), a copy of which was given to all in-house and comtractor personnel
who attended the course. The presentations ard the training seasions are organised

by the MCAIR F-15 Training Departaent.
The program content was daivided into two sections:
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Section I discusses detail part fabrication and finishes with emphasis on
the importance of: 1) protecting parts from corrosion or mechanically induced
surface damags 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-

quirements.

The second section addressed itself to assembly operation corrosion control
requirements such as compartmsntal drainage, mold line sealing, removal of foreign
objects from compartments, dissimilar metal protection as well as paint finish
requiremsnts for subassemblies,

The pocket sised 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,
0 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 ateel,

The reason that bare structural materials in contact with aluminum - unless
contact areas are environmentally sealed - is a violation is that meterials which
do not have a protective finish are corrosion resistant and therefore incompatible
with aluminum, The finish epecification 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 "equeeze 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 titanium is prohibited not only
because it may csuse embrittlement and cracking of the titanium 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 ofRaSO‘F and therefore the use of standard silver plated stain-
less steel fastensrs or other silver plated componerts 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 dsmage the ancdized Dow 17
coating and the paint finish are prohibited bscause there is no touch-up treat-
ment which supplies equivalent protection to Dow 17. And magnesium needs all the
specified protection to remain corrosion free for the life of the airframe.

Aluminum fastener elsments in an aluminum structure would be automatically
painted with the rest of the subassembly. In contrast, an interior located tita-

nium or stainless steel structure is normally not painted, Therefore, aluminum
fastensr 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 computer program is used to ksep track of persommel changes so that
the Training Department can arraunge training sessions as new personnel
are assigned to the project.

! 2. More than 1,500 MCAIR personnel and a large number of prime contractor
I personnel have been exposed to the corrosion control training and have
received a copy of the "Corrosion Control Handbook'".

4.0 CONCLUSIOW

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 develomment programs. This is gererally frue immediately following rapid
technology advances ani is especially true if the new technology cannot be applied
by traditional application msthods. Corrosion control technology in the middle
60's is a case in point. It had su.idenly expanded in scope and sophisticatior to
the extent that it was no longer solcly 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 peripherial role of writ-
J ing a finish specification tc one of active parcicipation in the conceptual and
i 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 Centrol 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 built around the
Corrosion Control Plar Blueprints., The program built on these blueprints can be :
a facade or an efficient corrosion control implementation tool depending on the F
type of support it receives from project management and depending on the skill and
dedication of the hundreds of personnel who hLave a direct or peripherial part in
its function. ]

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

© The program must have a clearcut objective

O Selected corrosion control technology must be compatible with the ]
program objective 1

O Materials and “inishes must be selected on envirommental basis |
O Component materials which would normally be painted but which cannot be

painted must bs given equivalent protection by another corrosion preven-
tion method
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© Materials which are too corrosion prome to be capable of protection by
conventional finishes should be avoided. If this is not possible, then
they must be protected by a special finish tailor-made to meet their
s. The shot peensd, chromated cadmium, paint system combina-
tion finish nsed on high strength steels is an example of a special finish
cambination required for a potentially corrosion succeptible material.

© The program objectives must be kept in mind during day to day decision
making to prevent a graiual deterioriation in applied technology quality.

It 1s felt that the Eagle's Corrosion Control Program is successful by
today's standards. However, the moment of truth will not arrive until a signi-
ficant mmber of aircraft have been in service for the duration of their design
life. Therefore, it would bs interesting to compare the comclusions drawn at
that time with the conclusions .aat appear valid today.
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STRESS CORROSION CRACKING SUSCEPTIBILITY OF
B TITANIUM ALLOY 38-6-44: CANDIDATE ALLOY
E FOR SCOUT TORSION BAR

f by
[ Walter F. Czyrklis and Milton Levy

Army Materials and Mechanics Research Center
Watertown, Massachusetts 02172

ABSTRACT

The threshold stress intensities for stress corrosion crack propagation
in beta titanium alloy 38-6-44, T1-3A1-8V-6Cr-4Mo-4Zr, has becen determined
in salt water and 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 respons.
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 8 alloys, titanium alloy 38-6-44, nominal composition
Ti-3A1-8V-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 cf 200 ksi can be obtained.

Other B alloys, including Beta III!, 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 PROCEDURE

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 1700°F for thirty
minutes and air cooled, then aged at 875°F 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° inciuded angle notch were fabricated from tle 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.

Metallographic 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 « precipitation at the grain boundaries and the enriched
B region adjacent to the B 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 tc 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

3 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

2 ml : 1-5
susceptible to stress corrosion in all of these environments.’

TEST PROCEDURE

The cantilever beam test developed by Brown and Beachem6 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 cell 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 KIi vs. time to failure, and the plane-strain threshold

stress intensity level, K , below which crack growth did not occur, was

Iscc
det=rmined.

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

[br Ti-38-6-44 in 3.5% NaCl, CH,OH, CH30H + 0.5% HCl, and CH,OH + 0.5% HC1 +

3 3

0.5% NaNO, solutions. These plots show that K _  is 34.5 ksi Yin. in NaCl, :
1
16 ksi /in. in CH.OH, and 6 ksi /In. in CH,OH + ICl. The air value, Ky, is :
35 ksi vin. These data indicate that the alloy is- immume to sodium chloride 1
j
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SCC and is very susceptible to SCC in methanolic solutions, particularly in

scc/KIX’

decreases from 0.46 in CH30H to 0.17 in CH30H + HC1l solution. Average crack

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

methanol + HC1 solution. Thus, the measure of susceptibility KI

extension in the SCC zone as a function of time) were 1.4 x ]0'2 in/hr (3.6
1

x 107 mn/hr) and 3 x 107 dn/hr (8.2 x 107" mm/hr) in CHOH and GHOH + HCI
solutions respectively. The stress intensities at failure were 56 + 2 ksi Yin.
and 44 + 2 ksi /in. respectively. The addition of 0.5% lICl increased the
average crack growth rate in methanol by a factor of ~2, Figure 3 also

shows that NaNO3 increases KIscc for the alloy in CHSOH + HC1 from 6 to 30

ksi ¥in. which approaches the air value of 35 ksi Vin. Thus, NaNO3 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 -one, 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 ail 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 Sb.
The fracture surfaces of the specimens tested in NaCl solut‘on (immune

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

3
showed no discernible sluw 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.
CONGLUSIONS

1. The solution treated and aged titanium alloy 38-6-44 is immune to sodium
chloride stress corrosion wher. 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 CHSOH + HC1
solution.

3. The SCC resistance of Ti-38-6-44 in CHSOH + 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 NaNOS.
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.

T —— ey

The alloy exhibited fractographic ductile characteristics (dimple rupture)

in air, 3.5% NaCl and inhibited CHSOH + HC1 environments.
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in the as-received STA condition.
Mag. 250X

Figure 2. Cantilever rig, specimen geometry and
equation for stress intensity values
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Figure 1. Photomicrograph of Ti-38-6-44
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Figure 3. Stress corrosion curves for titanium alloy 38-6-44

Fatigue
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} Fast Fracture

Figure 4. Fracture surfaces of specimens stress corroded in (a) CH30H and (b) CH3OH + HCl. Mag. 4X
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’ Figure 5. Fractographs of Ti-38-6-44 showing
ductile rupture in the rapid fracture zone.
Fracture
E
4 . Fatigue Fatigue ]
A § Figure 6. Fracture topology of Ti-38-6-44 showing Figure 7. Fracture topology of Ti-38-6-44 showing g
E “atigue and fracture zones resulting from stressing fatigue and rapid fracture zones resulting from ]
in aqueous NaCl and inhibited CHL0H + HCI failure in air. Mag. 2,200X
Mag. 2,500X
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Fatigue
Figure 8. Fractograph of Ti-38-6-44 showing fatigue and  Figure 9. Topology of Ti-38-6-44 of the SCC zone
zones resulting from stressing in methanolic so'utions. resulting from stressing in methanolic solutions.
Mag. 2,800X Mag. 6,300X
SCC

Figure 10. Fracture topolugy of Ti-38-6-44
of the SCC and rapid fracture zones for
specimen failed in CH30H. Mag. 4,600X

Fracture
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MATERIALS REQUIREMENTS IN A HYDROGEN ECONOMY--NEW CHALLENGES?
By
B. ¢. Syrett, R, L. Jones, and N.H.G. banicls*

ABSTRACT

It is anticipated that the energy shortages already experienced in the United
States will develop into a serious crisis before the end of the twentieth century.
The supply of gascous 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 publicaticns discuss the merits and feasibility of a national,
hydrogen-based fuel system (a "hydrogen economy’), and many predict the widespread
use of hydrogen by the year 2020,

0f 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.

INTRODUCT1ON

This paper is based on portions of a study! conducted for De"ense Advanced
Research Projects Agency (ARPA) dealing with materials problems that would be
encountered with the widespread irtroduction 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) ard that its combustion
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 of a shortage of fossil fuels, hydrogen will be pro-
duced entirely from a nonfossil source, namely water. It will further be assumed
that a primary source of energy, {c.g., nuclear, solar, wind) will be available in
sufficient quantities to allow the extraction of the required amount of hydrogen
Trom water., 0Of the wide variety of problems that could occur with the introduc-
tion of a hydrogen economy, only problems related to materials will be discussed,
and particular emphasis will be placed on problems that necd immediate attention to
permit the successful introduction of a hydrogen economy in 40 to 50 years.

THE HYDROGEN ECONOMY

[t appears that there is a deep-scated feeling in a large number of the popu-
lation that hydrogen is a "dangerous gas.” Frequent mention is made of the Hinden-
berp disaster and of the embrittlement and slow crack growth that have long been
hserved an metals exposed to hydrogen environments. On the other hand, the
tunttiar laboratory gas bottles containing hydrogen have apparently had a perfect
satety record for more than 50 years, and many years of practical experience have
ilready been amassed in the transmission of gaseous hydrogen for industrial uses--
wmittedly over relatively short distances and at relatively low pressures. So what
is the truth?

in the studyv' conducted for ARPA, the materials problems that might be encoun-
tered in a hydrogen fuel e.rnomy were examined in detail. Four major aspects of
the hydrogen tuel systen were studied: (1) production, (2) transmission and distri-
bution, (3) storage, and (4) end use. Although important materials research and
tevelopment needs were id:ntitied in cach of these four areas, it is the beliet of

the authors that no wnsurmountable materials-related obstacles exist to prevent the ;
ate and successtul transportation, storare, and use of hydrogen fuel. [t was :
apparent ti it the major effort must go into developing improved methods of producing

hvdrogen i+ large volumes at minimum cost, Materials research and development needs

reluated to large-scale, low-cost hydrogen production will now be discussed in greater

detail,

LARGE-SCALE, LOW-COST HYDROGEN PRODUCTION

Even a partial hydrogen fuel economy would require the production of enormous 3
quantities of hydrogen. The quantity of hydrogen required to have entirely replaced 5
the 1970 U.S. fossil fuel consumption would have been about 631 million tons.

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

of hydrogen. (See Table 1.) 1In a future total hydrogen e nomy, billions of tons

per year would be required. Contrast this need with the world production of hydrogen 3
in 1970 of about 17 million tons, only 5% of which was derived from nonfossil sources.

water is the only credible nonfossil 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 hyJdrogen from water; in the
longer term, other energy sources such as solar heat and nuclear fusion may beccme
important.
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Table 1

ANNUAL U.S. ENERGY SUPPLY (1970)

Energy Source Energy Content (10'® Btu) H, Equivalent* (10° Tons)

Fossil fuels

- Natural gas 22.1 215

- Coal 13.5 131

¥ - Liquid hydro- 29.4 285
carbons

Total fossil tuels 65.0 631

All other 2.8 27

*Based on the lower heating value of H, (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 tempcratures in excess of 2500°C for appreciable conversion, is not fea-

=

sible within the limitations of foresceable reactor technology. However, it is
theorceticully possible to split water by a combination of chemical and thermal steps
at temperatures below the ~ 1000°C level anticipated in :uture high-temperature gas~
cooled 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 1000°C, and only water is consumed, any chemical inter-

mediates being completely recycled. A large number of possible cycles have now been 3
proposed, and the range of possibilities is still growing with several groups using 3
computerized search routines to identify promising reaction sequences. However, none 4

of 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.

. s e

An indication of the types of materials problems that are likely to be encoun-
terad in future thermochemical splitting plants can be obtained by reviewing the
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R peneral nature of the cycles now under consideration, All water splitting cycles

E' ivolve some sort ol hydrolysis step in which hydrogen or oxypen is generated, cither

dircetly or via one op more chemical intermediates, Because of their strong tendency
Lo hydrolyze, metal halides are involved in many of the proposed thermochemical
sphitting cycles.  Other proposed specics include halogens, hydrogen halides, liquid
_ metals, metal oxides and metal hydroxides, as well as hydrogen, oxygen, and steam.

i A typical exampie of a reaction sequence, the Mark IB process proposed by the EURATOM
group in Italy, is shown here:

() CaBr, : li,0 - Ca(OH), + ZHBr 780°C
E
3 (2) Hg,Br, + 2HBr - 2HgBr, + H, 120°C
(3) HgBr, - Hg — Hg,Br, 120°C
(1) HgBr, - Ca(OH), — CaBr, . HgO - H,0 200°C
(5) HgO - Hg + 20, 600°C

It seems probable that corrosion of containment vessecl materials will be a major
problem in the chemically aggressive, high-temperature environments involved in this

3 and all other thermochemical splitting cycles. In addition to the need tfor corrosion
‘i resistant materials and coatings, materials with good high-temperature strength will
; be needed, especially for reaction vessels required to operate at high pressures.

For instance, the calcium bromide hydrolysis step in the above EURATOM Mark IB pro-
cess is to be carried out at 780°C and at a system pressure of 30 atmospheres.

As for the proven hydrogen 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 orf 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 2shows 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. If electrolytic hydrogen was to be produced on the vast scale required
for its use as a fuel, 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 defiuition, the theoretical thermal etticiency
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of electrolysis is 120 percent at STP because of the endothermic nature of elec-
trolysis. The thermal efficiency increases as the temperature is increased, such
that at 550°F (1 atmosphere pressure) thc theoretical efficicncy has reached about
k 150 percent. In comparison, the actual thermal cfficiencies ol today's commercial
electrolyzers range from about 50 percent for older units to about 80 percent for
the best current units,

Table 2

BREAKDOWN OF COSTS FOR ELECTROLYTIC HYDROGEN PRODUCED
BY A LARGE CONVENTIONAL ELECTROLYZER

Cost contribution Percent of Product Cost

Electric Power Consumed 69.5
3 Capital Costs 24 ;
] Other Consumables 4.5 3
y Operation and Maintenance 2 3
5 100 :

The discrepancy between theoretical and practical efficiencies 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 é
production. A number of factors contribute to this overvoltage. Concentration
polarization of the anode and cathode and resistive voltage drops in the electron
conduction path account for minor contributions to the overvoltage, but, in today's
vommercial electrolyzers, the major contributions are due to activation polarization
of the eclectrodes and the resistive voltage drop in the ion conduction path.

Resistive voltage losses can be minimized by minimizing interclectrode spacing,
keeping product pgases out of the current path, using a high-conductivity electrolyte,
maximizing the ionic conductivity of the separator, and increasing the operating
temperature. Activation polarization can be mirimized by using electrocatalysts, by
increasing the eftective arca 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 of electrocatalysts 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 cel]l frame materials at temperatures above about 100°C.

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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hydrogen 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 noble metal catalysts on a hydrogen e¢conomy scale can probably be ruled out
for reasons of cost and availability, For instance, at a moderate catalyst loading
of 1 gram/ft? (about 1 mg/cmz), the amount of catalyst required for a hydrogen pro-
duction capacity equivalent to 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

é pounds. (See Table 3.) These figures emphasize the need for the development of

[ improved, nonnoble electrocatalysts,

Table 3
CATALYST REQUIREMENTS OF NOBLE METAL CATALYZED ELECTROLYZI'RS

Catalyst loading of 1 gram/ft? = ~ 20 grams of catalyst per pound/hour
of H, production capacity

1970 U.S. natural gas consumption ~ 5 x 107 pounds/hour of H, production
capacity

.. Catalyst required = -~ 2 x 10% pounds

world production of platinum ~ 1.2 x 10% pounds/year

U.S. production of platinum - ~ 620 pounds/year

An entirely aifferent type of electrolyzer, prototypes of which have shown
potential for high thermal efficiency, is based on the use of a hydrogen-ion con-
ducting membrane of perfluorinated sulphonic acid--the so-called solid polymer elec-
trolyte. This 12-mil thick polymer membrane combines the functions of the electro-
lyte and the separator. Prototype cells of this type currently use noble metal
electrocatalysts but, for the reasons discussed above, these would probably have to
bhe 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 80°C. At present, the maximum
operating temperature is limited by chemical and mechanical stability of the membrane
to about 125°C. Thus, for a temperature increase much above the present value, a new
ion-conducting membrane material would have to be developed.

SUMMARY AND CONCLUS IONS

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.

PRPIETE ! LT ORE r
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® Development of separator materials with improved conductivity and
with temperature capability to about 200°C.

e Development of inexpensive polymeric materials with temperature

capability to about 200 C for use an cell feames,

¢ Development and tanrication of gas diffusion electrode structures

with high effective clectrode arcas,

® Development o1 active, nonnoble electrocatalysts for both the anode
and cathode.

Research and development needs in the field of solid polymer electrolvzers are
summarized as follows:

® Development of inexpensive i1on-conducting memoranes with superio

- lonic conductivity (H , O or OH )
= Temperature capability
- Mechanical and chemical stability.

o Development of active nonnoble electrocatalysts for both the anode
and cathode.

If these materials challenges can be successfully met, the development of elec-
trolyvzsers showing thermal et hiciencies of about 100 percent will become nossible at
carrent densitres up to o tactorol 5 higher than in present units, With this perform-
anee . plus the roductron an electrolyzer capital costs that could be anticipated as
Woresalbt o of mass production, future electrolyzers could produce hydrogen costing
little more per unit encrgy than electricity. In addition, an ecologically sensible
fuel 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 nontoxic ingredients. To readily combine ingredients
at the time of usage, binary projectile designs necessarily incorpoiate geparating
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 uegradation 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 menm-
brane material was determined. Initial studies were conducted with hydrofluoric
acid solution since the CR was not immediately available ard 1t was expected that
results with the two liquids would probably be comparable.

Experimental Procedure

All corrosion inhibition tests, unless otherwise specified, were conducted in
duplicate by immersion of 20 cm? (1.3 cmx 7.7 cm x 0.25 cm) metal sample in 200 ml
of solutions at ambient temperature (23 * 2°C) 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 (bimary chem-
ical munitions membrane material) in aqueous 0.59 N hydrufluoric acid solution to
which was added 1 g/l candidate corrosion inhibitor, i.e., gelatine (GEL), o-tolyl-
thiourea (OTTU), benzotriazole (BT), quinoline ethiodide (QEI), n-lauryl pyridinium
chloride (NLPC), and oxides of arsenic, antimony and tin. Combinations of two in-
hibitors, each at 0.5 g/l concentration, were also studied for inhibition effec-
tiveness. A newly developed proprietary corrosion inhibitor useful in hydrofluoric
acid solution for cleaning boiler tubes (7) was also tested. Limited studies were
also conducted on corrosion of metals such as 321 stainless steel, 99.5% purity
nickel and AZ31b magnesium.

159

sl s s

eer—

s

5 g




#
.
3
.

TN
L

The steady-state corrosion potential of steel in aqueous 0.59 N hydrofluoric
ac’d soluticn containing corrosion inhibitor was determined using the Orion 801
lonanalyzer? with Orion Ag/AgCl reference electrodes #90-01 filled with 90-00-01
solu:ion., 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 KCl calomel electrodes.
The solutions were open to the atmosphere and potential measurements taken period-
ically up to 48 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 pentoxide. Selected inhibitors
were added at 1 g/l 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 diisoprupyicarbodiamide (DICDI) was added to 200 ml samples
of CR to determine the effectiveness of this acid-neutralizing compound® 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. [t 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-~
nessd achieved by the organic compounds listed in Table I ranged from about 95 to
99 percent. Although GEL and BT were less effective than NLPC and QEI, 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

orrosion weight losses than when either of the inhibitors was used alone.
Exceptions to this were the following combinations: OTTU-QEI, QEI-GEL, BT GEL and
NLPC-BT (at > 21 days exposure). Of the inhibitors tested, only OITU appeared to
be insoluble in the hydrofluoric acid solution at 0.5 or 1 g/l additions. One
might thus expect all combinations with OTTU to be more effective than the OTTU
alone since a saturated solution of OTTU is present in both instances and the addi-
tion of 0.5 g/l of another inhibitor would be expected to enhance effectiveness.
The OTTU-QEI 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., Cawbridge, Mass. 02139.
b. Determined from NMR studies, Edgewood Arsenal, Edgewood, Md.
F
c., 1isopr-N=C=N-isopr + 2HF -+ isopr-N-C-N-isopr
HFH
corrosion weight loss, inhibited acid

I corrosion weight loss, uninhibited aci

d) x 100




(higher corrosion weight losses) than either alone. The combination of OITU-BT
provided the lowest corrosion rate of the organic additive with little tendency
for nonuniform attack.

The proprietary corrosicn inhibitor (M107) was more effective than the organic
compounds tested and corrosion was quite uniform. Although As;03 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 af<er exposures of
21 days or more. It is believed that arsenic increases the hydrngen 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 countaining 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 cof 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 recommendations premature. Magnesium may also be con-
sldered 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
corrosion rate of antimony shown in Figure 1 is thus an approximation, but is
greater than that of any of thc other metals tested cxcept 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/l SnO. The corrosion weight loss after 48 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 predominantly stifled the anodic reaction.

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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ﬁ relationship with corrosion weight loss reminiscent of the Tafel slope for hydrogen
4 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 i1s about -45 mv per decade. Further studies are to
1 be conducted in order to more clearly elucidate the relationship between corrosion
r rate and corrosion potential of steel in acid containing varlous inhibitors.

i

a

_ The organic compounds tended to result in steel corrosion potentials higher

b than that of the metal salts but there was little relationship between corrosion

1 rate and potential. The results in Figure 2 show that OTTU caused the most pro-

1 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 48 hours is also given in parenthesis in the figure;
additional corrosion date are shown in Figure 1 and discussed earlier. Antimony
is considerably xmore noble than steel and the reason for the inability of Sby03 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 advi able to attempt protection of steel with deposits of metals of more noble
electrode putential (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 Sn0 (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 um 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
egsentially 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 electrodeposited 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, 'ts 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 introduciion of lead ions
into the acid. 0

f Corrosion of steel in the corrosive reactant (CR) was slower than that in

¥ aquecus 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 immersed
for 30 days in CR containing inhibitors are shown in Table III. None of the addi-
tives were very efrective for reducing corrosion rates in CR and some actually
accelerated dissolution. The proprietary material (M107) was the most effective of
the inhibitcrs but provided only about 70 percent effectiveness. When DICDI was
added to the (CR) samples,white fumes were generated and the solution became gresn
in color. Although sufficient DICDI had been added to theoretically neutraliz: 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 1s shown in Table IIL. Though
the corrosion weight loss for nickel was lower than that of stainless steel, there
was a tendency for pitting of the nickel while corrosicn 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 As;03, o~tolylthiourea (OTTU), benzo-
triazole (BT), gelatine (GEL), quinoline ethiodide (QEI), or n-laurylpyridinium
chloride (NLPf). However, hydrogen blistering of steel results from use of As;0j3
and there 1is a tendency for pitting-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 (M107), 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. Both magnesium and tin acquire more 3
active steady-state potentials than steel. Electrodeposited tin provides sacrifi- ;
cial protection L0 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 diisopropylcarbodiamide or
proprietary inhibitor M107 was added. Neither nickel nor 321 stainless steel can
k 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 % 2°C

: Containing Chemical Corrosion Inhibitors.

- Corrosion Weight Loss, mg/20 cm?

: Inhibitor, after various exposure times

1 1 g/l total 7 days 14 days 21 days 28 days 42 days

L: None dis integrated* _— —_— —_— —_—

: OTTU 35 72 135 229 422

L QEL s 86 165 260 461

f 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
QEL + BT 30 71 140 229 413
QEI + GEL 43 97 176 290 605
NLPC + BT 42 85 201 387 862
NLPC + GEL 33 71 143 283 399
BT + GEL 73 256 409 579 954
M107 25 46 79 112 176
Sn0 disintegrated** —_— —_ _— —_—
Sb,03 disintegrated*** — — —_ —_
As203 20 41 63 104 —_

*Corrosion weight loss 824 mg after two days exposure. _
**Corrosion weight loss 359 mg after two days exposure. i ;
***Corrosion weight loss 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 + 2°C Containing Inhibitor; Corrosion Weight Losses After
48 Hours Immersion.
Corrosion
Corrosion Potential vs. S.C.E. Weight Loss
of Steel in HF Solution After 48
Conc, After Various Exposure Times Hours,
Inhibitor g/l 2hrs 4 hrs 7 hrs 24 hrs 48 hrs mg

OTTU 1.0 -445 -450 -447 ~439 =426 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

Sby03 1.1 -562 -572 -582 -589 =591 762

SnoO 1.0 =555 =555 =559 =566 -586 359

Pb0 1.7 =548 -551 =555 -562 =571 190

Asy03 0.73 -481 -504 -503 =523 =517 13

Hg,0 1.6 -534 =556 =560 -585 -594 642

None _— =577 ~579 -583 ~589 -588 824

M107 1.0 == — — ~-436 -418 16




Dobiaitaiitab s e

et

TX———r

Table III, Corrosion of Steal After 30 Days in Corrosive Reactant (CR) at 23 % 2°C
Containing Various Inhibitors; Corrosion of Steel, Stainless Steel and

Nickel in (CR)
Inhibitor Corrosion Weight Loss, :
_ Metal Inhibitor Concentration ___mg/20cm?/30 days
! Steel OTTU 1gl/l 1036 ‘i
Steel NLPC 1 g/l 737
Steel BT 1g/1 1076 '
Steel OTTU-NLPC 0.5 g/1 each 1073
Steel OTTU-BT 0.5 g/l each 1269
Steel NLPC-BT 0.5 g/l each 931 1
Steel Asy03 1g/1 635 {1
Steel Proprietary M107 1g/1 330 \
Steel DICDI 20 m1/1 300 1
Steel None — 1043 j
Nickel None — 189 |
Stainless Steel None — 312
|
5 |

207




"7 3 (7 3% BoJINTOs M X 6570 U STMIF smojiws jo mojsoize) -] By,
sirp “auy] sinsodry

i 6z
. um T - T L

R

00¢

13215 ssatuiwig

208

15

7% 07/%a ‘ss07 3y¥reN UO}sO1I0)




1‘

‘ous 1/8 1 o3
SUOT TEISW JO UOTIBIIUSDUO) 1BJOW UT JuaTeaInby apixp RIS — 0

103Tqryuy dTuedip 1/3 1 Burureluo) 9,z ¥ €7 I UOTINTOS JH N 6S°0
UT SINOH g% I93JV SSOT 3IY3[9M UOTIS0110) SA [2931S Jo Terjualjogd °Z 2an3r3

Iy gy /a2 0z /8m ‘sso] Iylren uoysociio)

0001 0oL 00s DOE 00T 00T 11 0s Ot 0z 01 vo'-
___..__ T T ______._ T T
- 09°0~
Q
o
[a ]
"
.
- 950~ =
3
L]
[-)
(a2 d
[ ]
3
(2 d
Y
- 50~ =
<
139 e o
odIN® S50
(2]
Ize :
13he devo-
<
2
[ad
o
1990~
nllo e
~lov-0-

e

209




: "Jel ¥ €7 1B UOEINTOS AH N 6S°0 UT
* SINOH g% 133JY STEIBN SNOTIeA JO [EIIUdI0d °f 3anI14

ﬂUUuW
_ ToAIIN Auowrjuy  ssayuyE3S pe?1 1293s L33 unisauley

- K B b | 8o.—|
m = |
Jp— | |
| -

= (0)
—mmmmw s -

(98) -P9°-

bt

[

}
[

=
;
3T
o~
e
83T0A ‘*3°9°'S *SA TETIUSIOJ UOTE0110)
<1

(€6)

(881) z-
(31) T

SIY gy /,ud 0Z/3m ‘ssol 1y31am uorsoiziod = ( )

s i i A s e i < oy




The Influence of Carbon Dioxide
on
The Corrosion of Magnesium Alloys
in
Solutions

by

F.J. Dougherty
A. Gallaccio

Pitman-Dunn Laboratory
FRANKFORD ARSENAL
Philadelphia, PA 19137
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ABSTRACT

The role 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 HK31lA 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.
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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,! 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 Ascarite 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 djoxide, in
equilibrium with the atmosphere, on the corrosion of magnesium or mag-
nesium alloys. Emley? 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 solutjions. 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 solutionc 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
ailr 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.?d During the ex-
periments, the line air was passed through a glass-wool packed column to
remove part.culate 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
inresults. Earlier investigations indicated that "still" solutions
ylelded results of wide scatter.“ For experiments performed with air
devoid of carbon dioxide, the line air was passed through a 13 cm col-
umn packed with Ascariiec (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 s¥ze for the greater volume (1200 ml).

The metal specimens were first washed with dichloromethane 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-Brite 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, 85°C),
dipping (one second) into a nitric acid sulfuric acid solution (80 ml
70 percent HNO;, 20 ml 98 percent H;S50,/1H,0) to finish with a bright
surface.> 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 Drierite, 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 Drierite 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 anions. One 100 ml portion of the chrouic acid was
used for eight specimens and the solution then discarded. The specimen
was washed thoroughly with distilled water, riased 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 dioxide-free air. The water
"as distilled" contained approximately 1.6 mg CO,/1. 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 002/1, 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 conditioning step, tests wzre 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 scluticns are listed in Tables
I, II, and III.

From Table I it is seen that the weight losses in distilled water
for pure magnesium, AZ31B, and HK31lA 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. 1In 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 1s 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/dm?, dist. H,0 vs. ca. 208 mg/dm?2,
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. H,0 vs. ca. 39 mg/dm?2, 3% NaCl soln.).
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On the whole, a similar situation is ohserved for HK3l 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 ailoy. 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/dm? vs. 68.5 mg/dm2). Compari~
sous of test results with air containing carbon dioxide show the ef-
fects of carbon dioxide in accelerating corrosion of HK31l 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 iufluence 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 lose 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 corrcdable in distillec water, either in the absence or
in the presence of carbon dioxide than pure magnesium or HK3l alloy.
But, in the salt solutions, with or without carbon dioxide present AZ3l
alloy 1is generally more susceptible to dissolution.

Alr - Metal and
Solution, NaCl W or W/0 Comparative
Conc. (Wt. %) o Corrosion (rate)
0 w/o HK31 > Mg > AzZ31
0 W HK31 > Mg > AZ31
0.1 w/o AZ31 > HK31 > Mg
0.1 1) HK31 > Mg > AZ31
1.0 w/o AZ31 > HK31 > Mg
1.0 w AZ31 > HK31 > Mg
3.0 W/o 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 (0.1%) sodium chloride solutionz’s, acts
to diminish, with time, dissolution of pure magnesium or the alloys.
This condition unquestionably is modified 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 corrosion’*8, Bothwell! 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 HK31l alloys are as follows:

Solubility, Cold H,0, ppH

Metal Hydroxide Carbonate
3 Mg CO3.
Mg. 0.009 Mg (OH),. } 0.04
3 Hy0
Al. 0.0001 - %
Th. 1.2 x 10713 - &
Zn. 0.0005 0.001
Z!'. 02C02n
0.02 3 Hy0 } - %

* Not available

From the solubility data, it would appear that the corrodability 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 solutionms,
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 uore 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. 1In this case,
HK31 is more susceptible and AZ31 less susceptible than pure magnesium.
The greater activity of the alloys is attributed to impurities?:10, e.g.,
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in HK31 (% Weight): Cu 0.01, Mn 0.05, Ni 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 AZ3l1 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
f sodium chloride solution saturated with air containing carbon dioxide or

i with air free of carbon dioxide. The potentials, vs. S.C.E. were:

! Pure Magnesium AZ31B HK31A

; Air no CO, -1.68 -1.60 -1.80
Air with CO, -1.87 -1.56 -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. It 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 AZ3l. Yet from the weight loss measure-
ments in three percent sodium chloride solution, attack of HK31l is greater
when carbon dioxide is present. Under the same conditions, attack of AZ31
is reduced. Two principal anomalies are apparent. First, there is non-
agreement between the significance of co.rosion potentials obtained for
HK31 or for AZ31l and the corrosion performance of each alloy in salt sol-
utions either containing carbon dio:zide or free of it. Second, AZ31l 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 magnzsium metals.

Corrosion rate data for each of the metals are listed in Tables IV,
V, and VI. Ratios of weight loss/area (mg/dm?) for ezch 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.

Comparisonr data of weight loss/area (mg/dm?2) of the three metals in
300 ml and 1200 ml of distilled water, with and without carbon dioxide, ]
are shown in Table VIII; corrosion ratics for the larger volume (1200 ml) 4
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. 3
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Figure 1. Ratio of Corrosionb from Presence and Absence of Carbon

Dioxide Data for Pure Magnesium, HK31lA and AZ31B Magnesium
Alloys in Distilled Water and Sodium Chloride Solutions
(300 ml).
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g 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 AZ3l 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 HK31lA 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 AZ31iB magnesium alloy shows vir-
tually no change at six hours with increased volume. This 1s 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:

Alr Solution and Relative Order
W or W/O of Corrosion
Mg Alloy (o0 }] 300 ml 1200 ml
Pure Magnesium W/O 32 > 1% > 0.1% >DW < DW
A A A A A
W 3% > 1% > 0.1 > DW < DW
AZ31B w/o 32 > 1% > 0.1% > DW < DW
v v v A A
W 32 > 1% > 0.1Z >DW < DW
HK31A Ww/o 3 > 1% > 0.1%Z > DW < DW
A A A A A
W 32> 1% > 0.1% > DW < DW
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Percent Change (Weight Loss) of Pure Magnesium and HK31A and
AZ31B Magnesium Alloys Sparged with Air Containing Carbon

Dioxide, 300 m1/1200 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 corrosion is more drastic as
the volume of distilled water 1is increased (300 - 1200 ml) for
pure magnesium and HK31lA 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 HK31lA magnesium alloy as the sodium chloride con-
centration is increased to three percent.

b. An increase in corrosion ratio with lengthening exposure time
for pure magnesium and HK31lA 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 C.1 to 3.0 percent and further di-
minishes with prolonged exposure.

d. The compositions of magnesium alloy affects whkz2ther 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 m1/1200 ml, are as follows:

a. Corrosion rate increases by ca. 100 percent for puie magnesium
and HK31A magnesium alloy with air devold of carbon dioxide.
When air containing carbon dioxide is passed into the solution
the corrosion is increased approximatelv by an additional 20
percent.

b. AZ31B magnesium alloy is less affected (20 percent) in solution
receiving air without carbon dicxide and only a nine percent
iacrease 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 1little 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
Kotlenz, Federal Republic of Germany

ABSTRACT

Studies are reported on the electrochemical behavior of highly
textured Ti-4Al 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.

237 Preceding page blank
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INTROMICTION
Most of the reported work on the anisotropic behavisr of titanium
has focused on mechanical behavior. It has been shown that significant
improvement in the strength of biaxially stressed components can bhe
realized through the use of controlled texture (detailed crystallographic
structure) titanium!. 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 »3,4
These results suggest the possibility of utilizing texture controlled o
titanium alloys to achieve enhanced corrosion resistance comhined with
improved strength characteristics. It is the purpose of this work to
extend the single crystal work to polycrystalline alloys.
MATERTAL
The two materials tested were a 0.25 in thick Ti-4Al 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 IT.
Note the effect of the preferred orientation on the transverse versus
longitudinal properties. No mechanical property data was available on
the Ti-4Al material. The Ti-4A1-4V alloy has an a + 10% B 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-8 field. The Ti-4Al1 alloy has an all a equiaxed grain

structure with the final heat treatment for this material consisting of

i Lt s

a twenty hour solution treat at 1625°F and water quenched.
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The pole figures shown in Figure 1 indicate both materials tc be
strongly textured with respect to basal plane orientation. In the case
of the Ti-4Al alloy, the basal planes are sharply aligned in the plane of

: the sheet with random orientation of the prism planes about the c axis.

- 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 elsewhere5’6.

PROCEDURE

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 1 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.

The polarizationcell was basically that described by Green7 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 HZSO4, 5N HZSO4’ and SN HC1 and

tests were conducted at room temperature, 50°C, and 65°C.
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 H2504 at 25,
50, and 65°C. In all cases the peak dissolution current for specimens
which preferentially expose basal planes is iess 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-4Al1 alloy in SN HCl. 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 SN HCI.

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-4Al specimens.
Figure 4 shows the polarization curves obtained for these two prism
planes as well as for the basal plane in 1,5N H2804 at room temperature
(2:°C). 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

21,0




in the behavior of the two prism planes in this environment. Increasing
the H2504 concentration to 5N (Figure 5) served only to increase the
reak dissolution currents for the three types of specimens. When the
temperature of the 5N environment is increased to 50°C, 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 the active direction as the temperature of the
SN H2504 environment is increased.
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,E, and G) versus prism (B,D,F, and H) oriented Ti-4Al
specimens (specimens used to obtain the 50°C data shown in Figure 2).
A-D are light micrographs while E-ll are scanning electron micrographs. A
and B show typical arcas of basal, (0001), and prism oriented specimens,
respectively; while C and D are a greater mugnification 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

21




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
g 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 ¢ in photo G. This form of attack hcs 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.s. 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 ao,Bf microstructure. Scanning
electron micrographs A, B, and C show representative areas of, (0001),
(1120), and (1010) preferentially oriented specimen surfaces. As can be

secn in these photos, the loss of material was least from the (0001) surface

and greatest from the (10i0) surface. These observations are in agreement

with the relative magnitude of the dissolution currents in Figure 6.

e b talds

There appears to be three types of material present in these photos. The
areas marked (a) appear as flat unaffected plateau regions and probably i
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 arcas where dissolution has taken
place. As the area of this type of material increases from (0001) to
(1120) to (1010) it is assumed to be prism oriented a. The island material
marked (c) consists of the ~10% 8 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
polycrystalline 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 pressurc 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 |

COMPOSITION FOR Ti-4Al and Ti-4Al-4V
ALLOYS (in weight percent)

c [ o [ v [ w N

x

3 Ti-4A1 0.0 0.07 S 4.1 0.004 0. 008
Ti-4Al-4v | 0.012 0.15 412 415 | 0.009 0.09
Table |1
MECHANICAL PROPERTIES OF TEXTURED Ti~4Al-4V PLATE
Yield Strength Tensile 6

Orien- | Thick (psi) Strength | Elon, | E x 10
tation {in.) 0.1%] 0.2% | (psh (% | (psh

L 0.359 | 100,600 | 101,200 | 109,500 | 21.0 | 16.3

T 0.358 1 119.300 | 119,300 {120,400 | 18.5 | 18.6

s daice:

2L5

- i L




KD

RANDOA:
PRISM
PLANES

RO

10001

0 - 10
(1010

Pole Figures

+t 0 3
(0001} 1010
POLE FIGURES

Figure 1. Texture in the Alloys Tested

2U6




S

Potential (mV versus SCE}

- .

‘e = | |
1 1
I | ————— Basal Planes
+100 - : II == —~= Prism Planes
I
\ |
I |
20— I |
! |
: |
.m b
Current Density luAlcmzl
Figure 2. Polarization Curves for Ti-4Al in 5N H,50,
at 25, 50, and 65C
+1200 |- | i
: I Basal Planes
- i )
=y 1 i =memees Prism Planes
w | 1
B | i
> I ] ]
E 200 | : : 20
3 ' i 85°¢
: A
2w = ‘
_______________ Ty
-
400 | = e ———— -
| | 1 l 111 II | 1 | Il 1 |

Current Density (wAlcml)

Figure 3. Polarization Curves for Ti-4Al in 5N HCI
at 25, 50, and 65C

2h7




LE!

+2,700

+1,700 -

Potential (mv Versus SCE)

‘m—-

T -

— &

Current Density luAlcmZD

Fioure 4. Polarization Curves for Ti-4Al-4V in 1.5N H,SO, at 22C

2,100
///
22004 /// ———— (000D
/ _——
,I — 10
+1,700 |
o
v s
3 ;
< 3
> L
E
£ ;
2 g
e '
]

0 10 20 0 40 2 50 60 60
} Current Density (pAlcm™)

Figure 5. Polarization Curves for Ti-4Al-4V in 5N H,S0, at 22C

2448

- ¢ g e e 2




+2,700
I‘
«2 00— ep———— i 1] ]
— ] i
- (1
], 104
=
wh
-t 20
o |
-
; =
b =
3 =
E .M
=
i 5
i
-¥0 g
-‘-h"'_':-; — :-
3 - =
! - - - —
-4l ] ]
] 200 A B0 00 1, 000 1,200 1, &0

K
Current Density (pAfcm®)

Figure 6. Polarization Curves for Ti-4Al-4V in 6N H,S0O, at 50C

2L9




PRISM ORIENTED SURFACES

BASAL ORIENTED SURFACES
A -

RPN o Ty
N - a0y 4
CNg - ) o
S % . X
v oy d 12
- 3 id 23
- e .
W ) -
LT e % sl
NN v L4 oY,
- . I} ,
1“ S —_ - y 'r-l(’
L] L - 2 "2
al . - g
E e
— ——
—— ., s - = i %
" 7 I & - - ~re - L
- e ,
iy B ot s mur? Ty~
-~ o
= - e v
[—-‘ “
- =
T -

Figure 7. Effect of Ancdic Polarization on Ti-4Al Specimen Surfaces
in 5N H,50, at 50C

250




b -

A
(0001) Oriented Surface

B
(1120) Oriented Surface

C
(1010) Oriented Surface

\ Figure 8. Effect of Anodic Polarization on Ti-4Al-4V Specimen Surfaces
in 5N H2804 at 50C

251




Figure 9. Examples of Textured Titanium Utilization

252




THE ADHESION OF Al.0z SCALES ON ALLOYS
by
C. S. Giggins, E. J. Felten and F. S. Pettit
Materials Engineering and Research laboratory
Pratt & Whitney Aircraft
Middletown, Connecticut O6LST
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 enhanced 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-6.6Al. 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 yttriume-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-£.6Al alloy also produce an irregular

oxide-alloy interface and result in excellent oxide adhesion.
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Introduction

The adhesion of A1205 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 A1205 on exposure to corrosive environments at elevated temperatures.(l)
Spalling of the A1205 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

(5-7)

yttrium,(t-u) as well as oxide dispersions can be used to improve t...c
adherence of oxide scales to alloy substrates. More recently it has been
observed that the addition of platinum to coatings or alloys is also effective

(8)

in promoting oxide adherence.

A number of mechanisms have been tentatively proposed to account for the
improvement of oxide :‘dhesion, namely:

The Vacancy Sink Mechanism is based on the assumption that the presence of

voids at the oxide/substrate interface results in poor external oxide
scale adhesion., Oxide particles 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 pased on the assumption that

elements such as yttrium may improve the adhesion of A1205 by causing the
A1203 to be more easily deformed and thereby allowing the relief of growth
and thermally-induced stresses which would otherwise cause spalling of the

oxide scale.(lo)

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 oxiae scale as one

proceeds through this layer from the alloy to the external scale.(ll)

The Chemical Bonding Mechanism proposes that the adhesion of A1205 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

oxide/alloy interface.(IL)
The Mechanical Pegging Mechanism proposes that oxide pegs are developed "//'
at the oxide/alloy interface which mechanically key the oxide scale to the f

1 \
alloy.(j"’lj)

The purpose of this paper is to present the results of recent experiments
involving alloys which form exterral A120: scales during high temperature
exposure. On some of these alloys the Alioj scale was adherent, while on
others it was non-adherent. The morpiiological features of the oxides and the
metal substrates from which they cpalled 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-4Al 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-6.6Al1 alloy. Specimens
of the NiCrAl, FeCrAl and CoCrAl alloys were isothermully oxidized between
100f and 1200FC in 1 atm of dry air, the Pt-6.6Al alloy to 1400PC. 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-6.6Al alloy,

warm aqua regia.

Results and Discussion

Trhe results presented here were selected from a more comprehensive study
concerned with the morphological features of adherent and non-adhe.ent A1205

(14)

ceales, The evidence presented, is in support of a particular mechanism
(mechanical pegging) but does not completely exclude participation of other

mechanisms in contributing to Alzoj scale adherence.

It was observed that the Alcoj scale which formed on the Ni-15Cr-6Al,
Co=c5Cr=-.A1 and Fe=--5Cr-4Al alloys (i.e. those alloys which do not contain

yttrium) during oxidation tends to spall during cooling.(lh) 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 1

imprints of oxide grains are observed, but there are also numerous areas which ]

*Al1 compositions are given 1ln 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.

(15) concerned with the spalling of

As pointed out in a previous study
A1203 from an Fe=25Cr-4Al alloy, void formation is fregquently 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 electropolished specimen of Fe-25Cr-UAl was oxidized for 24 hours
at 1200°C in 1 atm of air. The external Alp0s 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
2¢. The oxide surface at the substrate interface contained only & few isolated
voids. The structures observed in Figure 2 are not consistent with the vacancy

sink mechanism since this mechanism presumes that vold formation is a precursor

to spalling of the oxide.

It has been proposed that elements such as yttrium may improve the
adhesion of Alp0z on alloys by causing the AlpOz 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 Alp03 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 often highly wrinkled, Figure 3a, while
those formed under the same conditions on alloys containing yttrium were flat,
Figure 3b. The wrinkles in the former alloys frequently occurred at sites
vhere 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.

257




Btedoa o e e LY -
L

The graded seal mechanism is based on the supposition that a layer of
oxide other than A1205 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.‘_-.Oj scale may become deformed to accommodate
growth stiresses 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, 1.e. by developing stronger atomic bonds across

the oxide-subcstrate interface. It has been proposed(lz) 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 oxidee-substrate
interface. In the alloys used in this investigation, the standard free

energy of formation of YEOE is more negative than those of NiO, FeO, CoO,

Cr.0, and Al,0,. Consequently it is poscible that in addition to providing
c (<.

>
vacancy sinks via the 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-sutstrate interface. It is difficult to prove or disprove this

proposition. It is worth noting, however, that Al-O, particles in a FeCrAl
alloy have been observed to significantly improve the adhesion of Alzoj.(lS)
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 Al?o -alloy interface which mechanically key the Al _O, to

2’3

to the alloy is thererore improved. 1In

3
the alloy and adherence of the Al

S amcaa et e

203

the present study, pegc extending into alloys containing yttrium were observed,
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Figure 4. Since the Alp0z 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 Alzo3 at the substrate interface are presented in Figure k4.
The oxide contained a network of oxide protrusions, Figure ka, which extended
into grain boundaries of the alloy, Figure 4b., 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 A1¢o5 flakes at the substrate interface always
exhibited the coarse network of oxide protrusions, Figure ka. On numerous
flakes much smaller oxide protrusions were also evident, Figure Yc. 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 particles. However, it is belleved that
these particles may have been too small to generate detectable intensities.
Nonetheless, these smaller particles are also belleved to be yttriumerich.
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 Al.0; scale formed
on the Pt-<.fAl alloy at temperatures up to 1LOCPC was very adherent. The

substrate interfac=s 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 1200°C 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 S5b. The pegs at this interface in the case
of the Pt-6.6Al alloy were metallic as opposed to the oxide pegs in the NiCrAly
and CoCrAlY specimens. The specimen shown in Figure S5b had been oxidized for
7.5 hours at 135°PC and was metallographically polished, then etched in hot

phosphoric oxide,

The number of these metallic pegs increases with tiuse and temperature,
Figure ¢, as illustrated for a specimen oxidized for 2 hours at 1400PC.
Where a slight amount of spalling had occurred, Figure 6a, due to fracturing
the specimen after oxidation, the deasity of the metallic pegs which had
protruded into the oxide scale is clearly evident. The substrate interface
of the oxide scale was examined after dissolution of the alloy substrate in
warm agua regia. It can be seen, Figure (b, that there are voids in the oxide
scale and the relative densities of the metal protrusions and vcids in the
oxide, Figures “a ard b, are the same, and coincident with one another. It
is believed that these metallic pegs contribute in an important wvay to the
excellent adherence of Al.03 on the Pt-0.0Al1 alloy, by forming an irregular

interface between the oxide and the alloy substrate.

Summary 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 mechanisms may contribute synergistically to oxide adherence, less

evidence in support of these mechanisms 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 interfece between the oxide and the alloy.
Macro and micro oxide pegs in NiCrAlY and CoCrAlY alloys and metallic pegs

in Pt-6.6Al produce such an irregular irterface.
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Figure 1 - Typical morphological features on the metal
surfaces of CoCrAl {a) and NiCrAl (b) alloys after 100
hours at 1100°C in 1 atm. of dry air. Wrinkles in the
A1205 coincided with smooth areas in the alloy surface
and voids (arrows) were occasionally observed in the
smooth areas (2)., Smooth areas on the alloy surfaces
rontained 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-U4Al after isothermal oxidation

at 1200°PC for 24 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 = Typlical morphological features developed at
the AlzOs-gas interface of Al203 scales after 100 hours
at 120C°C in 1 atm. of dry air. The oxide scale is
highly wrinkled on NiCrAl and CoCrAl alloys (&) but smooth
on NiCrAl and CoCrAlY alloys (b).
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Figure 4 - Macro and micro oxide protrusions which were
formed on CoCrAlY alloys during oxidation. () Oxide
scale morphology at alloy-oxide interface illustratiag
concentrations of yttrium-rich macro-pess (arrcws).

(v; 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 A1203
scales formed on Pt=-6.6Al. (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) ard the detached Al20z scale at the
metal-oxide interface (b) after 2 hours at 1400°C in
1 atm. of dry air. It is apparent that a highly
irregular metal-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. Felten and F. S. Pettit
Pratt & Whitney Aircraft
Middletown, Connecticut 05457

The mechanisms for Nap,SOjp-induced hot corrosion of nickel and cobalt and
alloys of these metals containing chromium and/or aluminum are compared in
order to determine i1f there are any fundamental reasons for the apparent superior
hot corrosion resistance of cobalt-base alloys compared to nickel-base alloys.
It is =hown that cobalt-base alloys are much more resistant to the inltiation 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

mechanisms are virtually the same.
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Introduction

Alloy components in the turbine sections of both marine and aircraft zas
turbine engines are often subjected to unusually severe corrosion. This type
3 of attack, usually referred to as hot corrosion, has been found to be caused
by molten salt or ash deposits. Both nickel and cobalt-base alloys are subject
to hot corrosion attack. However, from experiments using burner rigs it eppears
as though at temperatures nn the order of 90(PC that the cuuweraial cobalt-base
k alloys are more resistant to hot corrosion than the commercial nickel-base

alloys.(l) The reasons for thls difference in performance have been the subject

e

of considerable speculation.

H Seybolt and Beltram(Q) observed that the basic mechanism of hot ecorrosion

wvas essentially the same for nickel, cobrlt and binary alloys of these elements.

o

Deleterious reactions occurred at a lower temperature for nickel-bs.e systems
than for the cobalt-base systums. Wheatfall(5) 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 cn nickel. However, burner rig tests on unalloyed nickel and cobalt 1
revealed that these materials had similar corrosion resistances at 1675° and

1750°F (913° and 954°C). 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

270




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=-?0Cr and Co-35Cr were cast, hot worked and annealed.
The aluminum and chromiur -~oncentrations of these alloys were sufficient to
allow during oxidation the development of contlnuous, external scales of AlxOsz
and Crp03, respectively. Alloys of Ni-25Cr-6A1 (NiCrAl) and Co-25Cr-6Al (CoCrAl)
were prepared by vapor deposition. (The vapor deposition fabrication procedure
was used to examine the influence of microstructure on the initiation of hot
corrosion anc :esults obtained for this part of the investigation will be reported
elsewhere.) External scales of A1205 were formed on both of these alloys during

oxidetion.

The hot corrosion testing consisted of either ilsothermal or cyclic oxidation
at 1000°C in oxygen or air using deposits of Na,S0,. Sodium sulfate was used
to initiate the hot corrosion since it is well established that deposition of
principally Ne,S50) 1s 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 Na,S0),
and isothermally or cyclically oxidized. In the cyeliec 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 NasS0)

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
1000°C have shown that if Na,50), is present on the metal surface, 4cceleruated
oxldation occurs during the initial stages of oxidation.(h’S) It has 2lso been
observed that the accelerated rate of oxidation does not persist, and for periods
beyond approximately 15 min. the oxidation rate of NaQSOh-coated specimens is

identical to that of uncoated specimens.

Examination of Na,SO)-coated specimens after oxidatlon has revealed two
morphological features which are not found in equivalent uncoated specimens.
It nppears that during the period of accelerated oxidation, the oxide scales
formed on Ha,30)-coated nickel and cobalt are porous and non-nrotective. 1In
additicny it has been determined that during this same period sulfur from the
Ma- 30y reacts with the metal to form a liquid sulfide layer separatiig the
oxide scale from the metal., After longer oxidation times dense, protective
oxide scales are eventually formed beneath the initial porous scales, and the
oxldation rate decreases toward that which is characteristic of nickel and

cobalt in the absence of Na-50).

Based upon an examination of the thermodjynmamic properties of molten NaQSOh,
it has been possible to propose a mechanism to explain the attack of nickel

(6)

and cotalt by molten Na,S50). 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 ccale-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 Nap30y results in a sufficiently large increase in
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the oxide ion activity of the melt that dissolution of the oxide scale by the
basic 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 the oxide from the metal. Repetitive stripping of the oxide film

by the Naesoh 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 Na,S0), occurs by essentially the same mechanism.

3. Hot Corrosion of Co-25A1 and Ni-25A1

Blnary alloys of cobalt and nickel contailnirg 25 weight percent Al derive
their high temperature oxidation resistance from protective Aleo5 oxide barriers.
When specimens of these alloys are coated with NaESOu and then oxidized, kinetic
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 NaQSOu.

Detailed examination of Co-25A1 and Ni=-29A1 hot corrosion specimens as a

function of time has shown that during the initial stages of oxidation, protective
films of A1203 are formed on these alloys beneath the molten NaoSCy. The
termination of the incubation period and the onset of rapid oxidation has been
found to correspond to the rapid destruction of the A1203 scale, followed by the
formation of less protective scales which are rich in aickel or cobalt oxides.

A typical microstructure resulting from this type of attack is shown in Figure 1.

It is evident that in addition to the formation of a thick, non-protective oxide

scale, sulfur from the NanS0) reacts with these alloys 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 NaoSOy
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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 molten
sulfate such that penetration of the A1205 scales can occur by basic fluxing of

the A1203 in localized areas. Once it is penetrated, rapid stripping of the

TR O RGY rTY

A1205 occurs, and large amounts of sulfur react with the alloy to form aluminum
sulfides preventing the reformation of & protective Alp0z barrier, and therefore

the accelerated oxidation rate persists.

3« Hot Corrosion of Co=35Cr and Ni-30Cr

Weight-change versus time data obtainea for the cyelic hot corrosion
testing of Co-35Cr and Ni-30Cr alloys are presented in Figure 2. No significant
difference between the results ortained with the cobalt or nickel=base alloy is

* evident. Metallogruphic examination of the specimens from this test were con-

sistent with such a conclusion. On both alloys continuous layers of Cr203 were
formed above an internal zone of chromium sulfide 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 Creo5 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.

4, Hot Corrosion of CoCrAl and NiCrAl

The welght-change versus time data obtained from the cyclic hot corrosion 1

and cyclic oxidation testing of Ni-25Cr-6Al and Co-25Cr-6Al alloys are presented |

in Figures 3a and 3b, respectively. Duta obtained with alloys having the same
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compositions but which also contained yttrium are also included. The A1205
scales were more adherent on the alloys which contained yttrium. Adherent

A1203 scales were evident on the NiCrAlY and CoCralY alloys after 350 hours of
cyclic oxidation. The A1205 spalled from the NiCrAl and CoCrAl alloys in the
cyclic oxidation test and continuous scales of Cr203 were eventually developed
on these alloys above subscale zones of A1203 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 4a, which were
subsequently preferentially oxidized, Figure 4b. It appeared as though the sulfide
stringers may have been liguid at temperature, Figure Lec. 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 mechanicms of
NiCrAl and CoCrAl alloys are the same but the CoCrAl alloys are much more

resistant to the initiation of this type of degradation.

Concluding Remarks

The results obtained in the present studies show that ihere is no signif-
icant difference hetween the hot corrosion degradation mechanisms 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 cobait-base alloys

are much more resistant. In view of these results, it is proposed that cobalt- 3

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 sufticient
that continuous layers of A1205 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
Na,S0), and cyclically oxidized at 1000°C in 1.0 atm of oxygen for 80-one
hour cyzles. 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-35Cr and Ni=-30Cr alloy specimens coated with S mg/cm2 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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Figure 3. Comparison of the weight-chan e versus time curves obtained
from the cvelic testing of NiCrAl(Y) and CoCrAl(Y) alloys at 1000°C;
(a), cyclic hot corrosion using 5 mg/cmC Na.50), and (b), cyclic oxidation
without Na Soh' Severe corrosion of the NiCrAl, NiCrAlY and CoCrAl
specimens has occurred in the hot corrosion test, although the scale
on the CoCrAl alloy has only partially spalled.
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CORROSION FATIGUE OF 4340 AND D6AC

STEELS BELOW Kisce

C. S. Kortovich

TRW INC., CLEVELAND, OHIO 4117

ABSTRACT

The corrosion fatigue behavior of low alloy martensitic AlS) 4340 and
D6AC steels in distilled water below K|g.. 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 4340 (750°F
temper) below the threshuld stress intensity factor for stress corrosion
cracking, Kjscc, 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 (750°F 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.
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INTRODUCT I ON

The performance of high strength steel components subjected to cyclic
loading has been observed to be seriously impaired when exposed to an agueous
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, Ng, 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 (4). 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 inabiiity to clearly separate crack initiation from crack
growth, N¢ data have failed tc provide information that is useful either for
quantitative design or for understanding the mechanisms for corrosion
fatigue (4).

Corrosion fatigue may be broadly characterized in terms of three
general patterns of behavior as illustrated in Figure 1 (5). For this
figure, Knpax, 8K, Kjc and Kjg.. refer to the maximum stress intensity in
a given fatigue cycle, tne 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 iower 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|, or K¢, corresponds to the onset of
unstable crack growth.

The three fatigue behavior patterns may be discussed in terms of
Kiscce At one extreme, Type A behavior represents those steel-environment
systems where K|gcc approaches Kjc or K., 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 Kpax
or 0K levels compared to that obtained in an inert environment. As Kpax
approaches K. 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 Kjg.. substantially less than Kic or K¢ (5,10). The environ-
mental effects in fatigue are quite strong above K|4cc and are negligible
below this level. A broad range of steel-envlronmentiand other alloy-
environment) systems exhibit Type C behaviors that fall between these two
extremes, with Type A behavior at Ky,, levels below K|g.. and Type B
behavior above Kjgcc. 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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producing accelerated growth below K|gcc 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|gcc 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-

f mental effect, while waveforms with fast rise-times (such as square waves)

{ produced little or no environment enhancement of crack growth, Figure 2A. For

|

r The combined role of corrosion and fatigue in nucleating cracks and in
i
E

this material the environment merely displaced the curve while keeping the same
functional dependence on AK. Results obtained by Gallagher on HY80 steei (13)
and Crooker and Langc on a number of steels (1), however, differ from Barsom's
with respect to the constant ratio of corrosion fatigue to air fatique crack
growth rate, Figure 2B (1). Since fatigue crack propagation laws usually in-
volve a power law reiationship of AK, it is generally believed that this term
is the most significant variable governing fatigue crack growth. Sinre 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,

i Frequency is another important loading variable which can have a signi-
5 ficant effect on corrosion fatigue crack growth below Kjgc.. Recent experi-

i mental results suggest that some synergistic 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 (14,15). Corrosion fatigue crack growth ex-
hibits a maximum at some intermediate frequency depending on the steel-environ-

F ment system, and approaches the growth rate in an inert environment at high
: frequencies and, presumably, at very low frequencies (14). The observed
i frequency dependence suggests a complex interplay involving the ratz of pro-

duction of fresh surfaces by fatigue, the kinetics of absorption, the rate of
repassivation, 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 jgce 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 Kjgcc-
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Commercial heats of 5/8'" thick air melted SAE-AIS|I 4340 and D6AC steels
with the following compositions were used for the study:

Alloy Source

TN
o

EXPERIMENTAL PROCEDURE

Table |

Composition of 4340 and D6AC Steels (w/o)

and
Heat No. C Si Mn Cr Mo Mi P S Cu Fe v
4340 .39 .30 .76 .74 .23 1.77 .00 .015 .1) Balance -
Allen-Fry

Heat 6790388

D6AC

American Alloy

Metals
Heat 3962772

.48 .26 .79 1.05 .96 .63 ,008 .005 - Balance .10

All tests were conducted on precracked compact K|. plate specimens 0.450'" thick.
The specimens were heat treated prior to finish machining according to the fol-
lowing sequences:

3.

Duplicate room temperature tensile tests were conducted on material receiving
these heat treatments and the average of the results are listed in ‘iable II.

4340 Heat Treatment

Normalize 15 minutes, salt bath at 1700°F, air cool.
Austenitize 30 minutes, salt bath at 1550°F, oil quench.
Temper in air, 1 hour plus 1 hour at 750°F or L450°F, air cool.

D6AC Heat Treatment

Normalize 15 minutes, sait bath at 1700°F, air cool.
Austenitize 20 minutes, salt bath at 1500°F, oil quench.

Temper in air, | hour plus 1 hour at 850°F. ' !

e s e SN
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Table 11

Room Temperature Mechanical Properties of 4340 and D6AC Steels

4340-750°F 4340-450°F

Temper Temper D6AC
Ultimate Tensile Strength (ksi) 225.1 286.0 239.7
0.2% Offset Yield Strength (ksi) 211.4 233.6 223.8
% Elongation 12. 4 11.5 9.8
% Reduction Area L7.4 47.8 35.4
Rockwell C Hardness 43,7 48.4 47.8

In order to determine K)... for these various materials, sustained load
delayed failure tests were conducted on self-leveling lever-loaded Satec creep
rupture machines in distilled water at 32°F, room temperature and 212°F for
4340 - 750°F temper and room temperature for L4340 - 450°F 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 Kj ... Crack grosth 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 argor. at room tempera-
ture and distilled water at 32°F, room temperature and 212°F. The dehumidiiied
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| .. do not occur during th~ constant-load portion of
each load excursi~n. Therefore, a varying load-time profile was established
for this study.
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RESULTS AND DISCUSSION

1, Frequency and Temperature Effects

The frequency and temperature effects were studied by tension-tension
fatigue tests conducted under load controlled conditions in distilled water
at 32°F, room temperature and 212°F utilizing 4340 in the 750°F 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 Kyax exceeded Kigce
as the crack grew into the specimen. Because of the geometry of the compact
Kic 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 Kjgcc.

The damaging effect of room temperature distilled water on fatique
crack growth rate is dramatically shown in Figure b4, which includes test re-
sults for 4340 stce! (750°F temper) tested in room temperature dehumidified
argon. Considering the argon to be an inert nonaggressive reference environ-
ment, the deliterious effect of the water on fatigue crack growth behavior can
be readily seen by the fact that growth rates below K|gcc are approximately
two orders of magnitude higher in water and approximately one order of magni-
tude higher at loads above K|...

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 environmeit 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 (4,12,16,17,18)
at loads both above and below K|gce. These results have been explained in
terms of Troiano's hydrogen embrittlement theory (19) which requires a critical
combination of triaxial stress and hydrogen concentration in the region of
maximum stress triaxiality. At lower frequencies more time per cycle is
available for the hydrogen to diffuse to the region of maximum stress tri-
axiality and hence to enhance the crack growth process. It is suggested that
the same explanation is applicable in the present study involvimg low alloy
martensitic 4340 steel tested in a distilled water environment at initial
loads below Kjgce:

Comparison of Figures 3-5 also indicates that the severity of environ-
mental embrittlement in this high strength steel was also quite temperature
ceoendent, particularly for loads below K|jgee. This effect was greatest for
the lower test frequency, 2.4 cpm. As test temperature increased from 32°F to
212°F, the crack growth rate below K|gcc Increased by approximately one and
one half orders of maynitude. At the 24 cpm test frequency, the effect below
Kisee 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 4340 steel tested under load condi-
tions entirely above Kjgce (16).
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2. Tempering Temperature and Composition Effects

Tempering temperature and composition effects were studied by fatigue
tests at 24 cpm with initial K below K|g.c in room temperature distilled water
and dehumidified argon utilizing 4340 &7SO°F and 450°F temper) and D6AC. The
fatigue crack growth kinetics as a function of AK are shown in Figure 6. In
the inert atmosphere, there appeared to be little difference in fatique 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 rcgion below Kige into the region above Kjg.c which indicated that
4340 in the 450°F temper was most susceptible while DgAC 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 plastiz deformation caused by the
lack of a plane strain situation (17). As shown by Trolano, the point of
maximum stress triaxiality and nence, 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,
i 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 750°F temper 4340 material (211.4 ksi yield strength) compared to
the 450°F temper 4340 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 4340 temper conditions. However, the D6AC
§ was more resistant than the 4340, indicating the significance of composition. 4
These results confirm the importance of higher Mo (20) and Cr (20,21) for b
enhanced resistance to environmental embrittlement in D6AC as well as other 1
high strength steels.

] 3. Predictability of Experimental Results

For loading below K|gces, @ number of observers have suggested the power .
law relationship first developed by Paris (22) for sinusoidal loading in an air | -
environment,

da/dn = A (ak)"

where a = crack length, Inches
n = number of cycles

AK

stress intensity factor range, ksi /in.

A and n are tonstants 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 raris, 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 toughness of
the material (1,17,23). Hence, it was suggested that any attempts to describe
the crack growth behavior of a wide variety of materials with an invariant

power law should be subjected to careful scrutiny.

As shown in the log-log plots of Figure 6 for 4340 (750°F and 450°F temper)
and D6AC steels tested in room temperature distilled water and dehumidified argon
at 24 cpm, the portions of the curves below Kisec 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| ... The
slopes, however, were not invariant, ranging from 1.08 for D6AC to 0.9 for 43ko
in the 450°F temper to 0.391 for 4340 in the 750°F temper. This indicated that
as AK increased, the curves below Kigcc 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 atmosph=re.

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 characterized by
environmental contributions to fatigue crack growth which diminished more rapidly
with increases in 4K than in the other, more aggressive environments. In addition
to this, the fact that the slopes were nct invariant agreed with the results of
Crooker and Lang (1), 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 had an effect upon the slopes
of these curves. For the 4340 steel, n decreased with the yield strength indicat-
ing that the environmental 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 f
have also been observed in other steel-environment systems (17). Of the three '
materials D6AC exhibited the highest n value, 1.C8. Thus, although characterized 4
by increased resistance to environmental embrittlement, ! AC also exhibited a .
lesser tendency for this embrittlement to diminish with an increase in AK. ]

4, Corrosion Fatique Cracking Activation Energy i

The activation energy for corrosion fatigue crack growth rate was deter-
mined by plotting the logarithm of the growth rate ac 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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Kiscc) and AK = 20 ksi Vin. (above Kjscc). For comparative purposes the 5200
cal/mole which corresponds to the activation energy for hydrogen adsorption
onto a clean iron surface (24) 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 Kjgcc (Q = 3710 cal/mole) and for
growth above Kjgce (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 Kjgee

For environment-enhanced fatigue crack growth below K|g¢cc, @ number of
investigators have shown that wave form can have a significant and unusual ef-
fect (12,15). These results chowed 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 times approach static loading where
no environment effect exists.

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 disti!led water were conducted utilizing 4340
steel in the 750°F temper condition. The crack growth rates have been plotted
for these tests as a function of AK in Figure 4. These crack growth data are
DEElPtted in Figure 8 as a function of loading time in tension for AK at 13 ksi

in. (below Kjgce). 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 beyo