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FOREWORD

This report describes an investigation of corrosion fatigue crack growth in

airframe structural materials performed by the Boeing Aerospace Company from

1 June 1971 through 30 June 1973 under Air Force Contract F33615-71-C-1687.

From I June 1971 through October 1972 the work was sponsored by the Air Force

Materials Laboratory (AFML) with Mr. K. D. Shimmin as project engineer. Sub-

sequent to October 1972, the effort was sponsored by the Advanced Metallic

Structures - Advanced Development Program Office (AMS-ADPO), Air Force Flight

Dynamics Laboratory (AFFDL), under the joint management and technical direc-

tion of AFFDL and AFML with Mr. N. G. Tupper as project engineer.

"This program was conducted by the Research and Engineering Division of the

Boeing Aerospace Company, Seattle, Washington under the supervision of H. W.

Klopfenstein, Structures Research and Development Manager. The Program Leader

was J. N. Masters, Supervisor, Failure Mechanisms Group. Technical Leader was

L. R. Hall and program support was provided by R. W. Finger, test design and

coordination, W. F. Spurr, metallurgical investigations, A. A. Ottlyk, test

engineering, and D. G. Good, technical illustrations and art work.

This report was submitted by the authors on June 25, 1973.

This technical report has been reviewed and is approved.

I___t

Vincent J. Rus o John C. Frishett, Major, USAF
Chief, NDT and Mechanics Branch Program Manager, AMS Program Office
Metals and Ceramics Division Structures Division
Air Force Materials Laboratory Air Force Flight Dynamics Laboratory
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SUMMARY

This program was directed to a study of some of the factors affecting the

growth of crack-like defects in aircraft structural. materials. The objective

was to study the characteristics of and the influence of metallurgical factors

on corrosion fatigue crack growth, in high strength metal alloys. Mechanical

property, fracture toughness, st,'ess corrosion cracking, and corrosion fatigue

tests were conducted for five alloys in seven different environments. The

four principal alloys included: 7075-T651 aluminum, 6AI-4V (ELI) beta anneal-

ed titanium, 6A1-4V recrystallize annealed (RA) titanium, and 9Ni-4Co-0.3C

(220-240 ksi) steel, all in plate form. A limited number of tests were con-

ducted on 7475-T651 aluminum alloy plate. Test environments included:

desiccated air, distilled water, 3.5% NaCl solution, water saturated JP-4 fuel,

sump tank water., alternating JP-4 fuel/distilled water, and dye penetrant.

Most tests were conducted at 72F with a few tests being performed at +175F and

-65F to evaluate the effects of temperature on material behavior. Double can-

tilever beam specimens were used for most stress corrosion cracking and corro-

4 sion fatigue tests; specimen thickness was sufficient to generate plane strain

crack tip deformations. A limited number of surface-flawed specimens were

tested for comparison. The majority of tests were undertaken to evaluate basic

crack growth rates using cyclic frequencies of 6 and 60 cpm and ratios of

minimum/maximum cyclic stress (R) of 0.1, 0.5, and'0.8. The'effect of overloads

on subsequent fatigue crack growth behavior was investigated by testing 7075-

T651 aluminum, 6AI-4V (ELI) beta-annealed titanium and 6AI-4V RA titanium alloy

tapered double cantilever beam specimens in both desiccated air and 3.5% NaCl

solution. Finally, a series of tests was undertaken to evaluate the effect of

both grain size and cooling rate on the crack growth resistance properties of

Ti-6AI-4V RA plate.

A large body of crack growth rate data was generated in this program. These

data are included in Appendix A to this report. The testing of double canti-

lever beam (DCB) specimens proved to be a very good method of generating large

amounts of data. However, the DCB specimen is not suitable for testing the

thickness direction of plate materials and hence, DCB specimen data are not

always applicable to many practical cracking situations in airframe components
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such as surface flaws and fastener hole flaws. The applicability of the DCB

data to these problems must be checked by testing surface flawed or fastener

hole flaw specimens.

A number of observations were made with respect to variations in resistance

to stress corrosion and corrosion fatigue cracking among the alloys tested.

For the Ti-6A1-4V alloy, beta annealing led to superior stress corrosion

cracking and corrosion fatigue crack growth resistance than did recrystallize

annealing. The 9Ni-4Co-0.3C steel alloy plate heat treated to the 240 ksi

strength level was found to be very susceptible to stress corrosion cracking

in aqueous environment. The 7475-T651 aliuinum alloy plate had superior

fracture toughness to the 7075-T651 aluminum alloy plate for the WR direction

that was tested. Fatigue crack growth rates for the two aluminum alloys in

3.5% NaCl solution did nnt differ greatly.

A summary of some of the observations made during this program fo~lows:,

0 The relative effects of potential models of the "worst" normal operating

environment for airframe components, namely, 3.5% NaCl solution and sump

tank water, was dependent on alloy.

. Changes in temperature from -65F to +175F had little or no effect on

corrosion fatigue crack growth rates for the alloy/environment couples

tested in this program.

Spraying the crack surfaces of test specimens with the corrosion inhibitive

compound LPS-3 prior to test had no significant effect on stress corrosion

cracking and corrosion fatigue crack growth resistance.

0 The effect of change in frequency from 60 to 6 cpm on corrosion fatigue

crack growth rates was dependent on alloy/environment couple.

0 The rate of increase of fatigue crack growth rates with increase in stress

ratio varied considerably from one material/environment couple to another.

In general, stress ratio effects were largest in material/environment

combinations that were susceptible to SCC.
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Overloads increased cyclic life up to overload to fracture stress ratios

of 0.9. For ratios greater than 0.9, the beneficial effect of crack

growth rate retardation was more than offset by crack growth that occurred

during the overload.
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1.0 INTRODUCTION

Recent failures in first line military aircraft have demonstrated the need for

additional and new design methods for airframe components. Some of the failures

have been of the catastrophic variety and originated at crack-like defects that

were previously undetected during production or in-service inspections. Since

all aircraft structures contain defects that are either inherent in the mater-

ials or are introduced during production or service, it became evident that

new design methods and criteria were required to minimize the detrimental

effects of such defects.

In recent years, methods (l)* based on fracture mechanics have been successfully
"applied to the design of fracture resistant spacecraft and booster tanks. Hence,

attempts were initiated to extend existing design methods to make them applic-

able to the complex geometries, environments, and loadings encountered during

the operation of military aircraft. Specifically, design procedures are

required to insure that the largest crack-like defect that would reasonably

"be expected to exist at the outset of service will not grow sufficiently to

initiate a failure that could result in loss of aircraft. The design proce-

dures require'methods of: establishing the maximum possible initial defect

size that could be expected to exist throughout the life of the structure;

determining the critical defect sizes, i.e., sizes that would result in com-

ponent failures; and calculating the number of aircraft missions that could

grow the initial crack-like defect to critical sizes.

This program was directed to a study of some of the factors affecting the

growth of crack-like defects in aircraft structural materials. The objective

was to obtain information on load history and environmental effects and their

interaction with metallurgical factors, on subcritical crack growth in high

strength metal alloys. A summary of the overall test program is included in

Table 1. Mechanical property, fracture toughness, stress corrosion cracking,

and corrosion fatigue tests were conducted for five alloys in seven different

environments. The four principal alloys (all in plate form) included: 7075-

T651 aluminum, 6AI-4V (ELI) beta annealed titanium, 6A1-4V recrystallize

* Number in parenthese refer to references at end of report.
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annealed (RA) titanium, and 9Ni-4Co-0.3C (220-240 ksi) steel. A limited number

of tests were conducted on 7475-T651 aluminum alloy plate. Test environments

included: desiccated air, distilled water, 3.5% NaCI solution, water saturated

JP-4 fuel, sump tank water, alternating JF-4 fuel/distilled water, and dye

penetrant (type Z1-2A). Most tests were conducted at 72F with a few tests being

performed at +175F and -65F to evaluate the effects of temperature on material

behavior. Double cantilever beam specimens were used for most stress corrosion

cracking and corrosion fatigue tests; specimen thickness was sufficient to

generate plane strain crack tip deformations. A limited number of surface-

flawed specimens were tested for comparison. The majority of tests were tinder-

taken to evaluate basic crack growth rates using cyclic frequencies of 6 and 60

cpm and ratios of minimum/maximum cyclic stress (R) of 0.1, 05., and 0.8. The

effect of overloads on subsequent fatigue crack growth behavior was investigated

by testing 7075-T651 aluminum, 6A1-4V (ELI) beta-annealed titanium and 6A1-4V

RA titanium alloy tapered double cantilever beam specimens in both desiccated

air and 3.5% NaCi solution. Finally, a series of tests was undertaken to

evaluate the effect of both grain size and cooling rate on the crack growth

resistance properties of Ti-6AI-4V RA plate.
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2.0 MATERIALS AND PROCEDURES

Test materials and procedures are described in detail in this section. Resuits

of mechanical property and metallurgical characterization tests of all test

materials are described in Section 3.1. Bases for selection of test environ-

ments are discussed in Section 3.2, and procedures used for specimen prepara-

tion, testing and evaluation of results are included in Section 3.3.

2.1 Materials

Six different alloys were tested in this program. The four primary allows were

aluminum 7075-T651, steel 9Ni-4Co-0.3C, Ti-6AI-4V beta annealed, and Ti-641-4V

recrystallize annealed (alpha-beta processed). The aluminum alloy 7475-T651

and "super ELI" Ti-6AI-4V were also tested to evaluate the effects of improved

purity of composition. Various thermal cycles were applied to the Ti-6A1-4V

recrystallize annealed (RA) material to assess the effects of microstructural

changes on corrosion fatigue properties.

Each test material was characterized for mechanical properties, composition,

microstructure and macrostructure. In addition, conductivity, hardness, and

exfoliation corrosion testing were conducted for the aluminum alloys. The

steel alloy, 9NW-4Co-3.0C, was evaluated for inclusion content and alloy

I ;6segregation. Crystallographic texture was determined for each titanium plate

evaluated.

The material characterization data generated for the test materials of this

program were evaluated and compared to other data for each alloy so that each

test material could be rated against other material of the same alloy designa-

tion

2.1.1 Aluminum 7075-T651

The aluminum alloy, 7075 was procured from ALCOA in plate form, 0.625 x 48 x

72 inches per specification QQ-A-250/12d in the T651 condition. The alloy was

selected for study since it is commonly used in existing aircraft structure

S......•:" : , ' . ... . . .•••• • •• . . .. .. . "• I I I .... . -T-"----- - ,••.- . . ... .' i "• I



and no systematic study had been conducted on its corrosion fatigue character-

istics, particularly for plane strain conditions.

The composition of the 7075-T651 plate as determined by Boeing is included in

Table 2. "Wet" analytical techniques were utilized for each element. The test

results indicate that the heat chemistry is representative of a typical 7075

composition.

The microstructure (Figure 1) and macrostructure were typical of 0.625 ii•ch

thick 7075-T651 plate. Plate hardness of 90.6 (Rockwell B) and conductivity of

31.6 (% IACS) also represented typical values.

The plate was characterized for exfoliation corrosion by the "Total Immersion

Exfoliation Corrosion Test" (ASTM Task Group GOl.05.02-T.6.8). The exfolia-

tion characteristics were normal.

Mechanical properties were measured by The Boeing Company at temperatures of

-65F, 72F and 175F. Detailed results are listed in Table A2 in Appendix A and

are plotted against test temperature in Figure 2. The scatter bands in the

upper part of Figure 2 enclose the ultimate strength and yield strength data.

All mechanical properties are typical of 7075 alloy plate in the T651 condition.

Fracture toughness values were measured by The Boeing Company at temperatures

of -65F, 72F, and 175F. Results are tabulated in Tables A3 and A4 in Appendix

A and are plotted against test temperature in Figure 3. Fracture toughness

values for the WR direction were measured using both compact tension and double

cantilever beam specimens. SpecImen configurations are detailed in Figures B2

and B1O in Appendix B. The compact tension data plotted in Figure 3 are

typical of the 7075 aluminum alloy with th.' average value of KIC at 72F being

22.7 ksi i~n. Double cantilever beam specimens were tested only at 72F and

yielded average KIC values of 22.2 ksivi-n for the WR direction and 31.7 ksi/ In

for the RW direction.

Six surface-flawed specimens were tested to measure fracture toughness at +175,

+72, and -65F. The crack plan was parallel to the rolling direction in all

10
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specimens and two tests were conducted at each temperature. Results are

..ummarized in Table 3. Detailed test data are included in Table A4 in Appendix

., A. For all specimens, records of crack displacement versus load showed that

marked pop-ins occurred at loads less than the failure load. Previous testing

has shown that pop-ins in 7075-T651 surface flawed specimens are common ,and

result from bursts of crack growth in the laterial direction. Little or no

growth occurs in the depthwise direction. This behavior is indicative of a

higher resistance to crack propagation in the depthwise (WT) direction than in

the laterial (WR) direction for the 7075-T651 plate material. Such behavior A

makes it difficult to calculate a value of stress intensity factor that eqys

the fracture toughness for a given direction of crack propagation. It..

believed that stress intensity factors calculated using peak load and initial

flaw dimensions are good approximations of the depthwise (WT) fracture tough

ness. The fracture toughness values for the WT direction listed in Table 3

are considerably greater than comparable values measured for the WR direction.

2.1.2 Aluminum 7475-T651

The 7475 alloy was tested so that the relative crack growth resistance of the

7075 and 7475 alloys could be compared. The 7475 alloy is a high purity 7075

alloy with lower specification limits on magnesium content. The 7475 alloy

tested in this program was obtained from Alcoa in the form of a 1.0 x 18 x 12

inches plate in the T651 condition. The compositions as determined by both

Boeing and Alcoa are listed in Table 2. The only significant difference in

chemical composition between the 7475 and 7075 alloys was iron content whizh

was significantly lower in the 7475 plate.

The mnicrostructure (Figure 4) and macrost.ucture were typical of 1.0 inch thick

7475-T651 plate. Typical values were obtained for hardness (90.9 Rockwell B)

and conductivity (32.9-% IACS).

The plate was characterized for exfoliation corrosion by the "Total Immersion

Exfoliation Corrosion Test" (ASTM Task Group GO1.05.02-T.6.8). Normal exfolia-

tion characteristics were observed and negligible differences were noted com-

pared to the corrosion characteristics of the 7075 plate.

15
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Table 3: Summary of Ftucture Toughness Data for Plate Alloys

FRACTURE TOUGHNESS (KSI ,/1N.)
ALLOY TEMP __-___-_ . _ ,,,(OF) WR DIRECTION* WT DIRECTION"

ALUMINUM -65 21.4 30.7
+72 22.7 32.6

7075-T661 +175 24.2 •34.7

STEEL -65 87.0 94.0
9NI-4Co-0.3C +72 107.0 106.5
(Ftu -240) +175 105.0 108.3

TITANIUM -86 92.5 104.8
8A1.4V BETA +72 93.2 95.2(6)
ANNEALED +175 98.6 88.4(a)

T-85 84.0 103
TITANIUM +72 92.5 93

6AI.4V RA +175 102.5 90(m)

* FROM COMPACT TENSION SPECIMENS
* FROMSURFACE FLAWED SPECIMENS

(a) FAILURE STRESSES >90% ays

16
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Mechanical property and fracture toughness values were measured at 72F by The

Boeing Company. Results'are included in Tables 4 and1 5. The ultimate and

yield strength values were slightly lower than for the 7075 alloy. The plane

strain fracture toughness for the WR direction of the 7475-T651 alloy (31

ksi/Tin) was considerably greater than that for the 7075-T651 plate.

2.1.3 Titanium 6A1-4V Beta Annealed

The Ti-6A1-4V beta annealed alloy was purchased from RMI in the form of 1.0

x 48 x 84 inches plates per Boeing Material Specification XBMS7-174B. The

B revision of the applicable specification requires an extra low interstitial

grade and annealing above the beta transus to provide high toughness and

resistance to stress corrosion cracking.

The plate composition as determined by the. producer as verified by Boeing

chemical analyses is shown in Table 6. The Boeing analysis yielded somewhat.

lower values for oxygen content. The microstructure, shown in Figure 5, is

typical for beta annealed TI-6AI-4V. Examination of the macrostructure

revealed a uniform structure with only minor banding. The average prior beta
-4

grain size was approximately 10- square inches. Crystallographic average

texture as determined by a computerized X-ray pole figure analysis (Figure 6

, and Table 7) showed the material to have a genefally random orientation of
basal planes. The pole figure analysis method is described in Appendix D. A

high intensity of basal planes normal to the maximum stress direction has been

shown to degrade stress corrosion and corrosion fatigue characteristics. No

significant effect of texture was expected in this material.

Mechanical properties were measured by The Boeing Company at temperatures of

-65F, 72F and 175F. Mechanical property data are tabulated in Table A5 in

Appendix A and plotted in Figure 7. The 72 F yield and ultimate strengths of

124 and 134 ksi exceed the corresponding minimum specification values of 115

and 127 ksi. The 72F elongation and reduction in area also meet specification

values of ten and fifteen percent, respectively.

Fracture toughness values were measured using both compact tension and surface

flawed specimens. The compact tension specimens were tested per ASTM E399-70T

S - I8



Table 4: Mechanical Property Date for 7475- T651 Aluminum Alloy One Inch Thick Plate

ULTIMATE 0.2% OFFSET ELONGATION REDUCTION
GRAIN TEMP TENSILE. YIELD
DIRECTION (OF) STRENGTH STRENGTH IN 2.0 INCHES IN AREA

(KSI) (KSI) 1%1

88.7 80.0 10 21•'•'•LONGITUDINALI 72
88.6 79.5 10 23

LONG 84.9 75.0 11 29
TRANSVERSE 85.0 75.5 11 23

Table 5: Fracture Toughness (Kic) Date for 7475- T651 Aluminum Alloy One Inch Thick Plate

•;•: 'AVERAGE MXUM PO KQ

PROPAGATION TEMP CRACK MAI
DIRECTION (OF) LENGTH L (K) (KSI vW'1.)

(IN.)

72 0.74 2.74 2.49 30.0WR 72 0.73 2.74 2.74 32.1
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Table 6: Chen.'cal Composition of Titanium Alloys

MATERIAL HEAT TEST V Fe N= LAB U2  Al V F 2  C 2

Ti6AI-4V 304623

BEAANAE SPEC LIMITS .06-.13 5.&-6.3 3.&-4.6 0.25 .03 0.08 .0125A
MAX MAX MAX MAX

RMI .125 6.1 3.9 .17 .010 0.02 .0044

BOEING .103 6.07 3.8 .16 0.04 .0053

Ti6AI-4V G8200
BETA.ANNEALEC
SUPER ELI (NO SPECIFICATION)

TIMET .06 6.0 4.1 .05 .008 .023 .005

Ti-6AI-4V
RECRYSTALLIZE SPEC LIMITS ..09-.13 5.5-6.2 3.5-4.5 0.26 .03 0.08 .0125
ANNEALED MAX MAX MAX MAX

TIMET .13 6.0 4.1 .11 .018 .026 .0050

BOEING .084 8.01 4.1 .15 .02 .0052
-- .......-....-.-
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Figurep 5:- UAI4VStafldod ELI Beta Annu~Id Titanium Alloy Microstructlir Composite (50X)
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Table 7: Quantitative Texture Factors* for Titanium Alloys

HEAT TEXTURE FACTORS.',!!.;", MATERIAL H A
TREATMENT % IL % IT % IST

Ti-6AI-4V
-SUPER ELI AS-RECEIVED 32.2 36.1 31.7
BETA ANNEALED

Ti-6AI-4V
RECRYSTALLIZE 1900F/40MIN/AC 33.5 35.1 31.3

1350F/2 HRS/ACANNEALED

TI-6AI-4V
STANDARD ELI AS-RECEIVED 34.0 41.2 24.8

BETA ANNEALED

.. QUANTITATIVE TEXTURE FACTOR DESCRIBES NUMERICALLY THE
PERCENTAGE OF BASAL PLANES ORIENTED NORMAL TO A SPECIFIC

S.......GRAIN DIRECTION, I.E., LONGITUDINAL (L), TRANSVERSE (T), AND

SHORT TRANSVERSE (ST). THE TEXTURE FACTOR IS CALCULATED
FROM X-RAY POLE FIGURE INTENSITIES (SEE APPENDIX D) AS FOLLOWS:

;%I ILSIN 6 SIN c/TOTAL INTENSITY

23
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except for specimen thickness requirements; detailed results are tabulated in

Table A6 in Appendix A and fracture toughness are plotted as a function of test

temperature in Figure 3. The average 72F fracture toughness value of 93 ksi~n

is believed to be a close approximation of the plane strain fracture toughness

of the material since the specimen thickness of one inch was a high percentage

of the minimum specimen thickness required for plane strain fracture toughness

testing by E399-70T,*namely, 2.5 (kIC/ays)2 or about 1.4 inches. Six surface

flawed specimens with crack planes perpendicular to the long transverse plate

direction were tested to evaluate fracture toughness for the WT direction at

-65F, 72F and 175F. Test details and results are tabulated in Table A7 in

Appendix A and fracture toughness values are reported in Table 3 where they

are compared to fracture toughness values obtained from the compact tension

specimen tests. The trend of increasing toughness with increasing temperature

for the WR direction is apparently reversed for the WT direction. However, the

failure stresses for the surface-flawee specimens tested at 72F and 175F were

greater than 90% of the corresponding uniaxial yield strengths and it is

believed that the high failure stresses resulted in apparent fracture toughness

values that are less than the actual values,

The Ti-6AI-4V beta annealed titanium plate having an oxygen content of 0.06%

was obtained as a 1.0 x 8 x 11 inches plate from the Boeing Commercial Airplane

Company. The plate was produced by TMCA per Boeing Material Specification

BMS7-174B. The microstructure shown in Figure 8 was typical for beta annealed

Ti-6A1-4V. Crystallographic average texture as determined by X-ray pole figure

analysis (Figure 9 and Table 7) showed the material to have a nearly random

orientation of basal planes. Chemical composition as determined by the vendor

is included in Table 6 and mechanical properties measured by The Boeing Aero-

space Company are shown in Figure 7. The KISCC for the WR direction of the

plate was previously measured using a single edge notch tension specimen and

found to be 87 ksivn.

2.1.4 TI.-6A-4V Recrystallized Annealed (RA)

Ti-6A1-4V RA plate, 1.0 inch thick, was fabricated to meet the requirements

of the North American Rockwell Specification ST0170LB0032, Rev. B. The material

was developed for use on the B-1 Bomber and was selected to-meet high fracture

si :25
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toughness criteria. The plate material was supplied to Boeing by North America

"Rockwell. The specification requirements include an ELI composition giade (0.13

wt. percent oxygen) and thermal processing near, but below the beta transus

temperature to achieve a fully recrystallized alpha-beta microstructure. Both

o" these specification requirements provide improvements in the fracture char-

acteristics compared to the conventional MIIL-SPEC Ti-6AI-4V material.. Follow-

ing the RA processing, the material is annealed at 1400F and cooled relatively

fast to 900F.

The plate composition as determined by the supplier and by Boeing is shown in

Table 6. The Boeing analysis indicated a markedly lower oxygen content than

that obtained by the supplier, TIMET. The plate microstructure, showm in Figure

10, was uniform and showed a high degree of alpha-beta recrystallization with

equiaxed primary alpha grains in a retained beta matrix. The macrostructure

revealed some variation in alpha grain size across the plate thickness. Basal

plane pole figure (Figure 11) as determined by a computerized X-ray analysis

techniqoe indicated only moderate texturing with relatively balanced high

intensity basal plane regions for both the transverse and longitudinal grain

directions. The transverse direction, however, had a slightly higher intensity

of basal planes (Table 7).

Mechanical properties were measured by The Boeing Company at temperatures of

-65F, 72F and 175F. The resulting data are tabulated in Table A8 in Appendix

A and are plotted against temperature in Figure 12. The 72F yield and ultimate

strengths of 125 and 137 ksi exceed the specification minima of 120 and 130 ksi.

The 72F elongation of 12 percent exceeds the specification requirement of 10

percent.

Fracture toughness values were measured using both compact tension and surface

flawed specimens. The compact tension specimens were tested per ASTM E399-70T

except for specimen thickness requirements; detailed results are tabulated in

Table A9 in Appendix A and fracture toughness values are plotted against test

temperature in Figure 3. The average 72F fracture toughness of 93 kei'in. is

identical to that of the beta procesaed alloy and is well in excess of the

specified minimum value of 75 kuitS. Six surface flawed specimens with crack
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planes perpendicular to the long transverse plate direction were tested to

evaluate fracture toughness for the WT direction nt -6", 72F and 175F, 164t

details and results are tabulated in Table AIO in Appendix A and ftetux* tough-

ness values are summarized in Table 3 where thoy are compared to fractuvo tough-

ness values obtained from the compact tension tesm. Results are nively identi-

cal to those for the Ti-6A1-4V beta annealed plate and again, the apparent trend

of decreasing WT direction toughness with increasing temperature may have beeil

influenced by the high failure stresses for the 175F tests.

2.1.5 Steel Alloy 9Ni-4Co-0.3C

The alloy steel, 9Ni-4Co-0.30C, was selected for evaluation since it is consider-

ed the leading candidate for aircraft applications in the 220-240 ksi strength

range. The alloy is currently used in various primary structure applications

. as are similar alloys including D6AC and 4330V. The 9Ni-4Co alloy however has

superior fraction toughness. The material for this study was purchased as

annealed hot rolled plate per the Boeing specification BMS 7-182A. The plate

size was 0.625 x 48 x 72 inches. The material was heat treated at Boeing to

a strength rarLge of 220-240 ksi using the following procedures:

* Normalize at 1650F, one hours, air cool

* Solution treat at 1550F, one hours, oil quench

* Refrigerate at -100F, two hours

0 Double temper at 950F (2 + 2) hours, air cool.

The microstructure (Figure 13) is typical for the,9Ni-4Co-0.30 alloy. The

macrostructure indicated evidence of banding (Figure 14). Microprobe analysis

across the bands for Co, Ni and C showed no significant variation. Typical band

thickness were approximately 0.0005 inch.

Delaminations were also observed on the fracture face of corrosion fatigue

specimens used to test the WR direction. The average spacing of the delaminations

was approximately 0.010 inch with the thicknesses ranging from 0.005 to 0.050

"inch. Differences in microatructural features were not readily observable

between the bands and adjacent regions even at magnificatione of 1200X (Figure

15). The martensitic structure appeared to be slightly less predominant in the

,centers of the dark etching areas.
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The alloy composition and specification limits are listed in Table 8. Except

for the carbon content which was 0.34 wt %, the specification maximum, the

plate composition was typical for the alloy. The inclusion content as deter-

mined per ASTM E-45 resulted in a D-2 rating which is considered relatively

clean and typical of vacuum arc remelt steel.

The banding observed in the 9Ni-4Co-0.30C is not considered typical by the

plate producer (Republic Steel) and was considered by Republic to be a hot

"working process problem. They considered the material to represent the "low

end" with respect to other previous heats of the alloy. In previous limited

experience at Boeing, deleterious banding in 9Ni-4Co alloys has not been

observed.

Mechanical properties of the heat treated steel were measured at -65F, 72F

and 175 by The Boeing Company. The resulting data are tabulated in Table All

in Appendix A and mechanical properties are plotted against temperature in

Figure 16. The 72F yield strengths of 204 to 209 ksi were within the desired

yield strength range of 200-210 ksi. The corresponding ultimate strength

values ranged from 240 to 245 ksi and exceeded the minimum specification value

of 230 ksi.

Fracture toughness values were measured at -65F, 72F and 175F using compact

tension, double cantilever beam, and surface flawed specimens. Compact tension

specimens (Figure B2) were tested at -65F and 175F per ASTM E399-70T require-

ments. Double cantilever beam specimens (Figure B1O) were tested at 72F per the

ASTM requirements except for specimen length. The resulting data are tabulated

in Table A12 in Appendix A and fracture toughness values are plotted against

temperature in Figure 3. The 72F fracture toughness was 106 ksiv/in. Six sur-

face flawed specimens with crack planes perpendicular to the long transverse

plate direction were tested to evaluate fracture toughness for the WT direction

at -65F, 72F and 175F. Test details and results are tabulated in Table A13 in

Appendix A, and fracture toughness values are summarized in Table 3 along with

values obtained from the compact tension tests. The good agreement between all

of the fracture toughness data is indicative of the homogeneity of the 9Ni-4Co-

0.3C steel alloy plate.
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2.2 Selection of Environments

Stress corrosion cracking and corrosion fatigue tests were conducted in seven

different environments as shown in Table 1. Five primary environments included

desiccated air having a relative humidity of about 10 percent, distilled water,

3.5% NaCI solution, water saturated JP-4 fuel, and sump tank water. Two second-

ary environments included alternating JP-4 fuel and distilled water, and dye

penetrant (type ZL-2A). The desiccated air was selected as a realistic reference

environment. There was no intention of selecting a completely inert reference

environment for the program since one of the primary objectives was to develop

useable data. Distilled water was selected to determine the results of moisture

and water on crack growth behavior in the absence of salts. The 3.5% NaCl

solution was thought to be representative of the worst environments to which

airframe components could be frequently exposed. Other investigators have con-

cluded that 3.5% NaCl solution is an overly severe representative of the "worst"

environment and have recommended sump tank water as an alternative test environ-

ment. Sump tank water is representative of solutions that are found in sump

areas of aircraft and has the chemical content shown in Table 9. Since sump tank

water has a smaller chloride ion content than does 3.5% NaCl solution, it should

be less aggressive in promoting crack growth in titanium alloys. Since all of

the materials tested could come in contact with JP-4 fuel, the fuel environment

was selected as a primary test environment. Distilled water was added to the

JP-4 fuel to saturate the fuel to the limit of approximately 50 ppm of water.

Tests conducted in alternating JP-4 fuel and distilled water were representative

of the environmental mix encountered in a "wet" wing. Finally, tests were

conducted in dye penetrant after it was observed In previous work (2) that type

ZL-2A dye penetrant promoted considerable stress corrosion cracking in Ti-4AI-

2.5Sn (ELI) base metal and weld metal. Hence, the question arose as to whether

poor inspection practice could have detrimental effects on aircraft components.

Type ZL-2A dye penetrant was tested because of its applicability to the three

alloy systems tested in this program.

An attempt was made to identify environmental spectra that could be particularly

detrimental to crack growth characteristics of airframe metal alloys. In part-

icular, consideration was given to potential synergestic effects resulting from

the concurrent action of two or more environments. There are a multitude of
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Table 9:. Chemical Content of Simulated Sump Tank Residue Water

CONSTITUENT CONCENTRATION
(PPM)

Ca1 2  50

CdCI2  1000

MgCI2  50

NaCI 100

ZnCI2  10

PbCI2  I

CuCI 3 2H 2 0 1

CCI3 'GH2O I

FoCI3  6

MnC12 '4H20 6

•i. Nir'= O) H20

DISTILLED WATER SAL

39



different operational fluids and mvnufacturing aids with which aircraft components

can come in contact. However, no success was met in identifying particular com-

binations that would be expected to have a synergestic effect.. Synergestic

effects are not particularly common in subcritical crack growth tests and, in

many cases, are difficult to define. For example, three cases observed in stress

corrosion cracking tests are shown in Figure 17.

1. Alloy suseptible to SCC in both environments A and B; when the two environ-

ments are mixed, there are three possibilities.

a. Mixture produces more rapid crack propagation and possibly reduces

Kc ; for example, H20 - CH 3OH-CI on some titanium alloys.

b. Mixture produces intermediate crack growth rates and possibly increases

Ksc; for example, H20-glycerine-CI on some titanium alloys.

c. Mixture reduces crack growth rated and possibly varies Kiscc; for

example, H 20-methylene chloride mixtures on some titanium alloys.

2. Alloy susceptible in only environment A: when B is added, there are two

possibilities:

a. Mixture produces more rapid crack growth and possibly lowers K
Iscc

for example, H20-methanol mixtures on the aluminum alloy 7075-T651.

(see Figure 18)

b. Mixture produces lower crack growth rates; for example, H20-methanol

mixtures in the aluminum alloy 7075-T651 (see Figure 18) and H20-

hydrogen mixtures on titanium alloys.

3. Alloy not susceptible in either component A or B but susceptible in

mixture, possible examples:

a. Chemical reaction of components to produce damaging environment, e.g.,

hydrogen and oxygen to produce water inducing susceptibility of

alumint alloys.

40-
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When the additional variable of composition, i.e,, amount of A and B is intro-

duced such as in the case of MeOH-H 20 mixture on 7075, one could conclude that

both synergistic and retardation effects occur. For 7079 aluminum alloy, no

synergistic effect is observed and. thus, the extension of a result for one alloy

to all alloys is also doubtful.

Rather than search for synergestic phenomena, it was decided to look at the

effect of a corrosion inhibitive compound on crack growth behavior for several

material/environment couples. The intent was to investigate whether or not

"corrosion inhibitive compounds had any beneficial effects on crack growth resist-

ance at existing cracks, If such were the case, then such compounds could be

useful in protecting inaccessible areas of airframe structure and as a temporary

corrective action. The specific corrosion ihhibitive compound used in these

tests ".TLPS-3.

2.3 Procedures

erocedures used for specimen preparation, hati.ding, testing, and evaluation of

;.. Ak results are described in this section..

.-N 2.3.1 Specimen Preparation

Thirteen different specimen configurations were used to accomplish the tests

reported herein. Specimen configurations are detailed in Figures Bl through

B13 in Appendix B. A summary of specimen configurations used for each type of

test is included in Table B1 in Appendix B.

Mechanical property tests were conducted using one smooth tensile specimen con-

figuration as shown in Figure Bl.

Static fracture toughness tests were conducted usingcompact tension (CT) and

surface-flawed (SF) specimens. Specimen configurations for all CT specimens

are included in Figure B2. Specimen configuration for aluminum alloy SF speci-

menesis detailed in Figure B3;.9t..tmflar titanium and steel alloy specimens are

shown in Figure B4.

g;L43



Stress corrosion cracking tests were performed using double cantilever beam

(DCB) and SF specimens. DCB specimen configurations are included in Figures

B5 through B7. Specimens detailed in Figure B5 were used for testing the

short transverse direction of the plate materials. Specimens in Figures B6

and B7 were used for testing either the WR or RW crack propagation directions.

SF specimen configurations are detailed in Figures B3, B4, B8 and B9.

Corrosion fatigue tests were conducted using both DCB and SF specimens. Most

tests were conducted using the DCB specimens. Grooves were vee shaped with a

60 included angle, 0.01 inch root radius, and depth equal to ten percent of

the specimen thickness. SF specimen configurations are shown in Figures B3 and

B4.

Overload tests were performed using tapered double cantilever beam specimens

having the configurations shown in Figures B12 and B13. Specimens were linearly

tapered to approximate the contour defined by the equation.

2 33 a2/h +1/h. 4.0

where: a is crack leng-nt

h is one-half saeploan height at the cross section

through the craek tip.

The above equation defixme the approximate contour required to make stress

intensity factors independent of crack length for constant load (3). Since

the equation is approximate and deviates only slightly from a straight line,

a linear t"ar was uised to fabricate the tapered double cantilever beam speci-

mens. Compliano•emeasurements on the linearly tapered specimens verified that

stress intensity factor was independent of crack length within experimental

accuracy. Results of compliance measurements for tha tapered double cantilever

beam specimens are summarized in Appendix C.

Crack starters iniUall CT and DCB specimens consisted of a 0.125 inch wide milled

slot •terminat~g in-a -hevron Vee notch. Ptecracking was accomplished usiag

fatigue lo.dings having a stress ratio of 0.06'and a cytlic frequency of 1800

44.
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cpm. The 0.10 inch of precrack was grown using peak cyclic stress intensity to

Young's modulus ratios less than 0.0012 inch. Crack starters in SF specimens

"were produced using an electrical discharge machine and 0.06 inch thick circular

electrodes; electrode tips were machined to a radius of 0.003 inch and an

included angle of less than 20 degrees. Fatigue cracks were grbwn from the

starter slots using a stress ratio of 0.06, cyclic frequency of 1800 cpm, and

peak cyclic stress of 10 ksi for the aluminum alloy specimens, and 25-30 ksi

for the steel and titanium alloy specimens.

All specimens were cleaned by brushing with commercial grade naptha. Each

specimen was then sealed in a plastic bag until tested.

2,3.2 Testing

Test procedures used for fracture toughness, stress corrosion cracking,

corrosion fatigue, and overl6ad tests are described in the following.

Fracture Toughness

4 All compact tensions tests were conducted per the ASTM method of tests for

plane strain fracture toughness of metallic materials (E399-70T). Surface-

flawed specimens were loaded to failure in standard tensile test machines at a

rate required to precipitate failure in about one minute. All specimens were

instrumented with clip gages spring loaded against knife edges integrally

.machined at the mounth of the flaw. The clip gage and load cell of the test

machine were connected to an X-Y recorder to obtain records of load versus

crack opening displacement for each specimen.

Temperature control was accomplished as follows. Tests at 72F were conducted

within an enclosed environmentally controlled laboratory. Tests at -65F were

conducted in a mixture of cold nitrogen gas and air, the temperature of which

was controlled by a servo valve actuated by a thermocouple attached to the

specimen. Tests at +175F were conducted with the specimen surrounded by a

metallic jacket with heaters attached. Heaters and temperature were controlled

by thermocouples attached to t-h specimen. All tenperatures were controlled to

within +2F of the nc~iinal valuas.

a im...' .. .-49,
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Stress Corrosion Cracking

Stress corrosion cracking tests were conducted by subjecting DCB specimens to

constant opening mode deflections at the mouth of the crack. All aluminum and

steel alloy specimens, and titanium alloy short transverse specimens were

loaded by driving a wedge into the end of the crack starter slot as illuitrated

in Figure 19. The crack tip was submerged in the test medium during the loading

operations and the wedge was inserted until a small amount of crack extension

occurred. Specimens were then placed in sealed glass containers filled with

the test media. Periodic recording of crack length were taken by observing the

specimens under a 30X microscope. Titanium alloy specimens used to test the

WR crack propagation direction were loaded in a slightly different manner. With

reference to Figure 20, specimens were pin loaded in a test machine with the

crack tip submerged in the test medium. A clip gage was used to monitor crack

opening displacement during the loading process. After the desired displace-

ment was attained, a pair of circular wedges were inserted into the central hole

to wedge open the crack. The load was then reduced by 1000 pounds and the wedges

were driven in further to recover the crack displacement lost due to elastic

deformations in the viscinity of the wedges. This incremental unloading proce-

dure was repeated two or three times after which the applied load was reduced

to zero and a final crack surface displacement reading was taken. The specimens

were then transferred to enclosed test chambers filled with the test media.

Periodic readings of crack length were made throughout each test.

Corrosion Fatigue

Corrosion fatigue tests were conducted by subjecting specimens to either constant

load or constant deflection cycling. Tests designed to yield crack growth rates

for intermediate and high AK values were conducted by subjecting specimens to

constant peak cyclic loadings to grow the cracks over a series of predetermined

increments of crack length in the required test media. The first increment of

crack growth was induced using a constant peak cyclic load slightly greater than

the load used to precrack the specimen. The peak cyclic load was then increased

by 100 lb for the aluminum alloys and 500 lb for the steel and titanium alloys,

and a second increment of crack growth was induced. This procedure was repeated

until the stress intensity factor was at or near the critical value. Crack growth
increments required to grow the cracks from initial to critical conditions

4.6
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ranged from five to seven. The increments of crack growth could generally be

identified on the fracture surface of the specimen and the known locations of

the crack front after each crack growth increment provided a check of the

:X. instrumentatioin output used to evaluate crack growth rates.

-! Corrosion fatigue tests for the lower AK values were conducted by subjecting

specimens to constant deflection loadings. The initial load was set equal to

)" the load used to precrack the specimens. The load cell and clip gage were

*• parts of a servo system that kept the peak cyclic crack displacement constant

during the remainder of the test. Consequently, the cracks grew under gradually

decreasing AK values until the test was terminated. The load decreased smoothly

throughout each test and incremental load adjustments were not used. For alloy/

* ienvironment couples where crack growth rate data obtained from both constant

load and constant deflection tests overlapped, agreement between the data was

Sgood. For example, see Figure A19 in Appendix A.

All corrosion fatigue and fracture toughness specimens were instrumented with

S• clip gages to obtain recordings of .opening mode crack displacement versus cycles.

Clip gages were spring loaded against integrally machined knife edges at the
mouth of the crack starter. Knife edge details and locations are. shown in

Figure BIO An appendix B. Gage output was recorded periodically to obtain

relationships between specimen compliance and loading cycles.

2.3.3 Evaluation of Results

Static fracture toughness values were calculated from CT specimen results using

ASTM recommended procedures (E399-70T). Fracture toughness values were cal-

. culated from DCB specimen results using ASTM recommended procedures for CT

specimens with the exception that stress intensity factors were calculated

using the following equation:

2P b1/2 2 2 1/2KI RP [.b] l/ 3(a + 0,6h) + h2 2

. K - n,] (.:h (1)

where P is 5 percent secant offset load

b is specimen w.dth
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b is crack width
n

h is one-half the specimen height

E is Youtg's modulus

a is crack length

Sis Poisson's ratio

Fracture toughness values for SF specimen tests were calculated using the

"equation

SKI - av•7n MK (2)

where a i1 gross section failure stress

a is the crack depth

Q is the. modified shape factor shown in Figure 21

MK is shown in Figure 22 (Reference 4).

Stress .corxrpsion cracking results were evaluated by plotting increase in crack

length versus test duration using intermittent readings of crack length versus

time. The slopes of the resultant curves were taken as the SCC velocities.

Corresponding stress intensity factors were determined using the measured

crack opening displacements at the end of the specimen. For specimens loaded

as shown in Figure 19, deflections were measured between the outer corners of

the test'specimen designated by the letter A in Figure 19. For specimens load-

ed as shown in Figure 20, deflections measured with the clip gage were multiplied

by the ratio of a/(a + 1) to determine the displacement at the load line. Stress

intensity factors were calculated by substituting measured displacements (6)

into the equation

K -6Eh [3h(a + 062+h3]1/2 b /= ..... h [ 11/ (3)
UZ• 4 [(a + 0.6h) 3 h 2 a] n

where the symbols represent the same measurements as in Equation 1.

Crack growth rates for corrosion fatigue tests were determined using crack

displacement versus cycles records. Crack displacements were measured at

* ~50.
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predetermined cyclic intervals and corresponding compliance values were deter-

mined by dividing the measured displacements by the applied load. Crack

lengths corresponding to the individual compliance values were determined

from previously measured compliance/crack length calibrations. Increments of

crack length were divided by the corresponding number of loading cycles to

determine average crack growth rates over the cyclic intervals. Stress

intensity factors at the beginning and end of each cyclic interval were averaged

to determine the stress intensity factor against which average crack growth

rates were plotted. Stress intensity factors for uniform height DCB specimens

were calculated using either Equations 1 or 3. Stress intensity factors for

tapered double cantilever beam specimens were calculated using the equation

P . E 1/2 v -a
K 1  v2b (1 -(4)

n

where P is. applied load

"b is crack width
n

c is specimen compliance

- a is crack length

Specimen compliance was measured experimentally and results are reported in

Appendix C.

2.3.4 Comments on Procedures

A considerable amount of experience was obtained in applying the DCB specimen

testing procedures used in this program. In light of this experience, the

following evaluation of the procedures is made.

The data resulting from the DCB specimen tests was very consistent and repeat-

able. Hence, it is believed that the procedures were more than adequate for

generating the type of corrosion fatigue data contained in this report. Some

of the key features of the procedures werei (1) no periodic visual measure-

ments of crack length were made; (2) the load was incrementally increased

throughout each test; (3) side grooves were used to restrict the growing crack

to its original plane.
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The need for intermittent visual measurements of crack length was circumvented

by periodically increasing the applied load after predetermined increments of

crack growth. This procedure left marks on the fracture surface which period-

ically established the location of the crack front. Hence, a recurrent check

of instrumentation output was available throughout each test. Comparisons

between actual and calculated crack length based on the intial compliance tests

never yielded differences greater than 0.03 inch. However, since each specimen

was individually calibrated the actual location of the crack front was always

known with accuracy much greater than 0.03 inch. Total crack length was used
only to calculate stress intensity factor and was not used in crack growth

rate calculations. Since total crack lengths varied from 1 to 3 inches, the

accuracy of crack length determinations in these tests wa3 more than adequate.

The amount of crack growth generated under constant test conditions influences

the accuracy of crack growth rate calculations. In these tests, cracks were

grown in 0.30 inch increments under constant test conditions. Increments of

this size were required to yield readily interpretable test records, i.e.

records having sufficient change in compliance to establish the proper curva-

ture of the ciack deflection versus cycles record. Smaller increments of crack

growth would have required increased sensitivity for the strip chart recorders

and would have taxed the accuracy of normal recording equipment. Hence, the

size of increments in which the crack is grown has to be tailored to the

available test equipment.

The use of side grooves to restrict the growing cracks to the original crack

plane is believed to be an acceptable procedure as long as the groove depth is

not an excessively large percentage of the specimen thickness. In these tests,

groove depth was 10% of the specimen thickness. The resulting crack growth

rates compared very well with large DCB specimens in which side grooves were

not used and so it was concluded that 10 per cent deep grooves did not have a

significant effect on crack growth rate behavior. The authors are not 4are of

any systematic study of the effects of side grooves on crack growth rate ,e-

havior.

Side grooving of DCB specimens has both advantages and disadvantages. The main

advantage is that smaller specimens can be tested without encountering crack
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rotation problems. Without grooves, the height of the specimen arms must be

increased until the ratio of bending stress to applied load is sufficiently

low to preclude crack rotation. This approach leads to larger specimens and

test load capacities. One .disadvantage of side grooves is that they made

visual measurements of crack length very difficult. A second disadvantage

is that systematic studies of the effects of side groove on fatigue crack

growth rates are lacking. If side .grooves deeper than about 10 per cent of

the specimen thickness are required, the grooves could have influences on

crack growth rate that cannot be accounted for using existing knowledge.
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3.0 RESULTS AND DISCUSSION

Results of stress corrosion crscking,.nd corrosioL4 fatigue tests for each of

the four major alloys are presm #Nafnd discussed in separate sections. The

effects of test enviornment, cy requency, and specimen type on results

are treated individually for eah ýiy. A combined prese-itatioi of over-

load and stress ratio effects is 4 1(o ied. in the last two subsections. Test

results for the 7475-T651 alumirm are included in Section 4.1 along

with the 7075-T651 aluminum alloy rý ilts. Result for the super ELI Ti-6AI-4V

beta annealed plate are included in Section 4.2 alongqith ,'.esuits for the

standard ELI Ti--6AI-4V beta annealed plate. Results of the thermal processing

effect tests on Ti-6A1-4V recrystallize annealed alloy are included in Section

4.3.2.4.

3.1 Aluminum Alloy Test Results

The test program for 7075-T651 aluminum alloy plate is summaxized in Table 10.

A .. Mechanical property and fracture toughnecs tests were conducted for both the

longitudinal (RW) and long transverse (WR) directions. Stress corrosion crack-

ing tests were conducted for the short transverse (TR), RW and WR crack pro-

pagation directions. Corrosion fatigue and overload tests were conducted for

only the WR crack propagation direction. Results .of mechanical property and

fracture toughness tests were previously described in Section 2.1. Results of

the stress corrosion cracking and corrosion fatigue tests are described in the

following subsections 3.1.1 through 3.1.3

"Two stress corrosion cracking (SCC) and four corrosion fatigue (CF) tests were

conducted for 7475-T651 aluminum alloy plate. One SCC test was conducted in

each of two environments of 3.5% NaCl solution and desiccated air; CF tests

. were performed in both 3.5% NaCl solution and desiccated air. Results are

described and compared to comparable 7075-T651 results in Section 3.1.4.

3.1.1 Stress Corrosion Cracking Tests

Stress corrosion cracking tests were conducted in distilled water, 3.5% NaCl

solution, and water-saturated JP-4 fuel. Three series of tests were under-

taken.
S.57
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The first series involved tests-for the RW, WR, and TR crack propagation

directions using wedge loaded double cantilever beam specimens. For each of

the RW and WR directions, two specimens were tested; one specimen was loaded

w•th the crack tip submerged in the test medium, and the second specimen was

loauad in laboratory air. For the TR direction, all specimens were loaded

with the crack tip submerged in the test medium, No SCC was observed for

either of the RW or WR directions. In the TR (short transverse) direction,

SCC was observed in all three test media. Periodic measurements of crack

length were used to obtain the SCC velocity vs. stress intensity factor,(v-K)

data plotted in Figure 23. The trend of the v-K data indicate the existence

of a threshold stress intensity factor below which SCC would not occur. The

authors are not aware of any data verifying the. existence of a threshold

stress intensity factor in aluminum alloys. Crack growth rates become very

slow at K levels approaching the apparent threshold.value and tests of very

long duration would be required to explore crack growth behavior at very low

K values. In this program, tests were terminated after nine months when the

surface of the specimens became too corroded to permit further crack length

readings.

A considerable amount of corrosion product buildup between the crack faces of

the TR/3.5% NaCl DCB specimen was observed. After the surface of the specimen

became too corroded to allow further crack length measurements, the wedge used

to load the specimen was removed and the opening mode deflection at the end

of the specimen was measured both before and after the removal of the wedge.

The removal of the wedge results in only a slight relaxation of the crack

surface displacement. This result indicates tbat the corrosion p~oducts were

exerting a wedging action between the crack surfaces after the removal of the

wedge. It is not possible to quantitively assess the effect of corrosion product

buildup on stress intensity factors at the crack tip during the nine month test

duration. The possibility exists that actual stress intensity factors during

the latter stages of the tests were higher than the calculated values due to

corrosion product wedging action. Effects of corrosion product buildup have

been previously observed during tests of aluminum alloy TOB specimens in 3.5%

NaCl solution. The effect of wedging action on crack displacement at the ends
(5)

of 7075-T651 aluminum alloy DCB specimens has been investigated by measuring

the deflections on a number of specimens that were tested for up to a year. The

5 . .2,--.
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changes in deflection ranged from zero to +0.006 in. In one specimen tested

for more than a year, the deflection increased by 0.015 inch. Hence, corrosion

products do result in a wedging action that can increase crack opening dis-

placement, hence, stress intensity factor.

A second series of tests was conducted for the TR crack propagation direction

after the DCB specimens were wedge loaded with the crack tip submerged in the

corrosion inhibitive compoun., LPS-3. then immediately placed in the test medium.

Results are plotted in terms of crack length versus test duration in Figure 24.

After. a modest initial delay in SCC growth rate, cracking proceeded at rates

comparable to those obtained from the initial series of test where LPS-3 was

not used.

A third series of tests was conducted for the TR crack propagation direction

after specimens were loaded with the crack tip submerged in LPS-3, dried for

three hours, then immersed in the test. medium. Increases in crack length

versus test duration are plotted in Figure. 25. In distilled water, crack

growth initiated immediately upon contact with the test medium and proceeded

at rates that were slightly less than the plateau velocity for distilled

water in Figure 23. In 3.5% NaCl solution, .40 hours elapsed between immer-

sion of the specimen end initiation of.crack growth;.cracking then pro-

ceeded at rates slightly less than the plateau velocity for 3,5% NaCl

solution in Figure 23.

A sustained load test of a surface-flawed specimen was discontinued after

1100 hours of exposure to a 3.5% NaCl solution. The semi-minor axis of the

flaw coincided with the WT crack propagation direction. The specimen was load-

ed in the test environment to generate a stress intensity factor at the crack

tip of 28 ksi An (about 90% of K ). As illustrated in Figure 26, the fracture
IC

surface revealed that considerable splitting had taken place in the short trans-

verse planes all around the periphery of the flaw. It appeared that SCC occurred

in the WR direction along the individual laminates formed by the splitting. The
-5corresponding average growth rate is 5 x 10 inches/hour. Depthwise growth

V. was prevented by splits. A second-essentially Identical specimen was loaded to

V the same peak stress level as used in the SCC test and was then immediately

unloaded, fatigue marked, and failed. The loading process induced about 0.005
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inches of growth observed in the SCC test was due to SCC rather than pop-in

or stable tear that occurred during the loading process.

The foregoing results indicate a difference between SCC test results obtained

from DCB and SF specimens. In the DCB specimen tests, no SCC was observed

for the WR direction at stress intensity factor values as high as 25 ksiv¶in.

In the SF tests, SCC occurred in the WR direction at an estimated stress

intensity factor of 16 ksi/in.

"j-, 3.1.2 Corrosion Fatigue Tests

Variables involved in the corrosion fatigue tests were environment, cyclic

frequency, specimen type, and stress ratio. The effects of envirornment,

frequency, and specimen type on fatigue crack propagation behavior are

described below. Stress ratio effects are described in Section 4.6.

All data collected from corrosion fatigue tests of the 7075-T651 aluminum alloy

are included in Figures Al through A15 in Appendix A. Only a limited amount of

actual data are used in the body of the report. Rather, the effects of test

variables are illustrated using average curves drawn through the data.

3.1.2.1 Effect of Test Environment

Test Media

Average crack growth rate curves for the five principal test media at 72F are

summarized in Figures 27, 28 and 29. For all conditions tested, desiccated air

and/or water saturated JP-4 fuel yielded the slowest crack growth rates at any

given AK value; 3.5% NaCl solution and/or sump tanks water yielded the highest

crack growth rates; distilled water yielded intermediate crack growth rates.

At both 6 and 60 cpm, the maximum difference between the slowest and fastest

crack growth rates at given AK values was about a factor of four. Hence, the

effect of test media on fatigue crack growth behavior of 7075-T651 aluminum

allow plate was significant, but not sufficiently large to create unmanageable

problems in the operation of airframe components manufactured therefrom.
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'Test media affected crack growth rates over the entire range of AK values from

the threshold to critical values. The effects were most easily noticed at

intermediate AK was decreased, the slopes of the crack growth rate curves

-ontinuously increased and it became more and more difficult to distinguish

differences in crack growth rate values. When the slopes became large, very

small changes In the location of a data point can create an apparent large

change in crack growth rates at a constant AK value. Hence, conclusions about

low AK crack growth rate 'behaviors must be qualified by stating that such be-

haviors ire difficult to iscertain. Notwtl-hotanding the difficult, Figure 27

shows that the mcst aggreesive test media consistently lowered the apparent

threshold stress intensity values and increased crack growth rat.s at very low

AK values.

Three tests were conducted in the alternating JP-4 fuel and ,; tilled water

environment using a stress ratio of 0.1 and cyclic freqieucy of 60 cpm; two

tests were conducted using a-stress ratio of 0.5 and cyclic frequencies of

either 6 or 60 cpm. Each test was conducted by growing the crack in incremernts

of 0.15 inch with the specimen alternately submerged in JP-4 fuel and distilled

water. The resultant crack growth rate measurements are plot{tea In Figure 30

and 31. Individual da.a points for the alternating environment are compared

to average crack growth rate cuives for both distilled water and JP-4 fuel.

The 60 cpm data in Figures 30 and 31 fall either between or cloae to the

average crack growth rate curves for the individual components of the environ-

ments. Hence, no unusual effects were generated by alternating the two euviron-

Sments. Some of the 6 cpm data, however, fell considerably above the crack

growth rate curves for the components of the alternating environment as shown

in Figure 31b. Since other similar tests in this program showed no accelera-

tive effect on crack growth rates due to the alternating of JP-4 fuel and
distilled water media, the apparent accelerative effect in Figure 31b is

probably due to dare scatter.

A single test was conducted on a 7075-T651 aluminum alloy specimen after the

4. crack surfaces had been sprayed with the corrosion inhibitor LSP-3 and allowed

to dry for 3 hours. The specimen was tented in distilled water using, a stress

ratio of 0.5 and cyclic frequency of 60 cpm. The resultant crack growth rate
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data are plotted in Figure 32 along with the average crack growth rate curve

for distilled water and untreated crack surfaces. The data show that the LPS-3

had little or no effect on fatigue crack growth rate behavior.

Three tests were conducted in dye penetrant (ZL-2A) using cyclic frequencies
of both 6 and 60 cpm and stress rptios of both 0.1 and 0.5. The 60 cpm data

are plotted in Flgure 33 along with average crack growth rate curves fur

desiccated air 4  Since desiccated air was one of the leastaggressive media
used in this program, it is evident that the dye penetran't'Myed in these tests

is not detrimental to fatigue crack growth resistance of 7075-T651 aluminum

alloy plate. The 6 cpm data are plotted in Figure 34 along with average crack

growth rate curves for salt water and desiccated air. The dye penetrant data

fall between or below the curves for the 3.5% NaCI solution and desiccated air

environments over the range of AK values tested.

Temperature

Fatigue crack growth rate tests were conducted on 7075-T651 aluminum alloy

specimens at 175F in four media. The resulting crack growth rate data for

desiccated air and 3.5% NaCl solution are plotted in Figure 35; data for JP-4

fuel and distilled water are plotted in Figure 36. Average crack growth rate

curves obtained at 72F in the same media are also included in Figures 35 and

36. It is evident that an increase in temperature from 72 to 175F had no sign-

ificant effect on crack growth rate behavior in the four test media.

Tests were also conducted at -65F in air and the resulting crack growth rate

data are plotted in Figure 35. It appears that variations in temperature

within the range of -65F to +175F have little or no effect on fatigue crack

growth rates for the 7075-T651 alloy.

3.1.2.2 Effect of Cyclic Frequency

A reduction in cyclic frequency from 60 to 6 cpm had little or no effect on

fatigue crack growth rates of 7075-T651 aluminum alloy plate in any of the

environments tested in this program. The result 1- substantiated by Figures

37 through 41 where 6 cpm crack growth rate data are plotted and compared to

corresponding 60 ep crack growth rate curves for-the five principal test
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media. The 6 cpm data fell both above and below the 60 cpm curves and only

in sump tank water was there any consistent difference between 60 and 6 cpm

crack growth rates. In sump tank water, 6 cpm crack growth rates were

consistently 1.5 to 2 times the 60 cpm rates. Since this discrepancy is

"within normal data scatter for crack growth rate tests, it cannot be concluded

that it was due solely to a frequency effect.

3.1.2.3 Effect of Specimen Type

Four surface-flawed (SF) specimens were tested so that crack growth rate data

obtained from both DCB and SF specimens could be directly compared. Two tests

were conducted in each of the 72F test media of desiccated air and 3.5% NaCl

solutions. Peak cycle stress levels were varied by a factor of two to deter-

i• mine if stress level had any effect on crack growth rates other than through

its contribution to the stress intensity factor. The resulting crack growth

rate data are plotted in Figure 42 along with average crack growth rate

curves obtained from tests DCB specimens. In air, crack growth rates obtained

from SF specimens were slower than corresponding rates obtained from DCB speci-

mens. Although these differences could be due to data scatter, it is believed

to be due to the difference in crack propagation directions for the two speci-

mens, namely, WT direction in the SF specimens and WR direction in the DCB

specimens. Aluminum alloy hot rolled plate tends to be anisotropic with respect

to fatigue crack growth rate resistance with the WT direction having the high-

est resistance. In contrast, the 3.5% NaC3. solution, SF specimen tests yielded

higher crack growth rates than did the DCB specimens. Past experience (2) has

shown that SF specimens tend to lead to maximum susceptibility to SCC in agres-

sive environments. In these tests, SF specimens yielded a greater impact of

test environment on fatigue crack growth resistance. For example, at a AK of

5 ksi)/in, the 3.5% NaCl solution resulted in a twofold increase in crack growth

rates in DCB specimens and a tenfold increase in crack growth rates in SF speci-

mens.

Peak cyclic stress level did not appear to have a tignificant effect on crack

growth rates for constant AK values. Data for the two peak cyclic stress levels
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overlapped only for the 3.5% NaCl solutions and showed no effect of peak cyclic

stress level.

3.1.3 Aluminum Alloy 7475-T651 Results

Tha aluminum alloy 7475 was tested as a high purity form of the 7075 alloy to

compare SCC and corrosion fatigue behavior of the two alloys. Six tests were

conducted for the 7475 alloy including two corrosion fatigue tests in low

humidity air, one stress corrosion cracking test in distilled water, and one

stress corrosion cracking and two corrosion fatigue tests in 3.5% NaCl solution.

The chemical content of the 7075 and 7475 alloys was essentially the same except

for Fe and tin crntents which were lower in the 7475 alloy than in the 7075 alloy

(see Table 2). The 7475 alloy contained significantly less impurities than did

the 7075 alloy (see Figures 1 and .4). g

3.1.3.1 Stress Corrosion Cracking Tests

One test was conducted in each of 3.5% NaCl solutions and distilled water test

media for three months. The resulting crack growth rate data are plotted as

a function of stress intensity factor in Figure 43. Average curves drawn

through comparable 7075-T651 aluminum alloy SCC data are included in Figure

43 for comparison. For stress intensity factor above 12.5 ksiy'in, SCC rates in

the 7475 alloy were faster than in the 7075 alloy. Below 12.5 ksivin, there was

not much difference in SCC behavior between the two alloys in 3.5% NaCl solution.

Hence, the 7475 alloy did not show any improvement over the 7075 alloy in

resistance to SCC in the short transverse crack propagation direction.

3.1.3.2 Corrosion Fatigue Tests

Two corrosion fatigue tests were conducted at 60 cpm in each of the 3.5% NaCl

solution and low humidity air test media. The resulting crack growth rate

data arc plotted in Figure 44 along with average crack growth rate curves

drawn through comparable 7075-T651 aluminum alloy corrosion fatigue data.
-7

For crack growth rates above 5 x 10 inches/cycle, the agreement between data

for the two alloys is within normal limits of data scatter. However, the trend

85

- d f k ý



10.2

00

- 03
o :

&

zA

/ £ £

AVRG UVS O 0£T5
ALMIU ALO

LEGEND:
U' .%NalS L T O

10 1 s02

STES NTNIT ACTERAG CRVS FOR70h-il

Figure ~ ~ ~ ALUINU ALLCroin rcigVloiyDt oY 45 "5 Auiu lo

86



-GROWTH RATE AVG. FOR

*OCPM.5% Ne0C 9UTIO4 AVERAGE CURVES FOR-

7076.TaSI ALUMINUM
GROWTH RATE AVG. FOR ALLOY
$0 PM DESICCATED AIR/

-I4

0

~10 cP

ILI sINIOLTINLA

00

0. K 60 8 EvCAE AIR I DS

£ian 3.5 NeCI Solution (EFEC IOP

1.0 ICI TIC 8AT



of the data Indicates that the 7475 alloy milg,: have a higher threshold stress

intensity fontnr range than does the 7075 alloy. Unfortunately, there were

insufficient data to verify this trend.

The work of other investigators has shown that low purity 7000 series aluminum

alloys yield crack growth rates at low AK values that are equal to or slower than

crack growth rates for comparable high purity alloys. Glassman and McEvily(6)

have shown that a reduction in particle content may have detrimental effects on

fatigue crack growth resistance; they found that crack growth rates in a 7075-T6

aluminum alloy were slower than in a lower particles content X7275-T6 alu.,inUm

alloy. Pelloux( 7 ) lound that reducing particle content in the 7178 aluminum

alloy did not retard crack growth. In more recent work, Pelloux and McClintoch

have found that particles (dirt) are beneficial and that low purity alloys out-

perform high purity alloys at low AK values. In the present investigation,

insufficient crack growth rate data were generated at low AK values to provide

a good comparison between the higher purity 7475 and lower purity 7075 aluminum

alloys.

3.2 Titanium Alloy 6A1-4V Beta Annealed Results

The test program for the Ti-6A1-4V beta annealed alloy is summarized in Table 11.

Mechanical property and fracture toughness data are reported in Section 2.1

Results of the stress corrosion cracking and corrosion fatigue tests are des-

cribed in this section.

3.2.1 Stress Corrosion Cracking Tests

Two preliminary stress corrosion cracking tests were conducted to measure the

relative susceptibility to SCC of the RW. and WR crack propagation directions

in the 6AI-4V beta mill annealed (GA) titanium alloy plate. Two DCB specimens

(Figure B7) were wedge loaded and tested in 3.5% NaCl solutions for 120 hours.

For the WR direction, the crack grew 0.47 inch while the stress intensity

factor decreased from the initial value of 78 ksi Yrin to 70 ksi /in; for the
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RW direction, the crack grew 0.46 inch and the stress intensity factor

decreased from 85 ksi v•I to 77 ksi rin. It was concluded that the resistance

to SCC of the titanium alloy plate was not very sensitive to test direction

and it was decided to test the WR direction in the ensuing tests.

Four subsequent stress corrosion cracking tests were conducted including one

test in each of the environments of water saturated JP-4 fuel, distilled

water, sump tank water, and 3.5% NaCl solution. Specimen.cer~figuration is

illustrated in Figure B7. The specimens were pin loaded in a test machine

with the crack tip submerged in the test medium and a clip gage was used to

monitor maximum crack surface displacement during the loading process. After

the desired crack displacement was attained, a pair of circular wedges were

inserted in the central hole to wedge open the crack. The specimens were

then transferred to test chambers filled with the proper medium and were left

there for a period of 506 hours. Periodic observations of crack length showed

that no crack growth occurred in any of the test media except 3.5% NaCI

solution where a trace of. growth was observed. Test results are summarized

in Table 12. The result for the 3.5% NaCI solution is in good agreement with

the preliminary tests where an apparent KISCC of 70 ksi ýi-n was measured for

the WR direction of the Ti-6AI-4V beta annealed plate.

3.2.2 Corrosion Fatigue Tests

Test variables included environment, cyclic frequency, specimen type and

stress ratio. The effects of environment, frequency, and specimen type on

fatigue crack propagation behavior are described in this section. Stress

ratio effects are described in Section 4.6.

All data collect:ed from corrosion fatigue tests of the Ti-6AI-4V beta annealed

alloy are includpd in Figure A17 through A32 in Appendix A. In the body of

the report, only a limited amount of actual data are shown. For the most

part, effects of test variables are illustrated using average curves drawn

through the data.
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Table 12: SCC Test Results for Ti-6A/-4V Beta Annealed Plate (WR Direction)

TEST ENVIRONMENT INITIAL INITIAL FINAL
SPECIMEN APPLIED K CRACK CRACK COMMENTS

TEMP (KSI vfm/.) LENGTH LENGTH
MEDIUM (OF) (IN.) (IN.)

TS-2 JP-4 72 79.6 1.96 1.96 NOFUEL GROWTH

TS-1 DISTILLED 72 82.5 1.98 1.98 NOWATER 
GROWTH

TS-3 SUMP TANK 812 17 197 NO
WATER 72 .9 GROWTH

TS-4 3.3% NaCI 72 69.2 2.02 2.02' TRACE OF
SOLUTION GROWTH

NOTE: ALL TEST DURATIONS WERE 500 HOURS
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3.2.2.1 Effect of Test Environment

Test Media

The effects of the five primary test media on fatigue crack growth rate

behavior of the Ti-6A1-4V beta annealed plate are shown in Figures 45 through 49.

Average crack growth rate curves in Figure 45 show a consistent effect over the

entire range of AK values tested. The least aggressive media were desiccated

air and water saturated JP-4 fuel and the most aggressive medium was 3.5% NaCl

solution. The ratio of maximum to minimum crack growth rates at a given value

of AK increased from 1.6 to 100 as AK decreased from 60 ksi in to 14 ksi iYn.

This ratio is difficult to evaluate at the low AK values due to the steepness

of the crack growth rate curves. Nevertheless, these data show a large effect

cf test media or crack growth rates at the low AK values. Current calculations

indicate that crack growth rates in the range of 10-7 to 10-5 inch/cycle are of

prime interest in calculating crack propagation lives for military aircraft

components. Hence, the media with which the components come in contact could

have a serious effect on crack growth behavior and some serious thought must

be given to potential problems due to environmental exposure.

Since 3.5% NaCi solution is a severe representation of the "worst" corrosive

operating environment for airframe components, sump tank water is currently

being used in some aircraft development programs as being representative of the
"worst" environment. The crack growth rate curves in Figure 45 show that sump

tank water is indeed less aggressive than 3.5% NaCl solution, particularly at

the low AY values. For examplc, at AV - 12 ksJ vin, these tests yielded a

ratio of crack growth rate in 3.5% NaCI solution to crack growth rate in sump

tank water of five. This ratio gradually decreased to 1.4 at AK = 40 ksi in.

Previous work (8) has shown that the chloride ion content of the test medium

is a key factor in determining the crack growth resistance of titanium alloys.

This observation is substantiated by the result that the 3.5% NaCl solution

was more aggressive than sump tank water. Hence, some thought should be given

as to how concentrated chloride ions can become in potential crack locations.

Two tests were conducted in an alternating distilled water and JP-4 fuel

environment aL 72F. The resulting data are plotted in Figures 50 and 54' along

with comparable average crack growth rate curves for both distilled water and
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water saturated JP-4 fuel. All of the data for the alternating environment

fall between or very close to the average crack growth rate curves for the

Individual components of the environment. Hence, alternating the test media

had no effect on crack growth rate behavior of the Ti-6AI-4V beta annealed

alloy.

A single 72F test was conducted in dye penetrant using a stress ratio of 0.5

and cyclic frequency of 6 cpm. Mhe resulting data in Figure 52 show that

type ZL-2A dye penetrant is equivalent to desiccated air in its effect on

crack growth rate behavior.

A single 72F test was conducted in distilled water after the crack surfaces

had been sprayed with the corrosion inhibitive compound LPS-3 and dried for

3 hours. The test involved a stress ratio of 0.5 and cyclic frequency of

60 cpm. The resulting data are plotted in Figure 53 where it is evident

that the data fall close to the average crack growth rate curve for distilled

water with no corrosion inhibitor. However, distilled water had only a very

mild accelerative effect on fatigue crack growth rates relative to desiccated

air and so the corrosion inhibitor would not be expected to have a large

effect on crack growth rate behavior in distilled water.

Temperature

Corrosion fatigue tests were conducted at 175F in four environments to evaluate

the effects of elevated temperatures on fatigue crack growth behavior of the

Ti-6AI-4V beta annealed alloy. The crack growth rate data for all four test

media are plotted in Figure 54. Average crack growth rate curves for both

3.5% NaCl solution and desiccated air at 72F are included for comparison.

The comparison shows that an increase in temperature from 72F to 175F had

little or no effect on crack propagation rates over the range of AK values

tested. Since increase in temperature usually accelerates chemical reactions

and decreases yield strength, it was anticipated that if a temperature increase

from 72F to 175F had any effect on corrosion fatigue behavior, it would accel-

erate crack growth rates. However, data for the 3.5% NaCI solution indicates

a decelerative effect of the temperature increase on crack growth rates. How-

ever, the apparent deceleration is probably due to data scatter since the

magnitude of the effect is less than normal data scatter.
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Two tests were conducted at -65F in air to explore the effects of colder temp-

eratures on fatigue crack growth rate behavior in the Ti-6Al-4V beta annealed

alloy. The resulting crack growth rate data are plotted in Figure 54 along

with the +175F data and average 72F crack growth rate curves for desiccated

air and 3.5% NaCl solution. The decrease in temperature from +175 to -65F

resulted in a modest deceleration In crack growth rates over the entire range

of AK values tested. However, thL differences between the +175 and -65F crack

growth rates are less that those arising from normal data scatter.

3.2.2.2 Effect of Cyclic Frequency

A reduction in cyclic frequency from 60 to 6 cpm had little or no effect on

fatigue crack growth rate behavior in three of the four media in which tests

were conducted. Data for 6 cpm in desiccated air, distilled water, and JP-4

fuel are plotted in Figures 55, 56 and 57, respectively. Average crack growth

rate curves drawn through the corresponding 60 cpm data are shown on the same

figures for comparison. Close correspondence between the 6 and 60 cpm data

was obtained in all Three media. In 3.5% NaCl solution, cyclic frequency had

a noticeable effect on fatigue crack growth rate behavior. The 6 cpm salt

solution data are plotted in Figure 58 along with average crack growth rate

curves for the 60 cpm data. There is a crossover between the 6 and 60 cpm
-4crack growth rate curves at a crack growth rate of about 10 inches/cycle.

For crack growth rates in excess of 10 inches/cycle, tests at 6 cpm yielded

faster crack growth rates than did tests at 60 cpm. For lower crack growth

rates, the opposite effect occurred. Reasons for the crossover in crack

growth rates curves for 6 and 60 cpm are not immediately obvious. The data

indicate that for crack growth rates in the range of primary interest, i.e.,
-7 -5

from 10 to 10 inches/cycle, cyclic frequencies within the range of interest

for airframe components will not significantly influence corrosion fatigue

crack growth behavior in Ti-6A1-4V beta annealed.

3.2.2.3 Effect of Specimen Type

Surface-flawed (SF) specimens were tested in both desiccated air and 3.5% NaCI

solution using two different peak cyclic stress levels. The resulting crack

growth rate data for the WT direction are plotted in Figure 59 along with
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average crack growth rate curves for the WR direction obtained from tests of

DCB specimens. There is excellent agreement between all data for a given

environment regardless of crack propagation directions or peak cyclic stress

level.

3.2.2.4 Tests of Low 02 (Super ELI) Material

Two corrosion fatigue tests were conducted in 3.5% NaCi solution using DCB

specimens cut from the "super ELI" Ti-6A1-4V ýA plate described in Section 21\..3.

Oxygen content of the "super ELI" plate was 0.06% as compared to 0.13% for the

standard ELI Ti-6Al-4V aA plate tested in this program, and K values fur the
ISCC

super and standard ELI plates were 87 and 69 ksi/T'n, respectively. The'intent

of the tests was to measure the effect of 0 content on fatigue crack growth
2

rates in an agressive environment.

Crack growth rate data for the super ELI plate are plotted in F1gure 60. The

scatterband of comparable data for the standard ELI plate ate also shown in

the same figure. Any differences between crack growth rate data for the two

materials were sufficiently small to be cousider.:d insignificant.

It had been hoped that the mechanism lending to increased SCC resistance with

decreased oxygen content would also lead to similar increases in corrosion

fatigue crack growth resistance.' However, even though the apparent KISCC value

was higher for the super ELI plate, the corrosion fatigue resistance for both

the super and standard ELI grade plates was essentially identical.

The results described above need to be verified before any conclusions with

regard to the effect of oxygen content on corrosion fatigue crack growth

resistance can be drawn. Chemistry and KISCC measurements fur the super ELI

specimens tested in this program were made at locations in the parent plate

different from the area from which the test specimens were cut. Hence, chemistry

variations within the parent plate could have led to less favorable chemistry

in the test samples than was thought to exist.
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3.3 Titanium Alloy 6AI-4V Recrystallize Annealed

The test program for the Ti-6AI-4V RA alloy is summarized in Table 13. Mechanical

property and fracture toughness data are reported in Section 2.1 Results of the

stress corrosion cracking, corrosion fatigue and thermal processing effect tests

are described in this section.

3.3.1 Stress Corrosion Cracking Tests

Five stress corrosion cracking tests were conducted including one test in each

of the 72F environments of low humidity air, distilled water, water saturated

JP-4 fuel, sump tank water, and 3.5% NaCl solution. Double cantilever beam

specimens (Figure B7) were used to conduct the tests. Specimens were loaded

to a constant deflection with the crack tip submerged in the test media, and

were then placed in the required test media within enclosed chambers. Test

results are summarized in Table 14. Periodic observations of crack length over

a period of 325 hours showed that no SCC occurred in low humidity air, distilled

water or water saturated JP-4 fuel. In both the sump tank water and 3.5% NaCl

solutions, stress corrosion cracking intitated at the outset of the test and

proceeded at a uniform rate of about one inch per hour until crack growth

abruptly stopped. The amounts of SCC observed in the sump tank water and 3.5%

NaCl solutions were 0.69 and 0,78 inches, respectively, The calculated KISCC

values were 45 and 61 ksis/in for the 3.5% NaCl solution and sump tank water

media, respectively. The KISCC values are 48 and 65 percent of the 72F fracture

toughness, respectively.

3.3.2 Corrosion Fatigue Tests

Major test variables included environment, cyclic frequency, thermal processing,

and stress rates. A limited number of tests were coniducted to evaluate the

effects of specimen configuration on crack growth rates. The effects of environ-

ment, cyclic frequency, thermal processing, and specimen type on corrosion

fatigue crack growth rates are described and discussed in this section. Results

of a limited number of crack closure measurements are also included in this

section. Stress ratio effects are described in Section 4.6.
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Table 14: SCC Test Results for Ti-6A14VRecrystallize Annealed Plate (WA Djirection)

TEST ENVIRONMENT INTA INITIAL FINAL FINAL

SPECIM EN APPLIED K CAK RC KK
MEDIUM (IN.) (I N.)

NTSC-4 AlIR 72 88.9 2.00 2.00 88.9

NTSC-8 DISTILLED 72 85.9 2.00 2.00 85.9
WATER

NTSC-6 JP-4 FUEL 72 84.8 2.00 2.00 84.8

NTSC-6 SUMP TANK 72 85.6 2.00 2.69 60.6
WATER

NTSC-7 3.5% NaCI 72 66.0 2.00 2.78 45.0
SOLUTION

NOTE: ALL TEST DURATIONS WERE 325 HOURS
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All data collected from corrosion fatigue tests of the Ti-6AI-4V PA alloy are

included in Figures A33 through A49 in Appendix A. In the body of this report

all of the data are not shown. In some cases, average crack growth rate curves

"are used to represent the data and to illustrate specific effects.

3.3.2.1 Effect of Test Environment

Test Media

The effect of the five primary test media on fatigue crack growth rate behavior

is illustrated in Figures 61 through 65. The least aggressive test media were

desiccated air and water saturated JP-4 fuel, both of which yielded identical

"results. The most aggressive media were 3.5% NaCI solution and sump tank water,

both of which yielded identical curves up to AK values of 24 ksivTi-n-; at higher

AK values, the 3.5% NaCl solution resulted in larger crack growth rates than

did the sump tank water. Distilled water resulted in a modest acceleration in

crack growth rates relative to the air and fuel meddia. This ratio of maximum

to minimum crack growth rates for given AK values was relatively constant

"over the entire range of AK values tested and ranged from about 2 at the highest

AK values to 3 at the lowest AK values.

The two potential models of the "worst" environments for airframe components,

,I A namely sump tank water and 3.5% NaCl solution, yielded essentially' identical

crack growth,.rates over the range .f rates believed to be of primary importance

to crack propagation life calculations for airframe components, i.e., 10- to

10- inches/cyr,.e. The deviation between crack growth rates in the two media

occurred when ,peak stress intensity factors during the loading cycles reached

a value of 24 ksivt. This value of stress intensity factor is about one-half

the KISCC value measured in 3.5% NaCl solution. The relative behavior of the

RA processed alloy in the sump tank and salt water media was different from

that for the beta processed alloy in that the latter alloy yielded faster crack

growth in 3.5% NaCl solution over the entire range of AK values tested. This

behavioral difference could not be predicted on the basis of the SCC test results.

Five tests were conducted in an alternating distilled water and JP-4 fuel environ-

ment at 72F. The resulting data are plotted in Figure 66 along with comparable

average crack growth rate curves for both distilled water and water saturated JP-4
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fuel. All of the data for the alternating environment fall on or between the

average crack growth rate curves for the individual components of the alternating

environment. This result is identical to that obtained from tests of the other

primary alloys in the alternating environment.

Three 72F tests were conducted in type ZL-2A dye penetrant using a stress ratio

of 0.5 and cyclic frequencies of both 6 and 60 cpm. The resulting data are

plotted in Figure 67 where it can be seen that cyclic frequency had no effect

on crack growth rates and that the dye penetrant was equivalent to the least

aggressive environments tested in this program (desiccated air and JP-4 fuel)

in its effect on fatigue crack growth rates.

Two tests were conducted in distilled water after the crack surfaces had been

sprayed with the corrosion inhibitive compound LPS-3 and dried for 3.0 hours.

Tests were conducted at 72F using stress ratios of both 0.1 and 0.5. The result-

ing crack growth rate data are plotted in Figure 68 along with corresponding

average crack growth rate curves for distilled water with no corrosion inhibitor.

The data for specimens that were treated with the corrosion inhibitor fall below

the average curves and are equivalent to the crack growth rate data obtained

from tests in desiccated air. This result is indicative of a beneficial effect

on crack growth rates of the corrosion inhibitor. However, previously discussed

results for the 7075-T651 aluminum and Ti-6A1-4V beta annealed alloys showed no

effect of the corrosion inhibitor or crack growth rate behavior in distilled

water. This knowledge combined with the fact that the apparent effect of LPS-3

in Figure 68 is small leads to the speculation that the apparent effect may be

due to data scatter rather than the LPS-3.

Temperature

Corrosion fatigue tests were conducted at 175F in four media to evaluate the

effects of elevAted temperatures on fatigue crack growth behavior of the

Ti-6A1-4V PRh alloy. The resulting crack growth rate data for all four media

are plotted In Figure 69 along with average crack growth rate curves resulting

from comparable tests at 72F. In all but the 3.5% NaCl solution, the data for

175F tests fall on or below the 72F crack growth rate curves. In the 3.5% NaCl

solution, there was considerable acstter in the data, but the majority of data

points fell significantly above the 72F crack growth rate curve; the trend of the
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data indicates that over the range oZ crack growth rates of prime importance

to airframe life problems, (da/dN less than 10-4 inches/cycle) an increase in

temperature from 72 to 175F would not have any detrimental effect on crack

growth rates.

Two tests were conducted at -65F to evaluate this effect of colder temperatures

on crack growth rates in the Ti-6A1-4V RA alloy. The resulting crack growth rate

data are plotted in Figure 69*alo6g with the-+175F data. The decreases in temp-

erature from +175 to -65F had no significant effect on crack growth rate behavior

over the range of AK values tested.

3.3.2.2 Effect of Cyclic Frequency

Tests to evaluate the effect of a reduction. in cyclic frequency from 60 to 6 cpm

were conducted in the five prime test media at 72F. The crack growth rate data

resulting from the 6 cpm tests are plotted in Figures 70 through 74 along with

average crack growth rate curves drawn through the 60 cpm data. The effect of

a reduction in cyclic frequency from 60 to 6 cpm on crack growth rate behavior

was dependent on the test media. In the non-aggressive media of desiccated air

and JP-4 fuel, the reduction in cyclic frequency had no detectable effect on

crack growth rate behavior as shown in Figure 70 and 71. In the mildly agressive

medium of distilled water, cyclic frequency appeared to have a modest effect on

crack growth rate behavior. For AK values above 30 ksiVin, the 6 cpm crack

growth rates tended to be faster than comparable 60 cpm rates; below 30 ksi iTn,

the 6 cpn rates for R-0.5 tended to be slower than comparable 60 cpm rates.

However, none of the difference were larger than one normally expects from data

scatter. In the more aggressive media of 3.5% NaCl solution and sump tank water,

the effect of a decrease In cyclic frequency was to accelerate crack growth rates

at AK values above about 20 ksi i~n by approximately an order of magntitude, and

to decelerate crack growth rates below 20 ksi4iThn. This result is an amplifica-

tion of the trend noted in the distilled water data.

3.3.2.3 Specimen Configuration Effect

Three corrosion fatigue tests were conducted using large "compact" tension

specimens having overall dimensions of 1.0 inch thick by 7.2 inch high by

126

• . . - • . . . .. . • - -.-.- t t• .. . .. . ..i• . . • . .. - . .• • I • • ..



GROWNH RATE AVG. FOR
60 CPM DESICCATED AIR

14r3RO. 0.
0

10-4

00

SYMODL R1 10 JCP LOADINW

104 OCOSUPECIMENS

"772

AK I KS V*I)b

Figure 70: FatIgue Crack Growth IAstes for EAI4V Recrystallize Annealed Titanium Alloy
in Desiccated Air (8 CPM)

127

-7 *.....-



10"3 i

GROWTH RATE AVG. FOR
00 oPM J,.4 FUEL

(WATER SATURATED) OD

0

IW3

0 0

104/

.- /o -

1/

0 0.1 CONSTANT
. 0.5 j LOAD

~ ~* * CONSTANT
- .5 IDEFLECTION

104-
1.00 INCH THICK PLATE

WR ORIENTATION
-C$ SPECIMENS
72F

0 20 40 so o 10D
AK. KS? VI)

Figure 71: Fatigue Crack Growth Rates for 6A14V Recrystallize Annealed Titanium Alloy
"In Water Saturated JP.4 Fuel (6 CPM)

128

•r ... ... -- ... ..

.. ' - i . . ..4. . 1 ib



Al

I. /

IWI

SYMBOL A fpm) LOADING

4-~~ 0 & CONSTAN
I j.s LOAD

1.00 INCH4 THICK PLATE

WR ORIENTATION
104- DC8 SPECIMENS

72F

0 20 40 (Ku so 1w

Figure 72: Fatigue Crak Growth Rates far 6 4 V Recrystallize, Annealed Titanium Alloy
ir, D"isiled Water (6 CPM)

129



0

00 GROWTH RATP. AVG. FOR

a 00 CM 3.5% NsCI SOLJTION

10/
/n

IcI

LOA

.1.00 INHTIC LT

IW

I 20o~ 40 so o 100N

7277



1 cor,

GROWTH RATE AVG, FOR
9O CPU SUMP TANK WATER

0o

1(r3

43D

SYMO' ItIIC1 ODN

5 SYMOL R 0.6 LOADIN

1.00 INCH THICK PLATE

WA ORIENETAT ION
10--C SEIMN

020 40 so0s 100
AK (KSI VS)

Flifre 74 Fatigu Crack Growth Roate for 8A/4 V Recrystalize Annealed Titanium Alloy
in Sump Tank water (5 CPM)

13:1

*. . . . .. -- i n --.Fi. . . .



8.9 inch long (Figure B12). The specimen arms were sufficiently high that side

grooves were not required to restrict the growing crack to its original plane.

The resulting crack growth data obtained in low humidity air and 3.5% NaCl "

solution are plotted in Figure 75 along with average crack growth rate curves

obtained in the present investigation. The agreement between the data obtained

using large compact tension specimens and the average crack growth rate curves

resulting from tests in this program iF good.II

Two surface-flawed specimens were tested in both desiccated air and 3.5% NaCl

solution using two different peak cyclic stress levels. The resulting WT

direction crack growth rate data are plotted in Figure 76 along with average

crack growth rate curves for the WR direction obtained.from tests of DCB

specimens. All data for a given environment agree regardless of specimen type

and peak cyclic stress level.

3.3.2.4 Crack Closure Measurements

A series of crack closure measurements were made on titanium alloy CT specimens

to investigate the crack closure behavior of the CT specimen configuration.

These measurements were undertaken as an aid to future investigations concerned

with developing fatigue crack growth models, and with the application of labor-
atory crack growth rate data to the prediction of minimum crack propagation life

for full scale components.

Procedures

* The crack closure behavior of Ti-6AI-4V RA compact tension specimens was invest-

igated by periodically measuring crack opening displacements near the crack tip

in specimens subjected to programmed loads. Specimen configuration is illustrated

in Figure B12 in Appendix B.

Specimens were instrumented with clip gages spring loaded against knife edges

spot welded to the specimen surface immediately above and below the crack as

illustrated in Figure 77. The spot welds were located 0.05, 0.10 and 0.25 inches

away from the tip of the crack, and 0.02 inches above the plane of the crack.

Gages that were 0.05 and 0.25 inch from the crack tip were located on one side

of the specimen with the middle gage on the other side of the specimen. Crack
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opening was recorded as a function of applied load using an X-Y plotter with

crack displacement recorded on the abscissa and load recorded on the ordinate.

Specimens were cycled at 72F in air using the loading program illustrated in

Figure 78. The loading program involved cycling at three different peak cyclic

load levels in a low-high-low-high sequence using a stress ratio of 0.1. During

each loading block, the crack was grown over an increment of about 0.2 to 0.3

inches as shown on the abscissa in Figure 78. At the locations in the loading

program designated by the letter A, crack closure measurements were repeated three

times during the last three cycles of the loading block. At locations designated

by the letter B, crack closure measurements were made on the first and second,

fifth and sixth, and ninth and tenth cycle of the loading block.

Results

Examples of the crack displacement versus load recordings obtained in these tests

are shown in Figure 80. The three recordings were simultaneously obtained during*

a single loading of the test specimen. The sensitivity of the crack displacement

scale was decreased as the gages became further away from the crack tip. This

was done so that each recording filled the 1.1 x 17 inch graph paper. This

change in recording sensitivity may have had come influence on the measured values

of minimum loads at which the crack was entirely open. This will be discussed

in the following evaluation of results.

The minimum value of load at which the crack was entirely open (P ) was taken
0

as the load corresponding to the point of tangency between the sloping straight

line and curved portions of the test record, as shown in Figure 77. The value

of P was used to calculate the minimum stress intensity factors at which the
0

crack was entirely open, K op. In Figure 79, Kop is plotted as a function of

distance from the crack tip at which the hIeasurement was made (I ) for each of

the three load levels in the loading program. As the load level was increased,

there was an increasing tendency for Kop to decrease with increase in 10. It is

believed that this result was due, at least in part, to the intentional decrease

in instrumentation sensitivity with increase in 10.. The decrease in sensitivity

led to lower and lower apparent tangency points between the sloping straight line

and curved portions of the diagram and, hence, to lower values of K op Accord-

ingly, the value of P0 obtained from the clip gages located 0.05 inch away from

the crack tip was used to calculate values of K Op
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The values of K appeared to be a constant percentage of the peak stress inten-
op

sity factor used to generate the crack growth. This is illustrated in Figure 81

where the three data points obtained in this investigation are included in a

scatter bond having the bounds Kop 0.20 Kmax and Ko- 0.30 Kmax, Included

in the same figure are, comparable results reported by Elber (9), Shih and Wei

(10), and Katcher and Kaplan (11). Both the Elber and Shih and Wei results differ

considerably from those reported aierein. Elber's data were obtained from thin

aluminum specimens tested under conditions of net section yielding. Hence, the

applicability of Elber's data is questionable. Shih and Wei's results were

obtained from tests of 0.2 inch thick Ti-6A1-4V center-cracked panels, whereas

the results herein were obtained from 1.0-inch-thick-specimens. The results

that Katcher and Kaplan obtained from tests of 1.0-inch thick Ti-6AI-4V RA

DCB specimens are in good agreement with the results obtained in this program.

The effects of specimen thickness on crack closure behavior have yet to be

investigated and it is not known whether or not difference in thicknesss eon-

tributed to the disagreements between Shih and Wei's results and those obtained

in this program and in (10).

Stress intensity factors at the onset of crack tip closure (K showed no ten-

dency to vary with crack length, or during the first ten cycles of high load

cycling following lower load cycling. This result is illustrated in Figure 82

where K is plotted as a function of crack length for the last cycle of the low
opA stress cycling (point A) and the tenth cycle of the subsequent high stress

* cycling (point B). It is evident that crack length did not affect the value
of K for a given (K m), and that K did not change significantly during Lne

op mop
first ten cycles of the high stress cycling. This result is consister.L with

the transient acceleration in crack growth rates that is often observed

.i immediately' after an increase in peak cyclic load.

Discussion

All of the crack closure measurements of which the authors are aware have been

made at the surface of test specimens. At the present time, the relationship

between surface measurements and conditions at the interior of the specimen

are unclear. This uncertainty needs to be resolved before the effects of

crack closure on crack growth rate can be determined.
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It appears that stress ratio effects on fatigue crack growth rate behavior

do not result solely from crack closure effects. If surface measurements are

accepted as being representative of average conditions throughout the thick-

ness of the specimen, the crack would be expected to remain open at all times

for stress ratios in excess of about 0.2 to 0.3. and stress ratio effects would

not be observed for stress ratios above this range. However, the data in this

report and in the literature demonstrate that stress ratios above 0.3 have a

significant effect on fatigue crack growth rate behavior.

Summary

The crack closure measurements made in this program showed that:

* Crack closure at the specimen surface occurs during fatigue crack growth

j testing for R ratios below about 0.25 in Ti-6AI-4V RA compact tension

specimens.

After sufficient uniform stress cycling to stabilize conditions, the onset

of crack closure occurs at a stress intensity factor value that is a

reasonably constant percentage (about 25%) of the peak cyclic stress

intensity factor.

0 Crack closure behavior is independent of crack length for long cracks.

a After an increase in peak cyclic load, it takes more than ten uniform

load cycles before the closure load starts to increase to the new value

associated with the higher peak cyclic stress level.

3.3.2.5 Thermal Processing Effects

Tests were conducted to evaluate the effects of variations in metallurical

characteristics imparted to the Ti-6A--4V RA alloy by various thermal cycles.

The original intent was to evaluate the effects of grain size and cooling rate

on the fracture and crack growth resistance properties of this alloy. Small
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plates were heated to temperatures near the beta transus and were slow cooled

to grow the primary alpha grains. The plates were then reheated to 1400F and

either air cooled or slow cooled at 50 F/hour to study effects of possible

ordering of the alpha phase of the material, However, the thermal "cycles used

to cause grain growth also resulted in large variations in microstructure

throughout each of the plates from which the test specimens were cut. The

microstructural variations had a large influence on £racture and crack growth

resistance as described in the following paragraphs.

Metallurgical Effects

Various thermal cycles were employed on 1 x 10 x 14 inch plates of Ti-6AI-4V RA

plate material to achieve alpha phase grain growth. Initial trials involved

heating the material near the predicted beta transus and slow cooling the the

alpha-beta temperature range. The beta transus of the material was predicted

to be 179OF-utilizing ingot composition and an empirical relationship.. The

following thermal cycle was employed:

1775F 1lhr Furnace Cool at 50F/Hr to 1400F. Air Cool from

""140OF to Room Temperature.

Microstructural examination after heat treatment revealed that all samples had

been heated above the beta transus. This was evidenced by a large" grained

basketweave structure, devoid of equiaxed primary alphA phase.

Next, the beta transus was determined experi.mntal y by. microstructural eva).ua-

A2 tion of samples heated to various temperatures and was found to be 1793 + 10F.

A second set of plates were heat treated using the same thermal cycle except

that A thermocouple was placed between the plates during heat treatment. Micro-

structural examination of samples cut from the corners of the plates after heat

treatment indicated that two of the plates had been heated above the beta

transus and the third plate had not. Grain size measurements indicated that the

equiaxed alpha grain size had increased 50% in the third p!lte. Two of .the
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plates, designated 33 (aJpha-beta) and 44 (basketweave) were then exposed to the

following additional thermal cycle:

1400F 1 Hr Furnace Cool at 50F/Hr to 900F

This cyrIe was expected to result in higher stress corrosion s sceptibility

than observed in the as-received plate and to allow a comparis n of results for

both the basketweave morphology and the alpha-beta morphology.

A cyclic thermal treatment was employed on additional material in an attempt

to grow the primary alpha grains by more than 50%. Metallurgical samples were

exposed to the following cyclic thermal treatment:

1770F 45 minutes then cycled between 1600F and 1770F

for 6 hours. 170OF for 16 hours (overnight) and heated

to 1770F for 10 minutes and furnace cooled at 25F/hr

to 1650F, then IOOF/Hr to 1400F, then air cooled from

1400F to room temperature.

Grain size measurements on the metallurgical samples indicated an increase in

alpha grain size of nearly 100%. Based on these results, two additional

1 x 10 x 14 inch plate samples were given the above cyclic thermal treatment

to achieve large alpha grains. The plate samples, designated 55 and 66, were

heat treated in a similar manner except that the increased sample size and

larger furnace required slower heat-up and cool-down rates. To assure adequate

temperature control, three thermocouples were used to monitor temperatures.

The test plates were stacked in the furnace with an additional 1-inch thick

plate on top to minimize furnace temperature variations. Subsequently, sample

55 was heated to 1400F-one hour and air cooled, and sample 66 was furnace cooled

from 1400F at 50F/hr to 900F and then air cooled.

Subsequent metallurgical examination of samples cut from corners of the plates

and examination of the fracture faces of various test specl.mens revealed that

the microstructure varied throughout each plate as shown in Figure 83. Some

regions in each plate had large transformed beta grains (basketweave morphology)
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with the remaining regions composed of equiaxed alpha-beta morphology. Examples

of alpha-beta microstructure and basketweave microstructure showing large primary

alpha grains are shown in Figure 84 and 85, respectively. An example of

variation in microstructure within a given plate is demonstrated in Figure 86

where both basketweave and equiaxed alpha-beta morphology in plate 66 are
NY shown. Since the equiaxed alpha microstructure occurred in regions near the

original plate surfaces, the difference in microstructure is most likely a
.result of compositional differences. Lower oxygen and aluminum content in the

center of the plate would lower the beta transus temperature in that area. If

microstructural variations had been caused by temperature variations within

the plate during heat treatment, the surface microstructure would then have

been the basketweave morphology. The microstructural variations within each

plate sample necessitated an examination of the fracture face of each test

specimen so that it could be categorized with respect to microstructure.

A dramatic change in crystallographic texture was observed with the change in

microstructure. Basal plane pole figures were determined for specimens 44CF-1

(from plate 44). The texture for the equlaxed alpha inicrostructure of speci-

men 44CF-1 (Figure 87 and Table 15) compares favorably with that of the as-

received material. The majority of basal planes were oriented normal to the

transverse direction. The texture for the basketweave microstructure of

specimen 44CF-2 (Figure 88 and Table 15) was extremely different with about

60% of the basal planes oriented normal to the longitudinal direction. This

was the most severe texture encountered to date at Boeing for a thermally

produced basketweave microstructure.

Effects on Mechanical Properties

Mechanical propertiee for the four plates used to fabricate test specimens are

listed in Table 16. The specimens used to measure longitudinal and transverse

grain properties were cut from different locations within each plate and in

three of the four plates, the specimen from a single plate exhibited markedly

different microstructures. All transverse specimens had a basketweave micro-

structure with the majority of the basal planes oriented normal to the long-

itudinal direction. Hence, ultimate and yield strengths for the transverse
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"Table 15: Quantitative Texture Factors and Moduli for Ti.6A/4 V Alloy Subjected to
Various Thermal Cycles

HEA TEXTURE FACTORS* MODULI (KSI X 10"3)-*
M RA TREATMENT %1 L %1T %IST EL ET EST

Tig.6A.4V CYCLED FROM
(PLATE 44) 1600F +1700F
EOUIAXED FOR - 12 HRS 29.6 44.1 26.3 15.8 17.0 15.6
ALPHA AND FURNACE
MICROSTRUCTURE COOLED

Ti-GAI-4V
(PLATE 44) SAME AS
BASKETWEAVE ABOVE 50.5 16.7 23.8 18.2 15.1 15.5
MiCROSTRUCTURE

TI-6AI-4V RA
EQUIAXED
ALPHA-BETA AS RECEIVED 34.0 41.2 24.8 16.2 16.7 15.5
MICROSTRUCTURE

*SEE TABLE 6

"CALCULATED FROM X-RAY POLE FIGURE INTENSITIES

Table 16: Mechanical Property Test Results at 72F for Ti-6AI4 V Plate Subjected to
Various Thermal Cycles

"ULTIMATE YIELD

PLEGRAIN TENSILE STRENGTH ELONGATION REDUCTION

NO MICROSTRUCTURE DIRECTION SFRENGTH 0.2% OFFSET IN 2.0 IN IN AREA
(KSI) (KSI) (N) N%)

33 ALPHA-BETA LONGITUDINAL 129.6 120.9 8 33
BASKETWEAVE TRANSVERSE 120.1 106.5 8 25

BASKETWEAVE LONGITUDINAL 133.3 125.2 8 25
44 BASKETWEAVE TRANSVERSE 121.8 110.4 6 17

ALPHA-BETA LONGITUDINAL 138.1 127.6 7 24
BASKETWEAVE TRANSVERSE 133.3 117.6 4 12

ALPHA-BETA LONGITUDINAL 136.3 125.0 F3 25
66 BASKETWEAVE TRANSVERSE 126.2 115.0 7 22

*SEE SECTION 3.3.2.4 FOR DETAILS OF THERMAL PROCESSING
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direction tended to be lower than for the longitudinal direction. The

anistropy in strength is best illustrated by the results for plate 44 that

were obtained from specimens having similar microstructures. In plates 33,

55, and 66, the longitudinal specimens had an alpha-beta microstructure with

little texturing.

The additional thermal processing of the as-received Ti-6A1-4V RA plate had no

effect on the tensile strength values as long as the alpha-beta microstructure

was retained. However, both elongation and reduction in area were reduced by

the additional thermal processing regardless of microstructure. This reduction

was greatest for the transverse direction of the transformed basketweave mic:ro-

structure.

Results of static fracture toughness tests for the WR direction of the four

test plates are included in Table 17. Again, the microstructure of test

specimens varied. For specimens having an alpha-beta microstructure, fracture

toughness values tended to be slightly higher than the values of 90.4. and

94.6 ksivri- measured for the as-received plate. For specimens having a

basketweave microstructure, fracture toughness was noticeably greater than

for the alpha-beta specimens. These results are typical since beta processed

titanium alloys normally tend to have higher fracture toughness than comparable

alpha-beta processed alloys, although the as-received materials for this

program had comparable fracture toughness values.

Effects on Susceptibility to Stress Corrosions Cracking

Results of stress corrosion cracking tests of specimens taken from each of the

four thermally cycled plates are listed in Table 18. Microstructural character-

istics of the various specimens had a significant influence on test results.

The specimen cut from plate 33 had the microstructure pictured in Figure 86;

the central 0.5 inch thick band of the plate had a basketweave microstructure

and the outer 0.15 each thick bands had an alpha-beta microstructure. The

fracture surface of the test specimen is shown in Figure 89. In the WR direction,

more SCC, occured in the outer alpha-beta regions of the plate than in the

basketweave central zone. In the basketweave region, there was a tendency for
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Table 17: rra~w7r1 Toughness rest Results for Ti*6A14 V Subjected to Various
roirwtV ycles t'WR Direction and C T Specimens)

.A AVERAGE PEKPj 05
PLATE' MIR CICUE RACK LOAD OFFSET KO(a

NO. LENGTH (K) (K) (KSIJ/ I)
- ~~~(IN) ____

33 BASKETWEAVkE 1.277 18.60, 16.68 109.9

44 ALPHA-BETA 1.430 13.40 12.89 99.5

55 ALPHA-BETA 1.410 .11.82 12.25 95.6

66 BASKETWEAVE+ 1.317 18.85 15.44 111.3
ALPHA-BETA

*SEE SECTION 3.3.2.4 FOR DETAILS OF THERMAL PROCESSING

(a) SPECIMENS DID NOT MEET ASTM E399-70T THICKNESS REO'MENTS.

Tablel18: SCC Test Results in 72F/3.5% NaQi Solution for Ti-6AI-4 VSubjected to
Various Thermal Cycles

INITIAL FINAL FNLSRS

PLT*MICRO STRUCTURE TEST CRACK CRACK INTENSITY
NO. DI RECTION LNT LEGH FACTOR (KSIVIN)

_______________ (IN) (IN) _ _ _ _ _ _ _

BASKETWEAVE PLUS
33 ALPHA-BETA WR 1.375 1.470 68.3

____(FIGURE N6)____________

44 BASKETWEAVE WR 1.400 (a

556 BASKETWEAVE WA 1.410 (a)

68 ALPHA-BETA WA1.376 1.850 42.9

55 BASKETWEAVE AW 0.980 1.12 48.3

*SEE SECTION 3.3.2.4 FOR DETAILS OF THERMAL PROCESSING

(a)CRACK GREW PERPENDICULAR TO.ORIGINAL PLANE (I.E., IN RW DIRECTION)
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SCC to occur in the RW directions, i.e., perpendicular to the original crack

plane. This result was probably due to the severe texturing of the basket-

weave material as illustrated in Figure 88. Test specimens cut from plates 44

and 55 both had a basketweave microstructure. There was only a small amount

of SCC in each specimen and the SCC that did occur propogated primarily per-

pendicular to the original crack plane i.e. in the RW direction. Since the

"majority of the basal planes were normal to the longitudinal direction in the

basketweave material, it should be more susceptable to SCC in the RW than in

the WR crack propogation direction. Finally the specimen taken from plate 66

had an alpha-beta microstructure with alpha grain size about double that of

the as-received plate. This specimen underwent the most SCC of any of the

four specimens tested and the apparent KISCC was 42.9 ksiiin as compared to

the KISCC for the as-received material of 45 ksivn.

In summary only one of the four specimens tested had an alpha-beta microstructure

similar to the as-received plate. The grain size in the specimen was about

double that of the as-received plate and the specimen had been slow cooled at

5OF/hour through the critical temperature range from 1400F to 900F. Neither

this moderate increase in grain size or slow cooling had any significant effect

on SCC susceptibility of the material. The other three specimens had either a

basketweave or mixed basketweave/alph-beta microstructure and were not directly

comparable to the as-received plate. The basketweave microstructure was

severely textured with the majority of the basal planes oriented normal to the

longitudinal direction and was most susceptible to SCC in the RW crack propoga-

tion direction.

Effects on Corrosion Fatiue Crack Growth Rates

Corrosion fatigue tests were conducted in 3.5% NaCl solution at 72F on two

specimens from each of the four test plates. One of the two specimens was tested

under constant peak cyclic load and the other under constant peak cyclic deflec-

tion conditions. Results are plotted on graphs of crack growth rate versus AK

in Figure 90. Again, results were affected by differences in microstructure from

specimen to specimen.

The most striking result of the corrosion fatigue test was the wide variation

in crack growth rates. At AK of 20 ksiAn for instance, crack growth rates
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Figure 90: Corrosion Fatigue Crack Growth Rates for Thermal Processiag Effect
Tests (6A14 V Annealed Titanium Alloy in 3.I% NaCi Solution)

156

- -. aw~n, -' er-7



varied over one and one-half orders of magnitude. Tho fastest' crack growth

rate occured in specdmiens "having an alpisa-beta microstructure and.\tOe slowest

rates for thle WR crack propogation dire.tl.ovi in specimetis having a b.sket-

weave microstrupture. Hotiiver, the, baketweav material was highly textured

and crack propogation rates gor' the RW dirotion were abouA the same as the

fastest rates measured for the WRP-direction of the specimens. having an alpha-

beta microstructure..

All additional thermal it'eatments 'applied to tfie as-received material had either

.no effect ur a decelerative effect on corrosion, fatigue crack growth rate. The

crack growth rate'\ýuirve for the as-received material is included in Figure 90

Ifor comparison and lies on or above all but three data points. Data points

Indicated by',spoid circles, open triangles, and open diamonds in Figure 90

were obtained from specimens having an alpha-beta microstructure with grain

size about double that of the as-received material, and were slow cooled at

50F/hour through the critical temperature range. Neither the increased grain

size nor slow cooling had a detremental effect on crack growth rate under the

conditions existent in these tests. There is always the possibility that if

cyclic speed had been slower, or if composition of the material had been

different within specification limits, that an acceleration in crack growth

rates due to increased grain size or slow cooling would have been observed,

However, these ttsts indicate that for conditions representative of gust

loadings in aircraft structure, the effects of overheating or slow cooling of

Ti-6A!-4VRA material will not be detrimental to crack propogation life of the

components.

Summary

Specimens of Ti-6A1-4V RA material were heated near the beta transus and were

slow cooled to: (1) grow the primary alpha grains and (2), result in ordering

of the alpha phase. Mechanical property, fracture toughness, stress corrosion

cracking, and corrosion fatigue tests were conducted to determine the effects

of grain size and ordering an fracture and crack growth resistance. After

testing was underway, it was discovered that the thermal processing had result-

ed in wide variations in microstructure within each test plate. Both Alpha-

beta and basketweave microstructures were observed throughout each test plate.
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Both alpha-beta and basketweave microstructures were observed throughout

each test plate. Alpha grain size varied from 1.5 to 2 times that of the as-

received material but no ordering was detected by thin foil electron diffrac-

tion microscopy. The basketweave material was extremely textured with about

60% of the basal planes oriented perpendicular to the longitudinal direction.

"Differences in microstructure had the largest effect on fracture and crack

growth resistance. In the WR crt-.k propagation direction, the textured

basketweave material had superior fracture toughness, SCC resistance, and

corrosion fatigue resistance. For the RW direction, the SCC and corrosion

fatigue resistance of the basketweave material was nearly the same as for the

as-received Ti-6A1-4V RA plate. A significant result was that none of the

potentially detrLmeital thermal processing applied to the Ti-6A1-4V RA material

degraded the fracture and crack growth resistance properties of the as-received

material which is believed to be representative of high quality Ti-6AI-4V RA.

alloy plate.

3.4 Steel Alloy Test Results

The test program for 9Ni-4Co-0.3C (240 ksi) steel alloy plate is summarized

in Table 19. Mechanical property and fracture toughness tests were conducted

for both the longitudinal (RW) and long transverse (WR) directions. Stress

corrosion cracking tests were conducted for the short transverse (TR) and WR

crack propagation directions. Corrosion fatigue tests were conducted for only

the WR direction. Resilts of mechanical property and fracture toughness tests

are reported in Section 2.1. Results of the stress corrosion cracking and

corrosion fatigue tests are described in the following sections 3.4.1 and 3.4.2.

3.4.1 Stress Corrosion Cracking Tests

Six stress corrosion cracking (SCC) tests were conducted including five in dis-

tilled water and one in water saturated JP-4 fuel. The distilled water tests
included four tests for the WR crack propagation direction and one test for the

TR crack propagation direction.

Results of tests conducted in distilled water are plotted in Figure 91. The

"specimen was wedge loaded to generate a stress intensity factor of 80 ksilin.
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Crack growth initiated immediately but the crack deviated from its original

plane and grew into the specimen arms. It was estimated that the initial crack
-4

velocity was about 2 x 10 inches/second as shown by the bar in the upper

right of Figure 91. After the initial test, all other specimens were tested

without side grooves. A second specimen was wedge loaded in distilled water

to generate a stress intensity factor of 32 ksivin at the crack tip. After

an incubation period of about .24 hours, the crack began to grow and the

velocity data indicated by the osT n circles in the lower part of Figure 91

were taken. The stress intensity factor was then increased to 47 ksivn after

which the rate of crack propagation increased dramatically; the crack propagated

in its original plane for only a short distance at a rate of about 2 x 10-4

inches/second, then rotated into the specimen arm. A third specimen was wedge

loaded to generate a stress intensity factor of 40 ksivTin and the crack growth

rate data indicated by the open circles in the upper part of Figure 91 were

taken.

A single SCC test was conducted for the TR crack propagation direction after

considerable short transverse splitting was observed on the fracture faces of

corrosion fatigue specimens tested in distilled water. The specimen (Figure

BS) was wedge-loaded in distilled water to generate a stress intensity factor

of 25 ksirin. Crack propagation initiated immediately and continued in the

original crack plane for a distance of 1.8 Inches before the test was dis-

continued. Periodic measurements of crack length were used to calculate the

SCC velocities plotted as solid triangles in Figure 91. It is evident that

the TR direction was extremely prone to SCC in distilled water with the apparent

K value being less than 14 ksi"rn or about 13 percent of the fracture
ISCC

toughness for the WR crack propagation direction.

- A single 5CC test was conducted in JP-4 fuel. The specimen was initially wedge

loaded to generate a stress intensity factor of 47.5 ksiA and tested forA "five days without any indication of SCC; the stress intensity factor was sub-

sequently increased to 60, 73.2 and 83 ksiA• for seveu, three and 345 days,

respectively, without undergoing SCC. It is evident that the JP-4 fuel is a

viry mild environment for the 9NI-4Co-0.3C steel alloy.
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It had been hoped at the outset of this program that the 9Ni-4Co alloy would

yield higher Kic and KISCC values than comparable strength 4330 alloys. The

resulting fracture toughness values were better than those normally obtained

from the 4330 alloy at the 220-240 strength level, i.e., 100 + ksi i/n versus

70-80 ksivi7n. However, the aqueous environment KISCC for the WR direction

showed no improvement over typical values for 4330 steel. In addition, a

particularly severe susceptibility to SCC in the TR direction was observed.

However, the latter result was probably influenced by the banding in the

particular batch of 9Ni-4Co-0.3C steel alloy plate tested in the program.

3.4.2 Corrosion Fatigue Tests

The program of corrosion fatigue tests for the 9Ni-4Co-0.3C steel alloy plate

is summarized in Table 19. Tests were conducted in seven different test media

at 72F using three different stress ratios (0.1, 0.5 and 0.8)-and two cyclic

freqtuent.i s (.6 and 60 cpm). The effects of these variables on fatigue crack

propagation are described in this section.

All crack growth rate data collected for the 9Ni-4Co-0.3C steel alloy is

included in Figures AS0 through A62 in Appendix A. All data are not shown in

the body of the report. Rather, average crack growth rate curves drawn

through the data are used to illustrate specific effects.

3.4.2.1 Effect of Test Media and Cyclic Frequency

The effect of test media on fatigue crack growth rates was highly dependent

on cyclic frequency. At 60 cpm, tests in seven different media yielded very

little variation in crack growth rates as illustrated in Figure 92. The

scatter bands in Figure 92 encompass all the crack growth rate data obtained

in the seven test media for stress ratios of 0.1 and 0.5. For given AK, the

largest ratio of maximum to minimum crack growth ratio was 3 for a stress

ratio of 0.5 and crack growth rates near 10-5 inches/cycle. At 6 cpm, there

was a marked effect of cyclic frequency on crack growth rate behavior as shown

in Figures 93 and 94. Testing was discontinued before crack growth rates at

low AK values were evaluated and the effects of the decrease in test frequency
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were not fully characterized. However, it does appear the the marked accel-

eration in crack growth rates due to the decrease in cyclic frequency began at

Kmax levels near the apparent KISCC value of about 26 ksi/G, Below Kmax
.26 ksi inn, the effect of cyclic frequency on crack growth rates is probably

less drastic than the effects shown in Figures 93 and 94.

3.5 Overload Effect Tests

Thirty overload effect tests were conducted tL; evaluate the effect of single

overloads on subsequent fatigue crack growth rarA behavior. 'en tests were

conducted for each of three alloys iucluding 7075-T65J aluminuti. Ti-6A1--4V beta

annealed, and Ti-6AI-4V recrystallize ann-eai.;dd, as surmiarized in Table 20.

Three different peak overload stress intensity "actors (K ) were tested to re-
0

present overloads early (Ks = 62.5% Kcr), midway (K. = 75% 1cr), and late

.(Ko = 90% K ) in the life of an airframe component. The subsequent peakcr
"cyclic stress intensity factors (Kx) were chosen to yield overload ratiosMOM
(Ko/1Kmx) of 1.5 and 1.8. Parallel test programs were conducted in desiccated

air and 3.5% NaCl solution to evaluate overload effects in both mild and agress-

ive media.

3.5.1 Test Procedures

Overload effect tests were conducted by subjecting tapered double cantilever

team specimens (Figure B13) to loading profiles consisting of two block of

uniform load cycles separated by a single overload. All tests were conducted

using a cyclic frequency of 60 cpm and stress ratio of 0.5. Specimens were

instrumented with clip gages spring loaded against knife edges integrally

ma.chined at the mouth of the crack as shown in Figure ;Al2. The clip gages

were used to continuously record crack displacement as a function of loading

cycles.

Tests were conducted in both desi.,oated air and 3.5% NaCI solution. Tescs in

desiccated air werc performed with the specimnn surrounded by a sealed plastic

"",ag containing sufficient desiccant Lo reduce the relative humidity to about

].0Z. Tests in 3.5 solution were conducte,; with the crack tip continuously sub-

merged in the Nolution.
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Table 20: Ovedoad Effects Test Prograin

ALLOYS TEST MEDIA KOVERLOAD KMAX R NUMBER
(% K0 ) (% Kcr) OF TESTS

90 {0 0.5 12

A) - 7075-T651Ti- 6A..V :3A DESICCATED AIR ( '• J;•.,'Ti - 6AM,,V flA
"3,5% NaCI SOLUTION 75 6 60 0.5 12jTI-,6A.-4V HA 141. 7 J

.:62.5 41.7 3.5 6

K

KOVERLOAD -

KMAX
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Multiple tests were conducted on each specimen. Five tests were conducted on

each aluminum alloy specimen and either two or three tests were conducted on
each titanium alloy specimen. Individual tests included the application of

two blocks of uniform load cycles separated by an overload. During the applica-

tion of each block of uniform load cycles, the crack was grown a distance

approximately equal to the value of (K / ys)2 where K is the value of peak

stress intensity factor during the o':erload cycle, and a is the yield strength
ys

Of the material. Different stress levels were used for each successive test

-and the crack growth that occurred during each block of cycles was identifiable

on the fracture surfaces of the test specimens.

3.5.2 Methods for Evaluating Results

Results for overload effect t6sts werý determined both by evaluation of test

records .of crack displacement versus cycles, and observation of the fracture

faces of test specimens. An example of a crack displacement versus cycles

record is shown in Figure 95. The initial straight line portion of the record

(AB) was obtained during uniform stress cycling prior to application of the

overload. An overload was applied at point B and the crack displacement

increased to point C during the overload. Uniform stress cycling was then

resumed and the curved portion (CD) of the record was obt:ained. At point D,

the test record returned to the straight line DE which was parallel to the

initial straight line portion AB. Test records were used to determine:

(1) the number of delay cycles caused by the application of the overload,

ANd, and (2) the crack length over which the effects of the overloads were

observed, Aa . The value of 6a wd's proportional to A6d which was measured

from the test record as shown in 1Figure 95. The relationship between crack/
growth that occurred during the 7overload (Aa ) was measured directly from the

fracture face of the test specimen. The number of baseline loading cycles

that would have been required to growth the crack the same distance that it

grew during the overload (AN ) was calculated by dividing Aa by the average
0 0

rate at which the crack was growing prior to application of the overload.

The relationship of both Aa and AN to the test record is shown in Figure 95.
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3.5.3 Results and Discussion

Test parameters and results for each of the Ti-6AI-4V beta annealed, Ti-6Ai-4V

recrystallize annealed, and 7075-T651 aluminum alloy tests are listed in Tables

21, 22 and 23, respectively. Results obtained from tests in desiccated air

are listed in the upper parts of the tables; comparable results from tests in

3.5% NaCI solution are listed in tbl. lower parts of the tables. Individual

values of delAy cycles (ANd), crack growth caused by the overload (Aa ),
number of baseline cycles that would have been required to grow the crack a
distance equal to Aa0 (AN ), and length of crack over which the overload

effect was observed (Aad) are listed in the tables.

All tests did not yield results of equal consistency and so the consistency
of each set of data have been indicated in the tables of results. Where the

consistency was very good, the data were very easy to evaluate and no sub-

jective interpretations were required. When the consistency of the data was

poor, subjective interpretations of the data were required and the accuracy

with which the values of ANd and Aad could be evaluated deteriorated. The

majority of the data obtained from titanium alloy tests exhibited good con-

sistency. On the other hand, the aluminum alloy tests yielded fairly incon-

sistent data. The reason for the inconsistent aluminum alloy data was that

only very small changes in crack deflection occurred between the application

of the overload and the time at which the crack grew out of the influence of

the overload. The plastic zone size for the 7075-T651 alloy was on the order

of 0.01 inch as compared to total crack lengths in excess of 2.5 inches. Hence,

the change in crack length and crack deflection over which the overload effects

occurred were too small to be reliably detected by the instrumentation used in

those tests. The plastic zone size for the titaniium alloys was on the order of

0.1 inch and the instrumentation was sufficiently sensitive to detect changes hn

crack growth behavior as the crack traversed the plastic zone formed by the

overload. Consequently, most of the following discussion will be directed

to titanium alloy data.

In the titanium alloys, environment had a strong effect on the number of delay

cycles resulting from khe application of an overload. This is illustrated in

Figure 96 where delay cycles (ANd) are plotted as a function of overload ratio

(Ko/KmAx) for both titanium alloys. For the Ti-6A1-4V RA alloy, a subscantial
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(b): TI-64A-4VfiA Results

Figure 96: Effect of Ovedrlod Ratio on Delay Cycles for Titanium Alloy Overload Tests

174



;3..

number of delay cycles were obtained from the tests in desiccated air. However,

the presence of the 3.5% NaCI solution reduced the number of delay cycles to

near zero. For the Ti-6A1-4V beta annealed alloy, the reduction in numbers of

delay cycles due to the 3.5% NaCI solution was less marked than in the Ti-6AI-

4V RA plate.

When the peak stress intensity fa tors during the overloads reached 90% of the
corresponding critical stress intensity factor, the number of delay cycles for

Ti-6AI-4V MA tests was reduced from values of delay cycles obtained from tests

having lower peak stress entensity factors. In contrast, the Ti-6AI-4V RA

tests did not yield such a trend. These trends are illustrated in Figure 96

where data for three different values of K /K ratios of 0.90 agree with
o cr

data obtained from tests using K /K ratios of 0.75 and 0.63. For the

Ti-6A1-4V SA alloy, the data for overload ratios of 0.9 fall considerably

below the data for lesser overload ratios. This result was probably influenced

by the ductile tear that occurs during overloads to high percentages of the

ultimate load.

Overloads resulted in detrimental as well as beneficial effects. Diring the

application of the overloads, the crack extended considerably more than would

have been predicted using uniform stress crack growth rate data. For example,

the overload cycle for the test listed on the top line of Table 21 resulted

in 0.002 inches of crack growth. The overload cycle had a AK of 38.8 ksiviTn

and stress ratio of 0.33. The uniform load crack growth rate data in Figure

A17 yields a crack growth rate of about 10 inch for the overload cycle,

i.e., an order of magnitude less than the actual growth. This result is

typical of all overloads applied on these tests. An acceleration in crack

growth rate during high stress cycles following low stress cycles has been

previously observed by several investigators (12, 13).

The change in crack length required to eliminate the effects of the prior over-

loads (tad) was compared to the size of the plastic zone formed by the overload

to see if a consiatent ,rela:ionship between the two quantities existed. Plastic

zone sizes were easet.n,.ed tL be. 1.2 (K /a )2 (14). Ratios of Aad/0.2 (K /cy )2
o ye 0 ye

are listed in the next to last column in the tables. For titanium alloy tests

in which a K /K-x ratio of 1.8 was used, the values of Aad/O. 2 (K Idys )2 varied
0 U&a 0
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from 0.6 to 2.1 and average 1.1. When a K oKx rat io of 1.5 was used, the
o max

values varied from 0 to 3 with an average of 1.2. Hence, it appears that on

the average, the effects of overloads on subsequent crack propagation ratios

are dissipated after the crack has grown approximately one plastic zone size

* or 0.2 (K /a ys)2 for plane strain conditions.

The total effect of the overloads on the number of cycles required to grow the

crack a given distance is indicated by the quantity (AN - ANo), i.e., delay
d 0

cycles less the equivalent cyclic damage caused by the overload; this quantity

is plotted as a function of the ratio of, K max/K in Figure 97. It is evident

that as K approaches Kcr, the beneficial effect of overloads decreases rapidly.

There is insufficient data to allow easy quantification of the results, but it

does appear that overloads do not have a detrimental effect on crack propagation

life until the peak overload stress intensity factor (K ) reaches 90% of the
0

critical stress entensity factor. However, beneficial effects of overloads

start to diminish when K exceeds about 60-70% of the critical stress intensityo

factor. More tests are required to firmly establish the aforementioned trends.

Results for the 7075-T651 aluminum alloy in Tabl4 23 seem to show trends similar

to those observed in the titanium alloy results. The effect of overloads on

crack growth rate appeared to be less pronounced in 3.5% NaCl wolution than in

desiccated air. Also, the beneficial effect of overloads diminished as the

peak overload stress intensity factor approached the corresponding critical

value.

Several methods of calculating the effect of overloads on subsequent crack

growth rate have been proposed (15, 16, 17). The methods due to Wheeler (15)

and Willenborg (16) have received the most attention. Unfortunately, a

considerable amount of effort would be required to evaluate the results in

terms of these methods. A more simple but unpublished procedure for calculating

delay cycles due to overloads has been in use at Boeing for some time. TLe

Boeing method was based on data published by Porter (17) and calculates crack

growth rate after the application of an overload using the equation

da da K 2 K 2
"dN afer dN- uniform x ( maxK for O<Aa<0.2 (a-) (5)

overload load 0 ye
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Equation 5 was used to calculate delay cycles for the titanium tests and results

of the calculation are shown by the solid curves in Figure 96. The agreement

between calculations and test data is quite good except for the Ti-6AI-4V UA

alloy tests in which K - 0.9 K
0 cr

Other investigators have re -rted that during the transient crack growth rate

deceleration that occurs after overloads, the maximum deceleration does not

occur immediately after the application of the overload; rather, crack growth

rates decelerate to minimum values, then gradually accelerate back to the values

that would have occurred in the absence of the overload. In the present tests

it did appear that maximum crack growth rate deceleration occurred during

the first low stress cycle after the overload. However, the instrumentation

used was not sufficiently sensitive to accurately detect crack growth rate

behavior during the initial cycles after the overload.

3.5.4 Surmary

The following observations were made during evaluation of the overload test

data:

The application of overloads resulted in a transient retardation in crack

growth rateo following the overload. The increase in cyclic life caused

by an overload varied with ratio of overload stress to cyclic stress, ratio

of overload stress to fracture stress, and test medium.

0 The amount of crack growth that occurred during the overloads was signit-

icantly greater than the corresponding uniform load crack growth rate for

the overload cycle.

* Overloads increased cyclic life up to peak overload to fracture stress

(a o/ cr) ratio of 0.9. Extrapolation of the data to higher values of

overload ratio led to predicted detrimental effects of overloads. For

ao/acr > 0.9, the beneficial effect of crack growth rate retardation is

more than offset by the detrimental effect of crack growth occurring during

the overload. Maximum beneficial effects were not realized until (ao/

act) was decreased to less than about 0.6.
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. The beneficial effects of overloads were much greater in desiccated air

than in 3.5% NaCI solution. The differences between results for the two

media was due to differences in uniform stress crack grovth rates for

the two media.

a The delay cycles caused by the overloads were predicted with acceptable

accuracy by. Equation 5.

77. , The presently available methods of calculating the effect of overloads on

crack propagation life maybe unconservative, at least to the extent that

accelerated crack growth that occurs during overload is not accounted

for. For peak overload to critical stress ratios less than about 0.6,

the errors resulting from the accelerated growth during the overload

should be negligible.

3.6 Stress Ratio Effects

The effects cf stress ratio on crack growth rates were evaluated by plotting

ratios of crack growth rate at R-0.5 and 0.8 to crack growth rate a R-0.1 as a

function of AK. The procedure was followed for each of the four prime alloys

and five test media, namely, 7075-T651 aluminum, 9Ni-4Co-0.3C steel, 6A1-4V

.A titanium and 6AI-4V RA titanium in desiccated air, water saturated JP-4

fuel, distilled water, 3.5% NaCl solution, and sump tank water. The majority

of applicable data were generated at 60 cpm using stress ratios of R-0.1 and

0.5. The resulting stress ratio effects are shown in Figures 98 and 99. There

was only a limited amount of data which could be used to evaluate stress ratio

effects for R-0.8 and the results are shown in Figure 100. A summary of stress

ratio effects for data generated using a cyclic frequency of 6 cpm is included

in Table 24, and results are plotted in Figure 101.

The effect of stress ratio on crack growth rates was dependent on the value of

AK at which crack growth was taking place. For low AK values, the rates of

increase in crack growth rates with increase in stress ratio tended to large

values. This trend was due to the existence of apparent threshold stress
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Table 24: Summary of Stress Ratio Effects Resulting from 6 CPM Tests

TEST
ALLOY MEIMCOMMENTS

AIR
JP. FELNOT ENOUG H DATA OV ER LAP
(WATE SATUATED) BETWEEN R - 0.1 AND~ R - 0.5

TO EVALUATE R EFFECTS
70754851 DISTI LLE&'WATER

ALUMNUMSAM E AS 60 CPM E F FECTS

3.5 NaI SLUTON FORAK >7 KSI -0N NO
3.5 NaI SLUTON DATA OVERLAP BELOW A

NTENOUGH DATA OVERLAP TO

(WATE FUEL AED INDICATE EFFECT SHOULD BE
(WAER ATRATD)SAM E AS 60 CPM E F FECTS.

XF 9NI*4Co-0.3C
STEEL DATA FOR BOTH Rw 0.1 AND R -0.5

3.5% NaCI SOLUTION FALL IN ONE SCATTER BAND
BETWEENAk- 30 AND 45KSI1T

DISTILLED WATER SEE FIGURE 101

AIR NO DATA FOR R -0.1

JP-4 FUEL
OAI-4V P3A (WATER SATURATED) SAME AS 60 CPM EFFECTS
TITANIUM DISTILLED WATER (FIGURE 99) FOR AK >25 KSI -%iii

3.5% NaCI SOLUTION SEE FIGURE 101

AlIR
JP-4FUE (WTER SAME AS W0 CPM EF FECTS FOR

6A1-4V HA SATURATED) A>5 KI~~
TITANIUM DISTILLED WATER SEE FIGURE 101

3&5% N&O SOLUTION INSUFFICIENT DATA
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intensity ranges (AK )' *near which crack growth rates asymptotically approached

very small values. Since AK for R-0.1 was greater than AK for R-0.5, theth th
ratio of crack growth rates at R-0.5 to those at R=0.1 tended to large values

when AK approached the AK for R-0.1. As AK values increased, the effect of

stress .ratio on. crack growth..rate decreased to a minimum and then once again

tended to large values, as AK approached K (l-R) where: K is the appropriate
cr cr

critical stress intensity factor and R is the higher of the two stress ratios

for which data is being.compared, As AK approaches Kc (-R), crack growth

rate are accelerated rapiaily due to the onset of ductile tear and, hence,

the ratio of crack growth rates atthe two different R value increases rapidly.

Test media influenced the effects of stress ratio on crack growth rates in

three, of the four alloys tested. For the 6AI-4V RA titanium alloy, the

"effects of stress ratio increased with increasing susceptibility to SCC in the

test tmedium. For the 7075-T651 aluminum alloy, distilled water tests yielded

higher stress ratio.:effects than did the 3.5% NaCl solutions even though the

apparent Ki values and stress ratio effects between the two media was not

large. In the 9Ni-4Co0-0..3C steel alloy, stress ratio effects at a cyclic

! frequency of 60 cpm in air, JP-4 fuel, 3.5% NaCl solution, and sump tank water

were different from these in the other media. For the 6AI-4V $A titanium alloy,

test medium had only a small effect on stress ratio effects. In general-, the

results indicate that stress ratio effects are-more severe in aggressive

environments than in benign environments. This result is probably due in part

to the detrimental effects of aggressive media on both AK and on corrosion
th

fatigue crack growth rates.

Cyclic frequency influenced stress ratio effects for some material/environment

combinations as summarized in Table 24 and Figure 102. As stated in the table,

there was insufficient data overlap to evaluate R effect, at 6 cpm for

several material/environment couples. For other couples, stress ration effects

for both 6 and 60 cpm were identical over the range of AK values tested. For

Ti-6AI-4V RA in distilled water, Ti-6A1-4V $A in 3.5% NaCl solutions, and

9Ni-4Co-0.3C steel in distilled water, stress ratio effects were larger at

6 cpm than 60 cpm as illustrated in Figure 101. For the titanium alloys, the

effect of cyclic frequency on stress ratio effect increased with increasing

AK. This result is consistent with SCC behavior where environmental effects
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increase with increasing stress intensity factors. On the other hand, the

effect of cyclic frequency on stress ratio effects for the steel alloy decreased

with increasing stress intensity factor over the range of AR values tested.

In summary, stress ratio effects on corrosion fatigue crack growth rates varied

considerably from one material/environment couple to another. In general, stress
ratio effects were largest for material/environment combinations that were

susceptible to SCC. The higher the susceptiblity of the alloy to SCC in the
test medium, the greater the stress ratio effects. Environment influenced

stress ratio effects by changin values of both apparent AK and crack growth
th

rates. The material/environment couple which exhibited unique behavior was the

steel alloy in distilled water. The preseiice of distilled water resulted in a

marked increase in the effect of stress ratio on crack growth rates at low AK

values and a decrease in stress ratio effect on crack growth rates for

moderate AK values.
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4.0 OBSERVATIONS AND CONCLUSIONS

The following observations and conclusions a±re based on the results of this

program.

4.1 Observations

1. For the Ti-6A1-4V alloy, beta annealing led to superior stress corrosion

L. cracking and corrosion fatigue crack growth resistance than did recrystal-

•i . lize annealing. The beta annealed alloy yielded slower crack growth rates
[! '"for the WR direction under all tetconditions. Both anaigtetet

! .. ... led to similar fracture toughness values for each of the WR and WT directions.

i '2. The 7475-T651 alloy plate had fracture toughness superior to the 7075-T651

-" alloy plate for the WCR crack propagation direction (other directions were

' '. not tested). Fatigue crack growth rates for the two alloys in 3.5% NaCl

solution did not differ greatly. There was an indication that the 7475

| ",•!..alloy might have had a higher threshold stress intensity factor in fatigue

" • than the 7075 alloy. However, there were insufficient data to substantiate

this indication.

• !!i:!-:3. The 9Ni-4Co-0.3C plate material tested in this program was banded because
S•;i•'."of suspected improper hot rolling practice and was not considered to be

i •!..typical of the 9Ni alloy by the producer (Republic SLeel). The effect of

:•z;•the banding on test results is unknown. When heat treated to the 240

l •:•ksi strength level, the alloy was found to be very susceptible to stress

i,'[ ":• •corrosion cracking in aqueous environments. The apparent KSC values

• !!i• for the WR and TR crack propagation direction were about 27 and 13 ks iV'n,

S•..•..-respectively. Aqueous environments also markedly accelerated corrosion

•!' !•.i.fatigue crack growth rates for fatigue cycles having peak stress intensity
•-•'•.:.i .factors above about 26 ks i/• and cyclic frequencies less than 60 cpm.

187

•• .- • -- - • ... . .... •... ,• . ........ ........ ..



Environment

4. Of the seven test media (desiccated air, water saturated JP-4 fuel, dis-

stilled water, 3.5% NaCI solution, sump tank water, alternating JP-4 fuel/

distilled water, and dye penetrant type ZL-2A), desiccated air and JP-4

fuel were the least detrimental to SCC and corrosion fatigue crack growth

resistance; 3.5% NaCl solution and sump tank water were the most detrimental.

Fatigue crack growth rates for the alternating JP-4 fuel/distilled water

media fell between rates for the individual components of the alternating

media. Finally, the effect of dye penetrant on corrosion fatigue cracking

was equivalent to that of desiccated air.

5. The relative effects of potential models of the hworst" normal operaing

environment for airframe components, namely, 3.5% NaCl solution and

sump tank water, was dependent on alloy. For the 7075-T651 aluminum and

Ti-6AI-4V RA alloys, the effects of the two media were equally detrimencal.

For Ti-6AI-4V beta annealed, the 3.5% NaCl solution was more detrimental

than the sump tank water. For 9Ni-4Co-O.3C steel, the sump tank water

was more detrimental than the 3.5% NaCl solution.

6. Spraying the crack surfaces of test specimens with the corrosion inhibitive

compound LPS-3 prior to test had no significant effect on SCC and corrosion

fatiZue crack growth resistance.

7. Changes in test temperature from -65F to +175F had little or no effect on

corrosion fatigue crack gwth rateg.

Cyclic Frequency

8. The effect of change in cyclic frequency from 60 to 6 cpm was dependent on

alloy/environment couple. Both accelerations and decelerations in crack

growth rate at given AK values occurred with decrease in cyclic frequency.

It is not possible to generalize the frequency effects noted in this

program,
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Stress Ratio

9. The magnitude of stress ratio effects on corrosion fatigue crack growth

rates varied considerably from one material/environment couple to another.

In general, increases in crack growth rate with increase in stress ratio

were largest for material/environment combinations that were susceptible

to SCC. The higher the susceptiblity of the alloy to SCC in the test

medium, the greater the stress ratio effects. Environment influenced

stress ratio effects by changing values of both apparent AKth and crack

growth rates. The material/environment couple that exhibited unique be-

havior was the steel alloy in distilled water. The presence of distilled

water resulted in a marked increase in the effect of stress ratio on

crack growth rates at low AK values, and a decrease in stress ratio effect

on crack growth rates for moderate AK values.

Crack Propagation Direction

10. Crack growth rates for the WT direction (obtained from tests of surface

"flawed specimens) and for the WR direction (obtained from tests of double

r•antilever beam specimens) were in excellent agreement for the two titanium

alloys in both desiccated air and 3.5% NaCl solution. In the 7075-T651

aluminum alloy, crack growth rates were slower in air and faster in 3.5%

NaCI solution than corresponding rates for the WR direction.

Overload Effects

11. The application of overloads resulted in transient retardation in crack

growth rates following the overload. The increase in cyclic life caused

by an overload varied with ratio of overload stress to cyclic stress, ratio

of overload stress to fracture stress, and test medium.

12. The amount of crack growth that occurred during the overloads was signifi-

cantly greater than the corresponding uniform load crack growth rate for

the overload cycle.

13. Overloads increased cyclic life up to peak overload to fracture stress

(a /a ) ratios of 0.9. Extrapolation of the data to higher values of
-~ 0 crr ~ overload ratio led to predicted detrimental effects of overloads. For
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a 0ocr >0.9, the beneficial effect of crack growth rate retardation is
more than offset by the detrimental effect of crack growth occurring during

the overload. Maximum beneficial effects were not realized until (a o/0c)

was decreased tc about 0.6 or less.

14. The benefical effects of overloads were much greater in desiccated air than

in 3.5% NaCl solution. The differences between results for the two media

were due to differences in uniform load crack growth rates for the two media.

15. The delay cycles caused by the overloads were predicted with acceptable

accuracy by Equation 5.

Thermal Processing Effects

16. Thermal cycles used to induce grain growth and ordering in the Ti-6AI-4V

RA alloy did not degrade either the SCC or corrosion fatigue crack growth

resistance of the plate. Some of the thermal cycles resulted in a highly

textured basket-weave structure that was most susceptible to SCC in the

RW direction. The KISCC and crack growth rate values for the RW direction

were the same as for tI as-received material.

4.2 Conclusions

1. Testing of double cantilever beam specimens is a very good method of

generating fatigue crack growth rate data. However, the resulting data

are not always applicable to many practical cracking situations in air-

frame components. This is particularly true for plate materials that

exnibit anisotropy in SCC and corrosion fatigue resistance. In such

cases, surface flawed specimen tests must be conducted to evaluate crack

growth resistance for the thickness direction.

2. Due to the steepness of the crack growth rate versus AK correlations at

low AK values, calcu.Lations of crack propagation life for airframe com-

ponents in which most of the life is consumed by cycling at low AK values

will be very sensitive to applied stress level.
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3. For the Ti-6AI-4V alloy, beta processing is superior to alpha-beta

processing from the standpoint of fracture and crack growth resistance.

4. The use of corrosion inhibitive compounds such as LPS-3 will not neces-

sarily decrease crack propagation rates of cracked airframe components.

5. Type ZL-2A dye penetrant is compatible with all alloys tested in this

program.

6. Service temperatures within the range of +175F to -65F will not have any

significant effect on the crack propagation rates in airframe components

fabricated from the aluminum and titanium alloys tested on this program.

Service temperatures could have some influence on crack propagation life

by changing fracture toughness of the component materials.
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APPENDIX A

TEST DATA

This appendix contains all the detailed test data generated during this program.

Included are mechanical property, static fracture toughness and corrosion

fatigue data for aluminum alloy 7075-T651 and 7475-T651, titanium alloys 6A1-4V

beta annealed and 6AI-4V recrystallize annealed, and steel alloy 9Ni-4Co-0.3C.

The location of the various types of data within this appendix is identified in

Table Al.
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Table A 1: Index of Test Data

ALLOY TYPE OF DATA LOCATION

Mechanical Property Table A2
ALUMI NUM7075-Tb51 Fractu~c Toughness Tables A3, A4

Corrosion Fatigue Figures Al Through A15

ALUMINUM
7475-T651 Corrosion Fatigue Figure A16

TITANIUM Mechanical Property Table A5

6AI-4V BETA Fracture Toughness Tables A6, A7
ANNEALED Corrosion Fatigue Figures A17 Through A32

Mechanical Property Table A8
TITANIUM

6AI-4V RA Fracture Toughness Tables A9, A10

Corrosion Fatigue Figures A33 Through A49

Mechanical Property Table AllSTEEL

9Ni-4Co-0.3C Fracture Toughness Tables A12, A13

Corrosion Fatigue Figures A50 Through A62

196



Table A2: Mechanical Property Data for 7075-T651 Aluminum Alloy Plate

z I.Z I.-

"0 z z Z

wc 00 zj L
wX U <Oc'.jD00 I- 0SZ __ _ __ _ WZ

LA CL 1:0' V)L---

72 AL-1 86.7 79.0 9.9
AL-2 88.1 81.2 13.7

LONG. -65 AL-3 93.9 86.2 11.6
ALA 94.2 86.4 10.9

+175 AL-5 81.5 74.2 14.5
AL-6 81.7 75.4 10.6

72 AT-5 89.9 82.4 10.6AT-6 86.8 78.9 10.5

TRANS. -65 AT-3 90.2 80.8 10.3AT-4 89.9 80.9 10.6

+175 AT-I 80.5 73.8 9.25 AT-2 83.0 75.8 9.0

Table A3: Fracture Toughness (Kic) Data for 7075-T651 Aluminum Alloy Plate

jSPECIMEN ORIENTATION TEMP (OF) KIv
TYPE (KSI V1 1W.)

COMPACT WR -65 21.0
TENSION 21.8

COMPACT WR +72 23.1
TENSION 22.4
COMPACT WR +175 24.0

TENSION 24.4
22.8
22.4

DCB
-FIG. 1) WR +72 21.9

21.8
-_ _ __-_ _22.2

DCB 31.5
(FIG. 1) RW +72 32.0
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Table A4: Static Fracture Dala for 7075- T651 Aluminum Alloy SF Specimens

SPECIMEN GAGE FLAW LOAD ATS.. ... APPROX

SU TEST WT
TEMP c FRACTUREx x (OF) z D TOUGHNESS*

q CL 
(Ksw V.z-.)

3.00 0.404 0.170 0.708 +72 53.7 56.0 31.7

3.00 0.402 0.172 0.717 +72 56.3 58.6 33.6

3,00 0.405 0.172 0.720 -65 50.1 52.8 29.9

3.00 0.401 0.174 0.718 -65 49.6 55.0 31.6

3.00 0.404 0.177 0.715 +175 58.3 60.2 34.8

3.00 J 0.403 0.176 0.715 +175 1 58.2 59.8 34.7
*FRACTURE TOUGHNESS= .1. av/iý

Table A5: Tensile Properties of 6AI-4 V Beta Annealed Titanium A/loy Plate

- -zz cj-

0 -. W o z

Z E u z
SL>,w w ,0

55z <- =w cF- -J <- Wv

i5 <z .- i-I ii ,>•

TBL-1 0.2479 0.0483 72 133.6 124.2 10 20
TBL-2 0.2496 0.0489 72 133.b 123.3 10 22

TBL-3 0.2501 0.0491 -65 152.4 145.8 7 18
TBL-4 0.2506 0.0493 AIR -65 152.4 143.9 8 19

TBL-5 0.2499 0.0490 175 121.7 108.5 10 27
TBL-6 0.2501 0.0491 175 121.4 108,3 10 26

TBT-1 0.2498 0.0490 72 133.8 123.8 10 24
TBT-2 0.2494 0.0489 72 133.8 121.6 10 24

TBT-3 0.2499 0.0490 AIR -65 152.3 144.6 8 22
TBT-4 0.2497 0.0490 -65 152.3 143.2 8 20

TBT-5 0.2489 0.0487 175 121.6 107.5 12 27
TBT-6 0.2498 0.0490 175 122.1 109.1 12 27
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Table A6: Static Fracture Toughness Data for 6AI4V Beta Annealed Titanium
(CTSpecimens)

TEST AVERAGE PEAK PQ KQSPECIMEN TEMP CRACK LOAD 5% OFFSET
NO. (OF) LENGTH (K) (K) KSI Vr-".

(IN.)

T5 -,65 1.290 15.12 14.62 93.0
T6 -65 1.327 14.12 13.68 92.0

TI 72 1.385 13.07 12.55 91.0
T2 72 1.272 16.02 15.34 95.5

T3 +175 1.288 17.36 15.95 101.4
T4 +175 1.267 17.15 15.53 95.8

Table A7: Static Fracture Data for 6AI,4 V Beta Annealed Titanium Surface- Flawed
Specimens

SPECIMEN GAGE FLAW
APPROXIMATE

SPECIMEN u TEST FAILURE WT

NUMBER . . TEMP LOAD FRACTURESC i (OF) (KIPS) TOUGHNESS
z - z. z (KSI -W

TBS-5 3.4995 0.3238 0.210 0.885 -65 140.4 103.6
TBS-4 3.5008 0.3196 0.210 0.885 -65 140.4 106.0

TBS-1 3.4975 0.3332 0.213 0.905 +72 121.8* >87.5
TBS-2 3.4994 0.3272 0.206 0.885 +72 129.6 95.2

TBS-3 3.4992 0.3253 0.208 0.890 +175 119.7 89.3
TBS-6 3.4980 0.3304 0.216 0.890 +175 117.3 86.5

*SPECIMEN FAILED AT GRIP

.i19
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Table A8: Mechanical Property Measurements for 6A1.4 V Recrystallize Annealed
Titanium 1.0-Inch Thick Plate

Zzz
Z 0

00

128.1 112.5 12 33
175 128.1 113.0 13 37

137.0 125.1 12 39
TRANS. 72 137.2 125.8 12 37

154.6 145.1 10 28
-65 154.0 143.8 10 29

175 128.0 12 28

138.4 125.2 13 39
LONG. 72 137.5 124.5 12 37

153.7 143.2 10 30
-65 150.7 141.0 10 27

Table A9: Static Fracture Toughness Data for 6AI.4V Recrystallize Annealed
Titanium Alloy 1.0-Inch Thick Plate (CT Specimens-WR Direction)

AVERAGE
SPECIMEN TEST CRACK PEAK PO
NUMBER TEMP LENGTH LOAD 5% OFFSET K0

S(OF) (INCH) (KIPS) (KIPS) (KSI vFil,

NTS-1 72 1.333 13.42 12.91 94.6
NTS-2 72 1.333 13.12 12.32 90.4

NTS-3 -65 1.355 11.60 11.20 84.8
NTS-4 -65 1,317 12.00 11.53 83.0

NTS-5 +175 1.327 15.20 13.56 103.7
NTS-6 +175 1.345 14.70 13.88 101.3
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Table A 10: Static Fracture Data for 6AI-4V Recrysta/lize Annealed Titanium Alloy
Surface-Flawed Specimens

SPECIMEN GAGE FLAW
APPROXIMATE

SPECIMEN TEST FAILURE WT
NUMBE 0 z TEMP LOAD FRACTURE

NUMBER (F) (KIPS) TOUGHNESS

Z x Z W Z (KS
(KSI v )

NTSS-1 3.5023 0.3268 0.217 0.897 -65 138.4 103 [
NTSS-2 3.5021 0.3223 0.215 0.890 -65 138.0 103

NTSS.3 3.5022 0.3252 0.215 0.890 +72 126.5 94.
NTSS.4 3.5022 0.3262 0.212 0.895 +72 123.8 92

NTSS-5 3.5020 0.3252 0.212 0.890 +175 121.0 91
NTSS-6 3.5017 0.3279 0.210 0.890 +175 120.0 88

SPECIMEN WAS INITIALLY LOADED TO KIE = 106.7 KSI yif-IN. (LOAD = 127.0 KIPS)
WITH a - 0.210 INCH, 2c = 0.897 INCH, LOAD DROPPED TO ZERO DUE TO TEST
MACHINE FAILURE; SPECIMEN WAS THEN RELOADED.

Table A 11: Tensile Properties of Heat Treated 9Ni-4Co-0.3C Steel Alloy

z
z0 ZI-I. i...

I- <0 <.(i. -W XW-. 0

-,, Wo Z

235.6 201.2 a 57
175 235.1 203.5 8 57

244.7 207.1 --LONG. 72 243.2 209.1 - -

256.6 222.5 7 51
-65 256.0 221.8 7 46

235.0 203.2 8 56
175 235.1 202.7 7 51

239.8 204.0 - -
TRANS 72 240.1 203.7 - -

254.4 211.4 7 46
-85 254.7 215.7 7 47
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Table A 12: Fracture Toughness Data for 9Ni4Co-0.3C Steel Alloy

PLANE STRAIN
CRACK TEST FRACTURE FRACTURESPECIMEN PROPAGATION TEMPERATURE TOUGHNESS (KIc) TOUGHNESSTYPE DIRECTION 'OF) (KSI V/ 1 N.) (KSI V'IN.)

COMPACT 88.1
TENSION WR -65 86.1 -

DOUBLE
CANTILEVER Wf 72 - 107.5

BEAM - 104.5

COMPACT 104.6
TENSION WR 175 105.5

Table A 13: Static Fracture Data for 9Ni4Co-0.3C Steel Alloy Surface-Flawed Specimens

SPECIMEN GAGE FLAW
APPROX!MATE

EM TEST FAILURE WTSPECIMEN uJ m 1

NUMBER z " TEMP LOAD FRACTURE
v-z i x i • - (OF) (KIPS) TOUGHNESS-•z .zZ Z -
-x Z -, _U Z z (KS0 OR.)

SS-3 2.2532 0.3968 0.140 0.565 -65 132.9 91.9
SS-4 2.2618 0.3962 0.138 0.555 -65 140.4 96.0

SS-1 2,2578 0.4000 0.138 0.560 +72 156.9 106.7
SS.2 2.2553 0.4065 0.137 0.56U, +72 159.0 106.4

SS-5 2.2564 0.4032 0.138 0.550 +175 160.8 108.7
SS.6 2.2542 0.3967 0.137 0.550 +175 156.9 107.8
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APPENDIX B

TEST SPECIMENS

Thirteen different specimen configurations were used to conduct the tests

described in the body of this report. The thirteen configurations are detailed

in Figures B1. through B13. A summary identifying the particular specimen

configuration used for each alloy and test type is presented in Table Bl.
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Table BI: Summary of Specimen Configurations Used For Each Type of Test

TEST TYPE ALLOY CYCLIC SPECIMEN CONFIGURATIONFREQUENCY TYPE (Figure No.)

MechanicalPeray All Alloys Tensile B1Prope rt

All Alloys CT B2
Fracture Aluminumr SF 63
Toughness Steel SF 84

Titanium j

All Alloys -DCB 5
TR DirectionJ

Stress Aluminum D
Corrosion Steel DCB B6
Cracking Titanium - DCB B7

Aluminum - SF B8
Titanium - SF 64

Corrosion All Alloys 6, 60 DCB B9
Fation All Alloys 900 DCB B10Fatigue Aluminum 60 SF B8

Titanium 60 SF B11

Titanium 60 CT B12

Overload Aluminum60 TDCB 13Titanium ... _60 TDCB B13
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CHAMFER 450 TO
0.8 DEPTH OF THREAD (TYP)

0.IOA _ • 0.25706257 0.250 DIA /

SYM 

I I T " ,

0.50 2.50

4.25

1/2- 13NC- 2 THD

Figure 81: Tensile Specimen For Mechanical Property Measurements

rw

STANDARD
VEE NOTCH 7

1.2W- ~~I--

0.56w
A

+ . SECTION A-A

ROLLING
DIRECTION

0.26 W DIA OLE,;• :.(2 PLACES)

MATERIAL W I
*O7ITSS1I'

ALUMINUM ALLOY 10.2 0.-0
N47-T651

ALUMINUM.ALaY 1.A5 A.S1
TIAIMALLO 1 ,0 1,0

2.506I 00-0
lSTgEL AttO • , B

Fipre 52: Compct Tunafon Spaclmem Confilguroon Umd For Sttic Fracture Twtng
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12.00

4L SYM 1.20 - --0.80

3.00--•I --..- 4..

SYM .45 1.40

"0.50 DIA HOLE
(6 PLACES) 4.25 -

_.. , - ,._ , " _ - 0.6 25
S ' 0.40

Figure 83: Surface Flawed Specimen Configuration For 7075- T651
Aluminum Alloy Plate Static Fracture Testing

12.00 -

ISYM -- 2.2O

SYMccc

/ DIA. HOLE

4.00 (2 PLACES)

•. I f- I - -_o_

MATERIAL , , W2
IOWI4C"~.3C STEEL ALLOY 3.00 2I250,40

AI4V TITANIUM ALLOYS 10 3.50 1.3

Figure 54: Surft*c-Flawed Specimen ConfguVraion
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K6.00 1.K1
< IPLATE

THICKNESS)

STANDARD VEE NOTCH

MATERIAL H4
7075-TGSI ALUMINUM ALLOY 0.63

77-51ALUMINUM ALLOY 1.00
$AI.4V TITANIUM ALLOYS 1.00

Figure 85:' Short Tranwverte DCB Specimen Configuration Used For Strw~ Corrosion Testing

STANDARD VEE NOTCH

SECTION A-A

6.00
0 i.626 2.40 05

0.271 WA HOLE
(2 PLACES)

Figure 06: DC0 Specimen Configuration Usd For Strmi Corrosion Testing
(7075- W I Alminum And ONI - 4CO - OXSCStoatAlloys)
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-ww-

/-I- STANDARD VEE NOTCH

SEMO A-A0,375 DIA HOLE

O.W OIA HOLE 30

0.50

0 .00 17

Figure 67: DCB Specimen Configuration Used For Stress Corrosion Testing (Titanium Alloys)

8.00

21.40

0.026 DIAMETER HOLE
(2 PLACES)

- rtSYM

11.401
Ido/dN -4

FRgure 08: Surf ace-F/awed Specimen Con figu raio 'or 7075-T$51
Aluminum Alloy K 15CC and da/dN T, in#
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STANDARD VEE NOTCH

SECTION A-A .61 02

0,126 600

+ KNIFE EDGES FOR do/dN

7415T651AU 100 . I~l__3.00_

-. -4 0.63.

6', W 012 0. 20 0

6A14V TI M.0.0

0.3750.6 IN 01HL

MATRLA N_ _

KNIFEN EDE O rDILsrC ET

Figure 070: C Specimen Con figiratfon Used For du/dN Tetng~mloc (SLY) CP
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""WillA W1  W2 "

0.82 3401.00 17

Figure B 11: Surface-Flanwd Specimen Configuration Used For Titanium Alloys da/dN Testing

I.I. 7,40 L

2.00ECIO 

A A.00.7
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APPENDIX C

COMPLIANCE MEASUREMENTS FOR DOUBLE

CANTIL.EVER BEAM SPECIMENS

Results of tests undertaken to measure specimen compliance as a function of

crack length for the 7075-T651 aluminum, 9Ni-4Co-0.3C steel and 6AI-4V beta

annealed and recrystallize annealed titanium alloys are described in this

appendix. Values of specimen compliance were determined for both the uniform

height Double Cantilever Beam (DCB) and Tapered Double Cantilever Beam (TDCB)

specimens for the aluminum and titanium alloys, and for DCB specimens for the

steel alloy. Values of specimen compliance were used in crack length cal-

culations for the DCB corrosion fatigue tests, and stress intensity factor

calculations for the TDCB specimen tests.

Procedures

Compliance values were determined using the slopes of load displacement plots

obtained when specimens were loaded in tensile test machines. Displacements

were measured using clip gages spring loaded against integrally machined knife

edges. Both clip gage and load cell were connected to an X-Y recorder to obtain

the load--displacement graphs. For the 7075-T651 aluminum and 6AI-4V fA alloy

DCB specimens, knife edges were located both at the end of the specimen and at

the load line as shown in Figure BiO. For all other specimens, kn"Fe edges were

located only at the end of the specimens. When knife edges were located at the

end of the specimen, load line displacements were calculated by multiplying end

displacements by the ratio a/(a+l) where "a" is crack length and "1" is the

distance from the load line to the end of the specimen. Load line displacemenLs

were divided by the corresponding load to calculate compliance values. Crack

lengths were visually measured.

Results

Compliance measurements for the uniform height DCB specimens are plotted in

Figures Cl and C2, and for the TDCB specimens in Figure C1. For the DCB speci-

mens compliance values determined using deflections measured at the end cf the

specimen and the load line agreed very well. Furthermore, compliance values

for the crack lengths less than 3.5 inches agreed with values calculated using
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Figure C3:, Compliance Values for 7075- T651 Aluminum, 6A1-4 V StAldard ELI Beta
Annealed and Recrystallize Annealed Titanium Alloys, Taper Double
Cantilever Beam Specimens
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the semi-empirical relationship (l)*

C 2 [(a + 0.6h) 3 + h2a]C = 3E-- (Cl)

where: C is specimen compliance, E is modulus of elasticity, I is moment of

inertia of one of the specimen arms, a is crack length, and h is one half the

specimen height. For crack lengthc, in excess of 3.5 inches, specimen compliance

increased over those given by Equation Cl due to interaction effects between the

crack and back specimen face.

Reference

1. S. Mostovov, P. B. Crosley, and E. J. Ripling, "Use of Crack-Line-Loaded

Specimens for Measuring Plane Strain Fracture Toughness", Journal of Materials,

Vol. 2, No. 3, September 1967.

*Numbers in parentheses refer to references at end of Appendix.
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APPENDIX D

CRYSTALLOGRAPHIC TEXTURE MEASURED

BY X-RAY POLE FIGURES

Background

Each grain in a polycrystalline aggregate normally has a crystallographic

orientation different from that of its neighbors (i)*. The orientations of

all the grains may be randomly distributed in relation to some selected frame

of reference, or they may tend to cluster, about some particular orientation

or orientations. Any aggregate characterized by the latter condition is said

to have a preferred orientation, or texture. Since most single cyrstals are

anisotropic, i.e., have different properties in different directions, it

follows that an aggregate of crystals having preferred orientation must also

have directional properties.

Preferred orientation is best described by means of a pole figure. This is a

sterographic projection which shows the variations in pole intensity with pole

orientation for a selected set of crystal planes. Poles are the projection

points onto a sphere of the normal to the crystallographic plane. The pole

figure Js a contour map of pole intensities plotted on polar coordinates show-

ing the alignment of the selected set of planes as schematically shown in

Figure Dl.

A significant metallurgical technique developed for titanium characterization

by Boeing was a quantitative, computerized pole figure analysis for determining

the preferred orientation in titanium alloys. The technique was developed

and modified over 4 years by Olsen (Ref. 2), and the following provides a brief

description of the procedure. X-ray diffraction data are obtained using a

modified Siemens texture geniometer, which is precisely aligned. Approximately

700 data points are taken. A computer program analyzes the data, subtracting

for background and correcting for defocusing, and then plots a pole figure.

The pole figure gives the isointensity lines of poles for a given crystallo-

graphic plane in terms of "times random intensity". This random intensity can

be likened to taking all the data from a preferred titanium sample and spreading

the data evenly over the entire pole figure, resulting in an average or a

* Numbers in parenthese refere to references at end of Appendix.
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"random" intensity. Most of the data obtained were for the basal (0002) planc,

although some data were also obtained for the prismatic (1010) plane for the

alpha phase in Ti-6A1-4V. Some data were also obtained for the (110) plane

of the retained beta phase in Ti-6AI-4V.

Procedure

Using the complex 45 cut to fortm the specimen, data points are taken on a

spiral with 0 changing 50 for every 360° change in a (See Figure D2). A total

of 698 data points are recorded for each pole figure. Loss in intensity due

to defocusing and absorption during tilting of the specimen is corrected by

use of a random standard specimen.

After correction for absorption and defocusing, each data point is ratioed to

the reading from a random sample. A code is then given to different intensity

values in "times random" intensity (i.e., I 1 0.5 times random, 2 = 1.0 times

random, etc.). This code is reported immediately below the pole figure.

Identical consecutive numbers are then connected to form contour lines or. the

pole figure via a plot program and an SC 4020 plotter. A typical pole figure

is shown in Figure D3 with the polar coordinates superimposed over the pole

figure.

The X-ray data used to plot the pole figure is also used to calculate elastic

modulus for various directions and the percentage of plane intensity oriented

in the longitudinal, transverse and short transverse directions. The percentages

(% L) %1T & %IST). These percentages provide quantitative values for the

differences in plane orientation as related to the three primary directions.

References

1. Cullity, 3. D., Elements of X-Ray Diffraction, Addison-Wesley Publishing

Company, Inc. (1957)

2. Olson, R. H. "Computer Plotting Pole Figure", Metallography 5, 369-371

(1972)
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