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ABSTRACT

Tests were conducted to determine the mechanical properties of
titanium 6A1-4V annealed forgings. Tensile, fracture toughness, and
constant amplitude cyclic crack growth properties were obtained along with
limited corrosion studies of fastener installations. The tensile properties
were determined for three orientations and the fracture toughness properties
for four orientations. Some of the tensile and fracture toughness specimens
were subjected to a time-temperature exposure before being tested at room
temperature. The mechanical properties of the annealed material were
similar to those in the literature. The time-temperature exposure cycle
slightly altered the mechanical properties of the material. The corrosion
tests conducted on the fastener installations did not produce any cracking
in the material under the test conditions.
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SECTION I

INTRODUCTION

One of the first titanium alloys developed and put into widespread
use in the aircraft industry was Ti-6A1-4V. Although the titanium industry
has continually developed new alloys, most new airframes using titanium
are still extensively designed around the Ti-6A1-4V alloy. Although this
alloy has been well documented in the past, there are gaps in the
fracture and crack propagation data. Also, much of the existing data is
on material in heat treatments or annealed conditions which are modifications
of present MIL specifications. In order to obtain better base line data on
the Ti-6Al-4V alloy, this effort was undertaken.

This program is related to effort on beta forged titanium reported in
Reference 1. For the current effort four closed-die forgings in the
annealed condition were purchased from the Wyman-Gordon Company.
Their die designated as R-475, was the same as used in the effort reported
in Reference 1. The material properties investigated in this program were
tensile, fracture toughness, cyclic crack growth, time-temperature
exposure effects on the tensile and toughness properties, and environmental
induced corrosion cracking in an interference fit fastener installation.

In Reference 2 the effect of a time -temperature exposure on the
mechanical properties was examined. This experience with titanium
6Al1-2Sn-4Zr -6Mo indicated that with some time -temperature exposures
there was a reduction in toughness with no change in strength. These
findings made it desirable to determine the effect of a prolonged thermal
cycle on the mechanical properties of titanium alloy 6Al1-4V.

Interference-fit fasteners have had remarkable success in retarding
crack initiation and growth in fastener holes and consequently are in
wide-spread use throughout the aircraft industry. However, the corrosion
properties of such fastener installations have not received extensive
evaluation.




SECTION II

MATERIALS AND SPECIMENS

Four forgings of Ti-6A1-4V were purchased from the Wyman-Gordon
Company. The test material was prepared by conventional forging technique.
The forgings have two sections: a thin section (0.5 inch) and a thick section
(2.3 inches). See Figure 1. The forgings were produced in accordance
with MIL-T-9047E and were annealed at 1300°F for two hours in accordance
with MIL-L-81200A. The chemical composition of the material is as follows:

Chemical Composition (Weight %)

C Fe @) H, N A% Al Ti

2
0.026 0.13 0.140 0.0062 0.015 4.20 6.40 Bal.

The chemical composition is in variance with MIL-T-9047E with respect to
the aluminum content being below 6.50 per cent by weight. The MIL SPEC
calls for the aluminum to be in the range of 6.50 to 6.75.

The interface fit fasteners used in the stress corrosion work were .
Taper-Lok fasteners provided by Briles Manufacturing Company, who also
did the hole preparation for the fasteners. The sample configuration for
the inte rfe rence fit fasteners is shown in Figure 2.

The specimen configuration used for tensile testing is shown in
Figure 3. The compact tension fracture toughness specimens were rnachined
to the configuration shown in Figure 4. The 3/4-inch size was used for the
specimens taken from the thick section and the 1/2-inch size was employed
for the specimens prepared from the thin section. The compact tension
specimens utilized in the crack growth work were the same as the 3/4-inch
size compact tension specimen in Figure 4. The contoured double canti-
lever beam specimen used for the cyclic crack growth work is shown in
Figure 5.
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SECTION I

TEST PROGRAM

The test program was divided into four parts: (1) tensile testing,
(2) plane strain fracture toughness (Kic) testing, (3) cyclic crack growth
testing (da/dn vs. AK), and (4) stress corrosion testing of interference
fit fastener installations. Tensile data were generated from the thin
and thick section areas in the forgings at temperatures of -65°F, rcom
temperature, and 200°F. The specimens from the thick section were
removed from the longitudinal, transverse, and short transverse direc-
tions. Tensile tests from the thin section were from the longitudinal
direction only.

The effect of a time-temperature exposure on the tensile strength
was dete rmined by exposing specimens to temperatures of 600°F and 800°F
for 1000 hours before testing at room temperature. These specimens
were made from the thin section of the forging.

Thick section fracture toughness properties were obtained at -65°F,
room temperature, and 200°F in four orientations: longitudinal (LT),
transverse (TL), and short transverse (with SL and ST crack orientations).
Thin section specimens were taken from the longitudinal orientation (LT)
and tested at room temperature and 200°F. The effect of a time-tempera-
ture exposure on the fracture toughness was explored by exposing compact
tension specimens taken from the thin section of the forging to 600°F and
800°F for 1000 hours before precracking and testing at room temperature.

Constant amplitude fatigue crack growth rate tests were performed
on specimens with longitudinal (LT) orientation. Two types of specimens
were prepared for these tests. A tapered double cantilever beam specimen
was employed for testing the material as it was supplied by the manu-
facturer. Since the double cantilever beam specimens were too large to
fit in the available furnaces, compact tension specimens were used to
check the effect of a time-tempe rature exposure on the fatigue crack growth
rate; these specimens were exposed to 800°F for 1000 hours before being
tested at room temperature.

Stress corrosion cracking testing was done on small samples of the
forging with Ti-6A1-4V interference fit fasteners installed in accordance
with the manufacturer's recommended procedure. The environments that
were investigated were distilled water, saltwater, JP-4 fuel, and tri-

chloroethane.



SECTION IV

TEST EQUIPMENT AND PROCEDURE

The tensile tests were performed in a 50,000 lb. Wiedeman tensile
testing machine in accordance with the technique recommended by ASTM.

The Wiedeman tensile machine was also used for the fracture
toughness testing. Precracking was accomplished on an Amsler fatigue
machine. The test procedures adherend to ASTM recommendations
(Reference 3). A Conrad Missimer Environmental Chamber was used for
the 200°F and -65°F tensile and fracture toughness testing.

All dynamic crack growth testing was accomplished on an MTS
servocontrolled hydraulic machine. The load was cycled at 600 cycles
per minute. A contoured double cantilever beam (DCB) specimen was
used for some of the cyclic crack growth testing, The stress intensity for
the DCB specimen is:

K - P E(dc/dza)
2b_(1-u)

where:

P = load

E = modulus of elasticity

dc/da = change in compliance per change in crack length
b, = material thickness in the notch

u = Poisson's ratio

A compliance calibration was performed on two DCB specimens to establish
the coefficient (dc/da).

The calibration was accomplished as follows. Specimens with a known
crack length were load cycled. Using a clip on strain gage the load vs. crack
opening displacement was recorded on an x-y recorder. After a given number
of cycles the operation was repeated for successively larger crack lengths.
The crack length was monitored with a 30x travel microscope. For the DCB
specimen used in this program, the change in compliance with a change in
crack length was determined to be dc/da = 1.02 x 10-5 (in/1b)/in.



Taper -Lok® fasteners were first installed into the specimen
thumb tight while immersed in the adverse liquid environments examined
in this program. They were then secured in the test material by pulling
the fastener into the samples with an Instron tensile machine. A dial
indicator was used to determine the distance the fasteners were pulled
into the samples. These data were then used to determine the extent of the
interference fit in the installation. The manufacturer's installation
recommendations were followed (Reference 4).
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SECTION V

RESULTS AND ANALYSIS

Individual tensile test results are presented in Table I and average
tensile values are presented in Table II. The specimen orientation listed
in these tables correspond to those shown in Figure 1 and do not necessarily
refer to the localized grain orientation in the forgings. The tensile pro-
perties of the three different orientations of the thick section of the forgings
are about equal and about the same as those found in Reference 1 for similar
Ti-6A1-4V material in the same thickness. See Table III. The test speci-
mens taken from the thin section of the forging have slightly higher tensile
properties than the specimens taken from the thick section of the forging,
but approximately the same strength as that reported in Reference 5 for
material of similar thickness. The longitudinal tensile strength varied from
152.7 to 130. 0 KSI over the temperature range of -65°F to 200°F. See
Figure 6. The time-temperature exposure appeared to cause a slight in-
crease in the ultimate strength (7.8 per cent) without sacrificing any
ductility. There is more scatter in the tensile data than is normally found
in 2 homogeneous product form. However, this is common in forgings.
See Reference 1.

The results of the fracture toughness testing are reported in Table IV,
with average values shown in Table V. For both the thin and thick sections,
the reference material (see Table III) had similar toughness to the test
material. The short transverse orientations (SL) taken from the thick
section displayed noticeably higher toughness than the longitudinal (LT) or
transverse (TL) orientation specimens for the assumed coordinate system.
The specimens taken from the thin section had lower toughness than the
specimens taken from the thick section of the forging. This of course is
unde rstandable in light of the previously observed diffe rence in strength
level discussed above and the well known inverse relationship between
strength and toughness. As with the tensile data, there is appreciable
scatter in the fracture toughness test results for duplicate tests. The ten
per cent variation in toughness is not uncommon in forgings and extrusions.
Similar variations are reported in Reference 6.

An increase in test temperature from -65°F to 200°F resulted in an
increase in plane strain fracture toughness, Kic, from 48 KSI VIN to
67 KSI VIN (see Figure 6). It can also be observed from Table V that the
time -temperature exposure had little effect on the fracture toughness of
the material. The K;jc data scatter band for the exposed specimen overlaps
the scatter band of the unexposed specimens. See Table IV.

11



The fatigue crack growth test results are presented in Figures 7 and 8.
The time-temperature exposure slightly reduced the resistance to crack
growth (see Figure 7). The crack growth resistance of the unexposed material
is slightly better than that reported for plate material in Reference 5 (see
Figure 8).

®

There was no corrosion cracking failures in the Taper-Lok fastener
installation. The installations were disassembled to visually examine the
fastener and hole interface surfaces approximately two thousand hours after
installation. There was no evidence of corrosion in any of the specimens or
fastener surfaces caused by the environments: distilled water, salt water,
JP-4 fuel, and trichloroethane.

12



ouoON % °25 € °81 9621 2811 002 5 | €2 61
QuoN 025 G °91 0°821 0°LIT 002 o £*2 87T
QuON ¥ °25 08T G2 | ----- 002 1 £°2 AT
2uoN b1¢g 9°11 8 °$91 T°9461 G9- 1 S0 81T
2uoN 0°2¢ 9°11 Z %91 2 LST G9- ! S0 2051
auoN 2°0% ¥ el L 191 0 *¥S1 G9- g | ERNY s
suoN 6 '6¢ L%y 0°291 | ==---- G9- o | S0 0171
QuoN ¥ °G¢ 8 °0T 9 *HS1 0 *€¥I1 G9- 18 £'e €S
suoN 782 Z 01 € *HST L %FI G9- 1s K4 2S
. suoN 261 €°9 9 *961 G °6%1 G9- 1S 13K4 1S
ouoN be €11 L 61 2 °Zh1 G9- i €'z o
auoN 8e | o€t 0 *291 € *¥S1 9~ T e 1 (.o
QuoN Z°LE 0°0T Z2°€91 G *961 G9- i = g i
auoN G¥ Lp1 0 *2G1 8 *Z¥I1 G9- g e°e &
suoN LS 6°S1 € "EST 8 "9%1 §9- g £'e 1
suoN LE 0 61 b "SI G LET 14 T s°0 61T

auoN €% 8 b1 L HH1 9 *9¢1 14 1 s°0 At o

sauoN ¥ € °GT AR A 8 *8¢1 14 1 s°0 EI'L -
SuoN 157 2 21 Z el 0 *$21 1y Is £°e 9S
suoN {3 8¢l G '6€1 L°LZ1 14 LS t'e GS
9uoN SH 0°ST A d 6 *2¢1 I IS €'e ¥S
ouoN 157 8 *91 6 "6€1 ¥ 621 14 o €°e 9L
QUON 44 ¥ Sl 8°1%1 € 1€l Iy XL € e SL
QuoN a2 L 91 L whl G 9¢1 14 I €°¢ vl
SUON 44 0 %1 I°G¢T 2°921 1y i €2 971
suoN v € °SI 6 *LET 2 821 1y T &2 61
SuoN 34 8 *Z1 ¥ 2Pl A3 1y I €2 1
sansodxy (%) (%) (1531) (1831) (do) * ( rut) *ON

.<.M~ .MGOHH ﬂumﬂmhum QHMGQHuW mhgdhwnmEQ.H. ﬂOwuduQ@uho mmOCUHU._”dH.H_ COEMOOQW
91BN PIoIX 3sa L

DNIDYOA AP-TV9-TL A0 SHILYAJOUd ATISNAL

I 31dVv.yl

-



1 @2an81q @99
%

*SIY Q00T - 5,008 |6 *9¢ € 'Sl L *8¥1 8 °1¥%1 14 3! S0 121
*sI4 000T - I,008 |L ‘8¢ A € *6%1 0 2%l 14 i s°0 02T
*sIY 000T - 5008 |L *6€ 9 %1 8 671 0°€¥hI 14 1 S0 61T
*say 0001 - I,009 |9 *0F A G *L¥l 0°LET IH 1 Y A
*saIy 0001 - 0009 |8 *6€ €€l 9 *9%1 L°9¢1 14 T S0 €21
*say 0001 - d5009 |L °8€ 8 ‘%1 0 *8¥%1 L LET 14 g S0 221
suoN 8 25 Z°91 1°€€T 0°221 002 1 S0 hda
auoN 9°25 291 9°¢gel %21 002 T S°0 911
9uoN 8“2 6 ST 0 *921 %011 002 1s gz 6S
auoN 9 *9¢ ¥ sl L L2 A*¥ETT 002 1S £*Z 8S
suoN ¥ '8¢ 8 *81 Z B2l 0°8T11 002 1s £*2 LS
SuoN €09 6 91 6°1€1 1°121 002 I €2 6L
9uUoN 0 °9% 0°sl GEEL | | memee 002 & £ 2L
auoN € 6% G ‘91 GAET | @ e 002 3 €°2 L,
eansodxy (%) | (%) (1S31) 1S3 (1,) * ( ur) "ON

'V °y| "8uold | yzBusaig m8usalg sanjexadwa] | uUOIIBRIUSTIIO SSoUNOIY L, uswiroadg

°jeWnIIN PISTX 189,

DNIDYOA AP-1V9-11L J0 SHILYAJOUd ATISNAL

(pepniouod) I FTIVL

14



2an81. 20
T 1 w*

*SIY 0001 - o008 ¥ °8¢€ L%l € '6¥1 € Pl N I g0
*8IY 000T - H0009| L *6€ I°%1 ¥ oLyl I°LET LY an g0
SUON |[L°2¢S 291 ¥ °eel I “ECT 002 e S0
SUON |6 *S¥ L"91 9°L21 Prett 00¢ S g2
QUON |G °8¥% I°91 6 °621 121 002 XL £ "2
9UON | ¢ *29 9 L1 0°0€t 91T 00¢ i €°Z
SUON |6 *S¢ A | ¢ E91 L G661 99= gt %0
SuWoN [9°L2 1°6 2°95T L°S¥1 S9- s £°e
9UON |[¥ °9¢ AN € °8ST 0°141 S9- L €'e
SUON |0°1% € °ST L*2s1 8 ‘¥l 99~ T €°e
UON | L 0% 0°S1 8 "S¥1 gLEn 1y i i 5°0
PUON | € °6¢€ L€l L 6Ll Z°821 LY S £°e
SUON | L°1¥ £ "91 ¥ '6€1 ¥ reet 1y L £°e
SUON |0°t¥ 0°%1 S°8€1 6 °821 NI T &7
(%) (%) (1s31) (1831) (do) s (‘*ur)
sansodxy | *v ¥ | uonteluory | yiBueaig | yiSusaig sanjeaadwa J, uo1}BIUDTIO SSOUNOTIY L
23eWITITN PISIX ER Burdao g

DNIDYOA AP-TV9-1L A0 SHILYIJOYUd ATISNAL ADVITAV

II 19V L

15



TABLE III

Ti-6Al1-4V MECHANICAL PROPERTIES

Ultimate

Yield

Strength Strength KIC
Material (KSI) (KSI) KSI 4/IN
Forging 138 129 58
(this report)
[ 2.3 in. thick]
Forging 140 133 49
(Reference 1)
[2 1/2 in. thick]
Forging 146 138 48
(this report)
[1/2 inch thick]
Plate 147 142 38

(Reference 5)
[1/2 inch thick]
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TABLE IV

FRACTURE TOUGHNESS PROPERTIES OF Ti-6A1-4V FORGINGS

3

Specimen Forging Test Kic Exposure
Specimen Orientation Thickness | Temperature (KSIVfE—)
(in.) &

LwW4 Long. (LT) AN R T 57.6 None
LW5 Long. (LT) iy R; T 57:2 None
LW6 Long. (LT) 23 R:T, 59.4 None
W14 Trans. (TL) 23 R 65.2 None
WL5 Trans. (TL) 2+ 3 R.T. 62.1 None
WL6 Trans. (TL) 243 R T, 592 None
TL4 Sh. Tran. (SL) 2.3 R.T. 67.4 None
TL5 Sh. Tran. (SL) 23 R T, 7212 None
TL6 Sh. Tran. (SL) 2.3 R.Tx 68.8 None
TW4 Sh. Tran. (ST) 23 R T 59.0 None
TW5 Sh. Tran. (ST) 2+3 R, T, 58.4 None
TW6 Sh. Tran. (ST) 2.3 R.T. 56.9 None
LWI15 Long. (LT) 0«5 Rl 52.4 None
LWI16 Long. (LT) 0.5 Rigilts 43.9 None
LwWI17 Long. (LT) 0.5 RO 47.8 None
LW20 Long. (LT) 0.5 R E, 41.5 None
LwW21 Long. (LT) 0.5 R.T. 53541 None

LWIO0 Long. (LT) 0.5 R.T; 54.6 800 °F for

1000 hrs.

LWIl1l1 Long. (LT) 045 R.T. 46.9 800 °F for

1000 hrs.

Lwi12 Long. (LT) 0.5 R T, 52 1 800 °F for

1000 hrs.

LWI14 Long. (LT) 0.5 R, 52 1 600 °F for

1000 hrs.
LW2 Long. (LT) 2.3 -65 65.1 None
LW3 Long. (LT) 2.3 -65 48.4 None
W1l Trans. (TL) 2.3 -65 50.4 None
w12 T rans. (TL) 2.3 -65 70.9 None
WL3 Trans. (TL) 2.3 -65 52.2 None
TL1 Sh. Tran. (SL) Z2+3 -65 59.7 None
TL2 Sh. Tran. (SL) 2.3 -65 58.3 None
TL3 Sh. Tran. (SL) 2.3 -65 55.0 None
TW1 8h. Tran. (ST) 2+3 -65 49.0 None
TW2 Sh. Tran. (ST) 2.3 -65 56.6 None
TW3 Sh. Tran. (ST) 2.3 -65 65.0 None

17




FRACTURE TOUGHNESS PROPERTIES OF Ti-6Al-4V FORGINGS

Table IV (concluded)

Specimen Forging Test Kic
Specimen Orientation Thickness | Temperature (KSIVﬁ\I-) Exposure
(in.) PF)
LW7 Long. (LT) 2:3 200 65. 8 None
LW8 Long. (LT) 253 200 81.7 None
LW9 Long. (LT) AR 200 67.9 None
WL7 Trans. (TL) 2:3 200 759.5 None
WLS8 Trans. (TL) 2.3 200 79.0 None
WL9 Trans. (TL) 253 200 676 None
T LT Sh., Tran. (SL) 23 200 78+ None
TLS8 Sh. Tran. (SL) 243 200 80.1 None
TL9 Sh. Tran. (SL) 2:3 200 7545 None
TW7 Sh. Tran. (ST) 2.3 200 75. 4 None
TWS Sh. Tran. (ST) 2+ 3 200 69. 2 None
TW9 Sh. Tran. (ST) 23 200 68. 4 None
LW23 Long. (LT) 0.5 200 58. 9 None

18




TABLE V

AVERAGE FRACTURE TOUGHNESS PROPERTIES OF

Ti-6Al1-4V FORGING

| Forging Specimen Test Kic
Thllckness Orler‘ltatlon Temoperature (KSI\/fE—) T,
(in) * { "F)
243 LT R.T 584 1 None
2a3 TL R.T 62.2 None
Zis 3 ST R T 69.5 None
243 SL R, T 5841 None
0.5 LT R,T 47.7 None
0.5 LT R« 51572 800 °F for
1000 hrs.
0.5 LT Rl s 5241 600 °F for
1000 hrs.
2¢3 LT -65 56.8 None
2.3 TL -65 57:8 None
Ze3 SL -65 5748 None
2.3 ST -65 56.9 None
FARIE LT 200 718 None
243 TL 200 74.0 None
A SL 200 7.9 None
23 ST 200 7l U= 6 None
0.5 LT 200 58.9 None

See Figure 1
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Forging.
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SECTION VI

SUMMARY

In general, the test material was directly comparable in strength and
in toughness with the reference data found on the same alloy. There was
more scatter in the tensile and toughness test results than is normally found
in a homogeneous plate mate rial but not an uncommon amount for a forging
or extrusion product form. The toughness of the assumed short transverse
orientation was higher than the other two orientations. Toughness did not

vary appreciably with the time-temperature eXposures incorporated in this
program.

The fatigue crack growth rate increased slightly following the material's
exposure to a high temperature environment (800°F) for 1000 hours.

The test material did not appear to be corrosion sensitive to the envi-
ronment and test conditions incorporated in this test program. Test
environments employed in this inve stigation were: distilled water, salt
water, JP-4 fuel, and trichloroethane.
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