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ABSTRACT

This report describes the evaluation of large, closed-die forgings of two
titanium alloys. Four forgings each of Ti-6Al1-4V and IMI 679 were used in the
evaluation. Property tests that were conducted included tension, notched
tension, compression, Tuckerman modulus, shear, bearing, fracture toughness
and smooth and notched axial fatigue. Thermal exposure and susceptibility to
delayed failure in salt water were also evaluated in each alloy. Static pro-
perties were generally slightly better in the Ti-6A1-4V alloy. However, the
IMI 679 provided significantly better smooth and notched fatigue values Both
alloys had good fracture toughness at room temperature and at ~110°F. Static
and fatigue tests were conducted on one forging each of Ti-6A1-LV and IMI 679.
The Ti-6Al1-4V part gave the better static test performance. Both titanium
alloys exhibited strength/weight efficiency superior to a 4340 steel part
tested in a previous program. The fatigue test life of the IMI 679 part was
approximately 60% better than that of the Ti-6A1-LV part; however, the Ti-
6AL-4V may not havé been a representative sample due to minor metallic in-
clusions found in the fatigue-tested part. Based on these results the IMI 679
alloy shows promise for improved performance over Ti-6A1-LV as well as over
other titanium alloys in fatigue critical applications. The material property
data and forging static and fatigue test results indicate that Ti-6A1-LV and
IMI 679 compare favorably with two other titanium alloys, Ti- 6A1-6V-25n and
Ti-13V-11Cr-3A1l, which were evaluated in a previous program.
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Section I

INTRODUCTION

Substantially increased usage of titanium alloy forgings is anticipated in
current and future weapon systems because of the structural advantages
offered by this class of materials. The purpose of this program was to pro-
vide material property data which will form a basis for the reliable use of
two heat treated titanium alloy forgings and to demonstrate the actual capa-
bilities of state-of-the-art production forgings of these alloys in high
performance aerospace structural applications.

Four forgings of the Ti-6A1-4V alloy and four forgings of the IMI 679 alloy
were produced for evaluation in this program. The titanium forging configura-
tion used is a modification of a production F-104 fuselage ring fitting
normally made from 4340 steel. Two forgings of each alloy were cut up and
subjected to comprehensive material property tests. One forging of each
alloy was tested to failure in a full-scale fatigue test and a second forging
of each alloy was tested to destruction statically.

In a previous Air Force program (Reference 1) a similar evaluation was con-
ducted on forgings of two other titanium alloys, Ti-6A1-6V-2Sn and Ti-13V-11Cr-
3A1l. Data obtained in that program are compared with data obtained in this
program to illustrate the relative merits of four of the leading candidate
titanium forging alloys.

Participation by the Wyman-Gordon Company in the program included production
of the titanium forgings, preliminary heat treatment evaluation, and a por-
tion of the metallographic and tensile property evaluation.



Section IT

SUMMARY

The purpose of this program was to conduct an evaluation of large titanium
alloy forgings in order to provide a basis for their reliable use in advanced
weapon systems. Four closed-die forgings were fabricated from each of two
alloys, Ti-6A1-4V and IMI 679. The forging configuration was a modified F-104
aft fuselage ring fitting. Results obtained in this program were to be com-
pared to results obtained on Ti-6A1=6V-2Sn and Ti-13V-11Cr-3A1 investigated

in a similar program (Reference 1).

Material properties were determined by testing specimens cut from forgings of
Ti-6A1-4V and IMI 679. Properties evaluated included tension and compression
at -110°F, room temperature (72°F), and 550°F; shear and bearing at room
temperature and 550°F; notched tension and fracture toughness at -110°F and
room temperature; and smooth and notched axial fatigue. Other test variables
included specimen location and grain direction. The effect of a 1000-hour
axposure at 550°F on smooth and notched tension and on fracture toughness
properties was also evaluated. Billet tension properties in all three grain
directions were obtained for comparison with similar properties in the
forgings.

Tension and compression moduli were determined by Tuckerman optical strain
measurements. Susceptibility to envirommental delayed failure of pre-cracked
specimens in the presence of salt water was also evaluated.

The effect of temperature on ultimate tensile strength of the four titanium
alloys is shown in Figure 1. As shown in this figure, the ultimate tensile
strength in Ti-13V-11Cr-3A1 and IMI 679 showed the least effect of 550°F
testing. The effect of temperature on yield strength is shown in Figure 2
and generally exhibits the same trend as the ultimate strengths.

Tensile properties of the Ti-6A1-4V and IMI 679 were within the expected ranges.
Generally, both alloys showed only minor variations in tensile properties with
grain direction or location. The IMI 679 alloy was exceptionally uniform

and exhibited a minimum range in tensile properties. This is clearly evident
in Figure 3 which presents the room temperature tensile strength variation

from edge to center in the forging thick section for IMI 679 and Ti-6Al-LV.
Similar data on Ti-6A1-6V-2Sn and Ti-13V-11Cr-3A1 (Ref.l) are shown for
comparison. Tensile strengths in the light sections and edge locations of

the heavy section were consistently higher than at any other location in both
Ti-6A1-L4V and IMI 679.



Values of elongation and reduction of area were very high at all locations and
test temperatures in both the Ti-6A1-4V and IMI 679 forgings. The lowest
values measured at room temperature were 8% elongation and 10% reduction of
area in the Ti-6A1-4V forging and 10.5% elongation and 30% reduction of area
in the IMI 679 forgings. The IMI 679 had the highest ductility of the four
alloys evaluated in the two programs followed, in order, by Ti-0GAl-LV,
Ti-6A1-6V-2Sn, and Ti-13V-11Cr-3Al.

Notched-to-unnotched tensile strength ratios of 1.35 and higher were obtained
in all grain directions and test locations in Ti-6A1-4V and IMI 679 materials.
Figure L4 compares notched-to-unnotched tensile strength ratios measured in the
longitudinal grain direction at various forging locations for both of these
alloys, as well as for Ti-6A1-6V-2Sn and Ti-13V-11Cr--Al which were tested
previously (Ref. 1).

Unstressed thermal exposure to 550°F for 1000 hours had no apparent effect
on the strength or ductility of the Ti-6A1-4V and IMI 679 smooth tensile
properties. The notched tensile properties also remained unaffected after
exposure.

Fracture toughness was measured at room temperature and -110°F in Ti-0Al-Lv
and IMI 679. A pre-cracked round bar specimen was used in these tests; the
results are given in Figure 5. Results obtained (Ref. 1) on Ti-6Al1-6V-2Sn
and Ti-13V-11Cr-3A1 are also shown for comparison in this figure. It is
evident that Ti-6A1-L4V showed the highest fracture toughness values, followed
by IMI 679 and Ti-6A1-6V-28n. The Ti-13V-11Cr-3A1 showed the lowest fracture
toughness of the four materials. Unstressed exposure at 550°F for 1000 hours
did not have a significant effect on the fracture toughness of any of these
alloys.

At room temperature and at -110°F, the compression properties of Ti-6Al=LV
and IMI 679 were in the same range as the ultimate tensile strengths of each
alloy. However, at 550°F the compression yield strengths of both alloys
dropped off more rapidly than the ultimate tensile strengths. The effect of
temperature on the compression yield strengths of Ti-13V-11Cr-3Al and
Ti-6A1-6V-2Sn (from Ref. 1), and Ti-6Al-U4V and IMI 679 are presented in
Figure ©O.

Room temperature ultimate shear properties of Ti-6A1-4V and IMI 679 were
similar to those obtained on Ti-6A1-6V-2Sn and Ti-13V-11Cr-3A1 (Ref. 1).
However, at 550°F both the Ti-13V-11Cr-3A1 and Ti-6A1-6V-2Sn had higher
shear strengths than the Ti-6A1-4V and IMI 679.

Ti-0A1-6V-2Sn had the highest room temperature bearing strength of the four
alloys. The Ti-13V-11Cr-3A1 had the highest bearing strength at 550°F.

Smooth and notched axial fatigue properties in Ti-6A1-4V and IMI 679 are
summarized in Figures 7 and 8. Results obtained (Ref. 1) on Ti-13V-11Cr-3Al
and Ti-6A1-6V-2Sn standard and low oxygen materials are also shown in this
figure for comparison. The highest smooth and notched fatigue strengths were



exhibited by the IMI 679 and Ti-6Al1-6V-2Sn with the IMI 679 showing a
significantly higher endurance limit than any of the other alloys. As stated
in Reference 1, there appears to be a definite improvement in notched

fatigue properties in low oxygen content Ti-6A1-6V-2Sn when compared to
standard oxygen content material.

Notched, pre-cracked bend bars were tested to determine the susceptibility of
forged Ti-6Al-4V and IMI 679 to delayed failure in salt water. The data
obtained from these tests indicate a relatively high resistance to delayed
failure for both heavy and light sections of Ti-6A1-4V and light sections of
IMI 679 material. The IMI 679 material from the heavy section center location
exhibited substantial susceptibility to delayed cracking in salt water.

Precision room temperature tension and compression modulus data are presented
below. All values shown were obtained in the longitudinal grain direction.

Tension Modulus Compression Modulus
Alloy 165 met 106 psi
Ti-13V-11Cr-3A1 15.7 16.0
Ti-6A1-6V-28n 15.8 16.2
Ti-6A1-4V 17.1 17.4
IMI 679 15.7 I6.1

No significant difference in modulus was noted between the longitudinal and
long transverse grain directions in any of the alloys.

Static tests were conducted on one forging each of Ti-6Al1-4V and IMI 679.

The target was to have a strength equal to the 180-ksi, L340 steel forging de-
sign. This was accomplished by increasing critical dimensions in the titanium
forgings to compensate for the differences in strengths. The dimensional
increases in the lower strength Ti-6A1-4V and IMI 679 forgings were proportion-
ately greater than those in the higher strength Ti-6A1-6V-2Sn and Ti-13V-11Cr-
3Al previously tested (Ref. 1).

Static test failure initiated in the upper flange in both the Ti-6A1-4V and
IMI 679 parts. The Ti-6A1-4V showed almost complete shear mode fracture,
while the IMI 679 part had less than 15% shear-type fracture.

The static test results on the two parts are given in Figure 9; test results
(Ref. 1) on Ti-6A1-6V-2Sn, Ti-13V-11Cr-3A1 and 4340 steel are also shown for
comparison. It was explained in Reference 1 that the high failure strength
in the steel part was a result of its ultimate strength being 205 ksi instead
of the intended 180 ksi. Figure 10 compares the static strength efficiency
(expressed as failure strength divided by part weight) of all the materials.

Full-scale, spectrum-type fatigue testing was conducted on one forging each
of Ti-6A1-LV and IMI 679. In Figure 11 the test results on these alloys are
compared to the values previously obtained (Ref. 1) on Ti-6A1-6V-28n,



Ti-13V-11Cr-3A1 and L4340 steel. These results indicate that Ti-GAl-Lv

and IMI ©79 were superior to the other two titanium alloys. An increase in
fatigue life was expected in the Ti-6A1-4V and IMI 679 parts since these
alloys had increased local section sizes which decreased local stresses
during fatigue loadings. Metallurgical studies revealed iron-rich inclusions
at the fatigue crack origin in the Ti-6A1-4V part which may account for the
large difference in its fatigue life compared to the IMI 679 part.

The fatigue life of the IMI 679 part very nearly approximated that of the
steel part which is considered outstanding since the IMI 679 part was 31%
lighter and had been machined from a heavy section, whereas the steel was
forged to final dimerisions.
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Section IIT

PROGRAM FORGINGS

The rough forging configuration used for this evaluation is the modified F-10k
fuselage ring fitting. This configuration is identical to the forging used

in the program described in Reference 1 which permits direct comparisons of
material properties and full-scale test results for four titanium alloys.
Since the selection of a representative forging was of major importance to

the program, the background information on which this selection was based

is presented below.

CONFIGURATION SELECTION

The prcduction, closed-die, F-104 fuselage ring fitting used in this pro-

gram was originally selected for evaluation in the program described in
Reference 1 as being representative of typical airplane forging design. The
fuselage ring fitting joins the forward beam of the vertical stabilizer to the
aft fuselage structure. Figure 12 shows an actual installation of the forging
in the aft fuselage of an F-104. The production part is made from a 4340 alloy
steel forging, heat treated to an ultimate tensile strength of 180-200 ksi.
Since this part must sustain high loads and reversals, it provides for a
critical comparison of material serviceability.

The rough forging from which the titanium part was machined (Figure 13) rep-
resents a modification of the steel counterpart to include broader overall
tolerances and a heavier center section of approximately 5 x 6 inches cross
section. This modified configuration represents the conditions that can be
expected to be of importance in most forged parts. The heavy section provided
a test of the forging procedures needed to produce the fine grain and metallurg-
ical structure required to meet specified properties and the inherent harden-
ability of the alloys. The webs and flanges in the balance of the forging
provide substantial metal flow and transitions from thick to thin sections.

In the titanium forgings, maximum loads were sustained by the structure origi-
nally forged in the heaviest section. Thus, the data obtained from evaluation
of the modified forging are considered to have wide use in the design applica-
tion of light and heavy section titanium alloy forgings.

It should be pointed out that while the selected forging design is well suited
for the program in that it provides the required large section size, it does
not represent current tolerances that can be achieved in titanium parts. It
is possible to design and produce a forging which would conform much more
closely to the final machined shape.
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Figure 12, View of Interior of Aft Fuselage on F-104 Showing
Forward Fuselage Ring Fitting
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PRODUCTTION

Production procedures used in this contract are identical to those used in
the previous program (Ref. 1) so that a comparison of properties could be
made with data from that program.

All billet stock was supplied by Titanium Metals Corporation. Test data on
chemical analysis, mechanical properties of billet material, and mechanical
properties of upset forged material are given in Appendix I. Additional
billet property data obtained by the Wyman-Gordon Company are also given in
Appendix I along with macro-etched sections showing grain structure for
billet stock of Ti-6Al1-4V and IMI 679.

Starting billet size in all materials was approximately 7 x 7 x 13 inches.

The initial forging operation was cross working. The 13-inch billet stock

was upset to a T7-inch height. The stock was then cross worked in each of

the other axes and returned to the original shape. The objective of this work
was to obtain additional working in the billet, since the final reduction in
the forging heavy section was limited. The stock was next cogged to the pre=-
bent shape. The pieces were subsequently sandblasted, tooled, put through

the bending operation, and then finish forged. A view of a finished forging
is shown in Figure 1l4. Each forging was subjected to ultrasonic inspection,
and no defects were found.

Additional details related to forging production are given in Appendix II.
Longitudinal and transverse macro-sections taken through the billets are also
shown in this appendix.

The machined part drawing is shown in Figure 15. As pointed out earlier, the
titanium forgings were purposely modified to contain a liberal dimensional
envelope on all surfaces plus a heavy center section. This modification
necessitated a substantial amount of metal removal to obtain finished parts.
Numerical tape control machining was selected as the most economical means

of machining the four titanium parts for the full-scale tests. Prior to
machining of each forging, a slab approximately 1 x 7 x 5 inches was removed
from each side of the heavy center section in a direction parallel to the
parting plane. This material was used for tool tryout and certain material
property tests.

The IMI 679 rough forgings were heat treated in full section size at Wyman-
Gordon. Machining to final dimensions on these forgings proceeded directly
after the slabbing operation. However, with the Ti-6A1-4V forgings it was
necessary to reduce the section size at time of heat treatment in order to
achieve the desired strength level. To provide the proper section size for
heat treatment, the two Ti-6A1-4V parts for full-scale test were rough
machined to a maximum thickness of 2-1/2 inches. A rough machined Ti-6A1-LV
part after heat treat and pickling is shown in Figure 16. Completed titanium
parts are shown in Figure 17.
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HEAT TREATMENT

A minimum ultimate tensile strength goal of 145 ksi was selected for both the
Ti-6A1-4V and IMI 679 alloys in this program. To achieve this strength level
in the Ti-6A1-4V, the forgings were machined to a maximum section thickness
of 2-1/2 inches prior to heat treatment. The Ti-6A1-4V was heat treated in
accordance with the procedures specified in Specification AMS 4967. The IMI
679 forgings were heat treated in full section size at Wyman-Gordon since
data indicated that the IMI 679 was less sensitive to quench rate. The heat
treatment given to the IMI 679 was the standard heat treatment recommended by
the supplier of this alloy. (2) (3)

The detailed heat treatments used on all four of the forgings in each alloy
are shown below.

Alloy Heat Treatment Procedure

Ti-6A1-4V 1750°F - 1 hour, within 6 seconds water
quench, age at 1000°F - 4 hours, air cool

IMI 679 1650°F - 1 hour, fan cool, age at 930°F -
24 hours, air cool.

Heat treatment varification tests were performed by Wyman-Gordon on material
forged integrally with the forgings and removed for test. Location and
orientation of the integral forged test material is shown in Figure 18. The
test data obtained from this material are presented in Tables 1 and 2.

The heat treat varification tests conducted by Wyman-Gordon on the IMI 679
showed very uniform properties from the center section to the flange. The
test data obtained from the integrally forged material were representative
and in good agreement with the data obtained from the forging.

The Ti-6Al1-4V heat treat varification tests also showed uniform properties
from the center section to the flange, but were higher than the Lockheed data.
The high properties probably resulted from the smaller quench size of the
integrally forged material.
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TABLE 1.

PRODUCT TEST RESULTS Ti-6Al-4LV TMCA HEAT D-7976

MATERIAL CUT FROM FORGING, HEAT TREATED AS COUPONS (1)
Forging Spec. Location Ultimate Yield Elong. R.A.
Number No. Tensile Strength % %
Strength 0.2% 1 in.
ksi ksi
1 1L Eng Pad Long. 178.0 16L4.0 10.0 29.9
1T End Pad Trans. 170.6 156.0 1.0 33.8
1C Center Pad Long. 168.0 154,0 10.5 31.8
2 1L End Pad Long. 171.4 157.0 13.0 35.7
1T End Pad Trans. 173.6 158.0 11.0 35.7
ig Center Pad Long. 169.6 154.8 10.5 32.7
3 1L End Pad Long. 181.6 169.2 10.5 35.7
1T End Pad Trans. 174.0 160.8 11.5 bk
1C Center Pad Long. 168.4 155.8 10.5 4.k
L 1L End Pad Long. 176.2 163.4 19,0 38.2
g End Pad Trans. 168.0 153.8 13.5 4s5.0
1e Center Pad Long. 170.0 158.0 8.5 23w
17 2.4 152. 7

(1) Heat Treatment:

Solution Treated 1750°F (1 hour) W.Q.

Aged 1000°F (4 hours) A.C.
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TABLE 2.  PRODUCT TEST RESULTS - IMI-679 - TMCA HEAT 8427 (1)
ALL SAMPLES WERE INTEGRAL WITH FORGINGS AT TIME OF HEAT TREATMENT
Forging Spec Location Ultimate Yield Elong. R.A.
Number No. Tensile Strength % %
Strength 0.2% 1 in.
ksi ksi
1 1L End Pad Long. 152.4 134.0 15.0 6.7
1T End Pad Trans. 149.0 134.0 16.0 4.1
1C Center Pad Long. 1Lh6.4 131.2 15.0 37.6
B 1L End Pad Long. 153.0 1340 15.0 47.8
1T End Pad Trans. 1h6.2 131.6 16.0 43,1
1g Center Pad Long. 150.0 133.6 13.5 36.3
3 1L End Pad Long. 153.8 134.6 15.0 L3.7
jili End Pad Trans. 146.8 131.6 1k4.5 4s5.5
1c Center Pad Long. 150.0 131.6 1k.5 ko,s5
L 1L End Pad Long. 152.0 13k.2 15.0 b1
1 End Pad Trans. 150.0 132.0 15.0 39.5
1€ Center Pad Long: 148.0 130.0 13.5 39.5
14,3 t32.5

(1) THeat Treatment
Solution Treated 1650°F (1 hour ) Fan Cool
Aged 930°F (24 hours) Air Cool
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Section IV

MATERIAL PROPERTY EVALUATION

This section presents the material property evaluation data, including thermal
exposure, environmental delayed failure resistance and metallurgical results.
The material property tests were located throughout the forgings in order to
evaluate the effects of forging thickness, grain direction, thickness at time
of heat treatment, etc. The type of test specimen and location in the var-
ious forgings are shown in Figures 19 through 24. Figures 19 through 21 also
illustrate the section sizes into which each forging was cut and the specimen
identification letters used. All sectioning was accomplished after heat treat-
ment in the IMI 679 and prior to heat treatment in the Ti-6A1-LV alloys.

Details on the test procedures and specimen geometries that were used for each
type of mechanical property test are presented in Appendix III. All evalu-
ation procedures were similar to those used in the program described in Refer-
ence 1 in order to permit direct comparisons of data from the two programs.
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A prefix letter is used with a given
specimen code to denote the alloy

"G" prefix for IMI 679
"I" prefix for Ti-6A1-LV

[ A ]
? (::::;7 £7
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— — — — — Forging = = =
V Center
Section
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Figure 20. Specimen Layout Second Forging IMI 679 and Ti-6Al-LV
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A prefix letter is used with the given
specimen code to denote the alloy.

"F" prefix for IMI 679
"H" prefix for Ti-6Al1-LV
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Figure 21. Specimen Layout Third Forging IMI 679 and Ti-6Al-LV
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Figure 2U. Fatigue Specimen Layout for IMI6T9 and Ti-6A1-LV
Third Forging Center Section
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TENSILE PROPERTIES

Extensive tensile testing was conducted to evaluate variation in tensile pro-
perties within the forgings. It was of particular interest to determine ten-
sile property variation in each alloy in locations from edge to center in the
forging thick section for all three grain directions and to compare these
values with properties obtained in web and flange areas. Variation in prop-
erties in each alloy with test temperature and from one forging to another
was also investigated to provide data for design.

Tensile data on the Ti-6A1-4V forgings are reported in Tables 3 through 5.
In the number two forging of Ti-6A1-4V, the variation of ultimate tensile
strength and ductility from edge to center in the forging heavy section is
compared for all three grain directions in Figure 25.

This figure shows that tensile strength in the transverse grain direction de-
creases slightly going from edge locations to center. In the longitudinal
grain direction the mid-radius position had the lowest properties. However,
total strength range varied less than 10 ksi at any given location, a differ-
ence which is not considered significant.

As indicated in Figure 26, tensile yield strength values followed the same
pattern as those for ultimate strength.

Tensile strength versus test temperature for all three grain directions in the
Ti-0A1-4V alloy is given in Figure 27. Center and edge properties were aver-
aged for each grain direction in this plot. As indicated in Figure 27 very
little variation was found in the average tensile ultimate and yield strengths
which were obtained at each test temperature.

Tensile property results on the IMI 679 alloy are reported in Tables 6
through 8. The variation in properties with location in the thick section of'
the IMI 679 forging are shown in Figures 28 and 29. These figures show a
trend toward lower values of properties going from edge to center locations
for all three grain directions, as might be expected. However, the total
property variation in any grain direction was slight, indicating a highly uni-
form product. Figure 30 presents a plot of tensile strength versus test tem-
perature for IMI 679. Very good agreement in strength values were obtained
for all grain directions.

Ductility values as measured by percent elongation and percent reduction in
area were excellent at all locations and grain directions in both materials.
The lowest values measured at room temperature were 8% elongation and 19%
reduction of area in the Ti-6A1-U4V forgings and 10.5% elongation and 30% re-
duction of area in the IMI 679 forgings. Typical va