




































































IITI. PHASE I, TASK A

Processing

Phase I, Task A, was a study of the effect of starting billet
macrostructure on the mechanical properties of finished
forgings. Ti-6Al1-4V, Ti-6Al-6V-2Sn, and Ti-6A1-2Sn-4Zr-6Mo
were the alloys investigated. Depending upon the efficiency
of the ingot conversion forging process, the final billet
may contain a mixture of recrystallized and nonrecrystallized
grains, both showing evidence of alpha-beta working. These
structures may be duplexed or predominantly large or small
in grain size. In this work, such a definition is applied
to the terminology "coarse" and "intermediate" and "fine"
macro grain size billet. An attempt was made to give a
general numerical grain size measurement (as shown in

Table V); however, no effort was made at a delineation of
percent recrystallization versus percent nonrecrystallized
grains. Coarse and fine grained billet from the same mill
heat were obtained for the Ti-6Al-4V and Ti-6Al-6V-28Sn
alloys. The coarse grained material was in the form of

14" square stock which was quartered to 6" square. The

fine grained material was processed by the mill to the 6"
square size, An intermediate grain size was created at
Wyman-Gordon on some of the 14" square Ti-6Al1-4V by
annealing at 2200°F for two hours (see Materials). Six-
inch round stock was used to evaluate the Ti-6Al1-28n-4Zr-6Mo
alloy.

For evaluation of the Ti-6Al-4V and Ti-6Al-6V~2Sn alloys,
the structural shape was used (Figure 12). This forging
was preformed on open dies, blocked in one set, and
finished in a second set of closed dies. This processing
is typical of many titanium airframe parts. All operations
were performed on a 1500-ton hydraulic forging press. A
typical part after the various stages of forging is shown
in Figure 13. Ten forgings of this configuration were
required for each condition. A total of 30 Ti-6Al-4V parts
and 20 Ti-6A1-6V-28n parts were made for this task.















The proucessing of the Ti-6Al1-2Sn-42r-6Mo alloy is outlined in
Figure 31. The compressor disc shape (Figuie 14) was used to
evaluate this alloy. Forging temperatures are shown in

Table XVI. The all alpha + beta forged portion of the program
evaluated two amounts of spherical alpha in the finished micro-
structure: 10-20% and 40-50%, In the beta forged evaluation,
beta upset with finishing high (T - 25°F) in the alpha+beta
field was done with two amounts of reduction in the finish
operation. Two amounts of reduction in the finish operation
was also performed low in the alphat+beta field (T=-100°F).

A completely beta forged condition (beta blocked and beta
finished) was also included. Heat treating included a
standard solution treat and age, a solution treat and overage,
and an anneal,

Testing

The testing program is outlined in Table XVII. Test specimens
were removed from the forgings in the same pattern as that
used for Phase I, Task A,

The in-process and final microstructures are shown in Figures
32-37. The final microstructures are shown and described in
Figures 38-56 ,

For the purposes of this report, the following definitions
apply:

Primary (prior) g grain size
B grain size of billet prior to forging or B grain size
resulting from processing in the g field

Secondary B grain size
B grain size smaller than the primary grain size produced
by thermomechanical treatment in the a-8 field

Measurements of percent alpha and alpha particle size are
shown in Tables XVIII-XX. All of the mechanical property
individual test results are included in the interim progress
reports on the program. For most properties, only summary
data will be presented in this report.

Smooth tensile data are summarized in Tables XXI, XXII, and

XXIII. Notched tensile data are shown in Tables XXIV, XXV,
and XXVI,
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Ti-6A1-6V~28n

Tensile Properties (Smooth) (Table XXII)

All conditions met the typical specification minimum
for annealed Ti~6Al1-6V-28n of 135 ksi yield strength,
145 ksi ultimate strength, 8% elongation, and 15%
reduction of area,

The highest strength condition (S) was obtained by
water quenching from the finish forge operation in
the beta field. Those forgings given the STOA con-
dition or water quenched from the finish forge
operation were generally higher in strength than
those air cooled from the forging operation and
annealed,

Those conditions which had no beta temperature
exposure at any point in the forging process (at
Wyman~Gordon) conditions A, A-1l, B, and C showed
the best ductilities, especially outstanding was
reduction of area.

The all beta processed groups showed a generally
lower ductility, mainly evident in reduction of
area. The group which was water quenched from
the final forge operation exhibited the lowest
R.A, of all ~onditions.

Tensile Properties (Notched) (Table XXV)

All conditions showed a %%%-greater than 1 for
Ky = 3.9. Average %%% ranged from 1.32 - 1.53.

T O
Lowest %%% (1.32) occurred with the condition (8S)
water quenched from a finish beta forge operation
and annealed.

NTS
forging stock containing grain boundary alpha, alpha
beta forged and annealed,

Highest {1.53) resulted from the condition G,
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High Cycle Fatigue (Smooth) (Table XXVII)

As with the other alloys, in most cases, the scatter
in smooth bar data was too great to provide valid
comparisons. Endurance limits at 10’ cycles as
interpreted by the authors ranged from <75 to 100 ksi.
The lowest values at 10° cycles and projected to 10’
occurred with the "spaghetti" alpha structures water
quenched off the press (Condition F) and the STOA
heat treat condition (E).

High Cycle Fatigue (Notched) (Table XXVII)

The notched S,/N curves in general were good. Endurance
limits at 107 cycles ranged from 29-40 ksi. The lowest
value at 10’ cycles (29 ksi) was obtained with Condition Q,
beta forged in both operations and annealed. The lowest
of the alpha beta forged material (31 ksi) resulted from
the grain boundary alpha stock in the annealed condition
(G). Best 107 values (40 ksi) were obtained on grain
boundary alpha stock alpha beta forged and given the STOA
heat treatment (H), and the beta blocked and alpha beta
finished, water quenched from the press and annealed
condition (L). No major differences were apparent between
the all alpha beta forged, beta + alpha forged or all

beta forged condition. The grain boundary alpha and
spaghetti alpha conditions were also quite comparable to
those conditions without these abnormal structures.

Fracture Toughness (Table XXIX)

Kic values for all conditions ranged from 41.0 to 77.1 -
12 conditions gave Kyc values between 60 and 77.1,
2 conditions (B and C) were below 45, and the remaining
8 conditions were between 45 and 60.

In general, the 6-6-2 values followed the same pattern
as the similarly processed 6-4 samples, but at 10-20
ksi v 1n. lower level.

The highest values were obtained by conditions of B + aB
and all B forging (J, K, Q, R, S, and U. The lowest by
conventional alpha beta processing (B and C) similar to
the 6"’4 .
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T E B AR LT e S Y

The lowest of the beta forged group at Kyc = 51.8 was
Condition § (water quenched from the press after the
finish operation and annealed). This condition (8) was
also lowest of the 6-4 beta forged group.

Low Cycle Fatigue (Table XXXI)

The best LCF life (»20,000 cycles to 1/32" crack) was
obtained with the following conditions:

A, B, C, A-l, and K (marginally)

All other conditions fall within the range of approxi-
mately 9-16,000 cycles for 1/32" long crack.

For crack initiation (cycles to pinpoint indication)
only Conditions C and B exceeded 20,000 cycles.
Conditions A, A-1l, and K showed pinpoints between
15-20,000 cycles. All others were below 12,000 cycles.

Ti=-6Al-28n-42r-6Mo

Tensile Properties (Smooth) (Table XXIII)

All conditions in the STA heat treated condition met

150 ksi minimum yield strength, 170 ksi minimum ultimate
strength., Those conditions with two alpha beta forging
operations given the STA heat treatment exceeded 10%
elongation and 30% R.A. Ductility dropped with the use
of beta temperatures for the first forge operation, The
lowest ductility occurred with the use of beta tempera-
tures for both forging operations (Condition G).
Condition G also showed the lowest yield strength of the
STA heat treated condition.

Highest strength condition was obtained by Condition B,
alpha beta forged in both forging operations to a 50%
spherical alpha structure and solution treated and aged.

Lower strengths were produced by the STOA and anneal
only heat treat condition. 1In these conditions, the
forgings with the higher primary alpha content (50%)
(Bl and B2) were somewhat higher in yield strength
(10.4 KSI} than those with the lower amount (10%)
(A=1 and A-2),.






Fracture Toughness (Table XXX)

K C values for all conditions ranged from 23.3 to
5354 ksi /In.  the lowest values (<25 ksi v Im. )
were associated with Conditions B, B-l, and B-2
which were alpha beta forged to a 50% primary

alpha structure and then given the STA, anneal, and
STOA heat tieatments respectively. The corresponding
conditions A, A-l, and A-2 which were similarly
processed except to a 10% primary alpha level gave
higher Kyc values (27.9-31.1). The highest Kpc¢
(52.4) was obtained with Condition G, beta forged in
both operations and given the STA treatment. The
conditions which were beta blocked and alpha beta
finished (C, D, E, and F) gave Kyc values of 33.4-
44,6, better than the all alpha beta forged, but not
as good as the completely beta forged condition.

It was noted that in the straight alpha beta forged
conditions, difficulty was encountered in stopping
the crack. Five specimens were lost due to failure
in pre-cracking.

Low Cycle Fatigue (Table XXXI)

Highest LCF life with runouts over >60,000 cycles was
obtained with an all alpha beta forged structure with
50% primary alpha in the annealed condition (Condition B-1).

Highest LCF life of the STA heat treated conditions was
also obtained on the 50% primary alpha structure
(Condition B), with 55,000 cycles to 1/32" crack and
approximately 51,000 cycles to pinpocint indication.

Lowest LCF life and initiation was determined on the &
block, 8 finish, STA, Condition G. Pinpoint indications
occurred at approximately 8000 cycles and 1/32" crack at
12,000 cycles,

Notch~Time~Fracture

All conditions passed 180 ksi for five hours without failure.
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D.

Microstructural Comments

l.

Ti-6A1~-4V

a,

In general, the forgings finish forged from the
alpha + beta field which resulted in an elongated
primary alpha structure rated highest in the
mechanical property rating (Conditions I and J).

The classical spherical primary alpha structures
(Cenditions A, A-1l, B, and C) ranked about midway
in the mechanical property level.

Those forgings which were air cooled or slowly
cooled from the beta finish forge operation
(Conditions Q and T) resultina in a coarse
Widmanstatten structure showed poor mechanical
property ratings. Those forgings water guenched
from a beta finish forge operation and those
given a STOA heat treatment after beta forging
showed a distinct improvement in mechanical
property rating over the slow cooled conditions
(Conditions R, S, and U). It should be noted
that the beta forged sample quenched from the
press did not produce the expected martensitic
structure in the 6-4 allioy, but a fine Widman-
statten structure (determined by transmission
electron microscopy).

A highly elongated "spaghetti" alpha structure
given an STOA treatment (Condition E) gave the
lowest mechanical property rating and all
structures containing spaghetti alpha were
generally poor.

The structures containing remnants of grain
boundary alpha (G, H, I) rated high in overall
properties., No detrimental effects of the
residual grain boundary condition were
determined.

The presence of an interface phase between the

o and £ phases resolvable only by thin film
electron microscopy was found to varying extent

for all conditions. (It was also found in the
other alloys.) As the thickness of this phase
increased, the trend was for the yield strength

to decrease and toughness increase, The processing
variables responsible for establishing the amount
and distribution of this phase were not determined
in this study.
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2. Ti-6Al-6V~25n

a. For this alloy, the classical spherical primary
alpha microstructure (Conditions A, A-1, B, and

C) generally provided the best combination of
properties,

b. The elongated primary alpha structures were mainly
in the middle of the mechanical property rating
(Conditions J through 1).

c. The Widmanstatten structure resulting from air
cooling from a beta finish forge operation (Q)
and the martensitic structure obtained From
water guenching from a beta finish forge
operation (S) resulted in the poorest mechanical
property rating.

d, The "spaghetti" alpha structure air cooled from
the press and annealed (D) which contained no
martensite had one of the highest mechanical
property ratings, The similarly processed
forgings with spaghetti alpha when given an STOA
treatment or water quenched from the press so
that some martensitic alpha was developed (E,F)
were significantly lower in mechanical property
ratings. All "spaghetti" alpha structures
were generally poor in LCF.

3. Ti=-6A1-28n=~4c.-6Mc

a. The structure giving the best combination of
properties resulted from two alpha beta forge
operations and contained approximately 50%
spherical primary alpha. Heat treatment was
STA (B-1).

b. The elongated primary alpha structures resulting
from a single alpha + beta operation after a
beta forge operation were generally lower in
mechanical property rating than the all alpha +
beta forged conditions (C, D, E, F). Of those
which received a single alpha + beta operation,
those finished high in the alpha + beta field
(C, D) were superior to those finished low in
the alpha + beta field (E, F).
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Mechanical Property Rating

Using the mechanical property rating systems (described irn
Appendix E) which included:

Notched high cycle fatigue life to 10’ cycles, low cycle
fatigue life, and crack initiation, fracture toughness,
ultimate tensile strength, reduction of area, and the
notched tensile strength ratio, the following conditions
appeared to show the best combination of properties:
(Individual ratings are shown in Tables XXXII, XXXIII, and
XXXIV,)

For the 6-~4 alloy

Condition J Beta block + of finish (10% reduction)
alr cooled and annealed

Condition I Stock which contained intermittent grain
boundary alpha, alpha beta blocked, and
alpha beta finished,water guenched from
the press and annealed.

Condition A Alpha beta forged to 10-20% primary alpha
air cooled from the press and annealed.

Condition G Stock which contained intermittent grain
boundary alpha, alpha beta forged, air
cooled from press, and annealed.

For the 6-6-2 alloy

Condition C Alpha beta forged to 10-20% primary alpha,
water quenched from the press, and annealed.

Condition D Stock which contained spaghetti alpha of
blocked and finished, air cooled from the
press, and annealed.

Condition A Alpha beta forged to 10-20% primary alpha,
air cooled from the press, and annealed.

Condition B Alpha beta forged to 15% primary alpha air
cooled from press, solution treated, and
overaged.

Condition A-1 Alpha beta forged (50% primary alpha) annealed.
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Condition L Beta blocked, alpha beta finished (10%
reduction), water quenched from the press,
and annealed.

Condition O Beta blocked, alpha beta finish (30% reduction),
air cooled from press, solution treated, and
overaged.

For the 6-~2-4-6 alloy

Condition B-1 Alpha beta forged to 50% primary alpha and
annealed.

Condition B Alpha beta forged to 50% primary alpha,
solution treated, and aged.

Condition A-1 Alpha beta forged to 10-20% primary alpha
annealed.,

The poorest combination of properties based on this rating
system occurred in the following combinations:

For the 6-4 alloy

Condition E Stock treated to produce spaghetti alpha,
alpha beta blocked and finished, air cooled
from the press. Solution treated and
overaged,

For the 6-6-2 alloy

Condition Q Beta blocked and finished, air cooled from the
press, and annealed.

Condition S Beta blocked and finished, water quenched from
the press, and annealed.

For the 6-2-4-6 alloy

Condition F Beta blocked alpha beta finished low in the
alpha beta field (30% reduction on finish),
solution treated and aged.
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Fracture Toughness (Table XXVIII)

For all conditions tested, Ky~ ranged from 57 to 87 for
the standard 02 level 6-4,

Four conditions (D, J, R, and U) gave Kic values 86~87.
Two conditions (B and C) gave Kyr value <60. All other
16 conditions showed Kic between 60 and 80.

The one condition tested for low O, material (condition A,
alpha beta forged to 10% primary alpha structure and
annealed) gave a K of 103.

Low Cycle Fatigue (Table XXXI)

The best LCF life (those groups including "run outs"
over 100,000 cycles) was obtained with conditions:

A alpha beta forged (10-20% P.A,)
air cooled and annealed

I grain boundary condition in stock,
alpha beta forged. Water quenched
from press and annealed,

J beta blocked, alpha beta finished,
air cocled and annealed.

L beta blocked, alpha beta finished,
water quenched and annealed.

] beta blocked, beta finished, water
quenched from press and annealed

The lowest LCF life (<20,000 cycles to 1/32" crack) was
obtained with conditions:

A (low 03), E, Q, T, and U

Lowest crack initiation (values <20,000 cycles to pinpoint
indication) was found on the following conditions:

A (lOW 02)' B’ D' E, F' M, Q, T' and U
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V. PHASE II

Phase II consisted of a study of two types of metallurgical
defects found in titanium alloys -~ "soft alpha" segregation
and "beta flecks",.

A,

Soft Alpha Segregation

Soft alpha segregation has been identified as regions containing
higher aluminum content than matrix material which stabilizes
the alpha phase in these areas. The soft alpha segregate for
this investigation was created by forge bonding of strips of
Ti-8A1-1V-1Mo foil (0.015" thick) between sections of
Ti-6Al1-4V billet. Figure ¢0 shows schematically how this was
accomplished. Billet faces to be bonded were machined and
chemically cleaned. Two strips of Ti-8Al~-1V-1Mo foil (C.25"
wide x .015" thick) were placed at 90° to each other over-
lapping at the center on half of the billets. The ends of

the strips were tack welded Lo the billets at the 0.D. to
hold them in position. The billets with the strips were then
joined to the remaining billets by EB welding. Sealing the
edges of the mating surfaces of the billets by the EB method
(welding in a vacuum chamber) insures that the mating surfaces
to be bonded remain clean. After the initial upset on open
dies (12" »+ 6"), the parts were finished in closed dies.
Figure 61 shows one of the bonded discs after finish forging.

Three discs were finished in the alpha beta temperature range and
three above the beta transus of the matrix 6-~4 alloy. Table XXXV
shows the forging and heat treating processing. After forging
and heat treating, all discs were ultrasonically inspected by the
immersion technique per a typical aircraft engine builder's
procedures (PWA SIM-1J). All discs were inspected to 20% of a
2/64" flat bottom hole, and no indications were found in any of
the parts. The "segregation" was not detectable by ultrasonic
techniques. A 100% sound bond was indicated.

Figure 62 shows the macro and microstructure of a typical alpha
beta forged disc containing the inclusion. Segregated area was
approximately 0.0012" thick.

Figure 63 shows the macro and microstructure of a typical beta
forged 6-4 disc which contained the inclusion. Segregate

layer showed an alpha particle size of approximately .00025".
Smooth and notched tensile bars were taken in areas with and
without the inclusion. Tensile results are shown in Table XXXVI.
The beta forged disc showed approximately the same tensile
properties with and without the inclusion. The alpha beta

forged disc, however, showed a significant reduction in both
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2. Beta Flecks

a. Tensilegs (Table XLI)

Beta flecks did not appear to affect tensile
properties in the annealed condition. Beta
forging reduced tensile ductility; however,
this is attributed to overall transformed
structure and not localized "fleck" area.

b. Fracture Toughness (Table XLII)

Presence of beta flecks did not reduce fracture
toughness. The presence of flecks along the
crack paths was verified metallographically.
Kic of parts forged by standard practice
{1675°F forge) Kic = 72-79, was equivalent

to beta forged parts. Parts forged at very

low alpha beta temperature (1500°F) (which
eliminated visible flecks) showed significantly
reduced Kye values (Kic = 55-58).

Ce High Cycle Fatigue (Table XLIII)

In notched HCF, the low aR forge procedure
and the beta forge procedure appeared to be
superior to the standard forged material
(with flecks) at an endurance life of 10’
cycles. In smooth bar results, the low

x + B was superior to the beta forged and
standard forge practice parts.

d. Low Cycle Fatigue (Table XLIV)

Cra~king in "standard forged" samples initiated
in flecks., Highest median LCF life was obtained
with low uf forged samples. \

I3
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Item Heat Analysis
No. Number Source

1 TMCA TMCA
K92LO

W-G

2 TMCA TMCA
K9240

W-G

3 TMCA TMCA
23

W-G
TMCA

k8738 MCA

W-G

5 TMCA TMCA
K9200

W-G

6 TMCA TMCA
K9200

W-G

T TMCA TMCA
k8583

W-G

8 TMCA TMCA
K9056

W-G

K7478 WG

TABLE III

CHEMICAL COMPOSITION OF BILLET STOCK

Al
6.0

6.6

6.0
6.5

Ok
6.2

5.5
5.9

2.5

5.6

5.5
5.5

6.0
5.7

5.8

¥
b2

L2

4.2

L1

5.k

5.5
5.6

5.2
5.6

sn

2.3
1.8

2.2

1.8

2.1 L1 5.8
2.0 4.1 6.3

A

ot
+«19

.15

.19
19

020
.18

o313
.13

+49

«17

.19
.18

.18

15

.12

.12

No

.010

.012

.010

.012

.010

.00

.008
.013

.016

.020

.016

.015

.015

011

. olo

.009

%
.00k

.010
.007

.002

.003

. 004

.007

.00k

.020

.026
.030

2.0 4.1 5.8 .11 .009 .010 .026
1.9 3.6 6.0 .09 .006 .009 .016 .10

117

.12
.14

.08

«11

.60

«50

31

.53
.87
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