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ABSTRACT

In this report period, laboratory evaluation of duplex an-
nealed Ti- 8A1-lMo-iV sheet was completed which showed
that 1850F (5 min) AC + 110OF (8 hrs) provided an optimum
combination of room-and elevated-temperature tensile, sub-
zero temperature notch tensile, and creep properties. Con-
tamination as a result of this duplex annealing cycle was
found to extend to a depth of 0, 002-0. 0025in, which is entirely
commensurate with finish grinding arid/or pickling procedures
being used. A thorough evaluation of elevated.-temperature
tensile and elastic modulus properties and creep-stability of
mill nnnealed Ti-8AI-lMo-lV sheet was also completed to add
to the properties being developed in the program. Half of the
92 sheets of Ti-8A1-lMo-lV has been fully processed and
testing is in progress, including property uniformity studies
on one representative sheet, Longitudinal tensile and bend
properties were measured on the balance of these sheets.
The last 1700-pound ingot of Ti-8Al-lMo-lV was pressed to
slab, chemically analyzed, and processing of 32 additional
sheets was scheduled.

A more extended study of the effect of finish annealing tem-
perature on the creep-stability properties of Ti-5A1-5Sn-5Zr
and Ti-7AI-12Zr sheets resulted in the selection of 1650F
(1/2 hr) AC as the optimum final annealing cycle for both al-
loys, although, in the course of this work, the need was rec-
ognized for more information on depth of process contamina-
tion and its relation to stability of Ti-7AI-12Zr. Preliminary
evaluation of welded Ti-5A1-5Sn-5Zr and Ti-7AI-l2Zr was
conducted, showing that good as-welded and welded-and-
annealed properties can be achieved. Other laboratory investi-
gations are in progress including hydrogen studies arid a more
thorough evaluation of various elevated-and sub-zero temperature
properties. The 26 sheets from the first two ingots were finish
annealed at 1650F (1/2 hr) AC, ground, pickled, and are being
tested, including property uniformity studies on one 0. 062in
sheet of each alloy. In the production phase of the contract,



six 1700-pound ingots were pressed to slabs, chemically
analyzed, and processing was initiated on 74 sheets of Ti-
5A1-5Sn-5Zr and 69 sheets of Ti-7A1-12Zr. However, be-
cause of some unexpected material losses, another 1700-
pound ingot of each alloy is being melted with processing to
be initiated in the next report period.



ELEVENTH BIMONTHLY REPORT

TITANIUM SHEET ROLLING PROGRAM FOR
Ti-8AI- IMo- lV, Ti-5A1-5Sn-5Zr, and Ti-7A1- 12Zr

INTRODUCTION

The purpose of Contract NOas 59-6227-c is to establish optimum
sheet processing procedures for three advanced alpha or essential-
ly all-alpha titanium alloys; Ti-8AI-lMo-IV, Ti-5AI--5Sn-5Zr, and
Ti-7Al-l2Zr; and to produce substantial quantities of sheet from
each of the three for evaluation by Department of Defense contrac-
tors.

During previous report periods one 3500-pound ingot of Ti-8AI-IMo-
IV was processed to sheet and optimum finish roiling and mill an-
nealing temperatures were established. In the production phase of
the contract, five l600-pound ingots of Ti-8Al-lMo-IV were finish
rolled and mill annealed, and melting of a sixth ingot was initiated.
Initial sheets of Ti-5AI-5Sn-5Zr and Ti-7A1-l2Zr were rolled from
two 1700-pound ingots and evaluated to establish the optimum finish
rolling temperature. Additional studies were required to determine
the optimum finish annealing cycle. The balance of material from the
two heats was processed to sheet, mi].l annealed, and test panels cut
for evaluation prior to final annealing. Three 1700-pound ingots of
each of the two alloys was melted and scheduled for sheet processing
in the pioduction phase of the contract.

In this, the eleventh report period covering 1 March - 30 April 1961,
additional property evaluation was completed on Ti-8A1-1Mo-1V in-
cluding elastic modulus, standard elevated -temperature tensile,
sub-zero temperature notch tensile, and creep-stability properties
in both the mill annealed and duplex annealed conditions. Finishing
operations were substantially completed on half of the Ti-BAl-IMo-lV
sheets and testing is in progress. Processing of an additional 1700-
pound ingot of Ti-.A1- IMo- lV was initiated.
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Evaluation of Ti-5A1-SSn-5Zr and Ti-7AI-l2Zr was continued
and the optimum finish annealing cycle was established to per-
mit finishing operations to be resumed on the balance of sheets
from the first two heats. The three 1700-pound ingots of each
alloy were pressed to slab, chemically analyzed, and several
sheets wer'c finish rolled. Melting of one additional heat of each
of the two alloys was scheduled to insure that sufficient material
will be available for the production phase of the contrs.ct.

EVALUATION OF Ti-8AI-lMo-IV SHEET

As described in the Eighth Bimonthly Report(l), duplex annealing
temperatures in excess of 1800F (5 min) AC + 110OF (8 hrs) pro-
vided much improved creep resistance. Therefore, a more thor-
ough evaluation of the other properties such as bend radii, notch
tensile characteristics, elastic modulus, and elevated tempera-
ture strengths was undertaken on a number of Ti-8Al-IMo-lV
sheets to determine the optimum duplex arnealing cycle. Results
of this evaluation are discussed in the sections to follow.

Effect of Duplex Annealing on Prope'rties
of Ti-BAI-lMo-lV Sheet

Notch and Standard Tensile and Bend Properties

Results of standard room tcmperaturc tensile and bend tests on
three early sheets of Ti-8A1-IMo-lV are listed in Table 1 and
notch and unnotched tensile data from a more comprehensive in-
vestigation of three recent sheets is presented in Table 2. Duplex
annealing cycles were confined to the range of 1825F (5 min) AC +
1. IOOF (8 hrs), since prior properties had been obtained at lower
temperatures (1800F) and temperatures above 1875F were avoided
because of the possibility of exceeding the beta transus (approxi-
mately 1880-1900F). All specimens were cut from Ti-8AI-lMo-
lV sheets in the indicated mill annealed condition and heat treated
in the laboratory.
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Room-temperature strengths generally decreased and tensile
elongation increased with increasing shcct thickness, observa-
tions that have been noted previously in the mill annealed con-
dition. Although not completely consistent, bendability de-
creased slightly at the heavier gages.

Regarding the effect of solution temperature in the duplex an-
nealing cycle, slightly higher strengths were obtained at 1850
and 1875te compared to 1825, although the differences were not
appreciably large. Little difference was observed in tensile
elongation values, although the minimum bend radius increased
at the higher solution temperatures, particularly at 1875F. Ele-
vated temperature strengths were somewhat higher than previously
achieved at 800 and WOOF on samples duplex annealed at 1800F
(5 miin) AC + II00F (8 hrs)( 2 ). However, it should be noted that
the results in Table 2 were obtained on longitudinal specimens from
sheets which exhibited 10-15 Ksi higher strength (due to reverse
directionality) than those used earlier(2'.

Tensile test results at sub-zero temperatures in Table 2 show
that tensile elongation decreased and strength increased as the
teuipurature was lowered; however, no evidence of brittle frac-
tures at -320F was observed. Elongation values at -320F were
somewhat higher for material duplex annealed at 1825F (5 min) AC +
1 lOOF (8 hrs). Good notch strengths were also obtained at sub-zero
temperatures, although the notch-strength ratio at Kt=6. 0 was
somewhat lower at -320F than at room temperature or -ll0F. How-
ever, except for two instances, all ratios were 1, 0 or greater with
little difference between the two duplex annealing cycles.

Modulus of Elasticity

Prior to Contract NOas 59 - 6 2 2 7-c, some preliminary measure-
ments were made at Armour Research Foundation on two early
heats of Ti-8AI-lMo-IV to determine the modulus of elasticity
dynamically. This procedure consists of vibrating a specimen
at its natural resonani frequency and calculating the modulus of
elasticity from the following equation:
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4 d L 2 fr 2

where E dynamic elastic modulus, psi.
d = density, lb/cu in,
L length, in.

fr = resonant frequency, cycles/sec.
g gravitational accelaration, in/sec/sec.

Results of these early measurements on annealed material, as
listed below, show that Ti-8Al-lMo-lV possesses a higher modu-
lus and lower density than most other titanium alloys.

Density Temp., E
lb/cu in Dir F 106 psi

Bar (5/8" dia) 0. 158 RT 19. 12
716 16.45

Sheet (0. 070") 0. 158 L RT 17. 76
1' RT 19.22

Since sizeable quantities of Ti-8A1-lMo-IV sheet are being pro-
duced on the Titanium Sheet Rolling Program, additional dynamic
modulus measurements were made by Armour Research Founda-
tion at both room and elevated temperatures on recent material.
The specimens were laboratory re-annealed at 1450F (4 hrs)
which closely simulates the mill annealing treatment being used
on Ti-8A1-lMo-1V in the contract. Corresponding elastic modu-
lus data wcre also obtained from standard tensile tests for many
of the conditions used. Results, which. are listed in Tables 3 and
4, show that modulus of elasticity values were obtained which
again are higher than exhibited by most other titanium alloys.
Where comparisons are available between dynamic and static deter-
minations, it is seen that the dynamic values were generally some-
what higher and no doubt more accurate, since modulus determina-
tions from normal tensile tests are not as precise, particularly
at elevated temperatures. Although not tabulated, density values
obtained on the two thicker sheets in Table 3 were 0. 158-0. 159lb/
cu in.

-8-



TAJILE 3 ELEVATED-TEMPERATURE ELASTIC MODULUS AND TENSILE
PROPERTIES OF Ti- 8A1 - 1Mo-1VSHEETS (Laboratory re-annealed
at 1450F (4 hrs) FC; averages of duplicate tests unless otherwise
noted)

Elastic Modulus, E,
Test UTS, YS(0. 2%), Elong(2"), Static Dynamic*
Temp, F Dir Ksi Ksi % -il.0--.-K-si 1 0S Ksi

0.020", M-9519, A-3699 Sheet No. 2, Orig. Mill Annealed 1350F (8 hrs) -

RT L 145.9 138.4 16.5 17.5

"It T 145. 6 138.2 14.8 18,1

200 L 132. 2 128.2 4. 0(1) 17. 3
"If T 135.3 127.3 9.0 16,3

400 L 122.3 110.3 15. 5 15. 3
" T 118.5 110.2 8.0(1) 15.9
600 L 111.4 92.0 14.0 15.2
" T 113.0 96.3 11.5 15.5
800 L 103.0 84.0 16.0 12.9
11 T 103.7 86.5 14.0 14.2
1000 L 86.5 69.7 18.0 10,6
"I T 82.7 68.8 20.5 11. 1

0.062", M-9519, A-3713 Sheet No. 3, Orig. Mill Annealed 1350F (8 hrs) -

IVT L i48. 9 139.4 17.0 17.5 18. ii
" T 148.3 138.3 15.8 18.2 19.12
200 L 139.8 127.1 15. 8 17.4
" T 143.9 129.7 16.3 18.2
400 L 125.4 109.5 14. 5 15. 1 16.47
" T 130. 5 113.8 14.5 17.3 17.48
600 L 116.2 97.5 12.0 15. 3
" T 119. 8 99.8 13.5 15.4 16,43
800 L 108.0 88.6 14.0 15. 1
" T 112. 5 91.3 13. 5 15.4
1000 L 88.2 72. 8 20.0(1) 12. 3
" T 92.2 75.4 19.5 9.9

0. 096" M-9519, A-3700 Sheet No. 4, Orig. Mill Annealed 1350F (8 hrs) -

RT L 140.3 133.3 18.5 17.2 17.41
" T 140.2 132.5 18.0 18.2 18.22

200 L 131. 1 120.1 17.3 16.9
" T 131. 3 120.3 16.5 17.0
400 L 118.0 102.8 15. 3 16,4 15.99
" T 116.7 103.0 14.3 16.2 16.84
600 L 107.4 88. 8 16. 0 14.4 14.88(2)

"T 106. 1 90.8 13. 5 15. 8 15. 84(3)

(continued)
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Table 3 - concluded)

Elastic Modulus, E,

Test UTS YS(0. 2%), Elong(2"), Static Dynamic *
Tenp_]F Dir Ksi Ksi 10- Ksi 10'. Ksi

800 L 101.0 82.7 17. 8 13.4
" T 100.1 84.2 17.3 13.5
1000 L 83.1 69.6 22.0 13.5 13.13
" T 83.7 69.0 22.5 13.2 13.93(4)

A-3713 Sheet No. 2 used for 0. 062in dynamic
modulus measurements, a sheet from the same
group as used for the tensile tests. Dynamic
values are averages of duplicate tests kccept
for single T test at 600F (16. 43 x 103 Ksi)
and single tcsts on A-3700 Sheet No. 4 at 1000F.

(i) Broke at end of gage length.
(2) Actual test temperature 624F.
(3) Actual test temperature 622F.
(4) Actual test temperature 1031F.

-10-
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Of the elevated-temperature dynamic data listed in Table 3,
the results from the thicker 0. 096in sheet (A-3700 Sheet No. 4)
are considered to be more accurate because of the thicker speci-
mens used. However, dynamic results from the two sheets at
room temperature are only in fair agreement with the 0. 062in

material possessing 0. 7 - 0, 9 x 103 Ksi higher modulus, This
difference may be due to the variance in precision of measurements
between the two sheets or it may be that the modulus is a function
of rolling texture. Additional studies would be required to answer
these questions.

Table 3 shows the normal decrease in strength and elastic modu-
lus with increased testing temperature. It is of interest to note
that at 600F the modulus has only dropped to about 15. 0 - 16, 0 x
103 Ksi and at 100OF values in excess of 13. 0 x 103 Ksi were ob-
served.

The effect of a difference in duplex annealing on the dynamic modu-
lus of two Ti-8AI-IMo-1V sheets is shown in Table 4. Raising
the solution temperature in.th e duplex cycle from 1800 to 1850F
had little effect on the modulus; if anything, the modulus of elasti-
city increased very slightly. The modulus of the 0. 080in sheet in
Table 4 was somewhat higher than the 0. 096in material; again,
this may be the result of differences in texture. Also, there is a
reversal of L and T between the two sheets and this, no doubt, is
due to the reverse directionality obtained in the 0. 080in sheet as
a result of an unbalance between the last two stages of cross roll-
±ng( 3 ). Comparing room-temperature dynamic modulus values
of the 0. 096in sheet in Tables 3 and 4, it is seen that, by duplex
annealing,the longitudinal values increased and the transverse
values decreased about 0. 2 x 103 Ksi compared to the 1450F
(4 hrs) FC annealed material. In other words, duplex annealing
decreased the directionality in modulus even though the direction-
ality in strength was virtually unaffected.

Creep and Stability Properties

Creep-stability tests were performed at 800 and 1000' on duplex
annealed specimens from several sheets of Ti-8AI-lMo-IV, the

12-



same material as was used for the tensile and bend evaluation
listed in Tables 1 and 2. In addition, both thermal (without
stress) and creep-stability tests were conducted on mill an-
nealed and duplex annealed samples from the 0. 080in sheet;
temperatures for the exposures without stress were from 800 -

1200F, while the creep-stability exposures covered the range,
800 - 100F. Results of this study are presented in Table 5.

As shown. in earlier work for creep exposure at 1000F( 1 ), du-
plex annealing at 1850F (5 min) AC + 110F (8 hrs) produced
superior creep resistance compared to the 1825F (5 min) AC +
1100F (8 hrs) duplexing cycle. The same trend was also true
for creep testing at 800F, although the differences were not
as pronounced for 'the 0. 080in sheet (A-5473 Sheet No. 3) as
for the other sheets. Of particular interest is the superior
creep resistance provided by duplex annealing compared to the
mill annealed condition (0. 080in sheetY, however, it should be
noted that this sheet was mill annealed at 1450F (4 hrs) and, as
a result, has previously been shown to possess inferior 1000F
creep properties in this cndition( 3 ). Even so, the advantage of
duplex annealing over the r'ange, 800 - 1l00F, is obvious.

Good stability, as judged by as-exposed tensile elongation, was
generally obtained in both sheets from M-9519 (0. 020 and 0. 096in),
although acid pickling 0. 003in from the thickness after 100OF
creep exposure improved the ductility. This indicates some de-
gree of surface instability in duplex annealed material as exposed
under stress for 150 hours at 1000F.

Stability of the other three sheets, which had been originally mill
annealed at 1450F (4 hrs), at 1000F was definitely inferior as ex-
posed, although, in all instances, the tensile ductility was re-
stored by acid pickling 0. 003in from the specimen thickness after
exposure. Thus, metallurgical stability was achieved during stressed
exposure of duplex annealed specimens at 800 - 1O00F. Reasons
for the loss in tensile elongation as-creep exposed are not completely
understood, since so mueh prior data have indicated surface stability

- 13.-
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at 1000F (1, 2) Many of the specimens listed in Table 5 broke
at the end of the gage length and a few of them may have suffered
some incidental stress corrosion damage, although the latter was
certainly not obvious during subsequent examination of the speci-
mens.

Mill annealed (1450F - 4 hrs) specimens exhibited. good metal-
lurgical stability over the range of 800 - 1000F with the possi-
bility of some instability at 1l00 F. Surface instability was ob-
served in mill annealed samples exposed at 1000 and 1100F, while
good as-exposed elongation values were obtained after creep ex-
posure at 800 and 900F. Except for the latter two temperatures,
the creep deformation levels were greater than 2. 27 percent and
this may have had some bearing on the subsequent elongation.
Tensile elongation of mill annealed specimens exposed to 800 -
1200F for 100 hours without stress also suffered unless the sam-
ples were acid pickled after exposure; likewise, Lhis was contrary
to all previous results. Companion specimens, which had been
duplex annealed, exhibited good as-exposed ductility after storage
at 800, 900, and 1100F, but relatively poor elongations after ex-
posure to 1000 and 1200F. However, in every instance, nearly
all of the ductility was restored by pickling 0. 003in from the gage
after exposure.

Reviewing the properties of duplex annealed Ti-8AI-lMo-IV
sheet specimens, it is seen that there are very few differences be-
tween annealing at 1800, 1825, and 1850F (followed by stabilizing
at 110OF for 8 hrs) except for creep resistance. This property alone
gives a clear-cut advantage to 1850F (5 min) AC + 1100F (8 hrs),
since the creep properties improve markedly with increasing solu-
tion temperature. Therefore, to be sure of achieving the best
possible creep resistance and still safely be below the beta transus,
future duplex annealing of Ti-8A1-lMo-lV will be performed at
1850F (5 min) AC + 110OF (8 hrs). Although establishment of pro-
perty specifications for this condition cannot adequately be made
until full size sheets are duplex annealed and tested, it seems rea-
sonable that 130 Ksi YS, 140 Ksi UTS, 10 percent Elong., and 4T
bend radius could be achieved.

S~-18-



I

Contamination and Protection of Ti-8A,1-lMo-1V Sheet
During Duplex Annealing

Having reached the conclusion that duplex annealing Ti-8A1-
IMo--IV sheet at 1850F (5 min) AC + 1100F (8 hrs) is optimum
for providing good 1000F creep resistance, consideration was
given to the question of contamination which would occur during
such a heat treatment in air. Of course, a certain amount of
surface conditioning after heat treatment would be necessary;
at a minimum, this would entail descaling and pickling, and
might also involve surface grinding.

To determine the extent of the contamination during duplex an-
nealing and to minimize it, a limited investigation was undertaken
to measure the effects of contamination by metallographic exam-
ination and bend testing, and to evaluate several available protec-
tive coatings. For this, 1 x 6in longitudinal strips were cut
from an 0. 062in sheet of Ti-8AI-IMo-IV (M-9519, A-3713, Sheet
No. 3) which had been mill annealed at 1350F (8 hrs). Duplicate
samples were duplex annealed at 1850F (5 min) AC + 1I0OF (8 hrs),
with and without previously applying a protective coating and, for
those annealed without a coating, various amounts were removed
by acid pickling after the solution treatment at 1850F prior to
stabilization at 11OOF. A small portion of each was then sheared
off for microscopic examination while the balance of each strip was
press brake bend tested to obtain a minimum satisfactory bend
radius as examined under 20-power magnification.

Conditions studied and results of bend tests are listed in Table 6,
showing that none of the protective coatings offered substantially
more protection against oxidation then uncoated material, based
on a minimum amount of gage removal by acid pickling after beat
treatmnents. In uncoated samples, descaling after the 185OF
treatment (no pickling), followed by acid pickling 0. 002in from
the gage after the 1100F (8 hrs) stabilization cycle, resulted in
a minimum bend radius of 4. OT, a value that was not duplicated
by any of the protected specimens after descaling and acid pickling
0. 002in from the gage. Only by excessive pickling of 0. 006in
was the bendability markedly improved in a few of the protected

9
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specimens after descaling and acid pickling 0. 002in from
the gage, Only by excessive pickling of 0. 006in was the
bendability markedly improved in a few of the protected sam-
ples; i. e., those coated with Turco 4367 and Markal CRT-B.

Microstructures near the edge of two unprotected specimens
are dcpicted in Figures 1 and 2. Figure 1 shows the depth
of contamination of a duplex annealed-and-descaled sample
(no acid pickling) to be approximately 0. 002-0. 0025in. Fig-
ure 2 illustrates the sheet cross section after pickling 0. 002in
from each surface; it is seen that substantially all of the con-
tamination has been removed.

As a result of this phase of investigation, it is concluded that
none of the coatings utilized offers sufficient protection to war-
rant the additional effort of incorporating them into the 1850F
(5 rmin) AC + 110OF (8 hrs) duplex annealing cycle. Results of
bend tests and metallographic examination show that descaling
and pickling or grinding 0. 002in from gage after 1850F (5 min) AC
plus grinding and/or pickling 0. 002 - 0. 003in from gage after
stabilization at I100F (8 hrs) should be adequate to remove all
contamination encountered duiing duplex annealing.

With the results of the preceding laboratory studies as a basis,
12 sheets of Ti-8AI-lMo-IV from the first ingot, M-9519, will
be duplex annealed at 1850F (5 min) AC + 110OF (8 hrs). Four
sheets of each of three gages, 0. 020, 0. 062, and 0. 096in gage
(nominal 36 x 96in), will be cleaned, heated at 1850F (5 min) AC
in a roller hearth furnace, descaled and pickled, stabilized at
I1OOF (8 lirs), and then finish ground, pickled, and tested.
This development program will be conducted during the next
period,

The study of the effect of hydrogen on mill annealed and duplex
annealed Ti- 8AI.- 1Mo- 1 V sheet, which was outlined in the Ninth
Bimonthly Report( 3 ), is nearing completion with at least pre-
liminary results becoming available during the next report period.
An additional welding investigation is also in progress, but.it
probably will not be completed until after the next period.

-21-



61-110-AA Kroll Etch 2 50X

FIGURE 1 Ti-8A1-lMo-1V SHEET, M-9519, A-3713 SHEET
No. 3, LONGITUDINAL SECTION, 1850F (5 min)
AC + 110OF (8 hrs) + DESCALE (NO PICKLING).
DEPTH OF CONTAMINATION 0. 002-0.002 5in,

61-110-AC Kroll Etch 2 50X

FIGURE 2 Ti-8A-1-Mo-1V SHEET, M-95 19, A-3713 SHEET
No. 3, LONGITUDINAL SECTrION, 1850F (5 min)
AC + DESCALED AND PICKLED 0. O01in FROM
EACH SURFACE + 110OF (8 hrs) + ACID PICKLED
0. G01in FROM EACH SURFACE. SUB3STANTIALLY
ALL CONTAMINATION HAS BEEN REMOVED.

-22-



PROCESSING OF Ti-8A1-1ML,-1V

Sheet Processing

As indicated in the Tenth Bimonthly Report( 4 ), plans were
made to duplex anneal half of the Ti-8Al-lMo-lV sheets,
although delivery of material in this condition is subject to
change. However, at a Titanium Alloy Sheet Rolling Program
Meeting in Washington, D. C., on 15 March 1961, a firm de-
cision was made to delete the solution treat-and-age condition
from the program. Based on the premise that only half of the
sheets would be finished as mill aanealed, the 92 sheets from
the five 1600-pound ingots, V1551- V1555, were rough ground
and then 50 percent of each gage was held for duplex annealing,
pending the results to be obtained from the 12 sheets described
in the previous section. Finishing operations were continued
on the other half (46 sheets), consisting of finish grinding,
pickling, and testing. Grinding and pickling were completed on
this latter group, although testing of a few sheets remains.

The ranges of tensile and bend properties obtained through this
period are listed in Table 7, showing that good strengths and
ductility values were obtained. Some reverse directionality was
observed, particularly in the 0. 040, 0. 062, and 0. 090in sheets;
this phenomenon has been discussed previously( 3 ) and since ap-
proximately the same rolling schedule was used on the sheets in
Table 7 as had been used on the first 30 sheets (see 'fable 1,
Ninth Bimonthly Report), no doubt the reverse directionality is
due to the second stage of cross rolling being heavier than
the third stage.

Comparing the strengths in Table 7 with those in Table I of the
Ninth Bimonthly Report, it is seen that annealing at 1450F for 8
instead of 4 hours has decreased the strengths 5 - 10 Ksi. As a
result, a more realistic automatic release specification appears
to be:

130 Ksi min YS (0. 2%)
140 Ksi min UTS
10% min Elong
4. OT max Bend Radius
150 ppm max H2

-23-
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This specification will. be recommended to the Navy Bureau of
Weapons.

After the sheets have been inspected for satisfactory surfaace
conditions, one 0. 062in sheet will be used for a uniformity study
of properties similar to that performed on earlier sheets 2).
Included will be tensile, bend, and creep-stability tests through-
out the sheet.

Because the 46 sheets, which had been designated for duplex an-
nealing, would not have been evaluated on the basis of mill
annealed properties at ýin.al testing, a longitudinal strip was
sheared from each rough ground sheet, laboratory acid pickled
to remove 0. 004in from gage, and then tensile and bend tested at
room temperature. Although this procedure provided only longi-
tudinal test results, it was considered to be a compromise be-
tween obtaining at least some mill annealed properties on this
groiip and conserving material. Rangcs of longitudinal tensile
and bend properties for each gage are presented in Table 8 and
compare favorably with the longitudinal property ranges listed
in Tnhlr. 7. Strengths in the latter tabulation were about 3-5 Ksi
higher for the 0. 020 and 0. 062in gages while the 0, 090 and 0, 125in
sheets were 2-10 Ksi lower in strength. However, these differ-
ences are not considered to be significant in view of the fact that
the specimens in Table 8 were cut from only partially finished
sheets. One 0. 062in sheet, which was damaged during grinding,
was scrapped; therefore, Table 8 covers only 45 instead of the
original 46 sheets.

Based on the properties given in Table 8, these 45 sheets would
meet the automatic release property specification described
above except for two 0, 125in sheets which possessed a 4. 2T
bend radius. However, since many of Ihe strips sheared from
the 45 sheets contained the normally-encountered edge defects,
test strips cut after final processing would probably pass the
proposed 4. OT bendability requirement.
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In~ot ProcessiI.g

A sixth ingot of Th-8A1--1Mo-1V, V-1848, was melted to serve
as replacement material for the 30 sheets, which were re-
moved from the program because they had been mill annealed
at 1450F for only 4 hours. This heat (1740 Ibs) was pressed
to 2-7/8 x 12in slabs from 2050F with reheating at 1950F, con-
ditioned, and sampled for chemistry at various ingot locations.
Chemical analyses, which are listed in Table 9, show that the
composition of V-1848 is quite satisfactory and that good chemi-
cal uniformity exists from top to bottom,

Following slab conditioning and chemical analysis, processing
of 26 sheets was schedulcd frome V-1848 along with 6 sheets from
sheet bars remaining from V-1552, V-1553, and V-1554. These
32 sheets will be finish rolled from 1800F, mill annealed at
1450F (8 hrs), and finish ground and pickledusing the same pro-
cedures as fur the first fivc ingots. However, the second and
third stages of cross rolling will be better balanced to minimize
the reverse directionality previously encountered. Much of this
processing will be perforned during the next report period. A
schedule of the number aid gagesof sheets from V-1848 and other
sheet bars is as follows:

No of Ingot and
Sheets Gage, in Location

9 0. 020 V- 1848T
3 0 020 V-- 15521
3 0,040 V'-1848T
1 0, 040 V-- 1552T
1 0.040 V- 1554T

10 0.062 V- 1 84813
2 0, 090 V.- 1848M
1 0,090 V-- 1553T
2 () 125 V-. 1848M

With tile udditional shecet processing listed above, a general status
of the production of Ti-SA!-lMo-lV sheets is tahnmllterI below:



TABLE 9 CHEMICAL ANALYSES OF Ti-8AI-IMol-1V INGOT, V-.1848
(Samples from 2-7/8 x 12nri slab slices)

Ingot Chemical Analyses, %
Location Al Mo V Fe C N2 02

Top 7. 83 1. 12 1.04 0.12 0.020 0. 026 0.068

Top Middle 7.91 1.09 1.03 0.12 0.032 0.025 - - -

Bottom Middle 7.91 1. 14 0. 97 0. 11 0.032 0.026 - - -

Bottom 7. 86 1. 1.• 1.01 0.10 0.026 0.024 0.080

Average 7. 88 1. 12 1.02 0. 11 0.028 0.025 0.074
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Status of Ti-8AI-IMo-1V Sheets

Number of Sheets
Gage, Completed
in Ordcrcd In Process and Tested

0.020 27 36 8
0.040 * 20 29 9
0.062 18 26 8
0.090 15 17 5
0.125 14 16 6

Total 94 124 36

In addition to the 36 sheets specified as being completed and
tested, there are 9 which have completed processing but have
not been tested and 45 (Table 8) which have been rough ground
and are being held for duplex annealing. Mill processing and
testing of this large number of Ti-8AI-lMo-lV sheets will be
continued during the next period.

EVALUATION OF Ti-5A1-5Sn-5Zr and Ti-7AI-12Zr SHEETS

Results of evaluation of the initially-rolled sheets of Ti-5A1-5Sn-
5Zr and Ti-7AI-12Zr, which were discussed in the Eighth(l) and
Ninth(3) Bimonthly Reports, permitted the selection of 1750F as
the optimum finish rolling temperature for both alloys. However,
the optimum final annealing temperature had not been established
and additional creep-stability testing was deemed necessary be-
fore the annealing cycle could be chosen. The Tenth Bimonthly
Report(4 ) outlined the scope of this additional stability testing and
results of this phase of the study, along with data from a prelimin-
ary welding investigation, are described in the sections to follow.

Effect of Annealing Variables on Creep and Stability of
Ti-5A1-5Sn-5Zr and Ti-7AI-12Zr

Sheets

Initial sheets of both alloys (V1540 and V1541) finish rolled from

-29-



1750F were used for this investigation along with the th-ree
sheets of Ti-7Al-l2Zr finish rolled from 1800F to be sure
the program was sufficiently comprehensive. Also, in a
few instances, both stressed and unstressed stability tests
were conducted with all exposures being made at 1000F.

Results of the large n'amber of stability tests are listed in
Tables 10, 11, and 12. As shown in Table 10, little or no
stability problems were encountered in Ti-5Al-5Sn-5Zr,
an observation made in previous work on the initial sheets of
this comnposition(3). The major item of interest in Table 10
is the relatively inferior creep resistance exhibited by samples
given a simulated mill, annealing treatment at 1400- 1500F for
4 hours followed by furnace cooling compared to the simple
annealing cycles (air cooled) in the alpha field. As the simu-
lated mill annealing temperature was raised from 1400 to
1500F, t:he oreep defnrmation at 1000F decreased, but, even
after 1500F (4 hrs) FC, the creep deformation was considera-
bly higher than after annealing at 1650F for 20-30 minutes and
air cooling. Comparing the creep properties after annealing
at 1650F for 10 and 20 minutes (Table 10) with those obtained
after 1650F (30 min) AC (Table 6, Ninth Bimonthly Report),
it is seen that there was little difference in 1000F creep re-
sistance between the 20 and 30 minute cycles, although both
offered a substantial improvement over the 10 minute anneal-
ing treatment.

Therefore, it was concluded that a simple annealing cycle high

in the alpha field was superior to a slow cool mill annealing
treatment for Ti-5AI-5Sn-5Zr and that: 1650F (20-30 mrin) AC

provided improved creep resistA-nce over a 10 minute cycle.
Of the two times, 20 and 30 minultes, the latter was selected
as optimum and reprcesents somewhat of a compromise between
the superior creep resistance offered by annealing times greater
than. 30 minutes and enc:ounte~ring a minimum of sheet oxidation
during annealing periods shorter than 30 minutes. Thus, a
rinish annealing trec-atmert of 1650F (1/2 hr) AC will be used
on all Ti-5AI-5,Sn-5Zr sheets produced in the cnniract.
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TABLE 10 EFFECT OF ANNBAUNG VARIABLES ON THE 1000F CREEP-
STABILITY PROPERTIES OF Ti-5AI-5Sn-5Zr SHEETS (Finish
rolled from 1750F, mill annealed at 1350F for 8 hrs, and
laboratory annealed as indicated; longitudinal specimer.s from
V-1540; creep exposure 1000F.- 25 Ksi - 150 hrs)

Gage Sheet Annealing Creep UTS YS(0. 2%), Elong (I),
in No. Treatment Def, % Ks:. Ksi %

0. 020 A-4812 1400F (4 hrs) FC Not Exp. 125.9 114.0 18.8*
(0. 081% 02, " 122.4 119.0 22.0
45 ppm H2) 0.38 121.2 112.1 20.0

1450F (4 hrs) FC Not Exp. 123. 8 115.2 19. 8*
"if " i21. 7 119.5 19
" 0.22 118.5 109.8 19 (1)
150OF (4 hrs) FC Not Exp. 123. 5 117.8 18*
""I 119.8 112.9 21.5

"0.15 118.7 111. 3 20 (1)
1650F (10 min) AC Not Exp. 125.0 111.7 22
"IT 0.000 123.0 111. 1 19
"I 0.059 121 5 114.6 (2,3)

1650F (20 min) AC Not Exp. 121.7 110 0 14 (2)
" 0. 025 119. 1 108.5 19
"It 0. 056 119.3 104.5 19

0,062 A-4801 1400F (4 hrs) FC Not Exp. 124.5 117.3 19*
(0. 072% 02, T " 125. 8 120.0 24
35 ppm H2) H 0.26 125. 1 114. 1 23 (1)

1450F (4 hrs) FC Not Exp. 124.2 117. 6 19.5*
"t !1 124. 1 t1i .9 21.5
"I n. 25 125. 5 117.2 19
150OF (4 hrs) FC Not Exp. 124.0 1 R8. 6 19. 5*
"" 123,.7 117. 5 25

" 0.072 124. 3 114.3 20
1650F (10 min) AC Not Exp. 124, 3 t17.6 19.5
" 0.072 124. 9 1 t5. 3 20
"H 0.059 123. 8 117,6 19
1650F (20 min) AC Not Exp. 123.6 111.4 19.5" 0.039 123.9 112.9 22
" 0.012 130.0 115.2 21

(continued)
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(Table 10 - concluded)

Gage Sheet Annealing Creep UTS YS(0. 2%), Elong(1"),
in No. Treatment Def, % Ksi Ksi %

0.090 A-4814 1400F (4 hrs) FC Not Exp. 124.2 117.6 19. 3*
(0. 072% 02, " " 126.2 120.2 23
30 ppm 112) i 0.17 125.4 114.8 22

1450F (4 hrs) FC Not Exp. 124.0 112. 9 19.5*
" t 123.8 117.9 24.5
" 0. 18 123.9 117.0 22 (1)
1500F (4 hrs) FC Not Exp. 122.8 118. 1 17. 8*
"" 124.6 118.5 24. 5

" 0.081 123.2 116.3 23 (1)

1650F (10 min) AC Not Exp. 123.7 111.7 20
"11 0.059 125.4 117.8 20
"It 0.062 123.4 114.3 10 (2,3)

1650F (20 min) AC Not Exp. 123.4 111.1 21.5

"0.047 124.2 114.6 22
"0.037 123.7 114.5 23

(*) 2in gage length specimens; all others 1-in gage length.

(1) Tensile tested after acid pickling 0. 002" from gage of exposed
specimen because of evidence of stress corrosion on surface.

(2) Broke at end or outside of gage length.

(3) Stress corrosion evident in fracture.
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In contrast to the cons:i.stently good stability obtained in
Ti-5AI-5Sn -5Zr, the question of the stability of Ti-AP-
12Zr sheet is quite evident from the results of Tables 11
and 12, Just as in the creet-stability tests described in

the NibLb Bimonthly Report 3), a very substantial number

of spec:Jmens suffered incidental stress corrosion damage,
thus masking the true stability evaluation of the three

sheets. The fact that this is the second large group of Ti-
7A1- .I.Zj. samples which has been so adversely affected by

stress corrosion, while Ti-5AI-5Sn-5Zr samples tested a.t
the same time were relatively free of such damage, lends

further support to the prior postulation that Ti-.7AI- 12Zr is
far more sensitive to incidental stress corrosion at IOOOF

than Ti-5AI-5Sn-5Zr'().

Considering the IOOF creep resistance shown in Tables 11
and 12, it is sccn that, just as with Ti-5A1-5Sn-5Zr (Ta-
We 10), the creep deformation of Ti-7A1-l2Zr decreased
with increased simulated mill annealing temperature (1400-
1500F). Furnace cooling generally produced somewhat in-

ferior creep resistance compared to corresponding air
cooled samples. The hvwst creep properties were afforded

by simple annealing at 16501-' with a one -hour cycle providing

lower deformation values than the 30 minute treatment. How-
ever, except for the 0. 020in sheet finish rolled from 1750F,

extending the onnealing time to 2-4 hours produced little or
no improvement in creep resistance at 100OF - 25 Ksi com-
pared Lo the one-hour cycle. Simple annealing at 1750F
(1/2 hr) AC compared to 1650F (1/2 hr) AC resulted in about

the same or pe.rhaps slightly greater deformation values, al-

though comnpaaed to 1650F (2 to 4 hrs) AC, the creep re-

sistance was substantially infc.tior after annealing at 1750F
(1/2 hr) AC. Superimposing a cycle of 1350F (8 hrs) on the

simple annealitng treatments of 1650F and 1750F (see Ta-
ble 12) provided somewhat greater creep deformation, corn-

parcd to the respective simple annealing treatments, espe-
c(ially at 1750F. Flash annealing at 1750F (5 min) AC in the

alpha-beta field nft,lr having annealed at 1650F (1/2 hr) AC

resulted in somewhat better creep properties than were achieved

-41-



by the simple cycle of 1650F (1/2 hr) AC, although the def-
ormation values were greater than after simple annealing
at 1650F (1 hr) AC.

Based on the data discussed above, finish annealing of Ti-
7AI-12Zr sheet at 1650F offers the best 100OF creep resistance,
particularly with cycles of one hour or longer. However, the
problem of oxidation and contamination during long-time an-
nealing in air must be considered; agairn from the standpoint of
compromise, 1650F (1/2 hr) AC appears to be a reasonable
choice to obtain good creep resistance in Ti-7A-. l2Zr sheet.
An alternative would be longer-time annealing in the absence
of air, and this might entail slow cooling (such as vacuum an-
nealing) which would definitely lower the creep resistance.

Of the Ti-7AI-12Zr stability results listed in Tables 11 and 12
which were not affected by incidental stress corrosion, the
sheets finish rolled from 1750F generally exhibited somewhat
Ietter stablity than those rolled from 1800 F. The 0. 062in
sheet rolled from 1750F (Tables 11 and 12) possessed the best
stability by far; reasons for this are not known, since this
sheet analyzed 0. 09 percent 02 compared to the 0. 090in sheet
containing 0. 073in percent oxygen. Other factors being equal,
one would expect better stability from the lower oxygen ma-
terial. All of the specimens in Tables 10-12 were cut from
mill annealed, ground, and pickled sheets and were laboratory
annealed with no further pickling. Also, specimens which
were annealed for times of one hour or longer were sealed be-
tween air-tight covers of commercially pure titanium to e-
liminate oxidation; these were then pickled after annealing.
Therefore, residual contamination should not have been a
factor in the stability tests. However, in some instances,
there may possibly have been a minute amount of surface con-
tamination remaining which could have affected a few of the
results.

From the data presented in Table 12 it is seen that a thermal
exposure at 100OF withcoiii: stress was a good indicator of
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stability; i. e., the subsequent tensile elongation after suclh un-
stressed storage was often intermediate between the original
ductility and the elongation obtained on specimens exposed to
1000F rinder stress of 25 Ksi. However, considering only the
creep-stability results, it appears that as good a level of stability
was achieved after annealing at 1650F as any other temperature and,
of course, this treatment temperature provides the best creep resist-
ance, also. In a few instances, reasonably good stability was also
observed by alpha-beta annealing at 1750F, but the data are so scat-
tered that no firm conclusions can be made regading its value for
improving stability. In the 0. 062in sheet rolled from 1750F, the
as-exposed elongation was higher after annealing for 1 and 2 hours
at 1650F than for 0. 5 and 4 hours (17-20% versus 11%). However,
this was not true for the 0. 020 and 0. 090in sheets in which the e-
longation after creep exposure was nearly as high for the 0. 5 hour
cycle as for the longer annealing times at 1650F. In the 0. 062 and
0. 090in sheets rolled from 1800F the as-exposed elongation level was
greater for the 2 hour treatment than the 0. 5 hour cycle at 1650F.

Based on the results discussed above, it appears that some ad-
ditional benefit in stability might be achieved in some tsheets of Ti-
7Ai-12Zr by extending the annealing time beyond 30 minutes. How-
ever, this improvement, if any, was not at all consistent. Such
benefits in stability and creep properties are, of necessity, offset
by the problem of oxidation which would be encountered during longer
annealing times of one to two hours in air. Such excessive contami-
nation, particularly in thin gage sheets, might even aggravate the
stability problem in Ti-7AI-12Zr. As alternatives, protective
coatings or inert atmosphere heating (vacuum or inert gas) could
be used, but these can be cumbersome operations which would re-
quire considerable development work before they could be considered
routine procedures. Also, as mentioned earlier in this section, the
possibility of slow cooling exists if vacuum or inert gas annealing
were used and this would lower the creep resistance substantially.

Considering the various factors involved, 1650F (1/2 hr) AC was
selected as an optimum finish annealing cycle for Ti-7A1-l2Zr
sheet, realizing tha.t it possesocs both advantages and disadvantages
in the overall picture of production operations and mechanical proper-
ties. This treatment will be used on all Ti-7A1-127- sheets produced
in the contract.
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Properties of Welded Ti-5AI.-5Sn-5Zr and Ti-7AI-12Zr Sheet

One 0. 062in sheet of eaTh of -the two alloys was fusion welded with-
out filler (TIG welded) using procedures and conditions quite similar
to those previously utilized on Ti-8A1-lMo-.IV( 5 ). Welded panels
were then evaluated on the basis of as-welded and welded-and-
annealed tensile and bend, sub-zero temperature notch tensile, and
creep-stability properties. Originally, this investigation was pro-posed for the twc " -;+,i o nos',; o•• en.,,•.,posed...... .......... ........ ... (1113,, slt h d been finish rolled

from 1750F. However, because of a shortage of material, the sheet
of 0. 062in Ti-5A1-5Sn-5Zr finish rolled from 1800F was used since
it possessed good propert'ies and, in addition, it was felt that in an
evaluation of the weld metal itself the contribution by the parent met-
al would be small. Therefore, since the 1800F rolled sheet of Ti-
5A1-5Sn-5Zr was of good quality, it was used in the study without
reservations. However, the 0. 062in sheet of Ti-7AI-- 12Zr was finish
rolled from 1750F.

Both sheets were welded in the mill annealed condition (1350F for
8 hrs) and tested as welded and after post weld annealing at 110OF
(1 hr) AC and 1650F (1/2 hr) AC. Results of tensile and bend tests
are listed in Tables 13 and 14. Elongation values in transverse sam-
ples were measured in 0. 5in gage length which encompassed nearly
100 percent weld metal., a technique used previously for Ti-8A1-
iMo-lV(5 ). As the results in tables 13 and 14 show, both alloys

possessed good strength and ductility as welded and as welded-and-
annealed at 1650F (1/2 hr) AC. As measured by the transverse
specimen, which is more an indication of true weld properties, the
elongation and bendability improved markedly by annealing at 1650F
(1/2 hr) AC. Oot the other hand, stress relieving at 1100F (1 hr) AC
changed the weld bendability of Ti-5AI.-5Sn.-5Zr little, if any, but
increased the longitudinal weld bend radius of Ti-7A1-12Zr from 4.2
to 7. 6T. The I100F lrea rinent also increased the transverse strength
of welded Ti-7AI-12Zr 4-5 Ksi while the transverse strength of Ti-
5AI-5Sn-.FZr was unaffected. These findings indicate that some
hardening reaction is operative at 1100F. Strengths of Ti-7AI-12Zr
at all testing temperatures were higher than those of Ti-5Ai-5Sn-5Zr,
an observation made earlier on the parent material.().
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Notch and standard tensile properties of welded sheet at sub-
zero temperatures are illustrated in Figures 3 through 8 for Ti-
5A1-5Sn-5Zr and Ti-7Al-12Zr. Tensile elongation of welded
Ti-5A1--5Sn-5Zr did not siffer appreciably as the temperature was
lowered to -320F, but the ductility of welded Ti-TA1-l2Zr dropped
to very low levels at -110 and -320F. In the latter alloy, stress
relieving at ll0OF (1 hr) improved the low temperature ductility
some (Figure 7), but not nearly as much as annealing at 1650F
(1/2 hr) AC. In all three conditions the nulch strength of both
alloys at Kt=3 was greater than the unnotched down to -320F but
at Kt=6, a much sharper notch, the as-welded notch strength fell
below the unnotched at about -200 and -250F for Ti-5A1-5Sn-5Zr
and Ti-7A1-l2Zr, respectively. After annealingthe welds at
1650F (1/2 hr) AC, these two temperatures (where the notch strength
ratio at Kt=6 drops below 1. 0) were approximately -270 and -230F,
respectively. Thus, it is seen that both alloys possessed good sub-
zero temperature notch tensile properties as-welded and as welded-
and-annealed at 1650F (1/2 hr) AC. However, a postweld stress
relieving cycle of 110OF (1 hr) AC produced decidedly inferior
notch properties (Kt=6) at temperatures only slightly below ambient
(see Figures 4 and 7), again indicating that some hardening or em-
brittling reaction is occurring at 100F.

Results of creep-stability tests on the two welded sheets are pre-
sented in Table 15 and show that welded Ti-5A1-5Sn-5Zr exhibits much
better stability than Ti-7AI-l2Zr. However, both alloys appear to lose
more elongation after creep exposure at 100OF than at 800F. Some
of the instability displayed by Ti-7A1-12Zr resulted from a surface
reaction, since acid pickling after exposure improved the tensile
elongation. Noneof the duplicate 'fi-5A1-5Sn-5Zr specimens was
acid pickled, since tensile testing the first of each set of two indicated
no serious loss in ductility. Tbe creep deformation data are of par-
ticular interest; in both alloys postweld annealing at 1650F (1/2 hr)
AC substantially improved the 100OF creep resistance and, to a les-
ser extent, at 800F also. However, the postweld stress relieving
treatment of 110OF (1 hr) AC had little or no effect on the weld creep
properties.

Photomicrographs of the fusion and heat-affected zones are depicted
in Figures 9 through 17. The first four (Figures 9-12) are of Ti-
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FUSION ZONE AS WELDEDN

'4*~9, 5Q '5 1k:, P "" ', "s s4
c: '' . . s. •,..,e, . ,-

,,,.:, ,4.-• . .. ,•. 9 .•. •: :

LEFT TO HEAT AFFECTED MATERIAL ON
RIGHT.
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61-72-4 1 5.
FIGUE 11Ti-A1-5n-5r, V1540 0.062± SHET. EAT

AFFECTEDj- ZNWELE 6 (/ r C

SHOWNG RCRYSALLIATIO OF AREN

MEA N ETAFFECTED ZONE. EDD+10F( r C
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w -j s-

61-29-Al 1 50X

FIGURE 13 Ti-7A1-l2Zr, V-1541, 0.062in SHEET. FUSION
ZONE, AS WELDED.

I "l

61-29-A3 1 50X

FIGURE 14 'fU-7IA1l2Zr, V-1541, O.062in SHEET. HEAT-
AFFECTED ZONE, AS WELDED, TRANSITION
ZONE BETWEEN PARENT METAL ON LEFT
AND RECRYSTALLIZED MATERIAL ON THE
RIGHT.
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V2.

6 1-29-Cl 1 50X

FIUE15 Ti-'7A1-l2Zr, V-1540, 0. 0621n SHEET. FUSION
ZONE, WELDED + 1100? (1 hr) AC.

61-29-C2 1 SOX

FIGURE 16 Ti-'IAL l2Zr, V-1541, 0. 0621n SHEET. HEAT-
AFFECTED ZONE, WELDED + 1100F (1 hr) AC.

1'~A `TfTJOTN ZONE BE'TWEEN PARENT METAL
ON LEFT AND RECf,,STALLIZED MATERIAL
ON THY RIGH'rT.
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61-29-Bl 1 50X

FIGURE 17 Ti-7AI-l2Zr, V-1541, 0.0621n SHEET, FUSION
ZONE, WELDED +- 1650F (30 mini) AC.
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5A1-5Sn-5Zr showing the transiormed st-ructure of the weld zrine

(Figure 9), recrystall.Ization o'f parIena4 and transitioim mne-Lal during
posiweld annealing at 1650F (1/2 hr) AC (Figure 11), anld a corm--
parison of the heat-affected zone before and after 1100F (1 hr) AC
(F~igures 10 and 12), Of particular interest is the latter compari-
son, since it appears t.hati, he heat-affected zone contains more
precipitate after str!s~s relieving at I 10F; at least it has a darker
etching characteristic:. Figuares 13 through 1T iliust-rate several
zones anid conditions in weltded TI-'-7AI-12Zr-, As ofbserved in Ti-
5.AlI-5Sn-'5Zr, the ltransiLJion in the heat-a~ffec~ted zcnýý cf TI.-7Al-
l2Zr (Figure 14) presented a darke~r appearance and different

etching behavior. Closcr exami.natiou at iiignier magniltication re-
vealed that each grain boundary wa~s widened con sid o.4ably. It. is
postulated that it, this ro.r row transition zone the matexial reached
a temperature during welding which~ just exceeded the alph transus
and, Ltherefove, beta ph'ase was formied in these grainl boundaries.
If' so, the beta would have beer, deficient in alumninum. a-2d richer
In zirconium at temperature and, upon the relatively rapid cooling
after welding, this lean-aluminum bet~a transformed to alpha,
thus resulting In, tra~usfo-.med grain 1io-undar.- mnaterial Wh.4ich

etched differently than2- il-e priimary al.phza grains. Event more im-
portant is Lhe fact that. these boundaries would @l~so be weaker and
this may be the reasort whypac.iraiy all. of the transverse ten-
siloe specimens tested -if. onom I emrperature (Tables 13 anld 14)
broke in the hieat-) 1'Tected 7 oJ.)v. Postwe-i d hleat~ing of, 1100 Pi (1 h~r)

AC also seemied to proniole mnore prec ipiltale in the si rjul ure
(Figures 15 and 16), while postwc].d annealing at 1650F (1/2 hr) AC
produced a mnuch cleaner 0inucture in the fusion zone Zilong with some
coarsening of the alpha platcs into sorncwha!, of a. Widmanstatten
pattern as shown) in F~igut. e 17.

Additional JPioperty EvAluation of' T-i-S5Al- 5Sn- 5Zr and Ti,-7AI1-2Zr

As outlined in thu et B~imonthily Report (4), a lnherji t ry stuidy is being

pe rformed to dete rrriirke th~e effeei of' hydr'ge- tfjl Tf '~en ýile ind ctceep -

stability propereties of both'1 comrposiUtions. Ihirs in-vestigation is sub-



sLaritially complete except for hydrogpen analyses of several specimens
and, therefore, results will be available during the next report period.

Because of the question of surface contamination and its effect on
creep-stability, particularly in Ti-7A1-l2Zr, studies have been ini-
tiated to determine the depth of contamination obtained during hot roll-
ing at 1750F and mill annealing at 1350F (8 hrs) as well as during
final awiiealing at 1650F and to ascertain the effects of such oxidation
on bendability and 1000F sLability. With this information, it will be
possible to determine the amount of surface material to remove prior
to final aanealing. These data. will be obtained during the next period.

Other laboratory evaluation, which has been undertaken, includes
measurement of elevated-temperature tensile, sub-zero tempera-
ture notch tensile, and 800-IIOOF creep-stability properties of Ti
5AI-55n-5Zr and Ti-7AI-l2Zr sheets. A somewhat more compre-
hensive study of stress relieving temperature was also initiated on
welded material since the 110OF (1 hr) AC treatmcnt described in the
previous section appeared to be detrimental to the weld properties.
Except for the latter, these investigations will be completed by the end
of the next report period.

PROCESSING OF Ti-5AI-5Sn-5Zr and Ti-7A1-l2Zr

With the selection of an optimum finish annealing cycle of 1650F
(1/2 hr) AC for both alloys, as described in an earlier section of
this report, the sheets from the first two heats, which had previously
been finish rolled, mill annealed, and rough ground(3, 4), were finish
annealed at 1650F (1/2 hr) AC. However, prior to final annealing a
13in long panel was sheared from one sheet of each gage and comnposi-
tion (a total of six panels) for use in the contamination investigation
and additional annealing studies.

During rough surface grindjng of the 29 sheets (originally listed in
the Ninth 3imonth]y Leport ý)), serious hot rolling defects were de-
t{,>'ted on three Ti-TAl-12Zr sheets; therefore, these th.ree pieces
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were discarded (two sheets of 0. 062in and one sheet of 0. 090in).
After finish annealing the remaining 26 sheets were finish ground,
pickled, and several were tensile and bend tested. Results of
these tests will be presented in the Twelfth Bimonthly Report.

In the production phase of the contract, the three 1700-pound
ingots of each of Ti-5A].-5Sn-5Zr and Ti-7AI-12Zr (4 ) were
pressed to 2-7/8 x 12in slabs, conditioned, and 1-in thick slices
cut from the original top, middle, and bottom locations of each
heat for chemical analyses. Initial results of the zirconium
analyses, particularly in Ti-7A1-l2Zr, were quite variable, so
much so that a careful review was made of the zirconium analyti-
cal procedure and techniques. At the same time, four samples
were taken from each 1 -in slice for aluminum, zirconium, aEI,
tin (where applicable) analyses.

Results of these determinations are listed in Table 16 which
show that good uniformity existed throughout each heat. In general,
the average aluminum content was very slightly higher in the mid-
dle or bottom positions with the zirconium also slightly greater
in the middle; however, the latter trend was not consistent. No
consistent trend of tin variations was observed. Considering the
individual samples within a given 1-in slice, the aluminum and
zirconium values were very slightly higher in the interior than
at the periphery of the slabs; again, no trend in tin variability was
detected. Oxygen levels of the three Ti-5A1-5Sn-5Zr ingots was
generally somewhat higher than that of the three heats of Ti-7A1-
12Zr even though the same sponge (0. 053% 02) was used for all six
ingots. Only one heat of Ti-5A1--5Sn-5Zr (V-1813) contained slightly
higher-than-desired oxygen, but not at an unsafe level; reasons
for this are not known.

In view of the consistent zirconium values obtained in these six
ingots, some question arises regarding the variability previously
observed in the first two heats, V-1540 and V-1541, particularly
the latter( 5 ). Because of the improvements in the zirconium
analytical technique were recently effected, such that the chemical
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TABLE 16 CHEMICAL ANALYSES OF THREE 1700-POUND INGOTS OF EACH OF
Ti-5A1-5Sn-5Zr and Ti-7A!-I2Zr (Samples taken from 1-in slices of
conditioned 2-7/8 x 12in pressed slabs)

Heat No Sample Chemical Analyses, %
and Location* H2 ,
Position Al Sn Zr Fe C N2 02 pprn

Ti- 5A1-5Sn-5Zr

V-1784 Top A 4.84 4. 67 4.77
B 4.91 4.66 4.84
C 4.93 4.71 4.69
D 4,.89 4.73 4.87
Av 4, 89 4. 69 4, 79 0. 0054 0.012 0.023 0.073 127

V- 1784 Mid. A 4.993 4.75 4. 66
B 4.94 4.62 4.68
C 4.95 4.66 4.72
D 4. 93 4.69 4.72
Av 4.94 4.68 4.70 0.047 0.012 0.032 0.087 124

V-1784 Bot. A 4.94 4.66 4.69
B 4.92 4.65 4.72
C 4.94 4.72 4. 77
D 4. 88 4.64 4.56
AV. 4. 92 4.•7 4.69 0.041 0.012 0.022 0.078 110

V-1785 Top A 4. 83 4.81 4. 95
B 4.93 4.93 4. 83
C 4.93 4.76 4. 80
D 4.83 4.85 4.90
Av 4, 88 4.84 4. 87 0.045 0.016 0.022 0.079 154

V-1785 Mid. A 4.86 4.90 4.93
B 4.93 4. 87 5. 14
C 4.98 4.96 4.89
D 4.97 4. 86 5.09
Av. 4.94 4.90 5.01 0.047 0.010 0.032 0,082 154

V-1785 Bot. A 4.89 4.94 4.83
B 4.94 4.996 4.90
C 4.91 5.02 4. 89
D 4.90 5.02 5.09
Av 4.91 4.99 4.93 0.046 0.018 0.022 0.076 140

V-1813 Top A 4.82 4.96 4. 81
B 4.91 4.95 4.77
C 4. 87 4. 96 4.78
D 4.92 4.95 4.92
Av. 4.88 4. 96 4. 82 0,051 0.012 0.027 0. 112 127

(cont'd)
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(Table 16 - cont'd)

Heat No Sample Chemical Analyses,
and Location* H2 ,

Position Al Sn Zr Fe C N2 02 ppm

(Ti-5A1--5Sn -5Zr)

V-1813 Mid A 4.87 4.91 4.78
B 4.87 4.98 4,83

C 4.89 4.99 4.93
1) 4.88 4,88 4.99

Av. 4.88 4.94 4.88 0.045 0.014 0.020 0.086 162

V-1813 Bot. A 4.91 4.98 4.77
B 4.91 4.93 4.83
C 4.91 4.93 4.83
D 4,90 4.99 5.03
Av. 4.91 4.96 4.87 0.047 0.014 0.022 0.095 170

Ti-7AI-12Zr

V-1786 Top A 6. 86 - 11.46

i3 6.85 - 11.55
C 6. 84 - 11.68

D 6.85 - 11.53

Av. 6.85 - 11.56 0.048 0.018 0.015 0.066 104

V-1786 Mid. A 6.88 - I1. 50

B 6.85 - 11.79

C 6.85 - 11. 53

D 6.86 - 11.40
Av. 6. 86 - 11. 56 0.053 0.012 0.011 0.065 60

V-1786 Bot. A 6. 80 I1.39
B 6. 85 - 11.62

C 6. 86 - 11.43

D 6.83 - 1. 62

Av. 6. 84 - 11.52 0.048 0.020 0.016 0.077 54

V-1787 Top A 6.76 - 11.50

B 6.82 - 11. 51

C 6.83 - 11.53

D 6.78 - 11. 55

Av. 6.80 - I1. 52 0. 056 0.020 0.015 0.077 83

(cont'd)
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(Table 16 - concluded)

Heat No Sample Chemical Analyses, %
and Location* H2 ,
Position A! Sn Zr Fe C N2 02 ppm

(Ti-7A1-12Zr)

V-1787 Mid. A 6.71 - 11. 50
B 6.80 - 11.48
C 6.78 - .1.49
D 6.78 - 11.47
Av. 6.77 - 11.49 0.058 0,018 0.012 0.075 119

V-1787 Bot. A 6.79 - 11.70
B 6.85 - 11.67
C 6.77 - 11.70
D 6. 84 - 11.77
Av. 6.81 - 11.71 0.051 0.024 0.016 0.076 74

V-1788 Top A 6.83 - 11. 67
B 6. 82 - 11.74
C 6.77 - 11.74
D 6.76 - 11.67
Av, r, 8A - 11.71 0.052 0.016 0.017 0.080 53

V-1788 Mid. A 6.82 - 11. 86
B 6. 88 - 11. 89
C 6.82 - 11.77
D 6. 77 - 1.1.84
Av, 6. 82 - 11. 84 0.052 0.014 0.013 0.089 86

V-1788 Bo . A 6. 82 - 11. 82.
B 6. 87 - 11.79
C 6. 85 - 11.77
D 6, 77 - 11,77
Av. 6. 83 - 11. 79 0.048 0.016 0,018 0.082 106

(*) Sampling of Slab Slices

12"
0

oA o B C o D 2-7/8"

Note: Samples for oxygen and hydrogen were taken
adjacent to Location D.

-65-



variability of the six ingots in Table 16 is at a very acceptable
level, and since no changes in melting procedure were made
between the two sets of ingots, it is concluded that the zirconium
content of V-1540 and V-1541 was considerably more uniform
than had been reported (5). These same comments and conclu-
sions also apply to the zirconium analyses listed for the Ti-
7Al-12Zr sheets in 'Table 7 of the Ninth Bimonthly Report(3).

Following chemical analyses, sheet bars were scheduled and cut,
rolled to an intermediate stage from 1880-1900F, conditioned,
vacuum annealed at 1350F, and several sheets were finish
pack rolled from 1750F. However, two areas of difficulty were
encountered. First, during initial rolling. from 1880-1900F,
many of the sheet bars developed rather severe edge and surface
cracks. The source of this difficulty, which had never been ob-
served previously on these two alloys, w~s traced to incomplete
conditioning of the pressed slabs. Once this was discovered,
the remaining bars were more thoroughly conditioned and then
rolled to the intermediate stage with no more difficulties. How-
ever, as a result of the additional conditioning required, both
of the intermediate rolled bars as well as the original sheet
bars, the weight of the bars was significantly lower than origi-
nally planned. Therefore, the length or gage of many of the finished
sheets will be less than ordered.

The second problem encountered was that of transverse ripples
obtained during finish pack rolling from 1750F. Some of these
defects were sufficiently severe to require that several sheets
be scrapped. Adjustments in rolling techniques and pack thick-
ness have been implemented to minimize this difficulty, but,
even so, a shortage of slab stock was foreseen as a result of
these lost sheets. Therefore, one additional 1700-pound ingot
of each composition is being melted and will be ready for proc-
essing early in the next period. Thus, a total of four 1700-pound
heats of each alloy will be available to supply 2000 pounds of
finished sheet from each grade in the contract.
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A general status of the production of Ti-5A1-5Sn-5Zr and Ti-

7A1-12Zr sheets is tabulated as follows:

Status of Ti-5A1-5Sn-5Zr and Ti-7A1-12Zr Sheets*

No. of No. of No. of No. of
Gage, Sheets Sheets Sheets Sheets
in Ordercd Applied Scrapped Completed

Ti- 5A1-5Sn-5Zr

0.020 18 27 4 0
0.040 14 18 - 0
0.062 12 10 - 0
0.090 10 11 - 0
0.125 8 8 - 0

Tot.ql 62 74 4 0

Ti-7Al-12Zr

0.020 18 21 9 0
0.040 14 18 3 0
0.062 12 12 - 0
0.090 10 10 - 0
0.125 8 8 -. 0

Total 62 69 12 0

(N) Does not include material from one ad-
ditional 1700 -pound ingot of each alloy
currently being melted.

FUTURE WORK

Ti- 8A1-1Mo -lV

Item 1

During the next period, the laboratory study will be completed on
determining the effect of hydrogen on the tensile and creep-stability
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properties of Ti-SAI-lMo-IV •heet. Several sheets from M-9519
will be duplex annealed and evaluated to determine if any unusual
processing difficulties are encountered in this annealing cycle.
Property uniformity and additional welding studies will be performed
on a typical mill annealed 0, 062in.sheet of Ti-8AI-lMo-IV.

Item 2

Processing, testing, and inspection of the 92 sheets from the five
-ingots will be continued with much of this material scheduled for
completion during the next period. A tentative automatic release
of property specification will be proposed and, wherever posibh1e,
sheets will bc shipped to Navy-approved customers. Processing
of the last 1700-pound ingot of Ti-BA1-lMo-lV will be continued
with intermediate and finish rolling scheduled for the next period.

Ti-5A1-5Sn-5Zr and Ti-7A1-12Zr

Item 1

Several laboratory investigations will be completed by the end of the
next report period including contamination studies, results of ad-
ditional property evaluation, and the hydrogen stu~dy for both alloys.
The additional welding investigation will also be continued. Testing
and inspection of the 26 sheets from the first two ingots will be com-
pleted which will dictate whether any processing changes are required
for the balance of the sheets in the contract. One 0. 062in sheet of
each alloy will also be sectioned for property uniformity studies.

Item 2

Thu badlance of intermediate rolled sheet bars from the first six
1700-pound ingots will be finish rolled and processing continued
toward finished sheet product. Processing of two additional 1700-
pound heats, one of each alloy, will be initiated; this will include
pressing, chemical analyses, and intermediate rolling of sheet bars.
Efforts will also be made to e stablish an automatic release property
specification for each alloy and to ship, wherever possible, finished
sheets to Navy-designated customers.

a-)
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