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ABSTRACT

Two 80-pound, 4-inch diameter double arc cast T-222 ingots were produced and converted

to three wide sheets. Excellent prirary (forging) and secondary (rolling) fabricability wc-

displayed by the material, and an approximately 1/3 ingot-to-sheet conversion yield was

obtained. The sheets displayed physical and mechanical properties comparable to those

previously reported for T-222, as well - s good prod.jct consistancy.

I Phase identification studies, which were begun on a previous contract, (N600(19)-59762),

were continued and broadened during this work phase. lIght microscopy, electron micro-

scopy, and x-ray diffraction techniques were employed to study the morphology and structure

of precipitated phases in T-222. Second phases present after aging T-222 were found to be

dependent upon mechanical-thermal history. For example, aging as-rolled material at

temperatures from 1600 to 2000°F produced the FCC monocarbide phase, (Hf,Ta,W)C, while

in contrast aging solution treated material in this temperature range produced the HCP

dimetal carbide phase only, (Ta,W,H) 2C. Preferential grain boundary nucieation or phase

stabilization due to dissolved oxygen or nitrogen are thought to be probable explanations for

the anomolous behavior.

Analysis of metallographic and mechanical property data on T-222 indicate that the interstitial

strengthening effect may result from immobilization of dislocations by strain induced precipi-

tation and/or precipitation during cooling from the solution annealing temperature. Results

of this study also indicate that the optimum metallurgical condition for T-222 alloy is that

obtained by recrystallization and solution annealing, in general, a one hour anneal at

30000F will provide this condition.
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I. I 4TRODUCTION

This is the final report on the "Pilot Production and Evaluation of Tantalum Alloy Sheet"

program sponsored by the Bureau of Naval Weapons under Contract NOw-64-0394-d. The

program was a continuation of previous studies conducted under Contracts NOw-62-0656-d

and N60,(19)-59762, the results of which are summarized in References 1 and 2. This report

covers the work period April 28, 1964 through October 30, 1965.

The objectives of the program were as follows:

1. Investigate the mechanical properties of T-222 sheet as a function of prior

mechanical-thermal history to determine if mechanical properties could be

further optimized by modifications of the standard process developed for the

conversion of T-1 1 I and ;-222 arc cast ingot to sheet.

2. Continue investigation of tho precipitation reactions in T-222 with the purpose

of correlating mechanical properties with observed alcr~t.-r-tural features.

3. Produce wide (approximately 24 ',ches) T-222 sheet from 4-inch diameter

arc cast ingots using a process wicM6 incorporates the findings of objectives

(1) and (2) above.

Item (3) constituted the major effort of the current prcwam. In meeting this objective,

two, 4 inch diameter T-222 ingots, each weighing oppr :imately 80 pounds, were double

arc melted and converted to 0. 040 inch thick sheet, ro ovaluate fabricability both upset

and side forging were investigated as ingot breakdown tcchrques.

Stress-rupture, high temperature tensile, recrystallization, past- Identification, and aging

response data were acquired on samples from one sheet, while c he,.: chemical analyses,

room temperature tensile, weld bend and sheet bend data were obtairod in all three sheets.

Flatness of each sheet was also determined in accordance with MA -Ik4-M.
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The response to heo. treatment of this wide sheet was studied and compared to results obtaine

on sheet from two smaller T-222 heats, one of similar carbon content (about 100 ppm), and

one of much higher carbon content (400 ppm). Comparison of the second phases present

after aging at temperatures from 1600 to 40000F were made on samples extracted from these

heats. In addition to this, bulk samples were examined by light and electron microscopy

to characterize the structures developed.

Phase identification studies were completed, and the correlation between observed micro-

structural features and mechanical properties was established. Studies of the effect of thermc

mechanical treatments on the properties of T-222 indicated that a 1 hour anneal at 3000°F

provided the optimum combination of strength and ductility.

2
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ained 1i. GENERAL EXPERIMENTAL PROCEDURE
id

HEAT TREATING

All material for heat treatment was degreased, etched in a HNO -H SO -HF-H 0 solution,
and wrapped in clean tantalum foil. All treatments were carried out in vacuum at pressures

of 5 x 10- torr or below. Temperature control was maintained by means of calibrated micro-

optical pyrometer readings of a black body sample within the hot zone with appropriate

corrections for transmittance and absorption of the sight glass.
ermal-
F MECHANICAL TESTING

The gauge section of the tensile and stress-rupture bars was 1 inch by 0. 25 inch by sheet

thickness. Blanks of the appropriate size were cut from sheet stock, surface ground, etched,

and heat treated. Test bars were then machined from the blanks, cleaned, and tested. For

high temperature tests, clean tantalum foil was wrapped loosely around the gauge section.

High temperature tensile tests were conducted at Metcut Research Associated, Cincinnati,

Ohio. Test conditions such as strain rate, temperature control and measurement, heating

rate, and test environment recommended by the MAB were followed.3

Stress-rupture tests were carried out at the Westinghouse Astronuclear Laboratory in two

Satec VC-100 vacuum creep machines. Pressure during testing was maintained below 5 x 10-5

torr. The gauge sections were also wrapped with tantalum foil prior to testing. For test

temperatures from 20000F to 3000OF three Pt/Pt-Rh thermocouples were attached to the

gauge section, one at each end and the control couple at the center of the gauge section.

The strain-time curves were taken using a Satec extensorneter in conjunction with a Wiedemann

measuring system.

Low temperature tensile tests were conducted in a hard tensile machine at a constant strain

rate of 0. 05 irVmin.

3
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Room temperature hardness measurements were made using a Vickers hardness machine with

a 10 kilogram load.

WELDING

Sheet TIG butt welds were made in a vacuum purged weld box backfilled with high purity

helium. The sheet stock was rigidly held in a copper and stainless steel clamping device

designed to give high restraint while providing a heat sink for rapid cooling of the welded

sheet. Sheet, 0. 040 inch tick, was welded at a current of 95 amps, an arc gap of 0. 062

inch, with a travel speed of 7. 5 inches per minute.

Bend tests were conducted using specimens 12T wide by 24T long with the weld par,'ilel to

the long dimension. The span was fixed at 15T and deflection rate was 1 inch per minute.

Specimens were tested with the top of the weld in tension and were bent through an angle

of greater than 90 degrees or until a sudden drop in load was observed, at which time the

test was stopped. Bend angles were measured in the unloaded condition. Test temperatures

from -200 to -320°F were obtained by regulating a flow of gaseous nitrogen (produced from

liquid nitrogen) onto the specimen. Temperatures were read from thermocouples attached

at the punch and specimen button P-hich in turn, through suitable solonoid valves, regulate

the coolant flow.

METALLOGRAPHY

The samples, mounted in one and one-quarter inch diameter Bakelite mounts, were ground

and polished on Buehler Automets. Five mounts were done simultaneously in a specimen

holder.

Grinding was done at 40-pounds pressure on 240, 400, and 600 grit water cooled papers.

The samples, still in a specimen holder, were then hand ground on three-zero and four-zero

emery paper. The preliminary polishing was done with diamond compounds 30 micron, i5

micron, and 6 micron on Buehler Metcloth at 30 pounds pressure.

4
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Using dry Unde A polishing abrasive, an intermediate acid polish containing a mixture of

100 milliliters of acetic acid, 60 milliliters of nitric acid, and 3 milliliters of hydrofluoric

acid, was used on micro cloth applying 30 pounds pressure for eight minutes. The final

polish, using 10 pounds pressure for one minute, was performed using the same procedure as

the intermediate polish.

The samples were swab etched with a solution of 50 milliliters nitric acid, 30 grams ammonium

bifluoride and 20 milliliters water.

5
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III. PRODUCTION OF WIDE T-222 SHEET

Sheet material for the program was produced from two double vacuum arc cost T-222 ingots

nominally 4 inches in diameter. First melts were mode into a 2-3/8 inch mold using A. C.

power, while D. C. power wcs used for the second melt. Sheet was produced by cold rolling

conditioned and recrystallized sheet bar obtained by upset forging or side forging the as-cst

ingot.

MELTING

Starting electrodes were assembled basically as a sandwich of hafnium, tantalum-10 w/o

tungsten and tungsten strips. Carbon was added as cloth wrapped in tantalum foil and

inserted at the center of the sandwich. Chemistry of starting materials is given in Table 1.

Figure 1 shows the cross-section of a first melt electrode. The components as shown assembled

in this figure provided the basic T-222 .cmposition over the cross-sectio, t any point along

the electrode length. Each electrode weighed 40 pounds, and was 1-3/4 inches in diameter

by 29-7/8 inches long. Fusion welds were made around the electrode periphery at intervals

of 4 inches along the length to hold the bundle together for melting.

First melts were made into 2-3/8 inch diameter mold using A. C. power at 2800 to 3300 amps

and 26 to 30 volts. Two melts had to be made per electrode since the length of the first

melt mold limited the ingot weight to 20 pounds. Approximately 2 inches of the top of each

electrode was also rewelded onto the next electrode to be melted. In this manner, the only

material losses encountered in first melting resulted from saw cuts, and close to 100% electrode-

to-first melt yield was obtained.

Two second meit electrodes weighing approximately 80 pounds were assembled from the first

melt ingots by studding and butt welding. Four first melt ingots were ioned in this manner

for each second melt electrode.

6
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FIGURE 1 - Cross Section of First Melt T-222 Electrode
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In order to be satisfied that the available electrical power for melting would be sufficient

to allow production of a 4 inch ingot, attempts were made to melt a scrap pressed-and-sintered-

powder tantalum base electrode into a 4 inch mold. Although this electrode was successfully

melted and produced a satisfactory 4 inch ingot, the oximum available D. C. power (210

KW) had to be used. Because of this, it was felt that onl, marginal power was ivailable for

melting 4 inch ingot at Westinghouse, and the decision was made to make the second melts

at the Bridgeville, Pennsylvania plant of the Universal Cyclops Corporation.

Two second melt ingots weighing 80 pounds were successfully produced at Universal Cyclops.

The melts were made into a 4-1/2 inch diameter mold (a 4 inch diameter mold was not

available). As it turned out only 175 to 190 KW of D. C. power was required to produce

satisfactory ingot. The attempt to melt the scrap powder electrode into a 4 inch mold at

Westinghouse undoubtedly required a higher power because of its high resistivity.

Nominal first and second melt data are shown in Table 2, and a photograph of a second melt

ingot in Figure 2. The heat number marked on the ingot top shown in Figure 2 is that given

it by Universal Cyclops. Heat numbers KC1452 and KC1455 were used by the Cyclops

Corporation to distinguish between these two ingots, however, since they were both produced

from the same starting material under identical melt conditions Westinghouse considers both

to be of one heat. Westinghouse heat number Ta-43, which logically follow- the successive

T-222 melt identification system established under prior contracts, 2 therefore, -iore properly

identifies the material. The Universal Cyclops heat numbers will be used from here on only

to distinguish the two ingots apart. Photographs of the macrostructure at top and bottom of

ingot KC-1452 are displayed in Figure 3. A relatively fine grain structure was attained with

very little evidence of a columnar solidification pattern. Samples to check the major alloy-

ing element chemistry were removed from top and bottom of each ingot. Results are listed

;n Table 3.

9
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TABLE 2 - Nominal First and Second Melt Data

Electrode Diameter Melt Diameter Melt Voltage Melt Power Melt Rate
(inches) (inches) (volts) (KW) (lb/min.)

1-3/4* 2-3/8 26/30 80/100 4.5/5.5

2-3/8** 4-1/2 33/35 175/190 3.3/3.5

* A.C. Power
** D.C. Power

TABLE 3 - Analytical Results from Second Melt Ingots*"
Analysis (w/o)

Heat No. Sample W Hf C

Ta-43 (KC1452) Top 10.0 2.58 0.0090

Bottom 10.6 2.71 0.0117

Ta-43 (KC1455) Top 10.5 2.71 0.0092

Bottom 10.7 2.66 0.0097

* The recommended specification range of T-222 is listed in Appendix A

10
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FORGING

Primary breakdown from ingot to slab was accomplished by forging on a Model 1220C Dynapak

at 26000F. The method used to preset the proper energy for forging on this unit has been

described previously. 2 Ingot fabricability was judged by comparing the condition of slab

produced by both upset and side forging. Both ingots were lathe turned to 4-1/4 inches in

diameter and locally conditioned by repeatedly hand grinding and etching, followed by liquid

penetrant inspection until all surface flaws were removed. The conditioned ingot diameter

averaged 4-3/16 inches. To minimize oxidation during forging billets were hot dip coated

with an Al-12 w/o Si alloy. Billets were brought to forging temperature by induction heating

in an atmosphere of flowing argon.

Ingot KC-1452 was cut into two lengths of 3-1/8 inches and 3-11/16 inches. The 3-1/8 inch

length was upset forged to 1. 15 inch slab, a 2. 8/1 upset ratio, by two Dynapak forging blows

utilizing a total of 4. 5 million inch-pounds of energy. The 3-11/16 inch length was side

forged, also using two Dynapak blows, to 1.5 inch thick slab; a diametrical upset of 2. 8/1.

Photographs of both sides of the resulting slabs are displayed in Figures 4 and 5. A slight

bit of tearing, probably due to anvil friction, can be noted on the upset forge produced slob,

while the side forged piece is essentially tear-free. Some metal folding can also be noted

around the edges of the upset piece, which is normally a result of this type of primary fabri-

cation, especially as reduction ratios approach 3/1. In general, the surface condition of the

side forge produced slab was somewhat better than the upset produced slab, but the differences

were very slight, and the results of both primary breakdown procedures serve to display the

excellent fabricability of T-222.

Although both the upset and side forge procedures resulted in a satisfactory slab for rolling

to sheet, it was decided that side forging the remaining ingot (KC-1455) would produce a

more satisfactory yield since it: (1) eliminates cutting the ingot into the short lengths necessary

for upset forging; (2) produces a more rectangular shape as compared to upset produced slab,

thus minimizing material loss on trimming to yield a rectangular sheet bar. Because of these

13
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FIGURE 5 - Photograph of Side Forged T-222 Section from
Ingot KC- 1452 (Heat Ta-43)
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considerations, ingot number KC-1455 was side forged in its entirety. This was done in a

manner similar to that described above for the smaller pieces except that four Dynapok blows

were utilized. The conditioned and coated ingot weighed 62 pounds and was forged to
1-11/16 inch thick slab. Calculations indicated that the four Dynapak blows would produce

a 1-1/2 inch thick slab, but loss of heat during the forging cycles resulted in a somewhat

thicker piece. Photographs of both sides of thc resulting slab are shown in Figure 6. It is

evident from these photographs that excellent quality slab was achieved.

ROLUNG

The upset, and small and large side forged slabs, were trimmed to sheet bars weighing 14. 3,

19. 2, and 39. 9 pounds, respectively. All three sheet bars were recrystallized at 2700 F for

2 hours, and cross-rolled to wide sheet. The 14.3 and 19. 2 pound sheet k0rs were warm

rolled (500 to 7000F) to a 18 inch length, re-annealed for 2 hours at 27000F, and cross-rolled

to 0. 040 inch thickness. The 39. 9 pound sheet bar was warm rolled to a 24 inch length,

annealed, and cross-rolled to 0. 040 inch thick sheet. An ingot-to-sheet flow chart is

presented in Figure 7. To distinguish between the three sheets they have been identified

Ta-43-U. F. -1, Ta-43-S. F. -1, and Ta-43-S. F. -2, relating to sheet produced from the upset

forging, the small side forging, and the large side forging, respectively. It should be noted

that the ingot-to-sheet yield was approximately 35% for all three pieces. The fact that the

yield of 24 inch wide sheet, was as good as that of the smaller 18 inch sheet was undoubtedly

due to the better bar yield resulting from side forging the entire ingot. Photographs of two

of the sheets mre shown in Figures 8 and 9.

IV. EVALUATION

FLATNESS TOLERANCE

The flatness tolerance was determined for all three sheets in accordance with paragraph 7e

of Materials Advisory Board Specification MAB-184-M. This tolerance is reported as a

percent flatness, and is determined by the maximum height of a bow divided by the minimum

distance from the crest to a point of sheet contact with a flat surface. The flatness tolerance

16
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Ingot KC1452 (Heat Ta-43) Ingot KC1455 (Heat Ta-43)
87 lbs as-melted 70 lbs as-melted

75 lbs as-conditioned 62 lbs as-conditioned

I I Side Forged
27 lb iece 37 lb piece Trimmed Slab for Rolling, 39.9 lbs

Upset Forged Side Forged 1-5/x 5-3/1*'x i--34"

t I Annealed 2700F-2 hrs
Trimmed slab for rolling Trimmed slab for rolling and warm rolled to 24".

14.3 lbs 19. 2 lbs Re-annealed 2700F-
1-1/16"x 4-7/16"x 5-3/16" 1-7/16"x 4-1/8"x 6" 2 hrs and cross rolled to

Annealed 2700OF-2 hrs Annealed 2700F- length.

and warm rolled to 18". 2 hrs and warm rolled
Re-annealed 2700°F-  to 18". Re-annealed
2 hrs and cross rolled to 2700°F-2 hrs and
length. rolled to length.

18"x21-15/16"x 0.040" Sheet 18" x 31-5/16" x 0.040" Sheet N 24 "x38-5/8" x0.040" Sheet
9.6 lbs 13.7 lbs 22. 6 lbs

Identified: Ta-43-UF-I Identified: Ta-43-SF-1 Identified: Ta-43-SF-2

FIGURE 7 - Flow Chart of T-222 Ingot-to-Sheet Procedure

18
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FIGURE 8 -Photograph of T-222 Sheet To-43-UF-1
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FIGURE 9 - Photograph of T-222 Sheet To-43-SF-2
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on acceptable sheet should not exceed 4%. Figures 10, 11, and 12 display scaled layouts of

each sheet including a description of their flatness. It is observed that although the sheets

all contain many bowc, on only one, S. F. -1, is the 4% tolerance maximum exceeded. Better

control of sheet flatness could have been achieved if c larger number of sheets were processed

to provide more experience in rolling wide T-222 sheet.

CHEMICAL ANALYSES AND MECHANICAL PROPERTIES

To evaluate prcduct consistency, room temperature tensile tests, base metal and weld bend

tests, and chemical analyses were obtained on samples from all three sheets. Transve-se

tensile tests were employed following the recommendations of MAB-184-M. Some room

temperature tensile tests on longitudinal specimens were also carried out to provide a better

comparison with results from previous heats. The longitudinal tests were only carried out

on sheet Ta-43-S. F. -1. Elevated temperature tensile and stress-rupture properties as wel! as

recrystallization characteriktics were also evaluated using material from sheet Ta-43-S. F. -1.

All mechanical property specimen were recrystallized by annealing 1 hour at 30000F prior

to test to permit a direct comparison with previous results on T-222. 2 Weld samples were

annealed before welding, and tested without post weld heat treatment.

Analytical results are listed in Table 4. A sample from sheet Ta-43-S. F. -1 displayed a

rather high copper content (60 ppm), and because of this a second sample was analyzed.

It was thought that a high copper content would be reflected in poor elevated temperature

properties and, therefore, analytical material for a second sample was removed from a stress-

rupture specimen which displayed questionable results. Only 10 ppm copper was analyzed

in this sample which is too low to be of any consequence, and is in line with the results on

the other sheets. The elevated temperature tensile and stress-rupture data on sheet Ta-43-

S. F. -1, to be discussed subsequently, deviated, but not markedly, from previously reported

T-222 data, and further implied that the original high copper analysis was in error. Without

qualification the remaining chemical analysis data summarized in Table 4 are in the range

expected for T-222.

21



,'\Astronlear
~}Laboratory

31-5/16#1

Scale: 1/8" =I1"

FIGURE 10 - A Description of the Flatness Tolerance on Sheet Ta-43-SF-1
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TABLE 4 - Check Analysis on Wide T-222 Sheets

Analysis (ppm) ( 1)

Element Ta-43-U. F. -1 Ta-43-S. F. -1 Ta-43-S. F. -2

W 10.6 10.7, 10.6 10.6

Hf 2.58 2.68, 2.66 2.58

C 83 90, 107 90

0 45 44,45 17

N 10 12, 11 10

Fe <10 <10, <10 <10

Cr <10 <10, <10 <10

Ni <10 <10, <10 <10

Co <10 <i0, <10 <10

Cu 20 (2) 10 10

Mn <10 <10, <10 <10

Si <10 <10, <10 <10

Al <10 <10, <10 <10

Mo <20 <10, <10 <20

V <10 <10, <10 <10

(1) Tungsten and hafnium content given in weight percent.

(2) Refer to discussion of chemical analysis (Page 21) .ot copper
result on this sample.

25



®Astronuclear
Laboratory

,4
c

's0 0 0 ~
R v R R C

Cf m m~

1/) C; 0
0 ;c; c

C4 m.. C4) ILLM

D 0 40

V0A

A go
5 -0C

L Ce ELL
4) 0IV

X0 0zz00

C1  '-2 C O0

~:- -t Y__ _ _ _ _ _ _ _ _ _ _ _ _ _ _

CJ
- ci

_ _ _ _ _ _ _ _ _ _ _ __ 01

0<' 1- S - '40 -0 It -to N- C40 ItoC

00 u4%i

a . 4C- &n.a (NCIa toZ)U)L 40 1 O C V

kt 4- NI t -U) n0C N K C4 Or V 0
to C 4 - * C4(( C1-C C -ed4

't r-f- i - f- a-

*i CA --

II C -

I-. - U- U. I- I- 1 *.

271



®Astronuclear
Laboratory

The transverse room temperature tensile data listed in Table 5 for the three To-43 sheets show

good consistency. The longitudinal tensile data obtained on sheet Ta-43-S. F. -1 is somewhat

lower than the corresponding transverse data. The data agree quite closely with results

obtained previously on T-222 heat To-37. Ductility in both the longitudinal and transverse

directions is excellent.

Weld and base metal bend ductility data are also included in Table 5. With a It bend radius,

the base metal ductile-brittle transition temperature is below -3-0°F which is typical of

T-222. The bend transition temperature of welded samples was about -225OF for heat Ta-43.

An exact comparison with previous T-222 data cannot be made because a somewhat larger

bend radius was used in the earlier studies. Previous work indicated the weld bend transition

temperature range for T-222 to be about -2500 to -320 0 F, which agrees fairly well with the

present results when the sharper bend radius is taken into account. The weld bend data clearly

indicate that the material produced during the current program exhibits excellent welding

characteristics.

Elevated temperature tensile and stress-rupture data obtained on heat Ta-43 from sheet

Ta-43-S. F. -1 are summarized in Tables 6 and 7. The results are compared in these tabies
• 2

with data reported previously for heats Ta-37, Ta-39, and Ta-40 produced in earlier programs

which contained approximately the same level of solute additions. Comparative chemical

analysis data for heats Ta-37, Ta-39, and Ta-40 are shown in Tal: le 8.

The tensile results for heat Ta-43 in the recrystallized condition are internally consistent

and reasonably similar to results previously reported on T-222 heats. In general, however,

the tensile results on heat To-43 are on the low side of the prcpzrty range established on

T-222 produced from smaller heats, corresponding closely with data from heat To-37. However,

stress-relieved Ta-43 was weaker at 24000F than material from heat Ta-37 in the equivaient

condition. This difference in strength appears to be related to the somewhat lower recrystalliza-

tion temperature range exhibited by the Ta--,3 materials as illustrated in Figure 13. Figure

13 compares the effect of annealing temperature (one hour anneals) on the hardness of as-rolled
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TABLE 6 - Comparison* of Elevated Temperature Tensile Results
for Several T-222 Heats

Ultimate Tensile Yield Strength
Identification Strength 0.2% Offset % Elongation

(ksi) (ksi) (in 1 Inch)

Recrystallized 1 Hour at 3000°F - Test Temperature 20000F

Ta-37-1 77.6 40.8 18
Ta-37-3 77.8 40.5 20
Ta-39-1 84.5 38.0 19
Ta-40 93.2 49.3 20
Ta-43 81.3 45.0 19
Ta-43 78.0 40.4 18

Test Temperature 22000F

Ta-37-1 67.3 38.4 17
Ta-37-3 63. 2 36. 4 23
To-39-1 75.0 39.5 20
Ta-40 82.7 46.2 20
Ta-43 63.7 38.6 24
Ta-43 65. 6 39. 8 23

Test Temperature 24000F

Ta-37-2 53.4 37.8 20
Ta-37-2 51.5 33.4 23
Ta-37-2 48.5 34.8 24
Ta-37-3 48.2 33.3 27
Ta-37-3 46. 0 30.7 19
Ta-37-3 47.3 32.3 20
Ta-39-1 59.5 38.2 26
Ta-39-2 58.0 38.0 25
Ta-40 64.0 42.3 23
Ta-40 64.5 38.4 23
Ta-43 51.9 37.4 23
Ta-43 52.5 37.0 25
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TABLE 6 - Comparison* of Elevated Temperature Tensile Results
for Several T-222 Heats (Continued)

Ultimate Tensile Yield Strength
Identification Strength 0. 2% Offset % Elongation

(ksi) (ksi) (in 1 Inch)

Test Temperature 2600°F

Ta-37-1 36.9 29.3 34
Ta-37-3 46.7 34.3 26
Ta-37-3 33.7 29.8 38
Ta-39-1 45.0 34.2 36
Ta-40 50.6 33.5 30
Ta-43 40.0 31.3 26
Ta-43 41.3 32.8 27

Test Temperature 28000F

To-37-1 30.5 27.7 48
Ta-37-3 29.5 26. 1 34
Ta-39-1 34.0 31.0 68
Ta-40 34.8 33.3 54
Ta-43 31.6 26.6 43
Ta-43 31.2 26.3 47

Test Temperature 30000F

Ta-37-1 24.2 24.0 26
Ta-37-2 24.9 24. 1 24
Ta-37-2 24.6 22.8 49
Ta-37-3 15.1 15.1 10
Ta-37-3 17.8 17.6 42
To-37-3 23.4 22.4 6
Ta-39-1 26.0 24.6 88
To-39-2 28. 1 25. 6 80
Ta-40 28.2 26.7 73
Ta-40 26.0 25,6 67
Ta-43 23.7 23.5 37
Ta-43 25.2 23.7 32
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TABLE 6 - Comparison* of Elevated Temperature Tensile Results
for Several T-222 Heats (Continued)

Ultimate Tensile Yield Strength
Identification Strength 0. 2% Offset % Elongation

(ksi) (ksi) (in 1 Inch)

Test Temperature 35000F

Ta-37-1 15.9 15.8 37
Ta-37-2 14.1 14.0 43
To-37-3 12.6 11.6 12
To-39-1 14.2 -- 70
Ta-39-1 13.3 12.8 83
Ta-40 13.7 13.3 48
Ta-43 14.3 14.3 45
To-43 15.5 15.5 38

Stress Relieved 1 Hour at 20000F - Test Temperature 1800F

Ta-37-1 100 89.2 10
Ta-37-3 101 87.2 8
Ta-43 102 90.7 6
Ta-43 102 87.7 6

Test Temperature 2200F

Ta-37 -1 78.8 68.8 18
Ta-37-3 91.8 81.8 14
To-43 77.7 62.9 21
Tao-43 77.8 69.2 15

Test Temperatu re 24000F

Ta-37-1 78.8 68.8 18
Ta-37-3 91.8 81.8 14
Ta-43 61.8 47.5 25
Ta-43 58.7 49.5 30

* Results for Heats Ta-37, 39, and 40 obtained from Reference 2.

All samples represent the longitudinal test direction.
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TABLE 7 - Comparison* of Stress-Rupture Results for Several T-222 Heats

Material Annealed 1 Hour at 30000F

Minimum Transition Rupture
Identification Stress Creep Rate Time Time % Elongation

(ksi) (%/hr.) (hrs.) (hrs.) (in 1 Inch)

Test Temperature 20000F

Ta-43 77.5 0.950 1.33 1.75 21
Ta-43 75.0 0.243 2.65 3.80 20
Ta-43 70.0 0.104 7.20 11.00 17

Test Temperature 2200°F

Ta-40 65.0 0.420 1.60 3.20 16
To-40 60.0 0.180 4.10 8.20 17
Ta-39-1 60.0 0.150 3.90 7.30 19
Ta-43 60.0 1.520 0.57 1.15 21
Ta-43 55.0 1.670 0.35 1.45 21
Ta-39-1 55.0 0.085 4.50 10.00 22
Ta-39-1 55.0 0.094 5.30 11.20 23
Ta-43 50.0 0.279 2.05 5.30 19
Ta-43 45.0 0.810 1.05 8.10 19

Test Temperature 3000°F

To-37-3 20. 0 35.500 0.06 0. 26 25
Ta-39-2 17.5 10.600 0.25 1.40 82
Ta-40 17.5 7.400 0.20 1.40 66
Ta-43 17.5 7.900 0.14 1. 60 66
Ta-39-2 15.0 4.600 0.30 2.40 94
To-40 15.0 3.620 2.10 6.30 68
Ta-43 15.0 2.770 0.15 2.50 75
Ta-37-3 15.0 5.700 0.29 1.10 23

Test Temperature 2400°F

Ta-40 45.0 0.87 0.90 3.80 28
To-39 42.5 1.07 0.65 3.45 22
To-39 40.0 0.56 1.70 7.15 38
Ta-39 40.0 0.61 1.20 6.30 33
Ta-40 40.0 0.29 3.20 10.90 32
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TABLE 7 - Comparison* of Stress-Rupture Results for Several T-222 Heats

(Continued)

Material Annealed 1 Hour at 30000F

Minimum Transition Rupture
Identification Stress Creep Rate Time Time % Elongation

(ksi) (%/hr.) (hrs.) (hrs.) (in 1 Inch)

Ta-37-1 40.0 4.39 1.40 2.15 33
Ta-37-3 40.0 2.55 1.20 2.55 33
Ta-43** 40.0 70.5 0.018 0.075 16
Ta-39 37.5 0.602 2.300 7.000 28
Ta-39 37.5 0.665 1.900 6.90 39
To-43 37.5 1.558 1.150 3.25 23
Ta-37-1 35.0 0.520 4.600 12.30 39
Ta-37-3 35.0 o.460 3.200 9. 950 39
Ta-43 35.0 0.810 1.050 3.900 18
Ta-37-3 32.5 0.129 5.600 15.600 31
Ta-37-3 32. 5 0. 04E 8. 600 26. 000 31
To-43 32.5 0.247 2.900 11.85 35
Ta-43 30.0 0.088 5.10 26.20 28
To-43 30.0 0.126 6.40 21.30 27

* Results for heats Ta-37, 39, and 40 obtained from Reference 2.

** Sample used for a second check on chemical analysis of the sheet.
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TABLE 8 - Chemical Analysis for T-222 Comparison Heats

Analysis (w/o) Analysis (ppm)

Heat No. Sample W Hf C O N Cb V Si Cr Ni Ti Cu AI Mg

Ta-37 Ingot 9.5 2.4 110 23 12 -- --

Sheet 9.6 2.4 120 29 25 2300 100 5 20 30 5 1 40 2

Ta-39 Ingot 8.9 2.2 130 18 41 -- --

Sheet 9.2 2.2 130 ---- 100 10 10 20 30 5 1 40 2

Ta-40 Ingot* 111.0 2.5 120 34 -- -

* Chemistry on sheet from this heat was not obtaired.
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FIGURE 13 - A Comparison of Room Temperature Hardness as a Function of One
Hour Annealing Temperature for Heats Ta-37 and Ta-43
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material from heats Ta-37 and Ta-43. The data indicate a lower recrystallization temperature

for Ta-43. This is confirmed by the results of metallographic and x-ray examination shown in

Figures 14 and 15. Metallographic examination indicated recrystallization beginning at 23000F for

Ta-43, while the Laue back reflection patterns of Figure 15 show that recrystallization is

complete after a 1 hour anneal at 2600°F, as opposed to 2800 F for Tc-37. 2 These data

indicate that recrystallization was more extensive during testing stress-relieved Ta-43 at

24000F, as compared to Ta-37 in the some condition, resulting in lower strength and higher

elongation for Ta-43.

Stress-rupture data are listed in Table 7and summarized in Figure 16. The results of the first

sample to be tested, at 40,000 psi and 24000F, deviated significantly from the data on previous

heats. Since the stress-rupture bars were taken from sheet Ta-43-S. F. -1 which displayed a

high copper content (60 ppm) this element was immediately suspected as the cause for pre-

mature failure, and this stress-rupture bar was used for a second check analysis sample. As

described previously, neither copper nor any other potentially detrimental element was found

to be in excess of its expected level on this sample. An explanation for the anomalous behavior

of the sample was not obtained. However, this was the only specimen to show properties

markedly different than normal.

All other results on Ta-43 are seen to be consistent within the heat, and show the expected

temperature-stress trend. Heat Ta-43 does, however, display somewhat shorter rupture life,

and increased secondary creep rates as compared to previous heats. The greatest amount of

stress-rupture data for T-222 was obtained at 24000 F, allowing for best comparison of properties

to be made at this temperature. Again, as observed in the tensile data comparisons, heat Ta-43

corresponds closest to Ta-37. It is unlikely that the poorer stress-rupture properties of heat

Ta-43 are due to some unusual containment which was not analyzed for, but instead these

results are probably more indicative of the scatter one obtains when comparing heats of vary-

ing ingot size etc. For example, stress-rupture data for heat resistant alloys are often character-

ized by scatter bands 10 ksi in width.
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1 Hr. at 2400 0F 1 Hr. at 25000F

I Hr. at 2600 0 1 Hr. at 2800O0

FIGURE 15 - Lou* X-Ray Patterns of Sheet To-43-SF-1
After Various Heat Treatments
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The one and ten hour rupture stress for these heats are given in Table 9. Also included in the

table for comparative purposes is the rupture data for T-1 11 alloy. 1 A Larson-Miller plot

for all T-222 heat stress-rupture data is given in Figure 17. The data band shown in this

figure is the best description of the stress-rupture properties of T-222 available to date.

The property comparisons dscribed above show that the scale-up to 4 inch ingot and subse-

quent production of wide sheet did not significantly alter the strength, ductility, and weldability

of T-222. In addition, the excellent fabricability of T-222 was retained in scale-up as

evidenced in the high quality sheet bar obtained by Dynapak forging as-cast ingot, and the

good ingot-to-sheet yield of approximately 35%.

V. PHASE IDENTIFICATION AND METALLOGRAPHY

Even though the carbon content in T-222 alloy is relatively low (,,100 ppm), the alloy is

responsive to heat treatment in the sense that it can be solution treated to yield a single

phase microstructure, or it can be aged to precipitcte second phases. As a result of the

observed strengthening effects due to interstitial additions of C anc N to the base T-1 11
1

alloy, and because of the possibility of exploiting precipitation hardening effects, a study

was initiated to identify the sacond phases present in T-222, for various mechanical-thermal

conditions. Two main mechanical-thermal treatments were studied: In one case the material

was solution treated at 3000-40000F, quenched, and aged; in the other main treatment the

as-rolled material was aged directly.

Although the alloys studied are quaternary Ta-W-Hf-C alloys, the results are conveniently

rationalized in terms of the ternary Ta-Hf-C system, i. e., it is assumed that W merely sub-

stitutes for Ta and Hf in the phases occurring in the ternary system. Rudy 5 has recently

published the complete phase diagram for the Ta-Hf-C system and an isothermal section of

this diagram is shown in Figure 18. The phases which are observed in the Ta-corner of the

diagram are: (1) the BCC (Ta,Hf,C) solid solution, designated M, (2) the HCP dimetal carbide

(Ta,HI) 2C, designated M2 C and which contains about 10 at % Hf, and (3) the FCC monometal
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TAB IE 9 - One and Ten Hour Stress-Rupture Properties

for Various T-222 and T- 111 Heats

Stress for Stress for
Alloy Heat No. Temperature I Hr. Lfe 10 Hr. Lfe

('F) (ksi) (ksi)

T-222 T-43 2000 80 70

T-222 Ta-43 2200 56 45

T-222 Ta-ZF,9 2200 65 55

T-222 Ta-40 2200 72 69

T-222 Ta-37 2400 43 35

T-222 Ta-39 2400 47 39

T-222 Ta-40 2400 52 40

T-222 Ta-43 2400 42 32

T-111 --- 2400 33.5 26

T-222 Ta-37 3000 15 9

F-222 Ta-3 9  3000 18 12

T-222 To-40 3000 18 14

T-222 Ta-43 3000 18 12
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FIGURE 17 - Larson-Miller Plot of Stress-Rupture Data for Vv'1ous
T-222 Heats. Material Annealed 1 Hour at 300F
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carbide (Ta,Hf)C, designated MC and which represents the series of solid solutions formed

between TaC and HfC. These are the three phases, neglecting HfO 2, observed in the experi-

mental alloys, but with some W included in each phase. The point P in the Ta-corner of the

diagram of Figure 18 moves towards the Ta-comer with decreasing temperature and at 2000°F

falls at about 2 at % Hf.

The results obtained on two heats of T-222 (-400 ppm C, heats Ta-43 and Ta-39) and a heat

modified to contain 400 ppm C (heat Ta-42) are shown in Table 10. Similar results were

obtained on other heats of T-222 as well as a heat of T-1 11 modified to contain 100 ppm of

each C, 0, and N. The experimental results are shown graphically in Figure 19. This figure

shows a schematic drawing of the Ta-corner of the Ta-Hf-C system, upon which the experi-

mental data are superimposed. There are two sets of points plotted for each of the alloys; one

set shows the results obtained after aging the as-rolled material directly; the other set displays

the results obtained after aging solution treated material. Heats representing T-222 chemistry

i.e., Ta-39 and Ta-43 will be discussed first.

With 'ne processing schedule used, heat Ta-39, was single phase in the as-rolled condition,

and aging the as-rolled material for 16 hours at temperatures between 2000 and 28000F caused

precipitation of only the MC phase. Annealing Ta-39 at higher temperatures, 1 hour at

3000 to 40000F, gave a single phase structure which could be retained by He-quenching, i. e.,

quenching in a stream of He gas. The response to aging as-rolled material from Ta-43 was

examined only at 2000°F whereupon monocarbide precipitation was also detected.

Aging the solution treated material (quenched from 3000 to 40M0F to give a single phase

structure) at 1600 to 2000°F caused precipitation of only the M 2C phase. Aging at 24000 F

precipitated either bth the M 2C and MC phases (Ta-39) or just the MC phase (Ta-43) which

undoubtedly is a result of the slighiy differing carbon contents. After aging at 2800 F the

material was either single phase (Ta-43) or showed precipitation of the MC phase (Ta-39),

and again this is probably related to the exact carbon content of the material.
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Since the precipitates observed after aging at the lower temperatures (1600 to 2000 F) were

different for the as-rolled material (MC) and the solution treated material (M2C) a few

additional tests were run to clarify this influence of mechanical-thermal history. These te:ts

were run on heat Ta-43 and the results are also shown in Table 10. Sample X25 was solution

treated, strained 5% at room temperature, and then aged at 2000°F. Only the MC phase

precip tated, which shows that a small amount of strain induces precipitation of the MC

phase at the lower temperature where only the M2C phase precipitates in the absence of

strain. This effect is reversible, as shown by the results on Sample X31. The as-rolled

sample was aged at 20000F to precipitate the MC phase, then solution treated and reaged at

2000 F. The MC phase formed during the first aging treatment dissolved during the solution

treatment, the prior strain was removed by recrystallization, and only the M2C phase precipi-

tated during the final aging treatment. Sample T7 was run with the aim of possibly determin-

ing the equilibrium phases at 2000 0F. The sample was solution treated and aged at 24000 F

to precipitate the MC phase, quenched and reaged at 20000F. Both the MC and M2C phases

were observed after the 20000 F aging treatment, but the MC phase was much more abundant

as evidenced by the relative intensities of the diffraction patterns. The presence of the

M2C phase suggests the possibility that the MC phase was dissolving while the M2 C phase

was precipitating as the equilibrium phase, but that the reaction did not go to completion

because of slow kinetics. Suffice it here to say that this interpretation meets with several

objections, and so the equilibrium phases at 20000 F remain unknown.

Referring to the 400 ppm C heat, (Ta-42), the as-rolled material contained both the M2 C

and the MC second phases. Both second phases were still observed after aging the as-rolled

material at 2000 to 2800 F, although the relative amount of the MC phase appeared to

increase during aging. The MC phase dissolved upon annealing for 1 hour at 3000 to 40000 F,

but the M2 C phase remained. After quenching from the high temperature and aging at

2000 F the M2C phase was still the only second phase observed, and presumably add;tional
precipitation of M C occurred during aging. Agina the quenched material at 2400 to 2800 0 F

2g
caused precipitation of the MC phase since both second phases were observed after these

aging treatments.
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TABLE 10 - Carbide Phases Detected in Ta-W-Hf-C Alloys

Heat To-39 Heat To-43 Heat Ta-42

Mechanical-Thermal Ta-9. 2W-2. 2Hf Ta-10. 7W-2. 7Hf Ta-9. 4W-2. 4Hf
Condition -. 013C -. 010C -. 040C

Sol. Treated 1 or 16 hr/3000- N.D. N.D. M2C
40000 F + Quench* 2

As-Rolled (500 0F) N. D. M2C(A)+Mc(L)

Sol. Treated 1 hr/3000°F
+ Aged 16 hrs. at: 16000 F -- M2C --

20000M C M2C M C
24000 F M2 C(/ZMC(A) MC M2c(A?)+MC(L)
28000F MC N. D. M2C(A)+MC(M)

As-Rolled (5000F) + Aged M.(M)+Mc(A)
16 hrs. at: 2000"F MC MC M2.24000F MC -- M2C(M)+MC(A)

28000F MC -- M2 C(M)+MC(A)

Sample X-25

1 hrl3000°F+Roll (5% at MC
500 F) + Aged 16 hrs/2000°F

Sample X-31

Roll (900/6 at 500°F) + 16
hrs/20000 F + 1 hr/3000°F M2 C
4 16 hrs/2000°F

Sample T-7

1 hr/3000°F+ 16 hrs/2400°F M2C(MW)+MC(S)

+ 16 hrs/2000°F

* Specimens were quenched in a helium stream between all heat treatments.

MC: (HF,Ta,W)C, M C: (Ta,W,Hf) C, N. D. not detected, (S) strong, (A) abundant,
(1) low, (M) moderate, (MW) modera4e to weak, (--) not analyzed.
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FIGURE 19 - Phases Present in Ta-W-Hf-C alloys as a Function of Thermal-
Mechanical History
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X-ray emission analyses on the extracted residues showed that the MC phase was rich in

Hf and Ta (much richer in Hf than Ta) but low in W, whereas the M2 C phase was rich in

Ta and W (richer in Ta than W) but low in Hf. The lattice parameter of the FCC MC phase

was approximately a0 = 4. 60, which, in agreement with the x-ray emission analyses, corres-

ponds to about 75% HfC, assuming a linear variation in lattice parameter between TaC and

HfC. The lattice parameters for the HCP M 2C phase were approximately a0  3. 10, c0 =

4. 94, and c/a = 1.59, which are close to the values reported for Ta 2C. Chemical analyses

were not made to determine interstitial contents, and it is possible that the cubic phase con-

tains N, and perhaps 0, as well as C. However, as shown in Table 10, the compositions of

the second phases are listed as (HfTa,W)C for the FCC phase, otherwise designated as MC,

and as (Ta,W,H 2 C for the HCP phase which is designated as M 2C.

Repeated tests have shown that the phases observed after aging at 20000 F or lower depends

upon the mechanical-thermal history immediately prior to aging, but with this exception the

ternary Ta-Hf-C phase diagram provides a ready physical basis for correlating the experimental

results. Several explanations might be advanced to explain the low temperature results.

Assuming that the MC carbide is stable at 20000 F, the presence of the M2 C phase might simply

be due to its preferential nucleation at grain boundaries, as evidenced by metallographic

observations. Thus, once formed the M2 C phase might persist in spite of greater assumed

stability of the MC phase. On the otherhand, if the M2 C phase is the only stable second

phase at 20000 F, the presence of the cubic MC phase might be due to its stabilization by

residual oxygen and nitrogen, as proposed by. Chang 6 who investigated alloys similar to T-222.

The microstructures and precipitate morphologies in T-222 alloy, (heat Ta-43), after various

mechanical-thermal treatments are shown in Figures 20 and 21. The material is single phase

in the solution treated condition, Figure 20A. The HCP M2 C phase formed by aging the

solution treated material at 1600-20000F precipitates preferentially at grain boundaries,

Figure 20B, and sometimes as a continuous, massive phase up to 3-4p wide, Figure 21A.

Even as matrix precipitates, the M2C particles are generally large, and appear to be platelet

in shape, Figure 21B. The FCC MC precipitates formed by aging the solution treated material
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(a) 3000X (b) 3000X

(c) 10,O00OX (d) 3000X

FIGURE 21 - Electron Micrographs of Surface Replicas of T-222 Alloy. Solution Treated
+ Aed 16 Hrs. at: (a) 2000°F, M2C ppt, (b) 1600°F, M2C ppt, (c) and (d)
2400 F MC ppt.
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at 24000F and the as-rolled material at 2000°F are shown in Figures 20C and D, respectively.

In the wrought and aged material, the precipitates are located primarily in high angle

boundaries. In the solution treated and aged material, the MC precipitates form throughout

the matrix and along grain boundaries. The grain boundary precipitates occur as discrete

and somewhat uniformly spaced particles, but there is no general preference for grain boundary

precipitation. The MC precipitates are small, less than 1p in size, and are heterogeneously

distributed throughout the matrix. At low magnification these precipitates appear round in

shape, but surface replicas and transmission micrographs of extracted particles show that

they are platelets. Figures 21C and D show MC platelets in the matrix and along subgrain

boundaries, respectively.

VI. MICROSTRUCTURE AND MECHANICAL PROPERTIES

In the previous section of this report it was shown that T-222 is responsive to heat treatment,

in that thephases observed in the microstructure are influenced by mechanical-thermal history.

To evaluate the effect of prior mechanical-thermal treatment on the properties of T-222,

tensile tests were conducted on material from heats Ta-39 and Ta-43 in various conditions

of heat treatment. These tests were intended to determine the following:

1. The effect of solution annealing temperature on room temperature tensile

properties.

2. The effect of aging temperature on the room temperature tensile properties

of solution annealed sheet.

3. The effect of prestraining plus aging on room temperature tensile properties.

4. The effect of intermediate annealing on 2400 F tensile properties.

EFFECT OF SOLUTION ANNEALING AND AGING

Room and 2000 F tensile data for heat Ta-43 in various conditions of heat treatment are

summarized in Table 11. The effect of solution annealing temperature on room temperature
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tensile properties is shown in Figure 22 (specimens 1 thru 10, Table 11). Strength decreased

as the solution annealing temperature was increased from 3000 to 40000 F. Tensile elongation

decreased rather abruptly as the annealing temperature was raised from 3500 to 40000 F. This

variation in strength and ductility is probably related to the variation in grain size with

solution annealing temperature. Referring to Table 11, specimens 6, 7, and 8 were used for

pre-straining and aging experiments, hence only the yield strength was obtained for the

solution annealed condition. Specimen 10 was radiation cooled in the furnace, whereas the

other specimens were all quenched in a stream of helium gas. No variation in strength or

ductility was observed as a result of this variation in cooling rate.

Room temperature tensile results on material solution annealed and aged are shown in Figure

23. Heat Ta-43, was single phase after aging at 2800°F, hence the tensile properties of the

specimens aged at this temperature are no different from those of the as-solution annealed

material. However, aging for 1 and 16 hours at temperatures ranging from 1600 to 2400°F

resulted in a decrease in room temperature strength (specimens I1 thru 18). Aging solution

treated material at 20000F also caused a decrease in 20000 F tensile strength (compare speci-

mens 3A, 12A and 16A, Table 11). It is thus apparent that precipitation of both the MC and

M 2C carbide phases, which resulted from the aging treatments, caused a decrease in tensile

strength. As shown in Figure 23 aging for 16 hours caused a somewhat greater reduction in

strength at any given temperature than the corresponding 1 hour aging treatment.

Aging as-rolled material at 20000 F caused a decrease in room temperature strength, but had

no effect on 20000F tensile strength (specimens 19, 19A, 20, and 20A).

Specimens 2! thru 24 were processed to explore the possibility of achieving strain-induced

precipitation. Specimen 21 was solution treated and then creep strained for 24. 4 hours at

20000F and 42 ksi to a plastic strain of 1%. Following this treatment, the specimen was

tested in tension at room temperature. The room temperature strength of this specimen was

about 10 ksi lower than that of the solution treated material: however, it was also about

10 ksi higher than that of the specimen (16) aged for 16 hours at 20000 F, Specimens 22,

23, and 24 were solution treated at 3000°F, pre-strained at room temperature (see the yield
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TABLE 11 - Room Temperature Tensile Properties of Heat Treated T-222 (Heat Ta-43)

Remi Temp. Tensile Results 20000F Tensile Results

Specimen UTS .2% YS Elong. UTS .2% YS Elong.
Mechanical-Thermal Treatment No. (ksi) (ksi) (%) (ksi) (ksi) (0/6)

ST 1 Hr./40000 F 1 89.4 89.4 4.0
ST 1 Hr./35000 F 2 100.4 94.6 32.0
ST 1 Hr./30000 F 3-3A 108.7 97.8 27.0 78.2 39.0 20
ST I Hr./30000 F 4 109.2 103.4 30.0
ST I Hr./30000 F 5 107.1 98.2 30.0
ST I Hr./30000 F 6 -- 101.0 --

ST 1 Hr./30000 F 7 -- 99.1 --

ST 1 Hr. /3000F 8 -- 113.1 --
ST I Hr./3000 F 9 108.3 101.1 23.0
ST I Hr./3000°F 10"* 109.4 102.3 24.0

ST* + Aged I Hr./28000 F 11 107.6 99.2 23.0
ST + Aged16 Hrs. /2800 0 F 12-12A '04.9 97.2 31.0 78.2 39.6 23

ST + Aged I Hr./24000 F 13 102.2 92.1 29.0
ST+ Aged 16 Hrs./24000 F 14 101.4 88.4 30.0

ST+ Aged 1 Hr./2000OF 15 106.0 92.8 25.0
ST+ Aged 16 Hrs./20000F 16-16A 97.7 81.7 24.0 65.8 34.5 18

ST + Aged 1 Hr./16000 F 17 102.4 87.6 25.0
ST+ Aged 16 Hrs./1600°F 18 100.8 85.7 28.0

As-Rolled 19-19A 168.2 156.1 6.0 96.0 73.4 14
As-Rolled+ Aged 16 Hrs./20000 F 20-20A 131.9 123.4 17.0 90.0 73.8 13

ST + Creep strain 1% at 20000F 21 99.9 90.8 27.0
(24.4 Hrs., 42 ksi)

ST + strain 6% Room Temperature 22 105.0 94.5 29.0
16 Hrs./20000 F

ST + strain 10% Room Temperature 23 108.9 98.3 31.0
16 Hrs./20000 F

ST + strain 7% Room Temperature 24 119.6 108.4 31.0
16 Hrs./2000°F I I I

* ST = Solution Treated 1 Hr./30000 F + He-Q

** All specimens were He-Q after annealing or aging except 5 11 which was radialion cooled
in the furnace.

* Intergers refer to room temperature tests. Intergers plus letter refer to test at 20000F.
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strengths for specimens 6, 7, and 8, respectively) aged 16 hours/20000 F, and then retested

at room temperature. The room tempf~rature yield strength of the specimens pre-strained 6

and 7% and theii aged (22 and 24) was about 5 ksi lower than the yield strength of the same

specimens prior to pre-stralning and aging (6 and 8). The strength of specimen 8, or equiva-

lently specimen 24, was about 10 ksi higher than that of other s;milarly heat treated specimens,

but the reason for this is not known. The strength of specimen 23 after pre-straining about

10/6 and aging was about the same as that observed prior to pre-straining, specimen 7.

Forthe thermal-mechanical conditions studied, the tensile test results show that in the recrystall-

ized condition 7-222 is strongest when solution treated to give a single phase microstructure

as judged by metallographic examination. Aging the solution treated material at temperatures

between 1600 and 2400 F to give the type of microstructures (precipitate morFhology) shown

in Figures 20 and 21 results in a decrease in room tenperature strength, and basad upon speci-

men 16A, strength at 20000F also. The decrease in strength due to aging was not as great if

the specimen was pre-strained prior to aging. Pre-straining a sufficient amount, perhaps

about 10%, prior to aging reulted in the same strength as that of the solution treated ma-eriol.

In no cases, however, did aging or pre-stmining plus aging result in increased strength above

that of the initially solution treated material.

EFFECT OF INTERMEDIATE THERMAL-MECHANICAL TREATMENTS

To explore the effect of intermediate processing treatments on the high temperature strength

of T-222, a series of tensile specimens were prepared from heat Ta-39 of varying thermal-

mechanical history. The processing of this material is illustrated in Figure 24. (Melting

data for this heat is presented in Reference 2). After forging and working this heat to 0. 1

inch thick plate, five 1-3/4 inch by 6 inch strips were removed and fabricated to 0. 045 inch

thick sheet using the procedures listed below:

A. Cold rolled directly to 0.045 inch thick (-,80/6 red.).

B. Annealed 1 hour at 30000F, cold rolled to 0. 045 inch thick (55% red.).

C. Annealed 1 hour at 35000 F, cold rolled to 0. 045 inch thick (55% red.).
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D Annealed 1 hour at 3500°F, cold rolled to 0. 06 inch (40% red. ),annealed

1 hour at 3000°F, cold rolled to 0.045 inch (25% red.).

D2 Annealed I hour at 3500°F, cold rolled to 0. 060 inch (40% red.), annealed

I hour at 3500°F, cold rolled to 0.045 inch (25% red.).

Each strip was then sheared into four sections and annealed 1 hour at 2600, 2800, 3000, and
3500°F, with the excepti:'n of D and D which were not annealed at 26000 F. The 26000F

1 2
anneal was omitted breause of ihe low reduction of 25% which would not be sufficient to

cause recrystallization at that temperature. In this naunner a number of thermal-mechanical

treatments prior to aging were obtained.

Tensile data obtained at 24000F for the variously processed sheets are listed in Table 12 and

shown graphically in Figure 25. The material, given a final anneal at 2600 and 2800F,

showed a large variation in properties due to the various stages of recrystallization represented.
All of the material annealed at 30000F was completely recrystellized and exhibited consis-
tent strength properties. However, o trend toward lower elongation with higher intermediate

annealing temperature was evident. The material annealed at 35000F exhibited a variation

in properties which appeared to be associated with the amount of prior reduction. The strength

properties of the B and C material were comparable to the standard values while elongation

values were slightly lower. The A, D1 and D2 material exhibited significantly lower propert'es

in all respects. The D2 properties were substantially lower than those of the standard with

an elongation of only 4%. (The grain size of all the 35GO°F annealed material was in the

ASTM-4 range). The carbon content of the D2 material was rechecked and found to be

0. 0094% indicating little or no loss durrnj the high temperature processing anneals. The
room temperature hardness and elevated temperature tensilm data indicated that the minimum
tempernture of 3000°F was required to completely recrystallize in 1 hour T-222 sheet which

had been cold reduced 25 to 81%. The strength prope-ties of the sheets annealed at 30000F

indicated no apparent influence oi prior processing hislory with the possible exception of the

D2 material. The ductility, however, showed a definite trend to lower values with increasing

S. grain size. The yield strength of the D2 shewr was significantly Iigher while the elongation
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TABLE 12 - Tensile Properties at 2400°F as Effected by
Mechanical-Thermal History (Heat Ta-39-?)

Sheet* Ultimate Yi ;Id Strength Avg. Grain
Identification Tensile Strength (0. 2% Offset) Elongation Diameter

(ksi) (k) (mm)

A-2600 43.7 33.1 46 --

A-2800 41.7 32.3 58 --

A-3000 58.3 38.0 28 0.021
A-3000 58.7 37.9 27 --

A-3500 48.3 34.5 14 0.107

B-2600 58.0 42.8 29 --

B-2800 55. 8 38.0 35 --

B-3000 58.0 36.8 24 0.025
B-3000 58.2 39.4 29 --

B-3500 57.8 35.9 21 0,097

C-2600 60.0 48.7 23 --

C-2800 46. 8 33.0 43 --

C-3000 55.3 35.4 21 0.045
C-3000 58.0 39.3 25 --

C-3500 55. 8 34. 8 19 0. 100

D1-2800 52.6 40.3 21 --

D1-3000 58.5 37.3 18 --

D1-3000 58.3 37.4 18 0.037
D1-3500 43.4 32.0 10 0.115

D2-2800 46.8 43.2 10 --

D2-3000 54.7 44.5 11 --

D2-3000 55.0 43.8 12 0.105
D2-3500 34.5 31.3 4 0.110

* Refer to Figure 22 for Mechanical-Thermal History
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was correspondingly lower than the other "-fO0OF annealed material. The high yield strength

and low elongation may be associated with the larger grain size of the D2 material as compared

to the other 30000F annealed sheet.

It was also noted that the final grain size of the 35000F annealed sheets was apparently

independent of prior history. The final grain sizes of the sheets representing the various

processing conditions were approximately the same.

Because of the varied stages of recrystallization present in the samples annealed at 2600 and

28000F prior to testing at 24000 F, the influence exerted on mechanical properties by second

phase precipitation could not be evaluated as was done for heat Ta-43. The necessity of

a minimum 1 hour annealing temperature of 30000F to insure consistent strength which, within

rather broad limits is independent of prior history, coupled with the tendency toward loss

of ductility resulting from higher temp,-vature intermediate and/or final anneals further
verifies the choice of the 30000F final anneal treatment as optimum to produce the best com-

bination of properties in T-222.

STRENGTHENING MECHANISMS

In the preceding contract periods, it was shown that C and N interstitial solute additions to

the base Ta-W-Hf composition make a significant contribution to high temperature strength.

This contribution to strength is a maximum at about 18000F and persists up to about 30000F.

The mechanism whereby these interstitial solutes contribute to high temperature strength is

not known. However, the experimental data discussed previously suggest that the mechanism

may be that of immobilization of dislocations by precipitate pinning, as suggested by Chang 6

and Gregory.

A plot of strength versus temperature shows a peak in ultimate strength occurs at about 1800°F1

and this peak occurs in T-111 as well as in T-222. In the absence of any evidence for a

temperature dependent ordering or clustering effect, this peak in strength is attributed to the
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presence of interstitial soluces in the material. It was also previously shown that C and N

levels of about 200 pem which gave a single phase microstructure at the :olution treating

temperature were just as effective in promoting strength as higher levels of C and N (400-

800 ppm) which gave a two phase microstructure at the recrystallization temperature. Thus,

the strength contribution due to C and N appears to be related to the C and N initially

taken into solid solution at the solution treating temperature.

Interstitial solutes in solid solution cn contribute to strength, e. g., by segregating to dis-

locations, but this mechanism would not be expected to be very effective at high temperatures

where the diffusivity of interstitials is high. Substitutional-interstitial solute interactions

could lead to lower diffusivity, as well as clustering effects, but it seems more likely that

actual precipitation ;s involved. However, it is unlikely that classical precipitation hardening

is operative. The types of microstructure and precipitate morphology attained in T-222 alloy

by aging the supersaturated solid solution were shown in Figures 20 and 21. The low volume

fraction of precipitate and the coarse state of dispersion would seem to preclude the possibility

of the precipitates effectively blocking the motion of mobile dislocations. This is borne out

by the tensile test data described in Table 11, i. e., aging the solution treated material to

produce the type of precipitate structures shown in Figures 20 and 21 inveriably resulted in

a decrease in strength. Also, previous work 1'2 has shown from room temperature hardness

measurements that T-222 alloy shows no response to aging.

In contrast to mobile dislocation-precipitate interactions in the usual sense of dilocation

theories of precipitation hardening, strengthening due to precipitation on dislocations results

from the decieased number of dislocatioits participating in the deformation process. In this

case, the precipitates might well be too small to be observed except by electron transmission

microscopy; thus the material would appear to be single phase as jud-ed by optical metall-

ography. It might also be noted that there is sufficient C or C+N present in T-222, and even

T-1 11 to produce substantial pinning. In view of the strain induced precipitation of the FCC

(Hf,Ta,W)C carbide observed in the phase identification work, it is probable that it is precipi-

tation of this carbide on dislocations, during testing or during cooling from the solution anneal,
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that is responsible for the observed strengthtunng effect due to interstitial solute additions

to the base Ta-W-Hf alloy,.

VII. CONCLUSIONS

1. The excellent combir.ction of fabricability, strength, ductility and weldabilivy previously

displayed by T-222 was retained in alloy scale-up to 4 inch diameter ingot and production

of 18 and 24 inch wide sheet.

2. Two carbide phases (M2C and MC type) were observed on aging solution treated T-222

in the temperature range 1600 to 2800°F. The MC phase was stable at the higher temperature.

Aging solution annealed plus cold worked material resulted in precipitation of only the MC

phase.

3. In the recrystallized condition T-222 alloy was strongest when solution treated to provide

a single phase microstructure. Aging solution treated material to produce second phase

precipitation results in lower strength at both room and elevated temperatures.

4. Intermediate and/or final annealing treatments of T-222 alloy above 3000°F tend to result

in loss of ductility in the final product, while the effect of prior history may not be eliminated

by lower temperature anneals.

5. The best combination of strength and ductility for T-222 alloy, within broad limits, is

obtained by 1 hour anneal at 30000F.
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ERRATA

Please substitute the attach-d sheet for Page 30 in the report "Pilot Production
and Evaluation of Tantalum Alloy Sheet", Summary Phase Report Part i. Tne report
was prepared under Contract NOw-64-0394-d, by R. L Ammon, A. M. Filippi, and
D. L Harrod of the Westinghouse Astronuclear Laboratory.

Tensile properties reported erroneously for T-222 heats Ta-37-i and Ta-37-3 have
been corrected.
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TABLE 6 - Comporison* of Elevated Tempercture Tensile Results
for Several T-222 Heats (Ccnti muec

Ultimate Tensile Y.eC!A S;,-eqth
Identification Strength 0. 2% Offset % Elongation

(ksi) (ksi) (in 1 Inch)

Test Temperature 35000F

Ta-37-1 15.9 15.8 37
Ta-37-2 14.1 14.0 43
Ta-37-3 12.6 11.6 12
Ta-39-1 14.2 -- 70
Tc-39-1 13.3 12.8 83
Ta-40 13.7 13.3 48
Ta-43 14.3 14.3 45
Ta-43 15.5 15.5 38

Stress Relieved 1 Hour at 2000°F - Test Temperature 18000 F

Ta-37-1 100 89.2 10
Ta-37-3 101 87.2 8
Ta-43 102 90.7 6
Ta-43 102 87.7 6

Test Temperature 22000F

Ta-37 -1 78.8 68.8 18
Ta-37-3 91.8 81.8 14
Ta-43 77.7 62.9 21
Ta-43 77.8 69.2 15

Test Temperature 2400 F

Ta-37-1 61.3 56.0 24
Ta-37-3 55.2 45.6 31
Ta-43 61.8 47.5 25
Ta-43 58.7 49.5 30

* Results for Heats Ta-37, 39, and 40 obtained from Reference 2.

All samples represent the longitudinal test direction.
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