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The key thermophysical andhechanical properties for Ta-8%W-2%Hf(alloy T-111) are
summarized in the following. This solid solution alloy vaeveloped in the earl¥960sand was
commercially produced by several vendors [1]. Most of the development work on refraetaty
stopped in the early 1970s duethe suspension of funding faruclear spaceower systems and

the decision tautilize reusable surfaceeramic tiles rather than coateefractory metaldor the

Space Shuttl¢?]. TheT-111alloy is presently not being produced duelack of demand, and

there is some concetthat a “relearningprocess would b@eeded before the alloy could once
again be reliably produced (based on problems witttent attempt tproduce thdantalum alloy
T-222) [1]. The alloy T-222 has a composition of Ta-10%W-2.5%Hf-0.01%C, and has somewhat
superior mechanical strength compared to T-111 although the data base is not as comprehensive.

Tantalumalloys are susceptible toydrogenembrittiement, as are itSroup V-A siblings
vanadium and niobium [3]. All of the Group V-A refractory alloys duetile atroom temperature,
whereas the group VI-A refractory alloys (Mo and W) are generally brittle at room temperature. All
refractory metalsuffer from well-knownoxidation problems atlevated temperaturgs500°C).
Therefore, either vacuum or an inert cover gas are required crlevated temperatuggocessing
(hot working, welding, etc.). Tantalum has a melting point of 2996°C and a density af/d:7
at room temperature.

All high-temperature refractory alloys are generaisigned to be used ie stress-
relieved condition rather than the fully recrystallizaxhdition, in order tdake advantage of the
higher strength present the stress-relieved conditionThe recrystallization temperatudepends
on the amount of cold- awarm-work and also othe exposure time. The temperature to fully
recrystallize 75% cold-worked alloy T-111 has been reported to be 1650°C for adnhealf4].

The enhancedliffusion associated witlrradiation would cause a significant decrease in the
recrystallization temperature, particularly is the operasitngss ornthe component isignificant.
For designpurposesthe recrystallizesgtrengths should be used in order to provideadequate
safety margin in the event of radiation-enhanced recrystallization.

1. Ultimate tensile strength (unirradiated)

The ultimate tensilestrength for Ta-8%W-2%Hf{alloy T-111) has been measured by several
researchers Dynamicstrain aging occurs at temperatures between ~500L60@°C fortypical
tensile strain rates of ~£G*, which produces éocal maximum in the ultimatstrength in this
temperature range. Figure 1 summarizes some of the ultimate tensile ftErg}ldata obtained
in tensile tests on stress-relieved and recrystallized specimens [1,4-6]. théstiata summarized
in the Aerospace Structurdetals Handbook [4](filled square symbols in Fig. 1}the least
squares fitted equation for the ultimate tensile strength of recrystalliidd overthe temperature
range of 20-1500°C is

0,s(MPa)=630 - 1.532*T +0.003388*F2.807e-06*T +7.338e-10*T

where the temperature (T) is in °C. The correlation coefficient for this equation is R=0.988.
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Fig. 1. Ultimate tensile strength of unirradiated Ta-8W-2Hf [1,4-6].

2. Yield strength (unirradiated)

Figure 2 summarizeshe vyield strength data obtained orstress-relieved and recrystallized
specimens of Ta-8%W-2%Hf (alloj-111) [4-6]. Usingthe data summarized in the Aerospace
Structural Metals Handbook [4] (filled square symbol§ig. 2), the leassquareditted equation
for the yield strength of recrystallized T-111 over the temperature range of 20-1500°C is

o,(MPa)= 612 - 1.743*T +0.003585*F3.076e-06*T +8.819e-10*T

where the temperature (T) is in °C. The correlation coefficient for this equation is R=0.996.
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Fig. 2. Yield strength of unirradiated Ta-8W-2Hf [4-6].

3. Yield and ultimate strength (irradiated)

There have beefew studies onrradiatedT-111, with no known studies aemperatures above
650°C [7]. Neutronirradiation causes a pronounced increasethia yield andultimate tensile
strength of Ta-8%W-2%Hf (allof-111) at temperatures below650°C. The yield andultimate
strength increased to ~1250 MPa for a specimen tested at ~400°C following fast reactor irradiation
at ~410°C tal.9x1G® n/n? (E>0.1MeV), which corresponds to a dose of ~2ipa[6,7]. The

yield and ultimate strength were ~1000 MPa for a corresponding irradiation and test temperature of
~640°C and a similar dose [6]. Only a modest amount of radiation hardeasmgbserved in Ta-

10W irradiated aB00°C, whereasevere radiatiombrittiementoccurred in a similar specimen
irradiated aB50°C [8]. The yieldstrength of solution annealed Ta-10W irradiate@®G@°C to a

dose of ~2.5dpawasreported to be 300Pa compared to an unirradiated value of ~RPPa,
although the sample was apparently embrittled either by radiation or interstitial solute (f&up
elongation ~2%)8]. This verylimited tensile datdase is consistent with radiation hardening
results obtained on oth&CC alloys (inparticular vanadiunalloys), wheresignificant radiation
hardening occurs at temperatures bel@® T, (~700°C for Ta). There is a clear need for
mechanicalproperty data on Taalloys at temperatures700°C in order to furtheinvestigate
radiation hardening andmbrittlementeffects. There are ndknown Charpyimpact or fracture
toughness measurements on irradiated Ta alloys.

4. Uniform and Total Elongation, Reduction in Area (unirradiated and irradiated)

There are very few reports of the uniform elongation in unirradiated or irradiated T-111 specimens.
Figure 4 summarizeshe unirradiated total elongation data obtained stress-relieved and
recrystallized specimens of Ta-8%W-2%Hf (allbyl11)[4-6]. Wiffen [6] has reported on the
uniform andtotal elongation of recrystallizet-111 following fast reactor irradiation tb.9x1G°®

n/n? (E>0.1MeV) at410 and 640°C (correspondinigmage levet-2.5 dpa). The unirradiated
elongations were 16-22% fdoest temperatures between 20 &%0°C. The uniform elongation
decreased to <0.5% following irradiation at 410°C, and decreask8%following irradiation at




640°C. The totalelongations decreased 405 to 10%following irradiation. The corresponding
reduction in aredollowing irradiation ranged fron836% for irradiation and testing at ~410°C to
65% forirradiation and testing at640°C.The unirradiated reduction in areanged from 81 to
99% fortesting at 20 t650°C [6]. The total elongation ofa-10%W was zero (brittle failure)
following irradiation to adose of 0.1dpa at350°C, and ~2% after @ose of ~2.5dpa at800°C,
where the tensile testing was performed at the irradiation temperature [8].

80 S B S e
- Data from Tietz & Wilson (1965), Wiffen (1973) &
70 L Aerospace Structural Metals Handbook (1969)

60 /A\\

g r Stress relieved / A ]
5 50 1090 or 1230°C, 1 r\\ ," ::. o - f
% 40 o4 /\ R
= i / .‘ : \l ]
g T in S
b " Recrystallized J NA . ]
S W% ~~ N

- b

f “ oy

0 500 1000 1500 2000

Temperature ("C)

Fig. 3. Total elongation of unirradiated Ta-8W-2Hf [4-6].

5. Elastic constants
Young's modulus has been measured from -100 to 2000°C for T-111 [4,5]. As shown in figure 4,
the temperature-dependerdung’s modulus for T-111 isomparable to thaor pure Ta. The

shear modulus (G) and Poisson’s ratipdf T-111 apparently have not besreasured. Based on
the measurements by Farraro and McLellan|ebet-squarefitted polynomialexpression for the
elastic constants of pure Ta at temperatures above 700 K are [9]

E,=((1.69 - 8.22x16*T-1.66x10°*T?)+0.051) x 16! Pa
G=((0.774 - 1.73x16*T)+0.016) x 18 Pa

where the temperature is given in Kelvin. According to the measurements by FarrafioLatdn
[9], Poisson’s ratio equals 0.273 foure Ta at room temperature. This value is somewhat lower

than what is recommended in tA8M MetalsHandbook (10th edition, VoR), v=0.35 atroom
temperature. Poisson’s ratio at elevated temperatures can be obtained using the wetblationwn

v=(E,/2G) - 1.
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Fig. 4. Comparison of Young's modulus for unirradiated Ta-8W-2Hf and tantalum [4,5,9].

6. Stress-rupture and Creep

There have been numerous studies of the creep and stress-rupture behavior of unirradiated T-111 at
temperatures up tH600°C (0.57 ) [10-12], but there are nd&nown irradiation creepstudies.

The stress to produce 1%train in T-111 in 1000 h is ~11d@Pa at1100°C and~50 MPa at

1250°C [11]. Using a 1000 treep- rupturestresslevel of 100 MPa as aguideline,the maximum
operating temperature of T-111 is 1150-1200°C [11]. Usliegmore conservative creep criterion

of 1% plasticstrain, the maximum operating temperatureTefl11 for anappliedstress of 100

MPa is 1000°C for long-term (7 year) operation [10].

9. Thermal expansion, specific heat, thermal conductivity and electrical resistivity
Several thermophysical propertiésr T-111 have been measured from room temperature to

~1300°C.The mean coefficient of thermekpansion d,,) is very similar tothat of pure Ta and
Ta-10W, and varies from 5.9 ppm/°C at room temperature to 7.6 ppm/°C at ]@511]. The
specific heat at constaptessure () is ~150J/kg-K at 20°C [4]. The electricatesistivity of T-
111 ranges from 217rm at room temperature to 6682 at 1180°C [4]. As shown iRig. 5,

the thermal conductivityaries from ~42 W/m-K at room temperature to ~56 W/m-KL2%0°C.
Using the Aerospace StructurlletalsHandbook datathe thermal conductivity can be described
by the following equation:

K, (W/m-K)=41.0 + 0.020 T - 6.32x10T? (temperature in °C)
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Fig. 5. Thermal conductivity of unirradiated Ta-8W-2Hf [4,11].

10. Ductile to brittle transition temperature (unirradiated and irradiated)

The measured value of the ductile to brittle transition temperature (DBTT) in body-centlied
materials depends on numeraxperimentaparameters, includinthe specimemgeometry, strain
rate, andthe sharpness othe notchwherethe crack is initiatednotch acuity).The DBTT in
unirradiated T- 11lhasgenerally been estimatddom reduction inarea measurements on un-
notched tensile specimef 13]. The resultanDBTT value (~-200°C) is a severenderestimate
of the valuewhich would beobtained on machined or precrack€tarpy vee-notch (CVN)
specimens or precrackedmpacttension (fracturgoughness) specimenghere are ndknown
DBTT studies on irradiated T-111, although a significant increase iDBAG would beexpected
for irradiation at temperatures up to at |e850°C, based othe large increase in hardening [6]
associated with these relatively low irradiation temperatures (0.3 T

11. Recommendedreference operating temperature limits

Several forced-flow corrosion and engineering loop stubese demonstrated thdt111 has
good compatibility with liquid lithium at least up to temperatures €f370°C[14-17]. Taalloys
have also exhibited good compatibility with other ligmetals at elevatettmperatures, including
Na, K and Pb to ~1200°(14-17]. Thermal creep becomes significantTirl11 at temperatures
above ~1200° (~0.45 T,), which is nearthe maximum temperature thabrrosiondata are
available. Therefore:I,ZOO C isselected as the tentative maximum operating temperiaturéa-
base alloys such as T-111. Additional work on irradiated specimens is needed befonmtiien
operating temperature limit can bstablishedThe reference minimum operating temperatimé
will likely be controlled by radiatiomnardening, which causes lossdfctility and an increase in
the ductile to brittle transitiotemperature. There are known DBTT data onirradiated T-111
alloys. Forthe purposes othe APEX designstudy, the proposedreference minimum operating
temperaturefor T-111 is 650°C (~0.3 ,J) based on expectations of low-temperatradiation
embrittlement.
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