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AbstI:act 

Compatibi li ty of Ta-l0W. Ta-BW-2Hf. Mo. MO-l3Re. Mo-26Re. 
Mo-41Re. TZM. Re. and Re-5W alloys with Na and U02 weI:e studied in 
two tempeI:atuI:e I:egimes. In the fiI:st I:egime Yates oI:deI: 
expeI:iments with thI:ee independent vaI:iables 300:::: T :0. BOODC. 
10 :::: t :0. 130 hOUI:s. and 2 :::: [0] :0. 100 ppmw oxygen potentials in Na 
weI:e used to evaluateI:esponses such as ultimate tensile stI:ength. 
fI:actuI:e energy. weight gain. and hardness. Samples were exposed to 
Na in individual crucibles with a fixed amount of oxygen. In the 
second regime. -600:0. T :0. 2000°C. tubes fabricated from the 
I:efractory alloys were loaded with U0 2 and Na containing 400 ppmw 
(0]. The bottom of the tube was heated to 2000°C and the top was 
allowed to cool naturally. A reflux condition was created in the 
tube and gradients approaching 250°C/cm were obtained on the walls 
of the tube. 

All of the materials were found to be compatible with Na in the 
low temperature regime and Ta-lOW. Ta-BW-2Hf. and Mo-4lRe were found 
to be compatible in the high temperature regime. Re and Re-5W 
exhibited grain boundary failure when subjected to the high 
temperature test conditions. Re additions were found to enhance the 
tensile properties of Mo but did not significantly improve the 
fracture toughness as inferred from the fractography. The 
mechanical properties of the Ta alloys were found to be very 
sensitive to the impurities in the Na. Fracture initiation was 
found to control the tensile ductility and fracture energy (defined 
as the area under the load-displacement curve of the tensile test 
divided by the original area at the root of the notches) of the Mo. 
Mo-Re. and Re alloys. 
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Compatibility of Refractory Metals with 
Sodium in the Presence of Oxygen and U02 

Introduction 

One accident scenario for a Liquid Metal Fast Breeder Reactor 

(LMFBR) assumes that 

disassembly with the 

with liquid metal 

the reactor core has suffered catastrophic 

rubble of reactor fuel and cladding covered 

coolant on some structural or core-catcher 

material. An important, yet unanswered question, is then how much 

heat must be extracted from the rubble to keep this mass from 

causing structural damage to the core catcher. A specific, in-pile 

experiment in this Post Accident Heat Removal (PAHR) program has 

been designed to measure the one-dimensional heat flow from a debris 

bed of enriched U02 particles covered with molten sodium at 

different temperatures. 

is shown in Figure 1. 

A schematic illustration of the experiment 

The double-walled crucible shown in Figure 1 contains 8 kg of 

U0
2 

particles which are submerged in 4 to 5 kg of sodium which is 

contained in stainless steel. nominally maintained at a temperature 

of 800°C. Five temperature excursions are planned which will cause 

a maximum temperature of -2000°C to occur at a point on the inner 

wall with a gradient along the wall of -200°C/cm. Because of 

unplanned reactor "scrams," the experiment could be cooled rapidly 

at any time. The planned duration of the in-pile test is 100 hours, 

of which 5 hours will be at 2000°C. Initial pressure will be set at 

one atmosphere absolute with a cover gas of argon. The exper iment 

will be sealed and the initial oxygen content of the sodium will be 

-2 ppmw (parts per million by weight). Based on "worst. case" 

estimates of (1) leaks during the test: (2) adsorption of 02 or 

H20 on the fixtures or components during assembly: (3) the 

presence of impurities of easily reduced oxides (i.e., Fe): and 
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(4) the possible presence of hyperstoichiometric U02 ' the 
+x 

content of dissolved oxygen could reach 400 ppmw during the test. 

However, the addition of oxygen through leaks during the test has 

been shown to be negligible. (1) Thus, once sealed, the total 

amount of oxygen within the experiment will be fixed. 

The double-walled crucible must be constructed of a material 

which is able to maintain SUfficient mechanical integrity in the 

above operational conditions at elevated temperatures. No such 

material selection is obvious. It is known that refractory metals 

alkali metals with low concentra-are moderately inert to molten 

tions of dissolved impurities (°2 , 

in Na 

H
2

, N
2

, and C).(2) As 

the concentrat ion of impurities (principally 02) increases, 

the refractory metals may be subject to attack. Numerous stUdies 

report 

metals 

on the interaction 

with fixed oxygen 

of a refractory metal 
. (3-6) potent1als. No 

with molten alkali 

report covers the 

wide range of conditions nor the extremely harsh conditions 

envis ioned for thi s planned in-pi Ie exper iment. Al so, due to the 

nature of the in-pile experiment, an evaluation of a candidate 

material must be done, not at fixed oxygen potential. but with a 

fixed amount of oxygen present as an impurity. 

Three major problem areas were perceived to be dominant from a 

material survivability standpoint: 
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1. Since temperature may be cycled through the recrystalliza

tion temperature of the material, refractory metals, or 

alloys with a ductile-to-brittle transformation temperature 

(DBTT) lower than 25°C are preferred; 

2. High oxygen potentials which may occur in the sodium liquid 

will cause embrittlement in refractory metals or alloys 

which have a high solubility for oxygen, namely Ta alloys; 



3. Refractory metal transport may occur in regions of steep 

temperature gradients. (This phenomenon has been observed 

when using Ta in lithium environments.)(7) 

The DBTT constraint and the need for sUfficient strength at 

20000C limit crucible candidate materials to Mo-Re alloys. Re. Re-W 

alloys. and Ta alloys. The specific materials evaluated for fabri

cation of the double-walled crucible were wrought Ta-lOW. Ta-BW-2Hf. 

Mo-41Re. Mo-26Re. Mo-13Re. Re. Mo. TZM (Mo-0.5Ti-0.07Zr). W. and 

chemica lly vapor deposited (CVD) Re and Re-5W. In several 

instances. materials from three sources were evaluated. Molybdenum. 

TZM. and W were evaluated. even though their DBTT is high in the 

event that the other candidate materials would not be acceptable and 

a composite coated crucible would be required. 

compatibility testing was divided into two temperature regimes: 

(1) 300°C ~ T < BOO°C and (2) -600°C ~ T ~ 2000°C. Specimens were 

submerged in liquid Na for all low temperature tests. In high 

temperature tests the specimens are subjected to both liquid and 

vapor at.tack. 

The evaluation strategy for the low temperature tests was based 

on a Yates Order experimental matrix(S) wit.h three independent 

variables (1) t.emperat.ure (300-BOO°C). (2) time (10-130 hours). and 

(3) sodium oxygen cont.ent (2-100 ppmw). This experimental matrix 

defines a cubic factor space. Experiments were made at the verti

cies and the midpoint. of this space. The mat.erial characteri.stics 

(dependent. variables) 

tensile properties. 

microstructure. 

High temperature 

evaluated were room temperature not.ched-

hardness. weight change. fractography. and 

(-600°C ~ T ~ 2000 0 C) evaluations were 

essentially engineering proof tests of some candidate materials. 

selected on the basis of the low temperature results. The candidate 

materials were fabricat.ed into thin-walled cylindrical tubes. filled 

with sodium (400 ppmw oxygen). and U02 . sealed and heated (to 
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-2l00°C) near one end. Because of the steep temperature gradient 

(250°C/cm), a reflux condition existed such that the candidate 

material was exposed to sodium in both the liquid and vapor states. 

General appearance, hardness, metallography and transmission 

electron microscopy ('I'EM) were used to assess survivability of the 

candidate materials under these more extreme conditions. 

The purpose of 

experiments 

metal alloys 

conducted 

in high 

and gaseous Na and 

this report is to document the results of 

to evaluate the compatibility of refractory 

temperature environments consisting of liquid 

urania fuel. Materials which demonstrate 

compatibility in this environment will be selected as candidates for 

fabrication of the double-walled crucible to be used in the PAHR 

test described above. This combination of materials also finds wide 

application in components for the LMFBR and for parts in high-energy 

reactors for terrestrial and extraterrestrial application. 

include high temperature instrumentation and heat pipes. 

Examples 

The experimental strategy and 

evaluate the candidate materials 

details 

will be 

of the methods used to 

described in the next 

section. The results will be presented in two subsections: low 

temperature results and high temperature results. Finally, a 

ranking of the candidate materials for fabrication of the crucible 

will be presented based on the results of the evaluation. 

Experimental 

Compatibility tests were divided into two temperature regimes: 

(1) 300°C ~ T ~ 800°C and (2) -600°C < T < 2000°C. In each regime 

the candidate materials were exposed to oxygen-bearing sodium in 

closed containers. The 

exposure in a "dynamic· 

oxygen potential, was 

choice of a "static" test, rather than 

recirculating liquid sodium loop with fixed 

dictated by the design of the in-pile 

experiment. Once the in-pile experiment is assembled and sealed. a 

fixed amount of oxygen is available to interact with the crucible 
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and other components of the exper iment. The oxygen potentia 1 wi 11 

change depending on the nature and extent of the interaction with 

each component. To accurately evaluate crucible candidate materials 

under these conditions of changing oxygen potential (where the 

nature and magnitude of the change depends strongly on the part

icular candidate material), a closed or static test must be used. 

Most of the 

when exposed 

100 ppmw. 

materials evaluated herein would suffer 

to Na with fixed oxygen potentials of 

severe attack 

the order of 

To ensure a valid evaluation when using a closed test, the test 

must be scaled such that the amount of oxygen initially available to 

interact with the sample of candidate material is the same as the 

amount of oxygen which is avai lable to interact with the crucible. 

Also, the containers for the evaluated oxygen potential tests must 

not alter the oxygen potentials seen by the samples and the initial 

oxygen content must be identical in each of the containers for the 

different candidate materials. The term "selected" is used 

throughout this paper in reference to selection of specimens for 

analysis. Since this study involved hundreds of specimens with 

replicates at each trial it was necessary for economic reasons to 

select specimens from trials for further analysis. However, in no 

instance was the selection process used to bias the results. 

Low Temperature Regime 

Experimental Details 

For eva 1 uat ion in the low temperature regime, notched tens i 1 e 

samples of each material were exposed to environments as shown by 

the factor space cube in Figure 2. Two samples of each material 

were exposed to the conditions at each corner point with four 

samples exposed to conditions at the center of the factor space 

cube. Each specimen was sealed in an individual crucible with a 

measured amount of Na having the prescribed oxygen potential. 
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Evaluations in this regime were essentially isothermal. with samples 

being exposed to oxygen-bearing sodium liquid only. 

At temperatures of 550°-600°C. the kinetics for sodium uranate 

formation from molten sOd.ium. dissolved oxygen. and U0
2 

are rapid 

relative to the duration of the exposures. The formation of 

Na 3u0 4 will buffer the equilibrium oxygen chemical potential to 

extremely low levels (see Figure 3). However. since it was felt 

necessary to evaluate the crucible candidate materials at high 

oxygen potentials throughout this temperature regime. no U0
2 

was 

included in the low temperature evaluation experiments. 

A standard three-symbol notation is used for identification of 

exposure conditions throughout this test. For example. exposure at 

800°C for 130 hours in Na at 100 ppmw [OJ is designated +++. respec

tively and exposure at 300°C for 10 hours in Na at 2 ppmw [0] is 

designated---·, respectively. The center point in the factor space, 

550°C, 70 hours, 50 ppmw [0] is designated 000. Thus, the first 

symbol represents temperature; + 800°C. 0 = 550°C. 300°C, the 

second symbol represents 

10 hours. and the third 

the Na; + = 100 ppmw [OJ, 0 = 

time; + = 130 hours, 0 70 hours. 

symbol represents oxygen potential of 

50 ppmw [OJ, and - = 2 ppmw [OJ. 

Thirty-five to forty notched tensile specimens and two smooth 

gage section specimens of each material (in annealed condition) were 

procured in one lot from each source in accordance with the design 

specifications illustrated in Figure 4. Chemistry certifications, 

were available. are also included in Table 1. Upon delivery, all 

specimens were numbered with a vibratory stencil and 22 samples from 

each lot were recrystallized according to the conditions listed in 

Table 2. For all samples except W. recrystallization was carried 

out in a liquid nitrogen trapped, Mo element, vacuum furnace at 
-4 -6 than 6.7 x 10 Pa (5 x 10 torrl. less pressures 

specimens were recrystallized in a similar W element 

Tungsten 

furnace at 

pressures less than 6.7 x 10- 4 Pa. All the Ta alloy specimens 

then placed on a were loosely wrapped in 0.03 mm-thick Ta foil and 
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Ta foil covered high purity corrugated MgO hearth in order to mini

mize interstitial contamination during recrystallization. All Mo 

and Mo alloy specimens were placed open to the furnace atmosphere on 

a Ta foil covered corrugated MgO plate. 

After recrystallization. all specimens were weighed in a 

calibrated 0.0001 g resolution balance. measured for thickness at 

the notched region with a calibrated micrometer (0.003 mm 

resolution). and measured for width at the notch roots with an 

optical comparator (0.003 mm resolution). Next. the hardness of at 

least six each specimens. each randomly sampled from as received and 

recrystallized material from each source was measured using a 

calibrated hardness testor and the applicable indentor and load. 

After exposure the specimens were cleaned with successive 

alcohol rinses commencing immediately after the specimens were 

removed from the Na. 

The selection of materials for crucibles and the Na charging 

apparatus were based on thermodynamic arguments. as well as 

availability and fabricability. Figure 3(9) shows the equilibrium 

chemical potential of oxygen in sodium as a function of temperature 

for several. fixed oxygen concentrations. Also shown in Figure 3 

are the temperature variations of 

equilibrium with (1) Ni-Nio; (2) Na(~). 

the oxygen 

dissolved 

potentials 

oxygen. and 

in 

Cr 

as would be present in stainless steel; and (3) Na(i), dissolved 

oxygen and U0
2

. 

From Figure 3 it is seen that nickel would be an excellent 

choice as a container material for all exposure conditions. It is 

known that nickel is resistant to interaction with molten sodium 

containing as much as 500 ppmw dissolved oxygen to 9000C. (10) 

However. 316 stainless steel crucibles were used for all low oxygen 

potential exposures to ensure low oxygen potential by utilizing the 

Nacro 2 reaction and to test the compatibility of stainless steel 

in the system. The latter is important because the outer container 
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and low temperatures hardware for the in-pile tests are fabricated 

from stainless steel. Nickel A200 tubing was used as a container 

for all exposures in Na at elevated oxygen potentials (> 2 ppmw [0]). 

The interaction of molten sodium, dissolved 

from the stainless steel to form sodium 

oxygen, and chromium 

chromite, Nacro(ll) 
2 

will cause the equilibrium oxygen potential to be buffered at the 

level shown in Figure 3. If excess dissolved oxygen is available, 

formation of Nacro2 will limit the available oxygen content to the 

levels shown throughout this low temperature regime. For high 

buffering oxygen exposures (> 10 ppmw dissolved oxygen) , this 

would lower the oxygen potential experienced by the test coupon. 

However, at low dissolved oxygen exposures, the quantity of avail

able oxygen is insufficient to form NaCr0
2 

at 800°C, while at 

300°C the buffering due to NaCro
2 

formation will only decrease the 

oxygen content of the sodium below the -2 ppmw level if the 

kinetics of formation are rapid relative to the duration of the 

exposure. Each crucible consisted of four parts; bottom cap, tube 

side wall. top cap, and evacuation tube. A dimensioned assembly 

drawing with weld preps is illustrated in Figure 5. The end cap 

welds and the evacuation tube-to-cap weld are autogeneous and were 

made on an automated GTA welder. Each weld was individually He-leak 

checked and certified to be leak free at 1 x 10-7 STDCC/S He. 

were 

After the top cap weld was completed, the crucible and contents 

evacuated to 0.133 Pa (1 x 10- 3 torr) with a diffusion pump 

and the evacuation tube was sealed by pinch welding. A resistance 

weld was simultaneously made over the pinched areas to ensure a 

leaktight crucible. 

All crucibles were identified with both a vibratory st.enciled 

number on the crucible and a drilled number stamped stainless steel 

disc secured to the stub of the evacuation tube. Next. each 

crucible was wrapped in a steel 

the crucible. In order to insure 

foil bag to minimize oxidation of 

Na with a low oxygen potential all 

316 stainless steel crucibles also contained a -0.5 g chunk of 
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pure V. Na oxygen potential for low oxygen potential exposures is 

assumed to be 2 ppmw. However. due to the presence of stainless 

steel and V in these exposures. the true oxygen potential for these 

tests probably fell very quickly to less than 2 ppmw. (12) 

All stainless steel parts were cleaned according to the 

following procedure: 

l. Vapor degrease 

2. Clean with 20 percent by weight NaOH 

3 . Tap water rinse 

4. Clean with 50 percent by volume HCl 

5. Tap water rinse 

6. Deionized water rinse 

All Ni parts were cleaned with a vapor degrease. 

Each crucible was filled with sodium from a "master" batch. 

This was to ensure that the different candidate materials were 

initially exposed to an identical oxygen concentration at each 

exposure condition. The master batch was prepared from high purity 

sodium « 2 ppmw oxygen) obtained from a recirculating sodium 

purification loop. Master batches of approximately 4 kg of the 

high-purity sodium were drawn into welded type 316 stainless steel 

containers 13.97 cm rD.: 30.48 cm high and 0.32 cm wall thickness 

after each can was "seasoned" on the Na loop with clowing Na for 

periods in excess of 48 hours. Sodium metal was then burned in a 

dryroom « 300 ppm H
2
0) atmosphere producing Na0 2 ~ Na 20

2
. The 

freshly prepared oxide powder was immediately added to the master 

can through a valve arrangement and back filled with argon. The 

dissolved oxygen concentration of the master batch was fixed using 

the well-established relationship between oxygen solubility in 

liquid sodium and temperature as shown in Figure 6.(13) This 

figure shows that to fix the oxygen concentration at 100 ppmw. the 

upper 1 imi t 

regime. and 

of 

the 

dissolved oxygen content in the low 

sodium must be equilibrated at 300°C 

temperature 

±. SoC. The 
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master batch of Na-Nazo was equilibrated at the temperature neces

sary (± SOC) to fix the oxygen content at the desired level for not 

less than 48 hours. For tests requiring low oxygen potential Na. a 

can containing clean Na was connected to the transfer system and 

equilibrated at IS0 a C for 48 hours. 

The Na temperature within the can was monitored with high 

impedance devices connected to two type K 304 stainless steel 

sheathed thermocouples which were also used as feedback to an 

automatic temperature control device. 

Sodium was loaded into individual crucibles by forcing Na from 

the 4 1 heated can with high purity argon (see Figure 7). Flow was 

controlled wi th a hea ted meter ing va I ve and the amount of sod ium 

loaded into each crucible was monitored with a precision electronic 

balance. 

crucible. 

Fifteen grams ± 0.1 g of Na was loaded into each 

After loading with Na. each crucible was placed within a 

liquid nitrogen cooled Al chill block to quench the Na. This cooled 

block also served the purpose of lowering the dew point within the 

glove box. 

and tube 

assemblies 

Next. a specimen was loaded into each crucible. a cap 

assembly 

in lots 

was 

of 10 

slid 

were 

into 

loaded 

the crucible. and 
® into Ziploc -sealed 

crucible 

plastic 

bags for immediate transfer to the welding dry box. 

The quantity of Na 20 added to the master batch was not less 

than four times the amount necessary to equili.brate at the highest 

oxygen concentration desired (100 ppmw for the low temperature 

evaluations; 400 ppmw for the high temperature tests). This was to 

ensure availability of an excess of Na 20 

depletion of oxygen due to formation of 

discussed. An estimate of the rate at which 

and to counteract any 

Nacr0
2 

as previously 

oxygen is depleted from 

the saturated SOdium-oxygen solution was made by assuming that the 

rate controlling step in the reaction of liquid sodium. dissolved 

oxygen. and chromium from the stainless steel is diffusion of 

chromium to the inner surface of the master can. For a t.hin·-walled 
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cylinder 

Co and 

relates 

of ID = 2a and OD = 2b. initial uniform concentration of 

surface concentration at r = a and r = b of C ; crank(14) 
1 

the quantity of diffusing substance leaving the hollow 

cylinder through each surface. ,\. to time and material parameters 

as: 

1 -
J (a<x ) -o n 

<x2{J (a<x ) 
non = J (b<x )} o n 

[ 1 J 

where M is the initial quantity of diffusing substance; the 
oo 

<X 's are the positive roots of 
n 

J (a<x )Y (b<x ) - J (b<x )Y (a<x ) = 0 o non 0 non [2 J 

the J o and Yo are zero order Bessel functions of the first and 

second kind respectively; D the diffusion coefficient. and t the 

time. The amount of chromium in the 316 stainless steel master can. 

Moo' is -18 wlo or -780 g (assuming a density of 8 g/cm 3 for stainless 

steel). The amount of chromium necessary to deplete the sodium-

oxygen solution of 0.40 g (100 ppmw) of dissolved oxygen by 

formation of Nacr02 (48.60 wlo Cr; 

0.65 g. Using Mt = 0.65 g and Moo 

8.33 x 10-4 and from Figure 5.10 

3.62 x 10- 4 . Eq [1J assumes that 

29.91 wlo 0; 21.49 wlo Na) is 

780 

of 

g. the ratio M 1M = 
cranklDt/(b _ a)2t1/2 = 

the diffusing substance was 

initially at a constant. uniform concentration and leaves the 

cylinder through both the inner and outer surfaces. To comply with 

these boundary conditions. we consider the inner surface area of our 

master can to be divided between the inside and outside surfaces of 

a "pseudo" can of inside radius a'; outside radius b'; a height 

equivalent to the master can and twice the wall thickness. This can 

be expressed mathematically as: 

21Tah 21Ta'h + 21T(a'+0.64 cm)h [ 3 J 
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With a = 6.99 cm. we calculate a' = 3.18 cm and b' = 3.81 cm. The 

diffusion coefficient of chromium in 316 stainless steel at 300°C 

has been reported to be very small: 10- 17 _10- 23 cm2 /sec. (15) Using 

the largest available value of 0; the values of a' and b' determined 

above and the relationship of 

{ Dt }112 
(b_a)Z 

3.62 x 10- 4 [4] 

the time required to deplete the oxygen content of the sOdium-oxygen 

solution of 100 ppmw 

approximately 1.44 x 

dissolved oxygen by formation 

hours at 300°C and 1.44 x 

of Nacroz is 
3 10 hours at 

400°C. These times are long compared to the actual equilibration 

times used. and thus depletion of oxygen in the master batch due to 

the formation of Nacroz was not significant. In addition. since 

the cans were "seasoned" for at least 48 hours in flowing Na. the 

actual amount of Cr available for reaction is probably considerably 

less than the amount assumed above. 

The amount of sodium-oxygen solution added to each sample 

container was scaled to the following ratios: 

1. Weight of Sodium Present 

Surface area of crucible 

exposed to sodium in the 

in-pile test. 

2. Weight of Sodium Present 

Volume of crucible for 

in-pile test. 

ratios 2 are 3.43 g Na/cm For the 

material 

in-pi Ie test. 

and 34.3 g 

these 
3 Na/cm of crucible material. 

of crucible 

respectively. 

The notched-tensile samples are the same size for each material. 
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With 15 g of sOdium-oxygen solution added to each sample container 

the ratios: 

1. Weight of Sodium 

Surface area of 

Sample 

2. Weight of Sodium 

Volume of Sample 

2 ranged from 4.08 to 6.05 g Na/cm of refractory alloy and 34.4 to 

132 g Na/cm3 of refractory alloy, respectively. These ratios are 

comparable with those of the in-pile test, thus assuring that the 

same relative amount of oxygen will be available to interact with 

the sample of candidate material as will be present for the in-pile 

experiment under "worst case" assumptions. 

Each foil-wrapped crucible was stacked vertically in a stainless 

steel rack holding up to 36 crucibles. A typical run consisted of 

exposing 

having a 

three racks at one time in an electric element air furnace 

Figure 8). 

furnace. 

hot zone 940 mm high, 1220 mm wide, 

The racks were placed at fixed 

and 940 mm deep 

locations within 

(see 

the 

Individual crucible location within each rack was noted, 

and a type K thermocouple was attached to both the front and back of 

each rack. An additional thermocouple was attached to the center of 

the centrally located rack wi thin the furnace. Output f rom each 

thermocouple was recorded on a multichannel recorder for each run. 

Tempera ture uni formi ty wi thin the furnace was better than + 5°C. 

After each run the racks were removed from the hot furnace and 

air-COOled with a large fan. 

In summary, for the low temperature regime, notched-tensile 

samples of each candidate material were exposed separately to each 

condition noted on the factor space cube of Figure 2. Nickel 

containers were used for all high (> 2 ppmw dissolved oxygen) 

oxygen exposures while 316 stainless steel was used for exposures at 
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2 ppmw dissolved oxygen. No U02 was included for the low tempera

ture evaluations. The amount of oxygen available to interact with 

the tensile sample was determined to be similar to the amount of 

oxygen available to interact with the crucible for the in-pile 

test. The oxygen content of the sodium was set by using the wel1-

established relationship between oxygen solubility and temperature. 

Material Evaluation 

The performance of all materials was evaluated by: 

A. Mechanical property measurements 

B. Microstructural property measurements 

C. Physical property measurements 

A. Mechanical Properties--In 

with which to compare 

order 

changes 

to obtain 

created by 

baseline 

exposure. properties 

duplicate notched specimens. as well as smooth specimens in the 

as-received condition. were fractured in tension on an MTS® 

Systems machine at a constant cross-head velocity of 0.25 mm/sec. 

Load versus cross-head displacement was recorded on chart paper. and 

all fracture surfaces were coated with ® Krylon Immediately after 

testing. An extensometer was also mounted on the smooth bar 

specimens and strain versus load curves were recorded on chart 

paper. 

fashion. 

All notched Na-exposed specimens were tested in the same 

Mechanical properties derived from this test include yield 

strength at 0.2 percent offset (for smooth specimens only). ultimate 

tensile strength (maximum load/original area). Ao' and fracture 

energy. Fracture energy is defined in this work as the area under 

the load-displacement curve divided by Ao' the cross sectional 

area of the specimen at the root of the notches. The area under the 

load displacement curve was measured with a calibrated planimeter. 

Fracture mode of selected specimens was evaluated with a scanning 

electron microscope (SEM). Hardness was measured on all exposed 

specimens except CVD Re and Re-5W. 

for a valid hardness measurement. 
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B. Microstructural Properties--Microstructural properties of 

specimens in the as-received condition as well as specimens exposed 

at BOO°C, 130 hours, 100 ppm [0] and 300°C, 10 hours, 2 ppm [0] were 

evaluated by optical metallography. In each case the samples were 

mounted in plastic and polished through one micron diamond abrasive 

using standard metallographic techniques. 

All Ta alloy samples were etched with a solution of 30 ml Hf, 

30 ml H
2
S0

4
, 30 ml H

2
0, and three to five drops of H

2
0

2
. 

Following standard preparat ion, all Mo and Mo a lloy samples were 

chemically polished using a diluted potassium ferricyanide solution 

and then 

10 g KOH, 

chemically etched 

100 ml H
2
0). All 

in Murakanis reagent (10 g K3Fe(CN)6' 

Re base materials were examined using 

Nomarski interference techniques. 

Selected Ta-10W and T-lll specimens were also examined using 

transmission electron microscopy (TEM). specimens were thinned by 

hand grinding through 600 grit sic paper and then Jet electro

polished in an ice bath at 10 v and 100 rnA in an electrolyte 

comprised of 20 percent H2S04 and 80 percent methyl alcohol. 

The thinned samples were examined with a Jeol 200 CX electron 

microscope at 200 kV acceleration. Electron diffraction and x-ray 

spectroscopy were also employed to identify microstructural features. 

C. Physical Properties--All specimens were weighed before and 

after exposure and the weight change was utilized as a dependent 

variable. In addition, bulk oxygen content was determined in 

selected specimens with a LECO oxygen analyzer. The cleaning 

procedure for Ta alloy samples included: 

l. Immersion in an ultrasonic cleaner containing one (1) part HF 

and four (4) parts HN0
3 

for 2 minutes at 20°C. 

2. Rinsed two (2) times wi.th dei.onized water in an ultrasonic 

cleaner. 

3. Rinsed in acetone and dried at 110°C. 

4. Store under argon i.mmediately after drying. 
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The cleaning procedure for the Mo alloy samples included: 

1. Immersion in one (1) part HF acid and four (4) parts HN0
3 

acid 

for 10 seconds at 120°C. 

2. 

3. 

4. 

5. 

Arrest 

Rinse 

Rinse 

Store 

reaction by immersion in 36 

three (3 ) times in deionized 

three (3 ) times in methanol, 

under argon immediately after 

percent HCl. 

H2O. 

then dry at 110°C. 

drying. 

The surface of selected specimens was examined utilizing SEM 

augmented with a x-ray spectrometer and Auger ESCA spectroscopy. 

Statistical Analysis Techniques 

Data sets for exposed samples of each alloy lot were grouped by 

dependent variable, and each group was surveyed for significant 

correlations with a multiple regression computer program. (16) 'rhe 

first order terms plus all cross products and one second order term, 

[0]2. were forced in the regression by using a backward procedure 

with a significance criterion of 1.0. This survey procedure produced 

a total of 56 multiple regressions with the dependent variables. 

UTS. fracture energy, hardness, and specimen weight change. 

(as 

and 

If significant correlations were found in the survey regressions 

determined by the magnitude of the "t value" of the coefficients 
. (17) . 

the "F value" for the regresslon ), the model was reflned 

by deleting t,he terms whose coefficients had low lit values " and 

recomputing the regression. In this application the Student t test 

is used to test the validity of the hypothesis that a regression 

coefficient is not zero. For example, at 18 degrees at treedom, it 

the t value is greater than 2.1 the hypothesis can be accepted with 

95 percent confidence. 

Contour plots were computed for the significant models by 

solving the regression 104 times at a constant exposure time 

within t.he ranges 300°C < T < 800°C and 2 ppm < rO] < 100 ppm. 
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Arbitrarily chosen contour levels (a constant value for the depen

dent variable) were retrieved from the 104 solutions and plotted 

as a function of temperature and oxygen potential. This plotting 

technique enables the experimentalist to quickly summarize and 

evaluate all responses within the experimental factor space. 

Average values of each property and standard deviations for all 

dependent variables were computed by the regression program and were 

used to rank each alloy. 

High Temperature Regime 

High temperature compatibility evaluations were essentially 

engineering proof tests of candidate materials which "survived" the 

low temperdture test matrix. The planned high temperature excur-

sions of the in-pile test will cause environments (steep temperature 

gradients, multiple phases, unequal potential gradients, etc.) near 

the crucible which cannot easily be predicted. Thus, the high 

temperature evaluations were designed to simulate the conditions of 

the in-pile experiment as closely as possible, and to simply observe 

whether the crucible candidate material would survive the resulting 

environment. 

The candidate materials were fabricated into cylindrical tubes, 

closed at one end. The tubes were filled with 85 g of depleted 

UOz of the particle size distribution to be used for the in--pile 

experiment and 12 g of sodium with 400 ppm dissolved oxygen. A 

st.ainless st.eel plug with attached evacuation tube was welded to a 

stainless steel collar which had previously been brazed to t.he 

refractory met.al tube. The t.ubes were evacuated, backf.illed with 

argon t.o a room temperat.nre pressure of -4 psia and seClled. This 

in i tl ,,1 pressure was calculat.ed to yield approximately one atmos--

phere at the maximum t.est temperature. The tubes were heated at the 

bottom end by a focused induct.ion COli to -2000°C, while t.he top 
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of the tube was allowed to cool naturally. Gradients of -250°C/cm 

were attained near the heated end. This gradient caused a reflux 

condition along the length of the tube which closely simulates the 

"dry out" cond i t ion of the in-pi Ie test. The candidate mater ia 1 

will be in contact with the sodium vapor in the heated portion and 

sodium liquid in the cooler portion. 

Based on the low temperature test results Ta-10W, T-lll, 

Mo-41Re, Re/CVD. and Re-5W/CVD tubes were selected for the reflux 

tests. 

Test Parameters 

In the first series of tests, each tube received five hours of 

exposure to 2000°C. Speci fica lly, the bottom 17.5 mm of each tube 

was heated to 20000C for 1 hour. cooled to < 700°C, and then 

reheated to 2000°C; this procedure was repeated four times and was 

usually completed in a single day. In some instances, the tube was 

allowed to cool to room temperature overnight once at the conven

ience of laboratory scheduling. 

After the first series was completed and evaluated. a second 

series of tests was conducted with Ta-10W and Mo-4lRe tubes. Each 

tube was tested for 18 hours with a bottom temperature of 1000 o e. 
The 18-hour interval was interrupted once by cooling to room tem

perature to facilitate scheduling. This test was followed by 

6 hours of operation with bottom temperatures ranging from 800 0e to 

1500 0e in four cycles of 1.5 hours each. all completed in a single 

day. The 1500 0 e maximum temperature was maintained for approxi·· 

mately 80 minutes of each cycle. 

Test Apparatus 

The vacuum chamber containing the high-temperature reflux tests 

is illustrated in I"igure 9, During each test 

was less than 10- 2 Pa with a chamber leak 

the chamber pressure 

rate < 0.20 Pa/min. 

Evacuation was accomplished with an oil diffusion pumped system. 
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The end of the tube was heated by a focused high-frequency induction 

heating system as illustrated in Figure 10. A small hole was 

drilled in the concentrator in order to directly observe the heated 

side wall of the tube with a PYRO Automatic optical pyrometer. The 

instruments were calibrated through a I-inch thick quartz window (as 

provided for viewing on the vacuum chamber) against a standard lamp 

traceable to the National Bureau of Standards. Pyrometer readings 

were corrected to true temperatures with normal spectral emittances 

from the literature(18) and checked in the case of Mo by surface 

and black body measurements on the end of a Mo tube at 2000°C. 

Temperatures were measured up the side wall of the tube with an 

optical pyrometer, and registry was maintained with a stainless 

steel device as illustrated in Figure 11. A typical temperature 

profile for tests with a 2000°C zone is shown in Figure 12. A type 

K stainless steel sheathed thermocouple was embedded in a closed end 

hole at the top of the tube and the temperature was continuously 

monitored to detect instabilities. 

~~~men preparation 

All as-received tubes were proof tested for mechanical integrity 

by heating the bottom 15 mm to 1000°C for 20 minutes using the 

apparatus discussed above. After 

ultrasonically in immersion with a 10 

ferential and longitudinal directions. 

heating they were inspected 

mHz shear wave in both circum

Next the tubes were contact 

radiographed from two 90° offset longitudinal views. After the 

tubes were cut to length (178 mm), a 304L stainless steel collar 

(see Figure 13) was vacuum brazed to the open end of the tube. (19) 

This collar provided a simple means of tube closure by welding and 

enabled secure fastening and locating in the heating apparatus as 

well as qualifying a braze for future experimental use. All braze 
. . -7 JOInts were vacuum leak tested to 1 x 10 STDcc/s He. 
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Ta-lOW and T-Ill tubes were fabricated by rolling and welding 

annealed 1.5 mm-thick sheet. Thus. the finished tube had a longi-

tudinal autogeneous electron beam weld and a circumferential weld to 

fasten a 1.5 mm-thick end plug. All tubes were 19 mm outside 

diameter. The Mo-41 Re tubes were produced by gun drilling 19 mm 

diameter bar stock produced by a powder metallurgy process. 

The Re and Re-5W tubes were produced by chemical vapor deposit-

ing (CVD) over a Mo mandrel. After completing the deposit the 

mandrel was etched away and the tube O.D. ground to 19 mm diameter. 

These CVD tubes had a 9.5 mm radius on the bottom closure. The wall 

thickness of all tubes was 1.5 mm. 

After a cleaning in methanol, the tubes were loaded with 

12 L 0.1 g of Na equilibrated to 400 ppmw [0) using the same appara

tus and techniques that were used for the Ni crucibles. The tubes 
® were then encapsulated in plastic Ziploc bags which were in turn 

placed in an o-ring-sealed stainless steel tube before removal from 

the glove box. The plastic bags were stored in the glove box. The 

sealed assembly was transported to another glove box (maximum 

elapsed time of six hours) , loaded with 85 L 0.01 g of depleted 

u02 
having a particle size distribution ranging from 30 to 

2000 11m. resulting in a void fraction of 32 percent when loosely 

packed. The depleted uO z loaded in all tubes originated from one 

lot and it was high fired in hydrogen at 2275°C for 6 hours and 

placed in a sealed container until used. The stoichiometry of the 

UOz was 2.002 as determined by x-ray diffraction. 

After the U0
2 

was added. a 304L stainless steel cap containing 

a 304L stainless steel 3.18 mm diameter, 0.25 mm wall thickness tube 

was inserted into the stainless steel collar brazed to the refrac-

tory tube. The collar was heat sinked with a Cu ring and the cap 

was autogeneously welded to the collar utilizing the GTA process. 

See Figure 14, i llustra t ing the weld prep and assembly. Next, a 
® Swagelock stainless steel bellows valve was connected to the 

evacuation tube, closed, and the assembly was removed from the glove 
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box. Immediately 

helium-leak tested 

after removal. the 
-6 to 10 STDcc/s He. 

assembly 

While 

was evacuated and 

on the same mani-

fold the assembly was backfilled with 4 psia of high purity He and 

sealed with the valve. 

After testing. each tube assembly was photographed and contact 

radiographed and the stainless steel cap was cut off with a lathe. 

Immediately afterward. the tube was placed in a glove box heated to 

l40oC. and the contents were poured into a welded stainless steel 

crucible which was then sealed shut by GTA welding and archived. 

The empty tube was removed from the glove box and cleaned in 

alcohol. Each tube was then slit longitudinally along the axis with 

a carbide wheel or by an EDM process. 

specimen Evaluation 

The hardness of each tube was measured. starting at the bottom. 

at 3.2 mm intervals. Next. the half section was cut into 50 mm-Iong 

segments. The bottom two segments were mounted in plastic and 

polished through 1 mm diamond abrasive using standard metallographic 

techniques. The specimens were etched. as described previously. and 

examined with a metallograph. 

Results 

For convenience and clarity an overview of the low temperature 

results is presented first. and average properties before and after 

sodium exposure are compared for all alloys. This subsection is 

followed by more specific reporting for individual alloys and alloy 

groups. The high temperature results are grouped by observational 

technique (i.e .. radiography. microstructure. etc.). 
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Low Temperature Test Results Overview 

All alloys are ranked by fracture energy and ultimate tensile 

strength in the as received condition in Figures 15 and 16, respec-

tively. Next the same materials are ranked by the same variables 

for global average properties after Na exposure in Figures 17 and 

18, respectively. Only data from recrystallized specimens are 

presented in Figures 17 and 18. Similar rankings using average 

hardness for as received material and average hardness and weight 

change for recrystallized sodium, exposed material are presented in 

Figures 19. 20, and 21, respectively. A more complete tabular form 

of all the above data is listed in Tables 3 through 8. 

Evaluations of the survey regressions for the dependent variables 

fracture energy, ultimate tensile strength, hardness. and weight 

change are summarized in Tables 9, 10, 11. and 12, respectively. 

All of the model evaluations listed in the above tables are based on 

7 independent variables (linear terms of temperature. time. and 

oxygen potential, linear cross-products, and second order oxygen 

potential) resulting in 7 degrees of freedom for each regression and 

12 degrees of freedom for residual analysis. 

and seven degrees of freedom, regressions 

imply a significance of 95 percent. (20) The 

above tables is the standard deviation of the 

the coefficient of determination(21) or the 

Wi th 20 observa t ions 

with F(7,20) > 2.51 
a reported in the 

residuals and R2 is 

correlation coeffi-
2 cient squared. F'or example, a R of 0.80 implies that there is a 

20 percent unexplained variance in the mC:l.el. High values of R2 

(above 0.90) with a low a and high F value imply accurate predic

tive models. Values of R2 between 0.8 and 0.9 imply models which 

lack accuracy but provide valuable information on trends. 

Fracture energy data for all materials grouped by oxygen poten

tial and normalized to the average fracture energy of recrystallized 

specimens are presented in Table 13. 
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Average recrystallized fracture energy is obtained by the 

expression 

y[+ + -] recrystallized 

y[+ + -] unrecrystallized 

(y as received) 

where y is fracture energy in joules/cm2 and y[++-] represents the 

average of two observations at 800°C, 130 hours and 2 ppmw [0]. 

With the exception of Ta-lOW, T-lll, Mo from Source 2, and TZM 

from source 2 all of the materials show an enhancement of fracture 

energy with Na exposure at low oxygen potential and in general this 

enhancement becomes greater as oxygen potential is increased. 

Ta Alloys 

All of 

Ta-lOW and 

the 

the 

mechanical property and weight 

T-lll alloy are presented in 

change 

Tables 

results 

14 and 

for 

IS, 

respectively. Typical load-elongation curves and mechanical 

properties are summarized in Figures 22 and 23 for Ta-lOW and T-lll, 

respectively. Typical optical metallographic sections of as 

received material and recrystallized material exposed to Na at 

800°C, 130 hours, 100 ppmw [0] and 300°C, 10 hours, 2 ppmw [0] for 

both Ta-lOW and T-lll are presented in Figures 24 and 25, respec

tively. A higher magnification photomicrograph of a selected area 

of the Ta-lOW specimen exposed at 800°C, 130 hours, 100 ppmw [0] is 

illustrated in Figure 26. The coating or deposit on the surface of 

this specimen appears to penetrate the grain boundaries and an 

analysis of this utilizing the SEM with a energy dispersive x-ray 

technique (EDS) indicated a Ta rich compound. The elements Na, Ni. 

and W were not detected in this coating. Lesser amounts of this 

coating were detected on the T-lll specimen exposed to the same 

conditions. A surface coating was not observed on the 300°C, 130 

hour, 2 ppmw exposure. 
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Transmission electron microscopy 

sections from as received material 

(TEM) was performed on thinned 

for Ta-lOW and T-lll for all 

exposures on Ta-lOW and for selected exposures on T-lll alloy. The 

TEM results are illustrated in the selected photomicrographs of 

Figures 27 through 30. 

The matrix material appeared to be clear of precipitates in all 

cases. In the as received Ta-lOW material a thin grain boundary 

film with halos was present (see Figure 27a) and this film disap-

peared after recrystall i zat ion (see Figure 

300°C for 10 hours and low oxygen potential 

27b). After exposure at 

a fine granular precipi-

tate was observed adjacent to the grain boundaries in both Ta-10W 

and T-111 and a thin film appeared to delineate the grain boundaries 

(see Figures 28a and 30a. respectively). After 130 hours under the 

same conditions the precipitate particles in the Ta-l0W alloy 

appeared to elongate and started to condense into a grain boundary 

film (see Figure 28b). Exposures at 300 o C, 10 hours and 130 hours 

wi th an oxygen potentia 1 of 100 ppm and at the condi tions of the 

experimental 

Figures 29a, 

midpoint 

29b, and 

produce clean 

27c, respectively) . 

microstructures 

A continuous 

(see 

grain 

boundary film is present after exposure at 800°C for both 10 and 

130 hours in Na with low oxygen potential (see Figures 28c and 28d, 

respectively). Electron diffraction of the boundary film 

illustrated in Figure 28d matched the lattice spacings of 13TaH and 

Ta
2
c. Since TaH decomposes at 60°C, the thinned foil from 

specimen AIO (see Figure 28d) was heated in the TEM to 800°C in 

steps while simultaneously observing the structure. The grain 

boundary film appeared stable during heating so the film is probably 

a carbide. Grain boundary films were also observed in specimens 

exposed at 800°C for 10 hours and 130 hours 

oxygen potential (see Figures 29c and 29d, 

in Na with 100 ppm 

respectively). The 

longer exposure time produced a thicker film but a clean diffraction 

pat tern could not be obta ined f rom these films because of matr ix 

interactions. However, the films resulting from 

oxygen potential were different in appearance (see 

exposure at 

Figures 28c, 

high 

28d, 

29c, and 29d) than those produced by low oxygen potential exposures. 
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Tensile fracture surfaces of test coupons representing each test 

condition for both Ta alloys were surveyed by SEM. Low magnifica-

tion montages illustrating the fracture morphologies for each test 

condition are presented in Figures 31 and 32 for Ta-10W and T-lii. 

respectively. In general all the specimens failed by a trans

granular ductile void mode except for specimens exposed at 300°C, 

10 hours, 2 ppmw [0] (A22 and B16); 800°C, 10 hours, 2 ppmw [0) (A4 

and B6); and 300°C, 130 hours, 2 ppmw [0] (AI and B2). The failure 

mode for these three exposures was mixed with portions of each frac

ture surface showing evidence of a multimode failure including 

ductile void. brittle intergranular. and quasi-cleavage. Typical 

higher magnification fractographs illustrating the modes of fracture 

for each alloy are presented in Figures 33 through 35 for Ta-l0W and 

in Figures 36 through 38 for T-lil. 

Regression analysis of the Ta-lOW and T-lll alloy data produced 

statistically significant models for the dependent variables 

fracture energy, ultimate tensile strength, and weight change. 

Fracture energy of the Ta-lOW alloy is related to the independent 

variables by the following model: 

Ta-lOW 

Fracture Energy 

(joules/crn2) 
+ 

-

-

+ 

+ 

-

:t 

97.08 

0.0702 

0.4548 

2.9756 

0.0008 

0.0257 

3.33 

where R2 0 992 d F =. an (5. 18) 

:t 3.25 [5 ] 

[Temp) °C t -13.71 

[time] hrs t -12.60 

[0 ] ppmw [0 ] t = 32.73 

[(Temp) * (time)] t 14.57 

[ (0) * (0) ] t -29.20 

308.4. The error term listed to 

the right of the constant term (:t3.25) in [5] is the uncertainity of 

the constant term and the error term listed at the end of [5] 

(:t3.33) is the standard error of the residuals. The t values listed 

to the right of each independent variable in Eq [5] indicate the 

significance level of each coefficient in the regression. 
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Contour plots developed from Eq [5] are presented for exposure 

times of 10 hours, 70 hours, and 130 hours in Figures 39,40, and 

41, respectively. Experimentally determined 

variables are plotted at the corners of 

values of the dependent 

the contour plots for 

10 hour and 130 hour exposures and at the center of the contour plot 

for 70 hour exposure. 

Ultimate tensile strength of the Ta-l0W alloy is related to the 

independent variables by the following model: 

Ta-10W 

Ultimate 

Tensile Strength 

(MPa) 

+ 779.87 ±. 6.06 

- 0.04680 [Temp] 

+ 1. 72415 [0] 

+ 0.00030 [(Temp) * (time)] 

- 0.00439 [(time) * (0)] 

- 0.01520 [(0) * (0)] 

±. 8.79 

2 
where R - 0.888 and F(5,18) • 18.94. 

[ 6 ] 

t -4.43 

t 6.98 

t 3.36 

t -5.85 

t -6.55 

Contour plots developed from the Ta-l0W strength model are 

presented for 10, 70, and 130 hour exposure times in Figures 42, 43, 

and 44, respectively. 

Fracture energy of the T-lll alloy is related to the independent 

variables by the following model: 

T-lll 

Fracture Energy = + 75.21 ±. 8.09 [7] 
. 2 (Joules/em) 0.05074 [Temp] t -4.15 

- 0.25262 [time] t -2.90 

+ 3.26684 [0] t 16.38 

+ 0.00063 [ (Temp) * (time) ] t 4.72 
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- 0.00150 [(time) * (0)] 

- 0.02814 [(0) * (0)] 

± 7.96 

where R2 = 0.960 and F(6. 19) 51.39. 

t = -2.22 

t = -15.18 

Contour plots developed from the T-ll1 fracture energy model are 

presented for the standard exposure times in Figures 45. 46. and 47. 

Ultimate tensile strength of the T-lll alloy is related to the 

independent variables by the following model: 

T-lll 

Ultimate 

Tensile Strength 

(MPa) 

+ 592.10 ± 18.42 

+ 0.14553 [Temp] 

+ 0.82185 [time] 

+ 4.62675 [0] 

- 0.00177 [(Temp) * (0)] 

- 0.00742 [(time) * (0)] 

- 0.02780 [(0) * (0)] 

± 18.89 

2 
where R = 0.910 and F(6. 20) = 7.51. 

[8] 

t 5.34 

t = 7.23 

t 8.92 

t = -4.58 

t = -4.62 

t = -6.32 

Contour plots developed from the T-lll strength models are 

presented for the standard exposure times in Figures 48. 49. and 50. 

Additional experiments were performed to clarify the unusual 

response of Ta-lOW and T-lll to the exposure conditions. These 

experiments included hydrogen. oxygen and carbon analyses. and 

evaluation of the influence of crucible material. 

Results of the hydrogen analysis of selected Ta-10W specimens 

are presented in Table 16. In summary these results show elevated 
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hydrogen levels in specimens exposed to Na with low oxygen potential 

except for the BOOoC, 130 hour exposure. Hydrogen concentration is 

very low in the specimen exposed at the midpoint. Specimens exposed 

at BOO°C, 130 hours at both high and low oxygen potential have 

simi lar hydrogen concentrations. Resu 1 ts of the carbon ana lysis of 

selected Ta-lOW specimens are presented in Table 17. The variable 

results of carbon analysis within a single specimen of unexposed 

material (A2B), brackets the concentration levels obtained from 

exposed 

bility). 

specimens 

Thus, it 

(which also exhibit large within specimen varia

is probable that specimen carbon concentration is 

not influenced by Na exposure. 

of selected Ta-lOW and T-lll Results of the oxygen analysis 

specimens are presented in Table lB. 

tration of the T-lll is higher 

In general the oxygen concen

than Ta-lOW for each exposure 

the gettering of the Hf addition condition. This probably reflects 

in T-ili. Within the scatter of the data, oxygen concentration is 

not affected by exposure to Na at low oxygen potential. Both alloys 

show a substantial increase in bulk oxygen concentration when 

exposed under the midpoint conditions. The oxygen concentration of 

Ta-lOW specimens exposed to Na with 100 ppmw oxygen potential for 

10 hours is approximately double that for the unexposed material and 

the 130 hour exposure for both Ta-lOW and T-lll yields specimen 

oxygen concentrations which are approximately equivalent to 

concentrations in unexposed material (see Table IB). Four Ta-lOW 

samples were also analyzed in the unetched condition. The largest 

difference in oxygen concentration between etched and unetched 

samples 

Ta-l0W 

is found for the 800°C, 130 hour, 100 ppmw [0] exposure of 

specimens. These data along with the photomicrographs 

showing surface attack (Figure 26) indicate that substantial surface 

oxidation occurs at this exposure. The weight change data for these 

materials (see Tables 14 and 15) also indicate significant weight 

loss for the BOO°C, 130 hour, 100 ppmw [01 exposure for Ta-l0W and 

both BOO°C, 100 ppmw [0] exposures for T-ili. All of the above data 

suggest surface oxidation followed by sloughing of the oxide surface 

layer. 
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Results of the crucible material study are presented in 

Table 19. Exposure in 316 stainless steel crucibles results in a 

decrease in Ultimate Tensile Strength (UTS) and fracture energy for 

both Ta-l0W and T-lll as compared to similar exposures in Ni 

crucibles. 

SEM photomicrographs of the submerged internal surface and a 

cross-sectional view of the wall of a 316 stainless steel crucible 

are presented in Figures 5Ia and 51b. respectively. This crucible 

contained a Ta-lOW specimen exposed to Na with low oxygen potential 

at 300°C for 130 hours. Both photomicrographs indicate very shallow 

surface attacK selectively occurring at grain boundaries. A sputter 

profile was obtained normal to the surface shown in Figure 51a over 

a 100 ~m2 area utilizing Auger spectroscopy. and the results 

show a Cr depletion up to 2 ~m below the crucible surface. No 

change was detected in other elements at this depth. 

Mo and TZM 

All of the mechanical property and weight change results for Mo 

and TZM are presented in Tables 20 through 23. Typical load

elongation curves and mechanical properties are summarized in 

Figures 52, 53, 54, and 55. Typical optical photomicrographs of 

metallographic sections representing as-received material and 

recrystallized material exposed to Na at 800°C, 130 hours, 100 ppmw 

[0] and 300°C, 10 hours. 2 ppmw [0] for all Mo and TZM sources are 

presented in Figures 56 through 59. 

Regions adjacent to the exposed specimen surface were examined 

at 500X using optical metallographic techniques and the surfaces and 

adjacent areas appeared to be clean and free from attaCK. Fracture 

surfaces of test coupons representing each experimental condition 

were surveyed by SEM. Low magnification montages illustrating the 

fracture morphology for each test condition are presented in 

Figures 60 through 63. 
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Fracture behavior of these materials ranged from complete 

brittle quasi cleavage for recrystallized material to brittle quasi 

cleavage or lamellar fracture with localized ductile bands for 

material in the unrecrystallized condition. Exposure to Na seemed 

to have little effect on the fracture morphology. 

Typical (for both Mo and TZM) higher magnification fractographs 

of the quasi cleavage mode and the lamellar fracture mode are illus

trated in Figures 64a and 64b, respectively. 

Potential models as determined by the regression surveys 

included Mo source 2 and TZM sources 1 and 2 fracture energy and Mo 

source 2 and TZM source 2 weight change. Follow up regressions in 

which low significance coefficients were dropped yielded two statis

tically significant models; weight change of source 2 Mo and weight 

change of sou~ce 2 TZM alloy. Weight change due to Na exposure for 

Mo from source 2 is related to the independent variables as follows: 

Mo (Source 2) 

Weight change = + 7.22 ± 0.62 

(Milligrams) 0.00805 [Temp] 

0.024460 [time] 

+ 0.00003 [(Temp) * (time)] 

+ 0.00010 [(Temp) * (0)] 

+ 0.000175 [(time) * (0)] 

0.000404 [(0) * (0)] 

± 0.56 

where R2 = 0.940 and F(6, 18) 28.5. 

[ 9] 

t 7.84 

t 3.97 

t -2.71 

t -8.83 

t -3.71 

t ~ 5.82 

Contour plots developed from the Mo source 2 weight change model 

are presented in Figures 65, 66, and 67 for the standard exposure 

times. 

54 



Weight change of source 2 TZM alloy is related to the indepen

dent variables as follows: 

TZM (Source 2) 

Weight Change ~ + 5.96 ± 0.40 

(Milligrams) - 0.00836 [Temp) 

- 0.02971 [time) 

+ 0.00003 [(Temp * (time)] 

+ 0.00009 [(Temp) * (0)] 

+ 0.00020 [(time) * (0)] 

- 0.00031 [(0) * (0)] 

± 0.38 

2 
where R ~ 0.972 and F(6. 20) 74.97. 

[10] 

t -12.23 

t ~ -7.19 

t 5.29 

t ~ 12.03 

t ~ 6.46 

t -7.05 

Contour plots developed from the TZM source 2 weight change 

model are presented in Figures 68. 69. and 70 for the standard 

exposure times. 

Mo-Re Alloys 

Mechanical property and weight change results are summarized in 

Tables 24 through 28 for all of the Mo-Re alloys. fJoad-elongation 

curves and mechanical properties are summarized in Figures 71 

through 75. Typical optical photomicrographs of metal10graphic 

sections representing as-received material and recrystallized 

material exposed to Na at 800°C. 130 hours. 100 ppmw [0] and 300°C. 

10 hours. 2 ppmw [0] for all the Mo-Re alloys are presented in 

Figures 76 through 80. All 

clean and free from attack. 

sodium exposed surfaces 

as observed by optical 

appeared to be 

metallography. 

Fracture surfaces of test coupons representing each experimental 

condition are presented in low magnification montages in Figures 81 

through 85. 

As shown ln the montage of F'igure 81 and the typical higher 

magnification fractographs in Figures 86a and 86b the Mo-13Re alloy 
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failure mode is brittle. 

of as-received material 

However, two modes are present: fai lure 

(specimens E74. E76. and ES9) is quasi 

cleavage as shown in Figure S1 and failure of recrystallized speci-

mens is intergranular as illustrated in Figure Sl. 

did not appear to influence the fracture mode. 

Exposure to Na 

Mo-26Re samples from source 1 

granular mode 

fractograph of 

as illustrated 

Figure 86b and 

in 

all 

the 

failed 

typical 

by a brittle inter

high magnification 

the low magnification montage of 

Figure 82. 

F74. F73. 

As-received Mo-26Re material 

and F83 in Figure 83) failed 

from source 2 (specimens 

by a lamellar mode with 

localized ductility as shown 

after 

in the high resolution fractograph in 

recrystallization all of the MO-26Re Figure 86c. However, 

source 2 material failed by a brittle intergranular mode as shown in 

the typical high resolution fractograph in Figure 86b. Thus, all 

recrystallized Mo-26Re material failed in a brittle manner and the 

failure mode does not appear to be influenced by Na exposure. 

All MO-IJIRe material from source 1 failed by brittle mixed mode 

of quasi-cleavage and intergranular fracture as illustrated in the 

typical high resolution fractograph shown in Figures 86a and S6b and 

by the low magnification montage of Figure 84. Unrecrystallized 

material from source 2 (specimens G85, G73, and G78 in Figure 85) 

failed in a lamellar. mode with localized ductility as illustrated by 

the typical high resolution fractograph of Figure 86c. All 

recrystallized specimens from source 2 failed by the same brittle 

mixed mode illustrated in Figures 86a and 86b for source 1 

material. Again Na exposure did not appear to influence the 

fracture mode. 

Fracture initiation studies were performed on fractured notch 

tensile specimens of 

Figures 87a and 87b 

the Mo-41Re source 1 material utilizing SEM. 

illustrate the appearance of typical specimen 

surfaces near the notch root before and after Na exposure. respec

tively. These photomicrographs illustrate the good resistance that 

these materials possess against general attack. Fracture initiation 
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for the as-received recrystallized material is illustrated in Fig-

ure BBa. Initiation is very brittle and occurs in an intergranular 

fashion at the surface with crack propagation also occurring in an 

intergranular fashion through the specimen. After exposure at BOO°C 

for 10 hours in Na with low oxygen potential. there is evidence of 

surface plasticity, a small number of secondary cleavage cracks 

occur at the root of the notch, and crack propagation for the first 

three or four grains from the surface occurs by a combination 

cleavage and intergranular fracture (see Figure B8b). Specimens 

exposed at BOO°C for 130 hours to Na containing 100 ppmw oxygen 

exhibited extensive secondary cleavage cracking at the root of the 

notch. and after initiation at one of these cracks. fracture propa

gated in a mixed intergranular/cleavage mode for about 25 grains 

(see Figure 88c). Further in from the surface the crack propagated 

in an intergranular fashion (not shown in Figure 8Bc). Extensive 

secondary cleavage cracks were found at the root of the notch on 

specimens exposed under midpoint conditions and propagation from the 

surface occurred by cleavage for the first three or four grains (see 

Figure 8Bd). After this point, propagation proceeded in an 

intergranular fashion. 

Further evaluation of regression models for the Mo-Re alloys 

yielded two models that were statistically significant: 

change of the Mo-13Re and Mo-41Re source 1 alloys. 

Weight 

Weight change due to Na exposure for the Mo-13Re alloy is 

related to the independent variables in the following manner: 

Mo-13Re 

Weight Change + 6.75 ±. 0.46 [ 11] 

(Milligrams) - 0.00919 [Temp] t -11. 70 

- 0.01874 [time] t -3.95 

+ 0.00003 [ (Temp) * (time)] t 3.45 

+ 0.00009 [(Temp) * (0) I t ; 10.64 

+ 0.00009 [(time) * (0) ] t 2.48 
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- 0.00032 [(0) * (0)] 

1.. 0.40 

where R2 = 0.952 and F(6, 20) 43.2. 

t -6.37 

Contour plots developed from the Mo-13Re weight change model are 

presented in Figures 89, 90, and 91 for the standard exposure times. 

Weight change due to Na exposure for the Mo-41Re alloy from 

source 1 is related to independent variables in the following manner: 

Mo-41Re (Source 1) 

weight change = - 6.54 ±.. 0.28 [12] 

(Milligrams) + 0.00827 [Temp] t = 18.63 

- 0.01144 [time] t -4.37 

- 0.05715 [0 ] t -7.95 

+ 0.00001 [ (Temp) * (time)] t = 3.35 

- 0.00008 [ (Temp) * (0 )] t -15.68 

+ 0.00008 [ (time) * (0) ] t 3.76 

+ 0.00070 [ (0) * (0) ] t 11. 09 

1.. 0.20 

where R2 = 0.991 and F(7, 19) 176.6. 

Contour plots developed from the Mo-4lRe alloy weight change 

model are presented in Figures 92, 93, and 94 for the standard 

exposure times. 

Oxygen concentrations of selected Mo and Mo alloy specimens are 

listed in Table 29. 

Re and Re-5W 

Mechanical property and weight change results for wrought Re, 

CVD Re, and CVD Re-5W are summarized in Tables 30 through 32, 

respectively. Typical load-elongation curves and mechanical proper-

ties are summarized in Figures 95 through 97. Hardness measurements 
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were not performed on the thin CVD material because a valid Rock

well A indentation could not be obtained. Typical optical photo

micrographs of metallographic sections representing as-received 

material and recrystallized material exposed to Na at 800°C. 

130 hours. 100 ppmw [0] and 300°C. 10 hours. 2 ppmw [0] for the 

above materials are presented in Figures 98 through 100. All Na 

exposed specimen surfaces and near surface regions (examined at 

500X) appeared to be clean and free from attack. 

Low magnification montages illustrating the fracture morphology 

for each test condition are presented in Figures 101 and 102a and 

102b for wrought Re. CVD Re. and CVD Re-5W. respectively. 

All Re and Re-5W specimens failed by a ductile 

mode and typical high resolution fractographs for 

intergranular 

wrought Re. 

CVD Re. and CVD Re-5W are presented in Figures 103a. 103b. and 103c. 

respectively. Sodium exposure and/or alloy recrystallization did 

not appear to influence the fracture mode for these materials. 

In addition to evaluation 

surfaces near the root of the 

of the fracture surface. specimen 

notch were also examined with SEM. 

Typically (for all Re base materials) the as received. unexposed. 

surfaces are characterized by crisp. sharp grain boundary intersec

tions with the specimen surface and in some instances cracks 

occurred at the grain boundary-surface intersection as shown in 

Figure 104a. After exposure at 800°C. 130 hours in Na with 

100 ppmw [0] these intersecting boundaries have a rounded appearance 

and the boundaries do not appear to be the site of cracks. In addi-

tion. the specimen surface was 

shown in Figure 104b and 104c. 

covered wi th sol id if ied globu les as 

These globules were analyzed with an 

electron microprobe and found to be rich in Re. Na. and oxygen. It 

is likely that the particles (ormed by the reaction 
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Na Re0 4 melts at 425·C. (22) Potential models as determined 

by the survey regressions included fracture energy for wrought Re. 

CVD Re. and CVD Re-5W along with weight change for wrought Re and 

CVD Re. After low significance coefficients were dropped from the 

survey models. three statistically significant models remained; 

CVD Re-5W fracture energy. wrought Re weight change. and CVD Re 

weight change. Fracture energy of the CVD Re-5W alloy is related to 

the independent variables by the following model: 

CVD Re-5W 

Fracture Energy = + 249.37 ± 12.10 [13] 

(joules/cm2) - 0.18001 [Temp] t -8.73 

- 0.84852 [time] t -6.81 

+ 0.00103 [ (Temp) * (time)] t 4.96 

+ 0.00123 [ (Temp) * (0) ] t 5.77 

+ 0.00418 [ (time) * (0)] t = 4.41 

- 0.00329 [ (0) * (0) ] t = -2.48 

+11.4 

2 
where R = 0.943 and F(6. 20) 36.05. 

Contour plots developed from Eq [13] are presented for exposure 

times of 10 hours. 70 hours. and 130 hours in Figures 105 through 

107. 

Weight change due to Na exposure for wrought Re is related to 

the independent variables by the following model: 

Wrought Re 

Weight Change = + 4.10 ± 0.15 [ 14 ] 

(Milligrams) 0.00473 [Temp] t -20.50 

0.00562 [time] t = -4.12 

0.01477 [0] t -4.32 

+ 0.00001 [ (Temp) * (time)] t = 3.02 

+ 0.00005 [(Temp) * (0) 1 t 18.69 

+ 0.00005 [(time) * (0) ] t 4.62 
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- 0.00007 [(0) * (0)1 

:t 0.124 

2 
where R = 0.984 and F(7. 20) 106.39. 

t -2.53 

Contour plots for the wrought Re weight change model are 

presented for the standard Na exposure times in Figures 108 through 

110. 

Weight change due to Na exposure for CVD Re is related to the 

independent variables by the following model: 

CVD Re 

Weight Change = + 4.96 ± 0.22 

(Milligrams) - 0.00624 [Temp1 

- 0.00725 [time1 

+ 0.00001 [(Temp) * (time)1 

+ 0.00006 [(Temp) * (0») 

+ 0.00004 [(time) * (0») 

- 0.00019 [(0) * (0)] 

:t 0.20 

where R2 = 0.977 and P'(6, 18) = 77.94. 

[15] 

t -16.61 

t -3.17 

t 3.20 

t = 13.24 

t 1. 91 

t = -7.53 

Contour plots for the CVD Re weight change model are presented 

for the standard Na exposure times in Figures 111 through 113. 

Tungsten 

Mechanical property and weight change data on Ware summarized 

in Table 33. Hardness was not obtained because the material was so 

bri ttle that the hardness indentor fractured the specimens. Unre

crystallized specimens failed by intergranular quasi cleavage (see 

Figure 114a) and recrystallized material failed in a classical 

intergranular brittle fashion (see Figure 114b). Both tensile 
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properties and fracture mode did not appear to be influenced by Na 

exposure and specimen surfaces appeared to be free from attack. 

High Temperature Test Results 

Radiography 

Contact radiographs of each tube for the first test series were 

made of two views 90° apart and one view for each tube is shown in 

Figure 115. The radiographs show that the larger particles of U0
2 

settle to the bottom of each tube after the temperature cycles. 

Surface Appearance 

Outer surface appearance of the bottom 75 mm of the tubes after 

5 hours exposure at 2000°C is illustrated in Figure 116. The Ta-10W 

tube surface appears to be thermally etched in the 20000C zone and 

grain structure is clearly visible. The surface of the Mo-41Re tube 

also appears to be thermally etched but not as severely as the 

Ta-lOW. Re-5W and T-lll surfaces do not appear to be visually 

affected by the high temperature exposure. The surface of the Re 

tube exhibits what appears to be exfoliation in a region about 75 mm 

from the bottom of the tube. 

Figure 117 illustrates the surface appearance of the inside of 

the tubes after sectioning along the axis. In general. the surfaces 

appear discolored as a function of the temperature and location of 

the tube contents but no gross attack can be discerned at low 

magnifications. However. the same exfoliation observed on the 

exterior of the CVD Re tube appears to be present on the inside 

surface of this tube. The longitudinal welds on the Ta-lOW and 

T-ll1 tubes are also visible in Figure 117 and as indicated. they 

appear to be free from cracks and attack along the entire length of 

the tubes. 
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Hardness 

A summary of the hardness measurements made on the outside 

surface of each tube as a function of distance and temperature along 

the tube axis is tabulated in Table 34 for T-lll, Ta-lOW, Mo-41Re, 

CVD Re, and CVD Re-5W. In general. each material softened at the 

hot end with the most pronounced effect occurring in the CVD tubes. 

Metallography 

First Test Series--Longitudinal sections of each tube were cut 

into 50 mm long increments, mounted, and polished. The complete 

length of each section was examined optically at 32 and 300X and the 

bottom tube section (hot section) was photographed along the entire 

length at 32X. In all instances the microstructures observed at 

50 mm from the tube bottom were typical of the remaining length of 

the tube. 

Figures 118 and 119 are posttest photomicrographs of typical 

structures on the Ta-lOW tube as well as the as-received condition 

and a cross sect ion of the longi tud inal we Id. Approximate cond i

tions of exposure are also listed with each photomicrograph. Note 

that considerable grain growth occurs in the very hot region 

(Figures 118a and 118b) and the grain size decreases as the exposure 

temperature is reduced. Note also that the integrity of both the 

inner and outer surfaces of the tube as well as the weld (see 

Figure 118) appears to be good even though the weld is not a full 

penetration weld. 

Foils prepared from the 2000°C, -1800°C, -1700°C. 1350°C, 

and 1000°C regions of the Ta-lOW tube were evaluated by TEM, and 

typical photomicrographs of these regions are illustrated in 

Figures 120 and 121. The herringbone structure (see Figure 113a) 

from the hottest region was evaluated by election diffraction and 

showed no difference in diffraction pattern. A fine unidentified 

grain boundary precipitate was observed in the 1800°C region (see 
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Figure l20b) as well as regions of herringbone structure (not 

shown) . The grain boundaries appeared clean in the remaining foils. 

and as the exposure temperature decreased. the dislocation density 

appeared to increase. 

Figures 122 and 123 are photomicrographs of typical structures 

in the T-111 tube, as well as the as-received condition and a cross 

section of the longitudinal weld. Approximate conditions of 

exposure are also listed with each photomicrograph. Note that there 

is very little grain growth in this tube probably because the T-111 

gra in boundaries are s tabi 1 i zed with the 2 percent HE. Aga in, the 

closure weld at the bottom of the tube (see Figure 122b) and the 

tube surfaces appear to be free from attack even though there is a 

lack of weld penetration. 

Posttest photomicrographs from typical microstructures from the 

Mo-4IRe tube along with the approximate exposure conditions (as well 

as the as received condition) are presented in Figures 124 and 125. 

Grain growth is evident in the high temperature regions but there is 

no evidence of attack by the high temperature exposure to oxygen in 

Na and U02 . 

Typical microstructures for various exposure conditions, as well 

as the as-received condition, are presented in Figures 126 and 127 

for the CVD Re tube. These photomicrographs illustrate the massive 

grain growth in the hot region and extensive grain boundary cracking 

after the grain growth had occurred. 

A similar collection of typical microstructures 

CVD Re-5W tube is presented in Figures 128 and 129. 

exhibited the same behavior as the CVD Re tube. 

for the 

'l'hi s tube 

It is interesting that both CVD tubes were leak tight at the end 

of the test even though significant grain boundary separation had 

occurred. All of the tubes tested appeared to be free from any 

attack in the region of steep temperature gradient. 
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Second Test Series--As stated previously. the highest 

temperature exposure for the second series was 1500°C with a total 

exposure time at that temperature limited to 320 minutes. This 

temperature pr.oduced full recrystallization in both materials tested 

(Ta-lOW and Mo-41Re) and a small amount of grain growth in t.he 

Ta-lOW tube. Both tubes were cut longi tud ina lly a long the axi sand 

the resulting cross sections were mounted. polished. and inspect.ed 

by optical metallography at magnifications up to 300X for the entire 

length of each tube. Both tubes were free of internal attack and 

surface attack at the internal and external surfaces. Typical 

optical microstructures from the 1500°C region and from the cooler 

region of the tube (-75 mm from the bottom) are shown in 

Figure 130 for Ta-lOW and in Figure 131 for Mo-41Re. respectively. 

Discussion 

Organi zation of this sect ion wi 11 be simi lar to the previous 

section on result.s in that discussion of the results will be ordered 

by test temperature. In addition. a separate subsection summarizing 

the discussion will be included. 

Low Temperature Experiments 

General 

Two classes of materials were evaluated in this study: 

1. Materials that are not influenced by recrystallization. such 

as Ta and Re. 

2. Materials that are strongly influenced by recrystallization 

such as Mo. W. and Mo alloys. 
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Both classes of materials exhibited good resistance to general 

attack by Na for all exposures within the factor space. Considering 

the maximum oxygen exposure and a typical sample geometry, the 

threshold oxygen concentration for significant attack at 

above -0.45 mg/cm 2 

refractory metal. 

the temper

of refrac

The above 

atures and 

tory meta I 

times 

and 

evaluated, 
3 -4.5 mg/cm 

is 

of 

numbers are significant from an engineering standpoint because many 

applications of these materials involve use in 

fixed supply of oxygen available. However, 

closed systems with a 

it is important to 

stress the necessity for maintaining a sealed system because other 

investigators (23) have reported substantial attack in 600°C Na in 

which the oxygen concentration is buffered at 40 ppmw. 

In general, hardness and ultimate strength (except for the Ta 

alloys) were not significantly correlated to exposure conditions for 

recrystallized materials (see Tables 11 and 12). The reason for 

this lack of systematic response is possibly due to the brittle 

nature of these materials and the relatively low interaction rates 

with oxygen as the diffusion rates of oxygen in these materials is 

typically low. (24) On the other hand, both Ta-lOW and T-lll ulti

mate strengths were highly correlated to exposure conditions (see 

Tables 9 and 10, respectively) and, on the average, exposure to Na 

tended to weaken both materials (see Table 4). This systematic 

response is probably a result of the relatively high diffusion rates 

for oxygen in Ta. 

The histograms which rank alloys by strength and fracture energy 

should be used with caution because they do not take into considera-

tion fracture toughness. For example, the Mo-·41Re alloy ranks very 

high for both strength and 

recrystallization the fracture 

intergranular. This implies a 

fracture 

mode of 

very low 

energy. However, after 

this material is brittle 

fracture toughness. All 

other Mo-Re alloys, pure Mo. TZM. and W also fail in a brittle 

intergranular manner after recrystallization. 
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The histograms of Figures 17 and 18, the SEM fracture evalua

tions, and the data in Table 13 show that Re and Re-5W exhibit 

little degradation in properties after recrystallization, tolerate 
2 3 large amounts of oxygen (-0.6 mg/cm or -12.9 mg cm) (see 

Tables 30 through 33) are resistant to hydrogen embrittlement, (25) 

and always fail in a ductile intergranular fashion. Disadvantages 

in utilizing these materials include high cost, poor fabricability 

because of 
100C)(26) 

a 

due 

large 

to the 

work hardening coefficient (m = 0.372 at 

hexagonal structure and, as the high 

temperature tests show, grain boundary separation because of the 

large grain size of CVD material. 

The Re materials are followed in 

Ta alloys. Li ke Re, the propert ies 

the histogram rankings by 

of Ta-10W and T-lll are 

the 

not 

influenced by recrystallization. These alloys exhibited the most 

systematic response to exposures within the factor space probably 

because of the high diffusion rates for interstitials. With excep

tion of the ductility trough at low oxygen potential, both materials 

performed well in the test environment. 

A detailed discussion of the results pertaining to each alloy 

family will follow. 

Ta Alloys 

The low temperature test trends are in some respect contrary to 

expectations derived from previous work in buffered experiments. 

For example, the fracture energies of Ta-lOW and T-lll decrease 

after exposure to Na with low oxygen potential. but after exposure 

to Na at elevated oxygen potentials, the fracture energy is higher 

than for the unexposed condition. From the literature, one would 

expect little change in properties with low oxygen potential 

exposure (27) and a general degradation after exposure at elevated 

oxygen potentials. (28) Explanation of these phenomena is not 
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straightforward and requires utilization of the extensive chemical 

and microstructural analysis performed on these systems. 

Stainless steel crucibles were used for exposures at low oxygen 

potentials to evaluate the compatibility of stainless steel in the 

system and to buffer the oxygen potential in the Na to very low 

levels by utilizing the Naer02 reaction. The mixed fracture modes 

and low fracture energies observed at several of the low oxygen 

exposures (300 0 e, 10 hours and 130 hours; and BOOoe, 10 hours) 

correlate well with the high hydrogen concentrations presented in 

Table 16. Exposure at 800 0 e for 10 hours. 2 ppmw [0] in Ni cruci-

bles produced fracture energies approximately two times higher than 

those obtained for the same exposure conditions in stainless steel 

crucibles (see Table 19). Thus, the decrease of fracture energy as 

a result of exposure to Na at low oxygen potential appears to be 

related 

material. 

to both elevated hydrogen concentration and crucible 

The presence of high hydrogen concentrations 

after certain exposures was unexpected. It is 

in the test coupons 

likely that dissolved 

hydrogen or NaOH is present as a contaminant in the sodium as no 

specific 
loop. (29) 

hydrogen "getter" 

The NaOH can be 

was included 

reduced by Fe 

the stainless steel by the following reaction: 

in 

or 

the purification 

er(30) present in 

2(Fe,er) + 4 NaOH ~ 2 Na (Fe,er)02 + H2 + 2 NaH 

The reduction of NaOH could have occurred either in the stainless 

steel purification loop, master can or the individual experiment 

cans. Another, less likely, explanation for the elevated [H] 

concentration in some of the Ta alloy specimens is H pick--up from 

the cleaning procedure. (31) Since the cleaning procedure is the 

same for specimens tested at all exposures, a surface barrier 

argument would also have to be applied to explain the variable [H] 

pick-up. 
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Grain boundary attack on the submerged 316 stainless steel 

crucible surface. and depletion of Cr on the surface as observed by 

Auger spectroscopy is consistent with a reduction of NaOH or with 

the consumption of dissolved oxygen in excess of that in equilibrium 

with Nacro2 . Whatever the source. dissolved hydroqen could inter

act quickly with the test coupons as diffusion rates of H in Ta are 
. -3 2 hlgh (D = 2.6 x 10 cm Is at 3000C) . (32) The low concentra-

tion of [H] and the improved properties of the specimens exposed to 

low oxygen Na at 800°C for 130 hours can be explained by an evalua

tion of H permeability in stainless steel. Hydrogen permeability in 

316 stainless steel is two orders of magnitude higher at 800°C than 

at 300°C (7.33 X 10- 6 as compared to 2.1 x 10-8cc/cm_s_atml/2. (33) 

respectively) resulting in the possibility that it is kinetically 

favorable for hydrogen to leave both the test coupon and the system 

via the crucible wall at the 800°C. 130 hours exposure. Using 

nickel crucibles increases the possibility that any hydrogen 

the system. as the permeability of H contaminant 

through 

300°C 

Ni 

and 

is lost from 

is higher than 316 stainless 
5.24 x 10-5cc/cm_s_atm(1/2) 

-7 steel (2.34 x 10 at 
at 8000C). (33) Thus 

hydrogen contamination would only be observed in samples exposed at 

low temperatures or short times in stainless steel crucibles. 

Because of the lack of an observed hydride in the TEM examination 

of specimens containing elevated H concentrations it is probable 

that the H is present as an interstitial in solid solution. Several 

investigators have shown that dissolved hydrogen has a potent effect 

on the mechanical properties of Ta. (34.35) The mechanism postu

lated for creating a fracture mode change includes concentration 

enhancement of [H] at points of fracture in response to stress 

concentration. 

Bulk carbon analysis indicates C transport between the specimen 

and the environment does not occur: however. the TEM work shows a 

considerable redistribution of C within specimens exposed at low 
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oxygen potential (see Figure 28). It is not surprising that car

bides are present since the solubility of C in Ta at room tempera

ture is low. less than 1 ppmat at 500°C as extrapolated by Horz 

et al. (36) However, changes in carbide morphology do not appear 

to correlate with mechanical properties. For example. continuous 

grain boundary films were observed in both 800°C exposures at low 

oxygen potential but only specimens exposed for 10 hours failed in a 

mixed mode of fracture. On the other hand. specimens exposed at 

300°C for 10 and 130 hours showed extensive precipitation of carbides 

adjacent to the grain boundaries and these specimens failed in a 

mixed mode. One would expect that continuous grain boundary films 

would degrade properties mote than discrete precipitates at the 

grain boundary. The absence of grain boundary carbide networks at 

exposures with high oxygen potential also suggests that carbide 

morphology could be influenced by a C-[H] or C-[O] interaction. 

The mechanical property response of the Ta alloys after exposure 

to Na with elevated oxygen potential could also 

interstitial solid solution effects.(37.38) This 

a result 

response 

of 

is 

characterized by a moderate increase in strength coupled with a 

large increase in fracture energy at midpoint exposures and modest 

increases in both strength and fracture energy (as compared to 

unexposed propert ies) at eleva ted olcygen potent ial (see Figures 22 

and 23 and Table 13). Fracture mode for all the above conditions is 

ductile void (see Figures 34d. 35. 37d, and 381. 

Plots of average specimen oxygen concentration as a function of 

average fracture energy for Ta-lOW and T-Ill are presented in 

Figure 132. Exposures at 300°C. 130 hours, low oxygen potential 

were omitted from this plot because of the [H] influence discussed 

previously. If the outlier point. 800°C. 130 hours. 100 ppm [0]. 

for Ta-lOW is disregarded a clear trend exists for both materials 

wherein fracture energies increase as a function of increasing 

specimen oxygen concentration. As stated previously. the TEM 

results on the Ta-l0W alloy showed a clea~ matrix for all exposures 
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and clean grain boundaries for the midpoint exposure and the 300°C 

exposures. a light unidentified grain boundary film on the BOOoC. 

10 hours exposure. and a heavier grain boundary film on the BOO°C. 

130 hour exposure. Clear microstructures for specimens with high 

oxygen concentrations suggest that oxygen is present as an inter

stitial in solid solution. Mitchell and smialek(39) have found 

that [0] in interstitial solid solution up to concentrations of 

-1000 ppmat in Ta causes solid solution hardening which is 

linearly related to the oxygen 

77°K and 450 0 K. We propose 

concentration at temperatures between 

that this solid solution hardening 

provide the mechanical property enhancement. Mitchell and Smialek 

suggest a complex explanation for this phenomena which includes long 

and short-range diffuse interactions between oxygen interstitials 

and dislocations. 

The distribution of oxygen within 

be controlled by unknown factors. 

observations of (1) a heavy oxide 

the microstructure appears to 

This is demonstrated by the 

surface film and surface grain 

boundary attack for the Ta-10W exposed at BOO°C. 130 hours and 

100 ppmw [0]. (2) low matrix oxygen concentration and grain boundary 

films for both BOO°C high oxygen potential exposures. and (3) clean 

matrix and grain boundaries and elevated oxygen concentrations for 

the 550°C and 300°C exposures. Since these materials are very 

susceptible to interaction with interstitial contaminants. the 

scatter in Figure 132 could be caused by an unevaluated variable 

such as nitrogen or even a complex interstitial 

ever. it is important to point out that. in 

interaction. How-

general. properties 

improve after exposure to Na with eleva ted oxygen potent ia 1 wi thin 

the factor space evaluated. 

T-lll alloy specimens have a smaller grain size than Ta-lOW as 

illustrated in the optical photomicrographs of I"igures 24 and 25. 

respectively. This fine grain size is also manifested in the 

fracture morphology as T-lll has smaller fracture features than 

Ta-lOW (see Figures 36 through 3B and Figures 33 through 35. respec

tively). Hafnium is added as an oxygen "getter" in T-lll and it 
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appears that these fine hafnium oxides prevent grain growth. The 

banded appearance of the T-lll microstructures is also caused by 

these Hf02 particles. The generally higher oxygen concentrations 

obtained for the T-lll alloy are probably a result of the Hf 

addition. 

It is clear from the photomicrographs (Figure 26) which 

illustrates surface at tack that the 800°C, 130 hour, 100 ppmw [0] 

exposure is 

degradation 

close to the threshold for severe attack and possible 

of base metal properties. The 

from 

weight 

sloughing 

loss resulting 

from 

film 

this exposure appears to 

Figure 26. 

result of the oxide 

as shown in 

nonpassivating oxide 

between the oxide and 

and, due 

the metal, 

to 

Tantalum oxide, Ta 20 S ' is a 

the large density difference 

it is usually a nonadherent film. 

Both alloys exhibit excellent corrosion resistance at the other 

exposure conditions. 

Contour plots of fracture energy and ultimate stress for both 

Ta-IOW and T-lll (see Figures 39 through 44 and Figures 45 through 

47, respectively) illustrate responses as a function of temperature 

and oxygen potential. However, there is a hidden hydrogen effect at 

the low oxygen potential and without the [H] it is likely that the 

properties would not be degraded in this region of the factor space. 

Mo and Mo Alloys 

Microstructures as illustrated by the optical photomicrographs 

show that the following materials were received in the fully 

recrystallized or partially recrystallized condition: 
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Mo source 1. Figure 56a 

Mo-13Re (partial), Figure 77a 

Mo-26Re source I, Figure 78a 

Mo-41Re source 1. Figure 80a 

TZM source 2. Figure 59a. 



Fracture energy decreased by a factor of about two after recrystal

lization as shown in Table 13 for Mo source 2 (Factor = 2.79). 

Mo-13Re (2.92), Mo-26Re source 2 (2.05). Mo-4lRe source 2 (1.36). 

and TZM source 1 (3.04). All fully recrystallized Mo and Mo alloys 

failed by brittle 

Lundberg(40) have 

intergranular or 

also observed 

cleavage 

brittle 

mode. Merrigan 

fractures in 

and 

the 

recrystallized MO-13Re alloy. In general. unrecrystallized material 

failed in a mixed mode by lamellar tearing with localized ductile 

void and cleavage regions between the tears (see Figures 61. 62. 81. 

B3. and 85). 

In some instances. unrecrystallized material tailed in a cleav-

age mode. The oscillation between a mixed mode with some ductility 

and brittle cleavage for the same unrecrystallized material points 

out the intrinsic brittle nature of these materials. 

The brittle fracture morphology observed for the recrystallized 

Mo-Re alloys was unexpected. Previous work(4l) has shown that the 

ductile-to-brittle transition temperature of recrystallized Mo is 

substantially lowered and fabricability of ingot material is 

enhanced by alloying with Re. All the work cited evaluates the DBTT 

as a function of the Re concentration by the use of slow bend tests. 

Our work with notched tensile specimens also shows that fracture 

energies of recrystallized material from source 2 (all alloys from 

the same supplier) increase with Re concentration while source 1 

material (from two suppliers) eXhibits an opposite trend (see 

Figure 133). These results point out the danger of implying good 

fracture toughness based on tens i Ie and s low bend tes ts. For many 

applications, the poor fracture toughness of these materials will 

rule out their use. 

As mentioned previously, all materials used in this investiga

tion were fabricated by state-of-the-art processing. The variabil

ity of properties by source indicates the extreme sensitivity of 
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these materials to processing and emphasizes the importance of 

instituting elaborate qualification testing and monitoring programs 

for material used in critical experiments. 

The general enhancement of fracture energies after Na exposure. 

even though all fractures were brittle. is probably related to 

differences in fracture initiation. For example, it is clear that 

the fracture initiation illustrated for the unexposed recrystallized 

Mo-41Re material (see Figure 89c) is more brittle than the fracture 

initiations observed for specimens exposed to Na (see Figures 89b, 

89c, and 89d). since these materials have high strength and low 

fracture toughness. subtle changes in fracture initiation can playa 

large role in influencing fracture energy. For example. 

sensitivity is illustrated with the following calculation: 

assume 

critical 

0applied = 600 MPa and K1C = 347 MPa 

flaw size to initiate fracture is 

a 0.106 mm 

which is a small flaw. 

then 

this 

the 

(16) 

This sensitivity is also responsible for the poor reproducibil

ity of replicate experiments, which. in turn. results in a lack of 

correlation between the dependent variables and exposure conditions. 

Wi th the except ion of the TZM alloys, oxygen concentrat ions of 

the Mo and Mo alloys a.re very low and are not i.nfluenced by Na 

exposure (see Table 29). TZM alloy contains O.S percent Ti and 

0.08 percent Zr, and these elements are probably responsible for the 

increased oxygen concentration because of their high affinity for 

oxygen. 
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In all cases, substantial increases in fracture energies 

occurred after exposure to the midpoint conditions. As oxygen 

potential was increased to 100 ppm, fracture energies, on the aver

age, remained unchanged as compared to those obtained from the mid-

point exposures (see Table 13). This observation is consistent with 

the fracture initiation argument presented above. The data in 

Table 29 show that bulk diffusion of oxygen did not occur (except 

perhaps in TZM), so initiation conditions were modified with initial 

exposure to oxygen rich Na and then remained unchanged for higher 

concentrations and longer exposure times. 

The hydrogen effect observed in the Ta alloys exposed to Na at 

low oxygen potential in stainless steel crucibles is not observed in 

the Mo alloys. Mo is not 

solubility of hydrogen in Mo, 

embrittled by [H] because 

0.4 ppmw at 5000C. (42) 

Re Materials 

of the low 

The microstructures (see Figures 91 through 93) show that the 

CVD Re and Re-5W have much larger grain sizes than the wrought Re 

specimens. All show evidence of extensive twinning. Recrystalliza

tion produced extensive grain growth (approaching the specimen 

thickness) in the CVD materials and relatively little grain growth 

in the wrought material. All specimen surfaces examined by optical 

metallography at -250X appeared to be free from attack. However, 

as-received CVD specimens had an irregular surface on one side of 

the specimen (see Figure 92a), probably created by the CVD process. 

These surface defects disappeared after exposure to Na. 

Load elongation plots for wrought Re, CVD Re, and Re-5W (see 

Figures 95, 96, and 97, respectively) illustrate the influence of 

grain size on the shape of the load-displacement tensile curves. 

Typically, the small grain wrought material curves are characterized 

by a steep slope with sudden fracture. Large grain material tensile 
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curves show much more plasticity immediately before fracture as 

evidenced by decreasing load with increasing 

tion. This behavior is characteristic of 

displacement or elonga

necking which was also 

observed on some of the necked Ta alloy specimens (see Figures 22 

and 23). 

On the average. the fine grain wrought Re had about 20 percent 

lower fracture energy in the recrystallized unexposed condition and 

after exposure to low oxygen 

material. After exposure to 

potent ia 1 Na as 

Na at elevated 

compared to the 

oxygen potent ia 1 

CVD 

all 

three materials on the average have nearly identical fracture 

energies (SO ppmw [0]: wrought Re. 175; CVD Re. l76; and CVD Re-5W. 

175; 100 ppmw [0]: wrought Re. 189; CVD Re. 184; and CVD Re-5W. 

191 j/cm2 ) at each exposure condition. At low oxygen exposures 

average fracture energies were: wrought Re. 107; CVD Re. 127; and 

CVD Re-5W. 127 j/cm2
. Typically. the fracture mode for all these 

materials and exposures is ductile intergranular with a great deal 

of localized slip (see Figure 103). Bulk oxidation occurs on the Re 

specimen surface during exposure to Na
2

0. the molten NaRe0 4 
collects into globules. and sharp defects on the specimen surface 

are smoothed out (see Figures 104b and c). Since all these mate-

rials fail in an intergranular fashion. fracture initiation occurs 

at grain boundaries which intersect the surface. Fracture energies 

improve dramatically and are roughly equivalent after exposure to Na 

at elevated oxygen potential. and the reason for this response is 

the rounding of surface flaws by oxidation (reduction of initiation 

sites). Grain size appears to control initiation (small grains mean 

more initiation sites) in the unexposed specimens and specimens 

exposed at low oxygen potential. However. there is also an improve

ment in fracture energies. but not equivalence. after exposure to Na 

at low oxygen potential and this improvement is caused by a small 

amount of surface oxidation as observed by the SEM. 

Contour maps of the fracture energy of Re-5W as a function of 

oxygen potential and temperature for different exposure times 

provide a more detailed evaluation of the influence of temperature 
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and time and the strong interactions between these variables and 

oxygen potential. The 10-hour plot (see Figure 105) shows that the 

lowest fracture energies occur at 800°C and low oxygen potential 

while the highest fracture energies are produced with low tempera

ture exposures. At 70-hour exposures, this trend continues except 

that oxygen potential becomes a more potent influence because of the 

time interactions with temperature and oxygen potential (see Fig

ure 106). At 130 hours (see Figure 107) oxygen potential becomes 

the dominant influence. The trough which occurs at high temperature 

and low oxygen potential is tied to the low availability of oxygen 

and fast oxidation kinetics. 

The small weight gains observed for these materials indicate 

that attack is not a problem when a limited supply of oxygen is 

available. However, it is clear that the formation and sloughing of 

the molten oxide in systems with an abundant oxygen supply could 

cause a very rapid catastrophic attack. 

High Temperature Tests 

As stated previously, the high temperature tests were used as an 

engineering proof test to economically evaluate crucible compati

bility in a multicomponent system. Only materials that showed 

promise in the low temperature tests were selected for the high 

temperature tests. 

It iss ignificant to note that a 11 of the tubes tested at high 

temperatures were hermetically tight after the testing seguence. 

However, the exposure threshold for leaking was very close for the 

CVD tubes. As also shown in the low temperature experiments, 

recrystallization of the CVD Re and Re-5W results in massive grain 

growth (see Figures 126 through 129). Presumably, the thermal 

cycling causes failure at the boundaries and, in some instances, 

grains have fallen from the tulYe. The photomicrographs show that a 
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layered structure exists in the CVD tubes. This is caused by inter

ruptions in the CVD process and it is significant that thin layers 

start out with smaller grains which in turn are smaller in diameter 

after exposure relative to grains in the thicker layers. The 

columnar grains 

after exposure 

in the thick layers ripen into large single crystals 

of the layers (see Figure 126). If delamination 

could be prevented, it would probably be better to build up a wall 

section by successive thin layers. This practice would minimize the 

possibility of penetrating the entire cross-sectional thickness with 

a single grain boundary. 

Metallographic evaluations of the entire axial cross sections 

for Ta-lOW, T-lll, Mo-41Re, CVD Re and CVD Re-SW at magnifications 

from 32X to 300X show that significant attack did not occur as a 

result of the test conditions in any of these materials. There was 

also no evidence of erosion of the side walls by formation of 

Na-refractory metal oxide compounds or of erosion by refluxing. 

Substantial refluxing occurred in all of the high temperature tests 

as evidenced by segregation of the U0
2 

bed (larger particles at 

the bottom of the tube, see Figure 115 ) and the vibration of the 

tubes that occurred during each experiment. If Na uranate decom-

position occurred in the -llOO°C region of the tube and supplied 

extra oxygen, the decomposition did not appear to influence the tube 

examined. This is particularly integrity at the magnifications 

significant because the tubes in the second test series experienced 

IB-hour exposures at these temperatures. 

TEM evaluation of foils taken from five locations within the 

high temperature Ta-lOW tube typically show that both grain bound-

aries and matrix were free of second phase particles. Thus it 

appears that the high temperature test environment did not signifi

cantly degrade the microstructure of the Ta-lOW tube. 
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Summary 

Two classes of materials were evaluated in this study: 

1. Materials which generally exhibit ductile transgranular 

failure modes before and after recrystallization. e.g .• Ta 

alloys. 

2. Materials which exhibit intergranular failure modes after 

recrystallization. e.g .• Mo and Re base systems. 

For both types of materials the compatibility issues are driven 

by the purity of the sodium. All systems evaluated appear to be 

compatible with "pure" Na i.e .. < 2 ppmw[O] within the exposure 

temperatures and times evaluated herein as evidenced by the small 

weight changes, lack of hardness response. and lack of surface 

attack as 

impurities 

indicated by microstructural 

(i.e .. intentionally added a 

observations. However. as 

or the unexpected addition 

of H) are added to the sodium. the mechanical property response of 

the refractory metal systems ranged from mixed degradation and 

enhancement for the Ta systems to general enhancement for the Mo and 

Re based systems. 

All of the mechanical tests and evaluations were made at room 

temperature in air. whereas applications involve use at elevated 

temperatures and greatly reduced oxygen potentials. This fact is a 

particularly important consideration in evaluating the fracture 

initiation effects previously described. For example, the surface 

oxidation and subsequent melting of NaRe0 4 in the Re base systems 

may produce "hot shortness" if the mechanical property tests were 

conducted in situ. 

The complexity of the material 

tance of carefully defining the 

responses points to the 

intended use environment 

impor

before 

recommending a refractory metal. In most instances the choice will 

require balancing several trade-offs. 

79 



Recommendations 

The recommendation of a material to use for the PAHR crucible is 

driven by the compatibility results obtained in this study and other 

factors such as material cost. fabricability. and weldability. 

For example. in this study Ta-lOW was recommended as the best 

candidate for the in-pile experiment for the following positive 

reasons: 

1. Easy to fabricate. 

2. Relatively cheap. -$440.00/kg. 

3. Easy to braze by conventional brazing. 

4. Mechanical properties are not affected by recrystallization. 

5. Compatible with UO Z 2nd 400 ppm oxygen potential Na at 

2000°C and in steep temperature gradients. 

6. Readily available. 

7. Autogenous weld easily. 

8 . Very good resistance to molten Na at 

potentials. provided a fixed. defined 

available. 

9. Generally has good fracture toughness. 

low and high oxygen 

supply of oxygen is 

However. the above advantages for use are balanced against the 

following disadvantages: 

1. Embrittled by hydrogen. 

2. Exhibits strain rate sensitivity. 

3. Moderate high temperature strength. 

4. Exhibits a complex sensitivity to interstitials. 

T-lll would also be a successful candidate because of most of 

the above plus the desirability of Hf stabilization in controlling 

grain size and oxygen matrix effects. but it is not commercially 

available. 
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Mo-Re alloys demonstrated good compatibility but were not 

recommended because of poor 

and limited availability. 

fracture toughness. 

A similar list 

poor fabricability. 

of advantages and 

disadvantages could be made for the Mo-26Re and Mo-41Re alloys and 

they would include: 

Advantages include: 

1. Good resistance to hydrogen. 

2. Very good resistance to Na at 2 < [0] < 100 ppm. 

3. Good high temperature strength. 

4. compatible with U02 and high oxygen potential Na at 2000·C 

and in steep temperature gradients. 

S. Autogenous welds can be made with care. 

Disadvantages include: 

1. Fracture mode is brittle after recrystallization. 

2. Very difficult to fabricate. 

3. Very difficult to braze. 

4. Possibility of sigma phase formation as Mo depletion occurs. 

S. Limited availability. 

6. Very expensive -$2640.00/kg. 

In a similar fashion the Re materials were not recommended 

because of the propensity for rapid grain growth and high cost. 

Advantages for the CVD Re and Re-SW include: 

1. Resistant to hydrogen. 

2. Mechanical properties are not adversely affected by recrys-

tallization. 

3. Very good resistance to molten Na at 2 < [0] < 100 ppm. 

4. Autogenous welds readily. 

S. Compatible with U0
2 

and high oxygen potential (400 ppm) Na 

at 2000°C and in steep temperature gradients. 
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6. Fracture mode is ductile after all exposures even though 

failure is intergranular. 

7. Easy to braze by conventional brazing 

Disadvantages include: 

1. Work hardens very rapidly. 

2. Difficult to machine by conventional means. 

3. CVD has structural irregularities and large grain size. 

4. Very high grain growth. 

S. Very expensive -$7700.00/kg. 

6. Exhibits grain boundary cracking. 

Wrought Re could not be considered for this application because 

it could not be fabricated into the shapes required. 

Conclusions 

1. All of the materials tested are compatible with Na for the test 

conditions 300°C < [0] < 800°C, 10 hours < t < 130 hours, and 

2 ppmw < [0] ~ 100 ppmw. 

2. Ta-10W, T-lll, and Mo-4lRe are compatible with Na and U02 for 

the test conditions 400°C < T ~ 2000°C, t < S hours, and 

[0] ~ 400 ppmw. 

3. CVD Re, and Re-SW exhibited grain boundary failure when tested 

under the high temperature conditions listed above. 

4. Re additions to Mo enhance tensile properties but do not sig

nificantly improve the room temperature fracture toughness as 

inferred by the fractography. 

S. Mechanical properties of Ta-10W and T-lll are very sensitive to 

impurities in molten Na (i.e., O,H) because of the relatively 

high diffusion rates of these species in Ta. 
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6. Fracture initiation controls the tensile ductility and toughness 

as inferred by the fractography for Mo. Mo-Re. and Re as a 

function of exposure in Na as measured in postexposure tensile 

This response might tests conducted at room temperature in air. 

be completely different in tests conducted in situ. 
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FIG. 10 HIGH FREQUENCY INDUCTION HEATING SYSTEM 
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Fig . 11 



100 

18 

18-

14-

12 

i 10- -------
o -
e 
o 
c: .. .. • -ICI 

8 

8-

4--

2-

.. 
Z 

N 

0 
:::» 
+ .. 
z 

O-'----'r---r--r----r-""T"'"""---..----.--..----.--....----I 
o o 

o 
o .. 

Temperature °c 
Typical Temperature Profile for Reflux Tests 

Fig . 12 . 

o 
o 
o 
C\I 



0 ID 
t" t" 0 
0 0 0 • • +. • +. +. 
0 I' 0 
0 C'J In 
• • N t" • • 

0 
t" 

0 
• +. 

In 
N 
t" 
• 

I 

-'1.DDDt.D'ID DIA. 

- . 7SD!.D 'I 0 DIA. 

- .S4D!.DD2 DIA • 

-.S2D!.D'ID CIA. 

'-c----l---_..I-.B7D!.D'ID DIA. 

Material: 304L SS pipe 

STAI NLESS STEEL CXJLLAR-TLff ASSEM3L Y. 

Figure 13 

101 



102 

I 
o 
o 
• 

'1.00 CIA. 

'I/atl CIA. X 

.0'10 WALL X 

3" LCNG 

316L SS Tube 

3/411 CIA. X 

aCH. 'lao 
304L SS Pipe 

.7150 X .OBO Wall 

Refractory Alloy Tube 

lU£ QD9..ff AS'DH.. Y • 

Figure 14 



£01 

~ 
f-'-

00 

" '1 

" 
~ 

en 

-Fracture Energy J/cm 8 

CII 
o 
I 

.... 
o 
o 
I 

Mo-41 ReU) 

Mo-26Re(2) 

Re-5W 

TZM( 1) 

Re(CVD) 

T-111 

Ta-10W 

Mo( 1) 

TZM(2) 

Mo-13Re 

Re(wrgt) 

Mo(2) 

• Mo-26Re( 1) 

~ Mo-41 Re( 1) 

.W 

.... 
CII 
o 
I 

N 
o 
o 

,. 
< • .. • CD 

• 
" .. .. 
n .. 
c .. 
• 
m 
:I • .. 
CD 
'< 

o ... ,. 
• I 
!II 

• n 
• -< • CI. 

en 
'0 • n -a • :I • 



104 

10 
C • E -u • Go 

CI) 

" • > -• u 
• a:: 
f 
10 
o:c ... 
o 
.&: .. 
01 
C 

• .. .. 
CI) 

• --10 
C • t-

" • .&: 
U .... 
o 
z 
• 01 

" .. • > 
o:c 

o 
o 
II) ... 

(I. )eH9~-OW 

(~)OW 

(~)nZ~ 

eH£,,-On 

...... -~ 

MO"-8~ 

(l6.1M}eH 

(OA:>}eH 

M 

(OA:»Ms-eH 

(I. )eH .... -On 

(I. )On 

( .. )nz~ 

(~)eH9~-On 

(~)eH" .. -on 
I 

o 
o 
o ... 

I 

o 
o 
II) 

8dn •• e.lIS 



SOl 

'"" ,",. 

00 

" 'i 
(1) 

~ 

...... 

FRACTURE ENERGY J/em a 

... 
o 

(,II 

o 
T 

o 
o 
I" 

Re-SW(CVD) , 

Re(CVD) : 

Mo-41 ReU) , , 

Re(Wrought) r-

Mo-41Re(1) , 

Ta-10W' , , 

T-111 ' , -. 

Mo- 2 !eRe(2), -, 

Mo( 1) , -, 

Mo- 2 6Re(1) , , , 

TZMU"- . 

T M( 1) L 
, 

Mo- 13Re L , , 

Mo ( 2 ), -. 

W H 

... 
(,II 

o 
I 

, , 

1---1 
.+ 
~ 

I 
I 

11:1 
o 
o 

, 
I 

,. 
< 
CD .. 
III 
U:I 
CD 

"II .. 
..... 111 
III n - .. c .. .. 
CD CD 
n m .. 
'< ::I • CD .... 
III U:I 
-'< _. 
N ,. 
CD ... 
0.-

CD 
3 .. 
III fA 
.. 0 

= 0. 
III c 
':3 

m 
)C 

'1:J 
0 • c .. 
CD 



'" ~. 

GO 

~ 

00 

o 
I 

W 

Co) 

o 
o 
f 

Ultimate Strength MPa 

CJI 
o 
o 

I I I 

co 
o 
o 
I I 

Mo-41 Re( 1) ..... -i 

Mo-41 Re(2) t- --I 

Re (Wrought) 

Re-5W(CVD) I-I-t 

Re(CVD) I- --I 

Ta-10W I- f-i 

T-111 

Mo-28Re( 1) ..... -i 

Mo( 1) • 

Mo-28Re(2) • 

TZM(2) I- I-t 

TZM( 1) • 

Mo-13Re L • , 

Mo(2) , 

, 

I • • • • • 

901 

... 
~ 
0 
0 

~ ,. 
< 
CD .. 
II 
co 
CD 

z 
0 .. 
n 
:r 

_c 
III -.. .. :I 
CD III 
n .. .. CD 
..: 
til til .... 
II .. 
- CD 
:: ::I 
N co 
CD .. 
0. :r 

:I 
,. 

III 
.. .. .. • CD .. .. 

III til 
0 

-0. 

c: 
:I 
m 
M 

" 0 
til 
c: .. 
cD 



., 
c: 
CD 
E 
u 
CD 
a. 
U) 

"a 
CD 
> -CD 
U 
CD 
a:: 
I ., 
c( ... 
o ., ., 
CD 
c: 
"a .. 
III 
:I: 
CD 
aI 
III .. 
CD 
> 
c( 

Kn .... 
I 
o 
Kn 

(Z)OW 

(Z)WZ~ 

I.I.I.-~ 

(I.)eY9Z-o w 

lAO 1._8~ 

(lBJM)ey 

(I. )OW 

eYE I.-OW 

(I. )WZ~ 

(I. )ey I. ,,-OW 

(z)eY9Z-o w 

(z)ey I. ,,-OW 

I 
Kn 
N 

a y •• eUpJ8H 

107 



108 

CD .. 
~ 
CD 
o 
a. 
)( 

w 
E 
~ -'I:J 
o 
(/) .. 
CD ... ... 
C 
(I) 

c 
CD 
E 
u 
CD 
a. 
(/) ... 
o 
(I) 

CD 
CD 
C 
'I:J .. 
III 
% 

CD 
CI) 

III .. 
CD 
> 
C II) .... 

I 
o 
II) 

_1:1 1: .. -OW 

(C:)OW 

U)OW 

(C:)WZl. 

( .. )WZl. 

(a. )-1:I9C:-o W 

(C:)-1:!9C:-OW 

MO,,-81. 

...... -l. 

( .. )-I:! .. tr-OW 

(C:)81:!" tr-OW 

U 6JM )_1:! 

I 
II) 

CII 

'II:! •• 8UpJ8H 



III .. 
;:, 

'" o 
a. 
>C 
w 
E 
;:, -
" o 
m .. 
III .. ... 
C 

'" C 
III 
E 
u 
III 
a. 
m ... 
o 
III 
01 
C 
IV 
.c 
U .. 
.c 
01 

• ~ 
III 
01 
III .. 
III 
> 
C 

o 
• 

It) 
+ 

• 

, 
10 

• 
C'I 
+ 

U l-~ • 

NIVE) 

I 

~ (Z)8~U .,-01\1 

~MOl-8~ 

~U6JM)81:1 
I----~ 

o 

• (Z)81:19Z-0 1\1 

(Z)I\IZ~ 

(OA:»81:1 

(OA:»M 9-81:1 

(Z)OI\l 

(l )I\IZ~ 

J, 
• 

C'I 
I 

SS01 

o 
• 

It) 
I 

109 



+ 

0 

-R--

A 
'7 

110 

Mechanical Properties of Notched Tensile Coupons as a 
Function of Exposure Conditions for Ta - lOW 

____ A 

813 MPa 

77.9j/cm2 

772 MPa 
80.6 j/cm2 

- - + R 
779 MPa 

114.0 j/cm2 

l 
- + - ,t( 

772 MPa 
55.7 j/cm2 

- + + R 
744 MPa 

90.9 j/cm2 

TEMPERATURE TIME [OJ POTENTIAL 

BOO"C 130 Hrs. 100 ppm 

550"C 70 Hrs. 50 ppm 

300"C 10 Hrs. 2 ppm 

NO EXPOSURE 
RECRYSTALLIZED 
AS-RECEIVED 
SMOOTH BAR 

Fiugn: 22 

I 
II 

+ - - R 

+ + A 

773 MPa 

73;2 j/cm2 

I 
+ + R 

744 MPa 772 MPa 
48.3 j/cm2 75.2 j/cm2 

000 R 

+ - + R 
758 MPa 

84.B j/cm2 

800 MPa 
143.9 j/cm2 

+ + + R 
731 MPa 

110.9 j/cm2 

n ,"0" , 
mm 

Oisplacement -

* Denotes single value. 
All others are average 
of replicates. 
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Mechanical Properties of Notched Tensile Coupons as a 
Function of Exposure Conditions for T - III 

____ A 

! 

806 MPa 
77.9 j/cm2 

_ _ _ J..l 

655 MPa 

70.6 j/cm2 

( 
- - + R 

772 MPa 

98.3 j/cm2 

/ 

- + -
744 MPa 

53.6j/cm2 

- + + 
772 MPa 

81. 3 j/cm2 

+ + A 

820 MPa 
77.9j/cm2 I 

/ / 
+ - - R + + - R 

717 MPa 827 MPa 

38.6 j/cm2 76.9 j/cm2 

o 0 0 R 

+ - + R 
751 MPa 

85.7 j/cm2 

820 MPa 

141. 5 j/cm2 

II 
+ + + R 

765 MFa 

88.8 j/cm2 

TEMPERATURE TIME [0] POTENTIAL 

800°C 130 Hrs. 

550·C 70 Hrs. 

300°C 10 Hrs. 

NO EXPOSURE 
RECRYSTALLIZED 
AS-RECEIVED 
SMOOTH BAR 

100 ppm 

50 ppm 

2 ppm 

Fi gure 2:3 

t 100 Kg 
." 

• mm S '--_-'---'-_ 
Oisplacement _ 

• Denotes single value. 
All others are average 
of replicates. 
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a. As-received 

TEMPERATURE 

• aoo·e 

o S50"C 

-- No EXPOSURE 
R RECRYSTALLIZED 
A AS-RECEIVED 
V SMOOTH BAR 

TIME 

130 Hrs. 

70 Hrs. 

10 Drs. 

r 0 1 POTENTIA L 

) 00 ppm 

50 ppm 

2 pplll 

100 /lM 
,1 

b. +++ 

c. 

Metallographic structure of selected Ta-10W alloy s pecimens . 

Fig. 24 



a. As-received 

TEMPERATURE 

+ 130 Urs. 

o 550°C 70 Urs. 

10 Urs. 

-- No EXPOSURE 
R RECRYSTALLIZED 
A AS-RECEIVED 
V SMOOTH BAR 

r 0 1 POTENTIAL 

100 ppm 

50 ppm 

2 ppm 

100 IlM 

b. +++ 

c. 

Metallographic structure of selected T-111 alloy specimens. 

Fig. 25 
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a. SOOx 

b. 2000x 

Surface attack of Ta-10W exposed at soooe for 130 hours 
in Na with 100 ppm [OJ. 

Fig. 26 



A. AS-RECEIVED. 

C. ()()() . 

TEMPERATU RE 

+ 

o 

-- No EXPOSUR E 
R RECRYSTALLIZED 
A AS-RECEIV ED 
V S MOOTH BAR 

TIHE 

130 Hrs . 

70 Hrs. 

10 Hr s. 

B. RECRYSTALLIZED 

r 0 1 POTENTIAL 

100 pp. 

50 ppm 

2 pPID 

A. .5JLM 
B. .37 JLM 
C. .1 JLM 

Fig. 27 TRANSM ISS ION ELECTRON MICROGRAPHS OF TA-1OW ALLOY. 
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A. 

C. +--

Fig. 28 
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TEMPERATURE TIME 

+ 130 Hrs. 

o 70 Hrs. 

10 Hrs. 

-- No EXPOSURE 
R RECRYSTALLIZED 
A AS-RECEIVED 
V SMOOTH BAR 

101 POTENTIAL 

100 ppm 

SO ppm 

2 ppm 

B. - +-

D. ++ -

A. 
B.C • 

D. 

.37p.M 
• 5p.M 
.25P.M 

TRAI'JS'1I SSICN ELECTRCN MICRCmAPHS ac TA- 1(),v ALLOY. 



A. --+ ". B. -tt 

C. +- + D. +++ 

TEMPERATURE TIME r 0 1 POTENTIAL 

+ 130 Hrs. 100 ppm 

o 70 Hrs. 50 ppm 

300°C 10 Hrs. 2 ppm A •• 7 Jl-M 
B. .25J1-M 
C. .1 Jl-M -- No EXPOSURE 

R RECRYSTALLIZED 

D. .5J1-M A AS-RECEIVED 
V SMOOTH BAR 

Fig. 29 TRMiS'1ISSI0N ELECTRa'J MICR03RAPHS OF TA-1O\>/ ALLOY. 
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A. AIR 

C. 000 

Fig. 30 
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TEMPERATURE 

+ 

o 

300"C 

-- No EXPOSURE 
R RECRYSTALLIZED 
A AS-RECEIVED 
'9 SMOOTH BAR 

TIME 

130 Hrs. 

70 Hrs. 

10 Rrs. 

B. 

D. +++ 

'01 POTENTIAL 

100 ppm 

50 ppm 

2 ppm 

A. .1p.M 
B .. 25p.M 
C.&D. .5p.M 

TR!lN3'11 SS I (J\J ELECTRaIJ M I CRCGRAPHS OF T - 111 ALLOY. 
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A22 
A3 
A 13 
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+ 
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R 
A 
V 
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+ 

+ 

0 

+ 
+ 

A 
AV 
A 

R 
R 
R 

TA-l0W 

TEMPERATIIRF TIME 

800°C 130 HRs. 

550°C 70 HR s. 

300°C 10 HRs. 

No [XP50URE 
RECRYSTALLIZED 
AS-RECEIVED 
SMOOTH BAR 

AS 
A4 
Al 

A8 
A7 
A6 

rnl POTENT IAl 

100 PP M 

50 PPM 

2 PPM 

1500 /.lM 

Fig. 31 

+ 
+ 

o 

+ 

+ 

+ 

o 
+ 
+ 
o 

R 
R 
R 

R 
R 
R 
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623 
628 
626 

616 
619 
612 

t 

t 

t 

t 

t 

t 

a 

t 

t 

A 
A'" 
A 

R 
R 
R 

T- lll 

TEMPERATURE TIME 
800'C 130 HRS . 

550'C 70 HR S. 

300'C 10 HR S . 

-- No EXPSQURE 
R RECRYSTALL IZED 
A AS - RECEIVED 

'" SMOOTH BAR 

87 
86 
82 

84 
813 
815 

t 

t 

a 

[0] POTENTIAL 
100 PPM 

50 PPM 

2 PPM 

1500 11M 

Fig. 32 
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a. As-received b. As-received smooth 

c. ++- Unrecrystallized d. ++-

TEMPERATURE TIME [01 POTENTIAL 

+ 800"'C 130 Hrs. 100 ppm 

0 550"C 70 Hrs. 50 ppm 

300"C 10 Hrs. 2 ppm 

-- No EXPOSURE 
R RECRYSTALLIZED 50I'M 
A AS-RECEIVED 
V SMOOTH BAR 

High magnification fractographs of Ta-lOW alloy specimens. 
Fig. 33 
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a. +-- b. -+-

c . d. 000 

TEMPERATURE TIME r 0 1 POTENTIAL 

+ 800°C 130 Hrs. 100 ppm 

0 550°C 70 Hrs. 50 ppm 

300°C 10 Hr s . 2 ppm 

-- No EXPOSURE 
R RECRYSTALLIZED 

50 /LM 

A AS-RECEI VED 
V SMOOTH BAR 

High magnifica t ion fracto graphs of Ta-lOl-J alloys s pecimens . 

Fig. 34 
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a. +++ b. +-+ 

c . -++ d. --+ 

TEMPERATURE TIME r 0 1 POTENTIAL 

+ aOQoc 130 Hr s. 100 ppm 

0 550°C 70 Hr s . 50 ppm 

3 00°C 10 Hr s . 2 p pm 

- - NO EXPO SU RE 
R REC RYSTALLIZED 

5 0 liM 
A AS-R EC EIV ED 
V SMOOTH BAR 

Hi gh magnifi cation frac t ographs of Ta-lOW al loy s pecimens . 

Fig. 35 
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a. As-received b. As-rece ived smooth 

C. ++- Unrecrys talli zed d . ++-

TEMPERATURE TIME 101 POTENTIAL 

+ aDQoe 130 Hrs. 100 ppm 

a 5S0 oe 70 Hrs. 50 ppm 

3DO°C 10 Urs. 2 ppm 

---- No EXPOSURE 
R RECRYSTALLIZED 

50 I'M 

A AS-RECEIVED 
V SMOOTH BAR 

High magnifica tion fractographs of T-ll1 alloys s pecimens . 

Fig. 36 
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a. +-- b. -+-

c. d. 000 

TEMPERATURE TIME 101 POTENTIAL 

+ 800°C 130 Hr s. 100 ppm 

0 550°C 70 Hrs. 50 ppm 

30QoC 10 Hrs. 2 ppm 

---- No EXPOSURE 
R RECRYSTALLIZED 

SO I'M 
A AS-RECEIVED 
V SMOOTH BAR 

High magnification fractographs of T-III alloy specimens . 

Fig. 37 
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a. +++ h. +-+ 

c. -++ d. --+ 

TEMPERATURE TIME r01 POTENTIAL 

+ BOO°C 130 Mrs. 100 ppm 

0 550°C 70 Hrs. 50 ppm 

300°C 10 Hrs. 2 ppm 

-- No EXPOSURE 
R RECRYSTALL IZED 
A AS -R ECEIVED 

50 liM 

V SMOOT H BAR 

High magnification fractographs of T-111 a lloy. 

Fig. 38 
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60.000 

40.000 
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0.0 

TA-10W ALLOY FRACTURE ENERGY 
AS A FUNCTION OF 

OXYGEN CONCENTRATION AND TEMPERATURE 
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in'.) D 
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132.3 J/cma 
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TEMPERATURE DEGREES C 

Figure 40 
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Figure 41 
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TA-10W ALLOY FRACTURE STRESS 
AS A FUNCTION OF 

OXYGEN CONCENTRATION AND TEMPERATURE 
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a. SEM photomicrograph of inside surface. 

b. Photomicrograph of cross-section. 

Inside surface and cross-section of a 316 stainless 
steel crucible after exposure to sodium. 

Fig. 51 
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Mechanical properties of Notched Tensile Coupons as a 
Function of Exposure Conditions for Mo (source 1) 
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Mechanical Properties of Notched Tensile Coupons as a 
Function of Exposure Conditions for Mo (source 2) 
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Mechanical Properties of Notched Tensile Coupons as a 
Function of Exposure Conditions for TZM (source 1) 
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Mechanical Properties of Notched Tensile Coupons as a 
Function of Exposure Conditions for TZM (source 2) 
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a. As-received 
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Fig. 57 
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Mechanical Properties of Notched Tensile Coupons as a 
Function of Exposure Conditions for Mo - 13 Re 
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Mechanical Properties of Notched Tensile Coupons as a 
Function of Exposure Conditions for Mo - 26 Re (source l) 
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Mechanical Properties of Notched Tensile Coupons as a 
Function of Exposure Conditions for Mo - 26 Re (source 2) 
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Mechanical Properties of Notched Tensile Coupons as a 
Function of Exposure Conditions for Mo - 41 Re (source I) 
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Mechanical Properties of Notched Tensile Coupons as a 
Function of Exposure Conditions for Mo - 41 Re (source 2 ) 
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Table 1 

Material Chemisty Analysis 

Typical Typical Typical 
Analysis Analysis Ana1ys i s 

Ho W Re Ho W 
Source 1 Source 1 (Wrought) T-111 Source 2 Source 2 Mo-13Re W-16Re TZH 

wt. To wt. To wt. To wt. To wt. To wt. To wt. To "t. To wt. T.. 

A1 0.001 0.002 0.0005 0.002 0.001 0.002 0.001 0.0005 

B 0.0001 

Ca 0.003 0.003 0.0001 0.002 0.003 0.002 0.003 0.002 

Cb 0.065 

Cr 0.005 0.002 0.0003 <0.001 0.001 0.001 

Co 0.0003 <0.0005 

Cu 0.001 0.002 0.0002 

Hf 2.2 

Fe 0.005 0.003 0.007 <0.002 0.010 0.005 0.010 0.010 0.010 

Pb 0.002 0.002 

Hg 0.001 0.002 0.0001 0.001 

Hn 0.001 0.002 0.0002 

Ho 99.95 0.0025 0.0015 99.93 0.030 87.0 ±. 1 0.030 99.20 

Hi 0.001 0.003 0.0001 <0.001 0.002 0.001 0.002 0.001 

K 0.0001 

Re 99.97 13.0 ±. 1 26.0 ±. 2 

Si 0.003 0.002 0.0003 0.003 0.003 0.003 0.003 0.003 

Sn 0.003 0.002 0.0002 

T. Hal. 

Ti 0.002 0.002 0.0002 0.4-0.6 

W 99.95 8.2 0.030 99.95 0.010 74.0 ±. 2 0.030 

V <0.001 

Zr 0.0001 <0.050 0.50-0.99 

C 0.005 0.005 0.002 0.005 0.003 0.003 0.003 0.003 0.050 

H 0.0005 0.00025 0.0005 0.0005 0.0005 0.0005 0.002 

N 0.001 <0.0005 0.001 0.001 0.001 0.001 0.002 

0 0.004 <0.005 0.005 0.003 0.005 0.003 0.050 

S 0.002 0.0005 0.002 0.0005 0.002 

P 0.002 0.005 0.002 0.005 0.002 
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Alloy 

Ta-10W 

T-111 

Mo 

Mo-13Re 

MO-26Re 

Mo-41Re 

Re 

Re-5W 

TZM 

W 

Table 2 

Recrystallization Conditions 

TemperatureoC 

1177 

1177 

1100 

1600 

1600 

1530 

1530 

1530 

1530 

2000 

Time/Hours 

1.0 

1.0 

0.5 

0.5 

0.5 

1.0 

0.5 

0.5 

0.5 

0.5 
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Table 3 

Average Notch specimen Fracture Energy for All Material Exposed 
to Sodium and for Material in the AS-Received Condition 

Alloy 

Ta-IOW 

T-111 

Mo(1) 
Mo (2) 

Mo-13 Re 

Mo-26Re(1) 
Mo-26Re(2) 

Mo-41Re(l) 
Mo-41Re(2) 

TZM( 1) 
TZM(2) 

Wrought Re 

CVD Re 

CVD Re-5W 

W 

224 

Recrystallized and Exposed To Sodium AS-Received 

Notch Specimen 
Fracture Energy 

joules/cm2 

92.3 

87.7 

58.2 
19.2 

33.3 

52.7 
60.9 

127.4 
158.9 

40.1 
48.9 

153. I 

160.7 

161. 6 

Notch Specimen 
Standard Deviation Fracture Energy 

joules/cm2 

31.8 

32.7 

18.9 
9.7 

12.B 

10.6 
25.9 

42.7 
40.5 

12.6 
12.6 

48.2 

40.5 

39.7 

joules/cm2 

77.9 

78.0 

71.3 
47.7 

57.0 

35.4 
10B.8 

31.2 
155.0 

99.9 
63.9 

56.B 

80.1 

105.5 

7.3 



Table 4 

Average Notch Specimen Ultimate Tensile strength for all Material 
Exposed to Sodium and for Material in the AS-Received Condition 

Recrystallized and Exposed to Sodium As Received 

Notch Specimen 
Ultimate 

Tensile Strength Standard Deviation Notch Specimen 
Alloy (UTS) (UTS) 

MPa MPa MPa 

Ta-10W 768 22.1 813 

T-lll 764 52.4 609 

Mo (1) 668 62.0 989 
MO(2) 368 74.4 646 

Mo-13Re 442 40.7 759 

Mo-26Re(1) 671 37.2 638 
Mo-26Re(2) 645 153.0 1086 

Mo-41Re(1) 1017 32.4 920 
Mo-41Re(2) 1011 29.6 1360 

TZM( 1) 523 6B.2 1053 
TZM( 2) 559 28.3 713 

Wrought Re 955 4B.3 826 

CVD Re 842 27.6 B27 

CVD Re-5W 855 24.1 B75 
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Alloy 

Ta-10W 

T-111 

Mo(1) 
Mo (2) 

MO-13Re 

Mo-26Re(l) 
Mo-26Re(2) 

Mo-41Re(1) 
Mo-41Re(2) 

TZM( 1) 
TZM( 2) 

Wrought Re 

CVD Re 

CVD Re-5W 

W 

226 

Table 5 

Comparison of Notched and Smooth Specimen Fracture 
Energy Before Exposure to Na 

Average Fracture Energy (joules/cm2 ) 

Notched Smooth 

77.9 240.0 

78.0 304.0 

71.3 289.0 
47.7 308.0 

57.0 120.6 

35.4 81.4 
108.9 299.8 

31.2 312.8 
155.0 412.0 

99.9 198.2 
63.9 179.1 

56.8 

80.1 320.5 

105.5 354.7 

7.3 35.1 



Table 6 

comparison of Notched and Smooth Specimen Ultimate Tensile Strength 

Average Ultimate Tensile Strength 
Alloy MFa 

Notched Smooth 

Ta-10W 813 710 

T-ll1 809 688 

Mo (1) 988 878 
Mo(2) 647 806 

Mo-13Re 759 763 

Mo-26Re(1} 638 632 
Mo-26Re(2} 1086 999 

Mo-41Re(1} 920 901 
Mo-41Re(2) 1360 1201 

TZM(1} 1053 1043 
TZM(2) 713 643 

Wrought Re 826 

CVD Re 896 730 

CVD Re-5W 875 718 
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Table 7 

Average Rockwell A Hardness for all Sodium Exposure Conditions 

Alloy 

Ta-10W 

T-1l1 

Mo (1) 
MO(2) 

Mo-13Re 

Mo-26 (l) 
Mo-26(2) 

Mo-41Re(1) 
Mo-4IRe(2) 

Re (Wrought) 

TZM( 1) 
TZM(2) 

228 

Recrystallized 

Average Hardness 
Rockwell A 

5B.2 

5B.2 

52.6 
51. 2 

49.9 

57.8 
57.8 

61.9 
62.2 

63.7 

53.4 
53.4 

As Received 

Average Hardness 
Standard Deviation Rockwell A 

1.1 59.1 

1.2 58.5 

1.8 61.5 
1.7 53.7 

1.6 62.0 

1.0 58.9 
loB 65.9 

1.4 64.1 
1.3 70.0 

1.1 61.4 

1.4 64.0 
1.5 54.9 



Table B 

Average Weight Change for all Sodium Exposure Conditions 

Alloy 

Ta-lOW 

T-lll 

Mo(l) 
Mo(2) 

Mo-13Re 

Mo-26Re(1) 
Mo-26Re(2) 

Mo-41Re(1) 
Mo-41Re(2) 

Re (CVD) 

Re (Wrought) 

Re-5W (CVD) 

TZM( 1) 
TZM(2) 

Average Weight Change mg 

-0.19 

+0.75 

-0.B3 
-3.5 

-2.6 

+4.3 
-1.9 

+3.B 
-0.1 

-2.4 

-loB 

-2.B 

-4.7 
-2.3 

Standard Deviation mg 

4.2 

3.9 

4.0 
1.B 

1.6 

2.9 
1.4 

2.0 
0.6 

1.1 

O.B 

1.7 

3.3 
1.9 
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Table 9 

Fracture Energy Regression Survey 

Alloy R2 F* 

Ta-10W 0.99 288.7 

T-111 0.97 56.7 

Mo (I) 0.45 1.16 
Mo(2} 0.86 6.72 

TZM( 1) 0.78 5.2 
TZM( 2) 0.85 7.8 

Mo-13Re 0.73 3.93 

Mo-26Re(l} 0.71 3.58 
Mo-26Re(2} 0.51 1. 48 

Mo-4lRe(1) 0.91 13.4 
Mo-41Re(2} 0.95 24.9 

WRGT Re 0.94 27.0 

CVD Re 0.92 13.8 

CVD Re-5W 0.98 74.2 

* Degrees of Freedom 

Regression 7 
Residuals 12 
Total 19 
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2.88 

6.95 

19.17 
5.25 

B.OO 
6.80 

8.97 

7.73 
23.71 

16.91 
11.82 

14.64 

15.69 

7.25 



Table 10 

Notched Ultimate Tensile Strength Regression Survey 

Alloy R2 F* a(MPa) 

Ta-10W 0.90 12.77 9.1 

T-1l1 0.91 18.40 19.1 

Mo(1} 0.20 0.43 69.0 
Mo(2) 0.59 2.03 67.7 

TZM( 1) 0.69 3.89 47.2 
TZM(2} 0.35 0.90 29.1 

Mo-13Re 0.68 3.62 28.9 

Mo-26Re(1} 0.56 2.21 31.1 
Mo-26Re(2} 0.30 0.75 160.1 

Mo-41Re(1) 0.71 3.92 22.2 
Mo-41Re(2} 0.73 4.62 19.4 

WRGT Re 0.50 1. 69 42.9 

CVD Re 0.20 0.36 31.7 

CVD Re-5W 0.49 1. 62 21. 6 

" Degrees of Freedom 

Regression 7 
Residuals 12 
Total 19 
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Alloy 

Ta-l0W 

T-lll 

Mo(l) 
Mo(2) 

TZM( 1) 
TZM(2) 

Mo-13Re 

Mo-26Re(1) 
Mo-26Re(2) 

Mo-41Re(1) 
Mo-41Re(2) 

WRGT Re 

CVD Re 

CVD Re-5W 

" Degrees of Freedom 

Regression 7 
Residuals 12 
Total 19 
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Table 11 

Hardness Regression Survey 

R2 F* 

0.52 1. 52 

0.75 5.21 

0.50 1. 73 
0.45 1. 18 

0.51 1. 76 
0.46 1. 46 

0.47 1. 55 

0.61 2.64 
0.61 2.64 

0.57 2.08 
0.24 0.55 

0.17 0.36 

0.99 

0.76 

1. 64 
1. 62 

1. 26 
1. 40 

1. 49 

0.77 
1. 42 

1. 20 
1. 50 

1. 22 



Table 12 

Weight Change Regression Survey 

Alloy R2 F* 

Ta-l0W 0.87 9.24 

T-lll 0.79 6.50 

Mo(l) 0.37 1.00 
Mo(2) 0.96 31. 26 

TZM(1) 0.30 0.73 
TZM( 2) 0.98 75.10 

MO-13Re 0.96 37.26 

Mo-26Re(1) 0.64 3.06 
Mo-26Re(2) 0.57 2.29 

Mo-41Re(1) 0.99 176.6 
Mo-41Re(2) 0.37 1. 00 

WRGT Re 0.98 106.4 

CVD Re 0.98 77.7 

CVD Re-5W 0.75 5.17 

* Degrees of Freedom 

Regression 7 
Residuals 12 
Total 19 

o(mg) 

2.5 

2.2 

4.0 
0.5 

3.5 
0.4 

0.4 

2.2 
1.1 

0.2 
0.6 

0.1 

0.2 

1.1 
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Table 13 

Fracture Energy as a Function of Oxygen Potential 
Normalized to Recrystallized Fracture Energy 

l:Y 12El!mw [0 1 I 1:'1' 15ol!PDlWl0 II l:Y 1100EDDIW [011 
Alloy YAS Rectd YRextaliZed 

YRextalized 
y 

YRextalized Rext .. lized 

TA-10W (A) 77 .9 80.0 0.81 1.80 1. 27 

T-111 ( B) 78.0 76.9 0.78 1. 84 1.15 

Ho (C1) 71. 25 49.2 1.42 1. 24 1.31 

Ho (C2) 47.7 17.1 0.84 1. 61 1.29 

Ho-13Re 
( E) 57.0 19.5 1. 20 2.39 1.88 

Ho-26Re 
(FI) 35.4 27.9 1.63 2.15 2.01 

Ho-26Re 
(F2) 108.9 53.2 1.11 1.09 1.34 

Ho-41Re 
(GI) 31.2 24.5 3.96 6.17 6.07 

Ho-41Re 
(G2) 155.0 114.1 1.15 1.50 1. 58 

TZH (N1) 99.9 32.9 1.05 1.74 1.13 

TZK (N2) 63.9 40.5 0.95 1. 52 1.30 

ReWRGT (K) 56.8 52.7 2.02 3.32 3.59 

Re(CVDl 
(J) 80.1 77.5 1.64 2.27 2.37 

Re-5W(CVD) 
L 105.5 87.0 1.46 2.01 2.19 

Y Fracture Energy Joule./cm2 
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Table 14 

Ta-10W Alloy Mechanical Properties and Weight 
Change as a Function of Exposure to Sodium at Di fferent 

Oxygen Potentials 

INDEPENDENT VARIABLES DEPENDENT VARIABLES 
YST. UTS FRACTURE HARDNESS WEIGHT 

1.D. T T [0 I C C 0.2~ OFFSET ENERGY CHANGE 
E I 0 MPa MPa JOULES/CH2 ROCKWELL g x 103 
M M N A 
P. E D. 

A23 A 823 66.8 56.2 
A28 A 803 88.9 56.2 
A27 A 616 715 195.4 56.2 
A30 A 629 705 284.5 56.2 
A25 + + A 770 72.2 55.1 +0.8 
A29 + + A 776 74.3 56.4 +1. 5 
AS + + R 775 76.3 57.6 +1. 3 
A15 + + R 77g 74.3 56.8 +1. 5 
A4 + R 74g 4g.1 57.9 +3.3 
AlO + R 745 47.6 58.1 +2.2 
A1 + R 770 52.4 59.8 +0.9 
A2 + R 773 58.9 58.6 +0.6 
A21 R 773 86.3 57.6 +0.7 
A22 R 773 75.3 60.8 
A3 + + + R 722 111.4 56.6 -16.1 
A20 .. + + R 743 110.2 57.9 -13.4 
A12 + + R 756 83.4 57.4 -0.7 
A13 + + R 763 86.2 57.4 +1.8 
A9 + + R 744 90.9 59.4 +1.6 
A7 + R 776 114.2 59.1 +0.6 
Al8 + R 791 113.9 58.1 +1.3 
A17 0 0 0 R 802 147.0 59.5 +0.5 
A19 0 0 0 R 782 145.5 57.3 +1.3 
A6 0 0 0 R 808 138.9 58.2 -1. 9 

------ = no exposure, R recrystallized, A = as-received 
0 smooth bar 

w = 5.047 g±.O .043 g 
TEMPERATURE TIME [01 POTENTIAL 

+ 800·C 130 hrs. 100 ppmw Na 3.73 & Na 
0 550 70 50 A:= 2 

300 10 2 
cm 

Na 50.1 & Nil 
V 3 em 
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table 15 

t-lll Alloy Mechanical Properties and Weight 
Change as a Function of Exposure to Sodium at Different 

Oxygen Potentials 

INDEPENDENt VARIABLES DEPENDENT VARIABLES 
YST. UTS FRACTURE HARDNESS WEIGHT 

1.0. T T [0 ] C C 0.2r. OFFSET I<NERGY CHANGE 
E I 0 MPa MPa JOULES/ CM2 ROCKWELL g x 103 
M M N A 
P. E D. 

B23 A 813 75.0 57.8 
B24 A 804 81.0 57.1 
B28 A 611 686 300.0 57.2 
829 A 646 689 308.0 57.6 
826 + + A 814 78.8 55.5 +0.2 
B33 + + A 830 77 .1 55.9 +0.2 
B7 + + R 855 74.8 55.8 +1. 3 
B20 + + R 796 78.9 56.1 +1.3 
B3 + R 701 38.0 57. 7 +1.0 
B6 + R 734 39.4 57.9 +1.1 
81 + R 722 53.9 58.6 +0.4 
82 + R 764 53.4 59.8 +0.5 
B16 R 645 74.6 59.2 +1.3 
B17 R 670 66.5 59.7 +1. 3 
B5 + + + R 762 86.7 56.5 --5.0 
B19 + + + R 767 90.9 58.1 -11.6 
B12 + + R 742 87.3 57.5 -2.6 
B14 + + R 759 84.1 59.0 -10.6 
B4 + + R 780 83.3 59.4 +0.3 
B9 + + R 771 79.3 59.8 +0.7 
B13 + R 782 109.9 56.9 +0.6 
B18 + R 760 86.9 59.0 +0.6 
BlO 0 0 0 R 807 136.3 57.5 +0.3 
B11 0 0 0 R 827 152.9 58.0 +0.8 
B8 0 0 0 R 827 141.0 58.5 +0.4 
B15 0 0 0 R 807 135.8 58.6 +0.2 

------ no exposure, R recrystallized, A ;;::: as-received 
0 smooth bar 

-w 4.716 g :t 0.034 g 
TRMPI<RATURE TIME [0] POTI<NTIAL 

+ 800·C 130 hrs. 100 ppmw Na 4.88 S Na 
0 550 70 50 A 2 

300 10 2 
cm 

Na 53.7 S Na 
V 3 

em 
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Table 16 

Hydrogen Concentration of Selected Ta-l0W Specimens 

Specimen J.D. Exposure Conditions 
T(OC) t(hours) [OlNa(ppmw) [Hlppmat 

A21 300 10 2 1167, 1041, 1831 

Ai 300 130 2 1759, 1921. 1759 

Al0 800 10 2 BOB, 682, 646 

A5 800 130 2 108, 144, 108 

A17 550 70 50 <18, <lB, <lB 

A3 BOO 130 100 126, 108, 126 
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Table 17 

Carbon Concentration of Selected Ta-l0W Specimens 

Specimen I.D. Exposure Conditions 
T( DC) t(hours) [OlNa(ppmw) Cppmat 

A28 753. 151 

A21 300 10 2 <151 

AI0 800 10 2 301. 452 

A5 800 130 2 452. 151 

A6 550 70 50 603. 151 

Al3 800 10 100 753. 753 
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Table 18 

Oxygen Concentration of Selected Ta-l0W and T-ll1 Specimens 

Specimen J.D. Exposure Conditions 
T(OC) t(hours) [OlNa(ppmw) °ppmat °ppmat 

A23 339,226 282 

A2 300 130 2 339, 452 395 

A19 550 70 50 90S, 1130 1018 

A18 300 10 100 565 565 

A12 800 10 100 678 678 

A20 800 130 100 226, <Ill 168 

A20+ 800 130 100 2814 2814 

A2+ 300 130 2 1662 1662 

A18+ 300 10 100 2487, 1922 2205 

A12+ 800 10 100 2375, 2601 2488 

B24 570, 792 736 

Bl 300 130 2 679, 792 681 

Bll 550 70 50 1357, 1357 1357 

B5 800 130 100 792, 1130 961 

+ Unetched samples 
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Table 19 

Ta-10W and T-lll Ultimate Notched Tensile Strength and 
Fracture Energy as a Function of Crucible Material+ 

specimen I.D. UTS (mPa) Fracture Energy (j/cm2) 
Nickel 31655 Nickel 31658 

A24 773 82.4 

A26 B12 103.1 

A4 749 49.1 

AIO 745 47.6 

B25 796 108.3 

B27 742 82.9 

B3 701 39.0 

B6 734 39.4 

+ All specimens were recrystallized and exposed at BOO°C. 10 hours 
in Na with low oxygen potential. 
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Table 20 

Mo Mechanical Properties and Weight 
Change as a Function of Exposure to Sodium at Different 

Oxygen Potentials (Source 1) 

INDEPENDENT VARIABLES DEPENDENT VARIABLES 
YST. UTS FRACTURE HARDNESS WEIGHT 

1.0. T T [0] C C 0.21. OFFSET ENERGY CHANGE 
E I 0 MPa MPa JOULES/CM2 ROCKWELL g x 103 

M M N A 
P. E D. 

C6 A 989 70.9 61. 5 
C8 A 989 71.6 61. 5 
Cll A 811 879 303.8 61.3 
C12 A 802 876 275.0 61. 7 
C34 + + A 982 79.5 57.2 +0.3 
C9 + + A 945 72.7 57.7 +3.2 
C19 + + R 715 60.4 51. 6 -2.6 
C10 + + R 695 44.6 53.1 -2.6 
C7 + R 671 42.8 49.5 +0.5 
C18 + R 664 42.3 49.3 +2.2 
C1 + R 701 57.9 50.5 +0.3 
C3 + R 677 44.9 52.6 +0.8 
C35 R 685 62.5 52.7 +3.8 
C37 R 666 50.2 51. 5 +4.1 
Cl3 + + + R 691 68.7 53.6 +3.1 
C22 + + + R 607 41.6 50.8 +3.4 
C26 + + R 682 69.8 53.0 +3.3 
C28 + + R 682 28.4 53.5 -14.0 
C20 + + R 677 62.1 54.9 +0.7 
C25 + + R 665 62.5 54.6 +1.0 
Cl4 + R 696 107.8 53.3 +4.1 
C24 + R 701 73.6 51.1 +0.9 
C30 0 0 0 R 687 73.7 54.7 +3.2 
C3l 0 0 0 R 684 73.7 54.7 +3.2 
C5 0 0 0 R 698 70.5 55.9 +0.6 
C2l 0 0 0 R 422 25.7 51. 8 +0.6 

------ ; no exposur-e. R recrystallized. A = as-received 
0 smooth bar 

w 2.732 g ±. 0.015 g 
TEMPERATURE TIME [0 ] POTENTIAL 

+ 800'C 130 hrs. 100 ppmw Na 4.94 g Na 
0 550 70 50 A 2 

300 10 2 
em 

Na 56.0 g Na 
V 3 

cm 
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Table 21 

Mo Mechanical Properties and Weight 
Change as a Function of Exposure to Sodium at Different 

Oxygen Potentials (Source 2) 

INDEPENDENT VARIABLES DEPENDENT. VARIABLES 
YST. UTS FRACTURE HARDNESS WEIGHT 

1.0. T T [0] C C 0.21. OFFSET ENERGY CHANGE 
E I 0 MPa MFa JOULES/CM2 ROCKWELL g x 103 

M M N A 
P. E D. 

C63 A 855 76.7 53.7 
C70 A 439 18.6 53.7 
C58 A 696 788 302.0 53.5 
C60 A 744 823 331.9 53.6 
C62 + + A 581 41.2 53.4 +3.6 
C75 + + A 554 38.0 48.0 +4.4 
C64 + + R 419 11.6 50.4 +0.3 
C56 + + R 351 10.7 51.1 +0.4 
C59 + R 204 2.4 47.2 +1.1 
C73 + R 419 16.1 48.6 +1.0 
C53 + R 292 9.1 51.3 +1.9 
C51 + R 338 12.2 50.1 +4.0 
C67 R 347 18.7 50.9 +5.0 
C82 R 432 27.7 52.3 +4.7 
C57 + + + R 454 31.8 50.8 +6.4 
C81 + + + R 380 23.1 51.1 +6.4 
C74 + + R 437 29.9 53.2 +4.3 
cn + + R 460 38.3 52.4 +4.8 
C18 + + R 280 8.5 51.6 +3.6 
C80 + + R 277 9.1 54.0 +3.7 
C54 + R 354 21.2 49.4 +3.7 
C76 + R 301 14.3 52.9 +3.6 
C65 0 0 0 R 422 25.7 51.4 +3.6 
C79 0 0 0 R 451 28.6 52.8 +3.8 

------ no exposure, R recrystallized. A as-received 
0 smooth bar 

w 4.301 g ±. 0.029 g 
TEMPERATURE TIME (OJ POTENTIAL 

+ 800·C 130 hrs. 100 ppmw Na 4.19 g Na 
= 

0 550 70 50 A 2 
300 10 2 

em 

Na 35.6 g Na 
V 3 

cm 
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Table 22 

TZM Alloy Mechanical properties and Weight 
Change as a Function of Exposure to Sodium at Different 

Oxygen Potentials (Source 1) 

INDEPENDENT VARIABLES DEPENDENT VARIABLES 
YST. UTS FRACTURE HARDNESS WEIGHT 

1.D. T T (0 J C C 0.21. OFFSET ENERGY CHANGE 
E I 0 MPa MPa JOULES/CM2 ROCKWELL g x 103 

M M N A 
P. E D. 

N23 A 1014 90.5 64.0 
N29 A 1091 109.2 64.0 
N240 A 941 1062 190.7 64.0 
N250 A 913 1024 205.6 64.0 
N32 + + A 449 57.1 57.4 +0.1 
N34 + + A 449 19.1 61. 7 -4.2 
N6 + + R 649 44.6 52.5 +2.9 
N20 + + R 567 27.8 51. 2 +2.7 
N8 + R 566 27.9 52.9 +2.8 
N15 + R 598 36.7 51.1 +2.9 
N1 + R 512 27.4 52.S +5.8 
N2 + R 527 30.7 51. 5 +5.7 
N17 R 552 47.1 52.5 +6.2 
N18 R 434 34.5 55.0 +6.3 
N3 + +. + R 429 26.9 52.S +S.5 
N19 + + + R 391 25.9 55.9 +S.O 
Nll + + R 540 45.8 54.5 +6.1 
N12 + + R 447 30.6 53.7 +6.0 
N7 + + R 530 52.1 53.S +5.7 
N9 + + R 557 50.7 54.2 +5.7 
NIO + R 416 26.1 54.5 +5.7 
N14 + R 480 38.9 55.1 +5.7 
NI3 0 0 0 R 569 49.6 51. 7 +6.1 
N16 0 0 0 R 551 48.7 53.6 +5.8 
N4 0 0 0 R 573 64 .6 53.5 +5.5 
N5 0 0 0 R 556 65.6 55.5 +5.5 

------ no exposure, R recrystallized, A == as-received 
0 smooth bar 

w = 4.452 g ± 0.063 g 
TEMPERATURE TIME (0) POTENTIAL 

+ 800'C 130 hrs. 100 ppmw Na 4.0S & Na 
0 550 70 50 A 2 

300 10 2 
cm 

Na 
= 

34.4 & Na 
V 3 

cm 
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Table 23 

TZM Alloy Mechanical Properties and Weight 
Change as a Function of Exposure to Sodium at Different 

Oxygen Potentials (Source 2) 

INDEPENDENT VARIABLES DEPf;:NDf;:NT VARIABLf;:S 
YST. UTS FRACTURf;: HARDNESS WEIGHT 

I.D. T T [0] C C o .2,.. OFFSf;:T ENERGY CHANGE 
E I 0 MPa MPa JOULES/CM2 ROCKWELL g x 103 
H H N A 
P. E D. 

N76 A 716 68.6 54.9 
N83 A 709 59.2 54.9 
N790 A 503 673 251. 5 54.9 
N800 A 532 613 106.6 54.9 
N75 + + A 691 51.8 54.5 +1. 7 
N81 + + A 673 47.5 52.8 +1. 9 
N55 + + R 496 30.4 50.4 -0.8 
N66 + + R 585 31. 7 53.6 -0.9 
N58 + R 572 30.9 53.8 -0.6 
N67 + R 564 28.4 50.2 -0.9 
N51 + R 573 42.7 53.4 +0.7 
N52 + R 547 40.3 54.3 +0.9 
N53 R 565 53.9 53.0 +3.1 
N62 R 532 50.0 50.7 +3.3 
N61 + + + R 558 51. 2 54.2 +4.9 
N69 + ,. + R 483 36.8 53.0 +5.1 
N59 + + R 564 49.7 52.1 +3.0 
N60 + + R 579 52.6 54.5 +3.3 
N68 + + R 581 58.5 55.2 +3.1 
N70 + + R 575 59.2 54.1 +3.0 
N63 + R 554 51. 2 54.5 +2.9 
N64 + R 576 62.9 54.2 +2.9 
N56 0 0 0 R 578 61.1 53.4 +3.0 
N57 0 0 0 R 552 49.3 53.4 +2.7 
N54 0 0 0 R 546 63.5 54.6 +4.0 
N65 0 0 0 R 602 72.7 55.7 +2.6 

--~--- no exposure, R recrystallized, A = as-received 
0 smooth bar 

w = 4.282 g ± 0.027 g 
TEMPERATURE TIME [0] POTENTIAL 

+ 800'C 130 hrs. 100 ppmw Na 4.16 g Na 
0 550 70 50 A 2 

300 10 2 
em 

Na 35.7 g Na 
V 3 

em 
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Table 24 

Mo-13Re Alloy Mechanical Properties and Weight 
Change as a Function of Exposure to Sodium at Different 

Oxygen Potentials 

INDEPENDENT VARIABLES DEPENDENT VARIABLES 
YST. UTS FRACTURE HARDNESS WEIGHT 

I.D. T T [0 ] C C 0.21. OFFSET ENERGY CHANGE 
E I 0 MPa MPa JOULES/CM2 ROCKWELL g x 103 

M M N A 
P. E D. 

E74 A 753 54.9 62.0 
E87 A 764 59.1 62.0 
E75 A 712 779 145.9 62.0 
E76 A 689 747 95.3 62.0 
E77 + + A 859 78.1 55.2 +0.3 
E79 + + A 811 74.3 54.6 +0.8 
E57 + + R 441 25.8 48.3 -0.1 
E62 + + R 441 26.3 50.8 -0.7 
E53 + R 429 22 .2 45.7 -0.4 
E67 + R 433 20.9 49.3 -0.2 
E51 + R 422 20.6 49.8 +2.7 
E52 + R 387 16 .4 49.6 +2.9 
E68 R 420 30.9 51.1 +3.9 
E69 R 398 24.1 49.7 +4.0 
E54 + + + R 441 34.7 51.6 +4.3 
E70 + + + R 480 43.1 51. 2 +4.9 
E59 + + R 479 43.6 48.8 +3.6 
E60 + + R 525 56.2 48.0 ,·2.6 
E55 + + R 40g 29.3 50.0 +2.9 
E56 + + R 428 33.6 51.6 +3.0 
E61 + R 390 24.3 49.9 +3.4 
E65 + R 408 28 .6 50.4 +3.4 
E63 0 0 0 R 444 33.5 51.0 +2.2 
E64 0 0 0 R 435 33.8 52.6 +3.6 
E58 0 0 0 R 516 59.3 50.7 +3.0 
E56 0 0 0 R 514 59.4 47.4 +3.4 

------ no exposure, R recrystallized, A = as-·recei ved 
0 smooth bar 

w 4.545 g :t 0.037 g 
TEMPERATURE TIME [0] POTENTIAL 

+ 800·C 130 hrs. 100 ppmw Na 4.19 g Na 
0 550 70 50 A 2 

300 10 2 
em 

Na ~..u...~ 
V 3 

em 

245 



Table 25 

Mo-20Re Alloy Mechanical Properties and Wei&ht 
Chan&e as a Function of Exposure to Sodium at Different 

Oxy&en Potentials (Source 1) 

INDEPENDENT VARIABLES DEPENDENT VARIABUS 
YST. UTS FRACTURE HARDNESS WEIGHT 

1.0. T T [0] C C 0.2,.. OFFSET ENERGY CHANGE 
E I 0 MPa MFa JOULES/CM2 ROCKWELL & x 103 

M K N A 
P. E D. 

F16 A 648 34.5 58.9 
F23 A 627 36.2 58.9 
F28 A 512 657 105.5 58.7 
F29 A 535 606 57.3 58.9 
Fll + + A 660 46.8 56.4 +0.4 
F26 + + A 673 42.4 57.4 +0.3 
F5 + + R 710 44.8 55.0 -1.0 
F18 + + R 690 37.3 57.1 -1.0 
F13 + R 719 46.6 57.4 0 
F21 + R 734 45.9 58.1 -0.8 
F2 + R 662 37.3 57.8 -5.4 
F3 + R 673 41. 7 57.7 +3.3 
F22 R 638 57.9 56.8 -5.4 
F27 R 643 52.8 58.0 -5.1 
F7 + + + R 689 65.4 58.4 -4.5 
F24 + + + R 714 69.4 58.2 -4.4 
F8 + + R 631 48.3 58.4 -5.6 
F14 + R 729 69.0 58.7 -5.4 
F& + + R 635 43.2 58.5 -5.7 
F12 + + R 643 49.6 58.7 -5.8 
FlO + R 618 50.1 56.5 -5.7 
F25 + R 658 53.5 57.4 -5.8 
F15 0 0 0 R 668 59.4 57.3 -6.0 
F19 0 0 0 R 625 51. 5 57.0 -6.0 
F4 0 0 0 R 708 74.6 58.9 -5.0 
F20 0 0 0 R 642 54.6 59.1 -9.7 

------ = no exposure, R recrystallized, A ::: as-received 
0 = smooth bar 

w 3.786 & ±. 0.029 & 
TEMPERATURE TIME [0] POTENTIAL 

+ 800·C 130 hrs. 100 ppmw Na 4.62 g Na 
= 

0 550 70 50 A 2 
300 10 2 

em 

Na 51.5 g Na 
V 3 

em 
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Table 26 

Mo-26Re Alloy Mechanical Properties and Weight 
Change as a Function of Exposure to Sodium at Different 

Oxygen Potentials (Source 2) 

INDEPENDENT VARIABLES DEPENDENT VARIABLES 
YST. UTS FRACTURE HARDNESS WEIGHT 

I.D. T T [0] C C 0.2'1. OFFSET ENERGY CHANGE 
E I 0 MPa MPa JOULES/CH2 ROCKWELL g x 103 

M M N A 
P. E D. 

F74 A 1099 110.1 65.9 
F81 A 1073 107.6 65.9 
F730 A 866 993 299.3 65.9 
F760 A 8BB 1004 300.2 65.9 
F75 + + A 104B 103.5 61.3 +0.4 
FB3 + + A 1071 112.5 62.0 +0.9 
F59 + + R 733 52.8 56.1 -0.2 
F65 + + R 170 1.7 54.0 +O.B 
F53 + R 760 61.2 58.6 -0.1 
F69 + R 757 57.8 54.9 0.0 
F51 + R 536 23.1 57.1 +2.2 
F52 + R 693 49.5 57.9 +1.B 
F58 R 736 85.2 59.5 +2.7 
F63 R 715 84.6 58.1 +2.7 
F60 + + + R 751 93.8 60.0 +3.1 
F70 + + + R 720 84.4 60.0 +3.0 
F54 + + R 707 67.7 56.1 +2.0 
F57 + + R 532 32.1 58.1 +2.0 
F67 + + R 676 70.1 58.8 +1.6 
F68 + + R 722 84.7 59.7 +1.6 
F55 + R 652 59.1 59.3 +1. 7 
F64 + R 695 77 .0 59.4 +1. 8 
F61 0 0 0 R 618 55.3 56.8 +6.3 
F56 0 0 0 R 716 85.4 57.0 +1. 9 
F64 0 0 0 R 687 77 .3 59.4 +1.8 
F62 0 0 0 R 318 14.6 55.3 +1. 7 

------ = no exposure, R recrystallized, A :: as-received 
0 smooth bar 

w 4.852 g ± 0.092 g 
TEMPERATURE TIME [0] POTENTIAL 

+ 800·C 130 hr •. 100 ppmw Na 4.19 (!; Na 
= 0 550 70 50 A 2 

300 10 2 
cm 

Na 40.2 g Na 
V 3 

em 
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Table 27 

Mo-41Re Alloy Mechanical Properties and Weight 
Change as a Function of Exposure to Sodium at Different 

Oxygen Potentials (Source 1) 

INDEPENDENT VARIA8LES DEPENDENT VARIABLES 
YST. UTS FRACTURE HARDNESS WEIGHT 

1.0. T T [OJ C C o . 21. OFFSET ENERGY CHANGE 
E I 0 MPa MPa JOULES/CM2 ROCKWELL g x 103 
M M N A 
P. E D. 

G26 A 909 34.7 64.1 
G30 A 931 27.7 64.1 
G230 A 682 896 316.7 64 .1 
G250 A 735 906 308.9 64.1 
G24 + + A 955 88.9 61.9 +1.1 
G29 + + A 957 85.5 62.0 +0.8 
GlO + + R 1040 59.9 61.1 -0.4 
G16 + + R 979 76.8 57.1 -0.2 
G9 + R 980 72 .4 62.1 -0.3 
G14 + R 1021 78.4 61.4 +0.1 
Gl + R 1085 108.3 62.1 -4.9 
G2 + R 1027 48.6 61.1 -5.3 
G17 R 1040 157.9 61.8 -4.6 
G18 R 1051 172.9 61. 7 -4.1 
G3 + + + R 1006 153.2 63.2 -4.1 
G19 + + + R 971 126.4 63.6 -3.6 
G6 + + R 975 l12.8 61. 6 -4.8 
G12 + + R 991 116.5 61. 5 -4.8 
G4 + + R 1060 184.9 62.0 -5.1 
G5 + ... R 1044 166.5 62.5 -5.2 
G8 ... R 1034 165.1 63.0 -5.3 
G20 + R 1040 164.3 61.1 -4.8 
GIS 0 0 0 R 1006 160.2 62.9 -5.2 
G7 0 0 ° R 995 150.3 62.6 -5.2 
G11 0 0 0 R 991 143.0 63.7 -5.3 

------ = no exposure, R = recrystallized, A as-received 

0 smooth bar 

w 4.107 g ±.0.033 g 
TEMPERATURE TIME [0] POTENTIAL 

+ 800·C 130 hro. 100 ppmw Na 4.65 & Na 

° 550 70 50 A 2 
300 10 2 em 

Na _ 53.4 r; Na 
V - 3 cm 
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Table 28 

Ho-41Re Alloy Hechanical Properties and Weight 
Change as a Function of Exposure to Sodium at Different 

Oxygen Potentials (Source 2) 

INDEPENDENT VARIABLES DEPENDENT VARIABLES 
YST. UTS FRACTURE HARDNESS WEIGHT 

I.D. T T [01 C C 0.2"t OFFSET ENERGY CHANGE 
E I 0 HPa MPa JOULES/CM2 ROCKWELL g x 103 

M H N A 
P. E D. 

G75 A 1346 152.8 70.0 
G76 A 1370 157.2 70.0 
G730 A 1093 1187 425.3 70.0 
G740 A 1117 1214 398.6 70.0 
G78 + + A 1330 154.0 64.4 -0.5 
G83 + + A 1316 154.6 63.6 -0.1 
G62 + + R 1027 108.9 61.4 +1.3 
G70 + + R 1046 118.2 59.5 0.0 
G56 + R 1009 92.8 60.4 +0.5 
G68 + R 998 89.5 65.0 +1.1 
G51 + R 1054 124.6 61.4 -0.1 
G52 + R 1031 110.6 62.0 -0.2 
G63 R 1017 183.7 60.7 +0.5 
G65 R 1047 224.3 62.0 +0.1 
G66 + + + R 986 174.0 62.9 +1. 5 
G69 + + + R 944 149.6 64.1 -1.1 
G57 + + R 975 149.1 60.6 +0.4 
G58 + + R 982 159.3 62.6 +0.4 
G53 + + R 1030 202.4 61.8 0.0 
G55 + + R 1030 199.7 62.6 -0.4 
G59 + R 1000 183.0 63.6 -0.3 
G64 + R 1055 223.3 63.8 -0.3 
G60 0 0 0 R 1013 177 .3 61. 7 -0.4 
G61 0 0 0 R 1009 169.3 62.6 -0.2 
G54 0 0 0 R 980 173.9 63.4 -0.1 
G67 0 0 0 R 994 164.9 62.6 -0.4 

------ no exposure, R ~ recrystallized, A ::;; as-received 
0 smooth bar 

w 5.357 g ± 0.076 g 
TEMPERATURE TIME [01 POTENTIAL 

+ 800'C 130 hrs. 100 ppmw Na 4.20 g Na 
0 550 70 50 A 2 

300 10 2 
em 

Na 41.0 g Na 
V 

~ 

3 
em 
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Table 29 

Oxygen Concentration of Selected Mo and Mo Alloy Specimens 

Specimen 1. D. Exposure Conditions Oxygen Conc." 
T( ·C) t(hours) [OlNappmw ppm at 

C6 <59, 119 
C1 300 130 2 <59, <59 
C13 800 130 100 <59, <59 
C63 <59, <119 
C51 300 130 2 <59, <59 
C57 800 130 100 <59, <59 
E74 <67, <67 
E51 300 130 2 <67, <67 
E70 800 130 100 <67, <67 
F16 150, <75 
F2 300 130 2 <75, <75 
F7 BOO 130 100 <75, <75 
F74 <75, 150 
F51 300 130 2 <75, <75 
F70 BOO 130 100 <75, 150 
G30 83, <83 
G1 300 130 2 <83, <B3 
G3 800 130 100 <83, <83 
G75 <83, 332 
G52 300 130 2 <83, 250 
G66 800 130 100 83, 83 
N23 <59, <59 
N2 300 130 2 599, 659 
N3 800 130 100 1318, 719 
N83 839, 958 
N52 300 130 2 1857, 1677 
N61 BOO 130 100 1617, 1617 

"All samples etched. 
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Table 30 

Wrought Re Mechanical Properties and Weight 
Change as a Function of Exposure to Sodium at Different 

Oxygen Potentials 

INDEPENDENT VARIABLES DEPENDENT VARIABLES 
YST. UTS FRACTURE HARDNESS WEIGHT 

1.0. T T [0] C C 0.2"t OFFSET ENERGY CHANGE 
E I 0 MPa MPa JOULES/CM2 ROCKWELL g x 103 

M M N A 
P. E D. 

K23 A 840 57.4 61.4 
K25 A 812 56.2 61.4 
K24 + + A 913 90.4 63.2 0.0 
K26 + + A 926 82.8 63.4 -0.3 
K4 + + R 984 77 .6 64.3 +0.2 
Kl3 + + R 894 83.0 61.9 +0.4 
K8 + R 940 79.6 63.4 +0.4 
K18 + R 953 87.0 63.8 +0.3 
Kl + R 927 89.1 65.6 +2.1 
K2 + R 949 95.3 63.0 +2.3 
K17 R 966 189.6 64.3 +2.6 
K19 R 858 149.4 64.6 +2.7 
K3 + + + R 989 207.4 63.0 +2.4 
K20 + + + R 989 198.7 64.9 +2.5 
K15 + + R 883 169.1 62.7 +1.9 
K16 + + R 931 190.4 63.1 +2.0 
KlO + + R 1037 203.3 62.2 +2.1 
Kll + + R 1006 178.1 65.1 +2.0 
K9 + R 997 189.3 62.6 +1.8 
Kl2 + R 897 176.4 64.5 +2.0 
K5 0 0 0 R 944 175.3 64.5 +2.1 
K7 0 0 0 R 957 189.4 63.2 +1. 7 
K6 0 0 0 R 959 144.0 65.1 +2.0 
K14 0 0 0 R 1033 190.7 62.9 +1.8 

------ = no exposur'e, R recrystallized, A ~ as-received 
0 = smooth bar 

w 6.767 g ±. 0.076 g 
TEMPERATURE TIME [0] POTENTIAL 

+ 800·C 130 hrs. 100 ppmw Na 4.61 l; Na 
0 550 70 50 A 2 

300 10 2 
cm 

Na 46.5 l; Na 
= V 3 

em 
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Table 31 

CVD Re Mechanical Properties and Weight 
Change as a Function of Exposure to Sodium at Different 

Oxygen Potentials 

INDEPENDENT VARIABLES DEPENDENT VARIABLES 
YST. UTS FRACTURE HARDNESS WEIGHT 

1.0. T T [0) C C o . 21. OFFSET ENERGY CHANGE 
E I 0 MPa MPa JOULES/CM2 ROCKWELL g x 103 

M M N A 
P. E D. 

J26 A 851 69.9 
J35 A 941 90.2 
J23 A 452 735 335.7 
J24 A 487 725 305.2 
J29 + + A 862 103.2 0.0 
J30 + + A 872 110.7 -0.1 
Jl5 + + R 855 95.2 +0.2 
J10 + R 853 100.0 +0.3 
Jl2 + R 844 95.1 +0.1 
Jl + R 821 100.5 +2.7 
J2 + R 843 115.8 +2.9 
J19 R 851 190.9 +3.2 
no R 860 191.8 +3.0 
J7 + + + R 829 190.1 +3.5 
J3 + + + R 817 193.9 +3.4 
J14 + + R 849 185.2 +2.5 
J9 + + R 873 213.6 +2.9 
Jl1 + + R 875 193.8 +2.7 
Jl7 + R 813 141.1 +2.8 
J8 + R 823 170.1 +3.1 
Jl6 0 0 0 R 847 185.9 +2.4 
J18 0 0 0 R 815 185.0 +2.5 
J5 0 0 0 R 781 144.8 +2.8 
Jl3 0 0 0 R 895 189.0 +2.5 

------ no exposure, R recrystallized, A as-received 
0 ~ smooth bar 

w 2.426 g ±. 0.039 g 
TEMPERATURE TIME [0) POTENTIAL 

+ 800·C 130 hrs. 100 ppmw Na 6.05 g Na 
0 550 70 50 A 2 

300 10 2 
cm 

No. 130 g No. 
V 3 

cm 
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Table 32 

CVD Re-5W Alloy Mechanical Properties and Weight 
Change as a Function of Exposure to Sodium at Different 

Oxygen Potentials 

INDEPENDENT VARIABLES DEPENDENT VARIABLES 
YST. UTS FRACTURE HARDNESS WEIGHT 

1.D. T T [0] C C o . 2'. OFFSET ENERGY CHANGE 
E I 0 MPa MPa JOULES/CM2 ROCKWELL g " 103 

M M N A 
P. E D. 

L25 A 862 96.0 
L32 A 889 114.9 
L240 A 441 740 365.4 
L260 A 246 695 343.9 
L23 + + A 881 84.9 0.0 
L30 + + A 889 85.8 +0.1 
L3 + ... R 867 106.9 +0.4 
L14 + + R 880 100.3 +0.2 
L7 + R 863 93.2 +0.4 
L18 + R 849 101.8 +0.5 
L1 + R 854 111.2 +3.1 
L2 + R 834 114.7 +8.0 
L19 R 867 190.2 +3.8 
L20 R 869 194.3 +3.9 
L5 + + + R 868 207.5 +3.7 
LI2 + + + R 867 196.3 +2.7 
1.4 + + R 874 183.5 +3.0 
L13 + + R 825 175.2 +2.8 
LID + + R 835 181.1 +3.2 
LI5 + + R 898 193.6 +3.4 
L6 + R 893 202.6 +2.9 
L8 + R 844 182.6 +-3.1 
L11 0 0 0 R 816 181.4 +3.2 
L16 0 0 0 R 822 169.6 +2.9 
L17 0 0 0 R 851 171.2 +2.8 
L9 0 0 0 R 820 175.7 +2.7 

------ no exposure, R ~ recrystallized, A :: as-received 
0 smooth bar 

w 2.384 g ± 0.119 g 
TEMPERATURE TIME [0 ] POTENTIAL 

+ 800·C 130 hrs. 100 ppmw Na 6.00 g Na 
0 550 70 50 A 2 

300 10 2 
cm 

Na 132 g Na 
V 3 

cm 

253 



1.D. 

D12 
D16 
D110 
D1 
D28 
D3 
D24 
D26 
D2 
D29 
D23 
D27 
D8 
D31 
D6 
D25 
D32 
D33 
D20 

+ 
0 

254 

Table 33 

W Mechanical Properties and Weight 
Change as a Function of Exposure to Sodium at Different 

Oxygen Potentials 

INDEPENDENT VARIABLES DEPENDENT VARIABLES 

T 
E 
M 
P. 

+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 

0 
0 
0 

o = 

YST. UTS FRACTURE HARDNESS 
T (0 ] C C 0.21. OFFSET ENERGY 
I 0 MPa MPa JOULES/CM2 ROCKWELL 
M N A" 
E D. 

A 549 26.4 
A 1129 67.3 
A 497 53.9 

+ A 221 3.3 
+ A 152 0.8 
+ R 0 0 
+ R 16 0 
+ R 0 0 
+ + R 0 0 
+ + R 20 2.4 

+ R 30 0.1 
+ R 171 2.9 

+ + R 0 0 
+ + R 78 0.5 

+ R 123 0.9 
+ R 26 0.4 

0 0 R 32 0.3 
0 0 R 128 4.9 
0 0 R 52 0.3 

no exposure, R = recrystallized. A = as-received 
smooth bar "hardness not tested because of brittle nature 

of material 

w = 5.419 II ± 0.088 g 

TEMPERATURE TIME (0] POTENTIAL 
800·C 130 hrs. 100 ppmw Na 4.83 II Na 

= 
550 70 50 A 2 

10 
cm 

300 2 

Na 53.4 II Na 
V = 3 

cm 

WEIGHT 
CHANGE 

g X 103 

+1. 7 
+1. 5 
+0.8 
0.1 

+0.3 
-0.5 
-2.1 
-2.5 

-0.6 
-1. 3 
-2.2 
-2.7 
-2.7 
-3.2 



Table 34 

Posttest Hardness of Tube Outer Surface 
as a Function of Distance and Temperature 

from the Bottom 

Distance Hardness RA 
from 
Bottom Approximate 
(mm) T-lll Ta-l0W Mo-4lRe CVD Re Re-5W Temperature·c 

3.18 57.8 2000·C 
6.35 61.0 57.9 61. 8 2000·C 
9.53 60.2 58.5 61.7 2000·C 

12.70 63.1 58.6 61. 9 30.0 2000·C 
15.88 63.2 55.5 65.2 37.5 38.2 
19.05 61. 2 58.9 64.8 50.0 40.9 
22.23 59.6 58.9 65.0 49.8 38.5 
25.40 62.2 58.5 65.0 45.1 41. 3 1600·C 
28.58 65.3 56.3 64.3 44.4 47.6 
31.75 67.0 57.2 66.0 44.9 51. 2 1440·C 
34.93 65.4 58.1 65.6 42.5 49.4 
38.10 65.1 58.0 65.5 45.8 51.0 1295·C 
41. 28 63.7 60.0 65.8 45.1 50.2 
44.45 56.9 60.0 65.9 50.1 49.5 1155·C 
47.63 63.9 61. 2 64.3 62.0 51. 5 
50.80 61. 9 58.0 64.0 61. 8 50.9 1045·C 
53.98 58.1 56.1 63.5 53.2 52.3 
57.15 62.1 55.2 62.5 49.8 57.0 970·C 
60.33 63.0 55.3 58.4 
63.50 57.1 59.8 900·C 
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