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The objective of a program at Nestlnqhouse 
Aatronuclear Laboratory mas to develop a columbium- 
base alloy suitable ror application as a gas-turblne- 
bucket material.(Mechanical-property target 
values selected were a 100-hour, 2400-F strees- 
rupture strength/denslty parameter of 70,000 Inches, 
with a minimum of 5 percent tensile elongation over 
the entire operating temperature range. Other re- 
qulreiaents were (1) that the alloy be capable of 
being forged Into a complex al: foil shape, (2) that 
It be resistant to thermal shock and thermal cyclic 
loading, (3) that It possess good fatigue character­

istics and (4) that It display good coatablllty and 
tolerance for minor coating defects. The alloy de­

veloped on this program, XB-88 (C3)-28«l-2Hf-0.067C) 
was reported to offer a 600 to 900-F temperature 
advantage over the best available superalloy and a 
300 to 400-F advantage over the current generation 
of columblum-base alloys. The b<>st combination of 
losf-temperature ouctllity and hlgh-tenperature creep 
strength was exhibited by material annealed 1 hour 
at 1700 C (3090 F) following extrusion and warm 
swaging. The 100-hour nature strength at 2400 F 
SMS 2b,500 psl (strengttVdenslty paraaieter of 
68,500 Inches). Room-temperature elongation was 
11 percent. Rupture-life comparisons of this new 
alloy with other gas-turblne-bucket materials are 
shown In Figure 1.
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The Astronuclear Laboratory of Nestlnghouse 
also recently concluded a comparative evaluation 
of the mechanical properties of the B-88 (Cb-28N- 
2Hf-O.067C) and Cb-1 (Cb-30W-lZr-0.06C-0.032N) 
alloys.12) The creep resistance of Cb-1 alloy was 
not significantly different from B-88 alloy at 
1315 C (2400 F). The ductlle-to-brlttle transition 
temperature of Cb-l was 80 to lOO-F higher than 
was that of B-88. Tlie rltrogen-contalnlng Cb-l alloy 
experienced a potent 1-hour aging peak at 1200 C 
(2190 F). According to the Investigators, this 
aging reaction apparently does not affect the creep 
resistance of Cb-1 at 1315 C, but sfould be expected 
to make a positive contribution to creep resistance 
at lower temperatures. Moreover, the phase relation­

ships of the nitrogen-containing Cb-1 alloy were 
very similar to B-88, but the precipitates were 
aiuch finer in the solution-plus aged conditions.
OMjJtBIUM AMD TANTALUM

Investigators at the RAI Research Corporation 
completed a study exploring the usefulness of easily 
deformable metals In diffusion-bonding colurablum 
and tantalum to themselves and to each other.(3) 
Filler-metal foils of aluminum, zinc. Indium, tin, 
lead, and titanium were evaluated In various bonding 
experiments conducted In an argon atmosphere, using 
pressures to 2000 psl and temperatures to 500 C 
(930 F). Of the filler metals evaluated, best re­

sults were achieved with aluminum foil. Thus, at 
2000 psl and 419 C (785 F), all three combinations 
of tantalum and columblum produced lap-bonds in l/2 
hour with aluminum foil between the faying surfaces. 
Under the same conditions when no foil was used, 
no bonds were obtained In 2 hours. Butt-bonded 
joints made under the same conditions exhibited 
tensile strengths of 12,000 psl for colurablum and 
19,850 psl for tantalum, even though, after rupture, 
poor joint efficiency was noted by the small fraction 
of contacts on the overall area.

The Bureau of Mines has Issued another re­

port'^' in a series of three* which detail the re­

sults of a broad experimental program on evaluating 
the properties of columblum-hafnlum- and tantalum- 
hafnlum-based alloys. On this latest Investigation 
over 30 alloys were prepared as button-type Ingots 
and fabricated to sheet. The properties evaluated 
Included hardness, electrical resistivity, elevated- 
temperature tensile properties, weldability, and 
oxidation behavior at 1000 C (1830 F) and 1400 C
* US Bureau of Mines Report of Investigation 6988 
and 6777 were previously summarized In the Reviews 
of Recent Developments dated November 3, 1968, and 
July 1967, respectively.
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(2550 F, In general, superior hlgh-tenperature 
mechanical properties were exhibited by alloys 
Cb-33Hf-10»-10Tl, Cb~20Hf-5Mo, and Cb-30Hf-Mio (com¬ 
positions In atomic percent). 

TAXI ALUM 

Standard Pressed Steel Company is In the 
early stages of a prog .-am to evaluate advanced 
tantalum alloys and tantalum coatings for use in 
mechanical fasteners.!5) The program consists of 
a screening phase and a fastener-evaluation phase. 
The purpose of the screening phase Is to survey 
available alloys and coatings with respect to oxida¬ 
tion life up to 3500 F and to determine the effect 
of the coating on the ductile-brittle transition 
temperature of the substrates. The fastener phase 
will consist of the manufacture of fasteners and 
joints of the optimum alloy-coating combination 
and the evaluation of these at temperatures up to 
3500 F. 

Several Interesting papers and reports re¬ 
lating to the diffusion, solubility, and/or effects 
of interstitial impurities in molybdenum have re¬ 
cently become available. 

Two of these Involved determinations of dif¬ 
fusion-coefficient values which are summarized as 
follows«!®*7) 

Element In 
HfllXfedfDMB 

Diffusion Coefflcent 
_ 

Carbon 

Oxygen 

Nitrogen 

0.034 e“4*,000/RT 

0.0278 e-25.200/RT 

0.0615 e-28,S00/RT 

6 

7 

7 

Hudman’s work also Included a determination of the 
solubility of carbon In molybdenum.!8) this was 
observed to follow the relationship 

In c8 = 16.78-2.29 x 104/T 

where c$ Is the solubility in ppm by weight and T 
is measured In degrees Kelvin. 

Stein examined the effect of impurities and 
orientation on the mechanical properties of molyb¬ 
denum single crystals.18) Most crystals were pre¬ 
pared by zone melting In 2 or 3 passes under vacuum 
(pressures from 2 x 10-8 to 4 x 10-7 torr). Such 
zone melting Increased the resistivity ratios 
(298K/4.8K) from a value of 53 to values between 
510 and 10,3000. To explain these variations, cor¬ 
relations were sought with zone-melting pressure as 

well as with analyses of (1) gases in the vacuum 
before and after melting and (2) of the molybdenum 
crystals by standard- and mass-spectrometrlc tech¬ 
niques. No firm correlations were found, and the 
resistivity ratios were concluded to offer a "rather 
poor way of Indicating the purity" of the molybdenum 
crystals. 

Thetcrltigal resolved shear stress (CRSS) and tem¬ 
perature dependence of CRSS were found to decrease 
with Increasing purity. At all test temperatures, 
the CRSS law (i.e., Schmid's Law) falls. CRSS also 
was found to reach a minimum In the (100) tension 
axis orientation and a maximum In the tensile axis 
along the (110)( 111) line of the stereographic triangle. 
Ductility, measured by reduction in area, was not 
Improved by the ZrH2 purification. However, in 
some orientations reductions in area as great as 100 
percent at 78 K and 9 percent at 20 K were obtained. 

Several English investigators hove reported 
an extensive compilation of tensile creep data for 
unalloyed molybdenum at moderately low temperatures, 
i.e., 600 to 750 C (1110 to 1380 F).(9) Two types 
of molybdenum sheet (made by powder-metallurgical 
methods and arc melting, respectively) were eval¬ 
uated in both the transverse and longitudinal test 
directions in the as-rolled, stress-relieved, and 
recrystallized conditions. Stress levels were varied 
from 2 to 20 tons/in2, and deformation was measured 
over intervals up to 2000 hours. Selected data from 
this study are given in Table 1. In brief, both 
types of molybdenum were shown to withstand sub¬ 
stantial stresses at 650 C. Creep resistance for 
longitudinal specimens was of the same order as that 
for transverse specimens and was greater for stress- 
relieved material than for recrystallized. Also, 
the powder-processed material had higher creep re¬ 
sistance at 650 C than did the arc-melted material. 

IUBSgI8MdlBL)MBHMIJaaUUM ALLCXfi 

Interest and support continues in the de¬ 
velopment and evaluation of tungsten-molybdenum- 
rhenium alloys, largely on the basis of their poten¬ 
tial as nuclear construction materials having good 
low-temperature ductility in combination with high 
strength at elevated temperature. Two recent pub¬ 
lications have described some property data for such 
alloys. 

One of these was concerned with a determina¬ 
tion of the tensile properties on an as-sintered 
W-30Mo-30Re (at percent) composition at temperatures 
from -100 through 1000 C (-148 through 1832 F).(10) 
Tensile strengths varying from 165,000 psl at room 
temperature to 92,000 psl at 1000 C, with corres¬ 
ponding elongation valuts of 10 and 17 percent, 
respectively, were obtained on samples that averaged 
95.5 percent of theoretical density. Small-diameter 
tubing of this material also was cold- and/or warm- 
drawn through reductions in area up to 68 percent. 

Flagella and Tarr have reported the results 
of bend and creep- rupture testing on 34 wrought 
ternary alloys in the tungsten-molybdenum-rhenium 
system.!11) Compositions of these, in atomic percent, 
ranged from 15 to 75 percent tungsten, 0 to 65 per¬ 
cent molybdenum, and 15 to 30 percent rhenium. No 
single alloy was outstanding for all of the proper¬ 
ties evaluated, although several important trends 
were observed. Nhlle many alloys retained some 
ductility after high-temperature exposure, two com¬ 
positions ( W-25Re-60Mo and «(-30Re-55Mo) were ex¬ 
ceptional In this regard, as these both retained 
their Initial room-temperature ductility ( 4T bend 
through 90 degrees) after 100-hour exposures at 
temperatures from 1200 C (2190 F) through 2400 C 
(435° F)* sT*rar #e unclassified 

Zi«2 treatment of the single crystals reduced 
their carbon content from 21 ppm (maximum) to less 
than 10 ppm, while their oxygen and nitrogen con¬ 
tent (<1 to 9 ppm) was not significantly changed. 
Tensile and compressive properties of these crystals d9*Wt is subject to tpdolal export controls and ea 
were determined over the range from .20 to 298 K. ...WJßjnltta4 to íoretgn gov»r»¡»ot3 OJ*lfQUeiaiunttUonals ma 

JMÙM oziifr With prior appro«1 ^ 
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TABLE 1. SELECTED RESULTS OF TENSILE CREEP TESTING**) UNALLOYED 
MOLYBDENUM IN VACUUM^) 

Temperature, Stress, Elastic Modulus, Plastic Strain, percent, at time given (hours) 
£ F_tons/ln?_IS6 Mi_0_ÍQ_122_522-1222-2222- 

Arc-meltedistress-relieved 1 hr/950 C 

600 1112 20 
650 1202 14 
650 1202 20 
750 1382 14 

35 
19 
28 
29 

0.104 0.190 0.520 
0.048 0.080 0.10 
0.040 0.300 1.23 
0.018 0.144 0.556 

Ar c-acl ted tre crv s ta 11 Ued 2 hr/1350 C 

650 1202 2 
650 1202 4 
750 1382 4 

35 
24 

0 0.006 
0.168 0.350 
0.063 0.260 

0.014 0.032 
0.792 0.938 
0.414 0.662 

0.044 0.052 
0,980 1.05 
0.814 1.00 

Sinteredt stress-relieved 1 hr/950 C 

600 1112 20 
650 1202 20 
750 1382 14 
750 1382 20 

45 
37 

33 
58 

0 0.023 0.058 
0.018 0.078 0.148 
0 0.060 0.210 
0 0.200 0.88 

0.102 0.134 
0.268 0.360 
0.438 0.606 

SInteredi recrvctalllied 1 hr/1250 C 

650 
650 
750 

T7) 

1202 6 
1202 8 
1382 8 

36 
42 
24 

0.282 0.300 0.383 
0.423 0.460 0.554 
0.473 0.72 1.22 

0.460 0.528 
0.722 0.858 
2.28 3.10 

All data given on samples cut transversely from rolled sheet of 0.040-inch thickness. 

In 1600 C (2910 F) creep-rupture testing, 
alloys containing 10 to 30 percent molybdenum ex¬ 
hibited a transition In creep resistance In the re¬ 
gion of 23 to 25 percent rhenium, apparently as a 
result of the single-phase boundary in this region. 
Thus, single-phase alloys (le., those of this group 
containing less than about 23 percent rhenium) showed 
a trend toward higher creep strengths. A similar 
and more pronounced effect was observed at 2200 C 
(3990 F). Selective creep-rupture data for a few 
of the alloys tested are given In Table 2. These 
include the N-25Re-30Mo and M-30Re-30Mo alloys, 
which are presently being considered for hlgh-tem- 
perat'-re applications. 

Misten 

Vapor deposition of tungsten continues to be 
of industrial Interest as a way of preparing tung¬ 
sten. In research at Oak Ridge National Laboratory, 
simple shapes such as tungsten tubing in lengths up 
to nearly 4 feet have been made easily and less ex¬ 
pensively than equivalent tubing made by the con¬ 
ventional extrusion-drawing method.(12) Such tubes 
can be made In various diameters with wall thickness 
variations not exceeding 40.001 in. in the as- 
deposited condition. A thin-wall tube shell also 
was made In this way and was conventionally drawn 
through five passes to yield tubing of 0.708-lnch 
O.D. with a wall thickness of 0.010 inch. 

Procedures have been developed for the pro¬ 
duction of tungsten wire of uniform and controlled 
ï'iiUty In diameters less than 10 microns (i.e. 
:eas than 0.4 mlll(13) Among the procedures found 
sseful In development is a torsional deformation 
♦est which measures torsion modulus, yield point of 
7/810001 sheas, wire plasticity, and recrystalll- 

ra ion temperature. The replacement of aluminum In 
tha conventional wire dope by gallium is reported 
to yield wire with Improved properties Including • 
hlgh*r . „crystallization temperature. 

iccordlng to a General Electric report, tho 
sever* forming of tungsten sheet Is best accomplished 
at a red heat (about 1200 F).(14) For optimum 
formablllty at these temperatures, the tungsten 
sheet Initially should be stress-relieved at 1650 
to 2000 F to produce structures containing from 1 
to 5 percent recrysta11Izatlon. These workers caution 
that sheet with this type of structure may not be 
well suited for less severe forming operations at 
room temperature. 

In a preliminary study, W-3.8 vol % ThOj 
sheet has been produced by Westinghouse Investiga¬ 
tors.' Provisional test results obtained at 2200 C 
(4000 F) yielded strength values of about four times 
those cl aracterlstlc of pure tungsten. Elevated- 
tempera re properties are expected to be further 
Improved when process parameters are optimized. 
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TABU 2. SEUCTED CBEEP-MIPTUItE DATA'*' FOB /... 

TIWQSXEB-RHEMUII-IIOLYBOEIUI AUXWS

Alloy '•Itton,

A.OOO-p«t Str«»« «t 1«VI c (?qi? FI ano-otl Str«»« «t »3fin Hoo? Fl
Tlat to Indlcitod Ruptur* I-ln«»r TIm to Indicotod Ruptur* Linear 

Strain, hourt Tlaa, Creep Rate Strain, houra Tiaa. Creep Rate 
o.itl lOK iMura aln*! Q.fMl IflK hauea etn.'t

B-lNU-MMo

a-2ifU-6(mo

«-30fie-MA»o

•-2?>fie-30Bo

«-MRe-30l»o

R-26Re

0.65

0.07

0.26

1.5

OUM

2M

18.0

1.67

13.9

4.7

35.8

UJ>

1.34

1.73

14.8

10.0

45.4

6.0 X 10-*

6.1 * 10-S

3.0 X 10“* 
3.9 X 10-5

3.25 - 48.1 1.6 X 10-5 
0.33 4.18 4.34 2.1 X 10-* 
0.32 3.46 3.94 2.6 X UT* 
0.90 19.2 28.8 8.1 x 10-* 
0.43 9.7 22.0 1.6 x 10*^ 
0.61 13.8 30.6 1.1 X 10-*

All alloya tested as 0.020-ln. sheet In a hydropen ataosphere. 
annealed 2 hourt at the test teaperature used.

Prior to testing, each alloy was

L

The extrusion of tungsUn at relatively lorn 
teaperatures has Iwen the objective of a Soviet 
Investigation.(16) Successful extrusion (reduction* 
of 1-lnch'dlaaeter rod stock of 77 to 80 percent In 
area) *as carried out In the 500 to 600 C (930 to 
1110 F) teaperature range by the use of Araco Iron 
aheatha. For saooth as-extruded tungsten surfaces, 
starting billets aust not have coarse grains. Con­

siderably better die life at coapared with die Ufa 
In the hot-extruslon procedure was reported.

Tungsten and tungstan-alloy tubing have been 
extruded successfully froa arc-cast and poaader- 
aetallurgy billets oy use of the floating aandrel 
technlgue, with naturally foralng tungsten oxide 
at the lubrlcant.(l7) Figure 2 lllustraUs scheae- 
tlcally the teclmlque aaployed. Extrusion teapera­

tures ranged froa 1650 to 2250 C (3000 to 4100 F) 
at extrusion ratios In the range of 4 to 9. Satis­

factory service eat obtained froa rlrconla-proUcted 
dies and aandrals, but surface aeltlnq of the con­

tainer sleeve begw when billet tas^Mratures exceeded 
1850 C (3360 F). Rapid extrusion speeds were nec­

essary to alnlalze heat loss and reduce contact tiae 
with the tooling. Thln-sMlled tungsten tubing 
(sixes not disclosed) has been produced irlth the 
floating-aandrel technique by reextrudlng a section 
of tube shall In a duplex billet.

A novel process for faking tungsten shape* 
ha* been patented recently.( 18) In the proea**, 
aetel poader Is fluldixed with a aeltable binder 
(e.g., paraffin plus oleic acid), and then cast at 
low pressure Into a shape. After reaoval of the 
fluidizing aedlua, by vaporization for exaaple, 
sintering It carried out to densities of at least 
18.0 g/c^. Surface finishes In the 30 to 60 p In., 
ms range are produced. The procat* 1* said to be 
adaptabla at low cost to tha production of coaplex 
shapes. Aaong the applications reported are pre- 
fozat for aachine finishing or forging, aoldt, pro- 
oeatlng crucibles, and altslla hardsare.

The tungsUn-hafnlua-carbon alloys, previously 
thoan to possess high strength, have been fvzttmr 
charscUrlzed and thoan to be heat treatable.(

lier
19)

FlOME 2. FLOATING-HAMOREL TECHNIQUE USED TO PRO­
DUCE TUNGSTEN TUBINQ AT OAK RIDGE 
NATIONAL LABORATDHIf(

The ainlata solution teaperature of hafnlua carbide 
In tungsUn It approxiaaUly 4600 F, and J hour at 
2500 F Is an effective aging teaperature. A tensile 
tpecliMn host treated In this way displayed a strength 
at 3500 F of 69,000 psl, 1.*., approxiaaUly a 
sevenfold laproveaent over unalloyed tungsten. One 
solution treated and aged speclaen at 3500 F shoaed 
a alniaua creep raU of 10^ second-* under a stress 
of 23,000 psl. For high-strength applications at 
3500 F, co^sltlon* conUlnlng equlatoaic aaount* 
of carbon and hafnlua, approxiaaUly 0.3 U 0.4 
percent, are recoaaendad.

Further detenslnatlons of elastic aoduli In 
tungsUn froa rooa tesg>er*tur* to 1480 C (2700 F), 
have been aade by an ultrasonic pulse-echo aethod, 
and coapared with recent daU froa other Investlga- 
tlon*J»)

over, the
F).(21)

Radial heat-flow aeasureaents of the thezaal 
conductivity of N-26 wt X Re have been aade over. 
tsapsraUre range 300 to 2200 C (570 to 3990 
DaU IndlcaU a taall positive UaperaUre coefficient 
on conductivity, wlU con^etlvlty values ranging 
froa about 56.6 Ifc"* deg-* at 300 C to about 69.0



»ta"1 deg-1 2200 C. Electric' resistivity measure¬ 

ments are also reported for both l*-26 wt % Re and 
for unalloyed tungsten. 

Tungsten oxidation equilbria have been 
measured by a solid-electrolyte galvanic-cell tech¬ 
nique.'- 221 Estimates of AGJ for tungsten-oxygen 

reactions in the 700-1000 C (1290-1830 F) tempera¬ 
ture range were as followsi 

—flti&llaa . 

1/2 W+ 1/2 02 = 1/2 *02 

1/2.72 » * 1/2 02 = 1/2.72 

m2.72 

1/2.90 W + 1/2 0- = 1/2.90 

*2.90 

1/3 * + 1/2 02 = 1/3 ÄO3 

AGf, cal./g-atom oxygen 

-68,660 + 20.31 TK 

-66,272 + 18.90 Tk 

-66,371 + 19.23 TK 

-66,384 + 19.48 Tk 

According to Bureau of Mines work, tungsten 

and tungsten-cobalt alloys containing up to 9.7 
wt X cobalt oxidize according to the linear-rate 
law at 1000 and 1100 K (1340 and 1520 F) .(23) At 

9.7 wt % cobalt, threshold reduction in oxidation 

rate at 1000 K occurs. At 29.6 wt X cobalt, a 

specimen of the alloy exposed for over 2 hours at 
1100 K was about 17 times more resistant to oxida¬ 
tion then that of the 9.7 wt X cobalt alloy. The 

principal components of the protective scale were 
C03Q4 th* outer surface, a C0MO4 Intermediate 
zone, and a Wj.8°49 zone. 
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