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CREEP-RUPTURE PROPERTIES OF TUNGSTEN AND
TUNGSTEN-BASE ALLOYS

H. E. McCoy

ABSTRACT

The creep-rupture properties of two types of
unalloyed tungsten and two tungsten-base alloys
were determined at 1650 and 2200°C for times of
at least 500 hr. The materials studied were
wrought powder-metallurgy tungsten, several lots
of thermochemically deposited (TCD) tungsten,

W—2% ThO,, and Sylvania A (W-0.5% HF-0.02% C). At
1650°C the order of strengths from the greatest to
least was W—2% ThO,, Sylvania A, and TCD and
powder-metallurgy tungsten. At 2200°C the order
of strengths from greatest to least was W—2% ThO,,
TCD and powder-metallurgy tungsten, and Sylvania A.
The ductility of the TCD tungsten was low at 1650°C,
but was good at 2200°C. The W—2% ThO, showed mod-
erate ductility at both temperatures. The ductil-
ity of the Sylvania A improved from moderate at
1650°C to good at 2200°C. The powder-metallurgy
tungsten had good ductility at both test tempera-
tures. All of the materials studied exhibited
better high-temperature grain-size stability than
the powder-metallurgy material. Voids formed in
the TCD tungsten at 2200°C and grew to quite large
sizes under an imposed stress. These voids were
thought to be associated with impurities.

INTRODUCTION

Small parts have been made from tungsten for many years. However,
the role of tungsten as a structural material for engineering systems
is relatively new. This new interest in tungsten makes it necessary
that physical and mechanical property data be obtained which are ade-
quate for designing and constructing engineering systems, The develop-
ment of tungsten-base alloys has also become active, as efforts are
being made to improve the low-temperature ductility and the high-
temperature creep properties of unalloyed tungsten. Each new composition

must be evaluated to ascertain the degree of improvement.



The present study is concerned with the high-temperature creep
broperties of unalloyed tungsten and several tungsten-base alloys. A
check of the literature shows that long-term (100- ‘o 1000-hr) creep
data are not available even for unalloyed tungsten. For this reason =
sheet of wrought powder-metallurgy tungsten was included in this study.
Several heats of thermochemically deposited (TCD) tungsten were evaluated.
This material is particularly interesting because it can be deposited in
the desired shape at low temperatures without subsequent fabrication.
The alloys W—2 wt % ThOp and W-0.5% Hf-0.02% C (Sylvania A) contain a
dispersed phase of thoria and hafnium carbide, respectively. This dis-
persion should stabilize the grain size to higher temperatures and may
strengthen the material. Creep studies were carried out on these four
materials at 1650°C and 2200°C to rupture times of at least 500 hr. The
materials are described below, and their chemical analyses are given in
Teble 1. Supplementary metallographic studies were carried out on the

tested specimens.

EXPERIMENTAL DETAILS

Test Materials

Powder-Metallurgy Tungsten Sheet

The tungsten sheet was obtained under a Bureau of Naval Weapons
Contract and the fabrication details are covered in the final report?! on
this contract. It was fabricated by the powder-metallurgy technique and
was rolled to a final thickness of 0.060 in. The final treatment was an

anneal at 1150°C for 5 min.

Thermochemically~Deposited Tungsten

The TCD material was produced by the hydrogen reduction of WFg on

a heated substrate. The details of the deposition process have been

1a. c. Bodine, Tungsten Sheet Rolling Program — Final Report
Covering Period 1 June 1960 to 1 March 1963, Fansteel Metallurgical
Corporation, under Contract No. NOW-60-06351-C (March 1, 1963).




Table 1. Chemical Analysis of Test Material
Interstitial Content, wt %
Material
Oxygen Nitrogen Hydrogen Carbon Other

Powder-metallurgy tungsten 0.0029 <0. 0005 0. 0004 <0.001

TCD, H-16 0. 0064 <0.0005 0.0005 0.002

TCD, PW-3 0.011 <0. 0005 0.0004% 0.003

TCD, PW-19 0.014 0. 0009 0.0005 0.002

TCD, PW-20 <0.0005 <0. 0005 0.0001 0.003

TCD, PwW=23 0.0067 <0. 0005 0.0002 0.001

TCD, PwW-24 0.022 0.0014 0.0002 0.004

W—2% ThO, 0.25 <0.0005 0.0001 0.0008 0.0060 Ta, <0.03 Fe,

1.72 Th

Sylvania A 0.0023 0.0007 0.0001 0.034 0.64 Hf




described previously.? The material was deposited as a box about

2 X 2 in. in cross section and 20 in. long. It was deposited on the
inside of a mandrel — copper for the "H" series and molybdenum for the
"P" series. The mandrel was removed by etching and test specimens were

made from the deposited box.

W—2% ThO, Alloy

The tungsten-base alloy containing 2% thoria was obtained from the
Wah Chang Corporation (vendor designation: lot No. T68) as 1/4-in.-diam
centerless ground rod. Specimens were made from the rod by grinding.
Although the history of the rod is not known, it is reasoned (based on
metallographic and annealing studies) that the material had been warm
worked. The rod may have been stress-relieved, but it definitely was

not completely recrystallized.

Sylvania A

A small sheet of the tungsten-base alloy containing hafnium carbide
was obtained from Sylvania Chemical and Metallurgical Division. The

sheet was 0.040 in. thick and none of the fabrication history is known.

Test Specimens

Sheet specimens of two different geometries were used. One had a
gage section 3 X 0.2 in. and an overall length of 10 in. To conserve
material, a smaller specimen having a gage section 1.5 X 0.25 in. and an
overall length of 3.5 in. was also used. Both specimens had holes near
the end for pinning them to the extension rods. Specimens of powder-
metallurgy tungsten and Sylvania A were made by grinding.

The as-deposited TCD tungsten was too fragile to be ground. The
sides of each box were separated by grinding and the specimens with

1.5 X 0.25-in. gage were made by electro-discharge machining. The tool

“R. L. Heestand, J. I. Federer, and C. F. Leitten, Jr., Preparation
and Evaluation of Vapor Deposited Tungsten, ORNIL-3662 (August 1964 ).







Testing Methods

All of the tests were run in a Brew Furnace, Model No. 1064. It
has a tungsten mesh heating element and a maximum temperature capability
of 2760°C. The vacuum system was cold trapped and was capable of
maintaining a pressure of 1 X 10~7 torr at a test temperature of 2200°C.
The temperature was controlled by a total radiation pPyrometer which was
sighted toward the test specimen and a controller which adjusted the
power to the furnace. This control system was stated to have a control
accuracy of #3°C. The temperature could also be read by an optical
pyrometer through a sight port in the front of the test chamber. The
strain was measured by a dial gage which indicated the motion of the
pull rod.

Test specimens were normally built into the test equipment, pumped
for 2 hr, heated to about 600°C and pumped for 12 hr, heated to the test
temperature in about 4 hr, and loaded.

Several specimens were analyzed for interstitials after testing.

No evidence of contamination was noted except in cases where the pressure
was known to have increased during the test. Data from tests where leaks

were known to have developed have not been considered.

EXPFRIMENTATL FINDINGS

Powder-Metallurgy Tungsten

The results of creep tests run on powder~-metallurgy tungsten are
summarized in Table 2. Sheet specimens of two different geometries
were used. However, no effect of specimen geometry was noted and data
from both designs have been used indiscriminately. Specimens were cut
so that the gage length was oriented parallel (longitudinal),
perpendicular (transverse), and at 45° to the rolling direction.

The data are shown graphically to illustrate several important
points. TFigure 2 shows the creep-rupture properties at 1650 and 2200°C.
These curves are also shown in Fig. 3 where data are included for the

times to 2 and 10% strain. Minimum creep rate data are shown in Fig. 4.




Table 2. Creep Properties of Powder-Metallurgy Tungsten

Specimen Time to Indicated Strain, hr Mini
inimum
Test Stress Rupture Creep
Number Gage a (psi) Strain Rate
Iength Orientation P 1% 2% 5% 10% Rupture (%) (%/br)
(in.)
Tested at 1650°C
3295 11/2 T 11,000 0.03 0.10 0.34% 0.80 2.0 59.4 10.9
3356 11/2 T 11,000 0.05 0.08 0.6 1.6 4. 85 50.0 5.2
3364 11/2 T 11,000 0.02 0.06 0.25 0.60 1.6 56.2 14.0
3296 11/2 L 10,000 0. 04 0.10 0.4 1.25 4,25 50.0 6.2
3834 11/2 T 10,000 0.04 0.08 0.22 0.6 1.5 62.5 13.0
3294 11/2 L 8,000 0.2 0.5 2.5 5.8 16.1 43.7 1.5
3402 11/2 L 7,000 0.6 1.5 5.3 12.2 25.7 35.4 0.77
3416 11/2 L 7,000 0.4 1.4 5.4 15 28.35 33.3 0.63
3337 11/2 L 6,000 1.0 5.0 21 48 100.8 34,4 0.19
3350 11/2 T 6,000 * 2.0 8.0 31 69 133.3 31.2 0.13
3368 11/2 T 6,000 1.0 4.5 16.5 35.5 65.5 29.2 0.25
3523 11/2 45° 6,000 0.5 1.5 6.5 17 55.7 54,7 0.32
3399 11/2 T 4,000 35 75 170 300 568.9 39.3 0.033
Tested at 2200°C
2975 3 T 4,000 0.16 0.32 0.65 0.9 1.05 15.6 6.2
3004 3 L 2e, 000 0.2 0.5 1.0 1.4 1.8 21.9 3.8
3272 11/2 T 3,500 0.1 0.3 0.9 1.4 2.05 25.0 4.85
3057 3 L 2,800 2.6 4.1 4.8 5.4 6.3 21.9 0.38
3046 3 T 2,000 3.5 4.3 5.4 7.2 11.65 20.2 0.20
3045 3 L 2,000 8 11.5 13.6 18.0 32.5 29.1 0.14
3677 11/2 L 1,500 2.5 6 18 37 42.1 16.6 0.20
3839 1 1/2 45° 1,400 4.5 16 70 100.9 8.6 0.043
3832 11/2 L 1,400 1.0 8 45 97 122.6 16.7 0.080
3833 11/2 T 1,400 4.0 9 15 19 42.8 29.2 0.22
3490 11/2 T 1,000 10 25 225 711.4 10.4 0.0070

&(7) Transverse (L) Longitudinal
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The scatter of the data is quite apparent in Figs. 2-4. Two factors are
thought to account for this scatter. First, the material was found to
deform quite inhomogeneously along the gage length. This probably
reflects either chemical or working gradients. These inhomogeneities
may vary from specimen to specimen and would result in scatter in the
test results. A second factor is temperature variations between tests
or during a test. Fogging of any of the lenses in the radiation control
system as well as surface emissivity changes would result in temperature
variations.

A plot of the creep-rupture life and the minimum creep rate is
shown in Fig. 5. The correlation is quite good. Although the data at
each temperature fall on a different line, the slope of each line equals

one. This may be expressed also by the equation

étr = constant

where

ot
1

the rupture life,

€ = the minimum creep rate.
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Machlin® predicted that this equation should be obeyed for cases of
intergranular fracture where the measured creep rate and the creep rate
producing vacancies for voids are the same. Other investigators have

shown the relationship to hold for several nickel-base alloys,4 tungsten?

3B, S. Machlin, "Creep-Rupture by Vacancy Condensation, Trans.
ATME 206, 106 (1956).

“H, E. McCoy, Effects of Hydrogen on the High-Temperature Flow and
Practure Characteristics of Metals, ORNL-3600 (June 1964 ).

°W. D. Klopp and P. L. Raffo, Effects of Purity and Structure on
Recrystallization, Grain Growth, Ductility, Tensile, and Creep Properties
of Arc-Melted Tungsten, NASA TN D-2503, p. 34 (November 1964 ).




11

6 and copper.” Monkman and Grant® found the general

and melybdenum,
expression to apply to several materials including aluminum, titanium,
austenitic and ferritic steels, and several nickel-base alloys with the
slope varying from O.77 to 0.93 rather than 1. Workers at
General Electric?® found several refractory alloys to be represented by
this expression with the slope ranging from 0.94 to 0.99. Rhenium and
alloys containing rhenium were notable exceptions with the slope deviat-
ing significantly from unity. The good correlation of the present data
illustrates the potential use of such correlations for predicting the
rupture life if only the minimum creep rate is known., If the slope of
unity is assumed, only one test must be run to locate the curve.

The fracture ductilities at 1650 and 2200°C are shown in
Figs. 6 and 7, respectively. The significance of the slight increase
in rupture ductility with rupture life at 1650°C is not known. No
significant microstructural changes were observed which might explain
this behavior. At 2200°C (Fig. 7) the ductility showed a continual
decrease with increasing rupture life. This is felt tc be due to the
excessive grain growth that occurred at this temperature.

The creep-rupture data obtained at 1650 and 2200°C in this study

are compared with those of other experimentersi®, 11,12 in Fig. 8,

67. A. Houck, Physical and Mechanical Properties of Commercial
Molybdenum-Base Alloys, Report 140, Defense Metals Information Center,
(Nov. 30, 1960).

7P. Feltham and J. D. Meakin, "Creep in Face-Centered Cubic Metals
with Special Reference to Copper,” Acta Met. 7(9), 614 (1959).

8F. C. Monkmen and N. J. Grant, "An Empirical Relationship Between
Rupture Iife and Minimum Creep Rate in Creep-Rupture Tests,” Am. Soc.
Testing Mater. Proc. 56, 593 (1956).

°Third Annual Report — High-Temperature Materials and Reactor
Component Development Programs, Vol. I Materials, GEMP-270A, p. 33,
(February 1964 ).

10Heinz G. Sell, et al., "Physical Metallurgy of Tungsten and
Tungsten-Base Alloys," WADD TR 60-37, Part II (May 1961).

11y, V. Green, "Short-Time Creep-Rupture Behavior of Tungsten at
2250°C," Trans. AIME 215 (1959).

12Fourth Annual Report — High-Temperature Materials and Reactor
Component Development Programs, Vol. I Materials, GEMP-334A, p. 33
(February 1965).
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The agreement is reasonably good, considering the fact that the material
was obtained from various sources and was tested by several experimenters.
Several of the test specimens were examined metallographically.
Figure 9 shows the microstructure of the as-received material. Figure 10

shows the fracture of a specimen tested at 1650°C and 6000 psi. An
extensive network of intergranular cracks was formed with fracture
resulting from the joining of these cracks. Figure 11 shows that some
grain growth occurred in the specimens tested at 1650°C and 4000 psi.
Specimens tested at 2200°C for short periods of time look very similar

to those shown in Figs. 10 and 11. However, specimens tested at stresses
which resulted in rupture lives greater than about 10 hr exhibited
excessive grain growth., Figure 12 shows a typical area in a specimen
that failed in 42.1 hr. This increase in grain size is felt to be
responsible for the reduction in fracture ductility with increasing

rupture life at 2200°C (Fig. 7).
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Thermochemically Deposited Tungsten

The TCD tungsten is characterized by large columnar grains which
are oriented in the thickness dimension of the deposited sheet. A
layer of small grains forms at the substrate surface where the deposit
begins. A cross-sectional view of a TCD sheet is shown in Fig. 13a.
This particular sheet is atypical in that the gas supply was interrupted
and a laminate formed near the center. A view of the sheet parallel to
the surface is shown in Fig. 13b. The microstructure in this plane
gives the appearance of an equiaxial grain structure. The specimens
were oriented so that the stress was applied perpendicular to the
columnar grain boundaries,

Several lots of TCD tungsten were studied and only a limited amount
of data was obtained on each lot. For this reason the TCD tungsten
results will be considered on a comparative basis with the results
obtained on the powder-metallurgy tungsten. The results of the creep-
rupture studies on TCD tungsten are summarized in Table 3. The creep-
rupture properties of the TCD tungsten are compared with those of the
powder-metallurgy tungsten in Fig. 14. Although there is some scatter,
the data fall in a reasonable band about the line representing the
properties of the powder-metallurgy tungsten. Figure 15 shows a compari-
son of the minimum creep rate of TCD and powder-metallurgy tungsten.

The minimum creep rate of the TCD tungsten is less at 1650°C and greater
at 2200°C. Figure 16 is a plot of the rupture life as a function of
minimum creep rate. For a given creep rate, the rupture life of the

TCD tungsten is less at 1650°C and greater at 2200°C as compared with
that for powder-metallurgy tungsten.

Figure 17 compares the rupture ductilities of the two types of
material. At 1650°C the TCD tungsten, with only one exception, has a
ductility of 5% or less. At 2200°C the TCD tungsten shows a trend of
increasing fracture ductility with increasing rupture life. Although
the elongation at 2200°C appeared to be reasonably high, it is ques-
tionable whether this elongation is useful in the engineering sense.

The reduction in area at the fracture was only a few percent. Hence,

much of the elongation is probably due to the growth of the voids







Table 3. Creep-Rupture Properties of TCD Tungsten Sheet

Test Lot Surface Stress Time to Indicated Strain, hr Ruptgre Mé;ég;m
Number  Number Treatment  (psi) St?;?n Rate
1% 2% 5% 10% Rupture ’ (%/nr)
Tested at 1650°C
3478 H-16 Iapped 6000 7.4 19.2 30.5 4,2 0.063
3518 H-16 Tapped 4000 5.0 35 185 390 593.7 21.0 0.020
3556 PW-3 None 6000 7.3 9.7 6.3 0.083
3837 PW-3 None 6000 4.7 11.0 12.8 3.1 0.12
3838 PW-3 None 5000 35 102 176.5 3.5 0.016
3569 PW-3 Iapped 4000 20 225 413.0 3.2 0.0040
Tested at 2200°C
4045 H-16 Iapped 1346 1.0 2.7 6.5 13.0 62.9 35.0 0.75
3577 Pw-3 Iapped 2000 0.5 1.4 4.6 10.3 21.3 21.9 1.1
3680 PW-3 None 1500 4.7 9.3 18.0 29.3 35.7 16.6 0.19
3644 PW-3 Tapped 1250 4.0 48 160 306 789.9 29.2 0.026
4071 Pw-19 None 2000 0.7 2.0 4.3 4,2 0.77
5292 PW-20 Tapped 2000 0.4 0.6 1.0 1.6 1.85 15.6 2.8
5295 PW-23 Tapped 2000 1.0 1.5 2.4 3.7 5.05 21.8 1.0
5301 Pw-23 None® 2000 1.2 2.1 3.15 4.4 5.3 21.9 0.85
5294 Pw-24 Tapped 2000 0.5 1.4 2.3 3.1 4.65 21.6 1.33

8T

aAnnealed 90 hr at 1650°C prior to loading.
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and hence does not represent plastic deformation. The matter of
ductility will be discussed in more detail later.

Although some of the specimens were surface lapped to remove the
first-deposited fine-grained layer and others were tested in the as-
deposited condition, there appears to be no influence of this variable
on any property measured.

Several of the test specimens were examined metallographically after
testing. Figure 18 shows the microstructure of a specimen from lot H-16
which was tested at 6000 psi and 1650°C. Void formation was extensive
throughout the specimen. Figure 18a shows the volds away from the
fracture in the plane of the sheet and Fig. 18b shows that these volds
are associated with the grain boundaries. A photomicrograph of a speci-
men from lot H-16 that was tested at 4000 psi and 1650°C is shown in
Fig. 19. The voids have coalesced and grown during the 593.7~hr duration
of this test. It may be significant that this is the only TCD specimen
tested at 1650°C that showed high rupture ductility. It also shows a
much higher volume fraction of volds than any other heat of material
tested at 1650°C.

The fracture of a specimen of TCD tungsten from lot PW-3 is shown
in Fig. 20a. This specimen was tested at 1650°C and 6000 psi and failed
after 12.8 hr. Although the void content is reasonably high near the
fracture, it is quite low away from the fracture. Figure 20b shows a
view of the cross section about 1/2 in. from the fracture. Figure 21
shows a specimen of lot PW-3 that was tested at 4000 psi and 1650°C.
Significant voids were again formed only near the fracture during the
413.0-hr rupture life.

Figure 22 shows the microstructure of a specimen tested at 2200°C
and 2000 psi. The specimen ruptured after 21.3 hr with 21.9% strain.

A general network of voids was formed. Figure 23 shows a specimen
tested at 2200°C and 1250 psi. Failure occurred in 789.9 hr with

29.2% strain. Coalescence and growth of the volds have occurred so that
the voids are now as large as 0.005 in. in diameter. The grain structure
has also changed from the characteristically columnar grains to an equi-
axial grain structure. It is felt that the formation of the equiaxial
grain structure is responsible for the increase in rupture ductility with

increasing rupture life at 2200°C.
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It is felt that the ductility of the TCD tungsten can be rationa-
lized in terms of the microstructure. For extensive plastic deformation
to occur at elevated temperatures, it is necessary that the grain
boundaries be able to move. This requires that they move either by
thermal activation (grain-boundary migration) or by shearing. Since
shearing requires a shear stress across the grain boundaries, the pre-
dominance of perpendicular grain boundaries in the TCD microstructure
will negate this mechanism. Hence, extensive plastic deformation would
not be expected unless grain-boundary migration occurs. At 1650°C there
was no change in the structure from the original columnar grains and all
of the specimens, with only one exception, showed poor rupture ductility.
At 2200°C there was a gradual transition to an equiaxial grain structure
and an improvement in rupture ductility with increasing rupture life,

Although the ductility of this material can be rationalized in
terms of the grain structure, it is felt that the extensive void forma-
tion cannot be ignored. 1In some of the specimens tested at 2200°C the
vold formation was so extensive that the two surfaces were likely
connected by "void channels."

An explanation of the void formation must account for several
experimental observations.

1. The concentration of the voids increased with increasing
temperature.

2. Lot H-16 formed extensive voids at 1650°C, whereas the other
lots formed only a few voids at this temperature.

3. A specimen was heated for 90 hr at 1650°C prior to heating to
2200°C and applying the stress. The void concentration was equal to
that present in a specimen heated directly to 2200°C and stressed.

4. The voids formed very rapidly at 2200°C under stress and grew
by coalescence during long tests. This suggests that an equilibrium
void size is formed very rapidly under the stress. The coalescence of
the voids with time is quite comparable to sintering in a power-
metallurgy product.

5. The voids reached a much larger size under stress than in the

absence of a stress.
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Creep conditions have been shown to produce voids in a large number
of materialst3~16 and some argument exists concerning the role of impuri-
ties. However, the concentration of voids in the TCD tungsten at 2200°C
is much higher than has been reported for other materials. The vacancy
flux required to produce such large voids in so short a time would be
unreasonably high. ’

All of the experimental observations seem consistent with the
hypothesis that there is some impurity in the material that is insoluble
in tungsten and has a reasonably high vapor pressure at elevated tempera-
tures. As the material is heated, areas of high stress develop around
the impurity and the tungsten deforms to relieve the pressure. Thus
voids are nucleated and will grow as the tungsten deforms. Void coales-
cence and vacancy condensation are other mechanisms whereby the voids
can grow. The role of an applied stress is to add to the stress already
produced by the vapor pressure of the impurity and to cause even greater
local deformation. It is quite likely that most of the responsible
impurity will be released under stress since many of the voids extend to
the surface.

Several attempts have been made to identify the responsible
impurity(s). Void formation in this type of material is generally attri-
buted to residual fluorine in some form. However, the possibility of
some low-melting metallic impurity being responsible must also be con-
sidered. Analytical techniques that have sufficient reliability have
not been developed to determine what metallic impurities are present in
parts per million quantities. Hence, a positive identification of the

responsible impurity has not been made at this time.

13R, W. Balluffi and L. L. Seigle, "Growth of Voids in Metals
During Diffusion and Creep," Acta Met. 5, 449 (1957).

14N, Greenwood, D. R. Miller, and J. W. Suiter, "Intergranular
Cavitation in Stressed Metals," Acta Met. 2, 250 (1954).

15E, S. Machlin, "Creep-Rupture by Vacancy Condensation,' Trans.
Met. Soc. AIME 206, 106 (1956).

16D, Mclean, "A Note on the Metallography of Cracking During Creep,"
J. Inst. Metals 85, 468 (1956-57).
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W—2% ThO, Alloy

The results of the creep tests run on the tungsten-base alloy
W—2% ThO, are given in Table 4. The creep-rupture properties are shown
in Figs. 30 and 31. The creep-rupture behavior at 1650°C is best des~
cribed by a plot of linear stress vs logarithmic time — at 2200°C by a
log-log plot of stress and time. The times to small strains are given
in Table 4, but they exhibit a large amount of scatter. This is due
mainly to slight changes in temperature that occurred near the start of
the tests and gave the appearance of the specimen elongating. However,
these results indicate the following trends. At 1650°C the time to 0.5%
strain 1s about one-tenth that required to produce fracture, the time to
2% strain is one-fourth that to fracture. At 2200°C the spread between
the time to reach 0.5% strain and the time to fracture decreases with
increasing rupture life (or decreasing stress). A test which failed in
1 hr would reach 0.5% strain in 0.01 hr. A test which fails in 150 hr
would read 0.5% strain in 90 hr. The behavior at 2200°C is particularly
attractive from a design standpoint. The material would deform only
slightly at low stresses, but would be able to strain to relieve high
stresses due to any transients.

Figures 32 and 33 show plots of the minimum creep rate and the
time to rupture. Again the 1650°C data are linear on a semilog plot and
the 2200°C data are linear on log-log coordinates.

The 1-hr anneal at 2200°C prior to testing at 1650°C reduced the
strength over that of the as~received material. This reduction in
strength is probably due to recrystallization. The recrystallization
temperature for 80% cold-worked W—2% ThO, is reportedl4 to be 2195°C
(1-hr anneal). The amount of cold work in the as-received material is
not known, but metallographic examination showed that recrystallization
did occur at 2200°C.

Figure 34 shows the elongation at rupture vs the rupture life. At
1650°C the ductility reached a constant value of about 9% for rupture

144, @. Sell et al., "Physical Metallurgy of Tungsten and Tungsten-
Base Alloys," WADD TR 60-37, Part II (May 1961).




Table 4. Creep-Rupture Properties of W—2% ThO,

Time to Indicated Strain, hr

Reduction Minimum

Test Stress Tlongation in Creep
Number (PSI) 0.5% 1% 2% Rupture Rupture A?%? (R7;e)

(%) o/

Tested at 1650°C
5085 25,000 0.10 0.2 0.41 0.8 21.9 74.8 5.0
5168 20,000 2.65 15.6 43.0 1.8
5188 17,500 0.30 0.8 3.4 10.65 11.0 46.3 0.365
5095 15,000 0.35 1.0 3.6 25.75 9.4 21.6 0.23
5097 10,000 1 7 20 112.3 9.4 5.5 0.053
4070 8,000 237.9 9.4 5.1 0.039
5170 6,000 15 53 140 437.7 9.4 2.6 0.0078
51692 10,000 0.05 0.10 0.23 4,35 21.9 20.5 2.66
5167 6,000 1.7 5.5 16.3 45.5 9.4 4.8 0.10
51812 4,500 1 2 10 121.7 6.25 1.6 0.020
Tested at 2200°C

5084 5,000 0.012 0.023 0.05 0.55 9.4 7.9 10.3
5121 2,500 0.1 0.3 1.6 11.65 4.8 1.6 0.20
5180 1,750 11 26 50 70. 4 6.25 2.% 0.034
5214 1,400 88 123 152 157.1 9.4 2.4 0.0048

®Annealed 1 hr at 2200°C prior to testing.

£e
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lives of over 20 hr. The material annealed 1 hr at 2200°C and tested at
1650°C exhibited the same behavior except that the ductility was higher
at rupture times less than 50 hr and less for longer rupture times. At
2200°C the rupture elongation decreased with increasing rupture time up
to about 10 hr where it increased with increasing rupture time. Hence,
it appears that ductilities in the range of 6 to 10% can be expected for
rupture lives over 100 hr at both test temperatures. The reduction in
area data (Fig. 35) shows similar trends with the exception that they do
not seem to level off at times in excess of 10 hr for the 1650°C data.
However, the reduction-in-area values are quite low for rupture times in
excess of 100 hr with values of 2 to 5% being common to both temperatures.

Figure 36 shows the minimum creep rate-rupture life correlation for
WLQ% ThOp. Although the correlation is reasonably good, the data seem
to be on three different lines — one for each test condition. The lines
have slopes of 1.0, 0.72, and 0.85 for the material as-received and
tested at 1650°C, annealed at 2200°C and tested at 1650°C, and as-
received and tested at 2200°C, respectively.

Several of the specimens were examined metallographically.
Figure 37 shows the microstructure of the as-received material. The

material appears to be quite heavily cold worked. TFigure 38 shows the
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Table 5. Creep-Rupture Properties of Sylvania A

. . R Minimum
Test Stress Time to Indicated Strain, hr Ruptur§ Creep
Number  (psi) % Elongation Rate
1% 2% 5 Rupture (%) (%1 )
Tested at 1650°C
3705 10,000 1.2 4.3 15 15.2 6.2 0.26
52062 8,000 1.0 2.0 11 194.4 29.7 0.096
3836 6,000 5 30 170 511.1 12.3 0.018
Tested at 2200°C
4069 6,000 0.1 ~0
3678 4,000 0.20 0.47 0.63 0.68 6.25 0.23
3679 2,000 2.7 4.3 7.4 7.75 6.40 0.38
3688 1,000 7.0 16 39 46.7 7.3 0.11
50062 1,000 3.0 8 24 68.5 14.9 0.17
5098 600 5.0 10 30 643.8 80.2 0.065
aBoth surfaces lapped.
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Fig. 42. Creep-Rupture Properties of Sylvania A.
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Fig. 43. Fracture Ductility of Sylvania A.

rupture life of 50 hr. Tests of longer duration indicate an increase
in the ductility. The high rupture ductility of the specimen at 2200°C
with a rupture life of 644 hr is questionable because of the unusual
metallographic appearance of the specimen., Very extensive cracking and
void formation occurred throughout the specimen. However, chemical
analysis showed that the specimen did contain hafnium, so a mixup of
test material is doubtful. Some of the specimens were surface lapped
prior to testing, but this did not have a significant effect.

Figure 44 shows the microstructure of the as-received material.
The material was characterized by a heavily cold-worked structure and
patches of precipitate which are probably HfC. The microstructure
typical of a specimen tested at 1650°C is shown in Fig. 45. This speci-
men was tested at 6000 psi and failed after 511.1 hr with 12.3% elonga-
tion. The material has partially recrystallized. Numerous intergranu-
lar cracks have formed but the fracture appears to be both intergranular
and transgranular. Figure 46 shows the microstructure typical of a
specimen tested at 2200°C. This specimen was tested at 1000 psi and
failed after 46.7 hr with 7.3% strain. The structure is completely
recrystallized, but there is no evidence of extensive grain growth.

Intergranular cracking is extensive and the fracture is intergranular.
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SUMMARY AND CONCLUSIONS

In this study creep-rupture properties have been obtained at 1650
and 2200°C for powder-metallurgy tungsten, several heats of TCD tungsten,
W—2% thoria, and Sylvania A (W-0.5% Hf~0.2% C). The comparative creep-
rupture properties are shown in Fig. 47. At 1650°C W—2% ThO, is the
strongest up to rupture lives of above 500 hr where Sylvania A seems to
offer the best strength. The powder-metallurgy and TCD tungsten are the
weakest., Although there are distinct differences between the alloys in
strength, it is interesting that the stress to produce rupture in a
given time never varies by more than a factor of 2 at 1650°C. At 2200°C
the order of strengths from greatest to least is W—2% ThO,, powder-
metallurgy and TCD tungsten, and Sylvania A. The addition of
0.05 wt % Hf (mp = 2200°C) to tungsten (mp = 3410°C) seems to reduce
the strength of the latter. About half of the hafnium should be present
as HfC and the rest would be present in solution in the tungsten. A
reduction in the hafnium content might improve the high-temperature
creep strength of the alloy. Again the spread in strengths is within
a factor of 2 for all four materials,

The comparative elongations of the test materials are in Table 6.
At 1650°C the ductility of the powder-metallurgy tungsten is high, that
of TCD tungsten low, and that of Sylvania A and W—2% ThO, moderate. At
2200°C all materials show good ductility, except W—2% ThO, whose
ductility is moderate.

All materials exhibited better grain size stability at 2200°C than
the powder-metallurgy tungsten. The TCD tungsten had a columnar grain
structure which was quite stable. However, this material formed voids
at 2200°C which were noted to grow under an applied stress. These voids

are thought to be associated with impurities in the material.
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Table 6. Comparative Elongations of Several Tungsten-Base Alloys

Elongation at 100 hr
Rupture Iife, %

Material
1650°C 2200°C
Powder Metallurgy 32 12-19
TCD 35 1735
Sylvania A 9 2025

W-2% ThO, 9 8
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General Electric Thermionic
24%Cme03 —~ 1 kwy, — 1650°C

Stress rate Allowable pressure - Capsule dimensions, in. Capsule
safety factor rate, psi/hr i.d. o.d. length wt, 1b

Length/diameter = 3

2 0.030 2.25 2.580 T4 6.9
2 0.0k45 - 2.00 2.462 7.38 8.4
2 0.055 1.875 - 2.420 T.26 9.4
2 0.065 1.750 2.372 7.12 10.0
2 0.080 1.625 2.378 7.1k 11.6
-2 0.100 1.500 2.450 7-35 k.7
2 0.120 1.375  2.536 7.61 18.1
2 0.1ks 1.250 2.758 8.27 25.8
3 -0.030 . __._..2.25.  __2.776  8.33 1&2/(
3 0.050 1:875 2.686 8.06 16.2
3 0.060 1.750 2.718 8.15 18.9
3 0.070 1.625 2.752 8.25 21.6
3 0.085 1.500 2.9% 8.81 29.3
3 0.100 1.375 3.208 9.62 hi.6
L 0.030 2.25 2.976 8.93 18.6
L 0.040 2.00 2.928 8.78 21.7
L 0.0ks 1.875 2.89% 8.69 22.7
L 0.055 1.750 3.032 9.09 29.5
L 0.070 1.500 3.182 9.55 39.0
L 0.030 1.375 3.460 10.38 53.5
Iength/diameter = 4 '
2 0.010 3.00 3.140 12.56 6.1
2 0.025 2.25 2.522 10.09 7.3
2 0.035 2.00 2.348 9.39 7.9
2 0.040 1.875 2.254 9.01 7.8
2 0.050 1.75 2.206 8.82. 8.8
2 0.060 1.625 2.150 °  8.60 9.3
2 0.075 1.50 2.140 8.56 10.8
2 0.090 1.375 2.12h 8.kg 12.0
2 0.115 1.250 2.232 8.93 16.3
2 0.140 1.125 2.386 9.55 22.2
2 0.1ks 1.125 2.482 9.93% 25.5
3 0.0095 3.00 3.20L 12.81 9.1
3 0.0100 3.00 3.214 12.86 9.7
3 0.030 2.00 2.468 9.87 11.4
3 0.0ks 1.75 2.412 9.65 1k.s
3 0.055 1.625 2.ho2 9.69 16.9
3 0.065 1.50 2.b30 9.72 19.1
3 0.080 1.375 2.558 10.23 25.3
3 0.095 1.250 2.638 10.95 3.1




General Electric Therrionic (continued) 2%*%*Cmp05 — 1 kw, = 1650°C

Stress rate Alicwvable p..ssure Capsule dimensions, in. Capsule
safety factor rate, psi/hr i.d. 0.d. length wt, 1b

Length/diameter = 4 (continued)

L 0.010 3.00 3.286  13.15 13.3
4 0.030 - 2.00 2.646 10.58 17.4
i 0.035 1.875 2.608 10.43 18.6
L 0.050 1.625 2.654 10.61 25.0
L 0.060 1.500 2.766 11.06 31.7
L 0.070 1.375 2.916 11.67 40.6
b 0.080 - - - 1.250 - 3.146 12.58 sk .6
Length/diameter = 5
2 0.008 3.00 3.112 15.56 5.9
2 0.010 2.75 2.878 14.39 5.8
2 ! 0.025 2.00 2.2k 11.21 6.4
Q2 0.040 1.75 2.104 10.52 7.9
2 0.050 1.625 2.048 10.24 8.7
2 0.060 1.500 1.984 9.9 9.2
2 0.075 1.375 1.962 1 9.81 10.4
2 0.095 1.250 1.984 9.2 12.7
2 0.120 1.125 2.07h 10.37 16.8
2 0.150 1.00 2.300 11.50 26.0
3 0.0075 3,00 3.160 15.80 8.7
3 0.0080 3.00 3.170 15.85 9.3
3 0.0100 2.75 2.846 k.73 9.2
3 0.0250 2.00 2.380 11.90 11.0
3 0.030 1.875 2.312 11.56 11.7
3 0.035 1.750 2.238 11.19 12.0 -
3 0.0k4s 1.625 2.240 11.20 1k.5
3 0.055 1.500 2.2%6 11.18 16.7
3 0.065 1.375 2.228 11.14 18.4
3 0.080 1.250 2.326°  11.63 23.9
3 0.095 1.125 2.46h 12.32 31.3
b 0.0080 3.00 3.226 16.13 12.7
L 0.0100 2.75 3.012 15.06 12.7
L 0.025 2.00 2.520 12.60 16.3
b 0.035 1.75 2.434 12.17 19.0
4 0.040 1.625 2.378 11.89 -19.5
L 0.050 1.50 2.450 12.25 oh.7
h 0.060 1.375  2.536 12.68 30.7
b 0.070 1.250 2.652 13.26 38.4
b 0.080 1.125 2.8%2 14.16 50.2






Table 1. Powder Metelluvov Tunzsten Causule Dimensions

Fuel loading — 1 kw, #*%CmaCa
Maximum wall temperature - _.350°C
Design life to rupture — 1 jyear
Stress rate Pressure Capsule dimensions, in. Totél
safety factor rate, psi/hr i.d. o.d. length wt, 1b
~ Length/diameter = 3 _ 3 o
oy . 0.020 2.5  Z5% 1061  36.0
i 0.035 2.0 3,88  11.70 8.4
3 0.015 3.0 3.625  10.88 25.1
3 0.030 T o.25° 5,538 10.01 3éf§_‘
3 0,040  2.00 3,464 10.39 Lk .0
2 0.015 3,00 3.502  10.21 14.8
2 0.025 2.50 3.088  9.27 16.9
2 0.04s5 2.00  2.966 8.90 23.0
2 0.050 1.875 . 2.922 8.77 23.6
2 0.060 1.75 3.0%2 9.09 . 29.5
2 0.070 1.625  3.168 9.50 36.7
2 v 1 0.080 1.50 3.354 10.06 Lh6.7
Jength/dizreter = b o
L 0.010 3,00 3.550  1k.20 28.4
L 0.035 1.75 3.h2 13.65 61.8
3‘ 0.010 3.00 3.402 13.61 19.5
3 - 0.030 2.00 2.966 - 11.87 30.8
3 0.035 1875 2.938  11.99 35.2
3 0.0k0 C1.75 3.0%2 12,12 . 39.6
2 0.025 2.25 2.73 11.12 16.4
-2 0.040 - 1.875 2.652 10.61 20.3
2 0.045 LTS 2.59%  10.38 20.6
2 0.055 1.625  2.666  10.67 25.5
2 0.065 1.50 2.752 11.0 31.1
2 - 0.075 1.375 2.862  11.ks 38.0
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