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FOREWORD

This report was prepared by members of the scientific staff
of the Metals Research Section of the Lamp Division of Westinghouse
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contract was initiated under Project No, 7351, "Metallic Materi-
als", Task No. 735101, "High Temperature Alloys." The project
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Research and Technology Division, Air Force Systems Command, with
Mr. J. K. Elbaum as project engineer. This report presents the
results of research and development conducted during the period
from June 1, 1963, through April 30, 1964.
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The Effect of Carbon on the Mechanical Properties
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Screening Alloys: W-25% Re, W-25% Re-l% Th02  - G.W. king
W-25% Re-l% HfN, W-3.5% Ta-C - R.H. Schnitzel

Thermochemistry of Dispersed Second Phases in
Tungsten - N.Fo Cerulli

The authors wish to thank Messrs. W.R. Morcom and R.C. Koo
for assistance and helpful suggestions. They acknowledge with
gratitude the contributions of Dr. Lui Wei (X-ray analyses),
Messrs. M.F. Quaely (C and gas analyses), T.A. Ellis (spectro-
graphic analyses), J.J. Leek (single-crystal growth), and
J.J. Corcoran, C.D. Johnson, R.K. Courtney and R.M. Byrnes
(carburizing, heat-treating, specimen preparation, and tensile
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Tensile properties of. high p ity powderMe.talluW w*ten
SWl W Th 2 alloy were determined at various strain rates 0 '
temporatures (800.2400"0), 1% Th02 Imparts a sLtSht overall Ina
crease In strength properties, although above 095 To these p-
erties are affeoted by void formation*

The tensile properties or pure W mid W-0*1.% TA single
orYstals (worked, and worked and recrystallized) investated
from R.T, to 120000 are shown to be affeoted by 0, partioularl
in the quenched condition,

0 An alloy screening program was oonduoted with W-25% Re and
1% Th02 and 1% 15N additibne a with single erystals oft W=34
Ta-O, The W-Re alloys have superor strength up to 24O0Oe A
yield stress of 47 kpsl was found at 160000 In the quenobd
W-3.5% Ta-C single oystal,

Reactions between ThO2 and li 0# an several oarblAes were
Investigated as was the reaction V+TaOe A phas diagram of the
W-Ta- system resulted.

This technical doowantary report has been reviewed and
Is approved.

1. Perlmutter
Chler, PhysioaZ Metallurwg Branch
l .tale and Coer=is Division
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I

I. INTRODUCTION

The problem of strengthening tungsten at high temperatures
( > 0.5 Tm) by a dispersed second phase has been the subject of
previous contraut programo documented in WADD Technical Reports
60-37, Parts I, II, III and IV (1,2,3 and 4). Particularly
relevant to this report is WADD Technical Report 60-37, Part IV.
The work discussed in the following sections represents a contin-
uation of programs which had yielded a certain measure of success
in the understanding of factors that control the high temperature
strength properties of tungsten. Four major programs were
carried out with the following objectives:

1. To investigate the tensile properties of a W-l% Th02
alloy which was made by a powder metallurgy technique using
thoria particles of submicron size and to elucidate further those
metallurgical factors that affect its high temperature strength
properties.

2. To determine the effect of heat treatment on the ten-
sile properties of carburized pure W and W-0.35% Ta alloy single
crystals as melted and after selected degrees of work.

3. To screen a few selected powder metallurgy tungsten
base alloys as potential high temperature alloy candidates for
further study.

4. To study the compatibility with tungsten of the dis-
persoids used in these investigations (1,2,3,4) and also the
thermochemical reactions which may occur between the dispersoids.

The results are presented and discussed in four separate
sections in the order presented above. The significance of the
results and their implications on a dispersed second phase alloy
development program are analyzed in the summary at the end of
the report.

Manuscript released by the authors May 1964 foz, publication as a
WADD Technical Report.
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II. THE EFFECT OF THORIA ON THE ELEVATED

TEMPERATURE TENSILE PROPERTIES OF HIGH PURITY TUNGSTEN

It has long been recognized that a second phase of hard
particles has a strengthening effect on a pure metal. At low or
intermediate temperatures (-<0.5 Tm), the strengthening effect
is thought to arise mainly from the interaction of dislocations
with dispersed particles. Above 0.5 Tm, dynamic recovery pro-
cesses greatly alter the deformation mechanisms from those simply
involving glide, and grain boundaries may act as sources of
weakness rather than strength because of grain boundary sliding.
Grain boundary sliding at high temperatures has been postulated
to be the primary factor giving rise to the formation of voids or
cavities at grain boundaries (5,6,7) which in turn cause premature
failure and poor ductility (8). Voids, once formed, can grow by
the condensation of vacancies from the equilibrium concentration
(5) or from the excess vacancies produced by the deformation (8,9).

The high temperature tensile properties of unalloyed tungsten
have previously been investigated by Sikora and Hall (10) and also
by Taylor and Boone (11). The purpose of the present work was to
investigate the effect of a dispersed second phase of thoria(l%
by weight) on the tensile properties of powder metallurgy tungsten
at intermediate (0.3 to 0.5 Tm) and high (0.5 to 0.7 Tm) temperatures.

1. Materials

The unalloyed tungsten was produced by a powder metallurgy
technique. The W-I% Th02 alloy was produced by dry blending of
thoria powder of submicron size particles with high purity H WO
powder, followed by hydrogen reduction. The reduced powder blend
was die pressed at room temperature and then resistance sintered
in a hydrogen atmosphere. The ingots were reduced to rod size by
swaging. The high purity tungsten was swaged to 78% R.A. and the
W-I Th02 alloy to 85% R.A. Buttonhead tensile specimens (gauge
diameter 0.093 in., gauge length 1 in.) were made from the swaged
ro'a by grinding. The analyses of the swaged materials are pre-
sented in Table 1.

2. ExPerimental Procedures

Tensile testing was carried out in a "hard" tensile machine
equipped with a resistance type vacuum furnace. The pressure at
all test temperatures was of the order of lO' mm Hg. Temperatures
were read with a micro-optical pyrometer. The temperature was
found to be constant during the test. A temperature gradient
determination over the specimen gauge length was made with .a
chlrom -arue"- t'ermocouple at l0uu-. The temperature variation
was not more than + 50C.

2
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3. experimental Results

Recystalization: The reorystallization response of the
two mterials was Investigated by correlating hardness measure-
menta with microstructural observations. The effect of annealing
(30 min,) on their microstructure is shown in Fig. 1 for the high
purity tungsten and in Fig, 2 for the alloy. It is apparent that
the grain size and morphology of the recrystallized materials are
markedly different. W-1% Th02 has an elongated grain structure
after annealing at all temperatures up to 2400oc, whereas the
high purity tungsten develops a fine grain equiaxed structure
when annealed above 1500oC.

The hardness data (Table 2) indicate the recrystallization
temperatures of the high purity tungsten to be about 14000 C. The
microstructural observations, on the other hand, indizate a
primary recrystallization temperature of about 15000C. This con-
firms tha earlier results by Koo (12) that two modes of recrys-
tallization occur in unalloyed tungsten: (1) below 15000C strain
induced grain boundary migration, and (2) at or above 150000
nucleation and growth. On the contrary, in the alloy there is
only one mode of recrystallization, namely strain induced grain
boundary migration (Fig. 2). The hardness values listed in
Table 2 place the recrystallization temperature at about 1650°C.

Tensile Test Results: The yield strength of the two materials
as a 4undti n or temperature and strain rates (8*4 x 10-5 and 3.3
x 10"C see -L) is shown in Fig. 3. A maximum in yield strength
occurs in both the pure tungsten and the W-l% Th02 alloy. This
maximum is shifted to higher temperature at the faster strain rate.
It can also be noted that the yield strength of the alloy is
grater than that of th pure tungsten throughout the test tempera-
ture range ( 800 0-2t0 C). Increasing the strain rate increases
the yield strength of both materials.

The ultimate strength decreases with increasing temperature
over the entire temperature region, but the alloy has higher
strength than pure tungsten at all temperatures; Fig. 4. The
magnitude of the strength difference decreases from 10,000 psl
at 1000oC to only 2,700 psi at 24000C. The effect of strain rate
on ultimate strength is summarized in Pig. 5 for the high purity
tungsten and Fig. 6 for the alloy. The data presented in these
figures reveal that the ultimate strength increases with increas-
ing strain rate.

The ductility, as represented by the total elongation, is
shown in Fig. 7. A maximum occurs in the temperature dependence
of the ductility of each material which apparently is not related
to the maximum in yield strength; Fig.'3. It is noted that pure
t"cn--n has b'tte k dueiiity than W-l% ThO2 below the maximum.

VQ1 below th maxmum



15000 C 24000C
FIG. I EFFECT OF ANNEALING ON MICROSTRUCTURE OF

SWAGED HIGH PURITY TUNGSTEN.
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AS SWAGED150C

18 0 C. 24000 C
,FIG. 2 EFFECT- OF ANNEALING ON MICROSTR~UCTURE OF

NSWAGED W-I%ThO2.



Table 2

Eff'ect of Annealing on Hardnieaq (Vickers) of~ Tungsten and W.1% ThOg

Vickers Hardness

AnnealinTOeMPO C. W-a% Th02 Tungsten

As Swaged 459 450

1000 mI
Iooo - 53

1200 - 438

1400 - 374

1500 427 374

1600 390 -

1800 379 -

2200 363 -

2400 378 371

7



"-HIGH PURITY
TUNGSTEN

O- W-I%ThO 2

20- El 3. 3x IO 2?SEC-'

)0I0

oU)

wcc, 13- HIGH PURITY
TUNGSTEN

2- W-1% ThO2
20-

C-8.4 x 1O-5SEC "'

I0

600 1000 1400 1800 2200
TEMPERATURE, OC

FIG. 3 YIELD STRENGTH OF RECRYSTALLIZED HIGH
TUNGSTEN aA a W-i% Th

8



0-HIGH PURITY
TUNGSTEN

40-- -W-1 0/T'102

-20-
0-

I0'

50 1o3 -HIGH PURIFY
TUNGSTEN

44- e-W- 1% ThO2

30- C-84 x IO 5SEC -

600 1000 1400 1800 2200
TEMPERAT11PF-o

FIG. 4 ULTIMATE STRENGTH OF RECRYSTALLIZED HIGH
PURlITY TUNGSTEN AND W-1% Th0.

9



z
U)

I 0.

2
10

00 0
0g

0 0

s 0 
o

0.*

(o~~ W(1

w

0

I SS3NLLS !DO1 - I

10



4

0
T wJ

W4

w

0 0 .0

o z
ow -

oov

wCL

0-4

ISd 'SS3HJ1S 90-1



W-HIGH PURITYs0

0-W-I% ThO2

2r

2 40

i-3.3xscf 2 SECnI0

2!

W0

JJ

I< - 0-HIGH PURITY0 
TUNGSTEN

-o O-W-I%ThO

4 -8.4xIO-5 SEC'0

Jj 0

600 1000 1400- 1800 220
TEMPERATURE, OCFIG. 7 DUCTILITY OF RECRYSTALLIZED HIGH PURITY

TUNGSTEN AND W-I%NTh 2 .

12



However, above the maximum, the reverse is true. The results
also show, as has been generally found for deformation of un-
alloyed tungsten at high temperatures (10,11) that better
ductility Is realized at the higher strain rates.

Fracture Behavior: Metallographic specimens were polished
in a 10% K OH solution and etched in an alkaline potassium ferrn-
cyanide solution. Photomicrographs of the fractures which
occurred are shown in Fig. 8 for the high purity tungsten and
in Fig. 9 for the alloy. A transition from a ductile to a
brittle intergranular mode of fracture occurred at 15000C for
high purity tungsten (Fig. 8), and at l00C for W-l% ThO2 (Fig.
9) tested at a strain rate of 8.4 x 10 0sec • Increasing the
strain rate by about three orders of magnitude to 3.3 x lO- 2sec-l
increases the transition temperature of the ductile to brittle
intergranular mode of fracture by approximately lS0OC.

It ls also apparent that large voids or cavities are present
in the fractured tensile specimens tested above 15000C (pure
tungsten) or 165O0 C (W-l% Th0 2 )0 and that increasing the strain
rate decreases the apparent void density. No voids were observed
in the unstressed tensile heads.

Microstructure of Uniformly Strained Gauge Sections: Micro-
structures of uniform gauge sections or the high purity tungsten
and the alloy are shown in Fig. 10. Of particular interest is
the effect of strain rate on the preferential sites for void
formation and on the deformation substructure. At lO0oC and
16S0OC, corresponding to the temperatures at which severe void
formation occurs in high purity tungsten and the alloy respective-
ly, voids are forped at boundaries parallel and transverse to the
tensile axis, at triple points, and also at sub-boundaries, ir-
respective of strain rate. At these temperatures the subgrains
produced by the deformation become smaller with increasing strain
rate; Fig. lOA. At an intermediate temperature (1850oC) and slow
strain rates, voids form preferentially at transverse boundaries
and triple points. At the fast strain rates, which give rise to
a much finer deformation substructure, voids are noted to form
also at sub-boundaries; Fig. lOB. At the highest test tempera-
ture (2400oC) voids are formed almost exclusively at transverse
boundaries and triple points in the high purity tungsten. How-
ever, a few voids form &t low angle boundaries in W-l% Th02
tested under the same conditions. A substructuro developes in
both materials at the fast strain rate; Fig. 10C.

A comparison was made between the grain size in the. uniform
gauge section and the grain size in the unstressed heads of
tensile specimens. In virtually all cases the grain slma in *NA

-heads is equal to or greater than the grain size in the uniform
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gauge sections. However, the amount of reduction in grain size
in the uniform gauge section tends to decrease with increasing
temperature or decreasing strain rate (Table 3). This suggests
that some degree of strain induced grain boundary migration did
occur*

t _Discussion

The data presented show that the addition of 1% thoria by
weight has a modest effect on the strength of tungsten over af wide temperature region (0.3 - 0.7 Tm). A comparison of the
results on high purity tungsten with the data published by
Sikora and Hall (10) and also Taylor and Boone (11) generally
show good agreement. However, the magnitude of the strength
and ductility of the various materials as a function of tempera-
ture, and also the temperatures at which maxima occur in the
tensile properties differ somewhat. The differences in tensile
properties are undoubtedly influenced by different amounts of
trace impurities* The anales reported in Table 1 suggest
that the tungsten presently investigated is probably tOe purest
tested to date.

The peak in the temperature dependence of the yield strength
of the high purity tungsten as well as that of the alloy (Fig. 3)
is suggestive of the type of effects which have been previously
attributed to dislocation - interstitial impurity interactions.
However, since it is unlikely that interstitial atoms can have
much influence on dislocation motion at temperatures at which
the peak is observed at the fast strain rate in pure tungsten
(1200-15000 C), or in W-l% Th02 (1200-16580 C)o the effect is
considered to be caused by a dislocation interaction with sub-
stitutional impurities or possibly by microprecipitationo

Theories of strengthening by precipitates were found to be
inapplicable to the results obtained on W-l% ThO 2 * The inter-
particle spacing (Ov 7 ) is too large to be of sgnificance in
the Orowan theory (13). The theory of Fisher, Hart and Pry (14),
which considers the incremental strain hardening due to the
formation of dislocation loops around dispersed second phase
particles, is also unsatisfactory in explaining the observed
strengthening. The yield strength of the alloy ls more mtrongly
enhanced by thoria than the ultimate strength, Fig. 3 ard 4. a
fact not supporting their theory.

A1 - A-.LQ .. h1. h.* .... r~.. A.A .I A

is the effect of thoria on the microstructure of tungsten. The
addition of 1% Th02 results in a large elongated grain structure
in the recrystallized condition, as compared to a finer equiaxed
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structure in the high purity tungsten. Also, unalloyed re-
crystallized tungsten is free of coarse sub-structure, whereas
sub-structure is retained in W-l% Th02 after recrystallization.
The present evidence suggests that the structural effect on
the strength is not related to microscropic grain size, in that
the small grained high purity tungsten has substantially lower
strength at intermediate temperatures (0.3-0.5 T ) than the
W-l% Th02 alloy which has a coarse elongated graTn structure.
It is possible that the improved strength of the alloy is par-
tially caused by the ability of the thoria dispersion to retard
dynamic recovery during testing (14), and to prevent the com-
plete removal of substructure during annealing (15). Previous
investigations have shown a correlation between tensile strength
and substructure. However, the effect of subgrain size on ten-
sile strength was concluded to be signifcantly less than the
effect of microscopic grain size (15).

In the high temperature region thoria appears to be rela-
tively more effective as a strengthener than at intermediate
temperatures. This is suggested by the ratios of the ultimate
strength of the alloy to the ultimate strength of the high
purity tungsten which increase at higher temperatures; Fig. 11.
Grain boundary sliding, which becomes controlling at higher
temperatures, is apparently decreased in the alloy because of
the irregular boundaries which are directly the result of the
thoria particles. The latter is indicated by the electron
micrograph reproduced in Fig. 12, which shows a grain boundary
held up by thoria particles. Also, the large elongated grains
of W-1% Th0 2 are more desirable in terms of strengthening at
temperatures above 0.5 Tm than the smaller equiaxed grains of
the high purity tungsten, since the rate of grain boundary
sliding is retarded by decreasing the total surface area (16).
Void formation, which has been shown to be related to grain
boundary sliding (5,6,7) in retarded in the alloy. The results
tabulated in Table 3 suggest that at temperatures near 0.5 Tm,
mechanisms which involve the condensation of vacancies from
within the matrix may also oontribute to void formation (8,9,10).
The improved high temperature strength at faster strain rates is
directly a consequence of the reduction in void formation.
Taylor and Boone (11) attributed this strength improvement also
to reduce void formation at faster rates. These authors claimed
that a higher degree of strain induced grain boundary migration
occurred at increasing strain rates and that the decrease in
void formation resulted from the increase in grain boundary
mobility. The results listed in Table 3 do not support this
conclusion.

Apparent activation energies have been determined as a
iKen.h1O mas oelcidatng the deformation mechanism(s) in-
volved. Plots of log for a given stress level vs l/T are
shown in Fig. 13 for high purity tungsten and in Fig. 14 for
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W-l% Th02 . The slopes of these plots (equal to Q/R) yield
directly the apparent activation energies. Values of the appar-
ent activation energies of high purity tungsten and of W-l% Th 2 ,
respectively, are plotted as a function of stress in Fig. 15.
The values of Q vary from 140 KCal/mole at low stresses (high
temperatures) to 72 KCal/mole at high stresses (low temperatures).
The value of 140 KCal/mole is in good agreement with the activa-
tion energy for self-diffusion in tungsten reported elsewhere in
the literature (18) and therewith t'1e activation energy for grain
boundary sliding which is approxi.mately the same as that for self-
diffusion. This result supports the metallographic observations
which indicate that grain boundary sliding is more pronounced at
the higher temperatures.

It is not possible to state unambiguously whether the spec-
trum of apparent activation energies calculated are the result
of stress dependent mechanisms, rather than temperature depend-
ent mechanisms. Several stress dependent mechanisms have been
proposed for the deformation of metals at low temperatures (19,
20,21). Although the results of this investigation differ in
many respects with the details of these models, it is the opinion
of the authors that the variation in the activation energies be-
tween 0.4 and 0.7 Tm reflect a stress dependent deformation
mechanism.
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III. EFFECT O CARBON ON THE TENSILE PROPERTIES
OF TSTEN AND W-M,35STa

Previous investigations of both polycrystalline (22) and
single crystal tungsten (3,14) have disclosed yield stress anoma-
lies (peaks and valleys) in the temperature region from 300 to
8000c which have been attributed to interstitial impurities.
Recently, internal friction and residual resistance ratio measure-
ments (4) have revealed that carbide precipitation occurs within
this temperature region. The objective of the work presented in
this section was to investigate the effects of carbon on the
tensile properties of both pure W and W-0.35%Ta single crystals,
worked single crystals, and worked and recrystallized single
crystals.

The alloy was chosen because prelminary high temperature
tensile tests on alloys of W-Te (1) and W-Nb(23) suggested these
alloys as suitable high temperature - high strength materials.

A* Pure Tu._sten and W-035Ta Single Crystals

1 Pre aration of Single Crystals and Test Procedure

The pure tungsten and the W-0.35%Ta single crystals were
produced from wrought Oo25O inch diameter rod by the electron
beam floating zone melting technique Unless otherwise stated,
these crystals were seeded to a [100J orientations Tensile speci-
mens having a 1 in. gauge length and a gauge diameter of 0.107
to 0.110 in. were ground from these crystals. The worked surface
of the ground specimens was then removed by electropolishing
about 0O010 in. from the gauge diameter.

Carbon dosing of specimens was carried out by the following
method: A specimen, Immersed in graphite powder which is con-
tained in a graphite crucible, is inductively heated to 18000C
in vacuum and held at that temperature for 15 minutes. This
results in the formation of a carbide case. Afterwards, the
specimen is annealed in vacuum for two hours at 22000C to diffuse
cerbon Into the matrix. Finally, the residual carbon case Is
removed by electropolishing. Some specimens were slow cooled,
others were quenched from high temperatures.

AA &UVJ0r"- Z4 M 8-. 4. A..4. 4 4 %Ammb VkA

A V~~U iIL %'d4L6UV 46&;iJ."a J6&& %A6.& & Wa. &4"V ID~.~ - J

Taylor and Ryden (24) was used for quenching. The quenching
procedure consisted of mounting a bundle of two to four specimens
in the rurnace, holding the bundle at temperature for the desired
time, and then quenching the specimens into a bath of molten
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indium at about 1620C. The quench was from 22000C after a 15
minute hold at that temperatures

Photomicrographs of two carbon dosed W-0.35%Ta crystals
showing typical carbide precipitate distributions in slowly
cooled specimens resulting from this non-equilibrium treatment
have been reproduced in Fig. 16. The carbide precipitate dis-
tribution in pure tungsten crystals is similar to those shown
in Pig. 16.

Tensile tests were conducted in a vacuum furnace mounted to
an Instron tensile machine. The strain rate was always 8.exlO'5/
sec. The time for the tensile specimens to reach test temperature
and stabili2e at that temperature was about 30 to 4S minutes.
Temperatures belrw 12000C were measured with a chromel-alumel
thermocouple and above 1200oC with an optical pyrometer.

2. Impurity Analyses

Carbon, vacuum fusion, and quantitative spectrographic
analysis of both pure W and the W-0.35%Ta single crystals are
listed in Table 1. Tantalum concentrations were determined by
neutron activation analyses developed by Corth for tantalum in
tungsten (25). The interstitial impurity values are average
values of the number of analyses listed in the brackets. It can

" noted that the carburizing procedure increased the carbon con-
,.ation by about 50 wgtoppm.

Residual resistance ratio measurements reported previously
( were also used to estimate the carbon concentration in solid
solutionq These measurements have been reproduced in Table 5.
The ,-esidual resistance ratio of a carburized and quenched
tungsten crystals was measured to be 39 Since pure tungsten
has a resistivity of 5.5 -L am at 2936K (26), a residual re-
sistance ratio of 39 is dquivalent to a resistivity of lAxlO-

4Jl cm at 4e2°K. If one assumes that this residual electrical
resistivity is caused entirely by carbon in solid solution and
further, that one atomic percent of carbon in solid solution will
increase the resistivity by l/AJ cm one estimates a carbon concen-
tration of 91 pp- by weight for a ratio of 39. Taking into account
the possible contributions of other interstitials to the residual
resistance, the value of 91 ppm by weight is in reasonable agree.
ment with the average value of 81 ppm by weight determined by the
vacuum combustion technique (Table i).

3* Tensile Test Results

Tensile properties were determined for the following condi.
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tIons: virgin (as grown), quenched, carburized, and carburized
followed by a quench. The temperature dependence of the yield
stress for the various conditions is plotted in Fig. 17 for
tungsten single crystals and in Fig. 19 for W-O.35%Ta single
crystals. The ductility as a function of temperature for the
same specimens is plotted in Figs. 18 and 20, respectively.
Discontinuous yield points or serrated stress-strain curves
were occasionally observed and are indicated by the subscripts
"yap." or "s", respectively, in these figures. The tensile
teat results have been listed in Tables 6 and 7.

a) Tungsten Single Crystals

The temperature dependence of the yield stress of the
virgin crystals and those virgin crystals which were quenched
exhibited small yield stress anomalies (peaks and valleys)
between 300 anu 8000C. The quench did e-.'ect these anomalies
somewhat. From 800 to 12000C, a relatively constant yield
3tress of about 5,O00 psi is measured in the virgin crystals.
No measurements have boen made above 8000C for the quenched
virgin crystals. Carburizing the virgin crystals results in a
pronounced increase in the yield stress between 300 and 12000 C
(Fig. 17)o Although the data of the carburized and quenched
crystals show substantial scatter, a constant yield stress is
suggested frkom 350 to 8000C. Two curves which possibly fit the
data have therefor* been drawn. Above 8500C the yield stress
falls off rapidly from about 60,000 psi to about 20,000 psi at
12000C.

The virgin and quenched virgin crystals also exhibit ano-
malies in the % R.A. and % elongation plots (Fig. 18) similar to
those noted the yield stress plots. The limited data for the
carburined 1 ala indicate that carburizine, !rer se does not
affect the two ducility parameters. Quenching, on the other
hand, has a pronou~nced effect oi"* the % elongation values of
carburized sinple crystals. Values of about 10% are measured
from 300 to 8&J°C. The % R.A. curve shziws a broad minimum from
500 to 9000C, but % R.A. values are still significantly large
(&pprox. 30-60%).

b) W-O. 5LTa Single Crystals

The tPemperature dependence of the yield stress of the alloy
(Fig. 19) is similar to that of the pure tungsten single crystals
for the vi-gin condition and the carburized condition. Small
anomalies are apparent in the carburized and qvorehed conditIon.
The W-0.35%Ta single crystals disclose a strong peak in yield
Ptrength as a function tf temperature, with a maxtmum of about
60000 psi at 6000C. The maximum yield stress is about four times
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Tabl
Residual Resistanco Ratiox sR 0 r . ) of as Melted and

Residual1p Treatment Resistance Ratio
W single crystal "as melted" 12,320

quenched from 22000C. 634
after 15 ain. hold

W single crystal aged after quenching 2,742
700 0C - 128 min*

W single crystal aged after quenching 3,385
700 0C - 512 min.

Carburized W "as carburized" 930single crystal

quenched from 2200 C 39
after 15 min. hold

age after quenching 190
700 0 - 126 min.

i aged after quenching 223
7000C - 512 miin.
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Table 6

Tensile Pr2oerties of Tungsten Single Caystals

As Grown (Virgin)

Test Temp° C 092% Yield Stress. Ult. Strength Elong R.A

100 46,2oo 53,000 0.7 00
200 L41,O00 53,500 23.8 89.0
300 22,800 43,500 21.5 86.0
400 12,200 32,000 108.0 82.0
500 7,150 27,200 80.0 80.0
600 4,900 2,800 114.0 81.0
700 6,500 24,000 124.0 100.0
800 5,000 16,700 75.0 100.0
1000 5,350 17,600 124.o 100.0
1200 5,300 17,000 128.0 100.0

As Grown (Quenched)

200 40,000 86,700 14.5 16.0
300 22,800 38,200 23.0 100.0
400 11,000 35,000 107.0 89.0
450 8,800 29,200 93.0 85.0
500 8,500 29,300 83.0 86.0
550 8,800 28,200 79.5 69.0
600 ,800 24,000 68.0 89.0
70 ,200 24,500 128.0 90.0
806 5,250 1,600 73.0 100.0

Carburized

400 11,000 38,ooo 57.7 100.0
600 9,700 32,O00 71.3 100.0
800 9,800 25,400 92.6 100.0
1000 9,750 22,000 132.4 100.0

(cont'd.)
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Table 6

Tensil. Properties of Tungsten Single Crystals (cont'd.)

Carburized + Quenched

Test Temp.°C 0.2% Yield Stress Ult. Strength Elong. R.A*

(lb/in2 ) (lb/in2)

300 65,000 74,000 9.5 63.0
146 66,000 72,500 9.0 72.0
500 70,000 72,000 7.6 63.0
600 57,600 63,500 5.1 42.0
788 66,000 72,000 5.2 30.0
800 57,600 59,100 9.6 63.0
1000 35,500 38,500 11.2 100.0
1200 209000 21,800 22.0 100.0

Carburized + Quenched
(24500C)

300 28,500 42000 22.0 67.0
300 35,300 56,200 18.0 65.0
500 55,000 55,000 11.3 60.0
600 57,000 57,000 10.0 78.
700 48,500 5o1oo o1 100.0
800 24 600 28,000 38.0 100.0
1000 14,150 21,000 79.0 100.0
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Table

Tensile Properties o' W-Qj3Ta Single-crystala

As Grown (Virginj

Test Temup.C 002 1 Yield Stres U.t. Strength Elong. R.A.
in lbn

30 98,050 14 ,500 12.0 14.4•
100 57,700 110,OOO 12.0 27.2
200 46,000 71,150 20.9 77.7
300 23,800 39,900 97.5 82.5
350 14,000 37,350 105.7 8.0
400 l,550 34,650 ND 6.I4
450 8,6450 32,550 103.1 77.5
500 13,250 32,750 93.5 68.0
550 5,750 27,550 95.5 66.0
600 15,650 30,850 10b.4 52.5
700 17,050 27,750 93.1 66.7
800 8,050 24,350 76.6 69.7
1000 5,700 23,400 66.4 ND
1200 7,000 20,000 49.0 ND
1200 7,600 17,000 33-0 ND
1400 5,700 10,700 70.0 ND
1600 2,900 6,100 f4.0 ND

As ron nhod)

RT 88,000 89,000 0.6 0.0
200 46,500 98,800 26.8 100.0
400 13,000 31,200 49.0 100.0
610 23,100 36,400 54.0 100.0

Carburized

RT 70,150 96,950 4.3 2.5
100 53,250 116,900 10.3 16.9
200 42,450 72,200 16.6 29.9
300 23,200 48,000 42.1 81.3
400 19,900 36,100 56.9 70.1
500 11,500 34,200 67.5 63.5
550 15,200 32,000 59o0 59.7
600 l6,C550 31,200 58.0 64.0
700 16,750 32,000 66.6 70.1
800 6,100 26,100 70.3 66.2
1000 9,4o 24,000 62.4 n
"100700 2k. 300 .9 ND
1200 9,Lo0 20,000 50.o ND
1400 8,100 10000 63.0 ND
1600 5,350 1,350 63.0 ND

ND - not datrmined (3ontinued)
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Table 7
Tenste ropertes ot W-0.35-a SinSle Crystals (Cont'd.)

Carburized + QuenChed

Test Temp.OC 0.2% Yield Stress Ult. Strength glong. .A.
(lb/in2 ) (lb/in2)

RT 74,000 76,500 6.0 7.5200 43,000 60,500 2.0 100.0300 16,500 42,500 88.0 79.0300 23,100 ND ND ND400 4,50oo 55,500 384 70.0500 5 o,000 60,200 18.0 48.0600 63,500 67,500 12o4 11.0700 5,000 57,500 33.3 82.0820 38,000 48,500 01030 11,600 30,000 8 10060100.oO

Carburized + Quenohed

300 82,500 85,500 18.9 70.0300 92,500 94,000 21.0 60,0400 62,9000 62,000 1.8 6o.
500 49,000 50,000 9.2 61.o6095, Ooo 5oooo 9.2 5;o.o600 55,000 57,000 12.0 56.000 56,000 63#000 30.7 530S000 27,200 31,500 84.7 100.0

ND - not dotormined
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that of the virgin or carburized virgin alloy crystals.

Anomalies (peaks and valleys) are also apparent in both
the %R.A. and % elongation curves of the virgin and the car-
burized virgin crystals, respectively (Fig. 20). The data
for the quenched virgin condition are too few to give a
definite pattern. A pronounced broad minimum in both ductility
parameters is noted for the carburized and quenched condition
corresponding with the strong yield stress peak.

c) Effect of Quenching Temperature

The different temperature dependencies of the yield stress
of the carburized and quenched tungsten and W-o.35%Ta single
crystals led to an investization of the effect of quenching
temperature on tensile properties. A constant yield stress
from 300 to 6000 C is evident for the carburized tungsten after
a 2200 C quench (Fig. 17), while a yield stress peak is apoerent
for the carburized alloy single crystals (Fig. 19). To better
understand this difference in behavior, crystals were quenched
from 245000 after a 30 minute hold at quenching temperature.
The effect of this quench on the tensile properties of the
materials is shown in Pig. 21. A yield stress peak with a max-
imum at 6000C rather than a plateau is now evident in pure
tungsten. On the other hand, the yield stress of the alloy
is greatly increased in the temperature region from 300 to
5000C, but the temperature dtpendence of the yield stress above
5000C is practically unaltere6. The minimum in yield stress
which occurred at 3000C after he 22000C quench is now observed
at 5000c.

A comparison of the magnitude of the yield streso from 300
to 1O00OO of carburized pure W single crystals quenched from
24500c with carburized W-0.35%Ta single crystals quenched from
22000C is made in Fig. 22. A close similarity is seen between
the data.

A well defined minimum in the % elongation curve is noted.
Overall, this material exhibits greater ductility after the
24500C quench than after the 22000C quench. The ductility of
the W-0.35%Ta is not as much affected. A strong decrease in
both % R.A. and % elongation is notod only at 30000.

d) Aging Effects in W-O. 35Ta Single CrZstal

Aging effects in tungsten singlt crystals were indicated by
the residual resistance ratio measurements of quenched virgin
Avmn- eec mi-n-W-O.35-%T-----e-- ysals were iate I::

Agin efect inW-O.35%Ta single crystals were investigated by
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yield stress measurements on carburized and quenched crystals,
rather than by residual resistance ratio measurements, since
large residual resistance ratios cannot be realized in the
alloy crystals because of the 0.35%Ta addition. Carburized
and quenched crystals were annealed at 4000C and 7000C, respec-
tively, for different aging times. Tensiles annealed at 4000C
wore tested at 4000C and tensilos annealed at 700oC were tested
at 6000C. The results are shown in Fig. 23.. As is evident
from this figure, a maximum of about 95,000 psi occurs after
320 minutes for the 4000C anneal. The maximum yield strength
of specimens annealed at 7000C is somewhat lower (about 60,000
psi) than for the 4000C anneal (95,000 psi) and occurs practic-
ally within the time required to bring the specimens to anneal-
ing temperature (,ov 30 min).

e) Strain Aging Effeots in W-0.35%Ta Single Crystals

The effect of aging on prestrained (1%) W-0.35%Ta single
crystals was investigated for all but the quenched virgin
condition. The effect of aging on the stress-strain curves
of the various specimens have been summarized in Fig. 24.
Specimens were tested at 30000. The difference between the
proportional limit and the terminal flow stress of the preced-
ing test was used as a measure of the strain aging effect. This
strain aging parameter is designated A e in Fig. 25, and the
magnitude of the yield drop as & y and is also plotted in Pig.
25.

As is evident from Fig. 24, no strain aging occurred in
any of the crystals tested after an 60 min. anneal at 3000 C.
Annealing at 6000C resulted in a discontinuous yield point in
all crystals tested. The magnitude of the yield drop is 2500-
4500 psi. The strain aging parameter 4 6' is about the same
for both the virgin and the carburized virgin condition. An
increase of about 35,000 psi for At was obtained for the
carburized and quenched condition.

The yield point return in carburized and quenched crystals
after various isochronal anneals (80 minutes) was further studied.
For this purpose, two additional prestrained (1%) carburized
and quenched specimens were annealed at 400 and 5000C, respective-
ly, and then tested at 30000. An indication of a yield point was
observed at 4000C and a pronounced yield point occurred after
the 5000C anneal; Fig. 25. The specim4ns annealed et 6000C ard
tested at 3000C were reannealed at 6000C and then tested at
6000C. Serrations were now evident in the carburized and
quenched specimen, but were not observed In the -S grown ...ci
men and the carburized specimen.
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4*.Optical and E1ectron Metallographl

Since carbide precipitation was clearly indicated in the
quenched and aged crystals, fractured tensile specimens of the
two materials were constantly examrined by optical microscopy
for the appearance of precipitates. Precipitates in carbur-

ized and quenched specimens were evident in low concentrations
only in tensiles tested at 10000C and high temperaturos. Such
precipitates in pure W and W-0.35%Ta are shown in Figs. 26A
and B, respectively.

Transmission electromicrographs of carburized tungsten
and W-0.35%Ta sIngle crystals are shown in Figs. 27A and B,
respectively. The occurrence of carbide precipitation on dis-
locations is inferred from the variation in contrast.

B. Worked and Recrystallized Pure Tungsten and W-0.35%Ta

In a previous investigation (4) the following results were
obtained:

1. A dilute (0#35%) substitutional alloying addition of Ta
increases the yield stress of tungsten single crystal
by about 2000-3000 psi in the temperature range 600-
1200°Ce

2. The addition of 0.35% Ta increased the recrystallizetion
temperature of heavily worked single crystals by approxi-
mately 4000C (from 12000C to l600C).

3. Recrystallization of heavily worked tungsten single
crystals resulted in a material with a large grain size
(0.55 mm avg.) which had a yield stress similar to that
of the single crystals.

4. Recrystallization of heavily worked W-0.35%Ta single
crystals, likewise resulted in a material with a large
grain diameter (0.12 rm avg.) which had a substantially
higher yield stress (approx. 10,000 psi) than the re-
crystallized tungsten single crystals.

In the light of the large effect of carburizing and quenching
on the mechanical properties of single crystals it was important
to extend this investigation to evaluate also the effeci- of carbon
on recrystallization temperature and the tensile properties of the
worked and recrystallized crystals.
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1. Preparation of Specimens and Test Procedure

Sections ( 2 to 3 in. long) of single crystals were car-
burized by the method described earlier. Some of the oarbur-
ized sections wre quenched prior to working to study the
effects of dynamic age hardening during working. Other sections
were quenched after working (recrystallized during quenching)
to study the effect of grain boundaries. The working procedure
consisted of encasing these crystal sections in stainless steel
tubing prior to rolling (approximately 50% R.A.).

Preheat temperatures were 7000C and 13000CO respectively.
The stainless steel cladding was removed after rolling by
dissolving in aqua regia, after which test specimens were fabri-
cated by grinding. Finally, about 0.010 to 0.020 inch of the
diameter of the ground specimens was removed by electropolishing.

2. Recrystallization Temperature of W-0.35%Ta

Two conditions were evaluated: (1) As carburized and (2)
carburized and quenched. The recrystallization respcnse was
followed by metallographic techniques and by hardness measure-
ments. Specimens were annealed for 30 minutes in vacuum. The
results are presented in Fig. 28. Recrystallization was 100%
complete in all cases after annealing at 16000C

It is also apparent from the data in Fig. 28 that quenching
the carburized crystals prior to rolling resulted in an age
hardening effect during annealing, .but there is no significant
increase in the recrystallization temperature beyond that
obtained by a 0.35%Ta addition. The data in Fig. 28 were
obtained for a crystal carburized to a carbon level of approxi-
mately 80 ppm by weight.

3a, .Tensile Test Results

a) An Worked Crystals

Tensile data were obtained on pure W and W-Oo3%Ta single
crystals which had been carburiztd and quenched first and then
rolled (approx. 50% R.A.) at 700'C and 900 C, respectively. The
results are presented in tables 8 and 9 and plotted in Fig. 29
which also includes earlier data (4) on worked (from 1100C
pure W and W-0.35%Ta single crystals. It is apparent that a
significant increase in yield strength has been achieved at the
expense of ductility, by carburiming and then quenching prior to
working.
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Table 8

Tensile Properties of Carburized and Quenched
Sinf .16r atlTungstenp Tolled at 700"C to 07 L*A*

Teat Temp*0C 02 jYield Stress* psi Ult. Strength, psl a lng.

600 109000 1050O0 1.0
909 000 99,000 7.0

1200 539000 514.,OO 20.3

Table 9

Tensile Properties of Carburized and Quenched W-0.35%Ta
RCo.lled at 9006C1 TO 50% MkoA

Test TOM. C 0.2% Yield Stres ps., Ult. Strenath, Bsi % lang.

600 l114.000 ll ,000 0.00
900 109,000 110,000 7.0

1200 83.5oo 859000 7.0

b) WokdadRo talzdCytl

Polyorytalline specimens were produced from the pure W#
the pure alloy and the carburized alloy single crystals by anneal-
ing at 16000C or quenchi~ng from 220000 after rod rolling to a50
R.A. from preheat temperatures of' 11000C. The grain ases ob-
tained In the various crystals by the hest treatments are listed
below In Table 10.

Table 10

Grain Size of Carburizedi and umenched W and W-0.39%Ta

Material Heot Treatment Mean Grain Sizes mm

Carburized Tungsten Quenched, 22000C 0,25
W-0:35%Ta Annealed, 16000C 0.12
V-4 35%T& Quenched, 22000C 0,55
Carburizeds W-0.~T Quenched, 22000C n0a35



A comparison of the tensile properties of pure carburized
and quenched single crystal tungsten with the carburized worked
and recrystallized tunsten crystal, respectively, is shown in
Fig. 30; Table 11. It is apparent that the yield strength
(over the temperature range compared) of the two materials is
similar efcept for a somewhat greater peak in yield strength at
about 600 C in the recrystallized crystals. The ductility of
the polycrystalline material is lower in the temperature region
below 7000C, Fig. 30.

Table 11

Tensile Properties of Carburized Polycrystalline Tungsten
Made from Single Crystal (quenched after rolling)

Test Temo.eC 0.2% Yield Stress, psi Ult. Strength, psi Elon R.A.

00 70,000 77,000 3.0 20
O0 68,000 74,500 2.5 0

600 74,500 76,600 1.0 0
700 70,500 78,500 4.0 12

1000 36,800 38,200 24.0 100
1200 23,000 23,500 36.0 100

The yield strength of the alloy crystals is shown in Fig. 31.
It is seen that the recrystallized W-O.35%Ta, having an average
grain size of 0.12 mm, has greater strength than the pure single
cryutal alloy. However, the yield strength of quenched (Table 12)
alloy crystals with the larger grain size (0.55 mm) below 70000
is similar to that of the single crystal material and more like
the smaller grain size (0.12 mm) W-0.35%Ta above 700o0.

Table 12

Tensile Properties of Polcrystalline W-0.35%Ta made from
Single Crystal quencneq after rollng)

Teat Temp.0C 0.2% Yield Strength, psi Ult. Strength, psiElong. R.A.

200 34,000 58,000 8.0 12.0
300 19,600 43,500 25.0 39.0
400 12,000 36,500 21.0 71.0
550 19,000 27,000 13.0 90.0
600 21,000 23,200 22.0 I0O.0
700 16,500 23,000 -5.0 100.0
800 15,300 28,000 25.0 100.0
1000 14,600 30,100 25.0 100.0
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The tensile data for carburized and quenched single and
polyerystalline (036 mm avg. gos.) alloy crystals is plotted
in Pig. 32; Table 13. The results show that the carburized and
quenched polycrystalline alloy crystals have a higher yield
strength than the carburized and quenched single crystals over
the entire test temperature region. As discussed previously,
carburizing and quenching Improves the yield strength of the
single crystals*

Table 13

Tensile Properties of Carburized Polycrystalline W-0.35%Ta

made from single Crystal (quenched after rolling) % %

Test Temp.C 0.2% Yield Stress# psi Ult. Strength. psi Elong. R.A_

250 82,000 8k,500 3.0 4.0
300 76,000 76,500 16.5 21.0
S00 79,000 91,000 2.0 5.0
00 79,000 89,000 4.0 5.0

800 67,500 76,500 2.0 3.0
1200 20,600 28,300 27.0 100.0

The ductility of the alloy crystals is also summarized in
Fig. 32. Generally, it can be said that the ductility of the
larger grain carburized and quenched polycrystalline alloy (0.36
mm dia.) is considerably lower than that of the carburized and
quenched alloy single crystals. Again, it is evident from the
microstructures of carburized single and polycrystalline tensile
specimens (Fig. 33) that carbide precipitation is responsible
for the large increase in yield strength.

C. Discussion

This investigation has disclosed that quench-aging of a
carburized pure or alloy tungsten single crystal is an effective
means of greatly improving strength properties over the tempera-
ture region of 300-10000C In the following some effects caused
by quench-aging are briefly discussed.

41 . Strengthening Mechanism

The limited solubility of carbon in tungsten (27) is in it-
self sufficient reason to consider carbide precipitation as a means
of strengthening tungsten. The following results can be inter-
preted in terms of carbide precipitation or the interaation of
dialoatin= with pracipitates.
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a) The increase in the residual resistance ratio after
annealing at 7000C (Table 4).

b) The great instability of the Snook internal friction
peaks (3).

c) The maximum in the yield stress which occurs after
short anneals at 7000C, or after longer anneals at 400oC (Figs 23).

d) The large increase in the yield strength of the car-
burized, quenched, and strain-aged alloy crystals (Figs 25).

Overall, these results leave little doubt that the large
increase in yield stress in the temperatare region In question
is caused by precipitation hardening.

The possibility of strengthen4ng by the Schoeck and Seeger
mechanis:m (28) (Snook ordering) is not controlling because
strengthening by this mechanism should be proportional to the
concentration of solute carbon in tungsten and should be inde-
pendent of test temperatures. The observed yield stress peak at
6000C is, therefore, inconsistent with the Schoeck-Seeger mechan-
IBM*

2. Yield Points and Serrations

Discontinuous yield points were noted oly below 6000C and
repeated yielding (serrations) from 600-1200 C. Discontinuous
yield points can be caused by either Cottrell atmospheres or
precipitation. Repeated yielding, however, has been solely
attributed to dislocation - interstitial interactions (28,29).
The latter requires the diffusion of interstitiel impurities for
which an activation energy can be deduced from Cottrell's equation
D a 10"9L (30) where D = Do exp(Q/RT). Taking for the temperature
the temerature at which the first indication of serrations in the
W-0.35XTa crystals were noted (60000)p and Do as 0.01, one calcu-
lates an activation energy of 45,000 cal/mole. This activation
energy is close to the activation energy for the diffusion of
carbon in tungsten, as determined by Internal friction measure-
ments (18) and indicates that the diffusing species are sarbop
atoms. If one assumes a dislocation densitT of about 10 cm-

and that one interstitial carbon atom per plan along a dislocation
will cause lockin , one finds that the carbon qoncentration
required for complete looking is about 1 x 10" wgt* ppm. It is
therefore surprising that serrations are not observed in all
conditions, even in quenched virgin tungsten single crystal.

3. The M fect of CQuenching Temperature

A'different temperature dependence of the yield stress has
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been found for carburized single crystals of W and W-0.35% Ta
quenched from 22000C after a 15 minute hold at quenching tempera-
ture (Figs. 17 and 19). The pronounced yield stress peak of the
W-0.35% Ta crystals is explained in terms of an aging effect;i.e. strengthening is realized once carbon precipitates from

supersaturated solid solution. Carbon in solution, even in
supersaturated solution, does not seem to contribute to strength-
ening. This assumption finds evidence in the low yield stress
value of the alloy at 3000C. How can one then explain the high
yield stress value of pure carburized and quenched tungsten at
3000C and the plateau which extends from 300-6000C?

The tungsten-carbon phase diagram (27) discloses that car-
bon has a solubility of about 60 to 80 wgt. ppm at 22000C and
about 150 wgt. ppm at the eutectic temperature. Since the car-
burized tungsten crystals contain, on the average, 81 wgt. ppm
of carbon and possibly greater connentrations, it can be assumed
that not all carbides were dissolved during the 22000C quench.
Consequently, nuclei or embryo are probably present at 22000C
which, upon quenching, cause accelerated precipitation and hence
the high yield stress in the temperature region between 300 and
600 C. This conclusion draws support from the fact that these
crystals, when quenched from the eutectic temperature (about
24500 C), exhibit a yield stress peak at 60000 (Fig. 21) and the
yield stress at 3000C has dropped to much lower values.

In a similar manner, the temperature dependence of the yield
stress of the alloy crystals, when quenched from 2450@C, reflects
the effects of accelerated aging. It is not known at present
whether the carbides precipitated in Pc W-Ta alloy are mainly
tantalum carbides, tungsten carbides, or complex tungsten-tanta-
lum carbides. In any case, the level of strengthening obtainable
in the carburized W-0.35% Ta alloy single crystals, under appro-
priate conditions, is about the same as obtainable in the car-
burized tungsten single crystals.

4. The Effect of Carbon in Recrystallized Tungsten and
W-0.35% Ta Crystals

Work hardening will, of course, greatly increase the
strength of pure or alloy tungsten single crystals. If the
crystals are carburized and quenched prior to warm working
(70u 1l00*C), dynamic strain-aging will occur during working,
resulting in a higher level of strength.

Upon annealing, the worked carburized tungsten single
crystals recrystallize at about the same temperature as the
uncarburized tungsten singlX crystals (12000C). Th addition of
0.35% Ta, however, increases the recrystallization temperature of
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tungsten by about 4000C (1200-1600oC). Carburizing the alloy
single crystals has no further effect on the recrystallization
temperature.

Recrystallization results in a large grain polycrystalline
aggregate (Table 10). The range of grain sizes developed is too
small to evaluate quantitatively the contribution of the grain
boundaries to the tensile properties.

The effects of alloying by Ta and/or C and the effects of
various treatmints on the yield stress of pure W single crystals
is shown schematically in Fig. 34. Data on commercial powder
metallurgy tungsten and polycrystalline W produced from single
crystals have been included in Fig. 34 for comparison.
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IV. SCREENING ALLOYS

The results of the investigation on the W-l%Th02 alloy and the
observed effects of carbide precipitation on the mechanical proper-
ties of pure tungsten and W-O.35%Ta single crystals and worked
single crystals, respectively, raised many questions primarily
with respect to the effects of the size, distribution, composition
and chemical stabilit, of dispersed second phase particles on
strength properties. No attempt, other than those reported in
preceding chapters, have been made to investigate these variables,.
A new contract (31) is to be Initiated shortly which will deal
with these variables in great detail.

Under the screening program two solid solution alloys with a
dispersed second phase present were chosen to be evaluated on a
screening basis for the purpose of answering two questions:
(1) How effective as a strengthening agent is a stable dispersed
second phase of thoria or HfN in the solid solution alloy W-25%Re,
and (2) how does a greater concentration of a solid solution
alloying addition of Ta affect the high temperature tensile
properties of precipitation hardening (carbon dosed and heat
treated) W-Ta alloy single crystals?

A* The Effect of l1Th02 or IlHfN on the

High Temperaure Tensile Properties ow-880Re

Alloys of the composition W-25%Re, W-25%Re-1%ThO2 and
W-25%Re-lHfN were produced by a standard powder' metallurgy
technique. Ingots 24 inches long x 3/8 inch square cross section
were compacted from sieved powder blends, sintered in hydrogen
to approximately 91% density, and swaged to about 48% R.A. from
preheat temperatures of approximately 17000C. Button head ten-
sile specimens were machined by grinding from the swaged rods.

Metallographic observation of the swaged rods revealed that
a high degree of dynamic recovery occurred during swaging. All
tensile specimens were annealed for 1/2 hour at 24000C before
testing. As shown in Fig. 35, this treatment resulted in an
equiaxed fine grain structure. The dispersoids which were
added as submicron size particles in the case of thorla, and of
micron size in the case of hafnium nitride, were present in the
annealed specimens in the form of large particles (7 1/M).

1. Tensile Test Results

Tensile tests were made at temperatures varying from 1500-
2400 0 C for two strain rates, 8.4 x 10-5 sec-l and 3.3 x 10-2 see .
The tensile data have been tabulated in Table lI and plotted in
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Tab le 14

Tensile Properties of Ww25%Re W-25%Re-1 ThO2

Allo Temp.C see 1 Yield Str.psi Ult. Str.psi Tot*Elongo R.A*

W-25Re 1500 3.3x10 "2  39,00 5b,200 77 74
1650 38,500 468,000 61L 71
1850 29,000 34,800 84 50
2250 14,700 I4,700 *1?4 64
2400 10,000 10,000 80 83
2400 8.4x10"5 5,050 5,800 32 20

W-25Re-lThO2 1650 3.3x10 "2  54#,200 56,300 18 22
1 185o 35,500 35,500 9 151850 34,100 34,900 12 12

2250 " 17,000 17,000 12 21
1850 8.4x"' 5  11,300 12,600 5 9
2250 2,350 3,200 8 9

W-25Re-1HfN 1500 3.3x10 56,900 64,200 28 38

1650 " 42,700 49,800 18 24
1850 31,200 32,700 20 24
2250 16,300 16,300 28 23
2250 " 16,700 16,700 31 20
2900 " 12, 00 12,300 27 29
1 50  8.4x1o 9,00 10,400 20 19
2250 " 2,100 3,000 8 11
2400 1,400 1,600 23 20

* - Did not fracture at end of croashead travel.

67



Fig. 35 Microstructure of Recrystallized

(1/2 Hr.;- 2400*C) W-25% Re. 50X

68



Fig. 36. The tensile data obtained on pure W under this contract
as well as other date reported in the literature for pure tungsten
(10,11) and a W-20%Re (32) have been included in Fig. 36 for com-
parison. It is zeen that the W-25%Re alloy has superior tensile
properties to unalloyed tungsten at temperatures below 24000C.
At or above 22000C, the tensile properties of the alloy are only
slightly better except for ductility than that of the high purity
tungsten. The addition of l%Th02 or 1% HfN to the W-25%Re solid
solution alloy has no further benefit on strength properties and
causes a loss of ductility.

2. Discussion of Results

The tensile data of the tungsten rhenium alloys, in agree-
ment with results nreviously reported by Pugh (32), show that
the solid solution alloying addition of 25% Re is quite effective
as a strengthener in the temperature region to approximately
24000C. The addition of a coarse dispersion of lTh02 or lHfN
has no further benefit on strength.

The improved high temperature strength of the W-Re alloys
is, no doubt, related in part to the effect of the alloy addi-
tion on void formation during testing. In all of the three
W-Re alloys investigated, void formation has been found to be
greatly reduced during tensile testing at high temperatures.
The result is apparently not simply one involving structure,
as indicated for the W-1%Th02 alloy previously discussed, since
the recrystallized structures of the W-Re alloys are very similar
to recrystallized high purity tungsten. Wedge shaped voids were
formed at 2250oC or above; however, the small spherical type of
voids at transverse or parallel boundaries which were prominent
in high purity tungsten ax.1 W-l%ThO2 were virtually absent. This
observation suggests that only Zener (33) type voids were formed
as the result of sliding. It is in regard to repression of grain
boundary sliding that a finely dispersed stable second phase may
provide the improvement needed to retain the benefits provided
by the substitutional alloying addition.

B. The Effect of Carbon Precipitates on the High Temperature....strength Propertles of' W-,3.5%Ta Sii.zle Crystals-

One single crystal of C100? orientation was produced by
electron beam floating zone melting of a powder compact of W-5%Ta.
The tantalum concentration of the "as grown" rod is estimated to
be 3.5%. This estimate is based on previous experience with the
same material identically produced (3).
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Four sections of the W-3.5%Ta single crystal were carburized
by the technique used for the W-0.35%Ta single crystals. To
insure the formation of a greater amount of a second phase, the
temperature of the high temperature vs~cuum anneal in the car-
burizing procedure was increased frora 22000C to 24000C and the
time at temperature extended from 2 to 4 hours. Three of the
four specimens were quenched from 24500C after a 15 minute hold
at temperature.

1. Tensile Test Results

Tensile tests were arrie out at 160000 and 2250 C at a
strain rate of U.4 x 10"  sec'l . The results of the four tests
have been suzmmarized in Table 15. The remaining two carburized
and quenched specimens wero tested at 2250 Ca

Table 15

Tensile Properties of Carburized and Quenched" W-2.5%Ta S ingle Crystals

Test Temp. Condition 0.2% Yield Stress Ultimate Stress %Elong-

16000 C carb. 29,500 46,000 12
16000C carb.4quench 47,000 51,000 12
2250°C carb.+quench 4,800 5,000 33
22500 C carb.+quench 3,700 3,900 51

At 16000C the carburized alloy single crystal has a yield
strength about 4 times that of pure tungsten. Upon quenching,
the yield stress at 160000 is raised from 29,500 to 47,000
(i.e. increased by about 60g), but the ultimate strength is essen-
tially unaffected. At 2250 C the yield stress has dropped to a
value of about twice that of pure tungsten. Typical microstruc-
tures of the fractured specimens are shown in Fig. 37A, B and C.
A profusion of precipitates are present in the specimens tested
at 16000 C, but are absent in the specimen tested at 22500C.

2. Discussion of Results

The strength increase which has been realized at 16000C in the
as carburized W-3.5% Ta alloy single crystal must be attributed in
part to solid solution hardening. This follows from the fact that
carburizing and qtenching W-0.35%Ta single crystals has little effect
on the yield strength at 12000C. The further increase in strength
of the carburized W-3.5% Ta alloy upon quenching is obviously
caused by precipitation hardening. Like in all precipitation
hardened alloys, strength is lost once overaging occurs.
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J,4

Fig. 37A Photomicroigraph of Fig. 37B Carbon Replica of
Carburized and Quenched Single W-3 .5% Ta Carburized Plus
Crystal, Tested 16000C 500X Quenched Single Crystal, Tested

16000C 5000X

Fig. 37C Photomicrograph of
W-3.5% Ta Single Crystal Car-
burized and Quenched, Tested at
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At temperatures below about 1800°C, good creep properties
can be expected. Higher concentrations of Ta and C hold promise
of additional strength improvements over those already obtained.

V. THEREOCHEMISTRY OF DISPERSED SECOND PHASE IN TUNGSTEN

Studies on the decarburization of TaC, and the behavior of
Th02 in the presence of W and some other refractory materials
when heated In vacuum were completed. A sufficient number of
melting point determinations were made on various W-Ta-C composi-
tions so that the liquidus surface for this system could be
visualized; and models and diagrams defining the apnroximate
W-Ta-C liquidus surface were constructed. The bulk of the
experimental work was centered around a modified electron beam
furnace and a thermogravimetric vacuum balance. Samples were
monitored and analyzed primarily by spectrographic and X-ray
diffraction analysis.

1. Automatic Recording Balance

Equipment was assembled which permits the thermogravimetric
analysis (TGA) and differential. thermal analysis (DTA) of samples
to approximately 25000C in vacuum or inert atmospheres. The
general assembly is shown in Fig. 38. The furnace (R.D. Brew and
Co., Model 1030) has a stainless steel vacuum chamber. In the
view shown in the photograph, the door swings open toward the
instrument panels. The tantalum heating element is of the "clam
shell" type to facilitate sample sample handling. The sample
crucible is suspended by means of a hang-down . - extending
from the balance beam through a connecting pyr, tube and into
the furnace hot zone. Temperature control and measurements are
affected by means of W-W/26%Re thermocouples.

The balance (see Fig. 39 also) is a Ugine-Eyraud, Model B-60.
The balance operates by the interaction of an optical and sole-
noid-magnet system. A weight change causes a cnange in the angle
of the balance beam and this deflection activates a vhotocell.
The cell, in turn, causes a current variation and creates a counter-
balancing action which restores the beam. Weight change is thus
measured (and recorded) as current intensity. The general arrange-
ment of the solenoid coil, optical system ("black box" in the
illustration), and the balance beam can be seen in Fig. 39.

The control and recording instruments (Honeywell), D, E and
F of Fig. 38, are more or less standard andj therfrO, will not
be discussed in any detail here. The following comments might be
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Fig. 38 Automatic Recording Balance
Assembly. (A, vacuum pump
unit; B, furnace; C, balance;
D, program controller; E,
Temperature and DTA recorder;
P, TGA recorder)
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Fig. 39 Continuous Recording Balance
With Vacuum Housing Riaised
and Case Open
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pertinent, however. When on automatic control, the furnace may
be either heated or cooled at any desired rate up to a maximum
speed of 250C/min., and when heated at constant temperature, the
temperature can be maintained to within + 5oc. Weight loss (or
gain) recordings can be made that are accurate to within + 0.1 mg.

Fig. 40 is a view of the furnace elements and shielding.
The movable electrode has been swung out on its hinge in order
to show the heat shields and general structure. Two crucibles
can be seen here. The upper crucible is suspended from the
hang-down wire for TGA; the lower one is supported on a roO and
will be used for DTA. Thermocouples pierce the furnace tank
wall by means of vacuum tight conax fittings. The outer shield
as well as the heavy copper block electrodes are water cooled.
Note the vacuum exhaust por-t in the rear wall of the tank.

2. Decarburization of TaC

Fine Fansteel TaC (3 A . total C=6.34%) and coarse material
from Gallard nnd Schlesinger (4 5 k , total C=6.07%) was mixed
and pressed into compacts. Loose powders and pellets were also
fired. Measurements with the vacuum balance indicated that very
slow initial decarburization may start as low as 12500C. At high
temperatures (20000C or higher) decarburization is rapid. Fig. 41
shows a polished section from a TaC compact fired in the EB furnace
for 20 minutes at 3325 C. X-ray diffraction measurements made on
the outer surface of the decarburized section showed that it was
composed of Ta2C. Thus, ecarburization proceeds according to
the reaction

2 TaC -, C + Ta 2 C, (1)

which is in agreement with the literature (34).

Hardness measurements (Knoop) made on the decarburized edge
and the compacted center ol" this compact gave average values of
1535 and 560, respectively. A compact fired for approximately the
same length of time but at 29 OC gave an edge value of 665, and
a third compact fired at 2725"C gave an edge value of 375. The
Knoop hardness for TaC crystals (Gallard and Schlesinger) was
found to be about 3180. The hardness measurements suggest that
consolidation of the decarburized material continues as the tempera-
ture is increased. It also appears that TaC is considerably
harder than Ta2C*

3. The W-Ta-C Liquidus Surface

Forty compacts varying in composition so as to follow the
two join lines shown in Fig. 42 were prepared from W, Ta, TaC and
WC components. Their approximate melting temperatures were deter-
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Fig. 40 View of Vacuum Furnace With
Element Opened For Loading.
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Fig. 41 Polished Section of' a Ta-C
Compact Fired at 3325*C for
20 Min. in the EB Furnace.
Decarburized Skin is Light
Section at the Rlight.
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mined by heating in the EB furnace. Temperatures were corrected
for emissivity and optical absorption by the bell jars and the
melting temperature accuracies were estimated to be within + 25 C.
A preliminary Plexiglas model was made defining the periphey of
che W-Ta-C ternary based on binary data given by Goldschmidt and
Brandt (27), and English (35).- This model is shown in Fig. 43.
By combining the binary data with the ternary melting point deter-
minations, it was possible to map the approximate liquidus sur-
face for the W-Ta-C system. The result is shown in Fig. 44 in
which arrows are drawn on the heavy lines separating the primary
phase fields. The arrows point toward regions of lower tempera-
ture and converge at two eutectics having the approximate com-
positions 50W-3OTa-20C and . . ndicated
in the region corresponding to the empirical composition W2 (TaC).
Approximate melting points of these three points were found to
be 27000, 26000, and 28500C, in the order given. A clay model
was constructed in order to illustrate the salient features of
the liquidus surface and this is shown in Fig. 45e

Three metallographic sections were taken along the Ta-C-W
join near the tungsten-rich corner of the W-Ta-C system. These
have the approximate compositions shown by a, b, and c on the
diagram of Fig. 44 and the structures obtained are illustrated
in Fig. 46. Section (a) resembles the pearlitic-type structure
obtain by Lally and Hiltz (36) upon firing TaC-coated tungsten
rods for two minutes at 60000F. X-ray diffraction patterns were
taken, but the results were inconclusive. All three sections
gave patterns corresponding to W, (W,Ta) C, and W,Ta)2C with (b)
and (c) showing the higher concentrations of the two solid-
solution carbides. A more specific analysis would require more
carefully controlled firing conditions than those used in these
melting experiments.

40. ThO2 Reactions with W and Some Other Refractory Materials

Thoria is of considerable interest as a dispersoid in
tungsten; and although it has been a constituent in tungsten alloys
for many years, its behavior in this matrix has not been clearly
defined. Some thermogravimetric experiments supplemented by X-ray
diffraction analyses were performed in the hope that they would
throw some light on this problem. Experiments with mixtures of
thoria with some refractory carbides were also run in order to
determine the compatibility of thoria with these materials.

a) Thoria + Tungsten Reaction

Samples of tungsten, thoria, and a thoria + tungsten mixture
were fired in the vacuum thermobalance to approximately 2250°C.
The results are summarized in Fig. 47, where it can be seen that
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Fig. 4i3 An Early Stage in the Construction of a
Plexiglas Model of the W-Ta-C Liquidus
Surface. Grid Spacing Equals 1000C. and
the Base of the Model Represents 2L400 0C.
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Fig. 45 Clay Model off W-Ta-C
Liquidus Surfface. "Peak"
in Background is TaC.
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Fig. 46 Metallographic Sections Taken Near
the W-Rich Corner of the W-Ta-C
System.
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there is no evidence for weight loss of a Th02 + W mixture due
to chemical reaction. Within experimental error, the sum of
the thoria and tungsten curves is equal to the curve produced
by the mixture. An even closer match would be expected if
certain bulk geometry corrections had been incorporated in the
data. X-ray diffraction data taken both on fired and unfired
mixtures gave patterns for W and Th02 only. The results are in
agreement with Ackermann et. al (37), who suggest that there is
no chemical reaction between W and Th02 but that thoria may
volatalize from the mixture via two possible paths: i.e.,

~ ThO2
ThO2 (S) Th (g) (2)

ThO (g) + 0 (g)

The authors also state that any thoria loss involving the
formation of free Th metal would require the presence of a re-
ducing agent such as carbon. A number of ThC2 + C mixtures were
fired in the vacuum thermobalance and the resuilts are summarized
in Figs. 48 and 49. It was observed that reaction starts at
about l14.00OC, which is in good agreement with Kroll and Schlechter's
(38) observation of 13bOOC. Either the monocarbide or dicarbide
is produced via the reactions

Th0 2 + 3C -'p ThC + 2Co, or (3)
Th02 + 4C :---- ThC2+ 2Co (4)

ThC was found to be cubic with a@ 0  5.30 , and was formed
preferentially when ThO, was present in excess. ThC2 is pseudo-
tetragonal or mono-clinic. It was formed rather than (or from)
the monocarbide when C was present in excess. This behavior of
ThO In the presence of C is well-substantiated by earlier workers
(39,40O,4,42,43). The statement made by Ackermann, et al (37),
that cearbon present as an impurity in thoriated tungsten will
produce thorium metal at about 20000 K via the reaction

Th0 2  (s) + 2C -(S = Th + 2C ( ()( " (1) 2c(8) (

is incorrect. This reaction does not occur, even though it may
be thermodynamically feasible. Both ThC and ThC2 are quite stable
in this temperature region as can be seen from Fig. 48, so these
compounds do not appear to be likely sources of free Th. Another
ivmortant observation to be made from Figs. 46 and 49 is thet when
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LEGEND
SAMPLE SIZE ONE GM.,
HT'G. RATE 12 I/20/MIN.
WT. % C: o = 5(EXCESS ThO2 ),
A= 20(EXCESS C), 0=15.40
(STOICH. FOR ThC 2), AND
x =-12.01 (STOICH. FOR ThC)

2000 , __.... . ....

1900- 200

-1800-

1700-
-150

w1400- -100
-1 -

a 1300

1200 -5

~I55O

1100-

1000 READ

0 10 20 30 40 50 60 70 80 90 1 I10 120
TIME (MIN.)--

FIG. 48 WEIGHT LOSS OF ThOz2 +C MIXTURES HEATED TO
20000 C. (ARROWS INICATE THFORFTIAL i L(q
EXPECTED.)
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INDICATES THEORETICAL LOSS EXPECTED.)
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ThO 2 is present in excess, it gradually volatilizes. It can
be seen that this volatilization starts somewhere between 1b5O0C
and 20000 C. Very likely it is defined by equation (2), or some
modification of this reaction. The fact that thoria volatiliza-
tion starts at about the same temperature that Schneider (44)
first finds free Th in thoriated tungsten filaments is of con-
siderable Interest since it suggests the possibility that the
Th may form via some reaction in which one of the gaseous
phases of thorium oxide plays an !mportant role.

b) Thoria +WC Reaction

Thoria mixtures containing various amounts of WC were fired
to 20000C in the vacuum thermobalance. The result4 are illus-
trated in Fig. 50. Reaction begins at 1500 - 1700 C, and accord-
ing to X-ray analyses and stoichiometry is defined by the follow-
ing equation:

ThO2 + 3WC -- 3W + ThC 4 2Co (6)

Unlike its reaction with carbon, thoria does not produce
thorium dicarbide when reacted with tungsten carbide. Instead
this work indicates that the monocarbide produced via equation
(6) reacts with additional tungsten in the 19000. 20000C region,
probably as follows:

ThC + 2W - W2C + Th (7)

Thorium has not as yet been identified here as a reaction product,
but W2C has. Note that equations (6) and (7) offer a possible
mechanism for the depletion of thoria from tungsten via the
formation of thorium, with a carbon contam1nant (WC) as a
reducing agent.

c) Reactionb of Thoria and Some Other Carbides

Mixtures of thoria with W2C, NbC, or TaC were fired in the
vacuum thermobalance. The first of these was taken to 20000C,
the other mixtures to 22500C. The results are shown in Fig. 51.
There is little evidence of chemical reaction with W C, which is
in line with observations made in the previous section. An X-ray
diffraction pattern indicated that the original W2C material (a
sub-micron product from Ciba) contained a fairly high concentration
of free W. X-ray patterns of fired and unfired mixtures of ThO2 +
W2C were about the same. In the NbC + ThO2 mixtures, the fired mix
w th the higher thoria concentration showed NbC plus an unidentified
compound (weak indication); the low thoria concentration mixture
showed only NbC by X-ray analysis. Analysis of the TaC + ThO2
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LEGENDSAMPLE SIZE ONE GM., HT'G RATE 12 1/2*/M IN.
WT %WC: a u25 (EXCESS ThO2), a =84.17
(EXCESS WC), 0= 74.79, AND x 69.0(STOICH
FOR ThC).
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FIG. 50 WEIGHT LOSS OF Th02 +WC MIXTURES HEATED TO
20000 C. (ARROWS INDICATE THEORETICAL LOSS
EXPECTED.)
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LEGEND
SAMPLE SIZE ONE GM.,
HEATING RATE 12 I/20/MIN. 150
WT. % CARBIDES:---= 25 W2 C,
x = 80 NbC, a= 68.7 ToC,
0= 54.4 NbC
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FIG. 51 WEIGHT LOSS OF VARIOUS ThO2 + CARBIDE MIXTURES.
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fired mixture showed the presence of ThO2, TaC, and a third
compound tentatively identified as Ta2C. The weight loss curves
seem to bear out the conclusion that there 1s little or no
chemical reaction between the carbides of Nb or Ta with Th02 .
The reaction appears to be primarily physical; i.e., the
volatilization of the Th02 as one or more of the gaseous thorium
oxide species.
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VI* SUM1ARY

This investigation has brought forth significant results
which allow one to assess the potential for the successful
development of a high temperature strengthened alloy of tungsten
on a considerably more refined basis. The results especially
lend weight to the theoretical prediction that this alloy will
be a dispersion strengthened alloy and not a precipitation
hardened alloy. Major problems in the development of this alloy
have become apparent.

The area which deserves the greatest immediate attention is
the processing area. All theories of dispersion strengthening
require a fine particle dispersion but in none of the alloys
investigated under this contract was such a dispersion achieved.
The processing methods employed included high temperature sinter-
ing for the consolidation of the alloys which resulted in either
decomposition or agglomeration of the dispersoids. An advance-
ment of the art of compact consolidation is one of the more
urgent requirements.

None the less, the modest increase in strength achieved in
the dispersion hardened alloys revealed valuable information
which will be of much benefit for future developments of high
temperature, high strength alloys. The 1% thoria addition had
a large effect on the structure of tungsten, which in turn
influenced the high temperature tensile properties. The results
indicate that the structure factor was primarily responsible for
a large reduction in void formation during tensile testing. A
significant result of the work under this contract is the qualita-
tive correlation between void volume formed during tensile defor-
mation and tensile strength: The lower the void volume, the higher
is the strength. At present, there is little known about the
void formation process. Strain rate greatly affects the process
of void formation. Faster strain rates cause less void formation
and higher tensile strength and vice versa. Thus alloying for
creep resistance will, no doubt, be the major difficulty in a
high temperature alloy.

Grain boundary sliding is an important factor in high
temperature creep. As stated above, the results showed that the
coarse thoria dispersion greatly affected grain growth during and
after recrystallization. This result offers the hope that a fine
dispersion will also aid high temperature creep resistance.

It is, however, apparant that purity piys an importanD role
in void formation. The largest void volume was found in pure
tungsten. The void volume was somewhat reduced in W-l% ThO2 and
greatly suppressed in the W-25%-Re alloys tested at the same
tempe ra tures.
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The large increments in strength which were obtained in the
carbon doseds heat treated and aged single crystal of W, W-O.35%Ta
and W-3.5% Ta have clearly demonstrated that a fine dispersion of
submicron size particles can be very effective in strengthening
tungsten. While overaging limits the usefulness of those alloys,
a fine dispersion of chemically stable particles in tungsten and
more so in W-Re or W-Re-Ta alloys would extend the temperature
range of their usefulness.
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