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FOREWORD

This report was prepared by members of the sclentific staff
of the Metals Research Section of the Lamp Divislon of Westinghouse
Electric Corporation, under USAF Contract No. 3}(657)-82&7. This
contract was initiated under Project No. 7351, "Metallic Materi-
als", Task No. 735101, "High Temperature Alloys." The project
was administered under the direction of the AF Materials Lab.,
Research and Technology Division, Alr Force Systems Command, with
Mr., J. K. Elbaum as project englneer. This report presents the
results of research and development conducted during the period
from June 1, 1963, through April 30, 1964,

The authors of this report have shared in the execution of
the various programs of the contract, as follows:

Project Manager - HoG: Sell

The Effect of Thoria on the Elevated Temperature
Tensile Properties of High-Purlty Tungsten - G.,W, King

The Effect of Carbon on the Mechanical Properties
of Tungsten and W-0.35% Ta ~ R.H. Schnitzel

Screening Alloys: W-25% Re, W-25% Re-1% ThOo = G.W. King
W-25% Re-1% HfN, W-3.5% Ta-C - R.H. Schnitzel

Thermochemistry of Dispersed Second Phases in
Tungsten - N.F. Cerulll

The authors wish to thank Messrs. W.R. Moreom and R.C. Koo
for assistance and helpful suggestions. They acknowledge with
gratitude the contributions of Dr. Lul 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
(carbur%zing, heat-treating, specimen preparation, and tenslle
testing).
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ABSTRACT

Tensile properties of high purity powder. msteliurgy tungsten
and Wal¥ ThOy slloy were determined at vericus strain rates and
temparatures (800-2400°C), 1# ThOy imparts & slight overall ine
creage in atrength properties, although above 0,5 T these prop-
erties are affested by void formation,

The tensile properties of pure W and w«o.3§s Ta single
orystals (worked, and worked and reorystalliged) investigated
fron RoTe to 1200°C are shown to be affected by O, particularly
in the quenched condition,

An elloy soreening program was conducted with W-25¢ Re, and
18 ThOp end 1% HEN additions, and with single oryatals of W«3.5%
Te«0, The W~Re alloys have superior strength up to 2800°C, A
yield astress of U7 kpsi waes found at 1600°C in the quenched
He3.5% Ta=0 single czmystal,

Reactions bstween T™hOp and |, 0, and @everal carbides were
investigated as was the retction W+TaCe. A phase diagrem of the
W=Ta=C systsm résulted, : '

This techniocal docuxmdatary report has bsen roviewed and
is approved.

<) Bl M.

I'J“l;u“;ru Metellwrgy Branch

Chiaf sio wrgy ;
tals aﬁﬂ Oeramics Division !
¥ Haterials Laboratory
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I, INTRODUCTION

The problem of strengthening tungsten at high temperatures
( > 0.5 T,) by a dispersed second phase has been the subject of
previous contract programs documented in WADD Technlcal Reports
60-37, Parts I, II, III and IV (1,2,3 and 4). Particularly
relevant tc this report is WADD Technical Report 60-37, Part IV,
The work discussed in the following sections represents a contin-
uvation of programs which had ylelded a certaln 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-1% ThOp
alloy which was made by a powder metallurgy technlque using
thoria particles of submicron slze 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 thelr 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 for 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 Th), the strengthening effect .
is thought to arise mainly from the lnteraction of dlslocatlons
with dispersed particles., Above 0.5 Ty, 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). Volds, once formed, can grow by
the condensation of vacancies from the equilibrium concentration
(5) or from the excess vacancles produced by the deformation {(8,9).

The high temperature tensile propertles of unalloyed tungsten
have previously been investigated by Sikora and Hall (10) and also
by Taylor and Boone (1l)., The purpose of the present work was to
investigate the effect of a dispersed second phase of thorla (1%
by weight) on the tensile properties of powder metallurgy tungsten
at intermediate (0.3 to 0.5 T,) and high (0.5 to 0,7 Ty,) temperatures.

1., Materials

The unalloyed tungsten was produced by a powder metallurgy
technique. The W-1% ThO, alloy was produced by dry blending of
thoria powder of submicron size particles with high purity HpoWOy
powder, followed by hydrogen reduction., The reduced powder blend
was dle pressed at room temperature and then resistance sintered
in a hydrogen atmosphere. The ingots were reduced to rod size by
swaging. The high purlty tungsten was swaged to 784 R.A. and the
W-1% ThO, alloy to 85% R.A. Buttonhead tensile specimens (gauge
diameter©0,093 in., gauge length 1 in.) were made from the swaged
rod by grinding. The analyses of the swaged materlals are pre-
sented in Table 1,

2. Experimental Procedures

Tensile testing was carried out in a "hard" tensile machine
equlpped with a resistance type vacuum furnacg. The pressure at
all test temperatures was of the order of 10°° mm Hg. Temperatures
were read with a micro-optical pyrometer. The temperature was
found to be constant during the test. A temperature gradient
determinaticn over the specimen gauge length was made with a
chromel-alumel thermocoupie at 1000°C. The temperature variation
was not more than + 5°C,




0ofe
R*°0
TIR

L]
9G*0
2°0
ans
€°0
9°0
%*0

90°0
te

L1°0-
£°0
Hel

R26°0

1IN
COULYT-M

cfxowow ©@9JINOS UO
*)Xrnq uy pezeldeades J0 eo®

T°0 ql
aN»* 13!
$°0 Qd
€ el
aON#% ng
ans PN
AN#* Id
aR» ]
f*0 g
¢ 8D
aN# qs
1°0 ug
aN# uyx
anNs* 3y
1Y o O
AN X
1°0 a8
aN» Qi
AN#* <8
aN* sY
AN L £)
" L0°0 uz
ueq sduny, FUSMOTH
£33and ©3TH

T 03 enp s} £3jandwy sTyYy Jo 3aed J0 IV - H#
Jans woaJ eq Lem {L3jandwy snoeusBowoyur ~ QN#

poutmie3zeq JON - JgN+#

c )
osh S
L°0 €0°0
ol 0t
: i
S0 1
ms ot
| ¢
A T
L 4
SS (1] 8
09t of
L ol
6 (12 ¢
.8°0 ans
AN#00¢ (0] 8
AN#000 ‘2T 001
62 Cct
001¢ ot
5°0 1°0
| 1°0
00lt aN#
COULFT~M o3 s3ung
£3yand y3tH

{(omde 39 )20UI¥T=M puv noanWWQB £31ang ﬂmﬁm
JO sysAreuy oJ3emox3oedg SSeY ©9an0S PILOS

T ©1quy

Wttt W 8
momERERRnOMS>GERSES

¥

e 0O

JusuelH

Ao




3. Experimsental Results

Rocggatallization: The rocrystallizatioﬁ response of the
two materlals was investigated by correlating hardness measure-~

ments 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% ThOp has an elongated grain atructure
after annealing at all temperatures up to 24,00°C, whereas the
high purity tungsten develops a fine grain equiaxed structure
when snnealed above 1500°C,

The hardness data (Table 2) indicate the recrystallization
temperatures of the high purity tungsten to be about 1400°C. The
microstructural observations, on the other hand, indizate a
primary recrystallization temperature of about 1500°C. This con-
firms tho earlier results by Koo (12) that two modes of recrys-
tallization occur in unalloysd tungsten: (1) below 1500°C strain
induced grain boundary migration, and (2) at or above 1500°C
nucleation and growth. On the contrary, in the alloy there is
only one mode of recrystallization, namely strain induced grain
boundary migration (Fige. 2)e¢ The hardness values listed in
Table 2 place the recrystsllization temperature at about 1650°C.

Tenslle Test Results: The yield strength of the twe materials
as a :uncEI n ol temperature and strain rates (8.4 x 10-5 and 3e3
x 10=< sec~1) is shown in Fig. 3. A maximum in yield strength
occurs in both the pure tungsten and the W-1% ThO, alloy. This
meximum 18 shifted to higher temperature at the faster strain rate,
It can also be noted that the yleld strength of the alloy is
greater than thag of thg pure tungsten throughout the test temperae

ture range ( 800°C~24400°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 psi
at 1000°C to only 2,700 psi at 2400°9C. The effect of strain rate
on ultimste strength is summerlized in Fig. S 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 rats.

The ductility, s= 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 1s not related
to the maximum in yield strength; Fig." 3. It 1s noted that pure

S e dam [ Y W WD s
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ungsten has bolter duetility than Wel% ThO, below the maximum.




1500°C " 2400°C

FIG.1 EFFECT OF ANNEALING ON MICROSTRUCTURE OF
SWAGED HIGH PURITY TUNGSTEN.




1800°C T 2400°C

F1G. 2 EFFECT OF ANNEALING ON MiCROSTRUCTURE OF
~ SWAGED W-1% ThO,.




Tabla 2

Effect of Anmealing on Hardness (Vickers) cf Tungsten and Wel% ThO,

Viclkers Hardness

Annealing Temp.°C W=1% ThO2 Tungsten

hks Swaged 459 459
1000 - 453
1200 - L36
1400 - 37L
1500 427 374
1600 390 -
1800 379 -
2200 363 -

2400 376 n
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FIG. 3 YIELD STRENGTH OF RECRYSTALLIZED HIGH
FURITY TUNGSTEN AND W-i% ThO,.
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FIG. 4 ULTIMATE STRENGTH OF RECRYSTALLIZED HIGH
PURITY TUNGSTEN AND W-1% ThO>.
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80 B -HIGH PURITY

TUNGSTEN
©0-W-1% ThOg
S 40} ,
: °
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FIG. 7 'DUCTIL!TY OF RECRYSTALLIZED HIGH PURITY
TUNGSTEN AND W-1% ThO,.
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However, sbove the maximum, the reverse is true. The results
also show, as has been generally found for deformation of une
alloyed tungsten at high temperatures (10,11) that better
ductility 4is realized at the higher strain rates.

Fracture Behavior: Metallographic specimens were pollshed
in a I0% XOH solution and eiiched in an 2lkaline potsssium ferri-
cyenide solution. Photomicrograrhs 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 1500°C for
high purity tungsten (Fige. 8), and at 1gso°c for W=1% ThO, (Fige
Q) tested at a strain rate of 8.4 x 10~ sec1, Increasing the
strain rate by about three orders of megnitude to 3.2 x 10-2sec=2
increases the trsnsition temperature of the ductile to brittle
intergranular mode of fracture by approximately 1500C,

It s also apparent that large voids or cavities are present
in the fractured tensile specimens tested sbove 1500°C (pure
tungsten) or 1650°C (W-1% ThO,), 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 sec%!ons ol' the Eggﬁ purity tungsten
and the alloy eare shown in Fig. 10. Of particular interest 1is
the effect of strain rate on the preferential sites for void
formation and on the deformation substructure. At 15000C and
16509C, corresponding to the temperatures at which severe void

formation occurs in high purity tungsten and the alloy respective-

ly, veids are {formed at boundaries parallel and transverse to the
tousile axis, at triple points, and also at sub-boundaries, ir-
respective of strain reate. At these temperatures the subgrains
produced by the deformation become smaller with increasing strain
rato; Fig. 10A. At an intermediate temperature (18500C) and slow
straiin rates, volds rorm preferentlially 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
&lso at sub-boundaries; Fig. 10B. At the highest test temprera-
ture (24009C) voids are formed almost exclusively at transverae
boundaries and triple points in the high purity tungsten. How-
ever, a few voids form &t low engle boundaries in W-1% ThO»
tested undar the same conditions. A substructure dovelopss in
both materials at the fast strain rats; Fig. 10C.

A comparison was mude between the grain size in the. uniform
gauge section and the grain size in the unsiressed heads of
tensile apecimens. 1In virtually all cases the grain size in the
~heads is equal to or greater than the grain size ir the uniform

13
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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 decroasing strain rate (Table 3). This suggests
that some degree of strain induced grain boundary migration did
occur,

bo Discussion

The data presented show that the addition of 1% thoria by
welght has a modest effect on the strength of tungsten over a
wide temperature region (0.3 - 0.7 Tm)es A comparison of the
results on high purity tungsten with the data pubiished by
Sikora and Hall (10) and also Taylor and Boone (1ll) generally
show good agreement. However, the magnitude of the strength
and ductility of the various materials as a function of tempers-
ture, and elso 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 analysas reported in Table 1 suggest

that the tungsten presently investigated is probably the purest
tested to date.

- The peak in the temperature demendence of the yield strength
of the high purity tungsten as well as that of the alloy (Fige 3)
i1s suggestive of the type of effects which have been previously
attributed to dislocation - interstitial impurity interactionse.
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
(1200-1500°C), or in W-1% ThOg (1200-1658°C), the effect is
considared to be caused by a dislocation interection with sub-
stitutional impurities or possibly by microprecipitation.

Theories of strengthening by precipitates were found to be
inapplicable to the results obtained on VWel%¥ T™Os o The intere-
particle spacing (~v 7u) 1s too large to be of aigniricance in
the Orowan theory (13). The thecry of Fishar, Hart and Pry (14),
which considers the incremental strain hardening due to the
formation of dislocation loops around disperssd second phase
particlies, is also unsatisfactory in explaining the observed
strengthening. The yield strength of the alloy is more strongly
enhanced by thoria than the ultimate strength, Fig. 3 ard L, &
fact not supporting their theory.

A factor whish mscsssarily influsnoss tns temsils propertiss
is the effect of thoria on the microstructure of tungsten. The
addition of 1% ThO2 results in a large elongated grain structure
in the recrystallized condition, as compared to a finer equiaxed

2l
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structure in the high purity tungsten. Also, unalloyed ro-~
crystallized tungsten i1s free of coarse sub-structure, whereas
sub-structure is retained in W-1% ThO> after recrystallization.
The present evldence suggests that the structural effect on

the strength 1s not related to microscroplc grain slze, in that
the small grained high purity tungsten has subatantially lower
strength at intermediate temperatures (0.3-0.5 T,) than the
W-1% ThO, alloy which has a coarse elongated graTn structure,
It 1s possible that the improved strength of the alloy is par-
tlally caused by the ability of the thorla 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-
s8lle 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 1s suggested by the ratios of the uitimate
strength of the alloy to the ultimate strength of the high
purity tungsten which increase at higher temperatures; Fig. 1l1l.
Gralin 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% ThO, are more desirable in terms of stirengthening at
temperatures above 0,5 Ty, 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).
Vold formation, which has been shown to be related to grain
boundary sliding (5,6,7) is retarded in the alloy. The results
tabulated in Table 3 suggest that at temperatures near 0.5 Ty,
mechanisms which involve the condensa%ion of vacancles from
within the matrix may also contribute to void formation (8,9,10).
The improved high temperature strength at faster strain rates 1is
directly a consequence of the reduction in void formation.
Taylor and Boone (11) attributed this strength improvement also
to reduce vold 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
vold 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
pogsible means of cluclidating the deformation mechanism(s) in-
volved., Plots of log & for a glven stress level vs 1/T are
shown in Fig. 13 for high purity tungsten and in Fig. 14 for

23
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W~1% ThOo. The slopes of these plots (equal to Q/R) yield
directly the apparent activation energles. Values of the appar-
ent activation energiles of high purity tungsten and of W-1% ThOo,
respectively, are plotted as a function of stress in Fig, 15.

The values of Q vary from 140 KCal/hole 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%e activation energy for grain
boundary sliding which is approi.mately the same as that for self-
diffusion, This result supports the metallographlc observations
which indicate that grain boundary sliding 1s more pronounced at
the higher temperatures.

It is not possible to state unambiguously whether the spec-
trum of apparent actlvatlon 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 detalls of these models, it 1s the opinion
of the authors that the variation in the activation energies be-
tween O.4 and 0.7 T, reflect a stress dependent deformation
mechanism,

28
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III. EFFECT OF CARBO“OON THE TENSILE PROPERTIES

Previous investigations of both polycrystalline (22) and
single crystal tungsten (3,li) have disclosed yield stress anoma-
lies (peaks and valleys) in the temperature region from 300 to
800°C which have been attributed to interstitial impurities.
Recently, internal friction and residual resistance ratio measure=
ments (L) 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 preliminary 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 Tungsten and W-0.35%£Ta Single Crystals

l. Preparation of Single Crystals and Test Procedure

The pure tungsten and the W-0.354Ta single crystals were
produced from wrought 0.250 inch diameter rod by the electron
beam floating zone melting technique, Unless otherwlse stated,
these crystals were seeded to a [100] orientation. Tensile specie
mens having & 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 0.010 in. from the gauge diameter.

Cardbon dosing of specimens was carried out by the following
method: A specimen, immersed in graphite powder which is cone
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 2200°C to diffuse
carbon into the matrix. Finally, the residual carbon case is
removed by electropolishing. Some specimens were slow cooled,
others were quenched from high temperatures.

A vacuum furnass similar 4in design to that descoridbed by
Taylor and Ryden (244) was used for quenching. The quenching
procedure consisted of mounting a bundle of two to four specimens
in the furnace, 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 162°C. The quench was from 2200°C after a 15
minute hold at that temperaturs.

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 Pig. 1l6. The carbide precipitate dis-

tribution in pure tungsten crystals is similar to those shown
in Fig. 164

Tensile tests were conducted in a vacuum furnace mounted to
an Instron tensile machine. The strain rate was always 8.4yx10%/
sece. The time for the tensile gpecimens to reach test temperature
end stabilize at that tamperature was about 30 to 45 minutes,
Temperatures below 12000C were measured with a chromel-alumel
thermocouple and above 12009C with an optical pyrometer.

2+ _Impurity Analyses

Carbon, vacuum fusion, and quantitative spectrographic
sanalysis of both pure W and the W-0.35%Ta single crystals are
listed in Table l« Tantslum 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
' wngted that the carburlzing procedure increased the carbon cone

sation by about 50 wgteppm.

Residual resistance ratio measurements reported previously

(4) were e2lso used to estimate the carbon concentration in solid
solution. These measurements have been reproduced in Tedle 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 U N cm at 2936K (26), a residual re-
sistance ratio of 39 is dquivalent to a resistivity of l.4x10-1

em at 442°K. If one assumes that this residual electrical
resistivity i1s caused entirely by carbon in solid solution and
further, that one atomic percent of carbon in solid solution will
increase the resistivity by 1 pJlem one estimates a carbon concene
tration of 91 ppm by weight for a ratio of 39. Taking into account
the possible contributions of other interstitials to the resicdual
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 L).

2:7 Tensile Test Results

Tensile properties were determined for the following condie

k)1
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CARBIDES WITHIN SUBGRAINS.

CARBIDES ALONG SUBGRAIN
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tions: wvirgin (as grown), guenched, carburized, and carburizad
fcllowed by a quench. The temperature dependence of the yleld
stress for the various conditions is pilotted in Fig. 17 for
tungsten single crystals and in Fig. 19 for W-0.35%Ta single ,
crystals. The ductility as a function of temperature for the o
same specimens is plotted in Figs. 18 and 20, respectively. ’
Dlscontinuous yield points or serrated stress=strain curves
were occasionally observed and are indicated by the subscripts
"¢v.p." or "s", respectively, in these figures. The tensile
test results have been listed in Tsbles 6 and 7.

a) Tungsten Single Crystals

The temperature dependence of the yleld stress of the
virgin crystals and those virgin crystals which were quenched
exhibitod small yileld strese anomslies (peaks and valleys)
between 300 and 800°C. The quench did e«..ect these anomalies
somewhat. From 800 to 1200°C, a relatively constant yleld
stress of about 5,000 psi is measured in the virgin crystals.
No measurements have boen made abovs 800°C for the quenched
virgin crystals. Carburizing the virgin crystals results in a
pronouvnced increase in the yleld stress between 300 and 1200°C
(Fig. 17}« Although the data of the carburizod and quenched
crystals show substantial scatter, a constsnt yield stress is
suggested from 350 to 800°C. Two curves which possibly fit the
data have therefors been drawn. Above 850°C the yield stress

fal%g off rapidly from about 60,000 psi to ebout 20,000 psi at
1200%C.

The virgin and quenched virgin crystsls also exhibit ano-
malies in the ¥ R.A. and ¥ elongation plots {Fig. 18) similar to
those noted - the yleld stress plots. The limlted data for the
carburized -.., .als indicate that carburizing ver se does not
affect the two ducuvility psrameters. Quenching, on the other
hand, hss a pronounced effect or the ¥ elongation values of
cerburized sinpie crystals. Valuss of about 104 are measured
fror 300 to 84u°C. The % R.A. surve shows a broad minimum from
50C to 900°C, but % R.A. values ares still signiricantly large
{zpprox. 30-60%),
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b) W-0.55%Ta Single Crystals

The temperature dependence o¢f the yield strsss »f the alloy
{Flg. 19) is similar to thet of the pure tungsten gzirgle crystals
for the virgin condition and the carburized condition. Small
anomalies are apparent in the carburized and guoneched zondltion.
The W-0.35%Ta single crysials disclose a strong peak ia yleld
strength as a funciion ¢f temperature, with g max:imum of about
50,000 psi at 600°C. The maximum yield strasa s sbout four times
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Residual Resistance Ratios (Rog8ox /Rl OKX) of as Melted and
, Carburized Tungsten S?ngIo §§zs€aIs

as a netion o oa rsatmen

Residual
Specimen Treatment Resistance Ratio
W single crystal "as melted" 12,320
noon " quenched from 2200°C= 634
after 15 min. hold .
W single crystal aged after quenching 2,742
© 700°% - 128 mine
W single crystsl sged after quenching 3,385
700°C - 512 min,
Carburized W "as carburized" 930
single crystal
* " quenched from 2200 C 39
after 15 min. hold
" " aged after quenching 190
700°C - 12 min,
" " aged sfter quenching 223

700°C - 512 min,
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Table 6

Tensile Properties of Tungsten Single Crystals

As Grown (Virgin)

% £
Test Temp. C 0.2% Yield Stresa. Ult. Strength Elong. R.As
(16/1In<) (E7In2;
100 46,200 53,000 0.7 0.0
200 k., 000 . 53,500 23.8 89.0
300 22,800 3,500 21.5 860
14,00 12,200 32,000 108.0 82.0
500 7,150 27,200 80.0 80.0
600 4,900 24,800 "1l .0 81.0
700 6,500 : 24,000 1240 100.0
800 5,000 16,700 75.0 100.0
1000 5,350 17,600 12%.0 100.0
1200 _ 5,300 17,000 0 100.9
As Grown (Quenched)
200 40,000 86,700 145 16.0
300 22,800 38 200 23.0 100.0
1400 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, 1800 28 200 79.5 69.9
600 800 ,000 8.0 89.0
70 ,200 g , 500 128.0 90.0
80 5,250 18,600 73.0 100.9
Carburized
L4100 11,000 38,000 577 10040
600 9,700 32,00 71.3 10040
800 9,800 : 25,400 92.6 100.0
1000 9,750 . 22,000 132.4 100.0
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Table 6
Tensile érogortioa of Tungsten Single Crystals (cont'd.)

Carburized + Quenched

%
Test Temp.°C 0.2% Yield Stress Ult. Strength Elgng. R.Ae
(1b/1n2) (1b/1n2)

300 65,000 74,000 G5 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 Sel U240

788 66,000 72,000 52 30.0

800 57,600 59,100 9.6 6340

1000 35,500 38,500 4.2 100.0
1200 20,000 21,800 22.0 100.0

Carburized + Quenched
(24500C)

300 26,500 42,000 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 78.0

700 . 48,500 50,100 1%.1 100.0

800 2L, 600 28,000 38.0 100.0

1000 1,150 21,000 79.0 100.0
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Iable 7

Tensile Properties of W=0.357Ta Single Crystalus

As Grown (Virgin)

Test Temp.°C 0.2% Yield Stress

(16/1n°)

30 98,050
100 57,700
200 46,000
300 23,800
350 1,000
1400 13.550
450 »450
500 13,250
550 5,750
600 15,650
700 17,050
800 » 050
1000 5,700
1200 7,500
1200 7,600
1,00 5,700
1600 2,900

As Grown (Quenched)

s]o)
610
Carburized

RT
100

1000

“1000

N W

1200
106G
1600

ND « no% datermined

Ult. Strength
11b7In2)

1hl, 500
110,000
71,150
39,900
37,350
34,650
32,550
32,750
27,550
30,850
27,750
2h, 350

23,400
20,000

17,000
10,700
6,100

89,000
98,800
31,200
36,1400

96,950
116,900
72,200
48,000
36,100
34,200
32,000
31,200
32,000
26,100
2,000
2, 200
20,000

1%,000
2350

(contirued)
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%
Elong.

12.0
12,0
20.9
9745
105.7
ND
103.1
93e5
9545
108 .
93.1
76.6
6644
49.0
33.0
70.0
¢l4.0

046
26 .8
9.0
5ke0
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Teble 7

Tensi’e Ppoperties ot‘w~0.3§§Ta Single Crystals (Cont'd.)

Carburized + Quenched

%
Test Tamp.2C 6.2 Yield Stress Ult. Strength Elong.
(1b/1n2) (1b/1n2)

RT 74,000 76,500 6.0
200 43,000 60,500 28.0
300 16,500 hz,Soo 88.0
300 23,100 ND
1400 lth, 500 55. 500 38.4
500 54,000 60,200 18.0
600 63,500 67,500 12.4
700 52,000 57.500 33.3
820 38,000 148,500 .0

1030 11,600 30,000 5.8
Carburized + guonchod
300 82,500 85,500 18.9
300 92,500 ok, 000 21.0
400 62,000 62,000 13.8
500 49, 000 50,000 9.2
600 55,000 57,000 12.0
700 56,000 63,000 10.7
1000 27,200 31,500 84 .7

ND = not determined

39

R.A,

Te5
100.0

7940

70.0
48.0
1.0
2.0
6li.0
100.90

70.0
60.0
61.0
50.0
5640
5340
100.0




60}
= %% VIRGIN 50 vIRGIN + QUENCHED
5 aof
o
- 30
7))
0 20}
i d
-
w I0F
0 ' 1 Iy 'Y [ A )

or CARBURIZED or ve
_ 60f 6o}
o
a’ 50} 50}
S
o 40} 40}
= CARBURIZED +
@ 30} 3ol QUENCHED
w
x 20} 20}
- |
'0‘ b\ﬁ'—'ﬂ-——n '0-
2 [ U S 1 N 3 3 I Iy s 4 P | 4 A 't 4 % i
O+t w e %5z s s 10 12

TEMPR x 100°C TEMP x i00°C
F1G. i7 0.2% YIELD STRESS OF VARIOUSLY TREATED TUNGSTEN
SINGLE CRYSTALS.

40




140r
32120} X
< A
s [ iy 9
() B , '
a4 I i > |
9 60} " 60 i
: - | |
o 4of | | VIRGIN 40 | VIRGIN + QUENCH
o_T1l.u X
d 20: 7 X 20 Qfl
o) Y T W W U W WA | B
0l 23 456769101112 01 2354567 89101112
TEMP. °C x 100 TEMP. °C x 100
140p |40¢
® 120/ CARBURIZED 7 |20l CARBURIZED +QUENCHED
£ T K4 "
o |00} 0——0——bf——0 100} o
o ; .
2 80} 7 gol
2 2 |
E 60:— x,’ 60:' o
% 40} 401 e -
d 20: 20: /x
I i K-X-xx"-g'-x-'g"ww

0' s 3 s : . b “‘n b el ond
0123456789101112 01 2345678910112
TEMP °C x 100 TEMP. °C x 100

FIG. I8 DUCTILITY OF PURE SINGLE CRYSTAL TUNGSTEN
FOR VARIOUS CONDITIONG, {x-~=~x ELONG.; 0~—0 % R.A)

.31

O R

P

R T L SR T I W AN 2 e - e s s

FRIRPRS SV P N

PR s R T W et




88,000
70’1 %00 VIRGIN I\ sosc
30°C VIRGIN +
.59 60 QUENCHED
0
. 50 50\-
(1 4
o o 5° FROM [210]
8 40} 40}
= OR!ENTAT!ON
o 30} [211] OR[210]! 30l
L
x 20
(]
o}
G ) ) A 3 \ i i A A £
2 4 6 B 10 12 4 686 0 2 4 & 8B 10
70¢ 704 .
. ArnSURIZED +
_ f 70,150 “QUENCHED
_80F! 30°C  caRBURIZED 8a
a: 50 Y.P 50
o R .
S 4o PY.F 40} ' .
* f
» 30t \ 3ct .,
i !Tgu-.mmq?’ “
= eor \\\ 211] or [2t0]! 20F \
1o} 4 1o} S
G'J_“_‘b‘g_! 2 VY S S YN N | e s s —ten - L
5 4 6 8 10 12 4 186 0 Z 4 €6 € 10
Tm,ﬁ. % 100°C TEMP, x 100°C
FiG, 19 0.2% YIELD STRESS OF VARIOUSLY TREATED W-0.35% Ta
ssasgs CRY STALS.




ELONGATION OR RED. IN AREA

<

ARE

ELONGATION OR RED. iN

ol
o

VIRGIN

SOk

QUENCHED

70 \ x .7 70
\\g /// b {
50 \\ x ,°
3 R
M
e 4
Rneod VO JU NEN SN W | bl TV | I 3 A de
O3 e o2 14 8 10
. 130r
13C CARBURIZED 30 CARBURIZED
io} 1o}
aol 9ok
8
O .
NI
L { \x,__._ra- 50#
30}
1ok
eI e e O 2 4 6 8 10
TEMD ¥ 100°¢ TEWMR % 100°C

FIG. 20 DUCTILITY OF THE VARIGUSLY TREATED W-0.25% To
SINGLE CRYSTALS, (-~ -X % ELQNG.; —0 % R.A.}

3




BT REL

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 crystuls, respectively (Fige. 20). The data
for the quenched virgin condition are too few to give a
definite pattern. A pronounced broad minimum in both ductility
parameters 1s noted for the carburized and quenched condition
corresponding with the strong yleld stress peak. '

c) Effect of Quenching Temperature

The different temperature dependencles of the yield stress
of the carburized and quenched tungsten and W-0.354Ta single
crystals led to an investication of the effect of quenching
temperature on tensile properties. A constant yleld stress
from 300 to 600°C is evident for the carburized tungsten after
a 2200 ¢ quench (Fig. 17), while a yleld stress peak is apvsrent
for the carburized alloy single crystals (Fig. 19). To better
understand thias difference in behavior, crystals were quenched
from 2450°C 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 600°C 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
500°C, but the temperature dcpendence of the yield streas above
500°C is practically unalterec. The minimum in yield stress

which occurred at 3009C after she 2200°C quench is now observed
at SOOOC .

A compsrison of the magnitude of the yleld stress from 300
to 10009C of carburized pure W single crystals quenched from
2450°C with carburized W-0.35%Ta single crystals quenched from

2200°C 1s made in Fig. 22. A close similarity 1s seen botween
the data.

A well defined minimum in the % elongation curve is noted.
Overall, this material exhibits greater ductility after the
2450°C quench than after the 2200°C quench. The ductility of
the W-2.35%Ta is not as much affected. A strong decrease in
both % R.A. and % elongation is notcd only at 300°C.

d) Aging Effects in W-0.35%Ta 3ingle Crystal

Aging effects in tungsten singlc crystals were indicated by
the residual resistance ratio measurements of quenched virgin
ervetale and guenched carburiszed cprystelas reported in Tehle ©

Aging effects in W-0.35%Ta single c;ystals were 1nvestigated’5y

Ly
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71eld stress measurements on carburized and quenched crystals,
rather than by residual resistance ratio measursments, since
large residual resistance ratios cannot be realized in the
alloy crystals becsuse of the 0.35%Ta addition. Carburized

and quenched crystals were annealed at 4009C and 7009C, respec-
tively, for different aging times. Tensiles annecaled at L00°C
wore tested at L009C and tensiles annealed at 7000C were tested
at 600°C. The results are shown in Fig. 23.. As 1s evident
from this figure, a maximum of about 95,000 psi occurs after
320 minutes for the L00°C anneal. The maximum yield strength
of specimens annealad at 700°C is somewhat lower (about 60,000
psi) than for the L00°C anneal (95,000 psi) and occurs practic-
ally within the time required to bring the specimens to anneale
ing temperature (A 30 min).

e) Straln Aging Effects in W=0.35%Ta Single Crystals

The effect of aging on prestrained (1%) W-0.35%Ta single
crystals was lnvestigated 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 tosted at 3000C. 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 1s designated A § 1in Fige. 25, and the
m;gnitude of the yield drop as A y and is also plotted in Fig.
25. :

As 1s evident from FPig. 24, no strain aging occurred in
any of the crystals tested after an 80 min. anneal at 300°C.
Annealing at 600°C resulted in a discontinuous yield point in
all crystals teated, The magnitude of the yield drop is 2500-
4500 psi. The strain aging parameter A § is about the same
for both the virgin end the carburized virgin condition. An
increase of about 35,000 psi for A4 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 (2%) carburized
and quenched specimens were ennealed at 400 and 500°9C, respective=
1y, and then tested at 300°C. An indication of a yield point was
observed at LO0OC and a pronounced yield point occurred after
the 500°C anneal; Fige 25. The specimuns annealed st 6009C ard
tested at 300°C were reannealed at 600°C and then tested at
600°C. Serrations were now evident in the carburized and
quenched specimen, but were not obssprved in the as grown spsci-
men and the carburized specimen.
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e Optical and Electron Metallography

Since carbide precipitation was clearly indicated in the
quenched and aged crystsls, fractured tensile specimens of the
two materials were constantly examined by optical microscopy
for the appearance of precipitates. Precipitates in carbur-
ized and quenched specimens were evident 1in low concentrations
only in tensiles tested at 1000°C and high temperaturos. Such
orecipitates in pure W and W-0.35%4Ta 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,
respactively. The occurrence of carblde precipitation on dis=-
locations is inferred from the varlation in contrast.

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

In a previous investigation () the following results were
obtalnad:

1. A dilute (C,235%) substitutional alloying addition of Ta
increases the yield stress of tungsten single crystal

by about 2000=3000 psi in the temperature range 600-
1200°C.,

2. The addition of 0.354 Ta increased the recrystallizetion
temperaturas of heavily worked single crystals by approxi-
mately 400°C (from 1200°C te 1600°C)., -

3. Recrystallization of heavily worked tungsten sihgle
crystals resulted in a material with a large grain size

(0.55 mm avg.) which had a yleld stress similar to that
of the single crystals.

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

In the light of the large effect of carburizing and quenching
on the mechanical properties of single crystals it was impcrtant
to extend this investigation to evaluate also the effect of carbon

on recrystallization temperature and the tensile properties of the
worked and recrystallized crystals.
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l. Preparation of Specimens and Test Procedure

Sections ( 2 to 3 in. long) of single crystals were care
burized by the method described sarlier. Some of the carbure
ized sections were 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 700°C and 1300°C, respectively.
The stainless steel cladding was removed after rolling by
dissolving in aqua regla, 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 electropnilishing.

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 amnesaled for 30 minutes in vacuum. The
results are presented in Fig. 28, Recrystallization was 100%
complete in all cases after annealing at 1600°C,

It is also apparent from the data in Pig. 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 carben level of approxie-
mately 80 ppm by weight.

2£f Tensile Test Results

a) As Worked Crystals

Tensile data were obtained on pure W and W-0.35%Ta single
orystsls which had been carburizsd and quogchod first and then
rolled (approx. 504 R.A.) at 700°C and 900°C, respectively. The
results are presented in tables & and 9 and plotted in Fig. 29
which also includes earlier data (4) on worked (from 1100°C)
pure W and W-0,.354Ta single crystals. It is apparent that a
significant increase in yield strength has been achieved at the

expense of ductility, by carburizing and then quenching prior to
working.
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Table 8
Tensile Properties of Carburized and Quenched
SingYe Crystal Tungsten, Rolled at 700°C to 50% ReAe

Test Temp.°C 0.2% Yield Stress, psi Ult. Strength, psi % Elonge

600 103,000 105,000 1.0
900 0,000 99,000 7.0
1200 53,000 Sk, 500 20.3
Table 9
Tensile Properties of Carburized and Quenched W-0.354Ta
RSIIBT BT SUUST TO S0% ReKs
Test Temp. C 0.2% Yield Stress, psi Ult. Strength, psi £ Elong.

600 11l,000 115,000 0.0
$00 109,000 110,000 7.0
1200 €3,500 85,000 7.0

b) Worked and Recrystallized Crystals

Polycrystalline specimens were produced from the pure W,
the pure alloy and the carburized alloy single crystals by anneal-
ing at 1600°C or quenching from 2200°C after rod rolling to a 50%
R.A. from preheat temperatures of 1100°C. The grain sizes ob-
tained in the various crystals by the heat treatments are listed
below in Table 10.

Table 10
Grain Size of Carburized and Quenched W and W-0. Ta
olled toO «A._snd Recrystalllze
Material Heat Treatment Mean Grain Size, mm
Carburized Tungsten Quenched, 22003¢ 0.25
We0.35%Ta Annealed, 16oo°c 0.12
W=0.354Ta Quenched, 2200 C 0.55
Carburized, We0,35%4Ta Quenched, 2200°C 0.3€
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A comparison of the tensile properties of pure carburized
and quenched single crystal tungsten with the carburized worked
and recrystallized tungsten crystal, respectively, 1s shown 1in
Filg. 30; Table 1l. It is apparent that the yield strength
(over the temperature range compared) of the two materials 1is
similar egcept 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 o«
below 700°C, Fig. 30,

Table 11
Tensile Properties of Carburized Polverystalline Tunésten
Made from Single Grystal !quencﬁea a%ter rolling)

%
Test Temp.°C 0.2% Yield Stress, psi Ult. Strengtk, psi Elong. R.A.

400 70,000 77,000 3.0 20
200 _ 68,000 7,500 245 0
700 70,500 78,500 L0 12
1000 36,800 38,200 4.0 100
1200 23,000 23,500 36.0 1020

The yleld strength of the alloy erystals 1s shown in Fig. 31l.
It 1s seen that the recrystallized W=0.35%Ta, having an average
graln size of 0.12 mm, has greater strength than the pure single
crystal alloy. However, the yleld strength of quenched (Table 12)
alloy crystals with the larger grain size (0.55 mm) below 7000C
is similar to that of the single srystal material and more like
the smaller grain size (0.12 mm) W-0,35%Ta above 7000C,

Table 12

Tensile Propertiss of Polycrystalline W=0.354Ta made from
~Single Crystal (quenched alter rolling]

% %
Test Temp.°C 0.2% Yield Strength, pal Ult. Strength, psi Elonge R.A.

200 34,000 58,000 6.0 12.0
300 19,600 113,500 250 39.0
1,00 12,000 36,500 21.0 71.0
550 19,000 27,000 13,7 90.0
600 21,000 23,200 22.0 100.0°
700 16,500 23,990 2540 100.0
800 15, 300 28,000 25.0 10040
1000 1k, 600 30,100 25.0 10049
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The tensile data for carburized and quenched single and
polyerystalline (0.36 mm avg. g.8.) alloy crystals is plotted
in Pig. 32; Table 13. The results show that the carburized and
quenched polycrystalline alloy crystals have a higher yileld
strength than the carburized and quenched single crystals over
the entire test temperature region. As discussed previously,

carburizing and quenching improves the yileld strength of the
single crystals.,

Table 13
Tenslle Propertlies of Carburized Polxcgl%talline w-g%;gﬂws
made from single Grystal lquenched alter rolling 4
Test Tomp.°C 0.2% Yield Stress, psi Ult. Strength, psi Elong. R.Ae
250 82,000 8,500 3.0 4.0
300 76,000 76,500 16.5 21.0
00 79,000 91, 000 2,0 50
00 79,000 89,000 L4« S.0
800 67,500 76,500 2490 3.0
1200 20,600 28,300 27.0 100.0

The ductility of the alloy crystals 1s also summarized in
Fige. 32. Generally, it can be said that the ductility of the
larger §rain carburized and quenched polycrystalline alloy (0.36
mm dia.) is considerably lower than that of the carburized and
quenched alloy single orystals. Again, it is evident from the
microstructures of carburized single and polycrystaliine 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.

l. 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 followling results can dbe inter-
preted in terms of carbide precipitation or the intersction of
dislocations with precipitates.
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a) The incresso in the residusl resistance ratio afte»
annealing at 700°C (Table L).

b) The great instability of the Snoek internal Iriction
peaks (3).

¢) The maximum in the yleld stress which occurs after
short anneals at 700°C, or after longer anneals at L00°C (Fige 23).

d) The large increase in the yield strength of the car-
buriged, quenched, and strain-aged alloy crystals (Fig. 29).

Overall, these results leave little doubt that the large
increase 1n yleld stress in the temperstare region in question
is caused by precipltation hardening.

The possibility of strengthening by the Schoeck and Seeger
mechanisim (28) (Snoek ordering) 1s not controlling because
strengthening by this mechanism should be proportional to the
concentration of solute carbon in tungsten and should be indee
pondent of test temperaturese. The observed yleld stress peak at

§00°c is, therefore, inconsistent with the Schoeck-Seeger mechan=
SMe

2¢ Yield Points and Serrations

Discontinuous yleld points were noted oply below 600°C and
repoated yielding (serrations) from 600-1200°C. Discontinuous
yield points can be caused by either Cottrell atmospheres or
precipitation. Repsated yielding, however, has been solely
attrihuted to dislocation - interstitial interactions (28,29).

The latter requires the diffusion of interstitiel impurities for
which an activetion energy can be deduced from Cottrell's equation
D = 10-9& (30) where D = Do exp(Q/RT). Taking for the temperature
the temperature at which the first indication of serrations in the
W-0e35%Ta crystals were noted (5000C), and D, as 0.0l, one calcu~
lates an activation energy of 145,000 cal/mole. This activation
energy is close to the activation energy for the diffusion of
carbon in tungsten, as determined by internal friotion measurss
ments (18) and indicetes that the diffusing specles are garbo
etoms. If one assumes a dislocation density of about 10/ em™

and that one interstitial cerbon atom per plan along a dislocation
will cause locking, one finds that the carbon goncontration
required for complete locking 1s sbout 1 x 10°° wgt., ppme. It is
therofore surprising that serrations ars not chserved in all
conditicns, even in quenched virgin tungsten single crystal.

3. _The Bffect of Quenching Temperatuxre

A'differont 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 2200°C 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;
l.e, strengthening is reallzed 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 300°C., How can one then explain the high
yield stress value of pure carburized and quenched tungsten at
300°C and the plateau which extends from 300-600°C?

The tungsten-carbon phase diagram (27) discloses that car-
bon has a solubllity of about 60 to 80 wgt. ppm at 2200°C 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 conrentrations, it can be assumed
that not all carbides were dissolved during the 2200°C quench.
Consequently, nuclei or embryo are probably present at 2200°C
whilch, upon quenching, cause accelerated precipitation and hence
the high yleld 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
2450°C), exhibit a yleld stress peak at 600°C (Fig. 21) and the
vleld stress at 300°C has dropped to much lower values,

In a similar manner, the temperature dependence of the yileld
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 2 W-Ta alloy are mainly
tantalum carbides, tungsten carbides, or complex tungsten~tanta-
lum carbides. In any case, the level of strengthening obtalnable
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 1100°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 single crystals {(1200°C)., The addition of
0.35% Ta, however, increases the recrystallization temperature of
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tungsten by about 400°C (1200-1600°C). Carburizing the alloy
single crystals has no further effect on the recrystallization
temperature,

Recrystallization results in a large graln polycrystalline
aggrogate (Teble 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 treatmants on the yleld stress of pure W single crystals
is shown schematically in Fig. 34+ Data on commercial powder
metallurgy tungsten and polycrystalline W produced from single
erystals have been included in Fig. 34 for comparison.
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IV. SCREENING ALLCYS

The results of the investigation on the W=1%ThO, alloy and the
observed effects of carbide precipitation on the mechanical proper-
ties of pure tungsten and W-0.35%Ta single crystals and worked
single erystals, respectively, raised many questions primarily
with respect to the effects of the size, distribution, composition
and chemical stability of dispersed second phase particles on
strength preperties. No attenpt, other than those reported in
preceding chapters, have been made to investigate these variables,
A new contract (31) is to be initlated shortly which will deal
with these variagbles in great detail.

Under the screening program two solid solution alloys with a
dispersed second phase present were chosen to be evalueted on a
screening basis for the purpose of answering two questions:

(1) How effective as a strengthening agent 1s a stable dispersed
second phase of thoria or HfN in the solid soluvution alloy W-25%Re,
and (2) how does a greater concentration of a solid solvtion
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 1%1&10% or 17HfN on the
High Temperature Tensile Propertles of W=oS%Re

Alloys of the composition W-25%4Re, W-25%Re=-1%ThO» and
W=2S%Re=13HLN were produced by a stendard powder' metallurgy
technique. Ingots 2l inches long x 3/8 inch square cross section
were compacted from sleved powder blends, sintered in hydrogen
to approximately 91% density, and swaged to about 48% R.A. from
preheat temperatures of approximately 17009C. 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 2400°C before
testing. As shown in Fig. 35, this treatment resulted in an
equiaxed fine grain structure. The dispersoclds which were
added as submicron size particles in the case of thoria, and of
micron size in the case of hafnium nitride, were present in the
annealed specimens in the form of large particles (> bﬁ«).

1. Tenaile Test Results

Tensile tests were made at temperatures varying from 1500=
2,00°C for two strain rates, 8.4 x 10-5 sec=l and 3.3 x 10-2 sec
The tensile data have been tabulated in Table ll and plotted in

i
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Tensile Properties

Alloy Temp . °C

an

sble

T 14
of W=25%Re, W=25%Re-1%4Th02
- (L)

% %
secl Yield Str.psi Ult. Str.psi Tot.Elong. R.As

W=25Re
"

"
"
"
"

w-25Re-1Th02
"

"
"
L
"

W-ZS&O-IHfN

”"
"
"
"
”
"
"

1500
1650
1850
2250
24,00
24,00

1650
1850
1850
2250
1850
2250

1500
1650
1850
2250
2250
2100
1850
2250
24100

3.3x102
"

"
"
"

8.&x10‘5

3,3x10-2
"

"
"

8 ol‘.Xlo-S
"

3.3x10
"

"
"
"

G.hﬁlo

"

39,800
38,500
29,000
14,700
10,000

5,050

5l, 200
35,500
34,100
17,000
11, 300
2,350

56,900
42,700
31,200
16, 300
16,700

ER 1

1,400

58,200
48,000
34,800
14,700
10, 000
5,600

56,300

35,500
34,900
17,000
12,600

3,200

6ly,200
49,800
32,700
16,300
16,700
12,300
10,400

3,000

1,600

# « Did not fracture at end of crosshead travel,
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9
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Fig. 35 Microstructure of Recrystallized
(1/2 Hr.; 2400°C) W-25% Re. 50X
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Figs 36. The tensile data obtained on pure W under this contract
as well as other cdate reported In the literaturs for pure tungsten
(10,11) and a W=20%Re (32) have been included in Fig. 36 for com-
parison. It is aeen that the We254%Re alloy has superior tensile
properties to unalloyed tungsten at temperatures below 2400°C.

At or above 2200°C, the tensile properties of the alloy are only
slightly better except for ductility than that of the high purity
tungsten. The addition of 1%4Th02 or 1% HfN to the W~-25%Re solid

solution alloy has no further benefit on strength properties and
causes 8 loss of ductility.

2. Discussion of Results

The tensile data of the tungsten rhenium alloys, in agree-
ment with results oreviously reported by Pugh (32), show that
the solid solution alloying addition of 257 Re 1s quite effective
as a strengthener in the temperature region to aporoximately
2,00°C. The addition of a coarse dispersion of 1%ThO2 or 1¥HEN
has no further benefit on strength.

The improved high temperature strength of the W-Ke alloys
is, no doubt, related in part to the effect of the alloy addi-
tion on vold formation during testing. In all of the three
W-Re alloys investigated, voild formation has been found to be
greatly reduced during tensile testing at high temperatures.

The result is apparently not simply one involving structure,

es indicated for the W-14ThO2 alloy previously discussed, since
the recrystallized structures of the W-Re alloys are very similar
to recrystallized high purity tungsten. Wedge shaped volds were
formed at 22500C or above; however, the small spherical type of
volds at transverse or parallel boundaries which were prominent
in high purity tungsten arl W=-1%ThOp were virtually absent. This
observaticn 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 flnely dispersed stable second phase may
provide the improvement needed to retain the benefits provided

by the substitutional alleying addition.

Be The Effect of Carbon Precipitates on the High Temperature
Strength Properties oOf Wes.5%7a Sil.zle Crystals

One single crystal of EIOO 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 1s 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 formatisn of a greater amount of a second phsse, the
temperature of the high temperasture vzcuum annesl in the care
burizing procedure was increased frowm 22000C to 24000C and the
time at temperature exterded 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 weres garrieg out at 1600°C and 225000 st a
strain rate of L.t x 10°2 sec™ . The results of the four tests
have been summarized in Table 15. The remgining two carburized
and quenched specimens werc tested at 2250°C,

Table 15
Tensile Properties of Carburized and Quenched W=3,54Ta Single Crystals

Test Temp, Condition 0.2% Yield Stress Ultimate Stress %Elonge

1600°¢ carb. 29,500 46,000 12
1600°C carb.+quench 47,000 51,000 12
2250°¢ carb.+quench 4,800 5,000 33
2250°¢ carb.+quench 3,700 3,900 41

At 1600°C the carburized alloy single crystal has a yleld
strength about |4 times that of pure tungsten. Upon quenching,
the yleld stress at 1600°C is raised from 29,500 to 47,000
{1.e. Increased by about 60%), but the ultimate strength is essen-
tially unaffectsd. At 2250°C the yleld stress has dropped to a
value of about twice that of pure tungsten. Typical microstruce
tures of the fractured specimens are shown in Fige. 37A, B and C.
A profusion of precipitates are present in the specimens tested
at 1600°C, but are absent in the specimen tested at 2250°C.

2e¢ Dlscuasion of Results

The strength increase which has been realized at 1600°C in the
as carburized W-3.5% Ta alloy single crystal must bs attributed in
part to solid solution hardening. This follows from the fact that
carburizing and quenching W-0,35%Ta single crystals has little effact
on the yleld strength at 1200°C. The further increase in strength
of the carburized W-3.5% Ta alloy upon quenching 1is obviously
caused by precipitation hardening. Like in all precipitation
hardened alloys, strength 1s lost once overaging occurse.
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At temperatures below about 1800°C, good creep properties
can be expected. Higher concentrations of Te and C hold promise
of additional strength improvements over those already obtained.

V. THERMOCEEMISTRY OF DISPERSED SECOND PHASE IN TUNGSTEN

Studies on the decarburization of TaC, and the behavior of
ThO2 in the presence of W and some other refractory materlals
when heated in vacuum were completed. A sufficient number of
melting point determinations were made on various W-Ta=C composi-
ticns so that the liquidus surface for this system could be
visualized; and models and diagrams defining the apnroximste
W-Ta=C liquidus surface were constructed. The bulk of the
exverimental 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.

l. Automatic Recording Balance

Equipment was assembled which permits the thermogravimetric
analysis (TGA) and differential thermal analysis (DTA? of samples
to approximately 2500°C 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. Ia the
view shown 1n 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 meassurements are
affected by means of W-W/26%Re thermocouples.

The balance (see Fig. 39 also) 1s 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 ohotocell.
The cell, in turn, causes a current variation and createas a countere
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 hox" in the
1llustration), 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 and, therefore, will nob

waAw & W

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;
F, TGA recorder)
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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 25°C/min., and when heasted at constant temperature, the ;
temperature can be maintained to within + 50C., Weight loss (or

gain) recordings can be made that sre accurate to within + 0.1 mge

Fig. 40 18 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 cruclible is suspended from the
hang-down wire for TGA; the lower one 1s supported on a rod 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 watsr cooled.
Note the vacuum exhaust port in the rear wall of the tanke.

2. Decarburlzation of TaC

Fine Fansteel TaC (3 4 , total C=6.31%) and coarse material
from Gallard nnd Schlesinger (454 , total C=6.07%) was mixed
and pressed into compacts. Loose powders and pellets were also
fired. Msesasurements with the vacuum balance indlicated that very
8low 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 furnsace
for 20 minutes at 3325 C. Xeray diffraction measurements made on
the outer surface ¢f the deucarburized section showed that 1t was

composed of Ta2C. Thus, decarburization proceeds according to
the recaction

2 TaC —> C + TaxC, (1)
which is in agresment with the literature (34).

Fardness measurements (Knoop) made on the decarburized edge
and the compacted center of this compact gave average values of
1535 and 560, respesctively. A compact fired for approximately the
same length of time but at 29§0°c gave an edge value of 665, and
a third compact rfired at 2725°C gave an edge value of 375. The
Knoop hardness for TaC crystals (Gallard and Schlesinger) was
found tc he about 3180. The hardness measurements suggest that
consolidation of the decarhurized material continues as the tempera-

ture is increased. It also appears that TaC is considerably
harder than TaEC.

3¢ The W«Ta«{ Ligquidus Surface

Forty compacts varying in composition so as to follow the
two jJoin lines shown in Fig. 4j2 wers 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 l.oading.
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in the EB Furnace,
Decarburized Skin 1s Light

Compact Fired at 3325°C for
Section at the Right.

Fig. 41 Polished Section of a TaC
20 Min,
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mined by heating in the EB furnace. Temperatures were corrected

for emissivity and optical absorption by the bell jar, and the

melting temperature accuracles were estimated to be within + 25 C.

A treliminary Plsxiglas model was made defining the periphery of

che W-Ta-C ternary based on binary data given by Goldschmidt and

Branit (27), and English (35). This model is shown in Fig. 43.

By combining the binary dsta with the ternary melting point detere
minations, it was possivle to map the approximate liquidus sure

face for the W-Ta=C system. The result is shown in Fig. Ll in

which arrows are drawn on the heavy lines separating the primary

phase fislds. The arrows point toward regions of lower temperae-

ture and converge at two eutectics having the avproximate com- ‘
positions S0W=30Ta=20C and S50W=15Ta=35C. A maximum is indicated {
in the region corresponding to the empirical composition W (TaC).
Approximate melting points of these three polnts were found to

be 2700°, 2600°, and 28509C, in the order given. A clay model

was constructed 1in order to illustrate thne salient featurss of

the liquidus surface and this is shown in Fig. LSe

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 ¢ on the
diagram of Fig. Ll and the structures obtained are illustrated
in Fig. 4j6. Section (a) resembles the pearlitic-type structure
obtain by Lally and Hiltz (36) upon firing TaC=-coated tungsten
rods for two minutes at 6000°F, 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)oC with (b)
and (c) showing the higher concentrations of the twc solid-
solution carbides. A more specific analysis would require more

carefully controlled firing conditions than those used in these {
melting experiments, '

ke ThO2 Reactions with W and Some Other Refractory Materials %

Thoria 1s of considerable interest as a dispersold in :
tungsten; and although it has been a constituant in tungsten alloys i
for many years, its behavior in this matrix has not been clearly !
defined. Some thermogravimetric experiments supplemented bv X-ray ’
diffraction analyses were performed in the hope that they would i
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 materlals.

a) Thoria + Tungsten Reaction

Samples of tungsten, thoria, and a thorla + tungsten mixture
were fired in the vacuum thermobalance to approximately 2250°¢.
The results are summarized in Fig. 47, where it can be seen that
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Fig. 43 An Early Stage in the Construction of a
Plexiglas Model of the W-Ta~C Liquidus
Surface, Grid Spacing Equals 100°C, and
the Base of the Model Represents 2400°C,
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Flg. 45 Clay Model of W-Ta-C

Liquidus Surface., "Peak"
in Background is TacC,
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Fig. 46 Metallographic Sections Taken Near
the W-Rich Corner of the W-Ta-~C
System, ¢ 700 po {

84




"IUMLXIN 20Ul +M V ANV *204L ‘M 40 SSOT LHOI3M b 'Oi4

~— Do 3HNLVHIAWNIL 3T1dNVS

00022 0002 008l 009i O0vI  00¢i o]e]e]! 008

(2) NV (1) S3AHEND 30 WNS =& —-@ ()
SOUL/M 05706 6| =v—F (¢)
20416 2/1 = 0-—0 (2)
Mb2/1=+—+ (1)

009

~— ("9NW) SSOT LHOI3IM

85




there is no evidence for welght loss of a ThO2 + W mixture due
to chemical rsaction. Within experimental error, the sum of
the thoria and tungsten curves 1s equal to the curve produced
by the mixture. An even closer match would be expected 1f
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 ThO2 only. The results are in
agreement with Ackermann et. al (37), who suggest that thers 1s
no chemical reaction between W and ThO2 but that thoria may
volatalize from the mixture via two possible paths: 1.e.,,

(s) & (2)
\> ™o (g) + 0 (g)

The authors also state that any thoria loss involving the
formation of free Th metal would require the presence of a ro=
ducing agent such as carbon. A number of ThC2 + C mixtures were
fired in the vacuum thermobalance and the results are summarized
in Figs. 48 and 49. It was observed that reaction starts at
about 1),000C, which i1s in pood agreement with Kroll and Schlechter's
(38) observation of 136000. Either the monocarbide or dicarbide
is produced via the reactions

ThOz + 3¢ ——» ThC + 2Co, or (3)
Th0p + 4G ——> ThC+ 2Co (4)

T™C was found to be cubic with ag 22 5.30 , and was formed
preferentlially when ThO, was present in excess. ThCp 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 1s wellesubstantiated by earlier workers
(39,40,41,42,43). The statement made by Ackermann, et al (37),
that cerbon present as an impurity 1n thoriated tungster will
produce thorium metal at about 2000°K via the reaction

T2 (s) +2W L, —> m 4 20,y (5)

i1s Incorrect. This reaction does not occur, even though it may
be thermodynamically feasible. Both ThC and ThCp are quite stable
in this temperaturs region as can be seen from Fig. 48, so these
comoounds do not appear to be likely sources of free Th. Another
important observation to be made from Figs. 4O and 4§ is thet when

86




SAMPLE TEMPERATURE (°C)—

LEGEND

SAMPLE SIZE ONE GM,,
HT'G. RATE 12 I/2°/MIN.

WT. % C: a = 5(EXCESS ThQ,),
b= 20 (EXCESS C), 0=15.40
(STOICH. FOR ThC;), AND

x = 12.01 (STOICH. FOR ThC)
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FIG.48 WEIGHT LOSS OF ThO2+C MIXTURES HEATED TO
2000°C. (ARROWS INICATE THEORETICAL LOSS
EXPECTED.)
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FIG.49 WEIGHT LOSS OF ThOz+ 5% C MIXTURES

HEATED TO 1700° 1850° AND 2000°C. (ARROW
INDICATES THEORETICAL LOSS EXPECTED.)
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ThOo 1s present in excess, it gradually volatilizes. It can

be seen that this volatilization starts somewhere betwesn 1650°C
and 2000°C. Very likely it 1s defined by equation (2), or some
modification of this reaction. The fact that thoria volatiliza-
tion starts at about the seme temperature that Schneider (Ll)
first finds free Th in thoristed tungsten filsments 1s of con-
siderable interest since it suggests the possibility that the

Th may form via some reactlon in which one of the gaseous

phases of thorium oxide plays an Important role.

b) Thoria +WC Reaction

Thoria mixtures containing various amounts of WC were fired
to 2000°C in the vacuum thermobalance. The resulta are 1llus-
trated in Fig. 50. Reactior hegins at 1500°- 1700°C, and accord=-

ing to X~ray analyses and stolichiometry 1s defined by the follow=-
ing equation:

ThO, + 3WC — 3W + ThC + 2Co (6)

Uniike 1ts reaction with carbon, thoria does not produce
thorium dicarblde when reacted with tungsten carbide. Instead
this work indicates that the monocarblde produced via equation
(6) reacts with additional tungsten in the 1900« 20000C region,
probably ag follows:

ThC + 2W —> wzc + Th (7)

Thorlum has not as yet been identified here as a reaction product,
but WoC has. Note that equations (6) and (7) offer a possible
mechenlism for the depletion of thoria from tungsten via the
formetion of thorium, with a carbon contaminant (WC) as a
reducing agent.

¢) Reactions of Thoria and Some Other Carbides

Mixtures of thoria with W2C, NbC, or TaC were fired in the
vecuum thermobalance. The first of these was taken to 2000°C,
the other mixtures to 2250°C. The results are shown in Fig. 51.
There is little evidence of chemical reaction with W C, which 1is
in 1line 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 ThOp +
C were about the same. In the NbC + ThO2 mixtures, the fired mix
fth the higher thoria concentration showed NbC plus an unidentiflsd
compound (weak indication); the low thoria concentration mixture
showed only NbC by X-ray analysise. Analysis of the TaC + ThO2
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fired mixture showed the presence of ThO», TaC, and a third
compound tentatively identified as TapC. The welght loss curves
seem to bear out the conclusion that there is 1little or no
chemical reaction hetween the carbides of Nb or Ta with ThOo.
The reaction appsars to be primarily physical; 1.e., the

volatilization of the ThO2 as one or more of the gaseous thorium
oxide species,
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VI. SUMMARY

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 consclidation 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 valusble 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
significent 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 1is little kmown about the
voild formation process. Strain rate greatly affects the process
of vold 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 sbove, 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 ald high temperature creep resistance.

It 1s, however, apparant that purity piays an importantc role
in vold formation. The largest void volume wses found in pure
tungsten. The void volume was somewhat reduced in wW-1% ThOo and
greatly suppressed in the We25%-Re alloys tested at the same
temperatures,
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The large increments in strength which were obtained in the
carbon dosed; heat treated and aged single crystal of W, W-0.35%4Ta
and W-3.5% Ta have clearly demonstrated that a fine dispersion of
submlicron 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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