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THE RHENIUM EFFECT IN SINTERED

TUNGSTEN-MOLYBDENUM-BASE ALLOYS

W. H- Lenz and R. E.

Riley

ABSTRACT

A brittleness test developed at the Los Alamos Scientific Laboratory

(LASL)

made it possible to quantitatively measure the limited ductility of sintered

tungsten-base alloys. Subsequently,

numerous sintered tungsten-molybdenum-

rhenium compositions were evaluated to establish alloys which combined room-

temperature ductility with a melting point above 2900°C-

Ductility trends

of the alloys were related to sintering temperature, molybdenum and rhenium

content,
termined.

and ThOg additive.

1. INTRODUCTION

The Los Alamos Scientific Laboratory (LASL) has
been concerned with the application of refractory
materials at extremely high temperatures for many
years. Tungsten, with the highest melting point of
all metals, 1is subject to room-temperature brittle-
ness particularly after high-temperature exposure.
Tantalum was eliminated because of its incompatibil-
ity with hydrogen at moderate temperatures. The met-
als with the next highest melting points are osmium
and rhenium. Both of these materials are scarce and

expensive, and osmium is very brittle. Molybdenum

is more ductile than tungsten; however, it melts at
26100C, which is lower than the 2900°C minimum arbi-
trarily chosen for this investigation. Therefore,
it appeared that the alloy systems most suitable for
meeting the minimal melting point requirement and
improving the ductility over that of pure tungsten
were the W-Re and W-Mo-Re systems.

Most refractory metal properties are usually
cited in the wrought condition; however, the powder
metallurgy approach is indispensible in some cases.
Therefore, the properties in the sintered condition
may be important and critical. No previous attempts
to establish ranges of room-temperature ductility in
sintered tungsten-base alloys were known and melting-

point data for tungsten, molybdenum and rhenium were

The fusion temperatures of 18 alloys were de-

meager. It was our intention to find sintered alloys
based on the W-Mo-Re system that combined room-tem-
perature ductility (or plasticity) with melting
points in excess of 2900°C- In doing this, the rhe-
nium content was to be as low as possible.

Part of the work of this report has been publish-
ed. Consolidation techniques in this field are well
known and were presented in earlier reports on tung-
sten-base alloys and cermets. Under certain condi-
tions, the Kirkendall effect will cause inferior sin-
tering in W-Mo-Re alloys formed from elemental pow-
ders. These problems are discussed in an associated
report. *

2. THE DUCTILITY TEST )

The Brinell brittleness test used in this work
was developed about the time that W-Re alloys were
first explored at LASL- Briefly, a Brinell hardness
tester is used to impress a 10-mm ball into the cen-
ter of a disk specimen of appropriate size. The vol-
ume of the indentation just prior to specimen failure
is used as a measure of the ductility. Since this
volume 1is very nearly proportional to the indentation
diameter, d,

taken to the fourth power, the value,

d , where d is measured in millimeters, 1s called
the ductility number. Figure 1 shows the appearance
of three different alloy specimens at widely differ-

ing ductility levels.
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The Brinell test was first evaluated on sintered
tantalum and W-Re alloys where a wide range of duc-
tility was available. With the sintered W-Re alloys,
only a slight ductility effect was noted below 15 at.

S rhenium (Fig. 2), but there was a pronounced im-

ot. % Re

Fig. 2. Ductility of sintered W-Re alloys determined

by the Brinell test.

provement at 20 at. $ rhenium with a peak in ductil-

ity occurring at about 25 at. $ rhenium. The curve
represents the average ductility values of tungsten
with 0, 10, 15, 20, 25, and 28 at. $ rhenium. Two
or more tests were made for each composition after
sintering for 3 h in dry hydrogen at 1T00°C, plus 1

h in vacuum at 1900*0. Bend tests performed else-
where on wrought W-Re alloys showed a similar trend

of ductility with composition.'

3- INVESTIGATION OF W-Mo ALLOYS CONTAINING RHENIUM
3-1 Preliminary Compositions

and 80

Initially, W-Mo alloys of 20, 40, 60,

at. $ molybdenum were investigated. Rhenium addi-
tions were made to the 40-60 and 60-40 at. $ tung-
sten-molybdenum powder blends. The actual composi-
tions in weight and atomic percent are shown in

Table I. Also presented in Table I are the sintered
densities and ductility values after the 1700°C sin-

tering treatment.

TABLE I

CCKPOSmOE, DENSITY. AND DUCTTLITY DATA ON V-Ho AND V-HO-Po ALLOYS

Alloy Coopoiition

Average
Atomic £ Weight * ~ of Theor  No. Disks Ductility
JL-7 Mo Ra W Mo Re Densityl Tested Number
80.0  20.0 88.5 11.7 91.7 2 13
60.0  *0.0 7550 26.0 93.4 3 17
55.6 56.8 7.6 66.7  23.* 9.9 89-0 5 175
53.1  35.* 11.6 63.0 22.1 1%*9 87.8 2 209
50.7 33.7 15.7 59-2  20.8 20.0 86.* 3 2*3
40.0 60.0 55.8 44.2 95.6 3 92
37.% 558 6.7 50.3  39-8  9-9 91-7 5 179
35.9  53.B 10.3 47.5  37.6 14.9 89.9 3 259
3% .5 51.% 1*.1 **.7 35,3 20.0 08.3 3 291
20.0 80.0 32.1 67.9 96.6 5 206

* Th« 60-40 mod 40-60 vtf tun-aton-Bolybdenun ratio* vara malntalnad In tha

two aorlaa containing 10, IS, and SO vtd rhenium

b Cocrpnoted at 100 til, 0.410-ln. die and alntarad 3 h at 1700*0 In hydrogen.

For the compositions without rhenium, there was

a considerable increase in room-temperature ductility
as the composition changed from tungsten-rich to mo-

lybdenum-rich, especially above 60 at. $ molybdenum.
The rhenium additions show a marked increase in duc-
tility with increasing rhenium content over that of

the base compositions investigated. Furthermore,
rhenium additions of 15 at. $ and less were quite
effective in W-Mo alloys, where they were nearly in-
effective with the tungsten alone (Fig. 2).

5-2 W-Mo Alloys with 0, 7, 1”7 and 17 at. ~ Rhenium

In view of the above promising results, new al-
loy powder was blended to cover the entire tungsten-
molybdenum range at 10 at. $ intervals. We realized
that the rhenium content should be expressed as atom-
ic percent to maintain an equitable relationship over
additions

a broad range of compositions. Therefore,

of 7, 12, and 17 at. $ rhenium (roughly comparable

to the 6.7 to 15-7 at. $ rhenium additions of Table
1) were made to certain of the tungsten-molybdenum-
base compositions. The 0. 1110-in.-diam disks were
compacted at 100 tsi. Sintering of the various com-
positions was similar to the previous experiment,
except that most of the compositions were also given
an additional sintering treatment at 1950*0 for 2 h
in vacuum to ensure better diffusion in the higher
Re alloys. The composition, density, and average
ductility of these alloys are presented in Table II
Figure 3 shows the effect of the additional sin-
tering treatment at 1950*C over that of the 1700*C
sinter for the W-Mo binary alloys, which resulted in

grain growth and lower ductility. Although consid-



TABLE IT
DENSITY AND DUCTILITY OF SINTERED W-MO ALLOYS

WITH 0, 7, 12, AND 17 AT. 7 RHENHM

ConpoBition, at. * io of Theor pensity Av Ductility Value

W-Mo Base Sint® Sintb Sinta SintD
W Mo Re 1700*C 1950*C 1700*0 1950*1
100 o o 91-3 9L.7 5
°0 10 o 93-2 95.0 7 5
80 20 o o1.8 93.3 10 7
70 30 o 93.8 91%. 8 7 10
60 40 o 93.5 oL.3 12 10
50 50 o 95.7 93.6 Uo 20
uo 60 o 95-6 95.3 20 30
30 70 o 97-0 95-0 95 48
20 80 0 96.6 96.1 215 115
10 20 o 96.1 96-7 220 145
o 100 o 95.1 97.2 685 260
100 o 7 ©0.8 95-1 30
70 30 7 89.9 91.4 75
50 50 7 91*+0 91.0 156
0 100 7 92.5 93.4 570
100 0 12 90.8 94.5 24 57
920 10 12 89.6 °2.6 124 78
TO 30 12 88.7 89.4 177 215
s0 50 12 88.8 89.2 220 197
30 70 12 89.8 89.8 285 soo'
10 20 12 90.2 90.4 500
0 100 12 91-6 92-7 590c
100 0 17 89.5 94.0 132
70 30 17 87.6 88.8 250
50 50 17 87.8 88.2 285°
30 70 17 88.U 88.1 410¢
0 100 17 88.0 88.8 550¢

* Condition A: Sintered 5 h st 1700'C In H*.

Condition B: Same aa Condition A plus 2 h at 1950*C in vacuum.

c One or more epeclmena survived full JOOO-kg load.

erable scatter was encountered on the molybdenum-
rich side of the W-Mo binary alloys, the average
values produced a smooth curve. It is again evident
that the ductilizing effect of molybdenum additions
is very weak in the tungsten-rich region, but be-
comes much stronger above 50 at. $ molybdenum.

Figure 5 also shows the effect of rhenium addi-
tions on the ductility of selected tungsten-molybde-
num-base compositions. The ductility curve of the
12 at. » rhenium compositions, after the 1700,C sin-
ter, agrees with the ductility values of similar
compositions previously listed in Table I. The ad-
ditional 1950*C sintering treatment lowered ductili-
ty by approximately 50 points for the tungsten-rich
12 at. $ rhenium alloys, but not for those rich in
molybdenum.

In general, the tungsten-molybdenum-rhenium

curves of Fig. 3 show this trend for the 1950*C

600

BOO
Fig. 3a. 1700°C sinter.
600 -
1950 'C  SINTER
NO R*.

W-Mo ALLOY BASE - ol. % Mo
Fig. 3b. 1950*C sinter.
Fig. 3- Ductility of various tungsten-roolybdenum-

base alloys for two sintering treatments.

treatment, tending to sweep upward in the molybdenum-
rich region. Thus, the combined effect of increas-

ing rhenium and molybdenum is to resist grain-growth
and grain-size embrittlement. In this region, the
ductility values of the 17 at. f rhenium curve aay

actually be higher than shown, because the molybde-



num-rich specimens did not break at maximum load.

At all rhenium levels, however, the ductility im-

provement over the tungsten- or tungsten-molybdenum
base compositions 1is substantial.
3.3 sSintering W-Mo-Re Alloys Above 1950*C

Based on these results and from the viewpoint
of higher sintering temperatures, it appeared that
the tungsten-rich region with 20-30 at. f molybdenum
should be explored further, and that the effect of
low rhenium contents on the 50-70 at. $ Mo alloys
should be determined. New powder mixtures were made
for the compositions involved and all of the disks
were presintered at 1700'C for 3 h in hydrogen.
After the ductility for the 1700°C treatment was de-
termined, the remainder of the specimens were sinter-
ed at 23k0OcC for 0.5 h in vacuum.

The ductility-test results on specimens given

these treatments are shown in Table III. The aver-

TABLE III

DUCTILITY OF VARIOUS W-Ko-Re ALLOYS AFTER
SINTERING AT 1700 AND SJtO'C

Av Ductility Number (d |

Composition 1700 *C 2370*0"

Ratio At. $ At. $ No. of K No. of k
w Mo Re Added Tests £ Tests =
80 20 12 2 157 2 80
70 30 12 2 155 2 100
70 30 17 2 235, 2 230"
1 156 2 99

50 50 7 3 180 3 93
50 50 12 3 230 3 155
o Come 2 I
30 70 7 3 311 3 137

* 3 h at 1700*%0 In dry H2

13 same as a plus 1/2 h at 23[*0*C in vacuum,

Specimens reduced to 0.320-in dlam to ensure
failure below 3000-kg load limit.
d One or both specimens survived the 3000-kg maximum

load.

age values for ductility of these samples were plot-

ted in Fig. . In every case, the 7 and 12 at. *
rhenium alloys show only about half as much ductility

for the samples sintered additionally at 2370*0 as

compared with identical specimens given Jjust the

1700*C sintering treatment. The 17 at. $ rhenium

curves, however, again represent minimum values be-

cause most of the specimens did not fail under full

test load. Also, there was greater resistance to
embrittlement for the 23tO*C treatment than with the
7 and 12 at. $ Re alloys.

The above experiment was partially repeated
using a different set of powders. The compositions
ranged from 20 to 50 at. f molybdenum in 10$ incre-

ments with 0, 7, and 12 at. $ rhenium. The powders

used were 1.7-um tungsten, 3-7-Mm molybdenum, and

1.35-um Fisher average particle size (APS) and all

specimens were pressed at 60 tsi. The essential
sintering and ductility test data are presented in
Table IV. Figure 5 shows that the usual trends were
realized and that the ductility values for the rhe-
nium-containing alloys are similar to those of Fig-
4 for the same compositions.
3-4 Metallography

The effect of rhenium on the ductility of tung-
sten and molybdenum appears to originate at the atom-
ic structural level (perhaps affecting both lattice
and grain boundary conditions) so it is not surpris-
ing that metallography does little to explain the
various ductility relationships in the alloys with
the exception of embrittlement accompanying grain
growth. All of the described binary and ternary al-
loys consist of a single phase when adequately sin-
tered. With the nominal 2-um powders used for this

work, some larger particles such as 20-um were some-

times present. The sintering treatments below 231t0°C
often homogenized the W-Mo binary alloys, but usually
yielded finer grains and some undissolved rhenium in
the ternary alloys. Sintering at higher temperatures,
to ensure complete solution of the rhenium, promoted
grain growth and usually lowered the ductility} thus,
the grain-size effect usually overcame the ductiliz-
ing effect of previously undissolved rhenium. A de-
crease in density usually accompanied an increase in
rhenium content regardless of the sintering condi-
tions.”

Metallographic structure typical of the alloys
so far presented in this report are shewn in Fig. 6.
The progress of solid solution formation and grain
growth with increasing sintering temperature is evi-
dent in both the binary and ternary alloys. The use

of finer powders would hasten the diffusion process,



1700 *C

200 -

100 -

‘W-Mo, NO R«

2340 *C

W-Mo ALLOY BASE - »/. Mo

Effect of sintering temperature on several W-Mo alloys with various rhenium contents-

TABLE IV

ADDITIONAL DUCTILITY DATA
ON VARIOUS W-Mo-ERe ALLOYS

. , (1ityvs
Composition, At. 1 Av Ductilityf

3 h, Ha 1/2 h, Vac
W-Mo Ratio Re 1700°C 2340,,C

80-20 0 17 9
7 127 17

12 143 42

70-30 0 21 10
7 136 25

12 186 54

60-40 0 66 15
7 172 4i

12 256 120

50-50 0 127 15
7 414 94

12 367 195

a Three or more tests for each value.

but might be worse from the standpoint of oxygen
pickup on the higher surface area of the powders.
4. ATTEMPTS TO IMPROVE THE RHENIUM EFFECT

While most of this work covers the ductilizing
effect of rhenium, other factors also influence duc-
tility. The effect of rhenium on the ductility of

tungsten and molybdenum has been attributed to the

fact that the rhenium has more free electrons than
the tungsten and molybdenum atoms.” This theory

made us think that the same results might be accom-

plished with other metals of Group VII and VIII ele-

ments. Most of these metals can be eliminated for
various reasons, 1i.e., high vapor pressure (manga-
nese), insolubility in tungsten and molybdenum (iron

group and most of both Groups VII and VIII), extreme
scarcity (technetium, rhenium, iridium), or by prior
knowledge regarding negative effects (iron group,
platinum, palladium, ruthenium).
4.1 Ruthenium and Osmium Additions

Some of the platinum group metals of Group VIII
show theoretical promise, but these are nuclearly
more undesirable than rhenium. However, it was de-
cided to try ruthenium because it is nuclearly more
compatible than rhenium, and osmium because it was
known to be soluble in tungsten; furthermore, both
of these metals have relatively high melting points.
Also, the effect in a tungsten-molybdenum-rhenium
base might be better than in tungsten or molybdenum.

The effects of ruthenium and osmium were eval-
uated by adding approximately 1-5 at. $ of these ele-
ments to a 70-30 at. ~ ratio W-Mo alloy containing
12 at. $ rhenium. The sintering treatments and prop-
erties of these disks, which were limited in number,
are shown in Table V-

The ruthenium addition increased the density
and hardness as sintered, but embrittled the alloy-
The osmium addition increased the hardness, but other-
wise appeared neutral; i.e., it did not change the
measured ductility values as compared with the alloy

containing no osmium. There is no metallographic



SINTERED 3 HR.IN Ht 1700 *C
300-

NO R«

SINTERED 3 HR. IN Ht 1700 *O
+ 30 MIN. IN VAC. 2340 *C

COMPOSITION OF W-Mo BASE— % Mo

Fig- 5-

explanation for the embrittlement by the ruthenium,
since both the ruthenium and osmium appear to have
should addi-

gone into solid solution. Of the two,

tional work be justified, osmium seems more favor-
able for further trials, but it has very undesirable
nuclear properties.
b.2 Effect of Dispersed ThOg

Another factor known to affect the ductility of
refractory metals was the addition of a grain-growth
inhibitor. Table VI shows the data on ductility of

70-30 at. % W-Mo base alloys with 7 and 12 at. $ rhe-

nium as affected by sintering temperature, atmos-
phere, and the addition of 1.5 or 3-0 wt$ submicron
Th02 ball-milled into the metal powders. Also shown
is a 70-30 wt$ W-Mo alloy with 20 at. $ rhenium. In
addition to the usual 1700 and 23+40°C sintering
treatments in dry Ha, sangples from all five of these
compositions were treated at 1700*0 for 3 h in wet
hydrogen to learn something about their response to
increased oxygen content. It was assumed that some
oxygen was added to the alloys from this atmosphere,
which caused a trend toward even lower ductility than
was obtained after the 2370*C sintering treatment in
vacuum. Typical microstructures for these alloys
are shown in Fig. T-

If Table VI is viewed in its entirety, it will
be seen that,

a. The ductility increases with the rhenium

content following the initial dry-hydrogen

Effect of sintering temperature on alloys of Table IV-

sintering at 1700“C-

b. The ThOs, by lowering the sintered density
after the initial 1700°C stage, has a double

effect in also reducing continuity of the

alloy matrix, and ductility is thereby re-
duced.

c. At the 2570*0 stage, higher rhenium tends
to reduce the loss of ductility caused by
grain growth.

d. By restricting grain growth, Th02 at 2370*C
has a similar effect, especially evident
with the 12 at. % rhenium alloy.

e. The higher rhenium content alloys and those
with ThO02 tend to retain more ductility
after the wet-hydrogen treatment; and

f. At the 20 at. ~ rhenium level, it appears

that the embrittling effects of high temper-

ature

(grain growth) and wet-hydrogen (ox-

idation) are overcome.
5- DISCUSSION OF THE RHENIUM EFFECT

Although some highly impressive theories of*the
rhenium effect were advanced in recent years,r '
some of these explanations were contradictory and
none were conclusive or above criticism. Still more
recently, some of the same sources have agreed that
the fundamental reasons for the rhenium effecg are
elusive, and that no good explanation exists.
By avoiding the basic field of atoms and elec-

trons, however, and by considering the properties of



(a) 60-k0 at. % W-Mo powder mixture sintered 3 h
in H2 at 1T00°C.  (250X).

(c) 50-50 at. $ W-Mo with 12 at. $ rhenium sintered
3 h in H2 at 1700°C. (Dark areas rich in rhe-
nium. ) (250X) .

(e)  50-50 at. ¢ W-Mo with 12 at.
same as (c) plus 10 min in H2 at 2600¢C.

$ rhenium sintered

Fig. 6. Effect of sintering treatment on micro-
structure of './-Mo and W-Mo-Re alloys.

250X%.

(250%) .

(b) 60-Uo at.
as (a) plus 2 h in vacuum at 1950°C-

W-Mo powder mixture sintered same
(250X%) .

(d) 50-50 at. W-Mo with 12 at. *~ rhenixan sintered
same as (c) plus 1/2 h in vacuum at 23ItO,C-
(250X) .

tungsten crystals, the explanations have become

clearer. During the past several years, it has been
learned that small amounts of rhenium (under 7 at. $),
which exhibited little or no ductilizing effect on
most forms of tungsten, had a very powerful effect

on fine tungsten wire where the grains (or crystals)
became oriented, especially in conjunction with non-

sag dope or dispersed ThOZ.Q’10

This would suggest
that rhenium changed the properties of oriented tung-
sten crystals, and Garfinkle 'has recently shown
that this is the case.

The practical effects of rheniun in tungsten
show that it would be a mistake to believe that a
certain amount of rhenium contributes a certain de-
gree of ductility to tungsten- This whole field of
composition, orientation, and ductility is interre-

lated with the temperature factor. To properly ap-



TABLS V

EFTBCT OF mFIEtIIU Aim OSCTUM ADDITIONS ON THE PROPERTIES
OF A 70-30 AT. Z W-Mo ALLOY WITH 12 AT. KHENILN

Sintering
~ e~ 2 of Brinell Brlttlenes« Test
Alloy Addition Meuclmaa Theor Hardnes* No. Average
No. (vt*) Tenp, *C Den* kg/d* Test* Ductility
217 None 1700% 83.5 ito 3 169
£3to 89.7 169 3 98
221 1 RuC 1700£ 86. A 185 3 37
23to 91-3 222 3 1*
222 2 0%¢C 1700* 83.0 169 3 188
23tob 89-7 207 3 89

* 3 h in Ha at 1700%0.

~ Saae aa a plua 1/2 h in vacuua at 2370*%0.

c Approximately 1.5 at. £.

predate these relationships, the critical role of
temperature must be understood.

In common with many other metals, tungsten and
molybdenum and their alloys posses what is known as

a ductile/brittle transition temperature range, sev-

eral of the metals with very high melting points
are brittle near or below room temperature. Schemat-

ically, the situation for tungsten, molybdenum, and

their alloys with rhenium might be depicted approxi-
mately as shown in Fig. 8.

Molybdenum, depending on

its purity, has a transition temperature very near
room temperature. A normal molybdenum sheet can be
bent and formed readily at boiling-water temperature

(100°C), whereas it may be brittle at room tempera-

ture (22°C) or in ice water (0'c)
Thus, 1in considering room-temperature ductility
tests (including all in this report), the reservation

should be made that these results could be different
at a higher or lower temperature.

A ductile-brittle transition curve taken from
the literature and modified schematically is shown
in Fig. 9- This represents the results of bend tests
on a W-Re alloy sheet in the recrystallized condi-

tion. (The position and shape of the curve would be

different for as-rolled or strain-annealed sheet. 1%
In Fig. 9> the arrows indicate in what direction the
curve should be shifted by the various factors list-
ed. These effects are not always independent; for

example, purity will affect grain size.
From the above discussion, it should be evident
that the rhenium effect, at least with dilute rhenium
contents, 1s not a straightforward phenomenon. It
should also be evident that the as-sintered form of
W-Re alloys 1is in some ways the least favorable for

obtaining ductility because purification by vacuum

melting, or provision of fibrous or oriented grains,

are not applicable. The one highly favorable aspect

of an as-sintered structure, fine grain size, also
tends to be removed by the necessity for high-tem-
perature sintering or application.

The ductile-brittle transition temperatures of
tungsten and molybdenum are apparently greatly af-
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fected by impurities,

especially by oxygen.
Impurities in the grain boundaries are concentrated
by grain growth, which is one explanation of brittle-
ness increasing with grain size in tungsten and mo-
lybdenum. The function of rhenium additions is to
remove these sensitivities and thereby lower the duc-
at the

tile-brittle transition temperature. However,

lower rhenium contents, the bad effects of impurities
are not completely overcome. Reproducibility of re-
sults 1is greatly dependent on close control of impu-
rities in powders and sintering atmospheres as well

as on alloy physical conditions

(porosity, grain

size, etc.). It becomes highly important to room-
temperature ductility whether the ductile-brittle
transition is at 50 or -50°C.

The data of this report did not always agree
closely with the degree of ductility imparted by rhe-
nium. While the trend of rhenium effects was consist-
ent for a fixed set of conditions, different powders
might affect the absolute results, and a given pow-
der blend might behave differently for various sin-
tering atmospheres. Assuming the sensitivities ex-
plained above, it is not surprising that the same
powder sintered at 25%0°C might end up differently
for atmospheres of dry hydrogen, wet hydrogen, or
vacuum.

6. MELTING POINTS OF W-Mo-Re ALLOYS
The melting temperatures of selected alloys from

this investigation are shown in Table VII. Although
the stated accuracy of the determinations was + 50°C,
an analysis of the results made by plotting the data
with the accepted melting points of tungsten and mo-
lybdenum leads to a maximum spread nearer t 55°C.
The depression of the binary melting point by 12 at.

rhenium appears to be about 50"C at midsystem, in-
creasing to a maximum of about 100°C at the tungsten
end (Fig. 10).

Sintered cylinders about 3/8-in. diam by 5/8-in

long were used as melting-point specimens. A small

hole, drilled in one end, extended beyond the cylin-

der midpoint. When the alloys were heated in a high



TABLE VI

EFFECT OF RHENIUM,

Th02, AND WET H2 ON A W-Mo BASE ALLOY

. hnh
Ductility (d

70-30 at. $ W-Mo Base Density Percent of Theor Cumulative Sinteringl,
Alloy at. $  wtjt Cumulative Sinteringa 1700°¢c 2340%*c 1700*C
No. Re Th02 Green 1700°C 23U0°C Dry H2 Vac Wet H2
217 12 70.3 86.4 91-1 193 110 62
217-A 12 3 70.2 81.7 87-3 179 207 151
218 17 69.4 85.8 90.0 o 232C 15%
2182 17 1-5 69.6 836 889 255 =y 187
223 20 68.7 84.3 90.2 289c 232° 220°

Sintering successively:

3 h at 1700*C in dry u2

1/2 h at 2540°C in vacuum
3 h at 1700°C in wet H2-

Fresh specimens tested after each sintering stage;

density change during the last sinter was nil.

4
d values are averages of two or three specimens.

One or more disks survived the 3000-kg load;

frequency concentrator coil, the melting point was
determined by optical pyrometer sighted on the bottom
of the small hole, where the presence of liquid metal
could instantly be observed.

The regularity of the results may be observed
from both Table VII and from Fig. 10. A comparison
of these results with those in Ref. 15 was made by
plotting the LASL wt” compositions on a ternary dia-
gram. The Russian work included seven alloys con-
taining 10 and 20 wt$ rhenium, which were also plot-
ted on the diagram. Labelling the various points
with the melting-point values permitted the sketching
of isothermal lines for both sets of data. From this

construction, not shown, it could be concluded that
the Russian values were about 100°C lower than the
Los Alamos values for the 10 wt$ Re alloys and 200
to 200*0 lower for the 20 wt$ alloys.

The method used by the Russian workers for de-
termining melting point was not disclosed. Since
the Los Alamos results with the binary W-Mo alloys
were near accepted values, it appears that the melt-
ing points of the ternary alloys as determined at
Los Alamos are to be preferred.

From Fig. 10, the alloys based on a W-Mo atomic
ratio of 60-40 or greater, and containing up to 17
at. % rhenium, have a minimum melting point of 2950*0
(values obtained from slight extrapolation of data
plot). Some of the ternary alloys with melting tem-

peratures in the 3050 to 3200*0 range have appreci-
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value given is the minimum average.

able room-temperature ductility compared to tungsten.
This information, combined with the ductility data,
permits comparisons to be made with the melting point
and room-temperature ductility of sintered molybdenum.
It appears that a gain of at least 350 to 400*0 in
the melting point can be obtained at the sintered mo-
lybdenum ductility level by using tungsten rich
W-Mo-Re alloys containing up to 17 at. $ rhenium-
7-  RESULTS AND CONCLUSIONS

The Brinell brittleness test appeared suitable
for this work.

Therefore, based on the data which

resulted, certain conclusions and observations may
be made. They are as follows;

a. The sintered W and Re binary alloys showed
only a slight improvement in ductility with increas-
ing rhenium up to 15 at. f, rhenium over that of pure
tungsten.

However, there was a pronounced increase

in ductility at the 20 at. $ rhenium level with a
peak ductility at about 25 at. $ rhenium. The duc-
tility started to drop off again at the 28 at. $ rhe-
nium level.

b. The sintered W-Mo binary alloys showed only
a very slight Improvement in ductility with increas-
ing molybdenum content up to approximately 50 at. $
molybdenum.

Above this level, there was a sharp in-

crease in ductility. Of course, this no longer be-
comes a tungsten-base alloy and the melting point be-
comes less than 2900*C.

c. In all cases, the W-Mo-Re alloys show a



(a) Alloy 218 sintered 1700°C,
are rhenium rich).

dry Hg* (Dark areas

(c) Alloy 218-A, 1.55" ThOa sintered same as (h)

Fig. 7* Effect of ThOa on grain size of a W-Mo-Re

alloy. 500X. (Table VI and text.

marked improvement in ductility with increasing rhe-
nium content regardless of the sintering condition.
d. Using the ductility values after the 1700°C
sintering temperature as a base for comparison, there
is a sharp drop in ductility in both the binary and
ternary alloys. Up to and including the 12 at. f
rhenium additions, the ductility dropped about 50$
of the values obtained for the 1700°C sinter. At 17

at. $ rhenium and greater, the effect was only slight-

(o) Same as (a) plus 23b0°C vacuum sinter.

ly lower for the higher sintering temperatures- This
lowering in the ductility with increasing sintering
temperature has been associated with increasing grain
growth. It was also noted that increasing rhenium
content resulted in lowering the grain size of the
sintered alloys.

e. A fine dispersion of ThOa in these ternary
alloys restricted grain growth and helped to retain
ductility up to about the 2350°C sintering tempera-
ture.

f. Ruthenium added to a ternary alloy resulted
in increased sintered density and hardness,

but em-

brittled the material. Osmium, on the other hand,

also increased density and hardness, but did not
change the measured ductility values as compared with
the alloy containing no osmium.

qg. The melting point data follows Vegard's law
for the W-Mo alloys. The melting point of the ter-
nary alloys are lowered as the rhenium content in-
creases. As compared to tungsten, however, there are
many alloy combinations that have melting points in
excess of 2900°C and that still have considerable
room-temperature ductility.

Observations based on room-temperature data
from the Brinell brittleness test, and from melting-
point determinations, lead to the following conclu-
sions:

h. Sintered W-Re alloys, containing up to 28

at. $ rhenium show a strong ductility peak at 25 at.$

11



TABLE VII

COMPOSITION AND MELTING TIMPERATURES OF SELECTED
BINARY AND TERNARY W-Mo-Re ALLOYS

CocipoBition of Povders as Blended

) Melting
Alloy at. 1 at. 1 at. ~ vt vtlh Vit Point,
No. \% Ito Re \% Mo Re +35*C
170 80.0 20.0 88.3 11.7 3275
171 60.0 40.0 74.0 26.0 3080
172 s55.6  36.8 7.6 66.7 254 oo 3050
174 50.7 J3-7 15-7 59-2 20.8 20.0 2980
175 40.0 60.0 55-8 44.2 2915
176 37.4  55-8 6.7 50.3 59-8  9-9 2880
178 54.5  51-4  1U.I 44.7 35.3 20.0 2630
BRITTLE
?SI\OIILA TEMPERATURE 179 20.0 80.0 52.1 67.9 2740
: 182 88.0 12.0 87.9 12.1 3315
1 * 1 1 1 1 -
Fig* 8. Schematic relation of ductility and tempe? 184 0.0 10.0 oas 55 3360
ature for tungsten and molybdenum and their
) ; ) 185 79-2 8.8 12.0 82.6 4.8 12.6 3220
Eilloys with rhenium.
186 70.0  30.0 81.7 18.3 3120
188 61.6  26.4 12.0 70.5 15-7 13.8 3115
190 50.0 50.0 65.7 34.3 2970
NON-SAO OR ThOj DOPE .
FIBROUS GRAIN STRUCTURE 192 kk.o MO 12.0 55-7 29.0 15-3 2950
HIGHER PURITY (METALLIC) 194 30.0 70.0 45-1 54.9 2860
ORIENTED GRAINS ( WIRE) 196 26.4 61.6 12.0 37-4  45-5 17-1 2850
198 10.0 90.0 17-6 82.4 2655
(Accepted melting points for tungsten and molytdenum are 3410 and
COARSER GRAIN 2610%C.)
INTERSTITIAL IMPURITIES a vtjt Is basis for blending; at. 3 values are calculated.
FASTER STRAIN RATE
ROOM 3400
TEMP V*T At R. - X
12 At R. - A
OVER 14 S R. -0
Fig. 9" Schematic of ductile/brittle transition tem- KNOWN MELTINO POINTS - =
perature for tungsten-rhenium crystallized
sheet (see text).
. . ) ) ) o 3200
rhenium with only minor increase in ductility below
15 at. ”~ rhenium.
i. When sintered at 1700*C, W-Mo alloys re-
tained most of the brittleness of tungsten until the
molybdenum content exceeded 40 at. Further addi- 2000
1S.7 At R.
tions of molybdenum raised the ductility at an in-
creasingly rapid rate. The ductility gains in the
) 2900
molybdenum-rich region were greatly diminished, how- IESTIMATED)
ever, by each higher sintering temperature of 1950
and 2540°C (grain growth effect). 2800
j. Rhenium additions of 7 at. $ or greater to
W-Mo alloys were more effective in improving ductil- 2700
ity thfm the same additions to tungsten alone. Rhe-
nium seems to activate the ternary lattice so that
molybdenum also is effective in increasing ductility
in the tungsten-rich region. W-MO ALLOY BASE — Mo
k. In W-Mo-Re alloys, the ductility was stead- Fig. 10. Melting points of selected W-Mo and W-Mo-Re

alloys.
ily greater with successive levels of 7* 12, and 17 b
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at. $ rhenium, and ductility also increased contin-

uously with greater molybdenum content. The ductil-
ity levels attained by sintering at 1700*C tended to
be reduced by sintering temperatures up to 2}ko'C,
but this trend was partly or completely neutralized
as the rhenium content increased to the 17 to 20 at.
«, level.

1. A 17004C wet-hydrogen treatment, following
the 2370*0 sinter, caused a further reduction in
ductility of certain W-Mo-Re alloys, ostensibly due
to pick up of oxygen impurity. The presence of
finely dispersed ThOg in duplicates of these eilloys
restricted greiin growth and yielded higher ductility
values for both the above treatments.

m. Addition of 1.5 at* $ ruthenium to a W-Mo-Re
alloy increased the hardness and lowered the ductil-
Addition of 1-5 at. %

ity. osmium to the seme ter-

nary alloy did not lower the ductility, but increas-
ed the heirdness.

n. The melting points of W-Mo alloys were in
near eigreement with linear proportions of accepted
values for the melting points of tungsten and molyb-
denum. Melting points of the binary alloys were
lowered in proportion to the rhenium addition with
a maximum lowering of about 150°C at the tungsten-
rich end for 17 at. $ rhenium.

0. This report indicates that sintered W-Mo-Re
alloys with 17 at. $ rhenium, or less, may be select-
ed to fit the following objectives:

(1) melting point in the range 2600 to
2950°C with room-temperature ductility well above
that of sintered molybdenum,
with

(2) melting point 2950°C, or higher,

ductility at least equal to that of sintered molyb-

denum.
ACKNOWLEDGMEMTS

We appreciate the efforts of J. M. Taub, CMB-6
Group Leader, in supporting this project. Editorial

suggestions by W. C. Erickson, CMB-6, were helpful.
N. K. Richerson, CMB-6, performed the powder prepara-
tion, pressing, and sintering operations in an effi-

cient and reliable manner and kept records of the re-

sults. Metallographic services were provided by

T. I. Jones, CMB-6. Melting points of alloys were

determined under the supervision of M. G- Bowman,
CMB-3 Group Leader. All metallic powders were rou-
tinely analyzed for impurities by Group CMB-1 under

C+ F* Metz.

REFERENCES

1. W. H* Lenz, "Ductility and Melting Point of Sin-
tered W-Mo-Re Alloys," Intern. J. Powder Met. 1,
No. 1 (1965).

2. W. H. Lenz and P. R. Mundinger, "High Density

3*

5

T

9*

10.

11.

12.

13*

14.

15.

W-UO* by Activated Sintering," J. Less-Common
Metals 5, 101 (I963)3 also LAMS-2716, Los Alamos
Scientific Laboratory (May 1962).

W. H- Lenz and R. E. Riley, "The Kirkendall Ef-
fect in Sintered Refractory Metal Alloys," LA-

4153-MS, Los Alamos Scientific Laboratory (May

1969) .

W. H. Lenz, "A New Brittleness Test for Powder
Metallurgy Materials," LAMS-2906, Los Alamos
Scientific Laboratory, (June 1963).

D. J. Maykuth, F. C. Holden, and R. I. Jaffee,

"Workability and Mechanical Properties of Tung-
sten and Molybdenum-Base Alloys Containing Rhe-
nium," Chapter in "Rhenium," Electrochemical So-

ciety Synposium, Chicago, 111., p. 114, (May 3-4,
1960).
E. P. AbrAhamson II, "Electron Concentration and

Metallic Properties," Proc. Sagamore Army Mater.

Res. Conf., 12th, Raquette Lake, N. Y-, 1965
(1966) .
R* I* Jaffee, D. J. Maykuth, and R. D. Douglass,

"Refractory Metals and Alloys," Metallurgical So-

ciety Conferences, Detroit, Mich., 11, p.383
(May 1960).
J. G. Booth et al., "The Mechanisms of the Re-

Alloying Effect in Group VI-A Metals," plansee
Proc., Pap. plansee Seminar, 5th Reutte/Tyrol,
1964, p. 547, (1965).

Austria,

J* W.
Trans.

Pughet al.,
Am. Soc.

"Properties of W-Re Lamp Wire,"
Metals, "5, No. 3, 451 (1962).

J. H. Port, "Recent Developments in Rhenium and
Re-Alloy Technology," Plansee Proc., Pap. plansee
Seminar, 5Sth, Reutte/Tyrol, Austria, 1964, p. 613,
(1965) .

M. Garfinkle, "Room Temperature Tensile Behavior
of 100 Oriented Tungsten Single Crystals with Re
in Dilute Solution," NASA-TM-X-52132,
search Center, (Oct. 1965).

W. D. Klopp et al., "Ductility and Strength of
Dilute W-Re Alloys," NASA-'IM-X-52134, Lewis Re-
search Center, (Oct. 1965).

Lewis Re-

J* R. Stephens, "Effects of Interstitial Impu-
rities on the Low Temperature Tensile Properties
of Tungsten," NASA-TN-D-2287, Lewis Research

Center, NASA, Cleveland, Ohio. Reviewed in Metal
Progr. 91, 168 (Apr. 1967)
A. Milner and T. R. Bergstrom, "Ductility of Sin-

tered Unworked Molybdenum-Carbon Alloys," J.
Common Metals 12, No. 4, (1967).

Less-

M. A. Tylkina et al., "Ternary Solid Solutions
in the Tungsten-Molybdenum-Rhenium System,"
Russ. J. Inorg. Chem. (English Transl.) 5,
(Nov. 1960)

1190,

13



