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INTRODUCTION 

Liquid sintered alloys were first reported in 1935 by McLennan and 
Smithells,1*2 and the process of liquid phase sintering was described 
by Price, Smithells and Williams? in 1938, Not much attention was paid 
to the process until the early 1960*s, when Krock^"1* and co-workers 
began studying the elastic properties of W-Ni-Cu and W-Ni-Fe alloys. 
At about the same time Parikh-1-" and associates, at what was then the 
Armour Research Institute, were investigating W-Ni-Fe alloys with the 
thought of making large fabricated shapes and then removing the Fe-Ni 
phase leaving tungsten capable of high temperature use for such appli
cations as rocket nozzles. Kingery1* has studied the processes of 
liquid sintering and proposed several mechanisms to cover the various 
stages involved. Brody and Prill1^ also discussed the sintering 
mechanisms of W-Ni-Fe liquid phase sintered alloys. 

Larson and Murphy1^ have reviewed the developments prior to 196^, 
especially as related to Mallory's commercial alloys. A particularly 
good summary of liquid sintering mechanisms, theories, and methods used 
in experimentally studying these alloys is contained in a book by 
Eremenka, Naidich, and Laurinenko.-1-" 

These works have served to provide a basis of understanding of the 
liquid phase sintering process as well as providing a knowledge of the 
properties of some of the alloys. Most of the early alloys had compo
sitions near 90$ W-6# Ni-^ Cu or 90$ W-7# N i ^ Fe. (All percentages 
reported are weight percents.) Since the mid-1960*s not much has been 
reported in the open literature on these types of alloys although a 
number of reports with restricted distribution and a considerable MASTER 
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amount of proprietary information has been generated. 

Numerous commercial alloys of the W-Ni-Fe family are available and 
the properties of several such alloys as determined by Eash, Zukas and 
Green1' et al. are shown in Table I. These alloys failed to have 
adequate strength for some of the desired applications so a study was 
undertaken to synthesize similar alloys that would have yield strengths 
over 120,000 psi while keeping the densities as high as possible and 
still maintaining some ductility. 

Liquid phase sintering owes its usefulness to its ability to pro
duce fully dense materials at temperatures below the normal sintering 
temperatures as well as requiring considerably less sintering time. 
Tungsten liquid phase sintered alloys are also machinable—a very-
important consideration. 

The mechanisms of liquid phase sintering are moderately well under
stood and a number of theories and explanations have been proposed. A 
brief qualitative description of some cf the important factors governing 
liquid phase sintering follows: 

Price, Smithells and Williams^ first pointed out the three con
ditions necessary for liquid phase sintering to occur. These are: 

1. A large difference must occur between the melting points of the 
components (the dispersoid and matrix phases); 

2. The lower melting component (matrix) must be sparingly soluble or 
insoluble in the higher melting component (dispersoid particles); 

3. There must be considerable solubility of the higher melting compo
nent in the lower melting component. 
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If these conditions ore met and the powder compact to be sintered 
is held just above the melting point of the lover melting component 
densification vill occur in several stages. 

Dcnsification occurs first by regrouping or re-arrangement of the 
dispersoid particles in the liquid phase to form a close-packed array, 
resulting in the filling of most of the pores. This happens in the 
presence of a liquid phase whether the system liquid sinters or not. 
If enough liquid matrix is present a moderately dense piece is formed. 

For true liquid sintering to occur this stage would be followed by 
a solution-precipitation reaction, where the smaller particles and high 
energy regions of larger particles dissolve more readily than larger 
particles. This normally increases the amount of liquid phase so that 
additional rearrangement of the dispersoids can take place. 

After the liquid phase has dissolved an equilibrium amount of the 
dispersoid phase, the process continues, with edges, corners, small 
particles, etc. having higher energies dissolving preferentially and 
reprecipitating on the larger smooth surfaces. In an isotropic system, 
such as is shown in Fi*. 1, a photo micrograph of a W-Ni-Pe alloy, this 
results in a dispersion of typical rounded particles in a lower melting 
matrix. 

Finally, if the sintering is continued the dispersoid particles 
grow together to form an interconnecting network, and solid state sinter
ing becomes important. There are some disagreements over these mecha
nisms, but they serve to paint a qualitative picture of the process of 
liquid sintering. The predominate mechanism that controls the process 

Figure 1. 95$ W-3.5* Hi-1.5* Fe alio}' liquid-phase sintered for 1 b 
at 1520*C (100X). 



depends upon such factors as the system, the amount of liquid present, 
temperature, etc. Naturally these processes overlap. 

EXSBMMEHEAL 

Alloy Preparation 

Using the 95 wt# W-3.5 wt# Ni-1.5 vt$ Fe alloy as a starting point 
several series of alloys were made to study the effects of alloying 
additions and particle size variations. 

Powders of Nl, Fe and the alloying additions were pre-blended by 
rolling in bottles containing aluminum agitator wires for 8 h at 60 rpm. 
These powders were then added to the W powder and rolled an additional 
8 h. No pressing lubricants or additives were used. 

The blended powders were carefully put into Plastisol (polyvinyl-
chloride) sacks, so as not to cause gravity separation. A Plastisol 
lid was scaled on the pressing sack using a solvent of acetone-methylke-
tone containing dissolved Plastisol. The sack was then evacuated using 
a hypodermic needle stuck through the lid into a small piece of sponge 
rubber. Normal size pressing sacks for samples were 7/8 in. diam by 
5 in. long; however, samples from l/k in. diam to 8 in* diam were made. 

The specimens were isostaticaily pressed in perforated metal holders 
at 50,000 psi. The as-pressed specimens could be readily handled and 
were pre-machined in the green state when desired. 

Green specimens were placed on AlgOj supports and sintered in Hg 
atmosphere furnaces. The normal sintering cycle consisted of heating 
in Hg to ltoO'C over a period of several hours and holding for 2 h to 
allow some solid state sintering to occur. The temperature was then 
increased to the liquid sintering tonper&ture (l<*80 to 1530*C) and held 
for 30 min to 1 h. After cooling to 1200* C Ar was admitted to the 
furnace, and the specimen annealed a minimum of 30 min to reduce the Hg 
content of the alloy* Finally, the samples were furnace cooled to room 
temperature (about 8 h in Ar). 

Temperature measurements were made using w-25 Re-V thermocouples, 
either unsheathed or with Ho sheaths in very close proximity to the 
specimens. 

Testing Procedures 

Specimens for metallographic examination were prepared using stan
dard grinding and polishing methods, and were examined both in the 
unetched and etched conditions. The tungsten phase was etched using 
Murlkami's etch, and the matrix was etched using a solution containing 



equal parts of Hrf), HC1, HN^ and Hf to which was added about Vfa Hg02. 
Both etchants were applied >y swabbing. 

A Vickers hardness machine using a 10 kg load and a standard diamond 
indcntor was used to obtain hardness values on the metallographically 
prepared specimens. 

Water immersion densities were obtained on all specimens prior to 
other testing and normal precautions were taken. 

Both tensile and compression tests were performed using an Instron 
testing machine. Standard l/k in. diem tensile samples, and 3/8 in. 
diam compression specimens with an L/D of 3 were used. Strain gages 
were glued on opposite cider of each specimen and the strain obtained 
by averaging the readings. Data was reduced and plotted using a compu
ter code that calculated Young's modulus and the yield strength at 0.2 
and 0.S5& offset. Elongations or reductions in height were determined 
by before and after micrometer measurements. 

Raw Materials 

Ten lots of tungsten powders, one lot of Fe, one lot of nickel, 2 
lots of Re and 6 lots of alloy steel powder were used in this investi
gation. The chemical analyses of some of these powders are shown in 
Table II. The chemistry results shown for W-16UE and W-171 are typical 
of 9 of the 10 lots, while tf-173 as is indicated contained a higher 
level of impurities. 

The average particle size of powders was determined in accordance 
with ASTM Designation B 330-58, "Average Size of Refractory Metals and 
Compounds by Fisher Sub-Sieve Sizer (ESS)." 

Measurement of the bulk or apparent density (pg) was made according 
to ASTM designation B-329-61, "Apparent Density of Refractory Metals and 
Compounds by the Scott Volumeter". 

Tap density was determined by filling an accurately tared 10 cms 
graduate with powder and tapping the graduate with a plastic rod until 
no further reduction in volume was observed with continued tapping. The 
quotient, powder weight/minimum volume, is the tap density. 

Particle-size distribution was derived from sedimentation data 
obtained with a continuously recording sedimentation balance. The powder 
specimen is dispersed in a 50-50 ethylene glycol-distilled water solution 
and allowed to settle; a time-cumulative weight record allows application 
of Stokes Law for calculation of cumulative weight percent vs particle 
•ize. 

The surface area of the powders was determined using a Numec Model 
AFA-2 adsorption flow apparatus to measure the volume of N2 gas required 
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to form a monomolecular layer on the specimen surface at liquid Ng tem
perature. 

Results of the powder characterization measurements are shown in 
Table III, while plots of the particle size distribution curves are 
shown in Figs. 2 and 5. There arc large differences in the distribution 
curves shown, and it should be pointed out that the curves for the 
coarser V powders are not shown, since essentially all their particles 
were too large to be measured by sedimentation techniques. The curves 
for the two stainless steel powders continued beyond the graph and both 
contained considerable amounts of coarser material as well as a very 
uneven distribution. 

Since reasonably good packing is required to produce a good liquid 
phase sintered alloy, a moderately complete powder characterization 
study was undertaken on most of the powders prior to their selection for 
these studies. In addition to the powders described in Fig. 2, several 
V powders with very large particle slses were tried. Generally, these 
produced a very poor-quality low-density alloy. The primary reason was 
the almost total lack of fine particles in the distributions, which 
allowed Migration of the liquid phase and left large voids. 
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Also, the very fine powders such as Wl67 and W175 produced low 



TABLE III 

CHARACTERISTICS OF POWDERS USED 

Bulk Tap Specific 
Powder F.S.S. Density Density Surface 

Identification M"> g/cm3 g/cm3 rag/g 

Fe-31 k.ko 2.M 3.66 0.533 

1)1-24 2.1*5 2-28 3.68 0.500 

Re-20 — 1.02 2.43 •"' 0.5M 

Udimet 700-1 7.10 2.1*1 3.89 0.1*85 

301* SS - SS 14 6.00 2.58 l*.l8 0.515 

316 SS - SS 15 7.90 3.|*6 U.88 0.1*96 

Inconel-l 7.80 2.66 U.08 O.905 

W-167 1.70 505 6.82 0.531 

rf-175 2.00 2.69 4.41 O.687 

W-171 3.90 6.37 8.96 0.250 

W-162 7.35 7.15 10.50 0.287 

W-161 8.30 7.32 10.60 0.078 

W-16UE 9.10 7.WJ 10.lU O.lll* 

W-186 9.50 7.89 11.18 

W-178 15.20 8.23 10.81* 0.092 

W-173 16.50 10.1*0 11.68 0.095 

W-179 28.00 9-79 11-98 0.099 

W-171* 30.50 7.M 8.80 O.OOl* 

density alloys. Although the distributions as shown in Fig. 2 are 
somewhat similar for W175> & poor powder and W171, a good powder, a 
look at Table III shows the reason. Powder W175 has an extremely low 
bulk and tap density, and as a result fails to pack in a satisfactory 
manner. Powder WI67 which had an even smaller particle size than W175 
actually made a fair alloy, primarily because of its smooth distribution 
and good packing properties. 

The other powders which had reasonably wide and smooth distributions 
with a ESS particle size between k and 10 Mm all made rather good 
material. 

Results 

It has been shown1? that the strength of W-Ni-Fe alloys is sharply 
dependent upon temperature in the region near room temperature. The 
95-3»5-l»5& W-Ni-Fe, alloy undergoes a cleavage fracture through the 
dispersoid particles below room temperature, while above room tempera-
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Figure 2. Particle Size, ma 

ture the fractures are characterized by deformation and tearing of the 
matrix. A mixed fracture consisting of both modes occurs at room 
temperature. 

This indicates a need to increase the ductility of the dispersoid 
phase and the strength of the matrix. One approach which appeared to 
have promise was to use additions' of elements known to have a softening 
effect on W which were also soluble in the Ni-Fe matrix. The amount a to 
add are hard to predict, since the addition should partition itself 
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Figure 5. Particle Size, nm 

35 

between the dispersoid phase and the complex matrix phase. Of the most 
probable alloying elements Re, Os, Ir and Pt, only Re and Pt and Re-Pt 
additions were investigated. 

Re and Re-Pt Additions to V-Ni-Fe Alloys 

Liquid phase sintered samples, which contained 0 to 25 wt# Re 
replacing an equivalent amount of W in the 95 wt$ W-3.5 wt# Ni-1.5 wt# 
Fe alloy, were prepared and tested. In some cases the Ni-Fe content was 
varied slightly and occasionally Pt was substituted for part of the Ni. 
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Figure 4. Change in Density of W-Ni-Fe Alloys Containing Re 

A plot of immersion density measured on alloys containing Re after 
compression testing is shown in Fig. k. As expected, the density 
increased approximately linearly with Re content. All of these samples 
had high densities — $$.tyf> or better of their theoretical values. 

Microstructures of some of these alloys are shown in Figs. 5, 6, 
and 7- The addition of small amounts, 2$, of Re clearly has a drastic 
grain refining effect. This can be seen by comparing Fig. 5 with Fig. 1, 
which shows e. specimen containing no Re. At higher Re contents not much 
additional grain refinement occurs, although a comparison of Figs. 5 and 
6, the 2 and 10$ Re alloys, does show a slight further reduction in 
grain size. 

The 15 and 20$ Re alloys show the appearance of a new phase, which 
has been Identified as cr phase *>y x-ray diffraction. The diffraction 
patterns do not show any a phase in the 10$ Re alloy, but rather weak 
lines appear in the 15$ Re alloy and the 20$ Re alloy shows strong a 



Figure 5- 93% W-2% Re-3.5% Ni-1.5% Fe alloy liquid phase sintered at 
1520°C (lOOX). 

phase lines. The diffraction lines in the 15 and 20$ Re alloys were 
also more diffuse. Compositions of the matrix and dicpersoid phase of 
on alloy containing 2650 Re and one containing no Re are shown in Table 
TI. There is a considerable difference in both the composition and 
amounts of phases between the 2 alloys. Composition of the matrix of 
the 26$ Re alloy is such that a phase would be expected. These alloys 
contain a dispersoid phase that varies from 100$ W in the alloy contain
ing no Re to 13$ Re-W in the alloy with a total Re content of 26$. The 
matrix phase also changes as a considerable amount of Re is dissolved. 
The matrix which is B.C.C. up to «• 15% Re starts to contair. some a phase 
which gradually becomes predominate at high Re contents. 

The compressive yield strengths and hardness values are shown as a 
function of Re content for these alloys in Fig. 8. The hardness 
increased almost linearly with Re additions up to 10% Re — the point 
where the structural, changes occurred. In the compositional region 
containing a phase, above 10 wt% Re, the hardness increased at a faster 
rate rising to 755 DPH at 20 wt% Re. 

The values of compressive yield strength, which are also shown in 
Fig. 8 at both 0.2 and 0.5% offset, roughly parallel the hardness curve. 
This suggests the hardness curves could be used to estimate strengths 
for screening this type alloy. A plot of hardness vs compressive yield 
strengths, indeed, yields a linear relationship as shown in Fig. 9* 
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Figure 7. 805& W-155t Re-3.556 Ni-1.5# Fe alloy liquid phase sintered at 
1520°C (100X). 



TABLE IV 

APPROXIMATE COMPOSITION OF THE MATRIX PHASE AND DISPERSOID PHASES 
IN SOME LIQUID SINTERED ALLOYS 

Composition 

Alloy Matrix Phage Dlspersold Phase 

95*(26< Re-W)-3.5* Ki-1 .5* Fe*1) 29-0£ Re 15.k% Re 
53.056 W 8U.OJW 
10.6^ Ni 0.1*i Ni 

3.8% Fe O.H Fe 

95*W-3.5# Ni -1 .5* Fe 2it.0%W 100 % W 
53-0^ Ni 
2 2 . H Fe 

(1) The volume of the matrix phase i s 20 to 30£ in Re-containlng 
a l l o y s but only 12 t o lk% in the same a l l o y without Re. 

The curves were least squares fitted and the DEH hardness and com
pressive yield strength were found to be related as follows: 

0.2$ CYS = 20.9 + 0.323 (DPH) 
where the sample correlation coefficient, r, was O.996 
and the standard error of the estimate was 3«6. 

0.5$ CYS = 19.9 + O.363 (DEH) 
where the sample correlation coefficient, r, was 0.99^ 
and the standard error of the estimate was h.J. 

Attempts to use these relationships with other somewhat similar 
alloys were moderately successful, although variations in the amount of 
matrix material and in powder types caused some changes in the relation
ships between hardness and strength. However, the relationships still 
proved quite useful, and samples with hardness values of less than 400 
DPH had yield strengths too low, < 120 ksi, to be of interest. 

The Re-containing alloys exhibited good ductility in compression 
tests. They also work hardened appreciably, for example, Table V shows 
the force necessary to compress several alloys to an approximate 5$ 
deformation, as measured by reduction in height, as well as their com
pressive yield strengths. Several of these alloys were compressed an 
additional 5$ to make a total of 10$ without cracking. 

The Pt-containing alloy described in Table VI was then compressed 
to a total deformation of U0# at room temperature and its structure is 
shown in Pig. 10. Note the elongated dispersoid particles which prior 
to deformation had. a structure similar to Pig. 1. This type of structure, 
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Figure 8. Compressive yield strength and hardness as a function of Be 
content in an alloy containing 95$ (W-Re)-3.5# N1-1.55& Fe. 

where the matrix has enough strength to deform the dispersoid, is the 
desired structure to obtain good strength and ductility. 

Unfortunately, in spite of this seemingly good ductility, the Re-
containing alloys are not ductile when stressed in a tensile mode. Both 
bend tests and tensile tests resulted in brittle failure at room temper
ature. Observations were also made indicating the Re-containing alloys 
are extremely notch sensitive. 

Platinum Additives to W-Fe-Ni Alloys 

Platinum has a reported strengthening effect on W and might be 



expected to be a useful auditive. A series of alloyo containing froa 
0.35$ Pt to % Pt replacing W and/or Hi were prepared. Theec specimens 
were sintered at l*»8o to 15**0*C, and, as indicated in Table VI, sinter
ing at the higher temperature* was detrimental to the densities--in fact, 
some blistering occuiTed at the higher temperatures. The beat densities 
were obtained by wintering at l<t8o*C and the hardneas of the alloys 
increased as the Pt content increased. Hone of the hardness values were 
high enough to warrant further tasting to determine strength levels, 
although soate similar alloys are scheduled for ductility tests in the 
future. 

2*0,-

feg— —itfff 
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Figure 9. The relationship between compressive yield strength and 
hardness for W-Re-Ni-Fe alloys. 



TABLE V 

DEFOWATIOH P90PERTHS OF Re MODIFIED W-Kl-Fe ALLOYS 

Coapoeition, 

Be HI 
3 2.8 
5 2.8 
6 2.8 

6.7 3.5 
5 1.* 
5-5 2.5 
5 2.1 

vtfW 
Ft 

1.2 
1.2 
1.2 

1.5 
1.2 
1.2 
1.0 

Ft 

l.k 

0.2$ Offaet 
Coapretalve 

Yield Strength 
(kai) 

110.8 

113.9 
116.9 
11*.8 
1*8.7 
114.1 

122.3 

Fore* to Obtain - 5$ Cooprewive 
Detonation 

Deformation, 

5.2 
5.0 
%.8 

*-9 
5.1 
5.2 
5-0 

* Force Required, (kei) 
195.7 
208.7 
802.0 

206.3 
207.7 
202. k 

802.0 

(1) Remainder W 



TABLE VI 

THE EFFECT OF SINTERING TEMPERATURES ON FUTHftlM ADDITIONS 
TO A 95* W-Ni-F* ALLOY 

K 
*_ 

95 
95 
95 
9? 
95 

95 
95 
95 
92 

95 

95 
95 
95 

92 
95 

95 
95 
95 
9? 
95 

Alloy Cmvot l t lon 
Ft Nl F* 

S_ *_ *_ 
0.55 
0.70 

1.05 
5-00 

1.75 

0.55 
0.70 
1.05 
5.00 

1.75 

0.J5 
0.70 

1.05 
5.00 

1.75 

0.55 
0.70 
1.09 
5.00 

1.75 

5-15 
2.80 

2.*5 
5.50 
1.75 

5.15 
2.80 

2.*5 
5-50 

1.75 

5.15 
2.80 

2.*5 
3-50 

1.75 

5-15 
2.80 

2.*5 
5.50 

1.75 

1.5 
1.5 
1.5 
1.5 
1.5 

1.5 
1.5 
1.5 
1-5 
1.5 

1.5 

. 1-5 
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1520 
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17.91 
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18.53 

fltmo. 
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93.9 
99.8 

100.2 
100.* 

96.5 
97-2 
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100.0 

93.8 
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98.5 
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98.5 

88.2 

9*.> 
96.1 
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310 
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erected 
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Blistered 
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Platinum and Platinum-Rhenium Additions to W-Ni-Fe Alloys 

Rhenium had been shown to have good strengthening effects on the 
W-Ni-Fc and, Pt a small effect, so it was decided to use both in an 
effort to both further strengthen the alloy and increase its ductility. 
Since the Pt-ite alloy shown in Table V had good strength and was made 
with only kj> matrix material, including Pt, several alloys were made 
containing a matrix of l.tyt Pt, l.kf Hi and 1.2$ Fe. 

Tiiree different W powders were used — all had shown good perfor
mance in the W-Ki-Fc alloys, and 3 particle size fractions of a single 
lot of Pt powder. These alloys were made by sintering at 1520*C and 
their properties determined as shown in Table VII. All of the W powders 
worked quite nicely with W-186 being somewhat more sensitive tc the Pt 
particle size. Some preliminary data has indicated that this powder 
works even better if the very large particles (Fig. 2) are screened out 
prior to using, thus smoothing the distribution. 

The size fraction of the Pt powder used made a considerable differ
ence both in the final density and the strength. As the size of the 
powder fraction decreased the compressive yield strength and density 
increased as shown in Table VII. This is also clearly shown by the 
three photomicrographs in Fig. 11. Both the number and size of the 
voids were reduced as finer fractions of the Ft powder were used, 
although the grain size was unaffected. 

The strengths of these alloys are high, all running between 130 
and lto ksi, their densities are high and their hardnesses as expected. 
After the yield strengths were measured, the alloys were compressed to 
the limit of the load cell and sample holders on the testing machine 
being used, and were undamaged, as shown earlier in Fig. 10, even at the 
high deformations. Unfortunately, again the alloys proved to be notch 
sensitive and failed in a brittle manner at room temperature under ten
sile stresses. 

Alloy Matrix Addition 

Some effort has been expended in an attempt to make a stronger W 
base alloy by using an alloy steel on nickel base powder to replace the 
Nl and/or Fe matrix presently used in these alloys. The problem of 
choosing suitable alloys is complicated by the rather large amount of W 
the matrix dissolves during liquid sintering, as well as the difficulty 
in obtaining alloy powders having suitable size distributions. As shown 
in Figs. 2 and 3, the alloy powders were much larger than the W powders 
used, and had a noticeable lack of fines. It is difficult to get good 
mixing when the minor component has a much larger particle size than the 
major component. Liquid sintering processes require relatively good 
packing (high green densities) to prevent excessive run out or migration 
of the liquid phase. 
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Figure 10. Re-Pt modified W-Pe-Ni alloy after 1«# deformation, (500X). 
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Figure 11. Effect of Pt particle size on the W-Re-Pt-Ni-Fe liquid-
sintered alloy. 



Several of the alloys were made with reasonable densities in spite 
of the problems. Table VIII contains a summary of.some densities and 
hardness values measured on several alloy matrix W alloys. The hardness 
values indicated little improvement over the standard W-Ni-Fe clloys, so 
no strengths were measured. The alloy made using Udimet 700 to replace 
the Ni was given a heat treatment at 900°C, but no improvement was noted. 

This approach has some indications of being fruitful and eventually 
will be pursued when fine alloy powders become available. 

Co-Ni Plated W Powder 

Tungsten powder was plated with from 3 to 5$ of a 60$ Co-Ni alloy 
u&ing an electroless process. Early attempts using sodium hypophosphate 
in the bath resulted in a large needle like phase in the structure and 
a severe embrittling effect. By changing to a dimethylborane reducing 
agent a much cleaner microstructure resulted. 

Alloys were made using the dimethylborane process containing 95$ W 
coated with 3.556 of the 605I Co-Nl alloy and with an addition of 1.% Fe 
powder. These alloys were sintered at a series of temperatures from 
11*00 to 1530°C. At 11A0°C and above a rather typical liquid sintered 
structure resulted while at llfOO'C the structure had a mixed solid and 
liquid sintered appearance as shown in Fig. 12 and 13. The average 
grain size of this alloy was 0.008 mm. 

Compressive yield strength properties measured on l400°C specimens 
showed an upper yield strength at 137•3 ksi and a lower yield point at 

TABLE V I I I 

PROPERTIES OF SOME ALLOY MATRIX LIQUID SINTERED 

W ALLOTS 

Binder Composition* ' 

5* - Inconel 718" 

5* - HP - 9-4-20 

5* - Udimet 700 

% - 50k SS 

5* - 316 ss 

1.5* 3d* SS 3-5* Hi 

1.5* 316 SS 3.5* Hi 

3.5* Udimet 700 1.5* Fe 

(1) Remainder W 

Density 
Bulk 
R/cnr 

17.6 

16 .k 

17.78 

17.08 

17.07 

18.17 

18.14 

17.79 

* Theoretical 

97.8 

91.1 

98.7 

9M 

9̂ -7 

100 

99.8 

• 99.2 

Hardness 
DPH 

3l*0 

5̂5 

330 

' -

* 

300 

310 

320 
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Figure 12. 95# W with a 3.5^ (6o# Co-Ni Alloy Coating) + 1.5# Fe alloy 
sintered at lW0oC (250X). 
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Figure 13. 95$ W with a 3.5# (6o?6 Co-Ni Coating) + 1.5$ Fe alloy 
sintered at lta>0oC (250X). 



127.6 ksi. These alloys were the only ones tested during this entire 
investigation that showed an upper and lower yield strength phenomena. 
The alloys made from the sodium hypophosphate and those sintered at 
higher temperatures all had 0.2$ offset yields of about 95 to 100 ksi. 

It is apparent that the unusual structure is responsible for the 
higher strength of the l400°C sintered alloy, since identical alloys 
sintered at a few degrees higher temperature, which show the more 
typical liquid sintered structures have yield strengths around a 100 ksi. 

SUMMARY 

A rather large number of W base liquid phase alloys have been made 
and stuuied. The high strength values, high densities and high modulus 
values desired were obtained. Although the ductilities were generally 
good in compression, brittle failure was the rule in tension. 

Rhenium in particular had a strong strengthening effect. The high 
hardness and brittleness of the high Re content alloys can be explained 
by the sigma phase present in the matrix. 

Liile alloy matrix W alloys 6how promise, difficulty in obtaining 
small sizes of alloy powders having a good ̂ article size distribution has 
been a serious drawback. 

Tungsten alloys .Tiade with Co-Ni plated W have proven interesting. 
Good properties were obtained under carefully controlled sintering 
conditions to give a structure that appears to be a result of both solid 
and liquid phase sintering. 
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