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SUMMARY

In 1983, Pacific Northwest Laboratory conducted a survey of tungsten heavy
metal alloys having lower-than-normal (<90%) tungsten content. The purpose of
the work was to develop tougher, more impact-resistant high-density alloys for
applications benefitting from improved mechanical properties.

Tungsten heavy metal alloys of 30% to 90% tungsten content were fabri-
cated, and their mechanical properties were measured. Although ultimate
strength was essentially independent of tungsten content, lower tungsten-
content alloys had lower yield stress, hardness, and density, and decidedly
higher elongations and impact energies. Cold work was effective in raising
strength and hardness but detrimental to elongation and impact energies. Pre-
cipitation hardening and strain aging raised hardness effectively but had less
influence on other mechanical properties.
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INTRODUCTION

In 1983, Pacific Northwest Laboratory (PNL) (3) conducted a survey of
tungsten heavy metal alloys having less-than-normal (<90%) tungsten content.
The purpose of the work was to develop tougher, more impact-resistant high-
density alloys for applications benefitting from improved mechanical
properties. Most applications of tungsten heavy metal alloys require high
density only (e.g., for radiation shielding and counterweights). Flywheels and
boring bars are examples of applications for which performance would be
enhanced by a stronger or tougher material that still retains a usefully high
density.

Tungsten heavy metal alloys are true composites having a brittle, high-
density, strain-rate-sensitive tungsten phase dispersed in a rather ductile
matrix of moderate density that is less strain-rate sensitive. Generally,
face-centered-cubic metals (such as the matrix phase of these W-Ni-Fe alloys)
are less strongly affected by strain rate and temperature than body-centered-
cubic metals (such as W) (Guy 1959). Also, contact points between individual
tungsten particles are weak and are sources of crack initiation in well-
sintered alloys; other investigators have observed and reported this phenomenon
(Churn and German 1984; Churn and Yoon 1979; Lea, Muddle, and Edmonds 1983).
The number and the effect of these weak tungsten-to-tungsten interfaces would
decrease with decreased tungsten content. Therefore, improvements in mechani-
cal properties, especially impact behavior, should be attainable by increasing
the proportion of matrix phase relative to the tungsten phase. Commercially
available alloys contain 90 to 98 wt% tungsten. This investigation covers
tungsten heavy metal alloys containing 30% to 90% tungsten.

Liquid-phase (LP) sintering is the rule for commercially available tung-
sten heavy metals, because poor ductility is obtained from solid-state (SS)
sintering of >90% tungsten compositions. However, in <90% tungsten composi-
tions, good ductilities can be obtained from LP sintering. Both LP and SS

(a) Operated for the U.S. Department of Energy by Battelle Memorial Institute.



sintering, where applicable, were used in this work. In all cases the iron-
nickel portion of the alloys was held constant by maintaining the nickel/iron
ratio at 7/3.

The theoretical microstructure and density of 20% to 100% tungsten alloys
were calculated. The Materials Department at PNL sintered, rolled, and
annealed alloys of 30% to 90% tungsten. Strain aging and precipitation
hardening heat treatments were developed for the 40% tungsten alloys. The
resulting alloy sheets were characterized in terms of density, hardness, micro-
structure, and tensile and impact properties.



CONCLUSIONS AND RECOMMENDATIONS

This investigation produced the following conclusions:

Impact toughness and tensile elongation are a direct function of
volume fraction of the tough matrix phase. LP-sintered material is
tougher and more ductile than SS-sintered material. The practical
1imit of LP sintering is near 80 wt%, below which gravity settling
of the W spheroids occurs. When settling occurs, a layer of the
tough matrix material remains on top, which might be used to advan-
tage in some applications.

Toughness increases from annealing are optimized at 1400 to 1425°C
in the solid state. Much higher gains are available for highly
worked material and SS-sintered material by annealing in the liquid
phase, because of the low contiquity derived from LP-sintering.

Annealed 40% W was precipitation hardened from HRC 12 to 25. The
aged material is tough, strong, and isotropic. Similar effects can
be obtained by cold working the material 10%. Very high strengths
combined with useful toughness and ductility are possible at higher
levels of cold work.

Variable results were obtained from strain-aging heat treatments of
cold worked 40% W. The results are inconclusive as to the possihil-
ity of strain aging of the matrix, at least in well-reduced and sin-
tered material from powders of normal purity.

Billets suitable for rolling into sheet can be sintered from low-
density (~30% dense) green bodies not requiring large presses or
binders. High-energy-rate formation (HERF) is applicable to 40% W.
HERF billets of 80% to 90% W were too brittle to roll, suffering
from poor billet geometry and the lack of oxide reduction.

There are many possible options for significantly cutting production
costs of rolled W alloy sheets that might make them more cost compe-
titive with other materials.



Many options exist for increasing the toughness of high-density W alloys,
and few were touched upon in this study. Factors influencing toughness have
been summarized by German, Hanafee, and DiGiallonardo (1984). Some specific
areas related to this study are recommended for further investigation:

o improved processing techniques such as finer W powder size, mechan-
ical alloying, and optimized sintering and heat treating cycles.

o analysis of the lower 1imit of LP sintering ~80% W. Such a materi-
al, with a minimum of mechanical working, should have a very good
combination of toughness, tensile properties, and density. Option-
ally, a product requiring a high dearee of mechanical working might
be LP annealed (resintered) to restore maximal ductility and
toughness.

o detailed analysis of annealing changes in microstructure and chemis-
try of phases and interfaces. Annealing effects on toughness in
both as-sintered and cold worked materials are not fully understood.
Significant effects are expected due to impurities and their distri-
bution, and to recrystallization and grain growth in the W phase
particles.

o use of surface coatings, as shown by Zukas (1976), to both improve
toughness and lower the ductile-to-brittle transition temperature.
This option should be pursued where coatings could be applied.

Finally, low-cost fabrication methods need to be selectively developed to make
W alloys more cost competitive with other materials and thereby increase the
demand for the tough, high-density W alloys.



THEORETICAL DENSITIES AND MICROSTRUCTURES

In order to better understand the density trade-off with decreased tung-
sten content as well as the composite behavior of these materials, relation-
ships can be calculated among alloy density, weight percent tungsten, and
volume percent tungsten phase. These alloys are true composites, having a
nearly pure tungsten phase dispersed in a nickel-iron-tungsten alloy matrix.
Electron microprobe analyses have found that the tungsten phase is typically
99.7% W and 0.3% Ni + Fe, confirming the work of Dzykovich et al. (1965) and
Pfeiler (1980). For the purposes of these calculations the tungsten phase is
assumed to be 100% W with a density of 19.254 g/cmS.

The matrix tungsten composition depends on the nickel/iron ratio as well
as on heat treatment. The nickel/iron ratio used throughout this study was
7/3, a commonly chosen ratio that was also used by Green, Jones, and Pitkin
(1954) in their original work on tungsten-nickel-iron alloys. The 7/3 ratio is
at the minima of the iron-nickel binary phase diagram, and is also the position
of maximal variability of tungsten solubility with temperature in the iron-
nickel solid solution (Henig, Hofmann, and Petzow 1981). The matrix is
therefore susceptible to precipitation-hardening heat treatments. The solubil-
ity of tungsten varies from 30% at 1400°C to 15% at 800°C. Typical commercial
heavy metals that are heat treated at ~1100°C have 20% to 25% W in the matrix
alloy.

The theoretical matrix density was calculated for 20%, 25%, and 30% W in
7Ni/3Fe-ratio solid solutions using lattice parameters, determined by Wehr
(1962), that were confirmed by Agababova and Chaporova (1969) and Minakova
et al. (1980). The following relationships were developed to calculate either
alloy density, volume percent tungsten phase, or total weight percent tungsten,
given any one of the three values and the solubility of tungsten in the matrix:




Pwa = Pw VTt P (1-V)
_ P-C
e 5, (TV)
P-C +
m
where V = volume fraction W phase
P = weight fraction W in the alloy

fwa = alloy density

C = weight fraction W in the matrix
py = W density, 19.254 g/cm3
om = matrix density, 9.627 g/cm3 with 20% W in solid solution

9.972 g/cm> with 25% W in solid solution
10.349 g/cm3 with 30% W in solid solution.

The results for a solid solubility of 25% W are presented in Table 1. For com-
parison, the values for 20% and 30% solubility are also given at 30 wt% W. The
density and vol% W do not vary much with W solubility, and this variance
decreases as the matrix volume decreases (and as the tungsten content
increases). The values in Table 1 aaree well with the sintered densities
achieved in 75% to 97% W by Green, Pitkin, and Jones (1954). The values in
Table 1 are for fully dense, nonporous material.

There are two other useful relationships that have, however, more Timited
applications. The first relates V, P, and n, ;3 given two of these and an

assumed C and p, = 19.254 g/cm3, the remaining value can be calculated:

p. . (P-C)
y = _wa
Py (I-cy -
The second formula,

1 _BW BN _%Fe
Sintered Pua + 0.05 ~ 19.3 8.9 ~ 7.86




seems crude, but it does produce surprisingly accurate alloy density values for
a given tungsten content. For example, the calculated sintered density for a
40% W alloy is 10.96 g/cm3, which compares very well with the 11,04 g/cm3 value
given in Table 1.

TABLE 1. Relationships Among Total Tungsten Content, Alloy
Density, and Volume of Tunasten Phase. Based on
matrix W content of 25 wt%, except where noted.

wt % vol %
Tungsten, Al 1oy Densigy, Pwa? Tungsten,
Wy g/cm Vi
20 9.63 0
25 9.97 0
30 10.30 3.6
30 10.27(2) 6.7(a)
30 10.35(b) o(b)
40 11.04 11.5
50 11.88 20.6
60 12.87 31.2
70 14.03 43.7
80 15.43 58.8
85 16.23 67.4
90 17.13 77.1
91 17.32 79.2
95 18.13 87.9
100 19.254 100.0

(a) Matrix tungsten content of 20 wt%.
(b) Matrix tungsten content of 30 wt%.






SHEET FABRICATION

In order for the results of this work to be comparable with other heavy
metal work, materials and procedures used by other investigators were also used
here whenever possible. In particular, procedures given by Myhre (1979) were
found to be useful.

POWDER CHARACTERISTICS AND PREPARATION

Commercially available tungsten, nickel, and iron powders were purchased
in two lots each. The individual powder lots were essentially identical in the
cases of tungsten and nickel, as shown in Table 2; 1ot analysis was not avail-
able for the small quantities of iron powder purchased for this work. The
powder characteristics are typical of those used by other investigators (Lux
et al. 1982; Myhre 1979; Henig, Hofmann, and Petzow 1981).

A11 powders were rescreened before blending to remove any agglomerates
that formed during shipping and storage. Tungsten was screened through a
200-mesh sieve, and iron and nickel through a 325-mesh sieve. The weighed pow-
der mixtures were mixed in a twin-shell blender for 30 min, with the intensi-
fier bar running 1 min out of every 5 min. The iron/nickel ratio was held con-
stant at 7/3 by weight in all blender charges. Charges were always chosen to
fill the blender to working capacity for maximal blending and intensifier bar
efficiency: 4 kg for 30% and 40% W blends, 5 kg for 70% W blends, and 6 ka for
80%, 85%, and 90% W blends.

The blended powders were fabricated into rolling billets by either of two
methods: 1) tamping into ceramic boats and sintering, or 2) High-Energy-Rate
Forming (HERF) compaction and diffusion annealing. In neither case were any
additives used for any purpose such as lubricating or binding the powders;
hence, there are no unwanted or unexpected binder effects on the mechanical
properties of the resultant materials.

SINTERED BILLETS

Sintering experiments were conducted with 40% W powder to establish the
preparation techniques for all of the sintered billets. A1l sintering was done
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TABLE 2. Powder Characteristics

Average
Particl Apparen
c, 0, N, S, Diameter,?a) Density,gb)
Powder Al %Ni %Fe ppm ppm ppm  ppm um g/cm
Teledyne wa? ghang 99,95 typicall <0.002 <0.005 19 195 4,78 3.42
Type C-10 w 99.9 minimum | <0.002 <0,005 15 180 4,2 3.19
INCO <99.7 0.0002 650 500 2 4,37 2.00
Type 123 Ni_ <0.0001 650 610 1 4,07 1.93
GAF Typicals-no >99.5 <1000 <3000 <1000 6 to 8
Type HP Fe Tot analysis 2.2 to 3.2

(a) Fisher Sub-Sieve Sizer (F.S.S.S.); refer to ASTM R330,
(b} Scott Volumeter; refer to ASTM B329.
(c) <50 ppm Mo, Fe

<20 ppm Cr, Cu, Si, Ni

<10 ppm A, Ca, Co, Mg, Mn, Na, Pb, Sn, Ti.



in a cold wall furnace using bottled argon and hydrogen without any purifica-
tion or drying. Initial experiments were run with various gas mixtures ranging
from 50% to 100% Ho; no significant differences in sintering behavior were
found. Consequently, all subsequent sintering was done in 50% H,/50% Ar.

Initially, powders were either compacted in steel dies at various pres-
sures or merely tamped into small aluminum oxide crucibles or trays and then
sintered in hydrogen/argon on high-purity aluminum oxide powder. Although the
green density could be improved by increased compacting pressure, the sintered
densities were much less sensitive to compacting pressure, as shown in Fig-
ure 1. For example, during SS sintering for 3 h at 1400°C, a compact pressed
at 40 ksi (40,000 psi) sintered from 66% to 94% of theoretical density, and
powder merely tapped down in a crucible sintered from 45% to 89% dense.

During LP sintering at 1500°C for 1 h, both Tow- and high-density green
compacts sintered to full theoretical density. However, LP-sintered 40% W

100(% > _
O Liquid Phase 1500°C-1 h Sintered Density
—_—=
90X solid State 1400°C-3 h Sintered Density
€ 80|
~N
(o]
O
- 70
°
60
=
‘B
o
a 50
Density
40
&)4/ Loose Fill (Bulk Density)
30 Y S I

0 10 20 30 40 50 60

Pressure, ksi

FIGURE 1. Density Versus Compacting Pressure for 40W-42Ni-18Fe
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compacts were found to suffer from two problems: 1) high fluidity resulting in
poor shape retention and 2) segregation due to gravity settling of the tungsten
spheroids. These effects are illustrated in Figure 2. Salyer and 0'Neil
(1964) found that tungsten segregation occurred in compositions of less than
80% W (equal to approximately 60 vol% W) during sintering at 1460°C for 1 h.
Green, Jones, and Pitkin (1954) did not note the occurrence of tungsten
segregation in 75% W that was sintered for 1 h at 1440°C, a temperature which,
they observed, "approximately coincides with the appearance of the liquid
phase." Both investigations maintained the iron/nickel ratio at 7/3.

The results of our attempts to LP sinter 70% and 80% W are shown in
Figure 3. It appears that very strict control of part geometry and melt
viscosity (by maintaining the sintering temperature very close to the melting
point) would be required to avoid segregation in compositions of 80% W and
lower. To avoid segregated materials, SS sintering was performed throughout
this study, and only the 85% and 90% W compositions were additionally LP sin-
tered. However, the layer of matrix left at the top of segregated billets
might be used in some applications to improve ductility and toughness in the
manner of Zukas (1976), who improved the ductility of 90% W with diffusion
coatings of Cu, Co, Ni, and Au. Zukas' work also showed that the ductile-to-
brittle transition temperature (DBTT) was lowered by the coating. Notches are
known to raise the DBTT (Dieter 1961), which suggests that the coatings nullify
the "notches" that exist between tungsten particles at the surface of uncoated
W heavy metal.

An interesting precipitated phase was found in the W spheroid-free areas
that were depicted in Figures 2 and 3. This phase is illustrated in Figure 4.
It is lTamellar and has the appearance of pearlite. These structures were
observed by Winkler and Vogel (1932), Takeuchi (1967), and Agababova and
Chaporova (1969). Bukatov, Romashov, and Gostev (1983) produced a similar
tungsten precipitate between W spheroids in specimens quenched from a sintering
temperature of 1550°C. Henig, Hofmann, and Petzow (1981) identified similar W
precipitates, which appeared after annealing for a few hours at 850°C; at very
long times (~500 h), the lamellar W was replaced by discrete, rounded (Fe,Ni)W
particles. The lamellar phase encountered in this study was too small to

12



FIGURE 2.

Tungsten Segregation in Liquid-Phase Sintered 40% W Pellet Pressed
at 40 ksi and Sintered at 1500°C for 1 h. Slumped--assumed

shape of crucible that contained it. Bottom layer: tungsten
spheroids, gravity settled during sintering in Ni-Fe-W matrix.

Top layer: basically Ni-Fe-W matrix with tungsten precipitates
that were laid down during solidification.
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a) 70% W Sintered 1 h_at 1475°C
101.0% of 14.03 g/cm3 (6.65X)

b) 80% W Sintered 1 h St 1470°C
(

98.1% of 15.43 g/cm” (8X)

FIGURE 3. Tungsten Segregation in 70% and 80% W. In 80% W
sample a pool of molten matrix gathered in a low
spot on the billet surface.

jdentify by energy dispersive x-ray analysis (EDAX), but was assumed to be W,
Also, x-ray diffraction detected only bcc W and fcc y(Ni-F-W) matrix.

Because the sintering results were so satisfactory for loosely tamped pow-
ders, it was decided to use the tamping technique to fabricate all the sintered
billets used in this study. This decision was encouraged by the fact that
available press capacity was limited and that no dies were available for making
the large-area pressings needed for rolling billets. However, experience has
proven that the technique used ¥n laying up tamped beds of dry powder is criti-
cal to producing crack-free sintered billets. The technique must produce a
crack-free green billet of uniform density (sharp steps in density, from step

14



FIGURE 4. Lamellar Tungsten Precipitates Found in Areas
Free of W Spheroids (see Figures 2 and 3).
Etched, 500X,

15



tamping, introduced cracks in the sintered billet). Presumably, the much
higher shrinkage experienced by the low-density green volumes is restrained by
the higher-density volumes leading to cracking in the weakest planes of the
low-density material. About 70% of tamped powder beds made by this technique
sintered to crack-free billets. The others were discarded. It was assumed
that any invisible internal cracks would be healed and obliterated by the
subsequent rolling and annealing. The results of the mechanical property tests
and metallography supported this assumption.

The containers for the tamped powder beds were commercially available
99.8% aluminum oxide trays that are made by slip-casting and sintering to high
density. They are fine-grained and have a relatively smooth surface. The tray
is 5 in. by 7 in. by 2 in. deep. The best technique found for laying up the
powder bed in the tray was as follows:

o Use as blended powder with a minimum of agglomerated or otherwise
compacted powder.

o Uniformly place (e.g., spoon) the powder to the thickness desired.

o Screed 1ightly to level. Never push a large amount of powder ahead
of the screed. Leave excess powder at the end of the screed rather
than trying to redistribute it evenly over the entire powder bed.

o (ptionally, press 1ightly with a flat plate that covers the entire
area screeded.

o Do not jar the powder mass.
o Sinter with slow heatup to obtain uniform sintering.

Green densities of these tamped powders were 30% to 40% of theoretical.
Well-sintered billets were ~98% dense after either LP or SS sintering, as shown
in Table 3. Typical sintered billet size, as illustrated in Figure 5, was 3.5
x 5.0 x 0.5 in. thick. Subsequent rolling and annealing increased the
densities of all billets to 100%.

Success with the sintered billet fabrication techniques described above
encouraged some attempts to fabricate large-area sheets that would then require
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TABLE 3. Sintered Billets

Density
Sintered After Roiling

Bi i let to O, 1-in, - Theoretical

(b) (¢} (d)
Bitllet Reduct ion Sinter Density, Thick Sheet, Density,
Number(a) °C Hours °C_ Hours _g/cm g/cm g/cm
30-2 900 1 1406 5 9,35 10,29 10,30
40-12 870 1,5 1425 3 9,75 11,00 11,04
13 890 1 1427 6 10,63 11,04
17 890 1 1412 5 10,41 10,98 11,04
70-4 900 1 1435 20 13,99 13,93 14,03
80-1 900 2 1430 16 15,32 15,33 15,43
=3 900 2 1427 20 15,28 15,36 15,43
85-2 (LP) 1100 2 1490 1 15,92 16,43 16,23
-4 1100 2,5 1430 18 16,01 16,13 16,23
90-10 (LP) 1100 2 1490 1 16,79 16,81 17,13
90-12 1100 2,5 1430 18 16,88 17,01 17,13

(a) First two digits of billet number are tungsten composition in weight
percent, Next two digits are sequential billet number, (LP) = Liquid-
phase sintered; all others SS sintered,

(b)ASTM B311, modified for large billets,

(c)AS™ B311,

(d)Theoretical densities from Table 1, based on 25% tungsten content in matrix,

1ittle or no rolling. Although limited success was achieved, the results
identified some possible avenues for future development of directly sintered
sheets. This work is discussed in Appendix A.

ROLLING SINTERED BILLETS

A11 rolling of sheet was done on a 14-in. mill. Initial rolling of low-
density 40% W billets showed that the billets densified during both cold roll-
ing and annealing. Figure 6 shows the density of two billets as a function of
rolling thickness reduction and time at 1400°C. These billets were sintered at
1400°C, as were all the subsequent intermediate anneals. From the data in Fig-
ure 6 it is possible to estimate the total thickness reduction and number of
anneals required to reach 100% density. For instance, a 98%-dense sintered
billet would require approximately 30% thickness reduction and one anneal to
reach 100% density. As shown in Figure 7, billet hardness increases signifi-
cantly with density, and is therefore a good indicator of density when the bil-
let is annealed to a standard condition.
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A11 of these alloys in the range from 30% to 91% W work-harden rapidly as
a function of rolling reduction, as shown in Figure 8. This behavior has long
been recognized (Kershaw 1964; Krock and Shepard 1963); in fact, the ductility
of W-Ni-Fe composites is attributable to the rapid work-hardening of the matrix
phase, which is responsible for maintaining a sufficiently high hydrostatic
stress field around the tungsten particles to cause deformation of the tungsten
particles by slip rather than by fracture. As a practical matter, the rapid
work-hardening of these alloy allows them to be strengthened appreciably while
retaining useable levels of ductility.

In Figure 8 the 30%, 40%, 70%, and 80% W specimens were all SS sintered
and rolled to a thickness of 0.1 in. The 85% and 91% W specimens were commer-
cially available LP-sintered sheet, 0.1-in. and 0.06-in. thick, respectively.
A11 specimens were given the same anneal at 1415°C for 5 h before the work-
hardening experiment. Al1 of the specimens elongated 60% or more during the
cold rolling, indicating that the annealing conditions restored adequate duc-
tility to these previously rolled sheet materials. Such high elongations were
not attainable in the earlier stages of rollina because edge cracking occurs
more easily in thicker material. The rolls provide increasing edge restraint
as the sheet becomes thinner. Also, the as-sintered billets are mechanically
weaker because of their lower densities.

The most frequently encountered rolling defect was edge cracking. In
fact, the maximal reduction between anneals was usually determined by the onset
of edge cracking. To continue beyond that point is to risk having a crack pro-
pagate halfway through the billet during a single pass through the rolls. Edge
cracking was minimized by the following methods:

o All fine edge cracks were removed between anneals, preferably by
processes that left a notch-free edge with a minimal amount of cold
work. Wet abrasive cut-off sawing or wet belt sand were preferred.
Preferably all billet conditioning was done before annealing.

® Large reductions ~10% per pass were made in order to work the entire
thickness over the entire area of the billet. This helped prevent
lamellar cracking, which is caused by elongating the surfaces more
than the center of the billet. Also, the reduction
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FIGURE 8. Hardness of Tungsten Alloys as a Function of Rol1ling Reduction
at Room Temperature. Previously annealed at 1415°C for 5 h.

during the first roll pass on an as-sintered billet needs to be
large enough to work the entire area of the billet. As-sintered
billets contained thin spots that would tend to crack if the roll
pass was not deep enough to apply a compressive stress to that area.

o Both edge and lamellar cracking tendencies were reduced by preheat-
ing the material to 500°C before rolling. The HERF billets tended
to crack more frequently than the sintered billets. It was found
that these billets rolled best at 500°C. Subsequently, all billets,
whether sintered or HERF, were rolled at 500°C. Al1l1 materials for
which mechanical properties were measured were rolled at 500°C.

In general, the lower tungsten compositions rolled more easily, and the
LP-sintered billets rolled more easily than the SS-sintered billets of the same
composition. Typical microstructures for the alloys prepared in this study are
shown in Figures 9 through 11. Figure 9 illustrates the differences in micro-
structure between LP- and SS-sintered materials. LP sintering produces a
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spherical W phase of minimal surface area that allows the ductile matrix to
form a more robust, continuous skeleton than that of the SS-sintered material.
Much larger initial rolling reductions, about 30% to 40%, were possible with
LP-sintered material. The 85% W SS-sintered billet cracked slightly after a
23% reduction and the 90% W billet cracked severely after only 13% reduction.
However, after the first intermediate anneal the SS-sintered billets rolled to
nearly twice the initial reduction before small edge cracks occurred; there-
after, their rolling behavior was very close to that of the LP-sintered bil-
lets. In fact, the microstructure of the SS-sintered billets is refined during
repeated rolling and annealing as shown in Figure 9. After rolling and anneal-
ing several times, the microstructure of the SS-sintered material is similar to
that of the LP-sintered billet.

The extent of SS-sintering was important for the higher tungsten composi-
tions. A 70% ¥ billet sintered at 1400°C for 4 h rolled poorly. After resin-
tering at 1435°C for 20 h the material rolled more easily. The improved roll-
ing performance could be predicted from the microstructural refinement and
densification obtained from the higher temperature and longer time (see
Figure 10).

HIGH-ENERGY-RATE FORMED BILLETS

Two separate groups of billets were HERF compacted to high density and
then diffusion heat treated before rolling. The first group of billets was
made from materials that had been in the laboratory for several years, and no
chemical analyses were available. Their approximate particle size was esti-
mated from the mesh size indicated on the 1abels. Billets made from this mate-
rial are identified as 1C, 2C, 3F, and 4E, as shown in Table 4. In this group
copper was substituted for nickel in billets 1€ and 2C. To maintain the same
density as the nickel-containing billets (11.1 g/cm3), the composition was
shifted from 40W-42Ni-18Fe to 36W-45Ni-19Cu.
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As-LP-Sintered 1490°C for As-SS-Sintered 1430°C for
45 min. Hardness HRC 24 20 h. Hardness HRC 23

ST

LP Sintered, Rolled to 0.1-in. SS Sintered, Rolled to 0.1-in.
Thick, Annealed 1400°C for Thick, Annealed 1400°C for
21 h. Hardness HRC 26 16 h. Hardness HRC 29

FIGURE 9. Typical Microstructures of 85% W. Transverse at 500X.
Marked differences in as-sintered microstructures
decrease with rolling and annealing.
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30% W As-Rolled 46%. 40% W Annealed 1400°C for 1 h.
Hardness HRC 37 Hardness HRC 12

80% W Annealed 1400°C for 21 h. 90% W Annealed 1400°C for 21 h.
Hardness HRC 27 Hardness HRC 29

FIGURE 11. Typical Microstructures of 30%, 40%, 80%, and 90% W.
Solid-state sintered and rolled to 0.1-in.-thick
sheet. Longitudinal, 500X.
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TABLE 4. Powder Sizes

Particle Size,
m

Billet Numbers W _ N Fe Cu
1c, ¢, 3, & 30 45 45 61
1Fp, 2FP, 80FP, 85FP,
90FP 4.78 7 4.37

The second group of HERF billets was fabricated from the powders purchased
specially for this program (Table 2). Billets made from these powders are
identified as 1FP, 2FP, 80FP, 85FP, and 90FP, as shown in Table 4.

The powders were blended in a twin-shell blender for one hour with the
intensifier bar running 1 min out of each 5 min. The powders were loaded into
the HERF cans, shown in Figure 12, after which a 1oad of 10 tons was applied.
The surface of the packed powder was scratched and roughened and more powder
was added to the cans. This process was repeated until the cans were full.
The mild steel sleeve inside the can provided the effect of a heavy side wall
and reduced wrinkling of the can side wall during consolidation. The loaded
cans were dynamically evacuated for 0.5 h before preheat and during the 1.5-h
preheat. A sufficiently long rubber evacuation tube allowed the billet to be
transferred to the impaction die without disconnecting the vacuum pump. The
stainless steel evacuation tube was sheared and flattened during the impaction
stroke.

Impaction was performed using a 225,000 ft-1b Dynapak®. The billets that
were impacted for this investigation are shown in Table 5. The copper-contain-
ing billets were impacted at 950°C, and the iron-containing billets at 1200°C.
Two levels of energy were used on the first four billets. In each test the
higher level, 123,750 ft-1b, showed a slightly higher density. Consequently,
the five remaining impactions were made at 123,750 ft-1b. Density values of
the impacted billets ranged from 97.7% to 99.3% of theoretical. Annealing of

® Registered trademark of General Dynamics, Inc.
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Number

1C
2C

3F
aF

1FP
2FP

80F P
85FP
90FP

Before
Impaction

After
Impaction

TABLE 5. Billet Consolidation by HERF

Impact Hardness,
Billet Composition, wt% Temperature, Energy, Rockwell "C"
W R Fe CTu °C ft-1b As-Hit Annealed Density, %
36 45 19 950 112,500 B83 B48 98.2
36 45 19 950 123,750 B70 98.6
40 42 18 1200 112,500 (€23 B85 97.7
40 42 18 1200 123,750 B83 97.9
40 42 18 1200 123,750 c22 98.1
40 42 18 1200 123,750 C26 B92 99.3
80 14 6 1200 123,750 C26
85 10.5 4.5 1200 123,750 c28 98.5
90 7 3 1200 123,750 Cc29 98.4
rf Stainless Steel Evacuation Tube
Void

] T/Screen

) Blended and 9

!l Packed E*— 304 Stainless Steel Can, 0.060-in. Wall

) W-Ni-Fe f&—Mild Steel Sleeve 3.775-in. OD

5.5-in. ? Powders i x 3.260-in. 1D

g —»1-=— (0.318-in. 304 Stainless Steel Plus Mild Steel

/ /

|=-3.9-in. 0D-=|

Ié Y,

'
3.7-in. é —— 0.45-in. 304 Stainless Steel Plus Mild Steel
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FIGURE 12. HERF Billet Assemblies
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the impacted copper-containing billets at 1250°C or 1300°C, and of the iron-
containing billets at 1400°C for 16 h in hydrogen, lowered the billet hardness
considerably.

ROLLING HERF BILLETS

A1l rolling was performed on a two-high 14 x 14-in. mill and all reduc-
tions per pass were limited to 10% or less. The first four billets were cut
into samples about 0.5 x 1.0 x 1.0 in. and used as trial pieces for rolling.
Attempts to roll the W-45Ni-19Cu alloy in the as-impacted condition at room
temperature resulted in only an 8% reduction at failure. Rolling this material
at 500°C and 700°C resulted in a zero percent reduction at failure; annealing
at 1300°C for 4 h in vacuum and then rolling at room temperature, 350°C, and
450°C also resulted in zero percent reduction at each temperature. It was
therefore concluded that this alloy was not amenable to sheet rolling, and no
further work was performed.

Attempts were also made to roll the W-42Ni-18Fe alloy in the as-impacted
condition. Samples rolled at room temperature and 500°C showed zero percent
reduction at each temperature. Best results were obtained when the W-42Ni-18Fe
alloy was annealed at 1400°C for 3 to 6 h in hydrogen before rolling. Rolling
tests were made on the annealed material at room temperature, 250°C, 500°C, and
900°C. No reductions without cracking were achieved in the 250°C and 900°C
tests. Reductions at room temperature ranged from 5% to 8% on five specimens,
and reductions at 500°C ranged from 11% to 53% on 17 specimens. It became
clear that the best temperature for working this material was 500°C. The prob-
lem was the lack of consistency in the amount of warm work that the material
would take before cracking. This made it difficult to design a processing
schedule with an optimal number of anneals.

A second batch of powders was received in which the particle sizes were 6
to 10 times smaller (Tables 2 and 4). Billets 1FP and 2FP were consolidated
from these powders using the same procedures previously described (Table 5).
Ro11ing tests of portions of these billets showed that the annealed material
could be rolled up to 70% reduction at 500°C before cracking. In one test, 71%
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reduction was achieved by rolling at room temperature. It was also shown in
these tests that reductions of 27% to 39% could be consistently achieved with-
out cracking by rolling at 500°C.

Samples from billets 2FP and 1FP were rolled at 500°C to 6.3 x 9.0 x
0.100-in. thick in accordance with the schedule shown in Table 6. Material
from these two sheets was used for mechanical testing.

Large differences are evident in the microstructure of billets produced
from the old, coarse (0C) and the new, fine (NF) powders, as shown in Fig-
ure 13. Billet material made from the OC-particle powders shows considerable
void volume and large grains in both the iron- and copper-containing alloys.
The iron-containing alloy has a considerable amount of what appears to be a
nonmetallic (probably oxide). Billet material made with the NF-particle
powders has very fine tungsten particles distributed in a fine-grained, clean,
void-free Ni-Fe matrix. These factors are undoubtedly responsible for the much
improved rolling performance of the billets made from the NF powders.

Billets of 80%, 85%, and 90% tungsten (balance 70Ni-30Fe) were made from
the NF powders and identified respectively as 80FP, 85FP, and 90FP. Samples of
each of these compositions were rolled at room temperature, 500°C, 700°C, and
900°C.

TABLE 6. Rolling of HERF-Consolidated 40W-42Ni-18Fe
Alloy Sheet at 500°C

Thicknes? Thickness

Sample at Start, a) at Finish, Percent

Number in. in. Reduction(b)

2FP 1.009 0.529 47.6
0.529 0.308 41.8
0.308 0.155 49.7
0.155 0.100 35.5

1FP 1.263 0.743 41.2
0.743 0.503 32.3
0.503 0.298 40.8
0.298 0.170 43.0
0.170 0.098 42.4

(a) After annealing at 1400°C for 3 to 6 h in 50% H,/50% Ar.
(b) Reductions per pass were 10% or less.
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Best results were obtained with 80% tungsten at 500°C, at which reductions
of 15% to 51% were achieved. A limited amount of reduction was achieved with
the 80% tungsten alloy at room temperature and 700°C; at 900°C the 80% tungsten
alloy could not be rolled without experiencing deep cracks in the edges and
ends of the billet.

Best results with the 85% tungsten alloy were also obtained at 500°C, at
which reductions of 6% to 46% were achieved. At room temperature and 900°C,
the 85% tungsten alloy cracked; and at 700°C only 4% reduction was obtained
before cracking. Microstructures of the 85% W alloys made with the NF tungsten
powders are shown in Figure 14, The HERF-compacted and diffusion-annealed
material has fine W particles distributed in a Ni-Fe-W matrix. The W particles
became elongated during warm rolling 46% and retained their elongated appear-
ance after annealing. Recrystallization is evident within the annealed tung-
sten particles.

The 90% tungsten alloy could not he rolled at any of the temperatures;
therefore, no additional rolling attempts were made with this alloy.

Billets of the 80% and 85% tungsten alloys large enough (1.3 x 2.8 x
3.1 in.) to produce 0.1-in.-thick sheet for mechanical properties were machined
from the same impacted and annealed cylinders. Attempts to roll these billets
at 500°C failed after the first pass, which was about a 7% reduction. Presum-
ably the narrow, thick billet was not compatible with the rolling process. No
further work was attempted with these compositions.

Average hardness values obtained from the rolling are plotted as a func-
tion of percent of warm reduction in Figure 15. Maximal hardness is reached at
about 30% reduction for the 80% and 85% W alloy.
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ANNEALING

In their original work with W-Ni-Fe heavy metal alloys, Green, Pitkin, and
Jones (1954) found that alloys containing 75% to 90% W readily rolled with
reductions of 60% in cross sectional area between anneals. For intermediate
anneals, it was found necessary to heat treat the material at 1440 to 1460°C to
ensure subsequent reductions of 60% without crack development. Their work was
on small (1.5 x 6 x 0.125 in. thick) LP-sintered billets. Because SS-sintered
billets have a distinctly different microstructure, they are generally more
brittle than LP-sintered billets (0'Neil and Salyer 1964). Therefore, interme-
diate annealing heat treatment is particularly important to the rolling of
SS-sintered billets.

Frantsevich et al. (1967) annealed LP-sintered 90% W (with 2% to 59% cold
work) for 1 h. They found that the recovery, recrystallization, and attendant
hardness 1oss were definitely related to the prior amount of cold work. Gener-
ally, the loss in microhardness occurred over a temperature range of 600 to
1300°C for the W phase and 200 to 1000°C for the matrix.

To determine the optimal annealing cycles for this work, a series of
experiments were run on commercially available rolled 0.033-inch-thick 91% W
sheet(a) that had a final anneal at 1100°C for 20 h. Al1 annealing was done in
cold wall furnaces with a 50% H,/50% Ar atmosphere. Changes in hardness and
impact energy were measured as a function of annealing temperature and time.
The measured impact energy is the energy absorbed by the material in a three-
point bending test under dynamic loading conditions. The test is actually a
modified Charpy impact test using an unnotched specimen with the 1oad applied
normal to the rolled sheet face. An instrumented impact system was utilized
which provided a complete temporal load and energy history of the impact
event. The impact energy is largely a function of dynamic ductility, since the
Toads recorded during the test do not vary much, while the total specimen
deflection increases significantly as impact energy is recovered by
annealing. The results are summarized in Figure 16.

(a) From Teledyne Firth Sterling, Nashville, Tennessee.

35



3.0

Liquid Phase
Fully Spheroidized
— 29
Q
2 Transitional 3 hours «
< 920k Partially Spheroidized 5
E: “Sausage-Link’" Microstructure 3
; \ 'E
w ©
2 4 2
3 . ;
= Solid State A | £
P No Microstructural ]
a 1.0 33 ¢
£ — Change \5 " hOurs’I =
- Q
hours <
0.5} Jjﬂ
[‘:\: —\ — 37
o | | | |
1100 1200 1300 1400 1500
Furnace Temperature, °C
FIGURE 16. Impact-Bend Energy as a Function of Annealing Temperature and Time

No significant improvement in properties occurred below 1400°C.

In the

1400 to 1450°C range there is a decided improvement in impact energy, especi-
ally as time is increased from 5 to 20 h, but there is no obhservable change in
microstructure compared to the as-received condition, 1100°C for 20 h (see

Figure 17).

At 1475°C furnace temperature (about 1450°C sheet temperature),

there is a definite jump in impact energy, and the tungsten phase has begun to

coalesce as evidenced by the "sausage 1ink" structure shown in Figure 17.
transitional structure probably indicates the onset of melting.

This
Such struc-

tures are undoubtedly difficult to reproduce, especially in large-area sheets,
because of the need to maintain temperature within an absolute range of a few

OC'

structure is fully spheroidized. In

At 1500 to 1550°C for 3 h the impact energy has made another jump and the

this temperature range the matrix is fully

molten, making shape retention difficult, and in alloys of less than 80% W the

tungsten phase will segregate.

It was decided, therefore, that
is a furnace temperature of 1400°C.

the best practical annealing temperature
By varying the time at temperature
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a) 1100°C for 20 h b) 1425°C for 20 h

Hardness HRC 37 Hardness HRC 32
c) 1475°C for 5 h Partially d) 1500°C for 3 h Spheroidized
Spheroidized Hardness HRC 30 Hardness HRC 29

FIGURE 17. Microstructure of Rolled 91% W as a Function of
Annealing Temperature and Time. Polished,
longitudinal sections 250X,
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depending on the total tungsten content, a substantial recovery of ductility is
made while avoiding any melting due to nonuniform temperature distribution in
the furnace. Most intermediate anneals were held for 3 to 5 h at 1400°C in 50%
H,/50% Ar. Frequently, the time was cut to 1 or 2 h for the 30% and 40% W
alloys because they have such a small amount of tungsten phase.

German, Hanafee, and DiGiallonardo (1984) have shown that rapid quenching
from annealing temperatures gives superior toughness, probably due to decreased
impurity segregation at the W-matrix interface. All material in this study was
furnace cooled from 1400°C to ~500°C in around 5 min, which roughly corresponds
to the moderate cooling rate employed by German et al. Their moderate cooling
rate yielded unnotched Charpy impact energies 2 or 3 times those of as-sintered
material, which are in agreement with our results (shown in Figure 16). In
comparison, their rapid cooling rate (to 200°C in less than 20 seconds) yielded
impact energies 5 to 15 times those of as-sintered material.

Al11 anneals by German et al. were for 2 h in vacuum. Figure 16 indicates
a further improvement in impact energy upon increasing the annealing time from
5 to 20 h. The exact reasons for the improvement are unknown; however, a brief
transmission electron microscope examination of material annealed for 5 and
20 h showed fewer dislocations remaining in the W grains after the longer
annealing time. Yodogawa (1982) showed that, in alloys annealed at 1420°C for
1 h, each single crystal W particle fully recrystallizes into several new
grains. Fracture then occurs by separation of these recrystallized grains
rather than by cleavage of the entire particle. Perhaps grain growth that
occurs during longer annealing times tends to return the W particle to the
stronger, single-crystal form.

An unexplained defect was observed in the 70% to 90% W sheets after all
rolling was completed and the sheets were annealed at 1400°C for 16 to 20 h.
The surface became depleted in matrix and the remaining tungsten arains under-
went considerable growth, as shown in Figure 18. Since this defect did not
appear in the as-sintered sheets, it must have occurred during annealing, and
it was probably enhanced by repeated rolling and annealing as well as the very
long final annealing time. The defect was not observed in 30% and 40% W
sheets; their final anneals were only 1 to 4 h, Besides time and temperature
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0.007 in.

100X

a) Unusual, two-of-a-kind defect. Matrix has

b)

FIGURE 18,

disappeared, leaving a W skeleton. This
sheet was rolled from a LP-sintered,

85% W billet. Another 90% W sheet had

a similar surface 4 mil deep.

0.001 in.

250X

Typical surface on all 70% to 90% W sheets after
rolling and annealing at 1400°C for 16 to 21 h.
Typically ~1 mil thick; one sheet rolled from

a 90% W SS-sintered billet had a Tayer 5 mil deep.
Probably an annealing defect. Not observed in

30% and 40% W sheets. Not present in as-sintered
billets.

Matrix Depletion and W Grain Growth at Rolled
and Annealed Sheet Surfaces

39



of annealing, surface contamination could contribute to formation of this
defect. Contamination could come from the rolling mill or from the refrac-
tories used during annealing. In most cases the depth of the defect was only
about 1 mil, but there were single sheets having defect depths of 5 and 7 mil.
The extent to which these defects affect mechanical properties is not known,
but their presence should be considered in interpreting the mechanical property
data given in the following section.
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STRAIN AGING AND PRECIPITATION HARDENING

Tungsten-nickel-iron alloys exhibit two distinct aging phenomena, precipi-

tation hardening of the matrix and strain aging.

In 90% W alloys strain aging occurs in the 400 to 600°C range. Hardness
increases approximately 3 to 5 points Rockwell C (HRC) on aging material that
has been previously cold worked 25% (Penrice 1980). Correspondingly, tensile
ultimate strength increases from 170 to 210 ksi and elongation decreases from
8.5% to 2.5% (Myhre 1980), Wehr (1962) was probably the first to identify this
aging phenomenon. Although no precipitates have been identified in tungsten
heavy metal alloys that have been strain aged (Penrice 1980), the occurrence of
strain aging in W has been well documented (Wehr 1962; Stephens et al. 1964).
Due to the high vol% W phase in the 90% W alloys, the strain aging responsible
for the significant property changes must occur largely within the W phase.

Frantsevich et al. (1967a, b) upset cylinders of 90% W in a semi-isostatic
medium and annealed them at 400 to 1350°C and found no indication of age-
hardening in either the matrix or the W phase. Based on microhardness
measurements of cold rolled and annealed 90% W, Yodogawa (1982) observed
maximal hardness in the W phase at 700°C and attributed it to strain aging.

The maximal matrix hardness, attained at 500°C, was attributed to segregation
of W in the matrix phase, although no microscopically observable precipitate
was noted.

The equilibrium solubility of W in the Ni-Fe matrix varies from a maximum
at the solidus (~1460°C) of about 30 wt% W (Wehr 1962) to 15% to 20% W in the
temperature range of 1150 to 800°C (Agababova and Chaporova 1969; Henig,
Hofmann, and Petzow 1981). Typically, 90% W alloys are heat treated near
1100°C to improve ductility (Myhre 1979; Muddle and Edmonds 1983; Lux, Jangg,
and Danninger 1981); the resulting matrix W composition is 21% to 23%
(Northcutt 1975; Bukatov, Romashov, and Gostev 1983). Because of this
variation in W solubility with temperature, hardening of the matrix by W
precipitation becomes a definite possibility. However, these W precipitates
have not been found in normally processed 90% W heavy metals; only in specimens
quenched from a sintering temperature of 1550°C (Bukatov, Romashov, and Gostev
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1983). Presumably, the diffusion distances through the matrix in 90% W alloys
are so short that the excess W deposits out on the surface of the existing W
spheroids. This W deposition probably occurs during cooling from sintering,
leaving little or none of the excess W required for precipitation-hardening.
The matrix in 1ow-W alloys does retain sufficient W content for precipitation
hardening to take place, as described below.

A series of aging experiments were conducted using the 40% W alloy, the
matrix of which should be metallurgically similar to that present in all
higher-W alloys; that is, the excess W content (about 10%) ensures complete
saturation of the matrix with W, and the coarse W dispersion (remaining ghosts
of the original W powder particles) prevents excessive matrix grain growth.
Also, any large property changes would be attributable to the matrix.

Initially, a single piece of SS-sintered 40% W alloy (fast furnace cooled)
was cold worked 71% by rolling. This piece was then aged for a half hour at
300°C, and then at 100°C increments up to 1400°C. The resulting aging behavior
was monitored by changes in hardness (HRC), as shown in Figure 19. The upper
curve for the 71% cold worked material displays a hardness increase of 3 points
HRC due to strain aging in the temperature range from 400 to 600°C. Above
600°C, hardness drops off fapid1y as the matrix anneals, but between 1000°C and
1100°C hardness again increases 2 points HRC as W precipitates harden the
matrix. Above 1200°C, hardness drops rapidly as overaging allows full anneal-
ing to occur. This same piece of material was fully annealed at 1400°C for 4 h
(fast furnace cooled) and then given the same series of aging treatments, shown
in the lower curve of Figure 19.

In the fully annealed 40% W there is no change in hardness up to 900°C,
where precipitation-hardening again takes place. A gain of some 16 points HRC
brings the peak hardness at 1000°C to essentially the identical hardness peak
experienced in the 71% cold worked condition. There was no hardness increase
in the 400 to 600°C range, indicating that the hardening previously experienced
in the 71% cold worked condition is due to strain aging. To further test this
hypothesis, the same piece of material was reannealed at 1400°C for 4 h, cold
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FIGURE 19. Age Hardening Behavior of 40% W. One sample, aged for 1/2-h
at each temperature indicated, beginning at room temperature
and progressing upward.

worked 45% by rolling, and subjected to the same series of aging treatments for
a third time. The as-rolled hardness of HRC 39 increased 2 points maximum in
the 400 to 600°C range, somewhat less, as expected, than the 3-point increase
experienced in the more severely worked 71% cold worked condition.

Up to 900°C heating could be performed in air, since only thin oxide films

formed in a half hour. Above 900°C, aging was performed in a vacuum to avoid
thick, 1oose oxide films.

The strain aging response of 40% W in the 71% cold worked condition is
shown in Figure 20. Maximal hardness (~45 HRC) is reached in 4 to 20 h at
450°C, in 1 h at 500°C, and in only a quarter hour at 600°C. At 600°C over-
aging occurs rather rapidly. These data indicate that the matrix strain ages
to maximal hardness under time and temperature conditions similar to those used
by Myhre (1980) for 90% W. It follows then that both the matrix and the W
phase can strain age. However, the strain aging response of the matrix was
found to vary in later tests, as shown in Figure 21. Here material from
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FIGURE 20. Strain Aging Response of 40% W after 71% Ro11ing Reduction
as a Function of Time and Temperature

several 30% and 40% W sheets was aged at 482°C and the hardness was monitored
over time. Only the 69% and 71% cold worked 40% W hardened, about 2 to 3
points. Neither the 46% cold worked 30% W nor the 32% cold worked 40% W
appeared to harden at all. This variable strain aging response remains unex-
plained. Perhaps high concentrations of 0, N, C, or some other impurity are
required, along with a high degree of cold work. Or perhaps strain aging does
not occur at all in pure powders that are sufficiently deoxidized and decar-
burized during the sintering cycle. In any event, the amount of hardening
obtained by strain aging the low-W compositions is minimal. Therefore, no
mechanical properties tests were run on strain aged material in this study.
Instead, efforts were directed toward precipitation hardening, which appears to
have a more significant influence on mechanical properties.
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FIGURE 21. Strain Aging Response of 30% and 40% W Sheets at
480°C as a Function of Time

The precipitation hardening response of 40% W is shown in Figure 22.
Maximal hardness (~24 HRC) is reached in a half hour at 1050°C, 3 h at 925°C,
10 h at 850°C, 20 h at 800°C, or 40 h at 750°C. Overaging begins after 1 h at
1050°C, and at 20 h the lamellar W precipitates have started to spheroidize, as
shown in Figure 23. At 1050°C about 60% of the microstructure contains coarse
lamellar precipitates; grain boundary precipitation of W is evident elsewhere.
The precipitation at 925°C is nearly uniform throughout the microstructure and
the lamellae are finer. The mechanical properties of this material, aged for
2 h at 1050°C and 925°C, are reported in the next section, along with the pro-
perties of annealed and cold worked material. No mechanical properties were
measured on samples aged at 800°C and 750°C, but their microstructures (Fig-
ure 23d and e) are of interest. The material aged at 800°C has the most uni-
form precipitation of any of the samples, and the sample aged at 750°C has
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FIGURE 22, Precipitation Hardening Response of 40% W after Solution
Annealing 4 h at 1400°C with Fast Furnace Cool

spotty precipitation similar to that of the sample aged at 1050°C. Apparently,
the optimal precipitation hardening temperature is between 800°C and 900°C.

Attempts were made to identify the lamellar precipitate. The precipitate
was too fine to be identified by EDAX on the scanning electron microscope.
Samples of 40% W were also examined by x-ray diffraction both in the solution
annealed condition and after precipitation hardening at 925°C for 2 h (micro-
structures shown in Figure 23). The diffraction patterns from both samples
indicated only two phases, bcc W and fcc gamma solid solution (Ni-Fe-W matrix).
No indication of a new phase was found. The amount of precipitate probably
ranges from 3 to 8 vol% (based on W contents in the solid solution matrix of 25
to 30 wt% as solution annealed and 15 to 20 wt% after 2 h at 925°C), which is
near the Timits of detection by conventional x-ray diffraction. Others
(Bukatov, Romashov, and Gostev 1983; Henig, Hofmann, and Petzow 1981) have
identified similar precipitates, occurring under similar conditions, as W.
Since we have been unable to contradict, or confirm, their findings, we have
assumed that the precipitates found here are indeed W.
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As indicated in Figure 22, there is a slight hardness drop during the
incubation period which precedes the precipitation hardening reaction. The
reason for this is not known.

The annealing-aging response of 40% W in the 31% cold worked condition is
illustrated in Figure 24. At 800°C, 850°C, and 950°C the material softens
rapidly at first and then assumes a hardness of about HRC 25 due to precipita-
tion hardening. At 750°C the initial hardness drop is slower but the effects
of precipitation hardening are diminished, and after 30 h the hardness is below
that attained at higher temperatures. At 125 h the hardness is HRC 20. Appar-
ently, very long times at 750°C would be required for the hardness to drop to
that of fully annealed material, HRC 12.

40
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LA | i | | | | 1 | |
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FIGURE 24, Annealing-Aging Response of Cold Worked 40% W,
Rolled 31% after Annealing at 1400°C for 4 h
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MECHANICAL PROPERTIES

TEST METHODS

The mechanical properties of the heavy metal alloys were evaluated using
standard tensile and Charpy V-Notch (CVN) tests. The tensile tests were per-
formed in accordance with ASTM E8 using the 0.25-in. wide subsize sheet speci-
men. The machined edges of the 1.25-in.-long reduced section were sanded in
the longitudinal direction with 600-grit SiC paper to provide consistent
elongation results. The high notch sensitivity of the heavy metal alloy, plus
the surface hardening that results from the machining operation, can cause pre-
mature failure of the specimens if the machined edges are not polished. The
flat surfaces of the specimens had the as-rolled finish. The specimens were
tested at 1072 in./in. per minute to the yield point and then at 10-! in./in.
per minute to failure. Extensometry was used to determine the yield strength
at the 0.2% offset and to estimate the modulus of elasticity.

Subsized CVN impact tests were performed in accordance with ASTM standard
E23, with the exception that the impact velocity was less than prescribed. The
width of the subsized specimen was 1imited to the sheet thickness, 0.1 in.,
while the remaining dimensions were unchanged. The specimens were tested on an
instrumented drop tower impact machine at either 28 or 40 in. per second. The
instrumented impact system was utilized because of the low energies absorbed by
the specimens. In addition, the microprocessor-controlled instrumented impact
system provided a complete temporal load and energy history of the impact
event. The total energy absorbed by the specimen was normalized to a specimen
width of 1.0 in. to compensate for variations in sheet thickness, and the
results are reported here as ft-1b of energy absorbed per inch of specimen
thickness.

RESULTS AND DISCUSSION

The measured mechanical properties of the sheet fabricated in this program
are given in Table 7. Each data point is the average of three tests made for
each condition and each orientation with respect to the final rolling
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TABLE 7. Mechanical Properties Data

Slow Tensile

Sheet Number, Elastic Impact
Composition, Hardness, Orienta- Ult., Yield, Elong., Mogulus, CVN,
Condition HRC tion ksi ksi % 10~ psi  ft-1b/in,
40-128B
40% W, SS sinter 12 Long. 117 51.4 54.9 23.5 -
Annealed
1400°C for 1 h Trans. 120 51.1 58,2 27.5 94.4
40-17
40% W, SS sinter 38 Long. 164 154.5 9.1 29.9 -
Cold rolled 29%
Trans, 164 143.5 8.3 29.8 40.1

40-17D
40% W, SS sinter 21 Long. 132 60.9 42,2 28,2 114.9
Precipitation

hardened
1050°C for 2 h Trans, 133 63.5 40,7 26.1 90.6
40-13 PH
40% W, SS sinter 26 Long. 147 79.0 32.9 29.9 87.7
Precipitation
hardened
925°C for 2 h Trans. 144 81.2 31.7 29.4 71.3
1-FP-408B
40% W, HERF 13 Long. 123 54.3 55.1 28.5 124.8
Annealed
1400°C for 3-1/2 h Trans. 119 53.0 48.6 31.0 84,7
1-FP-40A
40% W, HERF 40 Long. 171  163.3 6.5 28.3 49,0
Warm rolled 40% Trans. 178 161.4 6.3 28.4 29.0
70-4
70% W, SS sinter 24 Long. 122 75.4 18.0 28.3 -
Annealed
1400°C for 16 h Trans, 128 72.3 34,7 36.4 47,2
80-1
80% W, SS sinter 25 Long. 117 78.4 14.0 36.5 -
Annealed
1400°C for 16 h Trans. 116 84.6 7.8 38.0 12,7
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TABLE 7. (contd)
Slow Tensile

Sheet Number, Etastic Impact

Composition, Hardness, Orienta- Ult., Yield, Elong., Mogu1us, CVN,

Condition HRC tion ksi ksi % 10 psi  ft-1b/in.
80-3
80% W, SS sinter 28 Long. 130 81.4 20.2 44,1 14.4
Annealed
1400°C for 21 h Trans. 126 81.5 13.2 47.4 15.2
85-4
85% W, SS sinter 29 Long. 124 81.5 20.0 38.9 5.1
Annealed
1400°C for 16 h Trans. 123 80.9 15.2 35.7 5.9
85-2
85% W, LP sinter 26 Long. 116 75.7 19.7 37.5 11.8
Annealed
1400°C for 21 h Trans. 118 72.3 23.1 38.8 15.3
90-12
90% W, SS sinter 29 Long. 111 79.1 8.6 34.6 2.3
Annealed
1400°C for 21 h Trans. 112 80.1 8.5 30.4 2.4
90-10
90% W, LP sinter 28 Lona. 113 79.5 14.0 40.8 10.9
Annealed
1400°C for 21 h Trans. 113 80.7 13.3 40.4 6.0

direction.

LP-sintered billets.

Most of the data are for annealed sheet derived from SS-sintered
and HERF billets.

Comparative data are also given for 40% W in precipitation
hardened and cold worked conditions and for 85% and 90% W sheet derived from

Important relationships among W content, sintering

method, heat treatment, and mechanical properties are shown in Figures 25

through 29.

The relationships between W content and tensile properties for annealed

sheet are shown in Figure 25.
contents between 40% and 90%.
about 7 ksi for each 10% decrease in W content.

toward lower W content, as expected.

Ultimate strength is nearly the same for all W
Yield strength decreases slowly with W content,
Elongation increases rapidly

For SS-sintered material, elongation
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FIGURE 25. Tensile Properties of 40% to 90% Tunasten Alloys

increases about 10% for each 10% decrease in W content. Ultimate and yield
strength values for LP- and SS-sintered materials are essentially the same,
whereas elongation values for the LP-sintered materials (85% and 90% W) are
roughly double those for the SS-sintered materials having the same W content.

Previous investigators from Takeuchi (1967) to Lux et al. (1982) have
noted that SS-sintered 90% W is extremely brittle due to the interconnected W
skeleton (high contiquity). For a typical comparison of LP- and SS-sintered
microstructures see Figure 9. Churn and German (1984) state that the maximum
attainable elongation in LP-sintered material depends on contiquity (freauency
of W-W contact in the microstructure), which in turn is set by the alloy com-
position (W content). For the SS-sintered material of the same ¥ content, the
contiguity is obviously higher and the ductility is logically, and in fact,
lower. As the 0.5-in.-thick billets were rolled to 0.1-in.-thick sheet, the
microstructures of the LP- and SS-sintered material became more alike, as shown
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in Figure 9. At the same time, the rolling performance of the SS-sintered
billets improved (i.e., higher reductions were possible without encountering
edge cracking). Also, the LP-sintered material loses ductility during rolling
due to the change in W particle shape and effective increase in contiguity; the
ductility values achieved for rolled and annealed sheet were roughly half those
reported by Lux et al. (1982) and by 0'Neil and Salyer (1964) for 90% and 85%
W, respectively. Based on this reasoning, the most ductile sheet material
would be produced from LP-sintered billets with a minimal amount of rolling--
only enough to provide the desired thickness and surface finish and to heal any
sintering defects that might be present. If SS billet fabrication processes
are required to avoid slumping and W particle settling that is encountered in
compositions of less than 80% W, a significant amount of rolling and annealing,
at the highest practical temperatures, would be required to attain the most
ductile material. Certainly, the rolling and annealing schedules used in this
study are not optimal, but the properties of the resulting materials indicate
what is possible.

Tensile properties of the 40% W sheets with various histories are illus-
trated in Figure 26. A1l tensile properties of the sheet rolled from HERF
billets are equivalent to those of the SS-sintered sheet, as shown. Annealed
properties are: 50 ksi yield strength, 120 ultimate strength, and 55% elonga-
tion. Rolling 29% to 40% increases yield strength markedly, to the 140- to
165 ksi range, while ultimate strength increases to 160 to 180 ksi and elonga-
tion is reduced to 6% to 9%. Precipitation hardening at 1050°C or 925°C has
similar, but milder, effects compared to rolling 29% to 40%; both yield and
ultimate strength are increased significantTy while ductility is somewhat
decreased. Rolling 10% would probably yield the same average tensile proper-
ties as precipitation hardening, but with slightly more directionality.

CVN impact energies of the 40% to 90% W are plotted in Figure 27.
There is a very rapid increase in toughness as W content decreases (and the
proportion of tough matrix increases). Also, the LP-sintered (85% and 90% W)
material is significantly tougher than SS-sintered material. Fiqure 28 shows
the relationship between tensile elongation and CVN impact energy for both LP-
and SS-sintered material. Although there are only four data points plotted in
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Figure 28, the data clearly indicate that for a given slow tensile elongation
the SS-sintered material has significantly lower impact toughness than
LP-sintered material. Logically, the lower toughness could be related to

higher contiguity in the SS-sintered material, since contiguity is a measure of
the proportion of weak contacts between the tungsten particles (German, Hanafee,
and DiGiallonardo 1984; Churn and German 1984). It is also speculated that
LP-sintered material is less strain-rate sensitive because of its lower con-
tiguity and the attending improved stress distribution in the less strain-rate-

sensitive matrix.

CVN impact energies of 40% W sheets with different histories are shown in
Figure 29. Again, HERF material has the same properties as sintered material.
Annealed material has a very high toughness, ~100 ft-1b/in., which reflects the
high proportion of tough matrix, about 88 vol%. In contrast, the best tough-
ness for the 90% W material (23 vol% matrix) was 11 ft-1b/in. The 29% and 40%
rolled materials maintain high toughness, about 40 ft-1b/in.; combined with the
high strength and useful ductility discussed earlier and shown in Figure 26
these are very impressive mechanical properties. The toughness of precipita-
tion-hardened material is also impressive in that it is nearly equal to the
toughness of annealed material; at the same time the tensile strength of the
precipitation-hardened material is significantly higher (see Figure 26).
Therefore, in applications requiring both high strength and toughness, both
cold working and precipitation hardening are interesting processing options for
40% W. The applicability of these options to higher W contents should be the
subject of future studies.
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APPENDIX A

DIRECT SINTERING OF THIN SHEETS

Heavy metal sheets have been produced in recent years on a commercial
basis by Teledyne Firth Sterling, LaVergne, Tennessee. Because of the Timited
market, heavy metal sheet is produced by rather conventional processes. A
relatively thick (about 0.5 in.) billet is rolled to final sheet thicknesses of
0.03 to 0.14 in. Since only about 30% reduction in thickness can be taken
between anneals without risking severe cracking, some 4 to 8 rolling sessions
and anneals are required to produce finished sheet. It is well recognized that
this process is appropriate for the existing market, but it is expensive. If
the market for heavy metal sheet is to become substantially larger, production
costs will have to be Towered by developing and using processes that reduce or
eliminate rolling and intermediate annealing. A minor amount of rolling may
improve the mechanical properties of as-sintered material, and thus be desir-
able for some applications. The object of this work was to explore methods
that might be suitable for producing thinner (~ 0.12 in.) sintered billets and
to attempt to demonstrate these methods.

Dube (1981) has reviewed particle technology methods for making metal
strip:

“In principle, they essentially consist of making much thinner starting
strip than is possible in the conventional way, by a variety of methods
such as powder rolling, spray deposition of liquid metal, slurry deposi-
tion, reduction of superconcentrate strip, etc. The strip is porous and
has relatively poor mechanical properties. It is subsequently densified
by a combination of sintering, hot and cold rolling to produce finished
strip. It has been shown that the properties of strip produced by these
methods are similar to those of conventionally produced strip. The total
amount of mechanical working required to produce the finished strip by
these methods is rather small. It is possible to produce metal strip from
an economically viable small plant based on these methods."
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The methods covered by Dube are:
» cold powder rolling
e hot powder rolling

e bonded powder rolling--a metal-binder slurry is cast on a substrate
followed by drying and roll compaction

o large particle rolling--rice-grain-sized particles.
o spraying molten metal droplets on a substrate followed by rolling.

A1l of the above methods have been demonstrated on a commercial scale and
are suitable for either continuous or noncontinuous sheet production. We chose
to work on methods on a noncontinuous, one sheet at a time basis because this
was most easily accomplished with equipment currently available in our labora-
tory and in heavy metal production facilities. Also, all of the processes
reviewed by Dube use rolling to consolidate the powders/particles before sin-
tering. Rolling of powders is a complex task requiring long development time
for each application. Powders need to be rolled to high density so that they
have sufficient strength to be coiled, bent around corners, transported through
the sintering furnace, etc. High density may hinder the deoxidizing process
that takes place during sintering and that is necessary to develop good ductil-
ity and toughness in tungsten heavy metals. Unfortunately, our work focuses on
green billets of about 0.12 in. in thickness, a rather stiff section not
tolerant of bending and coiling. Also, our work has shown that very low-
density green billets can be sintered to high density. For these reasons, our
work was concentrated on methods that might be suitable for producing unusually
thin as-sintered billets on the order of 0.1 in. thick. These sintered billets
might be used directly or rolled to some extent to improve mechanical proper-
ties, finish, thickness uniformity, etc., if required by the application. The
following methods selected for further study are based, at least partially, on
our experience with tamped, dry powder beds, which was described earlier in
this report:

» binderless dry powder
o conventional binders
e cold plastics
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» thermoplastics or thermosets
o slurry casting.

A generalized process flow sheet for all the thin billet fabrication
methods is shown in Figure A.1. A1l of the selected methods require low form-
ing pressures, thus obviating the need for large-capacity presses. For
instance, a sintered billet 20 in. by 30 in. would be about 26 in. by 38 in. in
the green, as-pressed state, an area of nearly 1000 in.2 Conventional pressing
pressures are 10 to 20 tons per square inch, which translates into a hydraulic
press capacity of 10,000 to 20,000 tons. Alternatively, billets of this size
would require an isostatic press at least 3 ft in diameter.

A11 the above methods except those using thermoplastics or thermosets pro-
duce weak, fragile billets that must be presintered in the mold in which they
were formed. The presinter is then strong enough to be resettered for sinter-
ing. Presintering can be accomplished at reduced temperatures to minimize
dimensional variations caused by mold distortion and to allow a wider variety
of mold materials to be considered. A few tests were run to establish approxi-
mate presinter temperatures and to furnish a guide for mold material selection.

Fill Mold
(and Level)

!

Press
or
Vibrate

'

Presinter

!

Sinter

FIGURE A.l1. Generalized Process Flow for Thin Billet Fabrication. Individual
methods vary in the first two steps. Presinter and sinter are
common to all.
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Presintering 90% W for 2 h at 1100°C resulted in virtually no sintering shrink-
age, but the billet had sufficient strength to be handled without great care.
Billets of 40% W presintered at 900°C. Some possible mold materials are alu-
mina, zirconia, quartz, molybdenum, tungsten, graphite, and superalloys. All
of these materials were tried. Only alumina or zirconia can be used without
coatings; the rest stuck or reacted with the powder. Molybdenum plate coated
with alumina by the Rokide® flame spray process worked very well. Coating
adherence was very good even when cycled to 1400°C.

Presintered billets need to be resettered for sintering in a manner that
allows the billet to shrink during sintering without cracking. Very smooth
settering plate, 1oose settering powder, and tilting the settering plate are
conventional possibilities. Gas levitation has been used in continuous produc-
tion of stainless steel strip (Sturgeon and King 1982). In any event, this is
no trivial problem, and it becomes more important as the billet area grows and
the thickness decreases. In this study, green billets of up to 8 in. by 18 in.
by 3/16 in. thick were sintered without cracking if proper precautions were
taken. 1In fact, anything crack-free after bakeout was crack-free after both
presinter and sinter. It was found that LP sintering could heal some rather
large cracks; SS sintering always retained cracks and all other features pre-
sent before sintering.

Each of the thin billet fabrication methods tried in this work is dis-
cussed separately in the following subsections. Because no method was com-
pletely developed and proven successful, the discussions are brief. The
general method, problems encountered, and promise for future development are
addressed.

BINDERLESS, DRY POWDER METHOD

The dry powder method illustrated in Figure A.2 is essentially the same as
the method used to make small, thick billets (3.5 in. by 0.5 in.) for this
study. Good, crack-free billets were produced with a success rate of 70%.
Large-area, thin billets are much more difficult to produce by this method.

® Registered trademark of the Norton Company.
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Horizontal Mold Vertical Mold

Load Powder
Uniformly

!

Screed

'

Press

'

To
Presinter
and
Sinter

FIGURE A.2. Binderless, Dry Powder Method
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The molds must be dimensionally accurate and unwarped. The powder has to be
1aid into the mold in a very uniform manner (i.e., with very uniform density),
otherwise differential sintering shrinkage will crack the billet. Mechanical
vibration can aid in obtaining this uniform fill density, but mechanical forces
can also introduce nonuniformities and cracks in seemingly mysterious ways, as
we discovered. The screeding has to be done in order to obtain a uniform
thickness in horizontally loaded billets. However, the screeding action packs
the powder ahead of the screed. This is no real problem with the vertical
mold, but loading the powder uniformly into the thin, deep slot is a problem.
Density of the as-loaded powder is only about 25%; in that state the powder
mass is very weak and extremely susceptible to cracking due to mechanical
stresses and to sintering shrinkage. Pressing the powder at just a few psi
will increase green density and strength, but the mold must be rigid and flat.
Otherwise, the mold flexure during pressing will cause cracks. The higher the
pressing pressure, the more important it is that the mold be rigid and flat.
Since the mold must go through presintering, warpage can occur; very stable
mold material is required.

We had 1ittle success with this technique in producing large-area, thin
billets. Greater success was obtained with the techniques that follow; they
all use binders. However, we were able to produce a couple of l-in.-diameter
rods by loading dry powder vertically into alumina tubes and sintering in the
horizontal position, which gives some hope for this binderless method. It must
also be remembered that LP sintering heals all but the largest cracks.

CONVENTIONAL BINDERS

The process and all the comments regarding the binderless, dry powder
method still apply when binders are added to the powder. Two necessary process
steps are added: 1) blending in the binder and 2) baking out the binder (usu-
ally part of the presinter cycle). The binder could be a wax, a soap, an oil,
or even water. About 0.5% to 2% by weight is the usual amount used in high-
pressure pressing; somewhat more would be required to develop good green
strength in low-pressure pressings. The binder can improve interparticle flow
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and thus increase green density slightly. The principal benefit of the binder
is that it increases green strength, which means improved resistance to crack-
ing caused by vibrations or mold flexing.

We have successfully made a billet 5.4 in. by 10.6 in. by 0.17 in. thick
using 4% water as a binder. The water was added to the powder through the
intensifier bar of a Liquid-Solids® twin-shell hblender. The resulting powder
had extremely poor flow characteristics; it was run through a 5-mesh sieve and
dropped directly into a horizontal mold through a large funnel in such a way
that very 1ittle material had to be moved to complete the screeding job. After
pressing at 1000 psi, the top punch was removed and the compact was dried at
125°C for two hours and then sintered to a final density of 98.2% of 14.0 g/cm3
(70% W composition). The dried, green compact appeared to be hard and strong,
indicating that some bonding occurs through a corrosion reaction between the
water and powders. Reduction of the corrosion products, probably hydroxides as
well as oxides, will occur during the deoxidization stage of the sintering
cycle (Lux, Jangg, and Danninger 1981).

An attempt to make a thicker, 0.5-in.-thick billet resulted in a cracked
billet after drying too rapidly on a hot plate; also, the mold had warped in
sintering the first plate which may have caused some of the cracking due to
mold flexure during pressing. Although this process is more promising than the
binderless dry powder approach, it is evident that its success depends on tool-
ing that is geometrically stable after repeated presintering cycles, and on
very careful attention to powder preparation, layup, pressing, and hakeout.

Any problems identified in our attempts to produce 5.4 in. by 10.6 in. billets
will be magnified in attempting 1arger-area'bi11ets. Again, LP sintering would
eliminate all but the largest cracks.

COLD PLASTIC METHOD

The cold plastic method outlined in Figure A.3 uses plasticizing additives
to make a powder mass that can be worked 1ike clay. Many ceramic and plastics
forming processes might be used to form thin, large-area billets. We used 1%

® Registered trademark of the Patterson-Kelley Company.
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Dry
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To Presinter
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FIGURE A.3. Cold Plastic Method

Klucel H hydroxypropylcellulose, a product of Hercules, Inc., with 4% to 5%
water to plasticize the powder mass. The Klucel H, a minus 20-mesh powder, was
dispersed in the heavy metal alloy powders by dry ball milling. The water was
then blended into the powders by adding it through the intensifier bar of a
Liquid-Solids blender. This mix was then aged overnight to allow the solvent
to dissolve the Klucel H, which is necessary for the development of plasticity.

To date we have had very little experience with forming these cold plas-
tics in a transfer press. The material extrudes very easily from the transfer
chamber into the mold, but it sticks to the mold, and probably has some
entrained air pockets. Sticking could be eliminated by drying in the mold,
either by heat or vacuum. The air pockets could be kept to minimal size either
by deairing the plastic mass before forming or by drying the formed part under
pressure in the mold. The advantages of this cold plastic method are: 1) a
variety of plastic forming processes are applicable, 2) the plastic mass can
flow laterally under uniaxial pressure and thus produce a superior uniformity
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of powder density, 3) the plastic mass has some useful elasticity, and 4) when
dried the Klucel H adds considerable green strength to the molded powder; this
strength may be sufficient to allow the handling needed to setter the molded
part for direct sintering (that is, without the presintering step). Many
organic solvents, particularly alcohols, can be used if water is found to be
unsatisfactory.

THERMOPLASTICS OR THERMOSETS

As the name implies, this method uses thermoplastic or thermoset polymers
and elevated temperatures to accomplish forming. Usually, minor amounts of
other specific additives are employed for plasticizing, lubricating, stabiliz-
ing, etc. The mixed powders and additives are then pelletized to remove air
from fine porosity and to produce a suitable feed to the molding machine.
Injection molding, compression molding, and extrusion are the major possible
molding techniques, as shown in Figure A.4.

A high volume of polymer, on the order of 50%, is required for sufficient
flow. The bakeout cycle must therefore be carefully developed to avoid crack-
ing and detrimental residues from the polymer and additives, such as carbon and
alkali metals. This method is capable of forming intricate parts in high

Dry Mill
Metal and Plastic
Powders

:

Pelletize

!

Mold Billet

'

To
Sinter

FIGURE A.4. Thermoplastic or Thermoset Methods
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volume at Tow cost. The molded parts would have very good green strength; they
could be handled and settered for direct sintering without a separate

presintering step.

To date only a few crude trials of this method have been made. It was
found that about 6% Klucel H (in 70% W powder) would extrude properly in the
transfer molding press. Klucel H is thermoplastic and has a density of about
0.5 g/cm3' The 6% by weight Klucel H addition is about 60 vol% of the metal
powder/Klucel H mixture. Incomplete parts were formed due to insufficient feed

material. No bakeout of these incomplete parts was attempted.

SLURRY CASTING

Slurry casting has been practiced on a commercial scale to produce thin,
continuous strip (Dube 1981). The method has promise for making the relatively
thicker, large-area billets. The method is outlined in Figure A.5., In princi-
ple the metal powders are dispersed in a fluid so that the powders will flow by

Dissolve
Thickener

!

Disperse Metal
Powder in
Liquid

!

Cast
Slurry

!

Dry

'

To Presinter
and Sinter

FIGURE A.5. Slurry Casting Method
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gravity, like water, to fill a dimensionally accurate, level mold. The mold
must be suitable for presintering, and must be durable and dimensionally stable
enough to be reused many times. The dense tungsten powders settle so rapidly
from suspensions in unmodified fluids that the powder mass loses its fluidity
and will not fi1l the mold. If the fluid is thickened, then adequate suspen-
sion of the tungsten powder particles ensures that the slurry will flow well
enough to fill the mold. After drying, the green density of slurry castings is
about 50%. Success achieved by this method was limited, but was sufficient to
demonstrate the potential. Two different thickener fluid systems were tried:
1) Klucel H hydroxypropylcellulose in isopropyl alcohol, and 2) oleic acid in
toluene.

Isopropyl alcohol is a borderline solvent for Klucel H. Addition of 10%
water made clear solutions. About 0.6% to 0.7% Klucel H in the 90% isopropyl-
10% water mixture was sufficient to maintain adequate flow of the slurry into
the 8-in. by 8-in. by 0.15-in.-deep graphite molds. Higher Klucel H contents,
up to 1% of the fluid weight, were tried, but with increasing incidence and

severity of "elephant skinning," a deep wrinkling of the surface of the cast-
ing. A rapid air-flow pattern around the casting during drying was found to
enhance elephant skinning. At 1% Klucel the slurry was too viscous and would
not fill the mold. Good castings could be made using 1 cc of the 0.6% Klucel H
solution with 10 g of metal powder (85% W). This is more liquid than required
to fill the mold, and a very visihble thickness shrinkage occurs. At 11 g of
metal powder per cc of liquid the castings invariably cracked upon drying,

although the shrinkage was minimal.

Problems encountered with this method were: 1) occasional cracking,
2) thickness variations from end to end, 3) extreme thickness loss around the
edge of the mold due to wicking, and 4) Tow sintered densities (most likely
related to the Klucel H, possibly sodium residue). A1l these problems should
be solvable with proper tooling, a better thickener, and more development.

Good castings could also be made with a different 1iquid system, 1% oleic
acid in 7% toluene with 93% metal powder (85% W). Very careful, slow drying is
necessary to avoid cracking. Good, normal sintered densities were obtained.
When the oleic acid is burned out at 180°C, the residue weakly bonds the powder
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casting together, possibly allowing the handling necessary to resetter the
casting for direct sintering without a separate presinter step. The burnout
operation frequently caused bowing of the casting, resulting in the casting
cracking from its own weight. Up to 6% oleic acid mixtures can be troweled and
smoothed. There are some interesting possibilities for the oleic acid, or
similar, formulations.
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