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Structural evolution of matrix phase for liquid
phase sintered 93W-4.9Ni-2.1Fe
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The structure of the matrix of a two phase heavy alloy, 93W-4.9Ni-2.1Fe (wt %), was
characterized. The matrix phase was not the expected face centred cubic Ni-Fe-W solid
solution with a large grain size reported in the literature. Instead, an amorphous phase
containing fine grained crystals as well as intermetallic compounds having different
compositions were found. The partition of tungsten from the matrix toward the tungsten
phase resulted in formation of different phases in the matrix. Under furnace cooling, the
matrix phase was composed of an amorphous phase for the matrix phase remote from the
tungsten grain—-matrix interfaces, and a strained FeNi intermetallic phase near the interfaces.
For specimens solution treated at temperatures between 1000-1400 °C foliowed by water
quenching, an intermetallic phase rich in tungsten, (Ni, Fe) W, evolved and surrounded the
tungsten grains in clusters. The relative abundance of this intermetallic phase was highest
for a solution treatment temperature of 1400 °C, indicating that the formation of this phase
was a result of supersaturation of tungsten in the matrix phase and retarded partition of

tungsten from the matrix phase to tungsten grains under a rapid cooling condition.

1. Introduction

Tungsten heavy alloys are a class of composites whose
microstructures consist of approximately spheroidal
tungsten grains imbedded in a ductile nickel based
matrix phase. The compositions of the tungsten heavy
alloys arc ecither W-Ni-Fe or W-Ni—Cu, with
W-Ni-Fe being found to have the better mechanical
properties [ 1-3]. The W-Ni—Fe¢ alloys usually contain
80 to 98 w1% of tungsten, and an optimal nickel to
iron ratio of 7:3 as the rest [1,4]. Typical applications
of this class of alloys include kinetic energy penetrator,
shaped charge liner, inertial counter weight balance,
and radiation shield [5].

The complexity of the factors influencing the tough-
ness of liquid phase sintered tungsten heavy alloys had
been summarized elsewhere [2,3,6]. Considerable
effort has been made to improve the mechanical prop-
erties such as ductility and toughness by various heat
treatment approaches. However uncertainties regard-
ing the heat treatment effect on the mechanical prop-
erties of the tungsten heavy alloys still remain. For
example, both rapid cooling by water quenching
following solution treatment [1,4,6,7] and slow fur-
nace cooling [ 1, 8-10] after sintering were reported to
improve the ductility and toughness. Though a rapid
cooling heat treatment was generally believed to im-
prove the mechanical properties of heavy alloys,
different explanations regarding its effect have been
proposed. German et al. [6] had compiled a list of
publications that have proposed explanations for the
cooling rate effect on the ductility or toughness of
tungsten heavy alloys. These proposed explanations
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included impurity segregation to interfaces, composi-
tional and heat treatment effects on the matrix phase
and tungsten grain chemistry, hydrogen embrittle-
ment of the matrix phase, formation of intermetallic
compounds, changes in pore structure, and a ductile
to brittle transition close to room temperature. The
underpinning approach for most of these reports was
that attention was focused on the tungsten
grain—matrix phase interfaces. Hydrogen, impurity,
and precipitated intermetallic phases were generally
believed to embrittle the alloys by providing a low
energy fracture path along the interphase boundaries.

With respect to the structure and composition of
the matrix phase, uncertainties remained. It was com-
monly encountered that only the interfaces between
tungsten grains and the matrix phase could be ob-
served in the microstructure while no grain boundary
within the matrix could be revealed, a result ascribed
to the lack of a reagent for the simultaneous etching of
the two phase alloys [9]. Though the microstructural
details of the matrix phase were difficult of disclose
metallographically, it was popularly believed that the
matrix phase was a face-centred cubic (fcc) Ni-Fe-W
solid solution [6, 8], having an average grain size of
more than 100 um [11], or 40~100 pum for slow cool-
ing (<5°Cmin~?') and 3-8mm for fast cooling
(> 600°Cmin~ %) [12].

The present research was undertaken to investigate
the microstructural details of the matrix phase for
furnace cooled and water quenched tungsten heavy
alloys. The evolution of the matrix phase associated
with the partition of tungsten is demonstrated and
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TABLE I. Some characteristics of the starting powders

Tungsten Nickel Tron

Vendor Korea Tungsten Novamet BASF

Grade KM-8 Inco 4SP oM

Average Particle 6 11 4

Size (um)

Tap Density 2.8 4.7 4.3

(gem ™)

Purity (wt %.) 99.95 99.8 97.8

Major Impurities O 0.08 0 0.02 0 0.30

(wt %) C 0.05 C0.89
Fe0.01 N 0.90
S 0.001

controlling the mechanical properties by modifying
the chemistry and structure of the matrix phase is
suggested.

2. Experimental procedure

The heavy alloy wused in this study was
93W-4.9Ni-2.1Fe by weight. Some characteristics and
micrographs of the powders are shown in Table I, and
Fig. 1, respectively. The powders were blended and
milled in a plastic jar for 24 h, using 304 stainless steel
balls (diameter = 3 mm). The specimens were pre-
pared by injection moulding. The binder was com-
posed of polypropylene (20 wt %), ethylene vinyl acet-
ate (25 wt %), paraffin wax (50 wt %), and stearic acid
(5 wt %). The powder-binder blend, which had a pow-
der volume fraction of 0.5, was prepared with a Z-
blade mixer at 180 °C for about 80 min. Rectangular
test specimens having the dimensions of
70 x 12 x 4 mm were moulded using a reciprocating
screw injection moulding machine. The moulded spec-
imens were immersed in heptane to partially remove
the paraffin wax and stearic acid [13], which reduced
the possibility of forming defects in the following ther-
mal treatment.

A sintering schedule combined with thermal de-
binding was conducted in a horizontal tube furnace.
Post sintering heat treatments of the sintered speci-
mens was carried out for some specimens by solution
treating the sintered specimens at temperatures of
1000, 1200, and 1400°C for 1 h, followed by water
quenching. The sintering and heat treatment sched-
ules, as well as the atmosphere, are shown in Fig. 2.
A sintering temperature ranging from 1480-1520°C
and a sintering period from 20-60 min were employed
for the sintering study. The specimens were furnace
cooled. It took approximately 6 h for the specimens to
reach temperatures lower than 100°C. A dry hydro-
gen atmosphere was used during debinding and sinter-
ing until the last 10 min of the isothermal hold when
the atmosphere was changed to dry argon [ 14]. A sub-
sequent heat treatment for some of the specimens was
also carried out in argon. The time spent in introduc-
ing the heated specimens into the cold water was less
than 10s.

No significant carbon was introduced by the use of
carbonyl nickel and iron powders, and the existence of
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Figure 1 Morphologies of the starting powders, (a) tungsten, (b)
carbonyl nickel, and (c) carbonyl! iron.
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Figure 2 Processing cycles and atmospheres for debinding, sinter-
ing and heat treatment.



a large quantity of the organic binder in the green
state. The average carbon content of the sintered spec-
imens was 56 ppm, based on nine specimens tested by
the combustion method. This average value was lower
than the minimum required for forming # carbide
precipitate ( > 100 ppm) [11].

Both an optical microscope and a scanning electron
microscope (SEM, Cambridge S360) were used for
morphology analysis. Quantitative analysis of the ele-
ments in the matrix phase was carried out using elec-
tron’ probe microanalysis (EPMA), using a Jeol, JAX
8800M attachment under an accelerating voltage of
20 keV. Recorded intensities of Ni K, Fe K, and W L,
radiations were employed for calculating Ni, Fe, and
W concentrations in the phase components. Phase
analysis of the bulk sintered specimens was carried out
using X-ray diffraction (XRD) using a Rigaku D MAX
B diffractometer with Cu K, radiation at an accelerat-
ing voltage of 40 keV. The heat treated specimens were
ground to near the centre of the specimens prior to the
XRD testing. Microanalysis of the morphology, com-
position, and structure of the matrix phase was conduc-
ted using a scanning transmission electron microscope
(STEM), with a Jeol 2000 FX microscope at an acceler-
ating voltage of 200keV. Energy dispersive X-ray
(EDX) analysis spectra and selective area electron dif-
fraction patterns were recorded from the intergranular
matrix phase using the conventional transmission
mode of operation. Specimens for STEM were pre-
pared by mechanically grinding to a thickness of about
0.5 mm, dimple grinding to a thickness of about 20 pm,
and then ion beam thinning until perforation.

3. Results and discussion

3.1. Furnace cool

Fig. 3 shows the XRD patterns of furnace cooled tung-
sten heavy alloys after sintering at different temper-
atures (1480-1520°C) for different sintering times
(2060 min). In addition to the diffraction peaks of the
tungsten phase, some peaks having low intensities
were also recorded in these patterns, particularly for
specimens subjected to an extended sintering time or
an elevated sintering temperature. The phase respon-
sible for these low intensity peaks was identified as an
FeNi intermetallic phase (fcc, a = 0.36032 nm) [157.
In comparison, a crystalline phase having an fcc struc-
ture and a lattice parameter in the neighbourhood of
0.360 nm was usually assigned as a Ni-Fe-W solid
solution [3,6,11,12,16].

The lack of diffraction peaks of the fcc Ni-Fe-W
solid solution and the varying intensities of the FeNi
phase in the XRD patterns shown in Fig. 3 implied the
possible existence of an amorphous instead of crystal-
line Ni-Fe—-W phase in the matrix, in addition to the
FeNi intermetallic phase identified. Fig.4 shows
STEM micrographs from different locations in the
matrix phase for a specimen sintered at 1520°C for
40 min. Distinct morphological variations in the
matrix can be clearly observed in these micrographs.
Extensive precipitation occurred near the tungsten
grain—matrix interfaces Figs 5 and 6 show the selected
area electron diffraction patterns of locations having
different morphologies in the matrix phase. These
patterns represented an amorphous phase, fine grain
crystals crystallizing from an amorphous phase, and

1500C, 20Min

1500C, 40Min

30 40 50 60 70 80 90 100 110
Diffraction angle, 26 (deg)

1480C, 40Min
)
=
=
£ 1500C, 40Min
<
=
2
2 JL L/\__/\
£
W
1620C, 40Min
FeNi W W
FeNi . FeNi W
L FeNi w FeNi W
T | 1 | T | ] | T | T | T | T | T

W
1500C, 60Min
FeNi W w
. Y
FeNi Fenj WFeNL W

~ A
T T T T T T T T T T T T T T T T T

30 40 50 60 70 80 20 100 110
Diffraction angle, 20 (deg)

Figure 3 X-ray diffraction patterns for specimens sintered at different temperatures (1480-1520 °C) and for different isothermal holding times

(2060 min).
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Figure 4 Scanning transmission electron micrographs of the matrix
phase located among tungsten grains. The matrix phase is indicated
by M and the tungsten phase by W. Microanalyses of structure and
composition were carried out near the positions indicated by
P,Q,R and S. The sample was sintered at 1520 °C for 40 min.

a crystalline phase, respectively. The crystalline phase
located near the tungsten—matrix interfaces was iden-
tified as an fcc crystal having a lattice constant of 0.360
+ 0.001 nm, very close to that (@ =0.3603 nm) of
FeNi. However, the diffraction patterns of this crystal
phase were composed of short arcs rather than sharp
spots. This phenomenon indicated the possible exist-
ence of strain in the FeNi laitice caused by the
dissolved tungsten.
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Figure 5 Selected area electron diffraction pattern near the posi-
tions P, Q, and R indicated in Fig. 4, representing an amorphous
phase (P), fine grain crystals crystallizing from an amorphous phase
without preferred grain orientation (Q), and fine grain crystals
crystallizing from an amorphous phase with preferred grain orienta-
tion (R). (Accelerating voltage = 160 keV, camera length = 60 cm
for P and Q, = 100 cm for R).

Fig. 7 shows the concentration profile of tungsten in
the matrix phase with respect to the distance from the
tungsten grain surface. The concentration of tungsten
in the matrix phase was position dependent. The
amorphous phase was rich in tungsten while the FeNi
phase was deficient in tungsten. Indirect observations
regarding the formation of FeNi intermetallic phases
reported in the past agree with the above observation.



Figure 6 Selected area electron diffraction patterns near the posi-
tion S indicated in Figure 4, representing (A) (11 1) plane, (B) (200)
plane, and (C) (422) plane of an fec crystal having a lattice para-
meter of 0.360 nm. (Accelerating voltage = 200 keV, camera length
= 100 cm).

For example, it was proposed that the formation of
intermetallic compounds based on Ni and Fe was
favoured by a large binder content or a low tungsten
concentration in the matrix phase [17]. Decreasing
the cooling rate led to the decomposition of the matrix
phase into precipitates near the tungsten grain-matrix
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Figure 7 Tungsten concentration profiles in the matrix phase with
respect to the distance from the tungsten grain surface, analysed by
energy dispersive X-ray analysis.

interfaces [ 8], while a precipitate-like phase composed
of nickel, iron and possibly tungsten existed in the
boundaries between two tungsten grains for furnace
cooled heavy alloys [17]. The concentration gradient
of tungsten in the matrix phase, shown in Fig. 7, in-
dicated a diffusion event that resulted in the partition
of tungsten atoms occurring from the matrix phase
toward the tungsten grains. The formation of an FeNi
intermetallic phase was thus a result of recovery and
recrystallization of the amorphous Ni—-Fe-W phase
through the repartitioning of tungsten in the matrix
[12]. The phase diagram of Fe-Ni indicates the
formation of intermetallic phases having different mo-
lar ratios of Fe and Ni at temperatures lower than
approximately 500 °C [18]. Therefore, a slow furnace
cool or a long thermal anneal below this temperature
limit could have encouraged the formation of inter-
metallic phases of Fe-Ni. These phases were located
near the tungsten grain—matrix interfaces where de-
pletion of tungsten by precipitating into the tungsten
grains was severe. This could have partially contrib-
uted to the low impact energy observed for most
furnace cooled heavy alloys [1,4,6,7].

The microstructures of tungsten heavy alloys evol-
ved from a mixture of matrix phase and continuous
tungsten skeleton at low sintering temperatures to
spheroidal tungsten single crystals bounded by an
intergranular continuous matrix phase at higher sin-
tering temperatures [2]. During such an evolution
event, the morphology of the tungsten phase changed
constantly both in grain shape and grain size. There-
fore, an intensive dissolution—precipitation event took
place in the matrix phase and tungsten concentration
gradients existed in the matrix phase. The existence of
tungsten concentration gradients in the matrix phase
was hardly mentioned in past reports, even though the
existence of a tungsten concentration gradient in the
matrix phase is fundamental for densification and
grain growth of tungsten. Most past reports indicated
that the composition of the matrix phase was very
consistent irrespective of the sintering parameters or
heat treatment history. For example, the matrix phase

4043



70

® 60}

H

~ N A
5 80 ° —
IS

£ a0}

3

c

g 30t a """
g 20 °

c L

8- o \o
g

8 10}

0 10 20 30 40 50 60 70 80
Isothermal holding time, (min)

Figure 8 Variation of the matrix phase composition with isother-
mal holding time at 1500 °C. The compositional analysis was based
on electron probe microanalysis and is an average value for the
matrix phase. The symbols represent; (O) Tungsten, (A) Nickel and
(O) Iron.

was believed to have a composition in the range of
S9Ni-22Fe-19W [6] to 59Ni-26Fe-15W [19], and
the maximum solubility of tungsten in nickel and in
nickel containing 30 wt% iron were 40 wt% [19] and
30 wt% [2], respectively. However, variation of the
composition of the matrix with sintering variables was
expected as partition of tungsten occurred constantly.
Fig. 8 shows the bulk component concentrations for
the maltrix phase as a function of isothermal holding
time at a sintering temperature of 1500 °C. Therefore,
sintering variables substantially affect the structure of
the matrix phase through influencing the phase com-
position. This phenomenon is exemplified by the vary-
ing concentrations of the FeNi intermetallic phase
shown in Fig. 3.

3.2. Heat treatment

For the specimens water quenched from the solution
treatment temperatures of 1000, 1200 and 1400 °C,
some bright regions surrounding tungsten grains that
were different from the continuous matrix phase were
observed. One such observation is shown in Fig. 9 for
a specimen sintered at 1500 °C for 40 min followed by
solution treatment at 1000°C for 1 h prior to water
quenching. Unlike the other tungsten grains or matrix
phase, these regions were difficult to polish and etch.
Similar light etched precipitates have been observed
elsewhere, but their sizes were much smaller [3,4].
Nevertheless, it was generally concluded that the
microstructures of heavy alloys did not change sub-
stantially with heat treatment. Only slight increases
in the tungsten concentration in the matrix phase
[12,20], in the matrix phase hardness [6], and in the
lattice constant of the matrix phase [12] were ob-
served.

The bright phase was much harder than the tung-
sten phase or matrix phase. The microhardnesses
of the bright phase, tungsten grain, and matrix
phase were H, 1150, H, 450, and H, 330 kgmm ™~
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Figure 9 Micrograph for a specimen sintered at 1500 °C for 40 min,
followed by solution treatment at 1000°C and water quenching.
The light etched phase surrounding the tungsten grains indicated by
“L” had a high hardness compared with the tungsten grains and the
matrix phase.

respectively. The hardness of this bright phase was
much higher than that of Ni-Fe-W phase (H,
215-254 kgmm %) [6], comparable in scale to that of
NiW intermetallic phase (H, 1325kgmm™?) [19],
but much lower than those of most carbides
(> H, 1600 kg mm ~?) [21]. Additionally, the carbon
content of this alloy ( < 60 ppm) was lower than the
criterion for forming carbides [ 117. Therefore, it could
not be a solution or carbide of Ni-Fe~W. Quantitative
compositional analysis based on EDX indicated that
the matrix phase and the bright phase were composed
of 51.6Ni—32Fe-16.4W and 14.2Ni-8.8Fe-77 W by
weight, respectively. The matrix phase was rich in
nickel and iron while the bright phase was rich in
tungsten. Since the atomic fraction of tungsten in the
bright phase was 0.51, it was plausible that this phase
was a (Ni, Fe) W intermetallic phase that had the same
crystal structure as NiW [4]. However, a (Ni, Fe) WC
carbide phase was proposed for a similar thin bright
region located near the tungsten—matrix interfaces [ 3].

Fig. 10 shows the effect of the solution treatment
temperature prior to water quenching on the phase
evolution of tungsten heavy alloys sintered at 1500 °C
for 40 min, examined using XRD. The development of
new phases was evident for specimens subjected to
a solution treatment temperature of 1400 °C prior to
the water quenching. Attempts to index these low
intensity peaks with known compounds in the powder
diffraction file [15] failed to identify a single phase.
However there was no diffraction pattern for NiW in
the file. It should be noted that these peaks had a close
match (by a difference of less than 1°) with those of
orthorhombic NiW [19].

Based on the above observations and analyses, the
NiW intermetallic phase could have formed when
saturation of tungsten in the solid solution occurred.
It also might have formed when partition of the tung-
sten atoms in the matrix phase by precipitating into
the tungsten grains was inhibited by a long diffusion
distance or a fast cooling rate. Therefore, maintaining
the tungsten concentration in the matrix phase to
a proper ratio and controlling the partition behaviour
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Figure 10 X-ray diffraction patterns for specimens sintered at
1500°C for 40 min followed by solution treatment at different
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of tungsten in the matrix during heat treatment are the
keys to controlling the structural evolution of the
matrix phase.

Maintaining the tungsten concentration in the
matrix phase to a proper ratio can be achieved by
controlling the sintering profile, as is observed from
the variation of matrix phase composition with iso-
thermal holding time shown in Fig. 8. It can also be
achieved by adjusting the chemistry of the powder
system. For example, the addition of copper to the
W-Ni system reduces the solubility of tungsten in the
matrix phase to less than 30 wt %, which in turn
prevents the formation of the NiyW intermetallic
phase [1]. A high concentration of carbon in W—-C-Ni
reduces the concentration of tungsten dissolved into
the matrix phase and prevents the formation of the
NiW intermetallic phase [22,23].

The controversial conclusions regarding the effect
of cooling rate on the mechanical properties of heavy
alloys could have been caused by the different concen-
trations of tungsten in the matrix phase prior to heat
treatment. A variation of the component concentra-
tions as a result of different sintering schedules is
shown in Fig. 8. Furthermore, there possibly exists an
optimum intermediate cooling rate to avoid the

formation of either FeNi or (Ni, Fe) W. The rapid or
slow cooling rates defined in past reports that contrib-
uted to better mechanical properties could have lain in
this optimum range. Based on this argument, a slight
difference in the cooling rate can contribute to a signif-
icant difference in the toughness of heavy alloys. For
example, two batches of rapid water quenched
95W-3.5Ni-1.5Fe, under the assumption of an identi-
cal cooling rate, had a significant difference in impact
energy, i.e., 81 J versus 18 J [6]. The baseline impact
energy was 7 J for the specimens without heat treat-
ment.

4. Conclusions

The structural evolution of the matrix phase in tung-
sten heavy alloys depended on the sintering and sub-
sequent heat treatment history. An extensive sintering
event as a result of an elevated sintering temperature
or an extended sintering time followed by furnace
cooling promoted the partition of tungsten atoms
from the matrix phase toward tungsten grains. Such
a behaviour encouraged the crystallization of an FeNi
intermetallic phase near the tungsten grain-matrix
interfaces at the expense of an amorphous Ni-Fe-W
phase. On the other hand, a rapid water quenching
subsequent to solution treatment at temperatures be-
tween 1000-1400°C caused crystallization of an
(Ni, Fe) W intermetallic phase that has the same lattice
structure as NiW. The depletion of tungsten in the
matrix phase was responsible for the crystallization of
an FeNi intermetallic phase, while supersaturation of
tungsten in the matrix phase was a primary cause for
the crystallization of the (Ni,Fe) W intermetallic
phase.
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