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W-5.6Ni-1.4Fe heavy alloys were prepared by the method of spark-plasma sintering, and the
densification and grain growth kinetics were analyzed as a function of various parameters such
as sintering temperature and dwell duration. It is found that the local temperature gradient at
the vicinity of the pores can cause the matrix phase melting or softening, resulting in a viscous
layer coating the W particles and an improved solubility of W into the matrix phase. In the
initial stage, particle rearrangement and neck formation and growth take place, and c-(Ni, Fe)
matrix phase has formed. Dissolution-precipitation and Ni-enhanced W grain boundary dif-
fusion together with viscous process contribute to the simultaneous densification and grain
growth in the intermediate stage. During the final stage, fast grain growth, controlled by both
gas-phase diffusion and dissolution-precipitation mechanisms, dominates over the densification.
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I. INTRODUCTION

W-NI-FE heavy alloys are typical two-phase com-
posites used in the applications requiring high density,
such as kinetic energy penetrators, counter weights, and
radiation shields.[1–3] Generally, the alloys are liquid
sintered from blended elemental powders of tungsten,
nickel, and iron at a temperature above 1733 K
(1460 �C).[4] After sintering, the microstructure consists
of coarsened spherical body-centered cubic tungsten
grains dispersed in a face-centered cubic (fcc) Ni-Fe-W
solid-solution matrix.[5]

In the past decades, many investigators have presented
that the fine-grain microstructure can improve the
mechanical properties of tungsten heavy alloys.[6–10] In
order to refine microstructure, lots of research papers
focused on adding inhibitors to prevent the grain growth.
Recent literature has reported that adding a trace amount
of rare earth elements or their oxides can refine the grain
size and enhance the penetration performance of tungsten
heavy alloys.[11–14] Some researchers adopted high-energy
ball milling (HEBM) combining with novel sintering
technologies, such as two-stage sintering, microwave
sintering, and electric current activated sintering, to pre-
pare ultrafine grained heavy alloys or tungsten.[2,15–18]

Spark-plasma sintering (SPS), often referred to as field-
assisted sintering technique (FAST) or pulsed electric
current sintering (PECS), is a newly arisen sintering
technique that employs a pulsed direct current (DC) to
powders subject to a modest applied pressure (<100
MPa). High electrical current application enables a fast
heating rate (up to 1000 K min�1 [1000 �C min�1]),

resulting in a very short sintering cycle, typically a few
minutes for full densification of both conductive and
nonconductive powders.[19,20] Thereby, a high densifica-
tion rate is favored while grain coarsening induced by
surface diffusion is minimized, and then grain growth can
be suppressed.
In a previous paper,[21] we reported investigation on the

effect of heating rate on the densification behavior and
the microstructure evolution of W-Ni-Fe heavy alloys.
The aims of this study are, first, to use the SPS method to
prepare bulk W-Ni-Fe heavy alloys from blended ele-
mental powders and study the influence of various SPS
parameters (sintering temperature and dwell duration) on
the densification and grain growth of the powders, and
second, to perform a formal sintering analysis in order to
help formulate a hypothesis concerning themechanism(s)
that controls densification and grain growth.

II. EXPERIMENTAL PROCEDURE

Commercial tungsten, nickel, and iron elemental pow-
ders were selected for this study. The characteristics of the
raw powders are shown in Table I.W,Ni, and Fe powders
were weighed accurately to make up a desired stoichiom-
etric composition of 93.00 pct W-5.60 pct Ni-1.40 pct Fe
(wt pct). The weighed powders were subsequently blended
for 10 hours. Figure 1 shows the scanning electron micro-
graph (SEM) of the homogenously blended powders.
The blended powders were sintered by SPS

(Dr. Sinter825, Sumitomo Coal Mining Co. Ltd., Tokyo,
Japan) in a 20.4-mm inner diameter graphite die. Graph-
ite foils of 0.2 mm thickness were placed between the
punches and the powders, and between the die and the
powders for easy removal and significant reduction of
temperature inhomogeneities. In addition, the exterior of
the diewas covered by graphite felt with a thickness of ~10
mm, which was used as a thermal insulation to reduce the
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radiation losses and possible temperature gradients.[22,23]

Sintering was performed in vacuum (residual cell pressure
<8 Pa), and a constant pressure of 30 MPa was applied
from the beginning of the heating step to the end of the
dwell. The pulses pattern was constant and it consisted of
12 pulses (with apulse duration of 3.3ms) followedby two
periods of zero current, which was termed as 12:2 for the
pulse sequence. An optical pyrometer, focused on the
bottom of a small blind hole (with a diameter of 2mmand
a distance of 1.5 mm away from the inner wall of the
female die), whichwas drilled in the external diewall at the
sameheight as the center of the powder compact,was used
to measure and adjust the temperature. The schematic of
the graphite die-punches assemblywas shown inFigure 2.
For all sintering, the heating from room temperature to
873 K (600 �C) was controlled by a preset heating
program and completed within 4 minutes. From
873 K (600 �C) to the desired temperature, a heating
rate of 90 K min�1 (90 �C min�1) was used. When the
required temperature was reached, the sample was then
soaked for 0 to 45 minutes. The chosendwell temperature
range was between 1233 K and 1593 K (960 �C and
1320 �C).

All of the sintered specimens were ground and polished
to remove any surface graphite contamination. Then, the
sintered density was determined by the Archimedes’
method. The final relative density was obtained using the
apparent volume mass divided by the theoretical value of
17.71 g cm�3. The microstructure of specimens taken
from polished plane or fracture surfaces was examined by
SEM (Quanta 200, FEI Corporation, Hillsboro, OR),

equipped with an energy-dispersive spectrometer (EDS)
analysis system (INCAPentaFET-x3, Oxford Instru-
ments, Oxfordshire, U.K.). The polished specimens were
chemically etched with a solution of 6 g of potassium
ferricyanate and 0.5 g of potassium hydroxide in 50 mL
distilled water[24] to observe the microstructure and
quantify the grain size. At the same time, the average
grain size was measured from SEM graphs taken from a
polished plane using a line-intercept method and taking
into account of at least 400 grains (with a three-dimen-
sional correction factor determined to be 1.571[25]). Phase
identification was conducted by an X-ray diffractometer
(XRD; D8 Advance; Bruker AXS Co., Karlsruhe, Ger-
many) using Cu Ka radiation. The contents ofW,Ni, and
Fe in the matrix phase were detected by EDS. The final
measurement results were the average of eight tested
values taken from different areas.

III. RESULTS

A. Densification Behavior and Microstructural Features

Figure 3 shows the densification curves obtained for
the different dwell temperatures selected. It appears
clearly that at the low SPS temperature ranging from
1233 K to 1413 K (960 �C to 1140 �C), the longer the
dwell time, the higher the relative density of the sintered
specimen. As the temperature increases to 1503 K
(1230 �C), the relative density increases sharply from
0.83 to 0.96 after 5 minutes duration, followed by a
slight decrease with the dwell time further increasing.
When sintering is done at a higher temperature
[1593 K (1320 �C)], the relative density reaches 0.96
without duration and also decreases slightly with the
increase of dwell time.

Table I. Characteristics of the Raw Powders

Elemental Powder Purity (Pct) Average Particle Size (lm)

Main Impurity (Wt pct)

C O P N

W 99.92 2.44 0.002 0.07 0.0008 —
Ni 99.5 2.64 £0.25 £0.11 0.0003 —
Fe 99.5 6.05 £0.1 £0.3 — £0.1

Fig. 1—SEM micrograph of the blended powders.

Fig. 2—Schematic of the graphite die-punches assembly: 1—speci-
men, 2—graphite punch, 3—graphite female die, and 4—graphite
felt.
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During SPS process, the shrinkage of the powder beds
was determined from the punch displacement. Consid-
ering the thermal expansion of sample, graphite die and
graphite spacers, baselines were done experimentally to
correct the original punch displacement. For this cor-
rection, which was explained in Reference 26, the
baseline was recorded by heating a full dense specimen
with heating rate of 90 K min�1 (90 �C min�1) and
pressure of 30 MPa. Figure 4 shows the experimental
and corrected shrinkage displacement and the corre-
sponding baseline, as well as the corrected shrinkage rate
during sintering W-Ni-Fe powders to 1593 K (1320 �C).

According to the corrected shrinkage curve and the
corresponding shrinkage rate coupled with the micro-
structure evolution as shown in Figure 5, the whole
densification process can be divided into four parts, which
are denoted withRoman numbers (in Figure 4). It should
be stated that the way of dividing is rather arbitrary and
the boundaries between each part are actually not clear
and difficult to define. However, such a treatment helps to
produce a profound analysis and it may yield an instruc-
tive insight into the SPS mechanism. During the early
stage of the SPS process (part I in Figure 4), being below
1143 K (870 �C), the specimen experiences a small
amount of densification probably due to particle rear-
rangement resulting from the effect of the pressure.
Compared with the blended powders, there is no distinct
change in the microstructure ofW-Ni-Fe powders heated
to 1143 K (870 �C) as shown in Figure 5(a), but the
relative density slightly increases from initial 0.53 ± 0.01
to 0.56 ± 0.01. Part II is characterized by the sintering
neck formation and growth, in which the temperature
ranges from 1143 K to 1323 K (870 �C to 1050 �C).
Recently, Aman et al.[27] and Cordier et al.[28] have
presented some evidence of mass transport in the neck
formation by an ejection mechanism or protrusion
formation during the SPS of spherical Cu powders and
yttrium-doped zirconia granules, respectively. However,
in our study, no similar phenomenonwas detected. In this
part, necks develop between W particles (as shown in

Figures 5(b) and (c)), making possible the contribution of
W grain boundary diffusion to the densification of the
material. The contribution of a pressure-applied mecha-
nism (i.e., power-law creep) to the grain-boundary
diffusion can also lead to an enhanced mass transport
during neck growth.[29] In addition, the mechanisms of
electromigration[30] and/or reduction of oxide surface
from evaporation[31] lead to an enhanced neck growth due
to the effect of the pulsed current and have been observed
during the SPS of Cu and W, respectively. On the other
hand, from the XRD patterns shown in Figure 6, we can
see that the c-(Ni, Fe) matrix phase has formed at
1233 K (960 �C). According to the literature,[32] Ni and
Fe are ensured to have low activation energies for grain
boundary diffusion and lattice diffusion, and conse-
quently a fcc solid solution or c-(Ni, Fe) matrix phase is
formed at low temperature by thesemechanisms and their
interdiffusion. Therefore, an increase in density to ~0.65
of the theoretical takes place. For the temperature in the
range of 1323 K to 1503 K (1050 �C to 1230 �C), Part III
covers the major part of the densification process. In
this part, the shrinkage rate rapidly increases with the
increase of temperature and reaches a maximum at
~1423 K (1150 �C). The corresponding microstructure
evolution is shown in Figure 5(d) and (e). Densification is
evident in the micrographs with the increase of the
temperature. Table II shows the EDS results of the
contents of W, Ni, and Fe in the matrix phase. It is
noteworthy thatwhen the temperature increases, the ratio
of Ni to Fe tends to be stable, approaching to 4. From the
micrograph presented on the top right of Figure 5(d), the
matrix phase spreads on the surface of W particles by
diffusion or possible viscous flow. As a result, the matrix
phase fills the pores between W particles improving
specimens’ density. Furthermore, it is interesting that the
solubility of W in the matrix phase almost remains a
constant (about 32 wt pct) regardless of the sintering
temperature. Our results are evidently different from that
of Chausse, in which it is found that the solubility ofW in
the matrix phase is very small when the temperature is
lower than 1473 K (1200 �C), and then it increases with
the temperature and becomes stable (about 30 wt pct)

Fig. 3—Densification curves obtained for different SPS temperatures
as a function of the dwell time. The heating rate was fixed at
90 K min�1 (90 �C min�1) and the applied macroscopic compaction
pressure was a constant of 30 MPa.

Fig. 4—Experimental and corrected shrinkage displacement and the
corresponding baseline, as well as the corrected shrinkage rate dur-
ing sintering of W-Ni-Fe powders as a function of the SPS tempera-
ture (under a pressure of 30 MPa).
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above 1673 K (1400 �C).[33] Otherwise, the graphs show
that W grains are rounded with grain growth at higher
temperatures. Therefore, densification is promoted by a
dissolution–precipitation mechanism. In part IV, the
densification rate decreases gradually, but the density
continues to increase. For 1593 K (1320 �C), the relative
density is 0.96 without duration (the corresponding
microstructure as shown in Figure 5(f)). Further increas-
ing the temperature (not shown here) or the dwell time at
1593 K (1320 �C), the relative density does not increase

continuously (Figure 3); however, W grains coarsen
rapidly (see the next section).

B. Grain Growth and Sintering Trajectory

Figure 7 shows the variation of W grain size as a
function of dwell time for the different dwell tempera-
tures. At a low sintering temperature [1233 K (960 �C)],
negligible grain growth is observed. As increasing
temperatures from 1323 K to 1593 K (1050 �C to

Fig. 5—SEM graphs of the microstructure of W-Ni-Fe SPS at different temperatures without duration and with a heating rate fixed at
90 K min�1 (90 �C min�1) and a constant pressure of 30 MPa: (a) 1143 K (870 �C), (b) 1233 K (960 �C), (c) 1323 K (1050 �C), (d) 1413 K
(1140 �C), (e) 1503 K (1230 �C), and (f) 1593 K (1320 �C).
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1320 �C), grain growth occurs with the increase of dwell
duration. Furthermore, the grain size increases moder-
ately at the lower temperature [i.e., 1323 K (1050 �C)]
compared to the higher temperature range [i.e., 1503 K to
1593 K (1230 �C to 1320 �C)]. The different grain growth
behavior at the two temperature ranges reveals the
corresponding different densification and grain growth
mechanisms. Figure 8 shows the sintering trajectory of
SPS W-Ni-Fe heavy alloys, with average W grain size
plotted as a function of relative density. Apparently, the
whole densification process covers three sequential stages
referred to as (1) the initial stage, (2) the intermediate
stage, and (3) the final stage. In the initial stage,
specimens’ relative density increases from initial 0.53 to
approximately 0.60 to 0.65 without grain growth. It is
interesting that during the intermediate stage, the
average grain size increases slowly and roughly linearly
with the relative density up to ~0.95, but then it
increases much more rapidly above this relative density
value in the final stage. In the next section, the nature of
sintering mechanisms and kinetics during these three
stages will be analyzed and discussed by using classic
kinetics laws.

IV. DISCUSSION

SPS densification mechanisms have been classically
analyzed by considering the major driving sources of
densification-contributing mass transfer such as: (1)

externally applied load, (2) sintering stress (i.e., surface
tension), (3) steady-state electromigration (i.e., electric
field contribution to diffusion), and (4) presence of
momentarily generated spark plasma between parti-
cles.[34]

In several research reports, as we know, the notion of
the existence of plasma in SPS is only repeated routinely.
There is not yet sufficient evidence to illustrate the plasma
generation in the current study. Let us assume that the
application of the high-pulsed DC current induces
extraordinarily high local temperature at particle sur-
faces, resulting in softening or melting of nickel and iron.
Seeing the fracture surface as shown in Figure 5, the W
particle surfaces contain a viscous layer. It is documented
that the diffusivity of tungsten in the matrix goes up
several orders of magnitude after melting.[32] Thus, we
have confidence to believe that the diffusion rate acceler-
ates in the viscous layer and the densification is promoted.
In the current investigation, for the sake of simplification,

Fig. 6—XRD patterns of blended powders and specimens sintered at
various temperatures.

Table II. Contents of W, Ni, and Fe in the c Matrix Phase
at Different Sintering Temperature with 5-Min Duration

Temperature [K (�C)]

Contents of W, Ni, and Fe in
the c Matrix Phase (Wt pct)

W Ni Fe

1323 (1050) 32.60 57.54 9.86
1413 (1140) 32.08 56.75 11.17
1503 (1230) 32.87 54.63 12.50
1593 (1320) 32.79 53.07 14.14

Fig. 7—Grain growth curves obtained for different SPS temperatures
as a function of the dwell time. The heating rate was fixed at 90
K min�1 (90 �C min�1) and the applied macroscopic compaction
pressure was a constant of 30 MPa.

Fig. 8—The average grain size vs relative density trajectory of SPS
W-Ni-Fe heavy alloy. The heating rate was fixed at 90 K min�1

(90 �C min�1) and a constant pressure of 30 MPa was applied.
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we assume that the electric field contribution (electromi-
gration) is to improve the dissolution rate of theW grains
into the c-(Ni, Fe) matrix. Otherwise, the sintering stress,
which depends on the level of grain-pore and grain-grain
interface areas in the considered material, becomes an
insignificant term when the applied load is large enough.
Therefore, the densification during SPS of the W-Ni-Fe
heavy alloys is similar to that of the hot pressing (HP), in
which the mass transport by diffusion is usually the
dominant mechanism.

Recently, in the comparative studies between SPS and
HP of electrical insulating (a-Al2O3),

[35] ionic conductive
(yttria-stabilized zirconia),[36] and semiconductive materi-
als (ZnO),[37] Langer et al. concluded that densification
proceeds similarly in both cases by the same diffusion
mechanism. Thus, the existing analytical model of HP can
be adopted to investigate the SPS densification kinetic.
According to the sintering trajectory as shown in Figure 8,
three stages are clearly visible, even though the boundaries
between the adjacent stages are indistinct or even overlap-
ping. In what follows, the densification and grain growth
mechanisms in each stage are analyzed and discussed.

A. Initial Stage

According to the above-mentioned results, particle
rearrangement and neck formation and growth are
dominating in this stage. Due to the inaccuracy of
temperature control with the optical pyrometer below
873 K (600 �C), the particle rearrangement under the
uniaxial compaction stress during this stage is difficult to
analyze. So this contribution is not estimated in the
current investigation. As for the interparticle neck for-
mation and growth, a classic two-spheremodel consisting
of mass transport by diffusion, vapor transport, plastic
flow, or viscous flow has been developed for conventional
free sintering.[38] When the sintering powders are sub-
jected to a moderate pressure (like HP), the applied
pressure enhances the mass transport by lattice or
boundary diffusion and plastic flow; an enhanced driving
force (including both the applied pressure and surface
energy) for neck growth has been deduced by Coble.[39]

For the case of SPS, similarly to HP, neck growth is
enhanced by pressure application as recently shown by
Demirskyi et al.[29] Langer et al.[35] have argued that the
temperature overshoot induces a higher number of necks
during the initial stage of SPS in contrast to HP. Wang
et al.[40] have also shown that SPS enhances neck growth
and accelerates the atom diffusion compared with HP.
Furthermore, the unique ‘‘SPS effect’’ (such as favorable
local conditions at the particle contacting zones consist-
ing of localmelting,[41] local thermal breakdown [27,42] and
activation of particle surface[31,43,44]) and electromigra-
tion[30,45] can offer an additional contribution for neck
formation and growth. However, all these results make us
realize that the initial stage during SPS is very compli-
cated. On the other hand, the c-(Ni, Fe) matrix phase
segregating to the W particle boundaries can also lead to
an increase in atommobility. As a result, the neck growth
is enhanced. With the temperature increasing, the necks
grow extensively, and then the densification process
begins to enter the next stage.

B. Intermediate Stage

In this stage, densification and grain growth occur
simultaneously (Figure 8). To understand the sintering
process, we treat the process of densification and grain
growth separately.
When moderate loads are applied and mass transport

is controlled by diffusion, the densification strain rate
can be described by the following general equation[46]:

1

q
dq
dt
¼ HDð/paÞn

GmkT
½1�

where H is a numerical constant, D = D0exp(–Q/RT)
is the diffusion coefficient of the rate-controlling species
(here, D0 is a preexponential factor, Q is the activation
energy for the diffusion process, and R is the universal
gas constant), G is the grain size, k is the Boltzmann
constant, T is the absolute temperature, / is the stress
intensification factor, pa is the externally applied uniax-
ial stress, and the exponents m and n depend on the
mechanism of densification. For a low-density body,
the contact area between particles where stress is trans-
mitted is small, and therefore the local stress is much
higher than the macroscopic applied stress. Assuming
that the heated compact is an ideal powder composed
of monosize spherical particles in which neck growth
occurs when the relative density q < 0.90, the stress
intensification factor can be expressed as[46]

/ ¼ ð1� q0Þ
2

qðq� q0Þ
2

½2�

where q is the density and q0 is the initial green den-
sity (is about 0.53 ± 0.01). If negligible grain growth is
assumed and temperature is kept constant, then the
stress exponent n can be calculated using

ln
1

q
dq
dt

� �
/ lnð/PaÞ ½3�

For the specimens sintered at lower temperatures
[1233 K (960 �C)], q is ranged between 0.60 and 0.75,
while grain growth is negligible (Figure 7). A linear
relationship is found in Figure 9, with a slope n = 1.25
(�1), suggesting that the SPS densification mechanisms
may be governed by diffusional processes. According to
Park et al.,[32] densification occurs through a combina-
tion of both the lattice diffusion of W in the matrix
phase and the W grain boundary diffusion during solid-
state sintering; while after melting of the matrix phase,
the dissolution-precipitation of the W particles through
the liquid phase is the dominant densification mecha-
nism. In our current work, as outlined in the above-
mentioned discussion, a combination of the solid-state
and liquid-phase mechanisms may be active when a
viscous phase spreads on the W particles.
On the other hand, Stanciu et al.[47] have pointed out

a charge gradient developed in the vicinity of pores. The
electrical current density is higher next to large pores
than next to small ones. Then, a local temperature
gradient is created. The temperature gradient �T, which
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develops in the vicinity of these pores under pulsed-field
application by assuming no heat loss, can be calculated
as follows:

rT � 1

rp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
keE2

2C

T0

n
Dt

r
½4�

where rp is the pore radius; ke (X
�1 m�1) is the electrical

conductivity and C (J m�3 K �1) is the heat capacity,
which both depend on porosity; E (V m�1) is the
intensity of electric field; T0 (K) is the initial tempera-
ture; and n is the number of electrical impulses for
achieving the desired sintering temperature from T0 and
Dt (s) the pulse sequence duration (ON-OFF).

The heat capacity dependent on porosity for powder
materials can be approximated by (Cfd is the heat capacity
of the fully dense materials and h is the porosity)[48]:

Cðh;TÞ ¼ ð1� hÞCfdðTÞ ½5�

The electrical conductivity dependent on porosity for
powder materials is expressed as (kefd is the electric
conductivity of the fully dense material)[48]:

keðh;TÞ ¼
1� h
1þ 2h

kefdðTÞ ½6�

In this study, the sintered compact consists of three
elements (W, Ni, and Fe); however, tungsten is present
in a high content, up to 85 pct of the total volume. In
order to simplify calculating, only a tungsten powder
compact is taken into consideration. The material

properties data for tungsten are shown in Table III.
The electric field is assumed to be E = 600 V m�1

(cf. maximum applied voltage of 3 V over the approx-
imate sample height of 5 mm), Dt = 12 9 3.3 = 39.6
ms, and the starting temperature T0 = 873 K (600 �C).
Thus, by assuming the pore radius rp = 1 lm, depend-
ing on the sintering temperatures and material proper-
ties data for tungsten, the calculation result from Eq. [4]
is plotted in Figure 10.
The local temperature gradient reaches the level of

106 K /m and decreases with increasing the dwell time.
Thus, there is a possibility of the local temperature
gradient in the vicinity of the pores to result in melting
or softening of nickel and iron. The assumption that a
viscous layer coated the tungsten particles discussed
before is also acceptable. Furthermore, the local thermal
gradient improves the solubility of W into the c-(Ni, Fe)
matrix and the results are shown in Table II, where the
solubility of W in the matrix phase is stable, and about
32 wt pct regardless of the sintering temperature, is
reasonably explained. The particles are subjected to the
externally applied stress, allowing the viscous contiguity
at the W particle interfaces. In such a case, densification
of the heavy alloy powder compact may take place by W
grain rotation and sliding, which are often described in
terms of viscous process. This mechanism has been
proven when a viscous layer at the grain surfaces during
the SPS of YAG ceramics.[51] Thus, grain rotation may
be an accommodation mechanism, proceeding via dif-
fusion through the viscous matrix phase.
Accompanying densification during sintering process,

another phenomenon is grain growth. The grain growth

Table III. Properties Data for Tungsten

Properties Tungsten

Electrical Conductivity kefd (lX�1 lm�1)
at 423 K to 1723 K (150 �C to 1450 �C)[49]

kefd = 1/qe = 1/( – 0.021 + 2.467 9 10�4T
+ 1.201 9 10�8T2)
qe is electrical resistivity

Heat Capacity Cfd (J mol�1 K�1)
at 300 K to 3500 K (27 �C to 3227 �C)[50]

Cfd ¼
P3

n¼�1 An
T

1000

� �n
A–1 = – 0.20869, A0 = 23.70345, A1 = 5.132062,
A2 = – 1.99922, A3 = 0.734168, (1 mol = 183.85 g)

Fig. 10—Local temperature gradients in the vicinity of pores as a
function of the dwell time at different sintering temperatures.Fig. 9—Stress intensification factor exponent during the intermediate

stage.
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of tungsten heavy alloys is generally treated by variants
of Ostwald ripening theory, in which the coarsening is
accomplished by the dissolution and precipitation
mechanism. It has also been reported that nickel as an
additive can reduce the recrystallization temperature
and enhance the grain growth of the recrystallized
material in tungsten wires at 1473 K to 1673 K (1200 �C
to 1400 �C).[52] Following the microstructural observa-
tions as shown in Figure 11, the rounded shape of the
W–matrix interface suggests that the main grain growth
during the intermediate stage is controlled by the
dissolution-precipitation process. On the other hand,
the coalescence of W grains takes place when increasing
dwell time (as shown by the arrows in Figure 11). In the
viscous process, grains rotate or slide relative to their
adjacent grains to lower their grain boundary energy,
which can result in grain coalescence. Therefore, possi-
ble grain boundary diffusion also can contribute to the
grain growth. Additionally, a high proportion of free
surface may be active for grain growth via surface
diffusion when relative density is low at lower temper-
ature [i.e., porosity is about 15 pct after soaking 41
minutes at 1323 K (1050 �C)]. By using the master
sintering curve (MSC) method to analyze the grain
growth of tungsten heavy alloys, Park et al.[24] found
that in the solid state, a mechanism other than Ostwald
ripening contributes to grain growth. From the above,

thus, the grain growth in the intermediate stage may be
dominated by three mechanisms: Ostwald ripening,
grain boundary diffusion, and surface diffusion.

C. Final Stage

During the final stage, the density presents a trend of
stalemate even decrease, while the grain size increases
dramatically (Figure 8). It is generally observed that the
pores are isolated and closed off, and particularly, they are
located at grain boundaries or triple junctions (as shownby
the arrows in Figure 12). The gas is entrapped in the pores,
and during heating, the pressure of the gas increases. As a
result, the pores stop shrinking or even coarsening when
the gas pressure reaches a critical value (Figure 12).
Accordingly, these isolated pores will move together with
the grain boundary during grain growth. Therefore, the
relative mobility of pores compared with boundary mobil-
ity will determine the microstructure development.
Because grain growth mechanisms are not influenced by
the applied mechanical pressure during HP or SPS, the
grain growth rate can be approximated by a derivedmodel
of ‘‘pore-dragged’’ as proposed by Kang.[53]

1

G

dG

dt
¼ K

RTGlð1� qÞj
½7�

Fig. 11—Microstructure evolution of W-Ni-Fe sintered at 1323 K (1050 �C) for (a) 5 min, (b) 15 min, (c) 30 min, and (d) 41 min. The heating
rate was fixed at 90 K min�1 (90 �C min�1) and a constant pressure of 30 MPa was applied. Arrows indicate the coalescence of W grains.
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where K is a constant containing various parameters (dif-
fusivity, surface energy, molar volume); and G, R, T, and
q have the same definition as in Eq. [1]. The exponents l
and j are related to the grain growth mechanism. For a
given density and temperature, plotting

ln
1

G

dG

dt

� �

vs ln(G) allows the evaluation of the grain size
exponent and, thus, the grain growth mechanism.
Figure 13 depicts the W grain growth rates vs the
normalized grain size during the final stage (where the
relative density is about 0.96). According to this
analysis, a high value of grain size exponent for the
growth rate l � 3, and the grain growth during the final
stage seems to be controlled by gas phase diffusion.[53]

Unfortunately, in literature,[53] Kang did not give any
possible explanation to this mechanism. However, the
thermal gradients in the vicinity of pores may promote
the gas atom transport. Otherwise, because the driving
force of grain growth is the decrease in free energy of the
grain boundary region, it can be supposed that the
thermal gradients in the vicinity of pores can also

enhance the grain growth. This hypothesis, however,
requires more advanced experimental investigations to
confirm or invalidate it. On the other hand, when fast
grain growth dominates over the densification, Eq. [7]
can be rewritten as a general format

Fig. 12—Microstructure evolution at the final stage of W-Ni-Fe sintered at 1503 K (1230 �C) for (a) 5 min and (b) 45 min and at 1593 K (1320
�C) for (c) 5 min and (d) 45 min. The heating rate was fixed at 90 K min�1 (90 �C min�1) and a constant pressure of 30 MPa was applied.
Arrows indicate the presence of intergranular and triple junctions pores.

Fig. 13—Grain growth kinetics during the final stage.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 44A, FEBRUARY 2013—931



dG

dt
¼ K

RTGl�1 ½8�

Substituting l = 3 into Eq. [8] and integrating it, then

G3 � G3
0 ¼

K

RT
t ½9�

is obtained, where t is the dwell time at sintering
temperature T and G0 is the grain size at t = 0 min.
According to the literature,[24] Eq. [9] is associated to a
dissolution and precipitation mechanism of the grain
growth of tungsten heavy alloys. Asmentioned above, the
grain growth may be controlled by both the gas phase
diffusion and dissolution–precipitationmechanisms. As a
result, in the final stage, grain growth predominates and
densification stagnates, as shown in the sintering trajec-
tory (Figure 8).

V. CONCLUSIONS

Blended 93W-5.6Ni-1.4Fe powders were sintered via
the SPS method with various parameters such as
sintering temperature and dwell duration. Based on a
detailed report on microstructure development and by
means of classical kinetics laws, the densification and
grain growth behavior are analyzed. The conclusions
can be summarized as follows:

1. The local temperature gradient in the vicinity of the
pores creates a possibility of melting or softening of
the matrix phase, resulting in the W grains coated
by a viscous layer and an improved solubility of W
into the matrix phase.

2. Particle rearrangement and neck formation and
growth are dominating in the initial stage (q <
0.65). The c-(Ni, Fe) matrix phase has formed in
this stage. Applied pressure and particular ‘‘SPS
effect’’ may enhance the neck formation and
growth.

3. In the intermediate stage, dissolution–precipitation of
W grains in the viscous matrix phase and Ni-enhanced
grain boundary diffusion with viscous process (grain
rotating and sliding) dominate the simultaneous densi-
fication and grain growth.

4. During the final stage, grain growth predominates
and densification stagnates. The grain growth is
controlled through both the gas phase diffusion and
dissolution-precipitation mechanisms.
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