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a  b  s  t  r  a  c  t

This  work  involves  an  investigation  of the  neck  growth  kinetics  of  free-packed  spherical  shaped  binderless
tungsten  carbide  particles  during  microwave  and  spark-plasma  sintering.  The  application  of  a  classical
sphere  to sphere  approach  showed  the  possibility  of  identifying  the  main  diffusion  mechanisms  operating
during  the  initial  stage  of  microwave  sintering  of tungsten  carbide  powder.  An anomalous  neck  growth
rate  in  the  initial  period  during  microwave  and  spark-plasma  sintering  processes,  up to  100  times  faster
in comparison  to conventional  sintering,  was also  revealed.  Volume  diffusion  was  enhanced  by a small
amount  of  a  liquid  phase,  and  surface  diffusion  was  proposed  as  the  primary  mass  transport  mechanism
for  microwave  sintering.  The  simulation  operation  of  grain-boundary  diffusion  and  power  law  creep  was
responsible  for neck  growth  during  spark-plasma  sintering.

Numerical  simulation  of  neck  growth  revealed  high  values  of  the  diffusion  coefficient  for  microwave
−8 2 −1 ◦ −8 2 −1 ◦
eramics (3.41  × 10 m s at 1200 C) and  spark-plasma  sintering  (5.41  × 10 m s at 1200 C).  In the  case

of  conventional  sintering,  the  diffusion  coefficients  calculated  are  in good  agreement  with  values  for
diffusion  of  W  and  C in a W–C  system  (8.6  ×  10−16 m2 s−1 at 1200 ◦C).

Low values  of the apparent  activation  energy  (Ea) for  microwave  and  spark-plasma  sintering  (62  and
52  kJ  mol−1)  have  been  obtained.  For  conventional  sintering,  all data  collected  indicate  grain-boundary
diffusion  as  the  primary  sintering  mechanism  (272 kJ mol−1).
. Introduction

For almost decade the SPS technique has been successfully
pplied to consolidate the various metals, alloys, ceramics, its
omposites [1–6] providing rapid heating and high densification

ates at lower processing temperatures, accompanied by a very
imited grain growth [7]. The majority of investigations applying
he SPS consolidation technique have focused on obtaining bulk
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materials with desired microstructure and properties. In contrast,
just a few studies been focused on the underlying the fundamental
aspects and phenomena of the SPS process itself [8,9]. The appli-
cation of an electric current for direct heating of the conductive
samples contributes to one of the characteristics of the process:
high heating rates. Heating rates of up to about 2000 ◦C min−1 can
be achieved by applying SPS method [1].  In addition, the role of the
pulsed current, other than that of providing Joule heating, has been
widely associated with creating a plasma which activates the sur-
face of powder particles. Such activation is reported, for example,
to remove impurity surface layers (e.g., oxides) [10]. However, the
existence of a plasma has not been unambiguously proved, even
the several reports bring forth contradictory findings [11,12].

In addition, the role of the current as a non-thermal parameter
(i.e., other than Joule heating) has been considered in only a few
investigations. Several previously proposed theories [13,14] were

mainly focused on the intermediate and final stage sintering. It was
clarified that grain-growth and densification kinetics are not gov-
erned by classical sintering mechanisms [15]. These phenomena
are usually explained by accompanying the spark-plasma
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intering with electromigration process during processing of
onductive materials [16,17]. In contrast the pressure-driven
echanisms of creep and dislocation movement are usually con-

idered for densification of insulating oxides. Alternatively it is
hought that high heating rates [15] and local temperature gra-
ients [18–21] generated inside the ‘body’ of each powder particle,
hich is mainly a porous aggregate with non-homogeneous mor-
hology, are responsible for acceleration of the local densification
rocesses.

Model experiments on SPS by a sphere-plate model also
evealed enhanced neck growth under the influence of electri-
al current. Such enhancement was attributed to electromigration
16,22]. Yet the effect of electric current or electric field is not clearly
ddressed. Recent work of Cologna and Raj [23] revealed the surface
iffusion driven densification during initial stage consolidation of
SZ ceramic by electric field sintering. However the same activa-
ion energy of the densification process was found in the presence
f the electric field or without it [23].

Surprisingly on the stage of neck formation of bulk zirconia
pheres the similarities in microstructure have been found while
omparing the SPS and microwave sintering (MWS)  [21]. As for
ater, recent works on the initial stage sintering of pure metals
24–26] and WC  [27] suggested that non-conventional sinter-
ng mechanism may  operate during initial stage of microwave
intering. The anomalous neck growth rates were also revealed,
uggesting increase in diffusivity during sintering process. Since
oth processes (SPS and MWS)  provide high-heating rates [1,28]
he possible comparison between two processes is intriguingly
ttractive.

Therefore, in order to understand the neck growth stage dur-
ng the SPS, for present paper we proposed a classical sphere to
phere model [29,30] of studying the initial stage of sintering during
onsolidation of spherically shaped tungsten carbide powder. The
ufficient database for comparative study been previously obtained
rom microwave [27] and conventional sintering (CS) of the same
owder. The second aim of the current study is to propose and clar-

fy the mechanisms controlling the initial stage of spark-plasma
intering and its comparing with microwave and conventional sin-
ering.

. Materials and methods

In this study, superhard fused spherical tungsten carbide powder was  used
RilitTM, manufactured by Paton Electric Welding Institute, Kyiv, Ukraine). Parti-
le  size distribution (SEM, MasterSizer 2000, Malvern) and phase/chemical analysis
y  XRD/EDX techniques were determined to characterize the initial powder.

A  series of classical neck growth kinetics experiments was  conducted using the
phere-to-sphere approach [24,29,30],  in order to investigate the diffusion mecha-
isms that control the initial stage of SPS, microwave and conventional sintering of
inderless WC powder.

.1. Temperature measurements

In case of MWS  the temperature was monitored using infrared pyrometer,
aytek MA2SC (working temperature range 350–2000 ◦C), from samples’ surface
nd recorded in situ by a computer, at the temperatures higher than 800 ◦C second
yrometer (Minolta/Land Cyclops 152, Land Infrared, Bristol, PA) was  used for refer-
nce. Both pyrometers were calibrated using melting temperatures of copper, silver
nd nickel (an error of ±6 ◦C was assumed to be satisfactorily for MWS  experiments).

In case of SPS the temperature was  monitored by two  pyrometers: from the top
nd from the side of the graphite die. The possible temperature gradients during SPS
rocessing of WC  using this set-up is provided elsewhere [31], we  used the same
pproach to evaluate temperature in the present work.

.2. Spark-plasma sintering

The spark-plasma sintering experiments (SPS) were performed in an SPS appa-

atus (Dr. Sinter Model 1050, Sumitomo Coal Mining Co. Ltd., Japan) in nitrogen gas.
he tungsten carbide particles were loaded in a graphite die (10 mm in diameter)
nd  punch unit. Graphite foils (Grafoil) were used as spacers between the specimen
nd  the graphite die and punches. In a typical experiment, 0.8 g of the powder was
oaded into the die, without preliminary pressing, which was  then placed inside the
nd Compounds 523 (2012) 1– 10

SPS apparatus [4].  A low pressure of 25 MPa  (2.0 kN) was initially applied. Each spec-
imen was first heated to 600 ◦C, exposed for 1 min, and then heated to the preset
temperature (900, 1200 and 1400 ◦C) at heating rates of 150 ◦C min−1 at a starting
current of 400 A. The temperature was measured using a pyrometer. The speci-
men  was gradually cooled down to 600 ◦C at a cooling rate of 20 ◦C min−1 and then
furnace-cooled to room temperature.

2.3. Microwave sintering

We  used a 6 kW multimode microwave applicator 2.45 GHz  in the present study,
the  in-depth information upon experimental set-up is presented elsewhere [27,32].
An  inert atmosphere was maintained during the sintering process by first creating
a  vacuum of 8–10 Torr inside the furnace by back filling ultra high purity (UHP)
nitrogen. Throughout the sintering, nitrogen gas flow was maintained at 2 L min−1.
A  heating rate of 150 ◦C min−1 was  maintained during the heating process to soaking
temperature by adjusting the microwave applicators’ power level. After the sinter-
ing temperature was  reached, isothermal holding was applied. After sintering, the
microwave power was  switched off and the samples were allowed to cool in the
furnace (typical cooling rate was 15–30 ◦C min−1).

2.4. Conventional sintering

The conventional sintering experiments were carried out using a tube furnace
(max. temp. 1600 ◦C) in nitrogen gas with a flow rate of 2 L min−1. Prior to sintering,
the tungsten carbide powder was covered with graphite foils (Grafoil) and placed
into the graphite crucible. A heating rate of 10 ◦C min−1 was used to reach soak-
ing  temperature; after isothermal soaking for a specific period, the samples were
allowed to furnace-cool with cooling rate of 20 ◦C min−1.

2.5. Characterization

After sintering, a batch of sintered spheres was examined by SEM (JSM-7001F,
Hitachi S-3500N) to investigate the neck size and structure. A monolayer of sintered
spheres was  divided into parts in order to investigate the neck zone structure and
neck size. A group of spheres were then placed on a copper foil in order to eliminate
the influence of the carbon foil during phase analysis. The phase composition of
the  sintered samples was determined by nano-area energy-dispersive X-ray spec-
troscopy (EDX), and by XRD analysis using a RINT 2000 X-ray diffractometer (Rigaku,
Tokyo, Japan) with Cu K� radiation at 40 kV and 50 mA at room temperature.

2.6.  Neck growth kinetics—a sphere-to-sphere approach

Sintering normally occurs in three sequential stages referred to as the initial
stage, the intermediate stage, and the final stage. The initial stage of sintering gen-
erally consists [33] of fairly rapid interparticle neck growth by diffusion, vapor
transport, plastic flow, or viscous flow. The large initial differences in surface cur-
vature are removed in the first stage, and shrinkage (or densification) accompanies
neck growth for the densification mechanisms. The neck formed between the parti-
cles  is assumed to be circular with a radius x and with a particle radius to be marked
as  a.

Thus the derivation of the initial stage sintering equations can be presented
[29,30] as

(x/a)n∼B · t (1)

where x/a is the ratio of the interparticle neck radius to the particles radius, B is a
constant (includes particle size, temperature and geometric and materials terms), t is
sintering time, and n is the mechanism-characteristic exponent which is dependent
on  the mass transport process.

It  should be noted that originally initial stage sintering experiments were also
used as an indirect method of obtaining diffusion coefficients [34,35], with rate
constant B = B0 exp(− Q/RT), and B0 includes a diffusion coefficient (Table 1) [36],
and apparent activation energies of diffusion processes (Qa). These values are also
derived from the neck growth kinetics and may be used to verify the values of n if
required.

During the current investigation the particles were examined for neck size, par-
ticle size and change in interparticle distance. In order to ensure validity of the
measured data [37], the number of necks measured for every point exceeded 15,
the  average data for neck size was used as x, x = 1/z

∑z

i=1
xi , where xi is the neck

size in �m,  and z is the number of measurements of the neck under the given sinter-
ing  conditions, z ≥ 15. Relevant standard deviations from the mean neck size were
used during preparation of the neck growth kinetics plots.

3. Results and discussion
3.1. Characterization of powder

The particle size distribution of tungsten carbide powder
revealed that the mean particle size is 127.7 ± 5.2 �m with a
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Table  1
Values of sintering rate exponent n and pre-exponent kinetic parameter B0 for main
diffusion mechanisms (after German [36]).

Sintering mechanism n m B0 (mm s−1)

Viscous flow 2 1 3�/2�
Plastic flow 2 1 9�(�Dv/b2)(˝/RT)
Evaporation–condensation 3 2 (�/2)1/2(3P�/�2

T
)(M/RT)�3/2

Lattice (volume) diffusion 5 3 80Dv�˝/RT
Grain-boundary diffusion 6 4 20ıDb�˝/RT
Surface diffusion 7 4 56ıDs�˝/RT

B0 – pre-exponent kinetic parameter, mm/s; Db – grain-boundary diffusivity
(m2 s−1); Ds – surface diffusivity (m2 s−1); Dv – volume diffusivity (m2 s−1); M –
molecular weight (kg/mol); P – vapor pressure (Pa); R – universal gas constant,
8.31 J/(mol K); T – absolute temperature (K); b – Burger’s vector (m), m – Her-
r
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ing scaling-law exponent; n – neck-growth exponent;  ̋ – molar (atomic) volume
m3/mol); �– solid–vapor surface energy (J/m2); ı – diffusion-layer width or thick-
ess (m); �– viscosity (Pa s); �T – theoretical density (kg/m3).

onomodal PSD curve. SEM measurements of the particle size
howed a mean value of 120.2 ± 7.4 �m and the particle shape to be
pherical. EDX confirmed W and C as the major elements present,
ith oxygen at about 1.09 wt% [27]. Oxygen is more likely to be
resent as free oxygen adsorbed on the particle surface because no
xide phases have been found using XRD.

Moreover, for the initial powder, some traces of a W2C phase
ere revealed, caused by the powder production method. For sam-
les sintered via conventional and spark-plasma sintering methods
C was found as the major phase. While for microwave sinter-

ng, WC  remains as the major phase with a minor phase of W2C,
hich was present in the initial powder itself, and the formation of

arbon-free tungsten was also revealed. The in-depth explanation
f this phenomenon is provided elsewhere [27].

.2. Neck growth kinetics

Data from SEM investigation of a monolayer of sintered WC par-
icles sintered at different temperatures and soaking times were
btained and the results are shown in Figs. 1 and 2. It should
e noted that, for conventional and spark-plasma sintering, neck
rowth was not observed at temperatures lower than for 800 ◦C
nd 1200 ◦C in the case of SPS and CS, respectively. As for MWS,
t was found that the neck formation process starts between 700
nd 750 ◦C. However, for this temperature range, the interparticle
ecks are few in number, and their size is at the same level with that

ormed in the 800–950 ◦C region. Almost all particles in the system

ave at least two partners at 1000 ◦C in the microwave sintering
ase. The deviation from the mean values of (x/a) ratio observed
uring neck growth measurements is of the order of 9–12%. Such

ig. 1. Neck growth kinetics during microwave and spark-plasma sintering in the
emperature region of 900–950 ◦C.
Fig. 2. Neck growth kinetics during microwave, conventional and spark-plasma
sintering in the temperature region of 1200–1400 ◦C.

magnitudes are due to (a) the distribution in sphere sizes, (b) the
non-circular shape of some necks and (c) normal statistical varia-
tions. Wilson and Shewmon [37] pointed out that a 20% variation
in x/a values is to be expected for a given set of sintering conditions
and spheres of identical diameter.

In order to verify the structure of the interparticle necks,
Figs. 1 and 2 were divided into zones, representing the typical
microstructure for given temperature and soaking time. Subse-
quent data on microstructure for all sintering methods used is
presented in Figs. 3 and 4.

Analysis of the experimental data on isothermal neck growth
kinetics [33] established that the exponent in (x/a)n ∼ B·t relations
(Figs. 3 and 4) is in agreement with the volume, surface and grain-
boundary diffusion mechanisms.

3.2.1. Spark-plasma sintering
For temperatures of 900–950 ◦C for SPS, the exponent value of

5.05 was  obtained, which is in good agreement with the value that
is usually reported in the literature for volume diffusion (n = 5) [38].
In the case of SPS, the slope for linear shrinkage for all temperatures
observed was in the range of 0.29–0.34, which is in good agree-
ment with the slope that is usually predicted for grain-boundary
diffusion (∼1/3) [39,40]. This might be an indication that, in the
case of SPS, at least two  sintering mechanisms are working simul-
taneously. Importantly, in the case of SPS of metals like aluminum,
the simultaneous densification by power-law creep and grain-
boundary diffusion was previously observed [17]. Some reports
[41] indicate that the contribution of power-law creep is minor
(negligible) in the case of the SPS of oxides. Anyhow, the power-law
creep in combination with grain-boundary diffusion mechanism
might produce a combined neck growth exponent of ∼5; there-
fore, the defined contribution of a single mechanism involved may
be considered to be a task for further research.

With an increase in temperature up to 1200 and 1400 ◦C, expo-
nent values of 4.7 and 4.8 are deduced for 1200 and 1400 ◦C,
respectively. Accompanied by a linear shrinkage exponent was
found to be 0.31, like that in the case of lower temperatures applied.

The rise in temperature to 1400 ◦C significantly affects neck size
as well as the structure of the necks (Fig. 4) and overcomes initial
stage sintering. The value of n = 4.8 was found before the (x/a) < 0.3
mark, which is in good agreement with a combination of grain-
boundary diffusion and sintering under low pressures applied (or
power-law creep). Interestingly, with an increase in soaking times,

the neck geometry changes radically and some saturation stage was
also found with an inverse slope value of n = 13. Further increase
in soaking time might result in passing the intermediate sintering
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Fig. 3. Structure of neck surface formed during microwave and spark-plasma sintering in the temperature region of 900–950 ◦C.
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Fig. 4. Structure of neck surface formed during microwave, conventional and spark-
plasma sintering in the temperature region of 1200–1400 ◦C.
nd Compounds 523 (2012) 1– 10 5

stage, as microstructural analysis suggests (Fig. 4 (F2)), but this is
not a subject of current research.

3.2.2. Microwave sintering
Division of the neck growth process for microwave sintering

into two  stages is quite apparent (Fig. 1): with the neck formation
process taking place during (i) the heating process at set tempera-
tures and (ii) ending at short soaking times. This division is clearer
when comparing lower to higher temperatures, as for the latter
(Fig. 2) initial stage, which includes neck formation, and is shorter.
This occurs due to additional exposure to microwave energy dur-
ing ramping up to higher temperatures. While the total value of
absorbed energy at the start of the soaking period is almost the
same as that for a short period (up to 5 min) of soaking at lower
temperatures. The n values of ∼80 and are not subject to the con-
ventional neck growth theory [33,35]. An anomalous high value of
n has been observed previously for metals [42] and is attributed to
the occurrence of simultaneous mechanisms of mass transport with
a competing mechanism blocking a shrinkage-producing mech-
anism. In contrast, the data for conventional and spark-plasma
sintering strictly obey the power law with given deviations taken
into account.

After this stage is completed for low- and high-temperature
region Figs. 1 and 2, respectively, it was  found that further neck
growth corresponds to volume and surface diffusion, respectively.
In confirmation of the former a decrease in the center–center dis-
tance of the spheres was  observed, indicating that mechanism
that induces shrinkage must have taken place. The relationship
observed corresponds to �L/L0 ∼ t2/5 time dependence that was
previously reported for the conventional sintering of copper by
volume diffusion [30] and for microwave sintering of copper [25].

Noticeably, for 1200 ◦C there is a saturation region, so the neck
growth kinetics curve looks like a typical S-type curve for densifi-
cation kinetics during the sintering process [43]. This region with
almost no growth in neck length (with n = 20) may  be explained by
exhaustion of the initial driving force (curvature) and that the fur-
ther growth is impossible unless sintering conditions are changed.

3.2.3. Conventional sintering
As mentioned above, the neck growth process during conven-

tional sintering did not start lower than 1200 ◦C. Resulting
neck growth plot for 1200 ◦C is presented in Fig. 2 and
an exponent of 5.9 was found, suggesting grain-boundary
diffusion as the main sintering mechanism. No decrease
in center–center distance between spheres was observed
for conventional sintering. With the rise in temperature to
1400 ◦C, there is no significant change in value of neck size for
conventional sintering (not shown) with n value of 6.0.

In comparison, data for conventional sintering not only differs
from that for MWS  and SPS by neck size value, but the neck growth
rate is more than 100 times slower (Fig. 5).

Neck formation was not observed until soaking times exceeded
15 h, which is in good agreement with the neck growth rate for
grain-boundary diffusion (dashed line) calculated for using the
Ashby’s approach [38,44,45]:

ẋ = 4Dbı�˝/RT

x
K2 (2)

where K = (1/� − 1/x) and � = [x2/2 (a − x)], Values of a, ı,  ̋ and �
are taken from elsewhere (Table 2) [46], x/a = 0.1, diffusivities for
low-temperature region are taken in [47].
3.3. Structures of “necks”

Although the size of the necks as well as the rate exponent
seems to be the same for SPS and MWS  of WC  powder, the structure
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ig. 5. Temperature dependence of the rate of neck growth between WC spheres.
ashed line represents neck growth rate for grain-boundary diffusion according to
q.  (2) [45].

nalysis confirmed that the processes behind the neck growth may
ave the same kinetics but have different driving forces.

For temperatures of 900–950 ◦C, the actual neck growth starts
ith the creation of small sized necks (Fig. 3 (A1–A2)). The surface

f particles near the contact areas is clearly covered with small
rains (Fig. 3 (A1) – MWS)  and (Fig. 3 (A2) – SPS), and the ini-
ial grain-size for polycrystalline WC-spheres was ∼10 �m.  With
n increase in processing time, full-sized grains are formed on the
article surfaces (Fig. 3 (A2) – MWS). The interesting point is that

 crack in the contacts between the particles seems to occur under
he same mechanism (Fig. 3 (A3)) and the surface of the near neck
one appears to be identical. However, with a further increase in
rocessing time (Fig. 3 (B3–C3)), the structure of both the particle
urfaces and neck zone areas become radically different. In the case
f MWS,  some evidence of crystalline structure appears on the par-
icle surfaces, but in the case of SPS, there are small-sized grains
n the neck region, while the particle surfaces remain almost the
ame (Fig. 3 (A3 and B3)). Only for the (C3 – SPS) region in the case
f SPS, the grains in the neck region grow and are identical to those
or the near-neck area.

With an increase in processing temperatures, few phenomena
ere observed (Fig. 4): in the case of MWS,  there is apparent evi-
ence of either melting and/or a crystal growth process in the neck
one (D1 – MWS), which may  be due to the reasons described ear-
ier. What is more important, this feature is being monitored only
n the neck region where the particle surface structure for both

WS and SPS is identical (D1). It should also be mentioned that
eck structure in the case of SPS appears as large-scaled grains,
hile the same phase has been found in both cases by EDX (not

hown). With an increase in temperature (E1), the same situation
s observed, except that the effective neck size is much bigger for
PS 1400 ◦C than that in the case of MWS.

A further increase in processing time (Fig. 4 (D2 and E2)) leads
o an extension of the neck size and “grain” size observed in the
eck region, with only one difference, in the case of MWS  (E2 –

WS)  the formation of a regular-sized grain structure is observed

n both the neck area and on the particles’ surface. This difference
ecomes clearer with a further increase in processing time (Fig. 4

able 2
aterial constants for computer simulations.

Particle radii
(�m)

Atomic volume
(m3)

Surface energy
(J m−2)

Diffusion layer
thickness (m)

62 2.59 × 10−29 2.45 5 × 10−6
nd Compounds 523 (2012) 1– 10

(E3) for SPS and MWS): as in the case of MWS,  a smooth surface
is observed on both the neck and particles’ surface, while in the
case of SPS, the structure has crystalline, sharp-edged grains. The
EDX/XRD analysis (Fig. 6) revealed that in the case of microwave
sintering, there is an ongoing decarburization process. There can be
two explanations of this process: first, carbon-free tungsten parti-
cles may  be formed during the neck formation process and, as in
case of (Fig. 4 (D1) – MWS), formation of liquid phase regions may
be possible. Having said that, it should be clarified that tungsten car-
bide decomposes at temperatures higher than 2700 ◦C; therefore,
the carbon-free tungsten areas that are formed during microwave
sintering could be attributed to zones where the local temperature
exceeded this limit. The other explanation is a difference in the C
and W diffusivity in the WC  system; another factor that may  favor
the decarburization process is the atmosphere used during sinter-
ing [48], to exclude this factor, nitrogen gas was used for sintering
experiments [48,49].

As mentioned above for 1400 ◦C and applied high dwell times
(F2) the most of the spheres observed were fully connected with
an x/a ratio exceeding 0.3. Such structures can be explained by the
external pressure applied during SPS experiments that naturally
enhance both neck size and neck growth rate and may lead to for-
mation of dense samples with further increases in processing time
or temperature.

In the case of conventionally sintered particles (D3), the grain
size in the neck zone and on the particles’ surface is identical; clear
boundaries between the grains are formed and surface smooth-
ing (as for E3 – MWS)  was not observed. The phase composition
in the neck area and on the particles’ surface was  also defined as
WC;  no oxidized or carbon-free zones were observed in the case of
conventional and spark-plasma sintering.

3.4. Numerical simulation of neck growth process

Although analysis of experimental data suggests surface,
grain-boundary and volume diffusion to be the main sintering
mechanisms responsible for neck growth during the initial stage
of microwave, spark-plasma and conventional sintering of a given
powder, it is important to estimate the diffusion coefficient respon-
sible for neck growth. It is quite possible that higher temperatures
exist at the contact zone as predicted [9,50] due to a relatively
higher absorption of electromagnetic radiation at the grain bound-
aries/surfaces [51] in the case of microwave sintering, or due to
known temperature gradient in case of the SPS [18,21].  Thus a
partial melting may be possible as observed during microwave
[32,52,53] and spark-plasma sintering of metals and ceramics
[3,54].

In order to start with numerical simulation of the neck growth
Eq. (1) was changed into

X = (Xn
∗ + Bz(t − t∗))1/n (3)

where X represents neck size at given time and temperature, the
X* be the neck size at t*, where t* is equal to 10 min. More detail
explanation provided elsewhere [26,27].

Using Eq. (3),  we  may  estimate the effective value of the dif-
fusion coefficient by finding the correct value of rate constant B,
which includes the diffusion coefficient. Values of ı,  ̋ and � are
taken from elsewhere [46] (Table 2), R is the gas constant, while a
is equal to the particle radius, as reported earlier.

Values of diffusion coefficients obtained in this manner for
spark-plasma sintering for temperatures of 900 and 1200 ◦C are

8.2 × 10−13 and 5.41 × 10−8 m2 s−1 and presented in Fig. 7(a) and
(b). Simulation of the neck growth process allows us to compute
an effective diffusion coefficient for all processing temperatures,
and the inverse slope in Fig. 8. Resulting activation energy of the
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ig. 6. Evidence of decarburization process during microwave sintering of WC pow
tarting powder, respectively.

eck growth process is 52.5 ± 2.9 kJ mol−1. In recent study Nanda
umar et al. [55] obtained activation energy of 45 kJ mol−1 based on
onstant rate heating experiments on nanocrystalline WC powder.
tudies by the Dorn method (56 kJ mol−1) were also performed and
he anomalously low activation energy was explained as the com-
ination of grain-boundary diffusion and the grain-growth process
55]. As for microwave sintering the diffusivities of 7.02 × 10−13

Fig. 7(c)) and 3.41 × 10−8 m2 s−1 were found at 900 and 1200 ◦C,
espectively with an activation energy of. 69.2 ± 3.1 kJ mol−1 [27].

Surprisingly, diffusion coefficients obtained for SPS and MWS
re at the same level; only at temperatures higher than 1200 ◦C,
t is much higher in the case of SPS. Which is a quite interesting
s far as SPS is generally considered as one of the fastest sintering
ethods [54,56,57].  In fact, in present investigation (Fig. 1) effect of

xternal microwave field seems to be equal to the combined effect
f electric current and external pressure. The latter seems to pro-
ide the additional driving force during initial stage sintering at
igher temperatures (Fig. 7(b)), rather than at low-temperatures
s accepted generally [54,57]. In both cases (MWS  and SPS) dif-
usivities obtained strongly depend on the sintering temperature

Table 3) and are 8-fold higher than that observed by radio-tracer
echniques [46,47,58–61].

Thus the comparison with the diffusion coefficient for con-
entional sintering becomes of great importance. The resulting
 at (b and d) 1200 and (c) 1400 ◦C for 30 min; (a) and (e) are the XRD and EDX for

effective diffusion coefficient for the temperature 1200 ◦C is
8.6 × 10−16 m2 s−1 (Fig. 7(d)); there is a slight increase in diffusiv-
ity up to 5.6 × 10−15 m2 s−1 with a further increase in temperature
(1400 ◦C). The resulting values of activation energy 272.0 kJ mol−1

and diffusivities calculated are in good agreement with data on
diffusion in the W–C  system by radio-tracer techniques [47,58–61].

3.5. Analysis of the sintering mechanisms

The values of apparent activation energies calculated for SPS
and MWS  are significantly lower than any data on diffusion in this
system at a given temperature interval [53,57–61].  This fact, along
with the value of diffusion coefficients may  show, that for this case,
mass transport was  either supported by an additional driving force
[9,62], or it is due to the local overheating.

It is unlikely that mechanisms of electromigration [22] or reduc-
tion of oxide surface [8] that where observed during neck growth
kinetics during SPS of Cu and W,  respectively, are active during
SPS of WC.  Therefore in case of SPS, a slight decline in the sin-

tering rate exponent at higher processing temperatures (Table 3)
(Fig. 9) might be an indication of an increase in the contribution of
a pressure-applied mechanism (i.e., power-law creep) to the grain-
boundary diffusion, as it is supported by the microstructures for
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Fig. 7. Numerical simulation of neck growth process for (a) and (b) spark-plasma, (c) microwave, and (d) conventional sintering.

Table 3
Sintering experiments data.

Sintering method Temperature (◦C) Sintering rate
exponent, n

Effective diffusivity,
Deff (m2 s−1)

Activation energy,
Qa (kJ mol−1)

MWS  900–1000 5.05–5.2 7 × 10−13 62
MWS  1200–1400 7.0–7.2 10−8 50

−13

a
c

r
I
b
i
c

rents on the particles’ surface [32,53]. Like in the present study
the n values of 5 was observed, that is similar for the initial stage
during liquid-phase sintering for conventional sintering [67,68].
SPS  900 5.04 

SPS  1200–1400 4.8 

CS 1200–1400 5.9–6.0

pplied high soaking times and predicted for the SPS processing of
eramics [63–65] and metals [17].

In case of MWS,  the quick formation of liquid phase in the neck
egion is more likely explanation for the high diffusivities observed.
t was previously shown for the case of MWS  that at contact areas

etween the particles the value of the electrical field may  be signif-

cantly higher than that generally in the volume of the resonant
avity [50,66]. Experimentally such mechanisms was observed

Fig. 8. Diffusion coefficients in the W–C  system.
8.2 × 10 52
10−8 to 10−7 52
10−16 to 10−15 272

during MWS  of Ni powder [26] and was possible only due to a high
gradient in the electromagnetic field [21] and creation of eddy cur-
Fig. 9. Sintering rate exponent values resulting from the current investigation.
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evertheless, though formation of a liquid phase during the initial
tage of microwave sintering may  be possible, as it is supported
y higher values of diffusivities [26,69] and lower activation ener-
ies [27,53], the question of experimental evidences of liquid phase
similar to that in Fig. 4 (D3) – MWS)  should be addressed in further
ork.

In the case of conventional sintering, the activation energy, neck
rowth exponent (Table 3), neck growth rate (Fig. 5) and the value of
he diffusion coefficient suggest that grain-boundary diffusion was
ctive as the predominant mechanism of mass transport during
eck growth between WC particles. To complete initial stage of
intering (x/a) ∼ 0.3 at temperatures of 1200/1400 ◦C dwell time of
t least 725 h should be applied, that is at by 100-fold higher than
hat for SPS and MWS.

. Conclusions

This study emphasizes the use of the neck growth kinetics
pproach to determine the main mass transport mechanisms dur-
ng spark-plasma sintering, microwave and conventional sintering
f spherically shaped tungsten carbide powder.

A detailed study of the neck growth mechanisms of tungsten
arbide during the initial stage of sintering was carried out, and an
nalytical sphere-to-sphere model for the initial stage sintering of
eramics was successfully applied. The establishment of a sintering
ate exponent (n) and of the apparent activation energy (Ea) val-
es from sintering data coupled with SEM observations of sintered
amples allowed some hypotheses on the sintering mechanisms of
ungsten carbide, which are summarized below:

mass transport during SPS is substantially enhanced by applied
stress and induction of eddy currents on the particle’s surface and
is governed by a combination of the mechanism of grain-boundary
diffusion and power-law creep.
mass transport during microwave sintering is substantially
enhanced by introduction of a small amount of a liquid phase and is
governed by the mechanism of volume diffusion, which is followed
by surface diffusion.

Low values of the apparent activation energy (Ea) for microwave
nd spark-plasma sintering (62 and 52 kJ mol−1) have been
btained, and for conventional sintering, all data collected indi-
ate grain-boundary diffusion as the main sintering mechanism
272 kJ mol−1).

Numerical simulation of neck growth revealed high values of
he diffusion coefficient for microwave and spark-plasma sintering,
nd for conventional sintering, the diffusion coefficients calculated
re in good agreement with values for the diffusion of W and C in
he W–C  system.
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