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Boron carbide (B4C) powder was consolidated at 45 MPa by Spark Plasma Sintering (SPS) for
20 min from 1450 to 2000 °C. The density of the B4C reached 99.6% at 2000 °C. A continuum
model was applied to describe the densification mechanism of B4C powder under SPS conditions.
The shrinkage rate was sensitive to particle size and temperature. The effect of porosity on
thermal diffusion was significant, especially for small particle sizes. It appears that there is Joule
heating, discharge, and electromagnetic field involved during the SPS of B4C. The current can
enhance the sintering process, and it can obviously reduce the creep activation energy.

I. INTRODUCTION

Boron carbide (B4C) is an attractive covalently bonded
ceramic with low density (2.52 g/cm3), high melting point
(2450 °C), high Young’s modulus (.435 GPa), and
especially high Vickers hardness (.27 GPa). Furthermore,
B4C has good chemical inertness, low thermal expansion
coefficient (5.7 � 10�6/°C), and high neutron absorption
cross-section. Due to these outstanding properties, B4C
ceramic has great potential for many applications such as
neutron absorber, blasting nozzles, wear-resistant compo-
nents, and especially light armor.1–7 However, it’s difficult
to obtain high density pure B4C by pressureless sintering
methods due to the high of covalency of bonds between B
and C atoms in B4C (.90%).8 Thus high temperatures
close to the melting point of B4C are required to achieve
complete densification, which results in grain coarsening
and degenerated material’ properties. Hot-pressing (HP)
can lower the consolidation temperature of B4C ceramics
but the relative density only reaches 92–98% when the
pressure and temperature are 30–40 MPa and 2000–
2100 °C respectively.7 Sintering aid additions like pure
metal (Al, Ti, Fe, Ni, Cu, Cr), metal oxides and metal salts
(MgO, Fe2O3, Al2O3, TiO2, Na2SO4), metal carbide and
boride (TiC, TiB2, SiC, CrC, CrB) are reported to lower

the sintering temperature of B4C ceramics.9–13 However,
owing to the complex composition and reaction between
carbide and sintering aids, the purity of final produce limits
its application in nuclear industries.
Spark Plasma Sintering (SPS), also known as electric-

discharge sintering or field-assisted sintering, is a fast
sintering technology that combines the application of
pressure and current directly or indirectly to consolidate
the powder. It was suggested that due to the presence of
a plasma between powder particles, the powder surface can
be activated and thus the powder sintered to outstanding
properties and limited grain growth at low temperature and
short heating time.14,15 Recently, researchers have reported
the microstructure, properties, and densification behavior of
B4C prepared by SPS at different sintering atmosphere,
pressure, and temperature.16–19 Xu20 obtained a relative
density of 99.1% boron carbide samples by SPS at 1700–
1750 °C for holding time of 5 min with sintering aids CaF2/
Y2O3. Sairam

21 reported the influence of sintering param-
eters on the physical properties of boron carbide. It was
found that near full density B4C samples can be obtained
by SPS at 1800 °C, 50 MPa and heating time of 15 min.
It is well known that SPS involves both heating and

field effects, and thus the forming mechanism of SPS is
very complex. Trial and error are mostly used to get an
experimental densification law.18,22 Bernard–Granger23

proposed a densification mechanism of ZrO2 powder
during the SPS experiments. When the stress/temperature is
low, it is indicated that only diffusion mechanism controlled
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the densification. At a stress exponent of 2, the densification
proceeds by grain boundary sliding accommodated by
interface-reaction. For high stress, the densification of
ZrO2 powder was determined by a dislocation-climb-
controlled mechanism. Recently, Olevsky22,24,25 developed
an SPS densification mechanism model based on concepts
of continuum theory of sintering. The continuum model is
on the basis of the traditional hot pressing model and takes
into account the current effect. Two kinds of powder, Al and
Al2O3, were sintered by SPS and their theoretical densifi-
cation curves were calculated by the continuum model. The
theoretical curves agreed well with the experimental results.
However, considering a large number of influencing factors,
especially for the high melting point of carbide ceramic
powder in SPS, the theoretical calculation result needs more
experimental verification for various materials. In this work,
B4C ceramic powder was consolidated using SPS at 1450–
2000 °C. The density and microstructure were studied by
optical microscopy (OM, Lecia MeF3A optical microscope,
Leica Microsystem GmbH, Wetzlar, Germany), scanning
electron microscopy (SEM, Philips XL30 ESM, Amsterdam,
the Netherlands), and X-ray diffraction (XRD; Rigaku
3014 X-ray diffractometer, Tokyo, Japan). To obtain the
densification kinetics of B4C compacted by SPS, the
constitutive model based on the continuum theory of
sintering was applied for the first time. The effect of
temperature, pressure, current, and heating rate on the
densification of B4C is discussed in detail.

II. EXPERIMENTAL

B4C powder (Mudanjiang Boron Carbide Co. Ltd, China,
D50 5 3.5 lm) and boron nitride (BN) powder (Yingkou
Liaobin Fine Chemical Co. Ltd, China) were used as starting
powder. The powders that keep the mass ratio of B4C:BN5
100:1 were mixed and balled in ethanol for 3 h using WC-
Co cemented carbide balls. After drying at 100 °C for 12 h,
the mixed powder was filled into a cylindrical graphite die
with inside diameter of 40 mm. Two piece of 0.45 mm thick
graphite sheet were placed on the top and bottom of the
sample to prevent adhesion and contamination between the
specimen and the graphite die. The die with powders was
then carefully loaded into a SPS apparatus (D25/3, FCT
System, Rauenstein, Germany) equipped with 57 kN
uniaxial press. The densification was performed in the
temperature range of 1450–2000 °C with dwell time of
20 min. Generally, the heating rate was maintained at
100 °C/min. An Argon atmosphere was utilized in all SPS
experiment to prevent the furnace chamber and the heating
elements from being overheated. After sintering, the disc
shaped samples were ground with abrasive SiC paper to
remove the adherent graphite foil from the outer surfaces.

The density of sintered samples was measured by
Archimedes’ method with deionized water. After density
measurement, specimens were cut by wire-electrode cutting

machine and subsequently ground with diamond disc, then
polished with a colloidal diamond suspension. The well
polished surfaces were etched using a modified Murakami’s
solution (15 g K3FeCN6 and 15 g KOH in 60 mL of water)
at 100 °C for about 30 min. Polished and etched samples
were observed using optical (OM; Lecia MeF3A) and
scanning electron microscopy (SEM; Philips XL30) with
an energy dispersive X-ray spectrometer attachment (INCA,
Oxford), respectively. The grain size was determined from
the SEM and optical micrographs and the average particle
diameter was determined by the equivalent circle method.
The crystal structure and lattice parameters were evaluated
by X-ray diffraction (XRD; Rigaku 3014) utilizing Cu Ka

radiation at room temperature.

III. RESULTS AND DISCUSSION

A. Density and microstructure

The densities, microstructure, and XRD patterns of B4C
samples sintered by SPS at temperatures varying from 1450
to 2000 °C are shown in Fig. 1. Figure 1(a) plots the
densities of B4C samples as a function of the processing
temperature. It appears that with the sintering temperature
increasing, the density of boron carbide increases. The
density of B4C achieves near theoretical density of
2.51 g/cm3 at 2000 °C. Three different sintering stages were
observed within the temperature range of 1450–2000 °C. In
the first stage of sintering, densification of B4C is found to
be slow when the temperature is ,1600 °C. During the
second stage of sintering, the density increases suddenly and
it has steeper slope when the sintering temperature is 1600–
1900 °C, which indicates that the B4C powder has rapid
densification during the temperature range and it plays
a dominant role in the densification of B4C. During the
third stage or final stage of densification, the density curve of
B4C have slowest rate due to the elimination of residual
porosities. Because of the different powder sizes of initial
B4C powder, the increase densification rate has some
differences from the reported literature data.21

Figure 1(b) shows the typical optical microstructures
of etched B4C specimens sintered at 2000 °C. The grains
are equiaxed and 2–10 lm in size. The average size of
B4C grains is 3.1 lm, which is close to the mean particle
size (3.5 lm) of the initial powder. It is worthwhile
pointing out that the grain shape and sizes of as-produced
B4C are different from hot-pressing B4C samples, which
appear to have straight grain boundaries and a wide range
of particle sizes of 6–48 lm.26 These results indicates that
due to the short sintering time of SPS, the B4C grains are
not grown even at their full densification temperature,
which reflects the advantage of SPS method.

XRD patterns of boron carbide samples sintered by SPS
at 1450, 1700, 2000 °C are shown in Fig. 1(c). No additional
oxidation phase was observed during sintering process. The
peaks for B4C can be clearly observed in the patterns and
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the main peak positions do not move with different sintering
temperature, which indicates that B4C is very stable in the
SPS sintering process. A small peak in the XRD pattern is
observed at about 2h 5 26.51°, which was assigned to
graphite.18 There are two sources of graphite in the samples.
The main source is from the raw powders of B4C and other
maybe diffused from the graphite foil during the sintering.

SEM micrographs of B4C prepared at 1450, 1600, 1850,
2000 °C for 20 min are shown in Fig. 2. It is clearly
observed that increasing sintering temperature, the porosity
decreased and the density of B4C was increased signifi-
cantly. Grain growth was not observed at 1450 °C as
shown in Fig. 2(a). At 1700 °C [Fig. 2(b)], sintering necks
appeared and the samples still had interconnected porosity.
When the sintering temperature was $1850 °C [Fig. 2(c)],
there was isolated individual small pores displayed in the
matrix and the relative density reached 87.7%. Nearly fully
dense sample (relative density 99.6%) was obtained after
sintering at 2000 °C [Fig. 2(d)]. In addition, some low-
density crystal defects, such as twins, were observed in the
sample [Fig. 2(d)]. It is well known that boron carbide has
a a-rhombohedral crystal structure, which is hard to slip in
plastic deformation. During applied pressure and high
temperature; however, it can deformed by mechanical
twinning or growth twinning mode, which need higher
deformation stored energy and may shear to the matrix.
The nucleation and growth mechanisms of these compres-
sion twins in boron carbide is need for further investigation.

B. Model and calculation

1. The Olevsky continuum model

The Olevsky continuum model is based on the traditional
hot-pressing model and accounts for electric. The model
framework includes three constitutive models which consider
external load, surface tension, and a temperature gradient.22

a. Power-law creep mechanism of material transport

Considering the SPS pressing in a rigid die, the
deformation of material occurs only in the x direction

(the piston displacement direction). The equation was
derived by Olevsky can be represented as:

_ecrx ¼ �
3h
2

� �mþ1
2 3a

2G 1� hð Þ2 � �rx

h i

A 1� hð Þmþ3
2

8<
:

9=
;

1
m

; ð1Þ

where _ecrx is the macroscopic shrinkage rate, �rx is
effective (far-field) external stress in the x direction; a
is the surface tension; A and m are the power-law creep
frequency factor and the power-law creep exponent,
respectively; G is the average particle radius, h is the
porosity.

Following Olevsky,25 the power-law frequency factor
can be written as:

A ¼ A0 exp �Qcr

RT

� �
; ð2Þ

where A0 is the power-law creep frequency factor, Qcr is
the creep activation energy; T is the absolute temperature,
and R is the gas constant.

This equation mainly describes the macroscopic phe-
nomena. For a specific material, the shrinkage rate due to
the power-law mechanism was only influenced by G, T,
�rx, and h.

b. Grain-boundary diffusion driven by an externally
applied load and surface tension

Grain-boundary diffusion is another major mechanism
of mass flux for SPS. Figure 3 shows the micro-mechanic
model for a powder compact of simple-packed, rectan-
gular grains with semi-axes a and c and elliptical pores
located at the grain Quadra-junctions. This constitutive
modeling was developed from early micro–mechanic
model of the grain-boundary diffusion under applied
pressure, and from the model of power-law creep under
hot deformation of powders. The macroscopic shrinkage
rate �_estgbx of the grain-boundary diffusion mechanism can
be represented as:

FIG. 1. (a) Density of SPS B4C samples sintered as a function of sintering temperature for 20 min; (b) the optical microstructures of 99.6% dense
B4C compact sintered at 2000 °C for 20 min, (c) the XRD patterns of B4C at 1450, 1700 and 2000 °C for 20 min prepared by SPS.
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�_estgbx ¼ � 9adgbDgbX
4pkTG4

ffiffiffi
p

p � 2
ffiffiffi
h

p� �2

1� h

� ffiffiffi
p

p � 3
ffiffiffi
h

p� � ffiffiffi
h

p
� 2

ffiffiffi
p

p
h

9 1� hð Þ2 ffiffiffi
p

p � 2
ffiffiffi
h

p� � �rxG

a

� �8<
:

9=
; ;

ð3Þ

where, Dgb and dgb are the diffusion coefficient and the
thickness of the grain-boundary, respectively; k is the
Boltzmann constant; X is the atomic volume.

For a specific material, the shrinkage rate was only
influenced by G, T, �rx, and h. This modeling only
considered the effect of grain-boundary diffusion on the
shrinkage rate or the density.

c. Thermal diffusion contributing to the
intensification of densification during SPS

Based on the flux (along various paths) equation
corresponding to thermal diffusion, the macroscopic

FIG. 3. Pore-grain structure unit cell. Rectangular grains with semi-
axes a and c contain elliptical pores with semi-axis ap and cp located at
the grains’ Quadra-junctions. Temperature and stress gradients are
nonzero along grain boundaries.22

FIG. 2. SEM images of the B4C samples sintered at (a) 1450 °C, (b) 1600 °C, (c) 1850 °C, and (d) 2000 °C under the heating rate of 100 °C/min
and the holding time of 20 min.
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contribution of thermal diffusion to the shrinkage rate
�_etdgbx was derived:

�_etdgbx ¼ � dgbDgbXCVHm

kTk Th i2 C
@T

@t
� keE

2

� �
�
3

ffiffiffi
p

p � 2
ffiffiffi
h

p� �2
h

2pG 1� hð Þ ;

ð4Þ

where, hTi is the spatial average of temperature; Hm is the
enthalpy of vacancy migration; CV is the vacancy
concentration; kT is the thermal conductivity; C is the
heat capacity; t is the time; ke is the specific electric
conductivity; E is the electric field intensity.

In SPS method, the heating rate is more higher than
hot-pressing methods. According to this model, when
C @T

@t � keE2
		 		 � 0, the thermal diffusion has a great
influence on SPS. Only the terms keE

2 and C @T
@t have

the same order of magnitude, the heating rate @T
@t can

be significantly influenced by the shrinkage rate �_etdgbx.
The combined contributions of the grain-boundary

diffusion [Eq. (3)], power-law creep [Eq. (1)], and
thermal diffusion [Eq. (4)] to the shrinkage rate under
SPS are given by:

_ex ¼ �_estgbx þ _ecrx þ �_etdgbx : ð5Þ

For the calculation of the porosity (relative density), the
following continuity (mass conservation) equation is used:

_h
1� h

¼ _ex : ð6Þ

Substituting Eqs. (1)–(4) and (6) in Eq. (5), we obtain
the Olevsky continuum model of SPS [Eq. (7)]:

_h
1� h

¼ _ex ¼ � 9adgbDgbX
4pkTG4

ffiffiffi
p

p � 2
ffiffiffi
h

p� �2

1� h

� ffiffiffi
p

p � 3
ffiffiffi
h

p� � ffiffiffi
h

p
� 2

ffiffiffi
p

p
h

9 1� hð Þ2 ffiffiffi
p

p � 2
ffiffiffi
h

p� � �rxG

a

� �8<
:

9=
;

�
3h
2

� �mþ1
2 3a

2G 1� hð Þ2 � �rx

h i

A0 exp
Qcr

RT

� �
1� hð Þmþ3

2

8<
:

9=
;

1
m

� dgbDgbXCvHm

kTk Th i2 C
@T

@t
� keE

2

� �
�
3

ffiffiffi
p

p � 2
ffiffiffi
h

p� �2
h

2pG 1� hð Þ :

ð7Þ

2. Calculation of the SPS densification B4C by the
Olevsky continuum model

In the calculations, three parameters of C, kT and ke
are functions of porosity h22,27–30:

C ¼ Cfd 1� hð Þ ;

kT ¼ kTfd 1� 3
2
h� 1

2
h2

� �
;

ke ¼ kefd
1� h
1þ 2h

;

ð8Þ

where, Cfd, kTfd, and kefd are the heat capacity, the heat
conductivity and the electric conductivity of the fully
dense material.

The contributions of different mass transport mecha-
nisms (�_estgbx, _ecrx, �_e

td
gbx) to the overall shrinkage rate of B4C

under SPS conditions are calculated based on Eq. (7) and
shown in Fig. 4. It shows that thermal diffusion contribu-
tion to the shrinkage rate is significant, especially for high
temperatures and smaller particle sizes. For a boron carbide
powder, the electric field is assumed to be 300 V/m,
porosity h is 0.3, the externally applied stress �rx is
45 MPa, and the heating rate is 100 K/min. Two average
particle sizes: G 5 3.5 lm [Fig. 4(a)] and G 5 7 lm
[Fig. 4(b)] were analyzed. The material parameters for B4C
are given in Table I.

During calculation, quantitative verification can be
conducted by comparing the theoretically predicted
densification kinetics with the experimental data. The
temperature and pressure regimes used in the calculations
replicate the conditions of the experiment. The pressure is
expected to be constant and equal to 45 MPa. The boron
carbide specimens with an initial porosity of 42% are
assumed to be heated to 2000 °C at a rate of 100 °C/min.
According to the previous SEM experimental results, we
assumed that the particles did not grow during the SPS.

The shrinkage kinetics as well as the temperature is
shown in Fig. 5. The modeling results for B4C are obtained
by the numerical solution of the ordinary differential
Eqs. (7) and (8) by the Runge–Kutta method of the 4th
order. The experimental data for the shrinkage kinetics is
also shown in Fig. 5. The results show that with increasing
sintering time, the relative density of B4C decreases, and it
is close to full density after 1000 s. The calculated results
are agreement with the experimental points, except for
a minor deviation in time at high temperature.

The influence of different sintering parameters on
sintering behavior of B4C powder was calculated by
continuum model. Figure 6(a) shows the shrinkage
kinetics of B4C powder with different average particle
sizes. It showed that the full-density temperature was
decreased from 2000 to 1900 °C with a decrease of the
initial particle size from 4 to 3 lm. Figure 6(b) shows the
shrinkage kinetics of B4C powder with different heating
rate. As the heating rate increased from 50 to 300 °C/min,
the heating time required to achieve full density de-
creased from 1200 to 300 s. Figure 6(c) shows the
shrinkage kinetics of B4C powder with different applied
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stress. When the applied stress was increased, the sinter-
ing temperature decreased to achieve the same density.
However, compared to the original particle size, the
porosity is not so sensitive to applied stress in the range
of 30–50 MPa during SPS.

C. Role of the current

Joule heating from the large current (800–6500 A)
passing through the die (typically graphite) and sample (if
the sample is conducting) is the major difference between
convention of hot-pressing and the SPS method. Passing
of high current may have three roles: providing direct

Joule heating, creating plasma, and changing in defect or
enhancing mobility of the defects, which can enhance the
sintering process.14 The recent results reported by Olevsky41

shows that the current passed through a copper specimen
can achieve higher relative density than where no current
was used at the same sintering condition. For the
conducting sample, the current can pass through the
sample and the die (if the die is conductive) directly,
and then create a plasma between the contact point of two
powder particles. This may lead to sintering enhance-
ment, changing in defect, and enhancing mobility of the
defects, and thus enhance mass transport. For the non-
conducting sample, no current passed through the sam-
ple, and so the current only passes through the die. When
the current crosses from the punch to the die (deflection
current), a magnetic field was generated.42 Variable
magnetic field can generate an electric field, so an
electromagnetic field was generated when the noncon-
ducting sample was sintered by SPS.

FIG. 4. Contribution to shrinkage rate from different mechanisms of mass transport by different grain size of B4C powder; (a) particle size G 5
3.5 lm; (b) particle size G 5 7 lm (electric field 300 V/m, applied stress 45 MPa, porosity 0.3, heating rate 100 K/min).

TABLE I. Material parameters for boron carbide.

Atomic volume X 3.246 � 10�28 m3 (Ref. 31)
Molecular weight ÂB4C 0.0553 kg/mol (Ref. 31)
Theoretical density qB4C

2520 kg/m3 (Ref. 32)
Surface tension a 3.21 J/m2 (Ref. 33)
Grain-boundary
diffusion frequency
factor

dgbDgb


 �
0 9.12 � 10�18 m3 (Ref. 34) (SiCa)

Activation energy for
grain-boundary
diffusion

Qgb 184 kJ/mol (Ref. 9)

Activation energy for
power-law creep

Qcr 1038.5 kJ/mol (Ref. 35)

Power-law creep
frequency factor

A0 1894.1 MPa sm (Ref. 35)

Power-law creep
exponent

m 0.5 (Ref. 35)

Electric conductivity kefd 33 s/m (Ref. 36)
Heat conductivity kTfd 0.4256–3.7657� 10 T�4 1 1.3234�

10�7 T2–7.3688 � 10�12 T3 W/(m K)
(Ref. 37)

Heat capacity Cfd 22.99 1 5.40 � 10�3 T–10.72 � 105

T �2 J/(m3 K) (Ref. 38)
Enthalpy of vacancy
formation

Hf 60.67 kJ/mol (Ref. 39) (SiCa)

Enthalpy of vacancy
migration

Hm 146.4 kJ/mol (Ref. 40) (SiCa)

aRefer to the parameters of the similar materials of silicon carbide.

FIG. 5. Relative density kinetics of B4C powder versus sintering time
during SPS. Comparison of the Olevsky continuum model (blue line)
with experimental data (points).
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As a semiconductor, the electric conductivity of full
density B4C was about 33 s/m. This may allow a part of
current through the sample and another part of current
passing though the die. Therefore, there may be Joule
heating, discharge, and electromagnetic field during
sintering process of B4C. In initial stage, the contact
points between the particles offer high resistance to the
current flow, the temperatures at those localized heating
zones would exceed the melting temperature of the
powder and electric discharge may happen in this zones.
Sairam et al.19 reported the partial melted microstructure
of B4C compact processed at 1800 °C by SPS, which is
direct evidence for localized overheating mechanism. As
the contacts between particles increase under pressure
and heating, this phenomenon will becomes less and even
disappear. The electromagnetic field only exists in
heating-up period because there is no pulse current.
During the late-stage of sintering, when the temperature
has reached 2000 °C, it is found that thermal diffusion
was the main diffusion mechanism (Fig. 4). At this stage,
the effect of temperature on further densification was not
obvious, where it mainly influence the grain shape and
boundary. After holding for 20 min at 2000 °C, as shown
in Fig. 2(d), the grain presented no-regular hexagonal
shape and the partial melted structural may disappear.
Particularly, because the current can enhance the sinter-
ing process, the creep activation energy used in the
modeling was 5

33Qcr.

D. Initial grain size and heating rate

As shown in Fig. 4, the effect of initial particle size on
shrinkage rate is significant because particle size can
change the mass transport mechanisms of B4C by SPS.
For small particle size B4C, thermal diffusion is the main
mass transport mechanism. Figure 6(a) shows the shrink-
age kinetics of B4C powder with different average
particle size. The full density temperature was decreased
from 2000 to 1900 °C with decrease of initial particle size
from 4 to 3 lm.

Shrinkage kinetics of boron carbide powder with
different heating rate is shown in Fig. 6(b). As the

heating rate increased from 50 to 300 °C/min, the time
required to achieve full density was decreased from 1200
to 300 s, indicating that the higher heating rate can
effectively reduce the sintering time. Johnson43 qualita-
tively confirmed that high heating rates can minimize the
surface diffusion processes of alumina particles during
SPS, but the heating rate has no obvious influence on the
sintering temperature and density of alumina. In the
present work, the calculated curve of porosity versus
temperature was unchanged with the different heating
rate, which agrees very well with result of alumina.

In the Olevsky continuum model, the constitutive
equation of thermal diffusion contains the parameters of
the heating rate @T

@t . From the part of the modeling
C @T

@t � keE2
� �

, our calculation indicates that, even the
heating rate range from 1 to 1000 °C/min, if assumed
there is no particle coarsening during SPS, the shrinkage
rate �_etdgbx only changes about 0.4‰. This change is
relatively insignificant as compared with the total
changes. Therefore, shrinkage kinetics of B4C powder
sintered by SPS was insensitive to heating rate. But in
some cases, particle/grain growth and heating rate are
necessary to consider. Olevsky25 derived the grain
growth kinetics of aluminum:

_G ¼ a 1
K

� �
- ln

235K=s
- G0

G0
G

� �3
h�1:34; if T > 533 K

0; if T # 533 K

�
;

where, a is a constant, and - 5 dT/dt is the heating rate,
K/s. From this expression, the grain growth kinetics was
sensitive to particle size G and heating rate -. The
modeling indicates that small particle size and higher
heating rate can lower the sintering temperature effec-
tively. Thus for some materials such as aluminum,
shrinkage rate may be sensitive to heating rate.

E. Applied stress

The constitutive modeling of power-law creep and
sintering stress contain an important parameter of applied
stress �rx. Figure 6(c) shows the calculated results of four

FIG. 6. Shrinkage kinetics of B4C powder with: (a) different average particle size (applied stress 45 MPa, heating rate 100 K/min), (b) different
heating rate (applied stress 45 MPa, particle size 3.5 lm), (c) different applied stress (particle size 5 3.5 lm, heating rate 100 K/min).
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external applied stress: �rx 5 30 MPa, �rx 5 40 MPa,
�rx 5 45 MPa and �rx 5 50 MPa. According to Eq. (1), it
can be seen that the influence of stress on shrinkage rate
_ecrx depends on the balance between the term 3a

2G 1� hð Þ2
and the term �rx. From our estimation, the value of �rx is
2–10 times as large as the term 3a

2G 1� hð Þ2. Combining
Eq. (3) with our estimates, it shows that the influence
of stress on shrinkage rate �_estgbx is minor. As shown in
Fig. 6(c), with the applied stress increased, the sintering
temperature was decreased. However, compared with
other parameter such as the original powder particle size,
the influence of external applied pressure on the density
of boron carbide is very small and can be ignored in the
30–50 MPa range.

IV. CONCLUSIONS

(1) Increasing the sintering temperature increases the
density of boron carbide during SPS. The relative density
of boron carbide exceeded 97% at 1900 °C and reached
99.6% at 2000 °C for 20 min.

(2) The theoretical densification process of B4C
sintered by SPS was calculated based on the Olevsky
continuum model, and it agrees well with the experimen-
tal results. It shows that the shrinkage rate of B4C by SPS
is sensitive to particle size and temperature. The influence
of external applied pressure on the density of boron
carbide is very small during 30–50 MPa. The effect of
thermal diffusion on shrinkage rate is significant, espe-
cially for small particle size.

(3) There may have Joule heating, discharge, and
electromagnetic field in the process of sintering B4C by
SPS. The current can enhance the sintering process, and it
can obviously reduce the creep activation energy.
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