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Abstract: Dense B4C material was fabricated using spark plasma sintering (SPS), and the densification mechanisms
and grain growth kinetics were revealed. The density, hardness, transverse flexure strength and toughness of samples
were investigated and the model predictions were confirmed by SEM and TEM experimental observations. Results
show that SPSed B4C exhibits two sintering periods: a densification period (1800—2000 °C) and a grain growth period
(2100—2200 °C). Based on steady-state creep model, densification proceeds by grain boundary sliding and then
dislocation-climb-controlled mechanism. Grain growth mechanism is controlled by grain boundary diffusion at 2100 °C,
and then governed by volume or liquid-phase diffusion at 2200 °C.
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1 Introduction

Boron carbide (B4C) has been used in high
technology industries like armors, high temperature
thermoelectric conversion and aerospace gyroscope
bearing owing to its low density, high hardness and
good friction and wear resistance. However, the
difficulty in obtaining dense B4C ceramics limits
their further applications [1-5], due to the strong
covalent bonds of B—C and the low self-diffusion
coefficient [3,6—8]. Several theoretical and
experimental studies [7—12] have suggested that
the addition of sintering aids could promote
densification, but the second phase formation and
grain growth would degrade mechanical properties
or even cause catastrophic failures of products. To

obtain sufficient densification with limited grain
growth, pressure-assisted sintering, the spark
plasma sintering (SPS) was generally highlighted in
previous research for shaping high dense B4C
material with small grain size, and many efforts
have been made revealing the mechanisms
behind [13—18]. For example, ZHANG et al [19]
investigated the thermal and stress fields during
densification in the temperature range without
grain growth, and found that the creep
deformation controlled by grain-boundary diffusion
was the dominant densification mechanism.
MOSHTAGHIOUN et al [7] consolidated B4C
under pulse electric current and used intense
twin—detwinning formation to validate exotic grain
growth following Bose—Einstein law. CHAUHAN
et al [20] found that the grain sizes increased with
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boron doping in boron carbide under the identical
sintering conditions. Traditionally, grain growth and
densification are two competing processes in
sintering. Abnormal grain growth occurs in B4C
together with sacrifice of peripheral small grains,
and deleteriously acts as a defect source for
mechanical properties [21—23]. Therefore, the exact
mechanisms favoring densification and restraining
grain growth remain a systematic clarification.

Currently, the research of SPSed B4C sintered
above 2200 °C was limited due to the high radial
temperature gradient during the high-
temperature stage. The effect of electric current and
stress will make the powder partially melt and
cause abnormal grain growth, and the dominant
mechanism is different from that of uniform heat
transfer condition. Therefore, we chose a more
suitable size of die to further increase the sintering
temperature to 2200 °C to reveal the grain growth
mechanisms involved. The grain growth and
densification behaviors were investigated via both
the experimental observations and modelling.

inside

2 Experimental

2.1 Characterization of raw powder

High purity B4C powders were used in this
work with a chemical composition (wt.%) of O 2.4,
Fe 0.11, B 77.86 and C 19.53. B4C powders were
washed with concentrated hydrochloric acid and
then sedimentated with deionized water. The
particle size distribution of washed powders was
detected by laser diffraction particle size analysis
dispersed by alcohol and the microstructure was
observed by scanning electron microscopy
(NOVATM NanoSEM230, Holland), which are
shown in Fig. 1. The washed powders consisted of
irregular granules with an average particle size of
around 2 pm and all the particles were less than
10 pm.

2.2 Sintering

The prepared B4C powders were sintered
in an SPS apparatus with FCT SPS system
(GmbhGEwerbepark 16 96528, Germany). The
powder was weighed to 9 g and then placed in a
d 30 mm (internal diameter) graphite module which
had been lined with a thick graphitic sheet
previously for easy mold release after sintering. The
macroscopic applied pressure was fixed at 40 MPa

and heating rate were fixed at 100 °C/min. For
densification analysis, soaking time of 20 min and
soaking temperature range of 1800—2200 °C were
chosen, and for grain growth analysis, different
soaking time of 1,5, 10, 20, 60 min at soaking
temperature of 2100 and 2200 °C was chosen.
During the sintering procedures, the temperature
was measured by an optical pyrometer focused on
the outer surface of the graphite die. Some steps,
such as heating, soaking and cooling procedures,
were conducted in vacuum at 107> Pa.
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Fig. 1 Particle size distribution and SEM image of

washed lab-made B4C powder

Throughout the tests, instantaneous sintering
data including temperature, pressure, and
displacement of the uppiston, were recorded by the
system [24]. To deduce the thermal expansion
contributions from the graphite die and apparatus, a
set of blank experiments were conducted under the
same conditions. The instantaneous sample height
variation and its instantaneous relative density were
correlated as follows:

Dz(%ij (1)

where D is the instantaneous relative density, Dy is
the final relative density of the sintered sample, L is
the height of the powder bed and L is the final
height of the sample.

2.3 Material characterization

The apparent densities of the samples were
measured by the Archimedes method in deionized
water at least 5 times for each sample. The relative
density Dr was obtained using a B4C theoretical
density of 2.52 g/cm’.

All the samples were polished by diamond
powders and then electrolytically etched in 10%
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NaOH solution with a voltage of 25V for 6s.
Microstructures of the polished samples were
observed by scanning electron microscopy
(NOVATM  NanoSEM 230, Holland) and
metallographic microscopy (OM, Leica DM2700P,
Germany). For each sample, the average grain size
was determined by line-intercept method, in which
at least 150 grains from SEM and metallograph
images of the polished surface were considered.
Thin foils of fully dense samples were prepared by
ion milling and the detailed microstructures were
observed by transmission electron microscopy
(Tecnai G2 F20 S-TWIN, FEI, USA).

All the samples were cut into specific shapes
by wire electrical discharge machining to test the
mechanical properties. The transverse flexure
strength of the bars with sizes of 3 mm x 4 mm X
20 mm was obtained by the three-point rupture
method with a span length of 14.5 mm, and 3 bars
were tested for each sample. Fracture toughness
was tested by the single edge notch beam method
on bars of 5 mm x5 mm %30 mm in size with a span
length of 20 mm and notch length of 2.5 mm. The
strength and toughness tests were applied at room
temperature using an electronic universal testing
machine (Instron—3369, USA) with a loading speed
of 5 m/s. The samples for microhardness tests were
polished with a 1 pm diamond suspension and then
measured by a hardness tester (MICROMET 5104,
Changsha, China) with a load of 500 g at room
temperature, each sample was tested at more than
15 points, from the center to the edge of the sample
and the average values were taken.

3 Results

Figure 2 shows that the relative density and the
densification rate (1/D)(dD/df) (¢ is the time) vary
with sintering temperature during powder sintering
at 2200 °C, which is also the maximum stable
operating temperature of this SPS apparatus. The
starting density of the compaction was measured to
be 57% when an applied pressure of 40 MPa was
imposed at room temperature for 5 s on the powder
bed. At the initial heating stage, the relative density
of the sample barely increased, and then it increased
rapidly after an onset temperature 74, which shows
that a full density was achieved after soaking for
20 min at 2200 °C. The densification rate exhibited
a clear peak at approximately 2100 °C.
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Fig. 2 Densification and densification rate curves of
sample sintered at 2200 °C

The continuous instantaneous relative densities
of the samples at different soaking temperatures
during the whole sintering process are shown in
Fig. 3. The morphologies of sintered samples are
shown in the bottom right corner. The relative
density increased with increasing the sintering
temperature, which was similar to that of hot press
sintering. However, when the temperature was
higher than 2100 °C, the densification curves were
remarkably close, indicating that densification
cannot be further accelerated by increasing the
sintering temperature. The sample sintered at
2200 °C was full of macrocracks and broken after
demolding. Samples sintered at 2100 and 2200 °C
are almost dense (relative density over 99%), but at
2200 °C, the fine powder partially melted at the
grain boundary; as the fine powder (particle size
<l um) content is less than 10%, there is no
significant change in the macroscopic densification
curve compared with 2100 °C.
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Fig. 3 Continuous densification curves obtained at different
SPS temperatures and images of sintered samples
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The densification curves during the soaking
fixed at 20 min are shown in Fig. 4. Regardless of
the sintering temperature, all the curves exhibited
similar behavior: accelerated densification at the
beginning of the soaking stage and then
stabilization at the rest of the soaking time. At the
beginning of the soaking stage, a higher soaking
temperature led to a higher relative density and
faster densification rate, except in the temperature
range of 2100—2200 °C.
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Fig. 4 Densification curves obtained in function of soak
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Figure 5 shows the grain characteristics of
the polished and etched samples sintered at
1800—2200 °C for 20 min. Figure 6 reveals the
grain size and relative density varying with the
sintering temperature of samples when soaking for
20 min. At 1800—2000 °C, the relative density
increased with the temperature, and the grain size
remained unchanged. When the temperature
reached 2100 °C, the relative density increased to
higher than 99%, and grain growth occurred at that
time.

The densification behavior has a significant
effect on the mechanical properties. The transverse
flexure strength, fracture toughness and hardness of
B4C sintered at different temperatures are shown
in Fig. 7. The results showed that the hardness
increased with the relative density regardless of the
grain size, whereas the strength was significantly
affected by the grain size. The sample sintered at
2000 °C had a lower density but a higher strength
and toughness than those sintered at 2100 °C. Finer
grains have abundant grain boundaries that can
absorb more energy in resistance to deformation.

It was obvious that by selecting a proper
soaking temperature and time, it is obvious that

Fig. 5 SEM images of polished and etched samples sintered at different SPS temperatures for 20 min: (a) 1800 °C;

(b) 1900 °C; (c) 2000 °C; (d) 2200 °C
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Fig. 7 Effect of soaking temperature on mechanical
properties of sintered B4C

dense B4C ceramic with a relative density over
99% can be obtained with excellent mechanical
properties. The grain size limited to the submicron
level (2 pm) without any growth at all can be
obtained in the same way. In this case, the grain size
is very similar to the average particle size of the raw
powder.

Figure 8 reveals the typical fracture
morphologies of the samples sintered at different
soaking temperatures. As shown in the SEM
images, open pores existed in the sample sintered
at 1800 °C, and the main fracture mode was
intergranular fracture. Only closed pores could be
found when the temperature increased to 2000 °C.
Fully dense bulks were fabricated at 2100 °C, and
the fracture turned to the transgranular mode.
However, as the temperature increased to 2200 °C,
the overheated temperature melted some boundaries
of small grains. Two distinguished areas, marked as
A and B, could be found from the macroscopic
fracture surface at the bottom-right corner of
Fig. 8(e). Zone A corresponded to the large-grain
region (Fig. 8(e)), and Zone B corresponded to the
fine grain region (Fig. 8(f)). According to Fig. I,
B4C powders had about 10% particle less than
1 pym. The finer the powder size was, the higher
the surface activation energy was. With the radial
stress, fine powders mainly distributed among

Fig. 8 Fracture surface morphologies of sintered B4C at different soaking temperatures: (a) 1800 °C; (b) 1900 °C;
() 2000 °C; (d) 2100 °C; (e) Large grain area (Zone A) of 2200 °C; (f) Fine grain area (Zone B) of 2200 °C
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coarse particles. At high soaking temperature, the
surface of fine powder melted and stuck to the
coarse particles, which impede the formation of
the sintering necks, thus leading to the reduction
of grain boundary strength. The fracture surface
exhibited typically intergranular characteristics due
to the decrease in grain boundary bonding strength
caused by high soaking temperature.

4 Discussion

4.1 Densification kinetics without grain growth
For the high-temperature pressure-assisted
sintering during the isothermal stage, atomic matter
migration can be treated as steady-state creep strain,
and a creep analytical model based on that has been
used to understand the densification mechanism.
For ceramics, the kinetic equation can be written in
a simplified version by dropping the negligible
electromigration, which can be described as [25]

= 19D _ byt 0 (0 @
D dt kT \G)

where € is the creep rate, 4 is a constant, @ is the
diffusion coefficient, u.sr is the instantaneous
effective shear modulus, which varies with the
internal porosity, b is the magnitude of Burgers
vector, k is the Boltzmann constant, 7 is the
thermodynamic temperature, G is the grain size, Cesr
is the instantaneous effective pressure acting on the
powder bed, p is the grain size exponent and n is
the stress exponent.

According to HILLERT [26], powders are
assumed to be single-sized spheres close to random
dense stacking. It can be seen from Fig. 1 that B4C
powders are polyhedral granules, and the initial
distribution follows a lognormal distribution in a
size range. By introducing a three-
dimensional shape-size correction factor determined
to be 1.2 [25], the instantaneous pressure is equal to
the following equation:

1-D,
-0y
(D-Dy)

narrow

O =1.2X% 3)
where Omac 1s the macroscopic compaction pressure
(40 MPa) applied to the powder bed (B4+C) and Dy is
the starting green density.

It is proposed that the elastic modulus of
porous materials during sintering depends on the

instantaneous porosity of the sample as [25]

E, D-D,
2(1+0) 1-D,

Hegr = 4)

where Egw and v are the elastic modulus and
Poisson’s ratio of theoretically dense material,
respectively. For B4C, ucrr can be determined by
taking Ew equal to 470 GPa [19] and v equal to
0.18 [19]. Sintering densification kinetics (Eq. (2))
can be written as follows, by taking Egs. (3) and (4)
into consideration:

1 1dd_p eXp[—Qd«RT)][ T j )

U D dt ’ T Here

where K (:Bb¢>0 / k) is a constant with @, being
the pre-exponential factor of @ and B a constant, R
is the molar gas constant and (g is the apparent
activation energy of the mechanism controlling
densification. The densification mechanism of the
SPS experiments can be interpreted based on the
pressure exponent 7, the sintering activation energy
Qg4 and the grain size exponent p according to
Eq. (5). The isothermal stage (20 min soaking time)
was investigated to evaluate the key densification
parameters.

Figure 6 shows that the grain size remained
steady at approximately 2 um in the temperature
range of 1800—2000 °C. By assuming that the grain
size was constant when the temperature was in this
temperature range or the relative density was below
90% at 2100 and 2200 °C, the grain growth
contribution to densification could be neglected.
For a fixed temperature, the pressure exponent n
can be calculated by transforming Eq. (5) into its
logarithmic form as follows:

In [LLQJ = nln [ﬁj +K, (6)
Mo D dt Hegr
where K; is the balancing constant. During the
soaking in the temperature range of 1800—2200 °C,
it is then possible to have access to the continuous
variations of (1/uerr)(1/D)(dD/dt) as a function of
Oefillterr; Such a representation in logarithmic form is
shown in Fig. 9. The slopes of the straight lines are
equal to the values of pressure exponent n for
different temperatures. It is obvious that n exhibits

different values for different soaking stages and
temperatures. At this point, it appears that more
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than two different mechanisms may be involved
for the control of densification during SPS of
submicron B4C powders selected. Regardless of the
sintering temperature, at the initial stage, the »
values are approximately 1, which belongs to low
effective stress exponent regime. In the final stage,
when the soaking temperature is 1800, 1900, 2000
and 2100 °C, n is equal to 4.6, 2.5, 3.2 and 5.7,
respectively, which belong to high effective stress
exponent regimes. Finally, when the soaking
temperature is 2200 °C, n approaches to 10. It
should be noted that at a much higher temperature,
n values cannot be calculated by this model because
of the apparent grain growth. Moreover, the final
sintering stage is reached too early under isothermal
conditions, and the soaking time is too short to
analyze the n value. The mechanisms during the
grain growth stage are analyzed in Section 4.2.
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Fig. 9 Effective stress exponent calculated with Eq. (6)
in SPS temperature range of 1800—2200 °C and soaking
time of 20 min

With the n values determined, Eq. (5) can be
transformed as follows, which provides the basis
for further calculating Qq:

K, (7

Hep i@ __&+
D dt RT

T [
In| —| &=L
Mgy \ Octr

where K, is a constant. Therefore, the slope of
the straight line obtained when drawing Eq. (7)
corresponds to the value of —Qd/R.

Figure 10 shows the wvariation in the
densification rate as a function of D. The value
of (1/D)(dD/df), which belonged to the initial
stage, was chosen to be 7.5x107*s™'. Then, the
corresponding oerr and uerr for a certain relative
density can be calculated using Egs. (3) and (4).
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Fig. 10 Fixed value of densification rate chosen at initial
densification stage

With the effective pressure and shear modulus,
numerical spots of Eq. (7) at different temperatures
and the linear fitting line are shown in Fig. 11. The
Q4 01 (330.95+49.66) kJ/mol is finally calculated.
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Fig. 11 Apparent activation energy of densification of
B4C

Some quantitative investigations have been
performed on creep and carbon atom diffusion in
boron carbides. ABZIANIDZE et al [27] has
demonstrated that carbon atoms were the slowest
atoms during atom diffusion of boron and carbon in
B4C ceramics. The diffusion activation energy of
carbon in B4C is 382 kJ/mol, which is close to the
sintering apparent activation energy of 330 kJ/mol
acquired in the present work. MOSHTAGHIOUN
et al [16] performed creep test of pure dense B4C
under 250 MPa and the activation energy QO was
632 kJ/mol. The stress is much higher than that in
current work, which can explain the difference in
the energy. SKOROKHOD [28] sintered B4C
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ceramics (average particle size of 0.63 mm) without
pressure and calculated the activation energy of
717 kJ/mol. EBRAHIMI et al [29] also sintered
fine B4C powders (<2 um) using pressureless
sintering and calculated an activation energy of
(660+20) kJ/mol. The higher activation energy of
pressureless sintering compared with that of SPS is
due to the absence of pressure and an electric field.

In previous work [19], pure B4C powders were
sintered in a graphite die with a diameter of 40 mm,
and the stress exponent during the initial period
of soaking time was approximately 2, which
corresponded to the densification governed by
grain-boundary sliding. With HEA as the sintering
aid [30], the stress exponent n approached to 1
and then the densification mechanisms may be
controlled by grain-boundary sliding accompanied
by interface reaction or lattice diffusion. The
apparent activation energy calculated in the current
work is close to the carbon atom diffusion
activation energy in B4C, as mentioned above.
Therefore, we propose that densification by SPS
proceeds by grain boundary sliding accommodated
by carbon atom diffusion.

Nevertheless, when the stress exponent value
is higher than 3, it always represents a dislocation
motion mechanism. According to the dislocation
climb theory proposed by WEERTMAN [31], the
creep rate controlled by dislocation climbing ( &€y )
has the following expression:

) b
DC 6d3 /nMd m ( )

where d is the distance between neighboring
plane spacings emitting the involved dislocations
(according to Poirier’s study, d=fub/c and f is a
constant), M is the dislocation source density and
Vn 1s the climbing rate. During the high temperature
sintering, the dislocation climbing rate can be
expressed by [31]

_¢g,0b
™ bkT

where ¢, is the volume diffusion coefficient of
vacancies.

By incorporating Eq. (8) into Eq. (7), the creep
densification rate may be derived:

4.5
. g, (o) wb
toc =55 6b> M (ZJ kT (10)

)

where K3 is a constant. If M is independent of the
applied pressure, then Eq. (5) can be adapted as
follows:

4.5

1 1dD_ [a] exp[~0y /(RT)]
=y

U D dt Hegr T

(11)

where K4 is a constant.
Conversely, if M depends on effective stress,
then the relation between M and o may be [24]

3
Mocd™ :[ij (12)
b
Then, Eq. (11) can be adaptable as follows:

3
1 1dD_ K{%J -0 /(RD] (5
U D dt Hegr r
where K is a constant.

As shown in Fig.9, when the soaking

temperature was 1800—2000 °C, the stress exponent
value was approximately 3 or 4.5. At this point,
even if the corresponding apparent activation
energy has not been determined, we propose that
during the final densification in the temperature
range of 1800—2000 °C, the densification of
SPS proceeds by a dislocation-climb-controlled
mechanism. At 1800 °C, the dislocation source
is independent of the effective stress, but with
increasing temperature, the
density tends to depend on the effective stress.

To confirm the dislocation-climb densification
mechanism, TEM observations of sintered samples
were performed, as shown in Fig. 12. As shown
from Figs. 12(a—c), all samples have dislocations,
and a complicated network of dislocations inside
the top right B4C grain can be found, which
corresponds  to  dislocation climbing and
entanglement. Usually, the dislocation line
emanating from the grain boundary ends within the
grain in the form of a dislocation loop [31]. A grain
boundary HRTEM image with SAED patterns of
the sample sintered at 2100 °C are shown in
Fig. 12(d). Amorphization takes place at the edge,
resulting in plastic deformation of B4C. Therefore,
the densification mechanism at this stage is
dominated by high-temperature plastic deformation
controlled by dislocation climbing. When the
temperature is extremely high (2200 °C),
accompanied by high effective stress, twin bands
inside B4C are found (Fig. 12(e)). Twins usually

dislocation source
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Fig. 12 TEM images of B4C samples sintered for 20 min: (a) SPSed at 1900 °C; (b) SPSed at 2000; (c) SPSed at
2100 °C; (d) HRTEM image of grain boundary in sample SPSed at 2100 °C; (e) SPSed at 2200 °C

both start and end at the grain boundaries, excess
energy of the system is released through twin
formation and grain growth, and the grain growth
mechanism is then investigated.

The crystal structure of B4C is a rhombohedral
unit consisting of a 12-atom icosahedral structure
with a 3-atom chain, and slip can occur on more
than one slip systems [20]. Dislocations circumvent
obstacles by climbing over them through the
creation or destruction of vacancies or interstitials.
When dislocations are piled up in groups, their
stress field induces dislocations on a second slip
system to move to the group. After an external
stress is applied, many dislocation loops are
produced from a Frank—Read source, which move
until they are stopped by some natural obstacles
such as grain boundary. In rhombohedral structures,
a dislocation line may split up into half dislocations
with a stacking fault between them. Figure 13
shows how dislocations appear and expand along
the (104) lattice plane, as revealed in the HRTEM
image. The basic interplanar crystal distance along
(104), which is magnified in Fig. 13(b), is
approximately 0.2541 nm, the angle to (021) is

approximately  63.66°, dislocation expansion
from the top, is magnified in Fig. 13(d), and
the interplanar spacing narrows to 0.2429 nm.
Figures 13(c—e) show the distortion of the lattice
due to dislocation climbing. The distance in the
(104) lattice plane and the angle to (021) change to
0.2489 nm and 66.98°, respectively.

To determine the dislocation density of
sintered bulks, XRD analysis of samples sintered
at different temperatures were revealed, and the
dislocation density of the samples was calculated by
modified Williamson—Hall method, which can be
shown as follows according to UNGAR and
BORBELY [32]:

) 1/2
AK:%{—“CRZ’} Py (KC"?)+ N (14)

2

where AK is the value of the full width at half
maximum (FWHM), Cr is a parameter determined
by the effective outer cutoff radius of dislocation, b
is around 5.17 A for B4C [33], pa is the dislocation
density, K=2sinf/A (@ is the diffraction angle and
A is the wavelength of X-ray), C is the dislocation
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Fig. 13 HRTEM image of dislocation climbing in B4C sintered at 2100 °C (a) and magnified HRTEM image of specific

area (b—e)

control factor, and N is constant. According to
Eq. (14), the slope of the straight line obtained
when drawing AK = f (KC"?) corresponds to the
value of (nCyb*/2)"? pi?. With the values of b
and Cr [33], the dislocation density of the sample
can be determined. Figure 14 shows XRD patterns
of the samples, and the magnified diffraction peaks
of (021) are revealed in Fig. 14(b). The peaks are
slightly shifted to the left due to the residual stress
compared to the standard values. The slopes of
Williamson—Hall plots of samples and the
corresponding dislocation density are marked in
Fig. 14(c). Results revealed that the dislocation
density of the sample sintered at low temperature is
less than that at high temperature in the temperature
range of 1800—2000 °C, while it fluctuates when
the temperature is higher than 2000 °C due to grain
growth. Figure 2 shows densification rate peaks at
around 2000 °C, and Fig.7 shows that sample
sintered at 2000 °C has a higher flexure strength,
which all results in the acceleration of densification
and strengthening by dislocation motion.

4.2 Grain growth mechanism

The isothermal grain size exponent p was
determined to throw light on the grain growth
mechanisms. This was done at 2100 and 2200 °C,
with 2100 °C being the temperature at which grain
growth is obvious. The grain growth mechanisms of
B4C were revealed using the classical grain growth
power law [24]:

G" -Gl =Kt (15)

where Gy is the initial average grain size calculated
at different soaking time ¢, respectively, and Kg is
related to the grain growth coefficient.

To exclude the influence of the heating stage
on grain growth, we chose the average grain size of
the samples after soaking for 1 min to be the initial
size. Different p values correspond to different
mechanisms [34], with 2, 3 and 4 usually related to
grain boundary diffusion, volume or liquid-phase
diffusion and surface diffusion, respectively. For
p=4, grain growth is controlled by surface diffusion,
whereas dense bulks are usually achieved in this
temperature range, and free surfaces are rarely
provided to the diffusion. Figure 15 shows the plots
of Eq. (15) at 2100 and 2200 °C for p values of
1-3. Regression coefficients R* are marked around
the fitted lines. For 2100 °C, p=2 is acceptable and
for 2200 °C, p=3 is more accurate. At the initial
grain growth stage at 2100 °C, sufficient sintering
necks are provided to facilitate grain boundary
diffusion because of high relative density and fine
grains, and the grain growth mechanism at this
temperature is therefore controlled by grain
boundary diffusion. When the temperature reached
2200 °C, the results shown in Fig. 8(e) revealed that
partial melting occurred at the grain boundaries,
which provided a way for volume diffusion or
liquid diffusion. Then, reasonably in this stage, the
grain growth mechanism is governed by volume or
liquid-phase diffusion.
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5 Conclusions

(1) Two separate sintering periods during
densification are shown: densification with a
constant grain size in the temperature range of
1800—2000 °C and grain growth without apparent
densification in the temperature range of
2100—2200 °C. In the densification regime, two
distinct stages corresponding to two different
mechanisms were involved based on different
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Fig. 15 Plots of Eq. (15) for different values of grain size
exponent p: (a) 2100 °C; (b) 2200 °C

effective stress exponents n: in the initial stage,
which belongs to low effective stress exponent
regime, n~1, the densification by SPS proceeds by
grain boundary sliding accommodated by carbon
atom diffusion, and the apparent sintering activation
energy Qa4 of (330.95+49.66) kJ/mol is finally
calculated; in the final stage, which belongs to the
high effective stress exponent regime, #»>3, and the
densification of SPS proceeds by a dislocation-
climb-controlled mechanism.

(2) When the temperature exceeds 2100 °C,
the grain growth kinetics of B4C was investigated
using grain growth power law. The results indicate
that at the initial grain growth stage at 2100 °C,
the mechanism involved is controlled by grain
boundary diffusion, and when the temperature
reaches 2200 °C, the grain growth mechanism is
governed by volume or liquid-phase diffusion.
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