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Abstract

The densification behavior and microstructure of spark plasma sintered ZrB,-based composites with SiC particles were examined. The effects
of the amount and size of the SiC particles added were assessed. The results indicated that sinterability of the composites was improved by the
addition of SiC compared with single-phase ZrB, ceramics. This improvement depended on the effects of the amount and size of SiC particles
added. Relative densities exceeding 98% were obtained for ZrB,—SiC powders sintered at 1900 °C for 2 min under a pressure of 30 MPa.
The microstructure of the resulting composites was fine and homogeneous, and the average grain size of ZrB, decreased with increase in the

amount of SiC and with decrease in SiC particle size.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

High-temperature stability and thermo-mechanical perfor-
mance of ZrB, ultra-high temperature ceramics have recently
been receiving particular attention because they are expected to
be used as heat-resist components in near future [1-5].
However, it is acknowledged that ZrB, has poor sinterability
and that sintering aids are needed to obtain a fully dense bulk
material. To improve sinterability of ZrB,, various nitrides,
carbides, silicides, and metals, such as SiC [3,5-9], AIN [10],
B4C[11], Cu[12], MoSi; [8], and ZrSi, [13], have been used as
aids. Among these sintering aids, SiC has proved to be one of
the most effective. In addition, the addition of SiC contributes
to improvement of oxidation resistance of ZrB, ceramics as the
result of formation of glassy protective layers in high-
temperature oxidation environments [3,14].

Recently, nearly fully dense ZrB,-based composites with
SiC have been consolidated by hot pressing [3,6,7,9] and spark
plasma sintering (SPS) [8,15]. Advantages of the SPS process
are short sintering time and rapid heating rate compared with
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the conventional hot pressing process [16—18], thus allowing a
fine and homogeneous microstructure of the resulting materials
to be maintained. On the other hand, it is known that powder
size and composition are important factors that affect the
densification behavior and microstructure of sintered materials.
Howeyver, the effects of the amount and size of the added SiC
particles on the densification behavior of ZrB,-based compo-
sites with SiC are little known. Therefore, in order to obtain
fully dense composites with fine and homogeneous micro-
structure it is first necessary to ascertain the effects of the
amount and size of added SiC particles on the densification
behavior and microstructure of the composites.

This study focuses on an examination of the densification
behavior and microstructure of ZrB,-based composites with
SiC consolidated by SPS. In addition, the effects of the amount
and size of the SiC particles added are examined.

2. Experimental procedure

The starting ZrB, powder used in this study had an average
particle size of 2.12 wum and was obtained from Japan New
Metal (Grade F, Osaka, Japan). To examine the effect of SiC
particle size on sinterability of SiC-containing ZrB, compo-
sites, two starting SiC powders with different particle sizes
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were used: powder (A), a-SiC powder (Grade UF-15, H. C.
Starck, Berlin, Germany) with an average particle size of
0.5 wm; and powder (B), a-SiC powder (GC #2000, Showa
Denko, Tokyo, Japan) with an average particle size of 6.4 pm.
Fig. 1 shows scanning electron microscopy (SEM) images of
the morphologies of the as-received ZrB, and SiC powders. The
powder morphologies differed: ZrB, had large, round particles;
SiC(A) had small, irregularly shaped particles; and SiC(B) had
large, angular particles. The amount of SiC added, f;,, was 9, 17,
and 23 vol.%, which were determined by knowing the weight
ratio of the powders prior to mixing, based on densities of 6.09
and 3.22 g/cm? for ZrB, and SiC [3], respectively. The powder

Fig. 1. SEM images of morphologies of as-received powders of (a) ZrB,, (b)
SiC(A), and (c¢) SiC (B).

mixtures were wet mixed using a SiC milling media and ethanol
for 24 h, and then dried using an electric resistance heater.
Before sintering, the dried mixtures were sieved through a
metallic sieve with a 60-mesh screen.

A Dr. Sinter SPS-1030 apparatus (Sumitomo Coal Mining
Co. Ltd., Tokyo, Japan) was used in this study. The dried ZrB,—
SiC powder mixtures were loaded into a graphite die lined with
graphite foil, which has an inner diameter of 15 mm. SPS was
conducted at 1900 °C for 2 min in an argon atmosphere with a
heating rate of ~430 °C/min. An uniaxial pressure of 30 MPa
was maintained during the SPS cycle. The changes in
temperature, 7, and sintering displacement, §., during the
SPS cycle were recorded by a computer. The final sintered
specimens were pellets measuring 15 mm in diameter with a
thickness of ~3 mm.

The densities of the composites were evaluated by the
Archimedes method with ethyl alcohol as a medium after
removing the surface of the sintered compact to avoid
contamination from the graphite die. The theoretical densities
of the composites were calculated according to the rule of
mixtures. X-ray diffraction was used to identify the crystalline
phase presented in the composites using Cu-Ka radiation with a
scanning rate of 0.03°/s. The microstructure of the composites
was observed by SEM. The grain size of the sintered ZrB,,
dz:B,, was determined from SEM images. The grain size, dzs,,
was obtained from the measured grain area with circle
approximation. The average grain size of ZrB,, dzms,, was
determined by counting a minimum of 100 grains.

3. Results and discussion

The densification behavior of ZrB,-based composites with
various SiC content was monitored using the sintering
temperature—time and displacement—time curves, typical
examples of which are shown in Fig. 2. Here §,, t, and dé./
dt are displacement, time, and differential of displacement with
respect to time during the SPS cycle, respectively. The
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Fig. 2. Effects of SiC content on densification behavior of ZrB,-based com-
posites with SiC(A); (a) shrinkage curves and (b) shrinkage rate.
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beginning of shrinkage was observed at temperatures ranging
from 1545 °C to 1570 °C, depending on the amount of SiC
added (Fig. 2(a)). The onset temperature of densification was
determined to be 1570 °C for single-phase ZrB, powder,
1560 °C for 9 and 17 vol.% SiC content, and 1545 °C for
23 vol.% SiC-containing ZrB, composites. It was evident that
the onset temperature of densification was lower for SiC-
containing ZrB, ceramics than for single-phase ZrB,. In
particular, for 23 vol.% SiC-containing ZrB, composites, the
onset temperature of densification was significantly lowered.
During subsequent heating, the shrinking rate was significantly
dependent on the SiC content, and it increased with increasing
amount of SiC added. This indicated that the addition of SiC led
to more rapid shrinkage during the SPS cycle compared to
single-phase ZrB,. However, the densification was not
completed during the heating and it carried out continuously
within a period of ~1 min followed isothermal heating, and
then the shrinkage stopped (Fig. 2(a)). The main part of
densification occurred within ~2 min, which was much shorter
period than with the conventional hot pressing process [19].
The shrinkage rate, d§./dt, changed with time during the SPS
cycle, as shown in Fig. 2(b). Each curve represents a different
amount of SiC added, and the curves exhibit a peak just
before the shrinkage rate decrease. The peak value depended on
the SiC content, and it increased with increase in SiC. Thus,
addition of SiC promoted densification of ZrB,-based
composites with SiC compared with single-phase ZrB,, which
is a result of higher shrinkage rate.

It is well-known that densification of a single-phase ZrB,
powder generally requires extremely high temperatures
(>2100 °C) [20] owing to the covalent character of the
bonding and the low volume and grain boundary diffusion rates
[21]. In addition, the presence of B,O5 on the surface of the
starting powders inhibited densification in non-oxide ceramic
systems such as ZrB, and TiB, because of evaporation of B,O3
[21,22]. Therefore, to improve sinterability of ZrB,, it is
necessary to enhance the diffusion rate and reduce the oxygen
content, or prevent evaporation of B,Os;. Improvement of
densification due to addition of SiC is documented in the
literature. Hwang et al. [6] showed that sinterability of ZrB,
improved by increasing the amount of SiC added, and highly
dense (relative density >97%) ZrB,-based composites with
22.4 vol.% SiC, with a starting particle size ranging 40 nm—
1.7 pm, were hot pressed at 1650 °C under a pressure of
60 MPa with a holding time of 2 h. High-resolution transmis-
sion electron microscopy observations showed the presence of
the amorphous films in most of the interphase interfaces.
Hwang et al. [6] concluded that the improvement in
densification due to the addition of SiC is a result of the
presence of an intergranular amorphous film. Apparently, the
presence of SiO, prevents evaporation of B,Oz; during hot
pressing and results in formation of a stable liquid phase among
the grains, therefore improving sinterability. It is common for
B,05 and SiO, films to be present on the surfaces of the starting
ZrB, and SiC powder particles, respectively. According to the
phase diagram for B,0O3-SiO, [23], a stable Si—-B-O liquid
phase is formed among the grains when B,0O3 and SiO, coexist.
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Fig. 3. Effects of particle size of starting SiC powders on densification behavior
of ZrB,-based composites with SiC; (a) shrinkage curves and (b) shrinkage rate
(fp =9 vol.%).

Thus, a similar intergranular liquid phase is expected for the
ZrB,-based composites with SiC particles investigated in this
study. The presence of an intergranular liquid phase favors the
process of grain rearrangement and improves the packing
density of particles, therefore improving densification. In
addition, the amount of the intergranular liquid phase increases
with increasing SiC content. Therefore, the shrinkage rate
increases and the temperature corresponding to the maximum
peak rate decreases with increasing SiC amount.

Fig. 3 shows the effect of size of the starting SiC particles on
the shrinkage behavior of ZrB,-based composites with SiC. It
shows that the onset temperature of densification is almost the
same for both ZrB,-9 vol.% SiC(A) (1560 °C) and ZrB,-
9 vol.% SiC(B) (1565 °C), regardless of the size of the starting
SiC particles (Fig. 3(a)). However, the ZrB,-9 vol.% SiC(B)
composite showed more rapid shrinkage than the ZrB,-9 vol.%
SiC(A) composite during heating (Fig. 3(b)). Furthermore, a
peak shrinkage rate is observed, and the shrinkage is more rapid
for the former than for the latter. The densification of both
composition powders was completed within a period of ~1 min
followed isothermal heating (Fig. 3(a)). Plots of temperature
corresponding to the peak shrinkage rate as a function of the
amount of SiC added for both ZrB,-based composites with SiC
are shown in Fig. 4. The plots indicate experimental value, and
the polygonal lines were derived from average values. The
densification curves of those closest to the average are shown in
Figs. 2 and 3. This proves that the temperature at the peak
shrinkage rate is decreased by increase in SiC content, as a
result of the increase in amount of the intergranular liquid
phase. In addition, for the same SiC content, a larger starting
SiC particle size led to a lower temperature. The densities and
relative densities of the resulting ZrB-based composites with
SiC are summarized in Table 1. It was found that nearly fully
dense ZrB,-based composites with SiC particles were
consolidated by the SPS process at 1900 °C for 3 min under
a pressure of 30 MPa.
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Fig. 4. Effects of SiC content on temperatures at the peak shrinkage range for
ZrB,-based composites with SiC.

It is known that improvement in densification of ZrB, due to
addition of SiC is because of the formation of an intergranular
liquid phase at the grain boundaries. Thus, the contribution to
densification depended on the characteristics of the inter-
granular liquid phase formed because of the interactions of the
compounds present in the components, including composition,
content, viscosity, distribution, and wettability. According to
the B,05;-Si0, phase diagram [23], the viscosity of the
intergranular Si—-B—O liquid phase increased with increasing
SiO, content. In this study, the amount of SiO, is larger in
ZrB,—SiC(A) than in ZrB,-SiC(B) for the same volume
fraction of SiC added. Thus, the resulting intergranular liquid
phase has a lower viscosity in the latter than in the former. The
presence of the lower viscosity liquid phase led to a higher
shrinkage rate and lower temperature at the peak shrinkage
rate during the SPS cycle. However, the larger SiC particles
in the ZrB,—SiC(B) neither favored the process of grain
rearrangement nor improved the packing density of particles.
Conversely, the finer SiC particles in ZrB,—SiC(A) favored
grain rearrangement and enhanced the packing density of the
particles. In addition, the finer SiC particles easily filled the
voids left by the multiple ZrB, grain skeleton. The beneficial
effects of the finer SiC particles on the densification were more
evident during the isothermal heating (Fig. 3(a)). As a result,
highly dense ZrB,-based composites with SiC were con-
solidated for both composition powders in this study.
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Fig. 5. X-ray diffraction patterns of ZrB,-based composites with SiC
(fp =23 vol.%).

Fig. 5 shows X-ray diffraction profiles of monolithic ZrB,
and ZrB,-based composites with SiC consolidated by SPS.
Only hexagonal ZrB, and hexagonal SiC were detected in every
instance. This implies that no new phase formed during the SPS
cycle. The microstructure of the ZrB,-based composites with
SiC was observed using SEM, typical examples of which are
shown in Fig. 6. The general microstructures of the composites
are similar, consisting of equiaxed ZrB, grains (brighter
contrast) and fine and irregular SiC grains (dark contrast). The
microstructure of the resulting composites is fine and
homogeneous. The SiC particles were randomly dispersed in
the homogeneous ZrB, matrix. Plots of the average grain sizes
of ZrB, in the composite as a function of content and particle
size of SiC are shown in Fig. 7. It was found that grain size
decreased with increase in SiC content. This result is consistent
with previous reported results in hot-pressed ZrB,-based
composites with SiC particles [6,7]. In addition, for cases with
the same SiC content, fine SiC particles (SiC(A)) led to a
smaller ZrB, grain size. This indicates that the added SiC
particles inhibit grain growth of ZrB, during the SPS cycle.
Furthermore, it was found that finer and homogeneously
dispersed SiC particles in ZrB,-based composites with SiC are
more effective for inhibiting the grain growth of ZrB, during
the SPS cycle compared with larger SiC particles.

Table 1

The compositions, densities, and relative densities of ZrB,-based composites with SiC consolidated by spark plasma sintering.

Materials Compositions (vol.%) Srating particles Theoretical Measured Relative

size of SiC (um) density (g/cm3) density (g/cm3) density (%TD)

ZrB, SiC

ZrB, 100 0 - 6.09 5.95 97.7

ZrB,-SiC(A) 90 10 0.5 5.80 5.76 99.3

ZrB,-SiC(A) 80 20 0.5 5.52 5.48 99.2

ZrB,—SiC(A) 70 30 0.5 5.23 5.21 99.7

ZrB,—SiC(B) 90 10 6.4 5.80 5.78 99.6

ZrB,-SiC(B) 80 20 6.4 5.52 5.46 98.9

ZrB,-SiC(B) 70 30 6.4 5.23 5.17 98.9
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Fig. 6. Typical SEM images of ZrB,-based composites with SiC (B).
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Fig. 7. Plots of average grain size of ZrB, as a function of SiC content for ZrB,-
based composites with SiC.

4. Summary

The densification behavior and microstructure of ZrB,-
based composites with SiC consolidated by SPS were
characterized. In addition, the effects of the amount and size
of the SiC particles added were examined. The following major
results were obtained.

Sinterability of ZrB,-based composites with SiC was
improved, and the improvement was enhanced with increase
in SiC content and decrease in particle size of the starting SiC

powder. The improvement in densification is associated with
increase in the shrinkage rate during the SPS cycle
accompanied with the addition of SiC particles.

Nearly fully dense ZrB,-based composites with SiC were
consolidated by SPS at 1900 °C for 2 min under a pressure of
30 MPa.

The microstructure of the resulting ZrB,-based composites
with SiC was fine and homogenous. The average grain size of
ZrB, in the composite decreases with increase in the amount of
the added SiC particles, and finer SiC particles yield smaller
ZrB, grain sizes.
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