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Introduction

ABSTRACT

In this study, highly dense ZrB,-20 vol% SiC composites with 3-10 wt% VC
additives were prepared by hot-pressing at 1750 °C for 1 h under a pressure of
20 MPa in a vacuum. The densification behavior and elastic and mechanical
properties of the obtained composites were examined, and the effect of the VC
content on the densification and the properties is analyzed. The addition of VC
promotes the activation of densification mechanism at a lower temperature and
inhibits the growth of ZrB, and SiC grains during the sintering. In addition, the
elastic moduli, hardness and fracture toughness that measured in the obtained
composites are constant and independent of the VC content, with a shear
modulus of ~ 220 GPa, Young’s modulus of ~ 500 GPa, hardness of ~ 20 GPa
and fracture toughness of ~ 4.4 MPa m'/% On the other hand, the flexural
strength of the composites decreased as the VC content increased from 3 to
7 wt% and then it increased with further increasing the VC content to 10 wt%,
with strength values of 620-770 MPa.

[5, 6]. Because of strong covalent bonds and low self-
diffusivity [4], the densification of ZrB, powder

Zirconium diboride (ZrB,) is a refractory transition-
metal diboride composed of elements from the fourth
to sixth groups of the periodic table. Most of these
diborides have melting points greater than 3000 °C,
high thermal and electrical conductivities, chemical
inertness against molten metals and good thermal
shock resistance, making them potential candidates
for several high-temperature structural applications
[1-3]. The major problems of ZrB, ceramics involve
sinterability [4] and high-temperature oxidation

Address correspondence to E-mail: GUO.Shugi@nims.go.jp

@ Springer

requires very high temperatures (> 2100 °C) and
external pressure (> 20 MPa). In addition, it is
known that heating single-phase ZrB, ceramics in air
or oxidized atmosphere produces a scale composed
of ZrO, and B,O; in which B,O; has a high vapor
pressure and is vaporized above 1300 °C [5, 6].
Overcoming poor sinterability and poor oxidation
resistance requires sintering activator and protective
borosilicate glass scale formed on the surface of
ceramics. One of the most promising solutions for
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improving sinterability as well as for improving
oxidation resistance of ZrB, ceramics is to apply
secondary phase to the ZrB, ceramics for obtaining a
multiple-phases ceramic composite. It is known that
SiC-containing ZrB, ceramic composite showed
improvement of sinterability and better oxidation
resistance [7-13]. Recently, this composite has
become a strong potential candidate for a variety of
high-temperature structural applications. The addi-
tion of SiC is believed to produce an intergranular
liquid phase that aids the densification of ZrB, [7-12].
In addition, the improvement of oxidation resistance
due to the addition of SiC is thought to arise from the
formation of a coherent passivating oxide scale on the
surface [11-13]. Furthermore, the presence of SiC
limits the grain growth of ZrB, during the sintering
[8-10], leading to a higher strength. Nevertheless, a
sintering temperature of equal to or above 1900 °C is
still required to obtain highly dense ZrB,-SiC ceramic
composites. In an attempt to further lower the den-
sification temperature of ZrB,-SiC composite, MoSi,
has been added to aid the densification. The study
shows that densities exceeding 97% were obtained
for 5 and 10 vol% SiC-containing ZrB, powders at
1800 °C for 30 min under a pressure of 30 MPa in a
vacuum by the addition of 20 vol% MoSi, [14, 15];
however, density of ~ 94% was obtained as 20 vol%
SiC was added to ZrB, powder. In addition, recent
studies of ZrB,-SiC ceramics with 1-5 wt% AIN or
SiAION additives showed that highly dense ceramics
were obtained by hot-pressing under a low pressure
of 10 MPa or pressureless sintering processes at
1900 °C for 2 h, as a result of the liquid phase for-
mation during the sintering [16, 17].

On the other hand, previous study of ZrB,-based
ceramics showed that groups IV-VI transition-metal
carbides could be used as a sintering activator to
promote densification of ZrB,-SiC composites at
lower temperature [18]. Grigoriev et al. [19] showed
when Cr3;C, was used as a sintering activator, highly
dense ZrB, ceramic was obtained by hot-pressing at
different temperatures between 1500 and 1750 °C,
dependent on the CrzC, content. Zou et al. [20]
showed that highly dense ZrB,-SiC composites with
VC additives could be prepared by pressureless sin-
tering at or above 2000 °C for 2 h in Ar, dependent on
the VC content. In addition, they showed that density
exceeding 99% was obtained at 1900 °C for 1 h under
a pressure of 30 MPa in Ar for ZrB,—SiC-VC powder
using high-energy ball milling, followed by hot-
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pressing [21]. However, the effects of VC content on
densification behavior, elastic and mechanical prop-
erties of the ZrB,-SiC composites with VC additives
are not well understood. Furthermore, very recently,
studies of ZrB,-SiC composites with 5 vol% WC
showed that highly dense composites were obtained
by hot-pressing or spark plasma sintering at or above
1950 °C [22, 23]; this suggests that WC should be a
potential sintering aid for ZrB,-SiC ceramics.

In this study, four compositions ZrB,-SiC com-
posites with VC additives were prepared by hot-
pressing at 1750 °C for 1h under a pressure of
20 MPa in a vacuum. The densification behavior that
occurred during the sintering and the microstructure
of the obtained composites were examined. The
elastic and mechanical properties of the composites
were measured at room temperature. The effect of
VC content on the densification behavior, elastic and
mechanical properties was analyzed.

Experimental procedure
Starting powder

The starting powders used in this study were: ZrB,
powder (dsp = 2.1 um, Grade F, Japan New Metals,
Osaka, Japan), a-SiC (dsop = 0.5 pum, UF-15, H.C.
Starck, Berlin, Germany) and VC powder
(dso = 1.8 pm, Japan New Metals, Osaka, Japan).
Four compositions of 3, 5, 7 and 10 wt% VC-con-
taining ZrB,-20 vol% SiC composites were prepared
to examine the effect of VC content on the densifi-
cation, and elastic and mechanical properties. Here-
after, the four ZrB,-SiC composites with the VC
additives are denoted as ZSVCO03, ZSVC05, ZSVC07,
and ZSVC10 (Table 1), respectively. In order to obtain
homogeneous powder mixtures as well as to reduce
starting powder particles size, the VC-doped ZrB,-
SiC powder mixtures were ball-milled using SiC
milling media and ethanol for 24 h; subsequently the
resulting slurry was dried. Before being sintered, the
dried powders were sieved through a metallic sieve
with 60-mesh screen size.

Hot-pressing
The obtained powders mixtures were consolidated

by hot-pressing in a graphite die lined with graphite
foil in tablets 21 mm x 25 mm x 3.0 mm in size.
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Table 1 Compositions, densities, average grain size of ZrB, and SiC and phase composition of the composites as determined by X-ray

Materials ~ Compositions Grain diameter, d (um) Bulk density ~ Relative Primary Secondary

(Wt%) (g/em®) density phase phase

. . (%TD)

Z1B, SiC VC ZrB, SiC
ZSVC03 8525 1175 3 212+£092 194071 546 99.1 ZrB, SiC, V3By, ZrC
ZSVCO05 83.25 11.75 5 217+ 096 1.83 £0.69 544 98.6 ZrB, SiC, V3By, ZrC
ZSVCO07 81.24  11.76 7 213 £091 1.61 £065 544 98.8 ZrB, SiC, V3By, ZrC
ZSvVClo 7822 11.78 10 214 +0.89 146 +£0.38 545 98.9 ZrB, SiC, V3By, ZrC

Powder compacts were heated to 1750 °C with a
heating rate of ~ 15 °C/min in a vacuum. When the
die temperature reached 1750 °C, a uniaxial pressure
of 20 MPa was applied. After hot-pressing at 1750 °C
for 60 min, the pressure load was removed and the
temperature was decreased to 500 °C with a heating
rate of ~ 15°C/min, and then the sample was
cooled to room temperature in the furnace. In addi-
tion, several samples were heated to 1750 °C with
~ 15 °C/min under a pressure of 20 MPa in a vac-
uum with subsequent isothermal heating of 60 min to
examine the densification behavior that occurred
during the sintering in detail. During the entire sin-
tering process, the changes in temperature and dis-
placement along the pressure direction were
recorded on a computer to monitor the densification
behavior. The densities of the obtained composites
were measured from Archimedes method with dis-
tilled water as the medium.

Characterizations

X-ray diffraction (XRD, SmartLab, Rigaku, Co., Tokyo,
Japan) was used to identify any crystalline phases
present in the prepared composites. The microstruc-
ture of the composites was characterized by field
emission scanning electron microscopy (SEM,
QUANTA-200F, FEI Company, Hillsboro, OR, USA).
The grain size, d, of ZrB, and SiC in the composites was
determined by measuring the average linear intercept
length, d,,,, of the grains in SEM images of the com-
posites, according to the relationship of d = 1.56d,,
[24]. In addition, the shear modulus, G, Young's
modulus, E, bulk modulus, B and Poisson’s ratio, v, of
the composites were calculated using the longitudinal
and transverse soundwave velocities that were mea-
sured in the specimens with ultrasonic equipment
(TDS 3052B, Tektronix Inc. Beaverton, OR USA). The
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detailed calculations are reported elsewhere [25]. The
hardness, H,, and the fracture toughness, Kic, of the
composites were determined using an indentation
crack size measurement. The indentation tests were
performed on the polished surface of the specimens by
loading with a Vickers indenter (AVK-A, Akashi, Co.,
Ltd., Yokohama, Japan) for 15 s in ambient air at room
temperature. The corresponding diagonals of the
indentation and crack sizes were measured using an
optical microscope attached to the indenter. An
indentation load of 98 N was applied, and ten indents
were made for each measurement. The fracture
toughness of the composites was calculated from the
Anstis equation [26].

Specimens, averaging 25 mm x 2.5 mm x 2 mmin
size, were cut from the hot-pressed composites plates,
by using a diamond grinder. The surfaces of the
specimens were ground with an 800-grit diamond
wheel and then one of the large surfaces was polished
with diamond paste down to 1.0 pm. The flexural
strength of the specimens was measured using a four-
point bending test fixture (inner span 10 mm and outer
span 20 mm) at room temperature. The polished sur-
face of the specimen was used as the tensile surface for
the bending test. The bending test was carried out
using an Autograph testing system (AG-50KNI, Shi-
madzu, Kyoto, Japan) with a crosshead speed of
0.5 mm/min. A minimum of five specimens were used
for each measurement. After fracture, the fracture
surfaces were observed using SEM.

Results and discussion
Densification and microstructure

Figure 1 presents the shrinkage curves obtained
during the hot-pressing cycles for the four
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compositions samples. The four composites exhibited
similar shrinkage curves; however, the shrinkage
occurred at different temperatures, dependent on the
VC content. The onset temperature of densification
was identified to be as: ~ 1560 °C for ZSVCO03,
~ 1530 °C for ZSVCO05, ~ 1510 °C for ZSVC07, and
~ 1490 °C for ZSVCI10. It is evident that the onset
temperature of densification lowered as the VC con-
tent increased. The onset temperature of densification
was lower than that of ZrB,-20 vol% SiC powder
with 4 vol% SizN, additives [27] and was almost the
same as that observed during the spark plasma sin-
tering of ZrB,-20 vol% SiC ceramic [10]. Thus, the
addition of VC to ZrB,-SiC powder led to activation
of the densification mechanism at a lower tempera-
ture. Beyond the onset temperature of densification,
the shrinkage continuously progressed with further
increasing temperature. Unlike the onset temperature
of densification, the maximum shrinkage rate was
nearly same for the four composites, regardless of the
VC content. When the heating to 1750 °C ended, the
densification was not completed for all instances.
During subsequent isothermal heating, the shrinkage
continued until the end of the 60-min holding time
for the four compositions.

The densities measured in the hot-pressed ZrB,-
20 vol% SiC composites with VC additives are sum-
marized in Table 1. Densities exceeding 98% were
obtained for the four composites after the hot-press-
ing at 1750 °C for 60 min under a pressure of 20 MPa
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in a vacuum. Previously studies of ZrB,-SiC com-
posites showed that the highly dense composites
were obtained at 1900 °C by hot-pressing and/or
spark plasma sintering [10, 12] although their onset
temperatures of densification are approximately
identical. In addition, for ZrB,-20 vol% SiC compos-
ites with 4 vol% SizN, additives, density of approxi-
mately 98% was obtained at 1800 °C under an
applied pressure of 30 MPa by hot-pressing [27].
Previous study of Al,O; ceramics showed that a
higher load applied during the sintering enhanced
the densification at a lower temperature [28].
Thereby, these comparisons indicate that the addition
of VC substantially accelerated the densification of
ZrB,—SiC composites during the sintering at a lower
temperature, suggesting that VC is an effective sin-
tering activator for ZrB,-SiC system.

It is known that the improvement of densification
due to additives such as carbides, nitrides and dis-
ilicide is attributable to the removal of oxygen
impurities present in the starting powders or to the
formation of an intergranular liquid phase that favors
the process of grain rearrangement and improves the
packing density of the particles [29]. Previous studies
of ZrB,-SiC-VC system showed that the addition of
VC to ZrB,-SiC led to the removal of ZrO, through
the following reaction (1) [18, 20, 21], therefore
densification.

ZrOy(s) + 3VC(s) — ZrC(s) + 3V(s) +2CO(g) (1)

Figure 1 Shrinkage curves 20— ————— — — 1800
obtained during the hot- - (a) —>1 (b) ]
pressing cycles at 1750 °C for ’g 151 Isothermal Heating Isothermal Heating * 1600 5
the four composites: = I 41400 %
c N .
a ZSVCO3, b ZSVCO05, Q i Displacement Displacement 1 5
g 10 11200 2
¢ ZSVCO07 and d ZSVC10. 3 A 1 )
© i 41000 &
@ 05} : 5
e y 1800 &
2.0 P —11800
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E 15] ] Q
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8 » 1 o)
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According to Eq. (1), it could be found that single-
phase V could be present during the occurrence of
the reaction of ZrO, with VC. In addition, the non-
stoichiometric VC, (x <1) compound was deter-
mined as an intermediate phase by XRD in ZrB,-5iC-
VC during sintering [21], as a result of the dissocia-
tion of VC [18]. On the basis of the V-C phase dia-
gram, thus it seems to be expected the presence of the
eutectic phases of VC,~V which melting point is
equal to be ~ 1650 °C during the sintering. Pre-
sumably, the improvement of densification in the
ZrB,-20 vol% SiC composites with VC additives is
attributable to the removal of oxygen impurities and
the formation of the eutectic liquid phase with a
lower melting point.

Figure 2 displays the XRD patterns of the hot-
pressed ZrB,-20 vol% SiC composites with VC addi-
tives. The ZrB,, SiC, ZrC, and V3B; phases were
detected in each instance, with no VC phase. The
ZrB, phase is the primary phase; other phases are the
secondary phase. The presence of the V3B, and ZrC
phases indicates that the reaction between VC and
ZrB, occurred during the sintering. The absence of
VC phase suggests that VC was completely con-
sumed to form new refractory phases such as ZrC
and V3B, during the sintering. Similar reaction
products were found in ZrB,-VC ceramics sintered at
1650 °C in vacuum for 1 h [21]. For ZrB,-VC or ZrB,—
SiC-VC composites sintered at 1900 °C in vacuum for
1 h [21], however, VB, phase was detected, with no
V3B, phase. The disappearance of V3;B4 phase sug-
gests that the reaction of ZrB, with VC is dependent
on sintering temperature. In addition, the peak
intensity of the ZrB, phase decreased as the VC
content increased, while the peak intensities of the
ZrC and V3B, phases intensified. The enhancement of
the peak intensities with the VC content suggests that
the ZrC and V;B,4 phases formed during the sintering
increased as the VC content increased. Unlike the
ZrB, and VC, the peak intensity of the SiC phase
remained nearly constant, regardless of the VC con-
tent. In addition, there was no evidence for the
occurrence of reaction between VC and SiC during
the sintering (Fig. 2). These XRD results suggest that
VC preferentially reacts with the ZrB, phase, rather
than the SiC phase, during the sintering at 1750 °C.
The phase compositions determined by XRD for the
hot-pressed composites are summarized in Table 1.
Because the VC replaced with the ZrC and V3B, after
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Figure 2 XRD patters of the four composites: a ZSVCO03,
b ZSVCO05, ¢ ZSVCO07 and d ZSVCI10.

the sintering by the reaction of VC with ZrB, (Fig. 2),
thus the oxidation resistance of the composites seems
to be improved [30] compared to ZrB,-SiC compos-
ite, a further detailed investigation of the oxidation
behavior is clearly needed.

In Fig. 3, backscattered electron (BSE) SEM micro-
graphs of the microstructures of the four composites
are presented. The general microstructures of the
four composites are similar in the morphology. The
composite microstructures consist of the equiaxed
ZrB, (gray contrast), finer SiC (dark contrast), ZrC
(white—gray contrast) and irregularly coarsened V3B,
(dark-gray contrast) grains. The ZrC phase formed
during the sintering did not surround the ZrB, par-
ticles, and it is present at the ZrB, grains-boundaries
and/or ZrB, and SiC grains-boundaries. Because of
the formation of the eutectic liquid phases between
the ZrB, and the VC during the sintering, thus it
seems to be reasonable that the presence of the liquid
phase led to moving of the ZrC particles formed due
to the reaction of ZrB, with VC toward other grain
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Figure 3 BSE-SEM images of microstructures of the four composites: a ZSVCO03, b ZSVC05, ¢ ZSVC07 and d ZSVCI10.

boundaries. Similar behavior was reported in hot-
pressed ZrB,-40 vol% B4C composite [31]. In addi-
tion, the amount of V3B, and ZrC phases that formed
during sintering increased as the VC content
increased, with a significant increase observed in
Z5VC07 and ZSVC10. These observations are agree-
ment with the XRD patterns obtained in the four
composites (Fig. 2).

Moreover, the microstructures of the composites
were observed under the secondary electron (SE)
image; the SE-SEM micrographs are shown in Fig. 4.
Combining Fig. 4 with Fig. 3, it is found that the SiC
grains are very fine and they became gradually finer
with increase in the VC content (Table 1). However,
the ZrB, grains are larger and their size remained
nearly constant, regardless of the VC content (Table 1).
The grain sizes of ZrB, and SiC are similar to those
reported in ZrB,-20 vol% SiC with 5 vol% VC addi-
tives hot-pressed at 1900 °C in vacuum for 1 h [21]. In
comparison, previous studies of ZrB,-20 vol% SiC
with 5 vol% Yb,Os additives showed that ZrB, and SiC
grains in starting powder grew from 2 and 0.7 pm,

respectively, to ~ 10 and ~ 3.9 pm after hot-pressing
at 1850 °C for 60 min [32] and to ~ 4.5and ~ 2.1 um
after spark plasma sintering at 1900 °C for 4 min [33].
These comparisons indicate that the addition of VC
inhibited the coarseness of the ZrB, and SiC grains
during the sintering, and this inhibiting effect on the
grain growth is more effective for ZrB, grains than for
SiC grains. However, trace quantities of smaller
porosities were found at the grains-boundaries for the
four composites (indicated by arrows in Fig. 4). The
formation of the porosities was previously reported in
hot-pressed ZrB,-40 vol% B4C composite by Nayebi
etal. [31] who showed that the porosities were formed
due to the releasing of gaseous phases and the diffu-
sion C or B atoms from B4C toward ZrB, particles
during the sintering when the reaction of ZrO, with
B4C occurred. Similar cause, although not well known,
could be expected in the ZrB,-SiC-VC ceramics
investigated in this study because of the occurrence of
CO gas through Eq. (1) and the diffusion of C atom
toward ZrB; particles during the sintering.
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Figure 4 SE-SEM images of microstructures of the four composites: a ZSVCO03, b ZSVC05, ¢ ZSVC07 and d ZSVC10. These images

corresponded to the images in Fig. 3, respectively.
Elastic and mechanical properties
Elastic moduli, hardness and fracture toughness

Table 2 summarizes the elastic moduli, hardness and
fracture toughness of the four composites. The shear
modulus, Young’s modulus and bulk modulus mea-
sured in the four composites remain nearly constant,
regardless of the VC content. Accordingly, the addi-
tion of 3-10 wt% VC did not substantially affect these
moduli. Additionally, the Poisson’s ratio value for
each of the four composites is the same and inde-
pendent of the VC content. The elastic moduli of the
four composites are comparable to or greater than
those of ZrB, ceramics and/or ZrB,-SiC composites
[34-36]. In addition, the hardness and the fracture
toughness of the four composites are nearly same
(Table 2), with a hardness of ~ 20 GPa and a fracture
toughness of ~ 4.4 MPa m'/2. The hardness is lower
than that of ZrB,-SiC (10-30 vol% SiC) composites
(H, = 24 GPa) [35], but it is comparable to that of
ZrB,-ZrC-SiC system (H, = 19-22 GPa) [36] and is
greater than that of ZrB,-20 vol% SiC composite with
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5 vol% VC hot-pressed at 1900 °C in vacuum for 1 h
(H, = 18 GPa) [21]. The fracture toughness of the
composites is comparable to that of ZrB,-SiC
(10-30 vol% SiC) composites (Kjc = 4.1-5.3 MPa m'/?)
[35] as well as to that of ZrB,-20 vol% SiC composites
with 5 vol% VC hot-pressed at 1900 °C in vacuum for
1 h (Kic = 4.4-5.5 MPa m'/?) [21]. However, the frac-
ture toughness of the composites is lower than that of
ZrB,~ZrC-SiC system (Kic = 4.6-6.1 MPa m'/?) [36].
The crack propagation behavior of the four com-
posites was observed under SEM imaging of Vickers
indentation cracks in each sample; a typical cracking
pattern is shown in Fig. 5. As is evident in this figure,
the crack propagated across the many ZrB, grains;
the crack deflection occurred at the ZrB,/SiC, ZrB,/
V3By, ZrB,/ZrC grain boundaries and some ZrB,
grain boundaries. The SiC, V3B,, ZrC and ZrB, grain
bridging behavior is observed during the crack
propagation path. This crack propagation behavior
was observed in each instance, regardless of the VC
content. The crack propagation behavior observed in
the composites is most likely controlled by the com-
plex residual stresses state that developed during
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Table 2 Shear modulus, Young’s modulus, Bulk modulus, Poisson’s ratio, hardness, fracture toughness and flexural strength of the hot-

pressed composites

Materials Elastic properties

G (GPa) E (GPa) B (GPa) v

Hardness H,, (GPa) Fracture toughness Kjc (MPa m"?) Flexural strength o (MPa)

ZSVC03 225 512 237 0.14 198 £ 1.6
ZSVC05 222 505 234 0.14 209 +£1.0
ZSVC07 219 499 231 0.14 213 £0.8
ZSVC10 217 494 228 0.14 198 £13

44 £02 687.9 + 93.8
43+£03 672.7 £ 60.8
43 +£03 621.2 & 37.1
44 £05 771.1 £ 148.7

Crack propagation direction

Figure 5 Typical crack propagation behavior in ZSVCO07: a SE-SEM image and b corresponding BSE-SEM image.

cooling from the processing temperature due to the
thermal expansion mismatch among ZrB,, SiC, ZrC
and V3By. It is known that the coefficient of thermal
expansion (CTE) of ZrB, is ~ 8.3 ppm/K which is
larger than that of SiC (~ 4 ppm/K), ZrC
(~ 52 ppm/K) and V3B, (~ 7.6 ppm/K, assuming
that the CTE of V3B, is the same as VB,). Thus, the
thermal expansion mismatch between ZrB, and SiC
or ZrB, and ZrC or ZrB, and V3B; induced the
residual compressive stresses surround SiC, ZrC and
V3B4 on cooling from the processing temperature to
room temperature. The residual compressive stresses
led to the crack deflection at the ZrB,/SiC, ZrB,/
V;3By, ZrB,/ZrC interface. Similar crack propagation
behavior has been reported for ZrB,-5iC composites
[9]. The same crack propagation behavior observed in
the four composites suggests that the same tough-
ening mechanisms, including crack deflection, grain
pullout, elastic bridging and frictional grain bridging,
are operated in these materials. Because the four
composites have similar microstructural morphology

(Figs. 3 and 4), with no substantial differences in the
grain sizes (Table 1), consequently the fracture
toughness is nearly constant for these composites and
independent of the VC content.

Flexural strength

The room temperature four-point flexural strengths
measured in the four composition composites are
summarized in Table 2. Unlike the elastic moduli,
hardness and fracture toughness, the flexural
strengths that were obtained from the four compos-
ites and the scattering of strengths are substantially
related to the VC content, with strength values of
620-770 MPa. The maximum strength was observed
in ZSVC10, while the minimum strength was
obtained in ZSVCO07. The strength values displayed
by the four composites are comparable or greater
than those for the single-phase ZrB, ceramics or ZrB,-
20 vol% SiC composites consolidated by hot-pressing
[12, 27, 33]. In addition, these strengths are
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comparable to three-point flexural strengths of ZrB,-
20 vol% SiC composites with 5 vol% VC hot-pressed
at 1900 °C in vacuum for 1h (o¢ = 610-804 MPa)
[21].

To examine the fracture origin of material, SEM
observations were performed on the fracture surfaces
of specimens; typical SE-SEM micrographs are shown
in Fig. 6. As is evident in this figure, the fracture

J Mater Sci (2018) 53:4010-4021

origin is located at the defects in the surfaces (indi-
cated by arrows in Fig. 6). Presumably, the major
cause of failure was the presence of the defects in the
surfaces. In addition, the defects observed on the
fracture surfaces are larger for ZSVC07 than for
Z5SVC05. Thus, the low flexural strength observed in
ZSVC07 is a result of the larger defects present in the
composite, while the small scattering of strength

Figure 6 SE-SEM images of fracture surfaces of the composites: a ZSVC05 and b ZSVCO07. These images show origination of fracture

from the defects in the surfaces of specimens.

Figure 7 SE-SEM images of defects in a ZSVC03 and b ZSVCO07, ¢ and d corresponding BSE-SEM images.
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Figure 8 SE-SEM images of fracture surfaces of the four composites: a ZSVC03, b ZSVCO05, ¢ ZSVC07 and d ZSVC10.

(Table 2) suggests that the defects sizes have narrow
distribution. In contrast, the higher strength and lar-
ger scattering of strength for ZSVC10 suggest that the
presence of smaller-sized defects with widely size
distribution in the composites.

Further SE-SEM observations of the microstruc-
tures of the composites show that the defects contain
many larger pores (indicated by arrows in Fig. 7a, b).
In addition, the corresponding BSE-SEM images
show that the V3B, (dark-gray contrast) and/or ZrC
(white contrast) phase are more in the defect zones
(Fig. 7c, d) than in the non-defect zones (Fig. 3a, c).
These observations indicate that the defects in the
surface were the larger pore-containing agglomerates
of the sintering phases formed during the sintering.
These larger porous agglomerates of the sintering
phases were probably traces of the blocks of the
eutectic liquid phase, produced due to the reaction
between the ZrB, and VC during the sintering.
Because the formation of a large number of V3B, and
ZrC consumed the eutectic liquid phases during the
sintering, this makes densification difficult at

1750 °C; therefore, large porous agglomerates of the
sintering phases are formed.

Figure 8 presents FE-SEM micrographs of the
fracture surfaces for the four composites. The fracture
surfaces of ZSVCO03 are relatively flat (Fig. 8a), with a
transgranular fracture for ZrB, and intergranular
fracture for SiC, V3B4 and ZrC phases. The fracture
surfaces became rough as the VC content increased
(Fig. 8b-d) because the amount of V3B, and ZrC
increased and the amount of ZrB, decreased accom-
panying increase in the VC content. In particular, for
Z5VC07 and ZSVC10, their fracture surfaces are sig-
nificantly rough, with protruding a number of fine
grains and open sockets left by grain pullout. For
comparison, previous studies in hot-pressed ZrB, or
ZrB,—SiC composites showed that their fracture sur-
faces are relatively flat with a transgranular fracture
characterization [12, 27, 33]. This difference indicates
that the intergranular fracture is more easily to occur
for ZrB,-SiC composites with VC additives com-
pared to ZrB,-SiC ones without VC additives. The
different fracture behavior due to VC addition may
be associated with the following two factors: (1) weak
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intergranular bonding due to VC addition accompa-
nying the formation of V;B, and ZrC at the grain
boundaries during the sintering, and (2) the complex
residual stress state that develops during cooling
from the processing temperature due to the presence
of the new V3B; and ZrC phases.

Conclusions

Four ZrB,-20 vol% SiC composites with 3-10 wt%
VC additives were prepared by hot-pressing at
1750 °C for 1 h under a pressure of 20 MPa in a
vacuum. The densification behavior, microstructure
and elastic and mechanical properties of the obtained
composites were examined. The major results are
summarized below.

1. Highly dense ZrB,-20 vol% SiC-based composites
with 3-10 wt% VC additives were obtained by
hot-pressing at 1750 °C for a holding time of 1 h
under a pressure of 20 MPa in a vacuum,
regardless of the VC content.

2. The obtained composites comprised ZrB,, SiC,
V3B, and ZrC phases, with no VC phase. The
addition of VC significantly inhibited the growth
of ZrB, and SiC grains during the sintering.

3. The Young’s modulus, shear modulus, bulk
modulus and Poisson’s ratio of the composites
remained constant, regardless of the VC content,
and their values were as follows: E = 500 GPa,
G =220 GPa, B =230 GPa, and v = 0.14. Also,
the hardness and fracture toughness of the
composites were constant and independent of
the VC content, with a value of H, = 20 GPa and
Kic = 4.4 MPa m'/2.

4. The room temperature flexural strength of the
composites was in the range of 620-770 MPa and
dependent on the VC content. The maximum
strength value was obtained for ZSVC10, while
the minimum strength value was observed in
ZSVC07.
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