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bstract

ense ZrB2–20 vol% SiC ceramics (ZS) were fabricated by hot pressing using self-synthesized high purity ZrB2 and commercial SiC powders as
aw materials. The high temperature flexural strength of ZS and its degradation mechanisms up to 1600 ◦C in high purity argon were investigated.
ccording to the fracture mode, crack origin and internal friction curve of ZS ceramics, its strength degradation above 1000 ◦C is considered to

esult from a combination of phenomena such as grain boundary softening, grain sliding and the formation of cavitations and cracks around the

iC grains on the tensile side of the specimens. The ZS material at 1600 ◦C remains 84% of its strength at room temperature, which is obviously
igher than the values reported in literature. The benefit is mainly derived from the high purity of the ZrB2 powders.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

ZrB2 is one of the ultra-high temperature ceramics (UHTCs),
hich are of considerable interest for applications that require

xposure to extreme thermal and chemical environments such as
he leading edge components and thermal protection systems in
uture hypersonic aerospace vehicles (7–20 Mach).1–3 In order
o improve the oxidation resistance and mechanical properties
f ZrB2, silicon carbide (SiC) is commonly used as an additive.
rB2–20 vol% SiC particulate composite (ZS) is regarded as the
aseline materials in this research.

The densification process,4–6 microstructure tailoring,7–9

1,10,11 12
xidation/ablation resistance, thermo-physical and
echanical properties of ZrB2–SiC composites13 have been

xtensively investigated in the last 10 years. The flexure strength
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f ZrB2–SiC ceramics at elevated temperatures is an important
actor for the applications in the extreme environment. How-
ver, there lack data of the high temperature flexure strength
nd fracture behavior of ZrB2–SiC composites.

A number of previous studies14,15 only reported some
trength values of ZS material at a limited range of tempera-
ures, but strength degradation mechanisms are not available;
ellosi et al. evaluated the strengths of ZrB2–10 vol% SiC
eramics fabricated from commercial ZrB2 and SiC powders
ith or without ZrC additions at 1500 ◦C in argon or air atmo-

phere. The results indicated that the loss of strength of the
rB2–10 vol% SiC ceramics was not obvious when the sam-
les sintered by Spark Plasma Sintering (SPS). The favorable
ffects were mainly attributed to the clean grain boundaries in
he as-SPSed samples.16 However, their samples in the exper-
ments were partially oxidized during the measurements. In
ddition, Hu17 reported that the flexure strengths and behavior of
rB with 15 vol% and 30 vol% SiC additions at 1800 ◦C were
2
ontrolled by the ZrB2 and SiC grain sizes in the ZrB2–SiC par-
iculate composites. The fracture strength of the ZrB2–15 vol%
iC composites at 1800 ◦C decreased from 217 MPa for coarse

http://www.sciencedirect.com/science/journal/09552219
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rains (ZrB2 5 �m, SiC 2 �m) and to 112 MPa for fine grains
ZrB2 2 �m, SiC 0.5 �m), and meanwhile the fracture behavior
ransformed from elastic fracture to plastic deformation. In Hu’s
tudies, the authors only reported the fracture strengths at room
emperature and 1800 ◦C, and did not offer any data concerning
he temperature dependence of strength and strength degradation
echanisms.
Softening of grain boundary at elevated temperatures leads to

trength degradation of ceramics, especially when low melting
oint phases exist at the grain boundaries. In order to minimize
he grain boundary phases with low melting point and improve
he high temperature strengths of ZS material, high purity ZrB2
owders synthesized through a carbon-thermal/boron-thermal
eduction method were used in the present research. The bend-
ng strength and Young’s modulus (E) of ZS material at various
emperatures were measured in a high purity argon atmosphere,
.e. the tested bars almost would not be oxidized. The effect of
rain boundary characters on the strength loss at elevated tem-
eratures was studied by high-resolution transmission electron
icroscopy (HRTEM) observations together with internal fric-

ion analysis. The strength degradation mechanisms of ZS were
omprehensively investigated and discussed.

. Experimental  procedure

The ZrB2 powder was synthesized by the reaction between
rO2 and B4C at 1600 ◦C in vacuum. A similar synthesis pro-
edure could be found as for HfB2 powder.18 The crystalline
hase, impurities content, average particle size and suppliers of
rB2 and SiC powders are listed in Table 1. Apart from Hf, the

otal impurities (0.6 wt%) and the oxygen content (0.5 wt%) in
he as synthesized ZrB2 powder are obviously lower than those
n commercial ZrB2 powders.12,16,17 Furthermore, the carbon
ontent in ZrB2 powders is as low as 0.10 wt%, i.e. the residual
oron carbide in the as-synthesized ZrB2 powder is limited. The
rB2 and SiC powders were mixed with acetone in a resin jar for
2 h using Si3N4 media. Then the slurry was dried and sieved.
he compacts of the mixed raw powders were hot pressed at
000 ◦C and at 30 MPa for 1 h in a flowing argon atmosphere.
he processing details and densification procedures have been

eported in our previous reports.19

Three-point bending tests were performed at temperatures in
he range from ambient temperature to 1600 ◦C and at the cross-
ead speed of 0.5 mm/min. The dimension of the specimens was

 mm ×  2.5 mm ×  25 mm (thickness × width ×  length). The
ensile surfaces of the specimens were polished to a 1.5 �m
iamond finish and chamfered. Then, the polished specimens
ere placed on a graphite bend ring in a furnace equipped
ith tungsten mesh heating elements. The total pressure in the

urnace was vacuumed to <10−3 Pa by a diffusion pump, fol-
owed by introducing high purity argon (>99.999%) at flowing
ate of 100 ml/min to keep a high oxygen-free environment in
he furnace and to prevent the test bars from oxidation during
easurements. The bars were soaked at the testing tempera-
ures for 20 min to reach a thermal equilibrium. The reported
exure strengths are the average of five specimens at room

emperature and of three specimens at high temperatures. The

e
a

2

ig. 1. Microstructure of ZrB2–20% SiC ceramics hot pressed sintered at
000 ◦C for 1 h in argon.

icrostructures of ZS before and after testing were observed by
canning electron microscopy (SEM, TM3000, Hitachi, Japan)
nd HRTEM (JEM 2100, JEOL, Japan) equipped with an X-
ay energy dispersive detector systems (EDS, Model Link-ISIS,
xford Instruments, UK).
The Young’s modulus (E) and internal friction (Q−1) of the

S specimens with the dimension of 5 mm ×  1.5 mm ×  40 mm
ere measured by an impulse excitation technique (HTVP-
750-C, IMCE, Diepenbeek, Belgium) in argon atmosphere
t temperatures from 25 ◦C to 1300 ◦C with a heating rate of
◦C/min as previously described.20,21

.  Results  and  discussions

.1.  General  microstructure

The microphotograph of ZS shown in Fig. 1 indicates that
he average particle size of ZrB2 grains is 6.1 ±  1.4 �m, plate-
ike SiC grains with the average length of 5.3 ±  2.1 �m and
idth of 1.1 ±  0.8 �m are homogenously dispersed in the ZrB2
atrix. It should be noted that the color contrasts of some small

egions are different from those of ZrB2 and SiC. It is very
ard to identify these phases simply by SEM. According to
he detailed microstructural analysis of ZS material conducted
y TEM, two secondary phases have been found, and the rep-
esentative ones are shown in Fig. 2. The first is crystallized
exagonal boron nitride (Fig. 2a), the other one with the compo-
ition of Zr Ca (Al) Si O (Fig. 2b and c, sometimes Al could
ot be detected from EDS) is an amorphous phase, as confirmed
y its electronic diffraction pattern (Fig. 2d). The formation of
N should result from the reaction between B2O3 (from start-

ng powders) and Si3N4 (incorporated with the milling balls)
hrough reaction (I),22 while the Zr Ca (Al) Si O phase pre-
umably comes from the impurities in the starting powders as
ell as the milling balls (Si3N4 with CaO and Al2O3 additions).
owever, these impurities are very difficult to find during TEM
bservation, indicating that their amounts in ZS ceramics are

xtremely low, which is in accordance with the element content
nalysis of ZrB2 and SiC powders.

B2O3 +  Si3N4 =  4BN +  3SiO2 (I)
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Table 1
Characteristics of the raw materials.

Powders Particle size (D50) Impurities (%) Supplier

Received ZrB2 1.05 �m O 0.46, C 0.1, Hf 1.10, Fe 0.084, Ca 0.06, Ti 0.016, others < 0.01 Self-synthesized
� e 0.1

a
I
(
i
b
g
t
(

3

t
t
c
I
i
s
o

w
t
d
Z
r
8
b
i
s
s
d

c
o
p
Z
g

F
E

-SiC 0.45 �m B 0.33, O 1, Ca 0.24, Cl 0.1, F

The HRTEM analysis also reveals that all observed ZrB2/SiC
nd ZrB2/ZrB2 grain boundaries are very clean (Fig. 3a and b).
n addition, stress patterns with bright/dark alternating contrasts
Fig. 3a) and stacking faults (Fig. 3c) were always observed
n SiC grains. The formation of stress patterns is thought to
e associated with the residual compressive stress in the SiC
rains, which is generated during the cooling process, due to
he difference of the thermal expansion coefficient between SiC
4.5 ×  10−6/◦C) and ZrB2 (6.8 ×  10−6/◦C).12,23

.2.  High  temperature  bending  strengths

Three-point bending strengths of ZS as a function of test
emperatures are shown in Fig. 4a. It is interesting to note
hat the strength of ZS is 24% higher at 1000 ◦C (677 MPa)
ompared with that measured at room temperature (546 MPa).

mperfect surface defects induced by machining, as preexist-
ng flaws, always exist on the surface of ceramic material. Such
trength improvement is probably related to the crack healing
n the tensile surfaces of bars during the high temperature test,

a
i
s

ig. 2. The impurity phases in ZS ceramics observed by TEM, (a) hexagonal BN, (b)
DS and ED patterns of the area marked in (b).
6, V 0.09 Changle Xinyuan Carborundum Co. Ltd.

hich often occurs in other structural ceramics.24 When the
est temperature was higher than 1000 ◦C, the strength of ZS
ecreased linearly with temperatures up to 1600 ◦C. At 1400 ◦C,
S material still maintained almost 100% strength as tested at

oom temperature and at 1600 ◦C this percentage dropped to
4%. These results are obviously higher than the data reported
y Loehman14 (48%, 1400 ◦C) and Rhodes15 (83%, 1400 ◦C),
.e. the high temperature bending strength of ZS composites
intered from self-synthesized ZrB2 powders shows definite
uperiority compared to that sintered from commercial pow-
ers.

It is well known that the degradation of flexure strength of
eramics at elevated temperature always relates to the softening
f grain boundary or softening secondary phase.25,26 This view-
oint has also been cited to support the rapid fall-off in strength of
rB2–SiC ceramics above 1100 ◦C in Loehman’s work,14 since
lass phases with compositions of Mg Al Si Zr Ca O were

lways observed at ZrB2/ZrB2 and ZrB2/SiC grain boundaries
n their samples. So the relatively higher elevated temperature
trengths of ZS material in the present work should result from

 Zr Ca (Al) Si O based amorphous phase. (c) and (d) is the corresponding
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ig. 3. HRTEM images showing ZrB2/SiC (a) and ZrB2/ZrB2 (b) grain boun
iffraction are shown in c and d, respectively.

he limited amount of glass phases in their microstructures. How-
ver, as shown in Fig. 4a, gradual decrease in strength was
till observed above 1000 ◦C. In order to gain an insight into
he strength degradation mechanisms of ZS ceramics with the
ncrease of temperature, the fracture surface of ZS specimens
ested at different temperatures were investigated.

.3. Fracture  mode
SEM analysis of the fracture surfaces of ZS tested at different
emperatures clearly revealed the directions of crack propaga-
ion, as marked in their tensile surface (Fig. 5a, d, g and h).
urthermore, according to the load–displacement curves of ZS

t
o
t

ig. 4. (a) Temperature dependence of bend strength for ZS (1), 2 and 3 were got from
or ZS at different temperatures.
s in ZS. The stacking faults in SiC grains in ZS and corresponding electron

Fig. 4b), no detectable deviations from linearity up to the fac-
ure point were observed even at 1600 ◦C. Both support that
S ceramics fractured in a brittle mode from 25 ◦C to 1600 ◦C.
sing high purity ZrB2 powders as raw materials, the brittle-to-
uctile transition temperature (BDTT) of ZS composites could
e increased to 1600 ◦C or higher.

Both ZrB2 and SiC grains in ZS specimens failed in a
redominantly transgranular manner at room temperature
fter the bend test (Fig. 5b and c). The fracture surfaces of ZS
emained almost unchanged when test temperature was elevated

o 1000 ◦C (Fig. 5e and f). However, with a further increase
f test temperature to 1300 ◦C or above, SEM pictures showed
hat the fracture mode of ZS material gradually changed from

 Rhodes and Loehman’s work, respectively. (b) The load–displacement curves
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ig. 5. The fractural surfaces of ZS at different temperatures. Test temperature
re the same; the others are the same with the scale marked in b.

ransgranular to intergranular manner (Fig. 5h and j). Moreover,
his process is companied with a decrease in strength of ZS
rom 546 ±  55 MPa at 25 ◦C to 460 ±  31 MPa at 1600 ◦C. What
s more, such conversion in fracture mode of ZrB2 and SiC
rains was easier to occur in tensile side of the testing bars
ompared to that in compressive side, for example, at 1300 ◦C,
ntergranular fracture was predominant at the tensile side of
he specimens (Fig. 5h) whereas most of their grains still kept
ransgranular fracture behavior at the compressive side (Fig. 5i).

The differences between transgranular strength (TS) and
ntergranular strength (IS) are the most important factor to deter-

ine the fracture mode of testing bars. At 25 ◦C, ZS exhibited a
redominantly transgranular fracture behavior since IS is higher
han TS. With the increasing of temperatures, both IS and TS
ecreased, but IS usually decreased more quickly than TS. This
s one of the reasons for the fracture mode conversion in ZS at
igh temperatures. As we know, the stress acting at the crack
ip in the “compressive side” is not compression but tension.
ransgranular fracture mode still observed in the “compressive

ide” at 1300 ◦C is owned to the sufficiently large kinetic energy
f the material around the crack that has moved distantly from
he fracture initiation site.

a
t
b

ion or compression sides have been marked. The scales in (a), (d), (g) and (h)

.4.  Fracture  origins

According to Griffith criterion, the fracture of brittle ceram-
cs results from the propagation of a critical crack. The size of
ritical crack is one of the governing factors to determine the
racture strength of ceramics, so the source of critical crack
nd its initiation stage are very important to understand the
racture mechanisms of ZS at different temperatures. As dis-
ussed in Section 3.2, both SEM pictures (Fig. 5a) and literature
eports24 support that the critical crack below 1000 ◦C come
rom the imperfect surface finishes of ZS, since a clear fracture
irror, mist and hackle region originating from a surface flaw

an be observed (Fig. 5a). The healing process of these flaws
uring high temperature test is helpful to improve the strength
f ZS at 1000 ◦C. With the continuous increase in temperature
o 1600 ◦C, more and more machining induced flaws should be
ealed. On the contrary, the strength of ZS decreased. So it is
easonable to assume that the fracture initiation of ZS has been
hanged. A more clear proof of such phenomena is that SEM

nalysis of the fracture surface revealed large surface defect on
he tensile surface of ZS fractured at 25 ◦C (arrowed in Fig. 6a),
ut not found at 1000 ◦C (Fig. 6b).
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Fig. 6. SEM images show the fracture origin of ZS ceramics a

Fig. 7 shows the representative domains on the polished
ensile surface of ZS bars tested at 1300 ◦C and 1600 ◦C.
xamination of the sections near the fracture parts where the
aximum stress was applied (Fig. 7a and c) revealed that

avities were formed. These cavities were mostly located at the
riple points of SiC or the triple points among SiC and ZrB2

rains (Fig. 7e). Furthermore, it was found that there were no
ores present at the regions of the specimens without stress
pplied (e.g., at edge of the bars, Fig. 7b and d), suggesting that

t
c
m

ig. 7. Some typical micrographs on the tensile surfaces of ZS bars after high tempe
ar away from the fracture parts at 1300 ◦C, respectively. (c) and (d) were the sections
ere arrowed in these pictures. (f) was a high-magnification picture clearly shows th
 temperature (a) and 1000 ◦C (b) with a high magnification.

he formation of cavitations were nucleated under the tensile
tress at high temperature rather than the evaporation of volatile
pecies preexisted in the as-sintered ZS ceramics.

The stresses concentrated around the edge of cavitations are
he possible reason for the formation of cracks. At a certain stress
evel, these cracks will propagate once the release of stored elas-

ic energy induced by crack extension is equal to the energy for
reation of two new fractural surfaces. So the cavitations are the
ain fracture initiation source of ZS ceramics at 1300–1600 ◦C.

rature bending tests observed by SEM. (a) and (b) were the sections near and
 near and far away from the fracture parts at 1600 ◦C, respectively. Cavitations

e cavitations near the SiC/SiC/ZrB2 triple junctions.
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he degradation of bending strength of ZS in this temperature
ange should be attributed to the following reasons. (1) The grain
oundary softening, i.e., the decrease of intergranular strength
f ZS; (2) the formation of cavitations. When the test tempera-
ure was elevated from 1300 ◦C to 1600 ◦C, the characteristic of
avitations in both size and number were increased as shown in
ig. 7a and c. The growth of crack and coalescence of cavities
ill cause the formation of larger flaws; (3) grain sliding, as
iscussed below.

.5. Grain  sliding  and  internal  friction

How did these cavitations nucleate during the high tem-
erature test? Such cavitations are always observed on the
ensile surface of crept samples, especially for particulate rein-
orced ceramics incorporated with secondary hard phase. Such
s ZrO2–20 wt% Al2O3

27 and Al2O3–17 vol% SiC.28,29 In these
amples, alumina and silicon carbide acted as the hard phases. It
as been confirmed that cavities generated around the hard par-
icles were a result of the grain boundary sliding of the matrix
hase and the plunging of the hard particles. For hexagonal
rB2 and SiC, there are only two independent slip systems,30

hich were confined to the direction along the basal plane. The
igh stresses at the impingement of a single slip-band cannot be
ccommodated by homogeneous plastic deformation and hence

 crack is nucleated or SiC particle is rotated, resulting in the for-
ation of cavities, as described in Al2O3–SiC composites.28,29

 similar phenomenon has recently been reported in the crept
S samples,31 which is considered as a result of the sliding of
iC and ZrB2 grains under tensile stress. However, the specific
echanisms for the formation of cavitations in ZS ceramics dur-

ng high temperature bending tests is still unclear, and will be
nvestigated in future works.

Grain sliding in ceramics is always associated with
rain boundary, e.g., grain boundary strength, impurities and
egregation.32 Firstly, due to the differences in the chemical
ompositions, the sliding mobility for ZrB2/SiC grain boundary
s expected to be higher than that of ZrB2/ZrB2, which is one
eason for cavitations preferentially nucleated at ZrB2/SiC/SiC
riple junctions; secondly, as discussed in Section 3.1, com-
ressive and tensile stresses are generated in the SiC and ZrB2
rains during cooling from processing temperature, respectively.
ccording to the results of Raman spectroscopy analysis, Watts

t al. have reported the compressive stresses in the SiC par-
icles to be as high as 810 MPa.33 Furthermore, based on the
tress value and the elastic parameters of SiC and ZrB2, Watts
alculated that stresses started to accumulate at approximately
620 ◦C during cooling. Such residual stresses will relax when
esting temperatures increased, i.e., SiC grains will not contract
ith adjacent ZrB2 grains as tightly as at room temperature. The

elease of compressive stresses across the SiC grain boundaries
t higher temperature will also accelerate their sliding mobil-
ty. Thirdly, though no thin amorphous films were observed

t ZrB2/SiC and ZrB2/ZrB2 grain boundary, small amounts of
morphous phases were detected as the impurities in ZS ceram-
cs (Fig. 2b), and the effective role of these impurities on the grain
liding of ZS should also be considered. The wetting of grain

f
s
e
a

ig. 8. Temperature dependence of Young’s modulus and internal friction curve
or ZS ceramics in argon atmosphere.

oundary by such impurity segregations at high temperature
hould be another factor for grain sliding. These above assump-
ions were further proved by internal friction (Q−1) investigation
s plotted in Fig. 8.

Internal friction is a powerful tool to analyze the grain bound-
ry viscosity, the grain sliding, the dislocation behavior, and
hase transformation in solid state materials at high tempera-
ure, since the position, magnitude and shape of internal friction
eaks are the characteristics for materials.34,35 Internal friction
eak can also reflect the high temperature mechanical prop-
rties of the material indirectly, e.g., Schaller found damping
eaks are sometimes related to the toughness increase of the
aterial, as verified in WC-Co cermets and ZrSiO4 ceramics.36

enerally speaking, when the grains in ceramics are interlocked
t triple point without any glass phase, the grain sliding was
ighly suppressed, so a relaxation Q−1 curve only shows an
xponential-like background, e.g., high purity Sialon,35 CVD
N37 and direct-bonding Zr3Al3C5

21; when an amorphous film
xists at the grain boundaries, a relaxation Q−1 peak will be
uperposed on the exponential-like background, resulting from
he wetting of grain boundaries by amorphous phases, accom-
anied with grain sliding process, e.g., PLS Zr3Al3C5.21 The
atter one is the feather in the present work (Fig. 8). The posi-
ions for damping peaks are always associated with the glass
ransition temperature (Tg) of the amorphous phase. Mirhadi
as reported Tg of CaO·SiO2·ZrO2 glass is 773 ◦C,38 approxi-
ately equal to the temperature of the main damping peak (P2)

ccurred in Fig. 8. Moreover, CaO·SiO2·ZrO2 glass phase was
ctually observed in the microstructure of ZS material (Fig. 2b),
o the peak around 780 ◦C in Fig. 8 probably originated from
he CaO·SiO2·ZrO2 phase. When temperature reached Tg, the
iscosity of CaO·SiO2·ZrO2 phase decreased suddenly, so we
ropose it was another reason for accelerating the grain sliding
f ZS ceramics.

Another weak peak was observed between 400 ◦C and 500 ◦C
n the internal friction curve of ZS ceramics as marked in
ig. 8(P1). Since B2O3 has a transition temperature in the range
rom 450 ◦C to 500 ◦C, such peak (P1) has been considered as the

oftening of the amorphous B2O3 at the triple junctions.39 Ben-
fiting from the low oxygen contents in starting ZrB2 powders
nd the B2O3 removing processes either by vacuum evaporation
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r chemical reaction (reaction (I)), the remaining B2O3 in ZS
eramics was limited as indicated from internal friction analysis.

The grain boundary film viscosity (η) could be calculated
rom Fig. 8, by Eq. (1) and (2),20,40 together with the elastic
arameters of ZS ceramics (E, G  and ν  at room temperature are
04 GPa, 222 GPa and 0.138, respectively).

 = GLT δ

2πfpeakα(1 −  ν)d
(1)

here GLT is the shear modulus at the low-temperature foot of
he Q−1 peak. δ  is the grain boundary film thickness, ν is the
oisson’s ratio, d  is the average grain size of ZS, and α  is a grain
orphology parameter. α  can be calculated from the ratio of the

nrelaxed G-modulus and the shear modulus Gpeak at the Q−1

eak temperature according to Eq. (2).

 = (GLT /Gpeak) −  1

1 −  ν
(2)

If we assume grain boundary film thickness is 1 nm, the cal-
ulated η  is 1.08 ×  105 Pa s. This viscosity was comparable with
iC ceramics (1.0–1.8 ×  105 Pa s), and one order of magnitude
igher than that from Si3N4 ceramics (1.8–3.1 × 104 Pa s),20

o the high temperature stiffness of ZS has not been seriously
ffected. The E-modulus of ZS decreases linearly with tempera-
ures before and after damping peak (at 780 ◦C) occurred, while
he slope of the latter is slightly larger than the former one. Ben-
fiting from the low grain boundary film viscosity, at 1300 ◦C
ore than 88% of the room temperature E-modulus still was
aintained, obviously higher than the value in the literature

∼81%).15

.  Conclusions

Based on the investigation of the high temperature mechan-
cal properties of ZrB2–20 vol% SiC ceramics, the following
onclusions can be drawn:

1) The high temperature bend strength of ZS ceramics began
to decrease above 1000 ◦C, while E-modulus decreases with
the increase of the temperature. Its bend strength at 1600 ◦C
is 460 ±  31 MPa and E-modulus at 1300 ◦C is 443.5 GPa,
the corresponding strength and E  modulus retention is 84%
and 88%, respectively, these values are definitely higher than
those in the literatures.

2) Below 1000 ◦C, fracture of ZS ceramics mainly originate
from the surface flaws induced by the machining process;
above this temperature, the fracture sources changed to the
cavitations or cracks near the SiC grains on the tensile sur-
faces of ZS. With increase of the temperatures, the facture
mode of ZS also changed from transgranular to intergranu-
lar manner. Such transformation was easier to be observed
on the tension side rather than the compression side, due to
different status of stress distribution.
3) The formation of cavitations and cracks near the SiC grains
is considered to be grain sliding. Such grain sliding was
accelerated by the impurity phases in ZS, which was also
revealed by the relaxation peak from friction curve directly.
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The grain sliding is also a result of the relaxation of residual
stresses across the SiC grain boundaries.

4) Two typical damping peaks were found at the friction
curve of ZS ceramics, and they originated from the oxygen
impurities, e.g., B2O3 and ZrO2–SiO2–CaO based glass,
respectively. When high purity ZrB2 starting powders were
chosen, the former peak could be highly suppressed while
the latter one was still predominant.

5) Degradation of high temperature strength and modulus of
ZS ceramics could be associated with grain boundary soft-
ening and grain sliding, using high purity ZrB2 powders as
raw materials, the calculated grain boundary film viscos-
ity in ZS was very high, so a high degree of strength and
stiffness retention of ZS could be realized.
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