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Abstract

ZrB,—15vol.%SiC and ZrB,-30 vol.%SiC composites with smaller starting particle sizes in which the particle sizes of ZrB, and SiC are 2 pm
and 0.5 wm, respectively, demonstrated marked plasticity and significant reduction in the flexural strength at 1800 °C. The flexural strengths of
these two composites are 112 + 12 MPa and 48 £ 10 MPa, respectively, and their corresponding strength retentions are 13% and 7%, respectively.
Large ZrB, grains were commonly observed in the samples containing 15 vol.%SiC, which are always the sites for the crack initiation. Cavities
were found in the samples containing 30 vol.%SiC and the grain boundaries are the main sites for the crack and cavity nucleation. To improve
ultra-high temperature strength, larger starting particle sizes (ZrB, and SiC are 5 pwm and 2 pm, respectively) were used for the preparation of
ZrB,—15 vol.%SiC. This sample fractured in an elastic manner up to 1800 °C and showed a very high strength with a value of 217 4= 16 MPa.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

The high melting temperature of ultra-high temperature
ceramics (UHTCs) makes them promising candidates for use
in thermal protection systems (TPS) and propulsion systems in
hypersonic aerospace vehicles.!> Among the UHTCs, zirco-
nium diboride (ZrB;)-based ceramic composites have attracted
much attention because of their unique combination of low
density, high melting temperature and thermal shock resistance
as well as excellent mechanical and chemical stability at high
temperatures.”’

Silicon carbide (SiC) is always added to ZrB; to improve
the densification, oxidation resistance, fracture toughness
and mechanical strength.*>’ Recent studies of ZrBs-
based ceramic composites demonstrated that ZrB, with
15-30vol.%SiC addition exhibited the good combination of
strength, fracture toughness, and oxidation resistance.>>? SiC
grain size has a strong influence on the densification microstruc-
ture and strength of ZrB,—SiC ceramics.”! Decreasing the
average size of starting SiC particles enhanced the densifica-
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tion of ZrB,-SiC, producing relative densities that increased
from 97.4% to 99.8%, as the size of the SiC particles decreased
from 10 pwm to 0.45 wm. Both the ZrB, and SiC grain sizes
in dense, hot pressed ceramics decreased as the size of the
SiC decreased. The improvement of room temperature strength
and oxidation resistance was attributed to the refinement of the
microstructure.'®!! Second phase additions reduce densifica-
tion temperature and grain size, but the resulting ceramics may
experience mechanical degradation at elevated temperature.'?
Hot-pressed ZrB;-based composites show a significant loss
of strength below 1500 °C which is well below temperatures
expected in proposed applications (>1800 °C).>1314 Typically,
oxide impurities form grain boundary phases or become local-
ized at triple grain junctions, which reduce strength.'> Most of
the recent investigations have been mainly focused on mechani-
cal properties of these composites at room and high temperature
and very little attention has been paid to flexural strength and
fracture behavior of ZrB,—SiC ceramic composites at ultra-high
temperature.

The purpose of the paper is to report flexural strength
and fracture behavior of ZrB, ceramic composites containing
15 vol.%SiC and 30 vol.%SiC at 1800 °C. The effects of the par-
ticles size and SiC content on the strength and fracture behavior
were also discussed.
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2. Experimental procedure

The samples used here for high temperature strength testing
were fabricated from commercial ZrB, (Northwest Institute for
Non-ferrous Metal Research, China) and SiC (Weifang Kaihua
Micro-powder Co., Ltd., China) powders. The median parti-
cle sizes of ZrB, are 2 um and 5 pm, respectively, and the
median particle sizes of SiC are 0.5 wm and 2 wm, respectively.
ZrB—15vol.%SiC (ZS1) and ZrB;-30 vol.%SiC (ZS2) com-
posites with smaller starting particle sizes in which the particle
sizes of ZrB, and SiC are 2 pm and 0.5 pm, respectively, were
hot pressed at 1950°C with an applied pressure of 30MPa.
ZrB,—15 vol.%SiC with larger starting particle sizes in which the
particle sizes of ZrB, and SiC are 5 pum and 2 pm (ZS3), respec-
tively, were hot pressed at 2000 °C with an applied pressure of
30 MPa.

Prior to the hot pressing, the powder batches were homog-
enized by wet mixing in ethanol using zirconia balls. All
of the powder mixtures were dried by rotary evaporation at
a temperature of 70°C, a vacuum of 10kPa, and a rota-
tion speed of 120rpm. The hot pressing cycles were carried
out in argon atmosphere using a BN-coated graphite die.
High temperature strengths were measured in three-point on
3.5mm x 5 mm x 70 mm (thickness x width x length) test bars
at 1800 °C. The span of tested samples is 60 mm and crosshead
speed is 0.5 mm/min. For comparison, the room temperature
flexural strength of these materials was also measured. Five
specimens were tested for each experimental condition. The
final densities were measured by the Archimedes method. The
grain sizes were determined by intercept method measured
from acid etched surfaces. Scanning electron microscopy (SEM;
FEI Sirion, Holland) along with energy-dispersive spectroscopy
(EDAX, USA) was used to characterize the composition and
microstructure of the polished and fracture surfaces.

3. Results and discussion

Fully dense ZrB;-SiC composites were obtained by hot
pressing. The mean grain sizes of ZrB, in ZS1, ZS2 and ZS3
are about 4.5 wm, 3 wm and 8 pm, respectively. Corresponding
grain sizes of SiC are about 1 wm, 1.5 wmand 3 pm, respectively.
Obviously, the final grain sizes of ZrB,—SiC composites were
approximately proportional to starting powder size. Therefore,
the effect of the particle size on the high temperature strength
and fracture behavior can be explored based on these composites.
Examination of room-temperature overload fracture surface of
753 revealed a fully transgranular mode of fracture, in which the
fracture surface is very smooth. In contrast, the corresponding
fracture surfaces of ZS1 and ZS2 demonstrated a transgranu-
lar/intergranular mode. The fracture mode of ZS3 changed into
completely intergranular at 1800 °C suggesting that the strength
of intracrystalline is higher than intergranular strength at this
temperature. It is well known that both intergranular strength
and transgranular strength decreased with increasing tempera-
ture and the former decreased more quickly than the latter. Thus,
the fracture mode of the ZrB,—SiC composites changed into
fully intergranular mode. Moreover, the pull-out of SiC grains

Fig. 1. Macrographs of the samples after flexural testing at 1800 °C.

in ZS3 is obviously indicating the bonding strength of ZrB,/SiC
boundary at 1800 °C is lower in comparison to that of ZrB,/ZrB»
boundary.

Fig. 1 shows the macrographs of the samples after flexural
testing at 1800 °C. ZS3 samples exhibited a little deformation
before fracture, whereas fracture did not occur for ZS1 and
7ZS2 after testing at this temperature even though undergone a
large amount of deformation. Fig. 2 shows load—displacement
curves of the flexural-strength tests at 1800 °C for ZrB,-SiC
composites. ZS1 and ZS2 exhibited marked plasticity while
no plastic deformation before fracture was observed in the
753, with a load/displacement plot remaining completely lin-
ear. The flexural strengths of ZS1, ZS2 and ZS3 at 1800 °C are
112+ 12MPa, 48 = 10MPa and 217 &+ 16 MPa, respectively,
and their corresponding flexural strengths at room temperature
are 865 £ 125 MPa, 705 £ 120 MPa and 500 + 40 MPa, respec-
tively. ZS3 exhibited the lowest strength at room temperature
compared to the others. However, this composite showed a slight
degradation in strength up to 1800°C. Apparently, the abso-
lute value of the flexural strength for ZS3 is higher than that of
ZS1 and ZS2. Furthermore, ZS3 retained approximately 43%
of the strength at room temperature, which is also much higher
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Fig. 2. Load—displacement curves as obtained from three-point bending exper-
iments conducted at 1800 °C.
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Fig. 3. SEM micrographs of the tensile side surface for ZS1.

than those of ZS1 (13%) and ZS2 (7%). Consequently, the flex-
ural strength of ZrB,—SiC ceramics at ultra-high temperature
is strongly influenced by the grain size. Microstructural varia-
tions in ZrB,—SiC composites often have opposing effects on
room temperature strength and ultra-high temperature strength.
Decreasing particle size is beneficial to the room temperature
strength but detrimental to the ultra-high temperature strength.
So, the tradeoff between room temperature and ultra-high tem-
perature strength should be taken into account for applications.
Comparison of the strengths of ZS1 and ZS2 revealed that high
SiC content caused a significant reduction of the ultra-high tem-
perature strength.

One striking observation in the ZrB,—SiC specimens is that
the fracture mode, crack formation and density are distinctly dif-
ferent from each other. ZrB,-SiC ceramics consisted of coarser
grains seem to be strong enough to prevent grain boundary
sliding and induce fracture in an elastic manner, as previously
described by the load—displacement curve in Fig. 2. Only one
crack was detected in ZS3 specimen and no evidence of subcrit-
ical crack growth on the fracture surface was found. In contrast,
several cracks were observed in ZS1 specimen (Figs. 3 and 4).
The crack density remarkably increased in ZS2 (Fig. 5). More-
over, a large amount of cavities were also detected in ZS2 tested
at 1800 °C.

Large ZrB, grains with a width of ~50 um were commonly
observed in the samples with low SiC content because there is
no enough SiC particles to effectively hinder exaggerated grain
growth of individual ZrB, particle as a result of ZrB, parti-
cle agglomeration. The large grain region is always the site for
the crack initiation as shown in Figs. 3 and 4. The stress easily

builds up in the large particle region during deformation pro-
cess leading to a lower threshold strain for the crack initiation,
which ultimately induced the failure of the material. Conse-
quently, the existence of individual large grain will significantly
degrade the high temperature strength. Therefore, the control
of the exaggerated growth of the individual grains becomes
very important during the preparation of ZrB,—SiC composites.
However, this feature was not detected in ZrB;—30vol.%SiC
composite due to the effective inhibition of exaggerated growth
for ZrB; as a consequence of enough SiC particles. New cracks
were formed ahead of the crack tip in ZS1 as can be seen in
Fig. 4(a) resulting in the relaxation of the tensile stress inten-
sity of the crack tip. Stress relaxation at the tensile region of the
test specimens improved the stabilization of the cracks during
high temperature deformation. Thus, the brittle fracture mode
did not occur. ZS1 exhibited plastic deformation since crack
propagation rate remarkably reduced as a consequence of crack
thickening without significant growth. Cracks frequently nucle-
ate at grain boundaries, especially at ZrB,/SiC interface, and
spread along the low angle boundaries (Fig. 6). ZrB, particles
offer resistance to the further crack opening and propagation.
Also, numerous microcracks parallel to the main crack were
observed (Fig. 6(b)). The observation indicates that the strength
of grain boundaries is lower than that of grains at 1800 °C and
the decrease of the grain-boundary strength is responsible for
the reduction of strength at elevated temperature. It has been
reported that the existence of the low melting grain boundary
phases will significantly decrease the high temperature strength
due the softening of the grain boundary phases. HRTEM imaging
showed that the amorphous films resulting from oxide impuri-

Fig. 4. SEM micrographs of the perpendicular tensile side surface for ZS1.
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Fig. 5. SEM micrographs of the tensile side surface for ZS2.

ties existed at the part of the interphase interfaces, especially for
the interphase interfaces between ZrB; and SiC.!! The soften-
ing of these amorphous films would also account for a reduction
of the grain-boundary strength. Therefore, the decrease in grain
size and increase of SiC content would increase the frequency
of the grain boundary phases leading to the degradation of the
ultra-high temperature strength.

A large amount of cavities and cracks were detected at tensile
side surface for ZS2 after flexural test at 1800 °C as indicated
in Fig. 5. Cavities nucleated at random locations throughout
the test specimen, eventually coalescing into cracks that were
the source of failure at ultra-high temperature. The cracks have
a low aspect ratio. Moreover, the strain to the crack and cav-
ity formation of ZS2 is lower than ZS1. This result indicated
that high SiC content containing UHTCs are less crack resistant
than those with low SiC content. Examination of the cracks and
cavities in the ZS2 revealed an intergranular fracture indicating
that the grain boundaries are the main sites for the cavity nucle-
ation. Such observations are consistent with published results on
SiC that cavities were formed both at two-grain and multiple-
grain junctions.'® Moreover, there is no evidence of SiC particles
in the cavity and crack region due to the spallation of SiC
particles during high temperature deformation. In ZrB,-SiC
composites, there are three different types of grain boundaries
i.e. ZrB,/SiC, ZrB,/ZrB; and SiC/SiC grain boundaries. Dif-
ferent sliding mobilities at ZrB,/SiC, ZrB,/ZrB, and SiC/SiC
interface are expected to result in strain incompatibilities and
thus cavitation. Due to the differences in chemical compositions
and orientations, the sliding mobility for each combination is
expected to be different. Therefore, the heterogenous interfaces

are always the cavity nucleation sites. In the case of ZrB,—SiC
composites, ZrB,/SiC interface is the dominant site for the cavity
initiation. During the deformation process, it involves not only
grain sliding but also grain rotation, which caused the spallation
of SiC particles. This is why so much SiC particles have fallen
out during high temperature flexural test. Talmy et al. invested
the flexural creep deformation of ZrB,—SiC ceramics in the tem-
perature range of 1200-1500°C and concluded that the SiC
grain boundary sliding is the controlling creep mechanism in the
ceramics containing 50 vol.%SiC.!” Sato et al. studied the creep
properties of SizN4/SiC ceramics at 1250-1350 °C and reported
that the creep deformation was controlled by grain boundary
sliding accompanied by cavitation.'® Grain boundary sliding
and cavitation are the controlling deformation mechanism in
752 at ultra-high temperature.

For flexural specimen, it contained tensile and compres-
sive regions. An examination of the perpendicular tensile side
surface in ZS2 revealed the three different regions as can be
seen in Fig. 7. This feature was not detected in ZS1 and ZS3.
Note that the microstructure in tensile region is not the same.
Spalling of SiC particles is obvious and the microstructure is rel-
atively homogeneous and no large crack or cavity was detected
in region (I), whereas a large amount of big cracks and cavi-
ties were observed beside spallation of SiC particles in region
(IT). This means extensive internal cavitation developed in the
specimens. The consistent findings were reported by Fields and
Wiederhorn.!? In their studies, large cavities were also detected
within the interior of the specimens. Such observations can be
attributed to the condition of the applied load. The stress near the
tensile side surface increases with increasing load and the spal-

Fig. 6. Crack nucleation (a) and propagation (b) of ZS1. Numerous microcracks parallel to the main crack were formed as shown by arrows.
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Tensile region

Compressive region

Fig. 7. SEM micrographs of the perpendicular tensile side surface for ZS2.

lation of single SiC particles, not a large area, would occur when
it reaches the threshold stress for the breaking of the ZrB,/SiC
interface. The spallation of particles contributes to relaxation of
the tensile stress and this would not cause the large area spalla-
tion. However, with further increased load the stress in region
(IT) is higher than threshold stress for crack initiation of both
ZrB,/SiC and ZrB,/ZrB; interfaces and thus induces the large
area failure. The cavity and crack growth was attributed to the
debonding of the interfaces associated with spalling of SiC par-
ticles. It should noted that there is no change in the compressive
region (III) and the microstructure of ZrB,—SiC in this region is
identical to the that of the material before flexural test.

4. Conclusions

The flexural strength and fracture behavior of the ZrB,-SiC
composites at ultra-high temperature significantly depends
on the grain size and SiC content. ZrB>—15vol.%SiC and
ZrB>-30vol.%SiC composites with finer grains demonstrated
marked plasticity and did not fracture after flexural testing at
1800 °C, whereas ZrB,—15 vol.%SiC with coarser grains frac-
tured in an elastic manner without exhibiting plastic deformation
up to 1800°C and showed no evidence of subcritical crack
growth on the fracture surface. The flexural strengths of ZS1
and ZS2 112 4 12 MPa and 48 £ 10 MPa, respectively, and their
corresponding strength retentions are 13% and 7%, respectively.
Exaggerated growth of ZrB; grains were commonly observed
in ZS1, which are always the sites for the crack initiation. Cavi-

ties were formed in the tensile region of the samples containing
30vol.%SiC and the grain boundaries are the main sites for the
crack and cavity nucleation. Grain boundary sliding and cav-
itation are the controlling flexural deformation mechanism in
ZrB2—30 vol.%SiC at ultra-high temperature. To improve ultra-
high temperature strength, larger starting ZrB, (5 pmin size) and
SiC (2 wm in size) particle sizes were used for the preparation
of ZrB,—15vol.%SiC. The flexural strength of the composite at
1800°C is 217 & 16 MPa and the strength retention is 43%.
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