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a b s t r a c t

ZrB2-SiC-Cf composite with carbon coated carbon fibers was successfully prepared by low temperature
hot pressing. This composite showed an excellent thermal shock resistance compared with those
composites fabricated by hot pressing and spark plasma sintering using as-received carbon fibers.
Toughening mechanisms such as crack deflection, crack branching, fibers pull-out and fibers bridging
were obviously detected in ZrB2-SiC-Cf owing to the inhibited degradation of carbon fibers and the
relatively weak fiber/matrix interfacial bonding, leading to a non-brittle fracture mode of the composite.
Moreover, the composite exhibited an excellent thermal shock resistance with a high critical thermal
shock temperature difference of 773 �C which is about twice those of the reported ZrB2-based ultra-high
temperature ceramics. This work provides valuable guidance in the preparation of ZrB2-based ultra-high
temperature ceramics with a combination of excellent properties.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

ZrB2 is typically grouped in a family of materials deemed ultra-
high temperature ceramics (UHTCs) due to its high melting point
(3250 �C) [1e3]. The combination of attractive properties, such as
high melting temperature, high hardness and strength, high elec-
trical and thermal conductivities and low density relative to others,
makes ZrB2 the most promising candidate for use in extreme en-
vironments [4e6]. The addition of SiC has been proved to be an
effective way to improve the densification, mechanical properties
as well as oxidation resistance of ZrB2 [7,8]. Unfortunately, in spite
of its distinguished properties, ZrB2-SiC is still not capable of
withstanding the extreme service environment owing to the sus-
ceptibility to brittle fracture and poor thermal shock resistance of
this material [9]. In order to improve the fracture toughness and
thermal shock resistance of ZrB2-based ceramics, a verity of
toughening phases have been introduced into ZrB2 matrix, such as
particles [10], graphite flakes [11], whiskers [12] and fibers [12e14].
Researches have shown that the addition of graphite (G) flakes
improved the thermal shock resistance of ZrB2-based ceramics
through crack deflecting and the releasing of residual stress in the
composites, while the composites still show a low fracture tough-
ness and exhibit a typical brittle fracture mode during fracturing
[15]. More recently, researchers have paid more attention to carbon
fiber reinforced ZrB2-based ceramics since the carbon fiber shows
more advantages in improving the fracture toughness [14,16] and
having great potential in significantly improving the thermal shock
resistance of ZrB2-based ceramics compared with other re-
inforcements. However, the severe degradation of carbon fibers in
carbon fiber reinforced ZrB2-based ceramics caused by the high
sintering temperature has plagued researches on such materials.
Therefore, it is necessary to seek ways to inhibit the degradation of
carbon fibers in the fabrication of carbon fiber reinforced ZrB2-
based ceramics and the general methods should include reducing
the sintering time, decreasing the sintering temperature and using
carbon coated carbon fibers [16]. Spark plasma sintering (SPS) is an
effectivemethod to rapidly consolidate powders to near-theoretical
density by the combined effects of rapid heating, powder surface
cleaning and pressure [17], which might show advantages in
reducing the sintering time of carbon fiber reinforced ZrB2-based
ceramics. The strategy typically adopted to decrease the sintering
temperature of ZrB2 is to use nanosized powders as starting ma-
terial instead of micrometer powders because the sintering activity
of nanosized particles is dramatically higher than that of their
micrometer sized counterparts [18]. Additionally, research has
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shown that deposition of carbon coating on the carbon fibers
benefits to protect carbon fibers from the process corrosion during
sintering [16]. However, no open literature has reported the fabri-
cation of carbon fibers reinforce ZrB2-based ceramics at low tem-
perature with combination of using nanosized ZrB2 powders and
adopting carbon coated carbon fibers, and the thermal shock
resistance of such material has not been investigated so far.

In this paper, as-received and carbon coated carbon fibers were
adopted to fabricate ZrB2-SiC-Cf composites using nanosized ZrB2
powders by SPS or HP with the aim of inhibiting the degradation of
carbon fibers and obtaining excellent properties of the composites.
The microstructures, mechanical properties and the thermal shock
behaviors of the composites were investigated.

2. Experimental procedure

Commercially available powders and carbon fibers were used in
this study: ZrB2 powders (Beijing HWRK Chem Co. Ltd., China) and
SiC powders (Kaihua, China) with average particle sizes of 150 and
450 nm, respectively, and T800 carbon fibers (Tokyo, Japan) with an
average diameter size of 5 mm. Prior to the fabrication process of the
ZrB2-SiC-Cf composites, continuous carbon fibers were chopped
into short fibers with an average length of 2 mm. Certain amount of
short carbon fibers were coated with pyrolytic carbon (PyC) using
CVD process in a hot-wall tube reactor, andmixture of methane and
argon gases was used to deposit PyC on the surfaces of carbon fibers
at 1100 �C. The powders consisting of 50 vol% ZrB2, 20 vol% SiC and
30 vol% carbon fibers (as-received or PyC coated) were ultrasoni-
cally dispersed in ethanol for 1 h and then ball milled for 8 h in a
polyethylene bottle using WC balls and ethanol as the grinding
media. To minimize segregation by sedimentation, the slurry was
dried in a rotary evaporator at a temperature of 75 �C and a rotation
speed of 30 rpm. The dried powders were sintered by SPS or hot
pressing (HP) in a graphite die under vacuum. For SPS, the powders
were heated to 1900 �C at a rate of 100 �C/min and then held at this
temperature for 10 min. A uniaxial load of 30 MPa was applied at
500 �C. For HP, the powders were heated to 1600 �C at a rate of
15 �C/min and then held at this temperature for 2 h. A uniaxial load
of 30 MPa was applied at 1200 �C. The shrinkage curve of the
sample was recorded by a dilatometer at a resolution of 0.005 mm.
The expansion of the graphite punches during sintering has a sig-
nificant influence on the shrinkage curves of the powder compacts.
In order to take into account the thermal expansion of punches, the
entire die assembly was heated to the same temperature without
the sintered powder compact inside the die. The powder shrinkage
data reported in present study was obtained by subtracting the
thermal expansion of the graphite punches from the original
recorded shrinkage data, which could be the actual shrinkage data
of the powder compact. The samples with as-received carbon fibers
by SPS and HP were signed as SPS-ZSC-R and HP-ZSC-R, respec-
tively. The sample with PyC coated carbon fibers by HP was signed
as HP-ZSC-C.

Densities of ZrB2-SiC-Cf composites were measured by the
Archimedes method with deionized water as the immersing me-
dium. Relative density was calculated via dividing bulk density by
the theoretical density based on the law of mixture. Microstruc-
tures were analyzed by scanning electron microscopy (SEM, FEI
Sirion, Holland) with energy dispersion spectroscopy (EDS). Flex-
ural strength was tested in three-point bending on
3 mm � 4 mm � 36 mm bars, using a 30 mm span and a crosshead
speed of 0.5 mm/min. Fracture toughness was evaluated by a
single-edge notched beam (SENB) method with a 16 mm span us-
ing 2 mm � 4 mm � 22 mm test bars and a crosshead speed of
0.05 mm/min. The reported average values and standard deviations
of flexural strength and fracture toughness were calculated from a
minimum of six bars polished by diamond to a 0.5 mm finish. The
thermal shock behaviors of the composites were investigated by a
water-quenching technique. The specimens were heated to a preset
temperature (200e900 �C) at a rate of 10 �C/min in a resistance
furnace in air and held at this temperature for 30 min, and then the
specimens were subjected to a thermal shock by quenching them
into a water bath from the preset temperatures. The residual flex-
ural strengths of the specimens after quenching were measured by
three-point bending test. The reported critical thermal shock
temperature difference (△Tc) valuewas defined as 70% of the room
temperature strength according to the linear interpolation of the
residual strength values as described in ASTM C1525-04 [19].

3. Results and discussion

Fig. 1 displayed the typical fracture surfaces of SPS-ZCS-R pre-
pared by SPS at 1900 �C for 10 min. It can be clearly seen that
serious degradation of carbon fibers occurred in the composite
during the SPS process. Most of the carbon fibers were transformed
into carbon clusters as shown in Fig. 1a. A small portion of carbon
fibers seemed to survive in the composite while they were also
severely destroyed during the SPS process as indicated in Fig. 1b
and c. ZrC was obviously detected by EDS on the surfaces of the
carbon fibers, as shown in inset of Fig. 1b, indicating that some
reactions occurred between carbon fibers and other compositions
containing zirconium element. According to the results of ther-
modynamic calculation, the change in Gibbs free energy of the
reaction between carbon and ZrB2 was positive at the present
condition, which demonstrated that the carbon fiber should not
react with ZrB2. In general, surface oxidation of commercially
available ZrB2 and SiC powders, especially for nanosized powders,
was inevitable to be hindered during production or reserve, and the
equimolar amounts of ZrO2 and B2O3 impurities could be formed on
the surfaces of ZrB2 powders due to the oxidation of the powders
under ambient conditions [20]. The reaction between carbon and
ZrO2 impurity were thermodynamically favorable at the present
condition, which should be the main reason for the formation of
ZrC phase causing the degradation of carbon fibers. In addition, the
reactions between carbon fibers and B2O3 and SiO2 impurities
existed on the surfaces of the ZrB2 and SiC powders, respectively,
should be also responsible for the serious degradation of carbon
fibers. From the microstructure analysis of ZrB2-SiC-Cf composite
by SPS, it can be concluded that the degradation of carbon fibers
could not be inhibited by reducing the sintering time at high
temperature (1900 �C).

In order to reduce the sintering temperature and achieve an
acceptable level of density, ZrB2-SiC-Cf composite with as-received
carbon fibers was hot pressed at 1600 �C with a holding time of 2 h.
As expected, most of the carbon fibers in HP-ZSC-R preserved their
integrity during the hot pressing process compared with those in
SPS-ZCS-R shown in Fig. 2, although a much longer sintering time
was used to densify HP-ZSC-R. Comparing with the different
microstructure evolutions of carbon fibers in SPS-ZCS-R and HP-
ZSC-R, it can be concluded that the high sintering temperature
was the main factor leading to the degradation of carbon fibers and
reducing the sintering temperature was an effective way to inhibit
fiber degradation. Even so, surface erosion of carbon fibers was
inevitable in HP-ZSC-R (Fig. 2c) because of the reactions between
carbon fibers and other compositions. In order to further under-
stand the surface erosionmechanisms of carbon fibers, the element
distribution near the fiber/matrix interface was investigated by EDS
as exhibited in Fig. 3. It can be clearly seen that the amounts of
oxygen and silicon located at the fiber/matrix interface were
significantly higher than those located in the matrix and carbon
fibers implying a segregation of SiO2 at the fiber/matrix interface.



Fig. 1. Microstructures of SPS-ZCS-R prepared by SPS at 1900 �C for 10 min.

Fig. 2. Microstructures of HP-ZSC-R fabricated by hot pressing at 1600 �C for 1 h.

Fig. 3. EDS patterns of element distribution near the fiber/matrix interface of HP-ZSC-R.
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Similar research had shown that SiO2 liquid phase had the ten-
dency to move towards ZrB2/Cf interface by capillary forces that
attracted the liquid in the areas with voids between fiber and ZrB2
[21]. The segregation of SiO2 at the fiber/matrix interface would



Fig. 4. XRD patterns of as-received carbon fiber, mixed ZrB2-SiC-Cf powders and sin-
tered composite.
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facilitate the reaction between carbon fiber and SiO2, which might
be the main reason for the surface erosion of the carbon fibers in
HP-ZSC-R. It should be noted that almost no carbon fibers pulled
out from the fracture surface of HP-ZSC-R shown in Fig. 2a and b. An
extensive fiber pull-out indicates a relatively weak fiber/matrix
interfacial bonding, while a flat fracture surface indicates a strong
fiber/matrix interfacial bonding [22]. From Fig. 2d, HP-ZSC-R
exhibited a strong fiber/matrix interfacial bonding that even
resulted in the fiber delaminating (Fig. 2e). Therefore, the flat
fracture surface of HP-ZSC-R should be attributed to the strong fi-
ber/matrix interfacial bonding. In addition to chemical reaction
that could lead to a strong fiber/matrix interfacial bonding, physical
bite strength could also increase the fiber pullout-resistance. Fig. 2f
revealed a typical fiber deformation caused by the physical bite
between carbon fiber and ZrB2 grain.

In order to further inhibit the degradation of carbon fibers and
weaken the fiber/matrix interfacial bonding, PyC coated carbon
fibers were used to fabricate ZrB2-SiC-Cf composite by hot pressing
at 1600 �C for 2 h. The XRD patterns of as-received carbon fibers,
mixed ZrB2-SiC-Cf powders and hot-pressed composites were
plotted in Fig. 4. Only ZrB2 and SiC peaks were detected in the
mixed powders, while no carbon peaks were observed indicating
that the adopted carbon fibers might have a poor degree of
graphitization, which was certified by XRD pattern of carbon fiber.
Meanwhile, the disappearance of the diffusion peak of carbon fiber
Fig. 5. SEM image of carbon coated carbon fibers used in
could also be ascribed to similar diffusion angles of carbon fiber and
the (0001) peak of ZrB2. Weak m-ZrO2 peaks were detected in XRD
patterns of SPS-ZSC-R, HP-ZSC-R and HP-ZSC-C that could not be
found in the raw powders, which might be attributed to the crys-
tallization of ZrO2 impurity present on the ZrB2 powders during hot
pressing. In addition, the peak width of ZrB2 in the mixed powders
was clearly larger than that of hot-pressed ZrB2-SiC-Cf composite as
a result of the grain growth during sintering.

The microstructure of PyC coated carbon fibers was shown in
Fig. 5. It can be clearly seen that most of the as-received carbon
fibers were coated by a PyC layer (detected by EDS) with a thickness
of about 5 mm. No obvious structure evolution occurred in the
carbon fibers during the CVD process implying that the process
individually did not caused the degradation of carbon fibers. The
SEM images of the fracture surface for HP-ZSC-C were shown in
Fig. 6. Both the internal and surface structures of the carbon fibers
in HP-ZSC-C were well preserved after sintering indicating that the
degradation of carbon fibers was effectively inhibited with the help
of coating and decreasing sintering temperature. Moreover, HP-
ZSC-C displayed extensive fibers pull-out as compared with HP-
ZSC-R, as shown in Fig. 6a and b, which should be attributed to
both the weak fiber/matrix interfacial bonding and the inhibited
degradation of carbon fibers. Research had shown that the PyC
interfacial layer is a low interfacial shear strength and easy slipping
interfacial layer, a huge amount of interface debonding and cracks
deflection and branching would occur in the interface but the ef-
ficiency of the load transfer through the interfacial layer would
reduce [16], which would weaken the interfacial adhesion between
carbon fibers andmatrix. Theweak fiber/matrix interfacial bonding
provided a relative low interfacial shear stress and the inhibited
degradation of carbon fibers allowed fibers to have sufficient
strength withstanding the interfacial shear stress. It should be
noted that some PyC layers disappeared from the surfaces of the
carbon fibers in HP-ZSC-C after mechanical testing, which should
be ascribed to the fact that the carbon fibers pulled out from the
PyC coatings as shown in Fig. 6d. The thickness of some PyC coat-
ings seemed to be less than 5 mm, which might be attributed to the
compacting force in the PyC layer caused by the applied pressure
during hot pressing.

Fig. 7 showed the images of crack propagation path on the
surface of HP-ZSC-C after SENB test. Some toughening effects
associated with carbon fibers were clearly observed in HP-ZSC-C,
such as crack deflection, crack branching, fibers pull-out and fi-
bers bridging. Firstly, when a propagating crack encountered a
carbon fiber, it would propagate along the fiber/ceramic interface
because the interface had a weaker bonding strength as compared
with carbon fiber, resulting in the crack deflection shown in Fig. 7b.
the present study and the EDS pattern of the coating.



Fig. 6. Microstructures of HP-ZSC-C consolidated by hot pressing at 1600 �C for 2 h.
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On the other hand, the deflection of the main crack was generally
accompanied by the generation of micro-cracks (Fig. 7c), i.e. crack
branching, leading to the energy-dissipation of the main crack. In
addition, fibers pull-out and fibers bridging were also detected on
Fig. 7. Typical crack propagation path on th
the surface of HP-ZSC-C. It is believed that these mechanisms,
especially for crack deflection, can extend the crack path and absorb
crack-propagating energy [23].

The relative densities and mechanical properties of ZrB2-SiC-Cf
e surface of HP-ZSC-C after SENB test.



Table 1
Relative densities and mechanical properties of ZrB2-SiC-Cf composites fabricated by different processes.

Sample Sintering process Relative density (%) Flexural strength (MPa) Fracture toughness (MPa m1/2)

SPS-ZSC-R SPS, 1900 �C, 10 min 98.7 345 ± 54 3.21 ± 0.12
HP-ZSC-R HP, 1600 �C, 120 min 95.8 335 ± 17 4.56 ± 0.13
HP-ZSC-C HP, 1600 �C, 120 min 95.3 317 ± 12 6.16 ± 0.15

Fig. 8. Densification (a) and densification rate (b) versus sintering time curves of HP-ZSC-C.

K. Gui et al. / Journal of Alloys and Compounds 706 (2017) 16e23 21
composites fabricated by different processes were shown in Table 1.
SPS-ZSC-R had a relative density of 98.8% which was higher than
those of HP-ZSC-R and HP-ZSC-C due to the high sintering tem-
perature and the SPS technique which was reported to be an
effective method to enhance the densification of ZrB2-based ce-
ramics [24]. Although the investigated composites had comparable
flexural strengths, HP-ZSC-R and HP-ZSC-C had significantly lower
standard deviation values of the flexural strength as comparedwith
SPS-ZSC-R demonstrating that the inhibition of fibers degradation
in ZrB2-SiC-Cf composites could improve their mechanical property
stabilities. It is noted that HP-ZSC-C with low interfacial adhesion
still possessed comparable flexural strengths as the HP-ZSC-R,
which might be ascribed to inhibited degradation of carbon fibers
in HP-ZSC-C. Due to the serious degradation of carbon fibers in SPS-
ZSC-R, the toughening mechanisms were hindered leading to a low
fracture toughness of the composite (3.21 ± 0.12MPam1/2) which is
comparable to the monolithic ZrB2 [25]. In spite of having the
similar relative densities and flexural strengths, HP-ZSC-C had a
much higher fracture toughness (6.16 ± 0.15 MPa m1/2) than that of
HP-ZSC-R (4.56 ± 0.13 MPa m1/2). The improved fracture toughness
for HP-ZSC-C should be ascribed to the effectively inhibited fibers
degradation and the weak fiber/matrix bonding that allowed the
operation of toughening mechanisms such as fibers pull-out, fibers
bridging, crack branching and crack deflection as discussed above.

In order to investigate the densification behavior of ZrB2-SiC-Cf
composite with PyC coated carbon fibers, the relative density and
densification rate versus sintering time curves of sample HP-ZSC-C
were traced as soon as the applied pressure stabled at 30 MPa
(corresponding temperature 1200 �C), shown in Fig. 8. From Fig. 8a,
it can be seen that the densification of HP-ZSC-C had started at
1200 �C with a densification rate of about 0.5 min�1. In general, the
onset sintering temperature of microsized ZrB2 powders was
observed at ~1700 �C [26], much higher than the present value,
confirming that the nanosized ZrB2 powders significantly reduced
the sintering temperature of ZrB2-SiC-Cf composite. From Fig. 8b,
rapid densification occurred at the temperature range of
1400e1600 �C and amaximum densification rate of 1.78min�1 was
achieved at 1520 �C, while it decreased gradually at the holding
stage until the densification was ceased. The final relative density
achieved 95.3% for HP-ZSC-C which was a considerable value with
the consideration of the low sintering temperature (1600 �C),
which should be attributed to the high sintering activity of the
nanosized ZrB2 powders.

Typical load-displacement curves of three different ZrB2-SiC-Cf

composites during SENB test were given in Fig. 9 to investigate the
fracture behaviors of the composites. As shown in Fig. 9, the curves
of SPS-ZSC-R and HP-ZSC-R displayed linear behaviors up to failure
loads and then the crack rapidly propagated resulting in cata-
strophic failures of the composites. In other words, SPS-ZSC-R and
HP-ZSC-R showed typical brittle fracture modes. Whereas, in case
of HP-ZSC-C, the curve showed a small load drop after the first crack
followed by an increase in load again to the maximum value, and
then the load gradually decreased resulting in the tailed shape of
the load-displacement curve. Namely, HP-ZSC-C exhibited a non-
brittle fracture mode. The noticeable difference in the fracture be-
haviors of these composites should be accounted by the micro-
structure of carbon fibers as well as the fiber/matrix bonding
strength in the composites. The serious degradation or surface
erosion of carbon fibers combined with the strong fiber/matrix
bonding strength were the main reasons for the brittle fractures of
SPS-ZSC-R and HP-ZSC-R. The effectively inhibited degradation of
carbon fibers and relatively weak fiber/matrix bonding strength
offered substantial toughening for HP-ZSC-C and led to the non-
brittle fracture of the composite. In addition, the elastic modulus
of the composite (the slope of the flexural stress-strain curve before
fracture) decreased from SPS-ZSC-R to HP-ZSC-R to HP-ZSC-C, and
the decrease in elastic modulus was believed to be beneficial to
improve the thermal shock resistance of the ZrB2-based ceramics
[27].

The thermal shock behaviors of ZrB2-SiC-Cf composites pre-
pared by different processes were investigated by water-quenching
method, and the residual flexural strengths versus thermal shock
temperature differences for the composites were shown in Fig. 10.
The residual strength of SPS-ZSC-R varied little when the temper-
ature difference was lower than 400 �C while it decreased sharply
to 52% of the initial strength when quenched at 500 �C, resulting in
a critical temperature difference of 463 �C. In contrast, the residual
strength of HP-ZSC-R after thermal shock was statistically equiva-
lent to the original strength as the thermal shock temperature
difference increased up to 600 �C and it decreased gradually with



Fig. 9. Typical load-displacement curves of ZrB2-SiC-Cf composites by different pro-
cesses during SENB test.

Fig. 10. Residual flexural strength versus thermal shock temperature difference for
ZrB2-SiC-Cf composites by different processes.
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the further increased thermal shock temperature difference. The
measured critical thermal shock temperature difference was 660 �C
for HP-ZSC-R, dramatically higher than that of SPS-ZSC-R. In case of
HP-ZSC-C, the residual strength almost kept stable as the thermal
shock temperature difference was increased up to 700 �C and then
gradually decreased as the thermal shock temperature difference
increased. A high thermal shock temperature difference of 773 �C
was achieved for HP-ZSC-C, almost twice those of the reported
ZrB2-based UHTCs. The enhanced thermal shock resistance of HP-
ZSC-C was mainly attributed to the improvement in fracture
toughness and the reduction in flexural strength according to the
fracture criterion [28]:

acr ¼ KIC
2 /(ps2)

where acr is critical crack size, s is the flexural strength and KIC is
the fracture toughness. The fracture of brittle ceramic results from
the propagation of inherent flaws with sizes beyond the critical
crack size leading to the catastrophic failure of the ceramic [28],
which implies that a larger critical crack size results in a higher
damage tolerance. The calculated critical crack size for HP-ZSC-C
was 120.3 mm, much higher than those of SPS-ZSC-R (27.6 mm)
and HP-ZSC-R (59.0 mm), which should be responsible to the high
thermal shock temperature difference of the HP-ZSC-C. The present
study confirmed that the combination of reducing the sintering
temperature using nanosized ZrB2 powders and introduction of
carbon coated carbon fibers was an effective way to inhibit the
degradation of carbon fibers in ZrB2-SiC-Cf composites, which can
significantly improve the thermal shock resistance of such
materials.

4. Conclusions

ZrB2-SiC-Cf composites were fabricated by SPS and HP using
naonsized ZrB2 powders, and the microstructure evolutions of
carbon fibers in the composites were investigated. SPS of ZrB2-SiC-
Cf at high temperature with a short holding time caused a serious
degradation of carbon fibers resulting in a poor fracture toughness
and a brittle fracture mode of the composite. Although the degra-
dation of carbon fibers was well suppressed in ZrB2-SiC-Cf by HP at
low temperature, the surface erosion and the strong fiber/matrix
interface bonding hindered the fibers pull-out leading to a brittle
fracture. The degradation of carbon fibers was effectively inhibited
in HP ZrB2-SiC-Cf owing to the low sintering temperature and the
addition of carbon coated carbon fibers instead of as-received
carbon fibers. As a result, the composite showed a typical non-
brittle fracture mode which should be attributed to toughening
mechanisms such as fibers pull-out, fibers bridging, crack branch-
ing and crack deflection. Furthermore, a high critical thermal shock
temperature difference of 773 �C was achieved for ZrB2-SiC-Cf

composite with carbon coated carbon fibers, almost twice those of
the reported ZrB2-based UHTCs, confirming an excellent thermal
shock resistance of the composite. This study provides great guid-
ance in the preparation of ZrB2-based UHTCs with a combination of
excellent properties.
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