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Abstract: ZrB,-based ceramics typically necessitate high temperature and pressure for sintering, whereas ZrB,-SiC
ceramics can be fabricated at 1500 ‘C using the process of reactive melt infiltration with Si. In comparison to the
conventional preparation method, reactive synthesis allows for the more facile production of ultra-high temperature
ceramics with fine particle size and homogeneous composition. In this work, ZrSi,, B4,C, and C were used as raw
materials to prepare ZrB,-SiC via combination of tape casting and reactive melt infiltration herein referred to as
ZBC ceramics. Control sample of ZrB,-SiC was also prepared using ZrB, and SiC as raw materials through an
identical process designated as ZS ceramics. Microscopic analysis of both ceramic groups revealed smaller and
more uniformly distributed particles of the ZrB, phase in ZBC ceramics compared to the larger particles in ZS
ceramics. Both sets of ceramics underwent cyclic oxidation testing in the air at 1600 ‘C for a cumulative duration
of 5 cycles, each cycle lasting 2 h. Analysis of the oxidation behavior showed that both ZBC ceramics and ZS
ceramics developed a glassy Si0,-ZrO, oxide layer on their surfaces during the oxidation. This layer severed as a
barrier against oxygen. In ZBC ceramics, ZrO, is finely distributed in SiO,, whereas in ZS ceramics, larger ZrO,
particles coexist with glassy SiO,. The surface oxide layer of ZBC ceramics maintains a dense structure because the
well-dispersed ZrO, increases the viscosity of glassy SiO,, preventing its crystallization during the cooling.
Conversely, some SiO, in the oxide layer of ZS ceramics may crystallize and form a eutectic with ZrO,, leading to
the formation of ZrSiO,. This leads to cracking of the oxide layer due to differences in thermal expansion
coefficients, weakening its barrier effect. An analysis of the oxidation resistance shows that ZBC ceramics exhibit
less increase in oxide layer thickness and mass compared to ZS ceramics, suggesting superior oxidation resistance
of ZBC ceramics.
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In recent years, hypersonic vehicles have become a
key area of development in the aerospace sector of many
countries due to the rapid advancement of aerospace
technology and the urgent need to integrate air and
spacel' !, Certain vehicle segments, such as wing leading
edges and nose cones, rub heavily against the atmosphere

during long hypersonic cruises, trans-atmospheric flights,
and atmospheric re-entries, generating extremely high
temperatures?®>. Therefore, thermal protection materials
for hypersonic vehicles must be physiochemically stable
under high temperatures and oxidizing conditions for
extended periods of time!®™®.
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Current high-temperature structural materials comprise
refractory metals, C/C composites, C¢/SiC composites,
and ultra-high temperature ceramics'”. Refractory metals
such as tungsten (W) and rhenium (Re) were the first
high-temperature resistant materials which had been
studied and applied, but these materials have poor
oxidation resistance and low specific strength and
specific modulus!'”. In inert atmosphere, C/C composites
can withstand temperatures above 3000 ‘C. However,
they are difficult to be used in oxidizing conditions above
500 ‘C due to their poor oxidation resistance’®'"'?. In
comparison to C¢/C composite materials, C¢/SiC composite
materials have a significantly improved resistance to
oxidation. However, they are also prone to rapid
oxidation at temperatures above 1600 C!"¥. Ultra-high
temperature ceramics (UHTCs) are a class of materials
with melting points above 3000 °C, mainly composed of
transition metal carbides and borides (ZrC, ZrB,, HfC,
HfB,, etc). The characteristics of high strength, high
hardness and high melting points, making them ideal for
use in extreme aerospace environments!>* %I,

Z1B; is considered to be a promising structural material
for long-term use in extreme thermal environments due
to its low theoretical density (6.09 g'cm™) and high
thermal conductivity (65-135 W-m "“K'') among ultra-
high temperature ceramics!'> 18], ZrB,-SiC ceramics,
which are produced by the introduction of SiC into ZrB,
ceramics, have

excellent oxidation resistance at

temperatures below 1500 C!*2%

. Due to their strong
covalent bonding and low self-diffusion coefficient, ZrB,-
based
high-pressure sintering to form dense stacks*'**!. Zhao
et al®¥ sintered ZrB,-20%(in vol)SiC by spark plasma
sintering (SPS) at 1400, 1600 and 1800 C to produce
ceramics with different porosities, and these ceramics
were tested for high temperature oxidation. The ceramics
sintered at 1800 °C exhibited the best oxidation
resistance, with the smallest change in the thickness of

the Zr0O,-SiO, oxide layer. To lower the sintering
A

ceramics  require  high-temperature  and

temperature of ZrB, ceramics, Silvestroni et a
utilized ZrSi,, MoSi,, TaSi,, and WSi, as sintering aids,
to obtain four kinds of ZrB, ceramics by hot press
sintering respectively. The impact of these four sintering
aids on the oxidation resistance of ZrB, ceramics was
then investigated, and the results showed that MoSi,
could significantly improve the oxidation resistance of
ZrB, ceramics. The reason is that Mo increases the
viscosity of glassy SiO,, which leads to the inhibition of
columnar ZrO, formation. Reactive melt infiltration can
densify ceramics at lower temperatures compared to
sintering aids, and without the need for pressure.

D'amico eral® produced ZrB,-SiC ceramics by
reactive melt infiltration of Si at 1500 C under vacuum
and studied the oxidation resistance of the ceramics
oxidized at 1500 ‘C for 48 h. The results showed that
the oxidation rate of ZrB,-SiC ceramics prepared by
reactive melt infiltration was slower than that of ceramics
prepared by other methods.
conventional preparation method, it is easier to obtain
ultra-high temperature ceramics with fine particle size
and homogeneous composition by reactive preparation.
Lee et al®” used ZrSi,-B,C-C as a sintering aid to
prepare ZrB,-SiC ceramics through reactive spark
plasma sintering (R-SPS) at 1450 “C. The sizes of ZrB,
and SiC grains ranged from 80 to 350 nm with a uniform
distribution of phases, due to the molecular homogeneity
of ZrSi, and the homogeneous mixing of raw material
powders. However, the impact of phase dimensions on
oxidation resistance in multiphase UHTCs is unclear.
Therefore, further studies are necessary to investigate the

Compared with the

differences in oxidation behaviors of ceramics with
smaller grain sizes prepared by the reaction compared to
ceramics prepared directly using powders of UHTCs.

In this work, ZrB,-SiC ceramics were produced by
tape casting combined with reactive melt infiltration. The
formation of ZrB, and SiC phases involves the reaction
between ZrSi,, B4C, and C, as shown in the following
formula:

27rSi, + B,C +3C = 2ZrB, +4SiC (1)

Then, the ZrB,-SiC ceramics were further densified by
reactive melt infiltration of Si. Meanwhile, as a control
group, ZrB,-SiC ceramics were prepared using ZrB, and
SiC powders as raw materials by the same process as
described above. The microscopic morphology and
compositional distribution of the ceramics were firstly
analyzed. Subsequently, the oxidation behavior of the
ceramics was revealed by analyzing the evolution of the
phase composition and microstructure during oxidation
in air at 1600 ‘C. The differences between oxidation
behaviors of the two ceramics were also discussed.

1 Experimental

1.1 Materialsand ceramics preparation

Z1B,-SiC ceramics were produced by combining tape
casting with reactive melt infiltration of Si, as
schematically shown in Fig. 1.

ZrSi, (99.5%, <1 um, Forsman, Beijing), B,C (99.9%,
2—4 pm, Aladdin, Shanghai), carbon black (99.5%,
30 nm, Aladdin, Shanghai), ZrB, (99.5%, <1 um,
Shuitian, Shanghai) and SiC (99%, 0.5-0.7 um, Aladdin,
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Shanghai) were used as raw materials. The first step was
to prepare slurry, ie. ZrSi,, B4C and carbon black
powders were added into a polyethylene jar at molar
ratio of 2 : 1 : 3 (shown in Table 1), using ethanol,
phenolic resin and polyvinyl butyral (PVB) as a solvent,
binder, and pore-making agent, respectively. The mixture
was ball milled for 12 h. The slurry was degassed under
vacuum after ball milling. Subsequently, it was used for
tape casting with the blade height set at 300 um and the
casting rate set at 100 mm/min. After tape casting, the
film was air-dried at room temperature for 12 h. The
dried film was cut into 60 mm x 60 mm sheets and then
the sheets were laminated into a block about 4 mm thick.
The block was heated to 700 ‘C and held for 1 h in
flowing argon atmosphere for debinding, and then heated
to 1500 ‘C and held for 1 h to produce ZrB, and SiC in
the porous preforms via reaction formula (1). Finally, the
porous preforms were held in vacuum at 1500 ‘C for
30 min for reaction melt infiltration, and the ceramics
(referred to as ZBC ceramics) were prepared by the
reaction of molten Si with pyrolysis carbon (from
phenolic resin) to produce SiC. In this experiment,
ceramics (referred to as ZS ceramics) were prepared
using ZrB, and SiC powders at a molar ratio of 1 : 2 as
raw materials, following the above steps.
1.2 Cyclic oxidation tests

The prepared ceramics were cut into samples with
dimensions of 5 mmx5 mmx3 mm and then placed into a
muffle furnace for high temperature oxidation. The
temperature was increased to 1600 ‘C at rate of 5 ‘C/min
and held for 2 h. After natural cooling, the samples were
removed and weighed. After recording the mass of each
sample, the samples were returned to the muffle furnace
and the above steps were repeated, and the oxidation

L g Slurry F &
=1

Reactive melt
infiltration

Tape casting Laminating Debinding and

heat treatment

Fig. 1 Flow chart for the processing of ceramics
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Tablel Raw materialsand their molar ratios
for ceramics preparation

ZBC ZS
Raw materials ZrSi, B4C C ZrB, SiC
Molar ratio 2 1 3 1 2

cycle was repeated 5 times for total of 10 h. The mass
change per unit surface area (AW) was calculated by the
following formula:

my — ny

So

AW = ()
1.3 Characterization

The weight of the samples before and after the
oxidation tests was recorded using analytical balance
with accuracy of 0.01 mg. The average of 5 or more
samples was calculated at each time. Phase compositions of
the samples were characterized by X-ray diffraction
(XRD, Ultima, IV, Rigaku Corporation, Kyoto, Japan,
and D8 DISCOVER, Bruck, Germany) using Cu K,
radiation. The surface and cross-section microstructures of
the samples were characterized by field emission
scanning electron microscope (SEM, Magellan 400, FEI,
USA), and the chemical compositions of the samples
were characterized by equipped X-ray energy
spectrometer (EDS, PN-5502, INCA ENGERY, UK).
Some of the samples need to be metallurgically polished
before characterization.

2 Resultsand analysis

2.1 Microstructure of ceramics

Fig. 2(a, b) show the XRD patterns and cross-
sectional morphology of ZBC porous preforms after
heat-treatment. As shown in Fig. 2(a), heat treatment of
ZBC porous preforms can produce ZrB, and SiC. Fig. 2(b)
shows that, besides ZrB, and SiC, the porous preforms
contain pyrolysis carbon derived from phenolic resin,
and these pyrolysis carbon would be used as carbon
source to react with Si to form SiC in the reaction melt

C = Z1B.
© SiC’
T - Si
. ZBC

— ‘Jw - J‘ ;x_;J_JM '_LJHLT: javd

Intensity / (a.u.)

ZS
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Fig. 2 Microstructure and morphology of ZBC samples
(a) XRD patterns of ZBC porous preforms before and after heat treatment; (b) Cross-sectional morphology of
ZBC porous preforms after heat treatment; (c) XRD patterns of ceramics after reactive melt infiltration
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infiltration process. Fig. 2(c) displays the XRD patterns
of two ceramics ZBC and ZS. Both ceramics possess the
same phases: ZrB,, SiC and Si. Compared to Fig. 2(a),
there is a significant increase in the intensity of the SiC
peaks after reaction melt infiltration. This suggests that
Si react with carbon to form SiC in the porous preforms
during the reaction melt infiltration process. XRD
patterns show Si peaks due to the presence of Si residue
left by the reactive melt infiltration process.

Fig. 3 displays the surface and cross-sectional
of the ZBC 3(a-c)
demonstrate that the surfaces of the ceramics have

morphologies ceramics. Fig.

uniform compositional distribution and dense structure.

Fig. 3(d-f) show that the cross-sections of the ceramics
are still dense with no apparent delamination, indicating
that the interlayer bonding of the ceramics is tight. Fig. 4
displays the surface and cross-sectional SEM morphologies
of the ZS ceramics. It is seen that the morphology of ZS
ceramics is similar to that of ZBC ceramics. But the
particle size of ZrB, in ZS ceramics is larger than that in
ZBC ceramics, indicating that the ZrB, produced through
the reaction has a smaller particle size. Additionally, both
Fig. 3 and Fig. 4 indicate that the ceramics mainly contain
three phases. According to the EDS results, it can be
inferred that the bright white region, gray region and black
region are ZrB, (Spot 1, Spot 4), Si (Spot 2, Spot 5),

EDS/%(in atom)
Element Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6
Zr 40.81 - - 40.80 - -
B 59.19 - - 59.20 - -
Si - 86.33 47.22 - 86.58 4791
C - 13.67 52.78 - 13.42 52.09

Fig. 3 Morphologies and corresponding EDS analyses of ZBC ceramics
(a-c) Surface; (d-f) Cross section

EDS/%(in atom)
Element Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6
Zr 40.15 - - 40.49 - -
B 59.85 - - 59.51 - -
Si - 87.96 44.58 - 89.93 45.07
C - 12.04 55.42 - 10.07 54.93

Fig. 4 Morphologies and corresponding EDS analyses of ZS ceramics
(a-c) Surface; (d-f) Cross section
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SiC (Spot 3, Spot 6), respectively. This is consistent with
the XRD patterns in Fig. 2(c).

2.2 Cyclic oxidation behavior of ceramics

by the reaction of ZrO, with SiO,. The oxidation process
involves the following reactions:

_Mye . Si(l) +0,(g) = Si0, (1) (3)
Fig. 5 displays the XRD patterns of the ceramics after ' )
oxidation at 1600 ‘C in the air. Fig. 5 shows the 281C(s) +30,(g) = 2810, () +2CO(g) 4)
intensity of the ZrSiO, peaks in ZS ceramics is more 271B, (s) +50,(g) = 2Zr0, (s) + 2B, 0, (g) (5)
pronounced compared to ZBC ceramics. According to Sio o Si0
the binary phase diagram in Fig. 6!, ZrSiO, is formed 10,(8)+ 210, (s) = Z1Si0,4(5) (6)
m ZiB, 4 SiC  #Si ®) = 7B, 4 SiC # Si
a Si0, & ZrSiO, 7 a Si0, # ZSiO,
VA . s
s T e, na 5 | 2 l 2 TIA T e me gt
s [ 2 0l rerte | & S
§ § 2h “ 2a R 23
= =
A s W on IJ L . W
R 10h
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
20/ (%) 20/(°)
Fig. 5 XRD patterns of ceramics oxidized at 1600 °C in the air for different periods
(a) ZBC; (b) ZS
5800 o, (cl“b')JrLiq“id EDS results, it can be inferred that the oxidation zone
contains a significant quantity of ZrSiO, (Spot 1, Spot 5,
and Spot 9). The transition zone contains precrystallization
24004 e o Liquid products with a dendritic structure. As revealed by EDS
¢ “w sow analysis, this structure is formed by the combination of
¢ Zr0O, and SiO, at molar ratio less than 1 : 1 (Spot 6). The
2000:: slightly oxidized zone is uniform with no cracks, and the
¢ 210, (tetra.) + Liquid EDS results indicate that this phase is SiO, with traces of
¢ . 710, solidly dissolved (Spot 3). Fig. 7(d-f) displays the
1673 C —>1600 ’ vy Zs0, +Cristol:alite sur'facé morphologies' of' thé ' ZBC ceramics after
(tetra.) oxidation for 6 h, which is similar to the morphology
+Z1Si0, after oxidation for 2 h. The difference lies in the fact that
o . o .
£ 12001 26810, + Tridymite th.e slightly ox1dlzed. zone is .no .long.er h.omoge.neous
§ ZrO, with a few cracks. With the oxidation time increasing to
i i‘;"gf’g 10 h, the morphology of the slightly oxidized zone is
IS1U, . ..
E 800 - gradually approaching the transition zone, and many
ZrSiO, + f-Quartz cracks appear (Fig. 7(g-1)).
: Based on the surface morphology evolution of the
400 . . ZiSi04+ a-Quartz ZBC ceramics after oxidation for different time, it can be
0 20 ) 40 ) 60 80 100 inferred that the ZBC ceramics undergo three stages
Si0, /%(in mass)

Fig. 6 ZrO,-SiO, binary phase diagram™

Fig. 7 shows the surface morphology of ZBC ceramics
after oxidation at 1600 °C in the air. Fig. 7(a-c) displays
the surface morphologies of the ZBC ceramics after
oxidation for 2 h. The surface of ZBC ceramics after
oxidation displays three distinct zones: oxidation zone,
transition zone, and slightly oxidized zone. According to

during the oxidation process. During the first stage, SiC,
Si, and ZrB, undergo oxidation to form SiO, and ZrO,.
As shown in Fig. 3, ZrB, particles are uniformly
distribute between SiC and Si, resulting in a diffuse
distribution of ZrO, between SiO,. This leads to the
formation of a SiO,-ZrO, glassy oxide layer. During
cooling, the edge region undergoes more severe oxidation,
leading to a higher ZrO, content precipitating out of SiO,.
Si0O, loses ZrO, and begins to crystallize, and forms a
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eutectic with ZrO,, leading to the formation of ZrSiO,.
This leads to cracking in the edge region due to the
mismatch of the coefficients of thermal expansion. In the
central region, SiO, remains in glassy state due to the
high viscosity of the SiO,-ZrO, oxide layer. During the
second stage, as the number of cyclic oxidations
increases, a small amount of ZrO, in the central region of
the oxide layer migrates and enriches during the cooling
process, eventually precipitating crystals in the region of
higher concentration. At the same time, the loss of ZrO,
causes crystallization of SiO,. During the third stage, the
number of cyclic oxidations continues to increase,
causing a significant migration of ZrO, during the
cooling process. Simultaneously, a considerable amount
of SiO, begins to crystallize and forms a eutectic with
Z10,, leading to the formation of ZrSiO,, and ultimately
resulting in cracks in the center region of the oxide layer.

Fig. 8 shows the surface morphology of ZS ceramics
after oxidation at 1600 °C in the air. It indicates that the
oxidation surface of ZS ceramics differs from that of
ZBC ceramics. The surface of ZS ceramics exhibits
numerous ZrSiO, particles. As the oxidation time
increasing, cracks in the surface of ZS ceramics gradually
widen and bubbles appear. Based on the results presented
in Fig. 4, it is evident that the ZrB, particle size in ZS
ceramics is large. As a result, the diffusion of ZrO,
generated after oxidation in SiO, is difficult. Consequently,

J/Slightly™ >
, oxidized

Transition zone zone

Slightly oxidized zone 100 pm

a high viscosity SiO,-ZrO, glassy oxide layer is not
formed, leading to a significant amount of SiO,
crystallization during the cooling stage. Ultimately, it
forms a eutectic mixture with ZrO,, resulting in the
creation of ZrSiO4. This result is also consistent with the
XRD pattern of Fig. 5(b).

Fig. 9 shows the cross-sectional morphologies of ZBC
and ZS ceramics oxidized in the air at 1600 C. With the
duration of oxidation, all ceramics show an increase of
thickness of the oxide layer on the surface. Moreover, the
thickening of the oxide layer oxidized from 2 h to 6 h is
larger than that oxidized from 6 h to 10 h. After oxidation
for 10 h, the oxide layer of the edge zone in ZBC
ceramics (Fig. 9(c)) mainly contains three phases. Based
on the EDS results, it can be inferred that the bright
white region, gray region and black region are ZrSiO,
(Spot 1), 9Si0,-ZrO, (Spot 2) and SiO, (Spot 3),
respectively. The cross-sectional morphology of this zone
corresponds to the oxidation and transition zone on the
surface of ZBC ceramics in Fig. 7 due to the presence of
obvious cracks in the oxide layer. Fig. 9(d-f) display the
cross-sectional morphologies of the central zone of ZBC
ceramics. The thickness of the oxide layer in the central
zone is slightly thinner than that of the edge zone. After
oxidation for 2 and 6 h, the oxide layer in the central
zone still maintains dense and homogeneous morphology.
After oxidation for 10 h, the oxide layer begins to

(©), o"spbt 4

7
’

o .
' Spot2 ,/ Spot

EDS/%(in atom)

Element Spot1 Spot2 Spot3 Spot4

Spot5 Spot6 Spot7 Spot8

Spot 9 Spot 10 Spot 11

Zr 1642 372 142 - 1620  8.88  3.29 - 13.59  3.30 -
Si 1694 28.62 3141 33.02 17.17 2352 28.84 66.68 19.79 28.75 33.40
0) 66.64 67.66 67.17 6698 66.63 67.60 67.87 3332 66.62 6795 66.60

Fig. 7

Surface morphologies of ZBC ceramics oxidized at 1600 ‘C for different periods

(a-c) 2 h; (d-f) 6 h; (g-i) 10 h
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EDS/%(in atom)
Element Spotl Spot2 Spot3  Spot4 SpotS Spot6 Spot7 Spot8  Spot9
Zr 15.95 0.97 - 16.26 0.94 - 17.17 1.91 -
Si 17.41 30.53 33.32 17.10 31.00 32.66 16.18 30.29 33.32
O 66.64 68.50 66.68 66.64 68.06 67.34 66.65 67.80 66.68

Fig. 8 Surface morphologies of ZS ceramics oxidized at 1600 “C for different periods
(a-c) 2 h; (d-f) 6 h; (g-i) 10 h

ZBC

Edge zone Central zone YA

Oxidation zone

EDS/%(in atom)
Element Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6 Spot 7
Zr 15.03 3.49 - 33.63 16.50 2.57 -
Si 18.33 28.68 34.21 - 16.86 30.02 33.50
(0} 66.64 67.83 65.79 66.37 66.64 67.41 66.50

Fig. 9 Cross-sectional SEM morphologies of ceramics oxidized at 1600 C for different periods
(a,d,g) 2h;(b,e,h) 6 h; (c,f,i) 10h
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crystallize and a minor number of cracks appears.
Therefore, the cross-sectional morphology of this zone
corresponds to the slightly oxidized zone on the surface
of ZBC ceramics in Fig. 7. Fig. 9(g-i) show the
cross-sectional morphologies of ZS ceramics. Thickness
of the oxide layer of ZS ceramics is greater than that of
ZBC ceramics. According to the EDS results, the oxide
layer mainly contains four phases: ZrO, (Spot 4), ZrSiOy4
(Spot 5), 10Si0,-ZrO, (Spot 6), and SiO, (Spot 7)
correspond to bright white region, white region, gray
region, and black region, respectively. After oxidation for
2 h, SiO, crystallizes in the oxide layer and a limited
number of cracks appears. As oxidation time increasing,
the thickness of the oxide layer also increases, and the
cracks gradually expand. The cross-sectional SEM
morphology of ZS ceramics is consistent with the results
shown in Fig. 8.

The oxidation resistance can be evaluated quantitatively
by analyzing the thickness of the oxide layer and the
mass change during the oxidation process. Fig. 10
displays the thickness change of the oxide layer during
the oxidation of ZBC and ZS ceramics. The thickness of
the oxide layer increases rapidly in the first 6 h oxidation
and then increases slowly in the following 4 h oxidation,
exhibiting good oxidation resistance of the oxide layers
of both ceramics. Furthermore, the thickness of the oxide
layer of ZBC ceramics is thinner than that of ZS
ceramics, which indicates that the former shows better
oxidation resistance than the latter.

The mass change curves of two ceramics ZBC and ZS
during the oxidation process are shown in Fig. 11. It
shows that both ceramics gain weight more quickly in the
first 6 h oxidation and slowly in the last 4 h oxidation.
Additionally, the weight gain of ZS ceramics is higher
than that of ZBC ceramics, which is consistent with the
thickness variation of the oxide layer in Fig. 10. The
experimental results indicate that the oxidation resistance
of ZBC ceramics at 1600 C is better than that of ZS
ceramics. It can be concluded that the reaction of ZrSi,,

= ZBC

40 - mmm 7S 33.775

30.64
29.125

£ 30} 28.75
] 19.76
_g 20 17.07
=

10 -

0 2 6 10

Oxidation time / h

Fig. 10 Thickness of the oxide layer of ceramics oxidized at
1600 C for different periods

%39 %

—e— 7S

~8 [ —= zBC

)

g

o

a0 L

56

°

24

S

So |

o

B

O 1 1 1 1 1

0 2 4 6 8 10

Oxidation time / h

Fig. 11 Weight change curves of ZBC and ZS ceramics
oxidized at 1600 C for different periods

B4C, and C results in the preparation of ZrB,-SiC ceramics
with fine particle size and homogeneous compositions,
so that the ceramics exhibit superior high-temperature
oxidation resistance.

3 Conclusions

ZBC ceramics and ZS ceramics were produced via
tape casting combined with reactive melt infiltration.
ZBC ceramics were prepared by the reaction between
ZrSip, B4,C and C, while ZS ceramics were prepared
directly using ZrB, and SiC powders. The cyclic
oxidation performance of two ceramics was evaluated at
1600 C. Following are some main conclusions:

Due to the small particle size of ZrB, in ZBC ceramics,
the Si0,-ZrO, oxide layer generated in the oxidation
exhibits high viscosity. During the first three cycles of
oxidation tests, the center region of the oxide layer
remains the glassy state due to the high viscosity of the
oxides. As a result, SiO, does not crystallize during the
temperature reduction process. The edge region
experiences severe oxidation, causing ZrO, to precipitate
from the glassy SiO, due to the high content during the
cooling process. As a result, SiO, loses ZrO,, begins to
crystallize and forms a eutectic with ZrO,, leading to the
formation of ZrSiO,4. This ultimately leads to cracking in
the edge region due to the mismatch of the coefficients of
thermal expansion. During the latter two cycles of the
oxidation test, ZrO, migrates and enriches in the center
region, causing SiO, to crystallize and have a eutectic
with ZrO,, resulting in the formation of ZrSiO4. This
ultimately leads to the development of cracks due to the
difference in coefficients of thermal expansion. While for
ZS ceramics, due to ZrB, particle size is large, after the
first cycle oxidation test, the SiO, on the surface of the
entire oxide layer begins to crystallize and eutectic react
with ZrO, to produce ZrSiOy, and finally produce many
cracks due to the different coefficients of thermal
expansion. It can be observed that the structure of the
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ZBC ceramics is more stable exhibiting better oxidation
resistance.

The oxidation rate of the ceramics is faster in the first

3 cyclic oxidation tests and becomes slower in the last 2
cyclic oxidation tests. The SiO,-ZrO, oxide layer has
demonstrated good resistance to oxidation. The thickness
and mass increase of the oxide layer in ZBC ceramics are
lower than that of ZS ceramics. Therefore, it can be

concluded that the resistance to oxidation of ZBC

ceramics, which are made from the reaction of ZrSi,,
B,C, and C, is superior.
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MIERBE SR NIBEH & ZrB,-SIC A&
REMANEHMSSHITAHAR

\ 1,2 1,2 1,2 v e 1,20 3 1,2
= , BRANR S, e T, KRAF T, WEeAE
RiE " BEL, #4490
(1. PEHZR LASREFAN, SRLEHAEFERZEREMBARETEEHZE, L& 200050;2. FEAFRK
F Mt RE AR P, BF 100049)

W E: ZiB, BRI A S R R AR N A Rk g EE, MR RS Si M7 AT AE 1500 CHil4F ZiB,-SiC
BUR VRS . MBCT W RURI ATk, SRS #5285 3R A SR Al . R 38 5] 1 il M A . AR ST A ZrSips B4C
1 C AR, I AE B S SIS % ZeB,-SiC MR (FEIFR ZBC M%), BLAk, IELL ZiB, A1 SiC A5k, it
HIFR T 2% 17— ZrB,-SiC M (IR ZS Mg 1 ke LR it o of 1 4 B e PR AWOW T SR30E AT RAE, BRI ZBC P %
wh ZeB, AHINRURL RS 80/ BRSO R FER ZE b, 0 ZS B ZiB, AH IRTKL RN B3R o 7E 1600 °C 725 SUFREE 3 P 20
Wi B HEA TG PR IR, SRR 5 IR, BRIR 2 ho TR E AU AT N, KL ZBC &S ZS M e St #
RMIBLTERIBIED Si0,-Zr0, EALZ, RBIHBRETMER . ARMIET ZBC B#d Zr0, IREUM i TE Si0, 1, 1
ZS P KT Zr0, SEIHAS Si0, Fe47 . FERRIRIAR P, SREUM T 1 ZrO, RENEAR TR BLENAS Si0, M, HiklH
Zhdh, FiLL ZBC MR RAR I AL RERS PR IFECE IS5 H; T ZS MR EALZ T Si0, KEL I IFS ZrO, il N
ZrSiO,, HI TR R BUEALETF R, (I BERR S ME R ORI ES . 2 i I e i fe, %30 ZBC B Re it Ak
J2 B AR RN N T ZS W, R ZBC MR ERR T ZS P& .

* @ i BEEME; ZBy-SiC; BT R, RNEE
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