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Joining technique of ultra-high temperature ceramics is of great importance for their applications. In this
work, ZrB2-20 vol% SiC composites were joined with Ni powders as brazed ﬁllers by spark plasma sintering (SPS) and hot pressing (HP) at 1200 οC. Joining mechanisms and microstructure evaluation of the
joints were discussed. In addition, a quartz lamp thermal shock testing platform was established, based
on which thermal shock tests (20, 30, 40 and 50 cycles) with a rapid heating rate of 50 οC/s were conducted to investigate cyclic thermal shock resistance of the ceramics joints. Results showed that the
joints were composed of the residual Ni layer, transition layer and initial ceramics layer. The average
grains size of ZrB2 in the joints using SPS was lower than that in the joints using HP. The microstructures
analysis indicated that joining using SPS could obviously improve the diffusion ability of different elements. Experimental results showed that cracks were prone to occur near the residual Ni layer and the
interface between transition layer and initial ceramic layer, due to the joining defects and high thermal
mismatching stress. Compared with the joints using HP, joints using SPS had better cyclic thermal shock
resistance.
© 2019 Elsevier B.V. All rights reserved.
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1. Introduction
With the improvement in speed of hypersonic vehicles, the
surface temperatures on slender fuselage noses and sharp wing
leading edges may exceed 2000  C, which brings a severe challenge
to the thermal protection systems [1e3]. In recent years, the ultrahigh temperature ceramics (UHTCs) are increasingly valued in the
ﬁelds of thermal protection systems. Among the UHTCs, the ZrB2based ceramic possesses a lot of excellent characters, such as high
melting points, great oxidation resistance, excellent mechanical
properties and chemical stability [4e6]. Unfortunately, the production and manufacturing of the large-size and complex-shape
ZrB2 components are difﬁcult, which limit their applications [7].
Therefore, the effective joining technique of the ZrB2 or ZrB2-based
ceramics is of great importance for their applications.
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In the ﬁelds of joining ceramics, the active brazing is one of most
effective joining technologies. A series of experimental studies of
ceramics joining based on active brazing have been carried out in
recent years [8e16]. Different brazed ﬁllers, such as pure metal (Ni,
Ti, Pd) [10e12], metal compound [13,14], multilayer metal [15,16]
and others, are adopted to investigate joints' performance. Since
the coefﬁcients of thermal expansion (CTE) of pure Ni and ZrB2
based ceramics are quite close, low thermal mismatch stress will
generated in the ceramic joints when using Ni as the brazed ﬁller.
Therefore, pure Ni is one of the most promising brazed ﬁllers used
in ceramic joining [10e12]. In addition, the hot pressing (HP) and
spark plasma sintering (SPS) methods are two major methods of
preparing UHTCs. The HP method is widely used in current available ceramics joining, as the major active brazing method [8e16].
However, to our best knowledge, few researches of ceramics joining
using SPS method are conducted to evaluate its thermodynamic
properties. Compared with the HP method, the SPS method possesses lots of advantages, such as reducing the sintering temperature, shortening the sintering time and so on [17,18]. Therefore, it is
necessary to investigate the joints' performance based on SPS
method.
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The UHTCs used in hypersonic vehicles will service in an
extreme thermal environment, such as high temperature (exceeds
2000  C), and rapid heating and cooling [19]. Due to their inherent
brittleness, the UHTCs are susceptible to fracture caused by thermal
shock stress [20]. Therefore, demanding requirements for thermal
shock resistance of UHTCs are put forward in their service conditions. Unfortunately, the UHTCs joints will be a vulnerable position
to thermal shock damage when facing the same service environment as the UHTCs. Recently, several works have been done to
investigate and improve the thermal shock resistance of UHTCs
[21e32]. Most of these works focus on the factors affecting thermal
shock resistance of ZrB2 based ceramics, including heat transfer
coefﬁcient [22,23], cooling rate [24], geometric shape and sample
size [30,31], etc. However, few works focused on the thermal shock
resistance of the UHTCs joints were reported. Therefore, it is
necessary to investigate the thermal shock resistance of the ceramics joints in their service environments.
In this work, ZrB2-20 vol% SiC (ZS) composites were joined using
SPS and HP methods with nano-sized Ni particles. In addition, a
quartz lamp thermal shock testing platform was established to test
the cyclic thermal shock resistance of the ZrB2 based ceramics
joints. Finally, joining mechanisms and thermal shock damage of
the ceramics joints using SPS and HP methods were compared and
discussed in detail.

Fig. 1. Temperature curve s in the different joining processes of ZS/Ni/ZS samples.

2. Materials preparation and experimental procedures
2.1. Materials preparation
Nano-sized ZrB2 powders (500 nm, purity>98%, Beijing Forsman
Scientiﬁc Co. Ltd., China) and SiC powders (40 nm, purity>99%,
Nanjing Emperor Nano Material Co. Ltd., China) are used as the raw
materials. In the sintering process, the temperature and pressure
were set as 1700  C and 40 MPa, respectively. The other parameters
refer to the previous work [1,3]. The relative density of the samples
was about 92.6%.
Before the joining ceramics, the surfaces of the samples were
polished by diamond grinding discs up to 1200-grit. Then, the
samples were ultrasonically cleaned in ethanol for 10 min. Nanosized Ni powders (500 nm, purity>99%, Nanjing Emperor Nano
Material Co. Ltd., China) were selected as brazing ﬁllers (140 mg for
each joint). SPS and HP methods were adopted to join the ZS/Ni/ZS
specimen at 1200  C for 30 min with a pressure of 10 MPa,
respectively. During the SPS joining process, a heating rate of 25  C/
min was employed to reach 1200  C, and a cooling rate of 25  C/min
employed to reach room temperature as shown in Fig. 1 (plotted by
solid line). During the HP joining process, the same heating rate of
25  C/min was employed to reach 1200  C with a hot pressing
apparatus (ZT-40-21Y, Shanghai Chen Hua technology Co. Ltd.,
China), and then cooled as furnace to room temperature, as shown
in Fig. 1 (plotted by dotted line).
When the ZS/Ni/ZS samples were prepared, the samples were
cut into bricks (5  5  8 mm3) by diamond wire cutting machine.
The microstructures of samples' surfaces were characterized by
scanning electron microscopy (SEM, FEI Quanta 400) and selfcontained complete energy dispersive spectrometer (EDS). The
phase of ceramics joints were analyzed by XRD (X-ray diffractometer, Bruker AXS Inc., Germany) using Cu Ka radiation.

Fig. 2. Quartz lamp thermal shock testing platform.

open thermal environment for materials. This platform provides
good conditions to simulate hypersonic ﬂying environment, in
which the heating and cooling rates are all sufﬁciently high to
represent a more realistic environment of hypersonic vehicles. In
addition, a careful designed control part was included with the
ability of limiting the controlling error of constant stage no more
than 1  C and intense dynamic stage no more than 5  C. Therefore,
this testing platform can meet the requirements of thermal shock
test of ZS/Ni/ZS joints.
The cyclic thermal shock tests (20, 30, 40, 50 cycles) of ZS/Ni/ZS
joints using SPS and HP methods were carried out by the quartz
lamp thermal shock testing platform, as show in Fig. 3. In each
thermal shock cycle, the samples were exposed to the radiation
heating region of the quartz lamp. The temperature of sample
surface grow to 1000  C in 20 s, then kept at 1000  C for 5 min, and
ﬁnally cooled naturally to 200  C. Moreover, the thermoelectric
couple were stuck on the samples' surface to monitor and control
temperature. The procedures of rapid heating and natural cooling
perfectly reproduced the situation of actual service environments.
3. Results and discussion

2.2. Cyclic thermal shock tests
3.1. Microstructure evolution and joining mechanism
A quartz lamp thermal shock testing platform with powerful
heating ability was established, which can achieve heating rate up
to 150 οC/s and holding at 1500  C more than 500 s, as shown in
Fig. 2. The quartz-based lamps can provide radiant heating and

The microstructures of the ZS/Ni/ZS joints using different HP
and SPS methods were illustrated in Fig. 4.2 Fig. 4(a) and (c) indicated that the two ceramic substrates were well bonded using SPS

P. Li et al. / Journal of Alloys and Compounds 793 (2019) 49e55

51

Fig. 3. Cyclic thermal shock test: (a) quartz lamp thermal shock testing platform; (b) and (c) the temperature curves in 20 cycles and their partial enlargement.

Fig. 4. The microstructures of joints: (a) and (b) joining using SPS method; (c) and (d) joining using HP method.

and HP methods. It could be found that the microstructures of the
two joints using two joining methods were almost similar. The ZS/
Ni/ZS joints can be divided into two regions, i.e. transition layer and
initial ceramics layer, as shown in Fig. 4(a) and (c). It was clearly
seen that transition layer using HP was thicker than that using SPS.
The average grains size of ZrB2 in the joints using SPS and HP were
0.9 mm and 1.2 mm, respectively (see Fig. 4(b) and (d)). Owing to the
shorter joining time (as shown in Fig. 1) and the localized heating
by joule heating, the SPS method limited the grains growth [32,33].
Previous studies indicated that the smaller grain size would result
in more excellent mechanical properties, such as ﬂexural strength
and fracture toughness [34,35]. Therefore, it can be inferred that
joints using SPS method would have more excellent mechanical
properties.
Fig. 5 illustrated the microstructures and elements distribution
of the ZS/Ni/ZS joints. The concentration of residual Ni element in

ceramics joints using SPS was lower than that using HP. The Zr
element uniformly distributed on the ceramics joints using SPS
method. However, there existed an obvious weak distribution layer
of the Zr element on the ceramics joints using HP method. The
weak distribution layer of the Zr element was consistent with the
residual Ni layer, with a thickness of 16.2 mm. The thickness of the Si
elements weak distribution layer using SPS method was smaller
than that using HP method. The joint was divided into transition
and initial ceramics layer, according to the distribution of Si
element. The thicknesses of transition layers in the joints bonded
with SPS and HP methods were about 168 mm and 226 mm,
respectively (see Fig. 5). It could be found that elements distributed
more uniformly in the joints using SPS than that using HP from
Fig. 5. All these factors proved that SPS method has better diffusion
ability than HP, since the electric ﬁelds of SPS can enhance the
diffusivity by electro migration phenomena, and promote
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Fig. 5. The Si, Zr and Ni elements distribution of the joints using the different joining methods: (a) SPS and (b) HP methods.

migration of ions through the joining interface [34,35]. Therefore,
the ZS/Ni/ZS joints using SPS has a more uniform composition,
compared with that using HP.
Fig. 6 illustrated concentration of different elements (Fig. 6(a))
and the XRD spectrum of the surface (Fig. 6(b)) of ZS/Ni/ZS joints.
Fig. 6(a) indicated that the concentration of Zr element using the
two methods decreased from border to center joining region. The
concentration curve of the Zr element using SPS showed a more
stable trend than that using HP. As shown in Figs. 5 and 6(a), there
existed a mutation phenomenon of Si element at the interface
between the transition layer and the initial ceramic layer, and the
mutation of Si element using HP was much more remarkable than
that using SPS. Therefore, it proved that the SPS method enabled
elements diffuse more uniformly in the joining process than the HP
method.
It could be found that the elements distribution pattern and the

XRD spectrums of the ceramic joints using SPS method were similar
to that using HP from Fig. 6. Thus, the phase composition might be
the same using two joining methods. In addition, there exists
complex chemical reactions in the joining process [10]. The Ni and
SiC system was thermodynamic unstable system, and the possible
reactions at 1200 οC could be listed as follows [10],

DG ¼ 31 kJ mol1

SiC þ Ni ¼ NiSi þ C;
SiC þ 2Ni ¼ Ni2 Si þ C;
NiSi þ Ni ¼ Ni2 Si;

DG ¼ 69:5 kJ mol1

DG ¼ 38:5 kJ mol1

(1)
(2)
(3)

It could be found that concentration trend of Ni element was
similar to the Si elements using the two joining methods (see
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Fig. 6. (a) The concentration of Ni, Zr and Si elements and (b) the XRD spectrum of the surface of ZS/Ni/ZS joints using the SPS and HP methods.

Fig. 6(a)). Thus, it could be inferred that the new phases produced in
the joints might be Ni-silicide. The XRD spectrum in Fig. 6(b)
illustrated that there existed NiSi on the ceramics joints. Furthermore, a small amount of Ni2Si could be produced due to thermodynamic unstable system of Ni and SiC at 1200  C, according the
chemical reaction Eqs. (1)e(3). Hence, new phases produced on the

ceramics joints should be NiSi and a small amount of Ni2Si.
3.2. Cyclic thermal shock resistance of ceramics joints
The microstructures of surfaces of the ZS/Ni/ZS joints after cyclic
thermal shock for 20, 30 and 40 cycles were shown in Fig. 7.

Fig. 7. The microstructures of the ZS/Ni/ZS joints surfaces after cyclic thermal shock tests: (a), (c) and (e) are under 20, 30 and 40 cycles for SPS samples, respectively; (b), (d) and (f)
are under 20, 30 and 40 cycles for HP samples, respectively.
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Fig. 8. The microstructures of the ZS/Ni/ZS joints side surface after cyclic thermal shock tests: (a) 50 cycles for SPS samples, (b) 40 cycles for HP samples, (c) and (d) 50 cycles for HP
samples and its partial enlargement.

Obviously, the surface damage of the sample became more serious
as thermal shock cycles increased. Thermal shock damage on the
surface of ceramic joints using HP was more serious than that using
SPS with the same thermal shock cycles. The surface of the ceramic
joint using SPS became rougher with the increase of thermal shock
cycles (see Fig. 7(a), (c) and (e)). A few microcracks could be found
near the residual Ni layer of ceramics joints using SPS after 40
thermal shock cycles (see Fig. 7(e)), but no microcrack and pore
were found after 20 or 30 thermal shock cycles. However, a small
number of pores appeared on the residual Ni layer after 20 or 30
thermal shock cycles (see Fig. 7(b) and (d)), and a few cracks were
found on the transition layer using the HP after 40 thermal shock
cycles (see Fig. 7(f)). It can be concluded that the cyclic thermal
shock resistance of the ceramics joints using SPS was better than
that using HP, because more uniform elements distribution could
result in lower thermal mismatching stress when subjected to cyclic thermal shock.
The microstructures in the side surface of the ZS/Ni/ZS joints
after cyclic thermal shock tests were shown in Fig. 8. When thermal
shock tests were performed for 50 times, two almost parallel cracks
appeared on the side surface of the joints using SPS (see Fig. 8(a));
while two similar cracks were found on the side surface of the
joints using HP after 40 thermal shock cycles (see Fig. 8(b)). The
distance of the two cracks on the samples prepared with SPS and
HP methods were 152 and 236 mm, respectively. The crack distance
was approximately equal to the thickness of transition layer (see
Fig. 5). Therefore, it could be inferred that the cracks were easy to
produce at the interface between the transition layer and the
ceramic layer, which was mainly caused by the high thermal mismatching stress at the interface. As shown in Fig. 6, new phases
produced on the transition layer of joints were NiSi and Ni2Si, the
CTEs of which were quite different from that of the ceramic layer.
High thermal mismatching stress would generate at the interface
when subjected to cyclic thermal shock. The experimental results
indicated that ceramic joints using SPS possessed better cyclic
thermal shock resistance than that using HP, since there existed a
more remarkable mutation phenomenon of Si element at the HP
joints interface. In addition, results showed that a few cracks

appeared near residual Ni layer and interfaces, due to the joining
defects and high thermal mismatching stress. A through crack,
which penetrated the residual Ni layer, the transition layer, and the
interface between transition layer and ceramic layer, appeared on
the side surface of the joints using HP after 50 thermal shock cycles,
as shown in Fig. 8(c) and (d), which further conﬁrmed the previous
discussions.
4. Conclusions
In this work, ZrB2-SiC composites were joined using SPS and HP
methods with nano-sized Ni powders. Then, the microstructures
and elements diffusion ability of the ZS/Ni/ZS joints were analyzed.
Cyclic thermal shock tests were performed to evaluate the cyclic
thermal shock resistance of the ZS/Ni/ZS joints. Microstructures
evaluation and thermal shock resistance of the ZS/Ni/ZS joints were
discussed in detail. The conclusions can be summarized as follows:
(1) The ZrB2-SiC composites were successfully joined by SPS and
HP at 1200  C, with nano-sized Ni powders as brazed ﬁllers.
(2) The quartz lamp thermal shock testing platform established
in this work could be employed to simulate extreme aerodynamic heating, which was convenient, economic and
reliable.
(3) The ceramics joints included the residual Ni layer, transition
layer and initial ceramics layer. The microstructures analysis
indicated that joining using SPS could obviously improve the
diffusion ability of different elements.
(4) Cracks were easily generated near the residual Ni layer and
the interface between transition layer and initial ceramic
layer. Compared with the joints using HP, ceramics joints
using SPS had better cyclic thermal shock resistance.
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