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Abstract: In this paper, the rapid cooling thermal shock behaviors of ZrB,—SiC ceramics were
measured using traditional water quenching method, and the rapid heating thermal shock behaviors of
ZrB,-SiC ceramics were investigated using a novel in situ testing method. The measured critical
thermal shock temperature difference for rapid cooling thermal shock was 373.6 'C; however, the
critical thermal shock temperature difference for rapid heating thermal shock of ZrB,—SiC ceramics
was measured to be as high as 1497.2 C. The thermal stress distribution states after rapid cooling
thermal shock and rapid heating thermal shock testing were analyzed using finite element analysis
(FEA) method. The FEA results showed that there is a tensile stress existed on the surface for rapid
cooling thermal shock, whereas there is a compressive stress existed on the surface for rapid heating
thermal shock. The difference of thermal stress distribution resulted in the difference of the critical
temperature difference for rapid cooling thermal shock and rapid heating thermal shock.

Keywords: ultra high temperature ceramics (UHTCs); thermal shock behavior; thermal stress; finite
element analysis (FEA)

for applications with high heat transfer and/or rapid

1 Introduction environmental temperature changes. Therefore, the
thermal shock behaviors of UHTCs have been
Ultra  high temperature  ceramics (UHTCs) are intensively investigated in past decades [11-14], and
promising candidates for use in thermal protection how to improve the thermal shock resistance of UHTCs
systems (TPS) and propulsion systems in hypersonic is one of the main challenges for engineering
aerospace vehicles, owing to their ultra high melting application.
temperatures, outstanding oxidation resistance, good As well known, the thermal shock resistance of
chemical inertness, and high dimensional stability [1-4]. ceramic is a major issue and important performance
However, their intrinsic characteristics, such as low index for high temperature applications as the ceramic
fracture toughness (premature failure due to brittle is susceptible to catastrophic failure under thermal
fracture) [5-7], poor thermal shock resistance [8-10], stress owing to the temperature difference [15,16].

are still obstacles for them to be used widely, especially Usually, the thermal shock of UHTCs has two

conditions: rapid cooling thermal shock and rapid
. . heating thermal shock. At present, almost all
Corresponding author. ) . .
E-mail: herujie@bit.edu.cn experimental reports of UHTCs are about their rapid

www.springer.com/journal/40145



280

JAdv Ceram 2017, 6(4): 279-287

cooling thermal shock behaviors [11-14]. The rapid
cooling thermal shock behaviors of UHTCs are always
evaluated by water quenching method, in which the
ceramic specimens are heated to a particular
temperature and then quenched into a water bath.
However, during the causative processes of UHTCs
used in ultra high temperature applications, thermal
shock also occurs under rapid heating conditions, e.g.,
nosecones and sharp leading edges of hypersonic
aerospace vehicles endure a server rapid aerodynamic
heating in a short time during their flight [17-19], and
the intense ascending thermal shock will also lead to
their failure. It is therefore very important and necessary
to investigate not only the rapid cooling thermal shock
behaviors, but also the rapid heating thermal shock
behaviors of UHTCs.

The rapid cooling thermal shock behaviors are
commonly tested using water quenching method, and
the residual strengths are subsequently measured after
quenching [11-14]. Nevertheless, testing methods for
the rapid heating thermal shock behaviors mainly
include laser heating [20], electron beam heating [21],
oxyacetylene heating [18], radiant heating [22], plasma
arc heating [23], arc-heating wind tunnel heating
[17,24], etc. However, these rapid heating thermal
shock testing methods are either too complicated or
costly. Moreover, the residual strengths always are ex
situ measured, even cannot be measured. Thus, a simple
testing method for rapid heating thermal shock is
necessary.

The aim of this paper is investigating and comparing
the rapid cooling thermal shock behaviors and rapid
heating thermal shock behaviors of UHTCs. In this
study, the rapid cooling thermal shock behaviors of
UHTCs were studied using a water quenching method,
and the rapid heating thermal shock behaviors of
ZrB,—SiC ceramics were investigated using a novel in
situ testing method. The differences of the critical
temperature difference and thermal stress distribution
between the rapid cooling thermal shock and rapid
heating thermal shock of UHTCs were discussed and
compared. This novel method can give some new
insight of the thermal shock behaviors of UHTCs.

2 Experimental procedure

2.1 Raw materials

Commercial ZrB, powders (2 um;>99.5%; New Metal
Materials Technology Co., Ltd., Beijing, China) and
SiC powders (0.5 pm;>99.5%; New Metal Materials
Technology Co., Ltd., Beijing, China) were used as raw
materials. ZrB,—20 vol% SiC ultra high temperature
ceramics were prepared using hot-pressing at 1950 ‘C
for 1 h under a uniaxial pressure of 30 MPa. Detailed
fabrication process was reported in our previous study
[25-27], and typical properties of this UHTC were
listed in Table 1.

The microstructures of the polished surface and
fracture surface of the as-prepared hot-pressed
ZrB,—SiC ceramic are presented in Fig. 1. From these
SEM images, the hot-pressed ZrB,—SiC ceramic is fully
dense, and no obvious residual porosity is detected. The
SiC particles, which are represented by the majority of
the dark features, are homogeneously dispersed in the
ZrB, matrix and no obvious agglomeration is detected.

36 mmx4mmx3mm (length x width x thickness)
testing bars were cut from the hot-pressed ZrB,—SiC
and used for rapid cooling thermal shock and rapid
heating thermal shock testing. A minimum number of
five specimens were tested for each condition.

2.2 Rapid cooling thermal shock and rapid heating
thermal shock testing

In this study, the rapid cooling thermal shock behaviors
of UHTCs were studied using a water quenching
method; specifically, the rapid heating thermal shock
behaviors of the ZrB,-SiC ceramic were investigated
using a self-assembled in situ testing system. And the
results of the rapid heating thermal shock behaviors
were compared to those of the rapid cooling thermal
shock behaviors by traditional water quenching method.

Figure 2(a) shows the rapid cooling thermal shock
behavior testing by traditional water quenching method.
During this testing, the ZrB,—SiC ceramic bar was
firstly heated in a Muffle furnace in air atmosphere up to
a target temperature, and then held for 10 min to

Table 1 Mechanical and thermo-physical properties of ZrB,-20%SiC ceramic

Thermal

Temperature (K) Density Specific heat Thermal conductivity expansion Young’s Possion’s ratio
(kg/m®) (J/(kg-K)) (W/(m-K)) (10°9K) modulus (GPa)
298 5514 806 119.036 3.86 248.2 0.165
1073 5514 715 73.703 4.68 191.6 0.165
1473 5514 772 61.673 5.05 118.7 0.165
1873 5514 820 55.856 5.85 33.26 0.165
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Fig. 1 (a) Polished surface and (b) fracture surface of the hot-pressed ZrB,—SiC ceramic.
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Fig. 2 Diagrammatic sketches of (a) the rapid cooling thermal shock behavior testing by traditional water quenching
method, (b) the rapid heating thermal shock behavior testing by a self-assembled in sifu testing method, and (c) photo of the in

situ strength testing (inset).

eliminate any temperature gradient effect. The target
temperatures of the furnace were set as 200, 300, 400,
500, 600, 700, and 800 C. Subsequently, the testing bar
was dropped into a water bath in less than 1s. The
temperature of the ice-cold water bath was set as 0 C.
The strength before and after water quenching was
measured by a three-point bending test (WDW-100,
Changchun Fangrui Technology Co., Ltd., China),
using a loading span of 30 mm with a crosshead speed
of 0.5 mm/min. Detailed water quenching method for
rapid cooling thermal shock testing was reported
elsewhere [11].

Figure 2(b) presents the rapid heating thermal shock
behavior testing using a self-assembled in situ testing
system. In this system, the Muffle furnace was firstly
heated to a target temperature in air atmosphere, which

was set as 225 to 1625 °C with an interval of 200 C.
Then, the ZrB,—SiC ceramic bar was quickly pushed
into the furnace through a pre-laying SiC slide in less
than 1s. The ZrB,—SiC ceramic bar was subsequently
held for 10 min in the furnace to eliminate any
temperature gradient effect. The original strength before
rapid heating was measured. And the residual strength
after rapid heating was in situ tested, as shown in Fig.
2(c). For this in situ testing system, both the fixture and
indenter were made of SiC ceramic. The loading span
and crosshead speed were also set as 30 mm and
0.5 mm/min, respectively.

2.3 Characterizations

The microstructures of the ZrB,—SiC ceramic before
and after testing were observed using a scanning
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electron microscope (SEM, S-4800, Hitachi, Japan).
Finite element analysis (FEA) method was used to
simulate the thermal stress distribution in the specimen
after testing by the commercial finite element package
ABAQUS (Abaqus theory manual. Version 6.13).
Considering the geometric configuration of the
specimens, a three-dimensional finite element model
was constructed to simulate the thermal stress response
in the thermal shock experiments. The specimen was
meshed with 27648 eight-node thermally coupled brick,
trilinear displacement and temperature elements. A
convergent solution with respect to the number of
elements was confirmed. For rapid cooling thermal
shock analysis, the initial temperature of the whole
specimen was fixed at the setting temperatures in the
rapid cooling thermal shock experiments. The whole
surfaces of specimens were fixed at 0 ‘C. For rapid
heating thermal shock analysis, the initial temperature
of the whole specimen was fixed at 25 ‘C. The whole
surfaces of specimens were fixed at the setting
temperatures in the rapid heating thermal shock
experiments. The mechanical and thermo-physical
property data of the ZrB,—SiC ceramic used for FEA are
measured before this study and listed in Table 1.

3 Results

The original room temperature flexural strength (o ) of
the as-prepared ZrB,—SiC ceramic was measured to be
299.4+13.5 MPa. Figures 3(a) and 3(b) show the
residual flexural strength (o, ) of the ZrB,—SiC ceramic
after the rapid cooling and rapid heating thermal shock
testing with increasing the temperature difference
(AT).

3.1 Rapid cooling thermal shock

For rapid cooling thermal shock testing, as the
temperature difference (AT ) increases up to 300 °C, the
flexural strength shows no obvious change compared
with the original room temperature flexural strength.
The residual flexural strength is 301.7£8.5 and
306.3£23 MPa, respectively, at the temperature
difference (AT ) of 200 and 300 °C. It presents a slight
increase in strength, which might be attributed to the
measure deviation. When AT is higher than 300 C,
the flexural strength of the ZrB,—SiC ceramic decreases
sharply. The residual flexural strength is 178.4428.5,
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Fig. 3 (a) Residual flexural strength and (b) residual
flexural strength ratio of ZrB,—SiC ceramic after rapid
cooling and rapid heating thermal shock.

101.2+14.3, 127.248.1, 120.8+14.5, and 87.5+15.2
MPa at the temperature difference (A7) of 400, 500,
600, 700, and 800 C, respectively. It is found that,
when AT is higher than 300 ‘C, the flexural strength
of the ZrB,—SiC ceramic is to follow Hasselman’s
theory which predicts a sharp drop in strength at a
critical thermal shock temperature difference ( A7)
[28,29]. Typically, the critical temperature difference
(AT,) is identified using a liner interpolation between
points that first reduces the average flexural strength of
the quenched bars by more than 30% of the mean
strength of the as-prepared ceramic as described in
ASTM C1525-04 [30]. In this study, the critical
temperature difference for rapid cooling thermal shock
(AT ™) is measured to be 373.6 ‘C, which is lower
than reported in literature. Wang et al. [31] prepared
ZrB,—20 vol% SiC ceramic, and its critical temperature
difference for rapid cooling thermal shock (AT )
was about 469 ‘C. The difference between our study
and literature can be attributed to the raw materials and
processing parameters. Zimmernann et al. [30] also
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reported the thermal shock resistance of ZrB,—30 vol%
SiC ceramic, and its critical temperature difference for
rapid cooling thermal shock (A7 ™ ) was about
395 “C, which was attributed to the more toughening
mechanism of more SiC particles. The abnormal
strength growth at 600 °C is attributed to the
oxidation-induced crack healing, which starts to lose its
effect above 800 C [30,31].

3.2 Rapid heating thermal shock

In ASTM C1525-04 standard, the critical temperature
difference is defined as the temperature difference that
will cause a 30% drop in the average flexural strength.
The residual strength is tested at room temperature as a
criterion to define the thermal shock critical
temperature difference for the rapid cooling thermal
shock testing. Therefore, in our paper, for rapid heating
thermal shock testing, we tested the residual strength at
high temperatures in situ. That is to say, the high
temperature of the ceramic was tested after rapid
heating thermal shock, and we think this high
temperature strength equals to residual strength after
thermal shock. In previous method, the strengths of the
ceramic materials after thermal shock testing were
either non-measurable or ex situ measured [17-24]. In
our study, the residual strengths of the ZrB,—SiC
ceramic after the rapid heating were in situ measured
using a self-assembled simple testing equipment, as
shown in Fig. 1(b). Using this novel method, the
residual strengths were tested. When the temperature
difference (AT ) is 200 and 400 ‘C, the flexural strength
shows no obvious change compared with the original
room temperature flexural strength, which is similar
with rapid cooling thermal shock. When AT is in the
range of 400-800 ‘C, the strength is found to be slightly
improved. However, the flexural strength of the
ZrB,—SiC ceramic exhibits sharp decrease when AT is
above 800 C. Thus, the temperature at which the
ceramic possesses 70% residual flexural strength could
be obtained. The critical temperature difference for

rapid heating thermal shock (AT ) is measured to
be as high as 1497.2 °C, which is far greater than
AT (373.6 C).

4 Discussion

The differences of the critical temperature difference

(AT,) existing between rapid cooling thermal shock and

rapid heating thermal shock are attributed to the thermal
stress distribution in the specimens after testing.
Unfortunately, the thermal stress distribution is difficult
to measure accurately by experimental methods.
Numerical approach is an effective method for stress
distribution analysis. In this study, finite element
analysis (FEA) method was used to simulate and
evaluate the thermal stress distribution in the specimen
after thermal shock testing.

Figure 4 shows the thermal stress distribution in the
specimens after rapid cooling thermal shock testing.
The simulated thermal stress distribution in the
specimen after rapid cooling thermal shock testing at
the thermal shock temperature difference ( AT ) of
400 °C is shown in Fig. 4(a). In order to see clearly, half
of the specimen was cut and the thermal stress
distribution is presented in detail in Fig. 4(d). It is found
that the maximum stress at A7 =400 C is about
36.9 MPa, which is a tensile stress of S33 located on the
specimen surface. Moreover, the maximum stress at
AT =600 and 800 C is about 41.8 MPa (Figs. 4(b) and
4(e)) and 46.9 MPa (Figs. 4(c) and 4(f)), respectively,
which are both tensile stress of S33 located on the
specimen surface. It is observed that there is some
deformation at different temperatures, which is
attributed to the difference of thermal shrinkage at
different temperatures.

During rapid cooling thermal shock, the temperature
on the surface drops more quickly than that of the inner
of the specimen. Therefore, cracks yield on the surface
of the specimen. On one hand, the thermal deformation
on the surface is higher than the inner of the specimen
because the surface suffers a higher temperature drop.
Hence, there is a tensile stress existed on the surface. On
the other hand, the ZrB,—SiC ceramic endures oxidation
in the furnace, which results in a thin oxidation layer
onto the surface. The mismatch of the thermal
expansion coefficients between the ZrB,—SiC ceramic
matrix and the oxidation layer results in thermal
residual stress during cooling from elevated
temperatures to lower temperatures. Tensile stress
induces the crack propagation, finally resulting in
strength loss after testing. When the thermal shock
temperature difference (A7) is 200 and 400 ‘C, the
residual strength shows no obvious drop, because the
temperature difference is relatively small (as shown in
Fig.3). When the rapid cooling thermal shock
temperature difference is further improved, the surface
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Fig. 4 Thermal stress distribution after rapid cooling thermal shock testing: (a, d) AT =400 C, (b,e) AT =600 C, and (c, f)

AT =800 C.

tensile stress rises correspondingly. FEA analysis
results indicate the tensile stress is 41.8 and 46.9 MPa at
AT =600 and 800 C, respectively. The tensile stress
grows, the surface cracks are “pulled” to propagation,
and thus the flexural strength of the ceramic specimen
declines significantly. In this paper, the critical thermal
shock temperature difference (A7,) of the ZrB,—SiC

ceramic is determined using water quenching method.
And the measured critical thermal shock temperature
difference for rapid cooling thermal shock AT ™ is
defined as the temperature at which its strength is 70%
of the room temperature strength, which is determined
using linear interpolation of the residual strength values
according to ASTM C1525-04 standard (Standard Test
Method for Determination of Thermal Shock
Resistance for Advanced Ceramics by Water
Quenching, http://www.astm.org/DATABASE.CART/
HISTORICAL/C1525-04.htm). AT "™ is measured

to be 373.6 C.

However, for rapid heating thermal shock, the
ceramic specimen is suddenly heated to an elevated
temperature. During this rapid process, the surface of

the ceramic specimen suffers a more sudden
temperature increasing than that of the inner of the
specimen. That is to say, a compressive stress appears
on the surface of the ceramic specimen, owing to the
coupling effect of thermal gradient and the mismatch of
the thermal expansion coefficients between the
ZrB,-SiC ceramic matrix and the oxidation layer.
Compression stress shows an inhibition effect on crack
propagation. It is because of the existing of the surface
compression stress that the cracks grow slowly and the
critical thermal shock temperature difference for rapid

heating thermal shock (A7) is much higher than
ATCcooling )

FEA analysis indicates the thermal stress distribution
after rapid heating thermal shock testing, as shown in
Fig. 5. The simulated thermal stress distribution in the
specimen after rapid heating thermal shock testing at
the thermal shock temperature difference ( AT ) of
400 ‘C is shown in Fig. 5(a). It is also observed that
there is some deformation at different temperatures,
which is attributed to the difference of thermal
expansion at different temperatures. Also, in order to
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Fig. 5 Thermal stress distribution after rapid heating thermal shock testing: (a, ¢) AT =400 C, (b, f) AT =800 C, (c, g) AT =

1200 C, and (d, h) AT =1600C.

see clearly, half of the specimen was cut and the thermal
stress distribution is presented in detail in Fig. 5(e). It is
found that the maximum stress at A7 =400 C is about
78.6 MPa, which is a compressive stress of S33 located
on the specimen surface. From the FEA results, the
maximum surface compression stress at AT = 400, 800,
1200, and 1600 C is simulated to be 78.6, 101.6, 107.1,
and 110.5 MPa, respectively.

During rapid heating thermal shock, the temperature
on the surface rises more quickly than that of the inner
of the specimen. The thermal deformation on the
surface is higher than the inner of the specimen because
the surface suffers a higher temperature rise. Hence,

there is a compressive stress existed on the surface. On
the other hand, the ZrB,—SiC ceramic endures oxidation
in the furnace, which results in a thin oxidation layer
onto the surface. The mismatch of the thermal
expansion coefficients between the ZrB,—SiC ceramic
matrix and the oxidation layer results in thermal
residual stress during heating from low temperatures to
lower elevated temperatures. Compression stress shows
an inhibition effect on crack propagation. The
compressive stress “pushes” the cracks and prevents it
from propagation. In this paper, the critical thermal
shock temperature difference (AT, ) of the ZrB,—SiC
ceramic is determined by a novel in situ testing method.
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And the measured critical thermal shock temperature
difference for rapid heating thermal shock AT is
defined as the temperature at which its strength is 70%
of the room temperature strength. A7 is measured
to be 1497.2 “C, which is much higher than AT .

5 Conclusions

In summary, a novel in situ testing method for rapid
heating thermal shock testing of ultra high temperature
ceramics was developed. The principle of this testing
method is that a UHTC testing bar is rapidly put into a
target high temperature environment, and the residual
strength is in situ measured. Using this in situ testing
method, rapid heating thermal shock behavior of
ZrB,—SiC ceramic was studied and compared with its
rapid cooling thermal shock behavior using traditional
water quenching method. The critical thermal shock
temperature difference for rapid heating thermal shock
(AT ) of ZrB,-SiC ceramic was measured to be as
high as 1497.2 °C, according to ASTM C1525-04
standard; however, the measured critical thermal shock
temperature difference for rapid cooling thermal shock
(AT ™) was 373.6 ‘C, which was much lower than
ATCI‘“““g . The difference of the critical temperature
difference ( A7, ) existing between rapid cooling
thermal shock and rapid heating thermal shock is
attributed to the thermal stress distribution in the
specimens after testing. For traditional rapid cooling
thermal shock, there was a tensile stress existed on the
surface. Whereas, for traditional rapid heating thermal
shock, there was a compressive stress existed on the
surface. The differences of the thermal stress
distribution on the specimen resulted in the huge
difference between A7 and AT'“". This novel
method and interesting results can give some new
insight of the thermal shock behavior of UHTCs.
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