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Abstract

The prefabricated cracks propagation of ceramic under flame thermal shock was studied
by real-time observation. The experimental results show that wing cracks are generated
from both tips of the prefabricated crack, and the complete failure of the samples is a
high-speed process. The crack propagation speed is fast at first and then gradually slows
down. The maximum propagation speed of the near flame tip increases with the
prefabricated crack distance to the heated surface, while an inverse trend is observed for
the far flame tip. The effect of prefabricated crack angle on thermal shock crack
propagation was also considered. In addition, numerical simulations based on dynamic
fracture mechanics were carried out to reproduce the entire cracking process. To this
end, the relation between the dynamic stress intensity factors and the crack growth
speed in the speed range of 100 m/s to 2600 m/s was identified by combing experiments
and numerical simulations. The simulation results and the above-mentioned relation are
consistent with the experimental observations. The numerical model can faithfully
reproduce the crack evolution process of the thermal shock, which is difficult to observe
in an experiment due to the high speed of the cracking process.

Keywords: Thermal shock; Crack speed; Dynamic stress intensity factor;
Numerical simulation; Real-time

c Specific heat capacity

Cr Rayleigh wave speed

Cua Elastic longitudinal wave speed

o Elastic shear wave speed

E Young’s modulus

G Quasi-static energy release rate of a crack
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G Critical dynamic energy release rate

G4 Dynamic energy release rate

h Air convection heat transfer coefficient

ky(V) Universal functions determined for p=I and II

Kc Static critical energy release rate factor

Ké Critical DSIF of the material

K, Quasi-static stress intensity factors of the fracture mode ‘p’
Kg Dynamic stress intensity factors of the fracture mode ‘p’
0 Heat flow

At Time discretization step

To Initial temperature of the plate

T Environmental temperature

T; Temperature field

vV Speed of the crack tip

v Poisson coefficient

P Mass density

A Thermal conductivity

0. Crack deviation angle with respect to the x-axis

oi Stress field

1. Introduction

Ceramics have been widely used in the aerospace industry because of their good
high-temperature strength, high hardness, high dielectric strength, and excellent
tribology, etc. [1]. However, due to the brittleness of ceramics, thermal shock failure is
easy to occur [2-5]. Therefore, thermal shock resistance has become one of the essential
standards for selecting and designing ceramics.

Generally, to evaluate the thermal shock properties of materials, both cold shocks
(water quenching [6-8]) or hot shocks (flame [9], laser [10], and irradiation [11]) are
used. Crack morphology and residual strength of specimens are key parameters for
assessing the thermal shock resistance of materials [6-11]. Take the classic example,
Bahr et al. measured the crack morphology of the sample after water quenching [6], and
Schneider et al. observed the crack morphology after irradiation [11].

With the in-depth study of the thermal-shock damage mechanism, it becomes
crucial to determine the initiation and development of thermal shock damage. There is
an urgent need for a method to observe the whole process of thermal shock cracking.
Wang et al. dyed the ceramic cracks after thermal shock at different times to
approximate the observation of crack propagation during thermal shock [3]. Based on
avoiding the influence of the thermal shock process on crack capture, we used the
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methods of water quenching and flame to observe the cold and hot shock cracking
process of translucent materials in real time [12,13]. It is found that the speed of water
quenching is slow, in the order of m/s. The speed of the flame thermal shock cracking
process is fast, up to the order of km/s, i.e., dozens of times higher than that of
Kobayashi’s dynamic experiment [14]. Through cracks can be obtained under suitable
conditions; this makes the hot shock a dangerous loading condition for ceramics
materials.

Ceramic materials are prone to produce pores and microcracks in preparation and
service, which will affect their thermal shock resistance. Previous thermal shock
experimental studies related to prefabricated defects mainly focused on assessing cold
shock performance with surface cracks. For example, Collin [15] and Meng [16] studied
the propagation behavior of surface cracks in brittle materials after cold shock and then
evaluated the thermal shock resistance of materials. There are few studies, however, on
the influence of prefabricated defects on thermal shock performance under cold shock.
For example, we reported for the first time the effect of prefabricated cracks of ceramics
on thermal shock crack propagation under cold shock. We found that prefabricated
cracks with different inclination angles affects both the probability of secondary cracks
and the total vertical length of thermal shock cracks [17].

However, the real aerospace service environment of ceramics is very different from
the experimental conditions of cold shock. Investigations on the effect of defects on
crack growth under hot shock are still rare. So far, the relevant influence mechanism is
not particularly clear. In addition, there are few simulations related to hot shock crack
propagation, mainly focusing on cold shock crack propagation [18-24]. The possible
reason is that the fracture mechanism is quite complex under hot shock, which involves
the inertia effect and thermo-mechanical coupling process [24].

This work carried out experimental and numerical investigations on the crack
propagation process of ceramic sheets containing a prefabricated crack under hot shock.
To obtain the experimental results closer to the engineering practice, we used the
designed flame thermal-shock real-time observation device to conduct the hot shock
experiment on alumina samples with prefabricated cracks at different positions or with
varying inclination angles. The entire hot shock-induced cracking process is recorded by
using a high-speed camera. The effect of prefabricated cracks on the initiation and
propagation of hot shock cracks under flame is observed and studied in real-time.

The propagation of thermal shock crack was simulated by establishing a model
based on fracture mechanics. To reduce the computational effort, static stress intensity
factors were evaluated at crack tips and then converted to dynamic stress intensity
factors depending on crack moving speeds. We established an identification method by
combining experiments and numerical simulations to determine the relationship
between the critical dynamic stress intensity factor and crack moving speed. Then,
based on this relationship, we simulate the entire hot shock-induced crack propagation
process. The experiments show that the proposed model can faithfully reproduce the
ceramic sheets’ crack growth process during the hot shock.

2. Experimental procedure

2.1 Materials and preparation



We use 0.8 um ALOs3 powder (99.4%, Jiawei Ceramics Co., Ltd., Zhuhai, China) to
fabricate translucent alumina by tape casting and sintering in the hydrogen at 1700 °C
for 2 h. The average grain size of ceramics is 20.8 um, measured by the average line
intercept method. The ceramic density measured by the drainage method is 3.95 g/cm’.
Ceramic sheets with a thickness of 0.5 mm, a width of 10 mm, and a length of 50 mm
are used to ensure the formation of two-dimensional penetrated cracks. Prefabricated
penetrated cracks are prepared on the sample’s 10 mmx50 mm surface by a laser
machine (JPT optoelectronics Co., Ltd., Shenzhen, China) with a power of 20 W and a
scanning speed of 2 mm/s. The length of the prefabricated crack is 1mm, the width is
0.05 mm, and the inclination angles are 0, 26.6, 45, or 63.4°. The distance from the
upper tip of the prefabricated crack to the heating interface is 3.5, 4, 4.5, and 6 mm. The
morphology schematic of the sample is shown in Fig. 1.

2.2 Flame thermal shock test

To limit the flame on the heating surface only and not to affect the side observation
of the initiation and propagation process of thermal shock crack, the oxyacetylene flame
method is used to carry out a one-sided thermal shock on the sample. We clamp the
ceramic sheet into a sandwich structure with two quartz glass fixtures and block the test
flame with a graphite plate with a rectangular hole so that the ceramic sheet has only
one 0.5 mmx50 mm face is heated by flame, as shown in Fig. 1.

Ceramic

§ Spray head

7 % Inclination angle
Lower tip

Data

High-speed camera &~ processing [

Fig. 1. Schematic diagram of processing sample and observation device for flame thermal shock.



The sample is placed on the worktable with a pre-focused position. The heat flux
value of 2 MW/m? of flame is obtained by adjusting the flow of oxygen and acetylene
and calibrating with a heat flow meter. Then the flame is aligned with the sample for the
test. At this time, the high-speed camera (Phantom V2012, Wayne, NJ, USA) on the
side of the sample captures the image during thermal shock at the speed of 651,000
frames/s, with a resolution of 128x64 pixels (the image is small and the definition is
slightly poor at high speed), as shown in Fig. 1. By this method, using the light
refraction and reflection at the crack interface, we successfully observed the initiation
and propagation of wing cracks at the prefabricated cracks during thermal shock. From
a series of images recorded in the experiment, we can obtain the crack propagation
speed through the slope of the crack length curve in each frame. According to the
characteristics of the crack image, we use different gray values to determine the crack
tip. Because the resolution in the crack propagation direction is 128 pixels, the error of
the crack tip is 10mm/128 =~ 0.08mm, and the error of the corresponding speed is
50.7m/s.

Flame Heat flow 0=2MW/m?

YRR R IR SR S T S T
Crack/

Conversion boundary condition ¢°=h(T.-T)

Fig. 2. Thermal boundary conditions.

3 Finite element modeling of thermal-shock cracking
3.1 Heat transfer problem

The temperature field of a ceramic plate under thermal shock is first evaluated
using the finite element method as a heat transfer problem. The experimental conditions
allow us to regard the temperature field as two-dimensional. The boundary conditions
are illustrated in Fig. 2. The superior surface is subjected to a heat flow Q~2 MW/m?,
while the other surfaces are considered as convective boundaries. We assume that the
cracking process does not influence the temperature field. This assumption is justified
because the cracking is a very fast process (within several microseconds) during which
the temperature change in the plate is nearly negligible. The thermal parameters used in
the simulations are the following ones [19,25,26]: mass density p=3950 kg/m?; thermal
conductivity /=31 W/(mK); specific heat capacity ¢=858 J/(kgK); air convection heat



transfer coefficient A=20 W/(m?K); initial temperature of the plate T0=20°C;
environmental temperature 7.=20°C.

3.2 Dynamic Stress Intensity Factors (DSIF)

It was demonstrated that the dynamic stress intensity factors Kz‘} of a moving crack
in an infinite plate can be related to the quasi-static stress intensity factors K, by [27]:

K& = ky(V)K, (D
where V' is the speed of the crack tip; p=I, II, III corresponding to the three fracture

modes respectively. The functions k,(V), called universal functions, were determined for
p=land Il as [27]:

_ 1=V/Cr _ 1-v/cy
kl(V) ~ m kII(V) ~ m (2)

Where C,, Cy, and C; are the Rayleigh wave speed, the elastic longitudinal wave speed,
and the elastic shear wave speed, respectively. The dynamic energy release rate can be
defined as in-plane stress:

g = (4D .

E

where E is the Young’s modulus of the material.

In practice, the quasi-static stress intensity factors K1 and K and the quasi-static
energy release rate G of a crack can be determined by using the J-integral method
combined with the finite element modeling. In this work, a variant of the J-integral,
named A-integral, was used for its numerical conveniences [28]. This A-integral has the
advantage of transforming a contour integral to a domain integral and therefore gains
higher numerical accuracy.

3.3 Crack propagation criteria

In this work, we use the maximum circumferential stress criterion to predict the
dynamic crack growth direction. For a semi-infinite moving crack along the x-axis, let
(x, v) and (r, 6) be the Cartesian coordinates and the polar coordinates respectively with
origin at the moving crack tip, the circumferential stress gsg writes as follows [27]:

d
Ogg = If;;l {[(512 —52) — (1 + S) cos 26] %cos% + filizlz cos 20%c0572
. L .6 1 6
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B

— B =
45,5, —(1+52)2 "7 4855, — (1 +52)?

and 2 = x2 + Sty?, rf =x?2+S2y?, r2=x?2+y?, tanf, = S;tanf, tanf, =
S, tan 6.

According to the maximum circumferential stress criterion, the crack will deviate
at an angle 6. with respect to the x-axis, at which the maximum circumferential stress is
maximal. This angle can be determined with the following conditions:

]

26" (0c) = 0and 09 (8c) > 0 (5)
the crack propagation criterion in the direction . writes:
GIWV) < GEW); V=0; V (Gd(V) - Gg(V)) =0 (6)

If we define an equivalent dynamic stress intensity factor:

K= J(k) + (k8 ()

And according to Eq. (3), the above criterion becomes:

K'V) SKEW); V= 0; V(K (V) = KEW)) =0 (8)

In these expressions, G& and K are the critical dynamic energy release rate and the
critical DSIF of the material, modulated by the crack tip velocity V.

3.4 Global numeric algorithm

The cracking process under hot shock was simulated by establishing finite element
models. The geometries of the tested samples were discretized by using 2D triangle
elements. Fine meshes with an element size of about 0.02mm were used along the crack
growth path to ensure simulation accuracy. The material parameters used in mechanical
calculations, especially the static critical energy release rate factor, are estimated from
the literature [14,25,29,30]. These parameters are: Young’s modulus E=330GPa;
Poisson coefficient v=0.22; static critical energy release rate factor Kc=3.5MPa+vm;
longitudinal wave velocity Cs=9730m/s; shear wave velocity Cs=5829m/s; Rayleigh
wave velocity C,=5308m/s.

First, the time discretization step is set to Ar = 0.01 second before crack
propagation. Temperature and stress fields are calculated by solving the heat transfer
problem and the static thermo-elastic problem. Then, when the crack starts to propagate,
a different algorithm is established to simplify the assessment of the dynamic crack
propagation, which can be described as follows:

1. At each time step ti+1 =t; tAt, the time increment At is computed by At=Ar/V;,



where Ar=0.05mm is a prescribed crack propagation distance used in the
simulation; V; is the fastest crack tip velocity of the previous time step;

Update the temperature field 7i+1 (¢+1) and the stress field oi+1(¢+1) by resolving
the heat transfer problem and the thermo-elasticity problem, respectively;

Calculate the quasi-static stress intensity factors of the crack tips and find the
crack tip velocities Vi1 by solving the transcendent equation K*(V;,;) =
K&(V;;1), where K*(Vi+1) can be obtained from Eqs (1) and (7);

If Vis1 <0, we set Vir1 = 0. There is no crack propagation;

5. Else, find the crack deviation angle 6. according to Eqs (4) and (5) and

determine the crack path. Create the new crack surfaces by updating the mesh
near the moving crack paths before going to the next step.

3.5 Mesh adaptation

When the crack progresses, mesh near the moving crack tip should be modified to
correctly represent the new crack lips. Numeral re-meshing technics have been used to
model 2D or 3D crack growth [31,32]. In this work, a simplified re-meshing method
was adopted to make the re-meshing task easier. The re-meshing process is roughly
summarized as follows (Fig. 3):

1.

Determine the crack growing path according to Eq. (4-5);

2. Find the intersections of the crack path with the element edges;
3.
4

. Double these nodes to create the new crack lips.

Move the nearest nodes to these intersections;



(@ Intersections ~ New crack tip (b) New crack tip
7 2 /

Old crack tip

Crack path Old crack tip
(©) New crack tip

/

Fig. 3. Re-meshing procedure. (a) find the crack path and the intersection points, (b) move the nearest
nodes to the intersection points, (c) doubling the intersection nodes to form the new mesh near the
moving crack tip.

3.6 Estimation of K&(V)



The crack growth velocity largely influences the dynamic crack toughness of a material.
In the cases of the present work, no noticeable impact loading before crack growth is
applied. Therefore, the critical DSIF at initial crack propagation K&(V = 0) is set equal
to the critical static SIF Kc. After the initial crack propagation, the dynamic crack
toughness varies as a function of the crack velocity. For most materials, the critical
DSIF increases as the crack velocity increases and thus forms a well-known I'-shaped

curve [33,34]. Experimental data relating crack velocity to the dynamic crack
Q=1.97MW/m? pi

Q=2.04MW/m?

| +: Kobayashi’s Data (1991) L--
x : Data of the present work -

KK =Q.9+VIC,)3 ;

*

x

KK =0.65+3.5V/C,

\l‘\

x
x

V| *
E /7"‘( CLINE T Y
00 02 04 _-06 08 1"(\1.2 14 16
SIF for crack arrest ch/K(; SIF for crack propagation

Fig. 4. Measured crack growth speeds of (a) specimen 1, (b) specimen 2, (¢) specimen 3 for
identification, with the speed error of 50.7m/s, and (d) Estimation of the K& — V relationship.
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Q=2.2MW/m? M (b) Q=2.02MW/m’

Q=2.01IMW/m? Q=2.05MW/m? hd

Fig. 5. Crack propagation process during flame thermal shock with the prefabricated crack angle of (a) 0,
(b) 26.6, (c) 45 and (d) 63.4°, with the speed error of 50.7m/s, and a prefabricated crack distance of 4.5
mm.

toughness are still rare for ceramic materials. Experiments of Kobayashi on Al,O3
showed that the crack continues to propagate slowly at speeds ranging from 10 to 40
ms™' [14], under a DSIF smaller than the static fracture toughness Kc. These results
showed that the critical SIF for crack arrest K¢ is smaller than Kc. However, as far as
we know, experimental data for higher crack velocity are not available for Al,O3 in the
literature. In the present work, these data are estimated from the thermal shock tests
presented in Section 2.

Numerical simulations combined with the experimental results are used to identify
the relationship between the dynamic crack toughness and the crack velocity. Among all
the tested specimens, we have chosen three specimens for parameter identification,
while the experimental results on other specimens are used to validate the numerical
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model. The crack inclination angle of these specimens is 0°, and the distance between
the upper crack tip and the heated surface is 4mm. The crack patterns at each camera
shot and the measured cracking speeds of these specimens are presented in Fig.4a-c.

We use the following iterative procedure to estimate the K& — V relationship:

1. First, we apply the thermal loading on the finite element models with the initial
cracks until K=Kc at one crack tip;

2. Under this thermal loading and according to the crack tip positions recorded at
different photographic times, we establish finite element models and calculate
the corresponding static SIFs;

3. According to the recorded average crack tip velocities between two consecutive
pictures, we calculate the DSIFs at crack tips, considered as the critical DSIFs.
This result, combined with Kobayashi’s experimental results normalized by the
static SIF [14], allows us to estimate the first K& — V relationship, which is
approached by a bilinear equation (Fig. 4d);

4. Based on this initial K& — V relationship, crack propagation simulations using
the dynamic crack growth criterion Eq. (8) can be carried out. Numerical results
on critical DSIFs K&(t) at crack tips are plotted as a function of time to
calculate the averages between every two consecutive pictures;

5. The obtained average critical DSIFs with respect to the recorded average crack
velocities are plotted to obtain a new K& — V relationship with which new
complete crack propagation simulations are performed as described in step 4.
Several iterations are necessary to reach a relative convergence of the K& — V
relationship. The final obtained K& — V relationship is plotted in Fig. 4d.

It is worth noticing that the estimated K& — V relationship was established for
crack speeds lower than 0.5C,, which may introduce unknown errors in predicting the
cracking process if the crack speed is much higher.

4. Results and discussion
4.1 Effect of the prefabricated crack angle

We observed the flame thermal shock experiment of ceramic sheets with different
prefabricated crack angles in real-time. Fig. 5 shows the thermal shock crack growth
results with a prefabricated crack distance equal to 4.5 mm. We can see that the thermal
shock crack initiation and propagation processes, with different prefabricated crack
angles, are very similar. When the sample is subjected to flame thermal shock, wing
cracks are generated from both tips of the prefabricated crack, and the cracks extend
outward along the width direction of the sample. It is interesting to remark that
whatever the initial inclination angle of the prefabricated crack, the wing crack
propagation angle is about 0°. Usually, a through-width crack is formed in 4-5th frames,
with the sample wholly damaged. For both crack tips, the overall growth process shows
a “fast at first and then slow” growth trend, and the maximum growth speed seems to
appear in the first frame. The maximum speed is about 30 times the one obtained in
Kobayashi’s dynamic experiment [14], highlighting our experiments’ significance and
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the proposed K& — V relationship.
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Fig. 6. Crack paths obtained from numerical simulations with the prefabricated crack angle of (a) 0, (b)
26.6, (c) 45 and (d) 63.4°, and a prefabricated crack distance of 4.5 mm.

The propagation speed is slightly different between cracks with different angles. The
speed at both ends increases slightly with the increase of the inclination angle. Taking
the upper crack tip as an example, the speed at the first frame increases from 2208 m/s
at 0° to 2408 m/s at 63.4°, with an increase of 9.1%. In other words, the angle of
prefabricated crack influences the hot shock-induced crack propagation at both tips,
although not too significant. In addition, we can see that the upper crack tip’s speed at
the first frame is slightly faster than that of the lower crack tip.
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It is interesting to remark the difference between the present work and the previous
cold shock test results, using ceramic sheets with prefabricated cracks [17]. When the
sample is subjected to cold shock, the cracks will initiate from the cold surface, expand
inward, and interact with the prefabricated cracks. This difference is due to the stress
field in the sample, which is different while using cold or hot shocks; the hot shock
tends to produce cracks from the inside, while cold shock tends to initiate cracks from
its surface.

The numerical simulations results on crack paths during the time 7=[0 n7] are
presented in Fig. 6, where n is the image’s number and 7 is the period between two
consecutive images (7=1.54 ps). The crack tip positions measured from the recorded
images are also plotted for comparison. From this figure, we can see that the numerical
results are consistent with the experimental ones. That is, the sample starts to produce
wing cracks from both tips of the prefabricated crack after being subjected to flame
thermal shock, which then extends outward along the width of the sample.

The numerical model can reproduce the crack growth process with satisfactory
accuracy for all the initial crack angles. It is worth noting that the experiments often
provide instantaneously through cracks in samples, which the numerical simulations
cannot predict. One reason may be that the evaluation of the DSIFs, according to Eq.
(1), 1s established for a moving crack in an infinite plate. It is no longer accurate when
the crack tip is close to the specimen edge.
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Fig. 7. Simulation of crack growth speed at both tips with the prefabricated crack distance of 4.5 mm and
the prefabricated crack angle of (a) 0, (b) 26.6, (c) 45 and (d) 63.4° during flame thermal shock.
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As thermal shock cracking is a very fast process achieved within a few
microseconds, the camera recording, using a finite number of images, can only provide
an average cracking speed between two consecutive frames. On the contrary, numerical
simulations allow for the evaluation of the crack propagation instantaneous speed. The
crack propagation speed simulations at different crack angles, with a prefabricated crack
distance of 4.5 mm, are shown in Fig. 7. Here again, we can see that the speed of the
simulated thermal-shock crack propagation process is very close to the experimental
results. That is, the cracking speed quickly increases from zero to a maximal value, then
decreases as the crack tip approaches the sample edge. We can see that the propagation
speed of the upper tip at the first frame is slightly faster than that at the lower tip. This
result is also in good agreement with the experimental recording. In addition, the
simulation results show that the increase of prefabricated crack angle leads to an
increase in the initial propagation speed of both crack tips. We can also get this trend
from experiments, but further investigations are needed to confirm experimental
dispersion.

4.2 Effect of the prefabricated crack distance

Fig. 8 shows the thermal-shock crack growth morphology variation with the
distance of the prefabricated crack (set as 3 mm, 4 mm, and 6 mm, respectively). In
combination with Fig. 5a, the maximum average growth speed between two consecutive
frames of the upper tip gradually increases with the distance from the heating interface,
e.g., from about 750 m/s for a distance equal to 3 mm, up to about 2600 m/s for 6 mm.
However, the propagation speed of the lower tip seems to decrease with the increase of
the distance from the heated surface. In addition, some tests show that the wing crack
first appears at the top tip of the crack, as shown in Fig. 8b and c.

Fig.9 shows the thermal shock crack growth speed with the different prefabricated
crack distances in the samples during the flame thermal shock by numerical simulation.
Q=1.98MW/m’ Q=1.96MW/m’ pi
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Fig. 8. Thermal shock crack propagation process during flame thermal shock when the upper tip distance
of prefabricated crack is (a) 3, (b) 4, and (c) 6 mm, with the speed error of 50.7m/s.

Combined with Fig. 7a, we can observe that the maximum growth speed of the upper
crack tip increases with the distance from the heated surface. On the contrary, the
maximum propagation speed of the lower crack tip decreases with this distance. These
results are in concordance with the experiments presented above. Besides, comparing
the speed curves of the upper and the lower tips, we can see that the upper tip tends to
initiate wing crack earlier than the lower tip, which is also consistent with the

experimental results.

@ upper ti 0 upper ti

£ 2000 el ; — @2 3000 ; ; oy )

= simulation = simulation

2 : . 2 : .

S simulation average | |G 2000 - simulation average | -

% 1000 + - - - - experiment 1 % - - - - experiment

a | = . 21000 | 1

; &\:5';*:;: ______ ; ol R

g 0 L L L 8 0 T 1

3] -1 0 1 2 3 4 5 65 -1 0 1 2 3 4 5 6
t(us) t(us)

o lower ti o lower ti

£ 3000 : , . P : : g : , : P : :

; simulation ; 2000 M simulation ]

S 2000 + simulation average | {'G /: _____ A simulation average

% - - - - experiment % - - - - experiment

> >

_9_1000 r -.9-1000

< | [ T < #[l

8 0 L 8 0 o1 m L L

3] -1 0 1 2 3 4 5 66 -1 0 1 2 3 4 5 6

17



Q3 upper tip (c)

£ 4800 ! ' ' ' simulation

2 //\ simulation average

5] B :

ks - - - - experiment

° 2000 i

.g- ! \\_

2 | el lmeibe

8 0 1 L

) 2 1 0 1 2 3 4 5 6

= t(ps)

» 2000 lower tip

E ‘ ' simulation

= simulation average

8 1000 - - - - experiment

g _____

b=

< ntniietint/ (N o

g o

g 2 1 0 1 2 3 4 5 6
t (ps)

Fig. 9. Simulation of thermal shock crack growth speed at both tips with the prefabricated crack distance
of (a) 3, (b) 4, and (c) 6 mm during flame thermal shock.

5. Conclusions

We carried out flame thermal shock experiments on ceramic sheets with
prefabricated cracks and observed them in real-time. The results show that the wing
cracks start from both tips of the prefabricated crack and propagate to both sides under
flame thermal shock. The maximum propagation speed occurs in the first two frames,
and then the speed decreases rapidly. The maximum crack growth speed of the upper tip
increases with the distance of the prefabricated crack, while the lower tip decreases.
Besides, the maximum propagation speed of both tips increases slightly with the
prefabricated crack angle.

Finite element models were built to simulate the crack growth of high speed under
hot shock based on fracture mechanics. To this end, we first obtained an estimation of
the K& — V relationship of alumina ceramics at higher speeds, combining experiments
and numerical simulations. The simulation results based on dynamic fracture mechanics
can faithfully reproduce the evolution process of thermal shock cracking and are
consistent with the experimental observations. It is found that the relation of speed first
increases and then decreases with time during the initiation and propagation of thermal
shock cracks, which is difficult to obtain experimentally due to the limitation of the
shooting speed of a high-speed camera. It is also confirmed that the upper tip tends to
occur wing crack earlier than the lower tip in the different prefabricated crack distance
calculations. This current theoretical numerical experimental study in ceramics allows
us a deeper understanding of the formation and evolution of thermal shock crack modes.
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Figure Captions:

Fig. 1. Schematic diagram of processing sample and observation device for flame
thermal shock.

Fig. 2. Thermal boundary conditions.

Fig. 3. Re-meshing procedure. (a) find the crack path and the intersection points, (b)
move the nearest nodes to the intersection points, (¢) doubling the intersection nodes to
form the new mesh near the moving crack tip.

Fig. 4. Measured crack growth speeds of (a) specimen 1, (b) specimen 2, (c) specimen 3
for identification, with the speed error of 50.7m/s, and (d) Estimation of the K& — V
relationship.

Fig. 5. Crack propagation process during flame thermal shock with the prefabricated
crack angle of (a) 0, (b) 26.6, (c) 45 and (d) 63.4°, with the speed error of 50.7m/s, and a
prefabricated crack distance of 4.5 mm.

Fig. 6. Crack paths obtained from numerical simulations with the prefabricated crack
angle of (a) 0, (b) 26.6, (c) 45 and (d) 63.4°, and a prefabricated crack distance of 4.5
mm.

Fig. 7. Simulation of crack growth speed at both tips with the prefabricated crack
distance of 4.5 mm and the prefabricated crack angle of (a) 0, (b) 26.6, (c) 45 and (d)
63.4° during flame thermal shock.

Fig. 8. Thermal shock crack propagation process during flame thermal shock when the
upper tip distance of prefabricated crack is (a) 3, (b) 4, and (c) 6 mm, with the speed
error of 50.7m/s.

Fig. 9. Simulation of thermal shock crack growth speed at both tips with the
prefabricated crack distance of (a) 3, (b) 4, and (¢) 6 mm during flame thermal shock.
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