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Cracking in the translucent alumina ceramic during flame thermal shock 
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A B S T R A C T   

Crack measurement after thermal shock is usually considered as a replacement because real-time observation of 
thermal shock experiments is difficult to achieve. This paper presents an experimental approach for real-time 
displaying thermal shock cracking using oxygen-acetylene flame and high-speed imaging of translucent 
ceramic. We capture the crack propagation process, calculate the crack propagation speed, discuss the effect of 
sample size and flame heat flux on the crack propagation, and analyze the difference between the crack prop-
agation under cold shock and hot shock. This paper further improves the mechanism of thermal shock damage of 
ceramic materials.   

1. Introduction 

The chemical and mechanical stability at high temperatures makes 
ceramic materials widely used in high-temperature industrial environ-
ments, especially in the aerospace field [1–4]. Ceramics serving in 
high-temperature environments usually undergo rapid heating and 
cooling processes, leading to large thermal stresses [1,2]. Due to 
inherent brittleness, severe thermal shock conditions can lead to 
microstructure damage or catastrophic failure of ceramic [3,4]. There-
fore, thermal shock resistance has become one of the critical criteria for 
selecting and designing ceramics. 

The thermal shock test of material can be divided into two types: cold 
shock and hot shock. The former is usually tested by the water 
quenching method that the sample is heated to a specific temperature 
and then thrown into the cold shock medium [5,6]. Hot shock generally 
adopts the technique of rapidly heating the specimen, such as laser [7], 
flame [8], irradiation [9], arc wind tunnel heating [10], etc., for testing. 
The material’s cold and hot shock resistance is evaluated by observing 
the crack morphology and measuring the residual strength of the spec-
imen [5–10]. With the in-depth study of thermal shock damage mech-
anism, it is becoming more critical to confirm the occurrence and 
development process of the thermal shock. Consequently, there is an 

urgent need for methods to observe the complete process of the thermal 
shock. 

As to the real-time observation of the cold shock cracking process, we 
have realized it through the water quenching process of the translucent 
material in the early stage [11]. However, there are few real-time ob-
servations of the hot shock cracking process, and most of the previous 
experiments are mainly crack measurements after hot shock [1,9]. The 
possible difficulty is how to avoid the influence of the hot shock process 
on the capture of rapid crack growth. In this paper, we use a particular 
device for the hot shock of translucent ceramic sheets. A high-speed 
camera is applied to capture hot shock cracking in real-time and 
calculate the crack propagation speed. Besides, we compared the results 
with that of crack propagation under cold shock. 

2. Experimental procedure 

2.1. Flame hot shock test 

Translucent alumina was made from 0.8 μm Al2O3 powder (99.4%, 
Jiawei Ceramics Co., Ltd., Zhuhai, China) by tape casting, calcining in 
the air at 800 ◦C and sintering in the hydrogen at 1700 ◦C for 2 h. The 
average grain size and the ceramic density were 20.8 μm and 3.95 g/ 
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cm3, which were measured by the line intercept method and the 
drainage method separately. The crack morphology during the 
oxyacetylene flame test was studied using ceramic sheets of 0.5 mm ×
10 mm × 50 mm and 0.5 mm × 20 mm × 50 mm. To make only one side 
(0.4 mm × 50 mm) was heated by the flame, the ceramic sheet was 
placed between two quartz glass to assemble a sandwich structure, and a 
graphite plate with rectangular holes was employed to block the flame 
during the test. The above design restricts the flame to the target surface 
(0.4 mm × 50 mm) without affecting the side observation (10 mm × 50 
mm or 20 mm × 50 mm), as shown in Fig. 1. This device also allows the 
sample to be heated more uniformly in the case of a large flame. 

Place the sample on the focused workbench. In front of it, the flame 
nozzle was ignited and calibrated with a heat flow meter. We adjusted 
the flow of oxygen and acetylene to obtain the heat flux value required 
for the test. After that, we aligned the flame with the sample for testing. 
In the meantime, the high-speed camera (Phantom V2012, Wayne, NJ, 
USA) captured the image at a speed of 651,000 frames/s and a resolution 
of 128 × 64 pixels during the hot shock (The picture is small that it may 
not be precise enough), as shown in Fig. 1. By this means, crack initia-
tion and propagation during hot shock can be successfully observed 
using the light refraction and reflection at the crack interface. The crack 
propagation speed can also be obtained by the crack length vs. time from 

a series of images recorded in the experiment. 

2.2. Finite element model for calculating stress intensity factor 

Rapid heating of the surface creates instantaneous tensile stresses in 
the interior of the sheet. Therefore, the sheet is most likely to form mode 
I crack at the position where the maximum tensile stress is reached [12]. 
To compare crack propagation speed qualitatively, we calculate the 
stress intensity factors ζi = ζ0-lnωi1/mKI

’ and KI
′′ at the two ends of the 

pre-existing central crack c in a 10 mm × 50 mm ceramic sheet. We use a 
2D plane stress finite element model with an element size of 0.05 mm. 
The crack tip singular element is transformed from the traditional 
quadrilateral element, which is realized by moving the middle node to a 

Fig. 1. Schematic of observation device of the ceramic cracking during flame hot shock.  

Fig. 2. (a) Finite element model for calculating the stress intensity factor at both ends of the central crack during hot shock (q is the flame heat flux, c is the central 
crack’s length), (b) Finite element grid at the crack tip. 

Table 1 
Mechanical and thermal parameters of alumina used in calculation.  

Young 
modulus 
E (GPa) 

Poisson’s 
ratio ν 

Heat 
flux q 
(MW/ 
m2) 

Thermal 
conductivity k 
(W m− 1 K− 1) 

Coefficient of 
thermal 
expansion α 
(10− 6 K− 1) 

Specific 
heat c 
(J/kg K) 

370 0.22 1.5 20 6.8 880  
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quarter. The representative grid and boundary conditions are shown in 
Fig. 2. The calculation parameters of alumina are shown in Table 1 [13]. 

3. Results and discussion 

Fig. 3a–d shows the images of crack initiation and propagation in 10 
mm wide ceramic under a flame hot shock of 1.5 MW/m2 heat flux. We 
can see that the crack propagates very quickly, and the entire propa-
gation process will be completed in 3 frames, about 5 μs The propagation 
process can be roughly divided into two stages. In the first stage, cracks 
suddenly appeared inside the sample within one frame at about 4 s after 
the flame spraying on the sample’s surface. The average speed of 
propagation is about 2653 m/s, as shown in Fig. 3a. The cracks that 

appear in the materials are caused by the thermal stress exceeding the 
material’s strength. In the second stage, the crack continues to propa-
gate towards the boundary with significantly reduced speed. The sample 
will be broken entirely by forming a through crack in about 3 frames, as 
shown in Fig. 3. We can see that as the crack size increases, the stress 
intensity factors at the crack tips first increase and then decrease in 
Fig. 4. It may explain the phenomenon that the crack speed is fast at the 
beginning and then slows down. 

Fig. 5a–d shows the images of crack initiation and propagation in 10 
mm wide ceramic under a flame hot shock of 2.2 MW/m2 heat flux. The 
crack propagation process is different from Fig. 3. In the first stage, a 
type-I crack suddenly appears inside the ceramic at about 3 s, and two 
ends of this crack branched to form 4 cracks after the crack propagates to 

Fig. 3. (a)–(d) Images of crack initiation and propagation in 10 mm wide ceramic under flame hot shock of 1.5 MW/m2 heat flux.  

Fig. 4. Transient thermal stress intensity factors (a) KI
’ and (b) KI

′′ changing with time of 10 mm wide ceramic.  
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a certain length, as shown in Fig. 5b. We can see that there is an unstable 
crack bifurcation at the tip of the crack. It may be because of the higher 
instantaneous thermal strain energy of ceramics caused by the flame hot 
shock with higher heat flux leading to the cracks that move too fast to 
maintain stability [14]. To release excess energy, a complex fracture 

model appears in the sample. In the second stage, the bifurcation cracks 
continue to spread towards the boundary with significantly reduced 
speed until a through crack is formed in the sample. 

Fig. 6a–d shows the images of crack initiation and propagation in a 20 
mm wide ceramic under a flame hot shock of 1.5 MW/m2 heat flux. Like 

Fig. 5. (a)–(d) Images of crack initiation and propagation in 10 mm wide ceramic under flame hot shock of 2.2 MW/m2 heat flux.  

Fig. 6. (a)–(d) Images of crack initiation and propagation in 20 mm wide ceramic under flame hot shock of 1.5 MW/m2 heat flux.  
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the 10 mm wide specimen, cracks appear inside the sample within a 
certain frame in the first stage. However, the average crack propagation 
speed in the 20 mm specimen is about 4500 m/s which is faster than that 
of the 10 mm specimen. Unstable crack bifurcation has also appeared at 
the crack’s tip, as shown in Fig. 6b. To qualitatively determine the effect of 
specimen size on crack propagation speed, we also calculated the transient 
thermal stress intensity factors of 20 mm wide ceramic, as shown in Fig. 7. 
Comparing with the result of 10 mm wide ceramic, we can see that when 
the time is greater than 1 s, the transient thermal stress intensity factors of 
both ends of the crack c of the 20 mm specimen are larger than those of the 
10 mm specimen respectively. The larger the stress intensity factor is, the 
faster the crack propagation is and the easier the unstable propagation is. 
We can conclude that the larger the sample becomes, the faster and more 
unstable the crack will propagate. Besides, the bifurcated crack will 
continue to propagate at a slower speed. 

Previously, we investigated the crack initiation and propagation on 
the ceramic sheet under water quenching by experiment and simulation 
[11,13]. We find that the cracks generate from the surface subjected to 
cold shock and propagate into the ceramic sheet (Fig. 8). Then, cracks 
propagate at intervals and form a hierarchical crack pattern [11,13], 
which is very different from a single internal crack under hot shock. This 
distinction is the disparate stress responses caused by the temperature 
fields inside the ceramics. The maximum tensile stress is generated on 
the ceramic sheet’s surface during cold shock while inside during hot 
shock. Besides, there is a big difference in crack propagation speed. In 
cold shock, crack propagation can be regarded as a quasi-static process 
because its speed is less than 1 m/s. However, this speed may reach 4.5 

km/s under hot shock, close to alumina’s Rayleigh wave speed (6 km/s 
[15]). The difference should be due to the different strain energy release 
rates at the crack tip caused by the temperature field states of the 
ceramic. The above research on the crack speed of hot shock should be 
verification on the thermal shock models and simulations proposed by 
some scholars [16–19]. 

What’s more, hot shock will cause severer damage than cold shock. 
The time for hot shock damage is too short to stop, even if turning off the 
flame halfway. Nevertheless, the material will not be completely 
destroyed after stopping the cold shock. It further reveals that the cold 
shock and hot shock tests of materials are irreplaceable to some extent. 
The water quenching test is used as a compromise method for the 
thermal shock that cannot truly reflect the hot shock process though it is 
convenient. 

4. Conclusions 

We obtain a real-time observation of ceramic flame hot shock by 
specially designed equipment. The results show that crack that appears 
from the inside of the ceramic and propagates to both sides will even-
tually form a through crack and cause catastrophic failure. The hot 
shock crack propagation speed is fast initially, close to the Rayleigh 
wave velocity, and then gradually decreases. The increase of heat flux 
and sample size can result in unstable crack bifurcation in crack prop-
agation. Besides, the rise in the sample size may also increase the initial 
propagation speed. It is very different from crack propagation under 
cold shock. Therefore, cold shock and hot shock tests are not 

Fig. 7. Transient thermal stress intensity factors (a) KI
’ and (b) KI

′′ changing with time of 20 mm wide ceramic.  

Fig. 8. Images of crack initiation and propagation in ceramics under quenching cold shock at temperature difference of (a)–(e) 280 ◦C; and (f)–(i) 430 ◦C.  
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interchangeable to some extent. 
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