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Abstract: Because of the significant difference between the thermal expansion coefficients of ceramic
blank and glaze, the glaze typically undergoes more pronounced shrinkage than the blank during
ceramic cooling, which results in high stress concentrations and cracking. In this study, the mechanical
mechanism of glaze cracking is studied, based on the statistical strength theory, damage mechanics,
and continuum mechanics. Furthermore, the influence of the glaze layer thickness, heat transfer
coefficient, expansion coefficient, and temperature difference on the creation and propagation of
inner microcracks is systematically investigated, and the final discrete fracture network of ceramics
is discussed at the specific crack saturation state. The results show that (1) a higher heat transfer
coefficient will lead to a more uniform distribution of the surface temperature and a faster cooling
process of the ceramics, reducing the number of microcracks when the ambient temperature is
reached; (2) the thinner glaze layer is less prone to cracking when its thickness is smaller than that of
the blank. However, when the thickness of the glaze layer is similar to that of the blank, the increased
thickness of the glaze layer will increase the number of cracks on its surface; and (3) when the
expansion coefficient of the glaze layer is smaller than that of the blank, cracks will not occur inside
the glaze layer. However, as the coefficient of the thermal expansion of the glaze layer continuously
rises, the number of cracks on its surface will first increase and then decrease.

Keywords: ceramic; craquelure; glaze cracking; crack propagation; cooling

1. Introduction

Ceramic products are very common in daily life because of their diverse shapes,
bright colors, ease of cleaning, stable mechanical performance, and adequate industrial
capabilities. However, due to the mechanical behaviors of ceramic glaze under external
loads, craquelures may occur during the process of ceramic production and use. On the
one hand, the formation of craquelures will affect product life and cause economic losses.
On the other hand, some cracked porcelains are favored by consumers because of their
attractive fracture networks and artistic beauty.

The craquelures on ceramic surfaces are widely observed; for example, the cracked
teapot shown in Figure 1 exhibits this feature. Actually, these cracks often appear on the
surface of multi-layer media [1–3]. Under the combined effects of high temperature, high
humidity, and high internal stress, the deformation difference between the surface medium
and the internal medium will lead to high stress concentrations and the initiation of mi-
crocracks [4–6]. Then, the formed cracks gradually expand and penetrate each other until
craquelures form. Depending upon the various material properties and environmental
factors, many different kinds of craquelures may occur. The formation mechanism of such
discrete fracture networks has attracted widespread attention [7–10]. Hot ceramics may
generate high thermal stresses during the cooling process, resulting in severe damage
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and affecting the mechanical responses of ceramics, according to the results of previous
studies [11–15]. High temperature is the main factor affecting the performance of ceram-
ics [16–18]. Meanwhile, temperature variations can weaken ceramic structures and make
them more prone to cracking. Moreover, inherent defects like pores, inclusions, or grain
boundaries act as stress concentrators, making ceramics more susceptible to cracking. Re-
searchers have investigated the different crack growth mechanisms, such as intergranular,
transgranular, or mixed-mode cracking, to understand how cracks propagate through
ceramic materials, examining fractured ceramics to analyze crack patterns, origins, and
failure modes, providing insights into their underlying causes [19–21]. The various meth-
ods to mitigate cracks, including improving material properties, optimizing manufacturing
processes, and implementing stress-relieving techniques like annealing or thermal cycling,
have also been explored [22–24].
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Figure 1. The craquelures on a ceramic surface.

However, the evolution mechanisms of surface cracks in multi-layered quasi-brittle
materials, such as ceramic structures, remain unclear. The possible cause of ceramic
cracking is the concentrated high stresses induced by the different thermal expansion
coefficients of ceramic blank and glaze. When the thermal expansion coefficient of the glaze
is greater than that of the blank, and the shrinkage of the glaze will be more significant
than that of the blank during cooling [25–28]. When the stress buildup exceeds the ultimate
strength of the glaze layer, the cracking phenomenon will occur. In fact, a number of
ice-cracked ceramics were produced in Ancient China, and many of them are precious
works of art. Thus, several researchers have investigated the manufacturing process and
control factors of these fracture networks [29–32]. But, the current studies mainly focus on
the qualitative analysis of the cracking phenomenon, and the quantitative analysis of the
control factors is still lacking.

In this study, the formation mechanism of the discrete fracture network on ceramic
surfaces is investigated to improve our understanding of the progressive creation and
development of microcracks in the glaze layer, affected by the gradual process of stress
concentration, stress release, and stress transfer. Based on the statistical strength theory,
damage mechanics, and continuum mechanics, the ceramic models including blank and
glaze are established, and the initiation, propagation, and saturation process of cracks in
the glaze layer is modeled. Furthermore, the geometric and physical parameters of the
glaze layer during the cooling process are studied, including glaze thickness, expansion
coefficients, heat transfer coefficients, etc. Additionally, the preventive and control mea-
sures for craquelures are analyzed, and guidance for avoiding material waste during the
production of ceramic products is discussed.
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2. Materials and Methods
2.1. Numerical Method
2.1.1. Constitutive Relation

In this study, the three-dimensional thermal-mechanical coupled realistic fracture
process analysis (RFPA) method [33,34] is used. RFPA is a finite element method (FEM)
based software which is developed according to the statistical strength theory, damage
mechanics, and continuum mechanics, and has been used by many researchers to simulate
the generation and development of cracks in quasi-brittle materials. The main characteristic
of RFPA is to consider the influence of material heterogeneity on non-linear mechanical
behaviors, and the related physical and mechanical parameters are assigned to obey the
Weibull distribution function [35,36], shown as follows:

f (u) =
m
u0

(
u
u0

)m−1
e−(

u
u0

)m

(1)

where f (u) is the probability density function of the relevant material parameters; u is the
specific parameter, such as strength, elastic modulus, and thermal expansion coefficient; u0
is the average value of the parameter u; m is the heterogeneity index within the range of
(1, +∞), and the higher the m, the more uniform the material.

In Figure 2, the stress–strain relationship of mesoscopic elements under a uniaxial
stress state is shown in RFPA. When the stress state of an element reaches the failure
criterion provided by the user, the software will determine that the element is damaged at
the current time step. Meanwhile, the degradation of the element elastic modulus during
the loading process can be determined according to the following equation:

E = (1−ω)E0 (2)

where E is the elastic modulus value of the damaged element; E0 is the initial value of the
elastic modulus; and ω is the damage variable.
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When loading to a certain extent, the compression-shear stress state of an element may
reach the Mohr–Coulomb criterion. At this moment, the damage variable ω is:

ω =


0

1− λεt0
ε

1

ε > εt0
εtu < ε ≤ εt0

ε ≤ εtu

(3)
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where λ is the residual strength coefficient, which can be calculated using λ = ftr/ ft0; εt0
is the compressive strain threshold; and εtu is the ultimate compressive strain

When the suffered tensile stress of an element satisfies the maximum tensile stress
criterion, tensile damage will occur, and the corresponding damage variable ω is:

ω =

{
0

1− λεc0
ε

ε < εc0
ε ≥ εc0

(4)

where εc0 is the tensile strain threshold.

2.1.2. Temperature Equation

The thermo-mechanical coupling is controlled by the following equations [37–39]:

kTii + Q = ρc
.
T + βT0

.
εkk (5)

σij,ii + Fbi = ρ
..
ui (6)

εij = (ui,j + uj,i)/2 (7)

σij = λεmmδij + 2Gεij − β∆Tδij (8)

β = (3λ + 2G)α (9)

where σij is the stress term; εij is the strain term; Fbi is the mass force;
..
ui is the iner-

tial variable; β is the thermal stress coefficient; ∆T is the temperatures difference, i.e.,
∆T = T − T0; T0 is the initial temperature; δij is the Kronecker function; Q is the heat gener-
ation; λ is the Lame constant; G is the shear modulus; α is the thermal expansion coefficient;
k is the thermal conductivity; ρ is the density; and c is the specific heat.

The heat conduction equations [37–39] are as follows:

kx
∂2T
∂x2 + ky

∂2T
∂y2 + kz

∂2T
∂z2 + Q = ρc

∂T
∂t

(On Ωe) (10)

T(P, t)|PεS1
= ϕ(P, t) (The boundary condition is Se

1.) (11)

−kn
∂T
∂n

∣∣∣∣
PεS2

= qS2 (The boundary condition is Se
2.) (12)

kn
∂T
∂n

∣∣∣∣
PεS3

= h(Ts − T) (The boundary condition is Se
3.) (13)

T|t=t0
= T(P, t0) (at time te

0) (14)

The equilibrium equations and boundary conditions are as follows:

σij,j + Fbi = 0 (balance equation) (15)

εij = (ui,j + uj,i)/2 (geometrical equation) (16)

σij = λεmmδij + 2Gεij − β∆Tδij (physics equation) (17)
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fi =
∼
fi (force boundary condition) (18)

ui =
∼
ui (displacement boundary condition) (19)

β = (3λ + 2G)α (displacement boundary condition) (20)

where kx, ky, and kz are the heat conduction coefficients of the element along the x, y, and
z directions, respectively; Se

1, Se
2, and Se

3 are the first, second, and third thermal boundary
conditions, respectively; te

0 is the initial moment; ϕ(P, t) is the distribution function of
temperature on the boundary point P at the time t; qS2 is the boundary heat flow density;
h is the heat transfer coefficient between the boundary and the environment; Ts is the

ambient temperature; Ωe is the entire solution domain of the element;
∼
fi is the stress

boundary; and
∼
ui is the displacement boundary.

2.2. Model Configuration

In this study, two kinds of materials are considered, i.e., glaze and blank. The formation
process of cracks inside the glaze layer during the cooling process is simulated under the
condition of cooling from 1230 ◦C [24]. The influence of the layer thickness, expansion
coefficient, and heat transfer coefficient are investigated. For quantitatively analyzing the
simulated image data, the Crack Image Analysis System (CIAS) software developed by the
research team led by Prof. Tang [40,41] at Nanjing University, China, (www.climate-engeo.
com (accessed on 10 January 2023)) is used. The fractal dimension value can be directly
obtained through CIAS based on the area perimeter method, which can be expressed
as follows:

log(P) = D/2× log (A) + C (2− 3) (21)

where P represents the perimeter of one block identified on the given crack image; A
represents the area of the corresponding block; C is the computing constant; and D is the
fractal dimension of the related block shown on the crack image.

The model with the size of 100 m × 100 mm × (2hg + hb), where hg = 0.5 mm, 1 mm,
1.5 mm, 2 mm, 2.5 mm, 3 mm, and hb = 2 mm, is established. The number of model
elements is 300 × 300 × 3 × (2h′g + h′b) (h′g = 0.5, 1, 1.5, 2, 2.5, 3, and h′b = 2). The blank
size is (100 × hg) mm × (100 × hg) mm × 2 mm, where hg is the glaze thickness; and hb
is the blank thickness. The glaze layer completely encloses the blank. The physical and
mechanical parameters of the model materials shown in Table 1 are determined by referring
to [24] and identifying the numerical trials. The model is calibrated by comparing the
related results with those in the literature [15,24] in terms of the strength of the materials
and the morphology and spatial distribution of the cracks.

Table 1. Mechanical parameters used in numerical simulation.

Material
Elastic

Modulus
(E)/MPa

Compressive
Strength
(σc)/MPa

Tensile
Strength (σt)

/MPa

Poisson’s
Ratio (υ)

Heterogeneity
(m)

Thermal
Capacity
J/(m3·k)

Thermal
Conductivity

W/(m·k)

Glaze 61,240 450 90 0.24 8 2.1 1
Blank 100,000 800 160 0.3 5 2.1 1

Figure 3 shows the model geometry. The model is established to simulate the behaviors
of the ceramic sheet in the kiln. The model is fixed at the bottom, and the other surfaces are
free. The third type of temperature loading is used, and the ambient temperature is set at
20 ◦C. After firing to 1230 ◦C, the creation and development of cracks inside the ceramic
sheet during cooling under different conditions are observed.

www.climate-engeo.com
www.climate-engeo.com


Materials 2023, 16, 5508 6 of 18
Materials 2023, 16, x FOR PEER REVIEW 6 of 18 
 

 

 
(a) Model structure (b) Model size 

Figure 3. Diagram of the model. 

On the one hand, the fracture modes of the material layers are affected by their ge-
ometry. On the other hand, the cracking of the glaze layer is influenced by the physical 
and mechanical parameters. Moreover, the heat exchange rate between the ceramic plate 
and the external environment also affects the appearance of craquelure. To take these fac-
tors into account, different glaze thicknesses are set, i.e., hg = 0.5 mm, 1 mm, 1.5 mm, and 
2 mm, 2.5 mm, 3 mm; different coefficient of thermal expansion (CTE) of a glaze are used, 
i.e., αg = 5.5 × 10−6/K, 5.75 × 10−6/K, 6 × 10−6/K, 6.25 × 10−6/K, 6.5 × 10−6/K, and 6.75 × 10−6/K; 
and different heat transfer coefficients are applied, i.e., β = 10 W/(m2·K), 25 W/(m2·K), 50 
W/(m2·K), 100 W/(m2·K), 150 W/(m2·K), and 200 W/(m2·K). 

3. Results 
3.1. The Influence of Temperature Difference on the Fracture Process 

Due to the different cooling rates, the heat dissipation speed of ceramic materials is 
also different. The surface of ceramics will produce a temperature change trend, leading 
to various modes of fracture development. In this section, the heat transfer coefficient β = 
10 W/(m2·K) (slow cooling) and β = 100 W/(m2·K) (fast cooling) are taken into account. 

3.1.1. The Fracture Formation under Slow Cooling 
Figure 4 shows that the model gradually cools down to about 300 °C with a slow 

cooling rate. From Figure 4a,b, it can be seen that because there is no constraint around 
the surrounding boundaries under the effect of cold shrinkage, fractures start to sprout 
around the model. Figure 4c indicates that due to the thin thickness of the model, fractures 
first generate at the weak areas and then extend to the upper and lower surfaces of the 
model. Meanwhile, the directions of the generated fractures are mainly perpendicular to 
the model boundaries. 

   
(a) Step 1 (b) Step 45 (c) Step 86 

Figure 3. Diagram of the model.

On the one hand, the fracture modes of the material layers are affected by their
geometry. On the other hand, the cracking of the glaze layer is influenced by the physical
and mechanical parameters. Moreover, the heat exchange rate between the ceramic plate
and the external environment also affects the appearance of craquelure. To take these
factors into account, different glaze thicknesses are set, i.e., hg = 0.5 mm, 1 mm, 1.5 mm, and
2 mm, 2.5 mm, 3 mm; different coefficient of thermal expansion (CTE) of a glaze are used,
i.e., αg = 5.5 × 10−6/K, 5.75 × 10−6/K, 6 × 10−6/K, 6.25 × 10−6/K, 6.5 × 10−6/K, and
6.75 × 10−6/K; and different heat transfer coefficients are applied, i.e., β = 10 W/(m2·K),
25 W/(m2·K), 50 W/(m2·K), 100 W/(m2·K), 150 W/(m2·K), and 200 W/(m2·K).

3. Results
3.1. The Influence of Temperature Difference on the Fracture Process

Due to the different cooling rates, the heat dissipation speed of ceramic materials is
also different. The surface of ceramics will produce a temperature change trend, leading
to various modes of fracture development. In this section, the heat transfer coefficient
β = 10 W/(m2·K) (slow cooling) and β = 100 W/(m2·K) (fast cooling) are taken into account.

3.1.1. The Fracture Formation under Slow Cooling

Figure 4 shows that the model gradually cools down to about 300 ◦C with a slow
cooling rate. From Figure 4a,b, it can be seen that because there is no constraint around
the surrounding boundaries under the effect of cold shrinkage, fractures start to sprout
around the model. Figure 4c indicates that due to the thin thickness of the model, fractures
first generate at the weak areas and then extend to the upper and lower surfaces of the
model. Meanwhile, the directions of the generated fractures are mainly perpendicular to
the model boundaries.

As the temperature continues to decrease, fractures begin to expand on the surface of
the glaze layer. Because of the slow cooling rate, there is a noticeable temperature difference
between the environmental temperature and the internal temperature of the model. During
heat dissipation and contraction, the temperature of the model decreases sequentially from
the outside to the inside, and the temperature difference between the outside and the
inside causes fractures. Currently, the formed fractures are mainly parallel to the model
boundaries. In this case, the horizontal and vertical fractures gradually intersect and
finally form a discrete fracture network, i.e., craquelures, as shown in Figure 4d,e. With
the decreasing temperature, the cold shrinkage process continues. At the same time, the
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outer fractures in the model begin to be intensified, as shown in Figure 4f,g. As the model
continues to cool down, the internal fractures also appear to be intensified, as shown in
Figure 4h. After cooling to a certain degree, the surface temperature distribution of the
model becomes relatively uniform and similar to the environmental environment. At this
moment, since there is no noticeable temperature difference, few new cracks will appear,
and the crack situation on the model surface tends to become stable, as shown in Figure 4i.
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β = 10 W/(m2·K) and αg = 6/K, presented by temperature contours.

3.1.2. The Fracture Formation under Fast Cooling

Figure 5 shows the fracture evolution of ceramic glaze during the fast cooling process.
The model is only constrained at the bottom, and the outer parts of the model are first
cooled during the rapid cooling. The temperatures of the outer parts of the model are
obviously different from those of the internal parts, forming high inner temperature stresses,
as shown in Figure 5a,b. Because the glaze layer is on the surface of the ceramics and the
glaze layer cools faster, such cooling causes the glaze layer to shrink dramatically. Under
the constraint of the blank, high tensile stress concentrations occur on the surface of the
glaze layer. As the temperature decreases, the tensile stress accumulated on the surface
quickly increases, and new cracks are generated. At the early cooling stage, micro-cracks on
the model surface are mainly generated and distributed at the outer parts of the model, as
shown in Figure 5c. As the temperature decreases, the cracks propagate towards the inner
parts of the model, as shown in Figure 5d,e, and then gradually gather to form craquelures,
as shown in Figure 5f,g. Then, the large blocks are divided into small blocks. After the
temperature distribution reaches the ambient temperature, few new cracks are generated,
as shown in Figure 5h,i. The obvious differences from when compared to the results of
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slow cooling are that the propagation speed of the fractures is relatively rapid under fast
cooling, the effect of the temperature difference is relatively small, and the size of the blocks
divided by fractures on the model surface is larger and more uniform.
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3.2. The Influence of the Glaze Heat Transfer Coefficient

To understand the significant influence of the cooling rate on the formation of cracks,
the different heat transfer coefficients are investigated, i.e., β = 10 W/(m2·K), 25 W/(m2·K),
50 W/(m2·K), 100 W/(m2·K), 150 W/(m2·K), and 200 W/(m2·K). It can be seen from
Figure 6 that when the heat transfer coefficient becomes larger, the cooling speed of the
model will become faster, and it is less likely to form a significant temperature difference
on the model surface. Figure 6 shows that when the models have cooled to the same
degree, the larger heat transfer coefficient will lead to a more uniform surface temperature
distribution; the larger heat transfer coefficient will cause a more rapid temperature drop, a
smaller temperature difference inside the model, and a smaller number of fractures.

During the fracture evolution of ceramics, the release of elastic energy causing the
formation of fractures can occur in the form of acoustic emission (AE). In this study, the
AE events produced during the simulations can be modeled by the RFPA code. Figure 7
shows that when β = 10 W/(m2·K), the model cools down slowly, and the peak of AE
events appears late. During the cooling progress, the AEs increase gradually, and the
appearance of the peak of AE events mean that the model is completely broken. As the
heat transfer coefficient increases, the AE peak appears earlier, and the model cools down
to the ambient temperature more quickly. When the heat transfer coefficient reaches more
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than 50 W/(m2·K), the cooling speed of the models becomes faster, and due to the rapid
cooling, a large amount of AE events will be generated at the early stage of cooling, and the
peak of the AE curve will appear earlier. Simultaneously, a larger heat transfer coefficient
will lead to a larger number of AE events, as shown in Figure 7.
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Figure 6. The development of cracks on the glaze surface and the temperature distributions when
the glaze layers with different heat transfer coefficients are cooled to the same degree, hg = 2 mm and
αg = 6 × 10−6/K.
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Figure 7. The acoustic emission curves affected by different heat transfer coefficients.

Figure 8 shows the simulated distributions of the glaze layers with different heat
transfer coefficients, from which we can see that the number of cracks forming inside
the glaze layers basically increases with the growth of the heat transfer coefficient. To
quantitatively analyze the geometric characteristics of the fracture networks, the CIAS is
applied, and the total number of cracks and fractal dimension are shown in Figure 9.
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From Figure 9, we can see that with the growth of the heat transfer coefficient, the
number of cracks on the model surface basically shows a decreasing trend. However,
the number of cracks when β = 25 W/ (m2·K) is slightly higher than the number when
β = 10 W/(m2·K) because there more large blocks form when β = 10 W/(m2·K) due to
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the material inhomogeneity. However, the degree of damage of model materials with
β = 25 W/(m2·K) is greater than that when β = 10 W/(m2·K). When the heat transfer
coefficient is relatively larger, there are more areas of serious damage in the model because
of the rapid cooling. The fractal dimension indicates the complexity of the discrete fracture
network. The larger the fractal dimension, the more complex the fracture network. From
Figure 9, it can also be seen that the fractal dimension basically shows a decreasing trend
with the increasing heat transfer coefficient.

3.3. The Influence of Glaze Thickness

The thickness of the glaze layer has a significant influence on the discrete fracture
network on ceramic surfaces. The thickness of the glaze layer will change the process of
stress buildup, stress release, and stress transfer. Thus, appropriately reducing the thickness
of the glaze layer can alleviate the formation of cracks. In ice-cracked ceramics, a proper
thickness of the glaze layer can lead to a desired fracture network. In this section, the
cooling simulation is carried out on the ceramic models with different glaze thicknesses.
The creation and evolution of glaze cracks are simulated. To reveal the effect mechanism of
glaze thickness on cracking, six thicknesses are taken into account, i.e., hg = 0.5 mm, 1 mm,
1.5 mm, 2 mm, 2.5 mm, and 3 mm. Moreover, the blank thickness hb is set at 2 mm.

Figure 10 shows that when the model temperature drops to the ambient temperature,
the cracking degree of the model will rise with the increase in the thickness of the glaze
layer. From Figure 10a, it can be seen that when the thickness of the glaze layer hg = 0.5 mm,
the temperature distribution at the outer parts of the glaze layer is lower than that in the
middle part, showing a particular gradient change. Figure 10b shows that when hg = 1 mm,
the scattered microcracks appear on the surface of the glaze layer. Because of the generation
of microcracks, the heat dissipation rate in the middle of the glaze layer is accelerated, and
the temperature difference between the middle and the outer parts of the glaze layer begins
to decrease. Figure 10c indicates that when hg = 1.5 mm, penetrating cracks begin to appear.
Simultaneously, compared with the thinner glaze layers, the glaze layer with hg = 1.5 mm
has a greater degree of heat dissipation, and the corresponding surface temperature tends to
be uniform. Figure 10d shows that when hg = 2 mm, the number of through-cracks increases,
and the cracks inside the glaze layer become dense. Meanwhile, the temperature at the
outer parts of the glaze layer is relatively low, and that at the middle part is more uniform.
From Figure 10e, we can see that when hg = 2.5 mm, the number of dense cracks increases,
the blocks divided by the cracks in the middle become large, and the low temperature areas
surround the dense cracks. Figure 10d shows that when hg = 3 mm, the crack density is
similar to that when hg = 2.5 mm, but more through-cracks are generated in the middle.
The temperature distribution on the model surface become relatively uniform.
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Figure 10. The development of cracks on the glaze surface and the temperature distributions
noted when the glaze layers with different glaze thicknesses are cooled to the same degree:
β = 100 W/(m2·K), and αg = 6 × 10−6/K.

Figure 11 shows that when the models with different thicknesses are cooled to the
ambient temperature, the number of AEs display various responses. It can be seen that as
the model thickness increases, more loading steps are required for cooling to the same level.
When the model starts to cool down, there are many damaged areas on the ceramic surface
due to rapid cooling from a high temperature, which may result in the first small peak of
released AEs. As the cooling continues, the thinner model will produce a later second AE
peak, and the model destruction will appear later. Namely, with the growth of the model
thickness, the peak of released AEs appears relatively late, and the cooling time required
to generate the macro failure of the model increases. This phenomenon occurs because
greater temperature stresses are required to break the thicker model. Furthermore, when
the thickness increases to a certain value, the number of cracks on the model surface will
be largely reduced, and the destruction of the model becomes more difficult.
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Figure 11. The acoustic emission curves affected by different glaze thicknesses.

Figure 12 shows that as the thickness of the glaze layer increases, cracks appear on
the surface of the glaze layer when the model temperature reaches the ambient level.
Figure 12a,b shows that when hg = 0.5–1 mm, there are a few microcracks scattered on the
surface of the glaze layer, and no apparent through-cracks occur. Figure 12c indicates that
when hg = 1.5 mm, some penetrating cracks begin to appear and spread over the model
surface. Figure 12d–f demonstrates that as the layer thickness increases to 2 mm, more and
more cracks spread over the model surface. Namely, as the model thickness increases, the
number of cracks continues to rise. When the thickness of the glaze layer grows up to a
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certain level, the growth rate of the number of cracks becomes smaller. Additionally, with
the thickness of the glaze layer increasing, the temperature stresses required to produce
cracks becomes larger, meaning that the model is more difficult to be destroyed. From
Figure 13, we can see that the fractal dimension shows a sudden increment when the glaze
thickness rises from 0.5 mm to 1 mm, while after that, the fractal dimension rises slightly
with the continuous increase in the glaze thickness.
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Figure 13. The number of cracks and fractal dimension curves under different glaze thickness.

3.4. The Influence of Coefficient of Thermal Expansion (CTE) of Glaze

The glaze and blank layers are two important components of ceramics, and their
compatible deformation, controlled by the coefficient of thermal expansion (CTE) of a glaze,
has a great influence on their mechanical responses. In order to understand the influence of
the CTE of ceramics on the discrete fracture network, the following models are established.
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Clearly, the CTE of the blank is set to be 5 × 10−6/K and remains unchanged. But the
CTE of the glaze layer changes, i.e., αg = 4.5 × 10−6/K, 5.5 × 10−6/K, 5.75 × 10−6/K,
6 × 10−6/K, 6.25 × 10−6/K, and 6.5 × 10−6/K, and αb = 5 × 10−6/K.

Figure 14 shows the observed discrete fracture networks forming on the ceramic
surfaces when the models are cooled to the same ambient temperature. From Figure 14a–f,
we can see that a higher expansion coefficient of the glaze layer will lead to denser cracks
on the surface of the glaze layer. Meanwhile, when the CTE of the glaze is smaller than
that of the blank, the glaze layer shrinks less than does the blank layer during the cooling
process. Furthermore, the high compressive stresses between the glaze and blank layers
suppress the growth of tensile cracks near the ceramic surface. However, when the CTE of
the glaze layer is greater than that of the blank, the shrinkage of the glaze layer becomes
more severe than that of the blank body, resulting in high tensile stress concentrations near
the ceramic surface. Therefore, many cracks are generated in the glaze layer.
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Figure 15 shows the changing trends of the AE events affected by different CTEs of
the glaze, from which we can see that the significant difference between the expansion
coefficients of the glaze and the blank layers will cause a greater degree of damage to the
ceramics. Figure 15 also indicates that as the CTE of the glaze layer increases, the number
of AE events also increases, and the peak of AE events occurs earlier.

Figure 16 shows that the distribution and density of generated cracks change with the
increase in the CTE of the glaze layer. Figure 16a indicates that when the CTE of the glaze
layer is smaller than that of the blank, few cracks occur during the cooling process of the
model. From Figure 16b, it is clear that when the CTE increases to 5.5 × 10−6/K, only a few
microcracks appear, with little influence on the stability of the model. However, Figure 16c
demonstrates that when the CTE rises to 5.75 × 10−6/K, some large-scale cracks began to
appear at the outer parts of the model, but they do not extend to the center of the model. It
is worth noting that in Figure 16d, when αg = 6 × 10−6/K, many cracks began to form on
the model surface. Namely, as the CTE increases from 5.5 × 10−6/K to 6 × 10−6/K, the
number of cracks rises quickly. Figure 16e,f shows that when αg increases to a certain value,
the number of cracks remains nearly the same.
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Figure 16. The glaze layer crack distribution affected by different glaze CTEs.

Figure 17 also illustrates the rapid growth of cracks when the CTE varies from
5.5 × 10−6/K to 6× 10−6/K and the stability of cracks when the CTE reaches 6.25 × 10−6/K.
These phenomena occur because the model will be destroyed earlier as the CTE increases,
a large amount of heat will be lost after the formation of through-cracks, and it is therefore
difficult to generate the concentrated temperature stresses on the model surface at the later
stage. Moreover, Figure 17 shows that the fractal dimension increases quickly when the
CTE rises from 5.5 × 10−6/K to 6 × 10−6/K, and the growth speed slows significantly
when the CTE reaches 6.25 × 10−6/K.
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4. Conclusions

In this study, the crack mode and the failure process of ceramic glaze during the
cooling process are investigated, and the initiation and propagation of polygonal cracks
are intuitively reproduced numerically. Furthermore, the formation mechanism of cracks
inside ceramic glaze is analyzed. Meanwhile, the effects of different glaze layer thicknesses,
expansion coefficients, and thermal conductivity coefficients of the glaze layer are discussed.
The main conclusions can be drawn as follows:

(1) The cooling rate has a great influence on the formation of microcracks on a ceramic
surface. Namely, a lower cooling rate will enhance the temperature difference in
ceramics, leading to denser cracks. When the model temperature drops to essentially
the temperature of surrounding environment, new cracks will not appear due to
the small temperature difference, which means that the cracks on a ceramic surface
become stable.

(2) A higher heat transfer coefficient will lead to a faster cooling speed and a small
temperature difference on the ceramic surface. When all the ceramic models are
cooled to the same degree, a higher heat transfer coefficient will result in a more
uniform surface temperature. Furthermore, a higher heat transfer coefficient will
cause a faster drop in the ceramic temperature, resulting in a smaller temperature
difference inside the model and a smaller number of microcracks. When the heat
transfer coefficient increases to a certain level, the model can be cooled quickly, and
many damage zones will occur inside the model at the beginning of cooling. As
the cooling process continues, the model with a higher heat transfer coefficient will
experience the second massive failure sooner, the failure process will end earlier.

(3) As the thickness of the glaze layer increases, the distribution of cracks on a ceramic
surface also changes. When the thickness of the glaze layer is much lower than
that of the blank layer, only a few microcracks scatter on the surface of the glaze
layer during the cooling process. As the thickness of the glaze layer increases, some
through-cracks begin to appear. When the thicknesses of the glaze layer and the blank
body becomes equal, cracks spread throughout the surface of ceramics. However,
when the thickness of the glaze layer rises to a certain level, the number of cracks
decreases and the growth of the cracks slows down, even showing a downward trend.
Simultaneously, as the thickness of the glaze layer increases, the temperature stress
required for producing cracks gradually rises, and the model becomes more difficult
to destroy.

(4) When the CTE of the glaze layer is smaller than that of the blank body, no cracks will
occur during the cooling process. When the CTE of the glaze layer is greater than that
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of the blank body, with the growth of the CTE of glaze layer, the number of cracks on
the ceramic surface will gradually increase. However, when the CTE of the glaze layer
increases to a certain level, the number of cracks starts to decrease. This phenomenon
occurs because with the increasing CTE, the heat will be lost more and more quickly,
and it is difficult for the temperature stress to accumulate on the ceramic surface.
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