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Abstract: Ceramics are widely utilized to provide thermal and electrical insulation and are becoming significant structural 

materials in engineering industry. Researcher has reported on number of problems, such as surface deformation that 

resulted in crack propagation on the materials' surface under temperature loading. Hitherto, there is dearth of information 

on the establishment of a compressive stress field, which stops further crack propagation as one of the mechanisms of phase 

change. An advanced multistep multidimensional computational model was created on the commercially available Ansys 

finite-element platform to examine the thermomechanical properties of a few selected ceramic materials (alumina, silicon 

carbide, and chromium carbide) through surface respond. The computational model integrated the thermo-mechanic 

coupling, heat transfer and structural mechanics to forecast and assess not only the temperature field, crack propagation, 

but also phase change on the surface of the materials. However, in contrast to alumina and chromium carbide, silicon carbide 

has a higher safety factor, according to the study. In comparison to chromium carbide and alumina, which have respective 

minimum factors of safety of 0.42729 and 0.064329, silicon carbide has a minimum safety factor of 2.8125. According to the 

findings, there was a noticeable rise in thermal stress in the area closest to the chromium carbide geometry's outside. 

Additionally, it was noted that at 𝟏𝟖𝟎𝟎𝟎𝐂, the thermal strain result shows that Alumina has a value of 0.0237 m/m, Silicon 

carbide has 0.0103 m/m, and Chromium carbide has 0.0124 m/m. This implies that silicon carbide has lowest thermal stress 

than the rest and silicon carbide exhibited few isolated cracks on the surfaces of geometry with the shears stress of 

2.393x10^9 maximum at 𝟏𝟕𝟎𝟎𝟎𝐂. According to the aforementioned findings, silicon carbide displayed compressive stress 

field lower than alumina and chromium carbide at temperatures higher than𝟏𝟖𝟎𝟎𝟎𝐂. 
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I. INTRODUCTION 

 

Ceramics are widely utilized to provide thermal and 

electrical insulation and are becoming significant structural 

materials, even if metals still predominate in engineering 

applications [1, 2]. Ceramic has numerous uses in industries 

like the aerospace industry (rocket engine nozzle and gas 

turbines), furnaces (refractory lining), and automobiles 

(brake pads), due to their good mechanical properties like 
high thermal shock, high temperature resistance and thermal 

conductivity [3, 4]. A number of problems, such as surface 

deformation that resulted in crack propagation on the 

materials' surface under temperature loading [5, 6], limit the 

usage of ceramic materials in severe environments. 

Understanding how ceramic materials react to high-

temperature, high-velocity impacts has recently attracted a lot 

of attention. Thus, one of the mechanisms of phase 

transformation that the researcher was unable to explain prior 

to a fracture tip propagation is the production of a 
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compressive stress field, which inhibits further crack 

propagation during temperature loading [7, 8]. 
 

However, a lot of research has been done to examine 

how crack formation and deformation during temperature 

loading in ceramic materials. Zhang et al., and Sap et al., [9, 

10] investigated the ceramic cracks caused by grinding and 

used three destructive examination techniques to characterise 

the cracks. The damage mechanism in silicon carbide 

ceramics (SiC) grinding was examined by Agarwal and 

Agarwal [7, 11,]. Engineering ceramics' surface microcracks 

were examined by Holmqust and Johnson [12]. They all came 

to the conclusion that, for ceramic materials with both brittle 
and ductile removal states, the facture toughness is crucial in 

determining the maximum depth of ductile cutting without 

microcrack. A brittle-to-ductile transition formula was 

developed by Wei and Sharma [13, 14], where the threshold 

value is inversely related to the material's static fracture 

toughness. Kurzawa and Hutzler [15, 16] devised a formula 

for the transition from brittle to ductile in which the threshold 

value depends on the material's static fracture toughness and 

other mechanical properties. Another important problem is 

the oxidation of materials made of ceramic composites during 

sintering or when they are put under high temperature strains 

of more than 1000 °C [17, 18]. 
 

Also, Timothy [19, 20] and Ross [21] also seek to 

understand the development of microcracks under impact 

loading. Experiments using repeating compressive loads and 

repeated hits illustrate the microscopic cracking process. 

Layered composites were detailed by [22, 23, 24] under 

dynamic load; the loading models show ongoing changes to 

the material. The internal structure alterations include grain 

rotations, maxima of plastic strain in metallic binders, and the 

emergence of microcracks [25, 26]. In their investigation of 

the fracture initiation mechanism for the ductile failure of the 
Co intergranular thin layer by [27] it was shown that the 

coalescence of micro-voids also contributes to the nucleation 

and spread of cracks. It has been discovered that the interfaces 

play a crucial role and that, depending on the phenomena in 

the interfaces, different modes of crack progression may be 

triggered. In this scenario, the nucleated fractures have the 

option of being temporarily stopped or of moving forward 

along the rigid bound barrier. However, there is still a void in 

the extensive research on WC/Co behavior in effects. The 

evaluation of analogous mechanical constants for ceramic 

materials under static load hasn't been done much up to this 
point. 

 

The literature analysis demonstrates that one of the 

mechanisms of phase change that the researcher is interested 

in is the production of a compressive stress field that stops 

further crack propagation. Additionally, this computational 

model integrated the thermo-mechanic coupling, heat 

transfer, fluid flow, and structural mechanics to forecast and 

assess not only the temperature field, fluid flow, and resulting 

surface topography, but also the corresponding thermal 

stresses at high temperatures. Although the authors are aware 

that experimentally measured thermal properties of ceramic 

materials can also be useful to validate the theoretical 

prediction, no attempts were made to explore any 
experimental techniques due to the limitations mentioned 

above, including but not limited to material interaction and 

difficulties associated with preparing the surface of these 

brittle and hard structural ceramics. 

 

II. MATERIALS AND METHODS 

 

By varying the temperature range and examining the 

mechanical properties, the model's optimization has been 

carried out in this research project. Three ceramic-based 

composite materials' geometries (Alumina, Silicon Carbide, 
and Chromium Carbide) were modelled and studied. 

Utilizing the surface response approach, the produced 3-D 

model was loaded into the ANSYS CFD software, where heat 

flow analysis was carried out on ceramic base composite 

materials. By doing fluid flow analysis of ceramic base 

materials for inlet velocity and inlet temperature with 

boundary conditions, temperatures at the outlet are examined. 

 

 Conceptual Design 

 

 Ceramic Materials Geometry (CMG): To assess thermal 
stresses during temperature loading, an improved 

multiphysics computer model was created in the current 

work. The current efforts also concentrated on a 

connection between the thermomechanical qualities 

predicted and their correlation with the data generated by 

experiments. Although very significant authors reported 

on mechanism, causes of fracture, microcracking and 

deformation during thermal loading. The many physical 

characteristics of ceramic and metallic materials are 

displayed in Table 1. A geometry tube with an inner 

diameter of 0.1 meters and a length of 2.5 meters was 

created using CAD software with both ends are fixed, as 
shown in Figure 1. Calculating the properties of ceramic 

materials required determining the constant mechanical 

properties at initials condition shows by Table 1. 

 

 
Fig 1 Meshing of Cylindrical Shape Under Thermal 

Conditions 
 

ANSYS ICEM CFD software were used to simulate the 

geometry with a variety of materials and the temperature 

range at which the materials may fail. 
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Table 1 Phycio-Mechanical Properties of Ceramic Materials [28, 29] 

Materials Mechanical properties Parameters/units 

𝐴𝑙2𝑂3 (Ceramics) Density 

Thermal Conductivity 
Specific Heat Conductivity 

Poison’s Ratio 

Elastic Limit 

Melting Point 

3.98𝑚𝑔/𝑚3 

38.5W/m.k 

955j/kg.k 
0.33 

665MPa 

3638.93k 

SiC (Ceramics) Density 

Thermal Conductivity 

Specific Heat Conductivity 

Poison’s Ratio 

Tensile strength 

Melting Point 

3217𝑘𝑔/𝑚3 

350w/mk 

1.09j/mol 

0.192 

0.1379GPa 

27300𝐶 

Chromium Carbide (Ceramic) Density 

Thermal Conductivity 

Specific Heat Conductivity 

Poison’s Ratio 

Comprehensive strength 

Melting Point 

7.2𝑚𝑔/𝑚3 

94W/m.k 

520j/kg.k 

0.22 

430MPa 

2150k 

 

 The Simulation Approach 

Thus, with appropriate boundary conditions set, the 

particle size, volume fraction, thermal conductivities of the 

ceramic-based composite materials, and temperature are 
taken into account. The solver was developed using ANSYS 

FLUENT's finite volume methodology. The mechanical 

properties of the ceramic-based metal composite materials 

(CM) were then predicted using a numerical Representative 

Volume Element (RVE) model, which integrated the 

governing equations across the entire control system. 

 

 Boundary Conditions 

Different boundary types that correspond with the 

physical circumstances are included with the ANSYS Fluent 

software. The body of the tube has thermal conditions with a 
starting temperature assumption of room temperature ranging 

to 𝟏𝟖𝟎𝟎𝟎𝑪, and the two faces of the geometry were fixed 

supports. A boundary model that leverages "VELOCITY 

INLET" boundary types for fluid inlet has been implemented. 
 

 At the tube inlet (X=0) 

 

Vx = Vo, Vr = 0 

 

 At the outlect (X-L) 

Zero diffusion flux in the axial direction with mass 

balance correction. 

 

 Temperature Difference 

 
T

r=R
⁄ =   T1 

 
T

x=o
⁄ =  To 

 

ube inlet temperature assumed to be Room temperature Ro, 
 

At outlet 

 

T
x=0

⁄  = 0   T1 

 

 Selective Governing Equation 
Based on the theory of continuum mechanics, the 

fundamental constitutive equations for composite materials, 

including the linear elasticity, strain-stress tensor, thermal 

stress, and the associated radial return evolution, were 

obtained [30, 25]. For Thermal stress. 

 

L=L0 

 

L=L0 (1+∝) 

 

F/A=Y(L-L0)/L0 
 

Y= Young’s modulus of the materials 

 

The actual expansion =Expansion due to rise in temperature 

 

𝛿 = 𝛼𝑇𝐿 − 𝜎 
 

Actual strain= 
Actual expansion

Original Length
 

 

=
𝛼𝑇𝐿−𝜎

𝐿
 

 

Actual stress= 
𝛼𝑇𝐿−𝜎

𝐿
X ∈ 

 

OR   
∆𝐿

𝐿
= 𝛼𝐿𝛻𝑇 

 

Where, 

 

∆L = change in Length, L = original Length, 
 

  α = linear coefficient of thermal expansion 
 

 ∈= surface emissivity of the materials. 
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The constituent elements of the interface state's 

constitutive law state that: elastic modulus normal to the mid 
surface of the interface element (n) is 2.1x1011 Pa, both shear 

moduli in the directions that are tangent to the mid surface of 

the interface element (s, t) read 1.373x1011 Pa. The damage 

initiation condition is postulated quadratic. 

 

{
εn

εn
0

}
2

+  {
εs

εs
0

}
2

+  {
εt

εt
0}

2

= 1 

 

εn
0 , εs

0, εt
0 are maximum strain, 𝜀𝑛 is normal strain and 

𝜀𝑠,𝜀𝑡   are the two orthogonal (s) and (t) tangent directions to 

the interface element [26, 31]. 

 

Surface Tension 

 

(μ) × [
∂y ∂T

∂T ∂x
] ,  (v) × [

∂y ∂T

∂T ∂y
], (w) × [

∂y ∂T

∂T ∂z
] ------------  [32, 

33, 34]. 

 

Radiation heat flux equation 

 

P =∈× σ × A × (T2
4 − T1

4) , 

 

P = Power dissipated through radiation 

 

∈= Surface emissivity of the materials 
 

σ = Stefan − Boltzman constant (5.67
× 10−8W. M−2/k−4 

 

A = Surface area 
 

T2 and T1

= are surface temperature and ambient temperature respectively 

 

Stress tensor ∇μ2 =
du2

dx
 , ∇u2 = ∇μ2 ≅ 1, 

 

therefore ε = 1
2⁄ [∇u2 + (∇u2)T] 

 

Stress tensor σ = s 

 

s = s0 + C: (ε − ε0 − εth)………… [35], 

 

 Flow Chart 

As was already mentioned, boundary conditions were 
transformed using the finite difference method and a 

constitutive controlling equation was applied. The 

temperature range was stimulated using Ansy program. 

 

 

 
Fig 2 Overview of the Mathematical Added to the Existing Solver to Capture the Flow,  

Heat Transfer and Mechanical Properties of the Materials. 
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III. RESULT AND DISCUSSION 

 
Study the three ceramic-based materials' microcracking 

processes in (figure 3). It was found that in all three ceramic 

materials optimized, the cracking process spreads evenly into 

the interfaces system. It was discovered that phase 

deformation is how heat stresses start cracking. As a result, 

both instantaneous and metastable phase deformation have all 

of the components present in total deformation in materials. 

Deformation toughening, as seen in figure 3b, is the reduction 

of a material's fracture toughness as a result of a phase shift 

that takes place at the crack tip. The adoption of ceramic 

materials for thermal applications was increased as a result of 
the capacity to show effective transformation toughening. 

Mamivand and Gosselet [34, 35] made an attempt at 

modeling to show how zirconia ceramic based materials 

undergo transition toughening and crack closing. The 

development of a compressive stress field, which prevents 

further crack propagation, is one of the mechanisms of phase 

transformation that the model was able to explain before a 

crack tip. (Figure 3c) depicts the cracking process, however 

under the same temperature loading, silicon carbide has better 
deformation toughness than alumina and chromium carbide. 

 

Studying the three ceramic materials' microcracking 

processes in (figure 3d) the performance of ceramics-based 

composite materials during fatigue in corrosive or high-

temperature settings is the main area of interest. Phase 

transition and crack propagation interact significantly when 

subjected to heat stress, which was explored by Zhao and 

Mamivand [34, 36, 37] using PF modeling. However, this 

study demonstrates that compared to alumina and chromium 

carbide, silicon carbide has a higher factor of safety. In 
comparison to chromium carbide and alumina, which have 

respective minimum safety factors of 0.42729 and 0.064329, 

silicon carbide has a factor of safety of 2.8125. Additionally, 

it was noted that silicon carbide had a few small, isolated 

cracks on the geometry's surfaces (figure 3c), with the shear 

stress reaching its greatest value at 17000C. 

 

 
Fig 3 Meshing of Geometry Showing Deformation Under Varying Temperature Load.  Microcracks Development: (a) Alumina at 

16500𝐶; (b) Chromium Carbide 17000𝐶;  (c)Silicon Carbide 17000𝐶; (d) Silicon Carbide 15000 

 

From the geometry, it was also possible to anticipate the 

spatial temperature and shear stress distribution immediately 
below melting point during the solid phase with respect to 

time (Figure 4).  Figure 4a shows the distribution of shear 

stress for alumina ceramic-based materials at 1700 °C, with 
maximum and minimum values of 2.223 x 1010 and 9.476 x 
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108, respectively. Additionally, the center of the geometry 

exhibits higher shear stress than the edges, which gradually 
decreases toward the center, leading to the development of 

cracking at the center as opposed to the edges of other 

geometries (Figures 4a, 4b, and 4d). Furthermore, due to 

superior heat conduction and a larger temperature gradient, 

the material developed thermal stresses that made the center 

of another shape stronger than the edges. According to the 

findings, chromium carbide has maximum and minimum 

shear stresses of 7.0587 x 10-9 and 4.52279 x 10-8, 

respectively. Thermal stress was also shown to significantly 

increase at the geometry's outer edge region. This happened 
as a result of temperature differences, thermal expansion, and 

restrictions on the body's ability to expand and contract 

naturally. The anticipated thermal stresses for alumina, 

silicon carbide, and chromium carbide at the temperature 

range (between 8000𝐶 and18000𝑪) are less than the flexural 

strength of alumina at 395 MPa, which is a crucial point to 

make. 

 

 
Fig 4 Stress-Strain Analysis Under Varying Thermal Conditions at 17000𝐶; (a) Alumina 17000𝐶; (b) Chromium Carbide (c) 

Silicon Carbide (d) Alumina at 16500𝐶; 

 

However, a multistep computational model developed 

for various ceramic-based materials at thermal condition 

magnitude was able to predict total deformation vs 

temperature (figure 5) as a function of time (t) from the 

boundary conditions set out at various thermal condition 

magnitude (8000𝐶, 10000𝐶, 14000𝐶, 16000𝐶, and 

18000𝐶). As was previously mentioned, the optimization 

analysis solely took into account the solid phase thermal 

stresses as determined by computing. The thermal strain 
result at the peak temperature (Figure 6) and associated time 

period demonstrates that Alumina has a thermal strain of 

0.0237 m/m, Silicon carbide has 0.0103 m/m, and Chromium 

carbide has 0.0124 m/m. This suggests silicon carbide has the 

lowest thermal strain compared to the other materials. 

Additionally, it is seen in (Figure 7) that the stresses were 
high on the surface and significantly decreased. The stresses 

on the surface thus grew near to the alumina's flexural 

strength with the potential for greater deformation and 

fracture production, according to both surface and depth 

profiles (figure 5). 
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Fig 5 Total Deformation of the Three Ceramic Base Composite Materials against the Temperature Load. 

 

 
Fig 6 Thermal Strain of the Three Ceramic Base Composite Materials against the Temperature Difference. 

 

Figure 3 shows the impact of growth and the safety 
factor on the rupture moduli of the three geometries more 

clearly, and Figure 6 shows the effects of thermal strain on 

the geometry as a function of temperature. The impact of 

temperature was more noticeable than the impact of time. 

When the temperature was increased from 1400° C to 1500° 

C, it was seen that the thermal stress of alumina was 

significantly lower than that of other materials. Above 

1500°C, however, the joint strength declined. The maximum 
major elastic strain for alumina, which is prone to rupture, 

was 7.3954x106Pa at 1700 oC, while silicon carbide 

dissipated the least amount of elastic strain at 5.888x108Pa. 

The straightforward indicator of rupture demonstrates that the 

reaction zone's thickness is increasing with time and may 

ultimately determine the final strength of ceramic materials. 
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Fig 7 Thermal Stress of the Three Ceramic Base Composite Materials against the Temperature Loading. 

 

IV. CONCLUSION 

 

By varying the temperature range and examining the 

mechanical properties, the model's optimization has been 

carried out in this research project. Three ceramic materials' 
geometric properties—Alumina, Silicon Carbide, and 

Chromium Carbide were modeled and examined. Three 

ceramic materials' sensitivity to the microcracking process 

were examined. The different inferences made from the 

research include: 

 

 It was observed that the cracking process advances 

uniformly into the interfaces system in all the three 

ceramic materials optimised. In addition to compressive 

stress field, stresses also initiate cracking through phase 

deformation 

 

 The research demonstrates that silicon carbide is safer 

than alumina and chromium carbide at temperature 

of 17500𝐶. Compared to chromium carbide and alumina, 

which have minimal safety factors of 0.42729 and 

0.064329, respectively, silicon carbide has a factor of 

safety of 2.8125. 

 

 Thermal strain testing revealed that at 18000𝐶, Alumina 

had a thermal strain of 0.0237 m/m, Silicon carbide had 

0.0103 m/m, and Chromium carbide had 0.0124 m/m. 

According to this, silicon carbide has lower thermal stress 

than the other materials. 

 

 Silicon carbide dissipates elastic strain at a minimum of 

5.888x108Pa. The straightforward indicator of rupture 
demonstrates that the reaction zone's thickness is 

increasing with time and may ultimately determine the 

strength of ceramic materials. 

 Hence, the efficiency and thermal characteristics of 

ceramic composite materials have thus been optimized. 

According to the aforementioned findings, silicon 

carbide's compressive stress field displayed greater 

thermal strength than alumina and chromium carbide at 

temperatures higher than 18000𝐶. 
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