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https://doi.org/10.62753/ctp.2024.08.2.2 

In the present work, the finite element method was used to investigate residual stresses in multi-material systems during 

fabrication. A three-dimensional numerical model was designed to examine the impact of defects at the metal-ceramic interfa-

ce. Additionally, this model facilitates the analysis of crack behavior originating in ceramic materials. The study extends  

its scope to explore the effects of crack-interface interaction, crack-defect interaction, and crack size on stress intensity  

factors. 
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INTRODUCTION 

Metal-ceramic bi-materials offer superior properties 

over conventional alloys and have been widely studied 

because of their many potential applications. Ceramics 

such as zirconia, silicon carbides, silicon nitrides, and 

alumina find a great number of applications in the field 

of mechanics and thermo-mechanics [1]. Alumina 

(Al2O3) is a popular ceramic material because of its 

various properties, including high strength, high resis-

tance to wear and corrosion, and high electrical insula-

tion [2]. However, due to its high brittleness and poor 

processing performance, this ceramic material used 

alone is not enough to meet the requirements of  

the engineering field [3]. Many applications of Al2O3 

require combining it with metals. For instance, the ap-

plication of Al2O3 in electronic device packaging in-

volves combining Al2O3 with Cu [4]. In many structural 

applications, ceramics are selected for critical compo-

nents forming parts of a total system that is largely me-

tallic, and therefore depend for their success on the 

fabricator being able to provide good quality ceramic-

metal bonds [5]. Various ceramic-to-metal bonding 

techniques have been developed and improved over the 

past 50 years [6], for instance, brazing, diffusion bond-

ing, reactive air brazing, glass bonding, and so on [7]. 

The mechanical properties of solid-state bonded  

Ni-Al2O3 interfaces have been investigated as a func-

tion of several bonding parameters (temperature, pres-

sure, and time) and the purity of the starting alumina.  

It has been shown that they depend upon the plastic 

deformation of the metal, on the damage induced on  

the ceramic surface, and on both the nature and amount 

of interfacial phase that appears during the bonding 

process [8]. In general, ceramics and metals are bonded 

at a high temperature [9]. Making a metal-ceramic bond 

involves inevitable residual stresses when the bonded 

assembly cools from the bonding temperature to room 

temperature. These stresses influence the strength and 

fracture energy of the bond [10]. Residual stresses are 

generated during fabrication because of discontinuity in 

the thermal and/or elastic properties of the bonded ma-

terials. Metals generally are softer than ceramics and 

have higher coefficient of thermal expansions [11].  

The large mismatch in the coefficient of thermal expan-

sion (CTE) between ceramics and metals results  

in residual tensile stresses in the brittle ceramic  

substrates, which drastically reduces the strength of 

dissimilar bonds [12]. Residual stresses have significant 

effects on the mechanical stability of the interface since 

they may cause plastic deformations on the metal  

side and cracking in the ceramic [13]. The behavior  

of cracks is studied in terms of variation in the  

stress intensity factor in Modes I and II [14].  

Many analytical and numerical approaches have already 

been carried out to estimate the residual stresses  

within ceramic-metal assemblies. To define the me-

chanical strength of such structures, it is important to 

estimate these residual stresses [15]. 

In this study, different cases are analyzed with an  

attempt to use the finite element method to model  

ceramic-metal assemblies under thermo-mechanical 
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loading, along with the effect of the presence of an i

terface defect and cracks on the fracture behavior of 

a bi-material. The stress intensity factor parameter is 

also studied in both modes (Mode I and Mode II) by 

varying the position and size of the cra

tions from the defect.  

FINITE ELEMENT MODEL 

We analyzed by means of the finite element method 

the effect of thermomechanical loading applied to two 

structures consisting of three different materials, 

Al2O3/Ni/Al2O3 and Al2O3/Ni/HAYNES

level and distribution of stresses induced in these 

constituents in the vicinity of their interfaces. The ge

metric characteristics of the structures are length 

(L = 15 mm), width (w = 15 mm), and thickness 

 

Fig. 1. 2D diagram of metal/ceramic with site of interface defect

interface crack-defect interaction (d) 

RESULTS AND DISCUSSION 

Stress distribution  

Figure 2 presents the distribution of normal and von 

Mises equivalent stresses in the three components of the 

assembly. The normal stresses induced along the 

x-direction are strongly concentrated in the metal mat

rial. These stresses are exerted intensively by nickel 

in the vicinity of its contact with the ceramics (see 

Fig. 2b). The stresses developed along the z

are on the same level and their distribution is compar
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oading, along with the effect of the presence of an in-

terface defect and cracks on the fracture behavior of  

material. The stress intensity factor parameter is 

also studied in both modes (Mode I and Mode II) by 

varying the position and size of the cracks in both direc-

We analyzed by means of the finite element method 

the effect of thermomechanical loading applied to two 

structures consisting of three different materials, 

/Ni/HAYNES
TM

214, on the 

level and distribution of stresses induced in these  

constituents in the vicinity of their interfaces. The geo-

metric characteristics of the structures are length  

= 15 mm), and thickness 

(e1, e2 and e3), such that e1 = e3 =

thickness) = 0.2 mm. The plate was subjected to a te

sion load uniformly distributed with 

Fig. 1b). The diameter of the interface defect is 1 mm. 

This defect is located at the alumina interface with 

a well-defined size. The mechanical characteristics of 

the materials are: alumina with Young’s modulus 

E = 375 GPa, Poisson’s ratio ν

thermal expansion α = 6.9 e

modulus E = 205 GPa, Poisson’s ratio 

coefficient of thermal expansion 

HAYNES
TM

214 with a Young’s modulus 

Poisson’s ratio ν = 0.3, and coefficient of thermal 

expansion α = 13.1 e
–6
. In the presence of a defect at 

the ceramic interface, the structure was meshed with 

a 10-node quadratic tetrahedron (C3D10) element 

(see Fig. 1c) with a total of 84872 elements.

1. 2D diagram of metal/ceramic with site of interface defect (a), boundary conditions and loading conditions (b)

Figure 2 presents the distribution of normal and von 

Mises equivalent stresses in the three components of the 

assembly. The normal stresses induced along the  

direction are strongly concentrated in the metal mate-

are exerted intensively by nickel  

in the vicinity of its contact with the ceramics (see  

Fig. 2b). The stresses developed along the z-direction 

are on the same level and their distribution is compara-

ble to those of the σxx stresses (see Fig. 2d). The stre

generated along the Y direction, which is the axis of 

mechanical loading application, is at a lower level than 

the other two normal stresses; this stress is concentrated 

in the vicinity of the interface, near the edge of the a

sembly (see Fig. 2c). The von Mises equivalent stress is 

highly concentrated in the metal and in the vicinity of 

the metal-ceramic interface as Figure 1a shows. 

The illustrations of the results in Fig

metal-ceramic interface is a site of high

tration. 
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(e1, e2 and e3), such that e1 = e3 = 5 mm, e2 (nickel 

thickness) = 0.2 mm. The plate was subjected to a ten-

sion load uniformly distributed with P = 16 MPa (see 

Fig. 1b). The diameter of the interface defect is 1 mm. 

This defect is located at the alumina interface with  

he mechanical characteristics of 

the materials are: alumina with Young’s modulus  

ν = 0.28 and coefficient of 

= 6.9 e
–6
; nickel with Young’s 

= 205 GPa, Poisson’s ratio ν = 0.29 and 

hermal expansion α = 13.1 e
–6
; 

214 with a Young’s modulus E = 218 GPa, 

= 0.3, and coefficient of thermal  

. In the presence of a defect at  

the ceramic interface, the structure was meshed with  

ratic tetrahedron (C3D10) element  

(see Fig. 1c) with a total of 84872 elements. 

 

(b), finite element mesh (c), site of 

ble to those of the σxx stresses (see Fig. 2d). The stress 

generated along the Y direction, which is the axis of 

mechanical loading application, is at a lower level than 

the other two normal stresses; this stress is concentrated 

in the vicinity of the interface, near the edge of the as-

von Mises equivalent stress is 

highly concentrated in the metal and in the vicinity of 

ceramic interface as Figure 1a shows.  

The illustrations of the results in Figure 2 show that the 

ceramic interface is a site of high-stress concen-
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Fig. 2. Von Mises equivalent and normal stress distributions under thermomechanical loading: 

Effect of temperature 

Figure 3 shows the variation in the normal and von 

Mises equivalent stresses for the alumina/nickel/

alumina assembly as a function of the distance and 

according to the thermomechanical load. The residual 

stresses generated along the x and z directions co

the ceramic material, while causing tension in the metal 

near the interface. Far away from the interface, 

these stresses diminish progressively until they are 

completely nullified. An increase in temperature leads 

to a rise in the amplitude of residual stresses. 
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Fig. 3. Variation in von Mises equivalent stress and normal stresses according to thermomechanical loading (Al
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2. Von Mises equivalent and normal stress distributions under thermomechanical loading: P = 16 MPa, ∆T = 500

Figure 3 shows the variation in the normal and von 

Mises equivalent stresses for the alumina/nickel/ 

alumina assembly as a function of the distance and  

according to the thermomechanical load. The residual 

stresses generated along the x and z directions compress 

the ceramic material, while causing tension in the metal 

near the interface. Far away from the interface,  

these stresses diminish progressively until they are 

completely nullified. An increase in temperature leads 

dual stresses.  

Nevertheless, the stresses developed along the Y 

direction are of lower intensity. These stresses co

press the multi-material in the vicinity of the interface, 

near the edge of the structure. The von Mises stresses 

are strongly concentrated in the metal material and their 

intensity holds more importance than those for the 

normal stresses (see Fig. 3a). The intensity of the 

von Mises stresses increases with the rise in the te

perature. The analyses in Figure 3 clearly show that the 

intensity of the residual stress grows with the increment 

in thermal loading. 
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Nevertheless, the stresses developed along the Y  

direction are of lower intensity. These stresses com-

material in the vicinity of the interface, 

near the edge of the structure. The von Mises stresses 

d in the metal material and their 

intensity holds more importance than those for the  

normal stresses (see Fig. 3a). The intensity of the  

von Mises stresses increases with the rise in the tem-

perature. The analyses in Figure 3 clearly show that the 

ty of the residual stress grows with the increment 
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Stress distribution 

The most significant stresses induced in the multi
material along the x-direction are located in the metal 
near its interface with the ceramic and the alloy. These 

higher-level stresses compress the ceramic near the 
interface and cause expansion in the metal and the alloy 
as shown in Figure 4b. The stresses that developed 
along the y-direction in the assembly are concentrated 
on the ceramic and HAYNES

TM
214 alloy near the inte

face with nickel. The level of these stresses decreases as

one moves away from the interface (see Fig. 4c). In the 
third direction, z, the normal stresses are of an
comparable to those of the σxx stresses (see Fig. 4d). 

The results show that the normal σxx stresses pr
marily affect the width of the structure, while the σzz 
stresses primarily affect the thickness. Fig

sents the level and distribution of the von Mises equiv
lent stress induced during the production of the multi
material; this figure shows that the metal
face is the site of high stress concentration. 

Effect of temperature 

The results of the von Mises equivalent stress show 

that the multi-materials developed at high temperatures 

raise the residual stresses in the three materials. These 

constraints are strongly localized at the interfaces (see 

Fig. 5a). The stresses generated along the x

set the ceramic in compression and the alloy in tension 

on the free edge of the bond. As we move away from 

the edge, these stresses change signs. It can be inferred 

Fig. 4. Von Mises equivalent and normal stress distribution under thermomechanical loading: 

(HAYNESTM214/Ni/Al2O3) 
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The most significant stresses induced in the multi-
are located in the metal 

near its interface with the ceramic and the alloy. These 

level stresses compress the ceramic near the 
interface and cause expansion in the metal and the alloy 

b. The stresses that developed 
rection in the assembly are concentrated 

214 alloy near the inter-
face with nickel. The level of these stresses decreases as 

one moves away from the interface (see Fig. 4c). In the 
, the normal stresses are of an amplitude 

comparable to those of the σxx stresses (see Fig. 4d).  
The results show that the normal σxx stresses pri-

marily affect the width of the structure, while the σzz 
stresses primarily affect the thickness. Figure 4a pre-

on of the von Mises equiva-
the production of the multi-

material; this figure shows that the metal-ceramic inter-
face is the site of high stress concentration.  

The results of the von Mises equivalent stress show 

materials developed at high temperatures 

raise the residual stresses in the three materials. These 

constraints are strongly localized at the interfaces (see 

along the x-direction 

set the ceramic in compression and the alloy in tension 

on the free edge of the bond. As we move away from 

the edge, these stresses change signs. It can be inferred 

that the ceramic is in tension and the alloy in compre

sion. The intensity of these stresses increases as the 

bonding temperature is augmented (see Fig. 5b). 

The stresses developed along the y

tension in the ceramic, while they are in compression in 

the alloy. As Figure 5c illustrates, a rise in tempe

leads to growth in the intensity of stresses. The stresses 

generated along the z-direction set the ceramic in co

pression and the alloy in tension in the vicinity of the 

interface; far away from the interface these stresses 

diminish progressively until they are completely null

fied (see Fig. 5d).  

Case of interfacial defect 

The distribution of normal and equivalent stresses 

near the interface defect is shown in Fig

The stress generated along the x

concentrated in the metal near the edge of the bond (see 

Fig. 6b). The stresses generated along the y

strongly concentrated on the alumina

around the defect (see Fig. 6c). The distribution of the 

stress developed along the z-direction is comparable to 

that induced along the first axis (x

bly. Additionally, significant stresses are concentrated 

in the vicinity of the interface defect (see Fig. 6d). 

The von Mises equivalent stress is at a much higher 

level than other normal stresses, which a

centrated on the metal and ceramic in the vicinity of the 

defect as shown in (Fig. 6a). The defect is at a special 

place of stress concentration as shown in Figure 6.
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that the ceramic is in tension and the alloy in compres-

tensity of these stresses increases as the 

bonding temperature is augmented (see Fig. 5b).  

The stresses developed along the y-axis are strongly in 

sion in the ceramic, while they are in compression in 

the alloy. As Figure 5c illustrates, a rise in temperature 

leads to growth in the intensity of stresses. The stresses 

direction set the ceramic in com-

pression and the alloy in tension in the vicinity of the 

interface; far away from the interface these stresses 

til they are completely nulli-

The distribution of normal and equivalent stresses 

near the interface defect is shown in Figure 6.  

The stress generated along the x-direction is highly 

near the edge of the bond (see 

Fig. 6b). The stresses generated along the y-axis are 

strongly concentrated on the alumina-nickel interface 

around the defect (see Fig. 6c). The distribution of the 

direction is comparable to 

induced along the first axis (x-axis) of the assem-

bly. Additionally, significant stresses are concentrated 

in the vicinity of the interface defect (see Fig. 6d).  

The von Mises equivalent stress is at a much higher 

level than other normal stresses, which are highly con-

trated on the metal and ceramic in the vicinity of the 

defect as shown in (Fig. 6a). The defect is at a special 

place of stress concentration as shown in Figure 6. 

 

500 °C  
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Fig. 5. Variation in von Mises equivalent stress and normal stresses according to thermomechanical loading (HAYNES

Fig. 6. Variation in von Mises equivalent stress and normal stresses according to thermomechanical loading (HAYNES

 

Effect of temperature 

Thermal loading sets the defect in tension along the 

x and z directions (see Figs. 7b and d). The compre

sion becomes higher when the temperature rises. 

The stresses along the y-direction are lower than the 

other two axes of the structure (see Fig. 7c); these 

stresses compress the defect. The von Mises equivalent 

stresses are heavily concentrated around the interfacial 
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6. Variation in von Mises equivalent stress and normal stresses according to thermomechanical loading (HAYNES

Thermal loading sets the defect in tension along the 

x and z directions (see Figs. 7b and d). The compres-

sion becomes higher when the temperature rises.  

direction are lower than the 

other two axes of the structure (see Fig. 7c); these 

stresses compress the defect. The von Mises equivalent 

stresses are heavily concentrated around the interfacial 

defects; these stresses grew with the

perature (see Fig. 7a).  

The illustrations of the results in Figure
show that these stresses are strongly concentrated 
around the interfacial defects. The effects of the interf
cial defects grow with increasing thermal loading.

Figure 8 presents the distribution of normal and von 

Mises equivalent stresses in the HAYNES

Al2O3 assembly. The normal stress induced along 
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6. Variation in von Mises equivalent stress and normal stresses according to thermomechanical loading (HAYNESTM214/Ni/Al2O3) 

these stresses grew with the increase in tem-

strations of the results in Figure 7 clearly 
show that these stresses are strongly concentrated 
around the interfacial defects. The effects of the interfa-
cial defects grow with increasing thermal loading. 

gure 8 presents the distribution of normal and von 

Mises equivalent stresses in the HAYNES
TM

214/Ni/ 

assembly. The normal stress induced along  
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the x-direction significantly affects the ceramic and 

alloy near their contact with nickel. The most critic

stresses are concentrated at the metaxl

The stresses developed along the y-direction are heavily 

concentrated around the defect; its lowest level is 

reached at both ends of the bond as shown in Fig

The stresses induced along the z-direction are almost 

comparable to those induced along the first axis 
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direction significantly affects the ceramic and 

alloy near their contact with nickel. The most critical 

stresses are concentrated at the metaxl-defect interface. 

direction are heavily 

concentrated around the defect; its lowest level is 

reached at both ends of the bond as shown in Figure 8c. 

direction are almost 

comparable to those induced along the first axis  

(x-axis). However, the stress generated along the x

primarily affects the length, whereas the stress along 

the z-axis primarily affects the width. The von Mises 

stresses are highly concentrated in the ceramic and 

alloy HAYNES
TM

214 near the edge of its interface 

with nickel. The presence of defects on the surface 

of the ceramic plays a leading role in stress con

centration. 
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However, the stress generated along the x-axis 

primarily affects the length, whereas the stress along  

axis primarily affects the width. The von Mises 

ghly concentrated in the ceramic and  

214 near the edge of its interface  

with nickel. The presence of defects on the surface  

of the ceramic plays a leading role in stress con- 
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= 16 MPa, T = 500 °C 
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Effect of temperature 

The von Mises equivalent stress sets the whole 

structure in tension; the effects of the interfacial defects 

grow with increased thermal loading. The stresses gen-

erated in the X direction are at a much higher level near 

the defect; these stresses are in compression in the ce-

ramic and tension in the alloy on the free edge of the 

bond. In contrast, away from the edge these stresses set 

the ceramic in tension and the alloy in compression. 

The variation in normal stresses σyy set the ceramic in 

tension and the alloy in compression in the vicinity  

of the interface. The stresses generated in direction z of 

the structure are strongly concentrated near the  

interfaces, the most important being near the defect.  

 

This type of stress compresses the defect; the com-

pression becomes higher when the temperature is in-

creased. The analyses of Figure 9 show that the pres-

ence of defects on the surface of the ceramic plays  

a leading role in stress concentration, and the intensity 

of these stresses grows as the thermal load increases. 

Comparison  

Figures 10a and b present the variation in the normal 

stress induced along the y-direction in the Al2O3/Ni/ 

Al2O3 and HAYNES
TM
214/Ni/Al2O3 structures. These 

figures clearly show that the presence of a defect at the 

interface induces greater stresses and the site of the inter-

face defect is a significant site of stress concentration. 
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Fig. 9. Variation in von Mises equivalent and normal stress of multi-material with defect (HAYNESTM214/Ni/Al2O3) 
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Stress intensity factors  

The position of the crack relative to the interface on 

the stress intensity factor is analyzed below. The effect 

of the distance between the interface and the crack on 

the stress intensity factor is given in Figure 11;  

this position is defined by d. The rupture in Mode I in 

the symmetric assembly grows as the distance between 

the crack and the interface increases as in seen in  

Figure 11a. In contrast to the second assembly, 

HAYNES
TM
214/Ni/Al2O3, the presence of the crack 

near the interface leads to augmentation in these factors 

(see Fig. 11c). This clearly indicates that the residual 

stresses are heavily localized in the vicinity of the inter-

face, which explains the significant propagation of this 

crack. The rupture factors in Mode II are practically 

negligible as compared to the rupture factors in Mode I. 

The illustrations of the in Figure 11 show that the val-

ues of SIF decrease when the assembly is symmetric, 

while the risk of propagation is the greatest when  

the crack is initiated near the interface of the second  

assembly.   

Figure 12 shows the variation in the stress intensity 

factor as a function of the distance between the crack 

and the interface defect along the x-axis. The stress 

intensity factor in Mode I grows as the distance be-

tween the crack and the defect decreases. We can ex-

plain the negative values in the symmetric assembly, in 

that the crack is in a compression stress field when the 

crack is tangent to the defect, and the intensity factor 

reaches the maximum value. The rupture in Mode II in 

the first assembly is almost negligible (see Fig. 12b), 

while in the second assembly it is more important;  

it grows as the distance between the crack and defect 

increases (see Fig. 12d).  

The variation in the stress intensity factor as a func-

tion of the crack-defect interaction along the y-axis is 

shown in Figure 13. The rupture in Mode I in the sym-

metric assembly grows as the distance between  

the crack and the interfacial defect increases (see Fig. 

13a) and the rupture in Mode II is almost negligible 

(see Fig. 13b). In contrast, the rupture in Mode I in the 

second assembly grows as the distance between the 

defect and crack decreases and its value is more impor-

tant compared to the rupture in the symmetric assem-

bly; additionally, its intensity is more important than the 

intensity of the first assembly (see Fig. 13c). SIF in 

Mode II rises as the distance between the crack and the 

defect increases. 
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Fig. 11. Variation in stress intensity factor as function of crack-interface interaction: a) Mode I in Al2O3/Ni/Al2O3, b) Mode II in Al2O3/Ni/Al2O3,  
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The variation in the stress intensity factor according 

to the size of the crack, which is located at the ce-

ramic/metal interface, is shown in Figure 14. For both 

assemblies, the stress intensity factor values in Mode I 

rise as the size of the crack grows, except for the fact 

that SIF in the second assembly is higher (see Fig. 14c). 

SIF in Mode II for the Al2O3/Ni/Al2O3 assembly is neg-

ligible and unstable (see Fig. 14b), while in the second 

assembly, HAYNES
TM
214/Ni/Al2O3, the intensity of 

SIF augments as the size of the crack increases (see Fig. 

14d). The analysis of this figure clearly shows that the 

size of the crack significantly affects the stress intensity 

factor, especially in the second assembly. 

CONCLUSIONS  

The results obtained in this study allow the follow-

ing conclusions to be drawn: 

1. The interface is a site of stress concentration.  
The level and the distribution of normal and von 

Mises stresses depend on the bonding temperature; 

the assembly made at high temperatures induced 

more intense residual stresses. These stresses added 

to the applied mechanical stresses may present a risk 

of failure of the assembly. 

2. The presence of this defect on the surface of the 
ceramic bonded to metal plays a leading role in the 

stress concentration, whose intensity grows with the 

increment in thermal loading of the bond. 

3. The crack-interface defect has an effect on SIF; the 
presence of a crack near the interface defect  

increases the stress intensity factor (SIF) for  

Mode I. These parameters are more important in  

the HAYNES
TM
214/Ni/Al2O3 assembly no matter 

where the crack exists; this indicates that the use of 

the alloy weakens the ceramic. 

4. The stress intensity factor value in the symmetric 
assembly rises as the distance between the crack and 

the defect increases along the y-axis. 

5. The size of the crack also affects the stress intensity 
factors; this parameter is higher as the size becomes 

bigger. 

6. The stress intensity factors in Mode II for the sym-

metric assembly are almost negligible even if the 

crack changes size or direction, while this parameter 

in the HAYNES
TM
214/Ni/Al2O3 assembly is more 

important, especially when the crack is at the inter-

face. 
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