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Abstract.   This paper presents a finite element based numerical model to solve two dimensional bi-material 
problems. A bi-material beam consisting of two phase materials ceramic and metal is modelled by finite 
element method. The beam is subjected simultaneously to mechanical and thermal loadings. The main 
objective of this study is the analysis of crack deviation located in the brittle material near the interface. The 
effect of temperature gradient, the residual stresses and applied loads on crack initiation, propagation and 
deviation are examined and highlighted. 
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1. Introduction 

 

During these last years, the research carried out led to the development of the ceramics with 

high performance which makes them occupy an increasingly significant place in the industry 

sector. Ceramics such as zircon, carbide silicon, silicon nitrides and alumina have a great number 

of applications in the mechanical and thermal field. If the three first are still of limited use, this is 

not the case for the alumina which remains the most widely used technical ceramics. Besides the 

mechanical applications, it takes the first place in the electronics industry because of its good 

dielectric property. To benefit from the maximum of these properties, these materials are often 

used jointly with metals or metal alloys to make bi-materials or multi-materials. The extension of 

their use requires thorough studies.  

Joining ceramics to metal is inherently difficult because of their distinctly different properties 

and because of the damage occurring in the weakest zone of the bi-materials. However 

considerable efforts devoted to the development of joining technologies in recent years have led to 

significant success (Boutabout et al. 2009, Boutabout et al. 2004, Serier et al. 1993). The case of 

crack along the interface between brittle and ductile materials has been investigated extensively, 
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both experimentally (Mc Naney et al. 1994) and theoretically (Shih and Asaro 1988, Tvergaard 

and Hutchinson 1993). The case of the crack oriented parallel to the interface at a small distance 

away from it received less attention (Cao et al. 1998, Fleck et al. 1991). Experimental tests 

showed that the breaking strength of the interface and ceramics in the vicinity of the interface 

depends on the difference between the mechanical and physical properties of both bonded 

materials (Liu 2005, Siddiq 2006, Shanahan 1991). The cohesive fractures in alumina are observed 

on levels of stresses much lower than the fracture strength of the same material alone not 

assembled with a metal (Mc Bain and Hopkins 1925, Juvé et al. 1993). Engineering structures and 

components subjected to the combination of residual stresses with operating stresses on can 

promote failure by fatigue. The effect of residual stresses on the crack propagation was studied by 

several authors (Itoh et al. 1989, Kang et al. 1990, Barsoum 2008). This influence is considered as 

one of the most significant factors to predict the crack growth rates. The combined effect of 

residual stresses and applied load may cause an assembly to fail sooner than expected and reduced 

durability due to damage mechanisms. Kim et al. (2012) measuring high speed Crack propagation 

in concrete fracture test using mechanoluminescent material. Kumar and Barai (2012) analysed 

Size-effect of fracture parameters for Crack propagation in concrete. Jiang et al. (2014) presented 

An investigation into the effects of voids, inclusions and minor Cracks on major Crack 

propagation by using XFEM.  

The tensile residual stresses decrease the fatigue life of the structure while compressive ones 

increase the fracture resistance, contribute to crack closure and reduce the crack opening profile 

(Milan and Bowen 2000, 2001). The fracture behaviour of bi-materials is studied by numerical 

simulation using finite element method. Our Analysis highlights the influence of a thermo-

mechanical loading on crack propagation and deviation. 

 
 
2. Geometrical model 
   

The geometrical model is a beam which consists of two materials ceramic-metal of dimensions 

(55mm×6mm×6mm). The beam is submitted to four-points bending (4PB) test. The bi-materials 

joints typically contain residual stresses (Lourdin 1992, Courbiere 1986, Belhouari 2004, 

Bouchard 2000, Shandhag et al. 1993, Simmons and Wang 1971, Touloukian 1967, Follansbee 

and Gray 1991, Crandall et al. 1978, Chawla 1987) that arise during the fabrication process when 

the joints are cooled from high temperature Tel (near the melting point of metal) to the ambient 

temperature Tam. The temperature distribution in the assembly was assumed to be homogenous. 

The initial edge crack length is a0. The beginning in the vicinity of the interface ceramic-metal 

(x=0.1mm) and is oriented parallel to this interface Fig. 1(a) (Kim and Lee 1998).  

In this numerical analysis of the finite element method, the specimen models in two dimensions 

under plane stress conditions. It is meshed by quadrilateral elements with eight nodes as shown in 

Fig. 1(b). The mesh contains 93598 nodes and 30749 isoparametric elements. In order to obtain 

accurate stresses the mesh is relatively refined at both interface and crack-tip zones respectively as 

shown in Fig. 1(c).  

 

 

3. Thermo-mechanical properties of materials 
   

Mechanical tests (4PB) showed that the breaking strength of the interface and ceramics in the  
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Fig. 1 (a) Geometrical model, (b) Representative finite-element mesh of assembly and (c) mesh near 

the crack-tip 

 
Table 1 Thermo-mechanical properties of alumina (Al2O3) 

E [GPa] µ  [GPa] ν α [10
-6

 /ºC] λ [wm
-1

 K
-1

 ] KIC [MPa m
-1/2

] 

385.8 155 0.245 7.12 35 3.5 a 4.5 

 
Table 2 Thermo-mechanical properties of copper (Cu) 

E [GPa] µ  [GPa]  α [10
-6

 /ºC] λ [wm
-1

 K
-1

 ] 

124 42.20 0.328 17.5 385 

 

 

vicinity of the junction depends on the difference between the mechanical properties of the two 

assembled materials (Courbiere 1986, Belhouari 2004, Bouchard 2000). Generally, the melting 

point and a mechanical resistance of the alumina have been higher than those of copper. 

Consequently, a ductile material has elastic-plastic behaviour and that of a brittle material is purely 

elastic. The mechanical and physical properties of both materials alumina and copper can be found 

in reference (Boutabout et al. 2009, Aide-mémoire de science des matériaux 2004) and are 

summarized in Tables 1-2. 
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Fig. 2 Non-linear deformation behaviour for a copper, taken from experimental results 

(Chapa-Cabrera and Reimanis 2002) 

 
 
3.1 Thermo-mechanical properties of alumina 
   

Alumina is the first basic compound for technical ceramics because of its exceptional 

versatility: abrasion, wear, refractory, biomedical…etc. Alumina is classified in the category of 

oxide ceramic type. It defines the corundum structure where the oxygen form has a hexagonal 

compact stacking with the aluminium ions in the two thirds of octahedral pattern. This lowers the 

structure of alumina has two types of sites, hexagonal and octahedral in which it holds the atoms. 

Alumina is used because of its strong atomic bonds, its high mechanical and thermal performance 

(high hardness, high modulus of elasticity, satisfactory mechanical resistance, wear resistance as 

well as its properties of stability, purity and refractoriness) and it is expressed by the formula 

Al2O3 (Simmons and Wang 1971).  

 
3.2 Thermo-mechanical properties of copper 
 

The physical and mechanical properties of copper are available in the literature (Follansbee and 

Gray 1991, Crandall et al. 1978). This ductile material with a crystalline structure (face centred 

cubic), is a good conductor of heat and electricity. It has solid solutions at high temperature and a 

good tensile strength. Generally, it can have several behaviours (elastic, elastic-plastic, plastic…). 

In this investigation, the behaviour of copper is assumed to obey stress-strain law as shown in Fig. 

2 (Chapa-Cabrera and Reimanis 2002) and is assumed symmetrical in tensile and compression. 

 
 

4. Finite element method 
 

Our analysis focuses on the effect of thermo-mechanical loading on crack propagation and its 

deviation using finite element method with the software Abaqus (ABAQUS Standard Version 6.9. 

2009). The choice of mesh elements may be crucial because an inappropriate mesh can lead to 

erroneous results (Bouchard 2000). In order to obtain satisfactory results, it is necessary to know 
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how to mesh the structure. One should know that a refined mesh gives a good accuracy. The 

approach adopted in this analysis is to use a reasonable mesh while refining mesh of critical areas 

such as the interface, the crack tip and four-point bending. A good mesh is obtained by ideal 

refining very close to the interface and the crack-tip. It is made of an optimal number of elements 

that is able to provide accurate results with a reasonable mesh. We determined numerically by the 

finite element method the opening and sliding of the crack (u1, u2) and J-integral, in plane stress 

conditions, these results are used to determine respectively, the SIF’s KI, KII, KDCT and the SIF KJ. 

 

4.1 Computation of the stress intensity factor in mode I and II 
 

Mode I and Mode II stress intensity factors, KI and KII, are calculated by correlation of nodal 

displacements near the crack-tip 
 

{α, i} = {I, 2}, {II, 1}, {III, 3} (1) 

 

Where: 

 Kα (α=I,II) are the stress intensity factor in the mode I and II, r is the distance of the correlation 

point from the crack-tip, Etip and tip are Young’s modulus and Poisson’s ratio at the crack-tip. 

 gi
(α)

(θ) are angular functions given by Anderson (Anderson 1995).  

From these, the total stress intensity factors obtained using the displacement correlation 

technique (DCT), KDCT, is calculated as 

 
(2) 

J-integrals are also calculated, by integration along a path outside the region of plastic yielding 

which exists in ductile materials. Values of KJ obtained from J-integrals, enabled the verification 

of stress intensity factor values 

 (3) 

The crack propagation in mixed mode and its deviation in the ceramics depend on the thermal 

stress and that bending field which vary proportionally with the applied load Pn for (n = 1, 2….). 

The stress intensity factor of equivalent stress reaches the tenacity of a brittle material for the 

critical load Pn. 

 
4.2 Determination of the crack deflection angle 

     

The mixed mode, ψ, was calculated from stress intensity factor in mode I and II determined by 

crack opening and sliding displacements (COD, CSD) (Chapa-Cabrera and Reimanis 2002) 

 

(4) 

For the maximum tangential stress (MTS) criterion, the deflection angle, θ, is calculated 

directly from ψ 
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Fig. 3 Contour of the equivalent stress in Al2O3/Cu/Al2O3 a) residual and b) Specimen under four 

point bend loading 

 

 

 

(5) 

Traditionally, these deflection criteria have been developed for predicting the crack propagation 

direction in brittle materials, under stress conditions for small crack size. 

 
 
5. Results and discussions 
 

5.1 The distribution of the stress in the couple Al2O3/Cu/Al2O3 
     

Figs. 3(a)-(b) show respectively the distribution, the level of the equivalent residual stress and 

that mechanical stress developed in the bi-materials alumina-copper-alumina without the presence 

of a crack in the ceramic. Fig. 3(a) illustrates the contour of the equivalent thermal stress in the 

assembly at the free edge near the interface which reaches a maximum value calculated according 

to the criterion of the maximum principal stress. Numerical analysis of the four points bending 

(4PB) test has allowed determining the stress contour as displayed in the Fig. 3(b). It is observed 

that the upper part of the beam is subjected to compressive stresses whose absolute value is less 

than those of traction created at the lower part of the specimen. The variation of the equivalent 

stress at a distance from the interface-ceramics for thermal and mechanical loading applied 

separately on the bi-materials are shown in Fig. 4. One can note that the curve of the residual and 

bending stresses are almost similar. The equivalent stress reaches a maximum value in the vicinity 

of the interface and it decreases gradually as it moves away from the junction of the assembly. It is 

observed that bending stress is more intense than those caused by the thermal loading. 

 

5.2 Determination of the stress intensity factor 
 
5.2.1 Effect of temperature and crack size on the parameter KJ 
The variation of the equivalent stress intensity factor (SIF) KJ (calculated by the J-integral) as a 
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Fig. 4 Variation the residual stress and four points bending stress distribution in alumina of the 

assembly (Al2O3/Cu/Al2O3) 

 
 

Fig. 5 Variation the stress intensity factor KJ obtained from J-integral as a function of crack 

size and temperature gradient ∆T 

 

 

function of the crack size at three temperature gradient 300ºC, 500ºC and 700ºC, is displayed in 

Fig. 5. It can be seen that the parameter KJ vary almost linearly with the crack size and whatever 

the elaboration temperature Tel of the bi-materials is (near the melting point of metal). It should be 

noted, that for small crack lengths the parameter KJ tends towards an asymptotic value meaning 

that the crack propagation of shorter lengths is independent of the thermal residual stress. It is also 

noticed that the variation of the equivalent stress intensity factor KJ increases with the increase in 

temperature gradient T and the crack size. It is observed that the change of the parameter K is 

82% of crack length equal to 0.35mm and between the extreme temperatures. Stress intensity  
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Fig. 6 Comparison of stress intensity factors (KI, KDCT) obtained using the displacement correlation 

technique (DCT) and those obtained from J-integral for a crack length 0.35 mm with T= 300°C 

 

 

factor reaches its breaking value when the bi-materials are assembled at a temperature close to the 

melting point of copper and presenting a big size of crack located in alumina. 

 
5.2.2 The effect of thermo-mechanical loading on the SIF      
The relationship between actual stress intensity values, as calculated from the J-Integral, and 

apparent SIF values, as calculated from crack-opening displacements, is illustrated in Fig. 6. The 

results are determined for a crack length 0.35 mm with T=300°C. These results obtained 

numerically by the finite element method show that whatever the value of the applied load P is the 

shape of the two curves KJ and KDCT is almost similar. This shows that there is a clear empirical 

relationship, so stress intensity factors may be calculated from crack-opening displacement. We 

note that the values of the parameters KJ and KDCT show a good agreement in this case (elastic 

behaviour). It is noted that, the three parameters KI, KDCT and KJ increase quickly beyond the 

applied load P=400 N with at high increasing rate. 

The curve takes the parabolic form for which the three parameters decrease with increasing the 

mechanical stress down to a minimum value then increase gradually up to a maximum value.  

The minimal values of the stress intensity factor KJ and KDCT correspond to the propagation of 

the crack in pure mode II. Results found previously are validated by those of the stress intensity 

factor in mode I (KI) as shown in Fig. 6. Beyond the applied load P=600 N, the three curves show 

that crack propagates in pure mode I. 

Fig. 7 shows the variation of the parameter KJ as a function of thermo-mechanical loading for a 

crack length a=0.35 mm. The parameter KJ increases proportionally with the temperature gradient 

for longer crack lengths. It is also observed that the parameter KJ decreases gradually with 

increasing the applied load to reach a minimum value which depends on the thermal loading and 

then rises again to reach a maximum value. The lowest values of KJ are proportional to the 

elaboration temperature and the applied load for which the propagation of the crack is in pure 

mode II. Beyond this minimum value of the SIF KJ the crack continues to propagate in mixed 

mode under the effect of thermo-mechanical loading with increasing applied load. For important  
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Fig. 7 Variation the stress intensity factor KJ obtained from J-integral as a function of thermo-

mechanical loading with the crack length a=0.35 mm 

 

 

Fig. 8 Plastic strain fields in the copper near a crack situated 0.35 mm from the interface, for applying 

loads (a) 300N, (b) 360N and (c) 420N 

 

 

loads the crack is propagated in mode I and II only under the effect of the bending stress field and 

the influence of thermal loading which tends to disappear. The tensile stresses overcome the 

compressive thermal residual stresses. The bending of the beam leads to the propagation of the 

crack in mixed mode, however the normal residual stresses cause the closing of the crack and 

those of shearing lead to sliding of the cracked lips in the direction opposite to that of bending 

tangential stresses. 

Fig. 8 presents the contour of the plastic strain fields. It should be noted that the plastic zone 

appears in the ductile material and more precisely in the vicinity of the crack-tip. The growth of  
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Fig. 9 Variation the ratio KDCT/KJ as a function of crack size and temperature gradient ∆T 

 

 

the plastic zone increases with increasing applied load. Plastic strain is accompanied by energy 

absorption which promotes stress relaxation at the crack-tip. This phenomenon slows down the 

crack propagation and it probably influences the crack deviation. The minimum value of stress 

intensity factor KJ is mainly due to the appearance of the plastic zone in ductile materials. 

 

5.2.3 The variation of the KDCT/KJ 
Fig. 9 shows the variation of the ratio KDCT/KJ as a function of temperature gradient and for 

various crack lengths. This figure shows that the two stress intensity factors KDCT (calculated by KI 

and KII) and KJ are equal for a crack equal to 0.175 mm. It is also observed that both curves 

determined respectively for the two temperature gradient 300ºC, 500ºC are coincident. The ratio 

KDCT/KJ decreases gradually with increasing crack size from 0.15mm to 0.35mm. We note that the 

maximum difference between the two stress intensity factors KDCT and KJ is about 27%. The third 

curve corresponding to T=700°C is coincident with the two previous plots up to a crack length 

equal to a crack length equal to 0.25 mm. Beyond this value we note that the ratio increases again 

with the crack size. 

 
5.2.4 Effect of thermo-mechanical loading on crack propagation in mixed mode 
Fig. 10 illustrates the variation of the ratio KI/KDCT as a function of thermo-mechanical loading 

with the crack length a=0.35 mm. According to this figure, we notice that the shape of the curve is 

the same for the three elaboration temperatures. It is noticed that for the low mechanical loads, the 

crack is propagated in mode I which is dominated by the compressive residual stresses causing the 

crack closure. The ratio KI/KDCT vanishes for three temperature gradients which correspond to 

minimum values of the SIF KJ (Fig. 7). Indeed, the increase in the applied load leads to the 

opening of the crack in mode I.  

The variation of the ratio KII/KDCT as a function of thermo-mechanical loading when the crack 

length equal to 0.35 mm, is represented in Fig. 11. It is noticed that whatever the temperature 

gradient the three curves of the ratio KII/KDCT are identical. The maximum absolute values of the 

ratio KII/KDCT correspond to the crack propagation in pure mode II. These results show clearly that 

the intensity of residual shear stresses increases with the temperature and is more significant than  
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Fig. 10 Variation the ratio KI/KDCT as a function of thermo-mechanical loading with the crack 

length a=0.35 mm 

 
 

Fig. 11 Variation the ratio KII/KDCT as a function of thermo-mechanical loading with the crack 

length a=0.35 mm 

 

 

that of the bend for low mechanical loading. The effect of the latter on the propagation in mode II 

appears in higher applied loads to the beam and small temperature gradients. 

However, it is noted that this effect tends to disappear when the applied load increases. It is 

observed that the ratio KII/KDCT reached the maximum value for the three temperature gradients 

300ºC, 500ºC and 700ºC respectively for the corresponding loads of 215 N, 335 N and 450 N. It is 

noted that the maximum value of the ratio KII/KDCT corresponds to the applied load whose intensity 

depends on the elaboration temperature. Indeed, the level of the thermal stresses is important for 

high temperature, which requires higher bending to overcome the thermal stress. 
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Fig. 12 Variation the ratio KI/KDCT as a function of applied load P and ratio a/w (w=0.5 mm) with 

the temperature gradient ∆T=300ºC 

 
 

Fig. 13 Variation the ratio KII/KDCT as a function of applied load P and ratio a/w (w=0.5 mm) with 

a temperature gradient ∆T=300ºC 

 
 

5.2.5 Effect of thermo-mechanical loading and crack size on crack propagation in 
mixed mode 

The variation of the ratio KI/KDCT as a function of applied load P and crack length with the 

temperature gradient equal to 300ºC is represented in Fig. 12. The results show that the shapes of 

the three curves are similar and the pilot's approach each other gradually as the crack size 

increases. It is noticed that for the three crack sizes, the ratio KI/KDCT tends towards two asymptotic 

values -0.80 and 1.00 respectively for the lowest and the highest loads. It is noted that for the ratio 

a/w=0.3 (w=0.5 mm) and for loads less than 140 N, the thermal stress field causes the closing of 

the crack. By exceeding this load, the bending stress field leads to the propagation of the crack in 
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mixed mode. The SIF KI vanishes for P=140 N for which the crack is propagated in pure mode II. 

Indeed, the same behaviour in rupture is observed for the two ratios a/w=0.4 and a/w=0.5. The 

ratio KI/KDCT is zero for loads 200 N and 225 N which correspond to the two crack lengths a=0.4 w 

and a=0.5 w respectively. 

The variation of the ratio KII/KDCT as a function of applied load P and crack length when the 

temperature gradient equal 300ºC, is represented in Fig. 13. It is noticed that the two curves 

determined for the two crack lengths a=0.4 w and a=0.5 w are almost identical. We note that the 

crack is propagated in pure mode II for the ratios a/w=0.3, a/w=0.4 and a/w=0.5 and the respective 

loads of 140 N, 200 N and 225 N for which the ratio KII/KDCT reached a maximum absolute 

value equal to unity. This confirms the results found previously as shown in Fig. 12. It is also 

noticed that the crack is propagated in pure mode I when the residual shear stresses are balanced 

with those of the bending stress. The effect of the thermal loading disappears for the crack lengths 

a=0.3 w, a=0.4 w and a=0.5 w with the respective loads of 575 N, 600 N and 610 N and the crack 

is propagated in mixed mode under the effect of the bend. 

 

5.3 Deviation of the crack  
 

5.3.1 Effect of thermal loading and crack size on the deflection angle  

Fig. 14 illustrates the variation of the deflection angle  as a function of thermal loading and 

crack size.  

It is noted that under thermal loading the crack is propagated towards brittle material and the 

deflection angle  increases with the crack size. It is observed that this deflection angle is inversely 

proportional to the temperature gradient. The normal residual stresses are involved in the closure 

of the crack and prevent its deviation towards the ceramic. 

 
5.3.2 Effect of thermo-mechanical loading and crack size of the deviation 

Fig. 15 presents variation of the deflection angle  as a function of thermo-mechanical loading. 

The crack length a=0.35 mm is initially in the brittle material (Al2O3) the vicinity of the interface; 

 

 
 

Fig. 14 Variation the deflection angle  as a function of thermal load and crack size 
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Fig. 15 Variation the deflection angle  as a function of thermo-mechanical load with the crack 

length equal 0.35 mm 

 
 
it is subjected to thermal and mechanical loads. Whatever the elaboration temperature is, we 

observe that the deviation of the crack in the brittle material increases almost linearly with the 

applied load. Indeed, the crack is deviated towards the ceramic from the angle θ equals to 

approximately -50° to 68°. The first angle is obtained for the lowest load and the second angle  

corresponds to the three temperature gradients 300ºC, 500ºC and 700ºC with respective loads 180 

N, 300 N and 420N. We note that for the three temperature gradients ∆T a discontinuity of the 

deflection curve for the respective loads of 215 N, 235 N and 450 N for which the angle is zero 

and therefore the crack is propagated in pure mode II (Fig. 11). When the residual shear stresses 

are relatively more significant than those of the bending and the normal residual stresses are 

balanced with those of the bending stress then the crack changes suddenly its deviation towards 

the ductile material. The deviation to the metal is recognized when the bending stress exceeds a 

critical value of 240 N, 360 N and 470 N respectively correspond to the elaboration temperature of 

300ºC, 500ºC and 700ºC. It is also noticed that this deflection decreases with increasing bending 

stresses. It is observed that the SIF KI increases with increasing applied load whereas the SIF KII is 

inversely proportional to the load P. 

The variation of the deflection angle as a function of load P and crack size with the temperature 

gradient ∆T=300ºC is represented in Fig. 16. According to this figure, we observed that for a low 

thermal loading, the shape of the deviation curve is almost the same for the three crack lengths. 

The deflection angle tends towards an asymptotic value in the ceramic and metal, respectively for 

low and high loads P. We also note that the angle increases slightly with the crack size when it 

begins to change its direction towards the ductile material. For the weak mechanical loads the 

crack-tip is under the compressive stress field higher than the tensile stress field and the crack is 

propagated in mixed mode. The crack propagation in mode I relatively lower than mode II and 

consequently it moves towards the brittle material and its deflection angle  increases with the 

applied load. Once the crack is propagated in pure mode II (Fig. 13), it changes direction and 

moves towards ductile material of which the angle  gradually decreases with increasing load. It 

vanishes when the crack propagation is in pure mode I (Fig. 12) for higher applied loads and the  
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Fig. 16 Variation the deflection angle  as a function of applied load P and crack size with the 

temperature gradient ∆T=300ºC 

 

 
contribution of mechanical loading on the crack propagation in mixed mode becomes more 

significant. 

It can be concluded that for low loads the crack propagation in mixed mode is mainly due to the 

dominant effect of thermal loading. However, the increase in load creates the high tensile stress 

field where propagation crack is still in mixed mode while at this time the effect of the 

compressive stress field becomes less important. Indeed, the external load exceeds a critical load 

which can cause a great risk of damage of the bi-materials Cu/Al2O3 and can lead to a fast 

propagation of the crack which will be deviating towards the ductile material (Cu). 

 
 
6. Conclusions 

 

The analysis of fracture behaviour of the bi-materials Cu/Al2O3 allows drawing the following 

conclusions: 

- The equivalent SIF KJ depends on both loading of thermal and mechanical stress fields 

developed at the crack- tip; 

- The Crack size has an effect on the variation of equivalent stress intensity factor KJ ; 

- The Plastic zone of ductile material has an effect on the crack propagation; 

- We note that the values of the parameters KJ and KDCT show a good agreement in this case 

(elastic behaviour); 

- The crack propagation in mixed mode depends on the thermo-mechanical loading; 

- The temperature gradient and the applied load have an effect on the crack deviation; 

- The crack propagation in pure mode I or pure mode II corresponds to a deflection angle 

equals to zero. 
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