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Abstract. In this study, a three-dimensional Finite Element Model has been developed to estimate the size of the
weakened zone in a bi-material a ceramic bonded to metal. The calculations results were compared to those obtained
using Scanning Electron Microscope (SEM). In the case of elastic-plastic behaviour of the structure, it has been
shown that the simulation results are coherent with the experimental findings. This indicates that Finite Element
modeling allows an accurate prediction and estimation of the weakening effect of residual stresses on the bonding
interface of Alumina. The obtained results show us that the three-dimensional numerical simulation used by the
Finite Element Method, allows a good prediction of the weakened zone extent of a ceramic, which is bonded with a
metal.
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1. Introduction

Advanced bi-materials consist of two or more materials with different mechanical, physical and
chemical properties. The interface between these different materials has a significant influence on
the strength and toughness of bonded materials (Boutabout et al. 2009, Hu et al. 2017).

Bi-material systems may be found in numerous engineering devices, structures, and
applications. other more common applications includes laminated beams, coated systems for
mechanical devices, and layered composites for main structural applications or micro-electronic
chips (Liu et al. 2017).

Several theoretical and experimental methods have been explained by researchers in the past to
investigate mechanism of crack propagation through different materials (Sih and Rice 1965,
England 1965, Erdogan and Biricikoglu 1973, Rice 1988, Hutchinson and Suo 1991).

In a bi-material fractured test specimen, the stress intensity factors are influenced by the
mechanical properties of each material as well as the specimen geometry (Xu et al. 2008, Itou
2007, Zhang and Qiao 2017).

Datta et al. (2018) developed an analytical model based on the Rice’s path independent J-
Integral. The analytical model results have shown a good coherence with the experimental findings.
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Ouinas et al. (2008) studied the effect of the difference between the elastic modulus of the metal
and ceramic on the direction, and the rate of crack propagation.

In another study on the influence of weak interface between particles and matrix on mechanical
properties of metal matrix - ceramic reinforced composites with poor interfacial bond Jarzabek
(2018) showed, that after tensile test on these composites the Young’s modulus takes values of 67
+ 8 GPa and the ultimate tensile strength 230 £ 15 MPa. These authors assume that these values
result from the low resistance of the interface. These authors have developed a numerical model, in
terms of analysis of the mechanical behavior of the interface, to better understand this hypothesis.
They conclude that this model confirms the experimental results. To this end, a representative
volume element has been created and modeled by the Finite elements Method with cohesive zone
elements. This modeling leads to Young’s modulus values of 119 GPa to 126 GPa.

The same author Jarzabek et al. (2016) developed an experimental approach, allowing the
characterization of the mechanical resistance of the reinforcement-matrix interface of metal matrix
composites reinforced by ceramic particles. These authors showed that the adhesion force between
the reinforcing material and the matrix is higher as these particles are of large sizes.

In the present study, a three-dimensional Finite Element Model has been developed to estimate
the size of the weakened zone in the bi-materials a ceramic bonded to a metal. The calculations
results were compared to those obtained using Scanning Electron Microscope (SEM). In the case
of elastic-plastic behaviour of the structure, it has been shown that the simulation results are
coherent with the experimental findings. This indicates that Finite Element modeling allows an
accurate prediction and estimation of the weakening effect of residual stresses on the bonding
interface of Alumina.

2. Results and discussion

As explained earlier, the bonding process is performed at high temperature. As a result, internal
residual stresses are generated during the cooling phase of the elaboration process, and they are
situated near to the interface. As the metal cools down, it shrinks much more than ceramic,
resulting in shear stresses at the interface between these two materials

em=an(To—=T) and & =ac(To—T) 1)

m and c stands for metal and ceramic respectively.

am and o, are the thermal expansion coefficients of the metal and the ceramic respectively.

(T-To) is the temperature difference between the bonding temperature and the room
temperature.

Haussonne et al. (2005) showed that according to Eshelby analytical approach, these internal
stresses depend on the difference between the thermal expansion coefficients of the ceramic, and
the metal, and the difference between the temperatures values during the cooling phase, and on the
modulus of elasticity and Poisson’s coefficients of both materials

(am - ac)(T - TO)
1+vy,  1-2v (2)
2E,, E,
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The analysis of these residual stresses has been the subject of several studies. Besevic (2012)
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presented experimental research, about the effect of residual stresses in the design of steel
structures. He found that the effect of these stresses depend on their magnitude, orientation as well
as their distribution. Hattali et al. (2009a) showed that residual stresses have the major role in the
generation and propagation of cracks at the interface between metal and ceramics. In the case of
bonding ceramic and metal by soldering, the authors Cazajus et al. (2012) have analyzed
numerically the effect of the residual stresses on the quality of the soldering. They concluded that
these stresses can significantly reduce the mechanical strength of end-use product obtained by
metal-ceramic bonding. In another study, Charles et al. (2005), showed that residual stresses are
generated in the weakened region which is the metal-ceramic interface, and that they are behind
the initiation and creation of cracks in ceramics. Based on the hypothesis of the weakest bond,
these authors have proposed a probabilistic model of cracking. Serier et al. (2011) have
highlighted diffusion phenomena during metal-ceramic bonding and they explained the effect of
residual stresses, on the mechanical strength of this bond .In this context, Ma et al. (2013) showed
more light on the effect of thermal stresses, induced by the difference of properties between metals
and ceramics, can lead to a failure at the interface. Hwang et al. (2015) explained that Selective
Surface in Hybrid composites (FSS) have been developed to offer excellent specific mechanical
and electromagnetic properties. Doitrand and Leguillon (2018) considered that in an industrial
process, experimental measurements can be expensive and time consuming, so predictive
modeling is highly needed. The present work focus on this issue. It aimed at predicting the damage
size “h” of the ceramic (Alumina) bounded to metal (Silver) by employing a three-dimensional
Finite Element model. The fracture energy will be calculated in term of stress intensity factors k
(in the case of the elastic behaviour of the structure) and in term of the J integral (in the case of the
elastic-plastic behaviour of the structure).The simulation results are compared to experimental
findings obtained by scanning electron microscopy (SEM).

2.1 Experimental analysis of the weakened zone size of the ceramic

This is an experimental study about the extent of the weakened zone, of ceramic bonded to a
solid metal at high temperatures. It concerns the mechanical strength of the interface and the
fracture strength of ceramic.

For this purpose, polycrystalline alumina “SCT, “advanced technical ceramics” samples are
used. The samples, obtained by solid state bonding carried at air (Fig. 2(a)), consists of two
alumina cylinders (12 mm and 8 mm diameters and 3 mm thickness) which are both bonded to a
silver (8 mm diameter, 0.5 mm thickness) under the action of a bonding pressure (P) and
temperature (T), (Fig. 1). For this study, two assumptions were made, the two aims will be:

- The optimization of temperature (T): the time: t = 2h (is fixed), the temperature T: varies
from 500°C to 900°C and the bonding pressure P = 6 MPa (Fig. 4).

- The optimization of time period of solid state bonding (t): the temperature T= 900°C (is
fixed), the time t: varies from 1h to 7h and the pressure P = 6 MPa (Fig. 8).

Then tested under uniaxial tension loading considering the real contact area between ceramic
and metal (Figs. 2(a)-(b)), the loading rate is 0.1 mm/mn (the speed of the test is 0,1 mm/mn). The
analysis by scanning electron microscopy (SEM) shows that alumina is composed of very fine
grains(see Fig. 3). An indirect tensile test known as a “push test” was used to characterize the
mechanical strength of alumina-silver “Ag/Al,Os” assembly (Fig. 2(a)). This test, which directly
subjects the interface to tension load F, does not require any clamping system it has a cylindrical
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Fig. 1 Elaboration of ceramic-metal bond by solid state bonding
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Fig. 2 Realization of Putsch test (characterization of the bi-material Alumina -silver interface)

Fig. 3 Microstructure of SCT Alumina after a thermal attack of 10 h at 1500°C

specimen in the form of a pierced disc through which a punch comes to bear with an effort F on
the metal. This test called, Putsch test, allows to solicited directly the interface as shown in Fig.
2(a). The bi-material Ag/Al,O3; was chosen for this study, because of its many applications in
electronics. Indeed, silver is the best conductor of electricity, presenting the best electrical
conductivity (62.1.10° Siemens/m) and a very low electrical resistivity (10® Ohms.m) among all
metals compared to copper. Alumina is the most very high performance ceramic material. It
presents very interesting electrical properties (high resistivity, high dielectric constants, low
dielectric loss factor, excellent dielectric properties in the case of direct currents or even high
frequencies currents). The push test results are illustrated in Fig. 4, and they show that the tensile
strength (of) of the (Ag/Al;Os) is better when the bond is made at high temperatures, due to the
creation of cohesive interfaces (Fig. 4). Fracture surface analysis using scanning electron
microscopy (SEM) shows that the damage begins at the external boundary of the assembly and
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Table 1 Characteristics of the alumina used

Alumina (SCT, advanced technical ceramics) AL,O3

Composition % by weight 99.90%
Density (g/cmd) 3.95
Compressive strength at 20°C (MPa) 3000
Tensile strength at 20°C (MPa) 250
Bend Strength at 20°C (MPa) 320
Young’s modulus (GPa) 320
Critical stress intensity factor (MPa.m'?) 5.20
Poisson’s ratio 0.27
Thermal expansion coefficient (°C1) at (20 to 1000)°C 7.50.108
Maximum operating temperature (°C) 1660
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Fig. 4 Fracture tensile stress variation vs. elaboration temperature

then propagates deeply in the alumina body. The extent of this propagation is related to the
bonding temperature and it becomes deeper when the temperature of the bonding process is close
to the melting point of Silver (Figs. 5 and 6). Two types of fractures were observed: inter-granular
fracture of small grains, and trans-granular fracture through large grains cleavage (see Fig. 6(b)).
The failure occurs in the ceramics (Figs. 5 and 6(a)), that are near the interface, at stresses
approximately four times lower than the tensile strength of the alumina, without any bonding to
metal (see Fig. 4 and Table 1). The zone size corresponding to this stress difference, was
determined by scanning electron microscopy (see Fig. 5). It corresponds to a depth of 0.70 mm
(see Fig. 5). In other terms, the latter corresponds to the extent of the residual stresses induced in
alumina during the bonding process. Bonds developed at relatively low temperatures, result in
poor mechanical resistance of the interface (see Fig. 4). In this case, the electron microscopy
analysis shows that the failure initiates and propagates along the interface (adhesive failure) (Figs.
5 and 7). These figures clearly illustrate that the silver surface is partially covered by removed
alumina grains (Figs. 7(a)-(b)).These experimental results show that the temperature at which
alumina is bonded to silver is a key parameter for the mechanical strength of the metal-ceramic
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Fig. 5 Fracture surfaces of alumina-silver assemblies after putsch-test
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Fig. 6 Cohesive fractureof alumina in the Ag/Al,Osb bond elaborated at 900°C
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Fig. 7 Adhesive fracture after the tensile test of the assembly Ag/Al,O3

interface. Indeed, high temperatures accelerate the diffusion of silver atoms and facilitate the
migration process, into the alumina surface defects, leading to rigid and strong bonds. However,
they generate high residual stresses, thus increasing the risk of a ceramic brittle fracture near to the
interface at significantly lower stresses than its tensile failure limit. This behavior was observed
during the bending tests of these assemblies (see Fig. 8). This figure clearly illustrates that the
tensile strength (or) of the assembly, is about three times lower than the bending strength of non-
bonded alumina (Table I). Through the analysis of the fracture surfaces, three types of damages,
observed at 900°C, can be identified: adhesive, cohesive, and cohesive-adhesive type (see Fig. 8).
Cohesive failure occurs at early times in alumina near the interface at significantly lower stresses
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than the maximum tensile and bending limits of the non-bonded alumina. Sample analysis shows
that the crack begins at the interface in the external boundary of the assembly body, then deflects
towards the alumina, and propagates almost in parallel direction to the interface along the
weakened zone.

In order to characterize this zone of ceramics which is in a high interaction with silver, an
analysis of the resistance to cracking, using the indentation method, was performed. This
technique is simple to apply and allows obtaining results similar to those obtained using
conventional methods. The critical stress intensity factor was determined from the relationship of
Liang et al. (1990)

Kic = (Hya'?/a).(E®/H,)"*. (C/a)/18a~151 3)
Where (H,) is the Vickers hardness, (E) the Young’s modulus, (¢) the stress factor equal to 3

for alumina, (c) the size of the crack emanating from the diagonal print “a” (see Fig. 9) and a is a
non-dimensional constant which is a function of the Poisson’s ratio (v)

a = 14. [1 -8 (%ﬂ (4)
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Fig. 8 Fracture tensile stress vs. bonding time

Fig. 9 Prints of indentation
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Indentation imprints have been made on alumina which is bonded to silver under a loading, of
300 g for 15 secondes, higher than the critical cracking load, every 50 pm from the interface
(depth h) to the “core” of the ceramic (see Fig. 10(a)). The cracks resulted from the imprint (Fig.
10(b)) propagate in parallel to the interface. Fig. 12 shows that the critical stress intensity factor of
this alumina is affected at a depth of about 200 um. This is mainly due to the presence of residual
stresses in the ceramics resulting from the difference in thermal expansion coefficients between
silver and alumina. This decline in toughness explains the cohesive ruptures observed in alumina
when the interfacial adhesion is good. Beyond this depth, the strength fracture is similar to that of
a pure ceramic.

Crack emanating from imprint

Fig. 10 Specimen for measuring of the toughness of alumina by indentation
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Fig. 11 Variation of the toughness measured with Vickers indentation vs. the distance to the
interface at (900°C) during (4 h)
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After the initiation of a crack by pure tensile load, the residual stresses relaxation contributes to
its deviation towards the alumina far from the interface, leading to much more volume removal.
This seems to explain the difference in the depth of the weakened zone measured by scanning
electron microscopy and that determined by the indentation technique.

For the prediction of the weakened zone of silver bonded to alumina, a three-dimensional
numerical analysis using the finite element method was carried out.

Bi-materials elaboration at high temperature, as in the case of ceramic-metal bond, weakens the
ceramic in the vicinity of the interface. This weakened zone is closely related to elaboration
temperature (An et al. 2013). This temperature affects and controls the extent of the damaged zone
due to the presence of residual stresses Hattali (2009). This extent is more important when Bi-
materials is elaborated at high temperatures Hattali et al. (2009b).

2.2 Numerical prediction of the weakened (damaged) zone size of the ceramic

2.2.1 Geometrical model

A three-dimensional finite element method is conducted to model the ceramic-metal assembly,
containing a central crack of length “a”. The crack is initiated in alumina bonded to silver, and is in
parallel direction to the interface (see Fig. 12). ABAQUS software Karlson and Sorensen (2007)
was used to predict and calculate the extent of the damaged zone in the ceramics under residual
stresses effect. This extent will be analyzed in terms of variations of stress intensity factors (case
of elastic behavior) and also in terms of the J integral (case of elastic-plastic behaviour). For this
purpose, a geometric model, consisting of alumina perfectly bonded to silver, is subjected to
different temperatures (see Fig. 12). These two materials are characterized, in elastic behavior, by
their Young’s modulus and their respective Poisson coefficients: Ec = 320 GPa, v¢ = 0.27 and En =
76 GPa, vim = 0.33. Alumina presents at these temperatures a linear elastic behaviour until failure
while the metal has elastic-plastic behaviour (see Fig. 14).

Hexagonal quadratic elements of type C3D20R were employed. The overall mesh size includes
190820 elements and 811556 nodes. To ensure numerical accuracy, the mesh was refined near the
contact region. The singularity at the crack tip was modeled using a specific refined mesh size (see
Fig. 14). A convergence test was performed to obtain the adequate mesh size and to ensure the

T = (00, GO0 IR
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W= 12 mm
H 4
Ao 0
c Ceramic | Alumingy
H (] mrn¢ Aletal | Siver)
Ag

1‘ Ceramic {Aluming) Depih "h"
H + Interface
A I‘U.‘

Front A A Front B
Crack "a"

Fig. 12 Geometrical model
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Fig. 13 True stress vs. strain curve of pure silver Wu and Lee (2016)
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Fig. 14 Mesh size of the model studied

accuracy of the model. The integral J along the crack front in ABAQUS is implemented using the
integral formulation of the domain Li et al. (1985). This procedure is similar to the virtual crack
extension methods Shih et al. (1986). The J integral can be evaluated by integrating the field,
determined from an elastic finite element analysis, along any contour lying within the crack tip
region. The J integral is defined by

J f w.5 OUL S nidr 5)
= | Ww.8; —0jj.—.)n;
r 1j lj 6.7(1 gl

Here, I is a contour beginning at the crack bottom face and ending on the top face and n; is the
outward normal to I. w is the strain energy density computed by following the actual strain history
for a linear elastic solid, and it depends only on the final strain, oj; represents stress components, uj
denotes the displacement.

2.2.2 Analysis of the damaged zone

In this part, a three-dimensional finite element analysis is carried out to predict the size of the
weakened alumina zone, bonded to silver observed at 900°C, and experimentally determined by
scanning electron microscopy (see Fig. 6(a)). To do this, the alumina-silver interface is considered
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to be perfectly rigid in accordance with experimental results which showed that the cohesive
fracture occurs in alumina (see Fig. 6(b)). Thus, a crack of length "a" is initiated in the alumina, in
parallel direction to the interface, and in the vicinity of metal. We choose to put the crack in the
ceramic material, because it’s contains micro-cracks and defeats and therefore it is more likely that
cracking occurs in ceramics rather than in metal (Table 1). The extent of this zone is analyzed in
crack tips A and B in terms of variation of stress intensity factors (elastic behaviour), and in terms
of variation of the integral J (elastic-plastic behaviour). This variation is studied as a function of
the bonding temperature, crack location, and its length. As mentioned earlier, this temperature
generates residual compressive stresses in the ceramic, which are the principal cause of crack
propagation.

In elastic behaviour, Figs. 15(a)-(b) and (c) clearly illustrate that in modes I, 1l and Ill, the
cracking fronts A and B are less stable when the ceramic is bonded to the metal at high
temperatures, and they propagate mainly in mixed modes. The mixed mode | and Il are the
predominant propagation mode (see Figs. 15(a) and (c)). Tangential residual interfacial stresses
resulting from silver tension stresses and alumina compression stresses are responsible for the
shear mode. This instability, described by a significant increase in the stress intensity factor and
the elastic J integral, is more important for high crack length. In the opening mode, the cracking
resistance of alumina, is affected when it is bonded to silver at too high temperatures (900°C)
which is close to the melting point of the metal, regardless of the size of the cracking defect (see
Fig. 15(a)). Fig. 16 shows that the residual stresses contribute considerably to mixed modes
propagation of a crack initiated in the ceramic near to the interface.

Fig. 16 illustrates the effect of the elaboration temperature of alumina-silver assemblies on the
integral J. It should be noted, that this fracture energy is very high when the materials are bonded
at temperatures close to the melting point of the metal (900°C). Cracks initiated in the ceramic are
less stable when the bonds are elaborated at such temperatures. This physical parameter generates
stresses that can lead to damage the ceramic-metal assemblies.

To highlight the size of the weakened zone of alumina-silver assembly, the crack of length “a”,
initially initiated in the ceramic near the interface, was gradually moved away from this interface
in the ceramic, at a depth “h”, (see Fig. 12). In elastic behaviour, the propagation of this crack is
analyzed in terms of variation of the stress intensity factors "SIF" in modes I, Il and Ill and the
integral J (see Figs. 17(a)-(b)-(c) and 18), at the cracking fronts noted here A and B, along this
depth. Thus, these failure parameters are more significant as the crack is initiated in alumina near
the silver interface, then they gradually decrease as it moves away from this zone. The results of
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Fig. 15 Variation of the stress intensity factor with the crack size for different temperatures
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Fig. 17 Variation of the stress intensity factor, with the distance “h” for different temperature

this analysis show that the elaboration temperature controls the size of the crack instability zone
(see Figs. 17(a)-(b)-(c) and 18). This zone is more extended when the ceramic is bonded to the
metal at high temperatures, regardless of the propagation mode of the crack. Far from the interface,
for an alumina bonded to this metal at a temperature of 900°C, which is the optimal temperature
observed experimentally, this zone extends over a depth of about 2.5 mm. At this size, these
propagation energies fall very significantly and take almost zero values. This depth, corresponding
to the size of the weakened zone, is reduced as alumina is bonded to silver at low temperatures. It
should be noted, however, that in elastic behaviour, this size obtained numerically is about three
times more important than that obtained experimentally at the same temperature (see Fig. 6(a)).
This behaviour clearly shows that at such a distance, the alumina is totally relaxed from the
residual stresses and the interaction effect with the metal disappears completely. In this case,
alumina behaves as a perfectly homogeneous material. The residual stresses, due to the elaboration
of the bonds and highly concentrated in the close vicinity of the interface, are responsible for the
evolution of these failure parameters. Residual stresses at the interface, tension in silver and
compression in alumina, are responsible for such propagation in modes | and I1. This behavior is in
good coherence with that obtained by other studies (Guipont 1994 and Chama et al. 2014).

The elastic approach is not suitable for the analysis and the prediction of the weakened zone
extent, because it leads to erroneous results.
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Alumina is a brittle material whose mechanical behaviour is linear elastic until BDT. This is not
the case for silver, which behaves plastically at relatively low stresses (see Fig. 13). In this part of
the work, the elastic-plastic behaviour (see Fig. 19) of this metal is taken into consideration for the
numerical prediction of the weakened zone size of alumina-silver bond. In the same way as in the
elastic analysis, the crack, previously initiated in alumina and very close to the silver interface,
was gradually moved away from this interface in alumina by a depth “h” (see Fig. 12). The extent
of this zone is evaluated in terms of variation of the integral J (elastic and plastic) along this depth
“h” (see Fig. 19). The analysis of this figure clearly illustrates that, compared to elastic behaviour,
the plasticity of the metal lead to significantly lower values of the integral J and lower alumina
damage depths, regardless of the crack initiation location in the alumina. Thus, the depth of the
weakened alumina zone, about 0.70 mm, bonded to silver at a temperature of 900°C, observed
experimentally, is in very good agreement with that estimated numerically at the same temperature
whose value is about 0.80 mm (see Fig. 20). This value decreases when alumina is bonded to
silver at low temperatures. The plastic deformation of silver bonded to alumina is essentially
responsible for the lower values of the fracture energies numerically calculat ed (see Fig. 21). This
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Fig. 18 Variation of the integral J with the distance “h” for different temperature (Elastic approach)
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Fig. 20 Comparative analysis of the damaged zone depth “h” of alumina, assembled with
silver at (T = 900°C), obtained numerically and experimentally
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Fig. 21 Comparative analysis of the J integral in elastic and elastic-plastic with. the distance “h” (T = 900°C)

is in good agreement with the results obtained by Hway and Evans (2006). Indeed, the residual
stresses strongly located near the interface are relaxed by the plasticization of silver. This decline
in crack tip stresses is highly insufficient to lead to instability of the cracking fronts noted A and B.

This phenomenon leads to a considerable drop in these stresses and therefore a significant
reduction of the damaged zone size in the ceramic.

This study explicitly shows that the three-dimensional numerical simulation, using the finite
element method is able to predict the size of the weakened zone of the ceramic joined to a metal by
solid state bonding, at a temperature close to the melting point of this metal. In fact, a very good
correlation was illustrated between the extent (size) of this zone observed experimentally and that
resulting from numerical modeling. This prediction highlights and describes the ceramic zone,
which is in a strong interaction with the metal and severely weakened by thermal residual stresses.
It was explained also how these stresses are responsible for reducing the lifecycle of this kind of
assemblies. Indeed, this zone of ceramic is subjected to brittle fracture and therefore to early
failure phenomena.
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3. Conclusions

In the present study, a three-dimensional Finite Element Model has been developed to estimate
the size of the weakened zone in the bi-materials a ceramic bonded to a metal. The calculations
results were compared to those obtained using Scanning Electron Microscope (SEM). In the case
of elastic-plastic behaviour, it has been shown that the simulation results are coherent with the
experimental findings. This indicates that Finite Element modeling allows an accurate prediction
and estimation of the weakening effect of residual stresses on the bonding interface of Alumina.
The obtained results also enable us to deduce the three-dimensional numerical simulation using by
the Finite Element Method allows a good prediction of the weakened zone extent of a ceramic
which is in very strong interaction with a metal.
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