Iranian Journal of Science and Technology, Transactions of Mechanical Engineering
https://doi.org/10.1007/540997-023-00601-9

RESEARCH PAPER q

Check for
updates

Influence of Thermal Residual Stresses on the Behaviour of Metal
Matrix Composite Materials

Roberto Alonso Gonzélez-Lezcano'® - José Manuel del Rio-Campos?® - Tamar Awad Parada®?

Received: 29 July 2022 / Accepted: 22 January 2023
© The Author(s), under exclusive licence to Shiraz University 2023

Abstract

In this article, numerical simulations are used to study the bonding of ceramic—metal interfaces as well as ceramic-reinforced
metal matrix composites (MMCs). For the design of the geometrical model of the MMC, the reinforcement is considered
to be discontinuous (MMCD) and it consists of particles in which their distribution is homogeneous within the composite
material. As a consequence of the existence of residual stresses in the material, there will be higher compressive stresses in
the reinforcement and higher differences of stress values between the matrix and the reinforcement than those found without
them. The novelty of this research lies in the fact that through the knowledge of the stress states at a given distance from
the interface, the manufacturing processes of the MMCs could actually be improved. After the simulations, it is observed
that the reinforcement is compressed due to the difference between the two thermal expansion coefficients of the constituent
materials. The matrix is also compressed in the incident zone longitudinal to the reinforcement and in the zone surrounding
the fibre in the radial direction. However, the matrix is tensioned in the longitudinal direction parallel to the reinforcement

and in the transverse direction around the particle.

Keywords Metal matrix composite - Ductile fracture - Reinforcement particles - Failure mechanism - Residual stress

1 Introduction

Ceramic—metal interfaces are playing an increasingly rel-
evant role in various engineering areas, such as microelec-
tronics, automotive, and the manufacture of metal matrix
composites with a ceramic reinforcement (MMCs) (Yang
et al. 2021; Zhao et al. 2021; Zhang et al. 2017). Bi-materials
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generally have very good characteristics for use in a wide
range of high temperature applications, such as gas turbines,
heat exchangers, or combustion chambers. In recent years,
great efforts have been made to achieve better bonds between
ceramic and metallic materials, as well as to design bonding
processes valid for a wide range of industrial uses (Zhang
et al. 2017) including cryogenic treatments (Hussain et al.
2017).

The addition of ceramic particles to a metal matrix
increases the stiffness and mechanical strength of the mate-
rial, while maintaining its isotropic behaviour, resulting in
a combination of price and mechanical properties, making
these metal matrix and ceramic reinforcement composites
optimal materials for many industrial applications (Chen
et al. 2020a; Hu et al. 2021).

A bi-material made up of the union of a ceramic mate-
rial and a metallic material, when it cools down after its
manufacturing process or when it undergoes a subsequent
thermomechanical treatment, presents a field of residual
stresses that originate in the difference between the respec-
tive moduli of elasticity and the coefficients of thermal
expansion of both materials (Das et al. 2019; Kalaisel-
van et al. 2021; Patil et al. 2020; Shankar et al. 2020;
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Gonzéalez-Lezcano and Rio Campos 2019). These residual
stresses significantly influence the mechanical behaviour
of the ceramic—metal interface and can cause deforma-
tions up to failure, affecting the integrity of the structure
of which the ceramic—metal bond is a part (Balokhonov
et al. 2021, 2022; Xiong et al. 2021).

Due to their industrial importance, bonding methods
between ceramic and metallic materials have reached a high
level of development (Zhang et al. 2015). However, there is
still a need for further research into effective bonding tech-
niques, a thorough understanding of the interface structure
affecting both mechanical and thermal properties, control
of the bonding mechanisms and evaluation of the residual
stress distribution, the effect of which is very detrimental to
the mechanical behaviour of the bimaterial (Zemlianov et al.
2020; Shokrieh 2014; Sidhu et al. 2015).

Although the interfaces between ceramic and metal-
lic materials have been thoroughly investigated in the past
(especially in some cases of ceramic-reinforced metal
matrix composites or Cu-Ag brazing alloys), there is still
little information on their thermomechanical properties, par-
ticularly in the case of non-oxide ceramic materials such as
silicon nitride (Si;N,) (Gonzalez-Lezcano et al. 2020; Wang
et al. 2019; Liu et al. 2017; Shi et al. 2006; Ong et al. 2021).
In actual application, many problems remain unsolved,
including how to assess and compensate for the high residual
stresses arising both during the cooling following the bond-
ing process and after subsequent thermo-mechanical treat-
ment (Wang et al. 2017).

The thermomechanical properties and thermal residual
stresses of ceramic—metal interfaces, both from the bond-
ing of the two materials and from the manufacture of metal
matrix composites with ceramic reinforcement, can in
many cases be evaluated by experimental tests (Magally
et al. 2016). However, this is not always feasible, as such
tests are often very complex or expensive. One way to solve
this problem is to use numerical simulation methods, which
allow fairly valid approximations of these parameters to be
obtained without the need for experimental testing (Chen
et al. 2020b; Kundicka et al. 2020). For this reason, numeri-
cal simulation methods have become very important due to
the reduction in costs and development times of the execu-
tion processes (Gonzalez-Lezcano and Rio 2015).

Furthermore, the number of investigations presenting a
comparison between results obtained by experimental and
numerical measurements is scarce in the scientific literature.
With optical residual stress measurement techniques (e.g.
Raman microscopy, neutron diffraction, X-ray), it is possible
to reach detailed approximation levels down to the grain
size; however, there are few comparative studies of these
experimental values with numerically obtained residual
stress distributions at a mesoscopic level (Stankovic et al.
2019; Kumar and Curtin 2007).
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On the other hand, ceramic—metal interfaces in metal
matrix composites with ceramic reinforcement have an
additional disadvantage: their mechanical properties are
influenced by a multitude of factors, such as different pos-
sible reinforcement geometries, different size distribution
patterns, particle slenderness or reinforcement volume ratio,
effects that have not been studied in depth either (Soleymani
Shishvan and Asghari 2017).

Although there are other studies on the influence of the
geometry of the reinforcement on the mechanical behaviour
of materials for minimization of surface roughness and hole
overcut or the effect of cutting parameters on surface finish,
the novelty of our research work lies on the identification
of the highest values of stress within the matrix-particle
interface, so that it is remarkable to note it. Therefore, it is
necessary to emphasize the importance of focusing on the
decohesion of the reinforcement relating to its mechanical
behaviour.

Consequently, there is still a need for a systematic study,
both macroscopic and microscopic, of the generation of
these types of stresses and for their characterization from a
scientific point of view, a basic requirement for understand-
ing the properties of bimaterials and the potential of their
applications (Sackey and Smith 2009).

The origin of residual stresses of thermal origin at
ceramic—metal interfaces lies in the difference between the
coefficients of thermal expansion of the two materials (since
the coefficient of thermal expansion of a ceramic material is
usually lower than that of a metallic material), although it is
also due to the difference between other properties, such as
the modulus of elasticity (Sijo and Jayadevan 2016).

The appearance of residual stresses has a more pro-
nounced effect on ceramic—metal interfaces involving
Si;N,, due to the greater difference between the coefficients
of thermal expansion of this ceramic material in relation to
other ceramics for industrial use, particularly oxidic ceram-
ics (Huang and Ali 2019). This high difference between
the coefficients of thermal expansion generally leads to the
breakdown of such interfaces. A comparison of the values
of the thermal expansion coefficients for nickel (i.e. Ni) and
silicon nitride is shown in Table 1.

For centuries, thermal residual stresses from the manu-
facturing process of many materials have been identified
by both manufacturers and users. Ancient civilizations, for
example, were already aware of thermal residual stresses in

Table 1 Values of the coefficient of thermal expansion

Material Coefficient of thermal
expansion x 10® (K1)

SizN, 3,3

Ni 13,3
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glass and mitigated them by heat treatment after the manu-
facturing process. Glass annealing, which dates back centu-
ries, is one of the most widely recognized post-treatments for
the control and attenuation of these internal stresses (Gigli-
otti 2016; Shin et al. 2007).

In most cases, the occurrence of residual stresses of ther-
mal origin is usually associated with a decrease in mechani-
cal strength and fatigue resistance, sometimes with separa-
tion of the material into sheets, distortion of shape, or even
corrosion. Certain mechanical properties (such as yield
strength and toughness) can be significantly affected by the
presence, magnitude, or sign of residual stresses (Lezcano
and Rio 2017; Senthil et al. 2020). These effects are com-
pounded by the structural anisotropy characteristics of the
material in the case of a MMC, as well as its gradual compo-
sition in the case of functionally graded material (i.e. FGM)
interfaces. It is therefore crucial for the integrity of such
interfaces to know and control the thermal residual stress
distribution resulting from their manufacture and further
processing (Amirkhanlou et al. 2013).

In addition, the residual stress state is usually a dynamic
process, as there are many stress relaxation processes occur-
ring within the material, such as plastic deformations at the
interface, slippage between the matrix and the reinforce-
ment, material buckling, micro-cracking, or fibre buckling
(Logesh and Bupesh Raja 2017; Wady et al. 2003). Although
some of the relaxation processes can be activated even at
room temperature, it is difficult to identify which relaxation
process is active by simply measuring the existing stresses in
the material, which implies an additional major disadvantage
in the evaluation of the stresses.

Residual stresses have been qualified by several authors
(Salvati and Korsunsky 2017; Fu et al. 2021; Everaerts et al.
2018) according to the length scale on which they act. Type
I residual stresses, also called macroscopic, are referred to
distances measured in millimetres and may be due to non-
uniformity of the temperature field (Duhamel's theorem) or
to different cooling rates within the material.

Residual stresses produced at the mesoscopic scale occur
at a scale between 1 and 100 pm and are often referred to as
Type II. Within these residual stresses are those produced
by MMC:s as an interaction between the reinforcement mate-
rial and the matrix material, mainly due to the difference
between the thermal expansion coefficients of the two mate-
rials. Finally, Type III residual stresses describe residual
stresses existing at the atomic scale, such as those produced
by accidental dislocations.

In ceramic—metal interfaces from joints, residual stresses
of thermal origin are due to the manufacturing process,
whether in the case of hot isostatic pressing, high tempera-
ture welding, or sputtering (Moreno et al. 2009). They are
usually Type II when they are due to the difference in ther-
mal expansion coefficients and Type I if they originate as a

consequence of heterogeneity problems in the temperature
distribution. In the case of ceramic—metal interfaces from a
MMC, the residual stresses generated during the extrusion
process are of particular interest and are also associated with
these two types of stresses, as described below.

The aims of this article are:

¢ Numerical modelling of the cooling process during the
fabrication of a ceramic—metal bond in order to evaluate
the resulting residual stress distribution of thermal origin
(at the macroscopic level) and including a ceramic—metal
interface of similar chemical composition and constitu-
tive laws to reality.

e Model previous validation by cross-checking its pre-
dictions with measurements made by optical methods
(X-ray diffraction, from values provided by the Institute
of Ceramics and Glass).

¢ Numerical modelling of a bending test performed on
the bimaterial at mesoscopic level and comparison of
these data with the same test performed on a ceramic
monomaterial specimen, as well as comparison of the
results with the superimposition of the stress fields pre-
dicted by the macroscopic model on the mesoscopic one.

¢ Use of the models described above to draw conclusions
about the thermomechanical behaviour of the ceramic—
metal interface at the joint and to predict which area of
the joint is likely to initiate cracking, using stress criteria.

2 Methodology

In order to simulate a thermomechanical or physical prob-
lem, it is first necessary to model it geometrically. This rep-
resentation must be as faithful as possible to reality so that
the results obtained after the numerical calculation on these
models are reliable.

In this article, numerical simulations are used to study the
study of ceramic—metal interfaces from both metal-ceramic
and metal—-ceramic bondings and ceramic-reinforced metal
matrix MMCs.

Two types of geometric models have been developed:

e The first type of models will be used to predict the resid-
ual stress distribution resulting from the cooling process
of the material.

e The second type of models shall be used to apply
mechanical situations where the residual stress state is
superimposed on a stress state induced by mechanical
stresses, such as bending or tensile stresses.

In order to study the residual stress field arising at the
macroscopic level during the post-fabrication cooling of
the ceramic—metal bond, two types of configuration have
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been developed: a macroscopic and a mesoscopic model.
The first, called model A-I (as shown in Fig. 1), consists
of two parallel sheets (one metal and one ceramic). This
model corresponds in dimensions and geometrical shape to
a real specimen manufactured by the Hot Isostatic Press-
ing (HIP) process from which experimental data have been
obtained and which will be compared with those obtained
by simulation.

In order to study the behaviour of the ceramic—metal
bond under the action of a bending stress, the other model
mentioned above has been carried out, at a mesoscopic
level (model A-II), on which the results of residual stresses
obtained in model A-I will be transferred. This model A-II
is shown in Fig. 2.

The reason for this second model is that it allows the
bending test to be modelled much more accurately, so that
the shear stress is applied directly to the ceramic—metal
interface.

Using stress criteria, it will be possible to predict which
zone of the specimen is likely to initiate a crack. These
results for the bi-material model will be compared with
those obtained by similar numerical simulations carried
out with a model made exclusively of ceramic material
(mono-material).

For the case of the ceramic—metal interface from the
metal matrix and ceramic-reinforced MMC, two models
have been considered: a macroscopic and a mesoscopic
model.

For the design of the geometrical model of the MMC, the
following assumptions have been taken into account:

(i) The reinforcement has been considered to be of dis-
continuous type (MMCD) and formed by particles.

(i) The particle distribution has been assumed to be
homogeneous within the composite material.

The microstructure of a particle-reinforced composite
material can become very complicated depending on the
particle type, size, geometry, and its distribution in the
matrix (Ge et al. 2019; Han et al. 2020; Tian et al. 2020; Du

0 metal
0 ceramic

Fig. 1. Macroscopic model type A-I
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Metal Ceramic

Fig.2 Type mesoscopic model A-I1

et al. 2018). In the thermomechanical process, therefore,
many more parameters are involved than in the case of bond-
ing. The probability of breakage of the ceramic particles, for
example, which depends on different geometries that the par-
ticles may have, becomes a relevant factor in the results (Suo
et al. 2021; Chen et al. 2021; Sun et al. 2020; Aman et al.
2011; Uzi and Levy 2021; Gonzalez Lezcano et al. 2003;
Tavares et al. 2020). Two working hypotheses have been
considered for a study that is as close to reality as possible.

The first hypothesis consists of studying a composite
material formed by a metallic matrix and a reinforcement
of ceramic particles, all of them of a medium size and uni-
formly distributed in the material. In the second scenario, the
matrix is also considered to be reinforced by a uniform dis-
tribution of particles, but in this case of three different sizes.

For the study of both models, the material has been rep-
resented as a spatial grid of elements, resembling a grid of
27 distributed particles as shown in Fig. 3.

Designing an accurate model is an arduous task, so geo-
metrical simplifications are often made on the condition
that the final results are close to the real ones. Although the
particles are spherical or ellipsoidal, portions of the particle
have been represented in order to simplify the model. Each
unit cell will consist of a piece of matrix and a reinforcement
particle at its centre.

The type of thermomechanical problem encountered in
the study of ceramic—metal interfaces is clearly nonlinear,
which makes it necessary to resort to specific techniques
for solving nonlinear problems. Both linear and most of the
nonlinear problems—which are more complex and consider-
ably more time-consuming than the former—can be solved

24
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Fig.3 Schematic of the spatial distribution of particles in a MMC
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by using numerical simulation based on the finite element
method, described below.

Solving elasto-plasticity problems by the finite element
method requires the use of nonlinear problem-solving tech-
niques, as opposed to the linear techniques used to solve
elasticity problems. Once the problem to be studied is
known, during the pre-processing phase, a numerical model
is built to represent it as accurately as possible.

For the numerical analysis carried out in this article, the
commercial program Abaqus has been used. Abaqus is a
general purpose finite element program that implements
large analysis capabilities, including the possibility of
defining specific constitutive equations by means of user
subroutines.

Other studies on the influence of stirrer blade design on
the microstructure and mechanical properties of a novel alu-
minium metal matrix composite or the production of metal
matrix composites through stir casting as well as the com-
pressive response of aluminium metal matrix composites
have been taken into consideration (Krishnan et al. 2021;
Ramanathan et al. 2019; Arunachalam and Krishnan 2021).

When transferring this cell to a macroscopic model, the
model has been represented as a portion of the previous one,
according to longitudinal and transverse cuts. Thus, for the
macroscopic model (which has been denoted B-1, as shown
in Fig. 4) and in order to calculate the residual stress dis-
tribution, the particle has been modelled exclusively in a
cylindrical shape.

Obviously, different geometries could also have been
considered when representing this macroscopic model of
the MMCD; but, for reasons of simplification, in this case
we have chosen to use this solution and include the other
alternatives in the mesoscopic model.

Fig.4 Macroscopic model type B-I

Due to the wide variety of shapes that the constituent
reinforcements of a MMC can have (as described above),
different geometric models have been used to represent
each type of reinforcement by translating the macroscopic
model into a mesoscopic model.

Thus, as we are dealing with axially symmetrical cells,
the study will be carried out on the basis of the two-dimen-
sional representation of the fourth part of each unit cell,
so that the initial model is obtained again after a 360°
revolution of the mesh.

Reinforcement particles often take irregular shapes,
so in order to represent different types that can be found
in reality as accurately as possible, four different kinds
of reinforcements have been used: cylindrical reinforce-
ments with the same diameter as the height, cylindrical
reinforcements where the height of the particle is greater
than its diameter, as well as spherical and ellipsoidal
reinforcements.

The reason these models have been chosen is to try
to represent the broad spectrum of particle reinforce-
ment types that can be found in reality. Thus, spheres are
suitable for reinforcement models of equal geometry or
rounded shape, while cylinders are a good approximation
for irregularly shaped reinforcements with sharp corners.

A cylindrical particle has a higher number of stress
concentration points compared to spherical or ellipsoidal
particles, which have smoother shapes. Another important
factor to take into account is the influence of the relation-
ship between the longitudinal and transverse dimensions
of the particles on the material properties, so it is interest-
ing to compare cylindrical particles in which the diameter
is equal to the height and cylindrical particles in which
the height is greater than the diameter. Finally, it is also
interesting to carry out studies of the distribution of rein-
forcement according to different particle sizes, as will be
discussed later.

The unit cell model simulates the composite material
represented by a single reinforcement within the matrix,
as shown in Fig. 5, so that the geometrical relationships
of the constituents are fulfilled. In order to achieve an
approximation as close as possible to reality, four different
types of particle geometries have been considered, namely
cylindrical of equal diameter and height (hereafter referred
to simply as cylindrical), cylindrical of height greater than
the diameter (hereafter referred to as elongated cylindrical,
spherical, and ellipsoidal). For this purpose, it is important
to establish the average particle dimensions, the relative
distances between the particles, and the volume fraction
of the reinforcement.

On these models, referred to as B-II, the tensile stresses
mentioned above shall be applied superimposed on the
residual stress distribution obtained.

@ Springer
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0 matrix
reinforcement

Fig. 5. Type B-II mesoscopic model (unit cell model) for a cylindri-
cal particle

Fig. 6. Instron universal testing machine, model 8516 with a maxi-
mum load of 100 KN used to perform either tensile tests or compres-
sive tests

2.1 Application of Loads and Boundary Conditions

The numerical models include the application of loads
and boundary conditions in order to simulate the relevant
mechanical tests that induce stress fields superimposed
on the previously calculated residual stress distributions.
In this way, bending and tensile tests similar to those
obtained experimentally have been simulated using a uni-
versal testing machine as shown in Fig. 6.

From the results obtained numerically, conclusions will
be drawn on the influence of the residual stress state on the
mechanical behaviour of the ceramic—metal interface and
on the initiation of cracks in the material, in comparison

@ Springer

with other mono-material specimens. The boundary con-
ditions are:

e Two supports with restricted movement in the vertical
axis.

e An additional constraint on the horizontal movement of
the lower centre point of the specimen to avoid rigid solid
movements.

Analyses of the specimen have been carried out in dif-
ferent situations in terms of the load application zone, from
a point application to a distribution in a 1 mm zone. Obvi-
ously, the application of the load in a narrow area (as is
the extreme case of point application) causes very high
stresses to appear and constitutes a singularity of the stress
field which does not correspond to reality; since the load is
inevitably applied over an area whose dimension is at least
the width of the application instrument.

Therefore, a uniformly distributed load in a region of
approximately 1 mm has been modelled to avoid the effects
of high local stresses that could be produced by a point load.
In any case, the stress values obtained in the vicinity of the
loading zone will not be representative.

In the case of the MMC, the initial conditions or con-
straints that define the model have been defined. As it is
an axisymmetric model, the mesh that defines the unit cell
representative of the material will be axially symmetric.
Thus, the axes z=0 and r=0 have the following symmetry
relations:

The axis (Ul) z=0 (lower side of the mesh) presents
a symmetry defined by the program as YSYMM which
imposes the conditions Ul = UR2=UR3=0. In the case
of broken particle, this condition has only been imposed
in the area of the axis that corresponds to the material of
the matrix, since, as the particle is fractured, it no longer
presents symmetry.

The axis (U2) r=0 (left side of the mesh) presents a sym-
metry defined by the program as XSYMM which imposes
the conditions U2=UR1=UR3=0. On the right side of
the mesh (r=R), the condition U2 =0 has been imposed, to
avoid displacement in this direction and thus simulate the
existence of the rest of the material (which is the real cause
of this impediment).

The loads have been applied on the upper side of the
mesh (z=L), so that the model can be subjected to two dif-
ferent types of stresses: the application of a stress distri-
bution, with which the finite element program calculates
the displacements of each element, or the imposition of a
specific displacement, which in this case makes it possible
to obtain the value of the stress distribution that causes the
deformation.

The latter has been the option chosen in this article,
whereby the nodes of the upper edge have been subjected
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to a series of displacements corresponding to different val-
ues of deformation, in order to obtain a sufficient number
of points of the stress distribution with which to construct
the stress—strain curve of the MMC subjected to the prior
residual stress field.

3 Results

For the three-dimensional specimen, the nomenclature
convention established for both the experimental measure-
ments and the numerical calculation has consisted of nam-
ing as axis 2 the axis corresponding to the axial direction,
i.e. perpendicular to the interface, while axis / has been
chosen to name the radial direction, parallel to the interface.
In Fig. 7, the section of the three-dimensional specimen is
represented by the vertical plane passing through its centre
and parallel to its faces of greater area, which corresponds to
the macroscopic model type A-I described in 4.5, including
the naming conventions relating to axis 2 (vertical) and axis
1 (horizontal). In addition, comparisons between numerical
and experimental data have been made along two different
measurement lines: LA, which passes through the middle of
the lateral face of the three-dimensional specimen, and LB,
which passes through the centre of the specimen. In both
cases, the variable 1 used was the distance to the interface
when moving towards the inside of the ceramic part.

In reality, the residual stress has not been measured by
X-ray diffraction, but is obtained by measuring the residual
deformation caused by the cooling process of the material.
The measurement of these residual strains by X-ray dif-
fraction techniques is done by observing the variation in
the inter-plane distance of the crystal lattice caused by the
residual tensile or compressive stresses, as individual grains
contract or expand at the microscopic level as a consequence
of these stresses.

This variation can be detected from the change in the
tilt angle of the incident beam. Using the Bragg equation,
the longitudinal strain (¢) is defined as the relative change
in the actual distance (d) between two lattice planes under
residual stresses with respect to the initial distance (d,) that

LB LA

Fig. 7. Agreement of axes and measuring lines for numerical calcula-
tion and experimental measurement

existed between the same planes when they were free of
residual stresses. In turn, this deformation can be related to
the increase in the incident beam tilt angle by the equation:

7 = —cotf X (Af)

£

Figure 8 shows the diffraction process whereby the inci-
dent beam is diffracted by changing the angle of inclination.
As the measurement window has a total width of 2 mm with
respect to its centre, for the case of measurements along the
LA line the error in the experimental measurement has been
estimated to be around + 1 mm, and therefore, in some cases
it has been necessary to make successive approximations in
the numerical calculations along axis 1 (at 0 mm from the
centre, at — 0.5 mm, — 1 mm and up to — 1.5 mm) to find
the closest comparison between the two values.

This experimental error margin is not so important for the
values obtained along the LB line, because it is easier to fix
the measurement window in the centre of the specimen than
at its end; therefore, as will be seen below, no successive
approximations have been made for the case of the LB line.

Both residual stress and residual strain results have been
obtained from the numerical model and compared with the
data obtained by X-ray diffraction. As can be seen in the
corresponding figures, the experimental data and the FEM
calculations show, in general, an agreement for the axial
component (axis 2) of the LA strain. For the radial compo-
nent of the strain (axis 1) in LA, although the approximation
18 not as accurate, the values obtained can also be considered
equally admissible, as in the case of LB.

In view of the approximations obtained by numerical
simulation, the numerical model chosen in this article has
been validated.

3.1 Analysis of Deformational Behaviour

Figures 9, 10, 11, 12 show the axial and radial strain values
for the LA and LB lines as the observer moves away from
the interface in the direction of axis 2. The numerical values
are shown together with those obtained by X-ray diffraction
(XRD). Note that in some cases the distance chosen in the
numerical simulation has been adjusted to the experimental

incident
beam

diffracted
beam

Fig. 8. Change in incident beam angle and value of the measurement
window
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Fig. 9. Radial strain versus distance 4 to the interface along different
parallels to LA
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Fig. 10. Axial strain versus distance 4 to the interface along different
parallels to LA
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Fig. 11. Radial deformation versus distance A to the interface along
the LB line

measurement distance, as mentioned above. Thus, the curve
at 0 mm corresponds to the LA line at the exact end of the
specimen. The curve relative to -0.5 mm corresponds to the
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Fig. 12. Axial deformation versus distance A to the interface along
line LB

measurement on a parallel to LA towards the inside of the
specimen at 0.5 mm, and so on.

Radial deformation has been denoted ¢, and axial defor-
mation &,,, in order to differentiate them from angular defor-
mations resulting from tangential stresses (and which in
Abaqus are usually represented by ¢, instead of y).

As can be seen in the figures, the ordinate represents the
measured residual strain and the abscissa the distance A to
the interface along the lines LA or LB.

In the case of the LA line, it can be seen that both in the
radial and axial directions the experimental measurement
was taken at a distance of between 1 and 1.5 mm from the
end of the specimen, the value obtained in axis 2 being very
close in both sign and order of magnitude (note that no radial
values below 0.5 mm were taken).

For the case of the LB line, the values in the radial direc-
tion are less approximate (no experimental values were
obtained at more than 2 mm from the interface), being the
axial values very similar except for the peak obtained at
1 mm from the interface, which has not been observed in
the numerical simulation and could be an outlier of the
measurements.

A deformation analysis shows that the radial deformation
can reach shortening values of up to 0.11% at the interface
when the measurement is taken on the parallel to the LA
drawn 1 mm from the end of the specimen. A progressive
decrease in this value is also observed until it cancels out (at
about 1.5 mm from the interface according to the XRD and
at about 3 mm from the interface according to the numerical
data if the measurement is taken parallel to the LA drawn
at 1.5 mm from the end of the specimen). From this point
on, the deformations become positive until reaching elon-
gation values of up to 0.03%. As for the LB measurements,
the trend of the curves is similar and the sign of the defor-
mations is the same, although there is a greater difference
between the experimental data, which show shortenings of
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Fig. 13. Radial stress versus distance 4 to the interface along different
parallels to LA

0.05% at the interface, and the numerical data, which show
shortenings of up to 0.18% in the same area.

For the axial deformations along the LA, it is observed
that the numerical results reproduce with high fidelity the
data obtained experimentally for a straight line parallel to
the LA at a distance of 1 mm; a maximum of the deforma-
tion is observed at approximately 1.5 mm from the interface
whose value corresponds, in both cases, to an elongation of
0.2%. The change of sign of the deformation from positive to
negative at about 4 mm from the interface is also observed,
both for the experimental and numerical values.

As for the measurements along the LB line, the values
at the interface—elongations of 0.03%—coincide in both
cases. In the numerical results, however, the maximum at
0.8 mm of the interface that appears for the experimental
data is not observed, while there is the same change in the
sign of the deformation between 1 and 2 mm approximately.

3.2 Analysis of Stress Behaviour

As mentioned in the previous section, although the residual
stresses have not been evaluated by X-ray diffraction, they
have been estimated by numerical calculation. Figures 13,
14, 15, 16 show the axial and radial stress values for the LA
and LB lines as the observer moves away from the inter-
face in the direction of axis 2, in the same way as was done
for the residual strain. In this case, the numerical values
have been exposed alone, since there are no data obtained
by X-ray diffraction. Note that, in the same cases as for the
deformation, the values have also been adjusted to the final
measurement distance approximating the experimental one,
in order to observe the evolution of the data. Therefore, as in
the previous case, the curve at 0 mm corresponds to the LA
line at the exact end of the specimen. The curve relative to
— 0.5 mm corresponds to the measurement on a parallel to
LA towards the inside of the specimen at 0.5 mm and so on.
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Radial strain has been denoted as ¢, and axial strain as
05y, in order to differentiate them from shear stresses (which
in Abaqus are usually represented by o, instead of 7).

In the case of the LA line, it is observed that in the radial
direction the stress is compressive for almost the entire
specimen, with its maximum value located at the interface
itself and with a value of between 200 and 400 MPa. At a
distance of 3 mm from the interface, the radial stress practi-
cally cancels out or takes on tensile values of a lower order
of magnitude. In contrast, in the case of axial tension, the
maximum tensile values are not reached at the interface
itself but at a distance of 0.3—1 mm from it, the highest value
being approximately equal to 380 MPa.

For the LB line, the radial stress changes sign at 3 mm
from the interface, going from compressive values (with
a maximum of 560 MPa at the interface) to tensile values
(with a maximum of 250 MPa) practically proportionally to
the distance from the interface. In the case of axial tension,
although the whole specimen is subjected to compression,
the minimum value (75 MPa) is not obtained at the inter-
face, but at 1.3 mm from it. This is the only stress in which
a certain difference is observed compared to the evolution
experienced by the corresponding deformation, in which,
in addition, an experimental maximum was observed at a
distance of approximately 1 mm.

If a stress analysis is carried out, it is observed that the
radial stresses are at their maximum in the interface zone,
both for the LB line and for the LA line and its parallels,
obtaining compressive values in all cases. On the other hand,
in all cases a change in the sign of the radial stress has been
observed, which takes place at 3 mm from the interface,
from which tensile values of a lower order of magnitude
are obtained.

For the axial stresses, the measurements taken near the
ends of the specimen give tensile values, whereas, as these
measurements move towards the central area, the values are
compressive. In both cases, the maximum values are not
obtained at the interface, but at a certain distance from it,
specifically at about 1 mm from it, as mentioned above. Any-
way, Figs. 9, 10, 11, 12, 13, 14, 15, 16 allow us to conclude
that the points at which the stress, either radial or axial, finds
its maximum values.

As can be seen from the graphs, although in most cases
the signs of the stresses and strains coincide, in some cases
the sign of the stresses and strains do not coincide, which has
been attributed to the effects of superimposition of strains
due to the Poisson effect.

3.3 Results Obtained in the Mesoscopic Model
For the mesoscopic model A-II, and in order to make a

comparison between results, two types of bending tests
have been carried out. The first one, for a monomaterial
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specimen made entirely of ceramic, and the second, for a
ceramic—metal bi-material specimen to which the resid-
ual stress field calculated in the previous section has been
superimposed. In order to corroborate them, the residual
stress values obtained have been compared with those
obtained in the A-I model along the LA line.

3.4 Model of the Ceramic Test Tube

In order to validate the all-ceramic specimen model, a
comparative study of the values obtained through the
simplified calculation described above and those obtained
through simulation with the Abaqus software has been car-
ried out.

Subsequently, this model will also be used to obtain con-
clusions by comparing the numerical results obtained for
this specimen with those calculated for the ceramic—metal
specimen, in order to evaluate the influence that the replace-
ment of the metal part of the bar by ceramic material has on
the stress—strain behaviour of the same.

The numerical simulation has been carried out for a
load of 2.5E5 N, a load that in the case of the single-
material specimen causes stresses lower than the elastic
limit of the ceramic material, so that the specimen will be
in the elastic regime in its entirety.

Table 2 compares the calculated values and those obtained
by numerical simulation using the ceramic specimen model
(always within the elastic regime of the specimen).

For the A-II models, the same axes convention has been
respected as for the A-I models, with axis 1 being horizon-
tal and axis 2 vertical, although in this case the new axes
are perpendicular to the previous ones.

Figures 17, 18, 19, 20, 21, 22, 23 show the stress dis-
tributions in the horizontal axis (S;,), shear stresses (S,,),
maximum principal stress, displacements in the vertical
direction (u,), and longitudinal strains in both axes (E,
and E,,) for the all-ceramic specimen. The values of both
stress and strain distribution are shown according to the
colours specified in the table.

In view of these data, this model can be validated by
comparison with the simplified calculations, since both
the stresses and displacements obtained are quite close to
reality in the simplified elastic case.

Table 2 Comparison of values obtained by simplified calculation and
numerical simulation for the case of the ceramic specimen

Parameter Simplified calculation Model
Flecha 0,014 mm 0,014 mm
oy 330 MPa 280 MPa
T 6,25 MPa 6 MPa
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Fig. 21. Displacement distribution in the vertical direction for the all-ceramic specimen
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Fig. 23 Longitudinal strain distribution in the vertical direction for the all-ceramic specimen
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Fig. 24. Comparison between the axes considered at macro- and mes-
oscopic level

3.5 Model of the Ceramic-Metal Test Tube

Figures 25, 26, 27 show the equivalent stress distributions,
stresses in the horizontal axis (S,), shear stresses (S,,) for
the ceramic—metal specimen. In this case, the simplified cal-
culation cannot be used due to the difference in properties

Fig. 25. von Mises stress distribution for ceramic—metal specimen

between ceramic and metal. In all figures, the metal region is
shown on the left and the ceramic part on the right. Note that
as a consequence of the change of model, although axis 1 is
still considered horizontal and axis 2 vertical, the axis con-
sidered as 1 (radial) in the macroscopic model A-I becomes
axial in the mesoscopic model, while the axis considered
as 2 (axial) in the macroscopic model is in this case radial.
Figure 24 shows this equivalence more accurately. The red
lines indicate the section corresponding to the comparison
with the mesoscopic model.

The mesoscopic model type A-II has been applied a cool-
ing line similar to that of the macroscopic model, descend-
ing from an initial temperature of 1150 °C at a rate of 2°C/
min and prior to the application of the bending load. These
values of temperature and speed are the same that have been
applied to the real macroscopic specimen manufactured by
the HIP process, so they fit with great accuracy to the real

@ Springer



Iranian Journal of Science and Technology, Transactions of Mechanical Engineering

-4.12Zat0E
-3.520a+02

Fig. 26. Stress distribution in the horizontal direction for the ceramic—metal specimen

=2, =1z
(Ava. Crik. : ToW|

+1.22Ta+02
+1.22la+02

+7.2806a+0T
+2.4 24a 07T
+2.753a+07T
+3. 01 5% +05
-1.5650&+07T
-4.422&+07
-8 2235+07
-5.34%+07
-1.18lat+0¥
-1.42Ta+02

Fig. 27. Shear stress distribution for the ceramic—metal specimen.

manufacturing process if we had really manufactured a spec-
imen of these dimensions.

3.6 Ceramic-Metal Interfaces in Mmc Residual
Stresses Obtained After Cooling for a Single
Unit Cell

In this case, the axial direction is called the z-axis, the radial
direction the x-axis, and the tangential direction to the con-
centric circles on the y-axis.

After the cooling process of the MMC with metal matrix
and ceramic reinforcement, it is observed that concentrated
residual stresses appear, especially in the interface area.

As can be seen from Fig. 28, it can be observed that, in
the case of axial tension, the reinforcement is subjected to
compressive stresses of up to 600 MPa in the zone of the
sharp edge. However, the matrix is subjected to compressive

“ @ Springer

axial stresses in the zone close to the interface and under
the base of the reinforcement—where the volume of matrix
without reinforcement is smaller—which can reach up to
100 MPa in the live edge, while, for the rest of the matrix,
the axial stresses progressively change sign until they
become tensile, being in all cases these values of a lower
order of magnitude.

For the case of the stresses perpendicular to the previous
one, the entire ceramic reinforcement is subjected to com-
pressive stresses, both in the x and y directions, while again
in the matrix, compressive and tensile stresses are found
depending on the area studied.

Figure 29 shows the example of the equivalent or von
Mises stress distribution, where it can be seen that the high-
est values are, as expected, in the interface zone.

On the other hand, in the y-direction the matrix is
almost entirely tensioned, reaching the highest values in
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Fig. 28. Residual stress distri-
bution in the axial direction for
matrix and reinforcement
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Fig. 29. von Mises stress distri-
bution for matrix and reinforce-
ment

the area where there is more matrix volume. In the region
surrounding the reinforcement in the upper right-hand cor-
ner of the model, compressive residual stresses of up to
40 MPa are produced, stresses that become lower as the
distance to the interface increases. In the opposite area of
the matrix (upper left corner of the model), tensile values
are reached, with higher values (up to 50 MPa) as the dis-
tance to the reinforcement increases. The radial stresses in
the x-direction are equal to the y-direction but of opposite
sign.

The above results are summarized in Fig. 30, where the
direction of the stresses in the MMC after cooling can be
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seen. As can be seen, the ceramic reinforcement is fully
compressed in all directions.

4 Conclusions

4.1 On the Quality of the Models Used

In view of the results obtained, both macroscopic A-I and
mesoscopic A-II models have been validated, being the

degree of contrast of very good quality. It is therefore con-
cluded that both models are validated for the analysis of the
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Fig. 30. Signs obtained for residual stresses after cooling of the mac-
roscopic B-type model

Table 3 Comparative values between metal, ceramic, and ceramic—
metal specimens

Model o, (MPa)

Ceramic Monomaterial 280
Bimaterial 470

Metal Monomaterial 280
Bimaterial 400

stress and deformation behaviour of ceramic—metal joints
as a consequence of the residual stress state obtained during
the cooling process.

X-ray diffraction combined with FEM analysis has proved
to be a very useful tool for the study of the residual stress
distribution resulting from the cooling of a ceramic—metal
interface.

The importance of numerical simulation to approximate
the macroscopic residual stress distribution in a MMC dur-
ing its cooling process has been appreciated. The use of
the B-II unit cell models has been very useful for obtaining
results due to their good approximation to reality.

4.2 On the A-ll Mesoscopic Model

Generally speaking, the stress field in the ceramic zone
reaches higher values than in the metallic zone, especially
in the vicinity of the junction between the two materials
(central section).

Table 3 includes the values of the maximum principal
stress obtained for the ceramic and metal that make up each
of the three previous models: all-ceramic specimen, all-
metal specimen, and ceramic—metal specimen models. In
all three cases, it is observed that the applied load has not
exceeded the yield stress of either the ceramic or the metal-
lic material.

From the table above, it can be seen that the value of
the maximum principal stress appearing in the ceramic
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material in the ceramic—metal specimen model is slightly
higher than that appearing in the exclusively ceramic one.

However, the stress values for the all-metal speci-
men are slightly lower than those for the ceramic—metal
specimen.

If the residual stresses obtained for the macroscopic
model had been "relocated" to the mesoscopic model prior
to the application of the bending stress, in order to compare
the results obtained in the monomaterial specimen, it would
be sufficient to transfer the data according to a section per-
formed on the specimen as shown in Fig. 24. For the mac-
roscopic case, in the LA direction, the axial stresses reached
values of the order of 300 MPa at the midpoint of the speci-
men, with a maximum value of the order of 380 MPa at a
distance of 0.25 mm towards the interior of the ceramic zone
and along the new axis 1. In the case of the radial stresses,
the maximum value—which is around — 200 MPa—was
at the midpoint, with decreasing values being obtained as
one moves towards the ceramic zone and these being of a
negligible order of magnitude from the 0.25 mm mentioned
above.

If these values are compared with those corresponding
to the bending test of the monomaterial specimen, it can
be noted that in the tensile zone in the radial direction, the
values calculated by the simulation could be considered
roughly as the approximate "superposition" of the values
of one and the other case, without, however, obtaining an
acceptable comparison in the case of the compression zone.
However, it is worth noting that the maximum stress values
obtained in the ceramic zone in the radial direction are again
located at a distance of approximately 0.2—-0.3 mm from the
interface, a value which is very consistent with the results of
the macroscopic model. For the axial direction, the values
obtained are consistent with the tensional "superposition”
mentioned above.

In view of these data, it can be concluded that the ceramic
material is "more loaded" by the bending stress when it is
part of the ceramic—metal specimen than when it is pre-
sented alone, "taking over" part of the stresses that would
"correspond" to the metal part, mainly due to the elasto-
plastic behaviour of the latter.

As a fundamental difference between this case and the
previous one, it is observed that when the load of 2.5, 10°N
is applied to the ceramic—metal specimen with the previous
residual stress state, the stresses generated exceed the elastic
limits of both materials, and therefore, the model abandons
the elastic regime.

e Tensions in the support area.
The stresses represented by the supports have been

imposed at a single point, so that the stress state that appears
in these support areas reflects this singularity and, therefore,
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the stress values obtained from time to time in these regions
may not be very representative.

However, a higher value of the equivalent von Mises
stress is observed in the support corresponding to the
ceramic zone. This difference is mainly due to the shear
stress, S12, which is higher in this area. As the equivalent
stress is higher, plastic deformations will occur in the metal
zone support, while elastic deformations are maintained in
the ceramic zone. The numerical values of the equivalent
stress (around 420 MPa) are sandwiched between the yield
stresses of both materials, which confirms this explanation.

e Stresses in the area of load application.

As in the previous cases, specimen analyses have been
carried out for a load distribution in a 1-mm zone. There-
fore, the values obtained in this zone will not be taken into
account. The application of the load in a narrow area (as
is the extreme case of point application) causes very high
stresses to appear in this region and constitutes a singularity
of the stress field which does not correspond to reality, since
the load is inevitably applied over an area whose dimension
is at least the width of the application instrument.

e Equivalent or von Mises stress distribution.

The equivalent stress follows similar behavioural patterns
to the S,; stress. In the tensile zone, the highest values occur
in the ceramic zone. The stress field in the ceramic zone
therefore reaches higher values than in the metallic zone,
especially in the vicinity of the junction between the two
materials (centre section).

e Stress distribution S,;.

The difference in materials breaks the symmetry of
the distribution. In the tensile zone, the highest values
(470 MPa) appear in the ceramic zone. In the metal zone,
this value drops to 400 MPa, exceeding the elastic limit of
the metal, which indicates that there are plastic deformations
on the underside of the specimen in this zone; however, in
view of the mechanical tensile strength of Nickel, which is
between 450 and 600 MPa for elongations of up to 20 or
25%, the material does not break.

e Stress distribution S,,.

The difference in materials also breaks the symmetry of
the S, stress distribution, although to a lesser extent than
with the S,; stress. The maximum values, 120 MPa, appear,
as expected, in areas close to the middle fibre of the section.

The maximum principal stress appears in the lower fibres
of the section and in the ceramic zone, reaching values of

up to 480 MPa at a distance of 0.25 mm from the centre,
which are higher than the estimated yield strength of the
material. This leads to the conclusion that it is in this zone
that a possible crack would initiate, should it occur. This
statement is based exclusively on a stress criterion and not
on criteria based on the estimation of the stress intensity
factor (which, on the other hand, could not be estimated
because the model does not include a crack), which makes
it exclusively indicative.

The value of the maximum principal stress is very similar
to that of the maximum S11 stress, since the shear stress
reaches small values in the lower area of the section where
cracks are expected to appear. This fact underlines that the
shear stress does not contribute substantially to the ini-
tiation and subsequent propagation of cracks in this case.
The area where the maximum principal stresses appear is
located, in the ceramic, 0.25 mm from the central section
(ceramic—metal contact).

4.3 On Residual Stresses of Thermal Origin

Regarding the residual stresses of thermal origin related to
the ceramic—metal interface in the MMC, the studies carried
out show that the shrinkage in the matrix is greater than the
shrinkage in the reinforcement, as would be expected given
the difference between the properties of one material and the
other. In all cases, there is a concentration of stresses in the
sharp edge of the reinforcement, which is fully compressed
as a result of cooling.

As for the matrix, it is subjected to compression and ten-
sion depending on the measurement area.

As for the tensile behaviour of the MMC subjected to
residual stresses, it is again observed that there is a concen-
tration of stresses at the end of the reinforcement, reducing
in magnitude, as expected, the compressive stresses cor-
responding to the residual stress field. The highest tensile
stresses are found in the reinforcement, so that rupture will
foreseeably begin in this zone and specifically at the inter-
face of the reinforcement, which may lead to decohesion of
the material.

In summary, as a consequence of the existence of prior
residual stresses in the material, there will be higher com-
pressive stresses in the reinforcement and a greater differ-
ence in the value of the stresses between the matrix and
the reinforcement. Such stresses can contribute to the early
appearance of defects in the material, with the reinforcement
breaking and decohesion between matrix and particle as the
composite plasticizes.

After the cooling process, a high residual stress concen-
tration is observed at the sharp edges of the reinforcement.
The reinforcement is compressed due to the difference
between the two coefficients of thermal expansion of the
constituent materials. The matrix is also compressed in the

@ Springer



Iranian Journal of Science and Technology, Transactions of Mechanical Engineering

incident zone longitudinal to the reinforcement and in the
zone surrounding the fibre in the radial direction. However,
the matrix is tensioned in the longitudinal direction parallel
to the reinforcement and in the tangential direction around
the particle.

There are many open research areas that could be studied
in the future.

(a) Carry out experimental tests with the MMC in order to
compare the results obtained with the FEM.

(b) Study of the mechanical behaviour of the MMC under
compressive stresses, in order to find out whether the
material, and more specifically different types of rein-
forcements, reacts in the same way to other types of
stresses and to check whether the finite element method
is still as effective in different cases.

(c) Carry out different tests on the material under extreme
conditions of high and low temperature, checking if the
behaviour of different reinforcements is the same when
there are viscous creep phenomena in the matrix.

(d) Study of mechanical behaviour at high strain rates.

(e) Consider inhomogeneous temperature distributions or
different cooling rates for both the ceramic—metal joints
and the metal matrix and ceramic-reinforced MMC.

(f) Conduct studies for other types of MMCs (fibre-rein-
forced or other types of continuous reinforcement)
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