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Two-phase ceramics have a non-linear and complex overall response to applied loads due to
composition of two diﬀerent phases with initial porosity, development of limited plasticity and
internal microdefects. These microdefects cause stress concentrations and locally change the
state of stress, which results in the development of mesocracks leading to macrocracks. In this
article, a multiscale approach was applied to the modelling of the two-phase ceramics response
under compression deformation. This allowed to include diﬀerent phenomena at micro-, mesoand macro-scales.
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1. Introduction
The currently used innovative materials are diﬀerent types of composites
consisting of various phases, which are subjected to complicated manufacturing
process to get the required properties for speciﬁc engineering applications, e.g.,
[1, 2]. The engineering of materials allows for designing of almost arbitrary internal structure of the composites speciﬁcally for industrial demands. Functionally
graded materials possessing gradation of the material properties are good example of modern composites, e.g., [3]. Advanced ceramic composites can be built
up as a sequence of layers, e.g., as TBC covering of turbine blades (e.g., [4, 5]).
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2-phase ceramics composite, like Al2 O3 /ZrO2 , is frequently used as a thermal barrier protection for diﬀerent structures, e.g., [4, 5]. In this paper, we
focus on modelling of crack propagation in this material under compressive
deformation, extending the research conducted in [6, 7]. The matrix material
is Al2 O3 , whereas the second phase ZrO2 has diﬀerent thermal expansion coeﬃcient, which causes an initiation of small amount of microcracks and micropores during the cooling process. These microdefects cause stress concentrations, which result in the development of mesocracks leading to macrocracks. The paper proposes mesoscale model, applying averaging procedure over
the representative surface element (RSE), for description of diﬀerent cracking phenomena at micro- and meso-scales, which develop during the compression.
2. Formulation of the constitutive equations
for 2-phase ceramics
Degradation scenario of the considered Al2 O3 /ZrO2 can be described as follows:
• microcracks and micropores are initiated inside the grains or grain boundaries by mismatch of the thermal expansion coeﬃcient of 2 phases during the technological cooling. The microcracks nucleated inside the grains
move to grain boundaries, at which they can be arrested or can spread
along the nearest grain boundary. This results from a signiﬁcantly less
fracture toughness of grain boundaries,
• at mesoscopic level, we observe set of grains, i.e., the RSE. Mesocracks are
the basic elements of the defect structure inside polycrystal in early stage
of deformation. Their diameters correspond to the single straight facet of
the structure of grain boundaries. In an advanced stage, kinked and wing
(zig-zag) cracks appear in the RSE due to the development of deformation
process in the ceramic composite, Fig. 1a.
Taking into account the above information a constitutive equation should be:
(2.1)

εi

 S ike pσm , pf , po, Nc(s) qσk ,
e

where εi is the strain vector, S ik is the elastic compliance matrix, σk is the
stress vector, pf is the volume content of the second phase (ZrO2 q, po is the
psq
porosity parameter, and Nc are sets of parameters deﬁning the presence of
diﬀerent kinds of defects “s” developing inside the material, Fig. 1a. Figure 1b
presents the fracture surface of the analyzed ceramics after failure in compression.
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Fig. 1. a) internal structure of the CMC in advanced stage of deformation, b) fracture surface.

In order to describe porosity presence in the ceramic composite we applied
the material model proposed in [8].
The wing cracks have the most important inﬂuence on the mechanical response of the RSE, Fig. 2a. They are created from mesocracks of the length 2cpsq
by kinking and growing along the grain boundaries. This is due to the fact that
the fracture surface energy of the grain boundary γgb in the polycrystalline com-

Fig. 2. Geometric characteristics of the wing crack tip.
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posite is signiﬁcantly smaller in comparison to the fracture surface energy of the
grain γg . The set of the wing cracks create the following additional strains [9]:
(wc)
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denotes the number of the wing cracks inside the RSE,
In Eq. (2.2), Nc
(wc)
comp
E0
– is the Young’s modulus of the composite before loading process, φ1 ¤
(wc)
φpsq ¤ φ2 is the fan of all mesocracks creating wings, p3 pφq is the distribution
function of the active mesocracks, D is the length of the straight grain boundary
segment, Dm ¤ D ¤ DM – denotes the variation of the grain boundary length
within the RSE (minimum dimension – Dm , maximum value DM ), p2 pD q is the
pmcq
distribution function of D, M ij pφq is the matrix describing the inclination
angle of the active mesocracks, l  l(s) {c(s) is the nondimensional wing length,
psq
l1 ¤ l
¤
¤ l2 is the fan of the wing lengths inside the RSE, θ1 φ(wc)
1
p
wcq
(wc)
(s)
(s)
θ
φ ¤ θ2 φ2 is the fan of inclination angles of the wings, Mij pφ, θ q is
the matrix describing space placement of a single wing, and pk1 plq and pk2 pθ φq
are the distribution functions of the wing lengths and the inclination angles. The
wing crack propagates when the strain energy release rate satisﬁes:
(s)

(2.3)

Gpσr , c(s) , φ(s) , l , θ psq q 
(s)

1  rν comp ppo qs2
KI2
E comp ppo q

2
KII



¥ 2γgb .

The grain boundary fracture resistance γgb is calculated using the rule of mixture (RoM), ν comp ppo q and E comp ppo q are initial elastic properties of the porous
composite assessed by the RoM and KI and KII are stress intensity factors in
tips of the mesocracks or the wing cracks (point Q, Fig. 2).
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3. Analysis of numerical results and conclusions
Numerical example was calculated for the following properties of two-phase
component of the analyzed composite:
• Al2 O3 – the Young’s modulus is equal to 400 GPa and the Poisson’s ratio
is equal to 0.22, KIc  4.5 MPam1{2 ,
• ZrO2 – the Young’s modulus is equal to 200 GPa and the Poisson’s is ratio
equal to 0.25, KIc  10 MPam1{2 .
The compression deformation process for the composite with diﬀerent values
of the volume content of the second phase (ZrO2 ) pf is shown in Fig. 3. The
characteristic points corresponding to mesocracks and wing crack initiations are
presented in Fig. 3. The increase of the volume content of the second phase pf
leads to a substantial decrease of the composite load capacity.

Fig. 3. Stress-strain relations for compression of the analyzed 2-phase ceramics.

Comparison of the numerical model and the experimental results for pf
conﬁrms accuracy of the model assumptions.

 0.1

4. Conclusions
The obtained results lead to the following conclusions:
• volume contents of both phases constituting the analyzed composite and
initial porosity strongly inﬂuenced the material behavior under mechanical
loading,
• pores existing in the polycrystalline composite act as the sources of microcracks’ initiations due to stress concentration under compression at their
edges,
• microcracks develop under mixed mode of fracture along the straight segment of grain boundaries to form mesocracks,
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• the dominant mode of mesocracks propagation is intergranular by kinking
to create the wing cracks,
• the wing cracks develop in unstable manner, when criterion (2.3) is satisﬁed, both fracture modes: intergranular and transgranular are possible,
Fig. 1b.
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