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Abstract

A computational fracture analysis is conducted on a self-healing particulate composite
employing a finite element model of an actual microstructure. The key objective is to quan-
tify the effects of the actual morphology and the fracture properties of the healing particles
on the overall mechanical behaviour of the (MoSiy) particle-dispersed Yttria Stabilised Zir-
conia (YSZ) composite. To simulate fracture, a cohesive zone approach is utilised whereby
cohesive elements are embedded throughout the finite element mesh allowing for arbitrary
crack initiation and propagation in the microstructure. The fracture behaviour in terms of
the composite strength and the percentage of fractured particles is reported as a function
of the mismatch in fracture properties between the healing particles and the matrix as well
as a function of particle/matrix interface strength and fracture energy. The study can be
used as a guiding tool for designing an extrinsic self-healing material and understanding the
effect of the healing particles on the overall mechanical properties of the material.

Keywords: Self healing material, cohesive elements, fracture properties, fracture
mechanism, thermal barrier coatings, healing particles

1. Introduction

Self-healing materials can be classified into two broad classes, extrinsic and intrinsic,
depending upon the healing mechanism and the healing agent involved. In an intrinsic
self-healing material, the healing agent is contained within the host material as its integral
constituent. In other words, the healing action is due to the physiochemical nature of the
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material itself.! When damage or cracking occurs, one or more constituents of the material
act as the healing agent, which upon completion of the healing process aid in the recovery
of the mechanical properties. Such intrinsic self-healing mechanisms can be found in several
material classes that include ceramics 23, cementitious materials 4 and polymers.® In the
second class of self-healing materials, the extrinsic ones, the healing agent is not part of
the original material itself, rather a discrete foreign material constituent is added to the
host material during the fabrication process.®! This class has been a popular approach in
the early stages of the field of self-healing materials development as it favours incorporating
healing mechanism into any class of material system that does not inherently possess a self-
healing characteristic. One of the widely used techniques under this category is encapsulation
of the healing agent and dispersing the healing capsules within the host material. When a
crack appears in such a material, it interacts with the healing capsule, followed by its rupture
or fracturing 1242, Upon opening of the capsule, the healing agent flows or diffuses into the
crack eventually leading to crack filling. Such a healing process involves a sequence of steps
starting from crack-capsule interaction, rupture of the capsule, followed by the release of the
healing agent into the crack and finally formation of the healing product through a chemical
or a physical reaction. The resulting healing product, in turn, binds the crack faces together
and restores the mechanical integrity of the material.

From the perspective of (extrinsic) self-healing material design, the properties of the
healing particles in relation to the host matrix are very crucial for successful realisation of a
self-healing material system. In particular, for the selection and design of healing capsules,
the following two requirements have to be met to result in an ideal self-healing material
design:

e In order to enable activation of the healing process, the microcracks in the matrix
material should get attracted towards the healing particles and break them, instead
of deflecting away from the particles which would prevent healing activation.

e The introduction of healing particles into the matrix should not deteriorate the me-
chanical properties of the host matrix material. In other words, the structural integrity
of the material should not be compromised with the dispersion of the healing particles.

The above two requirements are often contradictory as promoting particle fracture for
healing is likely to degrade the composite strength, in general. Hence, for an optimal design
of the self-healing material, a balance between these two requirements has to be achieved.
This, in turn, lies in a careful selection and design of the healing particles in terms of their
geometric and material properties and their spatial distribution. The first requirement is
dealt in detaili®, whereby fracture maps distinguishing the fracture mechanisms are gen-
erated through extensive two-dimensional analyses on a single-particle matrix system. In
this current work, the primary objective is to address the second requirement, whereby
microstructure-based two-dimensional finite element fracture simulations are conducted for
the quantification of the effect of healing capsules on the mechanical properties.

Microstructure-based finite element simulations have been conducted in the literature
to analyse fracture and damage in particulate composite systems.t72% For examples, mi-
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crostructures representing a random distribution of irregularly shaped SiC particles in an
aluminum matrix were simulated using two-dimensional linear elastic approach involving
stress intensity factor as the crack driving force parameter.1%8 The effect of particle clus-
tering was quantified and the resulting crack paths were compared with experiments. In a
different work,1? an actual microstructure of a particulate composite was modelled by map-
ping the Scanning Electron Microscope (SEM) images onto the finite element mesh. They
investigated the effects of pore defects and residual stresses on the crack path by employing
Griffith’s energy-based fracture mechanics approach. An elastoplastic finite element analysis
was conducted on an SEM-based finite element model and the stress-strain response was
reported as a function of microstructural features such as particle clustering.2? A compre-
hensive investigation of the effect of distribution, size and shape of the particulate reinforce-
ments and interphase properties on the fracture behavior of a Al,O3/TiBy composite has
been conducted.?2* Employing a J-integral concept and using a cohesive zone approach to
simulate fracture in the matrix, the particle or the interface, the effective fracture toughness
of the composite was quantified. The above-mentioned analyses were performed in a two-
dimensional framework. Some efforts have been taken to conduct three-dimensional crack
propagation analysis in particulate composites,2°28 but the computational cost associated
with such simulations limits the scope of such studies in terms of number of particles that
can be analysed. Further, the computational intensity prevents the possibility of conduct-
ing a series of parametric analysis to explore the effect of microstructural features and the
influence of constituent properties.

In the context of self-healing particulate composite systems, a limited number of mod-
elling studies have been conducted in terms of quantifying the effective mechanical properties
and crack path predictions.2® 32 For instance, efforts are taken to estimate the effective elas-
tic properties of self-healing particulate composites, whereby the effect of dispersed healing
particles on the elastic moduli of the host matrix material is quantified.2%3! Crack propaga-
tion studies were conducted in an idealized healing capsule(s)-matrix system and the effects
of geometric and material parameters were analysed using cohesive zone model and extended
finite element method (XFEM).2® In particular, a self-healing concrete in a three-point bend-
ing test set-up was utilised to evaluate the influence of parameters such as number, size and
position of capsules on the mechanical behaviour of the concrete. This was then followed by
modelling an idealised single healing capsule-matrix volume element, whereby the influence
of interface properties and capsule volume fraction on the effective strength was reported.
Nonetheless, for further material development, it is important to determine the expected
performance under actual conditions. Correspondingly, the objective of the present research
is to study the crack propagation in a real microstructure of a self-healing particulate com-
posite, followed by the quantification of the effect of the healing particles and their properties
on the composite mechanical behaviour. This is achieved through numerical analysis using
a finite element model generated directly from an actual microstructure of the MoSiy-YSZ
composite.2* The motivation is to reveal the roles of these parameters to experimental re-
searchers which could be helpful in the design and development of self-healing systems with
least compromised mechanical property values of the original intact base material.



2. Microstructure and modelling approach

An actual composite microstructure is shown in Fig.[I] where the MoSi, particles, which
is the discontinuous phase, are randomly dispersed in the YSZ matrix. The nominal volume
fraction of the MoSiy particles is 20%. Additional information of the composite material
such as manufacturing process, details of the material constituents of the composite can
be found elsewhere.3* The geometry of the microstructure shown in Fig.[ll was generated
through post-processing of an SEM image of the composite cross-section, which is then
translated into a finite element mesh, see right side of Fig.[ll showing a part of the mesh.
A small initial precrack of length equal to 0.025 mm was included on the left side of the
composite specimen. The length and the width of the model are equal to 0.7 mm and 0.4
mm respectively.

In the present work, cohesive elements are employed for analysing fracture in the par-
ticle/matrix system, whose behaviour is governed by the bilinear traction-separation law.
35 The microstructure is meshed using two-dimensional three-node plane-strain elements
(CPE3) for the particle and the matrix phases, to model their bulk constitutive behaviour.
In order to simulate fracture, the initial finite element mesh was modified using a Matlab
pre-processing script to include four node cohesive elements (COH2D4) throughout all the
interelement boundaries in the finite element mesh. This process of embedding cohesive
elements throughout the mesh introduces potential crack faces necessary to simulate all
the relevant fracture mechanisms such as interface debonding, particle fracture and matrix
cracking. However, such an approach naturally triggers the issue of mesh dependency in
terms of the artificial compliance and the converged crack path. This aspect has been taken
into consideration and subsequently resolved using the guidelines derived from the mesh
dependency study.i® The resulting finite element mesh consists of about 10° elements of
which approximately 60% are cohesive elements and the remaining 40% are plane-strain
bulk elements. For the bulk elements in the particle and the matrix phases, a linear elastic
and isotropic constitutive behaviour is assumed. For the cohesive elements, the bilinear co-
hesive relation described above is utilised, through which corresponding fracture properties
(strength and fracture energy) are assigned for failure modelling in the particle, the matrix
and the particle/matrix interface.

Note that the microstructure considered in the analysis is a cross-section of the particu-
late composite. Hence, the two-dimensional finite element model of the microstructure does
not entirely reproduce the microstructural features as the three-dimensionality is naturally
lost in the model. As a matter of fact, the finite element model assumes that the cross-
section of the particles is extruded in the third direction representing cylindrical inclusions
rather than the actual particles. Despite these limitations, the microstructure-based frac-
ture analysis in a two-dimensional framework is undertaken to reveal qualitative and some
quantitative information in terms of the fracture mechanisms and the mechanical properties
of the composites. Two-dimensional fracture analyses can be effectively used as a pragmatic
approach to understand the effect of properties of the constituents (particle, matrix and
interface) on the crack path, a crucial information for self-healing material design.

For completeness and in order to introduce the required notation, the cohesive zone model
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Figure 1: Microstructure and loading conditions of a self-healing particle-matrix composite system. Finite
element mesh was generated after processing an SEM picture of (MoSiz) particles (lighter phase) embedded
in Yttria Stabilised Zirconia (YSZ, darker phase). A part of the finite element mesh is shown on the right.
Cohesive elements of zero geometric thickness were embedded along all interelement boundaries in the finite
element mesh. A small initial precrack of length equal to 0.025 mm, schematically highlighted as a notch
for better clarity, was included on the left side of the model. The length and the width of the specimen are
equal to 0.7 mm and 0.4 mm respectively.

used in the present analysis is briefly summarized below.16:32:35 The cohesive law illustrated
in Fig.[2 corresponds to a bilinear relation between 7', which is a scalar measure of the
traction t transmitted across the cohesive surface, and A, which is a scalar measure of the
cohesive surface opening displacement vector 6. The traction 7T increases with increasing
cohesive surface opening displacement A up to a maximum value given by the material
fracture strength, o., and eventually decreases linearly to zero, at which point the cohesive
zone is fully-separated. The area under the traction-separation curve, which represents the
total work per unit area expended in creating a fully-separated crack, corresponds to the
fracture energy G. of the material.

The traction-separation law relates the traction t acting on the crack faces, with compo-
nents (t,,ts), to the crack opening vector &, with components (d,, ds), where the subscripts
“n” and “s” refer to the directions normal and tangential to the crack face, respectively. An

effective crack opening A can be defined as

A= [ (8,)" + %62, (1)
where (-) = (- +|-|) /2 refers to the Macaulay bracket and v is a non-dimensional mixed-
mode parameter assigning weights for the mode I and mode II contributions, which is defined
as

(sn,O

55,0 7
where 0, and d5 denote, respectively, the crack opening at the onset of failure for
pure mode I and pure mode II. Denoting by ¢, . and ts. the corresponding values of the
normal and tangential cohesive strength, then ¢,. = Ké,o and t5. = v?Kdso. This will
yield Ag = 8,0 = 700 and, using the stiffnesses K and 4?K in modes I and II, respectively,



then o, = t, . = ts./7. Complete loss of cohesion occurs for pure mode I and II, respectively,
at (5n,f and (557f, with Af = (Sn7f = ”)/58,f.

In order to determine whether the crack opening is increasing or decreasing due to the
external loading process, the following loading function f¢ is used:

fd:fd(Avﬁd)::A_’%da (2)

where k¢ = k4(t) is a damage history variable that, at a given time ¢, corresponds to the
maximum value attained by the equivalent crack opening during a process up to that time.
The loading and unloading conditions correspond to the Karush-Kuhn—Tucker relations, see

fig. 2
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Figure 2: A bilinear traction-separation law i.e., with linear softening. The arrows show steps such as
loading, damage, unloading and reloading.

The equivalent crack opening A is used to compute the equivalent traction T as

9(A) if fd=0and«xd>0,
T =T(A, kY = (3)
9(kY) 4 otherwise,

where § is the effective traction-separation law and ¢ indicates the (time) rate of change of
the damage history variable. The upper and lower expressions in () provide the equivalent
traction during, respectively, crack growth and unloading/reloading. Alternatively, one
could work with a damage variable w and consider a “damaged” stiffness such that (1—w)K =
§(k%) /K% as indicated in fig. 2l The specific form of the effective traction-separation law used
in the present work is a linear softening relation (see fig. 2l), which corresponds to

(Af— A)

A=A

The initially linearly “elastic” loading up to the fracture strength in a bi-linear law can

be reproduced in eq. (B]) by assigning an initial damage x4(0) = kI = Ay. The parameter
6
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Ay is chosen such that the integral of 7' from A = 0 to A = A; equals the material fracture
energy G, i.e., Af = 2G./o..
After evaluating eq. ([B]), the normal and shear tractions can be computed as

5—nT if o, >0,
;o)A
K§, if 8, <0, (5)
)
te= 2T
vRT

i.e., for 0, > 0, one has that t-6 = TA.

The finite element model is subjected to a global mode-I loading by prescribing displace-
ments on the upper and lower edges of the specimen, which contains a small edge pre-crack
on the left as shown in the Fig.ll With reference to the literature,3%3® the elastic properties
used for the particle and the matrix are as follows: Young’s modulus of the YSZ matrix is
taken as E™ = 150 GPa and that of the MoSi, particle is given as EP = 450 GPa. Poisson’s
ratio of the particle and the matrix are kept equal to 0.25. In the related literature, a sig-
nificant scatter was observed in the strength and the fracture energy of the matrix and the
particle and they depend on various factors such as temperature, manufacturing technique
and chemical composition.32#2 So, in the current study, a parametric approach is taken,
whereby a range of relative fracture properties are considered and their effect on the crack
path and the composite properties are quantified. The strength and the fracture energy
of the matrix are taken respectively as o = 300 MPa and G2 = 0.1 N/mm, whereas the
strength and fracture energy of the particle and the interface (o?, G?, ol G1) are varied with
respect to the corresponding matrix properties for the analyses. The details on the fracture
properties of the particle and the interface and their variations are specified in the rele-
vant sections. All the analyses were conducted in Abaqus using implicit Newton-Raphson’s
iterative solver. A sufficiently small value of viscosity equal to 1.0 x 1075 is used in the anal-
ysis to deal with convergence difficulties encountered during the simulations which involved
multiple cracking and coalescence in several cases.

The approach of the study is to conduct a series of parametric studies and to derive
the composite specimen strength from the resulting load-displacement responses. It is to
be noted that the term specimen (average) strength is used instead of effective strength,
as the objective is not to derive homogenized composite properties, rather to reveal the
role of fracture property mismatch on the global mechanical behaviour. The term ’average’
represents the normalization of the load by the area over which the load is applied and
the displacement by the corresponding length in the loading direction for the stress and
the strain respectively. However, the specimen properties obtained from the analysis would
become the effective properties of the composite if appropriate measures are taken while
applying the boundary conditions and if the specimen size is ensured to be sufficiently large
to be considered as a Representative Volume Element (RVE). For convenience, the average
specimen stress and the strain in the composite are denoted by o¢ and €; respectively. The
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results obtained from this study are presented in terms of normalised values of the above
measures with respect to the corresponding values of the homogeneous (matrix) specimen.

In the next two sections, the effect of fracture properties of the particle and the interface
on the composite properties is investigated, for which a stiffer particle case is considered,
by fixing the modulus mismatch ratio as EP/E™ = 3, in accordance with the particulate
composite considered for the self-healing TBC.

3. Effect of particle fracture properties on mechanical behaviour

The influence of the fracture properties of the particles on the specimen strength is anal-
ysed in this section. The variations in the crack path are reported for two representative
cases, one corresponding to weaker particles and the second corresponding to stronger parti-
cles reinforced in the matrix material. Subsequently, a range of fracture properties (strength
and energy) of the particles is considered to study its effect on the mechanical response of
the composite.

3.1. Crack trajectory for particles of different strengths

Weaker particle case

A simulation is carried out with the properties mentioned in Sec.2for the particle and the
matrix, except that the strength of the particle is reduced by 25 percent with respect to the
matrix, resulting in a strength mismatch ratio, o? /0 = 0.75 between the particle and the
matrix. The fracture energy of the particle and the matrix are kept the same and equal to
0.1 N/mm. The particle is assumed to be perfectly bonded to the matrix, which is achieved
by assigning a very high fracture strength for the interface with respect to the properties of
the particle and the matrix. The simulated crack path through the microstructure is shown
in Fig.B (indicated in white). It can be observed that the propagating crack finds the weaker
path by fracturing all the particles that are in the neighborhood of the advancing crack tip.
In this case, particles fracture despite the fact that the healing particles are stiffer than the
matrix by a factor of 3. Thus, the mismatch in the fracture strength (making the particle
weaker) has a stronger effect in deciding the crack path when compared with the effect of
the mismatch in elastic properties. This result is relevant for a capsule-based self-healing
mechanism since it indicates that healing activation can be achieved even if the particles are
relatively stiffer than the matrix and crack-particle interaction is in principle deflective.

Strong particle case

The second case of interest is the situation when the strength of the particle is higher than
that of the matrix. In this section, the simulation is performed with the material properties
indicated in Sec.[], except that the strength of the particle is increased by 25 percent as
compared to the matrix strength, which corresponds to a particle strength mismatch ratio,
oP /o™ = 1.25. The fracture energy of the particle and the matrix are kept the same and
equal to 0.1 N/mm. Again, the bonding between the particle and the matrix is assumed to
be perfect. The resulting crack path is reported in Fig.H (indicated in white). From the
simulated crack path, it can be observed that the crack propagates preferentially through
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Mode-I loading direction Crack direction

Initial crack tip

Figure 3: Simulated crack growth on a particle/matrix system with relatively weak particles given by the
strength mismatch, o? /o = 0.75 between the particle and the matrix (propagating crack path is from left
to right). Perfect particle/matrix bonding is assumed in this simulation. A stiffer particle case is considered
given by the elastic mismatch ratio, EP/E™ = 3 between the particle and the matrix. The fracture energy
of the particle, the matrix and the interface are kept equal to 0.1 N/mm.

the matrix, thus, in general, avoiding the particles. However, on a few occasions, particle
fracture did occur, when the particle is directly in front of the approaching crack. A similar
observation has been made in the literature.2® Such instances of particle fracture despite its
higher strength can also be attributed to the irregular shape and clustering of the particles
(i.e., local stress conditions occur such that particle fracture is favored). Furthermore, in
these particular cases, prevention of particle fracture would require an unrealistic deflection
of the crack tip. As a general conclusion, a composite with particles of higher strength
precludes fracturing of the particles. Such a scenario is unfavorable from a self-healing
materials design viewpoint as this fracture mechanism would prevent triggering of the healing
mechanism.

Mode-I loading direction Crack direction

$ B

Initial crack tip

Figure 4: Simulated crack growth on a particle/matrix system with relatively strong particles given by the
strength mismatch, o? /0 = 1.25 (propagating crack path is from left to right). Perfect particle/matrix
bonding is assumed in this simulation. Fracture energies of all the phases are kept the same and equal to
0.1 N/mm.



3.2. Effect on composite strength

To analyse the effect of the fracture properties of the particles on the composite strength,
a range of values of particle strength ratios are considered, given by o? /o™ = 0.05, 0.25,
0.33, 0.5, 0.75, 1 and 1.25. For each of the above strength ratios, three different fracture
energy ratios of the particles with respect to the matrix fracture energy are considered and
are given by G?/G™=1/5, 1 and 5. The results of the simulations are summarized in Fig.[
and Fig.[Al Fig.[Al shows the average stress-strain responses for some selected strength ratios,
which provide the insights into the response history of the composite. Some important
observations can be made from the plot. Firstly, the strength of the composite specimen
decreases with decrease in the particle strength. The strain corresponding to the peak stress
(or strength) in the stress-strain curve decreases with decrease in the particle strength. It can
also be noted that the point at which the curves deviate from the elastic response decreases

as the strength decreases. This is an indication of the onset of damage prior to the peak
load.

1t N
o N oPf/om =12
2 0.8 P ol/o =1
e I [l
b . /,/{____ \\‘I _____ G(I:) /Gcm =0.75
% :/i/”\ \\ ----------- o? / G =05
e 06 2 Y ——oP/oM =033 ]
4(72‘ 4 \ '...-
o) // \
2 047 ]
= \‘.\?\’\
E 0.2 b
Qo - i N . '-.._.... ’\_\A\_\
“ U ~

' \'\ .....
0 .
0 0.5 1 15

Normalised strain &°/eT

Figure 5: Effect of particle strength on the normalised stress-strain response of the composite specimen. The
fracture energy of the particle and the matrix are kept the same. Perfect interface bonding is considered.

To summarise the results of all the simulations for varying particle strength and fracture
energy, Fig.[6al shows the variation of the resulting strength of the composite specimen with
respect to the particle fracture properties (strength and energy). As discussed before, the
results clearly show a strong influence of the particle fracture properties on the mechanical
response of the composite specimen. From the plot shown in Fig.[Gal it can be observed
that, decreasing the strength of the particle in relation to the matrix strength severely
decreases the composite strength. For instance, the strength of the composite is decreased
by 25 percent with respect to the reference homogeneous matrix specimen strength, when
the particle strength is reduced by 50 percent. On the other hand, increasing the particle
strength above the matrix strength does not improve the strength of the composite as
observed from the results. On the effect of fracture energy, a similar effect is observed, i.e.,
decreasing the fracture energy of the particle reduces the composite strength as shown in
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Fig.[6al However, it has to be noticed that the effect of fracture energy ratio is pronounced
only in the intermediate ranges of the strength ratios. In other words, when the particle
strength is higher than that of the matrix or very low, then the composite strength is
insensitive to the fracture energy of the particle as observed from the Fig.[Gal
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Figure 6: Effect of particle fracture properties on the composite strength and the percentage of fractured
particles. The particle strength is varied over a range, whereas for the particle fracture energy, three different
ratios are considered as shown in the plots.

3.8. Instances of particle fracture

A parameter of interest for a particle-based self-healing mechanism is the percentage of
fractured particles, p which is defined as n/N x 100, where n is number of the fractured
particles in the simulated crack path and N is the number of particles encountered or
traversed by a crack if the crack path were a perfect straight line originating from the initial
crack tip. Through postprocessing of the fractured microstructures for various particle
properties, the percentage of fractured particles is determined and plotted as the function
of the fracture properties of the particles in Fig.[6bl As a general observation, decreasing
the strength of the particle favors particle fracture as observed from Fig.[6h] a requirement
for healing activation. However, the maximum number of fractured particles saturates when
the particle strength is reduced below the strength ratio, o?/o = 0.6 and is around 160
percent. This indicates that the crack traverses the material preferentially through particles
located above and below an ideal straight path. On the lower side, the percentage of fractured
particles reduces to just 10 percent if the particle strength ratio is increased to a value beyond
oP /o™ = 1. The fracture mechanism is very sensitive to the mismatch in the strength of the
particle especially when the particle strength ratio is perturbed around the value of one.

When it comes to the fracture energy mismatch, the effect is less pronounced as compared
to the strength ratio, which is consistent with the observations reported in the previous work
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of the authors.1¢ Increasing the fracture energy does not reduce the percentage of fractured
particles significantly, although reducing the fracture energy of the particle has a more
pronounced effect as observed from Fig.[Ghl

The two plots showing the variation of the composite strength and the percentage of
fractured particles, with respect to particle fracture properties provide an insight on how to
achieve a balance between the two contradictory requirements for self-healing material de-
sign. For instance, the objective of particle fracture (or healing activation) can be achieved
with healing particles that are only slightly weaker than the matrix. For example, for the
strength ratio, o? /o™ = 0.833, a high percentage of fractured particles can be realised with
just 5 percent reduction in composite strength, see Fig.[6hl Thus, if the healing particles can
be engineered such that their strength is slightly lower than the matrix strength, a success-
ful self-healing system can be achieved in terms of healing activation without significantly
compromising the fracture properties of the composite.

4. Effect of interface fracture properties on mechanical behaviour

Another important feature that governs the global mechanical behaviour of the partic-
ulate composite is the interface between the particle and the matrix. In the context of
self-healing materials, the requirement on the interface properties is not straightforward.
An ideal combination for a robust self-healing system would be a relatively weaker particle
perfectly bonded to the surrounding matrix material. In that case, high interface strength
is advantageous for efficient load transfer, whereby both the particles and the matrix are
load-bearing constituents in the composite. However, if the particle is stronger than the
matrix, particle fracture is less likely to occur, which, in turn, does not activate the heal-
ing mechanism when required. In such scenario, a relatively weaker interface could help in
facilitating debonding between the particle and the matrix and expose the healing particle
to the crack. It is important to emphasize that the term ’interface’ used here refers to a
discrete zero thickness layer between the particle and matrix with its own fracture proper-
ties. In some practical cases, encapsulation of healing particles are done leading to a thin
third phase (interphase) layer between the particle and the interface.1*43 In such cases, the
results obtained from the current study should be interpreted in the context that the failure
of the interface would mean the failure of the encapsulating interphase layer.

To investigate the role of interface fracture properties, a series of simulations are con-
ducted for varying interface fracture properties, while fixing the stiffness mismatch ratio
between the particle and the matrix, given by EP/E™ = 3. The strength and fracture en-
ergy of the particle and the matrix are kept the same and are given by o? = o2 = 300
MPa and G = G = 0.1 N/mm respectively. Firstly, the crack path corresponding to
a representative system with a weak interface strength is discussed, followed by detailed
quantification of effect of the interface properties on the mechanical response.

4.1. Crack trajectory for an interface of low bond strength

The crack path resulting from the simulation with an interface strength mismatch ratio,
ol /o™ = (.75 is shown in Fig.[ll It can be observed that the crack predominantly deflects its
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path towards the particle/matrix interfaces. Crack advancement occurs primarily through
debonding along the interfaces between the particles and the matrix. Nevertheless, at few
instances it is observed that particle fracture occurs when the particle is directly in front
of the approaching crack or when it is relatively larger in size, making it difficult for the
crack to circumvent the interface. From the perspective of successfully triggering the healing
mechanism, a weaker interface is in general not preferable as it does not necessarily lead to
particle fracture. However, interface debonding could be considered as the second favourable
fracture mechanism after particle fracture, as the probability of exposing the healing agent
contained within the particle to the crack is likely to be high, potentially leading to healing
activation.

Mode-I loading direction Crack direction

{

Initial crack tip

Figure 7: Simulated crack growth on a particle/matrix system with relatively weak interface given by the
strength mismatch, ol /o™ = 0.75 between the interface and the matrix (propagating crack path is from left
to right). The fracture energy of all the phases are kept equal to 0.1 N/mm. The strength of the particle
and the matrix are kept equal.

4.2. Effect on composite strength

For detailed quantification of interface effects on the mechanical behaviour, the average
stress-strain responses of the specimen with four different values for the interface fracture
strength, ol /c™ = 0.01,0.25,0.5 and 1 are reported in Fig.® From the figure, it can be
seen that an interface which is perfectly bonded (or at least having equal fracture properties
as that of the matrix and the particle) results in a higher overall strength of the specimen
as compared to the other responses corresponding to lower interface strengths. This is an
expected outcome as stronger interface leads to better load transfer between the matrix
and the particle, resulting in higher strength. However, it is worth noting that higher
interface strength or perfect bonding leads to a relatively brittle response in the considered
setup. As the interface becomes weaker, interface debonding is preferentially activated and
introduces an additional energy dissipating mechanism. This, in turn, leads to enhanced
energy dissipation and ’ductile’ behavior of the composite, albeit with a reduced composite
strength. Such a scenario is often useful in composite materials with brittle-brittle phases
whereby engineering the interface aids in introducing ductility in the composite material4,
The term ’ductility’ is used in a general sense implying a non-abrupt fracture process and
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does not mean any plastic deformation. In the present context, it can be quantified as the
ratio between the fracture strength and the fracture energy.
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Figure 8: Effect of interface strength on the normalised stress-strain response of the composite specimen.
The stiffness mismatch ratio is EP/E™ = 3 that corresponds to a stiffer particle. Fracture strength of the
matrix and the particle are kept the same. The interface fracture energy is fixed and equal to that of the
fracture energy of the particle and the matrix, G = G? = G® = 0.1 N/mm.
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Figure 9: Effect of interface strength and fracture energy on strength of the composite specimen. The
stiffness mismatch ratio is EP/E™ = 3 that corresponds to a stiffer particle. Fracture properties of the
matrix and the particle are kept the same.

The results of several simulations are summarized in Fig.[§ in terms of the normalised
stress as a function of the strain for various values of the interface strength and in Fig.[@ in
terms of the composite strength as a function of interface strength and fracture energy. A
clear trend is observed revealing the improvement of the composite strength with increase in
the interface strength. The strength of the composite specimen saturates when the interface
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fracture strength is increased beyond the strength of the particle and the matrix, as seen
from the plateau region of the curve in Fig.[ for ol /c™ >1 . On the other end, when the
interface strength ratio is reduced to a value equal to 0.01 (interface strength is 100 times
lower than that of the matrix and particle), the value of the composite specimen strength
reaches a lower limit approximately equal to 40 percent of the homogeneous matrix strength.
This can be viewed as the strength of the composite with particles replaced by loose particles
(or pores in the limit case) as the interface hardly plays any role in load transfer between the
particle and the matrix. Such an explanation is applicable and valid only for tensile strength,
but for the same composite under compression, the completely debonded particles would still
contribute significantly to the load carrying capability through contact and frictional forces.
On the effect of interface fracture energy, increasing the fracture energy of the interface by
a factor of 5 does not significantly influence the strength of the composite, but decreasing
the interface fracture energy by a factor of 5 reduces the composite strength as observed in
Fig.[@ which is a similar trend as seen in the effect of particle fracture energy in the previous
section.

4.3. Effect of mode-mizity on composite strength

While analysing fracture in composite materials (particulate or fiber-reinforced), mixed-
mode fracture is a common phenomenon occurring in the failure of such materials. Mixed-
mode fracture arises from two main sources, one being the applied boundary or loading
conditions in such a way that fracture evolves under globally applied mixed-mode loads.
The second source is the inherent heterogeneity of the material microstructure that leads to
local mixed-mode fracture conditions in the vicinity of the interfaces between the particles
(or fibers) and matrix. This is often the case in composite materials, whereby even when
the structure or the composite material is subjected to global Mode-I loading conditions,
local stress fields in the crack vicinity are influenced by the presence of particles or fibers
(and their interfaces), resulting in crack evolution under mixed-mode conditions. For many
materials, the fracture properties are different for different modes of fracture (normal and
tangential). More importantly, the fracture properties of an interface between two material
phases are found to be significantly different in opening (normal) and shearing (tangential)
modes of fracture. Thus, it becomes a natural problem of significance to address the effect
of varying interface fracture properties in normal and tangential modes on the mechanical
behavior of the composite material.
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Figure 10: Effect of interface mixed-mode strength ratio on strength of the composite specimen. Fracture
properties of the matrix and the particle are kept the same. The interface fracture energies are kept equal
to that of the fracture energy of the particle and the matrix, G = GE = G®= 0.1 N/mm.

In this subsection, fracture analyses are conducted considering different values of the
interface strength in Mode-I and Mode-II (normal and tangential strengths) and the effects
are quantified in terms of the resulting composite strength. To this end, three sets of analysis
are conducted to address the above problem. Firstly, the interface fracture strength (and
the energy) are kept the same in both modes (7 = 1). In the second set of analyses, the
interface strength in Mode-II is taken equal to 10 times higher than the strength in Mode-
I (v = 10, Mode-I dominated fracture). In the third set, the interface shear strength is
reduced by a factor of 5 as compared to its normal strength (v = 1/5), enabling us to model
an interface which would easily yield to local Mode-II deformation field. In all the three
sets, the interface normal strength is varied over a wide range and the shear strength varies
accordingly in the three different sets of analyses described above.

The results of the simulations are obtained in terms of the effective composite speci-
men response. The results are summarized in Fig.[I0 in terms of the normalised composite
strength as a function of the interface strength ratio, ol/o™, for three different values of
mixed mode parameter, v. The ratio of the interface shear strength to the normal strength
of the interface is specified by the mix mode parameter ~. From the results, it can be
generally observed that increasing the shear strength of the interface with respect to its
normal strength (i.e., with increase in 7y) increases the resulting composite strength. For
the mixed-mode parameter v equal to 10 (higher shear strength), the composite strength is
increased by approximately 8 percent with respect to the baseline case (7 = 1) for most of
the considered interface strength ratios. However, once the interface (normal) strength is in-
creased beyond the matrix strength, the interface mixed-mode parameter does not influence
the composite strength. This is because the interface debonding is automatically arrested
when the interface (normal) strength is higher than the matrix (and particle) strength. Any
further increase in shear strength of the interface with respect to its normal strength will
not affect the strength of the composite.
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On the other hand, for the mixed-mode parameter of the interface equal to 0.2 (lower
shear strength), the influence on the composite strength is very strong as observed from
Fig.[0 The resulting composite strength is drastically reduced as compared to the strength
in Mode-I dominated case. This shows that though the prescribed boundary condition is
globally Mode-I loading, local mixed-mode effects can play a significant role, especially if the
strength of the interface is different in normal and shear modes. In particular, the strength
of the composite under Mode-I loading is reduced by 30 percent for some of the interface
(normal) strength ratios considered. Further, in the mixed-mode case with v = 0.2, the
reduced shear strength of interface affects the composite strength even after the ratio of the
interface strength ratio, o’ /o™ is increased beyond 1. From Fig.[IT, it can be observed that
saturation of the resulting composite strength occurs only when the interface strength ratio is
increased to 2.5 (or even above). The mixed-mode fracture properties can become important
for composite behaviour especially if the fracture properties are significantly different in
normal and tangential modes despite the loading conditions being pure Mode-I or Mode-II.

5. Summary and Conclusions

In this study, micromechanical fracture simulations were conducted taking a real MoSis
particle filled TBC matrix microstructure. The results obtained from the analyses reveal
that the mismatch in fracture properties of the particle, the matrix and the interface has a
significant influence on the resulting crack path and the mechanical properties. From a self-
healing viewpoint, the properties of the healing particle and the interface can be tailored
to achieve the healing activation, however, on the other hand, such an approach affects
the overall macroscopic strength of the resulting composite, which becomes detrimental
to the material system. Care must be taken in order to achieve a trade-off between the
resulting initial composite properties and the healing activation as it is natural that both
the requirements could be contradicting in many practical self-healing materials. From the
extensive fracture analyses on the composite microstructure, the following conclusions were
arrived at:

e The mechanical properties of the composite (the strength) are significantly influenced
by the fracture properties of the particle. The effect of the particle strength is more
pronounced than that of its fracture energy in determining the composite properties.

e The percentage of fractured particles in the resulting crack path is very sensitive to
the fracture strength of the particle. Particles that are slightly weaker than the ma-
trix can trigger particle fracture (hence the healing mechanism), importantly without
compromising the composite properties noticeably.

e Interface fracture properties have a dominant effect on the composite properties. In
case of interface-dominated fracture, mixed-mode fracture properties of the interface
play a crucial role on the resulting composite strength.
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The results and conclusions from the microstructure-based crack propagation analyses
can be used to get insights on pathways to achieve an optimal self-healing material sys-
tem, i.e., a design with the capability to trigger healing process but one which does not
significantly lower the structural integrity of the original unfilled matrix material.
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