Finite Elements in Analysis and Design 249 (2025) 104390

Contents lists available at ScienceDirect

Finite Elements in Analysis & Design

n = ;
ELSEVIER journal homepage: www.elsevier.com/locate/finel

Role of the interphase zone in the effective mechanical properties
and fracture modes of multiphase metal matrix composites
at microscale

Szymon Nosewicz , Grzegorz Jurczak

Institute of Fundamental Technological Research, Polish Academy of Sciences, 5B Pawinskiego, 02-106, Warsaw, Poland

ARTICLE INFO ABSTRACT

Keywords: This study conducts a comprehensive numerical analysis to examine how the interphase zone
Metal matrix composite influences the mechanical behavior of multiphase metal matrix composites at the microscale. A
Interphase unit-cell model is developed within a finite element framework to capture the mechanical
Finite element modelling . . . .
Fracture response of (a) interphase and particle deformation and damage, (b) a porous metal matrix, and

(c) surface separation at two distinct interfaces. The material properties of the composite’s key
constituents are determined through a calibration process combining experimental testing and
literature data. A series of simulations on unit-cell models with varying interphase characteristics
are carried out to assess the effect of different plastic properties. Additionally, the role of inter-
phase brittleness is investigated by modifying the failure strain to represent brittle, semi-ductile,
and ductile behavior. By systematically varying interphase parameters, the study explores a broad
spectrum of potential composite performance scenarios. Parametric studies are also conducted to
analyze the behavior of interfaces between composite constituents. By adjusting cohesive strength
and fracture energy, the model captures a wide range of bonding conditions—from weak to
strong, and from brittle to ductile. The analysis identifies more than six distinct failure modes.
Comparative stress-strain responses are used to highlight the influence of specific parameters on
composite behavior. Key performance metrics such as toughness, ultimate tensile strength, and
ductility are evaluated to illustrate the connection between microscopic features and macroscopic
properties.

Gurson-Tvergaard-Needleman model

1. Introduction

Industry has an increasing need for new materials with high strength, ductility, wear resistance, thermal conductivity, and
corrosion resistance. Composite materials based on metal matrixes, called Metal-Matrix Composites (MMCs), can solve such a demand
due to their high strength-to-weight ratio, improved high-temperature strength retention, and creep and fatigue resistance. Various
ceramic materials (e.g. SiC, AlyOg, TiC, and ZrO,) can be applied to reinforce the metal matrix in different forms (particles, fibres,
whiskers, etc.), combining the advantages of their properties [1-4]. However, MMCs are usually more complicated than just a
two-phase material combination. Due to solubility and temperature-driven diffusion, another phase may form between the two phases
of the composite, which exhibits properties quite different from those of its surroundings [5]. Such an interphase plays a critical role
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[6] and modifies a composite’s properties by changing its global mechanical behaviour [7-9].

There are generally two modelling approaches which predict interphase properties in inhomogeneous composite materials. The
first approach assumes that the interphase region is a zero-thickness interface with appropriate mechanical conditions between the
contacting surfaces. Hence, the three-phase composite configuration is replaced by an equivalent two-phase composite, where the
interphase is reduced to a specific surface with appropriate interface properties. The parameters characterising the interface are mainly
its strength, supported by slip conditions. Such an approach is well-suited to relatively thin interphases, with thicknesses not exceeding
a few nanometers; no changes in physical or structural properties are observed across the interphases [10,11]. The specific behaviour
of the composite interface can be described by various forms of constitutive relations, linking surface displacements and traction forces
[12,13].

The Cohesive Zone Model (CZM) can be used to model such an interface [14-16]. Usually, a numerical approach based on the Finite
Element Method (FEM) is used to study the effect of the interface strength on the composite strength and its damage type under
different loadings [17-19]. This nonlinear elastic model of the interface assumes that normal and tangential tractions are continuous
through the interface but are related to respective displacements at the interface in a nonlinear manner. For example, Zhang [17]
investigated composite strengthening with interphase and showed that the matrix/interphase interface plays a more significant role
than the interphase/particle one. Ben [20] applied a novel nonlinear cohesive law for a coated spherical particle with functionally
graded interphase and estimated such a composite’s interface strength and debonding strain. Qing [18] studied the ductile failure of
the composite and assumed a damage model based on a simulated triaxial stress indicator. Cheng [19] proposed an interphase
debonding criterion based on a statistical approach.

Another approach for estimating the effective properties of such inhomogeneous materials is to assume that the interphase region is
an extra layer between the particle and the matrix. Its thickness is usually uniform or, less often, variable. Variation of the interphase
physical properties is related to specific conditions of the composite fabrication, i.e. high-temperature diffusion, the mixing of molten
regions, the formation of secondary nanoparticles in the interface, etc. Thus, interphase with its boundaries within the metal-ceramic
composite should be treated as another structural element with specific characteristics, i.e. geometrical, structural, and mechanical
properties, averaged through the interphase layer or graded between the particle and the matrix.

A micromechanical approach to modelling the global effect of the homogeneous interphase surrounding spherical particles was
presented by Sarvestani [21] and Jiang [22]. The physical properties of the material and the geometrical parameters of the interphase
(e.g. Young’s modulus and interphase thickness) were assumed, in order to estimate the evolution of the debonding damage and
elastoplastic response of the composite. A homogenisation methodology can also be applied to describe the effective physical prop-
erties of the homogeneous inclusion efficiently surrounded by heterogeneous interphase [23-26]. Within this approach, we may solve
the problem within the framework of the classical theory of elasticity, by assuming values for the averaged strain field of the matrix
(the Mori-Tanaka method) [27], effective matrix [28], and periodic structure [29], or by formulating a three-phase hypothesis [30].

Another approach, which assumes a multi-layered interphase model, was presented by Joshi [31]. He undertook continuum
modelling of a multi-walled carbon nanotube reinforced composite with interphase in between, using a three-phase representative
volume element (RVE), solved using a finite element approach. Another multi-layered interphase model used for the micromechanical
modelling of the nanocomposite structures, and estimation of the interface damage during various loading modes, was presented by
Shabana [32]. Choi [33] presented the concept of the multi-inclusion continuum model for polymer nanocomposites, in terms of
elastic, elastoplastic, and thermoelastic behaviour, and explored the effect of nanoparticle size. Such an approach, which is a
well-known interphase model in the literature, regards composite structure as a matrix reinforced by multi-phase-inclusions and
exploits a continuum mechanical model (or sometimes uses a multiscale approach) to estimate the effective behaviour of the composite
[26,31,32].

While theoretical modelling of the interphase behaviour can be challenging, computational modelling of such inhomogeneous
structures seems to be conceptually less complicated. To study the effect of the interphase on the macroscopic mechanical properties of
the composite, an elastic, elastoplastic, or viscoelastic model of inclusion, interphase, and matrix may be assumed. A thick interphase
surrounds inclusions, usually with a simple geometry, and both are embedded in the matrix. The effective mechanical properties of the
composites can be identified, as well as the equivalent continuum model for internal stress and strain fields. Finite element or finite
difference methods are most extensively used to solve such a problem numerically [34-36]. The strengthening or weakening behaviour
of the spherical particle-reinforced composite was numerically investigated by Zhang [17] using a cell model and finite element
approach, with respect to the interphase’s stiffness, thickness, and debonding location. Choi [33] studied the interphase’s effective
mechanical properties and geometry in a heterogeneous material using molecular dynamics and finite element simulations. Damage
mechanisms and their relations with the macroscopic tensile properties of SiC-reinforced aluminium for three different interphase
strengths were presented by Su [37]. Using the generalised self-consistent method combined with the Gurson damage model, he
showed that interphase strength is a governing factor for damage propagation in the composite. The type and nature of interfacial
bonding at the matrix/particle interfaces, as well as the effect of the interphase, were experimentally measured and numerically
simulated by the use of 3D FEM by Veillere [36]. Jincheng [38] used the FEM approach, coupled with the cell modelling method, to
simulate energy dissipation in the composite with a ductile interphase. Elastic stiffness and geometric relationships of the interphase
were assumed to be parameters affecting energy dissipation during the cyclic external loading of a composite.

As presented in the state of the art in the topic of finite element modelling of mechanical behaviour of metal matrix composites with
additional interphase, practically all numerical analyses are based on a single approach predicting a certain damage mode: interface
failure or particle/interphase/matrix cracking. Such an assumption limits the deformation and damage investigation, thus it cannot
reveal the full view of the complex phenomenon. Against the background of the literature review, the presented paper combines two
main approaches for reproducing both the interphase and interface behaviour, as demonstrated by modelling: a) the interphase as a
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separate region with specific mechanical properties, and b) the interface as a zero-thickness contact bonding between the main
composite components (particle-interphase and interphase-matrix). In that way, we considered most of the major deformation and
damage effects in order to predict the final failure of the multiphase metal matrix composite as accurately as possible. Our work was
motivated by two practical/experimental examples of interphase, which occurred during the authors’ investigation of the
manufacturing and microstructural/mechanical characterisation of metal matrix composites (Section 2). The novelty of proposed work
isrelated to the application of three constitutive material models: the Gurson-Tvergaard-Needleman model for porous matrix damage;
the elastic-plastic model with damage, for particle/interphase cracking; and the cohesive zone model for interface failure (Section 3),
in numerical prediction of deformation and damage of multiphase composite with additional interphase zone. For the first time, three
different modelling approaches were employed to reproduce the main fracture modes of such a non-trivial system. The aim is to check
the broadest possible range of interphases and interfaces, starting from relatively brittle to extremely ductile and plastic ones (Section
4). Such parametric analysis is supposed to be a guidepost and a clue for our next level in the multiscale framework of multiphase
composites.

2. Formulation of the problem

One of the central challenges for materials engineering, when dealing with multiphase composite materials, is to understand the
behaviour of materials at the metal-ceramic interface. This interface is often governed by a “third material” (the interphase), which
develops at the boundary between the matrix and the reinforcement. The characteristics of this interphase - its structure and
morphology - can profoundly influence the overall properties of the composite. In some instances, unfavourable interphase formation
can lead to brittle phases near the metal-ceramic zone, severely degrading the material’s mechanical performance [6].

The origins of an interphase zone can be split into two types. Firstly, the interphase can be defined as the region between the ductile
metal and the brittle ceramic phase created as the product of the chemical reaction of two main composite components; secondly, it
could be the particular layer preventing the reaction. We emphasise these two topics by revealing the importance of considering the
interphase zone on effective macroscopic behaviour.

2.1. Interphase as a product of the chemical reaction during manufacturing

In general, the manufacturing of multiphase materials is commonly combined with thermal treatment. For sintering materials with
mutual solubility, intermediate phases with varying component concentrations may form during specific stages of the densification
process. In this scenario, the reduction in the system’s free energy is not only driven by the decrease in pore surface area but also by
mutual diffusion, which either promotes material composition homogenisation or leads to the development of stable intermediate
phases [39].

Some of the best examples of such multiphase materials with interphase are nickel-silicon carbide composites. Recently, numerous
studies have examined the Ni-SiC system’s behaviour at elevated temperatures [5,6,40,41]. Manufacturing/sintering brings significant
structural evolution due to silicon carbide’s partial (or complete) dissolution, driven by the extensive reaction between nickel and
silicon. This process results in the formation of a multicomponent interphase characterised by a nickel silicide matrix (Ni3;Si;2 and/or
NisSi), enriched with carbon nanoprecipitates (Fig. 1). Prolonged thermal treatment causes these nanoprecipitates to grow,
agglomerating into larger carbon particles and becoming segregated at the interface between the nickel matrix and the interphase.

Alongside significant microstructural transformations, the fabricated composites exhibit diverse mechanical properties [6].
Compared to the pure nickel sample, the addition of silicon carbide particles, with the development of NiSi interphase between the
metal and ceramic phase, affects the deformation behaviour, causing it to be more brittle and, as a consequence, reducing elongation to
0.10-0.75 %, from the 39 % of pure nickel. Moreover, composites characterised by the presence of a NiSi interphase indicate a drop of
the ultimate tensile strength by around 50 %, which fully confirms the pessimistic scenario of interphase impact.

Another example of interphase development, due to chemical interaction between the metal and ceramic phase, is related to the
Additive Manufacturing (AM) processes, e.g. Select Laser Melting (SLM). Several works have reported the formation of an interlayer
with altered properties [42-44]. In the first example [42], SLM was used to fabricate a new type of Interpenetrating Phase and special
attention was drawn to the influence of the interphase between titanium and WC-Co phases. Due to the large extent of the interphase

2um

Fig. 1. SEM images of nickel-silicon carbide composites as an example of metal matrix composite with an additional third phase (interphase)
created as the product of the chemical reaction [5].



S. Nosewicz and G. Jurczak Finite Elements in Analysis & Design 249 (2025) 104390

area and the presence of a plastic Ti phase, a relatively low elastic modulus of the Interpenetrating Phase Composites (IPCs) was
recorded.

2.2. Interphase as a layer preventing the reaction during manufacturing

To avoid changes in the contact point between the metal and the ceramics, it is usually necessary to use a protective layer to block
the diffusion process and phase reactions [45]. There are several methods for coating the ceramics with a metallic layer, including
electrodeposition, chemical vapour deposition, physical vapour deposition, and magnetron sputtering [46-49]. The chemical vapour
deposition of nickel and tungsten on silicon carbide particles has recently been employed to minimise the dissolution of silicon to
copper during the sintering of Cu-SiC composites (see Fig. 2) [45,50].

All of the examined coatings protected SiC against decomposition, as there was no evidence of silicon dissolution in the copper
matrix. The application of metallic coatings significantly enhanced the strength of the composite, keeping the ductility at the same
level as that of composites without protection. Additionally, measurements of interfacial bonding strength [51] have confirmed the
beneficial effect of the nickel and tungsten coatings on enhancing the strength of the interface between the matrix and the reinforcing
particles.

3. Finite element framework of multiphase metal matrix composite
3.1. Numerical set-up of multiphase material simulation

The numerical investigation was based on a unit-cell approach to model the deformation and damage of metal matrix composites
with interphase. The main goal for the numerical modelling was to determine the effect of the following on the macroscopic behaviour

of multiphase MCCs.

o the interphase, treated as the additional phase located between the metal matrix and ceramic reinforcement;
e the interfaces, treated as the contact bonding between: a) particle and interphase, b) matrix and interphase.

This approach assumed various interphase and interfacial properties, to analyze composite global behaviour.

Fig. 2. SEM images of copper-silicon carbide composites as an example of a metal matrix composite with an additional third phase (interphase) as
the particular layer preventing the unwanted chemical reaction [45].
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3.1.1. Geometrical model of the multiphase composite sample

The numerical procedure comprised FE analysis within the ABAQUS software [52]. The scope of the geometrical model and
simulation set-up, shown in Fig. 3, is based on SEM images of nickel-based composites (Fig. 1). We assumed a 17 x 17 x 27.5 pm
unit-cell sample containing spheroidal ceramic particles surrounded by a homogeneous interphase layer with constant thickness. The
elongated shape of the particle inclusion was consistent with the direction of elongation and experimentally observed shape of the
ceramic particles (Fig. 1). The radius of the spherical ends of the particles was equal to 4.5 pm, while the central cylindrical part of the
particles was 6.9 pm long. The total length of a particle was, therefore, 15.9 pm. The uniform thickness of the interphase was fixed at
2.4 pm. A metal matrix filled the rest of the domain in the cuboid sample. The dimensions of the sample can be scaled down to obtain a
nanosized domain in order to reproduce the nanocomposite case. Moreover, it is expected that numerical model can be suitable for
different forms of ceramic reinforcement in the form of (carbon) nanotubes or (graphene) nanoplatelets [53-55].

The presumed geometry of the composite FEM unit-cell model components yielded approximately 70/20/10 % of the volume
fraction in the model, respectively, for matrix/interphase/particle parts. When manufacturing and characterising particle-reinforced
composites, such an initial composition balancing an metal (80 %) and ceramic phase (20 %) content seems well-suited [5]. As we
consider the creation of interphase as the result of phase transformation during the sintering process, we can assume that about half of
the ceramics particle was transformed, together with a similar volume of the metal matrix, into the interphase creating a uniform layer
around the particle covering an assumed 20 % volume fraction [6].

3.1.2. Boundary conditions of uniaxial tensile test simulation

The unit-cell sample presented above underwent a uniaxial tensile test; therefore, relatively simple Boundary Conditions (BCs) may
be used. From a theoretical point of view, kinematic bounds at the ends of the sample seem to be sufficient for modelling uniaxial
stretching. However, as our FE setup only covers a unit-cell domain with a single particle (a small part of the actual sample considered
on a microscopic scale), we applied additional boundary conditions to simulate interaction with the adjacent bulk material. An extra
boundary conditions, in the form of Multi-Point Constraints (MPCs), were assumed (Fig. 3) on four outer surfaces of the sample,
perpendicular to the elongation direction. MPCs applied on the surface limit the free displacement of all nodes on the surface by
calculating averaged displacement, common for all nodes. MPCs usually concern single component of the displacement vector -
perpendicular to the surface. Averaged contraction or expansion of the sample, perpendicular to the surface under MPCs is calculated
to minimise energy of the sample, and averaged displacement is applied to all nodes, maintaining the flatness of the surface (what is
necessary to keep geometrical compatibility with identical adjacent sample).

MPCs applied on outer surfaces of the unit-cell sample copy mutual interaction between the matrix of adjacent unit-cells what
modifies scheme of sample contraction or expansion. High symmetry of our sample assures adequacy of this approach and compliance
with common Periodic Boundary Conditions where instead of surface linkage a set of node-to-node links is used to calculate
displacement on the sample boundary.
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Fig. 3. Numerical set-up of a unit-cell model of metal matrix composite with additional interphase.
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3.1.3. The meshing procedure of multiphase composite sample

As we consider the meshing procedure of the unit-cell sample consisting of three independent phases connected at two interfaces,
the two aspects should be addressed clearly — mesh coherency and size-dependence. Finite element discretisation uses the general
linear 3D tetrahedral solid elements (C3D4) from the ABAQUS elements library. Volume of each phase within the RVE volume was
meshed independently, governed by sets of mesh seeds controlling the nodes/elements count and their size. Elements and nodes
composing adjacent interfaces perfectly fit each other due to a proper adjustment of the above-mentioned mesh seeds. Keeping same
number of nodes within the contact surface, we ensure mesh coherency, which seems to be essential for modelling stress transfer
through the interphase as an extra layer between the particles and metal matrix.

Secondly, it is well known that FE simulations of material deformation and damage (especially using the Gurson-Tver-
gaard-Needleman model) are highly sensitive to mesh size. This dependency arises from material softening caused by damage growth,
leading to high stress and strain gradients in the failure region. For a given applied displacement, the deformation calculated at Gauss
points near the failure zone is greater for finer meshes, resulting in earlier failure initiation [56]. Two primary approaches are
commonly used to address this issue. The first involves treating the mesh size as a material parameter that must be calibrated [57,58].
The second approach mitigates mesh size dependency by employing a non-local material model. A comprehensive review of these
methods and the effects of mesh size on GTN model results can be found in Ref. [56]. The first approach was adopted in this study.
Several different mesh sizes were utilised to investigate the influence of mesh resolution. Finally, the FE mesh used for the calculations
was based on approximately 71k nodes, which resulted in 368k C3D4-type elements (Fig. 3).

3.1.4. Dynamic issues of FE simulations

The finite element calculations utilised dynamic analysis with explicit time integration. Such an approach must select appropriate
time-displacement relations to avoid inertia effects during the simulations. Here, we assumed the amplitude definition based on the
quadrant of the sine function. The initial, very small, time steps are the key to avoiding dynamic instabilities at the beginning of the
process. At the same time, the subsequent increase in the displacement amplitude allowed us to complete the calculations in a
reasonable amount of time. After several tests, we confirmed that the time process in the range 1.0-2.5 [s] was safe to calculate the
dynamic process of the composite damage, corresponding to a deformation rate in the range 2-5 nm/s at the beginning of the process
and 2.4-6.0 um/s at the end.

3.1.5. Evaluation of macroscopic parameters

After the simulations, the effective stress-strain curves were prepared. Effective stress was calculated as the ratio of the sum of the
axial reaction forces over the nodes on the surface subjected to kinematic loading, and the surface area. The effective strain was defined
as the ratio of the displacement of the surface subjected to kinematic loading to the initial length of the sample. Based on these curves,
we determined several effective parameters for evaluating the mechanical properties of multiphase composites.

e Ultimate Tensile Strength (UTS) is the maximum stress a material can withstand when stretched, before necking occurs; it
represents the highest point on the stress-strain curve during a tensile test.

e Ductility is defined as a measure of the ability of a material to deform plastically before fracturing. It is typically expressed as a
percentage elongation, which is defined as the ratio of the maximum sample displacement to the initial length.

e Toughness measures a material’s ability to absorb energy and plastically deform before fracturing. It represents the material’s
capacity to withstand both elastic and plastic deformation under stress and its ability to resist breaking under impact or sudden
loads. Toughness in a tensile test is defined as the area under the stress-strain curve.

3.1.6. Constitutive material models
The heterogeneous structure of a multiphase composite has been represented by several constitutive material models addressed to
each composite component. Fig. 3 shows the distribution of the parts with an assigned specific model.

e Gurson-Tvergaard-Needleman (GTN) model: used to predict the deformation and damage evolution of the metal matrix, a key
composite material component. GTN is rooted in micromechanics and is widely used in finite element analysis to simulate ductile
failure in bulk and porous materials [59-63].

¢ Elastic-plastic model with damage (EPD): aimed at simulating the mechanical responses of particle and interphase components,
where the interphase properties are the primary issues.

e Cohesive Zone Model (CZM): utilised to model the failure of two interfaces between composite components. The model effectively
predicts the initiation and progression of cracks and delamination in materials [14-16,64-66].

Applying the above-mentioned material models should ensure the best representation of the multiphase metal matrix composites as
complex materials and various mechanical effects during the simulations. The detailed formulation of each model is presented in
sections 3.2-3.4.

3.2. Gurson-Tvergaard-Needleman model

Metal matrices typically exhibit highly heterogeneous local properties due to their granular structure. Grain boundaries and in-
dividual grains are randomly distributed, leading to varying combinations of strength and ductility, depending on their orientation.
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Additionally, the matrix structure often contains residual porosity, an undesirable feature that remains after the manufacturing
process.

Here, the heterogeneous structure of the metal matrix was modelled as a homogeneous medium using the GTN constitutive ma-
terial law. The GTN model, originally developed to describe ductile failure through void nucleation and growth in homogeneous
metallic materials [59], has also been applied to characterise the failure behaviour of MMCs [63]. In this study, we selected pure nickel
as the representative material for finite element (FE) modelling. The nickel matrix is assumed to exhibit ductile behaviour, generating a
significant number of micro-voids that grow rapidly and lead to the final failure. Residual porosity, resulting from the sintering process,
is considered to be the primary source of local degradation. The formation and growth of individual micro-voids, culminating in crack
initiation and propagation, ultimately cause the ductile nickel matrix to fail.

The yield function, initially proposed by Gurson [59], is defined as follows:

2

o « (3q20

®(0c,04.0,.f) = (—) +2q:f <ﬂ) ~ (1+q?) b
oy 20y

where o, is the Mises equivalent stress, oy is the hydrostatic stress, oy is the yield stress, and f is the void volume fraction. Material

parameters i, g2, and gz were introduced by Tvergaard [67], as well as the modified void volume fraction f* proposed by Tvergaard

and Needleman [60], to model the decline of stress-carrying capacity during ductile fracture (void initiation, growth, and coalescence):

£ f<fe
f= fofe o ©)
e R O ES

where the parameter f; is the critical value of the void volume fraction, f; is the value of the void volume fraction at which there is a
complete loss of stress-carrying capacity in the material, and f;, = 1/q; is the ultimate void volume fraction. The evolution equation for
the void volume fraction is described as follows:

f:fgrowth +fnucleation (3)

where fgmwth is change due to the growth of existing voids and f,,.jeation i change due to the nucleation of new voids. fgmwth is based on
the law of conservation of mass, in the form:

; 2ol
fgrowth = (1 _f) : Sfi )
where ¢ is the plastic strain rate tensor and £, erion iS defined to obey a Gaussian distribution, given by:
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where & is the equivalent plastic strain rate, while
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where f;, is the void volume fraction of nucleating particles, and S, and ¢, are the standard deviations and the mean value of the
distribution of the equivalent plastic strain.
The mechanical properties of the nickel matrix, provided as input model parameters, were evaluated using the calibration pro-

cedure. The input parameters related to elastic, plastic, and damage regime were tuned and fitted to the experimental results of the
uniaxial tensile testing of the pure nickel sample, as shown in Section 4.2.

3.3. Elastic-plastic model with damage

3.3.1. Model formulation
An elastic-plastic model assuming isotropic, rate-independent plastic deformation is commonly used for metal plasticity calcula-
tions [68,69]. It assumes isotropic hardening and additive strain rate decomposition:

de = de® + de™ @)

Assumed isotropic hardening and linear elasticity can be described by using only two material parameters, i.e. Young’s modulus E
and Poisson’s ratio v or the related bulk K and shear modulus G. The total stress tensor can be decomposed into a volumetric
component:

1
p= 3 tr(o) ®
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and a deviatoric component:
S§=2Ge". ()

The plastic flow rule is:

deP! = dgpl§ S

2./2s:s

where dé?! is the scalar equivalent of the plastic strain rate, n is the flow direction, and q is the Mises equivalent stress. The relationship
between uniaxial stress and plastic strain, in the case of temperature and strain-rate independent plasticity, leads to the yield condition:

- dEP‘g g e 10)

ngo(gpl) 1n

where o is the yield stress defined by the user, as a function of equivalent plastic strain €. If the equivalent stress parameter g,
calculated based on the purely elastic response, exceeds 6°, it means that plastic flow occurs and the above equations must be inte-
grated and solved for the state at the end of the consequent increments. Backward Euler integration is applied to the flow rule to give
the plastic strain increment:

Ae” = Ag”'n. (12)

The increment of the elastic component of the strain Ae®, calculated from the integrated plastic strain rate, combined with the
deviatoric elasticity at moment t, gives:

§=2G(e], + Ae — Ae”'n). 13)

Finally, the Mises equivalent stress g must satisfy the uniaxial form defined above and, after some transformation, we obtain the
following equation, which needs to be solved:

3G<\/§ (€], + Ae) : (], + Ae) —AgP1> —06°=0. a4

In our cases, the assumed type of plastic hardening is far from the ideal plasticity and, therefore, the equation is nonlinear. It is solved
with respect to the equivalent plastic strain Ag”' by using Newton’s method, iterating until convergence is achieved. Once Ag” is
known, the solution at a given step is fully defined:

2G

— 1
sfw(ee |+ Ae). (15)
q

To model plastic material damage, we assumed criteria related to nucleation, growth, and the coalescence of voids. The model
assumes that the equivalent plastic strain AZ‘ZI (that initiates the damage process) is a function of stress triaxiality:

P
p——P (16)
q
and plastic strain rate Epl, as follows:
ol _pls =pl
eglzegl(n,ep ). 17
The damage is initiated when the state variable wp reaches 1:
de?!
wp = / T (18)
—pl Py
€p (7] € )
At each time increment during the calculations, the increase of the state variable Awp is computed as:
A
Awp = ﬁ >0. (19)
& m.e)

Equivalent plastic stress agl and equivalent plastic strain zgl at the moment of damage initiation (wp = 1) describes the state of the
material at that moment; overall damage variable D is equal to 0. Equivalent plastic strain at failure Efpl defines the moment of the total
failure of the material, at which overall damage variable D reaches a value of 1, as depicted in Fig. 4.

Within finite element analysis, the value of the equivalent plastic strain at failure E}’l (failure strain) depends on the characteristic
length of the finite element. Hence, an identical mesh must operate with failure strain and ensure identical plastic behaviour.
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Alternatively, equivalent plastic displacement at the point of failure 6}) or fracture energy dissipation Gf may be specified. The evo-
lution equation describing the equivalent change in plastic displacement can be written as follows:

-pl .
5 =1, (20)

where L is the characteristic length of the FE mesh. The evolution of the damage variable D between initiation and failure states (0-1)
can be assumed in various forms, e.g. as a linear function, which leads to the following:
.pl ~pl
. LE
b0 @
7
f f

When the effective plastic displacement &' reaches the value at the failure point, the material stiffness is fully degraded (D = 1) and the
elements affected by failure should be deleted from the mesh.

3.3.2. Material model parameters

An elastic-plastic model with damage was applied, to anticipate the micromechanical performance of both the ceramic particles
and interphase. For a ceramic component of the multiphase composite, silicon carbide (SiC) was chosen as the representative material,
due to its mechanical specificity characterised by high strength and high brittleness [70,71]. We assumed the elastic properties of the
SiC particle (Table 1) to be isotropic, represented by a Young’s modulus equal to 450 GPa and a Poisson’s ratio of 0.14, with an average
tensile strength of 500 MPa [72]. To model the brittle behaviour of a SiC particle in a composite, we employed an elastic-plastic model
with damage, where particle failure occurred almost immediately after reaching yield stress. A minor value of failure strain, set to
0.001, made the plastic behaviour of SiC particles almost meaningless. After initiation at one point, it caused the particle to fail and
propagate immediately through the entire particle, making it very brittle, as intended. The plastic hardening curve, required by the
elastic-plastic model to reproduce the plastic regime, is defined by the Swift formula [73,74]:

o(ep) = K(eo +¢)", (22)

where K is the strength coefficient, n is the strain hardening exponent, and ¢y is the initial strain.

Similar to ceramic particles, the interphase of the composite was modelled by an elastic-plastic model with damage. Unlike the
well-known properties of the ceramic particle and metal matrix, determining the properties of the Ni-SiC interphase is challenging. On
the one hand, it is analogous to the Ni-SiC composite with interphase (Fig. 1), which results from the temperature-driven diffusion
between brittle SiC particles and the ductile Ni matrix. It may be assumed that its material properties are intermediate between these
two phases and may vary over a wide range, depending on the parameters of the sintering process. On the other hand, we may not focus
on the Ni-SiC composite but attempt to investigate the MMC behaviour, assuming that the theoretical interphase is a brittle, semi-
ductile, or ductile material.

Here, we proposed four plastic types of interphase properties (denoted as I3-I4). They differed in their yield stress oy and the
character of the hardening curve defined by the Swift parameters K and n (Table 1). The curves are plotted in Fig. 5, together with

various values of interphase failure strain (e?l = 0.01, 0.1, and 0.3), marked as vertical lines, to illustrate the moment of material
failure. So, in this way, we covered a wide range of possible interphase behaviours, from low to high strength and brittle to ductile
material.

plastic response
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i softening
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Fig. 4. Stress-strain curve showing progressive degradation with damage initiation and failure points.
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Table 1
Elastic and plastic properties of FE simulations of tensile testing of a silicon carbide particle and different plastic types of interphase (I;-I4).
Parameter/ Theoretical density p; ~ Young’s modulus Poisson’s Yield stress 6,  Strength coefficient Strain hardening Initial
material [kg/m3] E [GPa] ratio v [MPa] K [MPa] exponent n strain go
Silicon carbide 3120 450 0.14 500 980 0.20 0.02
Interphase I 5000 150 0.31 125 550 0.20 0.03
Interphase I, 1360 0.46 0.03
Interphase I 375 550 0.20 0.03
Interphase I4 1360 0.46 0.03
pure nickel calibad o exp.curve) == intrphase type 3 () - higheryild poin,gradua hrdening
intrphase type 1 (1 - lower ield poist, gradual hardening intecphase type 4 1) - higheryield oia, steep bardeaing e
interphase type 2 (1) - lower yield point, steep hardening ==
1000 —= . — T —
—
soo | 5 i .
=400 pA L 1
200 | / |

.
0 0.05 0.1 0.15 0.2 0.25 0.3
strain

Fig. 5. Selected hardening curves (I;-I4) applied as the different plastic behaviour of various types of interphases (brittle - efpl = 0.01, semi-ductile -
s}’l = 0.1, and ductile - s?l =0.3).

3.4. Cohesive zone model of the interface

In general, metal matrix composites indicate the weakest structural components in the metal-ceramic interface [75]. Modelling the
mechanical behaviour of contact bonding between different phases is quite challenging, due to the complexity of various effects, such
as different crystallographic systems and orientations at the interface, lattice mismatch, particle separation, or dislocation concen-
tration [76]. To model the complex behaviour of the composite interfaces on a microscopic scale, we assumed particle/interphase and
interphase/matrix transition surfaces to be cohesive zone (CZ) layers. This indicates a zero thickness layer with a specific trac-
tion-separation relation. Such an approach has been applied to successfully simulate a variety of material interfaces [14,15].

The key role of the CZ model is the traction-separation law, which allows us to consider the nature of the interface damage. In our
case, we used the bilinear cohesive law presented in Fig. 6. The traction forces at the interface increase linearly, reach a maximum, and
then decrease to zero, permitting a complete de-cohesion. During both the increasing and decreasing phases of the process, traction
forces (and stresses) are proportional to the gap between the layers; the initial proportionality coefficient is called ‘penalty stiffness’ K.
Here, we assumed that K}, equals 10** N/m®, within the suggested range of 10'3-10'7 N/m? [77], what ensures compatibility with the
model of an ideal interphase interface. If any component of the stress tensor (normal o, or shearing s, t¢) reaches the given value Tx (*
denoted for n-normal, s-shear, and t-tangential), it means that damage is initiated within the cohesive layer:

T, (D=0)

(0=1)
u

T Te, Ts

Ger, Ges

8 L
Normal stresses
(mode )

Fig. 6. The traction-separation law for cohesive layer damage formulation.

10

Shearing
(mode Ii/i)

&



S. Nosewicz and G. Jurczak Finite Elements in Analysis & Design 249 (2025) 104390

0 T Ty
max{—,—, ) =1. 23
<Tn T, Tt> (23)
When the maximum nominal stress criterion is fulfilled, damage starts with its status D equal to 0. Damage initiation T+, expressed as a
stress value, defines the starting point of the damage and occurs at a given gap value &, equal to:

T,

So=1" . 24
°7K, (24)

For all simulations, we kept following the assumption: T, = Ts = T. Its value is was selected so that its maximum value corresponds to
the maximum strength of the interphase (up to 900 MPa, see Fig. 5), while the lowest was arbitrarily set at value in the range 50-200
MPa, depending on configuration series. Further damage evolution within the cohesive layer is defined by fracture energy/toughness
G¢ and complete damage of the cohesive layer at D = 1 occurs at the gap value §¢ when the interface fails. The fracture energy in mode I
- Gcp, similar to shearing modes II and III (Gt and Ggs, respectively), is described as follows:

Ty-6¢ 1

3 :E[Tn46o+Tn-(5f750)}. (25)

Gen =

This determines the evolution of the cohesive zone damage. A low, near-zero value of the fracture energy causes the degradation
process to be sudden, while a considerable value extends the damage process. Typical fracture energy for sintered composite materials
varies significantly depending of interface type [51,78]. During our calculations, we used fracture energy within the range 0.005-5
J/m? to describe rather brittle ceramics/metal interface behaviour and its impact on the macroscopic properties of the composite.

4. Numerical results
4.1. General overview

Based on the methodology introduced in Section 3, we present a comprehensive investigation of the impact of interphase plasticity
and ductility (Section 4.3), and interfacial cohesive properties (Section 4.4) on the effective mechanical behaviour of a unit-cell model

of a composite comprising metal matrix (nickel), ceramic particle reinforcement (silicon carbide) and interphase in the in-between
position. As expected, the various interphase properties applied in the EPD model as the input brought altered fracture modes.

a)

N N S
particle cracking (PC) interphase cracking (IC) matrix cracking (MC)
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(pc/ic/mc)
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Fig. 7. Various types of fracture modes registered from the FEM simulations of composites with different mechanical properties of interphase
and interfaces.
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Fig. 7 reveals six main damage types, with specific descriptions of single fracture events. The obtained damage types, together with
effective stress-strain curves and macroscopic quantities of composites (Table 4), are discussed in the following sections.

4.2. Calibration of the Gurson-Tvergaard-Needleman model of the metal matrix

The first step of the numerical analysis was obtaining the most realistic data on the mechanical properties of the primary composite
components: the metal matrix and ceramic particles. In the first case, we performed the numerical calibration procedure by fitting the
elastic, plastic and damage parameters to experimental data from the uniaxial tensile test of a pure nickel sample.

The spark plasma sintering technique was employed to fabricate nickel samples [5,6]; their relative density (pre) was calculated as
97.2 % using the hydrostatic method based on Archimedes’ principle. Tensile tests were performed at room temperature using a
universal Zwick Roell Z005 testing machine, equipped with a 1 kN force transducer. The experiments were conducted under
displacement control at a strain rate of 10~ s 1. Specimens with a gauge length of 5 mm and a cross-sectional area of 0.6 x 0.8 mm
were utilised. Strain measurements were obtained through Digital Image Correlation. The stress-strain curve of the uniaxial tension
test of representative pure nickel sample is shown in Fig. 8.

The material shows typical ductile behaviour with large plastic deformation, significant strengthening, and rapid softening just
before failure, which occurs above 40 % strain [6]. Considering the residual porosity of the sintered Ni sample (~3 %), we assumed the
material to be a porous elastoplastic one supplemented by a failure mechanism. GTN model parameters were attuned to reproduce the
experimental load curve. Elastic parameters of metallic nickel (Young’s modulus E, Poisson’s ratio v) and its theoretical density were
adopted from the literature (Table 2). Experimental measurements suggest that the yield stress of a sintered nickel sample will be
approximately 155 MPa, with hardening during the tensile test, up to the ultimate tensile strength oyrs = 375 MPa at ultimate
elongation, &, = 0.35. In order to model the most appropriate plastic hardening, analytically, we assumed the Swift model (Eq. (23))
and tuned its parameters to obtain consistency between the analytical and experimental approaches. Finally, based on the GTN model,
there is satisfactory correspondence for the elastoplastic deformation range with the final damage (Fig. 8), using the input parameters
shown in Tables 2 and 3. The GTN model, based on the porosity effect, reduces stress hardening significantly, mainly by the initial
porosity parameter (fy = 0.028) and its further evolution up until the final porosity fg, at which the sample fails (in our case fp = 0.16).

4.3. The effect of interphase plasticity and ductility

Having calibrated the elastoplastic properties of the nickel matrix and assumed brittle properties for the silicon carbide particle,
numerical simulations of the uniaxial tensile test were performed for a three-phase composite model. In this stage of the calculations,
we assumed ideal (perfect) interfaces (i.e. no cohesive elements) with coherent transitions between composite layers. This means that
the macroscopic properties of the composite only depend on the properties of the separated composite phases.

The primary objective of this computational study was to investigate the impact of different plastic types of interphase (I;-I4) on the
effective mechanical properties of the composite. The designed composites were divided into three groups, related to the deformation/
damage interphase character indicated by its failure strain: brittle (s'f’1 = 0.01), semi-ductile (efl = 0.1), or ductile (g'f’1 =0.3). A
comprehensive characterisation of the plasticity and ductility assigned to the interphases is presented in Fig. 5, with variations in yield
stress, the nature of the hardening behaviour, and the failure strain. The macroscopic quantities (UTS, ductility, toughness) determined
from FE simulations are shown in Table 4. The results of the numerical simulations are illustrated in Figs. 9-14.

experimental results numerical results

700 T T T

experimental sample

600

300 |

stress [MPa]
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FEM numerical model
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0 0.1 0.2 0.3 0.4 0.5
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Fig. 8. The calibration of the GTN model of a pure nickel sample with the experimental results from uniaxial tensile tests.
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Table 2
Elastic and plastic properties of FE simulations of tensile test of pure nickel sample.
Young’s modulus E Poisson’s Yield stress oy Theoretical density p; Strength coefficient K Strain hardening Initial strain
[GPa] ratio v [MPa] [kg/m3] [MPa] exponent n [—] g9
175 0.31 155 8900 960 0.47 0.022
Table 3
GTN model parameters of FE simulations of tensile test of pure nickel sample.
Q@ Q2 a3 €n Sn fa fc fr fo
1.5 1 2.25 0.3 0.1 0.0065 0.03 0.16 0.028
Table 4
Macroscopic results from FE simulations of a unit-cell model of composites with interphase.
Samples Ultimate Tensile Strength Ductility Toughness [MJ/
[MPa] [%] m’]
Pure nickel 374.6 41.3 132.2
Interphase failure strain, e}’l = Ni-SiC with brittle interphase Interphase 200.2 17.4 29.2
0.01 I
Interphase 200.2 17.4 29.2
I
Interphase 209.9 12.2 20.4
I
Interphase 209.9 12.5 20.9
Iy
Interphase failure strain, g?l = Ni-SiC with semi-ductile Interphase 254.5 22.5 50.0
0.1 interphase L
Interphase 285.4 24.4 59.8
I
Interphase 299.9 24.0 63.6
I
Interphase 325.1 25.2 71.1
Iy
Interphase failure strain, SFI — Ni-SiC with ductile interphase Interphase 294.6 38.6 88.4
0.3 L
Interphase 348.9 49.8 144.3
L
Interphase 339.4 39.6 121.3
I
Interphase 348.6 25.8 76.3
Iy
pure nickel — I - higher yield point, gradual hardening
1, - lower yield point, gradual hardening 1, - higher yield point, steep hardening —
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Fig. 9. The stress-strain evolution of composite samples with different plastic types of interphases (I;-I4) characterised by brittle deformation/
damage (interphase failure strain efpl, = 0.01).
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4.3.1. The effect of brittle interphase

The first analysis considered composites with brittle interphase with relatively sudden damage expressed by a failure strain equal to
1 % (Fig. 9). The evolution of effective (macroscopic) stress-strain has been plotted for each composite type. Several characteristic
points on the curves can be specified. The initial deformation, with the sharp growth of stress, is common for all composite config-
urations, and is associated with the highly elastic properties of ceramic particles and the interphase (Table 1). Furthermore, a sudden
drop in stress, related to initial material failure, should be noted. The detailed characterisation of the fracture of single parts (particle
and interphase), with the content of damaged elements (red), along with deformation, is shown in Fig. 10. Due to the type of fracture
mode (and the stress-strain characteristics), the curves can be split into two groups depending on their yield point. Composites with
interphase characterised by gradual and steep hardening curves for different yield stresses are identical (means I; ~ I and I3 ~ I4) due
to the fact that their failure strain is too low for plastic hardening to make a difference. Therefore, the evolution of damaged parts has
only been shown for materials with I; and I5 interphases.

Two different fracture modes were detected in the ceramic particle at the very beginning of the simulations. Composites with
interphase types I3 and I4 break along the particle with a crack path developed perpendicular to the loading direction (see image F1 in
Fig. 10), irrespective of the character of the hardening curve (gradual or steep). Moreover, the ‘skinning effect’ can be observed and is
manifested by sudden damage of the finite elements located in the contact surface of the particle and interphase. These two damage
effects (particle breakage and skinning effect) have a dynamic character, erasing more than 30 % of the particle elements.

Significantly altered damage behaviour in the ceramic phase can be found in the composite with the I; /I, interphase type. Lower
yield stress in the interphase leads to localised damage close to the interface of the particles and the interphase (see F2 in Fig. 10). Only
a low percentage of particle elements are damaged and removed at the bonding surface, positioned perpendicular to the loading
direction. The presented fracture mode can be defined as particle-interphase interface failure, localised in the spherical part of the
interphase (denoted as IF(PI)*), despite the assumption of perfect element bonding. The observed interface failure resembles interface
delamination due to breakage/damage of the cohesive elements at the interface; this is discussed in section 4.4.

Together with the failure of the interface between the particle and interphase, simultaneously, the degradation of the interphase
can be seen (¢ = 0.005) due to the cracking (a sudden drop of damaged elements) and the subsequent gradual skinning effect (see F4 in
Fig. 10). It should be pointed out that the final reduction of the active finite elements, due to damage (in red) is close to 50 %. Despite
this fact, the overall effective failure strain of the composite with I; /I, interphase type exceeds 0.165, while that for I3/I4 type only
reaches 0.11. However, the level of degradation of interphase I3/I4 is about half the size (=22 %). This can be explained by the
magnitude/degree of connection between the brittle interphase and the matrix. As the interphase I;/I loses its bonding with the
matrix, due to the considerable skinning effect, it does not participate in the load/stress transfer, allowing the pure nickel matrix to
elongate to the final fracture without any restrictions from the brittle part (interphase). Interphase I3/I4 keeps the bonding with the
ductile matrix, increasing the internal stresses and reducing the macroscopic toughness of the system, leading to relatively premature
failures by the matrix cracking (MC) fracture mode.

4.3.2. The effect of semi-ductile interphase

As expected, an increase of the failure strain of the interphase (to 0.1) leads to more privileged macroscopic results (Fig. 11): there is
a higher ultimate tensile strength, more profound ductility and toughness, compared to previously investigated composites with brittle
interphase (Fig. 9). Furthermore, it was found that composites with semi-ductile interphase are subjected to the same type of fracture,
regardless of the type of the interphase’s plastic behaviour (I1-I4). The application of higher e'f’l of interphase leads to the occurrence of

one type of fracture mode (the type 1 — PC/IC/MC), while lower e?l = 0.01 brought two types: type 1 and type 4 — IF(PI)*/IC/MC. The

particle elem. of composite with I interphase = = particle elem. of composite with I interphase mmmm

interphase elem. of composite with I, interphase interphase elem. of composite with I interphase

50 ,
40 |
2
[}
5
5 30 1
=l
(]
1)
<
5 2 ]
s
=
10 ]
interface
failure*
0 ‘ ; ; ‘

0 002 004 006 008 0.1 012 014 0.16 0.18

strain

Fig. 10. The evolution of damaged elements (marked in red) of particle and interphase parts of composite samples with different plastic types of

interphases (I;~I, and I3~I,), characterised by ductile deformation/damage (interphase failure strain, efpl = 0.01).
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Fig. 11. The stress-strain evolution of composite samples with different plastic types of interphases (I-I;) characterised by semi-ductile defor-
mation/damage (interphase failure strain, sfpl =0.1).
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Fig. 12. The evolution of damaged elements of particle, interphase and matrix parts of composite samples with different plastic types of interphases
(I1-14), characterised by ductile deformation/damage (interphase failure strain, e}’l =0.1).
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Fig. 13. The stress-strain evolution of composite samples with different plastic types of interphases (I;-I4), characterised by ductile deformation/
damage (interphase failure strain, s?l = 0.3).
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Fig. 14. The evolution of damaged elements of particle, interphase and matrix parts of composite samples with different plastic types of interphases
(I;-14), characterised by ductile deformation/damage (interphase failure strain, e‘f’l =0.3).

assumed semi-ductile character of the interphase causes the composite to start to degrade by particle cracking, with mechanisms
comparable to the example with extremely brittle interphase, i.e. cracking along the particle with a skinning effect (see F1 in Fig. 12).
Composites with the I3/I4 interphase initiate this a little bit sooner, probably due to the higher yield point applied, which accelerates
the critical stress to failure.

Finally, the four simulations brought various macroscopic mechanical responses and deviated from each other; thus, we cannot
group them because of the effect of the plastic hardening curve type. The semi-ductile evolution type of stress-strain curves is governed
by the plastic properties of the interphase, in which the steep hardening seems to be the most crucial applied parameter, giving the
largest ductility. As shown in Fig. 12, the lower yield point (I;/I5) causes earlier interphase cracking of a non-trivial character (see
image F2) with breakage localised in the geometry transition area, where the spherical part of the particle is reshaped to a cylindrical
one, together with rupturing oriented parallel to the direction of loading. Finally, some elements were damaged at the interphase
region. The fracture of interphase occurs relatively close to the matrix fracture (with respect to time or the deformation’s progress);
hence, for single composite models (I3), the failure of interphase and matrix (see F3 in Fig. 12) may overlap/happen close together,
giving the gradual drop of macroscopic stress in the ductile softening curve (especially composites with I3/1, interphase, see Fig. 11).

4.3.3. The effect of ductile interphase

The final composite type considered was the one with ductile interphase characterised by failure strain, e?l = 0.3 (Fig. 13). Pro-
gressive improvement in the effective plastic properties (comparable to the pure nickel) was observed and, in one case, was even more
advantageous (the composite with I, interphase). However, the UTS of such materials is still reduced, compared to nickel. Compared to
composites with lower & ! we observed the transition of fracture modes. Here, two new fracture modes can be specified: type 2 — PG/IF
(MI)*/MC and type 3 - PC/MC/IC, for materials with the higher (I3/14) and lower yield point (I;/I2) of interphase, respectively.

In the first case (I3/I4), there may be interface failure on the contact zone between the matrix and the interface (see F1 in Fig. 14),
which leads to sudden matrix cracking. This occurs earlier in the case of the composite with I interphase, mainly due to the applied
steep hardening curve, which induces a higher level of stress being transferred to the matrix. Simultaneously, it should be noted that, at
the end of the simulation, the interphase part remained undamaged/unfractured (see F2 in Fig. 14). The damage behaviour of the
composite with I; /I, interphase is quite different because the interphase cracks in a direction perpendicular to loading (see F3 in
Fig. 14) but just after matrix degradation. The matrix of such composites indicates damage characteristics similar to those of the
interphase (see F4 in Fig. 14).

4.4. The effect of cohesive interface behaviour

The final stage of the current numerical investigation revealed the severe impact of interfaces between the phases (metal matrix —
interphase and interphase — ceramic particle) on the effective mechanical properties of the composite and fracture/damage modes. The
mechanical behaviour of the interface was modelled using the cohesive zone model, as described in Section 3.4.

The numerical investigation of the mechanical properties of the composite with imperfect interfaces was performed using the
example of two composites with altered states of interphase. The first case considered the material with a brittle interphase Iy,
characterised by a high yield point, steep hardening, and relatively fast damage; the second concerned the opposite state, i.e. low yield
point, gradual hardening, and slow damage (I; interphase). The results for pure nickel and composites with perfect cohesion have been
added to complement this study.

Numerical analysis consists of multiple simulations using varied interfacial properties as input: cohesive interfacial strength T, and
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fracture energy G.. Each input parameter was studied for two scenarios; the first assumes the identical properties of both interfaces,
and the second presents the results for different properties: particle-interphase (denoted as I) and interphase-matrix (denoted as II).

4.4.1. The effect of cohesive interfacial strength

4.4.1.1. Composites with brittle interphase. Fig. 15 demonstrates the impact of T, strength (where T, = T; = Ty) on the stress-strain
curves for two different composite materials: brittle (a, ¢) and ductile (b, d). The first interesting effect can be seen in Fig. 15a, the
case of composite with brittle interphase with identical interfaces. The composite with cohesive interface strength of 100 MPa exposed
the most considerable toughness and ductility with the highest ultimate tensile strength, even more profound than the one with perfect
cohesion. This is surprising, since the higher T, should guarantee more advantageous global properties. The samples with T;, in the
range 500-700 MPa and a perfectly bonded composite showed such a dependence: the higher the cohesive strength, the higher the
toughness/ductility obtained. Moreover, all those samples fractured in an identical manner: PC/IC/MC (particle cracking - > inter-
phase cracking - > matrix cracking). Fig. 16a demonstrates the damage evolution of finite elements of the interphase and particle body
during the uniaxial tensile simulation.

At the initial deformation stage, the particle fractures perpendicular to the tension direction for samples with the highest cohesion
strength, which was evidenced by the sudden increase in the number of damaged elements. As the strain progressed, a skinning effect
occurred, as illustrated by the gradual fracture of particle and interphase boundary elements shown in the flatter curve. It was found
that over 20 % of the elements were finally damaged in the cases of samples with high cohesion strength. It can be concluded that the
skinning effect significantly influences the composite’s effective properties, increasing the role of the plastic matrix, which reduces
composite brittleness and leads to excellent ductility. The stronger the interface, the more load can be carried by other composite
components, stabilising the matrix. Furthermore, a stronger interface prevents voids that could act as failure initiators.

Against this background, the sample with T;, = 100 MPa differs significantly. Firstly, compared to samples with the most advan-
tageous cohesion, it breaks in the altered manner by interface failure modes (specifically Type 5), which can be observed in Fig. 16b.
Two interfaces detach simultaneously, reducing the overall stiffness and brittleness of the system, and resulting in the highest fracture
strain.

Finally, a sample with intermediate cohesion strength (T, = 300 MPa) indicates a mixed fracture mode, as shown in Fig. 16a and b.
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Fig. 15. Stress-strain characteristics of composite samples with brittle I (a,c) and ductile I; (b,d) interphase with various cohesive strengths of two
identical (a,b) and different (c,d) interfaces of particle-interphase (denoted as I) and interphase-matrix (denoted as II).
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Fig. 16. Detailed analysis of fracture behaviour of composite with brittle interphase (I4) with varying T, — the evolution of damaged finite elements
(a) and broken cohesive elements D (b).

The particle fractures transversely (parallel to the direction of loading) with partial damage to the cohesive elements but without a
skinning effect. Interfaces disintegrate near the transition from the spherical to cylindrical shape, causing a crushed particle, with the
interphase remaining attached, despite the localised cracks. Such an effect maintains the local material’s brittleness. Rapid debonding
of the interface part causes stress localisation, leading to the breakage of finite elements near the disintegration. This mechanism makes
the sample with intermediate cohesion the weakest of all the materials considered.

Composites with different interfacial properties indicate similar mechanical tendencies to those with identical ones, as shown in
Fig. 15c and d. Firstly, regarding the composites with brittle interphases, a weakened interface leads to higher ductility and breaks of
fracture mode type 7 (IF-MI/MC), which is a simplified version of type 5 (IF-PI/IF-MI/MC). A considerable resemblance between the
curve corresponding to the weakened interface (T, = 100 MPa - orange line in Fig. 15a) and another corresponding to the weakened
interface II (TS = 50/200 MPa - magenta/grey line in Fig. 15c) was observed. The conclusion is that the cohesion of interface II
(interphase - matrix) seems to be crucial for beneficial elongation. Low interface strength leads to the detachment of the brittle
interphase, together with brittle particles at the initial loading stage, guaranteeing better ductility. In turn, the poor strength of
interface I (between particle and interphase — the blue/orange curves in Fig. 15c) changes the fracture mode and reduces effective
ductility and UTS.

4.4.1.2. Composites with ductile interphase. The study regarding the composites with brittle interphase demonstrated the occurrence of
five different fracture/damage modes (types 1, 4, 5, 7, and mixed) with varying interfacial cohesion strength T;. In turn, those with
ductile interphases indicate four types (type 2 — PC/IF-MI/MC, type 3 — PC/MC/IC, type 6 — IF(PI)/MC/IC and type 7 — IF-MI/MC), see
Fig. 15b. Here, the least privileged cohesion conditions (T, = 100 MPa and T,, = 200 MPa) brought quite a sudden interface failure
between the interphase and matrix, keeping the ceramic particle in an undamaged form (Fig. 15b). It was observed that there is a
profound resemblance between the stress-strain curves of the composites and the brittle (I4) and ductile (I;) interphases with T, = 100
MPa and G. = 5 J/m? (the orange lines in Fig. 15a and b). This leads to the conclusion that the interphase properties became irrelevant,
in the context of effective behaviour, when there was complete failure of interface I (particle-interphase) and no particle cracking
effect. Moreover, a slight change in fracture mode was noticed: brittle — type 5 and ductile — type 7. The latter became a modification to
type 5, without interfacial failure between the particle and interface.

Increasing the cohesive strength to 300 MPa (and above) ensured an altered fracture mode, by adding particle cracking. Such a
feature allows the composites to obtain higher ultimate tensile strength; however, the failure strain drops. Once again, it was proved
that residues of the brittle particle part lead to less privileged ductility when we compared the cases with T, = 100/200 MPa and 300
MPa. Finally, the most beneficial cohesive properties (T;, = 400 MPa) ensured a considerable effective response (highest ductility and
toughness), similar to the one with perfect conditions, with only minor differences in fracture mode (the composite with perfect
cohesion - type 3 and where T, = 400 MPa — type 2).

Diverse interface properties in the composite, when a ductile interphase is assumed, do not significantly affect the effective
composite (Fig. 16d). By comparing composites with identical and altered interfacial properties, we can observe the significant
similarities of each case, i.e. identical interfaces with T, = 100/200 MPa (orange and blue curves in Fig. 15b) and the altered one,
where interface I - Th = 100/200 MPa (grey/magenta curve in Fig. 15d). Such an effect was also noticed for the composite with brittle
interphase. It can be confirmed that interface II (between the matrix and interphase) significantly governs the macroscopic composite’s
performance.

4.4.2. The effect of fracture energy

Let us now consider the complex impact of the fracture energy of the interface G. on the macroscopic response; see Fig. 17a and c
(brittle composite), and 17b and 17d (ductile composite). For each of the two cases, we varied the G, value for two sets of Ty: for the
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brittle composite, we chose T;, = 350 and 700 MPa; and, for the ductile composite, T, = 300 and 400 MPa. The choice of such specific
values of T,, was not arbitrary; it revealed a broad palette of dependence of G. on strength, ductility, and toughness.

4.4.2.1. Composites with brittle interphase. As was shown in a subsection 4.4.1. (regarding the effect of varying Ty), the most advan-
tageous cohesive properties (with relatively high strength T;, = 700 MPa) brought the effective properties close to those with perfect
cohesion. Here, assuming that T;, = 700 MPa, the application of lower values of G, did not significantly affect the composite properties.
As shown in Fig. 17a (identical interfacial properties), there is slightly less ductility with only minor differences, whilst keeping an
identical fracture mode (type 1) without any damage caused by interface failure (Fig. 18b).

The opposite dependence can be noted for T, = 350 MPa. A relatively low cohesive strength (T, = 350 MPa) and high fracture
energy (G. = 5 J/m? - acting as the weak and ductile bonding with a substantial softening range) seems to be the most disadvantageous
combination of cohesive properties, in the context of effective properties. It causes progressive damage to cohesive elements (~10 %,
see Fig. 18b), which is not prominent enough to significantly separate the two contacting bodies but large enough to produce local
defects at the interface. It initiates interphase rupture, resulting in the lowest effective ductility and toughness (Fig. 17a). The decrease
in G, slightly enhances the composite properties and changes the fracture mode to mix one. Once more, it was confirmed that
weakening the interface between brittle particle and interphase (and/or brittle interphase and matrix) degrades most of the cohesive
elements (Fig. 18b), which causes more load to be carried by the matrix. Hence, it limits finite element damage (Fig. 18a), allowing
more extended elongation (Fig. 17a). The broken bonds appear progressively, starting with interface failure between the particles and
interphase, leading to fracture between the matrix and interphase (Fig. 18b).

Altering the fracture energy (G., Gf € {0.05,0.5,5} J/m?) of two studied interfaces, while keeping their strength equal (T%, TLI =
350 MPa), lead to similar results as for the homogeneous ones. The considerable effects of changing fracture modes or increasing/
decreasing macroscopic performance were observed (Fig. 17c¢). All of the fracture energy combinations within the composite interfaces
indicate mixed-type fracture modes.

On the other hand, the composites differ by a percentage (%) of the final damage to the interphase part. Increasing the ratio G./ Gﬁl

drops the damaged finite elements of the interphase from ~10 % (for G/ Gf =10"*)to ~4 % (for G/ Gf =10*). Hence, by making the
interface of the particle-interphase more ductile (by increasing its fracture energy), we better prevent the interphase part from
degrading. Simultaneously, the percentage of final damage of the particle part remains at a similar level (~11 %) as changing the ratio

Composite with brittle interphase /4 Composite with ductile interphase /;
(high yield point, steep hardening, fast damage) (low yield point, gradual hardening, slow damage)

T, =700 MPa, G, =05 ym® — 7, =350 MPa, G, = 0.5 Jim®
7,=700 M F—  T,=350MPa G5l —

T,=400 MPa, G, =05 Jim® == 7, =300 MPa, G, =05 Jm*
7, =300 MPa, G, =5 Jim® —

=
E
—
2 200 |
o
£
S
=
& _, 150 _
ey ) <
(=} & o
@ s =
£ Py 2 \
g " I
g 12
a 50 E
G 12
5| . e
Sl 0 . . . . 0 v Ar
=l 0 0.02 004 006 008 0.1 0.12 0 0.1 0.2 04 0.5
strain
a)
= _
= . s e
g - 400
£ 200 350 —
2 i | [
g ./ N 300 ¢ e
- _ 150 D _ | I3 2
° & I KN4 g 250 | | H £
}2 % 0 % 200 ‘-‘ l‘ B
@7 5 I” =
§ g S 150 | 1 1y
= ol 100 £l |
= =
i 50 | 5 |
Eg 0 ‘ : = 0 e )
'5; 0 0.02 0.04 0.06 0.08 0.1 0.12 0 0.1 02 0.3 0.4 05
strain strain
c) d)

Fig. 17. Stress-strain evolution of composite with brittle I, (a,c) and ductile I; (b,d) interphase with various fracture energies of two identical (a,b)
and different (c,d) interfaces of particle-interphase (denoted as I) and interphase-matrix (denoted as II).
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elements (a) and broken cohesive elements D (b).
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4.4.2.2. Composites with ductile interphase. By having both interfaces with a higher T,, (400 MPa), the reduction of G. energy leads to
more brittle characteristics of the interfaces, which switches the fracture mode from type 2 to 5, by replacing the particle cracking (G,
=5 J/mz) to interface failure between the particles and interphase (G. € {0.05, 0.5} J/mz). The modification allows us to obtain
satisfactory effective ductility (Fig. 17b); however, it is less privileged than the reference composite (T, = 400 MPa, G. = 5 J/m?).
Analogous G, reduction, whilst keeping lower interfacial strength (T, = 300 MPa) reveals similar dependence-change fracture modes;
it simultaneously improves effective ductility in the reference case (T, = 300 MPa, G. = 5 J/m?). Moreover, applying G, = 0.05 J/m?
enhances UTS and toughness.

Finally, considering the different ductility (fracture energy) of interface I (particle-interphase) and II (matrix-interphase) reveals
three fracture modes (Fig. 17d). It should be restated that interface II governs the macroscopic properties of composites and reduces
them, as we decrease GY. As stated in the previous paragraph, TY also decreases (Fig. 15d). The drop of G¥ (from 5- 107 to 5 - 10° J/
m?) leads to the degradation of composite ductility, from ~40 % to ~10 %. The fracture energy of interface I affects the global response
slightly; however, for the lowest value, G. = 5 -10~* J/m?, the fracture modes are swift.

5. Concluding remarks
The presented work can be summarised as follows.

1. A finite element framework was employed to investigate the impact of various properties of the interphase zone on the effective
mechanical properties of multiphase composite material. Three constitutive material models were employed to predict the
deformation and damage to the main composite components (metal matrix, interphase, ceramic particles, and interfaces): the
Gurson-Tvergaard-Needleman, an elastic-plastic model with damage, and a cohesive zone model.

2. The wide range of interphase properties was simulated, from brittle ones with a less plastic character (similar to ceramic particle
properties) to ductile ones with a yield point, hardening, and failure strain close to the metal matrix. The effect of cohesive pa-
rameters (cohesive strength and fracture energy) of the interfaces (particle-interphase and matrix-interphase) was studied.

3. More than six fracture modes were registered during the uniaxial tensile test simulations of the unit-cell model. Most cases revealed
particle cracking as the first fracture mechanism. Moreover, as the perfect cohesion of interfaces was assumed, the skinning effect,
related to damage evolution within finite elements located near the interface between ceramic particles and interphase, was
observed and played a significant role in fracture damage.

4. The considerable impact of interphase brittleness on effective composite properties was shown. The highly brittle interphase with
failure strain equal to 0.01 reduced the composite ductility. However, by assuming a lower yield point, we may preserve the
elongation of the composite at a value of approximately 18 %. Ductile interphase, with a failure strain equal to 0.3, brought about
significant elongation; in some cases, up to 50 % (lower yield point, steep hardening curve), which more than exceeded that for
pure nickel (~40 %).

5. The most beneficial cohesive parameters, such as high cohesive strength (700 MPa) and fracture energy (5 J/m?), allowed us to
duplicate the mechanical performance of the composite corresponding to the perfect bonding between its components. However,
the significant decrease of interface strength (to 100 MPa) in the brittle-type composite lead to the complete delamination of brittle
particle and interphase from the ductile matrix, enhancing the overall ductility and toughness. The least favourable effective
properties indicated a composite with intermediate cohesive strength (around 300 MPa) causing two parallel fracture modes:
particle/interphase cracking together with interface failure.
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6. A comparison of the macroscopic behaviour of composites with brittle and ductile interphases demonstrated that the properties of
the interphase lose significance when the complete interfacial failure between particle and interphase occurs, accompanied by the
absence of particle cracking effects.

7. Numerical simulations confirmed that the interface between the interphase and the matrix is more critical within the composite and
plays a significant role in determining the macroscopic performance of both brittle and ductile type composites, mainly affecting
ductility and toughness, since the cohesive parameters of the interface between particle and interphase have a minimal impact on
the overall response.
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