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Fe–TiB2 metal matrix composites, termed highmodulus steels, have great potential for lightweight design appli-
cations due to their high stiffness/density ratio. However, the observed embrittlement, caused by the TiB2 parti-
cles, critically limits application of these steels. Experimental studies to identify the influence of particle
microstructure on ductility and toughness are complex in view of the multitude of parameters affecting micro-
structural damage. We therefore pursue instead an integrated computational materials engineering approach
to gain understanding and derive guidelines for optimizing the particlemicrostructure and thus improve theme-
chanical properties, particularly the damage tolerance of these high modulus steels. Key microstructural param-
eters such as particle clustering degree, size and volume fraction were investigated. Model geometries were
statistically and systematically generated with varied particle configurations from random to clustered distribu-
tions. Simulations were performed using a crystal plasticity Fast Fourier transformation method coupled with a
novel phase field damage model. The influence of particle configuration on damage initiation and evolution
was evaluated from the simulation results, and it was observed that microstructures with homogeneous particle
distributions of 7 to 15 vol% TiB2, devoid of large TiB2 particles stemming fromprimary solidification, appearmost
favorable for obtaining high modulus steels with optimized mechanical properties.

© 2018 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Metal matrix composites (MMCs) have enormous benefits for light-
weight design in structural applications, such as transportation systems
and machine components, as the addition of stiff lightweight ceramic
http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Values of the elastic stiffness of TiB2 [58].

Property Symbol Value Unit

Elastic constants for HCP lattice structure C11 656 GPa
C12 66 GPa
C13 98 GPa
C33 461 GPa
C44 259 GPa
C66 295 GPa

Ratio of lattice constants c/a 1.0629

Fig. 1. Schematic of composite microstructure: (a) particle geometry, (b) microstructure of clustered distribution and (c) its Voronoi tessellation.
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particles increases the specific stiffness (i.e. the stiffness/density ratio)
of the material. Suitable stiff lightweight phases range from oxides, ni-
trides, carbides to borides, mostly in particulate or fibre form [1–3].
Fe-TiB2 metal matrix composites (MMCs) have promising advantages,
not only due to its mostly quasi-isotropic improvement of the specific
stiffness, but also its low cost, high flexibility and availability to achieve
excellence performance. Since TiB2 is very hard, the initial application of
Fe-TiB2 MMCs was wear resistance steels [4,5]. Around 2000, Tanaka
and Saito [6] investigated the potential of increasing the specific modu-
lus of ironmatrix by addition of TiB2 particles. From that time, this novel
type of steels was termed high modulus steels (HMS). HMS can be ap-
plied in the industry fields with strict design criteria of lightweight
and high-stiffness target, for instance in automotive industry [7]. In ad-
dition, HMS also has great potential to be applied for heavy gaugemate-
rials for high performance cranes [8] and the material for wind turbine
[9].

Previous studies have shown that the fabrication of MMCs via pow-
der metallurgy synthesis techniques allows for precise control of the
particlemicrostructure, but also requires great effort inmaterial synthe-
sis and thus high costs [10,11]. This production constraint could be over-
come by utilizing liquidmetallurgy synthesis [12,13], for which the iron
(Fe) titanium di-boride (TiB2) system is ideally suited [14]. TiB2 is very
effective in terms of stiffness (Young'smodulus, E~565GPa) and density
(ρ~4.25g cm−3) [15] and can be formed in-situ from Fe-Ti-B melts.
However, the large contrast in stiffness between particle and matrix as
well as geometrical constraints imposed by particle morphology (i.e.
sharp-edged shape) result in local stress concentrations, which pro-
motes damage initiation such as cracks within particles, matrix or the
associated interfaces. The newly formed sharp corners created from
cracked particles create additional points of stress concentration. With
increasing strain, large voids can thus form and result in damage pro-
gression [16,17]. For Fe–TiB2 MMCs, synthesized in-situ from liquid
melts, also termed high modulus steels (HMS), it was found that strong
interfacial cohesion between the matrix and the reinforcing particles
can be achieved [18–20]. A nanoindentation study conducted by
Huang and co-workers [18] also reported that the TiB2-matrix interfaces
can be subjected to large plastic deformationwhichpromotes interfacial
compliance and bonding. Therefore, the damage mechanism of these
MMCs is mainly attributed to the cracking of TiB2 particle instead of in-
terfacial de-bonding during uniform elongation [18,21,22].

This cracking of particles and the associated damage initiation into
the adjacent matrix during deformation results in loss of composite
toughness and ductility [23–26]. This issue poses a major concern in
the application of such composites as structural materials. The complex
microstructure of the reinforcements, such as large variations of particle
size, morphology, dispersion, and volume fraction create an associated
complexity in the partitioning of the internal stress and strain field
across the matrix, thereby exerting a strong influence on particle crack-
ing and the initiation and progression of damage [21,27]. It is possible to
manipulate particle configuration, for example, by controlled solidifica-
tion such as the decrease in particle size by fast solidification or render-
ing a regular distribution by eutectic remelting [14]. However, due to
the multitude of interacting parameters and microstructural complex-
ity, experimental efforts have so far been limited in clarifying the rela-
tionship between particle configuration and improved toughness. In
order to reduce the work and cost associated with experimental micro-
structure optimization alone, additional systematic screening through
simulation studies can be used to speed up this process by providing
basic constitutive and morphological guidelines towards identifying fa-
vorable particle microstructures [28].

So far, the parametric studies regarding deformation and damage
mechanisms in MMCs were mostly carried out in aluminium-matrix
composites reinforced with alumina or silicon carbide. For instance,
Segurado et al. [29,30], studied the effect of the particle spatial distribu-
tion on the mechanical behavior in model aluminium-alumina MMCs
with up to 15 vol% of reinforcement. They found that the probability
of particle fracture increases 3–6 times even for small degrees of particle
clustering. Similar findings were also reported by Ayyar et al. [31] in a
simulation study on aluminium-carbide MMCs. However, these studies
focused only on small sets of samples and without systematic variation
of particle configurations. Experimental studies on particle fracture in Al
matrix composites [27,32–36] reported that composites containing
larger particles aremore likely to experience particle fracture during de-
formation. However, these studies did not consider the influence from
particle distribution and particle size [37–39]. To reflect the full micro-
structure complexity of such compounds, we thus conducted a simula-
tion study with systematically varied clustering degree, particle
distribution and volume fraction to derive guidelines for particle micro-
structures that provide optimum mechanical performance. This inte-
grated computational materials engineering (ICME) approach has the
goal to identify key factors for particle damage initiation, growth and



Table 2
Crystal plasticity constitutive parameters of the elastic and plastic response of the ferrite matrix [61–63].

Property Symbol Value Unit

Elastic constants for bcc lattice structure C11 233.3 GPa
C12 135.5 GPa
C44 118.0 GPa

Reference shear rate _γ0 0.001 s−1

Initial and saturation slip resistance on {110} or {112} slip family, respectively g0, {110} 95 MPa
g∞, {110} 222 MPa
g0, {112} 97 MPa
g∞, {112} 412 MPa

Initial hardening coefficient h0 1
Interaction coefficients Coplanar hαβ 1

Non-coplanar hαβ 1.4
Inverse shear rate sensitivity n 20
Numerical parameter m 2.25
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percolation, in order to derive synthesis strategies for the next genera-
tion of HMS for lightweight applications.

2. Modelling strategy

In this study, different variations related to the particle clusteringde-
gree, particle size and particle volume fractions were studied. The sim-
ulations were performed with the multi-physics simulation package
DAMASK [40,41] which provides a coupled crystal plasticity and phase
field damage model [42]. A spectral solver was employed to solve the
mechanical boundary value problem and the governing phase field ki-
netic evolution predicting the initiation and growth of particle damage.

2.1. Crystal plasticity

The crystal plasticitymodel used in this study is a phenomenological
viscoplastic mean field dislocation rate formulation [43] to describe the
behavior of the crystalline α-Fe bcc matrix. Kinematics is described in

terms of the plastic velocity gradient, Lp ¼
_
ḞpFp−1 ¼

X
α

_
γ̇
α
bα⊗nα ,

which is determined by the superposition of the slip shear rates, _γα ,
on each of the twelve 〈111〉{110} and the twelve additional 〈111〉
{112} slip systems, which are indexed by α = 1, …, 24, where bα and
nα are unit vectors along the slip direction and slip plane normal,

respectively. The slip shear rate equations are given by _γα ¼ _γ0j τ
α

gα j
n
sgn

ðταÞ. The plastic slip, _γα , on a slip system α occurs when the resolved
shear stress, τα=φ2S · (bα⨂nα), exceeds a critical value gα. S is the ap-
plied second Piola-Kirchhoff stress and φ is the phase field damage var-
iable. The slip resistance values, gα, evolve asymptotically towards g ∞

β as
Fig. 2. Damage evaluation of the initial particle damage process in the simulations. From the
characteristic values were derived: the instability strain εI, the initial damage strain εD and the
plotted as a function of certain microstructure parameters which are derived in the following a
a function of the shear on other slip systemsγβ (β=1,…, 24) according

to the relationship _gα ¼ _γβh0j1− gβ

gβ∞
jm sgnð1− gβ

gβ∞
Þhαβ, with initial hard-

ening h0 and a numerical strain hardening parameterm. The hardening
matrix hαβ phenomenologically captures the interaction among the dif-
ferent slip systems.

2.2. Phase field damage model

To investigate the crack propagation process of the brittle particle in
the MMC materials, we coupled a novel phase field method (PFM) de-
rived for brittle fracture [42,44] with the crystal plasticity constitutive
model. Shanthraj et al. [42] initially proposed and formulated this brittle
fracture phase field approach for finite strain elasto-viscoplastic mate-
rial, which is capable of successfully predicting physically realistic
crack patterns when applied to a full field microstructure scenario and
can be solved using a corresponding finite-element (FE) or spectral
solver implementation. In the current study the model was further de-
veloped and implemented into a spectral method to handle the numer-
ical solution of the coupled field equations [45]. The phase field variable
is a scalar non-local damage variableφ varying between the initially un-
damaged (φ=1) and fully damaged state (φ=0). The damage evolu-
tion process is based on the variational theory of brittle fracture [46],
and themethod is closely related to gradientmodels employed in brittle
[47,48] and ductile damage theory [49]. The stress relaxation associated
with brittle damage is a result of a degradation of the material stiffness.
The brittle damage evolution is driven by the continuous release of
stored elastic energy at local material point, i.e. ψE ¼ 1

2φ
2S � E (E: elastic

Green-Lagrange strain), from an undamaged state to a fully damaged
state. As a resistance to the creation of crack surface, the associated
evolution curve of the minimum damage field variable φmin with global strain ε, three
damage incubation strain εInc. The characteristic values εD and εInc are here exemplarily
nalysis.



Fig. 4. Average von Mises stress versus Global von Mises strain for the TiB2 particle, α-Fe
matrix and Fe – TiB2 composite.

Fig. 3. Patterns of progressive particle damage (black area) coupled with von Mises true strain εvM distributions at successive global strains of: (a) 0.2461; (b) 0.2467; (c) 0.2473;
(d) 0.2494. In (a), the von Mises true stress σvM distributions of the area including the earliest damage event are drawn at the loading step just before and after particle crack. The
maximum stress point inside the particle before crack and the minimum stress point inside the particle after crack are indicated. The heterogeneity degree of the modelled
microstructure is COVd ≈ 0.55 and the particle size is Dp = 0.04 L, where L is the side length of the RVE geometry. The details of particle damage are highlighted in magnified images
and indicated by black arrows. The white blocky regions indicate positions where the hard particles are located.
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damage surface energy takes the form of a Landau-type phase field ap-
proximation:

ψsurf ¼
G0

l0
1−φð Þ þ G0l0 ∇φj j2 ð1Þ

with effective interface thickness, l0, and critical energy density, G0/l0, of
the interfacial region, and G0 is associated with the fracture energy.

φ is modelled as a non-conservative structure phase field similar as
in Allen-Cahn theory formulations. The evolution of φ results from the
relaxation of the total free energy according to the classical (time-de-
pendent) Ginzburg-Landau model [50]:

_φ ¼ −M 2φS � E−G0

l0
−∇G0l0∇φ

� �
ð2Þ

with mobility M. Details about the phase field damage model and its
coupling with crystal plasticity are described in detail in Refs. [42, 44].

2.3. Numerical solution

In our study, the simulations were conducted using a spectral
method [51–53] based on the fast Fourier transform coupled to DAM-
ASK. The use of a spectral method for solving the mechanical boundary
value problem, which was pioneered by Moulinec and Suquet [54,55],
was developed further by Lebensohn [56] and has since been developed
further in computational material mechanics [57,58]. There are mainly
two advantages associated with the spectral solution method in the
context of the present constitutive laws and targeted simulation goals.
One advantage is its straightforward use of periodic geometry of
regularly arranged points. Such a geometry feature is not only conve-
nient for generation of representative volume element (RVE) but can
also be implemented without having to treat explicit border effects.
The other advantage is its improved computational efficiency of



561D. Wang et al. / Materials and Design 160 (2018) 557–571
heterogeneousmaterials compared to finite elementmethod (FEM) be-
cause of its use of trigonometric polynomials as ansatz functions and
also its repetitive operation of a fast FOURIER transform (FFT) which
allows for a very time- and memory-efficient iterative solution algo-
rithm [59]. This efficiency of spectral method over FEM has been dem-
onstrated by previous studies [51,60,61]. For the application to
heterogeneousmaterials with large contrast of local properties, the con-
vergence was improved and accelerated greatly by several approaches
developed in recent years, such as accelerated scheme [62], augmented
Lagrangian scheme [63,64], polarization-based scheme [65] and effi-
cient alternatives to the fix-point method [66,67]. The recent improve-
ment of the computational efficiency of the spectral solver as coded in
DAMASK, in particular with regards to applications to heterogeneous
materials [52], make it particularly suited for MMC materials with
large local stiffness contrast among the adjacent phases. In our
study, we used the advanced constitutive laws which couple crystal
plasticity and phase field damage model to simulate co-deformation
Fig. 5. The initial damage strain εD and damage incubation strain εInc as function of the partic
concentrating particles towards each other (a, b), or by shrinking the cluster size (c, d). The av
height of the orange area. The reference height of the orange area, which is in the bottom of th
of heterogeneous composite materials. Incorporating the above-
mentioned advantages of spectral method, systematic study with
more than hundred individual simulations can be conducted efficiently
at low computational costs.

3. Simulation setup

3.1. Generation of the particle microstructure

To investigate the effects of different particle parameters on damage
behavior, several microstructure variations were generated. In this
study, two-dimensional periodic composite microstructures are built
with simplifications such as uniform particle size, circular particle
shape and single crystal ferritic matrix. For generating a random refer-
ence distribution, the particle centroid position (the red point indicated
in Fig. 1a)was placed in thematrix following the random sequential ad-
sorption (RSA) algorithm [29,30,68]. Particle i is placed if the distance
le clustering degree COVd. The increase of the clustering degree was achieved by either
erage interparticle spacing of the particle distribution is qualitatively represented by the
e figure, corresponds to D0 ¼ 2Dp.
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Fig. 7. Percolation of particle damage observed in simulations and also in experiment. (a) The simulated particle damage pattern (black area) is shown together with the von Mises
equivalent strain εvM distribution at a macroscopic strain level of 23.02%. The heterogeneity degree of the modelled microstructure is COVd ≈ 0.87 and the particle size is Dp =
0.063 L. The detail of particle damage is highlighted in the magnified image and indicated by the black arrow. The white blocky regions indicate positions where the hard particles are
located. (b) Experimental image showing damage percolation of fractured coarse particles in a longitudinal section close to the fracture zone. The total elongation is about 7%. The
detail of particle damage is highlighted in the magnified image and indicated by the white arrow.
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between this particle and all the other particles previously placed j = 1,
…, i− 1 exceeds the sum of theminimum interparticle distance, s0, and
the particle diameter, Dp. If xi stands for the centroid position of particle
i, this condition is expressed as d0 ¼ jjxi−x j þ hjj≥s0 þ Dp; h ¼ ðh;kÞ,
where the parameters h and k can assume values of 0, L, −L, where L
is the side length of themodelled RVE (representative volume element)
geometry. The term Dp added on the right side is used for the boundary
condition that particles cannot overlap. The vector h, added on the left
side, is used for implementing periodic boundary conditions of the
RVE. That is, the particles being placed near to the RVE edge should
also meet the minimum distance requirement from the particles adja-
cent to the opposite RVE edge. For generating an RVE with a clustered
distribution of the hard inclusions (Fig. 1b), several cluster centroids
Nc are placed at a minimum cluster distance s1 using the same RSA pro-
cess. About each cluster centroid, a specific number of particles Npc are
placed at distances derived in away so as tomatch a normal distribution
[69,70] with standard deviation s2. This inter-cluster arrangement pro-
tocol also considers a certain prescribed minimum particle distance s0
and the periodic boundary conditions imposed for the RVE simulations.
Following these topological rules, themodelled particlemicrostructures
can be well controlled in its key statistical features by adjusting these
geometrical factors.
3.2. Heterogeneity quantification of the particle distribution

We quantified the degree of heterogeneity of the generated particle
distributions in terms of the coefficient of variance of the mean near-
neighbour distance (COVd). Boselli and Yang et al. [70,71] found that
the COVd value, derived from a finite-body tessellation, was very sensi-
tive to heterogeneity variations but essentially independent of particle
morphology, size, orientation and volume fraction. In this study, we
used Voronoi/Dirichlet tessellations to identify particle neighbours
Fig. 6.The initial damage strain εD anddamage incubation strain εInc as function of the relative pa
under constant volume fraction: (a, b) by reducing the particle number Np at randomdistributio
(e, f) by reducing the number of particles about each cluster centroid Npc. The average interpart
the orange area. The heterogeneity degree COVd of the particle distribution is revealed by the len
area corresponds to D0 ¼ 2Dp and the reference length of the blue error bar represents COVd =
(Fig. 1c) and calculate the corresponding particle spacing based on the
tessellation method used. COVd is defined as:

COVd ¼ sd2

d
ð3Þ

where sd2 is the variance of the mean near-neighbour distances of all
particles and d is the average of the mean near-neighbour distances.
Typically, the higher the COVd, the more “clustered” the particles are.
For a random particle distribution, the COVd value is close to 0.36
[31,70].

3.3. Model parameters and simulation set-up

The TiB2 phase is modelled as an elastic material with stiffness coef-
ficients (as shown in Table 1) taken from first-principles pseudo-
potential calculations by Milman et al. [72]. From that the fracture

interface energy of the TiB2 particles was calculated as G0 ¼ KIC
2
.

E
≈ 6

8 J �m�2 , where KIC is the fracture toughness (around 6.2 MPa·m1/2

[15]) and E is the Young's modulus (about 565GPa at 23 °C [72–74])
of the TiB2 particles. The effective damage interface thickness l0 was
taken as 0.5 μm, corresponding to 2 Fourier points in the modelled
geometry.

The crystal plasticity constitutive model parameters used for the α-
Fe matrix was adopted from earlier works [75–77] (Table 2). The
modelled 2D square composite representative volume element is
discretized into an equidistance grid of 250 × 250 = 62,500 Fourier
points. All the simulations were conducted under uniaxial tensile load-
ing along the X direction. Uniaxial tension was applied at a rate of
0.01 s−1 with a time step of 0.01 s.
rticle sizeDp/L. The increase of particle size is associatedwith reducing theparticle number
n, (c, d) by reducing the number of cluster centroidNc at inhomogeneous distribution, and
icle spacingD0=Dp of the particlemicrostructure is qualitatively presented by the height of
gth of blue error bar. Located in the bottomof thefigure, the reference height of the orange
1.0.



Fig. 8. The initial damage strain εD and damage incubation strain εInc as function of the particle volume fractions. The increase of volume fraction was achieved by increasing particle size
Dp: (a, b) at random distribution and (c, d) at clustered distribution.
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3.4. Evaluation of initial particle damage

The process of initial particle damage is investigated to evaluate
the influence of the degree of clustering, the average particle size
and the volume fraction. An initial particle damage event is revealed
by the drop of the damage field variable φ to its minimum value of
zero. For evaluating this process, three characteristic metrics are ex-
tracted from the simulations as shown in Fig. 2. These are the insta-
bility strain, the initial damage strain and the damage incubation
strain. The instability strain, εI, is the global strain value where the
damage field variable starts to decrease below 1.0. This indicates
that the particle becomes mechanically unstable and particle frac-
ture is initiated. The initial damage strain εD is the global strain
Fig. 9. The initial damage strain εD and damage incubation strain εInc as function of the particle
three different ways: (a, b) by adding particles at random distribution, (c, d) by increasing the
cluster centroid Npc.
value when the damage field variable reaches zero, i.e. it marks the
point of the earliest complete particle fracture event. This means
there is one particle that becomes completely fractured and the asso-
ciated flow stress σ of the composite starts to decrease due to the
stress release of the damaged particle. The damage incubation strain
εInc = εD − εI is the strain measure which represents the difference
between the instability and damage strain, and it quantifies the
toughness of the particle. Fig. 3 shows the characteristic values εD
and εInc and how they develop as a function of certainmicrostructure
parameters which will be identified in the ensuing analysis. Such
mechanisms are then used as a basis to identify the governing
micromechanical structure-property relations to provide improved
design guidelines for HMS with good ductility.
volume fractions. The increase of volume fraction was achieved by adding particles under
number of cluster centroids Nc, and (e, f) by increasing the number of particles about each
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4. Results

4.1. Example of particle damage patterns

The crystal plasticity simulations coupled with the phase field dam-
age model are capable of predicting the particle damage process in the
composite microstructure. This is revealed by an example of the simu-
lated particle damage patterns (as shown in Fig. 3). The earliest particle
fracture occurs at a macroscopic strain level of 0.2461 translating to
strain localization levels up to around 1.0. The damage area inside the
particles, where the local damage variable φ drops to zero, is shown in
black color. To reveal the details of the individual particle damage
events, the areas around the fractured particles are highlighted in the
local enlarged images and the positions of the particle damage are indi-
cated by the black arrows. For providing a micromechanical analysis of
the earliest particle fracture event, the corresponding von Mises true
stress σvM distributions are shown in the same enlarged area at the
loading step both, just before and also after particle crack (Fig. 3a).
The step before particle cracking is the stage before the local damage
variable φ starts to decrease below a value of 1.0. At this step, a maxi-
mum stress peak of about 6.63 GPa is found inside the particle which
will induce this earliest damage event. After cracking, the stress inside
the particle decreases, especially for the damaged area where the
point of minimum stress is found. This initial fracture event creates
modulations of the local stress field, inducing adjacent load peaks and
thus subsequent fracturing of neighboring particles as highlighted in
Fig. 3b. With further loading, particle damage also percolates to other
areas as indicated in Fig. 3c and d. At a macroscopic strain level of
0.2494 (Fig. 3d), about 55% of all particles are fractured. This process
corresponds to the particle damage process observed in the damage
evaluation experiment of the Fe – TiB2 HMS [17]. To reveal the load
transfer from matrix to particle, the average von Mises stress versus
the global von Mises strain curves for the TiB2 particle, α-Fe matrix
and Fe–TiB2 composite of this simulation example are plotted, respec-
tively (Fig. 4). The results show that the average stress of the TiB2

phase is one order of magnitude above that of the matrix. The TiB2 par-
ticles are set to be only elastically deformed in the simulation. Once the
α-Fe plastically deforms, the non-linearity in the evolution of the aver-
age stress for the TiB2 is observed due to changes in local load transfer
between the TiB2 particles and the α-Fe matrix. The decrease in stress
for the TiB2 phase is due to the progressing particle damage process
which translates at a macroscopic level at a gradual decay in its overall
load bearing capacity.

4.2. Increasing the degree of particle clustering

To study the clustering degree effect, we considered only the change
in the particle spatial distribution keeping the particle size and particle
number constant. The relative particle diameter is Dp = 0.04 L. The
total particle number is 50 with 5 clusters each containing 10 particles.
In this study, the heterogeneity degree COVd is used to quantify the clus-
tering degree of particle distribution. The values of the particle size and
particle numbers were varied so as to cover a large range of the COVd

from about 0.26 to 0.94. The minimum cluster distance s1 was set to
6Dp. The increase of the clustering degreewas achieved by either reduc-
ing the interparticle spacing (the particle minimum distance s0 de-
creased from 1.6Dp to 0.1Dp), or by shrinking the cluster size (the
inter-cluster spread s2 decreased from 5Dp to 0.7Dp). As shown in
Fig. 5, the average interparticle spacing of the particle distribution is
qualitatively presented by the height of the orange area. It shows that
the interparticle spacing decreases significantly from about 1.8Dp to
nearly 0.2Dp with the increase of the clustering degree. For this micro-
structural change, the simulations yield early and rapid particle fracture
for the case of a high clustering degree. Fig. 5 quantifies this result in
terms of the variation of the initial damage strain εD and damage incu-
bation strain εInc as function of the clustering degree COVd. For cases
of homogeneous and random particle distribution with COVd values
below 0.4, the initial damage strain εD stabilize in a range of about
0.27 and the damage incubation strain εInc is about 0.048. Correspond-
ingly for a clustering degree COVd above 0.7 (interparticle spacing
below 0.5Dp), the trends of εD and εInc (dashed lines) both decrease as
the clustering degree increases. The trend of εD decreases to around
0.15 (at COVd ≈ 0.87 in Fig. 5c), i.e. about 50% lower strain values
than that of homogeneous distributions. Meanwhile the trend of εInc
drops to nearly 0.016 (at COVd≈ 0.87 in Fig. 5d), about 67% lower strain
values.

4.3. Increasing the particle size

For a given volume fraction, a change in the particle size is tied to a
corresponding inverse change in the particle number. In real MMC mi-
crostructures, the particle size change is always correlated with spatial
distribution change due to the specific processing conditions. For in-
stance, in HMS, the large primary particles having size N 10 μm tend to
cluster together [78] and the small eutectic particles with approxi-
mately 1 μm width are more likely to disperse homogeneously [14].
Therefore, to simulate this change, a wide range of distributions were
considered for the study of a particle size effect. As shown in Fig. 6,
the heterogeneity degree COVd and the average interparticle spacing
of the particle distribution are qualitatively presented by the length of
blue error bar and the height of the orange area respectively. The parti-
cle size is described here as a ratio Dp/L (abscissa values in Fig. 6) where
Dp is the particle diameter. In this study, the particle size Dp increases
from about 0.03 L to 0.09 L with the decrease of particle number from
100 to 10 under constant volume fraction. For the generation of the
modelled particle microstructure, we considered three different routes
to increase particle size: (i) reducing the particle number Np (from
100 to 10) in random distribution; (ii) reducing the number of cluster
centroids Nc (from 9 to 1, each cluster contains 10 particles) in the inho-
mogeneous distribution; and (iii) reducing the number of particles
about each cluster centroidNpc (from20 to 2, the number of cluster cen-
troid Nc fixed at 5). In this way, almost each particle size can have three
different distributions to compare.

Similar values and trends of damage behavior with particle size
change were obtained from these three groups except for some differ-
ences caused by high clustering degree. Fig. 6 quantifies the results in
terms of the variation of εD and εInc as function of the particle size Dp/
L. As shown in Fig. 6a, c and e, the trend of εD (dashed lines) increases
initially with fluctuation (about 0.1 strain values) to the peak value of
about 0.27 at the particle diameter Dp range of 0.03–0.06 L. The peak
value of εD corresponds to a particle diameter of 0.037 L. After the
peak value, εD decreases continuously to a value of about 0.2 with the
increase of particle diameter from 0.06 L to 0.09 L. As shown in Fig. 6b,
d and f, εInc decreases monotonically from about 0.07 to 0.02 with the
increase of particle diameter Dp from about 0.03 L to 0.09 L.

In this study, for particle diameters Dp above 0.06 L, we found in
highly clustered distributions (i.e. COVd above 0.7), that the particles
tend to fracture along a specific continuous pathway in the direction
perpendicular to the tensile direction, resulting in particle damage per-
colation. This is exemplarily shown for a modelled microstructure in
Fig. 7a. The detail of particle damage is highlighted in the magnified
image and indicated by the black arrow. This is consistent with an ex-
perimental observation made on a ruptured tensile sample: The mate-
rial probed here is a high modulus steel with 20 vol% TiB2, prepared in
a vacuum induction furnace under argon, cast into a 40 mm thick
water-cooled mould followed by hot rolling. Tensile tests were con-
ducted along the rolling direction at a constant crosshead speed of 5
um s−1, corresponding to an initial strain rate of 10−3 s−1. The image
of the area close to fracture surface was taken by a field emission scan-
ning electron microscope (SEM; JEOL-6500F, operated at 15 kV). As
shown in the SEM image (Fig. 7b), in a longitudinal section close to
the fracture zone, the damage percolation among the closely packed
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coarse particles is observed. The fracture of the coarse particles is
highlighted in the enlarged image and indicated by the white arrow.
This correspondence not only validates our simulation results, but also
demonstrates that clustered distributions with large particles tend to
result in damage percolation during loading, an effect which greatly
promotes failure of such MMCs.

4.4. Increasing the particle volume fraction

To study the effect of particle volume fraction, we considered
changes resulting from a variation of both the size and number of parti-
cles. For TiB2 above 12 vol% (~6.3 mol%), the Fe-TiB2 alloy is above the
eutectic TiB2 concentration (pseudo-binary eutectic reaction [79]), and
as a consequence, the average particle size increases significantly as
large particles are formed during primary solidification. In this study,
such changes correspond to the first route (Fig. 8) to increase the parti-
cle volume fraction from 2.26 vol% to 42.47 vol% by increasing particle
size Dp (from 0.024 L to 0.104 L) in form of both, random and clustered
distributions. For TiB2 below 12 vol%, the matrix contains fine eutectic
TiB2 particles of similar size [80]. Thus, this process corresponds to the
second route (Fig. 9) of increasing the particle volume fraction from
1.26 vol% to 12.57 vol% by increasing particle number. In this approach,
the particles of constant diameter (Dp = 0.04 L) are added into the RVE
in different ways, namely, by either (i) increasing the particle number
from 10 to 100 at random distribution; or by (ii) increasing the number
Fig. 10. For the compositemicrostructureswith different TiB2 volume fractions, the average von
for (a) the TiB2 particles, (b) α-Fe matrix and (c) Fe – TiB2 composite. The particle distribution
of cluster centroids Nc from 1 to 10 with each cluster containing 10 par-
ticles; or by (iii) increasing the number of particles about each cluster
centroid Npc from 2 to 20 with the number of cluster centroid Nc fixed
at 5. By these topological rules, diverse particle distributionswere intro-
duced into the RVE.

Figs. 8 and 9 show the simulation results in terms of the variation of
the initial damage strain εD and damage incubation strain εInc as func-
tion of the particle volume fraction. The curve for εD (dashed lines) in-
creases from about 0.02 to the peak values (between 0.3 and 0.6 strain
values in different cases) as the volume fraction increases from 1.26%
(Fig. 9a, c, e) or 2.26% (Fig. 8a and c) to the range of 7–15%. After the
peak values, the εD decreases below 0.2 as the volume fraction increases
above 30% (Fig. 8a and c). A similar trend is also observed for the varia-
tion of εInc. Figs. 8 and 9 also show that the peak values of εD and εInc for
the homogeneous distributions (COVd below 0.4) are about 30% above
those for the inhomogeneous distributions (COVd above 0.4), indicating
significantly higher performance of suchmicrostructures regarding par-
ticle damage for the more homogeneous distributions.

The volume fraction effect on the load transfer frommatrix to parti-
cle is illustrated in the average vonMises stress versus global vonMises
strain curves of the TiB2 particle, α-Fe matrix and Fe–TiB2 composite
(Fig. 10). Fig. 10(a) shows that the TiB2 particles are subjected to a de-
creasing level of the average stress from 5GPa to 1GPa with increasing
volume fraction from 2.26% to 42.47%, especially during the elastic de-
formation of the composite. This is because a large fraction of the load
Mises stress versusGlobal vonMises strain curves are plotted before initial particle damage
s of the composite microstructures are homogeneous with COVd b 0.4.
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is carried by the overall higher reinforcement volume [38]. However, as
the volume fraction increases further, the particles will carry more de-
formation as the matrix volume decreases. For 2.26% and 3.77%, the av-
erage stress level of the TiB2 reaches peak values above 5GPa at a very
early loading stage (viz, already at a global strain below 3%). This will
promote the early onset of particle fracture. For 42.47 vol%, the average
stress of the TiB2 is a little higher than that for the 30.41 vol% specimen
(magnified image in Fig. 10a). For the stress-strain curves of the matrix
(Fig. 10b), not much difference is observed between the cases probed
with different volume fractions. For the stress-strain curves of the com-
posite (Fig. 10c), the strength increases significantly for high-volume
fractions above 20 vol%.

5. Discussion

One of the main challenges for enabling Fe–TiB2 HMS as lightweight
materials lies in improving their ductility and toughness by minimizing
particle-induced damage. This can be achieved by tailoring the particle
microstructure, such as spatial distributions, size and volume fraction, ac-
cording to their individual effects on the overall particle-induced damage
behavior. In this study, our results allow to systematically evaluate the ef-
fects of different particle parameters in view of their suitability for
Fig. 11. Ashby-type diagrams for the characteristic parameters for evaluating the individual pa
Here focus is placed on the initial damage strain εD vs. damage incubation strain εInc for diff
(c) particle volume fraction vol%. The design directions for obtaining high performance on
modelled RVE geometry.
composite design of high performance on particle damage behavior.
This is revealed in Fig. 11, where values characteristic for evaluating par-
ticle damage, i.e. the initial damage strain εD and the damage incubation
strain εInc, are summarized. The ideal particle damage behavior is repre-
sented by simultaneously high values of εD and εInc. Consequently, areas
of εD vs εInc for diverse groups of particle parameters are indicated in
this modified Ashby map as the basis for discussing the effects observed.

5.1. Effect of particle clustering degree

We used the heterogeneity degree COVd to quantify the clustering
degree of the studied particle distributions. Even random distributions
contain already several closely packed regions. In clustered distribu-
tions, this situation becomes more severe as the average interparticle
spacing is significantly decreased (Fig. 5). Our current study covers a
broad range of statistically relevant configurationswith a total of 22mi-
crostructures, varying the clustering degree COVd from about 0.26 to
0.94. This allows us to determine critical values for particle clustering.
Another important progress of this study lies in the use of advanced
constitutive lawswhich couple crystal plasticity and phase field damage
model to simulate co-deformation of heterogeneous composite mate-
rials. As illustrated in Fig. 11a, the particle distributions with COVd
rticle damage phenomena and their role for the design of high stiffness composite steels.
erent effects of particle parameters: (a) heterogeneity degree COVd, (b) particle size Dp,
particle damage behavior are indicated by the black arrows. L: the side length of the
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below 0.4 show optimal performance with high values of initial damage
strain εD and damage incubation strain εInc. However, the distributions
with COVd above 0.7 exhibit much lower values of εD and εInc, which in-
dicates a significantly increasing preference for particle fracture in highly
clustered microstructures. This corresponds well to the experimental ob-
servation in the study by Zhang el al [78]. They showed that particle frac-
ture events were concentrated in regions of a high degree clustering,
especially in the area close to thematerial fracture surface. Similar obser-
vations were made in highly clustered areas by Szczepaniak el al [81]. In
other systems, such as Al-SiC composites, studies on the effect of particle
spatial distribution also revealed that the particle fracture probability sig-
nificantly increased in very inhomogeneous microstructure both in ex-
periments [82–85] and simulations [29–31].

5.2. Effect of particle size

From the analysis of simulation results (Figs. 6 and 11b), we found
that particle damage is sensitive to the particle size. Our study revealed
that particles fractured early and rapidly with large particle size (above
0.06 L). This corresponds well to the experimental observations by
Hadjem-Hamouche et al. [17,86] and Li et al. [21] which showed that
the large primary TiB2 particles were fractured more frequently than
the small eutectic particles. In their studies, the main damage initiation
mechanism was dominated by the fracture of the coarse primary parti-
cles. This is due to that a larger load transfer from the matrix to the par-
ticle for large particles [16,37,38]. Similar observations were also found
in Al-SiC composites [16,37,87]. From the damage pattern comparison
between simulation and experiment in our study (Fig. 7), the good cor-
respondence of shape andorientation of particle cracks can not only val-
idate our simulation results, but also demonstrate that the clustered
large particles tend to result in damage percolation during loading
which could induce failure of MMCs. As illustrated in Fig. 11b, the inter-
mediate particle size (0.03–0.06 L) in our study exhibited relatively
good and stable damage performance. The optimal performance is ob-
served at a specific particle diameter Dp of 0.037 L.With further decreas-
ing particle size (below 0.03 L), large fluctuation was observed which
splits into two sub-areas with different damage performance. This indi-
cates that the small particles aremore sensitive to the partitioning of the
internal stress and strain field across thematrix. Therefore, correspond-
ing alloy design efforts should be directed towards the intermediate
particle size for obtaining stable performance on particle damage be-
havior and for avoiding producing any large particles.

5.3. Effect of particle volume fraction

Compared to the effects of particle clustering degree and particle
size, the simulation results (Figs. 8 and 9) show that the particle volume
fraction has themost significant impact on particle damage. As summa-
rized in Fig. 11c, it reveals that the optimal performance on particle
damage is in the range of 7–15 vol%with a homogeneous particle distri-
bution (COVd below 0.4). The volume fractions of Fe-TiB2 MMCs fabri-
cated by liquid metallurgy synthesis in previous studies were typically
in the range of 10–20 vol% [14,17,78,80,86]. It was reported [80] from
the experimental tensile testing that the Fe-TiB2 composites with
10 vol% TiB2 exhibits higher ductility with 48% tensile elongation (TE)
than the compositeswith 20 vol% TiB2which shows only 15% TE. Our re-
sults correspond well to this trend as shown in Figs. 8 and 10c. For
higher particle volume fractions, our study showed the composite ex-
hibits very poor damage performance. In experiment, Tanaka et al. [6]
reported that they fabricated Fe-TiB2 composites – but via powdermet-
allurgy synthesis – by incorporating about 30 vol% TiB2 in an Fe-Cr alloy,
however such composites are often brittle and exhibit relatively poor
fracture properties [88]. For low volume fraction (b5 vol%), little atten-
tion was paid by research and engineering because such small rein-
forcement volume cannot achieve significant improvement of physical
and mechanical properties.
5.4. Effect of particle interface

The interface between TiB2 particle and Fematrix plays a key role to
achieve significant composite effect on strengthening and good enough
ductility during deformation. This is because the interface is responsible
for carrying the load between the matrix and the particles [16]. Accord-
ing to previous experimental investigations, good interfacial coherency
and high interfacial strength were found [18–20,89] for Fe-TiB2 MMCs
fabricated by eutectic solidification. In addition, the recent studies
[17,21,26,86,90] on the deformation behavior and damage evolution
of Fe-TiB2 MMCs showed that particle fracture is the dominating dam-
agemechanisms and themain reason for damage failure of the compos-
ite at room temperature, whereas particle interface debonding is rarely
and much less frequently observed. Therefore, the effect of interface
decohesion on the damage behavior of Fe-TiB2 MMCs is negligible. Be-
cause of this reason,we regard good interfacial bonding of Fe-TiB2 inter-
face as assumption and did not introduce the mechanism of interfacial
decohesion in the study. As a result, the particle fracture is the major
damage mechanism in our study which corresponds well to the exper-
imental observations in Fe-TiB2 composites (as shown in Fig. 7).

In our study, the direct strengthening resulted from the load transfer
frommatrix to particle is obvious. As shown in Fig. 4, the average stress
of the TiB2 particles is about one order of magnitude higher than that of
the matrix. For the volume fraction effect, as illustrated in Fig. 10c, the
strengthening increases with volume fractions. This is mainly due to
more load transfer frommatrix to particles as particle volume increases.
Meanwhile, the average stress of the matrix did not change much
(Fig. 10b). Such strengthening effect corresponds well to the previous
studies [38,91]. However, although the strength of the composites can
be improved greatly by increasing particle volume fraction, the ductility
could be reduced significantly by the early onset of particle fracture
(Figs. 8 and 10c) as the poor damage performance for high volume frac-
tions (N30 vol%).

6. Summary and conclusions

The aim of this study is to provide topological guidelines for damage
tolerant particle configurations for Fe–TiB2 composites with the specific
aim to optimize the composites' ductility and toughness by minimizing
particle-induced damage. We systematically investigated the effects of
different particle parameters, such as spatial distributions, size and vol-
ume fraction, on particle damage initiation and evolution under uniaxial
tensile loading, using advanced constitutive approaches, namely, a
coupled crystal plasticity – phase field damage model. The following
conclusions are drawn:

(1) By using the spectral method, the computational efficiency of
heterogeneous material can be greatly improved. The recent im-
provement of the computational efficiency of the spectral solver
as coded in DAMASK make it particularly suited for MMC mate-
rials with large local stiffness contrast among the adjacent
phases. Incorporating the advanced constitutive lawswhich cou-
ple crystal plasticity and phase filed method to simulate co-
deformation of heterogeneous composite materials, this simula-
tion method in our study can open pathways to the ICME ap-
proach with high-throughput simulations, which can further
significantly speed up the material design process of the novel
heterogeneous material with superior properties.

(2) For the effect of particle clustering, our study revealed a signifi-
cantly increasing preference for early and rapid particle fracture
in highly clustered microstructures, especially for COVd values
above 0.7. In homogeneous distributions (COVd below 0.4), the
simulation results showed a significantly high performance on
particle damage.

(3) For the effect of particle size, our study revealed that particles
fractured early and rapidly with large particle size (above
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0.06 L). Composites with intermediate particle size (0.03–0.06 L)
showed relatively good and stable damage performance. The op-
timal performance was observed at a specific particle diameter
Dp of 0.037 L. Composites with small particle size (below
0.03 L) exhibited large fluctuation of damage behavior.

(4) For the effect of particle volume fraction, our study revealed that
the particle volume fraction has the most significant impact on
particle damage, comparing to the particle clustering and particle
size. Our study showed the optimal damage performance is in
the range of 7–15 vol% with a homogeneous particle distribution
(COVd below 0.4). Very poor damage performance was found for
high volume fractions (N30 vol%) and very low volume fractions
(b5 vol%). The particle volume fraction also has strong influence
on composite strengthening. Due to the load transfer frommatrix
to particles, our study showed significant strengthening occurs
for volume fraction higher than 30 vol%. However, the ductility
could be reduced greatly due to very poor damage performance
in such high volume fraction composites.

(5) From the analysis of simulation results, the above guidelines cor-
respond well to the observations from previous experimental
studies. Therefore, more pathways could be opened and further
novel design of Fe-TiB2 composites can be conducted based on
the findings in this study. In summary, we recommend that Fe–
TiB2 HMS microstructures for optimum ductility and toughness
should contain preferably homogeneous particle distributions
(COVd below 0.4) with 7–15 vol% and avoid large primary TiB2
particles.
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