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By incorporating the dislocation punched zone model, the Taylor-based nonlocal theory of plasticity, and
the cohesive zone model into the axisymmetric unit cell model, an enhanced FEM model is proposed in
this paper to investigate the particle size dependent flow strengthening and interface damage in the par-
ticle reinforced metal matrix composites. The dislocation punched zone around a particle in the compos-
ite matrix is defined to consider the effect of geometrically necessary dislocations developed through a
mismatch in the coefficients of the thermal expansion. The Taylor-based nonlocal theory of plasticity
is applied to account for the effect of plastic strain gradient which produces geometrically necessary dis-
locations due to the geometrical mismatch between the matrix and the particle. The cohesive zone model
is used to consider the effect of interfacial debonding. Lloyd’s experimental data are used to verify this
enhanced FEM model. In order to demonstrate flow strengthening mechanisms of the present model,
we present the computational results of other different models and evaluate the strengthening effects
of those models by comparison. Finally, the limitations of present model are pointed out for further
development.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Particle reinforced metal matrix composites (MMCP) are of
interest for a variety of industrial applications due to their higher
stiffness and strength than the matrix alloys. Deep understanding
of the strengthening behavior of the MMCP is a critical issue in
development of those materials [1,2]. Experimental observations
[1] indicated that the fine particles yielded the increasing strength-
ening and hardening effects. The continuum models [3,4] based on
the classical plasticity theories could explain the load transfer
effect from the composite matrix to the reinforcing particle and
successfully predict the plastic work hardening behavior of the
MMCP depending on the particle volume fraction and other nondi-
mensional parameters (e.g. particle aspect ratio), but they all failed
to explain the particle size dependent strengthening since their
constitutive laws possessed no intrinsic material lengths.

In order to explain the particle size effects on the flow strength-
ening of the MMCP, a lot of dislocation models have been proposed
in the past few decades [5–15]. A number of dislocation punching
models [5–10] have been proposed to interpret and predict the
observed particle size dependent strengthening of the MMCP after
quenching. Arsenault and Shi [6] proposed a prismatic dislocation
punching model to calculate the strengthening which considered
ll rights reserved.
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the enhanced density of geometrically necessary dislocations
(GNDs) resulting from the coefficient of thermal expansion (CTE)
mismatch due to quenching. Base on the work of Taya et al. [7],
Dunand and Mortensen [8], Shibata et al. [9], and Suh et al. [10]
presented an enhanced continuum model for the size dependent
strengthening and failure of the MMCP by defining a CTE mismatch
induced GNDs punched zone around the particle and using the
cohesive surface model. Except for the dislocation punching mod-
els, many researchers introduced particle size effects into the var-
ious continuum models by incorporating dislocation plasticity to
alter the flow stress in the composite matrix, which achieved good
results [11–15]. Nan and Clarke [12] extended the effective med-
ium approach (EMA) by introducing some of the key features of
dislocation plasticity into the stress–strain relation of composite
matrix. Dai et al. [13] developed a hybrid micromechanical
approach by combining the GNDs model with the incremental
micromechanical scheme. Tohgo et al. [15] extended the incremen-
tal damage model of the MMCP by introducing the particle size
effects using Nan–Clarke’s simple method.

Based on the notion of GNDs induced by the geometrical mis-
match between the matrix and the particle, strain gradient plastic-
ity theories [16–22] have been developed in order to characterize
the particle size dependent strengthening of the MMCP. Gao et al.
[16] proposed a mechanism-based theory of strain gradient plas-
ticity (MSG) to account for the plastic strain gradient in the MMCP.
Gao and Huang [17] developed a Taylor-based nonlocal theory
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Fig. 1. (a) Schematic illustration of distribution of dislocation punched zones
around individual particles [7,10]. (b) CTE mismatch induced arrays of prismatic
dislocation loops adhered uniformly to the matrix–particle interface before
punching. (c) Punched zone corresponding to equilibrium of punched dislocations
after punching.
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(TNT) of plasticity which was more direct and simple than other
gradient plasticity theories. Huang et al. [20] established a conven-
tional theory of mechanism-based strain gradient plasticity
(CMSG) to account for particle size effects, and Qu et al. [21]
extended the CMSG by including the effects of quenching harden-
ing and accounted for the particle/matrix interfacial debonding via
the cohesive zone model.

Based on the summary of previous works, in this paper we con-
sider the following mechanisms responsible for the particle size
dependent flow strengthening and interface damage of the MMCP

and construct an enhanced FEM model:

(1) CTE mismatch induced GNDs are not counted as part of the
background dislocation density distributed over the entire
composite matrix volume but as a dislocation punched zone
around the particle;

(2) Taylor-based nonlocal theory of plasticity is used to account
for the plastic strain gradient which produces GNDs due to
the geometrical mismatch between the matrix and the par-
ticle when the MMCP is plastically deformed;

(3) An axisymmetric unit cell model containing three zones
with an imperfect particle/matrix interface (through cohe-
sive zone model) is employed to represent the representa-
tive cell of the MMCP with a regular array of spherical
particle.

2. Dislocation strengthening behavior in the MMCP

It has been proposed by Ashby [5] that there are two possible
sources of the GNDs. The first is the CTE mismatch between parti-
cle and matrix induced GNDs when the composite is cooled down
from the processing temperature. The second is the geometrical
mismatch, i.e. it is a result of the deformation-induced plastic
strain gradient that arises when the composite is plastically de-
formed. Here, we consider that the strengthening effects include
both the CTE mismatch induced GNDs and the geometrical mis-
match induced GNDs as follows.

2.1. Enhancement due to CTE mismatch induced GNDs

In order to illustrate the strengthening effect of CTE mismatch
induced GNDs, Taya et al. [7] proposed a dislocation punching
mechanism which was schematically illustrated in Fig. 1a–c.
According to their theory, the temperature change induced CTE
mismatch strain can be represented by arrays of prismatic disloca-
tion loops adhered uniformly to the matrix–particle interface be-
fore punching (Fig. 1b). When the thermal stress exceeds the
yield strength of the composite matrix, these dislocation loops near
the interface are punched out into the composite matrix with a
punching distance R to relax the thermal stress and form a disloca-
tion punched zone in the composite matrix, as illustrated in Fig. 1c.
2.1.1. Size of the dislocation punched zone
In order to determine the size of the dislocation punched zone,

Shibata et al. [9] calculated the punching distance of the CTE mis-
match induced GNDs using a combined plastic energy dissipation
and Eshelby theory, accounting for the effect of particle volume
fraction. Adopting the approach in Ref. [9], the punching distance
R, which stands for the size of the dislocation punched zone from
the center of the spherical shape particle, is:

R ¼ r
Bð1� 2Pf Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2ð1� 2Pf Þ2 þ 16ðsym=GmÞPB

q
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where f is the particle volume fraction and r is the particle radius.
The coefficients B and P are determined from the elastic coefficients
and the thermal mismatch as:

B ¼ ð1þ mmÞjDCTE � DTj
ð1� mmÞ

ð2Þ

P ¼ 2ð1� mmÞð3�kþ 2�GÞ
ð1� mmÞfð1� f Þð3�kþ 2�GÞð1þmm

1�mm
Þ þ 3½f ð3kp þ 2GpÞ þ ð1� f Þð3km þ 2GmÞ�g

ð3Þ

Here subscripts ‘‘m” and ‘‘p” stand for the matrix and particle,
respectively. In Eqs. (1)–(3), DCTE is the difference in the CTE be-
tween the matrix and the particle, DT is the temperature change,
sym is the shear yield strength of the matrix, which can be identi-
fied as the frictional stress for the glide motion of dislocations, and
is assumed to be constant without considering the work hardening
effect [9], G is the shear modulus, m is the Poisson’s ratio, and
�k ¼ kp � km and �G ¼ Gp � Gm are the mismatches of the Lame
constants.

It should be noted that there is an upper bound on the punching
distance R to be determined geometrically by the condition of
R 6 L (where 2L is the interparticle distance). When the CTE mis-
match strain is sufficiently large leading to R > L, the dislocation
punched zone boundary of a particle touches that of the neighbor-
ing particle and the GNDs from a particle annihilate those gener-
ated by its neighboring particle. This may be realized in special
cases, e.g., a high volume fraction of particle (>20%) or a local-
cluster distribution.

2.1.2. Flow strengthening due to dislocation punching
The enhanced density of the CTE mismatch induced GNDs

(qCTE
GNDs) is estimated as the total length of punched prismatic dislo-

cation loops that are needed to relieve the thermal mismatch strain
in simple configurations divided by the punched zone volume size
a, bounded by an outer radius R (the punching distance calculated
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in the previous section) and inner radius r (the particle radius). If
we assume that these dislocations are generated homogeneously
throughout the punched zone, which has been shown not to be
strictly true, and the thermal stress is relieved by the generation
of dislocations, the qCTE

GNDs in the composite matrix due to punching
can be written as follows in line with Ref. [8].

qCTE
GNDs ¼

6
ffiffiffi
2
p

DCTE � DT � r2

b � ðR3 � r3Þ
¼ 12

ffiffiffi
2
p

DCTE � DT
b � dp

Fp

1� Fp
ð4Þ

where Fp = (r/R)3 and b is the magnitude of the Burgers vector.
The strengthening of the composite matrix in the punched zone

from the CTE mismatch induced GNDs can therefore be estimated
according to the Taylor relation [23]:

DrCTE
GNDs ¼ aGmb

ffiffiffiffiffiffiffiffiffiffiffiffi
qCTE

GNDs

q
ð5Þ

where a = 1.25 is the Taylor’s coefficient for aluminum [24].

2.2. Enhancement due to geometrical mismatch induced GNDs

When the MMCP is plastically deformed, the geometrical mis-
match induced GNDs will be generated in the composite matrix
as a result of deformation-induced plastic strain gradient, as shown
in Fig. 2. Many mechanism-based strain gradient plasticity theories
from the Taylor dislocation model have been applied to investigate
the particle size dependent flow strengthening in the MMCP due to
the enhanced density of geometrical mismatch induced GNDs
(qGM

GNDs) and give tensile flow stress rflow in terms of qGM
GNDs as follows

[16–18,20]:

rflow ¼ MbGmb
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qSSDs þ qGM

GNDs

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½rref f ðepÞ�2 þM2�rb2G2

mbgp

q
ð6Þ

where qSSDs is the density of statistically stored dislocations (SSDs),
M is the Taylor factor, which is about 3.06, b is an empirical coeffi-
cient around 0.3, �r is the Nye-factor around 1.90 [21], ep is the plas-
tic strain, rreff(ep) is the uniaxial stress–strain law of the composite
matrix in the absence of strain gradient effects and qGM

GNDs is ex-
pressed in terms of the effective plastic strain gradient gp. In order
to construct a more direct and simple theory and to express the
qGM

GNDs in terms of plastic strain ep only, Gao and Huang [17] devel-
oped a Taylor-based nonlocal theory (TNT) of plasticity which trea-
ted the qGM

GNDs as a nonlocal variable expressed in terms of an integral
average of plastic strain, in which no higher-order strains need to be
introduced. A simple representative cell model consisting of a
spherical particle of radius r embedded in a matrix layer with the
particle volume fraction f in the composite is adopted to character-
Fig. 2. Plastic strain gradients induced GNDs due to the geometrical mismatch
between the particle and the metallic matrix.
ize the MMCP. According to Ref. [17], the flow stress of the compos-
ite matrix considering the geometrical mismatch induced GNDs is
given by

rflow ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½rref f ðepÞ�2 þ 27

ffiffiffi
5
2

r
b2G2

m
b
r

f 1=3ep

s
ð7Þ
3. Enhanced FEM model for MMCP
3.1. Particle/matrix interface model

In order to describe the effect of interfacial debonding on the flow
behavior of the MMCP, a cohesive zone model [25,26], which is de-
fined using a traction–separation law instead of considering the
presence of a real interphase material, is used. The traction–separa-
tion response presently used for the interface is schematically illus-
trated in Fig. 3, which shows the behavior of both tension and shear
on the same axes. The traction–separation response is specified in
terms of the critical interface strength, i.e., t0

n corresponding to a sep-
aration distance of d0

n when the separation is purely normal, and t0
s

corresponding to a separation distance of d0
s when the separation

is tangential, and the work of separation per unit area, i.e., cohesive
energy U, is equal to the area enclosed by the cohesive curve and the
horizontal axis, as shown in Fig. 3. Damage is assumed to initiate
when a quadratic interaction function involving the nominal stress
ratios, as defined in the expression below, reaches a value of one.
This criterion can be represented as

htni
t0

n

( )2

þ ts

t0
s

( )2

¼ 1 ð8Þ

where hi are the Macaulay brackets. Under a combination of normal
and shear separations across the interface, the effective separation
dm is defined as

dm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hdni2 þ d2

s

q
ð9Þ

The damage evolution which is characterized by a linear degra-
dation of the cohesive stiffness is described through a scalar dam-
age variable D ranging from 0 to 1 that represents a complete loss
of the traction at the critical separation distances of df

n and df
s in

normal and tangential cases. For linear softening (see Fig. 3) the
scalar damage variable D is defined as

D ¼ df
mðd

max
m � d0

mÞ
dmax

m ðdf
m � d0

mÞ
ð10Þ

where dmax
m refers to the maximum value of the effective displace-

ment attained during the loading history and df
m can be obtained
Fig. 3. Traction–separation behavior of the cohesive zone model for the case of
interfacial debonding, showing both tension and shear on the same axes.
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using the final separations in Eq. (9). And the stress components of
the traction–separation law tn and ts are affected by the damage
variable D and are characterized by a linear degradation of the cohe-
sive stiffness until a complete loss of the traction occurs at the crit-
ical separation distances of df

n and df
s according to

ti ¼
ð1� DÞ�ti if �ti P 0

�ti otherwise

�
ð11Þ

where �ti (i = n or s) are the stress components predicted by the elas-
tic traction–separation behavior for the current separations without
damage.

3.2. An axisymmetric unit cell model

We consider a regular array of spherical elastic particle embed-
ded in an elastic–plastic metallic matrix using an axisymmetric
unit cell model as the representative cell of the MMCP (Fig. 4).
The unit cell contains three zones: the particle marked by A, the
punched zone marked by B and the rest matrix marked by C. The
interface between the particle and the matrix is modeled both with
and without interfacial debonding. The punched zone size is pre-
dicted using Eqs. (1)–(3) and the particle volume fraction f is given
by

f ¼
4p
3 r3

pL2 � 2L
¼ 2r3

3L3 ð12Þ

Symmetry boundary conditions are imposed along the x and y
axes. An uniform displacement in the positive y direction is pre-
scribed along the top boundary, while the right boundary remains
traction-free and straight during deformation. The composite true
stress–strain curve of the unit cell is obtained from the reaction
force Fy on the cell top surface and the top surface displacement
uy by using the following equations:

�r ¼ 1

pðL0Þ2
Z L0

0
Fyjy¼Ldx ð13Þ

�e ¼ ln 1þ uy

L

� �
ð14Þ

where L is the initial height of the unit cell and L0 is the current unit
cell radius.

3.3. Material properties of the particle and matrix

In this paper, we use the experimental data from Lloyd [1] for
the uniaxial true stress–strain relation of a 15 vol.%SiCP/A356 com-
posite with two different particle sizes (7.5 and 16 lm) and a ther-
mal quenching DT of 474 K. The particle reinforcement is assumed
to be isotropic and elastic with Young’s modulus Ep = 427 GPa,
Poisson’s ratio mp = 0.17 and CTE of 4.3 � 10�6 K�1. The unrein-
Fig. 4. Schematic diagram of an axisymmetric unit cell model divided into three
different zones marked by A, B and C, respectively.
forced matrix is elastic–plastic with Young’s modulus Em = 76 GPa,
Poisson’s ratio mm = 0.33, CTE of 23.63 � 10�6 K�1 and the magni-
tude of the Burgers vector b of 0.28 nm. The uniaxial stress–strain
relation of the unreinforced matrix is

rflow ¼ rref f ðepÞ ¼ ry 1þ Eep

ry

� �N

ð15Þ

where ry = 208 MPa is the yield stress and N = 0.136 is the plastic
work hardening exponent based on the experimental data in the lit-
erature [1].

It is well known that the microstructure and mechanical prop-
erties of the composite matrix may be significantly different from
those of the unreinforced matrix. In order to model the mechanical
behavior of the composite matrix, the flow strengthening effects
which are induced by the enhanced dislocation density in the com-
posite matrix due to both CTE mismatch and geometrical mis-
match should be considered. As shown in Fig. 4, the composite
matrix is divided into two different zones marked by B and C,
respectively. For zone B with a limited size a, the dislocation den-
sity increasing due to both the CTE mismatch and the geometrical
mismatch is considered. Accepting the assumption that the CTE
mismatch induced GNDs are homogeneously distributed through-
out zone B, we replace rreff(ep) in Eq. (7) with rref f ðepÞ þ DrCTE

GNDs,
then the flow stress of the composite matrix in zone B is given by

rflow ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½rref f ðepÞ þ DrCTE

GNDs�
2 þ 27

ffiffiffi
5
2

r
b2G2

m
b
r

f 1=3ep

s
ð16Þ

For zone C, the dislocation density increasing due to the geo-
metrical mismatch is considered only and the flow stress of the
composite matrix in zone C is given by Eqs. (7) and (15).
4. Computational results and discussion

First, we discuss the size of the dislocation punched zone result-
ing from punching of the CTE mismatch induced GNDs in the present
study. Second, we use Lloyd’s experimental data to verify the
proposed enhanced FEM unit cell model. Third, we present the com-
putational results of other different models and evaluate the
strengthening effects of these models by comparison. Finally, we
discuss the limitations of the present enhanced FEM model.

4.1. The punched zone size of the present model

As seen in Eqs. (1)–(3), many factors affect the punching dis-
tance R. In this section, we mainly discuss the effects of the particle
radius r and the particle volume fraction f on the punched zone
size.

It is obvious that the punching distance R is an increasing func-
tion of the particle radius r for the same particle volume fraction f
according to Eq. (1). However the value of the punching distance R
normalized by the particle radius r is identical for the same particle
volume fraction. Thus the qCTE

GNDs in the composite matrix due to
punching decreases as the r increases according to Eq. (4). This pre-
dicting trend is in accordance with the experimental results in
Refs. [27,28] that the dislocation density decreases as the particle
size increases.

The punching distance R also depends on the particle volume
fraction f. In Fig. 5, the value of the punching distance R normalized
by the particle radius r is plotted against the particle volume frac-
tion f for the SiCP/A356 composite. By comparison, the value of
interparticle spacing L (the side length of the axisymmetric unit
cell model) normalized by the particle radius r is also plotted
against the particle volume fraction f. As the particle volume frac-
tion f increases, the punching distance R slightly decreases. As



Fig. 5. Variation of the punching distance R and interparticle spacing L normalized
by the particle radius r with the particle volume fraction f.
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shown in Fig. 5, there is an upper bound on the punching distance
R to be determined by the intersection point of these two curves.
When the volume fraction f is higher than 25%, the dislocation
punched zone of a particle will touch that of a neighboring particle
and Eqs. (1)–(4) may be inapplicable. In Lloyd’s experiment, the
volume fraction f is 15% and so Eqs. (1)–(4) are suitable here.
Fig. 7. Counters of equivalent plastic strain �e for the model containing 16 lm SiCP

with imperfect interface at different remote strains: (a) 0.02, (b) 0.03, (c) 0.04 and
(d) 0.05.
4.2. Verification of the present enhanced FEM model

In order to verify the present enhanced FEM model, Lloyd’s
experimental data for the uniaxial true stress–strain relation of
the 15 vol.%SiCP/A356 composite with two different particle sizes
(7.5 and 16 lm) under T6 condition is used. Fig. 6a shows the com-
putational results predicted by the present model, neglecting the
interfacial debonding. Both the elastic modulus Ec and the yield
stress ryc of the composite agree well with the experimental data.
However, the computational results for both particle sizes are con-
sistent with the experimental data only at small strain (less than
2%). As the strain increases, the computational results become
much larger than the experimental data because the damage oc-
curs in the composite but is not considered here. The cohesive zone
model for the particle/matrix interface discussed in Section 3.1 is
used to investigate the interfacial debonding of the MMCP. The
selection of interface parameters is difficult due to the lack of
experimental data on the SiCP/Al interface. In order to choose a
representative set of interface parameters to describe the interface
behavior, our computational results for the overall stress–strain
curve of the 15 vol.%SiCP/A356 composite containing 7.5 lm diam-
eter SiC particles are fitted to the experimental stress–strain curve.
The fitted parameters of t0

n ¼ 350 MPa, t0
s ¼ 301 MPa and cohesive

energy U = 56 J/m2 have a higher accuracy. These parameters are
Fig. 6. Comparison between the experimental data reported by Lloyd [1] for 15 vol.%SiCP/
the enhanced FEM model: (a) perfect interface and (b) imperfect interface.
certainly not unique, but we choose them as a representative set
to describe the interface behavior and use them as the interface
parameters of the composite containing 16 lm diameter particles.

Counters of equivalent plastic strain �e at different remote
strains of 0.02, 0.03, 0.04 and 0.05 are given in Fig. 7, showing
the processes of deformation and interfacial debonding for the
present enhanced FEM model containing a spherical particle with
a size of 16 lm under tensile loading. At a small strain (�e ¼ 0:02),
as shown in Fig. 7a, the maximum strain concentration occurs at
the location 45� from the tensile axis, and no debonding is found
along the interface. When the deformation is further developed
(Fig. 7b–d), the magnitudes of the strain concentration increase
and a small debonding is found along the upper half interface,
which propagates from the left to the right along the interface.
Due to the symmetry boundary condition used in the axisymmetric
unit cell model, no debonding occurs at the point on the symmetry
plane, i.e., the x-axis corner of the interface. However, in the real
composite, full debonding of the particle/matrix interface is cer-
tainly possible.
A356 with two different particle sizes and the predicted computational results using



Fig. 8. Comparison between the experimental data and the computational results of different models with imperfect interface corresponding to the classical plasticity model,
the punched zone model only, the TNT model only and the present enhanced FEM model: (a) 7.5 lm SiC and (b) 16 lm SiC.
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Similar work has been done by Qu et al. [21], who extended the
CMSG by including the effects of quenching hardening and assum-
ing that the CTE mismatch induced GNDs were distributed over the
entire matrix using Arsenault–Shi’s model [6]. By comparison, the
present enhanced FEM model gives more detailed descriptions of
the CTE mismatch induced GNDs using the punched zone model.
Moreover, instead of the CMSG the present enhanced FEM model
uses a more direct and simple TNT model, which easily allows
the use of readily available finite element software. From Fig. 6b
we can see that the predicted tensile true stress–strain curves by
the enhanced FEM model agree well with Lloyd’s experimental
data over the entire range of strain. Therefore, the present
enhanced FEM model can well describe the particle size dependent
flow strengthening and interface damage of the MMCP.
4.3. Comparison of different models

The results of different models accounting for the strengthening
effects in the MMCP, using the classical plasticity theory consider-
ing the load transfer effect from the metal matrix to the reinforcing
particle only, the punched zone model considering the CTE mis-
match induced GNDs only, the TNT model considering the geomet-
rical mismatch induced GNDs only, and the present enhanced FEM
model including both dislocation punched zone and TNT model,
respectively, are shown in Fig. 8a and b. We can see that all these
models give the same elastic modulus around Ec = 94 GPa of the
composite, which agree very well with Lloyd’s experimental data.
At the same time, the elastic modulus Ec of the composites for
7.5 and 16 lm particle sizes is identical according to the computa-
tional results. This result corresponds with the Halpin–Tsai equa-
tion [1] and shows that elastic modulus of the composites is
mainly determined by the volume fraction of particle and is inde-
pendent of the particle size.

As demonstrated in Fig. 8a and b, the predicted composite
responses using the classical plasticity theory are lower than the
experimental data and the strengthening effect with both particle
sizes provides the same action. This illustrates the fact that the
classical plasticity cannot show the particle size effect. The pre-
dicted yield strength according to the enhanced FEM model is
more accurate than the classical plasticity model and the TNT mod-
el because the latter two models do not consider the strengthening
effect due to the CTE mismatch induced GNDs which is the domi-
nant contribution to the yield strength. The punched zone model
can describe appropriately the strengthening and particle size
effect at low strains (less than 0.5%), but cannot explain the particle
size effect observed in Lloyd’s experiments that the gap between
the true stress–strain curves for 7.5 and 16 lm diameter particles
increased with the strain. By comparison, the TNT model can give a
better description of the particle size dependent strengthening at
large strains. The reason is that the geometrical mismatch induced
GNDs is unlikely significant at small plastic strains, but it is the
source of strengthening contribution at large strains. As the strain
increases, the interfacial debonding occurs and the rate of strain
hardening due to geometrical mismatch induced GNDs decreases.
Then the predicted stress–strain curves become softening after
the peaks.

To sum up, the present enhanced FEM model integrates the
advantages of the classical plasticity theory model, punched zone
model, TNT model and interfacial debonding model, and can be
used to interpret and predict the particle size dependent flow
strengthening and interface damage in the MMCP.
4.4. Limitations of the present enhanced FEM model

(1) We assume that particles are regularly distributed in the
MMCP and use an axisymmetric unit cell model containing
one particle to represent the whole composite. But in the
real MMCP, the particles are usually distributed randomly
and sometimes are congregated. This unit cell model con-
taining one particle could not analyze the effect of particles
distribution on the mechanical behavior of the MMCP.

(2) The real particles usually have irregular shapes but the par-
ticle is assumed to be spherical in this paper for simplifying
the calculation.

(3) The three basic failure mechanisms in the MMCP are brittle
cracking of the particles, decohesion at the interface
between particle/matrix, and ductile failure of the matrix.
In this paper, we ignore the failure mechanisms of brittle
cracking of the particles and ductile failure of the matrix
and only consider the effect of interfacial debonding.

5. Conclusions

By incorporating the dislocation strengthening effect and inter-
face damage criterion into an axisymmetric unit cell model, we
develop an enhanced FEM model for characterizing the particle size
dependent flow strengthening and interface damage in the MMCP. In
the present enhanced FEM model, direct strengthening (classical
plasticity considering the load transfer effect through FEM model),
indirect strengthening (CTE mismatch and geometrical mismatch
induced GNDs), and interfacial debonding effects (cohesive zone
model) are incorporated. Comparisons with the experimental data
and other different models demonstrate that the present enhanced
FEM model can well describe the particle size dependent flow
strengthening and interface damage of the MMCP.
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