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a  b  s  t  r  a  c  t

Thermal  residual  stress  and  strain  (TRSS)  in particle  reinforced  metal  matrix  composites  (PRMMCs)  are
believed  to cause  strengthening  effects,  according  to  previous  studies.  Here,  the  representative  volume
element  (RVE)  based  computational  homogenization  technique  was  used  to  study  the  tensile  deformation
of  PRMMCs  with  different  particle  aspect  ratios  (AR).  The  influence  of  TRSS  was  assessed  quantitatively
via  comparing  simulations  with  or  without  the  cooling  process.  It was  found  that  the  strengthening
effect  of  TRSS  was  affected  by the  particle  AR.  With  the  average  strengthening  effect  of TRSS,  a fast
Keywords:
Metal matrix composites (MMC)
Finite element analysis (FEA)
Representative volume element (RVE)
Residual stress and strain
Aspect ratio

method  of  introducing  the  strengthening  effect  of TRSS  to the  tensile  behavior  of  PRMMCs  was developed.
The new  method  has  reduced  the  computational  cost  by a factor  2.  The  effect  of  TRSS  on continuous
fiber-reinforced  metal  matrix  composite  was  found  to have  a softening-effect  during  the  entire  tensile
deformation  process  because  of the  pre-yield  effect  caused  by the  cooling  process.

©  2021  Published  by Elsevier  Ltd on behalf  of The  editorial  office  of Journal  of  Materials  Science  &
Technology.
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1. Introduction

Particle reinforced metal matrix composites (PRMMCs) are
widely used in structural applications because of their high specific
strength and stiffness [1–6]. With the increasing requirement of
PRMMCs, a fast design method to predict the mechanical properties
of new PRMMCs is in demand. The finite element (FE) simula-
tion assisted composites material design method is developing and
gaining more attention [7–13] in recent years.

To predict the mechanical properties of PRMMCs accurately,
a deep understanding of their strengthening mechanisms is nec-
essary. Because of the mismatch of thermal elastic and plastic
properties between reinforcement and matrix, thermal residual
stress and strain (TRSS) are generated inherently during heat treat-

ment [14–16]. TRSS has been proved to be one strengthening
mechanism of PRMMCs [17–20] and studied via the FE method
by many researchers [21–27]. To check the effect of TRSS caused

∗ Corresponding authors.
E-mail addresses: Xingxing.Zhang@frm2.tum.de (X.X. Zhang), blxiao@imr.ac.cn

(B.L. Xiao).

w
l
m
S
t
0
o
a
r

https://doi.org/10.1016/j.jmst.2021.01.079
1005-0302/© 2021 Published by Elsevier Ltd on behalf of The editorial office of Journal of
y the quenching process, the cooling process is usually modeled,
hich causes the initial stress and strain state prior to the load-

ng process [28,29]. Since the cooling process simulation requires
 coupled thermo-mechanical model and is very costly, it is crucial
o find an efficient way  to determine the effect of TRSS.

To analyze the effect of TRSS quantitatively, the strengthening
ontribution ratio of TRSS is defined by (as in Ref. [28]):

TRSS = �wc − �oc

�oc
(1)

here �wc and �oc are the predicted average tensile loading stress
ith and without the cooling process, respectively. Besides TRSS,

oad transfer and plastic strain gradient are also strengthening
echanisms of PRMMCs [28,29]. According to Ref. [28], for 15 vol.%

iCp/2009Al with 5 �m or 13 �m particles, the strengthening con-
ribution ratios of load transfer and plastic strain gradient vary from

% to 35% during tensile loading. Differently, the contribution ratio
f TRSS is always less than 5% and almost not affected by the value of
pplied tensile strain or particle size. In summary, the contribution
atio of TRSS is relatively small and insensitive to tensile strain.
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To skip the simulation of the cooling process, the strengthening
effect of TRSS on the average tensile loading stress can be obtained
from Eq. (1):

�wc = (1 + RTRSS) �oc (2)

Accordingly, with the knowledge of RTRSS, an accurate thermo-
mechanical simulation of the cooling process can be omitted, which
is highly beneficial in reducing computational costs.

Previous works have indicated that the particle size and volume
fraction [20,30–35] of PRMMCs affect RTRSS. However, in previous
investigations, the particles were often assumed to be spheres. In
fact, real PRMMCs usually contain particles that have different ARs
and align along the rolling or extrusion direction [10]. It has been
pointed out that the morphology of the particles affects the residual
stresses [23]. Therefore, to use Eq. (2) for predicting the tensile load-
ing stress of PRMMCs, it is necessary to study the AR effect on TRSS
and to calculate the value of RTRSS. Then, this precomputed RTRSS
can be re-used afterwards for predicting the mechanical behavior
of PRMMCs.

In this work, the representative volume elements (RVEs) with
different particle ARs were analyzed using the FE method. To access
RTRSS via using Eq. (1), models with and without the cooling process
were investigated. By comparing the RTRSS obtained from FE models

with various particle ARs, the influence of AR on TRSS of PRMMCs
was studied. Based on the simulation results, the equivalent RTRSS
was found. Then, the simulation of the cooling process can be omit-
ted. Instead, Eq. (2) can be used to take into account the effect of

u

w
t

Fig. 1. RVEs of 17 vol.% PRMM
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RSS on strengthening mechanisms of PRMMCs, which reduces the
omputational costs significantly.

. Computational approaches

.1. Structures and boundary value problem

In this work, the PRMMCs with 17 vol.% particles were inves-
igated. As shown in Fig. 1, four RVEs with the particle AR of 1,
, 3, and 4 were created using the software VirtualComposite-Pre
eveloped by the authors. Those RVEs were subjected to uniaxial
ensile deformation to evaluate their mechanical properties. The
oading direction (LD) was  identical to the longitudinal direction
f particles. Each RVE includes seven particles. Because the peri-
dic structures were applied, particles near the surfaces of the RVEs
ere cut into parts. The size of each RVE is 100 × 100 × 100 voxel3.

he voxel mesh is used as FE mesh. Therefore, the total element
umber is one million. Trilinear shape functions are introduced for
he hexahedral element (C3D8 in Abaqus).

Periodic boundary conditions were employed, as illustrated in
ig. 2. The periodic boundary conditions on opposite boundary faces
� t and � b) are defined by:
t = ua + ub (3)

here ut and ub are the displacement on faces � t and � b, respec-
ively. The displacement ua is a positive constant on the loading

Cs with different ARs.
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Fig. 2. Illustration of periodic boundary conditions.

faces to simulate the tensile loading. However, on all other free
faces, the values of ua are not fixed.

Then the effective strain and stress are calculated by:
εeff = ua/L (4)

�eff = FR/L2 (5)

Y
r

˛

Fig. 3. Von Mises equivalent stress after th
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here L is the length of the cube-shaped RVE, FR the reaction force
n the loading surface and L2 the area of the loading surface. To
imulate uniaxial tensile deformation, ua was set to 5% of L, which
eans that a 5% tensile strain was applied.

.2. Material properties and cooling process

In this study, the material properties of the matrix and rein-
orcements were selected from the literature of typical PRMMCs
SiC/2009Al). The metal matrix in the composite was modeled as
n elastoplastic material with isotropic hardening:

y = �y0

(
1 + Eεp

�y0

)N

(6)

here �y is the yield stress, �y0 the initial yield stress, E the Young’s
odulus, εp the equivalent plastic strain and N a hardening param-

ter. In this study, N was assumed to be temperature independent
nd was  set to 0.125 [28]. During tensile loading at room temper-
ture, �y0 was set to 300 MPa  [10,36], which is the T4 condition of
he alloy.

A quenching process was  simulated before tensile loading
o obtain TRSS. The quenching process was modeled as a cool-
ng process from 515 ◦C to room temperature 25 ◦C. The
emperature-dependent coefficients of thermal expansion (CTE),

oung’s modulus, and the initial yield strength of the matrix and
einforcement are specified as follows [28,37]:

m =
(
−1.5E−11T2 + 1.6E−8T + 2.2E−5

)
K−1 (7)

e cooling process for different RVEs.
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Fig. 4. Equivalent plastic strain afte

˛r = (−4.5E−12T2 + 5.8E−9T + 3.1E−6) K−1 (8)

Em =
(

1.0E−6T4 − 6.1E−4T3 − 5.5E−2T2 − 21.0T + 73655.0
)

MPa

(9)

Er = (−24.4T + 415115.0) MPa (10)

�y0 =

⎧⎪⎨
⎪⎩

(
200.0 − 0.8E−1T

)
MPa, 0.0 ◦C ≤ T ≤ 100.0 ◦C

(292.0 − T) MPa, 100.0 ◦C < T ≤ 265.0 ◦C(
41.4 − 5.8E−2T

)
MPa, 265.0 ◦C < T ≤ 540.0 ◦C

(11)

where T is the temperature (◦C),  ̨ the CTE, E the Young’s modulus
and �y0 the initial yield stress of the matrix during the cooling pro-
cess. Both the material properties of the matrix and reinforcements
are assumed isotropic. In order to reflect the effect of room temper-
ature aging, as shown in Eqs. (6) and (11), the initial yield stress �y0
in room temperature is different during the tensile loading process
and cooling process.

The calculated TRSS from the cooling process was considered as
the initial state for the tensile loading simulation. Models without

the cooling process were built and computed to assess the effect of
TRSS. By comparing the difference between the models with and
without the cooling process, the effect of TRSS can be evaluated
quantitatively.
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cooling process for different RVEs.

. Computational results

.1. AR effects on TRSS distribution

During the cooling process, the contraction difference between
he particles and matrix along the LD is greater than that in other
irections. The AR difference will lead to different contractions in
hree directions, which will lead to different stress states in the par-
icles and the matrix. Fig. 3 shows the distribution of Mises stress in
ifferent RVEs after the cooling process. When AR equals 1, the par-
icles are spheres, which causes that the stress state in particles is
lose to pure hydrostatic stress state. Therefore, the Mises stress in
articles is exceptionally low. With increasing AR, the Mises stress

n particles increases. Because the particles and the matrix have
ifferent CTE, the difference in deformation along the LD between
he particles with higher AR and the matrix is larger, which leads
o higher residual stress in both phases.

The incompatible contractions between the particles and the
atrix cause plastic deformations in the matrix. Fig. 4 shows the

quivalent plastic strain fields in the matrix. A higher AR obviously
eads to higher plastic deformation in the matrix during the cooling
rocess.

In Fig. 4(a) and (b), large plastic deformations occur near the
article/matrix interfaces, while plastic deformation in other zones
s much smaller. In Fig. 4(c) and (d), plastic deformation occurs
lmost over the entire matrix with the highest values near the parti-
le/matrix interfaces. For AR4, the equivalent plastic strain is much
igher than other RVEs. During the cooling process, the deforma-
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t RVEs with or without the cooling process.
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Fig. 5. Stress-strain curves for differen

tion of the particles is much less than that of the matrix ligament,
which introduces tensile deformation in the matrix ligament, espe-
cially in the longitudinal direction of the particles. Therefore, with
higher AR, the deformation mismatch between the two phases is
more serious. The matrix alloy (2009Al) would undergo room tem-
perature aging after quenching. The strain state after quenching
causes dislocations in the matrix, which leads to pipe diffusion
during aging [38,39]. The equivalent plastic strain after the cool-
ing process in Fig. 4 can also help to analyze the pipe diffusion.
However, the pip diffusion issue is not the topic of this work.

3.2. AR effects on predicted stress-strain curves

Because the tensile loading process of the composite is carried
out after the cooling process, the residual stress and strain state
of the composite after the cooling process is considered as an ini-
tial state. According to Section 3.1, AR affects TRSS. Therefore, it
also affects the initial state of tensile loading. Fig. 5 shows the
stress-strain curves predicted with or without the cooling process.
According to the curves, the predicted yield stress with the cooling
process is higher than that without the cooling process. Fig. 5(d)
shows that the stress without the cooling process is slightly higher
near the yield point, which coincides with the result in Refs. [20,37].

The differences between stress-strain curves predicted with and
without the cooling process are shown in Fig. 6. At a strain of around
0.5%, the cooling process leads to a softening effect of about 5 MPa.
Within the strain range of 0.5%-1.5%, the strengthening effect of

TRSS decreases with increasing AR. However, beyond 1.5% strain,
the strengthening effect increases with increasing AR. For all RVEs
with different ARs, the strengthening effects have small variations
at strains greater than 1.5%.
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ig. 6. Differences in stresses between cases with and without the cooling process.

.3. Contribution ratio of TRSS

The evolutions of the contribution ratio of TRSS RTRSS are shown
n Fig. 7, which are calculated from Eq. (1) using the two sets of
tress-strain data with and without the cooling process. The con-
ribution ratio of TRSS is around -1.5% when the strain is around
.5%. Within the strain range of 0.5%-1.5%, the contribution ratio
f TRSS increases from around -1.5% to 3.5%. Beyond 1.5% strain,
he contribution ratio of TRSS is around 3.5% and decreases slightly
ith strain. When the strain is smaller than 0.5%, the contribution
atio of TRSS shows high fluctuation and independence of AR val-
es. To obtain a simple expression of RTRSS, if the strain is smaller
han 0.5%, the contribution ratio RTRSS in Eq. (1) were set as the
verage of all RTRSS in that region.
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Fig. 7. Contribution ratio evolution of TRSS during tensile loading.

For realistic PRMMCs [10], it is very common that the ARs of
particles ranges from 1–4. Therefore, the average RTRSS obtained
from Fig. 7 with ARs of 1–4 can be used as an effective contribution
ratio of TRSS in Eq. (2). The regression function of the average RTRSS
is:

Ravg =

⎧⎨
⎩

0.005, 0.000 ≤ ε < 0.005

−0.022 + 5.380ε, 0.005 ≤ ε < 0.010

0.032 − 0.095ε, 0.010 ≤ ε < 0.050

(12)

If the ARs of particles are not distributed uniformly, then the
Ravg can be obtained using relative weight for each AR. Using this
function Ravg, it is possible to introduce the influence of TRSS on
the stress-strain curves of 17 vol.% PRMMCs in an efficient way.
This method is also applicable to introduce the TRSS effect for other
PRMMCs.

3.4. Application of the contribution ratio of TRSS

To verify that the influence of TRSS can be introduced by
using Eq. (2), another RVE with four different ARs of particles was
designed. As shown in Fig. 8(a), this RVE has 12 particles inside. For
each AR, three particles are inside. The size of the RVE is 120 × 120
× 120 voxel3, and the volume fraction of particles is 17 %.
Two uniaxial tensile tests with and without the cooling process
were simulated. As shown in Fig. 8(b), the yield stress obtained
from simulation with the cooling process is higher than that with-
out the cooling process, which is coincident with the results in Fig. 5.

t
c
a
z

Fig. 8. Verification of using Eq. (2) to introduce the influence of TRSS on the stress-stra
particles. (b) The stress-strain curves obtained from simulations with the cooling process
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sing Eq. (2) and the stress-strain curve without the cooling pro-
ess, a new curve was obtained (new method). The Ravg in Eq. (12)
as taken as the effective RTRSS. The simulations with and with-

ut the cooling process were all carried out on the same computer
CPU: Xeon E5-2630 v3) using 20 threads. However, the simulation
ith the cooling process cost 145 h, while the simulation without

he cooling process only cost 71 h. Because the new method only
eeds to combine the stress-strain curve without the cooling pro-
ess and Eq. (2) together, it cost the same computational time as
he simulation without the cooling process. As shown in Fig. 8(b),
he stress-strain curves of the new method and with the cooling
rocess are almost coincident.

In summary, the new method is verified to introduce the influ-
nce of TRSS on the stress-strain curves of PRMMCs. Besides, the
ew method has reduced the computational cost by a factor 2.
ecause it is difficult to find a PRMMC  without TRSS, using experi-
ental data to verify the method is challenging. Therefore, the new
ethod was  only verified by comparing the numerical results.

. Discussion

.1. Pre-yield effects of TRSS

As shown in Fig. 4, plastic deformation has already occurred in
he matrix after the cooling process but before the tensile loading.
his phenomenon was  defined as the “pre-yield effect of TRSS”.
VEs with different ARs show pre-yield effects with different levels.
s shown in Fig. 7, within the strain range of 0.5%-1.5%, RVEs with
igher particle ARs show a smaller contribution ratio of TRSS. It

ndicates that a higher AR leads to the smaller strengthening effect
f TRSS because a higher AR leads to earlier yield and larger plastic
train in the matrix, as shown in Fig. 4.

The volume fraction of the plastic zone is assessed to investigate
he influence of AR on this pre-yield effect, which is calculated by:

p = Vmp

Vm
(13)

here fp is the volume fraction of the plastic zone in the matrix. The
olume of the matrix that already yielded is denoted by Vmp, and
m is the entire volume of the matrix. Because the temperature and
ield stress of the matrix were changing during the cooling process,

he zone experienced plastic deformation during the cooling pro-
ess may  not yield at the beginning of the tensile loading process
t room temperature. Therefore, the volume fraction of the plastic
one in the matrix is not 100% at the beginning of the tensile load-

in curves of PRMMCs. (a) The RVE of 17 vol.% PRMMCs with four different ARs of
, without the cooling process, and using the new method.
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Fig. 9. Plastic volume fraction of the matrix as a function of strain for different RVEs.
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Fig. 10. Plastic deformation of AR4 with and without the cooling process. (a) Ev
distribution of plastic zone at point B in (a).

ing process, even though almost all the matrix experienced plastic
deformation, according to Fig. 4.

Fig. 9 shows the evolution of fp with strain growing from 0 to
1%. The results obtained from models with and without the cooling
process show an opposite variation trend with changing AR of par-
ticles. Without the cooling process, a higher AR leads to a lower fp
at the same strain value. On the contrary, with the cooling process,
a higher AR leads to a greater fp at the same strain value. Without
the cooling process and at the same strain value, the matrix with a
higher AR retains a larger elastic zone. However, with the cooling
process and at the same strain value, the matrix exhibits a larger
plastic zone in the composite with higher AR particles. During the
tensile loading, with the same increment of strain, the stress incre-
ment of the plastic zone is less than that of the elastic zone. This
indicates that the pre-yield effect changes the stress-strain behav-

ior of the matrix in the composite. In the composite with higher
AR particles, the change of fp starts earlier and more strongly when
considering the cooling process. Therefore, when the tensile strain
is between 0.5% and 1.5%, the contribution ratio of TRSS decreases

c
T

f

173
n of plastic volume fraction, (b) distribution of plastic zone at point A in (a), (c)

ith AR increment, as shown in Fig. 7. When the tensile strain is
bove 1.5%, all the matrix zone yields and experiences plastic defor-
ation; the pre-yield effect does not influence the contribution

atio of TRSS anymore.
Fig. 10(a) compares fp of the RVE AR4 with and without the

ooling process. As shown in Fig. 3(d), high stress is exhibited in
he matrix before tensile loading. Therefore, at a similar applied
train, the plastic zone in the model with the cooling process is
uch larger than that in the model without the cooling process, as

hown in Fig. 10(b) and (c).

.2. Fiber-reinforced metal matrix composite

In this work, PRMMCs with different ARs were investigated. If AR
s increased to an extreme situation, fiber-reinforced metal matrix

omposite will be obtained. This section discusses the influence of
RSS in fiber-reinforced metal matrix composite.

As shown in Fig. 11(a), an RVE with 7 fibers was built. The volume
raction of the reinforcement was  also 17%. The contribution ratio
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Fig. 11. Continuous fibers reinforced composite with 17 vol.% fibers. (a) the RVE model, (b) stress-strain curves obtained from simulations, and (c) contribution ratio of TRSS
during  tensile loading.

 and (b
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Fig. 12. Fields of (a) the stress component along the loading direction

of TRSS in this model was shown in Fig. 11(b). The contribution
ratio of TRSS is less than 0 during almost the entire tensile loading
process. The TRSS has a softening effect on fiber-reinforced metal
matrix composite.

Fig. 12(a) shows the distribution of stress along the LD after the
cooling process. Compared to that in PRMMCs, the cooling process
causes a more pronounced and earlier pre-yield effect in the metal
matrix. As shown in Fig. 12(b), in fiber-reinforced composite, the
thermal residual plastic strain is much higher than PRMMCs.

4.3. Limitations
This study showed the effect of AR on the TRSS of PRMMCs.
Using the average contribution ratio of TRSS, the stress-strain curve
of 17 vol.% PRMMCs with an average distribution of particles AR
was obtained. For 17 vol.% PRMMCs with a different distribution of

o

(

174
) equivalent plastic strain εeq
p in the matrix after the cooling process.

articles AR, the average contribution ratio of TRSS can be obtained
ased on the number of particles of each AR. However, for different
olume fractions, reinforcement and matrix, the contribution ratios
f TRSS need to be recalculated. And because of the strong pre-yield
ffect of fiber-reinforced metal matrix composite, this method is
ot suitable for PRMMCs with too high AR.

. Conclusions

In this work, quenching and tensile loading behaviors of
RMMCs with four different ARs were simulated to study the effect

f AR on TRSS. The following conclusions can be drawn:

1) When the tensile strain is between 0.5% and 1.5%, a higher AR
leads to a lower strengthening effect of TRSS. When the ten-
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sile strain is greater than 1.5%, a higher AR leads to a higher
strengthening effect due to TRSS.

(2) Around a tensile strain of 0.5%, TRSS can even lead to a slight
softening effect. The pre-yield effect of the metal matrix caused
by TRSS is the reason for this softening effect. The pre-yield
effect is strong in fiber-reinforced metal matrix composite,
which leads to a softening effect during the entire tensile load-
ing process.

(3) The average contribution ratio of TRSS has been calculated. The
effect of TRSS can be included in the predicted yield stress with-
out simulating the cooling process of PRMMCs using the fitted
contribution ratio, which reduces the computational costs sig-
nificantly.
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