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Microstructure-based numerical simulation of themechanical properties
and fracture of a Ti-Al3Ti core-shell structured particulate reinforced
A356 composite
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H I G H L I G H T S

• Tensile and fracture of a Ti-Al3Ti core-
shell structured particulate reinforced
A356 composite were studied

• Constitutive behaviors of the CS particu-
lates are obtained by a reverse analysis
algorithm from nano-indentation re-
sults

• The high ductility of the Ti-Al3Ti CS par-
ticulate reinforced A356 composite is is
well explained by simulation

• The predicted fracture behavior shows a
satisfactory agreement with the obser-
vation in in-situ tensile test
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Amicrostructure-based numerical simulation is performed to understand themechanical properties and fracture
of a Ti-Al3Ti core-shell structured particulate reinforced A356 composite ((Ti-Al3Ti)cs/A356). A series of two-
dimensional (2D) representative volume element (RVE) models are generated automatically by embedding Ti-
Al3Ti core-shell structured particulates in an A356 matrix. Microstructure-based 2D RVE of monolithic Al3Ti par-
ticulate reinforced A356 composite (Al3Tip/A356) is also simulated for comparison. The ductile fracture of both Ti
core and A356matrix aswell as the brittle fracture of the Al3Ti shell are considered. The simulation confirms that
the high elongation of the (Ti-Al3Ti)cs/A356 composite is attributed to the uniformdistribution of the overall duc-
tile globular reinforcing particulates, which prevent a premature failure effectively by reducing local stress con-
centration both on and inside the core-shell structured particulates. The surrounding ductile phases of the Al3Ti
shell blunt the crack tips effectively and, therefore, restricting the propagation of the cracks in a nominal strain
range of 2.2%–6.1%. For both (Ti-Al3Ti)cs/A356 and Al3Tip/A356 composites, the simulation results are in good
agreement with microstructural observations during an in-situ tensile test in a scanning electron microscope.
© 2020 The Authors. Published by 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

Al-Si casting alloys arewidely used by the automobile and aerospace
industries for their good mechanical properties, castability and corro-
sion resistance etc. [1–3]. To further enhance themechanical properties
of Al-Si alloys, one effective way is to fabricate composites with the ad-
dition of in-situ ceramic reinforcing particulates [4–7]. Amongst various
candidate reinforcements, Al3Ti particulate has high modulus, light
weight and strong bonding with the Al-Si alloy matrix [8,9]. In-situ
Al3Ti particulate reinforced A356 composites have shown evident
strength improvement in other research. However, in spite of the in-
creased strength, the ductility of Al3Tip/A356 composites is affected ad-
versely due to the high brittleness, coarse particle size, irregular
morphology and agglomeration of the reinforcing particulates [10–13].

In order to increase the ductilitywhilemaintaining the high strength
of aluminum matrix composites, core-shell structured reinforcing par-
ticulates are produced in-situ by adding metallic particles to react
with the matrix alloy during processing. The core-shell structured rein-
forcing particulate typically consists of a ductilemetallic core and a layer
of intermetallic shell [14]. For the core-shell structured particulate rein-
forcedmetalmatrix composites,micro cracks initiate in the brittle inter-
metallic shells. However, the propagation of the cracks is arrested by the
reinforcement/matrix and reinforcement/core interfaces where the
crack tips are blunted by the ductile Al matrix outside and the metallic
core inside [15]. Different kinds of core-shell structured particulates,
such as Fe–AlxFey, Ni-AlxNiy, Ti-Al3Ti, were reported to reinforce Al al-
loys while showing improved either compressive or tensile ductility
[16–18]. Amongst these studies, an A356 matrix composite reinforced

with Ti-Al3Ti core-shell particulates ((Ti-Al3Ti)cs) showed an improved
tensile elongation while maintaining its high strength compared to a
monolithic Al3Ti particulate reinforced A356 composite [15]. The high
ductility of the (Ti-Al3Ti)cs/A356 composites is attributed to the uniform
distribution of globular core-shell structured particulates, which elimi-
nates particulate agglomeration and irregular shape particulates. An-
other attribution is the compact microstructure from powder
thixoforming, which fills up voids with liquid [19]. However, a detailed
study on the deformation and fracture behaviors of these core-shell par-
ticulate reinforced composites is still limited to a microscopic scale,
i.e., on the formation and propagation of cracks in relationship to the
constitutive phases of the composites.

Recently, microstructure-based numerical simulations have been
widely employed to predict macroscopic mechanical properties of mul-
tiphase materials. Amongst different methods, representative volume
element (RVE) models take constitutive properties and microstructural
features (volume fraction, size, shape, and distribution) to represent
macroscopic properties [20]. A microstructure-based RVE simulation
has been applied to predict the flow behaviors, damage evolution, and
fracture of a variety of multiphase materials, such as dual-phase steels
[21–23] and metal matrix composites [24–27]. The method is also
promising in simulating damage evolution at a microscopic level and
is helpful in understanding and predicting the enhanced ductility of
the (Ti-Al3Ti)cs/A356 composites.

The present study intends to investigate the mechanical properties
and fracture behaviors of a (Ti-Al3Ti)cs/A356 composite via a
microstructure-based numerical simulation method. A series of two-
dimensional (2D) RVEs are generated as representatives of the (Ti-

Fig. 1. (a) OM and (b) BSE images of (Ti-Al3Ti)cs/A356 composite; (c) BSE image of Al3Tip/A356 composite; (d) nano-indentation depth-load curves of Ti core and Al3Ti shell (inserted
schematic image shows the average core diameter and shell thickness of the core-shell particulates).
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Al3Ti)cs/A356 composite and submitted for finite element (FE) simula-
tion under uniaxial tensile loading, with the consideration of the dam-
age of constitutive phases. In addition, the microstructure-based
simulation is also conducted on the 2D RVEs of a monolithic Al3Tip/
A356 composite for comparison, in order to elucidate the mechanisms
of the improved ductility of the (Ti-Al3Ti)cs/A356 composite. Further-
more, the damage evolution and fracture behavior of the two compos-
ites predicted by simulation are compared to experimental findings
during in-situ tensile test under a scanning electron microscope (SEM).

2. Materials and experiment

A powder thixoforming processwas employed to synthesize the (Ti-
Al3Ti)cs particulates in an A356 alloy matrix. The A356 alloy matrix was
made from gas atomized powders of pure Al and a hypereutectic Al-Si
alloy to a final composition of (in wt%) of Si 7.51, Mg 0.22, Fe 0.12, Ti
0.10 and balanced Al. Purity Ti powders (99.99% Ti) were added to
react with the alloy matrix and to form the reinforcing particulates dur-
ing the thixoforming process. Pure Ti powder, A356 alloy matrix and
pure Al powder were mixed with weight percentage of 4.57, 87.71
and 7.72, respectively, for a target 10% volume fraction of monolithic
Al3Ti particulates after a complete reaction. The addition of pure Al pow-
der is to compensate the cost of Al as Ti converted to Al3Ti. The powders

were blended thoroughly in a planetary ball-milling machine with the
rotation speed, ball-to-powder weight ratio and mixing time being
100 rpm, 5:1 and 30 min, respectively. The powder mixture was then
cold-compressed into green billets (Φ45 mm × 16 mm) by a hydraulic
compression machine. The green billets were subsequently heated up
to 600 °C (a semisolid temperature for the A356 matrix alloy) and
kept for 50 min to synthesize the Ti-Al3Ti core-shell reinforcements in
a tubular vacuum furnace (vacuum b 10−2 Torr). For comparison,
some green billets had been kept for another 180 min under identical
condition for a complete reaction to produce a monolithic Al3Ti phase
in the particulates. All the heated billets were placed in a die with a cav-
ity size ofΦ55mm×60mmand thixoforged under 150MPa.Moreover,
the A356 matrix alloy without the addition of Ti powders was also cold
compacted, heated and thixoformed under identical processing condi-
tions as the reference material.

The typical microstructures of (Ti-Al3Ti)cs/A356 and Al3Tip/A356
composites are shown in Fig. 1(a)–(c), which were taken from the cen-
ters of the thixoformed products by a MEF-3 optical microscope (OM)
and a Quanta FEG 450 SEM. For the (Ti-Al3Ti)cs/A356 composite, Ti-
Al3Ti core-shell particulates are generally globular and well dispersed
in the A356matrix. The diameters of Ti core, shell thickness and volume
fraction of the (Ti-Al3Ti)cs particulates were analyzed from the SEM im-
ages by Image-Pro Plus 6.0 software. The average Ti core diameter, the
average Al3Ti shell thickness and the volume fraction of the (Ti-Al3Ti)
cs particulates are 17.86 μm, 5.82 μm and 8.8%, respectively, as shown
in the inserted schematic drawing in Fig. 1(d). In comparison, in the
Al3Tip/A356 composite, only monolithic blocky Al3Ti phase particulates
are observed, agglomerating as large-sized clusters (N50 μm)with an ir-
regular outline, as shown in Fig. 1(c).

Tensile tests were conducted on a WDW-100D universal material
testing machine at a strain rate of 0.5 mm min−1. Tensile specimens
were machined from the center region of each thixoformed product
with a rectangular cross-section of 2.5mmby 1.5mm. The gauge length
was 10mm. The fracture strain (εf) was determined by εf = ln (A0 / Af)
for each material, where A0 is the initial cross section area and Af is the
cross section area at fracture. Additionally, in order to track the crack
path, in-situ tensile tests were performed in a Quanta FEG 450 SEM
with single edge notched rectangular specimens. The specimen has a

Fig. 2. 2D RVE example models and corresponding constitutive phases of (a) the (Ti-Al3Ti)cs/A356 composite model; (b) the Al3Tip/A356 composite.

Fig. 3. Strain-stress relationships of Ti core and Al3Ti shell calculated by the reverse
analysis algorithms and A356 matrix by extrapolating from the experimental curve.

Table 1
Inputting parameters for the reverse solution algorithm.

Phase υ C/GPa hr/hm pave/GPa Pm/mN

Ti core 0.3 [33] 28.3 0.633 1.33 1.396
Al3Ti 0.25 [34] 112 0.409 3.41 2.772
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thickness of 1 mm, a width of 3.5 mm and the gauge length of 4 mm. A
30° V-shape notch is set on one edge of the samplewith the notch depth
of 1 mm. The samples were tensioned utilizing a Kammrath-Weiss
micro-tensile stage with a strain rate of 2 × 10−4 s−1, during which it
was stopped repeatedly for scanning the crack by SEM. The depth-
load curves of the (Ti-Al3Ti)cs/A356 composite are used to obtain the
constitutive properties by a reverse analysis method. The tests were
conducted on a MTS Nano Indenter XP system with a typical diamond
Berkovich tip.

3. Microstructure-based finite element (FE) simulation

3.1. RVE generation

To simulate the (Ti-Al3Ti)cs/A356 composite, a series of two-
dimensional (2D) RVEs were automatically generated. Fig. 2(a) is an
RVE example showing spherical Ti-Al3Ti core-shell structured particu-
lates distributed randomly in an A356 matrix, with a volume fraction
of 8.8%. The thickness of the Al3Ti shell and the diameter of the Ti core
were set as 5.82 μm and 17.86 μm, respectively, based on the results of
image analysis.

To understand the size effects of the RVE simulation on the compos-
ites, a cell model (with one particulate in the center of RVE), and
200 μm, 300 μm, and 500 μm edge-sized RVEs (with 5, 12, and 32 ran-
domly distributed particulates, respectively) were selected. The simula-
tion results begin to converge when the RVE size exceeds 200 μm, as
indicated in Fig. 5 later on. Considering the number of particulates in a
RVE as well as the computation cost in FE simulation, the RVE size is
set as 300 μm in the following simulation unless specifically noted. Ad-
ditionally, a group of ten different RVE models was generated with a
random distribution of particulates for comparison to study the effects
of particle distribution.

The microstructure-based RVEmodels of the Al3Tip/A356 composite
were generated by the binarization of backscattered electron (BSE) im-
ages. An example is presented in Fig. 2(b). Five different RVE models
were simulated with the same RVE size of 300 μm for the (Ti-Al3Ti)cs/
A356 composite. For all the RVEmodels mentioned above, the interface
nodeswere assumed to be strictly bonded, by considering the strong in-
terfacial bonding between Al3Ti and the matrix Al and Al3Ti and the Ti
cores [8,17,28,29]. A global mesh seed size of 1.5 μm was applied on
the RVEs of the two composites, as shown in Fig. 2. The element number
in each RVE model was approximately 40,000.

3.2. Constitutive behavior

The A356 alloy matrix is treated as a homogenous and isotropic
elasto-plastic material. The Young's Modulus is set as 69 GPa and
Poisson ratio is 0.33 [30]. The stress-strain curve of A356 alloy is extrap-
olated from the experimental uniaxial tensile stress-strain curve of
A356 alloy matrix, as shown in Fig. 3. When the true strain is lower
than 7.2% (approximately the necking point), the experimental stress-
strain relation is maintained. With a larger strain, extrapolation is
employed with a power-law function of Eq. (1). The fitting parameters
are K = 518.12 MPa and n = 0.1425.

σ ¼ Kεnp ð1Þ

The elastic and plastic properties of the Ti core and Al3Ti in both the
shells and the monolithic Al3Ti particulates are obtained from their

nano-indentation force-displacement curves with a reverse analysis al-
gorithm as proposed in Dao's work [31]. The Al3Ti phase in both Al3Tip/
A356 and (Ti-Al3Ti)cs/A356 composites having identical properties is as-
sumed in this study for simplicity.

The reverse analysis algorithm of Dao's work assumes that the plas-
tic behavior of pure metals and alloys could be closely approximated by
a power law description as Eq. (2):

σ ¼ σy 1þ E
σy

εp
� �n

ð2Þ

where σy is the yield stress, εp is true plastic strain, n is the strain hard-
ening exponent. E is the Young's modulus.

The typical load-depth (P-h) response of an elastic-plastic material
to sharp indentation generally follows Kick's law (Eq. (3)),

P ¼ Ch2 ð3Þ

where C is the loading curvature, which is obtained by fitting the
loading-depth curves in Fig. 1(d).

The hardness pave is defined as the average contact pressure,
expressed as Eq. (4).

pave ¼
Pm

Am
ð4Þ

where Am is the true projected contact area corresponding to the maxi-
mum load Pm.

The reduced Young's modulus E ∗ is defined as:

E� ¼ 1−υ2

E
þ 1−υ2

i

Ei

� �
ð5Þ

where Ei is Young's modulus of the indenter and υi is its Poisson's ratio.
For a diamond indenter, Ei=1000 GPa, υi=0.07. E and υ is the young's
modulus and Poisson's ratio of the tested material, respectively [32].
From the loading-depth curves in Fig. 1(d), the initial input parameters
C, hr/hm (the ratio of residual indentation depth hr to the maximum in-
dentation depth hm), pave (hardness), Pm (maximum load) are obtained,
as shown in Table 1.

Table 2
Parameters solved by the reverse solution algorithm.

E*/GPa σ0.033/MPa E/GPa n σy/MPa

Ti core 116.1 309 119.4 0.161 188
Al3Ti 153.0 1750 169.1 0.624 245

Fig. 4. Schematic illustration of boundaries conditions and loading on RVE models.
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The dimensionless functions (π-functions) in the present work are
listed as Eqs. (6) to (9):

C ¼ σ0:033Π1
E�

σ0:033

� �
ð6Þ

1
E�hm

dP
dhhm

¼ Π2
E�

σ0:033
;n

� �
ð7Þ

pave
E�

¼ Π4
hr
hm

� �
ð8Þ

Π6 ¼ 1
E�

ffiffiffiffiffiffiffi
Am

p dP
dhhm

¼ c� ð9Þ

Detailed parameters in each π-function are given in the appendix of
Dao's work [31]. For the Berkovich indenter, c ∗ is 1.2370 [35].

Inputting the parameters in Table 1, the solved parameters for each
phase are listed in Table 2. E ∗ and Am are calculated by Eqs. (8) and (9).
σ0.033 and n can be solved by Eqs. (6) and (7), respectively. The young's
moduli E of Al3Ti and the Ti core are solved by Eq. (5) after obtaining E ∗.
The values of solved young's moduli are close to the experimental data
of other work [36] (ETi = 115GPa) and [34] (EAl3Ti = 170 MPa). The

yield stress σy can then be solved by Eq. (10).

σ0:033 ¼ σy 1þ E
σy

0:033
� �n

ð10Þ

Therefore, the stress-strain relationships of the Ti-core and the Al3Ti
phase can be calculated by using Hooke's law (σ= Eε) and Eq. (2) with
the parameters of E, n, andσy. Fig. 3 summarizes the stress-strain curves
of the two phases as well as the extrapolated stress-strain curve of the
A356 alloy matrix.

3.3. Damage mechanisms

The following damage mechanisms are involved in the present sim-
ulation: the ductile failure of the A356matrix and the Ti cores as well as
the brittle fracture of the Al3Ti phase. To describe the ductile damage of
the A356 matrix and Ti core, a damage parameter Dη, as Eq. (11), de-
fined by Rice and Tracey [37] is adopted.

Dη ¼
Z εp

0
eηdεp ð11Þ

where η= σm/σy is the stress triaxiality. σm is the hydrostatic stress, σy

is the von Mises stress and εp is cumulative plastic strain.
Ductile failure occurs when the local damage parameter Dη exceeds

a critical value Dηc. To determine Dηc for the ductile phases, a single ele-
ment uniaxial tensile simulation was carried out in Qing's work [38]. In

Fig. 5. Simulated stress-strain curves of (a) (Ti-Al3Ti)cs/A356 non-damaged RVEs and (b) (Ti-Al3Ti)cs/A356 damaged RVEs with different size; (c) five different Al3Tip/A356 RVE models
(RVE size = 300 μm) and (d) ten different (Ti-Al3Ti)cs/A356 RVE models.
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the present work, the true fracture strain (εf) is 0.3 for A356 matrix. For
Ti, εf is set as 0.5, according to the experimental work of Srinivasan et al.
[39]. Single plane strain element of A356 matrix or Ti is given by the
stress-strain relationships in Fig. 3 and is tensioned to its facture strain
(εf). The Dη value of the element at the fracture strain is taken as Dηc,
which is calculated as 0.54 and 0.825 for the A356 matrix and Ti core,
respectively.

A maximum principal stress criterion is applied to determine the
brittle failure of the Al3Ti phase. The maximum strength and the strain
to failure were suggested as 805 MPa and 0.97%, respectively, based
on the stress-strain response of an Al3Ti + 0.3% Al alloy [40]. From the
calculated stress-strain curve of the Al3Ti phase in Fig. 3, the strength
is 798 MPa at a strain of 0.97%, which is very close to the finding in lit-
erature [40]. Therefore, the critical principal stress is set as 798 MPa in
the current work.

Themicrostructural damage and crack growth in the RVEmodels are
modelled by an element removal approach. An Abaqus/Explicit Subrou-
tine VUSDFLD is developed to realize the failure criterions above. The el-
ement of any constitutive phase (A356 matrix, Al3Ti and Ti) is deleted
once it met the fracture criterion of the corresponding phase. Besides,
comparative simulations are conducted without applying the fracture
criterions on RVE models. For simplicity, the RVE models are noted as
“damaged models”when the fracture criterions are applied. Otherwise,
they are noted as “non-damaged models”.

3.4. Boundary conditions, loading and element type

The simulation is conducted with the Abaqus/Explicit software.
Symmetrical boundary condition (SBC) is exerted on the RVE models
for uniaxial tension [41,42], as shown in Fig. 4. All nodes on the bottom
edge can only move in the x direction, while all nodes on the left edge
can onlymove in the y direction. The top and right edges of the RVEs re-
main plane borders during tension. Displacement is given to all the

nodes on the right edge, with a maximum nominal tensile strain of
0.1. 2D plane strain elements (Element type “CPE”) and plane stress el-
ements (Element type “CPS”) are both applied for comparison in the
simulation, as employed in related work [43,44].

The stress–strain curves are the output after the uniaxial tensile sim-
ulation. The nominal tensile strain is defined as the ratio between the
displacement (Ux) and the length of RVE along the corresponding direc-
tion (Ux/L0), while the nominal stress is defined the ratio between the
tensile force (Fx) and the length of RVE perpendicular to the tensile di-
rection (Fx/L0). The true stress–strain (σ-ε) curve for each RVE is ob-
tained by converting the obtained nominal stress (S)-strain (e) curve
using Eqs. (12) and (13):

σ ¼ S 1þ eð Þ ð12Þ

ε ¼ ln 1þ eð Þ ð13Þ

4. Results and discussion

4.1. Effect of RVE size, particle arrangement

The simulated stress–strain curves of different-sized (Ti-Al3Ti)cs/
A356 RVEmodels are shown in Fig. 5(a). For non-damaged RVEmodels,
the stress-strain curves show no evident differences regardless of the
RVE size. Comparatively, in damaged models, the stress-strain curves
reach a maximum stress first and then drop down at a certain nominal
strain. The drop of simulated curves is attributed to the deletion of ele-
ments inside the RVE. It's also seen that for RVE size of 200, 300 and
500 μm, the drop occurs at a similar strain. But for the cell model, the
stress drops down at a larger strain comparatively, because the cell
model neglects the interaction of particles during the deformation.
Therefore, a delayed fracture is expected.

Fig. 6. Comparison of experimental and simulated true stress-strain curves with different element type (a) (Ti-Al3Ti)cs/A356; (b) Al3Tip/A356.

Table 3
Prediction of εu, UTS, and elongation (El.) by 2D RVE models with comparison of experimental results.

Experiment 2D non-damaged RVEa 2D damaged RVE

Plane strain element Plane stress element Plane strain element Plane stress element

(Ti-Al3Ti)cs/A356 εu 7.5% – – 5.9% (0.7%) 4.8% (0.3%)
UTS/MPa 373 401.83 (0.05) 337.22 (0.09) 387.65 (1.44) 315.63 (3.04)
El. 8.3% – – 7.9% (0.5%) 6.0% (0.6%)

Al3Tip/A356 εu 3.2% – – 1.5% (0.2%) 3.4% (0.3%)
UTS/MPa 381 386.79 (2.45) 318.45 (1.17) 321.01 (5.12) 301.80 (1.76)
El. 3.3% – – 3.6% (0.4%) 4.6% (0.7%)

a Data in the brackets refers to the standard deviation.
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From the simulated curves in Fig. 5(a) and (b), when the RVE size is
200 μm or larger, the stress-strain curves for both damaged and non-
damaged RVEs show no evident differences. However, the 200 μm-
sized RVE involves only five Ti-Al3Ti particulates. Statistically, the inclu-
sion number is too small for a RVE simulation [20]. For a 500 μm-sized
RVE, the total element number is 120,000 approximately. The time for
calculation increases significantly. Therefore, 300 μm is applied as the
RVE size for all the RVE models in the following simulation.

Furthermore, from Fig. 5(c) and (d), it is clear that the simulated
stress-strain curves of themodels show little difference before the stress
reaches themaximum, despite of the different arrangements of particu-
lates between themodels. However, when the stress-strain curves drop
down, the stress-strain curves vary between themodels. That is because
the crack initiation and propagation are different in each model with a
random arrangement of particulates.

4.2. Comparison of the experimental and simulation stress-strain curves

The true stress-strain curves of (Ti-Al3Ti)cs/A356 and Al3Tip/A356
composites from simulation are compared with experimental results
in Fig. 6(a) and (b), respectively. It is clear that the simulated curves
have a lower yield stress than the experimental curves. The underesti-
mation of the yield stress in a 2D RVE simulation has been pointed out
in other work [45–47]. The reason is that the coefficients of thermal ex-
pansion (CTE) strengthening effect is not considered in the current
work [48].

With the increase of strain, RVEs simulated with plane strain ele-
ments (CPE) show a work hardening rate compared to those simulated
with plane stress elements (CPS). Consequently, the stress is
overestimated with plane strain elements but is underestimated with
plane stress elements, comparing with experimental curves. That is in

Fig. 7. (a) Mises stress, S11 stress tensor component distributions and damage evolution within (Ti-Al3Ti)cs/A356 RVEmodels during different deformation stages under tensile loading;
(b) S11 stress partitions in constitutive phases under tensile loading in (Ti-Al3Ti)cs/A356 RVE.
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accordance with the 2D RVE simulation of dual-phase steels by Zhou
et al. [43]. The difference between the simulated and experimental
stress-strain curves is attributed to the discrepancy between the 2D
and 3D stress states. The strain component exhibits an obvious variation
along the thickness direction in Zhou's work. Therefore, the 2D plane
strain assumption results in a discrepancy from the 3D situation. Simu-
lationwith plane stress elements (CPS), however, exhibits a global plas-
tic instability at a very low strain. The stress is evidently smaller
compared to the stress from experiment test in the 3D situation.

Furthermore, three parameters, ultimate tensile strength (UTS), the
strain at UTS (εu), and elongation (El.), are extracted from experimental
results and simulated stress-strain curves for comparison. For the ex-
perimental curves, according to the well-known Considere's criterion,
plastic instability (necking point) occurs when the slope of the true
stress–true strain curve [dσ/dε] is equal to the true stress σ. This crite-
rion is adopted to obtain the UTS and the corresponding strain (εu).
The elongation (El.) is recorded as the largest engineering strain before
the sample broken in tensile test.

For the simulated curves of non-damaged RVEs, the ultimate elonga-
tion is not considered. Therefore, the non-damaged models (simulated
either by plane stress or plane strain element) having the same εu as
the corresponding value from experimental tensile test is assumed.
The stress at that εu is recorded as the “reference UTS” of these RVEs,
in order to compare with the experimental UTS, as noted in Fig. 6
(a) and (b).

For a certain damaged RVE in this work, the UTS is defined as the
maximum stress of the simulation curve, noted as σmax in Fig. 6(b).
The corresponding strain atσmax is recorded as εu accordingly. The elon-
gation (El.) is recorded as the strain when RVE model is totally torn
apart. The UTS, εu and El. are averaged from the stress-strain curves of
a group of RVE models. The results are presented in Table 3. The values
in the bracket refer to the standard deviation.

In general, the simulated UTS values of RVEs with plane stress ele-
ment are evidently lower than the experimental value, while RVEs
with plane strain element give a better prediction. For the simulation
of stress-strain curves with 2D RVE models, Paul [49] has reported sim-
ilar findings when the sample thickness is 20% of its width. 2D RVE sim-
ulationwith plane strain element gives a better prediction of the stress-
strain curve comparing with the result of 3D RVE simulation. Addition-
ally, from the research of Sun et al. [44], the plane stress element ismore
suitable in simulating thin tensile samples with their thickness is much
smaller than the in-plane dimensions. Comparatively, the plane strain
element is preferred for a tensile sample if its thickness comparative
to its width. The tensile sample has a rectangular section of
2.5 mm× 1.5 mm in this study. Therefore, simulation with plane strain
element should give a better estimation of themechanical properties in
2D simulation, although it should still be noted that the 2D plane strain
assumption is still a simplified approach compared to the 3D simulation.

Specifically, for the (Ti-Al3Ti)cs/A356 composite, when the damaged
RVE models are applied with plane strain elements, the results show a

Fig. 8. (a) Mises stress, and damage evolution within Al3Tip/A356 RVE models during different deformation stages under tensile loading; (b) stress concentration at Al3Ti particulate
agglomerations in the Al3Tip/A356 RVE with comparison of the (Ti-Al3Ti)cs/A356 RVE at 1% nominal strain; (c) S11 stress partitions in constitutive phases under tensile loading in
Al3Tip/A356 RVE.
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close prediction of the tensile strength, and ultimate elongation to the
experimental data, as shown in Table 3. Comparatively, the damaged
RVEmodels show an underestimation of uniformdeformation strain at-
tributed to the deletion of elements in presenting the damage behavior
of the RVEmodels. The quick removal of failure elements after εu due to
the rapid propagation of internal cracks results in evident losses inmass
and stress inside RVEs, exaggerating the drop of stress on the simulated
stress-strain curves compared to the experimental results. A similar ex-
aggerated stress drop in 2D RVEs caused by element deletion was also
presented in the simulation of dual phase (DP) steel [50].

4.3. Constitutive stress partition and damage evolution in RVE models

The details of the microscopic simulation, the distribution of stress
field and the damage evolution, are presented in this section, employing
the damaged RVE models with plane strain element. Additionally, the

stress partition behavior of the constitutive phases (A356 matrix,
Al3Ti, and Ti core) is studied at different strains during the simulation.
Because the loading is along the x direction, the S11 stress tensor com-
ponent is obtained by averaging the S11 values from all the elements of
the corresponding phase according to the first homogenization strategy
[43].

4.3.1. (Ti-Al3Ti)cs/A356 composite
TheMises stress distribution, S11 distribution and damage evolution

of a (Ti-Al3Ti)cs/A356 RVEmodel at different nominal tensile strains are
shown in Fig. 7(a). The true stress-strain relationships of the constitu-
tive phases are given for reference in Fig. 7(b). In general, the damage
evolution in the (Ti-Al3Ti)cs/A356 composite follows a typical process
of crack initiation, growth and linkage as reported [51].

The deformation process of (Ti-Al3Ti)cs/A356 RVE model can be di-
vided into three stages, denoted as Stage I, II and III in Fig. 7. Stage I

Fig. 9. Simulated crack paths in (a1 to a5) Al3Tip/A356 and (b) (Ti-Al3Ti)cs/A356 RVE models; (c1 to c3) cracks observed in an Al3Tip/A356 sample and (d1 to d3) in a (Ti-Al3Ti)cs/A356
sample in in-situ tensile test.
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depicts the deformation of RVE before the initiation of cracks (element
deletion occurs). In this stage, the stress concentrates on the hard
Al3Ti shell of the particulates. Prior to crack initiation, the true stress
on the Al3Ti shell may exceed 400 MPa. Stage II refers to the particle
cracking process, i.e., cracks initiate and growwithin the core-shell par-
ticulates. From simulation, cracking occurs in the Al3Ti shell perpendic-
ular to the tensile loading at a nominal strain of 2.2%, as being presented
in an enlarged particulate in the second column of Fig. 7(a). As the nom-
inal strain increases to 3%, cracks are shown in all the Al3Ti shells. After
the cracking of an Al3Ti shell, the ductile Ti core of the core-shell partic-
ulate endures a higher stress than the brittle Al3Ti does, as shown in
Fig. 7(b). The true stress taken by the Al3Ti phase decreases to as low
as ~100 MPa, while the true stress of Ti core increases to as much as
~650 MPa. No propagation of cracks in the Al3Ti shell are observed
until the nominal strain reaches 6.1%, when the initial cracks in the
Al3Ti shell extend into the ductile Ti core, within the shell layer or
along the Al3Ti-matrix interface, as seen in the fifth column of Fig. 7
(a). Stage III follows subsequently, referring to the crack propagation
and linkage through the A356 matrix until a main crack passes across
the entire RVE model, indicating the fracture of the RVE. Throughout
Stage III, the stresses taken by all the constitutive phases drop continu-
ously, as presented in the stress-strain curve of A356matrix in Fig. 7(b).

4.3.2. Al3Tip/A356 composite
Fig. 8(a) shows the Mises Stress distribution, S11 distribution and

damage evolution of Al3Tip/A356 RVEmodel at different nominal strains
under tensile loading. Its constitutive true stress-strain relationships of
the RVE are presented in Fig. 8(c). Similarly, the deformation of Al3Tip/
A356 RVE is divided into two stages. Stage I also presents the deforma-
tion of RVE without the occurrence of damage. In this stage, Al3Ti phase
also takes higher stress than the A356 matrix does and the stress con-
centration is more serious than that in (Ti-Al3Ti)cs/A356 by comparing
the Mises stress distribution in Fig. 8(b). That is attributed to the irreg-
ular morphology of the clusters of Al3Ti particulates compared to the
spherical core-shell structured particulates. For the same reason, cracks
occur in the Al3Ti particulates at a lower nominal strain (1.45%) than the
required strain in a (Ti-Al3Ti)cs/A356 RVE (2.2%), as in Fig. 8(a). From
Fig. 8(c), the true stress on the Al3Ti particulates at the end of Stage I
is b400 MPa, which is lower than the stress on the Al3Ti shell in the
(Ti-Al3Ti)cs/A356 composite. Therefore, it is concluded that the irregular
shape of monolithic Al3Ti particulates weakens their strengthening
effects.

Stage II follows, starting with the cracking of particulates. The large
clusters of Al3Ti particulates from agglomeration during processing are
prone to cracking due to a serious stress concentration as circled in
Fig. 8(a). At the nominal strain of 3%, the cracks propagate into the
A356 matrix and propagate in the matrix rapidly, resulting in the frac-
ture of RVE at a nominal strain of 3.4%. In Stage II, the stress drops con-
tinuously due to a considerable amount of element deletion inside RVE,
as mentioned above.

By comparing the constitutive stress partition and damage evolution
of the two composites, the combination of higher ductility and strength
of (Ti-Al3Ti)cs/A356 can be attributed to the following two reasons. One
is the uniform distribution of spherical reinforcing particulates, which
reduce the stress concentration and postpone the damage initiation in
brittle Al3Ti shells, compared to the agglomeratedmonolithic Al3Ti par-
ticulates. Another significant reason is the blunting of crack tips by both
ductile Ti core inside and A356 matrix outside the core-shell particu-
lates, which consumes a large amount of energy and therefore delays
the propagation of cracks in the composites effectively. The brittle
Al3Ti shell of a core-shell structured particulate has smooth spherical
phase boundaries with the Ti core inside and the A356 matrix outside.
It is difficult for the cracks that were initiated in the Al3Ti shell to extend
into the surrounding ductile Ti core and A356matrix. From Fig. 7(a), de-
spite the occurrence of cracks in the Al3Ti shell at a rather small nominal
strain (2.2%–3%), the cracks do not extend into the A356matrix under a

quite large strain until a nominal strain reaches 6.8%. The ultimate elon-
gation is 8.8% for the model in Fig. 7(a), tripling the elongation of the
Al3Tip/A356 composite. Moreover, due to the blunting of crack tips,
the Ti core and the A356 matrix are strengthened continuously as pre-
sented in Fig. 7(b), which results in the high tensile strength of the
(Ti-Al3Ti)cs/A356 composite.

4.4. Comparison with SEM observation

In-situ tensile test was conducted to observe the fracture of the com-
posites. The results are shown in Fig. 9. Fig. 9(c1–c3) and (d1–d3) were
taken during the tensile process to compare with the simulated crack
paths of different RVE models in Fig. 9(a1–a5) and (b), respectively.

From both simulation and experimental observation of the Al3Tip/
A356 composite, the cracks initiate in the agglomerations of monolithic
Al3Ti particulate, generally perpendicular to the loading direction as
shown in Fig. 9(b), (d1) and (d2). Subsequently, the cracks in Al3Ti par-
ticulates are linked through the ductile A356matrix as seen in Fig. 9(d3)
and (b). As to the (Ti-Al3Ti)cs/A356 composite, the cracks in the Al3Ti
shell are observed along the radial direction and the blunting of crack
tips is also substantiated as in Fig. 9(c1), which is in agreement with
the radial cracks found in the Al3Ti shells in the RVE models in Fig. 8
(a). From Fig. 9(c1) and (c2), Ti core suffers a severe ductile damage be-
fore cracking, indicating that a high stress is endured by the Ti core. Fur-
thermore, the initial cracks in the Al3Ti shells can extend into the ductile
Ti core, within the shell layer or along the particulate-matrix interface,
as seen in Fig. 9(c2) and (c3), which is in accordance with the simula-
tion in five RVE models in Fig. 9(a). In general, from the comparison of
simulation and in-situ tensile test results, the 2D simulation results
show a satisfactory prediction of the damage evolution microscopically
in the two composites. However, 2D simulation still cannot predict the
mechanical properties as accurate as 3D simulation does, which is a lim-
itation of the 2D simulation.

5. Conclusion

Themechanical and fracture behaviors of a Ti-Al3Ti core-shell struc-
tured particulate reinforced A356 composite are investigated by
microstructure-based FE simulation with 2D RVE models, and com-
pared with the 2D simulation of a monolithic Al3Tip/A356 composite.
Uniaxial tensile behavior and microscopic damage evolution in the
(Ti-Al3Ti)cs/A356 composites are simulated in detail to help understand
its high ductility and fracture behavior. The following conclusions are
summarized: The simulated curves indicate the application of plane
stress element underestimates the stress, while applying plane strain el-
ement overestimates the stress, compared to the experimental results
of the tensile test. With plane stress element and considering the dam-
age evolution, 2D RVE gives a satisfactory prediction of tensile strength
and elongation of the (Ti-Al3Ti)cs/A356 composite.

From the details of microscopic simulation, the high ductility of the
(Ti-Al3Ti)cs/A356 composite is attributed to the uniform distribution of
spherical core-shell particulates, which alleviate the stress concentra-
tion and postpone the crack initiation in brittle Al3Ti phase, compared
to the agglomerated monolithic Al3Ti particulates in Al3Tip/A356 com-
posite. Another significant reason is the blunting of crack tips in Al3Ti
shells by the surrounding ductile Ti core and A356matrix, which delays
the crack propagation evidently comparing to the monolithic Al3Tip/
A356 composite. After the brittle cracking of Al3Ti shell, the cracks do
not propagate under a nominal strain from 2.2% to 6.1%. Ti core and
A356 matrix continue strengthening, meanwhile. Consequently, the
(Ti-Al3Ti)cs/A356 composite shows a significant increase in elongation
while reaches a higher tensile strength, compared to the monolithic
Al3Tip/A356 composite.

The damage evolution predicted by RVE simulation for both the (Ti-
Al3Ti)cs/A356 and the monolithic Al3Tip/A356 composites show a good
agreement to the observation from in-situ tensile test.
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