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ARTICLE INFO ABSTRACT
Keywords: The accurate evaluation of the effective mechanical properties of composites mainly depends on
Finite element analysis the characteristics of representative volume elements (RVEs). This paper mainly investigates the

Metal-matrix composites
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RVE size. Additionally, the effect of volume fraction of reinforcement, the edge effect, and RVE
types on the critical size are discussed. First, the Al/Ni multilayered composites were processed by
nine cycles of the cross-accumulative roll bonding (CARB) method. Then, one type of RVEs was
created based on cross-sectional micrographs of composites to consider their inhomogeneities.
Another type was generated by using the random sequential adsorption (RSA) procedure.
Thereafter, the homogenized effective elastic properties of both types of microstructure-based
RVEs and RSA-based RVEs were computed and compared as a function of the volume fraction
of Ni and RVE size. The results showed that by increasing the Ni fragments, the RVEs indicated
stiffer elastic behavior. By increasing the volume fraction of Ni from 0.2 Vf to 0.8 Vf, the Poisson
ratio decreased by 7 % and the elastic modulus increased by 83 % for RSA-based RVE. Regarding
the size of microstructure-based RVE of Al/Ni (0.8 Vf), from the largest size (size 1) with a length
of 575 pm and a width of 575 pm to the smallest size (size 5) with a length of 287.5 pm and a
width of 287.5 pm, the elastic modulus and the Poisson ratio showed 16 % and 0.8 % decrease,
respectively.

1. Introduction

Over the past decades, the engineered materials have developed in industries. Some of these materials include composites, met-
amaterials, metallic glasses, polymers, and alloys [1-5]. Nickel and its alloys are good examples of these materials due to their
interesting features [6-8]. Owing to providing a variety of outstanding properties, materials can be designed to satisfy the re-
quirements of various applications [9-13]. The behavior of accordion metallic dampers has been studied by Nateghi [14]. Abol-
ghasemi et al. [15] examined the strongback performance of a structure. Also, the mechanical properties of beams for space structures
has been investigated by Emami and Gross [16]. Among these newly designed materials, composites are extensively manufactured
[17-21]. For example, Qian et al. [19] have studied damage accumulation in C/SiC composites. Yuan et al. [22] examined the thermal
properties of aluminum matrix composite. Emami and Kabir [23] have investigated the performance of composite under impact
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loading. In addition, the manufacturing techniques have seen a great progress [24,25]. Behseresht and Park [26] produced polymeric
composite through additive manufacturing and Alinaghizadeh et al. [27] fabricated cutting tools by wire electrical discharge
machining. Also, Assari and Eghbali [28] processed the metal matrix composite by hot pressing and hot rolling methods.

Nowadays, optimizing the materials’ properties and reducing the cost of experiments have urged researchers to employ simulation,
modeling, and numerical calculations [29-33]. Mozafarjazi and Rabiee [34] have conducted a numerical study on ductility and energy
absorption of RC shear walls. Additionally, Abbasi-Ghiri et al. [35] studied the finite element models of the spine. Nasiri and Wang [36]
employed kinematic simulation for precision force-controlled tasks in manufacturing. Moreover, Bazmi et al. [37] investigated the
density functional theory (DFT) calculations for Cr-based composite. Hashemi et al. [38] carried out a finite element model of the wind
turbine blade. In addition, the prediction of performance and properties of materials and components is increasingly becoming popular
in industries. The deformation behavior of the hot-pressed composite was estimated by Assari [39]. The neural network-based pre-
diction of energy consumption has been performed by Momeni et al. [40]. Additionally, Shabani and Kaviani-Hamedani have pre-
dicted the permanent vertical and shear strains over cyclic loading of the subsoil layer [41]. Also, predicting the performance of the
thermal storage unit was done by Kiaghadi et al. [42]. Moreover, Patadia and Sweat [43] have investigated the importance of inte-
grating the actual micro-nanostructures from imaging and multiscale models for realistic simulations of hybrid composites.

Effective properties of composite generally depend on its substances and microstructural configurations including size, aspect ratio,
and volume fraction of reinforcement. To estimate these properties, several micromechanical theories namely the Shear-lag model,
Mori-Tanaka model method, and finite element approach have been developed. More complicated representative volume elements
(RVESs) have been successfully modeled through the finite element approach [44]. By using this approach, up to now, a wide range of
composites such as fiber-reinforced polymer composites and ceramic-reinforced metal composites have been studied. Nonetheless, in
metal laminated composite, there is still limited research on different aspects of finite element analysis and representative volume
element modeling which may include element type, mesh size, boundary conditions, types of loading, RVE types, and RVE size.

Generally, the types of RVEs are divided into microstructure-based RVE and simplified RVE. The former considers inhomogeneities
of actual microstructure based on the micrograph’s images taken from cross-sections of samples [8,39]. However, the latter is based on
the distribution of simple shapes in a specific area [45]. Up to now, several procedures have been introduced to create the RVE with the
random distribution of the second phase within a matrix. The random sequential adsorption (RSA) has recently received much
attention [46]. This technique sequentially adds the reinforcement to the defined domain and simultaneously checks their
over-lapping. Yuanwu et al. [8] have recently created the two-dimensional RVEs of aluminum matrix composites by RSA method. Also,
to validate the computed results by RVE modeling, different mechanical experiments should be carried out. Among them, tensile
testing is extensively used. For example, Elbana et al. [47] have done tensile test to evaluate the reliability of FEA analyses of com-
posite. Kumar Sahu and Sreekanth [48,49] performed tensile tests for SiC-reinforced polyethylene composite and HDPE based polymer
matrix nanocomposite reinforced with nanodiamond for validating the FEM based representative volume element approach.

The determination of critical RVE size to analyze effective properties at a macroscopic scale is of great importance. On the one
hand, it needs to be large enough to possess the right content of substances alongside their correct geometries which usually appear as
inhomogeneities and irregularities, particularly sharp corners. On the other hand, it should be small enough to reduce the computation
cost and time. For example, Kanit et al. [50] reported different RVE sizes for effective elastic and thermal properties. In addition,
Savvas et al. [51] reported different convergency rates of results concerning RVE size in determining the properties. These studies
clearly show the importance of critical RVE size. Moreover, there are numerous investigations about the evaluation of RVE size in
polymeric and ceramic composites. With regard to metallic composites, the RVE size was only examined by Assari [39] in Ti/Al/Ti
multilayered composites. He processed this composite by using the hot-pressing method and then the microstructure-based RVEs in
which the layers were all continuous were created. Two sizes of three-dimensional RVEs were studied with the dimensions of 3.23 x
3.23 x 3.23 mm? and 0.0008 x 0.0008 x 0.0008 mm?®. It was pointed out that the larger size could better predict the elastic properties.
This was mainly because of two reasons including correct stacking of layers and volume fractions of composites’ substances. The larger
RVE was created as Ti/TiAl3/Al/TiAls/Ti while the smaller was in the form of Ti/TiAls/Al. However, there is still a shortcoming of
investigations about RVE size, especially when the reinforcing layer is not continuous and is distributed within the matrix.

One of the determining factors in capturing effective properties by finite element analysis (FEA) is the type of boundary conditions.
The impact of boundary conditions on simulated results has been widely investigated in recent years. One of the most recent studies
which was done by Yuanwu et al. [8] reported the effectiveness of periodic boundary conditions for evaluating the elastic properties of
Al/Ni multilayered composites. It is widely acknowledged that applying this boundary condition is a time-consuming procedure and
often results in high-frequency oscillations [52]. Also, matching nodes on the periodic boundary faces may not be possible, especially
in the presence of irregularities. For example, in severely deformed metal composites where the periodic distribution of the second
phase within the matrix never exists, imposing this boundary condition is extremely challenging. In previous investigation, the pe-
riodic boundary condition was only exerted on RSA-generated RVEs. Thus, when there are a large number of RVEs with different sizes
and substances’ contents, the periodic boundary condition can be replaced with other boundary conditions. Among them, symmetric
boundary condition has always been of interest in recent investigations due to its ease of application [53].

This study, for the first time, evaluates the RVE size in metal-metal composites. To this end, the aluminum/nickel multilayered
composites were processed by nine CARB cycles. The microstructure-based RVEs and RSA-based RVEs were modeled, based on the
microstructure of composites from SEM imaging. In each RVE type, the edge effect and different volume fractions of nickel were
considered in determining various RVE sizes and their related elastic properties. Furthermore, the reliability of predicted values was
assessed by the experimental tensile properties.
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2. Materials and methods
2.1. Starting materials and pre-annealing treatment

The elemental sheets of Ni (99.5 wt % Ni; 0.1 wt % Si; 0.1 wt % Fe; 0.1 wt % Cu; 0.05 wt % Mn) and Al (99.5 wt % Al; 0.05 wt % Si;
0.09 wt % Fe; 0.005 wt % Cu; 0.001 wt % Mn), were used in the current study. The starting sheets, as mentioned in Ref. [8], were used
with a length of 200 mm and a width of 200 mm, and different thicknesses were chosen for four different sandwiches and volume
fractions. The values of thickness are listed in Table 1. As shown, the same thickness of Al was used for Al/Ni composites while only the
thickness of Ni varies to obtain specific volume fractions.

The initial sheets of Al (at 400 °C for 150 min) and Ni (at 600 °C for 150 min) were annealed to reduce their internal stress and
increase their deformation capability.

2.2. Surface preparation and stacking of sheets

After pre-annealing treatment, the sheets were surface-prepared by cleaning in acetone and wire-brushing. Once the surface
preparation was done, the sheets were stacked together in the order of Al/Ni/Al, as illustrated in Fig. 1a.

2.3. Procedure of CARB process

The composite processing has been previously stated in the literature [22]. However, the procedure is summarized below:

The roll bonding of Al/Ni (0.2 Vf), Al/Ni (0.4 Vf), Al/Ni (0.6 Vf), and Al/Ni (0.8 Vf) sandwiches were carried out under thickness
reductions of 53 %, 58 %, 66 %, and 77 %, as shown in Fig. 1b. This is related to their different initial thicknesses. Thus, after the first
cycle of the CARB process, all four processed sandwiches had equal thickness. Then, they were cut in two halves, surface-prepared, and
stacked together, as depicted in Fig. 1c. The second CARB cycle was performed by a 90-degree rotation of rolling direction (RD) around
normal direction (ND) and then roll bonding under 50 % thickness reduction, as shown in Fig. 1d. This cycle was repeated seven more
times. Finally, Al/Ni (0.2 Vf), Al/Ni (0.4 Vf), Al/Ni (0.6 Vf), and Al/Ni (0.8 Vf) composites fabricated by nine CARB cycles were
achieved.

2.4. Microstructural analysis
To investigate the microstructure of Al/Ni (0.2 Vf), Al/Ni (0.4 Vf), Al/Ni (0.6 Vf), and Al/Ni (0.8 Vf) composites, different char-

acterization instruments including scanning electron microscopy (SEM) with backscattered electron detector, energy dispersive
spectroscopy (EDS), and X-ray diffractometry (XRD) were used.

2.5. Tensile test

To conduct the tensile test, the samples from each composite were machined, as shown in Fig. 2. Then, the tests were done as
detailed in the literature [8].

3. RVE modeling
To model the deformation behavior of composites, two types of RVEs were created and the edge-effects were also considered in

RSA-based RVEs as described in detail in the previously published paper [8]. All fragments of nickel were assumed to be aligned
towards the rolling direction in each RVE. The brief description of RVE models, edge-effect, and element type is as follows.

3.1. Microstructure-based RVEs

To include the irregularities of microstructure such as positions, different sizes and shapes of broken layers, the microstructure-
based RVEs were created based on the SEM images of microstructures. The backscattered electron (BSE) images were segmented
by using Image J analysis software and then converted to digital micrographs in Abaqus CAE software, as illustrated in Fig. 3(a-d).

Table 1
Initial thickness of Al and Ni sheets (in mm).
Initial thickness of Al sheet Initial thickness of Ni sheet
Al/Ni (0.2 Vf) 0.5 0.08
Al/Ni (0.4 Vf) 0.5 0.2
Al/Ni (0.6Vf) 0.5 0.5
Al/Ni (0.8 Vf) 0.5 1.2

* Vf: volume fraction.
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Fig. 1. The schematic showing different steps of the Al/Ni composites production including (a) pre-annealing/surface-preparing/stacking of layer
sheets, (b) roll bonding, (c) cutting/surface-preparing/stacking of processed composites, and (d) 90° rotation of rolling direction/roll bonding.

Fig. 2. The schematic of the standard tensile sample of Al/Ni composite.

3.2. RSA-based RVEs

Since in metal-metal composites processed by severe plastic deformation, the broken layers are randomly distributed in matrix, the
random sequential adsorption (RSA) algorithm as a powerful method for creating RVEs was employed in this research. The 2D RVEs
were generated by sequential addition of ellipses with different dimensions into the rectangular space. During this random distri-
bution, to avoid the interactions of fragments, the overlapped ellipses were removed. Then, the procedure continued to reach the
specified volume fractions of the second phase. Also, based on the minimum distance between the fragments of the actual micro-
structure, the distance between ellipses was defined. This also helped to avoid the occurrence of mesh problems between ellipses and
the matrix. The generated RVEs are exhibited in Fig. 4a and b.

3.2.1. RVEs without edge-effects
In these RVEs, no ellipse can penetrate through the edge of the RVE, as shown in Fig. 4b.

3.2.2. RVEs with edge-effects

In these RVEs, the ellipses were allowed to penetrate through the edge of the RVE, as shown in Fig. 4a. However, each penetrated
ellipse appeared on the opposite edge of RVE. To maintain the periodicity of distributed ellipses, all ellipses which cross the edges were
cut and shifted to the opposite edges.
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Fig. 3. Steps of designing the microstructure-based RVE, (a) SEM image, (b) segmented image, (c) vector image, and (d) digital image imported

(a) (b)

Fig. 4. The outcome of created RVEs by RSA method: (a) with edge effect and (b) without edge effect.

A perfect bonding at the interface of the Al matrix and Ni fragments was considered in all RVEs. Considering the elastic-plastic
behavior of Al and Ni, the material properties (Table 2) used in the model were assigned to the matrix and reinforcement. Also, the
following equations (equations (1) and (2)) were employed for linear elastic and elastoplastic constitutive responses of composites.

oc=E.e-wheno < oy (@9)]
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Table 2
The input parameters of composites’ constituents for multi-scale simulation.
Elastic modulus, GPa Shear modulus, GPa Yield strength, MPa Poisson’s ratio
Al 75 26 190 0.35
Ni 200 79 285 0.31
e n
0=o0y. (8—) -wheno > oY 2)
Y

in these equations, o, €, oy, €y, E, and n are uniaxial stress, uniaxial strain, yield strength, yield strain, elastic modulus, and strain-
hardening exponent, respectively. Also, due to the irregular shape of Ni fragments, the linear triangular elements of type CPS3
were adopted. The different number of elements were used to analyze the mesh convergence for each RVE. The number of elements
changed for different RVEs depending on volume fraction and RVE size. Additionally, different RVE sizes were compared to accurately
investigate the numerical-solution convergence.

3.3. Symmetric Boundary Condition (SBC)

As depicted in Fig. 5, the displacements of the nodes on the left and bottom edges were restricted in the Y and X directions,
respectively. this means that the nodes on the left edge can move in the X direction while the nodes on the bottom edges can only move
in the Y direction. The other two edges can move freely in the X and Y directions.

All analyses were conducted by applying a strain of 0.7 % along the X-axis.

The volume average of stress and strain in the tensile direction were calculated based on the homogenization method [54], as given
in equations (3) and (4).

_ 1
aifv [/JldV 3
_ 1
E‘ifv /VSidV (4)

where i denotes the direction of the stress/strain tensor.
To obtain the average values of elastic modulus and Poisson ratio, equations (5) and (6) were used.
—€
v=-—-">=" (5)
Ex
Ox

E=(1+v)(1-2
A+ -2) —

(6)
The extracted values were plotted as a function of volume fraction and RVE size.

4. Results and discussion

4.1. Morphology of composites

The SEM micrographs of Al/Ni (0.2 Vf) and Al/Ni (0.8 Vf) composites versus CARB cycles are illustrated in Fig. 6(a-h). The

Undeformed
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Symmetric boundary condition (SBC)

Fig. 5. The illustration showing the initial and final status of the RVE with symmetric boundary condition subjected to tensile loading.
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Fig. 6. SEM images of Al/Ni (0.2Vf) and Al/Ni (0.8Vf) composites at: (a and e) first cycle, (b, ¢, f, and g) fifth cycle, and (d and h) ninth CARB cycles.
And (c and g) magnified images of the fifth cycle.

microstructures of both composites with the thinnest and thickest Ni layers show clear changes by increasing cycles. These changes
include reduction of layers’ thickness, waviness of interfaces, necking of harder layers, layers rupture, and distribution of broken
layers. These are typical features of severely deformed composites and are extensively reported in the literature [8,55,56]. As reported
by Su et al. [57], the applied plastic strain cause thickness reduction. The waviness of interfaces, as shown in Fig. 6 (a, b, ¢, e, f, g) stems
from the nonuniform distribution of shear deformation [58]. Then, Yang et al. pointed out that [59] the localized strain promotes
necking of Ni layers. The necked layers finally experience rupture, as shown in Fig. 6d and h. These phenomena heterogeneously occur
in different regions, leading to the distribution of broken layers of Ni. However, as reported by Zou et al. [56], both pre-annealing of
starting layers and changing strain path result in better deformability of layers under the rolling process. This declines strain locali-
zation which then maintains layers’ continuity to higher cycles. These positive impacts altogether promote a more uniform distribution
of Ni layers within the Al matrix. However, the main reason of such irregular changes is attributed to different strain rate sensitivity of

(C)) (d)

AU/Ni (0.2 V}) | avNi 0.6 vp | Al/Ni (0.8 V)

200 ym |

Fig. 7. Micrographs of Al/Ni composites as a function of volume fraction of Ni: (a) 0.2 Vf, (b) 0.4 Vf, (c) 0.6 Vf, and (d) 0.8 Vf after ninth
CARB cycles.
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composites’ substances which varies from one metal to another. For example, different co-deformation in Al/Ni and Al/Mg composites
leads to significantly different microstructures [22,56]. This is related to the limited deformability of Mg alloys with HCP structure
compared to Ni with FCC structure [8,56].

It is commonly believed that the plastic strains induced by roll bonding are not equally distributed across the composites’ thickness.
In fact, the largest strain located on the surfaces of the sandwich decreases to its center. This is attributed to the friction between
samples and rollers when there is no lubrication [60,61].

The geometrically necessary dislocations are generated as a result of strain incompatibility between layers with different flow
properties [62]. Also, the formation of shear bands around bonded surfaces of Al and Ni can be responsible for the rupture of Ni layers.
According to the literature, higher cycles of rolling need to be carried out to reach the homogenized distribution of Ni fragments.

In contrast to the published papers [63,64], as can be seen in Fig. 7(a—d), the homogeneous distribution of Ni fragments was
achieved through the pre-annealing of initial sheets and applying the CARB process. However, this homogeneity requires severe plastic
deformation or higher CARB cycles because the formation of shear bands can affect the orientation and distribution of fragments [64].

Fig. 8a and b shows the XRD patterns on raw metal sheets and Fig. 8c and d shows XRD analyses performed on rolling direction
(RD)-normal direction (ND) regions of Al/Ni (0.2Vf) and Al/Ni (0.6Vf) composites. These characterizations revealed a variety of
crystallographic planes including (111), (200), (311), and (220) for Al and Ni. This diversity in crystallographic planes is the main
feature of FCC metals, confirming their high deformability. To more accurately examine the existence of the interphases, the EDS
analysis was carried out at the interfaces of Al/Ni, as shown in Fig. 9a and b. The result in Fig. 9¢c did not reveal any intermetallic
compounds. It is deduced that applying cold roll bonding did not result in the formation of unexpected intermetallic compounds at the
bonded interfaces.

4.2. tensile test

The results of the tensile test are illustrated in Fig. 10. The stress-strain curves are shown in Fig. 10a and the extracted results are
shown in Fig. 10b. The correlation between CARB cycles and tensile properties of Al and Ni sheets is evident. The ultimate strength
increases whereas the elongation shows a reduction. Such behavior is usually observed when metal layers are subjected to severe
plastic deformation. It is widely acknowledged that strain hardening of layers during initial cycles and grain refinement during the
final cycles are responsible for the occurrence of such tensile behavior [65]. The first effect, based on the Taylor hardening relationship
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Fig. 10. (a) engineering stress-strain curves of composites with different volume fractions of Ni [8] and (b) yield strength, ultimate strength, and
elongation for Al and Ni sheets and Al/Ni composites.

[66], improves the strengths by increasing the density of dislocation and their pile-up while the second effect, based on the Hall-Petch
relationship [67], increases strengths by increasing the number of grain boundaries. The change of strain path during the CARB process
is believed to be a cause of strength enhancement. This method as reported by Yang et al. [68] can significantly enhance the
deformability of metals even the HCP metals with limited slip systems. This enhancement was reported in the recently published paper
[56] in the fabrication of Al/Mg composites by pre-annealing of layers and the CARB process.

From Fig. 10, the effect of volume fraction on stress-strain curves can be seen. When subjected to tension, the dislocation movement
occurring on slip systems usually controls the deformation of the composite. During the strain-hardening of layers, the intersection and
pile-up of dislocations occur. This is the main reason for the increase in strength and reduction of elongation concerning the laminated
composites during the CARB process. However, an increase in the number and size of Ni fragments from Al/Ni (0.2 Vf) and Al/Ni (0.8
Vf) is another affecting factor on dislocation movement. Indeed, the Orowan loops are probably created by the fragments. To leave
these loops behind and have further movement, the dislocations need more tensile stress. This is consistent with the literature wherein
the homogeneously distributed reinforcement within the matrix has a positive impact on mechanical properties [69,70].

Zou et al. [56] pointed out that the higher tensile strength and elongation of CARBed-composites compared to ARBed-composite
stems from the uniformity in its microstructure. As mentioned in the previous section, uniformity occurs since layers are elongated in
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all directions on the TD-RD plane during successive cycles. Comparing the results of the current study with those reported in the
literature [65,71] further strengthens the effect of pre-annealing and the CARB process in enhancing the tensile properties of
composites.

4.3. Finite element analysis

The effect of the volume fraction of Ni, RVE size, and edge effect on the elastic behavior of created RVEs are studied. As previously
mentioned, the 2D RVEs have been recently modeled in the recent investigation [8]; however, all RVEs, here, are under symmetric
boundary condition (SBC) to efficiently evaluate the critical RVE size.

4.3.1. Influence of volume fractions

Fig. 11(a-d) shows the distribution of Von Mises stress in microstructure-based RVEs with changing volume fractions. The
maximum values appear adjacent to the fragments, particularly their sharp corner. Similarly, these regions were subjected to strain
localization, as demonstrated in Fig. 12. The strain localization of RVEs concerning Al/Ni (0.4 Vf) and Al/Ni (0.6 Vf) are shown in
Fig. 12a and b. Furthermore, the stress concentration and strain localization rose versus the content of the second phase. Similar
findings were reported in the recent investigation [8] in which two other boundary conditions including periodic boundary condition
(PBC) and kinematic boundary condition (KBC) were employed on RVEs of Al/Ni composite. It is believed that stress concentration and
strain localization take place where there are irregularities and materials with different flow behaviors [8,39]. Furthermore, as re-
ported by Liu et al. [72] who simulated the hot-pressed aluminum/steel composites, the difference between the deformation of
aluminum and steel layers during compression resulted in shear stress appearing as stress concentration.

It is generally believed that the harder phase endures the increasing stress during deformation. The localized strain is seen near
these phases because it is believed that the harder phases induce strain accumulation in the soft phase [73]. Yu et al. [74] who
generated RVE with different aspect ratios of Ti fragments for rolled Ti/Al composites reported that when the aspect ratio increases,
higher concentrated stress concentration and localized strain appeared. In fact, by increasing the aspect ratio of fragments, the distance
between them declines and more stress and strain are accumulated in the matrix between fragments.

Comparing Figs. 11 and 13 shows a little discrepancy between the values of Mises stress. In Al/Ni (0.2 Vf) and Al/Ni (0.4 Vf),
slightly higher stress is concentrated in microstructure-based RVEs. This is attributed to the irregular shapes and sharper corners of
fragments. Gao et al. [75] reported the stress concentration at the corner of SiC particles in Al matrix. Nonetheless, at a higher volume
fraction, the Von Mises values of RSA-based RVEs, as shown in Fig. 13(a-d), show larger values than the other RVEs. This is probably
related to the differences in their volume fractions. In the actual microstructure of multilayered composites processed by severe plastic
deformation, the distribution of the second phase is not completely uniform while, in RSA-generated RVEs, the periodicity of the
randomly distributed fragments could reach the exact volume fractions. Thus, a higher content of the second phase (Ni) increases the
Von Mises stress. In addition, Ghayoor et al. [76] pointed out the uneven distribution of stress near irregular shapes in composites.

The homogenized values of the elastic constants versus volume fraction of the second phase achieved by finite element analysis of
RVEs were plotted in Fig. 14a and b. Evidently, all elastic values are significantly affected by the content of Ni. However, the main
reason why the calculated values of modulus are larger than the experimentally achieved ones is that the composite becomes stricter
when SBC is exerted. It has been reported by Qing [77] that the elastic constants of Ti—Al3Ti core-shell structured particulate reinforced
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Fig. 11. Contour plots of Von Mises stress of microstructure-based RVEs versus volume fraction of Ni: (a) 0.2 Vf, (b) 0.4 Vf, (¢) 0.6 Vf, and (d) 0.8 Vf.
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Fig. 13. Contour plots of Von Mises stress of RSA-based RVEs with edge effect versus the volume fraction of Ni: (a) 0.2 Vf, (b) 0.4 Vf, (c) 0.6 Vf, and

(d) 0.8 Vf.

A356 composite under SBC and PBC were different. The former results in higher values than those achieved by experiments while the
latter brings about lower values than experiments. As reported by Denisiewicz et al. [78], the linear boundary condition compared to
the uniform traction boundary conditions results in a stiffer response due to its more restricted condition.

Comparing the elastic moduli and Poisson’s ratio of both RVEs in Fig. 15a and b shows little scatter. In fact, in lower volume
fractions, the results are relatively equal while at higher volume fractions, the RSA-based RVEs seem stiffer. Such behavior can be

observed in the flow behavior of RVEs in Fig. 15.

4.3.2. The effect of edge

The periodic distribution of the second phase in RVE models of composites is vital when the periodic boundary condition is applied.
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Fig. 15. Stress-strain relationships of different micromechanical models: (a) microstructure-based RVEs and (b) RSA-based RVEs versus volume
fraction of Ni.

Also, this represents an ideal distribution of phases in each representative volume element. Furthermore, Li et al. [79] have reported
that considering the edge effect enables acquiring RVE models with a high volume fraction of the second phase. To consider the impact
of edge effect on elastic properties, two RVEs were created by RSA method. In one RVE, all fragments were randomly distributed
without crossing the edges of the matrix. The other RVE, on the other hand, consists of randomly distributed fragments with probable
crossing the matrix edges. More importantly, to achieve the periodicity of fragments, those fragments that cross the edges should
reappear on the opposite edge, as illustrated in Fig. 13. The Von Mises distribution of RVEs with no edge effect is exhibited in Fig. 16
(a—d). Comparing Figs. 13 and 16 indicates that the RVEs with no edge effect are more rigid. In addition, higher stress is concentrated
on the fragments. Also, Cui et al. [73] conducted an investigation on microstructure-based modeling of the compressive deformation
behavior of an aluminum alloy in which a network of Al-Cu phases existed. They showed that low and high levels of local stress were
concentrated near the soft aluminum phase and hard interphases, respectively. This shows that the hard phases with higher strengths
are responsible for bearing the stress. Additionally, Farid et al. [80] reported higher stress concentrations near larger TiC particles.

From Fig. 17a and b, the stiffer elastic behavior of the RVEs with no edge effect is evident. Their elastic moduli are higher while they
possess a lower Poisson’s ratio than the RVEs with edge effect. It is concluded that the predicted elastic values of RVEs with edge effect
give better prediction than the RVEs without edge effect.

4.3.3. Influence of RVE size

To evaluate the critical RVE size, five sizes of microstructure-based RVEs and RSA-based RVEs were created. The RVE sizes
decreased from a maximum size of 575 pm? (size 1) to a minimum size of 287.5 pm? (size 5). Regarding the microstructure-based RVEs,
the previously considered RVEs (Figs. 18 and 19) which have the largest width were partitioned into smaller sizes. By doing this, the
effect of fragment irregularities and distribution were also taken into account. It should be noted that the RVE sizes are different while
the images with equalized dimensions have been shown in Figs. 18 and 19. Obviously, there is the same distribution of stress across the
RVEs. It has been reported that sharp morphologies are prone to high-stress concentration. High stress near interfaces often appears
since the hard phases restrict the local deformation of the soft phase [73].

Nevertheless, their homogenized elastic properties change as a function of RVE size. However, the influence of RVE size on
Poisson’s ratio is relatively smaller for Al/Ni (0.2 Vf) and Al/Ni (0.4 Vf) composites. On the contrary, the variation of elastic modulus
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Fig. 17. Predicted (a) Poisson’s ratio and (b) elastic modulus of RSA-based RVEs with and without edge effect. versus volume fraction of Ni.

was noticeable. The steeper reduction in values was observed for all RVEs except the one with Vf = 0.4 Ni which shows the rise of
values. This may be attributed to the large fragments of Ni. In fact, the aspect ratio of fragments in the smallest RVE (size 5) is
comparable to the largest RVE (size 1). This finding matches well with the previously published paper [39] in which the small RVE
with the thick intermetallic layer showed stiffer behavior. However, from Fig. 20a and b, it can be seen that the results of Poisson ratio
and elastic modulus converge with the increase of the RVE size. As reported by Trias et al. [81], in polymeric composites the aspect of
fiber and element are determining factors for obtaining the critical RVE size. However, in metal composites, volume fraction, irreg-
ularities, and distribution of the second phase should be taken into account.

Different sizes of RSA-based RVEs are illustrated in Fig. 21a and b. For Al/Ni (0.2 Vf) and Al/Ni (0.4 Vf) as illustrated in Fig. 21, the
Ni volume fraction was fixed to be 0.2 and 0.4. To obtain the suitable size of the RVE, the effective elastic properties of different sizes of
RVEs were determined. The variation of effective properties of composites in response to the change in the size of RVE is shown in
Fig. 22a and b. For all given volume fractions, the RVE size evidently affects the elastic modulus and Poisson’s ratio. Also, a similar
downward trend was observed for all predicted elastic constants with a decrease in RVE sizes. By enlarging the RVE size, the elastic
modulus and Poisson’s ratio improved slightly up to reaching convergence values. These findings are in agreement with the recent
investigation of the RVE size of Ti/Al/Ti composites [39]. It has been reported that the RVE represents more reliable results when their
size is as large as the actual thickness of the composite. This is mainly because the largest RVE size consists of more irregularities and,
more importantly, in microstructure-based RVE, can satisfy the right volume fraction of the second phase.

The simulated stress-strain curves concerning different sizes of RVEs are plotted in Fig. 23a and b. The stress-strain curves of RVE
show no significant discrepancies regardless of RVE size. By increasing the RVE size, the elastic region becomes sharper and converges
with the large ones. However, the evident differences can be seen in RVEs of the Al/Ni (0.4 Vf) composite. With an increase in RVE size,
the flow behavior first declined, then, increased slightly up to the largest RVE.

From the findings of predicted elastic behavior, it is deduced that enlarging the RVE size leads to the convergence of the computed
results. Also, the largest RVEs (size 1) which were as thick as the actual composites give a better estimation of mechanical properties in
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Fig. 19. Different RVE sizes and their Von Mises stress distribution of microstructure-based RVEs of Al/Ni (0.4 Vf).

2D simulation. This critical RVE size matches well with the estimated results in 3D simulation [39].

5. Conclusion
The aim of this research was to investigate the RVE size for the evaluation of the effective elastic properties of Al/Ni composite with

different volume fractions of Ni by using finite element simulation of 2D RVE models and homogenization scheme. Two types of RVEs
were created. The microstructure-based RVEs were modeled by using the micrographs images taken from the composites while the
RSA-based RVEs were generated based on simplified geometries and by employing the RSA method. The edge effect which represents

the periodicity of the distributed phase in the matrix was also considered in RSA-based RVEs.

The main findings are summarized below.
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Fig. 21. Different RVE sizes and their Von Mises stress distribution of RSA-based RVEs: (a) Al/Ni (0.2 Vf) and (b) Al/Ni (0.4 Vf).

1. From the details of microstructural characterization, it is highlighted that the modification of microstructure was achieved through
the pre-annealing and cross-accumulative roll bonding of sandwiches. Therefore, the ellipsoidal fragments of Ni were relatively
uniformly distributed within the matrix. In addition to the strong bonding of interfaces without any evident void, according to EDS
and XRD analyses, no unexpected intermetallic compounds were detected in composites, particularly at Al/Ni interfaces.

2. With an increase in Ni content, the results of tensile tests showed an improvement in elastic modulus, yield, and ultimate strengths.
Accordingly, the values of elongation experienced a downward trend.
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3. Both microstructure-based and RSA-based RVEs were capable of achieving satisfactory effective properties under symmetric
boundary conditions. The only discrepancy between the experimental and the computed results is related to the stiffer behavior of
composite under SBC. The calculated elastic properties indicate that finite element simulation of both types of RVEs gives a
satisfactory prediction.

4. Five RVE sizes from the largest RVE with a length of 575 pm and a width of 575 pm to the smallest one with length of 287.5 ym and
width of 287.5 pm were created. The computed elastic constants and the obtained stress-strain curves revealed the convergence of
results by increasing the RVE size. The largest RVE size showed the elastic modulus of 170 GPa and the lowest Poisson ratio of
0.3177 for microstructure-based RVEs while elastic modulus of 174 GPa and the lowest Poisson ratio of 0.3173 were obtained for
RSA-based RVE. Indeed, the large RVEs could estimate the elastic constants of the Al/Ni composites with higher accuracy.

5. The RSA-based RVEs with edge effect exhibited stiffer elastic behavior compared to RSA-based RVEs without edge effect which
presented an elastic modulus of 170 GPa and the lowest Poisson ratio of 0.3192.
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