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Crystal plasticity modeling for the strengthening e�ect of
multilayered copper-graphene nanocomposites

Juyoung Jeong1, George Z. Voyiadjis�

Department of Civil and Environmental Engineering,Louisiana State University,Baton Rouge,LA 70803,
United States of America

Abstract

The paper explores plastic deformation mechanisms in metal…graphene nanocomposites,
illustrating their material strengthening e�ects through a crystal plasticity “nite element
(CPFE) model. This model is compared with published experimental results, which have
previously shown that the two-dimensional shape of graphene e�ectively controls dislo-
cation motion and signi“cantly enhances the strength of metals. Simulated nanopillar
compression tests, using a physics-based CP model that incorporates surface nucleation
and single-arm source dislocation mechanisms, help us understand dislocation motions at
submicron length scales. The crystal plasticity models are applied to nanolayered com-
posites with copper grain layers and monolayer graphene, featuring repeat layer spacings
of 200 nm, 125 nm, and 70 nm, respectively. This study quanti“es the accumulation of
dislocations at the graphene interfaces, contributing to the ultra-high strength of copper…
graphene composites. Moreover, a Hall…Petch-like correlation is established between yield
strength and the number of embedded graphene layers.

Keywords: Cu-graphene nanocomposite, Crystal plasticity, Micropillar compression test,
Strengthening mechanism, Dislocation density

1. Introduction

The study of strengthening mechanisms at the submicron scale in metals is critical
for advancing material technology across various engineering “elds. A comprehensive
understanding of the mechanical properties of metals can provide valuable guidelines for
designing materials with enhanced strength and ductility. This is particularly signi“cant
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for applications in small-scale mechanical components where size-dependent properties
play an integral role. Notably, graphene possesses exceptional mechanical characteristics,
including Young•s modulus of 1 TPa and remarkable ”exibility, allowing it to bend and
stretch without fracturing [1, 2]. As a reinforcement material, graphene has proven its
e�ectiveness in various composite systems. Previous research has mainly concentrated
on synthesizing simple mixtures of graphene ”akes within metallic matrices. However,
challenges in the synthesis process have led to inadequate dispersion of graphene platelets
within the matrix, thereby limiting the extent of strength improvement [3].

Nanolayered graphene…metal structures constitute another type of composite system
known for their ultra-high strength. These structures feature an alternating arrangement
of two distinct materials connected by 2D interfaces. Their strength increases as the
interlayer gap decreases, a phenomenon observed in previous studies on semi-coherent
Cu/Ni multilayer thin “lms [4]. Graphene serves as a passivation layer, obstructing the
propagation of dislocations to the adjacent metal layer, thus contributing to the exceptional
mechanical properties of the overall structure [5, 6]. Various methods are employed in the
laboratory to create metal…graphene nanolayered composites, including vacuum-assisted
physical growth of metal layers and the aqueous transfer of graphene layers using chemical
vapor deposition (CVD) synthesis [7]. This process involves the addition of a polymer
layer, polymethylmethacrylate (PMMA), for support through spin coating, etching, and
transfer using a scooping method [5]. The technique of transferring large-scale graphene
onto desired surfaces has signi“cantly advanced, thanks to the implementation of various
e�cient methods [6, 8…11].

Numerous studies have been conducted to advance our understanding of dislocation
mechanisms at the metal…graphene interface. One such study employs molecular dynamics
simulations to delve into how monolayer graphene reinforces the copper strength during
nanoindentation [12]. Another investigation involves a nanoindentation test on copper
coated with a graphene layer, which in”uences stress distribution and reduces pile-up
height, ultimately boosting the elastic modulus by 5% [13]. Additionally, a study explores
the e�ects of graphene layers on enhancing copper•s mechanical properties in two con-
“gurations: one featuring a graphene layer on the surface and the other with graphene
laminated between copper cap layers [14]. Moreover, the higher-order gradient plasticity
theory has been applied to assess the mechanical behavior of metals under passivation
conditions, accounting for both the strain hardening in the bulk and the stress jump phe-
nomenon at interfaces [15…17].

The size-dependent behavior of metallic specimens in face-centered cubic (FCC) single
crystals becomes evident at a microstructural length scale that usually ranges from above
100 nm to several micrometers. The phenomenon has been extensively studied using
strain gradient plasticity and crystal plasticity, with a focus on the in”uence of dislocation
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densities on the material behavior [18…25]. Transmission electron microscopy (TEM) ob-
servations have revealed distinct dislocation structures in micropillars and nanopillars. For
instance, micropillars larger than 1� m diameter exhibit dislocation structures comparable
to those in bulk material [26]. In contrast, submicron-sized micropillars with diameters
below 100 nm exhibit sparse dislocation densities [27]. These observations suggest that
mechanisms like surface nucleation (SN) or single arm source (SAS) models play a role in
the size e�ects observed in small-scale specimens under uniaxial loading conditions.

Deformation behavior in submicron crystals appears to be governed by dislocation
sources, as shown in Fig. 1, which depicts both the SN and SAS models. These sources
can originate externally, where dislocation nucleation is likely to occur and spread through-
out the sample (see Fig. 1(a1-a3)), or internally, arising from pinning points and dislocation
interactions (see Fig. 1(b1-b3)). The SN model [28…37] posits that at nanoscales, plastic
deformation is dominated by dislocation nucleation. This is primarily because dislocation
loops tend to escape through free surfaces due to high image stresses, resulting in fewer
dislocations forming stable structures during loading and leading to a state of dislocation
starvation in small sample volumes. Consequently, higher stresses are required to activate
new dislocation sources for continuous plastic ”ow, signi“cantly a�ecting the size e�ect.

On the other hand, the SAS model [34…49] suggests that the plasticity of submicron
single crystals is primarily driven by the stochastic nature of single-arm dislocation source
lengths and the multiplication of internal dislocations during plastic deformation. This
model implies that shorter lengths of truncated sources in smaller samples require higher
levels of stress for activation, contributing to the size-dependent ”ow behavior observed in
FCC single crystals [47].

For accurate deformation modeling in submicron-size specimens, it is essential to
consider both internal and external dislocation sources and account for the dislocation
microstructure in an averaged manner. This study explores the plastic deformation mech-
anisms within metal…graphene nanocomposites, employing a CPFE model that integrates
both SN and SAS mechanisms. The investigation reveals the strengthening e�ect of the ma-
terials, emphasizing how the two-dimensional geometry of graphene e�ectively regulates
dislocation motion and signi“cantly enhances the strength of metal…graphene composites.

The subsequent sections are organized as follows: Section 2 introduces the constitutive
framework of the CPFE model for copper single crystals and the nonlinear anisotropic
elastic model for graphene, designed to capture the Hall…Petch-like behavior observed in
nanolayered Cu-Gr nanopillar compression. Section 3 explains the simulation setup and
manufacturing process of the copper…graphene composite system. Section 4 provides de-
tailed simulation results relevant to experiments, including con“gurations following plastic
deformation, true stress…strain curves, statistical analyses of total dislocation density during
submicron-sized micropillar compression, and a comparison of in-situ experimental “nd-
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Fig. 1: Dislocation mechanisms: (a1-a3) surface nucleation of dislocations and propagation/depletion
processes. (b1-b3) single-arm dislocation source and propagation/depletion processes.

ings with corresponding simulation results. Finally, Section 5 summarizes the outcomes
and discusses microstructural developments with respect to physical observations.

2. Constitutive framework

2.1. Continuum description of the nonlinear anisotropic elasticity of graphene

A strain energy density function can be employed to establish the relationship between
stress and strain in hyperelastic materials [50]. The nonlinear, anisotropic elastic response
of graphene is formulated by expressing its strain energy density in a functional form
� = � (� � � ) as:
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(1)

where� � � = 1
2 (� �� � � � Š � � � ) represents the elastic Green…Lagrangian strain tensor,

� � � := � �
� � denotes the deformation gradient equivalent to the elastic deformation gradient
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in line with the assumption in hyperelastic materials.� � � stands for the second-order
identity tensor. Each higher-order elastic modulus tensor is denoted as follows:L � � � 	
for the second-order tensor (ECS),L � � � 	
 � for the third-order tensor (ECT),L � � � 	
 �� 

for the fourth-order tensor (ECF), andL � � � 	
 �� 
�� for the “fth-order tensor (ECFI). The
indices range from 1 to 3.

The second Piola…Kirchho� stress (PK2) tensor is derived from the strain energy density
in terms of the elastic Green…Lagrangian strain as follows:
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Eqs. 1 and 2 can be rewritten in tensorial representation using the Voigt notation as
follows:
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where the subscripts range from 1 to 6.
In this study, we primarily focuses on the deformation state of the graphene with

regard to the in-plane strain condition, as bending•s impact on the strain energy density is
considered negligible. The stress condition in graphene is assumed to be two-dimensional.
Therefore, we only consider components in the elastic moduli Eqs. 1 and 2 that exclusively
involve indices 1 and/or 2. Similarly, the corresponding components in Eqs. 3 and 4
encompass indices 1, 2, and/or 6. The higher-order elastic components of graphene are
detailed in Appendix A. To circumvent snap-back instability, a small amount of viscosity
is introduced in Eq. 4 [51…53] as shown below:
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where� denotes a viscosity-like parameter, and�� 	 represents the Green…Lagrangian strain
rate tensor. The incremental equations of constitutive relations of graphene are based on
the approach outlined in [53], which is employed for the user material subroutines (UMAT)
in ABAQUS. By applying the central di�erence operation to Eq. 5, the increment of the
PK2 can be computed as expressed below:
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where� � 	 symbolizes the increment of the Green…Lagrangian strain tensor,� � indicates
the time increment, and� � � represents the PK2 tensor at the beginning of the time
increment. To update the second Piola…Kirchho� stress tensor at the end of the time
increment in tensor form, two terms are added, resulting in the following expression:

�+� � � � � = � � � � + � � � � . (7)

Similarly, the updated Cauchy stress tensor is represented using the push-forward
operation, as shown below:
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�
denotes the Jacobian of the elastic deformation gradient, which

indicates local volume change. The material Jacobian matrix in Voigt notation can be
de“ned by linking the PK2 tensor and Green…Lagrangian strain tensor as follows:
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Table 1: Independent elastic components for up to the “fth-order elastic moduli of the graphene lattice with
the unit [GPa].

Order of elastic moduli
ECS ECT ECF ECFI

L (3� )
11 = 1068.96 L (3� )

111 = Š8408.96 L (3� )
1111 = 40048.36 L (3� )

11111= Š93682.99
L (3� )

12 = 180.30 L (3� )
112 = Š1006.27 L (3� )

1112 = 2265.67 L (3� )
11112= Š263.88

L (3� )
222 = Š8039.70 L (3� )

1122 = 7709.85 L (3� )
11122= Š38688.06

L (3� )
1122 = 30922.09 L (3� )

12222= Š38945.07
L (3� )

22222= Š99840.90

The pullback of the Truesdell stress rate can be expressed in terms of the Cauchy stress
and logarithmic strain tensors, as shown below:

�
� � �
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� 	
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1
2

�
� �� � � � + � �� � � � + � � � � �� + � � � � ��

�
.

(10)

The e�ective thickness of the graphene is chosen as� = 0.335 nm [54]. Table 1
displays the independent three-dimensional elastic constants that establish a relationship
between 3-D and 2-D stress quantities [50], expressed asL (3� )

� � = L (2� )
� � / � .

2.2. Continuum description of crystal plasticity

The kinematics of crystal plasticity are governed by the total deformation gradient� �� ,
as described by the following equations:

� �� = � �
�� � �

� � with �� �
� � = � �

� � � � Š1
�� , (11)

where� �
�� stands for the elastic deformation gradient,� �

� � represents the plastic deformation
gradient, and� �

� � signi“es the plastic velocity gradient. The rate of plastic ”ow is linked
to the collective slip rates in the intermediate state, as expressed below:

�� �
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where�! ( ) denotes the slip rate on the �� slip system,	 represents the number of active slip
systems," ( )

� stands for the slip direction, and� ( )
� signi“es the slip normal. Considering

that the in”uence of thermal activation and the drag mechanisms regulate how the strain
rate a�ects a slip system, the slip rule was formulated in the following manner [55]:

�! ( ) = #( )
m $2
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+
&��
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�
�
�
�
�
�
�

Š1

, (13)

where+0 denotes the lattice parameter,$ =
�
�$( )

�
� corresponds to the magnitude of the

Burgers vector,� is the isotropic shear modulus,# means the mass density of the crystal,
( " =

�
� / # represents the shear wave speed,� � is the Helmholtz free energy,%� = ( �

+0

stands for the attempt frequency,� * ( ) = $2/
�

#( )
- is the activation volume on the slip

system , � & accounts for the Boltzmann constant,� is the temperature (Kelvin), and the
phonon drag coe�cient is estimated by&�� = 3� � �

$2( �
[56, 57].

The critical resolved shear stress' ( )
() for the activation of the �� slip system in the

SAS mechanism is expressed in the following form:

' ( )
() = ' �	 + �$ ( )

��� 	�

/ =1

+ / #(/ )
�0� +
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412()
ln

�
2()

$( )

�
, (14)

where,' �	 represents the Peierls…Nabarro (PN) stress; the second term accounts for in-
ternal stress related to dislocation interactions; the third term introduces the line tension
stress,+ / denotes the coe�cients of dislocation interactions between slip systems/ and
 , 2() stands for the statistical average value of the minimum distance between the free
surface and a pinning point within the same slip plane [36, 37], and#(/ )

�0� = #(/ )
��� + #(/ )

3	 �
represents the total dislocation density on slip system/ . This density results from the
linear superposition of statistically stored dislocation (SSD) and geometrically necessary
dislocation (GND) densities.

The mechanisms of local dislocation behavior in SSD densities can be interpreted by
the evolutionary equations containing dislocation nucleation( ( )

45(,hom, dislocation depletion

( ( )
�"( , heterogeneous dislocation generation( ( )

6�4� 
 Š� , ( ( )
6�4� 
 Š", ( ( )

6�4(" Š", mutual annihila-

tion ( ( )
+44��Š� , ( ( )

+44��Š", dipole formation( ( )
7�Š� , ( ( )

7�Š", dipole decomposition( ( )
�0 Š� , ( ( )

�0 Š",

locking formation( ( )
�(� �� , ( ( )

�(� �� , and cross-slip( ( )
(" . The mobile and immobile sources
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of dislocation densities are characterized based on their edge and screw components,
formulated in a coupled rate form [55] as follows:
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Surface nucleation of dislocation densities occurs as the applied load approaches the
theoretical shear strength of materials. This phenomenon is primarily attributed to the
relatively slower rate of surface dislocation nucleation compared to the dislocation popula-
tions escaping to the surface. This e�ect is particularly pronounced in small samples with
diameters below 150 nm. Consequently, the material•s strength approaches its theoretical
limit, thereby mitigating the tendency for strain hardening. The process of dislocation
nucleation on the free surface follows the Arrhenius law. It is important to note that the
equations governing dislocation nucleation and depletion are applicable to all slip systems.
Additionally, it is assumed that dislocation loops have a 1/2 probability of depletion from
the free surface. The activation of surface nucleation and depletion occurs when applied
shear stresses exceed� / 21 at absolute zero temperature (0 Kelvin).

The non-dimensional coe�cients of the evolutionary equations are provided in Table
2.It is important to emphasize that these coe�cients are updated based on the dislocation
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mechanisms, which are in”uenced by factors such as forest dislocations, the state of mobile
and immobile SSDs, and the rate of plastic slip. The material parameters listed in Table
2 include: %for Poisson•s ratio,911, 912, 944 as the elastic constants for the Cu single-
crystal, � v as the di�usivity of Cu single-crystal at room temperature,) ( as the critical
radius for stable nucleus formation,' hom,0 as the ideal crystal strength at zero Kelvin,+1

as the interaction coe�cient for self-interaction,+2 for collinear reactions,+3 for coplanar
reactions,+4 for glissile reactions,+5 for Hirth locks, +6 for Lomer…Cottrell locks,� 0
for the probability of stable dislocation interactions,' � � � for the stage III shear stress at
room temperature,� for the sample size,: for the coordination number,%0 for the Debye
frequency, and8hom for the fraction of the homogeneous dislocation nucleation.

The Nye…Kröner…Bilby (NKB) dislocation tensor/ 	 �&
�� [58…60] is a measure of plastic

incompatibility and is formulated in terms of the plastic deformation gradient [61] in such
a way:

/ 	 �&
�� =

� �
curl

�
F� �

� � �
�

� �
. (19)

The NKB dislocation tensor can be represented by taking the dyadic product of the
Burgers vector$( )

� and the dislocation line vector#( )
� , as shown below:
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 =1
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� +
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 =1

$( ) #( )
3	 �" " ( )

� " ( )
� ,

(20)

where,� ( )
� represents the unit vector of the dislocation line.	 � stands for the total number

of slip systems for edge components, while	 " represents the total number of slip systems
for screw components. Moreover,#( )

3	 �� signi“es the edge components of the GNDs, and

#( )
3	 �" corresponds to the screw components of the GNDs.

The underdetermined system of equations is obtained by equating Eqs. 19 to 20. The
solution vector of the GNDs, denoted as� 3	 � , can be determined using the following
matrix representation:

A� 3	 � = � NKB, (21)

where,A is a linear operator formed as a (9× 	 ) matrix, where	 represents the number of

10



dislocation types. This matrix incorporates the basis tensors$( ) " ( )
� � (  )

� and$( ) " ( )
� " ( )

� .
� NKB is a 9× 1 column vector representing the NKB tensor. The solution vector of the
GNDs, denoted as#3	 � , can be determined using the� 1-minimization scheme [61, 62].

This involves minimizing the expression#( )
3	 � = min

�
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Table 2: Coe�cients in the coupled rate equations of SSDs, including dislocation nucleation, depletion,
generation, annihilation, dipole, monopolar formation, locking, and cross-slip.
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The forest dislocation density can be described by the projection of immobile SSDs
and GNDs. This involves considering the absolute GND density values while ignoring the
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sign of the Burgers vector in the following manner:
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(22)
where, #(/ )

��� Š� refers to the immobile SSDs related to edge components, and#(/ )
��� Š"

represents the immobile SSDs related to screw components.

3. Crystal plasticity model and numerical setup

3.1. Experimental setup and manufacturing processes

This section provides an overview of the synthesis process for the graphene…copper
nanolayered composite system, as illustrated in Fig. 2 [5, 6]. The initial stage of cre-
ating metal…graphene nanolayered composites involved growing a high-quality graphene
layer on a substantial copper foil using conventional thermal chemical vapor deposition.
Subsequently, an adhesive carrier “lm composed of PMMA was a�xed to the graphene
surface. The subsequent step in the fabrication of metal…graphene nanolayered composites
included placing the carrier “lm/graphene/Cu foil composite in an APS solution, facilitat-
ing the removal of the Cu foil. Afterward, any remaining PMMA/graphene residues were
thoroughly cleaned using distilled water. The PMMA employed in the transfer process
contained a silicone-based adhesive material with extremely low adhesion to the graphene
surface, ensuring the successful detachment of the graphene from the PMMA and transfer
onto the desired Cu surface. The procedure was iterated multiple times to fabricate copper…
graphene composites with varying layer thicknesses, as depicted in the cross-sectional TEM
images in Fig. 3(b1-b3). The repeat spacings were set at 200 nm, 125 nm, and 70 nm,
respectively. By utilizing distinct repeat layer spacing, it became possible to explore the
impact of interlayer spacing on the strengthening e�ect of these composites.

3.2. Initial con“gurations of the numerical models

Two types of numerical models are employed to compare outcomes with related ex-
periments. One type is based on a series of copper…graphene composites depicted in Fig.
3(a1-a3). These composites, named CuGr200, CuGr125, and CuGr070, feature di�erent
repeated layer spacings and idealized nanopillar geometries. They consist of repeated
copper layers, each with a thickness of 200 nm, 125 nm, and 70 nm, respectively. Fig.
3(a1)-(a4) outlines the intricate details of the computer-aided design (CAD) model used
for the copper…graphene nanolayered composites. In the CuGr200 composite, for instance,
each copper layer has a width and height of 200 nm. A graphene layer, crucial to the
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Fig. 2: Synthesis process for graphene-copper nanolayered composite system. (a) CVD growth of graphene
on the copper foil, (b) PMMA spin casting, (c) Copper foil etching, (d) Wet transfer and removal of the
PMMA layer, and (e) Deposition of a metal “lm and repetition of the metal deposition process [5].

composite•s unique properties, is positioned with a thickness of 0.3 nm between the cop-
per layers. This arrangement remains consistent for CuGr125 and CuGr070, where the
graphene layer is also sandwiched between repeated copper layers. However, in the Cu100
case, copper layers are stacked one over another without an intervening graphene layer.
The nanolayered composites assume perfect bonding conditions between the copper and
graphene layers.

The other computational model for copper polycrystals is illustrated in Fig. 3(a4) and
involves a con“guration where repeated copper layers are stacked to a thickness of 100 nm
without the presence of graphene layers, referred to as Cu100. In Fig. 3(a5), the line
BB� is a parallel positioned 100 nm away from the line AA�, signifying the centerline of
the nanopillars. Computational parameters such as CuGr200, CuGr125, and CuGr070 are
chosen to align with the experimental cross-sectional TEM images, as demonstrated in Fig.
3(b1-b3).

This simulation does not consider the geometric imperfections of the nanopillar intro-
duced by focused ion beam (FIB) milling, such as tapering and sample tilt. Additionally,
unintentional loading conditions like eccentric loadings, which induce biaxial bending
behavior in the nanopillar, and misalignment between the pillar axis and the normal to the
indenter tip are not taken into consideration. It is assumed that the boundary between the
copper and graphene layers is ”at, without any surface waviness, despite the fact that the
experimental graphene layers may exhibit some waviness in their surface “nish.

According to the experimental measurements, the average grain sizes for repeated layer
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Fig. 3: Computational and experimental con“gurations of the specimen. (a1-a3) Idealized initial compu-
tational con“gurations with di�erent repeated layer spacings of copper…graphene composite. From left to
right, 200-nm, 125-nm, and 70-nm repeated copper layers with the insertion of graphene layers (0.335-nm
thickness) are named CuGr200, CuGr125, and CuGr070, respectively. (a4) Idealized initial computational
con“guration of copper polycrystal. The 100-nm repeated copper layers without graphene layers are termed
Cu100. (a5) For all computational models, two paths are available: AA� and BB�. The distance between the
two paths is 100-nm. (b1-b3) TEM images of experimental specimen setups correspond to computational
con“gurations such as CuGr200, CuGr125, and CuGr070, respectively [5].

spacings of 200 nm, 125 nm, and 70 nm are 193.6 nm, 133.2 nm, and 158.4 nm, respec-
tively. This suggests that a single grain should constitute the majority of each nanopillar
layer. The interlayer gap in the copper…graphene composites serves as the extrinsic variable
length scale for plastic deformation. The initial local crystallographic orientations of each
copper layer are illustrated using{111} � 110� slip systems, as depicted in Fig. 3(a1-a4).
These orientations are randomly selected due to the absence of experimental information.
One of the local crystallographic orientations is shown in Fig. 4. To provide clarity regard-
ing the computational model, the Euler angles for each copper grain are listed in Appendix
B.

The nanopillars are subjected to displacement-driven loading in the<-direction of
the global coordinate system. The nanoindenter is modeled as a rigid body constraint,
controlled by regulating the movement of the reference point. This approach ensures pre-
cise control, leading to a more accurate representation. Fixed boundary conditions are
applied to the bottom surface of the nanopillars, as described in Fig. 3(a). The pillar
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Fig. 4: Local crystallographic orientation and{111} � 110� slip systems in FCC crystals.

compression tests for all specimens were simulated under displacement-controlled loading
conditions with an engineering strain rate of 0.002 sŠ1. The slip rule in Eq. 13 integrates
multi-rate constitutive relations that account for both phonon drag and thermal activation
mechanisms. The dominance of drag-driven dislocation motion typically emerges under
high-strain-rate loading conditions due to the relatively low value of the drag coe�cient,
&�� . Consequently, at low strain rates, the stress might not be su�cient to overcome all
barriers without involving thermal activation.

3.3. Material properties of copper/graphene and “nite element setup

This section outlines the “nite element details of the nonlinear elastic constitutive
model for graphene and the crystal plasticity model for copper single crystal using the
User Material subroutine (UMAT) in ABAQUS. For the graphene layer, the membrane
element (M3D8R) is utilized with a reduced integration scheme to consider contributions
from in-plane deformation to the elastic strain energy density. The copper single crystal is
modeled using the twenty-node hexahedral isoparametric element (C3D20R). To maintain
interlayer compatibility in the “nite element mesh con“guration, the graphene layers are
completely matched to the copper layers, preventing excessive element distortion during
contact analysis. The total number of C3D20R “nite elements in the CuGr200, CuGr125,
CuGr070, and Cu100 models corresponds to 120,120, 152,880, 131,040, and 185,640,
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respectively. For the M3D8R “nite elements in the CuGr200, CuGr125, and CuGr070
nanolayered composite models, the total numbers match 1,820, 5,460, and 9,100, respec-
tively.

The initial dislocation densities are homogeneously distributed in the computational
models, with initial values of 1010 mŠ2 and 1014 mŠ2 for the populations of mobile SSDs
and immobile SSDs, respectively, as reported in previous work [63]. The relatively small
extrinsic size of the nanolayered pillar is a direct consequence of the high initial disloca-
tion density of immobile SSDs. Pillar with diameters exceeding hundreds of nanometers
can adequately accommodate these dislocation populations, leading to the collective be-
havior of dislocations within the copper layer, aligning with the SAS mechanism. Table
3 presents various material characteristics utilized for both graphene and copper single
crystals. These characteristics include attempt frequency, lattice parameters, elastic con-
stants of copper single crystal, isotropic elastic parameters, Helmholtz free energy, stage
III stress, phonon drag coe�cient, copper di�usivity at 293 K, dislocation multiplication
coe�cients, parameters for surface nucleation, Peierls…Nabarro stress, and viscosity-like
constants.

Table 3: Materials characteristics of copper single crystal and graphene

Property Value Reference Property Value Reference

$ 2.556× 10Š10 [m] [64] � 0 0.117 [65]
+0 3.6147× 10Š10 [m] [66] +1 0.122 [65]
# 8.9366

�
g/ cm3

�
[67] +2 0.122 [65]

911 168.4 [GPa] [68] +3 0.625 [65]
912 121.4 [GPa] [68] +4 0.137 [65]
944 75.4 [GPa] [68] +5 0.070 [65]
� 54.6 [GPa] [68] +6 0.122 [65]
% 0.324 [68] 8hom 0.01
� � 0.2967 [eV] [69] ) ( $/ 10 [m] [70]
� & 8.6173× 10Š5 [eV/ K] [71] ; 0 7.16× 1012

�
sŠ1

�
[72]

' � � � 28 [MPa] [73] ' hom,0 � / 21 [GPa]
&�� 6.4035× 10Š5

�
Ns/ m2

�
[55] ' �	 34.8 [MPa] [74]

� ; 111.0
�
mm2)

s
�

[75] � 3.5 × 10Š3 [s] [53]
( " 2.4686× 103 [m/ s] [55] � 293 [K]
; � 6.8292× 109

�
sŠ1

�
[55] � 0.2 [ � m]
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4. Numerical results and discussion

4.1. Plastic deformation con“gurations and size-dependency of stress-strain curves

The plastic deformation con“gurations of a copper…graphene composite and copper
polycrystals are presented in Fig. 5. Four cases were simulated based on the loading con-
ditions of the nanoindentation experiments [5]. The post-unloading state con“gurations
are shown in the last column, including a homogeneous distribution of slips. The deforma-
tion of the copper polycrystal appears uniform, exhibiting a barrel shape. In contrast, the
nanolayered composite system demonstrates a complex deformation pattern, characterized
by a heterogeneous distribution of slips across the layers.

Regarding the CuGr200 sample, notable observations include signi“cant compressive
deformation in the upper copper layer and minimal plastic deformation in the lower copper
layer. After unloading, a prominent slip band emerged within the top layer along speci“c
crystal slip planes and directions. The compression force induced swelling towards the free
surface. The interface layer of the copper…graphene composite displayed high membrane
curvature due to the strong interfacial bonding.

For CuGr125, plastic deformation due to compression was observed in all copper lay-
ers. Unlike CuGr200, the formation of a strong slip band occurred in multiple layers, albeit
with a reduced concentration. Consequently, plastic deformation towards the free surface
direction caused by the compressive force varied among the layers, as indicated by distinct
slip directions. While distortion at the graphene interface diminished, slip localization ac-
cumulation remained pronounced at the interface, with discontinuities beyond the interface
layer.

With an increasing number of interfacial layers, the extrinsic length scale decreased in
the CuGr070 composite. This led to reduced lateral bulging in the free surface direction
within each copper layer. A strong slip band was con“ned to a single layer, in”uenced
by its slip direction. In all other layers, the frequency of slip band formation decreased.
The expected accumulation of slip localization at the interface and discontinuous behavior
beyond the interface persisted, but the bending in the interface layer with graphene was
diminished. Moreover, slip propagation to the free surface showed an even distribution
across all layers.

The calculation of the true stress…strain curves is carried out by assuming consistent
pillar volume and uniform deformation, expressed as=� � � = =7� 7, where=� and� � denote
the cross-sectional area and pillar height in the initial con“guration, respectively [6, 28].
The deformed cross-sectional area=7 and pillar height� 7 can be determined using the
corresponding equations [28] as shown below:
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Fig. 5: Deformation heterogeneity in the central cross-sectional area of the X…Y plane within the copper-
graphene nanocomposites as it undergoes both loading and unloading processes. (First row) CuGr200
nanocomposite is compressed until the 20% of true strain. (Second row) CuGr125 nanocomposite is
compressed until the 23% of true strain. (Third row) CuGr070 nanocomposite is compressed until the 25%
of true strain. (Fourth row) The Cu100 polycrystal is compressed until the 15% of true strain.
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where� denotes the applied force and7( signi“es the correction of the pillar•s displacement.
This correction is estimated by subtracting the displacement of the material beneath the
pillar from the total displacement of the indenter tip. The true stress and strain in this work
are subsequently formulated using the deformed con“guration•s cross-sectional area and
pillar height from Eq. 23 [28], as outlined below:

� �)5� =
�
=7

and � �)5� =
�

� = 7
+ ln

�
� �

� 7

�
. (24)

The mechanical properties of copper…graphene nanolayered composites were also eval-
uated in this study. Both the true stress…strain results from experiments [5] and simulations
in this work demonstrated a distinct trend of strength enhancement in these composites as
the metal repeated layer spacing was reduced, as shown in Fig. 6(a). By referring to the
de“nitions of true stress and strain for both simulations and experiments given by Eqs. 23
and 24, it becomes evident from Fig. 6(a) that the variance in elastic behavior between true
stress…strain curves does not arise due to size dependence. Notably, the highest strengths
were observed in the copper…graphene nanopillars when the copper layer spacing reached
its minimum. This resulted in an average ”ow stress of 1.5 GPa, or� / 36 [5], at a plastic
strain of 5%, surpassing the yield strength of bulk single-crystal metals (185 MPa, or
� / 295) [55, 76] by a factor of eight. The ”ow stresses at a plastic strain of 5% in the
simulations, as shown in Fig. 6(a), were 1.41 GPa, 1.18 GPa, 0.97 GPa, and 0.60 GPa for
copper layer spacings of 70 nm, 125 nm, 200 nm, and 100 nm, respectively.

Numerous experimental investigations have revealed that the plastic deformation of sub-
micron crystals exhibits intermittent patterns. These stress…strain curves display distinct
step-like and serrated features that correspond to the breakthroughs of piled-up dislocation
densities and interactions at grain boundaries. This intermittent behavior, characterized by
abrupt increments in strain, is commonly referred to as astrain burst. The stochastic and
discrete nature of these strain bursts introduces challenges in maintaining consistent and
homogeneous plastic deformation at submicron scales [77].

Hence, the stress…strain curves from the experiments on the submicron scale signi“-
cantly di�er from smooth and continuous patterns; instead, they often exhibit a step-like
or serrated nature. By utilizing discrete dislocation dynamics (DDD) simulations, we can
concentrate on individual dislocation sources, enabling the direct capture of interactions
between evolving dislocations. This approach o�ers insights into the underlying mecha-
nisms that contribute to the observed serrated ”ow behavior in metallic materials. Crystal
plasticity simulations serve as a representative model for understanding bulk material be-
havior. Their ability to encapsulate the intricate behavior of individual crystals within a
polycrystalline material allows them to generate continuous stress…strain curves. These
simulations comprehensively consider microscale mechanisms in”uencing plastic defor-

19



mation, including dislocation slip, twinning, and interactions at grain boundaries. Through
the integration of these complex mechanisms, crystal plasticity models o�er stress…strain
curves that demonstrate continuity, portraying the gradual accumulation of plastic defor-
mation across diverse crystal orientations and slip systems.

Fig. 6: Strength enhancement in copper-graphene nanolayered composites with the increased number of
graphene layers. (a) Comparing true stress…strain curves between simulations and their corresponding
experimental results [5]. (b) Comparing ”ow stress…layer spacing plots in logarithmic scales between
experiments [5] and simulations.

In Fig. 6(b), the red square points correspond to experimental “ndings involving
micropillar compression tests on four samples with identical dimensions. For instance,
in the case of CuGr200 with a 200 nm layer spacing, experimental results displayed a
distribution of 5% ”ow stresses ranging from 0.5 GPa to 1.1 GPa. However, the simulation
result for CuGr200, indicated by the blue triangle, exhibited a 5% ”ow stress of 0.97 GPa,
falling within the distribution of experimental results. Similarly, for the CuGr125 and
CuGr070 scenarios, experimental “ndings exhibited the distribution of 5% ”ow stresses
across the four samples. The red solid line denotes the “tting line spanning all the
distributions of 5% ”ow stresses from experimental outcomes. Conversely, the blue solid
line represents the “tting slope across all simulation results corresponding to CuGr070,
CuGr125, and CuGr200.

The log…log plots of ”ow stress versus layer spacing for experiments [5] and simulations
exhibited slopes ofŠ0.402 andŠ0.370, respectively, closely matching the Hall…Petch
exponent [78]. This observation supports the idea that dislocation densities accumulate at
the interface, indicating a Hall…Petch-like behavior above a diameter of 100 nm in metal
nanolayered composites [79].
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4.2. Evolution of total dislocation density

Fig. 7 depicts the accumulation of the average total dislocation density for nanopillars
with varying layer thicknesses as a function of true strain. The simulations reveal that
the layer thickness in”uences the correlation between true stress and true strain. As the
layer thickness decreases from 200 nm to 70 nm, the accumulation rate of dislocation
density increases. The simulation results indicate that the accumulation of dislocation
densities in Cu100 with “ve grain boundary layers and CuGr200 with one graphene layer
is comparable, suggesting that graphene is more e�ective in retarding gliding dislocations
than grain boundaries. The Hall…Petch-like e�ect is evident in the “ndings for CuGr125
and CuGr070, wherein an increase in the number of graphene layers is associated with this
e�ect. The simulations show that the rate of dislocation density accumulation following
the initial yielding stage is lower in the CuGr200 composite compared to CuGr125 and
CuGr070, likely due to starvation hardening. The presence of graphene results in a
combination of starvation hardening and strain hardening in the CuGr200 composite.

It is widely acknowledged that submicron-scale FCC single crystal micropillars with
externally size-dependent strength undergo plastic deformation through three distinct mech-
anisms [33, 37, 45, 80]. When considering micropillars with a diameter of 0.1 micrometers
or less, the absence of interactions among initial dislocations renders the SN mechanism
dominant. Conversely, micropillars featuring diameters of 1� m or greater are primarily in-
”uenced by the SAS mechanism. For pillar sizes falling in between, with diameters ranging
from 0.1 to 1� m, both the SN and SAS mechanisms contribute to their plastic deforma-
tion. Fig. 8 provides detailed illustrations of the probability of total dislocation density
with increasing strain and the associated three-dimensional contour mappings depicting
the evolution of dislocation structures for CuGr200, CuGr125, CuGr070 composites, and
Cu100 polycrystals. The probability distribution curves in Fig. 8 for all simulations reveal
peculiar peaks at a value of 14 on the x-axis. These peaks emerge due to the initial presence
of total dislocation density during the initial strain stage for each case, where the initial
dislocation densities are homogeneously distributed in nanolayered pillars. The speci“c
numerical values of the initial dislocation densities can be found in Section 3.3.

In the initial loading stages, dislocations can easily move out of all samples, leading
to a state compatible with the dislocation starvation mechanism. Once the stress reaches
the necessary threshold for nucleation, dislocations form semi-circular con“gurations on
the surface and emerge through the free surface. This phenomenon is evident in the
probability distributions for both Cu100 and CuGr200. When considering the in”uence
of the graphene layer, the probability distribution of dislocation densities for the CuGr200
composite exhibits a broader spread, as illustrated in Fig. 9(b). Conversely, the probability
distribution of dislocation densities for the Cu100 polycrystals remains con“ned to a narrow
range due to the equilibrium between dislocation generation and depletion, as shown in Fig.
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Fig. 7: Accumulation of average dislocation density in nanopillars, demonstrating the in”uence of the number
of graphene layers on the true stress…true strain relationship and the e�ectiveness of graphene versus grain
boundaries in retarding dislocations: (a) Cu100, (b) CuGr200, (c) CuGr125, and (d) CuGr070.

9(a). Additionally, in the case of the other composite samples, CuGr125 and CuGr070,
a blend of SAS and SN mechanisms operates in a random manner through dislocation
interactions, producing forest hardening. Therefore, as depicted in Figs. 9(c) and 9(d), the
probability distribution of dislocation densities resulting from this combined SAS and SN
surpasses the balance between generation and depletion of dislocation densities, ultimately
leading to a Hall…Petch-like strengthening e�ect.

4.3. Dislocation activity
In this study, the dislocation mechanisms within Cu…graphene nanopillars for CuGr200

and CuGr125 were investigated using in-situ TEM [5] and CP simulations, with the aim of
comprehending the observed high strength and strain-hardening behavior. The e�ciency
of the graphene layer as an impending barrier to hinder dislocation motion is demonstrated
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Fig. 8: Distribution of total dislocation density mapped onto three-dimensional deformed con“gurations
and the corresponding probability distribution at various compressive strains: (First row) CuGr200, (Second
row) CuGr125, (Third row) CuGr070, and (Fourth row) Cu100. The color bar for total dislocation density
in 3D con“gurations ranges from 1013 to 1016

�
mŠ2

�
.

in Fig. 10. The simulation results for the CuGr200 case provide 3-D contour mappings
of total dislocation density across the cross-sectional area of the specimen, progressing
from its initial state to a maximum strain of 20% in regular 5% increments. The deformed
con“guration after unloading is simulated in Fig. 10(b6) following the maximum strain
stage. The color map represents the range of total dislocation density, spanning values
from 1013 to 1016

�
mŠ2

�
. Despite not being an exact match of the deformed con“guration,
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Fig. 9: Probability distribution of total dislocation density from initial to “nal compressive strain for (a)
Cu100, (b) CuGr200, (c) CuGr125, and (d) CuGr070. The color map indicates the probability intensity,
covering the total dislocation density range from 1013 to 1018

�
mŠ2

�
. The impact of graphene layers on

dislocation density distributions is demonstrated, where Cu100 maintains a narrow range, CuGr200 exhibits
a broader distribution, and CuGr125 and CuGr070 display a combined dislocation mechanism, resulting in
Hall-Petch-like strengthening e�ects. The abnormal peaks are a result of the initially uniform distribution of
total dislocation density in nanolayered pillars during the early strain stage for each case.

the simulation results and TEM images demonstrate a consistent trend. This is because the
initial con“guration of the experimental sample is not perfect, unlike the simulation setup,
given that the cross-sectional area varies along the height direction of the experimental
sample (see Figs. 10(a1) and (b1)). The presence of dislocation surface nucleation and
internal dislocation sources is observed in both experiments and simulations, as described
in Figs. 10(a2) and (b2). Both outcomes show a concentration of high dislocation densities
in the upper copper layer, which experiences signi“cant slip localization in Figs. 10(a3-
a6) and (b3-b6). In contrast, the lower copper layer exhibits lower dislocation densities.
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The graphene layer e�ectively hindered the gliding dislocations clustered in the upper
copper grain. Dislocation starvation is primarily con“ned to the lower copper layer. The
graphene e�ectively prevents dislocations from propagating to the next layer, resulting
in the observation of lateral expansion in the upper layer and distinctive bending of the
graphene layer due to robust interfacial bonding. The expansion of the upper copper layer
in the lateral direction could be attributed to the activation of slip systems or interfacial
sliding.

Grain boundaries play a pivotal role in the evolution and interaction of dislocation den-
sities within polycrystalline systems. The misorientation of grain boundaries can notably
in”uence local dislocation behavior, including dislocation transmission, absorption, and
blockage. Furthermore, stress accumulates at these interfaces, exerting a signi“cant impact
on pile-up formation and dislocation behavior within both individual grains and the overall
mechanical response [81]. Similarly, graphene in”uences local dislocation behavior, acting
like grain boundaries. Therefore, graphene plays a crucial role in delineating regions where
surface dislocation nucleation and escape are active, while dislocation starvation occurs
due to the accumulation of dislocation densities above the graphene interface.

The “ndings of this study indicate that the slip process, which leads to plastic deforma-
tion, predominantly occurs within the copper layers of the nanopillar. The slip distribution
signi“cantly a�ects the overall mechanical response of the copper…graphene composite.
The slip behavior of copper is notably in”uenced by factors such as grain orientations,
the size of the copper grains, and the speci“c loading conditions applied. The plastic
deformation mechanism of the copper…graphene composite emerges from a combination
of two modes of deformation: coupled and independent. Coupled deformation results from
the interaction between the graphene and copper layers, linked by interfacial bonding. The
resistance to slip, re”ecting the capacity of the graphene layers to resist sliding relative to
the copper layers, emerges as a critical determinant of the coupled deformation behavior
within the composite system. The presence of the graphene layer enhances the mechanical
strength of the composite by facilitating dislocation multiplication and accumulation at the
interface. On the other hand, independent deformation pertains to the separate deformation
of the graphene and copper layers, guided by their intrinsic mechanical properties [82].
This delineation of coupled and independent modes of deformation sheds light on the
intricate mechanics underlying the response of the copper…graphene composite to external
forces.

The outcomes regarding the distribution of dislocation densities are illustrated in Fig.
11, which presents three-dimensional mappings of total dislocation densities along with
their statistical analysis. Within the upper copper layer, denoted as Grain 1, the increase in
strain triggers the formation of distinct slip bands and an intricate distribution of dislocation
densities. This complexity arises from the interplay between the reduction of dislocation
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Fig. 10: In-situ compression test of a single-layered copper…graphene composite nanopillar (CuGr200).
TEM images [5] of dislocation density evolution with increased strain for (a1) initial, (a2) 5% strain, (a3)
10% strain, (a4) 15% strain, (a5) 20% strain, (a6) after unloading con“gurations. (b1-b6) Corresponding
computational results with identical strain stages. The range of the total dislocation density is from 1013

to 1016
�
mŠ2

�
. (a1/b1) Experimental and simulation con“gurations di�er due to variations in the cross-

sectional area. (a2/b2) Both experiments and simulations show dislocation surface nucleation and internal
dislocation sources. (a3/b3) High dislocation densities concentrate in the upper Cu layer, causing signi“cant
slip localization. (a4/b4) The lower Cu layer undergoes dislocation starvation as the Gr layer blocks the
dislocation ”ow from the upper to the lower layers of Cu. (a5/b5) Distinctive buckling of the upper Cu
layer in the experimental con“guration due to variations in the initial cross…sectional area, along with the
formation of strong slip bands and con“ned dislocations. (a6/b6) Lateral expansion of the upper Cu layer
and distinctive graphene bending due to strong interfacial bonding.
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densities at the free surfaces and the generation/interaction of dislocation densities within
the grain itself. On the other hand, dislocation densities in Grain 2 exhibit a dense concen-
tration near the interface, resulting in dislocation starvation elsewhere. Along the interface
of Grain 2, elevated dislocation densities are observable along the boundary of the free
surface, accompanied by a comparable amount of dislocation densities within the grain.
This internal density results from dislocation multiplication mechanisms.

As the strain increases, the median value of Grain 1 increases progressively, mirroring
the trend depicted in Fig. 9(b). However, in Grain 2, the median value only surpasses
the initial dislocation density after a strain of 15%. It is noteworthy that in Grain 2, the
distribution of values includes outliers concentrated at the extreme ends, particularly at
maximum strain. On the other hand, in Grain 1, these outliers are more evenly distributed.
This discrepancy can be attributed to the in”uence of graphene, which inhibits dislocation
propagation, causing dislocation starvation in the lower copper layer and accumulation in
the upper layer of Grain 2.

The high strength of copper…graphene nanopillars was studied using ex-situ high-
resolution TEM and computational simulations for CuGr125. The synthesis process of the
graphene…copper composite system is illustrated in Fig. 2. During the metal deposition
step, SiO2 and Si layers are utilized as substrates. However, it is important to note that these
substrates are not considered in the computational models and simulations. Detailed infor-
mation about each layer is solely derived from the TEM image presented in Fig. 12. Figs.
12(a1) and 12(a2) depict scanning electron microscope (SEM) images of the CuGr125
composite in its initial and deformed states [5]. In comparison, the simulation results in
Figs. 12(b1) and 12(b2) di�er from the SEM images in terms of the initial con“guration
of the nanopillar, which appears tapered in the simulation, and the observed squeezing at
the top in the deformed con“guration. Moreover, during the manufacturing process, the
graphene layers were deposited in a wavy state, a detail not accounted for in the simulation
setup. Fig. 12(a3) displays a bright-“eld TEM image of the CuGr125 nanopillar following
a 23% compressive strain, while a more detailed view is presented in Fig. 12(a4). This
magni“ed view con“rms the presence of higher dislocation densities in the copper layer
above the interface, aligning with observations from both simulations and experiments [5].
This similarity underlines the fact that the copper…graphene interface e�ectively impedes
dislocation motion. Importantly, the graphene•s structural integrity remained intact, show-
ing no signs of shear or rupture during deformation, even under the maximum compressive
strain. This behavior can be attributed to the intrinsic mechanical strength of graphene,
which e�ectively constrains dislocation propagation across the interface.

The distributions of GNDs and SSDs for CuGr125 nanolayered composite are illus-
trated based on the simulations conducted in this work, as presented in Fig. 13. The
“gure o�ers three-dimensional visualizations of the dislocation density distributions for
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Fig. 11: Three-dimensional mappings and statistical analysis of the total dislocation density in each copper
grain (CuGr200) with increased compressive strain. The color bar for total dislocation density in 3D
con“gurations ranges from 1.5 × 1014 to 1015

�
mŠ2

�
. (Top row) Three-dimensional mapping of total

dislocation density. (Bottom row) Boxplots of associated total dislocation density in upper and lower copper
grains (Grains 1 and 2).

both populations in each layer of the CuGr125 nanopillar, accompanied by correspond-
ing boxplots. These representations enable the identi“cation of dislocation densities in
each layer, and through statistical analysis, a clear correlation can be observed with the
Hall…Petch-like e�ects resulting from the increased number of graphene layers.

In Fig. 13, the distribution of total immobile SSD populations in each layer of CuGr125
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Fig. 12: Results of an in-situ compression test of a three-layered Cu…graphene composite nanopillar. SEM
images of (a1) before and (a2) after con“gurations [5]. TEM images of (a3) deformed con“guration and (a4)
magni“ed region of the deformed con“gurations indicate a high accumulation of dislocation densities [5].
(b1-b2) Simulation results depicting the distribution of total dislocation density in both initial and deformed
con“gurations. (b3) Accumulation of total dislocation density in the cross-sectional area of the X-Y plane,
indicated by the gray area in (b2). (b4) High dislocation density observed above the graphene layer in a
magni“ed region from the con“guration at the unloading stage. The total dislocation density in the simulation
results ranges from 1013 to 1016

�
mŠ2

�
.

is particularly dominant, con“rming that the strengthening e�ect primarily arises from the
accumulation of SSDs. Unlike the results observed in the CuGr200 composite, no instances
of dislocation starvation occur in any layer of the CuGr125. This discrepancy is attributed to
the reduction in thickness of the copper layer, which leads to increased dislocation densities
within the layers due to dislocation multiplications. Simultaneously, the heightened number
of graphene layers limits opportunities for dislocations to escape through the free surface
or migrate to other layers. As a result, each layer shows a comparable distribution of
SSD populations, as depicted in the boxplots within Fig. 13. Moreover, the simulation
results corroborate the absence of strain gradient e�ects in nanolayered composites at
the 200 nm scale, a phenomenon reported by [28]. Through statistical analysis of the
simulation results, it becomes evident that there is a substantial disparity of several orders
of magnitude between GNDs and SSDs, implying that GNDs have not exerted a signi“cant
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Fig. 13: Comparison of the three total dislocation densities for CuGr125 nanocomposite at the unloading
con“guration. (First row) From left to right, three-dimensional mappings of total GND, total immobile SSD,
and total mobile SSD populations in each copper layer. (Second row) Boxplots illustrating the distribution
of three total dislocation densities within each Cu layer. The color bar for total GND and immobile SSD in
the deformed con“gurations range between 1.5 × 1014 and 1015

�
mŠ2

�
. The color bar for total mobile SSD

in the deformed con“gurations range between 1010 and 2.0 × 1011
�
mŠ2

�
.

in”uence on the observed strengthening e�ect.
The commencement of dislocation activity immediately following the onset of plastic

deformation is con“rmed by simulation “ndings for both copper polycrystalline (Cu100)
and copper…graphene composite (CuGr070), as illustrated in Fig. 14. The comprehensive
dislocation density distribution reveals the diverse dislocation behaviors that transpire
shortly after plastic deformation, within the range of 0.5% to 1.3% plastic strain. From 0.5%
to 0.7% plastic deformation, both internal and external dislocation sources are generated,
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Fig. 14: Dislocation activity at the onset of plastic deformation within the range of 0.5% to 1.3% plastic strain,
including dislocation nucleation, depletion, and cluster formation: (a1-a5) Early stages of total dislocation
density evolution for Cu100 polycrystal. (b1-b5) Early stages of total dislocation density evolution for
CuGr070 nanolayered composite. Black dashed lines indicate the interface between the Cu grain and
graphene. The total dislocation densities for Cu100 and CuGr070 range from 2.0 × 1014 to 1015;

�
mŠ2

�
.

while simultaneous dislocation depletion occurs through the surface of the sample, as
depicted in Figs. 14(a1-a2) and (b1-b2) in both simulations.

In the context of copper polycrystals (Cu100), the compressive deformation triggers
the gliding of the aggregated dislocations within each copper layer, resulting in a balanced
accumulation and dissipation of dislocation densities. In contrast, the balance is disrupted
in the case of the copper…graphene composite (CuGr070), where the accumulation of
dislocation densities gains dominance during compressive deformation, as evident in Figs.
14(a3-a5) and (b3-b5). According to the earlier discussion of the “ndings, this behavior
is attributed to the substantial inhibition of dislocation activity within graphene. The
ampli“ed total dislocation density in each copper layer promotes dislocation interaction,
consequently contributing to the material•s strengthening e�ect.
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4.4. Interfacial mechanical behavior

The contour mappings of three physical quantities obtained from the simulations …
namely, the stress component in the<-direction, total dislocation density, and e�ective
plastic strain … for the nanolayer composite nanopillars (CuGr070, CuGr125, and CuGr200)
and the pure nanopillars (Cu100) are shown in Figs. 15 and 16. The changes in these
physical quantities were computed along the paths AA� and BB�, as depicted in Fig. 3(a5).
The path AA� aligns with the central axis of the specimen, while the path BB� corresponds
to the boundary axis along the free surface. Furthermore, interfacial sliding may facilitate
the passage of dislocations accumulated at the copper…graphene interface through the free
surface, thus contributing to the extended plastic deformation of the copper layers. The
strength of interfacial shear holds a pivotal role in comprehending the deformation behavior
of metal…graphene multilayers [5].

The simulation results for CuGr070 nanopillars were compared with those of Cu100
nanopillars, as shown in Fig. 15. The values of the three physical quantities … the stress
in the<-direction, total dislocation density, and e�ective plastic strain … are notably lower
in Cu100 than in CuGr070. This disparity is attributed to the absence of a graphene
layer in Cu100, resulting in a more straightforward depletion of dislocations to the free
surface or their propagation to other copper layers. However, the CuGr70 composite
exhibits signi“cant ”uctuations in stress within each of its copper layers and variations in
dislocation density. Notably, these changes in values are more pronounced along the path
BB� than along the path AA�, indicating that the dislocation densities accumulated at the
interface exhibit a strong tendency to escape towards the free surface through interfacial
sliding. This behavior leads to a noticeable increase in plastic deformation. Therefore, the
substantial variations in e�ective plastic strain, especially at the interfaces along both AA�

and BB� paths in CuGr070, provide additional evidence supporting the observed increase
in plastic deformation.

The analysis of the total dislocation density and starvation mechanism within the
CuGr200 composite highlights a signi“cant concentration of plastic deformation within
the upper copper layer. Moreover, evident ”uctuations in both the total dislocation density
and stress occur in close proximity to the interface. Along the AA� path, there is a
signi“cant accumulation of dislocation densities in the top copper layer due to dislocation
multiplication. On the other hand, the lower copper layer encounters dislocation starvation,
which hinders the progression of dislocation densities through the graphene layer. This
phenomenon brings about a pronounced stress concentration near the interface, producing
the starvation hardening.

Due to dislocation starvation in GuGr200 composites and Cu100 polycrystals, surface
dislocation nucleation and depletion are likely to play a major role in plastic deformation
at the submicron scale. The simulation results in this study are expected to adhere to
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Fig. 15: Comparison of Cauchy stress in the loading direction, total dislocation density, and e�ective plastic
strain “elds for two paths AA� (second row) and BB� (third row). (Left three columns) Cu100; (Right three
columns) CuGr070. The color bar for Cauchy stress varies within the range of -500 MPa to 500 MPa. The
color bar for total dislocation densities for Cu100 and CuGr070 range from 1013 to 1016;

�
mŠ2

�
. The color

bar for e�ective plastic strain spans from 0 to 0.02.

the scaling behavior of yield stress based on the governing length scale of approximately
hundreds of nanometers [45]. However, despite each layer thickness being less than 0.1
micrometers, which is the governing length scale, both the SAS and SN mechanisms are
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Fig. 16: Comparison of Cauchy stress in the loading direction, total dislocation density, and e�ective plastic
strain “elds for two paths AA� (second row) and BB� (third row). (Left three columns) CuGr200 (Right three
columns) CuGr125. The color bar for Cauchy stress varies within the range of -500 MPa to 500 MPa. The
color bar for total dislocation densities for CuGr200 and CuGr125 range from 1013 to 1016;

�
mŠ2

�
. The color

bar for e�ective plastic strain spans from 0 to 0.02.

observed in all nanolayered composite pillars in this study, attributable to the contribution
of graphene layers to the size e�ect.

The simulation results of the probability distribution of the total dislocation density in
the CuGr125 composite reveal that dislocation densities are uniformly distributed across
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all copper layers in both AA� and BB� paths. The graphene layer also contributes to an
even distribution of e�ective plastic strain around the interface, extending beyond the free
surface of the specimen. This results in lateral bulging towards the surface, facilitated by
the strong bonding at the interface. The stress also shows considerable ”uctuation in both
paths because of the in”uence of dislocation interactions. With the incorporation of more
graphene layers in the composite, the values of the three physical quantities in the CuGr125
nanopillar exhibit distributions several times higher than those of the CuGr200 composite,
con“rming the Hall…Petch-like e�ect.

4.5. Anisotropic response of graphene

The mechanical behavior of graphene is characterized by its brittleness and linear
elasticity in small deformations, while large deformations result in a nonlinear anisotropic
response. The deformed con“gurations of graphene in the CuGr200 sample under com-
pressive strains from 7.5% to 20% are depicted in Fig. 17, along with the initial state of the
graphene. Graphene is perfectly bonded to each copper layer, and its mechanical behavior
is in”uenced by the elastic and plastic properties of the copper layers. Initially, graphene
exhibits approximately isotropic elastic behavior under compressive strain. However, at
strains of 7.5% or greater, it demonstrates a non-linear anisotropic elastic response, as
illustrated in Fig. 17. Given that the thickness of graphene is about 0.3 nm, the deformed
state of the graphene undergoes large deformation. The graphene depicted in the YZ
plane in Fig. 17 demonstrates a nonlinear elastic response, in”uenced by di�erent plastic
deformations in each copper layer at the maximum compressive strain.

In order to investigate the intricate mechanical behavior of the deformed graphene con-
“gurations as illustrated in Fig. 17, detailed contour mappings showing the evolution of
the maximum and in-plane principal Cauchy stresses, as well as maximum and minimum
in-plane principal logarithmic strains, are demonstrated in Figs. 18 to 21, respectively. The
contour mappings reveal the complex distribution of maximum in-plane principal Cauchy
stress, demonstrating a heterogeneous pattern, as shown in Fig. 18. The localized stress
concentration evident in the mappings corresponds to the distribution of total dislocation
density on the upper layer of Grain 2, as depicted in Fig. 11. The distribution of the
maximum principal stress in the central region exhibits a three-fold symmetry pattern, a
consequence of dislocation density clustering. At the peak compressive stress, the phe-
nomenon of maximum principal Cauchy stress concentration arises due to the formation of
dislocation bands towards the sample surface. Similar patterns manifest in the distribution
of the maximum in-plane principal logarithmic strain, as presented in Fig. 20. The con-
tour mappings exhibit the identical three-fold symmetry observed in the maximum stress
distribution, coupled with concentrations of maximum principal logarithmic strain aligned
with the direction of the sample surface.
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Fig. 17: Deformed con“gurations of graphene in the CuGr200 nanolayered composite. The gray dashed line
indicates the initial con“guration, while the deformed con“gurations at compressive strains of 7.5% to 20%
are illustrated below the undeformed con“guration.

The contour mappings as presented in Fig. 19 reveal a di�erent pattern for the min-
imum in-plane principal stresses. Initially, these stresses exhibit a homogeneous distri-
bution. However, as compressive strain increases, their values tend to localize within the
central region rather than aligning with the direction of the sample surface. Additionally,
no speci“c form of symmetry is observed in these mappings. This distribution pattern
corresponds to the accumulation of the total dislocation density on the lower surface of
the upper copper layer, referred to as Grain 1, as depicted in Fig. 11. The distribution of
the minimum in-plane principal logarithmic strain is similarly a�ected by the formation of
intersecting slip bands in Grain 1. This e�ect is evident in the distribution of the minimum
principal logarithmic strain, which displays a signi“cant concentration in the central region,
as illustrated in Fig. 21. The origin of this concentration can be traced back to the presence
of intersecting slip bands, which strongly in”uence the mechanical behavior in this region.

5. Conclusions

In conclusion, this study provides insights into the plastic deformation behavior of both
copper…graphene composites and copper polycrystals, including an assessment of the spe-
ci“c mechanical properties of copper…graphene nanolayered composites. The simulation
results revealed a distinct contrast in deformation behavior between the copper polycrystals,
characterized by uniform deformation, and the nanolayered composite system, exhibiting
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Fig. 18: Contour mappings of the maximum in-plane principal Cauchy stress evolution in graphene for the
CuGr200 nanolayered composite under compressive strain. Stress values (in GPa) are plotted for various
deformation levels, ranging from 7.5% to 20% compressive strain, in a top view of the X-Z plane. The black
dashed lines within the deformed graphene domain indicate the initial con“guration of graphene. The color
bar represents the maximum in-plane principal Cauchy stress, ranging from 20 GPa to 70 GPa.
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Fig. 19: Contour mappings of the minimum in-plane principal Cauchy stress evolution in graphene for the
CuGr200 nanolayered composite under compressive strain. The stress values (GPa) are plotted for various
deformation levels ranging from 7.5% to 20% compressive strain, in a top view of the X-Z plane. The black
dashed lines within the deformed graphene domain indicate the initial con“guration of graphene. The color
bar indicates the minimum in-plane principal Cauchy stress, ranging between 10 GPa and 60 GPa.
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Fig. 20: Contour mappings of the maximum in-plane principal logarithmic strain evolution in graphene for
the CuGr200 nanolayered composite under compressive strain. The logarithmic strain values are plotted for
di�erent deformation levels ranging from 7.5% to 20% compressive strain, in a top view of the X-Z plane.
The black dashed lines within the deformed graphene domain indicate the initial con“guration of graphene.
The color bar indicates the maximum in-plane principal logarithmic strain, with values ranging from 0.01 to
0.06.
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Fig. 21: Contour mappings of the minimum in-plane principal logarithmic strain evolution in graphene for
the CuGr200 nanolayered composite under compressive strain. The logarithmic strain values are plotted for
di�erent deformation levels ranging from 7.5% to 20% compressive strain, in a top view of the X-Z plane.
The black dashed lines within the deformed graphene domain indicate the initial con“guration of graphene.
The color bar represents the minimum in-plane principal logarithmic strain, ranging from 0.01 to 0.05.
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a more intricate deformation pattern. The simulation results, inferred from the true stress…
true strain curves, e�ectively con“rmed the presence of a Hall…Petch-like hardening e�ect,
which depends on the governing length scale. The observed slopes in the log…log plots
closely matched the Hall…Petch exponent, indicating a substantial accumulation of dislo-
cation density at the interface. These “ndings align with experimental results from prior
studies on copper…graphene nanolayered composites [5].

The simulation results clarify the in”uence of layer thickness and the presence of
graphene on the correlation between true stress and true strain in nanopillars. These “nd-
ings underline graphene•s superior e�ectiveness in hindering dislocation propagation com-
pared to grain boundaries. The validation of the Hall…Petch-like e�ect is evident through
the progressive increase in the number of graphene layers. Notably, in the CuGr200 com-
posite, a combination of starvation and strain hardening is observed. In contrast, CuGr125
and CuGr070 exhibit a combination of both SAS and SN mechanisms, producing forest
hardening. This intricate interplay culminates in a Hall…Petch-like strengthening e�ect.
Furthermore, the probability distribution of dislocation densities in the CuGr200 composite
displays a broader pattern compared to the Cu100 polycrystals. Meanwhile, the proba-
bility distributions of dislocation densities in CuGr125 and CuGr070 surpass the balance
between the generation and depletion of dislocation populations.

The primary objective of this study is to understand the underlying factors driving the
high strength and strain-hardening characteristics of Cu…graphene nanopillars. We pursue
this objective through a detailed analysis of the dislocation mechanisms within CuGr200
and CuGr125 using CP simulations. The simulation “ndings about the CuGr200 composite
reveal a distinct pattern of dislocation densities. The top copper layer exhibits a signi“cant
concentration of dislocation densities, in contrast to the lower layer, which is characterized
by notably lower dislocation densities. Essentially, the majority of gliding dislocations
generated in the upper copper grain face e�ective hindrance due to the presence of the
graphene layer, preventing their propagation. These insights into dislocation density distri-
bution are elucidated through three-dimensional mappings and a comprehensive statistical
analysis.

The outcome highlights a complex distribution of dislocation densities in the upper
copper layer, while in the lower layer, a dense concentration near the interface is evident.
Computational simulations were performed for CuGr125 to study its high strength. The
simulation results established a direct correlation between the distribution of the disloca-
tion densities and the Hall…Petch-like e�ects. Notably, dislocation starvation phenomena
were absent within any layer of CuGr125, attributed to augmented dislocation densities
that limited dislocation escape opportunities.

The distributions of GNDs and SSDs for CuGr125 are visualized through three-
dimensional representations and boxplots. These portray the direct correlation between
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Hall…Petch-like e�ects and the accumulation of SSDs. Moreover, the mechanical behav-
ior of graphene in the CuGr200 sample is strongly in”uenced by the elastic and plastic
properties of the copper layers, resulting in large deformation and a nonlinear anisotropic
elastic response under compressive strain. This behavior is particularly evident concerning
maximum and minimum in-plane principal Cauchy stresses and logarithmic strains.

This study signi“cantly advances the understanding of the mechanical characteristics
of nanolayered metal…graphene composites, addressing aspects that have not been explored
previously. The research presents a novel perspective on the mechanical behavior of these
materials, shedding light on their response to external forces and their underlying deforma-
tion mechanisms. Moreover, this research o�ers a substantial insights into the formulation
of dislocation densities at submicron length scales. By meticulously investigating the inter-
play of various factors, such as layer thickness and graphene•s in”uence, the study re“nes
our understanding of how dislocations propagate and interact within these composite sys-
tems. This contribution not only aids in explaining observed mechanical phenomena but
also lays the groundwork for further re“nements in the modeling and prediction of material
behaviors at such scales.

This research delves into the intricate details of dislocation mechanisms in nanolay-
ered metal…graphene composites, o�ering a comprehensive analysis that was previously
lacking, such as surface nucleation and single-arm source mechanisms. Through the use
of advanced computational simulations, the study uncovers the distribution of dislocation
densities within these composite structures. This granular understanding of dislocation
behavior provides a solid foundation for predicting how these materials will respond under
various loading conditions, o�ering valuable information for material design and engineer-
ing applications.

In addition, the research presents a re“ned perspective on the role of graphene in in”u-
encing the mechanical behavior of nanolayered composites. By comparing the responses of
di�erent composite con“gurations, the study highlights the pivotal role of graphene layers
in hindering dislocation propagation and a�ecting strain-hardening mechanisms. These
insights contribute not only to the fundamental understanding of material behavior but
also have practical implications for optimizing the mechanical properties of nanolayered
metal…graphene composites in real-world applications.

In summary, this research represents a signi“cant step forward in unraveling the com-
plexities of nanolayered metal…graphene composites, providing novel insights into their me-
chanical behavior, dislocation mechanisms, and the in”uence of graphene layers. Through
advanced simulations and meticulous analysis, the study not only expands our fundamental
knowledge but also o�ers a promising avenue for enhancing the design and utilization of
these advanced materials.
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Appendix A. High-order elastic moduli of the graphene layer

The high-order elastic constants of the graphene lattice are summarized in the fol-
lowing Table A [50]. There are 14 independent elastic components of graphene: two
independent nonzero constants(L 11, L 12) for the ECS tensor, three independent nonzero
constants(L 111, L 112, L 222) for the ECT tensor, four independent nonzero constants
(L 1111, L 1112, L 1122, L 2222) for the ECF tensor, and “ve independent nonzero constants
(L 11111, L 11112, L 11122, L 12222, L 22222) for the ECFI tensor. The dependent elastic com-
ponents for ECS are listed, includingL 66 = 1

2 (L 11 Š L 12) and zero values areL 16 = L 26 =
0. The dependent elastic components for ECT are speci“ed, along withL 122 = L 111+L 112Š
L 222, L 166 = 1

4 (3L 222 Š 2L 111 Š L 112) , andL 266 = 1
4 (2L 111 Š L 222 Š L 112) and zero

values areL 116 = L 126 = L 226 = L 666 = 0. The dependent elastic components for ECF are
listed asL 1166 = 1

24 (Š5L 1111Š 4L 1112+ 9L 2222), L 1222 = 1
2 (L 1111+ 2L 1112Š L 2222),

L 1266 = 1
12 (L 1111+ 2L 1112Š 3L 1122), L 2266 = 1

24 (7L 1111Š 4L 1112Š 3L 2222) , and
L 6666 = 1

16 (ŠL 1111Š 8L 1112+ 6L 1122+ 3L 2222) and zero values are listed such that
L 1116 = L 1126 = L 1226 = L 1666 = L 2226 = L 2666 = 0. The dependent elastic com-
ponents for ECFI are obtained such asL 11166 = 1

40 (Š4L 11111Š 5L 11112+ 9L 22222),
L 11222= 1

2 (L 11111+ 3L 11112+ 2L 11122Š 3L 12222Š L 22222),
L 11266= Š 1

120 (13L 11111+ 30L 11112+ 20L 11122Š 45L 12222Š 18L 22222),
L 12266= 1

120 (8L 11111+ 15L 11112Š 20L 11122Š 3L 22222),
L 16666= 1

80 (11L 11111+ 30L 11112+ 10L 11122Š 45L 12222Š 6L 22222),
L 22266= 1

40 (9L 11111Š 5L 12222Š 4L 22222), and
L 26666 = 1

80 (ŠL 11111Š 30L 11112+ 10L 11122+ 15L 12222+ 6L 22222) and the zero compo-
nents areL 11116 = L 11126 = L 11226 = L 11666 = L 12226 = L 12666 = L 22226 = L 22666 =
L 66666= 0.
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Table A: High-order nonzero elastic components of the graphene lattice

Order of elastic moduli
ECS ECT ECF ECFI

L 11 L 111 L 1111 L 11111
L 12 L 112 L 1112 L 11112

L 22 = L 11 L 122 L 1122 L 11122
L 66 L 166 L 1166 L 11166

L 222 L 1222 L 11222
L 266 L 1266 L 11266

L 2222 L 12222
L 2266 L 12266
L 6666 L 16666

L 22222
L 22266
L 26666

Appendix B. Euler angles for copper layers

Table B provides the crystallographic orientations of the copper layers in each compu-
tational model, including CuGr200, CuGr125, CuGr070, and Cu100, with respect to the
global coordinate system. These orientations follow the Bunge Euler angle convention,
and the order of the grains is established in a top-to-bottom direction within the specimen.
In Fig. 3, Miller•s indices are described for each copper grain.

Table B: Bunge Euler angles(>1, � , >2) for each copper layer in degrees

Euler
angles

Grain 1 Grain 2 Grain 3 Grain 4 Grain 5 Grain 6

CuGr200 (270,90,135) (0,0,0) - - - -
CuGr125 (51,66,153) (180,90,45) (125,90,315)(0,0,0) - -
CuGr070 (0,0,0) (125,90,315) (180,90,45) (90,45,270) (90,135,0) (51,66,153)
Cu100 (125,90,315) (0,0,0) (180,90,45) (90,45,270) (90,135,0) (51,66,153)
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