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Heterogeneous-structured laminates (HSLs), which consist of multiple layers of metallic materials arranged in
successive pairs of coarse-grained (CG) and nano-grained (NG) layers, have been recently reported to display
excellent balance of strength and ductility. However, it is argued that accompanying state-of-art numerical
models developed to simulate the deformation of this specific class of composite materials have limitations for
investigating their underlying damage evolution. Addressing this issue is essential to support the rational design,
optimisation and application of HSLs, especially when subjected to contact and dynamic processes. For this
reason, a novel 3D numerical framework for HSLs is proposed and tested in this research considering published
experimental findings and dislocation theories. This framework comprehensively considers the evolution of
various types of dislocations and back stress while being coupled with the Johnson Cook damage criterion. The
HSL specimens simulated here were made of alternating layers of CG and NG copper separated by interface
affected zones. Following initial microhardness and uniaxial tensile simulations on homogenous copper with
different grain sizes, simulations of HSLs were conducted to study the effect of different layer thickness and the
volume fraction of the NG layer. Overall, a good correlation between numerical and experimental results was
achieved. An important and distinguishing characteristic of this research is that the proposed model enables the
evolution of internal damage and the synergetic effect between the CG and NG layers to be investigated. Through
the evaluation of the damage accumulation factor in the NG layer, the simulations results yielded quantitative
information which aligned with the following known experimental observations: 1) the smaller the layer
thickness, then the smaller the internal damage and 2) the internal damage increases with the increase in volume
content of the NG layer. In addition, for a set simulated strain of 10%, the developed model could be used to
show that the damage accumulation factor in the NG layer was 10 times lower than that in its counterpart, i.e., a
stand-alone NG layer not sandwiched between two CG layers.

Back stress
Strain hardening

1. Introduction the CG layer exhibits remarkable ductility but low yield strength, while

its NG counterpart is associated with reduced ductility but increased

Heterogeneous-structured laminates (HSLs) are a class of composite
materials made of stacks of metallic layers where each layer exhibits a
homogenous grain size distribution and where the series of two suc-
cessive layers consists of a coarse-grained (CG) and of a nano-grained
(NG) layer. HSLs have been reported to display excellent material
properties and the potential to achieve an advantageous strength-
ductility trade-off [1-4]. The interesting property of HSLs originates
from the synergy between the successive CG and NG stacked layers as
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yield strength [5]. When under strain, this significant difference in the
mechanical response between layers leads to the formation of interface
affected zones (IAZs). More specifically, an IAZ, which is located near
the interface in a CG layer, exhibits a large number of dislocations and
resulting back stress. The size of an IAZ is typically on the order of 5 pm
to 6 pm [1], or the size of a coarse grain [6], and is believed to play a
crucial role in the strengthening of such laminate materials. It was also
reported that the tensile yield strength of HSLs increases significantly
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with decreasing layer thickness [1]. However, its uniform elongation
was found to be non-monotonic and changes as a function of layer
thickness [1,3,7,8]. This means that there is an optimum value for the
layer thickness of HSLs and more systematic studies are required to
identify such ideal design configuration depending on the specific ma-
terial, or combination of materials, considered in such composite
laminates.

A number of experimental efforts have been reported in the literature
to study the structural properties of HSLs [4,5]. Such investigations
include that of Ma and co-workers who fabricated HSLs using high-
pressure torsion, rolling and annealing [7]. These authors found that
different volume content of the NG layers and the resulting IAZs were
crucial in determining the tensile deformation behaviour of HSLs. In
addition, Huang et al. further investigated the deformation mechanism
of HSLs using an in-situ micro tensile set-up combined with digital image
correlation [1]. These authors found that the thickness of the layers
should be about twice that of the IAZs to achieve optimal design in terms
of strength-ductility trade-off. When studying the strengthening
behaviour and attempting the quantitative prediction of the laminate
properties, the rule of mixture (ROM) has generally been adopted by the
research community [7,9-11]. However, it should be noted that only the
parameters CG and NG volume contents are considered when imple-
menting the ROM method and the actual layer thickness is not taken into
account. As a result, for a given ratio of volume content, the outcome of
the ROM method is constant regardless of the change in layer thickness.
This is a limitation of the ROM approach because, as reported in the
experimental data from Huang and co-workers [1], the tensile strength
of HSLs depends on the layer thickness for a given volume content. In
addition, the ROM method is only applicable when the layer thickness is
relatively large and the volume content of the IAZs is negligible [7].
Besides, a larger hardening than that predicted by the ROM method was
observed by Ma et al. [7]. Thus, it is argued that there is still a need for
further research to develop our understanding and modelling of the
underlying strengthening mechanisms and the evolution of internal
damage in HSLs such that the optimum design of these types of com-
posite structures can be achieved.

In addition to uniaxial tensile experiments mentioned above, nano/
micro indentation is also an important material characterisation method
where only a small-scale sample is needed rather than a large-scale
specimen [12,13]. Nano/micro indentation testing can thus be an
appropriate alternative to large scale experiments especially when these
can be difficult and complex to conduct or when material cost is an issue
[14,15]. Characterizing the hardness of HSLs is important as it is also a
key material parameter[5]. However, only a few experimental reports
have focussed on this material property for HSLs and none from a nu-
merical modelling viewpoint. Huang et al. investigated the nano-
indentation hardness of a copper-based HSL using a Berkovich indenter
[1], while Ma et al. [3,7] and Wang et al. [16] used a Vickers indenter to
study the nanoindentation hardness of copper/bronze HSLs. Overall,
these experiments revealed that the microstructure and composition
difference across the interface between layers can result in a significant
variation in hardness.

Numerical modelling is a flexible and efficient tool, which could be
used effectively to predict the hardness and other mechanical properties
of various HSL compositions during the design stage of these laminate
structures. Crystal Plasticity Finite Element Method (CPFEM), in which
the real topology of grains can be accounted for, is potentially of interest
in this context as the method could enable the consideration and
modelling of multiple grains within HSLs [17]. However, the actual size
of such a multiple-layered structure is typically in the order of several or
tens of millimetres at least. This means that a CPFEM model of HSLs can
be composed of hundreds and even thousands of grains, making this
method computationally prohibitive. While two-dimensional (2D)
CPFEM with an homogenization scheme has been used to alleviate this
issue [18], most of the current CPFEM-based numerical attempts to
model HSLs mainly focus on the geometric topological relationship of
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grains and their interactions and do not provide sufficient insight into
fundamental deformation mechanisms, such as dislocation activities and
back stress. The Molecular Dynamics (MD) method can also be adopted
to investigate the mechanical response of gradient structures as reported
by Fang and co-workers [19]. More specifically, these authors employed
a 2D model to address constraints of computational efficiency and
mismatch on the spatiotemporal level since the consideration of only
tens of grains would otherwise be achievable in a typical 3D MD model.
Despite the efforts presented by these authors, the classical MD method
remains not well suited for the quantitative investigation of dislocation
activities and back stress observed during experiments. Yuan and Du
developed an analytical model for heterogeneous laminates and
revealed their hardening mechanism [20]. Another analytical model for
gradient-nanostructured 304 stainless steels was proposed by Zhu and
co-workers by taking into account the depth-dependent grain size and
nano scale structure [68]. The predictions obtained by these authors
agreed well with experimental results in terms of yield stress, ductility
and strain hardening rate. In spite of this, analytical methods have
typical limitations for investigating the spatial distribution of field
variables and are restricted to the modelling of relatively simple defor-
mation scenarios. Some researchers, such as Wu et al. [21], employed
the traditional finite element method (FEM) to investigate stress, strain
and strain gradient distributions across the thickness direction of
gradient steel. The constitutive models used by these authors for the CG
and gradient layers were obtained by fitting uniaxial tensile stress—strain
data on individual layers. Although the extra strengthening of the
composite laminates was modelled when considering the stack of these
layers, the exact underlying deformation mechanisms at play were not
fully elucidated. Li and co-workers developed a dislocation
density-based theoretical model and investigated the mechanical
behaviour of gradient structures [22]. Experiments and FEM modelling
were further employed by Li et al. to study the strength-ductility synergy
of gradient structures [23]. Although multiple mechanisms, including
geometrically necessary dislocation (GNDs) and back stress, were
considered by these authors, the FEM model developed was limited to
conducting 2D analyses. Zhao et al. presented a constitutive FEM model
considering the deformation heterogeneities and multiple related
mechanisms, such as dislocations and back stress strengthening [6]. The
effect of grain size, layer thickness and the NG layer volume content
were thoroughly investigated and compared with experimental data.
However, the failure criteria and the study of the microhardness were
not included in this work. Besides, the numerical framework adopted by
these authors would not be well suited if one was to follow it for
simulating dynamic processes. Thus, the development of a multiple
physical mechanisms based constitutive model coupled with damage
criterion is essential for investigating the fundamental principles gov-
erning the deformation behaviour of HSLs and especially when sub-
jected to dynamic processes.

Quantitatively, experimental reports also indicate that the uniform
deformation of a NG layer in the laminates is at least ten times higher
than that of its a stand-alone counterpart [7,24]. Based on this, in the
classical ROM approach, or with the modified ROM method proposed in
Zhao et al. [6], the engineering stress of the NG layer in the laminates is
assumed to be constant after necking. Although a reasonable correlation
between experimental and predicted results was observed when
adopting this assumption in the case of HSLs displaying a relatively large
layer thickness, the prediction accuracy of this approach reduces as the
layer thickness decreases. While it can indeed be said that the NG layer
in the laminate is much stronger than when it is considered standalone,
it is questionable to assume that its engineering stress remains constant
after necking when developing a numerical model of HSLs. For this
reason, not only it is important to take into account of multiple physical
mechanisms when developing a constitutive model of HSLs, it is also
essential to include a failure criterion when developing an integrated
FEM model of HSLs. The Johnson Cook (JC) failure criterion [25], which
was initially proposed for macroscopic metal failure, has proven to be
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robust and efficient for simulating metal deformation processes on the
microscale [26-29]. This is due to its comprehensive inclusion of the
effect of strain, strain rate and temperature. Thus, given the limitations
of the current numerical methods reported above for modelling HSLs, it
is proposed that the JC failure criterion is also considered when
numerically simulating the indentation and uniaxial tensile responses of
HSL materials.

In summary, despite recent experimental and numerical progress,
the deformation mechanism of HSLs, and the corresponding evolution of
dislocations and back stress, remains unclear. Besides, to realize the
numerical simulation of HSLs when subjected to dynamic deformation
processes, a framework coupled with damage criterion is needed. This is
because the quantitative characterisation of internal damage when
simulating such structures remains a gap in the current state of the art. It
is also argued that the further understanding of strengthening and
damage mechanisms of HSLs should lead to the enhanced tailoring and
design of these materials such that their promising strength-ductility
synergy can be taken full advantage of. An efficient and robust phys-
ical mechanisms-based 3D numerical method coupled with a failure
criterion remains to be developed to address this gap. This is particularly
important considering the large design space that is typical of HSLs, i.e.,
material employed, layer thickness and the respective grain size of the
CG and NG layers. For this reason, this work aims to develop such a
constitutive model to quantitatively investigate the sources of hardening
and the internal damage evolution of HSLs and to predict the response of
such laminate materials under a range of deformation scenarios,
including in tension and during nanoindentation.

The remainder of this paper is organised as follows: the constitutive
model for the NG and CG layers as well as the IAZ, the JC failure cri-
terion and the numerical implementation process are introduced in
section 2. In section 3, indentation and tensile simulations on homoge-
nous grained copper are carried out first to validate the correctness and
robustness of the developed numerical framework. Then, the effect of
the layer thickness and the NG volume content on the mechanical
response of HSLs are investigated. Calculations that rely on the ROM
method and the model prediction method proposed by Zhao and co-
workers [6] are also conducted and compared against those published
in the literature to further validate the accuracy of the numerical work
reported here. Finally, in the last part of section 3, the distinguishing
characteristic of this research, i.e., the developed integrated FEM model,
which combines the multiple physical mechanisms based constitutive
model coupled with the JC damage criterion, is implemented to study
the synergistic effect and mutual constraints of the NG and CG layers in
the laminates as well as the damage evolution during the deformation
process. Conclusions and issues needing further investigation are then
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presented in section 4.
2. Numerical framework and FEM model
2.1. Multiple mechanisms based constitutive model

Considering the significant dislocation activity experimentally
observed in the deformation process of laminates and the relative ease of
numerically implementing the conventional mechanism-based strain
gradient (CMSG) theory, the deformation response and strengthening
mechanism of HSLs were investigated based on the CMSG [30] and
dislocation pile-up [31] theories in this research. The flow stress is
related not only to the statistically stored dislocations (SSDs) but also to
the GNDs from the sample level, the grain level and the back stress. This
direct introduction of dislocations into the constitutive model does not
require the need to consider higher order stresses and boundary condi-
tions [32-34] and thus, can be implemented within the VUHARD/
VUSDFLD subroutines, which are mathematically easier than the UEL/
VUEL and VUMAT/UMAT subroutines [35,36]. A multiscale schematic
of the developed model is shown in Fig. 1 and the associated constitutive
equations are presented in the following sub-sections.

2.1.1. Constitutive model for homogenous layers

The Taylor hardening law [37] was adopted in the presented work to
relate the flow stress with the dislocation density. The dislocation den-
sity can be further decomposed into the SSD density, pg¢p,, and the GND
density, poaps- The flow stress o is defined as [6]:

61 = 6o+ MaGb\/pssp. + Poxps + 0" (@)

where oy is the lattice friction stress, M is the Taylor factor, « is a ma-
terial constant, G is the shear modulus, b is the magnitude of the Burgers
vector and ¢® is the back stress. Considering the significant amount of
back stress observed experimentally and following the work of
[6,31,38], the back stress ¢® is defined as:

,  MGb

o = mN 2)

where d is the grain size, v is the Poisson’s ratio, N is the dislocation
number within a pile-up. The rate of change of N is defined following the
work of [39].

. 2.
N =N (;P - N%) @)

Considering the negligible effect of the plastic strain components &

(b)

Laminates structures

Black: SSDs
Green: grain level
GNDs

Blue: sample level
GNDs

Fig. 1. (a) Schematic diagram of the modelled tensile dog-bone specimen; (b) layers of the integrated FEM model with a NG volume content of 10 %; (c) schematic of
piled-up GNDs near the boundaries of NG and CG layer; (d) schematic of the various dislocations considered in the presented work.
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and to ease the implementation process, equation (3) is simplified as:
. (2 N
N = Nap (§_F> (C)]

where N, is the initial evolution rate of N, N* is the saturated pile-up
dislocation number and p is the equivalent plastic strain rate. N* and
N, are defined with equation (5) and (6) respectively [6]:

o a(l = v)kap o
N = VGh d? 5)
4AMA
Ny=—= 6
8= (6)

where kyp is the Hall-Petch constant and 4 is the distance between slip
lines as shown in Fig. 1(c).

During the deformation process, apart from the back stress, the
dislocation hardening is also caused by the interactions between dislo-
cations as shown in Fig. 1(d). This dislocation hardening behaviour is
included in the presented work as stated in equation (1). The density of
piled-up GNDs is defined on both the sample level and the grain level as:

Panps = Pans T PoNDs (7)

where p& | pEin, are the sample level and the grain level GNDs density,
respectively. The grain level GNDs density is defined as [6]:

ra d N
Paxps = 1 ®

where % is the number of pile-ups in a grain.

Apart from the GNDs for the grain level, the non-uniform strain
gradient is also generated via dislocation pile-up [3] which would lead
to the size effect. The layer thickness studied in the experiments can be
as thin as 3.7 pm [1] and the smallest nanoscale grain size is 100 nm.
Therefore, the effect of GNDs on the sample level, although expected to
be not that significant in tensile loading scenarios, is also included in this
work and defined following the work in [40,41].

P

sam 7’1
Panps =T ©)

where 7 is Nye’s factor [40] and #? is the strain gradient, which can be
calculated using AP = %An‘i;kAn‘;.k [42] and Ar]‘l;.k are strain gradient

components.

A modified Kocks-Mecking-Estrin (KME) model [43-45], proposed
by Li et al. [22], is adopted in this work to describe the evolution of SSDs
for both the CG and NG phases.

P ke | Ko @) " 4o\
(;?SFD =M biderTpmika"" et Pssps — a4 Pssps

(10)

where kfnfp and kﬁfp are geometric factor and proportional factor that

control the dislocation activities at the grain boundaries and the dislo-
cation reactions on the dislocation mean free path (MFP), &, is the
reference strain rate and d,s is the reference grain size, k,,, is the

. 1 . g e .
dislocation annihilation factor, ka, (i) " psens 1S the annihilation rate,

Eref

&P is plastic strain rate and no is dynamic recovery exponent.

2.1.2. Constitutive model for interface affected zones (IAZs)

In this work, the thickness values considered for the CG layer were
4.8 pm and 4 pm, while it was 100 nm for the NG layers to ensure that
the simulations aligned with the experiments reported in [1,7] for
comparison purpose. This significant difference in grain size leads to a
mechanical incompatibility between interfaces during plastic
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deformation and further results in high GND density, strain gradient [5]
and back stress [46]. The dislocation ledge source theory [47] states that
NG-CG interfaces could act as sources of dislocations. Experiments show
that there exists a ‘one grain width zone’ (about 5 pm to 6 pm) in the CG
layer near the NG-CG interface where the GND density is higher than in
other parts of that layer [2-4]. This zone is called the IAZ. The dislo-
cation pile-up behaviour in the IAZs is different from that in the ho-
mogenous layers due to the significant difference in layer properties as
reported above. Following the work of Zhao et al. [6], the dislocation
number within a pile-up for an IAZ is defined as:

21— )| kupd s, + Aoy

Nz =

Ch dc 1)

where dyg is the size of a nano grain and dcg is the size of a coarse grain,
Aoy is the difference of lattice friction stress between the NG and the CG
layers. Comparing equation (11) with equation (5), a larger dislocation
pile-up is produced in the IAZ region, which would further lead to a
larger back stress.

2.2. Johnson Cook failure criterion

As stated by Zhao et al. [6], a reasonable damage and failure model
should be developed to investigate the synergistic behaviour of the NG
and CG layers in HSLs. Herein, the JC dynamic failure model, which is
proved to be robust in microscale processes affected by large de-
formations [26,27], was adopted as the failure criterion. The JC failure
model comprehensively includes the effect of strain hardening, strain
rate and temperature. More specifically, the JC failure model is based on
the calculation of the equivalent plastic strain, which is expressed as
follows:

=pl

&= (d +doe™ (1 + d41n(2—))(1 +ds
0

T-T,
Tm_Tr

) 12)

where d; to ds are material damage parameters, y is the stress triaxiality

ratio, & is the equivalent plastic strain rate, & is the equivalent refer-
ence strain rate, T is the current temperature, T, is the reference tem-
perature and T, is the material melting temperature. A summation of

incremental failure strain AZ‘?I is performed over all increments to
calculate the failure criterion, w, as follows [25]:

AF
w=32{—; 13)
g

where E)‘?l is equivalent plastic strain. Failure is considered to be reached

when the JC failure criterion, w, increases to a value equal to “1”. The
damage parameters used in this work were those defined for copper
[25].

2.3. Implementation and finite element modelling

The constitutive model and JC failure criterion introduced in the
previous section were implemented via user-defined subroutine
VUHARD/VUSDFLD and thus, can be used with ABAQUS/EXPLICIT.
The implementation flow chart is displayed as shown in Fig. 2. The
microhardness of homogenous grained layers, i.e., the NG and CG layers
were also investigated numerically using a Berkovich pyramid indenter
following the work reported in [1]. The imperfection of the tip, i.e., the
tip bluntness as well as the friction between the indenter and the spec-
imen, were also taken into account based on the work of [48-50]. The
indentation speed was set to 10 pm /s and the indentation depth was 10
pm. The schematic diagram of the FEM model for indentation is shown
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Fig. 2. Flow chart of the developed 3D multiple physical mechanisms algorithm.

in Fig. 3. The dimension of the dog-bone shaped specimen for the uni-
axial tensile simulations on homogenous copper (section 3.2) and for the
subsequent integrated FEM modelling (section 3.3.3) was set following
the reports in [1] and [7], respectively. The gauge section consisted of
three zones, i.e., the NG layer, the CG layer and the IAZ zone as shown in
Fig. 1(a) and 1(b). The specimen was discretised using C3D8 elements,
and the gauge section was refined to ensure mesh independence on the
simulated results. The strain rate was set to 5 x 10°* [1] and the material
properties in the constitutive model parameters were sourced from
published data as listed in Table 1. The stress (in the S11 and S22 di-
rections), strain and all the state variables discussed in this work were
calculated using the average value of the gauge section. A Python script
was compiled to extract the variables and plot the results for comparison
with experimental data.

3. Results and discussion

3.1. Microhardness simulation on standalone homogeneous grained
layers

Microhardness simulations of homogenous grained layer with grain
size of 4.8 pm and 100 nm were conducted using the developed
framework. The simulated load-displacement curves are shown in Fig. 4
(a). From the respective curves, it is obvious that the reaction force of
the NG copper is significantly higher than that of the CG layer, as ex-
pected. The numerical micro indentation hardness H; was calculated as
H;, = i—':, where Fy is the normal reaction force and A, is the projected

area. The calculated results are shown in Fig. 4(b) together with the

(@) (b)

Fig. 3. (a) FEM model of indentation; (b) detailed Berkovich indenter with
consideration of tip bluntness.

Table 1
Material properties:
Parameter Symbol Value
Young’s modulus (GPa) E 200
Shear modulus (GPa) [22] G 42.1
Poisson’s ratio [22] v 0.36
Magnitude of the burgers vector (nm) b 0.256
Lattice friction stress (MPa) [51] 0o 0 (CG copper)
31.8 (NG copper)
Hall-Petch constant (MPa-um?/2) [22] kup 110
Geometric factor [6] kfn i 0.2
Proportionality factor [6] kﬂ.';ﬁp 0.02
Dynamic recovery constant [6] K. 21
Dynamic recovery exponent [22] noy 21.25
References strain rate (s ') [22] Eref 1
Reference grain size (pm) [6] diet 1.5
Distance between slip lines (nm) [6] y 260
Initial dislocation density (m~2) [6] 2o 10"3
Johnson Cook damage parameters [25] d; 0.54
d; 4.89
ds —-3.03
dy4 0.014
ds 1.12

experimentally obtained hardness values from [1]. The numerical re-
sults correlate well with the experimental data as the simulated micro
indentation hardness for the CG and the NG layer were 0.79 GPa and
2.43 GPa, respectively. The observation of the experimental data in this
figure highlights the abrupt change in hardness between the different
layers showing a prominent difference in material properties. The good
correlation between the numerical and experimental results shows that
the developed framework may not only be used in tensile simulations,
but also in dynamic indentation process where relatively large
compression and damage of material are involved.

3.2. Uniaxial tensile responses of standalone homogenous NG and CG
copper layers

To further test the suitability of the developed numerical framework,
uniaxial tensile simulations on homogenous grained copper were also
carried out. The simulated stress—strain curves for copper with grain
sizes of 4.8 pm, 4 pm and 100 nm are displayed in Fig. 5(a). The
experimental results reported in [1] and [7] are also plotted for com-
parison. It is observed from this figure that the simulated results agree
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(a) 7000 (b) 4
— coarse-grained copper (4.8 pm) o Experimental results (Huang et al., 2018)
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Displacement (um)
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Fig. 4. (a) Simulated reaction force—displacement curves during indentation and (b) comparison between numerical and experimental microhardness values for

homogenous-grained CG and NG copper.
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Vv 4 pm (Ma et al., 2017)
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: o O 1AZs 4 pm (Zhao et al., 2021)
] . ’ 1AZs 4.8 um (Zhao et al., 2021)
E 300 > g
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Fig. 5. Simulated and experimental (a) true stress-true strain curves (b) back stress-true strain for homogenous-grained copper with grain sizes of 100 nm, 4 pm and

4.8 um and for the IAZ.

well with the experimental data. One should notice that the IAZ data
provided in this figure are merely for demonstration purpose as such a
zone can only exist due to the interaction between the NG and CG layers.
However, the IAZ results obtained in this simulation can still be
compared against those reported in the simulation from [6] and thus,
they are also included in the plot of Fig. 5(a). It can be seen that the
displayed stress-strain curves exhibit a strong grain size dependent
behaviour. The NG copper shows no strain hardening and fails imme-
diately after yield, i.e., around 530 MPa. This simulated behaviour
agrees well with the experimental findings of [52-55] for nanograined
copper and also with those of [56] who investigated nanograined Ni. In
contrast, and as expected, the stress in the CG layer keeps increasing
with the applied strain post yield and although the value of stress is
significantly lower than that in NG layer, a better ductility is observed.

The back stress was also output as a state variable and compared with
the experimental values measured with the unloading-reloading ex-
periments of [1]. In particular, the evolution of back stress of homoge-
nous copper layers with different grain size is displayed in Fig. 5(b) to
quantitively explain the significant contribution of back stress to the
mechanical response. The back stress strengthening, or in other words
the contribution of the back stress, is significantly higher than that of the
effective stress caused by pure dislocation density strengthening (see
equation 1). The back stress is mainly caused by the GNDs generated
within each layer and piled-up near the interfaces, i.e., IAZs. From Fig. 5

(b), it is observed that the back stress in the NG and CG layers saturates
rapidly after initial yielding. In contrast, the back stress value of the IAZ
keeps on increasing due to the continuous increase in piled-up disloca-
tions. The simulated data suggest that the stress and back stress level of
the IAZs can be as high as that in the NG layer when the strain is around
8 %. This indicates that the IAZs are crucial in the hardening behaviour
of HSLs. It can also been seen from this figure that the back stress in the
NG layer saturates around 347 MPa, which is in close alignment with the
experimental results presented in [16] and with the numerical results
found in [6].

The deformation at 10 % tensile strain for these three homogeneous
standalone specimens taking into account of the JC damage factor are
displayed in Fig. 6. The necking is only observed in the NG layer, which
indicates an early failure as was highlighted above with the data plotted
in Fig. 5(a). The corresponding JC damage accumulation factor at 10 %
tensile strain in the NG layer, in the 4 pm CG layer and the 4.8 pm CG
layer was found to be 0.06, 0.0064 and 0.0063, respectively. This shows
quantitatively that the damage factor in the NG layer is one order of
magnitude larger than that in the CG layers for this given percentage of
tensile strain. These different damage conditions are the result of the
smaller grain size in the NG layer, which leads to this layer not being
able to sustain dislocation accumulation. However, when such a layer is
not standalone, i.e., when it is within a laminate structure, experimental
results reported in the literature suggests that such stress concentration
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Fig. 6. Specimen deformation and corresponding JC damage accumulation factor, Solution-Dependent State Variables (SDV) 24 at 10 % tensile strain for ho-

mogenous copper layers with grain size of (a) 100 nm (b) 4 ym and (c) 4.8 pm.

is reduced through the motion of dislocations in the CG layer near the
interface i.e., the IAZ. Such dislocation-induced back stress and dislo-
cation hardening explains why the stress in the IAZ keeps increasing
with the strain as shown in Fig. 5(b).

3.3. Uniaxial tensile response of HSLs

The closeness of results between the experimental and numerical
data obtained with the developed framework for standalone layers as
reported in sections 3.1 and 3.2 provides some confidence that the nu-
merical framework could be subsequently applied to further investigate
the uniaxial tensile properties of HSLs with different layer thicknesses
and NG layer volume content.

As mentioned in section 1, the ROM method has been widely
employed to calculate the mechanical response of laminate structures
made of different volume contents. When implementing the ROM
method [5] for laminated composites, the yield stress, strain hardening,
and uniform elongation are calculated as follows:

o =Y Vio,, a4

do do;

>~ it 1

de "de s
Z Vioi ue€ive

N » 1

fue Z Vioiue (16)

where V; is the volume fraction of component i, o, s is the flow stress of
component i alone at 0.2 % plastic strain of the composite sample, o; is
the true stress of component i, ¢ and ¢ are the stress and strain of the
composite sample and o; yg, € yg are true stress and true strain of the
sample at necking. As acknowledged earlier from published literature,
the yield stress of HSLs using the ROM method correlates well with
experimental values when the volume content of the IAZs is relatively
low, although the predicted strain hardening rate and uniform elonga-
tion are still smaller than the experimentally observed values [5,7].

Because IAZs are not taken into account with the ROM method, Zhao
et al. [6] proposed a modified ROM approach as shown in equation (17)
for calculating material properties of HSLs samples by volume average
over the three regions, i.e. the NG layer, CG layer and the [AZs.

6c6VeG + 01azViaz + onG Ve

aminate — 15
o ‘ Vlola] ( )

where 6jaminate i the stress of the laminate and Vi, is the total volume
of the integrated sample, o¢g, o1az and oys are stresses for the three
regions and Vcg, Viaz and Vg are the volumes for these respective re-
gions. Good correlation between theoretical modelling and experi-
mental results were obtained by these authors. Therefore, in the
following sub-section, the ROM approach and the modified ROM
method from Zhao and co-workers [6] are implemented and analysed
further.

3.3.1. Effect of layer thickness
It has been widely verified experimentally that the strength-ductility
balance of HSLs outperforms their homogeneous grained counterparts

and that the layer thickness can be optimised to achieve superior
properties [1,57]. Herein, the effect of layer thickness on the tensile
response of HSLs composed of copper layers with different thicknesses is
investigated. The experimental data reported in [1] and the stress—strain
curves simulated with the developed framework for copper-based HSLs
with thickness values of 3.7 pm, 7.5 pm, 15 pm, 30 pm, 62 pm and 125
pm are displayed in Fig. 7(a).

From this figure, an obvious layer thickness dependent behaviour is
observed. More specifically, a smaller layer thickness leads to a higher
stress. This outcome is expected as a smaller layer thickness leads to a
higher IAZs density. In the case of the 3.7 pm layer thickness, the IAZs
may also overlap. However, this high stress comes at the expense of a
reduction in ductility since the effectiveness of back stress hardening is
limited. Experiments reported in the literature also show that, during
plastic deformation, emitted dislocations at the IAZs span on the order of
several micrometres, which is consistent with the fact that the width of
an IAZ is also the characteristic length in the strain gradient plasticity
theory. Smaller interface spacing means a higher IAZs density which
further leads to a higher density of GNDs. The stress concentration is
further transmitted from the IAZs to inner parts of CG layer by dislo-
cation activities. When the layer thickness is relatively small, i.e., 3.7
pm, this transmission is hindered by overlapping IAZs. Consecutively,
the smaller the layer thickness, the more limited the ductility. The
content of IAZs increase from 3.3 % to 100 % when the layer thickness
decreases from 125 pm to 3.7 pm. X-ray tomography and digital image
correlation data obtained in [58] reveal that the interface between
layers in the laminate can act as local stress/strain transformer and delay
crack initiation and propagation. It can be seen from Fig. 7(a) that a
lower IAZs content, namely when the layer thickness is larger than 15
pm, is associated with a better alignment of experimental and numerical
results. On the other hand, when the IAZs content is relatively high, i.e.,
for layer thicknesses of 3.7 pm and 7.5 pm, obvious deviations can be
observed which indicates that appropriate modelling of the IAZs and the
interfaces are crucial in the tensile response of laminates.

The simulated results are also plotted and compared with results
obtained using the ROM method as shown in Fig. 7(b). As stated earlier,
the IAZs are not considered in the ROM method and the volume content
the NG and CG layers remain constant, i.e., 50 % for each layer
regardless of the changing thickness. This inevitably leads to over-
lapping predictions using this method as seen in this figure. Besides, this
figure illustrates that the ROM-based predictions are smaller than the
experimental data. Again, this indicates the crucial role of IAZs in
strengthening the laminates.

Considering the significant role that back stress plays in hardening
gradient and laminate structures [46,59], the back stress for laminates
fabricated with different layer thickness is also analysed in the presented
work. In Fig. 8(a), the simulated back stress is plotted and compared
with experimental data from [1]. It can be seen that the evolution of the
back stress for laminates with the considered layer thicknesses of 7.5 pm
and 31 pm agree well with the experiments and that a smaller layer
thickness leads to a higher back stress. This is due to the fact that the
back stress is mainly caused by GNDs generation and pile-ups near the
interfaces. A larger amount of GNDs is expected with larger interface
densities i.e., with smaller layer thickness. It can also be observed from
Fig. 8(a) that the back stress increases drastically until 1 % true strain
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Fig. 7. Plots of simulated stress—strain curves using modified ROM method for copper-based HSL composites with different layer thicknesses against (a) experimental

results from [1] and (b) ROM predictions from [6].
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Fig. 8. Evolution of (a) back stress and (b) effective stress for the simulated copper-based HSLs with different layer thickness and comparison with experimental

findings from [1].

and tends to saturate afterwards. This indicates that the back stress
hardening is most effective in the early stage of deformation, which also
correlates well with experimental findings [1]. The calculated effective
stress aGb,/p [60] is also plotted and compared with experimental
findings from [1] as shown in Fig. 8(b). It can be seen that the back stress
is significantly higher than the effective stress, which is also aligned with
experimental findings reported in [61]. The simulated trends are in good
agreement with the experimental data, although discrepancies with
exact values are noticed, especially for the effective stress, which might
stem from the texture changing during the manufacturing process.

3.3.2. Effect of NG volume content

The developed model was further applied to study the uniaxial ten-
sile properties of copper-based HSLs with different NG volume content
and the simulated results compared against the experimental investi-
gation presented in [7]. The modelling details follow the experimental
set up described in [7] for post mortem comparisons; specifically the
volume content of the NG layer is set to 0.1, 0.22 and 0.47 while the
thickness of the specimen was 600 pm.

Fig. 9 shows the comparisons of the stress-strain curves with
different NG volume contents between the theoretical predictions ob-
tained in this work by implementing 1) the modified ROM method, 2)
the classical ROM predictions [6] and 3) the experimental results [7].
The predicted results using the modified ROM method are slightly larger
than those from the classical ROM predictions in all cases. This is
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Fig. 9. Comparison of the results obtained between the modified ROM method
predictions, ROM results from [6] and experimental results from [7] for lami-
nates with different volume content of NG layer.

because the effect of IAZs is not included in the ROM method. Generally,
the simulated stress—strain curves for all considered NG volume contents
agree well with the experimental results [7] and the ROM predictions



S. Zhu et al.

[6]. The reason why the ROM method is also well-aligned with the
experimental results here is likely due to the fact that the IAZs take up
only 1.9 %, 2.1 % and 3.1 % of the CG layer, for the respective volume
contents investigated, and thus, can be considered to have a negligible
effect on the overall properties.

3.3.3. Outcomes from the integrated FEM model developed in this research

The previous two sections investigated the effectiveness of the clas-
sical ROM approach and the modified ROM method from Zhao and co-
workers [6] to quantitatively predict the effect of the layer thickness and
of the NG volume content on the tensile response of copper-based HSLs.
However, experimental data [7] show that the synergetic effect of the
NG and CG layers would produce a more significant strengthening than
that inferred by the weight-based mathematical formulae that charac-
terise both methods. Besides, the CG and NG layers experience different
damage characteristics when considered as standalone entities
compared to when they compose a HSL stack. To shed further light on
the constraints and the synergy of the NG and CG layers, an integrated
FEM model is developed to study the mechanical response of the
‘sandwich structure’ of HSL materials rather than studying the separate
standalone layers.

One should notice that for homogenous grained copper, a Taylor
constant M of 3.06 is adopted for the CG, the NG and the IAZ material.
However, the laminates are manufactured by HPT, rolling and annealing
which would result in a different grain size for final specimens, espe-
cially for the NG layers [1,6]. In consideration of this, a Taylor constant
of 2.45 is adopted for the NG layer in the laminates following the study
presented in [62] while the rest of the material properties remain un-
changed. The model consists of three regions, namely the CG, the NG
and the IAZs, as previously illustrated in Fig. 1(b). These regions were
geometrically modelled to adhere to the experimental conditions of
[1,7] and were meshed suitably. The predicted stress-strain curves using
the integrated FEM model of copper-based HSLs with different layer
thicknesses and NG volume contents are plotted in Fig. 10. This figure
also includes experimental data from [1,7] for comparison purpose. The
simulated stress-strain curves with different layer thicknesses correlate
relatively well with experimental values. Similar to what was found
earlier when implementing the modified ROM method from Zhao and
co-workers [6], the larger the layer thickness, the better the approxi-
mation. This indicates again the crucial role of interfaces and the IAZ.
For the laminates with different NG volume contents, i.e., Fig. 10(b), the
simulated stress-strain curves also agree relatively well with experi-
mental data for all considered scenarios. As discussed earlier, the IAZs
content considered for all simulations in this figure is lower than that for
the simulations Fig. 10(a) where the layer thickness is small and thus, a
better correlation can be achieved. This figure also indicates that the
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mutual constraints between the NG and CG layer are negligible in the
scenarios modelled in Fig. 10(b) because the results displayed are close
to the results in Fig. 9.

To investigate the mutual interactions between the NG and the CG
layers, the lateral stress distribution, of the laminates with 10 %, 22 %
and 47 % NG volume content at the true strain of 0.5 % is shown in
Fig. 11 together with the numerical results from Zhao et al. [6] for
comparison. Experimental observations at this stage report that the CG
layer has yielded while the deformation in the NG layer is still pre-yield,
i.e., elastic [46]. The selected simulation path in the presented work
corresponds to the middle section of the specimen along the thickness
direction as shown in the inset of Fig. 11(b). The presented results agree
well with the numerical findings of [6] where 5 different paths on the
cross section were selected. The lateral stress is negative in the NG re-
gion while positive in the CG region. This reveals the severe ‘shrinkage’
of the NG layer along the lateral direction and the multiaxial loading in
the HSL structure. This incompatibility between the NG and the CG
layers during deformation was also reported in the experiments con-
ducted in [1]. The lateral stress distribution in the CG layer was found to
be around 5 MPa which is close to the results reported in [21,38], while
the lateral stress distribution in the NG layer can be relatively high, such
as —25 MPa. It can also be observed from Fig. 11(b) that the smaller the
NG volume content, the larger the difference in lateral stress between
the CG and NG layers. This indicates that a smaller NG volume content
would lead to a larger incompatibility between both layers. This bi-axial
stress state can activate more slip systems and contributes to extra
strengthening beyond the predictions made using the ROM method
[63].

In the integrated FEM model developed here, the NG layer in the HSL
displays no necking in the first 10 % true strain (see Fig. 12(b)) while the
stand-alone NG layer started necking at 0.4 % true strain (see earlier
Fig. 5(a)). A similar phenomenon was observed in the experiments
conducted in [7] where the NG layer in the laminates started necking at
the strain of 12 % while the stand-alone NG layer counterpart yielded at
an early strain of 0.7 %. The maximum JC damage accumulation factor
in the NG layer of the copper based HSL composite was simulated to be
around 0.0065 for all layer thicknesses considered at a strain of 10 %, as
shown in Fig. 12(a). This is significantly smaller than that in standalone
NG layer, which was found to be 0.06 (c.f. Fig. 6(a)) for the same value
of strain. This is explained by the fact that early necking of the NG layer
in HSL structures is suppressed by the CG layers through the formation
of two IAZs on both sides [46]. The early tensile failure exhibited in a
standalone NG specimen is thus avoided. The damage accumulation
factor in the NG layer for different thicknesses is also displayed with
Fig. 12(a). It can be seen that the smaller the layer thickness, then the
smaller the damage factor. This indicates that the NG layer is protected

(b) 400
300
=
[
s
£ 200
= Integrated FEM predictions:
2 —10%
& —22%
—47%
100 Experimental results: (Ma et al., 2015)
" 10%
® 22%
A 47%
0 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10

True strain

Fig. 10. (a) Plots of simulated stress—strain curves for copper-based HSLs using the integrated FE model with (a) different layer thicknesses against experimental
results from [1] and (b) different NG volume contents against experimental results from [7].
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Fig. 12. (a) The simulated JC damage accumulation factor of the NG layer in HSLs with layers of different thicknesses, (b) The simulated JC damage accumulation
factor of the NG layer in HSLs with 10 %, 22 % and 47 % NG volume content using the integrated FE model developed in this research.

by the neighbouring layers since the smaller layer thickness means a
larger interface/IAZs density. The damage factor in the NG layer for
copper-based HSLs with different volume contents is given with Fig. 12
(b). As reported above, the damage factor in this situation is about one
magnitude smaller than that for a standalone NG layer, which indicates
that the neighbouring IAZs and CG layer alleviates the stress concen-
tration. However, with the increase in the volume content of the NG
layer, the stress concentration cannot ultimately be lessened. This leads
to a larger damage factor and thus, an earlier failure as observed in
experiments conducted in [7].

The numerical results presented in this work using the modified ROM
method from Zhao and co-workers [6] and the developed integrated
FEM model, including the output stress—strain curves, microhardness,
back stress and JC damage factors correlate well with the corresponding
experimental observations. However, the simulated stress-strain curves
in Fig. 7(a) and 10(a) for the copper-based HSL with different layer
thicknesses still somewhat show some degree of discrepancy with
experimental values. A first possible reason behind this outcome may be
due to the uncertainty around the thickness of IAZs as various values are
reported in the literature, i.e. 5 pm to 6 pm in [1] and the size of one
coarse grain in [6]. A second possible source of error may be linked to
the uncertainty in the value of the Poisson’s ratio of the CG layer in the
integrated HSL structure simulations. More specifically, findings from
[63] suggest that the Poisson’s ratio of this layer changed from 0.36 to

10

0.5 to accommodate the mechanical incompatibility between layers. As
a result, the uniaxial tensile loading turns into a bi-axial one and more
slip systems are activated which contribute to the extra strengthening
[21]. The interaction between the NG and CG layers is found to make a
significant contribution to back stress [16] and this synergetic hardening
behaviour needs to be further investigated. In addition, the cohesive
interfaces between different layers were not included but modelled as a
whole part in this research, which will ineluctably lead to deviations of
the laminate properties.

While this work focusses on the heterogenous deformation-induced
hardening, the hardening of such structures [24] might also stem from
various sources such as the additive effect of individual layer by forest
hardening as in gradient structures, compressive residual stress induced
strain hardening, and partly recovered forest dislocation hardening due
to the change of stress state in the NG layer. The change in grain size in
different layers during the deformation process and due to the
manufacturing process as well as nanotwin boundary-mediated strain
hardening might contribute to deviations as well. For example, grain
coarsening in the NG layer of gradient copper was observed in [64] and
‘strain softening’ was induced as a result. Consequently, an enhanced
strength-ductility synergy was achieved. In future studies, the evolution
of grain size should be modelled as a function of temperature and
stress-strain rate to achieve more accurate predictions. In addition to
this, damage initiation and fracture are a complicated process especially
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in such ‘sandwich’ structures where necking-delayed ductile mode to
necking-inhibited brittle mode transition [56], interface delamination
and slip bands activities [5] are involved. The inclusion of cohesive
interfaces with reasonable progressive failure criterion has the potential
to lead to further advances when investigating this problem.

4. Conclusions

A novel multiple physical mechanisms based constitutive model
coupled with the Johnson Cook damage criterion was developed to
simulate the deformation of heterogeneous-structured laminates (HSLs).
The proposed approach enables quantitative information about the in-
ternal damage in HSLs to be obtained and investigated in real-time. The
evolution of geometrically necessary dislocations, statistically stored
dislocations and resulting back stress were taken into account using
dislocation pile up theory. The simulated microhardness, stress—strain
curves and back stress evolution agreed well with published experi-
mental results. The important conclusions that can be drawn from this
work are as follows:

(1) The developed HSL simulation model is considered to outperform
the traditional rule of mixture (ROM) and the modified ROM
methods due to its ability to investigate the interactive con-
straints between the coarse-grained (CG) and nano-grained (NG)
layers and to quantify damage conditions throughout the defor-
mation process.

Given the ability of the developed model to evaluate the damage
accumulation factor in the NG layer, simulations outcomes were
obtained which aligned with the following known experimental
observations: 1) the smaller the layer thickness, then the smaller
the internal damage and 2) the internal damage increases with
the increase in volume content of the NG layer.

For a set simulated strain of 10 %, it was found that the damage
accumulation factor in the NG layer was 10 times lower than that
in a stand-alone NG layer not sandwiched between two CG layers.
This confirms that protection of the NG layers is provided by the
CG layers during deformation in HSLs.

Deviations from experimental data were observed when pre-
dicting the stress—strain curves of HSLs with smaller layer thick-
ness values using both the developed model and the modified
ROM method. It is probable that the inclusion of interfaces and a
reasonable traction-separation progressive failure law in the
proposed FEM model should have the potential to address this
issue.

(2

(3)

(4

—

It is anticipated that the developed framework could be easily
adopted to simulate other metallic heterogeneous materials especially in
the context of dynamic manufacturing processes, such as forming. In
addition, the proposed method could support recent as well as future
developments of new heterogeneous structured materials as progress
made in additive manufacturing of metallic materials provide promising
perspectives for the production of such metallic composites. Future
applications of this class of materials could span from aerospace,
biomedical engineering through to energy [65-67]. Thus, the proposed
framework should support the application of metallic laminates, and
potentially gradient metallic structures too, by facilitating the optimal
design of such materials.
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