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ABSTRACT Mechanical behavior and microstructure evolution of polycrystalline copper with
nano-twins were investigated in the present work by finite element simulations. The fracture of
grain boundaries are described by a cohesive interface constitutive model based on the strain
gradient plasticity theory. A systematic study of the strength and ductility for different grain sizes
and twin lamellae distributions is performed. The results show that the material strength and
ductility strongly depend on the grain size and the distribution of twin lamellae microstructures
in the polycrystalline copper.

KEY WORDS nanocrystalline twinned copper, mechanical behavior, cohesive model, finite ele-
ment simulation

I. INTRODUCTION

An electro-deposited polycrystalline copper film with nano-scale twins (or nanocrystalline twinned
(NCT) copper) was synthesized with an ultra-high tensile strength. By observing the microstructures of
the NCT copper using the transmission electron microscopy (TEM), one found that the material micro-
structures could be further subdivided into the twin/matrix lamellar substructures with high density of
twin boundaries (TBs)m. Recently, there have been many researches on the deformation mechanism of
the electro-deposited Cu with twin/matrix lamellar microstructure’ 4. The previous researches have
shown that twin/matrix lamellar microstructure of the Cu grain directly affects materials mechanical
properties. Specifically, the twin boundary spacing (or the twin lamellar spacing) plays an important
role in the plastic deformation and work hardening of materials.

Twin boundaries, a special kind of coherent boundary with low energy, may serve as barriers to
dislocation motion and an intrinsic strengthening mechanism of ultrafine crystalline (UFC) materials.
It is worth noting that the presence of twin boundaries enhances the corrosion resistance and reduces
the propensity for intragranular fracture. The intergranular fracture is a main failure mechanism of
the NCT copper. Recent molecular dynamics (MD) simulations on the dislocations interacting with
coherent twin boundary[®6 have shown the relatively high ductility of NCT copper to the hardening
of TBs as they gradually lose coherency during plastic deformation. MD simulation is powerful in
understanding the deformation mechanism of nanocrystalline metals. However, due to the limitations
in time and space, it is impractical to compare the MD simulations with the experimental results.
So the finite element simulations have been considered by Dao et al.l”l. A twin boundary affected
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zone (TBAZ) model motivated by the grain boundary affected zone (GBAZ) model®*! was proposed
and a comprehensive computational analysis of the deformation of ultrafine crystalline pure copper
with nanoscale twins was carried out. However, high resolution TEM images of grain boundaries in
electrodeposited nanocrystalline Ni and Cu show that the crystallinity of grains is maintained well up
to the boundary and no second phase is observed!%). It is very difficult to assign a different material
phase to the GB zone and especially TB zone. Recently, the conventional continuum mechanics theory
cannot characterize the size effects of materials in nanoscale. In recent work of Han and Gao et al., they
proposed a theory based on strain gradient crystal plasticity (MSG-CP)!*':12l, Although this theory can
well model the effect of inherent anisotropy of a crystal lattice on size-dependent non-uniform plastic
deformation at micron and submicron length scales, there are so many parameters for each slip system
that must be considered. On the other hand, it is more difficult to implement this theory by means of
finite element method.

So in the present research, an isotropic assumption is adopted and a new model of polycrystalline
copper with nano-scale twins is presented. The concept of twin lamellae strengthening zone is proposed
and a cohesive interface model is used to simulate the phenomena of grain-boundary sliding and sepa-
ration. The conventional theory of mechanism-based strain gradient plasticity (CMSG)[B] established
from the Taylor dislocation model is used to simulate the strengthening mechanical behaviors and size
effects of the NCT copper with the twin/matrix lamellar microstructure. Through the analysis, the
fracture processes of cracks along grain boundaries of the NCT copper and the influences of intergranular
fracture ductility with different grain sizes, material parameters, and the distribution of twin/matrix
lamellae microstructures will be discussed. Finally, the FEM results will be compared with several
experimental results.

II. CONSTITUTIVE LAWS AND CALCULATION MODEL
2.1. The CMSG Constitutive Law for Twin/Matrix Lamellae

At the nano-scale, due to the grain size effect, the mechanical behaviors of the NCT copper cannot
be well described by the conventional elastic-plastic theory. So in the present research, the theory of
mechanism-based strain gradient plasticity (CMSG) theory presented by Huang et al.l13:14] will be
used. Here a brief description of the CMSG constitutive relations and the corresponding finite element
analysis is provided.

Based on the Taylor dislocation model, the CMSG constitutive relations have been developed. For
small dislocation density, Taylor dislocation model gives the shear flow stress 7 in terms of the dislocation
density p by

T = apby/p = apby/ps + pa, (1)
where p is the shear modulus; b is the Burgers vector; «v is an empirical coefficient around 0.3 depending
on the material structures and characteristics. ps and pg are densities of statistically stored dislocations
(SSD) and geometrically necessary dislocations (GND), respectively. The GND density p¢ is related
to the effective plastic strain gradient n? by

p

b6 =T 2)

where 7 is the Nye-factor to reflect the effect of crystallography on the distribution of GNDs and is
around 1.90 for face-centered-cubic (FCC) polycrystals. While 7P is effective plastic strain gradient.
The tensile flow stress ogow is related to the shear stress 7 by

P
Uﬂow:MT:MaubN/pS"i_F% (3)

where M is Taylor factor which acts as an isotropic interpretation of the crystalline anisotropy at the
continuum level, and M is about 3.06 for FCC metals. When the effective plastic strain gradient n”
vanishes, the flow stress can be degenerated to oaow = oy f(¢P) in uniaxial tension, and then the SSD
density pg is determined from Eq.(3) as

(4)
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So the flow stress accounting for the nonuniform plastic deformation becomes

Oflow = \/[oyf(sp)]2 + M2a2rp2bnP = oy +/ f2(eP) + InP (5)

I = M%a? (“)21) ~ 1802 (“)21), F(eP) = <1 + EEP>N (6)

oy oy oy
is the intrinsic material length in strain gradient plasticity, oy is the initial yield stress, and N is the
plastic work hardening exponent (0 < N < 1).
Huang et al. demonstrated that the power law visco-plastic model incorporating the strain gradient
effects can be applicable to conventional power-law hardening if the rate-sensitivity exponent m is large
(m > 20). Then the plastic strain rate is expressed as

where

m
Oe

p _
= c [UY\/F (eP) + Inp

/3 is the effective strain rate and £}; is the deviatoric strain rate.

(7)

where € =, /2¢]:€]
The constitutive relations in CMSG theory, which involve the conventional stress and strain only,
can be expressed as given the stress-rate ¢;; in terms of the strain-rate as follows

L3 [ s a;j} -

Oij = Kékkéij +2u {f—fij —

20¢ | oy +/f2(eP) + Inp
where K is the bulk elastic modulus, ¢; is the deviatoric strain rate, oo = ,/307,07,/2 is the effective

Von Mises stress, €xy is the bulk strain rate, and d;; is the Kronecker delta tensor. The effective plastic
strain gradient 7” in CMSG theory is defined in the same way as that in the higher-order MSG theory!?],

and is given by
. . 1., . . . . .
n’ = /npdﬂ n = Zﬁfjkﬂfjkv nfjk = Ezi)k,j + E?k,i - Efj.,k (9)

where éfj is the tensor of plastic strain rate.

Generally speaking, when the strain gradient effect is considered, the conventional finite element
method fails. However the CMSG theory is a lower-order theory which does not involve the higher-order
stress such that the governing equations are essentially the same as those in the classical plasticity. One can
easily modify the existing finite element program to incorporate the plastic strain gradient effect!!416],
In the present research, we have implemented a C° three-dimensional solid element incorporating the
CMSG theory in the ABAQUS finite element program!’™ via its User-Material subroutine UMAT.
2.2. Simplified Model of the NCT Copper Structure

Figure 1(a) shows a bright field TEM image of an as-deposited NCT copper sample. It shows that
the TBs separate grains into nano-meter thick twin/matrix lamellar structures. The thickness of twin
lamellar geometry varies from about 20 nm to 1 pgm, and the most grains in the Cu sample with nano-scale
growth twins are equiaxed in three dimensions!?!. The post-deformation microstructure observations
indicate that the plastic deformation inside the NCT copper is extremely incompatible with the TBs
appearance. In order to accommodate the incompatible plastic deformation, the geometrically necessary
dislocations which are related to plastic strain gradient in Eq.(2) accumulate near the TBs and cause
hardening. When the matrix lamellae are thick, dislocation pile-ups form a certain stress concentration
at TBs and a low applied stress is needed to activate the slip transmission of the TBs, while the high
external stress is needed when the twin lamellae are thick. All these suggest that some mechanical
constitutive parameters (such as the initial yield stress, the plastic strain hardening exponent, etc.) for
the twin lamellae and matrix lamellae should be varied with different lamellar spacing. We assume that
the material parameters of twin lamellar microstructures are different from the matrix lamellae and
the thinner twin lamellae are taken as the strengthening zones which have a strengthening effect on the
whole deformation of the electro-deposited polycrystalline Cu with twin/matrix lamellar microstructure.
Otherwise, the hardening effects of TBs can be characterized by treating TBs with an internal interface
and causing strong strain gradient strength for incompatible plastic deformation of two different material
lamellae (twin/matrix lamellae).
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Fig. 1. (a) Bright field TEM image of Cu with nano-scale twins(figure reproduced from Ref.[2]) and (b) Schematic drawing
of calculation model and boundary conditions.

2.3. The Cohesive Model Used in Grain Boundary

Cohesive interface model was presented by Barenblatt!'® and Dugdale'”) more than 40 years ago. In
recent years, numerous cohesive interface model for- T
mulations have been widely used to simulate fracture
initiation and propagation[2-22. Molecular dynam- T
ics simulations and direct experimental evidences
have indicated that the roles of grain boundary slid-
ing and separation are more important with smaller
grain size[?* 2], In the present numerical study, the K,
cohesive models are used to describe the initiation
and evolution of intergranular cracks without arbi-
trarily introducing initial cracks after the normal or
shear traction or a combined traction across the in-
terface. Then actual cracks naturally form and grow Fig. 2 Cohesive force curve of cohesive model.
due to the heterogeneous stress/strain field which is caused by the geometry structures and varia-
tions in materials properties. To describe the evolution of damage under a combination of normal and
shear deformation across the interface, it is useful to introduce an effective displacement defined as

Om = \/(6,) + 02 + 62. The () represents the Macaulay bracket, which is used to emphasize that a

pure compressive deformation does not initiate damage. 6,,, ds and é; represent the relative displace-
ments when the deformation which is either purely normal to the interface or only in the first or the
second shear direction respectively. The traction-separation behavior of cohesive constitutive model is
indicated as in Fig.2. Let Ty and Ay (A\; = 09,/6/) be the critical values of traction and dimensionless
displacement, respectively. Here T is the traction, 60, is the critical separation effective displacement
at damage initiation, &7 is separation effective displacement at complete failure and K, is the initial
separation stiffness of the cohesive element.
2.4. Finite Element Calculation Model and Boundary Conditions

A quasi-three-dimensional representative volume element which taking into account of three dimen-
sional effects is presented here. Figure 1(b) shows the schematic drawing of representative calculation
model, where each grain contains five twin lamellae in different orientations. The representative cal-
culation model consists of seven idealized hexagon grain, and the radius R of grain is the radius of
circumcircle of hexagon. As displayed in Fig.1(b), the gray zones stand for the twin lamella strength-
ening zones with thickness Dp, while the white zones stand for the matrix lamella with thickness D, .
The cohesive interface layers with zero thickness model grain boundaries are between two hexagon
grains. Here the finite element mesh includes eight-node, iso-parametric element C3D8 which is based

A1 1A
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on the CMSG constitutive relations via UMAT of ABAQUS and cohesive element Coh3D8 (available
in ABAQUS). Periodic assumption is used to simplify the calculation model, where the orientation of
the twin lamellae in whole grains is considered as periodic distribution. Periodic boundary conditions
are enforced along the four sides in y1y» coordinate plane!26:

U2 — Uy, = U1 — Uy, (10)
U2y — Uy, = U1 — Uy, (11)
Upy = Uyy = Uy, — Uy, (12)

Here, u;; is the displacement vector for any point on the corresponding boundary [5;, and u,, the
displacement vector for each vertex v;. Rigid body motions can be eliminated by requiring that ., =0,
for either k € {1,2,4}. Otherwise, a displacement boundary condition @z which considers the third
dimensional effect is enforced in the y3 coordinate direction perpendicular to y1y2 coordinate plane,
assuming that the material geometry in the z-direction is also a periodic structure which has a finite-
thickness.

III. RESULTS AND DISCUSSION
3.1. Intergranular Fracture Affected by Twin Lamellae Microstructures
In the present analysis, a comparative study of the intergranular fracture ductility with different grain
sizes and twin/matrix lamellae material parameter is performed. For convenience, the twin lamellar
intrinsic material length 7 and the twin lamellar initial yield stress o,r are taken as the normalizing
quantities to normalize parameters of NCT copper with length dimensions and with stress dimensions,
respectively. The overall stress-strain relation with parameter dependence can be expressed as follows
7 _ (R, &, DiM; &, ﬁ, vr, Ny, mr, EiMﬂ/M, inM,NMva; ZM;€> (13)
OyT lp " lr "oyr oyr OyT OyT lr
where the subscript 7' and M indicate twin and matrix, respectively. There are many parameters
included in Eq.(13). For simplification, in most cases of the present study we consider the material
parameters Eyny = Ep = 166.660,7, vy = vy = 0.3, mp = mpy = 20,Np = Npyp = 0.2, oyr/oym = 2
and K. = 166.660,7. And assume that these material parameters will not change with twin/matrix
lamellae geometry size. Two different length scale (grain size R/lp = 0.5 and R/l = 5) with the same
twin lamellar volume fraction are considered under axial tensile loading conditions, assuming that both
thicknesses of twin lamella Dy and matrix lamella D), are kept the same proportion to grain radius
R in different calculation cases.
The dependence on the ratios of initial yield stress of the matrix to that of twin lamellae of NCT
copper with different grain sizes is shown in Fig.3, when the parameters of cohesive interface are fixed.
As shown in Fig.3, the strength and global ductility of NCT copper are sensitive to the ratios. With
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Fig. 3. The dependence of the stress-strain relations on dif- Fig. 4. The dependence of the stress-strain relations on dif-

ferent ratios (oyar/oyT) of initial yield stresses of matrix ferent elastic moduli (Ejs) of matrix lamellae with grain
and twin lamellae with different sizes (R/lp) of represen- size (R/lr = 0.5)

tative volume element.
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the increasing initial yield stress of matrix lamella, the strength of material is increased greatly but
the global ductility will be decreased when other material parameters fixed. And it is helpful to delay
the intergranular fracture by increasing the difference of initial yield stresses between matrix and twin
lamellae. Furthermore, with decreasing the difference, the dependence of intergranular fracture on the
grain size is gradually diminished.

Although both the materials of twin and matrix lamellae are copper, the elastic moduli of twin/matrix
lamellae are maybe different due to the elastic anisotropy of monocrystalline copper. Figure 4 shows
the influence on stress-strain relations of NCT copper by varying the elastic moduli of matrix lamellae.
As expected, the variation elastic moduli of matrix lamellae obviously influence the global ductility of
nano-twinned copper. And with increasing elastic moduli, the intergranular fracture of polycrystalline
copper with nano-scale twins is easier to take place.

Figure 5 shows that the overall ductility and strength of NCT copper are sensitive to the twin/matrix
lamellar work hardening exponent. When the exponent N is small, the occurrence of intergranular
fracture will be deferred greatly but the effect of work hardening is not obvious. Recent studies on the
work hardening of ultrafine-grained copper with nanoscale twins!?”! have indicated that the conventional
work hardening mechanism by the forest dislocations for the coarse grain FCC metal is not dominant
due to the thin twin lamellae structures introduced. So the improvement of global ductility of NCT
copper may benefit significantly from the decreasing work hardening exponent by a new work hardening
mechanism in twin/matrix lamellae structures.

Figure 6 shows the dependence of the stress-strain relations on the volume fraction Vp of twin
lamellae for grain size R/lp = 0.5. Three cases of the twin lamellae volume fractions (Vp = 11.5%,
18.5% and 26.0%) are considered, without changing the thicknesses of twin lamellae and other material
parameters. Although the thicknesses of matrix lamellae are decreased with increasing twin lamellae
volume fraction, in this present calculation, we presume that the material parameters are not altered
with the thickness of matrix lamella. Namely, only the volume fraction of twin lamellae strengthen
zone is considered in the example. The results show that the general strength is enhanced with the
increasing volume fraction of twin lamellae, but the global ductility is decreased. The calculation results
are inconsistent with the previous experimental results in which the strength and global ductility of
nano-twins copper are both increased with the increase of twins density. This is because two important
factors are not considered in this calculation. Firstly, the contribution to ductility of twin boundaries due
to the coherency loss during plastic deformation is not taken into account due to the limit of continuum
finite element simulation. Secondly, the properties of grain boundaries (i.e. the parameters of cohesive
interface model) should be altered with changing geometrical microstructure of twin/matrix lamellae
in grain interior.

1o} B/lr = 0.5, ayar = 0507, K = 166.660,7 L4 ST 0L S
Lol oy 1.9 | Ke = 166.660,7, Ay =0.133 s o
. - A — ::_‘__,_,—’—"" »
i - 1o} = y o\
0.8r = N s \
B _/ f'/ e W
g /oA \ ~ 0.8} /1/ “.
= 06} 2* A \ i O |
S . ==, . \
¥ i \ o 06} Vi = 11.5% AN
| g—s-A=0.117,N=0.1 i \ § T = 11.9% A )
04 ‘ g P, - 3 .
~+=A=0100,N=01 ¥ £ ‘-\ 04fd —e—Vpr= 18.3270 1
0.2 a-)=0.117,N=0.2 \ ! =V = 26.0% i
P —v—)=0.100,N=0.2 i \ 0.2 s
000 ooz 001 oo 005 oio 0ol : s A -
' ' e ) ’ 000 002 004 006 008 010

£
Fig. 5. The dependence of the stress-strain relations on

the plastic work hardening exponents (N) of twin/matrix
lamellae.

Fig. 6. The dependence of the stress-strain relations on the
volume fractions (V) of twin lamellae.

3.2. Comparison with Experimental Results

The material parameters and the representative calculation model geometry scales of Cu with nano-
scale twins in the present analysis are obtained from the experiments of Shen et al.l'?l. Two different
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twin lamellar spacing, nt-Cu-fine and nt-Cu-medium (nano-twined Cu with different twin densities),
are considered. Since both the materials of twin lamellae and matrix lamellae are copper, we assume
that some material parameters of twin lamellae and matrix lamellae are equal, such as the Young’s
modulus Er = Ej; = 100 GPa, the Poisson’s ratio v = vy = 0.3, the rate sensitivity exponent is
mp = mys = 20, the Taylor factor M = Mjy; = 3.06, the Nye-factor 7 = 73y = 1.90, the empirical
coeflicient in the Taylor dislocation model ar = ap; = 0.25, the magnitude of the copper Burgers vector
br = by = 0.271 nm. The average grain radii of the experiment samples are both R = 260 £ 10 nm.
Then the radius R of grain of representative calculation model is fixed at R = 260 nm. As TBs block
dislocation motions inside crystals, Shen et al. proposed that the initial yield stresses of twin lamellae

and matrix lamellae with different lamellar spacing can be represented, analogous to the classical H-P
relation(?).

oy=o00+Kp-17" (14)

where o is the initial yield stress, og is a reference stress, Kr is a constant, [ is the mean twin lamella
spacing, and n is a coefficient ranging from 0.5 to 1. All the parameters in Eq.(14) can be found in the
experiment data of Shen et al. And as shown in recent studies on the work hardening of ultrafine-grained
copper with nanoscale twins?”), Chen and Lu have indicated that the work hardening exponent N is
decreased with the decreasing of twin lamellae thickness. So in the present numerical study, the work
hardening exponents of different thickness twin lamellae are allowed to vary from 0.08 to 0.15. All the
parameters of two samples with different twin/matrix lamellar spacing are list in Table 1. The maximum
nominal stress criterion for damage initiation at grain boundary cohesive zone is introduced, namely
the critical traction stress T} is pre-established. Here the separation strength of T3 is chosen to coincide
with the bulk initial yield stress of twin lamella, and the separation effective displacement (5{,1 — 59”)

is assumed to be 50 nm, the initial separation stiffness K. of grain boundary is equal to the copper
Young’s modulus.

Table 1. Summary of microstructure characteristic parameters

Dr Dy oyT OyM
Sample (am) (nm) (MPa) (MPa) N7 Nu
nt-Cu-fine 12 30 950 660 0.08 0.1
nt-Cu-medium 33 61 750 550 0.1 0.15

The numerical results with different twin/matrix lamellae spacings are shown in Fig.7. From Fig.7,
the stress-strain curves calculated by finite element method agree well with the experimental data in
trend. Although the real failure process in electro-deposited polycrystalline copper with nano-scale
growth twins is complicated, the computational model still characterizes the experimentally observed
failure trend of nano-twins copper to a certain extent.
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Fig. 7. Comparison of experimental and computational results for uniaxial tension boundary condition.
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IV. CONCLUSION REMARKS

In the present study, detailed simulations on the mechanical behaviors of the nanocrystalline twinned
Cu affected by twin/matrix lamellar microstructure geometry and grain size scale are performed by
using the finite element method based on the CMSG theory. The main conclusions are obtained as
followings:

(1) The characteristics of material microstructures have strong influence on the overall mechanical
properties of the NCT material, and the occurrence of intergranular fracture is sensitive to the material
microstructures.

(2) The overall mechanical behaviors (strength and ductility) of the NCT copper strongly depend on
the grain boundary adhesion strength and interface fracture energy. Both overall strength and ductility
of the NCT copper increase with the increasing of both the grain boundary adhesion strength and the
interface fracture energy.

(3) The comparison between the results of numerical calculation and experimental data shows that
the theory model adopted in the present research can well characterize the mechanical properties and
size effect of NCT copper.
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