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ARTICLE INFO ABSTRACT

Keywords: Plastic strain recovery is a distinctive behavior of nanocrystalline thin film metals whereby
Plastic strain recovery plastic strain induced via application of an external load is gradually recovered over a time
G'rai“ .b°““dafies period of hours to days after load removal. Previous studies to model plastic strain recovery
Diffusion assumed that grain boundary sliding or grain boundary diffusion with heterogeneous diffusivity
Finite element . . . . . .
Voids was the dominant deformation mechanism. In this study we propose that grain boundary dif-

fusion in the presence of nanoscopic voids can lead to plastic strain recover without having to
assume a sliding or heterogeneous diffusivity on grain boundaries. To model the system nu-
merically in the context of the finite element method, we include a diffusion zone (DZ) and a
cohesive zone (CS) on the grain boundaries and also include the possibility of plastic deformation
in the surrounding grains. Our results suggest that diffusion leads to a mass flux toward the “void
tips” (i.e. intersections of the voids and grain boundaries) as the external load is applied. Upon
removal of the load, the additional material that accumulated near the void tips introduces a
compressive residual normal stress on the grain boundary. The gradient of grain boundary re-
sidual stress leads to diffusion flux away from the void tip along the grain boundary in addition to
diffusion flux to the void surface from the grain boundary. This redistribution of mass leads to a
reduction in specimen length that is interpreted in terms of plastic strain recovery. With time the
diffusion flux reduces the grain boundary stress gradient to the point where further grain
boundary diffusion flux becomes negligible, after which diffusion flux occurs predominantly from
the grain boundary at the void tip to the void surface. Since only one mass flux route remains
active, the predicted plastic strain recovery rate is smaller. These simulation results are consistent
with our experimental results that indicate plastic strain recovery exhibits two characteristic
rates: a “fast” strain rate of about [10~7] s~! followed by transition to a “slow” strain rate of about
[1079] s~

1. Introduction

Nanocrystalline thin metal films with an average grain size less than [100] nm have been the subject of widespread research in
recent years due to their enhanced material properties and behavior compared to their coarse-grain counterparts. These material
properties include higher yield strength, fracture strength, and strain rate sensitivity (Gleiter, 2000; Kumar et al., 2003a; Weertman,
2007). One of the unique properties of nanocrystalline thin film metals is a phenomenon called plastic strain recovery, where plastic
strain introduced through a load cycle is gradually recovered (i.e. reversed) under no external loading over a time period of hours and
days (Rajagopalan et al., 2007; WeiKysar, 2011; Ghazi and Kysar, 2016). However plastic strain recovery is not a reversible process in
the thermodynamic sense because energy is dissipated during the load cycle. Along with the inverse Hall-Petch effect (Schiotz et al.,
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1998; Conrad and Narayan, 2000; Wolf et al., 2003), plastic strain recovery in nanocrystalline materials is a phenomenon that is
counterintuitive to our understanding of inelastic deformation in microcrystalline materials and thus presents the opportunity to
study the interactions between different deformation mechanisms at the nanometer length scale.

In microcrystalline materials, the dominant deformation mechanisms for plastic deformation are the creation, motion, and
multiplication of dislocations. However when the grain size of the material is reduced to the nanometer scale, the small grain volumes
constrain the activation of bulk dislocation sources, inhibiting dislocation-mediated plastic deformation, and making it possible for
nanocrystalline metals to achieve significantly higher stresses than their microcrystalline counterparts. Given the high stresses
coupled with the large volume fraction of grain boundaries in nanocrystalline metals, inelastic deformation in nanocrystalline metals
is often dominated by grain boundary deformation mechanisms (Meyers et al., 2006; Hahn and Meyers, 2015) including grain
boundary diffusion and grain boundary sliding (Swygenhoven and Derlet, 2001; Wei and Anand, 2004; Wei et al., 2008a). The
inverse Hall-Petch effect and strain rate sensitivity (Wei et al., 2004, 2008b) observed in nanocrystalline metals—but not in mi-
crocrystalline metals—are also the result of grain boundary deformation mechanisms.

Plastic strain recovery occurs at very small rates ranging from 10~° s~ to 1077 s~! (Rajagopalan et al., 2007; Ghazi and Kysar, 2016;
Wei et al., 2007) suggesting that grain boundary diffusive mechanisms play a key role in the phenomenon (WeiKysar, 2011; Wei
et al., 2008b). A number of prior models suggest that plastic strain recovery is driven by residual stress in the film induced during
loading. Several models propose that creep deformation due to residual stresses caused by grain size heterogeneity is responsible for
recovery (Spolenak et al., 2001; Rajagopalan et al., 2008; Koslowski, 2010). Other models propose that the dominant deformation
mechanism is the nucleation and activation of dislocations (Xie and Koslowski, 2016). Finally, others propose that grain boundary
diffusion accommodated by sliding or plasticity inside the grains plays the key role in plastic strain recover (WeiKysar, 2011; Wei
et al., 2008a; Li et al., 2009).

In this paper we propose a new mechanistic model for plastic strain recovery in nanocrystalline thin films based on the hypothesis
that grain boundary diffusion is the dominant inelastic deformation mechanism that leads to recovery. The model accounts for the
presence of grain boundaries interacting via diffusion with voids that exist within the nanocrystalline metal thin films due to the
deposition process. A number of prior studies have observed that nanoscopic voids are commonly found in nanocrystalline materials
(Meyers et al., 2006; Kumar et al., 2003b; Petegem et al., 2003; Hugo et al., 2003). Most of these studies described different
deposition methods to fabricate nanocrystalline thin films, however the existence of voids can be justified for all thin films due to the
presence of contaminants during deposition in the absence of absolute vacuum, as well as the existence of defects in substrates and
impurities in substrate and thin film materials. Also, when film deposition proceeds via hit-and-stick mechanisms — such as the
evaporation and sputtering methods that we used to fabricate our experimental samples — voids can results from self-shadowing
effects during deposition. When the overall atomic mobility is low (specifically for sputtering where the substrate is low tempera-
ture), these voids can not be filled and remain in the thin films (Thornton and Hoffman, 1989; Koch, 2010). In addition voids can be
nucleated during loading because of pre-existing defects in grain boundary or can be created by dislocation emission from grain
boundaries (Kumar et al., 2003b; Meyers et al., 2006). Also the existence and growth of voids in nanocrystalline materials and its role
in deformation behaviour has been demonstrated in number of recent numerical simulations (Dongare et al., 2009; Rudd, 2009;
Bringa et al., 2010).

Our model allows for three possible irreversible deformation mechanisms: (1) diffusion along grain boundaries and along the
surface of voids; (2) grain boundary fracture; and, (3) plastic deformation within the nanocrystalline grains. Numerically, grain
boundary diffusion is modeled with a diffusion zone (DZ) model while potential fracture along grain boundaries is modeled by a
cohesive zone (CZ) model. Continuum plastic deformation is treated as being isotropic. We purposely do not include the possibility of
grain boundary sliding in order to test the hypothesis that grain boundary diffusion can be the dominant deformation mechanism
associated with plastic strain recovery.

We employ the finite element method (FEM) to implement our model and validate it against our previously published (Ghazi and
Kysar, 2016) experiments on plastic strain recovery in free-standing thin films of nanocrystalline copper. The diffusion zone (DZ) and
cohesive zone (CZ) deformation mechanisms and their constitutive relationships are implemented through a user element (UEL)
subroutine in the commercial finite element code ABAQUS. Our results are consistent with our previous experimental studies (Ghazi
and Kysar, 2016) and suggest that grain boundary diffusion in conjunction with voids within the nanocrystalline material can be the
dominant deformation mechanisms that lead to plastic strain recovery.

In what follows, Section 2 discusses previous experiments that characterize plastic strain recovery. Section 3 includes a de-
scription of the geometry of the specimen configuration investigated in this study as well as a description of the general computa-
tional methods used to model plastic strain recovery in the specimen. Section 4 describes the constitutive models used to model
cohesive zone and diffusion zone behavior on grain boundaries as well as the diffusion zone behavior on the void surface. Section 5
describes the implementation of the cohesive and diffusion zones in the context of the finite element method. Section 6 discusses the
development of the computational model from the cohesive zone and diffusion zone elements. Section 7 discusses the simulation
results obtained throughout a load cycle followed by a recovery period during which plastic strain recovery emerges naturally from
the simulation. Section 8 discusses the influence of model parameters on the simulation results. Section 9 summarizes results and
presents conclusions.

28



N. Ghazi et al. International Journal of Plasticity 107 (2018) 27-53

2. Prior studies of plastic strain recovery
2.1. Prior experiments

The phenomenon of plastic strain recovery was first reported by (Rajagopalan et al., 2007) in nanocrystalline thin films of
aluminum and gold. The microscale specimens were loaded uniaxially at strain rates in the range of 10~* s! to plastic strains of the
order of 0.65%. After load removal, the plastic strain was fully to partially recovered. The strain recovery rate increased with
temperature. Additional experiments by (WeiKysar, 2011) and (Ghazi and Kysar, 2016) characterized the response of free-standing
thin films of nanocrystalline copper loaded in plane strain deformation via a thin film bulge test to a total plastic strain of about 0.5%.
The results demonstrate that plastic strain recovery occurs in two phases. During the transient first phase, plastic strain recovery
occurs at a rate of about 1077 s7! for about 2 x 103s. During the steady-state second phase, plastic strain recovery rate decreases to
about 10~ s~! and maintains this rate until the specimen has recovered its original dimensions. The two characteristic plastic strain
rates as well as the time at which the transition occurs from one strain rate to another serve as important validation quantities.

2.2. Prior simulation models

Atomistic modeling (e.g. Molecular Dynamics) and continuum modeling (e.g. Finite Element Modeling) have been used to analyze
experimental observations in nanocrystalline materials. Each method has strengths and weaknesses. Atomistic simulations provide
descriptions of nanocrystalline deformation (Schiotz et al., 1998; Van Swygenhoven et al., 2002; Wolf et al., 2005; Swygenhoven
et al., 2006) characterized in terms of grain boundary-mediated and dislocation-mediated deformation modes (Swygenhoven and
Derlet, 2001; Swygenhoven et al., 2006; Swygenhoven and Weertman, 2006). The advantage of the atomistic method is that it
directly models the atoms and therefore incorporates the atomic length scales of the grain boundary into the computation. Individual
atoms interact through forces defined by potential functions. These potential functions are phenomenological approximations which
in principle may be derived from quantum mechanical simulations. The primary drawback of atomistic-scale analysis is the time scale
used in the simulations. In practice, the time step is a small fraction of the period of atomic vibration resulting in molecular dynamic
calculations occurring at extremely high strain rates that are inaccessible experimentally. Another limitation of atomistic models is
the accessible length scale. The largest sample that may be simulated typically on the order of only a few micrometers.

Finite element method (FEM) continuum simulations capture the mechanical response of nanocrystalline metals by modeling
plastic deformation within individual grains as well as deformation mechanisms associated with the grain-boundary. While finite
element methods have no limit for accessible length and time scales, the challenge is to model atomic scale phenomena at the
continuum level (Meyers et al., 2006; Fu et al., 2001). In our study we address this issue by using continuum concepts to model
atomic diffusion flux inside grain boundaries and over the void surfaces in the thin film while elastic-plastic deformation occurs
within the grains simultaneously.

A limited number of studies have modeled plastic strain recovery phenomena. Wei and Anand (Wei et al., 2006) model inelastic
deformation and failure in face-centered cubic (FCC) nanocrystalline metals using continuum modeling. In their model, grain
boundary elements follow evolution equations for normal and tangential tractions across grain boundaries, and the grain interior
follows single-crystal plasticity behavior. Their simulation results suggest a transition from “grain interior” to “grain boundary
shearing” deformation as grain sizes decrease from 50 nm to 10 nm. Wei and Gao (Wei et al., 2008a) propose a grain boundary-
mediated model with heterogeneous grain boundary diffusion and sliding able to reproduce plastic recovery observed in nano-
crystalline aluminum thin films. In this study, the grain interior is assumed to deform by anisotropic elasticity with each grain
boundary assigned either high or low values of diffusivity and sliding viscosity. Both these studies allow for grain boundary sliding. In
the present study, we demonstrate that plastic strain recovery can be modeled by appealing to grain boundary diffusion with no grain
boundary sliding. Importantly, our model captures the two characteristic plastic strain recovery rates as well as the transition be-
tween the two, which provides strong experimental validation.

3. Basic outline of mechanistic model

In our experimental setup (Ghazi and Kysar, 2016) a rectangular free-standing nanocrystalline copper thin film is deformed in
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Fig. 1. Schematic of the sample representing the film in experimental condition.
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Fig. 2. a) Schematic of the model with periodic boundary conditions at edges 1 to 4 and pre-existing void between two grains, b) Dihedral angle (3)
at the tip of the void.

tension while maintaining a plane strain deformation state using a thin film bulge test (cf. Fig. 1). The film thickness is denoted by h,
the length of the deforming film is denoted by 2a, and the out-of-plane width is denoted by w. As air at a pressure, P, is applied
uniformly across the film the specimen deforms into a cylindrical shape. The ratio h/a < 1 so the film can be treated as a membrane.
Furthermore the ratio w/a > 4 so the deformation can be assumed to be plane strain (Vlassak and Nix, 1992; Xiang et al., 2006). To
model the experiment, we select a 2D cross-section of the sample (Fig. 1) and assume a state of pure tension under a plane strain
deformation state.

The thin metal film is treated as polycrystalline. For simplicity, all grains are considered to have similar shape and dimensions and
we employ periodic boundary conditions (PBC) so our model reduces to a single unit cell that contains two grains separated by a grain
boundary containing a single pre-existing void as shown in Fig. 2a. The void surface is approximated by two arcs with uniform radius,
denoted as R, truncated by the grain-boundary at their points of intersection. The x;-direction in Fig. 2a corresponds to the cir-
cumferential direction of the bulged specimen's mid-surface in Fig. 1. Similarly the x,-direction corresponds to the radial direction of
the bulged specimen, and the x;-direction is in the longitudinal direction perpendicular to Section A-A (Fig. 1).

To impose PBC, the displacement in Fig. 1 is constrained to be zero in x;-direction at edge 1 and in the x;-direction at edge 4, with
uniform displacement in the x-direction on edge 3 and in the x-direction on edge 2. All out-of-plane components of the strain tensor
are assumed to be identically zero due to the plane strain conditions of the experimental setup. A uniform tensile stress, 0,7, is applied
in the x-direction on edges 1 and 3. Since the pressure P < o7, we assume that edges 2 and 4 are free of tractions. The material
within the grains is assumed to undergo isotropic elastic-plastic deformation.

Our model demonstrates that grain boundary diffusion is able to explain both the transient and steady-state plastic strain recovery
rates. In contrast to earlier models for plastic strain recovery where heterogeneity in diffusion coefficient leads to atomic flux for
recovery (Wei et al., 2008a), our model assumes a constant diffusion coefficient over all grain boundaries. Diffusion is driven by
chemical potential gradients resulting from residual stresses and the presence of voids in the film.

To account for grain boundary diffusion, we incorporate a diffusion zone (DZ) associated with the grain boundary with initial
thickness chosen arbitrarily to be 1 nm; its thickness can vary as a consequence of diffusion flux. A cohesive zone (CZ) is also
associated with the grain boundary to account for potential traction-separation behavior. The system is assumed to be in mechanical
equilibrium before application of an external force. A force balance equilibrium therefore holds at the tip of the void, implying that
the surface tensions and grain boundary tension balance each another at the tip (Takahashi et al., 1991) such that

¥y = 2¥,cosp @

where y, denotes grain boundary energy per unit area, y, denotes surface energy per unit area, and y is the dihedral angle (cf. Fig. 2b).
These surface energies are defined to be equal to the energy required to separate the adjoining surfaces if displacements jumps are
normal to the grain boundary and surface and are prescribed to be y, ~ y, = 0.5 J/m? (Harper et al., 1999). With these values the
dihedral angle at the tip is found to be

P = arccos(ﬁ) = 60°.
2, )
The relation between the radius of the void, R, the void half-length a, and the dihedral angle is
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Fig. 3. Cohesive (green line) and diffusion (red line) zones over the grain boundary and pre-existing void. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Our model implements both the cohesive zone and a diffusion zone as shown schematically in Fig. 3. The cohesive zone admits

deformation via traction-separation constitutive behavior of the grain boundary defined by a potential function. The diffusion zone

admits deformation by accounting for the driving forces of atomic diffusion over the grain boundary and void surface to determine

the direction and magnitude of atomic flux within the grain boundary. The diffusion mechanism continues after removal of external
stress from the sample which leads to a reversal of the direction of atomic flux, inducing plastic strain recovery.

4. Grain boundary and void constitutive models
4.1. Cohesive zone (CZ) modeling

Cohesive zone modeling is a common method for investigating fracture processes and decohesion at the prolongation of crack tips
and at other geometrical discontinuities in a material. This approach is widely used because it avoids singularities at a crack tip.
Cohesive zone modeling can be implemented in numerical analysis in the finite element method and the boundary element method
(Prandtl, 1933; Barenblatt, 1959; Dugdale, 1960; Shet and Chandra, 2002). Hillerborg and later Needleman were the first to apply
cohesive surface models to simulate fracture initiation and growth in the metal in the context of FEM (Peterson et al., 1976;
Needleman, 1987, 1990). Later, Xu and Needleman proposed a cohesive zone model for both normal and tangential fracture modes
(Xu and Needleman, 1993).

To model cohesive zones with the finite element method, a pair of cohesive surfaces is discretized using interface elements. These
elements incorporate a nonlinear traction-separation law that constitutes the relationship between the opening separation and the
cohesive zone traction at equilibrium with the stress fields of the surrounding body (cf. Fig. 4a). The relationship between traction
and separation is obtained from the derivative of the potential function whose integral represents the fracture energy (Wei and
Anand, 2004; Needleman, 1987). By increasing the interfacial separation to a critical value, &,, the traction across the interface
increases to a maximum value, T, after which further increase in the separation between surfaces leads to a decrease in traction.
After sufficiently large separation, the traction between surface layers vanishes resulting in complete decohesion (Needleman, 1987).
The maximum traction represents the material strength (Fig. 4b), with initial slope related to the elastic stiffness of the surrounding
material.

In this work we use the Park—-Paulino-Roesler (PPR) potential function (Park et al., 2009). This potential function characterizes
different modes of fracture energies with varying cohesive strengths, and also describes various material softening behaviors that
represent a wide range of failure responses. The PPR potential function is defined as

W(An, At) = min(g,, ¢,) + [rn(1 A")a(’" + ﬂ)m +<¢ - ¢[>] x [n(1 - M)B(ﬁ + M)n +<¢ - ¢n>]

“on)\a T an ot B ot 4

where <.> is the Macauley bracket, i.e.
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Fig. 4. General cohesive zone behavior: a) Two surfaces separating; b) Traction vs. Separation relationship.
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and where the parameters are defined based on expected material behavior in the regions of grain boundary and void tip. Table 1
defines each parameter in Eq. (4).

The first derivative of the potential with respect to crack openings provides tractions over the cohesive surface. In the case of the
PPR potential

I An(m | An\"! A Y m  An)" g\ (n 1A'
Tu(n, A1) = a—n[”‘(l B a—n) (; * a—n) B “(1 B a—n) (; * a—n) ] x [E(l B 7) (E * 7) - ¢,,>]
®)

L adVe(n  ag) ! AN n ag) anl(n  |an)' A\t
mn,m_g[n(l_?)(gﬁ) ~p(r - a1 (T?)]X[D(l_?)(V?)+<¢n_¢[>]xm

©)

where T, is normal traction and 7, is tangential traction. The values for the parameters in Table 1 are calculated using copper's atomic
and macroscopic properties (cf. Table 2).

Fig. 5 shows the normal traction-separation relation curve obtained by applying the parameters to the cohesive zone relations in
Eq. (5) and Eq. (6).

4.2. Diffusion Zone (DZ) modeling

The concept of chemical potential (Gibbs, 1902) is defined as the increase in free energy when an individual atom is added into a
system while the surface remains homogenous before and after adding the atom. Using the Gibbs energy definition, the chemical
potential along the grain boundary is denoted as y, and given as (Herring and Kingston, 1951)

Mgy = o — Q00 %)

where o,, denotes normal traction at position s on the grain boundary, Q is atomic volume, and ,, is a reference potential in the stress-

Table 1
Cohesive zone parameters in the potential function based on PPR model.
> Mode I and Mode II fracture energy
L, I Energy constants
m,n Nondimensional exponents
Ap, A Normal and Tangential Crack openings
Sn » Ot Final crack openings
Sne » Ote Critical crack openings
a,p Shape parameters
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Table 2
Values of parameters employed in PPR potential function.

a,p 5,5

Sne » Ote 8 x 107’mm

dne Ot L

S’ on 373

ngmin boundary 0.5 J/mZ(Harper et al., 1999)

Poid surfuce 0.5 J/mz(Harper et al., 1999)
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Fig. 5. Traction-Separation relation curve obtained using the values for variable in Table 2.

free state.

Atomic diffusion in the grain boundary is driven by the gradient of a non-uniform chemical potential along the boundaries. It is
defined as the number of atoms per second which passes the grain boundary cross-section. The Nernst-Einstein equation for the
atomic flux j, is (Thouless, 1993)

Co_ Seb Db Ol _ OgbDgh ( 9o, )
T = Terq as kT \as @)

where Dy, denotes the grain boundary diffusivity, dy, is the grain boundary thickness, k is the Boltzmann constant, T is temperature,
and s is position along the grain boundary.

Conservation of mass at the grain boundary requires that the rate of material accumulation at any point on the grain boundary is
directly related to divergence of the atomic flux over the same point (cf. Fig. (6)), expressed as

(dj\gbfds)ﬂ) (dj g,,r’ds)=0 (dj g,,/’ds){()
Diffusion flux(J)
=,

hgb(ss O)=h+4h gb

— hoy(s,0)=hAhy,

Fig. 6. Atomic diffusion flux in grain boundary shown as j,, and h; represents the initial thickness of the grain boundary whereas Ah; represents the
change in grain boundary thickness.
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3j . Ah 3(Qy) Dy Q n
Ahg, = —Am# S hgy= —2L = ) Do i( gbaais)

N At ds kT 0s )

where Ahy, represents normal displacement along the grain boundary.
4.3. Constitutive model for diffusion on void surface

Surface diffusion is also driven by the variation in chemical potential along a free surface causing atoms to migrate from regions of
high chemical potential to regions of low chemical potential. There are two contributions to the chemical potential (1) from an atom
on a free surface. The first is due to the surface free energy, y,, while the second is due to the elastic strain energy stored in the volume
of material associated with an atom (LcBower et al., 1997). Thus the chemical potential on a free surface can be written

Mg = Mo + QP — %%) 10)

where ¢ = %crlj g is the elastic strain energy density (assuming a linear elastic material) and « is the curvature of the surface. The sign
convention for « is that a concave surface has positive curvature and a convex surface has negative curvature. We assume that the rate
of mass transport is proportional to the gradient in chemical potential. Therefore, the total flux on a void surface may be expressed as
(Thouless, 1993)

) Ot
()

ds amn

where s denotes the position measured from a convenient point on the void surface, and j; is the volume of material that crosses a line
of unit length perpendicular to the void's plane per unit time. The quantity du,,0s denotes the gradient in chemical potential along the
void surface, and Z; is a temperature dependent constant or proportionality related to the coefficient of surface diffusion (LcBower
et al., 1997) by

DSd‘e 1?;

T (12)
where the quantity D;e~®/*T is the surface diffusion coefficient, &; is the thickness of the diffusion layer calculated as the cubic root of
the volume of the diffusive atom, and Q; is the activation energy for surface diffusion.

The rate at which material is deposited on or removed from an element is related to the divergence of the surface flux by mass
conservation. The normal velocity of the surface of the void in the reference configuration is
9

v, = ——

ds’ (13)
Upon rewriting Eq. (11) and Eq. (13) using Eq. (10) there results

i=-2(0% - ya¥)

0Os 5 0s 14)
and
d%¢ 0%
=Z|Q0— —y.Q—|.
v, /s( a5 % Bsz) (15)

Deformation induced by the mechanical loading can be described by the displacement field u;(x;) of the material points from the
stress free configuration of the solid. The deformation may be characterized by the infinitesimal strain

1
gij = E(ul‘} + Mj’,') (16)

where the comma denotes partial differentiation with respect to the spatial coordinate. We assume that the solid deforms in the state
of plane strain, with displacement components u; = u; (X, %), Uy = Uy (%, %) and u3(x, %) = 0.

There is a discrete change in the magnitude of chemical potential at the point where the grain boundary meets the void surface.
We refer to this position as the void tip and model the diffusion flux there as

Jvoid tip = _C(,ug - ,ngb) (17)
where C is a constant. A positive value of J,y;q 4 represents the atomic flux from grain boundary to the grain boundary at the void tip.
5. Finite element implementation

We implemented the cohesive zone and diffusion zone as a User Element Subroutine (UEL) using Abaqus/Standard, which is a
commercial finite element platform. Abaqus/Standard uses the Newton-Raphson method to model nonlinear equilibrium equations
(Dassault Systemes and Provid, 2013) based on the idea of linear approximation. This method is a rapidly converging process for

solutions to problems where only one evaluation of the function is made at a time (Zienkiewicz and Taylor, 2005; Stroud, 2003).
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b) c)

Fig. 7. Method to combine Cohesive Zone (CZ) element and Diffusion Zone (DZ) element between plane strain elements: a) Combination of elements
in the model; b) Element inside the grain; c) Cohesive zone element; d) Diffusion zone element.

We first define the stiffness and residual matrix for each type of element. Using the Newton-Raphson method, the nonlinear
relation between the field variables in the vector element u (element opening displacement for cohesive zone element and atomic flux
for diffusion zone element) and external force f (traction for cohesive zone element and chemical potential for diffusion zone
element) is defined as

Ku)xu=f (18)
where K (u) is defined to be the stiffness matrix. For a nonlinear equation, the residual vector r(u) is defined as
ru)=K(um) xu-—f (19)

The basic formulation used to find the iterative correction for Newton's method is obtained as follows (Zienkiewicz and Taylor,
2005)

D upyr = uy

@1 =K@mdu, — £

) T(u).Auy = =1 = A = T~ (up).(—ry)

@ uyr = we + Aug (20)

5.1. Weak form and discretization for cohesive zone element

To discretize the domain inside the grain, a standard plane strain 8-node bi-quadratic element from the Abaqus element library
(CPE8R) is chosen (Fig. 7a). The cohesive zone element between two grains is shown in Fig. 7b and Fig. (8). These elements are
defined by a 6-node one-dimensional element integrated using three Gauss points. The shape function for the element is defined to be
quadratic Lagrangian, preserving continuity of the field variable but not of its derivatives (C°). The field variables for the cohesive

n nA

= b T, 2 o
2 o t(® -1 t©)
() o)

Fig. 8. Local coordinate systems: a) Cohesive zone element and nodes; b) diffusion zone element and nodes.

<
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zone are defined as u! and u? in local x;- andx-directions, respectively.
The projection of the displacement components in normal and tangential direction to the grain boundary is obtained as

(2x6)
u" = (n:Qu) Uy
kZ::l 1) Uk 1)
(2 x6)
u' = HEQu) Uy
2 (oot 22)

where n; is the normal vector to the cohesive interface and Uy is the displacement vector at element nodes. The matrix Q which
represents the sequence of shape functions at different points of the element is defined as (Fish and Belytschko, 2007)

Q— Sl 0 Sz 0 S3 0 —Sl 0 _SZ 0 —53 0
10 S 0S5 0S8 0 -8 0 -5 0 =S (23)

The shape functions are defined as

Sl=%(§2_§)
S=2@+9)
S3=1—§2

where ¢ is a normalized coordinate in the direction of the element (Fig. 8-a).

To include the effect of cohesive energy on a surface, a term reflecting this energy should be embedded into the constitutive
potential function of the system. When adjacent nodes in an element move relative to each other, this movement causes the element
to open normally or tangentially. The virtual work of this process is

j; (T"Su" + T'sut)ds (24)

which represents the cohesive surface energy. This term considers the effect of normal (7") and tangential (T*) traction on the
corresponding cohesive surface.
T" and T* are rearranged by defining cohesive stiffness terms a, and a, as

T" = T"(An, At) = a*(An, At) X An (25)
T! = T'(An, At) = a'(An, At) X At (26)

where An = (u" — (h — hy)), At = (u' — u®), h is the current grain boundary thickness, h, is the initial grain boundary thickness, and
u® is the relative displacement across the grain boundary. By substituting 7" and T" into the Eq. (24), the contribution of the cohesive
zone element to the principle virtual work is obtained as

f (a"u"du" + a'u'éu’)ds — f (a*(h — hy)éu™ + a'u*du')ds. 27)
Using the discretized form of u* and u’ from Eq. (53) and Eq. (22) we can rewrite Eq. (53) as
J (@ (m:Qu) Up(nQ)8Ux + @' (6:Qu) UL (4;Qi)0Uk)ds — f (a"(h = ho)(m;Qix)8Uk + a (£ Q) 8Ug )ds 28)
where summation over the lower indices K and L is implied. Thus Eq. (28) has the final form
Kx Uy — fy (29)
where the matrix K and the vector f are
Kxr = f [a"(n;Qix)(m; Qp) + a' (t;Qix) (4 Q) 1ds (30)
S = [ 1@ Qo - ho) + @ (4;QW)]ds. 31
The tangential stiffness matrix (T) is obtained by using the Newton-Raphson definition as
Tu =K + Z a;([;lm Un — % 32)

where K and f are found from Egs. (30) and (31). As described in detail in the Appendix 1, upon calculating all terms in Eq. (32) the
stiffness matrix can be expressed as

da
ou

T = f ("ijk)(a"(”IQIL) + ( :nIQIL(un - (h— ho))) + (EIIQIL(L‘" - (h— ho))))ds + (4Qp)

ou" (33)
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(af(an ¥ (a—“ﬁmu(uf . m))) ¥ (a“" 6 Qu (" — (h — ho))))ds
ou' ou”

= f (@~ (n; Qi) (nr Q) + aNT (m; Qi) (1t Q) + a™ (4;Qi) (1 Q) + a™ (1; Qi) (4 Q)

where

a"N = [a" + %(u" —(h— ho))]
ou”

da"
alT = W " — (h — ho))
w_ 9a s
a™N = P (ut — u®)

da' s
all = [a‘ + ﬁ(u’ —u )]

Additionally, the residual can be expressed as
= KyU - fi=
S [a"(mQu) (i Q) Uy + a (4 Q) (t:Qy) Uil ds
S [a"(h = ho)(n;Qu) + a'u®(t;Qy)]ds=
S @' Q" = (h = hy)) + @' (4;Qu) (' — u)].

5.2. Weak form and discretization of grain boundary diffusion zone element
To find the stiffness matrix for the diffusion flux it is necessary to define the weak form of Eq. 8
i 7 aan i —
‘/S‘F (jgb - h%bg)éjgbds =0
where 5jgb is a “kinematically” admissible atomic flux-field, h represents diffusion zone thickness, g, therefore
c e oo™\ ..
‘/;rjgb gy ds = ‘/;r (h!jgb E)ng ds.
The detail for all steps of calculation is described in Appendix 2. Eq. (37) acan be expressed respectively as

) axesi 0S4 0Smn (2 x s 0%Sn (2 ).
('/;r [SJ(gb)kSlem,, — ZpaQo Ata}(gb)k??ﬂm(j) ~ Dyt QO" AL gy Skl?';"’ 1 d¢ 5 | eatn

ohy .. .
d§ + %bQCf”a—;@(gb)k S + [h%ban(skléj(gb)k)]t

S

= = J T 00" o8 a

(B34

(35)

(36)

37)

(38)

where 0" is calculated from the cohesive traction-separation equation inside the grain boundary. Over each element, ¢" is determined

as a function of traction on each element's node using linear shape function S

3
o' = Z SKO'K.
K=1

2,
Since the shape function is linear, the second derivative in Eq. (38) is zero, ‘;—S

sv2
(38), the finite element form of the equation is obtained as

Kingnyn = I

where

0Sk 0Syn ( 2\ l
Ky, = ‘/Slr (Sklsmn - ngocﬂo"a—gkl azm (7) )dg(g)

and

N oh .
F=- f (!)gbc"hoa—gkl + %bff"a—;skl)dg+ (W 0" (Sudj)]*.
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5.3. Weak form and discretization of void surface diffusion zone element

The flux on the void surface j, is calculated by enforcing Eq. (14) in its weak form

Sidids == [ 7 (a"’ y‘; )%ds—fz(qb—ysx) JSdS—[»/(C}"—YsK)(éJS)]

ds (41)

where normal velocity over the surface, v,, is then determined as the gradient of the surface diffusion flux.
To obtain the finite element equation from the discretized form, the linear Gaussian shape function is defined over the diffusion
zone element of the void surface as

63Skl as. aSkl as, l
7 2 mn mn -
[ [ (afksklsm—!/saﬂ KA 5 ( ) S ( ) “\2
. 210Sy +
= — [ DyxoQ8l S ——2d¢ + [Zy,x0(Sudl
f b7 Ko 17 % ¢+ [Diy, 0 (SadT) 1F (42)
Kindy = F, )

where

Sy 8S
KanfSr(Slem FaQy,Atcg—2 '""( ))d{)

a o (44)

and
=—f oo 85, 24 % 95U 4¢ + [y, (SudI)T'-
The calculations is described in detail in Appendix 3.
6. Model development
6.1. Length scale limitations

The size effect for parameters in the constitutive equations of the cohesive zone and diffusion affect the final result of the
simulation. It is therefore necessary to consider the length scales for each parameters. The most important parameters includes grain
size, b, mesh size, and cohesive zone decohesion length. In this work, the Griffith model is used as a standard model that incorporates
all of these parameters as a means to determine necessary relationships between length scales in the problem.

The stress intensity factor associated with periodically spaced Griffith cracks is (Kanninen and Popelar, 1985)

1
o 2b a
K; = o®(ma)2 [ - tan( b )] 45)

where 0® denotes the far-field stress and 2a and b are the length of the void and the grain, respectively (cf. 9). While the Griffith
cracks have a higher stress concentration than the voids used in the problem, they provide a lower bound on the stress, c® , required
to achieve grain boundary fracture. The plane strain Griffith model relates Young's modulus, E, Poisson ratio, v, surface free energy,
%, and energy release rate, G, as (Kanninen and Popelar, 1985)

a-».,
——K,;

E 7 (46)
where in the absence of inelastic deformation the grain boundary fracture criterion is G = 2y, (where we neglect the grain boundary

free energy). The values for these material properties in our simulation using copper are G = [1] J/m?, E = [150] GPa and v = 0.3
(Harper et al., 1999) whereby K; = [0.406] MPa/m. The minimum fair-field stress that could induce grain boundary fracture is

1

2b ma\ | 2

® = K, — [ .
I3 1(ma)~ 2[” an(zb)]

G =

(47)

The magnitude of the lower bound on far-field stress from Eq. (47) can be compared to the far-field stress obtained from si-
mulations of different length parameters to explore the size effect.

In the finite element analysis of the cohesive zone, determining the appropriate mesh size is a critical issue related to the accuracy
and computational efficiency. To find an adequate mesh size bound, we checked for mesh dependency of the Griffith model. We then
validate the far-field stress obtained from the simulation by comparing them to Eq. (47) for different ratios of mesh size to critical
opening at cohesive traction-separation relation, [,/ and mesh size to the geometrical size of the model I,,/b (Fig. 9), where I,
denotes mesh size, and 6., denotes critical opening.

The other important parameter is the decohesion length of the cohesive zone, I,, defined as
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Fig. 9. Collinear crack with periodic boundary conditions.
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where 2y, denotes the energy release rate and 0,4, is the maximum traction in the cohesive zone (Falk et al., 2001). From Eq. (48) we
find that the length of the cohesive zone is proportional to the inverse square of the maximum traction [, « 1/07,.
We performed several simulations with different ranges of 6., [,,, and I, and compared the far-field stress from the simulation with
its value calculated from Eq. (45). By comparing the results from the Griffith model, we conclude that:
o The critical opening should be much smaller than the mesh size, [, at the crack tip. The adequate range obtained is: ﬁ < I%C < ﬁ
e The mesh length at the crack tip should be significantly smaller than the cohesive zone length, such that [,, < [,.
® The cohesive zone length should be smaller than the specimen length, such that [, < b.

Considering all of these conditions together, we have

& <1l l—z < i

In this work we maintain all parameters within the suggested range by Eq. (49). One of the challenges in modeling the experiment
is to maintain intrinsic length scales such as grain size at the same length order as in the experimental sample.

The energy under the traction-separation curve for the cohesive zone is obtained based on the surface energy of copper, 1 J/m?. To
keep the value of energy constant, when increasing o,,,, the critical opening, 8., must be decreased (cf. Fig. 10). However, &, phy-
sically needs to be the same order as the thickness of the diffusion zone of a grain boundary which we assume to be 6y = 1 nm (Wei
and Anand, 2004; Péron-Liihrs et al., 2013). Considering these inequalities and employing the parameters in Eq. (48), while taking
S = 0.8 nm and 0y, = 500 MPa, we find a cohesive zone length of I, = 500 nm. According to Eq. (49), we require that I, < b, so
b > 500 nm. Because the value of b is at least 20 times larger than the experimental value, we consider b = 2.5 um for the simulation
to satisfy Eq. (49).

The parameters used in this study are set to nondimensionalization groupings shown in Table 3.

6.2. Schematic of the model and elements

The 2D model consist of two rectangular grains with periodic boundary conditions (PBC) shown in Fig. 11a. The grains are
considered to be the same size and are separated by a grain boundary. Diffusion within the grain boundary occurs inside a “diffusion

T max 1

I

N I

Shhi=f ===

E max |
5 I !
B | 1
2 1 !
I 1
\ I
I

|

62” liﬁl 6](-;- ) I
0

Normal seperation

Fig. 10. Change in T, by changing J, at constant energy.
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Table 3
Nondimensionalization of the material parameters.
Parameter Value Nondimensionalized Parameter Value
Critical opening Sr = 8 X 1077 mm 5= dr g
cr — -
der
Initial grain boundary thickness = —6 = h
g y hgp = 1 X 10-6 mm hgp = 2 =125
'cr
GB diffusion coefficient 3, _ g
Ty = 3200 22 Tp=2 =
Kg Zgb
Surface diffusion coefficient 3, — Z —10
Jy =28 %1076 107°s.mm Iy = ‘93 - waq = 0.0225
Kg Tgbder  0.64x8x 10
Normal Traction (MPa) T, = 0 — 700 MPa T, = T _g_1
Ter
Time step At(s) At = hi Tgh Tnax At = 4.48 X 1074At
Atomic diffusion flux for GB Ji (mm s 1 — Jgb
'gb — _ 8! - —3;
Jgb Fr— high = 2.66 X 10 Jgb
R, . 11 - _
Atomic diffusion flux for surface Jsmm™'s™Y) i= - Jx(j Figh = 2.66 X 1073,
'max “gh
Length scale ds = 2.97 X 1076 — 8.96 X 105 mm ds=-% —297_896
high
Atomic volume = —-20 3 o=_9 _
Q=118 x 107’ mm Q_h.T_OOB
igh
Curvature of void x ~ 1450mm ! R=xX8; =1xX8x1077
Surface energy ¥, (N/m) -5
s ¥ Scr Tmax 178
Chemical potential of GB 103Kgmm?s ~2) _ Hgb 1018
Fp (ke P = oy = a0 X 700
‘maxhy
Chemical potential of surface u;(103Kgmm?s ~2) _ s 1018

=—2_ = X —
Hs Tnaxh? Hs X =00

—

External load

>

Normalized applied external Load

o
-
=
-
1M
g
3
-
b9
2
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Fig. 11. a) Schematic of the model used in simulation; b) External load applied to the model system.

zone.” A pre-existing void is assumed to be in the middle of the grain boundary. The deformation mechanisms are assumed to be
isotropic linear elastic-plastic deformation within the grains, diffusion within the grain boundary, and the possibility of decohesion
along the grain boundary. Periodic boundary conditions are applied on the edges of the grain (cf. Fig. 11a).

The 2D model is meshed inside the grains and along the grain boundary. The mesh size is refined in the vicinity of the void tip for
both grains and grain boundaries (Fig. 12). According to length scale arguments discussed in Section 6.1, the value for the smallest
mesh length is defined to be at about one order of magnitude larger than the value for the critical-opening of grain boundary, &,.. The
value is refined to about 3 nm for the mesh at the void tip in the gain boundary. We increased the mesh size with about an order and
did not find significant change in the results, which shows that the results are not mesh sensitive. The critical opening is determined
by defining the potential function for the cohesive zone. The elements used within the grains are 8-node biquadratic plane strain
elements (CPES8R) selected from the ABAQUS element library. The cohesive zone elements of the grain boundary are defined by six-
nodes in one-dimensional elements. The shape function is prescribed by a quadratic polynomial equation over each element. The
diffusion zone is meshed by defining two-node linear elements.

The constitutive equations used to model the cohesive zone and diffusion inside the grain boundary are implemented in com-
mercial finite element analysis (FEA) software ABAQUS’ using a user defined subroutine (UEL) based on Eq. (38) and Eq. (42).

An external force is applied on the right side of the model (Fig. 13) which induces a uniform displacement imposed in the
X;-direction for all nodes at the edge. Fig. 11b shows the applied load versus time in the experiment. The load gradually increases
from zero to its maximum over a period of time f. The value of 4 is adjusted to match the experimentally applied strain-rate. The
value for the maximum external load also matches the experiments. The dwell time is defined from 4 to t, when the external load is
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Fig. 12. Schematic of the mesh of the model. Purple lines represent the cohesive zone region and blue lines show diffusion zone region. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 13. Elastic-plastic behavior for nanocrystalline copper applied in the simulation: a) 100 GPa hardening rate, b) 50 GPa hardening rate.

kept constant. The external load is then gradually released from its maximum to zero from time ¢, to . From 4 to ¢, there are no
external forces on the sample.

Plastic strain recovery begins after the unloading part of the load cycle, but most of the strain recovery occurs while no external
loads are applied to the virtual sample. Plastic strain recovery rate as a function of time is calculated by comparing the instantaneous
thin film length at any time after t > t; to the length of the film immediately after unloading at ¢ = ;.
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Table 4
PPR cohesive zone parameters employed in this study.
Normal critical displacement Sne 0.85 nm
Tangential critical displacement Ste 0.85 nm
Initial Normal slope indicator An 1
3
Initial Tangential slope indicator A 1
3
Initial grain boundary thickness ho 1nm
Mode I fracture energy [ 1J/m?>
Mode II fracture energy @ 1J/m>
Shape parameter in the PPR model a 5
Shape parameter in the PPR model B 5
Normal characteristic length scale 8n = Anbne 2.25nm
Tangential characteristic length scale & = ASie 2.25nm
Max Normal Stress Parameter Omax 835 MPa
Max Shear Stress Parameter Tmax 835 MPa
Non-dimensional exponent in the PPR model m 4.7816
Non-dimensional exponent in the PPR model n 4.7816

6.3. Element properties

6.3.1. Material properties of the grain

The material properties inside the grain are defined to be elastic-plastic with Young Modulus, E, of bulk copper of 135 GPa (Wei
et al.,, 2007) and the Poisson ratio is taken to be v = 0.35 (ASM International, 1990). The conventional plastic deformation me-
chanisms inside the grains for nanocrystalline materials are constrained compared to in coarse grain materials, resulting in higher
yield stress in nanocrystalline materials. In our model, yield stress is assumed to be 550 MPa (Yilmaz and Kysar, 2013) which is higher
than the yield stress for microcrystalline copper (about 300 MPa (Xiang et al., 2006)). Plastic deformation is limited only to the
regions close to the void tip where there is local stress concentration. Fig. 13 shows two sets of elastic-plastic behavior employed in
this study.

6.3.2. Cohesive zone in grain boundary

We define eight characteristic parameters, specifically I, T;, m, n, 6, &, @, and 8 to prescribe the parameters for the PPR potential
function for the cohesive zone. All other parameters in the cohesive zone can be related to these eight parameters. The list of
parameters and their values used in this work are shown in Table 4. The critical opening, J,, is defined to be in the same order as grain
boundary thickness of 1 nm (Wei and Anand, 2004; Péron-Liihrs et al., 2013). Additionally, the maximum strength, 6,4, is prescribed
to be slightly higher than the yield stress of the copper to ensure plastic deformation can be induced in the grains.

6.3.3. Diffusion in grain boundary

The parameters for the diffusion zone (DZ) within the grain boundary are listed in Table 5. The value for the grain boundary
diffusivity of copper is 8Dy, = 8.36 x 1072 m*/s where &y, = 1 nm is the thickness of the diffusion zone in the grain boundary as
obtained from our creep test (Ghazi and Kysar, 2016). This value is in good agreement with the grain boundary diffusion for
nanocrystalline materials (Wei et al., 2008b) and is about four orders of magnitude higher than the grain boundary diffusion for
microcrystalline copper (Thouless, 1993). The temperature is assumed to be ambient.

6.4. Grain boundary behavior at void tip

Simulation results for normal traction, diffusion flux, incremental change in grain boundary thickness, and total change in grain
boundary thickness are shown at different time steps (cf. Fig. 14). These parameters are explored in the grain boundary region close
to the void tip. This region includes only about 2% of the grain boundary length denoted as L. The diffusion flux, j, on grain boundary
is defined to be positive in the direction shown in Fig. 14. The direction of flux at the void tip depends on the difference between
surface and grain boundary chemical potentials. The change in chemical potential of the surface depends upon curvature (Eq. (11)).

Table 5
Values for parameters related to inelastic deformation mechanisms.
case 1 case 2 case 3 case 4 case 5 case 6

Diffusion Coefficient (mm 2/s) 1014 10-16 10-14 10-14 10-14 10-14
Diffusion constant at void tip (s/(10° KgmmS) 1 1 5 1 1 1
Plasticity hardness (GPa) h = 100. h =100 h =100 h =50 h =100 h =100
Void value fraction 0.27% 0.27% 0.27% 0.27% 2.4% 0.27%
Strain rate for loading (1/s) 105 105 105 105 105 10~
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Fig. 14. Grain boundary region close to the void tip (L is length of the grain).

The rate of change in curvature is negligible in this work and therefore the surface chemical potential is considered constant, so the
flux at the void tip is mainly governed by change in chemical potential of the grain boundary and directly affected by normal traction

on the grain boundary close to the void tip.

7. Simulation of load cycle and recovery

7.1. Loading phase

The simulation results on a portion of the grain boundary very close to the void tip, where the void tip is at position L along the
grain boundary are illustrated in Fig. 15. Results are shown at three simulation times: the beginning of loading (¢t = 0), the middle of
loading (t = #,/2), and the end of loading (t = t). In Fig. 15a, the normal traction in grain boundary at t = 0 is zero everywhere on the
grain boundary. At t = /2 there is a significant stress concentration near the void tip inducing a positive gradient of traction along
the boundary. At t = f; the peak normal traction is equal to oy, at about 0.996L and normal traction decreases as the void tip is
approached. This finding indicates that the deformation state in the grain boundary between the point of peak normal traction and
the void tip is such that the cohesive zone separation exceeds the critical cohesive zone separation, é,,, and results in normal traction

decrease (cf. Fig. 10).

Fig. 15b shows the direction and magnitude of diffusion flux for the nodes close to the void tip. At ¢ = 0 there is no diffusive flux
since the traction gradient is zero. At t = /2 the flux is positive which indicates a net mass flux along the grain boundary toward the
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Fig. 15. Simulation results close to the void tip as a result of external loading from t = 0 to t = £;(100s): a) Normal traction over grain boundary close
to the void tip; b) Diffusion flux along grain boundary; c¢) Incremental change in grain boundary thickness due to diffusion; d) Total change in grain
boundary thickness.
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Fig. 16. Dwell period of constant external force from £ (100 s) to £,(200 s): a) Normal Traction over grain boundary close to the void tip; b) Diffusion
flux over grain boundary close to the void tip; c¢) Incremental change in grain boundary thickness due to diffusion over grain boundary close to the
void tip; and, d) Total change in grain boundary thickness due to diffusion over grain boundary close to the void tip.

void tip. At t = 4 the mass flux is negative between 0.996L and the void tip and otherwise positive indicating a net mass flux away
from the void tip between 0.996L and the void tip. Fig. 15b exhibits sharp changes in slope at t = #/2 and t = f very near the void tip
due to mass flux from the void surface to the grain boundary which contributes a negative flux in that region (Fig. 20). This flux is
caused by the difference between the chemical potential of the void surface and grain boundary described in Eq. (17). We note that, at
the beginning of the loading step, to avoid singularity caused by the flux jump between the grain boundary and the surface at the void
tip, we prescribed C to be very small and gradually increased it to its final value C. The results were not sensitive to how we activated
and subsequently increased the void tip flux condition.

Fig. 15c¢, and d shows the change in thickness in the current time step and the overall thickness of the diffusion zone, respectively,
along the grain boundary. Att =  in Fig. 15d the thickness of the diffusion zone increases significantly due to a combination of grain
boundary flux toward the tip as well as flux from the void surface to the near-tip grain boundary region. The accumulation of mass in
this region plays an important mechanistic role in the phenomenon of plastic strain recovery.

7.2. Load dwell phase

Fig. 16a, b, and c show behavior during the dwell time from # < t < t, when the external force is kept constant. We see that the
grain boundary traction and the flux change very little during the load dwell. However since the gradient of diffusion remains
negative, the accumulation of mass in the near void tip region continues unabated which leads to an increase in the diffusion zone
thickness (Fig. 16-d) and ultimately increases the diffusion zone thickness by up to 3%.

7.3. Unloading phase

During the unloading phase the external load decreases linearly over time to a zero external load from & = 200 s to ; = 300 s.
Fig. 17a shows the normal traction on the grain boundary at three time steps during unloading. At the end of the unloading phase, the
material is not under any external stress, but the simulation results show that a compressive residual traction has developed along the
grain boundary at the void tip. The additional mass that diffused into the near void tip region during the loading and dwell phases
causes this increase in diffusion zone width. Upon unloading, the presence of the additional mass in the near tip region induces a
compressive traction on the grain boundary. The direction of net diffusion flux in the near void tip region changes as a result of the
compressive traction (Fig. 17b). Because of this directional change, the diffusion zone thickness decreases slightly during the un-
loading phase (cf. Fig. 17).
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Fig. 17. Unloading external force from ¢, (200 s) to t; (300 s): a) Normal Traction over grain boundary close to the void tip; b) Diffusion flux over
grain boundary close to the void tip; ¢) Incremental change in grain boundary thickness due to diffusion over grain boundary close to the void tip;
and, d) Total change in grain boundary thickness due to diffusion over grain boundary close to the void tip.
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7.4. Recovery phase

Diffusion flux along the grain boundary continues after the external load is removed due to the compressive traction on the grain
boundary near the void tip as well as the jump in chemical potential from the grain boundary to the void surface. Fig. 18 and Fig. 19
present the normal traction, the diffusion flux, and the change in diffusion zone thickness from £ to ¢, for two different void ratios of
0.27% and 2.4%, respectively. For both ratios the trend is the same: atoms accumulated near the void tip of the grain boundary
during the loading, dwelling, and unloading steps diffuse back to the void surface and also away from the near void tip region of the
grain boundary (Fig. 20).

Att = t; = 300 s the positive sign of diffusion flux at the void tip in Fig. 18-b and 19-b indicates that the direction of flux is from
the grain boundary to the void surface. Further to the left in the same figures the sign for flux is negative. Both fluxes reduce the
thickness of the diffusion zone near the void tip as can be seen in Fig. 18-d and Fig. 19-d. At a critical time of ¢t ~ 400 s, the diffusion
zone has recovered its initial thickness after which very little diffusion flux is driven away from the near void tip toward the left.
Subsequent flux away from the near void tip region is driven by the jump in chemical potential from the grain boundary region to the
void surface in order to fill up the void. However since the change in the void size compared to its initial dimension is negligible, the
void ratio is considered to be constant during recovery. This flux is sufficient to decrease the thickness of the diffusion zone until there
is a tensile stress in the near void tip region.

The experiments demonstrate both transient as well as a steady-state plastic strain recovery rates. Our computational results
suggest that the faster transient plastic strain recovery rate is due to the combination of flux away from the near void tip region along
the grain boundary as well as toward the void surface. The transition from transient plastic strain recovery rate to the slower steady
state plastic strain recovery rate occurs when the diffusion zone thickness has recovered its initial thickness (at t ~ 400 s in the
simulations). Afterwards the only flux away from the near void tip region is to the void surface which explains why the steady-state
plastic strain recovery rate is slower than the transient rate. During the transient process, the diffusion is driven by a combination of
compressive normal stress and the jump in chemical potential from the grain boundary to the void surface resulting in “fast” strain
recovery rates. As time progresses, the compressive stress decreases which leads to a reduction in plastic strain recovery.

8. Influence of different parameters

We performed a series of simulations to explore the effect of the following parameters on plastic strain recovery rate:
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Fig. 18. Results of simulation with void ratio 0.27% in the plastic strain recovery phase from (300 s) to f,: a) Normal Traction over grain boundary
close to the void tip; b) Diffusion flux over grain boundary close to the void tip; ¢) Incremental change in grain boundary thickness due to diffusion
over grain boundary close to the void tip; d) Total change in grain boundary thickness due to diffusion over grain boundary close to the void tip.

Diffusion coefficient of the grain boundary: D,

Plasticity hardening rate inside the grains (cf. Fig. 13)

Volume fraction of pre-existing void

Strain rate during loading

Diffusion coefficient between the grain boundary and surface at the void tip C.

The values for these parameters are shown in Table 5.

Simulations are performed for each parameter in Table 5 for two values, the “base value” (case 1) which represents the magnitude
of the parameter close to the experimental value, and new values to explore the effect of change of the parameter (cases 2 through
case 6). Simulations results (Fig. 21) show that plastic strain recovery occurs at two different characteristic rate — an initial faster
transient rate followed by a slower steady state rate — similar to what was observed in (Ghazi and Kysar, 2016). Plastic strain recovery
rate as a function of time is calculated by comparing the instantaneous thin film length at any time after t > t; to the length of the film
immediately after unloading t = & which results in the negative strain in Fig. 21.

Plastic strain rate recovery results and duration are presented in Table 6.

® By comparing the results from Case 1 and Case 2 we conclude that plastic strain recovery is more significant with a higher
diffusion coefficient. It should be noted again that the diffusion coefficient in nanocrystalline metals is four orders of magnitudes
higher than the diffusion coefficient in coarse grained metals (Rajagopalan et al., 2007; WeiKysar, 2011).

We observe no effect on the overall recovery rates for different diffusion constants at the void tip in Cases 1 and 3.

The calculated plastic strain recovery rate indicates that increasing the plastic hardening between Cases 1 and 4 causes the
recovery to be slightly faster at the beginning with a subsequent sharp slow down.

The simulations show that increasing the void fraction causes an increase in the recovery rate (Case 1 compared to Case 5). The
recovery rate and duration for Case 5 is in agreement with previous experimental studies and suggests that the ratio for porosity
and void in our sample is close to the value used in our simulation.

® Our results show that decreasing strain rate during loading does not affect the recovery rate (Case 1 compared to Case 6).

The strain recovery behavior for all cases is shown in Fig. 22.
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Fig. 19. Results of simulation with void ratio 2.4% in the plastic strain recovery phase from t; (300 s) to t4: a) Normal Traction over grain boundary
close to the void tip; b) Diffusion flux over grain boundary close to the void tip; ¢) Incremental change in grain boundary thickness due to diffusion
over grain boundary close to the void tip; and, d) Total change in grain boundary thickness due to diffusion over grain boundary close to the void tip.
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Fig. 20. Direction of atomic flux between surface and grain boundary at void tip over time during loading (ty-;) Dwell time (¢ -%,) unloading (&;-t;)
and recovery (& —t4).

9. Conclusions
In this work we develop a mechanistic model for plastic strain recovery in nanocrystalline copper thin films and compare the

results to experimental observations in (Ghazi and Kysar, 2016). The dominant inelastic deformation mechanism in the model is grain
boundary diffusion, driven by chemical potential gradients resulting from residual stresses and the presence of pre-existing voids in
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Fig. 21. Plastic strain recovery in the simulation with 2.4% void volume ration (N.B. zero time here corresponds to £).

Sets of parameters employed in plastic strain recovery simulations.

Residual strain (%) first strain recovery rate (1/s) first recovery time (s) second strain recovery rate (1/s)
Case 1 1-Base 10—3 7 % 1079 3000 2 x 10710
Case 2 2-Diff coefficient 9 x 10~6 9.5 x 10~11 - 9.5 x 10~ 11
Case 3 3-C-void tip 2 1.3 X 1073 7% 102 3000 2.9 x 10-10
Case 4 4-Hardness 2 1.3 x 107> 1.1 x 10~8 2500 1.9 x 10~11
Case 5 5-Void fraction 2 11 x 10~3 6.8 X 108 4000 2.5 % 1072
Case 6 6-Loading rate 2 1.1 X 1073 4.8 x 10~2 4000 2 x 10710
-5
x10
5¢
0

— Loadrate-2
—Void-frac2
—— Hardness-2
—CFactor-2
— DiffCoef-2
—Base

0 1000 2000

3000 4000 5000 6000
time (s

Fig. 22. Plastic strain recovery rate for all parameters.

the film. We incorporate a diffusion zone and cohesive zone associated with the grain boundary and a diffusion zone associated with
the void surface. The diffusion zone admits deformation by accounting for the driving forces of atomic diffusion over the grain
boundary and void surface to determine the direction and magnitude of atomic flux within the grain boundary. A cohesive zone is
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also associated with the grain boundary to admit deformation via a traction-separation constitutive behavior of the grain boundary
defined by a potential function.

The non-linear constitutive equations for deformation behavior inside the grain boundary and void surface are implemented
through a user element (UEL) subroutine in the commercial finite element code ABAQUS/Standard. We use the Griffith model to
identify acceptable ranges of parameters for the diffusion zone and the cohesive zone in the context of mesh size and decohesion
length of the cohesive zone. We perform a series of simulations to explore the effects on plane strain recovery rate of parameters such
as grain boundary diffusion coefficient, void to model length ratio, plastic hardening rate, and gradient of flux at void tip. The results
for all simulations display two characteristic plastic strain recovery rates: an initial faster transient rate followed by a slower steady
state rate. This findings is consistent with previous experimental results (Ghazi and Kysar, 2016; Wei et al., 2007).

Our model suggests that external tensile loading of the system activates diffusion mechanisms that lead to a build-up of surplus
material in the region very near the tips of voids. The surplus material is transported via a net diffusion flux on the grain boundary
toward the void tip as well as a net diffusion flux from the void surface to the region very near the void tip. Upon removal of the
external loads, the surplus material generates a compressive residual stress normal to the grain boundary near the void tip. The
normal stress induces diffusion flux away from the void tip. At first two diffusion fluxes are active: the compressive residual stress
drives a net diffusion flux on the grain boundary away from the void tip, and the jump in chemical potential between the grain
boundary and the void surface drives a net flux from the grain boundary to the void surface. The specimen shortens as a consequence
of these diffusion mechanisms which manifests itself experimentally as plastic strain recovery. Activation of the two diffusion me-
chanisms leads to a gradual decrease of compressive residual stress on the grain boundary near the void tip. Once the compressive
stress—and the related stress gradients— decrease sufficiently, the diffusion flux from the grain boundary to the void surface is the
dominant deformation mechanism, and the resulting smaller magnitude of the overall diffusion flux leads to the slower characteristic
rate of plastic strain recovery.
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Appendix 1

The virtual work of this process is
S (@rswr + Ttoutyds 50)

which represents the cohesive surface energy. This term considers the effect of normal (T") and tangential (T*) traction on the
corresponding cohesive surface.
T" and T* can be rearranged by defining a,, and a, as

T" = T"(An, At) = a*(An, At) X An (51)
T' = T'(An, At) = a'(An, At) X At (52)

where An = (u" — (h — hy)), At = (u' — u®), h is the current grain boundary thickness, h, is the initial grain boundary thickness, and
us is the relative displacement across the grain boundary. By substituting T" and T* into the Eq. (50), the contribution of the cohesive
zone element to the principle virtual work is obtained as

f (a™u"su" + a‘'u'du')ds — f (a"(h — hy)du™ + a‘u*su')ds. (53)
Using the discretized form of u" and u' from Eq. (53) and Eq. (22) we can rewrite Eq. (53) as
f (a"(n; Qi) Up (njQix)dUx + a' (£;Qi) Uy (t;Qix)Ux ) ds — f (@ (h — ho)(n;Qix)Ux + a'(t;Qix)dUx)ds (54)
where summation over the lower indices K and L is implied. Thus Eq. (54) has the final form
K U = fx (55)

where the matrix K and the vector f are

Ko = [ [@"(mQu)(m Qu) + @ (4;Q) (1 Qu) 1 ds (56)

S = [ 1@ Qo — ho) + @ (4;QW)]ds. (57)

By substituting Eq. (5) and Eq. (6) in Eq. (51) and Eq. (52), a, and a, are found as
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T, AnNYm | An)"! |At|)5 n o lagY
W(An, A = -1 - == —+ = xm+aox|nli-=)2+ =] +<4-9>
an(an, 40 5n2( 5n) (a 5n) (m+ ) [‘( s )\p " e o (58)
anan, 30 =~ L3 W Ty (1 A (2 g
AR ot g &t " sn)\a ' on nonTy (59)
The tangential stiffness matrix (T) is obtained by using the Newton-Raphson definition as
aKkm aﬁc
Ty =Ky + Uy, — =X
i = Ky Z U, au, (60)
where K and f are found from Eqgs. (30) and (31). The derivative of matrix K to the field variable at nodes "U" is
0K da" da*
= —(n;Q; + —(t;Qu)(t, d
30 S [ 30, QM Q) + S (Qt Qun) | ds 6D
therefore
n t
T U= f [y Q04 Qun) Un + 256 Q) 11 Qua) Uy [ s
a’t a!
S [ZT][(";ij)u" + ZT,l(ijjk)ut]dS 62)
oy da" dat
prel —— (M Qu)(h — ho) + — (;Qu)(u*) |ds.
U S [ 50 QO — ho) + (G )} s 63
There upon %" and % can be derived as
U E7]
da" _ da" du"  da" du'
U, Gurdu  ou dy; (64)
o _ od aw | o
U, aur oy, ou' au; (65)
Furthermore by expanding all the terms in the two equations above
n a—=2 m—1 a—1 m—2
o _ | L (1—a)(1—ﬂ) (ﬂ+ﬂ) +(m—1)(1—ﬂ) (ﬂ+(ﬂ)) m + )
du" fols on a on on a on
|At|)ﬁ no o lagY
X|O(1-—||=+—]| +<¢—-9¢>
[ ‘( st )\p ot %o (66)
n [ a—1 m—1 -1 n 8 n—1
e el (O L T YA (L P
ut  n?é| én a on &t B St St B St At
(67)
t [ p-1 n—1 a-1 m a m—1
oo _ LT (1_M) L PR a(l_ﬂ) (m M) _m(_ﬂ)(m g)
ou" &7 on St B di on a én én a én (68)
dat L | ( 1At )5—2 n (lAtl) ot ( |At|)ﬁ—1 noolagY
—=-Z{la-pl1-= S+ = +m-D(1-— - +
aut [ 5 | [( PU-a) s =D="5) gt a) |®FP
An*(m  An\" |At|
X|L|1l=-—||—+—]| +<¢,—-¢>| X —
[ ( 511)(0! 5n) hm @ ] At (69)
and
ou" out
— = d — =t .
U, nQn an U, 1Qn 70)
By substituting Egs. (66)-(69) into Eq. (62) and Eq. (63) the stiffness matrix is
Tu= [ ww|amaw + (2Lmeuw - ¢ - ho) | + (2% aQu - (h - ho) ) |ds + Q0
k= n;Qy)| a*(n; Q) + aunlerL u o)) |+ r 1 Q. (U 0 s + (¢ Qj 1)
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(at(tlQlL) + (%[IQIL('/‘[ (h - ho))) + (g -

= f (@~ (n; Q) (nr Q) + aNT (n; Qi) (1 Q) + a™ (4;Qu) (1 Q) + a™™ (1; Q) (1 Q) ds. (72)

GQu " — (h — ho))))ds

and
aW = [a" + % — - ho))]
ou"

N D)

‘
N = %(u’ —w)

And the residual (RHS) is expressed as
= KyU - f,=
S [a"(mQu) (i Q) Uy + a (£Qi) (t: Q) Ul ds
S lar(h — ho)(m;Qp) + a'us (t;Qy)]ds=
S [a"(mQu) (™ — (h — hy)) + a' (4;Q)(u' — us)]. (73)

Appendix 2
To find the stiffness matrix for the diffusion flux it is necessary to define the weak form of Eq. 8

Jo (jgb - hg,

where (Sjgb is a “kinematically” admissible atomic flux-field, h represents diffusion zone thickness, dy, therefore

Lo do
js’rfgmgbds = f (ng 3s )5ngd5 (75)

By applying the divergence theorem to the Eq. (75) there results

dao" ..
3 )5jgb ds=0

74

N 3(h i Gyy) 90 oh . .
js'r Jop Gl )dS = — _/S'r o' —— s + (170" @) j‘ o" Typh— E=ds - js' 9"y By s + 10" Tk @) ]

(76)

The diffusion zone thickness, h, at any time between two iterations can be defined as h = h(t)(1 — a) + h(t + At)a, where

0 < a < 1is an adjustable parameter controlling the integration scheme and h(t) and h(t + At) are related as h(t + At) = h(t) + Ah.
By substituting this relation between h(t) and h(t + At) the thickness is obtained as

h = h(t) + Aha 77)

where h(t) is h at time t, shown hereafter as h,. By setting « = 0 the integration formula is reduced to the standard explicit forward-
Euler scheme, whereas a = 1 represents the first iteration in a fully implicit integration scheme. In this work, we have set & = 0.5 to

E}
represent the average h between each two iterations. By substituting Eq. (77) to Eq. (76) and recalling Ah = At( -Q ;gb) we find
. . ng (5ng) a . a(ajgb) aho X .
‘/S‘r (ng () — 0" DpaQAt—— s s 0" D a QAt— 32 5ng ds = _‘/5.1“ "Il 3 "Qba— e |45 + [0"Zph ()1

(78)

This term is used to calculate the residual vector required to define the element in subroutine UEL. The output of the weak form

formulation represents the value for diffusion flux at each node. The first derivative of the flux with respect to position s is used to

find the change in grain boundary thickness. In our simulation the diffusion zone element between two grains is defined as a 2-node

one-dimensional element with two Gaussian points in a Lagrange framework (cf. Fig. 8). The shape functions are linear over the
element and are defined as

&=§u—@
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=%(1+§)

which preserve the continuity of the diffusion flux field variable, J, but not its first derivative which represents the change in grain
boundary thickness and is constant over each element. Therefore at the node shared between two adjacent diffusion zone elements,
the average value of the derivative of diffusion flux between two elements is used to calculate incremental change in grain boundary
thickness.

Eq. (75) and Eq. (76) can be expressed respectively as

L G SuSmn = Zpeom 8ty 25 (2) 51,00 At8 g, S 3 “ac[L
s 2 (gbyk Dkl Pmn 7gb Jigb)k 5 a o Zgb gk kl 6{2 2

.35 dh
=—f %bQU"hOBJ(gb)ka—;d§'+ EZnga"a—;

where ¢" is calculated from the cohesive traction-separation equation inside the grain boundary. Over each element, ¢” is determined
as a function of traction on each element's node using linear shape function S

3
o' = Z SKO'K.
K=1

2,
Since the shape function is linear, the second derivative in Eq. (79) is zero, gTi = 0. By implementing the summation in the Eq.
(79), the finite element form of the equation is obtained as

Sjioprk Skt + [NZgp 0™ (St G *
 (gb)k Pkl [hZgy 0™ (S J(gb)k)]_ 79)

Kknj(gb)n =k (80)

where

3Siq 8Smn (2 !
Ky, = f(sklsmn_ %baﬂona—;l ag (T) ]dg(g)

Sp

(81)
and

0Su 20h ] ,
F=- f (%bﬂnhoy + o agoskz)d§+ [hZg0™ (ST

Appendix 3

To compute the change in the shape of the void, Eq. (41) needs to be integrated with respect to time. The value of ¢ and its
derivative is negligible compared to the other parameters and can be eliminated from the equation. The term that represents the
curvature of the void surface in the flux equation is integrated using a semi-implicit Euler scheme where Ah(s) denotes the normal
displacement of the void surface in the reference configuration during time interval At, so Ah = Atv,(t),

Let x, denote the curvature of the surface at time t. Then, the curvature at time t + At may be estimated as

2

0°Ah
0 2
xk(t+ At) =19+ —— 3 + KOAh + O(AR?). (82)

At any time between t and ¢ + At the curvature is approximated as
x=(1—a)ky+ ax(t + At) (83)

where 0 < a < 1, similar to grain boundary diffusion zone, is an adjustable parameter to control the integration scheme. Finally,
substituting Eq. (82) to Eq. (41) we obtain the final weak form for surface diffusion zone as

O, 23k ) 83,

0dj; .
ds = = f} Z0) Sds + 12 0rk0) G

‘/F‘js % = ozAtQSySQ( a3 T 055 | as

(84)

After evaluating surface diffusion at each node, we compute the normal displacement from Ah = —AtQJj,/ds.
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