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Abstract

Residual strain in metals is typically considered to be irreversible. However, residual strain in nanocrystalline materials can be recov-
ered over a period of time via diffusive mechanisms. In this study, free-standing copper films of submicron thickness with an average
grain size of about 40 nm are mechanically loaded via a plane-strain bulge test, and residual strain recovery at room temperature is char-
acterized after unloading. The specimens recover their residual strain in a period of time that can range from a few days to more than
1 month depending upon the surface conditions and heterogeneous residual strain distributions in multiple cycles of recoveries. A con-
stant tensile stress of about 25 MPa is reached after each recovery finishes. Two characteristic strain rates occur during residual strain
recovery, a transient strain recovery rate of the order of 10�7 s�1 and a steady-state strain recovery rate of the order of 10�9 s�1. A model
of the plastic strain recovery is presented which demonstrates the plausibility that grain boundary diffusion driven by chemical potential
gradients due to residual stresses and the presence of voids can rationalize the transient and steady-state plastic strain recovery rates,
respectively.
Published by Elsevier Ltd. on behalf of Acta Materialia Inc.
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1. Introduction

Nanocrystalline metals [1–4] are characterized by a grain
size that is of the order of a few tens of nanometers. They
are of interest due to their significantly higher strength rel-
ative to metals with a grain size of the order of microme-
ters. This is especially true for nanocrystalline metals in
the form of thin films because very few other standard
strengthening strategies, e.g. alloying, exist for thin films
[5]. A plethora of different deformation mechanisms can
operate in metals under a broad range of conditions, time
scales and length scales, including diffusion, dislocation
creation and motion, twinning, fracture, and grain bound-
ary sliding [6–7]. Often, nanocrystalline (NC) metals are
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stronger than their coarse-grained counterparts due to
the relative paucity of dislocation-mediated plasticity
within the nanometer length-scale grains [1,2].

Recent experiments by Rajagopalan et al. [3] showed
that nanocrystalline thin films of Al and Au were able to
recover residual plastic strain. In those experiments, face-
centered cubic NC free-standing specimens were deformed
in tension within a microelectromechanical (MEMS) device
past the yield point to induce plastic deformation; the
resulting plastic strain is typically considered to be perma-
nent. Remarkably, Rajagopalan et al. report that a portion
of the plastic strain in their specimens was recovered over
the course of several minutes to several hours.

In this paper, we report experimental observations of
plastic strain recovery in free-standing thin films of face-
centered cubic NC metals. The experiments are performed
using a thin film bulge test to impart a load to the NC
metal films. After inducing a significant degree of plastic
deformation (up to 0.5% total engineering strain), the load
.
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Fig. 1. Schematic of plane-strain bulge test setup. A laser scanning
confocal profilometer measures the radius of curvature of deformed shape
of film; an electrical pressure regulator controls the pressure applied to the
film and a pressure gage measures the pressure inside the chamber.
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is removed prior to failure of the film. Since the free-stand-
ing film has lengthened, it develops a buckling pattern vis-
ible to the naked eye upon removal of the load. With time
(from a few hours to a few weeks, depending upon condi-
tions), the film shortens and eventually recovers a flat pro-
file. We employ a scanning laser confocal microscope to
measure the profile of the buckled free-standing film, from
which it is straightforward to determine the length of the
buckled film. By continuously monitoring the length of
the buckled film, we measure the rate at which the plastic
strain recovers, and find both a characteristic transient rate
of plastic strain recovery as well as a steady-state rate of
plastic strain recovery. Indeed, the measurements show
that the nanocrystalline film not only recovers its originally
flat profile, but also develops a residual tensile (!) stress
under the influence of no external tractions.

Many potential deformation mechanisms may be acti-
vated in a load-recovery cycle, including dislocation-medi-
ated plastic deformation either from sources within a grain
or from grain boundaries [8]; twinning (at least in some
materials) at the very high stresses seen during the loading
[6,9]; grain boundary sliding [10]; and diffusive mechanisms
[11]. In this paper, we postulate that the observed plastic
strain recovery occurs as a consequence, predominantly,
of grain boundary diffusion. To that end, we develop a sim-
ple model that accounts for diffusive flow over distances
shorter than the grain size, as well as for diffusive flow over
distances larger than a typical grain size. The simple model
is able to capture both the transient and the steady-state
plastic strain recovery rates, which demonstrates the plau-
sibility of the assumption that the plastic strain recovery is
driven predominantly by grain boundary diffusion.

This paper is organized in the following way. Section 2
describes the fabrication of the specimens, the thin film bulge
test, as well as the plastic strain recovery measurements. Sec-
tion 3 discusses the results of the experiments with regard to
the dominant deformation mechanisms active during a
load-recovery cycle. The simple model of grain boundary dif-
fusion-driven plastic strain recovery is introduced in Section
4. Then in Section 5 we compare the results of the model to
the experiments. Finally, we draw conclusions in Section 6.

2. Experiments

The specimens are thin films of NC Cu deposited by
thermal vapor deposition onto single-crystal Si wafers that
have a thin Si3N4 layer. Standard processes are used to etch
away the Si and Si3N4 layer to obtain a free-standing metal
film. The films themselves have thicknesses that range from
200 to about 600 nm, and the average grain size is between
35 and 40 nm, as measured using a scanning electron
microscope (Hitachi 4700) and X-ray diffraction (Inel
XRD 3000). The dimensions of the free-standing film are
1 mm � 10 mm. Thus, the thickness to width ratio is less
than 10�3, and the film can therefore be treated as a mem-
brane rather than as a plate. Full details of the fabrication
of the films can be found in Ref. [5].
The mechanical properties of the films are characterized
with a plane-strain bulge test setup [5] using nitrogen gas to
apply the pressure as illustrated in Fig. 1. The strain rate of
loading can be varied by four orders of magnitude from
about 10�8 to about 10�4 s�1. During loading, the film
adopts a circular profile due to the pressure (since the film
can be treated as a membrane), and the radius of curvature
of the deformed film is measured via scanning laser confo-
cal profilometer (Keyence, Inc.; with out-of-plane resolu-
tion of 10 nm and in-plane spatial resolution of 2 lm).
The nominal stress and engineering strain in the film are:

r ¼ PR
h
; ð1Þ

e ¼ R
a

arcsin
a
R

� �
� 1; ð2Þ

where P is applied gauge pressure, h is the film thickness, R

is the radius of the deformed film and a is the half-width of
the film.

A feedback control system is employed for these exper-
iments to obtain a strain rate of 10�6 s�1 upon loading. If
the pressure on the film is removed prior to film failure, the
film—having lengthened—buckles elastically into a shape
(cf. Fig. 2a) that minimizes its potential energy. The laser
scanning profilometer measures the out-of-plane profile
of the film in its buckled state. The length of the film is then
determined by elementary numerical differentiation and
integration of the measured profile.

One such profile of a buckled film as measured with the
confocal laser profilometer immediately after removal of
the pressure is shown in Fig. 2b. It is important to note that
the film is not under the influence of any externally applied
traction in its buckled state after unloading, other than the
negligible stress due to film bending due to edge con-
straints. Thus it is remarkable that the film begins to
shorten immediately after unloading. In the specimens
studied herein, the plastic strain recovery proceeds until
all the plastic strain in the film recovers and the film is
again flat, as if in its original state, as shown in Fig. 2a.

When the film is again loaded in the bulge test appara-
tus, the stress–strain response of the recovered material
indicates there to be a residual tensile stress in the film.
Thus, not only did the NC metal recover its plastic strain,



Fig. 2. (a) Optical images of film (�1 mm wide) before (I) and after (II) strain recovery. (b) Profiles of same film across its width immediately after pressure
was removed and after residual recovery finished.
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but the film deforms under no external loading until it has
introduced itself into a state of residual tension. This pro-
cess can be repeated several times on a film before it fails
due to rupture or ripping at high pressure. The main differ-
ence in subsequent load–unload cycles is that the plastic
strain recovery rate is somewhat slower, but the magnitude
of the final tensile stress in the film is the same after the
subsequent cycles as after the first cycle.

An example of the history of one NC Cu thin film with a
thickness of 190 nm is shown in Fig. 3a. The film was
loaded three times and each time the plastic strain in the
film was recovered over a period of time ranging from
2 days to about a month. The films achieved a tensile stress
of about 25 MPa after strain recovery, as seen in the stress–
Fig. 3. (a) Stress–strain curves of three tests for same nanocrystalline Cu
film. (b) Offset stress–strain curves for the same three tests.
strain response from the second and third tests. Further-
more, after offsetting the curves to account for the initial
strains from the three tests as shown in Fig. 3b, it is appar-
ent that the film exhibits slight, but evident, strain harden-
ing after each recovery, as opposed to the experiments in
Ref. [3] which exhibited negligible strain hardening.

Fig. 4 shows the recovered plastic strain as a function of
time for the three load cycles; the time on the abscissa of
Fig. 4 initiates at the moment the pressure is removed.
The strain recovery process for each load cycle has a tran-
sient stage during which the plastic strain recovery rate is of
the order of 10�7 s�1, followed by a transition to what we
term a steady-state plastic strain recovery rate of the order
of 10�9 s�1. The steady-state plastic strain recovery rates
become progressively smaller, but still within the same
order of magnitude, as the number of load cycles increases.
In fact, the first plastic strain recovery cycle finished in
about 2 days, but the second and third recoveries took up
to a month, and hence were recorded only in the first few
tens of hours until the steady-state recovery conditions
were achieved. The specimen was maintained at ambient
temperature (�300 K) throughout the entire experiment.

3. Interpretation of experiments

During the loading phase, dislocation-mediated plastic
deformation may be activated within the grains, but the
Fig. 4. Plastic strain recovery vs. time for the three recovery cycles.
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grain size is typically too small for volume dislocation
sources to exist, so dislocation sources are thought to be pre-
dominantly from grain boundaries [1,7,12–14]. Evidence for
this exists in the broadening of X-ray diffraction peaks dur-
ing loading of NC metals [8]. After the loading is removed
from a NC metal, the X-ray diffraction experiments [8] show
that the peak broadening is reversible, which indicates that
the grain boundaries act as dislocation sinks as well as likely
dislocation sources. Therefore, the dislocations move to the
grain boundaries after the loading is removed. Hence, dislo-
cation-mediated plastic deformation may play some role in
the plastic strain recovery process.

However the volume fraction of grain boundaries in a
NC material ranges from 27% to 7% for grain sizes, respec-
tively, of 10 and 40 nm [14], assuming a grain boundary
thickness of 0.5 nm. In addition, grain boundaries are often
relatively wide regions of atomic disorder that extend two
or three lattice spacings [15]. Thus, grain boundaries are
typically weaker than grains, so much of the deformation
may also proceed by grain boundary sliding during load-
ing, at least at sufficiently small strain rates for which grain
boundary diffusion can play an important role.

Returning now to the experiments on plastic strain
recovery discussed herein. Because no external tractions
act on the NC thin film during plastic strain recovery, the
dominant mechanism during plastic strain recovery must
be driven solely by internal driving forces such as residual
stresses and other gradients in chemical potential. The
residual stress in the grains may drive existing dislocations
in the grains to the grain boundaries, but it is unlikely to
nucleate new dislocations from grain boundary sources.
As a consequence, dislocation-mediated plastic deforma-
tion may be responsible for a portion—but not all—of
the plastic strain recovery [8]. The most probable mecha-
nism during plastic strain recovery, then, is due to diffusion
driven by gradients in chemical potential. Given the very
high volume fraction of grain boundaries in a NC material
as compared to a microcrystalline counterpart, the diffu-
sion paths are likely to be along grain boundaries. In addi-
tion, recent atomistic modeling of NC Al [16] with a similar
average grain size also suggested grain boundary and dislo-
cation-mediated mechanisms coexist in the plastic strain
recovery phenomena.

It is instructive to calculate the typical diffusion distances
expected along grain boundaries for the temperatures and
times encountered during plastic strain recovery. The mean
diffusion distance of atoms [17] along a one-dimensional
grain boundary during time t is ld ¼

ffiffiffiffiffiffiffiffiffiffi
2Dbt
p

, where the
grain-boundary diffusivity, Db, can be expressed as
dbDb = dbDb0 exp (�Q/RT), where R is the universal gas
constant, T is the absolute temperature, with the pre-factor
dbDb0 = 1.16 � 10�15 m3 s�1 and an activation energy
Q = 84.75 � 103 J � mole�1 [18]. Further, the grain bound-
ary thickness or the layer in which diffusion occurs is approx-
imated as db = 0.5 nm [19]. Using these parameters, the
diffusion distance during the transient stage, ls, is of the order
of a few nanometers, which is very small compared to a typ-
ical grain size of 40 nm. The characteristic time for atoms to
diffuse 40 nm is about 2 � 105 s, which is about the same
length of time as the plastic strain recovery of the first
load-recovery cycle. Thus, grain boundary diffusion likely
plays a predominant role in the residual plastic strain recov-
ery. However, the two different characteristic plastic strain
recovery rates strongly suggest that there are two different
diffusion mechanisms occurring.

Wei et al. [20,21] have attributed the plastic strain recov-
ery process to diffusive processes as well and modeled the
process using finite-element analysis by arbitrarily assign-
ing different grain boundaries in the material to have either
a high or a low diffusivity. In their model, diffusion is dri-
ven by the internal residual stress distribution in the grains
introduced by grain boundary sliding during the loading
phase of the cycle. In what follows, we present a different
model that also assumes plastic strain recovery to be due
predominantly to diffusive processes; however, our model
is differs substantially different from that of Wei et al.
[20,21]. In our model, all grain boundary diffusivities are
assumed to be the same and diffusion is driven both by
the presence of internal residual stress gradients as well
as the presence of nanoscale voids that are known to form
during the deformation of NC materials [2,14,22].

We postulate there to be two recovery mechanisms, each
of which is dominant in different parts of the recovery
phase: in the beginning, diffusion due to highly localized
heterogeneous residual stress along the grain boundaries
(especially within one grain, since ls/l < 1) causes the rela-
tively high strain recovery rate of 10�7 s�1; while intergrain
diffusion and diffusion between grain boundaries and free
surfaces are dominant in the steady-state recovery. To
demonstrate plausibility, we present a simple model in
which the effect of the free surface is taken into account
and the constant tensile stress that the film reaches after
recovery, also referred as zero-creep stress [23,24], plays
an important role.
4. Diffusion-based model of plastic strain recovery

4.1. Overview of diffusion

The geometry of the problem is simplified by assuming
two-dimensional grains with grain size, l, as shown in
Fig. 5. The chemical potential, which is the increase in free
energy of an individual atom added to the system, is
denoted as l, and on the grain boundary is:

l ¼ l0 � rnðyÞX; ð3Þ
where l0 is a reference value, X is the atomic volume and
rn(y) is the normal stress at the grain boundary (positive
for tensile) [25]. In a non-equilibrium state, the gradient
of the chemical potential drives atoms along the grain
boundary. The atomic flux Jb is given as:

J b ¼ �
dbDb

XkT
@lb

@y
¼ dbDb

kT
@rn

@y
; ð4Þ



Fig. 5. (a) Schematic of diffusional flux in arrays of 2-D grains under tensile stress. Voids can be generated at joint of multi-grains. (b) Schematic of
diffusional flux along grain boundaries and between grain boundary and free surfaces (on voids and film exterior) during plastic strain recovery process
after external applied stress removed (c) schematic of final state after plastic strain recovery finishes when zero-creep stress in the film is reached.
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where db is the width of the region near the grain boundary
through which atoms diffuse, Db is the grain-boundary dif-
fusivity, k is Boltzmann’s constant and T is the absolute
temperature [26,27].

These concepts are used to develop a model for recovery
of plastic strain based upon concepts pioneered by Darken
[28], Herring [29], Hull and Rimmer [30], Chuang and Rice
[31], Weertman [32], as well as Needleman and Rice [33],
among others. A linear spring model is employed by con-
sidering the grain boundary separation u(y) due to the
insertion or removal of atoms at the grain boundary. The
stress, rn(y), and grain boundary separation are related as:

uðyÞ
l
¼ �en ¼ �

rn

M
; ð5Þ

where M is the plane-strain modulus and en is the average
normal strain due to grain boundary separation. Mass con-
servation along the grain boundary requires:

@uðyÞ
@t
¼ �X

@J b

@y
: ð6Þ

We combine Eqs. (4)–(6), to obtain:

@en

@t
¼ XdbDbM

lkT
@2en

@y2
; ð7Þ

which is an expression for the strain recovery rate. In what
follows, we will employ these concepts to model the plastic
strain rate recovery once we have identified possible
sources of gradients in chemical potential that will drive
the process.

4.2. Mechanisms of plastic strain recovery

We postulate the primary mechanism for plastic strain
recovery phenomenon to be that atoms diffuse on grain
boundaries from regions of higher chemical potential to
regions of lower chemical potential, which ultimately gives
rise to the reduction in length of the deformed specimen
that is associated with the plastic strain recovery, even in
the absence of external loads. The chemical potential gradi-
ents are assumed to arise from two different phenomena. In
the simple model below, it is demonstrated how the two
different chemical potential gradients can lead to two differ-
ent plastic strain recovery rates.

The first source of chemical potential gradient is due to
high gradients of residual elastic strain that develop within
the grains of the material as a consequence of grain bound-
ary sliding. Detailed finite-element simulations by Wei
et al. [21] of the deformation of NC metals which
accounted for the possibility of grain boundary sliding sug-
gested that there can be strong gradients of elastic residual
strain established within the grains of the material simply
due to the requirements of compatibility of deformation.
Thus there are expected to be highly heterogeneous and
complex stress gradients within each grain, even after the
externally applied loading has been removed. On grain
boundaries that connect such grains, the sign of the normal
stress on the boundary may oscillate between tension and
compression more than once within the length of a typical
grain; thus the length scale associated with these stress gra-
dients is expected to be as small as several nanometers. The
chemical potential of atoms on the grain boundary is a
function of the normal stress as in Eq. (3), so the high stress
gradients on the grain boundaries will likely drive diffusion
of those atoms relatively rapidly.

The second source of chemical potential gradient is due to
the presence of voids that open up in the material as a conse-
quence of the material losing compatibility. Voids can nucle-
ate and grow within NC materials as a consequence of a
number of causes, including pre-existing voids on grain
boundaries and triple points during film deposition; voids
created by dislocations that are nucleated from grain bound-
aries, as well as voids created due to grain boundary sliding
[2,14,22]. Hence, it is natural to expect that a NC thin film
that has been plastically deformed as extensively as those
of this study will contain a large number of voids both along
the grain boundaries as well as at the triple points.

Thus we postulate that the initial plastic strain recovery
rate of the order of 10�7 s�1 is due predominantly to the pres-
ence of the high residual stress gradients that exist on the
grain boundaries. The relatively rapid diffusion serves to
“smooth out” the stress gradients themselves. The transition
from the initial characteristic plastic strain recovery rate to
the slower steady-state rate for plastic strain recovery occurs
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due to the lessening of the stress gradients along the grain
boundaries as a consequence of grain boundary diffusion.

We postulate the steady-state plastic strain recovery rate
to be also due to diffusive flow, but the chemical potential
gradient driving the diffusion is due to the difference
between that of a free surface and that of a grain boundary,
in precisely the same way (but with opposite sign) that dif-
fusion can occur during a sintering process during which
powders (often nanometer in size) are able to become con-
solidated. We assume that this mechanism leads to the
majority of the plastic strain recovery in the specimens that
occurs at the steady-state plastic strain recovery rate.

Finally, we postulate that the residual tensile stress that
exists in the film after plastic strain recovery is introduced
as a consequence of diffusive flow between grain boundaries
and voids as well as the external surfaces. This is known as
the zero-creep stress [24,34,35] which manifests itself as a
residual tensile strain on a material that induces a net zero
chemical potential gradient throughout a material so that
no further deformation via diffusion mechanisms occurs.

4.3. Elements of the model

We refer to Fig. 5 to establish a very simple model for
plastic strain recovery. Fig. 5a shows schematically that a
free surface can exist either within voids or on an exterior
surface. Thus we assume that voids exist in the NC thin
film after deformation, likely predominantly at triple points
of grain boundaries as shown in Fig. 5a. As suggested in
Ref. [36], the diffusion from the voids to the grain bound-
aries results in a concave void shape.

Fig. 5b establishes the geometry of the model and demon-
strates diffusional flux when the external applied stress is
removed. The high strain recovery rate is associated with
the diffusion along grain boundaries due to the highly local-
ized heterogeneous residual stress; the slow strain recovery is
associated with the diffusion between grains and free sur-
faces. Because the basis of our model is that mass is trans-
ferred from the grain boundaries to the voids and the film
surface, we must consider the rate at which that mass flux
can occur. A kinetic model (e.g. [26]) for the atomic flux at
the free surface-grain boundary junction is:

J gs ¼
2CbC

X1=3
ð1� e�

Dl
kT Þ � 2CbC

X1=3

Dl
kT

; ð8Þ

where Jgs is the atomic flux from the grain boundary onto a
surface (where positive mass flux implies net flow in the y-
axis (as defined in Fig. 5b), Cb is the concentration of
atoms at the grain boundary and C is the jump rate of
atoms from the grain boundary to free surface, taking
due note that Dl/kT� 1. Here we do not differentiate
the free surface on the voids from that on the film–air inter-
faces. The boundary conditions are specified at y = 0 and
y = l using the pertinent chemical potential difference,
Dl, which can be expressed as:

Dl ¼ ½rs � rnðy ¼ 0; tÞ� � X at y ¼ 0

Dl ¼ ½rnðy ¼ l; tÞ � rs� � X at y ¼ l

�
; ð9Þ
where rs is the steady-state grain boundary stress (also re-
ferred as zero-creep stress [23,24]) at which the grain bound-
ary is in equilibrium and rn = rn(y) is the normal stress
distribution on the grain. From Eqs.3, 7, 8, and 9, the bound-
ary conditions can be written in terms of strain as:

@en
@y ¼

2CbCX2=3

dbDb
½es � en�; at y ¼ 0

@en
@y ¼

2CbCX2=3

dbDb
½en � es�; at y ¼ l

8<
: ; ð10Þ

where es = rs/M. Taking h = l, the problem can be rewrit-
ten by normalizing Eqs. (7) and (10):

@en

@~t
¼ @

2en

@Y 2
; ð11Þ

with boundary conditions

@en
@Y ¼ b½es � en�; at Y ¼ 0
@en
@Y ¼ b½en � es�; at Y ¼ 1

(
; ð12Þ

where Y = y/l, s ¼ l3kT
XdbDbM and ~t ¼ t=s. The parameter

b ¼ 2CbCX2=3l
dbDb

has physical significance as the degree of strain
homogenization along grain boundaries, and is considered
a free parameter.

The initial condition for the residual strain, en, immedi-
ately after unloading is highly complex and depends upon
the details of grain boundary morphology, loading rate,
temperature, etc. It is not possible, then, to state the initial
conditions of the strain state with any precision. Thus we
choose an initial strain distribution that contains the salient
elements of the discussion above concerning the diffusion
mechanisms. To that end, the following phenomenological
expression is used to simulate the heterogeneity of the ini-
tial residual strain distribution:

enðY ; t ¼ 0Þ ¼ e1 þ e2 cosðpY Þ þ e3 sinðnpY Þ: ð13Þ
The first term on the right-hand side of Eq. (13) repre-

sents the long-range homogeneous residual strain distribu-
tion. The second term represents a long-range
heterogeneity in the residual strain distribution that scales
with the grain size, l. The third term represents the short-
range heterogeneity in the residual strain distribution that
corresponds to the short diffusion distance, ls, in the tran-
sient recovery stage, so that n = ls/l. Here, we define
e2 = a1emax, e3 = a2emax (in which a1, a2 are two free coeffi-
cients and emax is the measured initial residual strain imme-
diately after unloading). The value of e1 is chosen so that
the minimum of en(y) (residual strain is assigned as nega-
tive) is equal to emax. It should be emphasized that the
residual elastic strain distribution is phenomenological
and is intended only to capture the salient features of the
actual distribution.

4.4. Numerical solution compared to experiments

Given a grain-boundary diffusivity of Cu, dbDb, at
T = 300 K of 2.03 � 10�30 m3 s�1 according to Ref. [18]
and a plane-strain modulus of the Cu films of M � 140 GPa
[5], Eqs. (11)–(13) are solved numerically with free parame-
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ters b, a1 and a2. Fig. 6a–c shows the comparison of numer-
ical results and experimental data for the first, second and
third recovery processes, respectively. For the first recovery,
b = 0.4, a1 = 0.22 and a2 = 0.15 yield the best fit; the second
recovery gives b = 0.05, a1 = 0.08, a2 = 0.09; and the third
recovery gives b = 0.05, a1 = 0.10, a2 = 0.16.
4.5. Zero-creep stress

The steady-state stress, at which diffusion between the
grain boundary and free surface stops, is also called
“zero-creep stress” [23,34,35]. At equilibrium, the surface
chemical potential in the 2-D grain geometry (Fig. 5c)
requires a uniform curvature, k0, which can be expressed
as:
Fig. 6. (a–c) Numerical results and experimental data for the first, second an
evolution of residual strain along the grain boundary during the first, second
k0 ¼ �
2 cos w

l
; ð14Þ

where the dihedral angle, w, is determined by the balance of
local surface tension, i.e. 2cs cos w = cgb, where cs is the sur-
face energy density and cgb is the grain boundary energy
density. The effective film stress is the combination of nor-
mal traction along the grain boundary and in-plane com-
ponents of the surface tension at the junction, which is
expressed as [23,27]:

rs ¼
1

h

Z h

0

rðyÞdy þ cs

h
sin w: ð15Þ

The continuity of the chemical potential requires the
normal traction at the grain boundary near the junction
point, r(y) = k0cs. Therefore, the steady-state stress, rs,
can be rewritten as [23,27]:
d third recovery processes, respectively. (d–f) Numerical results showing
and third recovery processes, respectively.
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rs ¼ cs
sin w

h
� 2 cos w

l

� �
: ð16Þ

It is clear that the zero-creep stress is mainly sensitive to
the geometry of the grains such as grain size and dihedral
angle. Taking h = l = 40 nm, cs � 1.52 J/m2 [37] and
w � 80

	
, Eq. (16) gives rs � 24 MPa, which is consistent

with the approximately 25 MPa tensile stress measured
after the recovery finishes.
5. Comparison of model to experimental results

The high value of b in the first recovery compared with
that in the second and third recovery processes might be
due to the much higher tensile initial stress before the first
loading (around 170 MPa) since b is expected to be affected
by mechanical properties (e.g. surface and grain boundary
free energy density, etc.) and the geometry around the junc-
tion of the free surface and grain boundary (e.g. dihedral
angle, w). The second and third recovery processes give a
consistent b since the driving force for the recovery is
expected to be the stored strain energy during the whole
loading/unloading processes, as well as the difference in
chemical potential of the grain boundaries and void sur-
faces. Fig. 6d–f show how the residual strain distributed
along the grain boundary evolves for the first, second
and third recovery processes, respectively. As discussed
before, at the outset of recovery (the transient stage) the
short-range heterogeneity of the residual strain is quickly
smoothed out due to the very short diffusion distance, ls.
In this stage, the recovery strain rate is up to 10�7 s�1 for
several thousand seconds. However, the steady-state recov-
ery—as postulated—proceeds by continuously driving the
atoms out from the grain boundary onto the free surface
or voids as controlled by the boundary conditions
described in Eq. (12). The steady-state plastic strain recov-
ery rate is of the order 10�9 s�1, for a time that can last
from several days to about 1 month.

It is interesting that the magnitude of the short-range dis-
tributed residual strain is less than that of the long-range dis-
tributed residual strain, i.e. the ratio a1/a2 is less than unity.
However, this ratio consistently increases in the following
recovery processes, and a1/a2 becomes larger than unity in
the third recovery which suggests that the short-range heter-
ogeneity of the residual strain becomes more important with
more loading cycles. This suggests that the grain boundaries
might change when the film is under loading. For example,
grain boundary diffusion and sliding may generate kinks
and ledges at the grain boundaries and make the grain
boundary geometry more tortuous. Therefore, even after
the residual strain is totally recovered, these effects will still
remain and affect the process during the next loading cycle.

Finally, it is interesting to compare the experiments
from the present study with the experimental results in
Ref. [3]. The specimens from both experiments exhibited
strain recovery rates of the same order of magnitude. How-
ever, the films in the present study recovered the residual
strain completely when the loads were removed, while the
specimens in Ref. [3] only partially recovered the residual
plastic deformation at room temperature. The loading
strain rate may contribute to this difference. As Refs.
[38,39] suggest, for materials with a similar grain size to
that of the specimen used in present study, the dominant
deformation mechanisms are grain boundary diffusion
and sliding at the strain rate of 10�6 s�1, whereas grain
boundary diffusion, grain boundary sliding and dislocation
activity occur in the materials at the relatively higher load-
ing strain rate of 10�4 s�1 used in Ref. [3]. The fraction of
dislocation activity in the inelastic strain is very difficult to
recover as compared with that of the grain boundary diffu-
sion and sliding. Therefore, it is possible that for the spec-
imens in Ref. [3] only the portion of the plastic strain due to
grain boundary diffusion and sliding is recovered and the
portion due to dislocation activity remains in the material.
Thus the extent of plastic strain recovery may depend upon
the rate of initial loading.

6. Conclusions

The experiments in this study show that NC Cu films with
an average grain size of about 40 nm exhibit a plastic strain
recovery phenomenon in that the films recover their residual
plastic strain several times after multicycle tests. Two strain
rates (transient and steady-state) associated with various dif-
fusion mechanisms are observed during the plastic strain
recovery. The film is in a residual state of tension at the
end of the plastic strain recovery cycle. Furthermore, partial
strain hardening is observed in each subsequent test.

We present a numerical model employing grain bound-
ary diffusion as the predominant recovery mechanism to
rationalize this phenomenon. Further, the tensile stress in
the film after the plastic strain recovery process is com-
pleted can be explained as being the zero-creep stress,
which plays an important role in the boundary conditions
in our numerical model. The results suggest that grain
boundary geometry within the film may change when the
film deforms, which, as a feedback, could affect the hetero-
geneity of the residual strain distribution at the beginning
of recovery and also account for the partial strain harden-
ing in the following loading. The results also suggest that
the degree of plastic strain recovery achieved during a
load–unload cycle may depend upon the strain rate during
the loading phase.
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