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Abstract Nanocrystalline metals exhibit a phenomenon
called plastic strain recovery whereby plastic strain intro-
duced through a load cycle is gradually recovered under no
external loading over a time period of hours and days. In this
study, we experimentally explore the diffusive mechanisms
and the strain rates for nanocrystalline thin films of copper
with an average grain size of about 35 nm during plastic
strain recovery and creep. The experiments are performed
via the plane strain bulge test and the thin film samples
are deposited using thermal evaporation and sputtering. The
specimens recover their residual strain in a period of time
with two characteristic strain rates, a transient strain recov-
ery rate of the order of 10−7/s and a steady-state strain
recovery rate of the order of 10−9/s and there is a char-
acteristic time at which the transition occurs between the
two rates. The results suggest that a diffusive mechanism
in conjunction with voids within the nanocrystalline mate-
rial can explain the two plastic strain recovery rates and the
transition between the two.
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Introduction

Nanocrystalline thin metal films are defined as thin films
with an average grain size of less than 100nm. These films
have been the subject of widespread research in recent years
due to their enhanced material properties and behavior com-
pared to their coarse-grain counterparts, such as higher yield
and fracture strength, decreased elongation and toughness
and strain rate sensitivity [1–6].

Nanocrystalline metals exhibit a phenomenon called
plastic strain recovery whereby 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 [7, 8]. Energy is dissipated in the load cycle,
so the process is not reversible in a thermodynamic sense.
The creation, motion and multiplication of dislocations is
the dominant deformation mechanism in microcrystalline
materials. However, when the grain size is reduced to
the nanometer scale, dislocation sources and activities are
highly constrained by the small volumes. Thus, nanocrys-
talline metals can achieve significantly higher stresses than
their microcrystalline counterparts. Given the high stresses
coupled with the high volume fraction of grain boundaries in
nanocrystalline metals, inelastic deformation in nanocrys-
talline metals is often dominated by grain boundary defor-
mation mechanisms [9]. These mechanisms included grain
boundary diffusion and grain boundary sliding [10–12].
Creep deformation in nanocrystalline metals is a conse-
quence of grain boundary diffusion[13]. , In addition, the
inverse Hall-Petch effect [14–16] and strain rate sensitivity
[17, 18] observed in nanocrystalline metals, but not typi-
cally observed in microcrystalline metals, are the result of
grain boundary deformation mechanisms.
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Plastic strain recovery occurs at very small rates of
10−9s−1 to 10−7s−1 which suggests that diffusive mecha-
nisms play a key role in the phenomenon [7, 10]. In this
paper we experimentally explore the diffusive mechanisms
and the strain rates for nanocrystalline thin film of cop-
per during plastic recovery and creep in free-standing thin
films. The experiments are performed via the plane strain
thin film bulge test. The experiments measure elastic modu-
lus, monitor plastic strain recovery and the strain rate during
creep. We demonstrate that there are two characteristic plas-
tic strain recovery rates and a characteristic time at which
a transition occurs between the two rates. We also discuss
briefly the results of a detailed numerical simulation of
the load cycle and plastic strain recovery in nanocrystalline
metals. The results suggest that a diffusive mechanism in
conjunction with voids within the nanocrystalline material
can explain the two plastic strain recovery rates as well as
the transition between the two.

Experimental Methods for Nanocrystalline Thin
Films

Mechanical properties of microscale metal thin films can
vary considerably from their bulk counterparts [19]. Several
specialized techniques have been developed to characterize
the mechanical behavior of thin films including nanoin-
dentation, microbeam bending, microtensile testing, bulge
testing, x-ray diffraction, and substrate curvature measure-
ment [20]. Elastic, plastic, creep, fatigue, fracture tough-
ness, interfacial toughness as well tribological properties
can be determined utilizing these techniques, however each
of these methods has drawbacks in determining some of the
material properties. For nanoindentation, with relative sim-
ple fabrication and preparation, the main drawback is that
the stress state beneath the indentation is complex [21–24].
Likewise, microbending [25, 26] has relatively simple fab-
rication with the drawback that the film strain can only be
changed by changing the temperature, thus making it dif-
ficult to interpret the results [27]. The methods above use
samples on substrates. To measure the mechanical behav-
ior of free-standing thin films, the micro-tensile test and
the bulge test techniques are widely used. These techniques
require more sample preparation, but they can be readily
applied to measure film properties without any substrate
effects and to characterize thin film constitutive behavior
with relatively large applied strains [28]. In uniaxial ten-
sile testing of thin films, three issues need to be considered:
specimen preparation, force application, and strain mea-
surement [29]. The difficulty is to measure accurately the
strain so that the Young’s modulus can be determined [30].
In the bulge test, free-standing thin films are obtained by
opening a window from the backside in the substrate. The

free-standing film is deflected by applying a uniform pres-
sure to the film. The mechanical properties of the film
are determined from its pressure-deflection behavior. Com-
pared with microtensile testing, the bulge test technique
has the unique advantage of precise sample fabrication
and minimal sample handling. The other major advantages
associated with bulge test are the ability of imposing unam-
biguous loading conditions, applicability at wafer level and
allowing measurement of the residual stress in the mate-
rial. Therefore, it is not surprising that the bulge test method
has many applications in the field of materials testing such
as dynamic mechanical loading, creep and viscoelastic, and
high-temperature tests [28, 31–40]. In this study, the bulge
test method is used to investigate the time dependent elastic-
plastic response of nanocrystalline thin metal films for strain
rates as low as 10−6 − 10−7s−1 where the role of grain
boundary diffusion mechanism in deformation becomes sig-
nificant. This method can be performed under constant
strain rate to avoid the effect of strain rate sensitivity espe-
cially for nanocrystalline thin films which have higher strain
rate sensitivity [28, 41]. In addition, the method is amenable
to the measurement of the plastic strain recovery rate at very
slow rates for long periods of time.

Introduction to the Plane-Strain Bulge Test
Technique

To explain the experimental data and relate them to mechan-
ical properties of the tested films, both theoretical and
numerical analyses have been conducted to understand the
pressure–deflection relation for membranes with various
shapes of free standing thin films [37, 42–46]. Vlassak and
Nix derived an expression for the elastic load–deflection
behavior of square and rectangular membranes follow-
ing an approach originally developed by Timoshenko [46]
while accounting for residual stress in the membrane. These
researchers further found that once the aspect ratio of a rect-
angular membrane exceeds four, the deflection at the center
of the membrane is nearly independent of the aspect ratio
and can be approximated with the exact plane strain solu-
tion for an infinitely long rectangular membrane, which can
be readily derived [37].

The accuracy and reliability of the bulge test has been
analyzed by a number of researchers. Vlassak [43] investi-
gated the contribution of the film bending stiffness to the
deflection of a membrane. He showed that for typical bulge
test geometries, the bending moment is only significant
very close to the edge of the membrane and is negligible
everywhere else. These analyses, together with new sample
preparation techniques based on Si micromachining, revolu-
tionized the bulge test to be a useful technique to accurately
measure the elastic properties of both freestanding films
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and multilayers across a wide range of materials, including
ceramics, metals, polymers [37, 39, 47]. Because the bulge
test technique measures isothermal stress-strain curves of
freestanding films, it is also ideal for studying plasticity in
thin films.

Sample Preparation and Characterization

Free standing thin copper films are fabricated using stan-
dard procedures [38]. Briefly, a silicon wafer (〈100〉 surface
orientation) with both sides coated with 100nm low pres-
sure chemical vapor deposition (LPCVD) silicon nitride is
used as the substrate. In Fig. 1 a schematic of the bulge test
sample preparation is shown. The wafer is anisotropically
back etched in KOH through its thickness to obtain a free

Fig. 1 Free-standing film fabrication steps: 1)〈100〉 silicon wafer
coated with LPCVD silicon nitride on both sides, 2) and 3) standard
photolithography to pattern a window on the rear silicon nitride sur-
face, 4) reactive ion etching to etch the patterned window through
silicon nitride, 5) anisotropic wet etching of silicon to open etch cav-
ity, 6) coating the freestanding silicon nitride with negative photoresist
, 7) depositing adhesion layer and lift it up from the free-standing film,
8) depositing copper, 9) reactive ion etching to remove silicon nitride
beneath the copper

standing thin film of silicon nitride that spans the etched
cavity. At the final step a thin layer of nanocrystalline metal
is deposited on atop the silicon nitride using either ther-
mal evaporation or sputter deposition after which the silicon
nitride beneath the metal film is removed via reactive ion
etching.

For both the thermal evaporation and sputter deposi-
tion methods, used in this work, the deposition thickness
is below 1μm and the deposition time is less than 2 hours.
During deposition, the substrate temperature (Ts) in main-
tained much below the metal melting temperature (Tm) of
copper to obtain a microstructure with so-called Zone 1
behavior [48, 49]. These conditions lead to a very slow sur-
face diffusion and the lack of bulk self-diffusion, so the
resulting film consists of small tapered crystals with domed
tops separated by void boundaries and the internal grains
usually have a high dislocation density.

To measure the thickness of the deposited film we used
a DekTak 3 Stylus Profilometer. To characterize the grain
size, X-ray diffraction is performed (Inel XRD 3000 mod-
ule, CuKα). Scherrer derived a formula to express the
relation between the grain size and full width at half max-
imum (FWHM) of the Bragg angle peak [50]. Williamson
and Hall [51] used Scherrer’s theory to make a standard
tool for investigation the grain size which we employed to
characterize the average grain size of the copper films.

According to Williamson-Hall, the value for Full Width
at Half Maximum (FWHM) denoted β is given approxi-
mately as [51–53]:

β = 4εtanθ + Kλ/Dcosθ (1)

where θ is the Bragg angle, and ε is the integral breath of
lattice strain distribution induced in the nanocrystals due to
imperfection and distortion, D, K and λ are correspondingly
the average dimension of crystallites, unit cell geometry
dependent constant and X-ray wavelength. Upon rewriting
equation (1) as

βcos(θ) = 4εsin(θ) + Kλ/D (2)

the slope of the plot of βcos(θ)/λ versus sin(θ)/λ gives
information about the ε and D and the intercept gives the
inverse of the averaged grain size.

A typical X-ray diffraction pattern for 200 nm thick
copper film deposited by thermal evaporation is shown in
Fig. 2a. This pattern contains four Bragg peaks of (111),
(200), (220) and (311) plane orientations. To find the
FWHM at each peak we used the Pseudo-Voigt function
[54]. Figure 2b shows each peak in the Williamson-Hall
line with βcos(θ)/λ as as the abscissa and sin(θ)/λ as the
ordinate.

The intercept in the plot is K/D = 0.0048 where λ =
1.57 Å. This gives a grain size of around 35 nm.
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Fig. 2 (a) X-ray diffraction pattern for 200 nm thin film, (b) Williamson-Hall plot from X-ray diffraction pattern of the film

We also analyzed the samples using Scanning Electron
Microscope (SEM) as in Fig. 3 which shows the grain
structure on the surface of the thin film for both deposi-
tion methods. The grain size in the films is characterized
by line intercept method [55] to obtain grain sizes of films
deposited by thermal evaporation and sputtering of 35 nm

and 36 nm, respectively. However by comparing the SEM
images of sputtering and thermal evaporated samples it can
be seen that the porosity between grains is more noticeable
and density of cracks and voids are increased in sputtered
films. The consequence of that on the results is discussed
later in this paper.

Plane Strain Bulge Test Setup

The bulge test method is a technique by which a uniform
(e.g. air ) pressure is applied on the thin film to induce
stress. As a result the thin film membrane deflects and

causes a distributed strain to develop within the film as
shown schematically in Fig. 4a. The air pressure is applied
from the backside and is controlled by an electrical pres-
sure regulator (Bellofram Inc.) with accuracy of 0.2kPa.
The applied pressure is measured with a pressure transducer
(Kulite XTEL-190(M) series). The pressure regulator and
pressure transducer output are collected with a data acqui-
sition card (DAQ PCI-6024E) via data acquisition modules.
A LabView program (National Instrument) is designed to
control the pressure inside the chamber to define loading
and unloading loops with desired rates. A scanning laser
confocal profilometer (LT-9100, Keyence Inc.) is used to
measure the out-of-plane deformation profile at a cross-
section of the thin film. The out-of-plane deflection data are
simultaneously collected with the pressure data.

To find an approximate relation between stress and strain
in the sample based on the two measured data (pressure
and out-of-plane deformation in the cross-section), we use
the approach and assumptions proposed by Vlassak and Nix

Fig. 3 SEM images of the thin
film with thickness of 200 nm:
(a) thermal evaporation, (b)
sputtering
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Fig. 4 (a) Schematic of plane
strain bulge test. (b)
Cross-section of the membrane
during deformation

[35, 43]. Briefly, the contribution of bending to the strain
energy is neglected (EI → 0 where E is the elastic modulus
and I is the moment of inertia) and the edge of freestanding
film can be treated as plastic hinges. This is valid because
the deflection h is much larger than the thickness of the film
as shown schematically in Fig. 4b.

For a rectangular membrane with the aspect ratio of
length to the width of film more than four, plane-strain
conditions hold and the cross-section adopts a cylindrical
profile [28].

The stress and strain are then uniform across the width
of the membrane independent of whether the film deforms
elastically or plastically, and are given by:

σ = P(a2 + h2)

2ht
= PR

t
(3)

ε = a2 + h2

2ah
arcsin(

2ah

a2 + h2
) − 1 = R

a
arcsin(

a

R
) − 1 (4)

where P is the pressure applied on the film, R is the radius
of the curvature of the deformed film, t is the film thickness
and a is one-half of the film width and h is the deflection at
the center of the film.

The measured experimental parameters (pressure & out-
of-plane deflection profile) will be used in equations (3) and
(4) to calculate stress and strain independently to character-
ize the material properties of thin films.

Results and Discussion

In the bulge test experiment the pressure, P , is gradu-
ally increased during the loading portion of load cycle
which results in deflection of the film into a cylindrical
cross-section with radius of curvature R. By increasing the
pressure, the radius R is decreased and the out-of-plane
deformation is increased. We measure the film cross-section
profile with the laser scanning profilometer. The value of

R is determined by fitting the measured out-of-plane defor-
mation profile at a cross-section to the equation of a circle.
In Fig. 5, blue lines show the film curvature at each dis-
crete times and red lines represent fitted circles to find the
curvature when the film is pressurized. Also when the mem-
brane is unpressurized gradually (unloading part of the load
cycle), the radius of the curvature increases and out-of-plane
decreases.

In this work, three sets of bulge test experiments are per-
formed on the nanocrystalline thin film. The first was to
measure the elastic properties of the films. The second was
the characterize the plastic strain recovery rate. The third
was to measure the creep properties of the nanocrystalline
thin films.

Young’s Modulus

To measure the Young modulus (E) of thin copper film,
the membrane is pressurized gradually during the first load-
ing step. After reaching the desired stress, the unloading
step is performed and the pressure on the film is reduced
with the same rate as in loading to reach to zero pressure.
The loading strain rate is of the order of 10−6/s for this

Fig. 5 Cross-section of the film profile with time
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Fig. 6 (a) Pressure-time and (b) resulting stress-strain curves

experiment. From the unloading slope on the stress-strain
curve, the plane-strain modulus, M , can be obtained; subse-
quently, the Young’s modulus of the material is determined
asE = (1 − ν2)M , where ν is the Poisson’s ratio; taken
to be 0.35 as the value for bulk copper [56]. The loading-
unloading cycle is done several times and the modulus is
averaged; see Fig. 6. The experimental results are shown in
Table 1 for samples deposited with thermal evaporation and
Table 2 for samples deposited with sputtering.

The Young’s modulus for 38 thin film samples with
thicknesses in the range of 195 nm to 270 nm was measured
to be in the range of 100 − 157 GPa (1). This is in good
agreement with published values for bulk materials which is
in the range between 109 GPa to 144 GPa [56]. The values
obtained for Young modulus, are based on assumptions of

isotropic and homogeneous material properties and uniform
thickness. The non-ideal fabrication process may introduce
inhomogeneities and thickness variations that likely lead
to the observed scatter in elastic modulus. However for
nanocrystalline thin films deposited with sputtering, the
measured stiffness is below the stiffness reported for bulk
materials. This can be explained due to increased density
of cracks and voids in the sputter deposited thin film, that
results in having a less dense material relative to the poly-
crystalline one. Comparing the SEM image of sputtering
and thermal evaporated samples also confirms this hypoth-
esis, since the porosity between grains is more noticeable in
sputtered films [57].

Plastic Strain Recovery

For conventional plastically deformed materials with grain
size of the order of microns, plastic deformation is typically
irreversible. When a material yields, plastic strain remains in
the material permanently if no external work is done on the
material. Plasticity in microcrystalline metals is known to
be due to dislocation activities. Dislocations are very stable
so to remove them requires significant external energy, such
as that supplied while annealing at high temperature .

However, plastic deformation in nanocrystalline mate-
rials is found to be partially to fully recoverable at room
temperature with no external tractions. Such plastic strain
recovery has been reported in two other studies [7, 8]. In
both studies free-standing thin films of a FCC metal with
grain sizes less than 100 nm are tested at room temperature.
In one, a microtensile test with strain rate of 10−4/s is per-
formed [8]and partial recovery is observed after complete
unloading at room temperature. In the other study, a plane
strain bulge test with strain rate of 5 × 10−5/s is applied [7]
and plastic strain is fully recovered after unloading.

In this paper, we further explore the plastic strain recov-
ery rates for copper thin film samples deposited via both
thermal evaporation and sputtering and also for bulge tests
performed at two different strain rate for both loading and
unloading. In these experiments the membrane is pres-
surized gradually with a loading strain rate of 10−6/s or
10−7/s to develop plastic strain to about 0.5% strain in the

Table 1 Young’s modulus for
samples deposited with thermal
evaporation

Film thickness (nm) Number of samples AverageYoung’s Modulus (GPa) Standard deviation (GPa)

195 7 133 22

200 5 130 25

215 4 157 29

220 7 137 40

240 4 105 26

260 7 101 8

270 4 115 22
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Table 2 Young’s modulus for
samples deposited with
sputtering

Film thickness (nm) Number of samples AverageYoung Modulus (GPa) Standard Deviation (GPa)

185 11 64 9

membrane under plane strain conditions. Unloading occurs
immediately after loading by decreasing the pressure with
exactly the same rate as loading to remove external pressure
from the membrane. The specimen—having lengthened via
inelastic deformation during the loading phase—buckles
and develops wrinkled after the pressure is removed com-
pletely [7]. The plastic strain recovery is visible to the naked
eye as the amplitude of the wrinkles gradually reduces over
the period of several days until the film is flat and taut over
the window in the substrate. To quantify the rate of plastic
strain recovery, we measure the cross-section profile of the
wrinkled film as a function of time using the laser scanning
profilometer. The length of the cross-section of the free-
standing film is determined by numerical integration of the
scanned sectional coordinates of the profile at intervals of
2 μm. The current value of inelastic strain at each moment
is obtained based on the difference in initial cross-sectional
length before loading and the length at the current time. It
should be emphasized that in the buckled state the film is
not under influence of any external tractions, other than the
negligible stress due to the film bending. The plastic strain
recovery results for nanocrystalline thin films of 200 nm
thickness samples are shown in Table 3.

In all the specimens tested herein the plastic strain is fully
recovered. The evolution of a representative cross-section
of a thermally deposited 200nm thick copper film during
recovery (tested at room temperature with a loading strain
rate of 3 × 10−6) is shown in Fig. 7. The film buckles into a
higher mode rather than the first mode because of the con-
straints at the ends of the specimen (e.g. top and bottom
specimen ends shown in Fig. 1).

Our experiments demonstrate that the recovery process
for each loading cycle regardless of the loading rate and
deposition method has a transient stage followed by a
steady-state stage, as shown in Fig. 8. For the samples
deposited with thermal evaporation and loaded with strain
rate of about 10−6/s the transient plastic strain recovery

rate is in the order of 10−7/s. The steady-state strain recov-
ery rate is of the order of 10−9/s. The transition from the
transient to steady state plastic strain recovery rate occurs
at about 2000s. When the loading and unloading rates are
decreased by one order of magnitude, most of the transient
strain recovery occurs during the unloading and the transient
rate after complete unloading decreases to be of the order of
10−8/s, but the transition time to steady state and the steady
state plastic strain recovery rate remains approximately the
same.

For samples deposited with sputtering there are two tran-
sitions in the plastic strain recover rate. When loaded with
a strain rate of 10−6/s, the plastic strain recovery initially
starts sharply with a transient rate of 10−6/s for about 300s
followed a transition to another transient rate in the order
of 10−7/s. After a total of about 2500s a steady state plas-
tic strain recovery is achieved that is somewhat higher than
the steady state rate in the thermally evaporated specimens.
The summary of residual strain recovery rates and times are
shown in Table 4.

Creep Test

To observe the film behavior under creep, the sample is
pressurized to achieve a strain rate of the order 10−6/s up
to the point that the stress is around 400 MPa in the film.
Then we control the pressure rate to maintain a prescribed
constant stress in the membrane using the relation between
stress σ , pressure P and curvature radius R in equation (3).
To do so, we monitor the radius of the curvature continu-
ously and change the pressure to maintain a constant PR.
Figure 9a shows the total creep strain accrued at a constant
stress throughout a representative experiment for thermal
evaporation deposited 200 nm nanocrystalline copper film.
Figure 9b shows the strain versus time. Figure 9c shows the
strain rate during the creep of the same sample. It is evi-
dent that the creep strain rate is higher at the beginning and

Table 3 Plastic strain recovery rate

Deposition Loading rate No. of Film thickness Transient strain recovery Transient duration Steady-state strain

method (s−1) samples (nm) rate (s−1) (s) recovery rate (s−1)

Thermal evaporation 10−6 6 195–270 1 ∼ 3 × 10−7 2000 2 ∼ 4 × 10−9

Thermal evaporation 10−7 2 195–270 3 × 10−8 2500 3 × 10−9

Sputtering 10−6 3 185 10−6 − 3 ∼ 9 × 10−7 300–2500 9 × 10−8 − 5 × 10−9
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Fig. 7 The evolution of the cross-section profile during 30 hours after
a load and unload cycle of 5 × 10−6/s

gradually decreases by time. Nonetheless, the experimental
values reported are the strain rate.

Table 4, shows the average value of creep strain rates
on various samples. The creep strain rate for both deposi-
tion methods and temperatures at which the experiments are
performed remains the same order of magnitude. The exper-
imental value for the creep strain rate can be averaged at
room temperature to be ε̇ = 3.7 × 10−7/s.

Coble [58] studied the relation between macroscopic
creep strain ε̇, applied tensile stress and the grain size of
the materials by assuming the macroscopic shape change of
crystals is due to diffusional transport of atoms along grain
boundaries. The relationship for the creep behavior relat-
ing strain rate (ε̇) during the creep to the applied stress (σ ),
grain size and temperature is

ε̇ = α
δgbDgb


kT

σ

d3
(5)

where α is a proportionality constant that depends on the
grain shape, k is Boltzmann constant, T is temperature, 


is atomic volume, d is the grain size and finally δgbDgb

is grain boundary diffusion coefficient multiplied by grain
boundary thickness which is referred to as the diffusion
flux in grain boundary for nanocrystalline materials. Equa-
tion (5) predicts a stress-strain rate relation during the creep
and also emphasizes that Coble diffusional creep becomes
an important role in the inelastic deformation in polycrys-
talline when the grain size decreases (ε̇ ∝ d−3). Although
the typical homologous temperature for activating the Coble
diffusion is of the order of 0.3Tm for bulk materials (where
Tm is the absolute melting temperature) for nanocrys-
talline materials with average grain size less than 100 nm,
Coble-type grain boundary diffusion is often the dominant
deformation mechanism even at room temperature [59, 60].

Therefore equation (5) is valid for this case so the value
for δgbDgb can obtained. Following [10] we assume the
value for α to be 1, which is two orders of magnitude
smaller than the value suggested by Coble [58]. There are
two reasons for this difference: first, Coble’s result is based

on a three-dimensional analysis of grains and second, the
result assumes free grain boundary sliding. Adding viscos-
ity to the grain boundary substantially reduces the rate of
the creep and consequently α [10]. Further, it is also has
been shown experimentally that the the diffusional creep at
room temperature for nanocrystalline materials is two order
of magnitudes smaller than the predicted value with Coble
creep using α = 144 [61]. Therefore we calculate the value
of δgbDgb to be 8.36 × 10−30m3/s using the atomic vol-
ume 
 = 1.8 × 10−29 m3, room temperature T = 300 K,
Boltzmann constant k = 1.38 × 10−23m2kgs−2K−1 . The
value obtained for grain boundary diffusion is consistent
with reported values for nanocrystalline materials obtained
from numerical simulation [18].

Fig. 8 Plastic strain recovery (a) loading rate 5 × 10−6/s (b) loading
rate 5 × 10−7/s
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Table 4 Creep strain rate of nanocrystalline copper thin films

Deposition Temperature No. of Thickness Average initial Standard deviation Initial creep Average secondary Standard deviation

method (K) samples (nm) creep rate (1/s) (1/s) duration (sec) creep rate (1/s) (1/s)

Thermal evaporation room temp. 10 195-220 4.13 × 10−7 2.18 × 10−7 2000 5.54 × 10−8 1.2 × 10−8

Thermal evaporation 370 2 200 4.8 × 10−7 8.9 × 10−8 700

Sputtering room temp. 9 185-200 3.31 × 10−7 1.18 × 10−7 3000 4.28 × 10−8 1.19 × 10−8

Sputtering 370 2 185 8.35 × 10−7 3.5 × 10−7 500

Thus the grain boundary diffusion mechanisms that lead
to Coble creep can be considered to be dominant deforma-
tion mechanisms in our experiments.

Numerical Simulation

Grain boundary diffusion associated with Coble creep is the
dominant deformation mechanism in nanocrystalline cop-
per thin films under a homogeneous stress state induced by
an external loading. Hence we assume that grain boundary
diffusion will also be the dominant deformation mechanism

during plastic strain recovery. However since no exter-
nal traction is applied to the material during plastic strain
recovery the process must be driven by residual stresses
that induce gradients in chemical potential that drive the
diffusive mechanisms. The presence of chemical potential
gradients during plastic strain recovery requires that plastic
deformation during the loading phase to have been het-
erogeneous. That, in turn, requires the material itself to
be heterogeneous on a scale larger than the grain size.
Nanocrystalline thin films are known [62] to contain voids
on grain boundaries that have average sizes much smaller
than the grain size and are separated by distances much

Fig. 9 (a) Stress-strain, (b) strain-time plot for creep test, and (c) creep strain rate
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Fig. 10 Schematic of the numerical model

larger than the grain size. We postulate in the simulation
that these voids play a key role in the phenomenon of plastic
strain recovery.

We perform a detailed numerical simulation in which
we model diffusion on grain boundaries and between
grain boundaries and voids in nanocrystalline copper films.
Herein we discuss the salient points of the simulation and its
results; full details of the simulation will be published else-
where. The computational domain used in the simulations,
shown in Fig. 10, consists of a two dimensional (2D) assem-
bly of grains and grain boundaries in accordance with plane
strain assumption. The nanocrystalline model consists of
two rectangular grains of the same size separated by a grain
boundary. Diffusion within the grain boundary is assumed
to occur within a “diffusion zone” of initial thickness of
1 nm. In addition, a pre-existing void is assumed to be in the
middle of the grain boundary. Periodic boundary conditions

(PBC) are applied on the edges of the model such that the
displacement in the horizontal direction is constrained to be
zero on edge 1 and the displacement in the vertical direc-
tion is constrained to be zero at edge 4. The displacements
in the horizontal and vertical directions are also constrained
to be uniform on edge 3 and 2 respectively. Consistent with
the experiments, the system experiences a uniaxial tensile
stress in the horizontal direction during the loading phase of
the load cycle.

The material properties within both grains are the same
and assumed to be isotropic and elastic-plastic. To account
for grain boundary diffusion, we incorporate a diffusion
zone (DZ) that coincides with the grain boundary. In addi-
tion on the same boundary, a cohesive zone (CZ) is defined
to account for potential traction-separation behavior. Both
the DZ and CZ models are formulated in a UEL (User Ele-
ment) and implemented within the general purpose finite
code ABAQUS. Diffusion is also modeled on the surface
of the void as driven by chemical potential gradients due
to curvature changes. Finally, diffusive flux at the void tip
between the grain boundary and the void surface is driven
by the jump in chemical potential. By formulating the driv-
ing forces for diffusion over the grain boundary and void
surface as a mechanism for deformation, we determine the
direction and magnitude of flux on the void surface as well
as in the the grain boundary.

The results of the simulation indicate that the diffusive
fluxes within the grain boundaries are highly heterogeneous.
Specifically, there is a large tensile normal stress concen-
tration on the grain boundary at the void tips during the
loading phase. This drives diffusive flux toward the void
tip from the remaining grain boundary as well as from the
void surface to the grain boundary. As a consequence, there
is a net atomic flux toward the void tip so that the aver-
age thickness of the “diffusion zone” increases which leads

Fig. 11 (a) Plastic strain recovery rates obtained from numerical simulation, (b) normal tensile stress over the grain boundary
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to an increase in length of the specimen that is observed
experimentally as an overall inelastic strain on the speci-
men. During the unloading phase of the load cycle all eternal
tractions are removed and the excess material in the grain
boundary induces a compressive normal stress on the grain
boundary near the void tip. In that way the chemical poten-
tial gradient is reversed which drives a net atomic flux away
from the void tip on the grain boundaries as well as from the
grain boundary to the void surface. This atomic flux from
the grain boundary to the void surface leads to a net loss of
material in the diffusion zone which leads to an decrease in
length of the specimen that is observed experimentally as
a recovery of the plastic strain. Initially the large chemical
potential gradient due to the excess material near the void
tip drives a relatively fast plastic strain recovery observed
experimentally as the transient plastic strain recovery rate.
After the diffusive mechanisms have removed the excess
material in the diffusion zone near the void tip, the rate of
diffusion slows to that due to the difference between the
chemical potential on the grain boundary and the chemical
potential on the void surface. This slower diffusion flux is
interpreted experimentally as the steady state plastic strain
recovery rate.

Our numerical simulations capture the experimentally
observed plastic strain recovery both qualitatively and quan-
titatively. Specifically, Fig. 11a shows the plastic strain
recovery as a function of time and Fig. 11b shows the evolu-
tion of the normal stress on the grain boundary near the void
tip as a function of time on the grain boundary throughout
the plastic strain recovery

Conclusions

We characterized plastic strain recovery and creep in free-
standing nanocrystalline copper films with thickness of
couple of hundreds of nanometers. The plane-strain bulge
test was performed to measure the material properties such
as Young’s Modulus and creep strain rate. The Young’s
modulus obtained is in the range suggested in literature
for copper. Based on the strain rate during creep and
using Coble creep equation, the atomic diffusion flux was
obtained. It was very close to the value suggested with other
groups work through numerical simulation for nanocrys-
talline materials. The experimental results shows that plastic
strain recovery occurs when the loading rate is in the order
of or less than 10−6/s. The recovery occurs in two rates for
the test at room temperature as well as at 100 ◦C. The initial
transient rate is is relative fast followed by a slower steady
state rate. The second recovery rate is in the order of 10−9/s

regardless of the deposition method, temperature, and load-
ing rate, and the first rate is around 10−7/s and 10−8/s

for loading rates of 10−6/s and 10−7/s respectively. These
rates do not depend on deposition method and tempera-
tures well below the melting point. A diffusive mechanism
involving grain reversing flux between grain boundaries and
void surfaces is proposed as being responsible for plastic
strain recovery.
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33. Gruber PA, Böhm J, Onuseit F, Wanner A, Spolenak Rcand Arzt E
(2008) Size effects on yield strength and strain hardening for ultra-
thin cu films with and without passivation: a study by synchrotron
and bulge test techniques. Acta Materialia 56(10):2318–2335

34. Huang CK, Lou WM, Tsai CJ, Wu TC, Lin HY (2007) Mechanical
properties of polymer thin film measured by the bulge test. Thin
Solid Films 515(18):7222–7226

35. Vlassak JJ, Nix WD (1992) A new bulge test technique for the
determination of young’s modulus and poisson’s ratio of thin
films. J Mater Res 7(12):3242–3249

36. Xiang Y, Chen X, Vlassak JJ (2005) Plane-strain bulge test for
thin films. J Mater Res 20(9):2360–2370

37. Vlassak JJ, Nix WD (1992) A new bulge test technique for the
determination of young’s modulus and poisson’s ratio of thin
films. J Mater Res 7:3242–3249, 12

38. Wei X, Lee D, Shim S, Chen X, Kysar JW (2007) Plane-strain
bulge test for nanocrystalline copper thin films. Scripta Materialia
57(6):541–544

39. Yong X, Tsui TY, Vlassak JJ, McKerrow AJ (2004) Measuring the
elastic modulus and ultimate strength of low-k dielectric materials
by means of the bulge test:133

40. Zhou W, Yang J, Li Y, Ji A, Yang F, Yu Y (2009) Bulge testing and
fracture properties of plasma-enhanced chemical vapor deposited
silicon nitride thin films. Thin Solid Films 517(6):1989–1994

41. Xiang Y, Tsui TY, Vlassak JJ (2006) The mechanical properties
of freestanding electroplated cu thin films. J Mater Res 21:1607–
1618, 6

42. Hencky H (1915) About the stress state in circular plates with
negligible bending stiffness. Math Phys 63(311)

43. Vlassak JJ (1994) New experimental techniques and analysis
methods for study of mechanical properties of materials in small
volumes. PhD thesis, Stanford University, Stanford, CA

44. Tabata O, Kawahata K, Sugiyama S, Igarashi I (1989) Mechan-
ical property measurments of thin films using load-deflection of
composite rectangular membrane. In: Proceeding, micro electro
mechanical systems IEEE, pp 152–156

45. Lin P (1990) The in-situ measurement od mechanical proper-
ties of multi-layer coatings. PhD thesis, Massachusetts Institue of
Technology, Cambridge, MA

46. Timoshenko S, Woinowsky-Krieger S (1959) Theory of plates and
shells. McGraw-Hill, New York

47. Maseeh F, Senturia SD (1990) Viscoelasticity and creep recov-
ery of polyimide thin films. IEEE Solid-State Sensor Actuator
Workshop:55

48. Kelly PJ, Arnell RD (1999) Control of the structure and proper-
ties of aluminum oxide coatings deposited by pulsed magnetron
sputtering. J Vacuum Sci Technol 17:945

49. Kelly PJ, Arnell RD (2000) Magnetron sputtering: a review of
recent developments and applications. Vacuum 56(3):159–172

50. Scherrer P (1918) Estimation of the size and internal structure of
colloidal particles by mean of rontgen. Nachr GEs Wiss Gottingen
2:96–100

51. Williamson GK, Hall WH (1953) X-ray line broadening from filed
aluminium and wolfram. Acta Metallurgica 1(1):22–31

52. Cullity BD (2001) Elements of x-ray diffraction, 3rd edn. Prentice
Hall, Upper Saddle River

53. Warren BE, Averbach BL (1950) The effect of cold-work distor-
tion on x-ray patterns. J Appl Phys 21(595)

54. Sanchez-Bajo F, Cumbrera FL (1997) The use of the pseudo-voigt
function in the variance method of x-ray line-broadening analysis.
J Appl Cryst 30:427–430

55. Standard test methods for determining average grain size. ASTM
International (2013)

56. International A. Metals Handbook:. ASM International, Materials
Park, Ohio (1990)

57. Fougere GE, Riester L, Ferber M, Weertman JR, Siegel RW (1995)
Young’s modulus of nanocrystalline Fe measured by nanoinden-
tation. Mater Sci Eng A-Struct Mater Prop Microstruct Process
204(1–2):1–6. Symposium on Engineering of Nanostructured
Materials, BOSTON, MA, NOV 28-30, 1994

58. Coble RL (1963) A model for boundary diffsuion controlled creep
in polycrystalline materials. J Appl Phys 34:1679–1682

59. Yamakov V, Wolf D, Phillpot SR, Gleiter H (2002) Grain-
boundary diffusion creep in nanocrystalline palladium by
molecular-dynamics simulation. Acta Materialia 50(1):61–73

60. Karch J, Birringer R, Gleiter H (1987) Ceramics ductile at low
temperature. Nature 330(6148):556–558, 12

61. Nieman GW, Weertman JR, Siegel RW (1991) Mechanical
behavior of nanocrystalline cu and pd. J Mater Res 6(5):1012–
1027

62. Hugo RC, Kung H, Weertman JR, Mitra R, Knapp JA, Follstaedt
DM (2003) In-situ tem tensile testing of dc magnetron sputtered
and pulsed laser deposited ni thin films. Acta Materialia 51:1937–
1943


	Experimental Investigation of Plastic Strain Recovery and Creep in Nanocrystalline Copper Thin Films
	Abstract
	Introduction
	Experimental Methods for Nanocrystalline Thin Films
	Introduction to the Plane-Strain Bulge Test Technique
	Sample Preparation and Characterization
	Plane Strain Bulge Test Setup
	Results and Discussion
	Young's Modulus
	Plastic Strain Recovery
	Creep Test

	Numerical Simulation
	Conclusions 
	Acknowledgments
	References


