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Abstract

The nanocrystalline (nc) Cu samples with different microstrains but the same grain size were obtained by annealing
a magnetron-sputtered nc Cu specimen. Quantitative X-ray diffraction (XRD) measurements show that with an
increment of the microstrain from 0.14 to 0.24% the thermal expansion coefficient (TEC) of crystalline lattice increases
by about 12%, the static displacement of atom from the equilibrium position (BS) increases from 0.47± 0.09 to
1.16± 0.15Å2, and Debye characteristic temperature (�D) decreases from 307.1± 3.1 to 279.2± 2.8 K. The microstrain
effect on thermal properties in the nc Cu might be attributed to the change in density of grain boundary
defects/dislocations. The present investigation demonstrates that the thermal properties of nc materials are determined
by not only the grain size but also the microstructure of grain boundaries. 2002 Acta Materialia Inc. Published by
Elsevier Science Ltd. All rights reserved.
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1. Introduction

Studies on thermal properties of nanocrystalline
(nc) materials can provide vital information on
their intrinsic microstructure characteristics. Many
investigations on grain-size dependence of thermal
properties in nc materials with a wide range of
grain size have been reported [1–4]. These results
indicate that thermal properties of nc materials dif-
fer evidently from those of their conventional
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coarse-grained counterparts due to the large
amount of grain boundaries in nc materials.

Klam and his co-workers [1] found that the lin-
ear thermal expansion coefficient (TEC) of a
polycrystalline Cu with a mean grain size of 17µm
is obviously larger than that of a coarse-grained Cu
sample (1.9 mm), indicating that the TEC of grain
boundaries is about 2.5–5.0 times that of the corre-
sponding polycrystalline crystalline lattice.
Birringer and Gleiter [2] observed that the TEC of
an nc Cu with a mean grain size of 8 nm is about
1.94 times that of its conventional polycrystalline
counterpart. Lu and Sui [3] noticed that the linear
TEC increases markedly with a reduction of the
average grain size in porosity-free nc Ni–P samples
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measured by means of thermal–mechanical analy-
sis. Meanwhile, the measurements showed that the
TEC enhancement does not follow a simple D�1

relationship (D is the mean grain size) as expected
from the two-state model of nc materials [5].
Recently, Zhao et al. [4] found that the lattice TEC
of ball-milled nc Fe determined by means of quan-
titative X-ray diffraction (XRD) analysis increases
monotonically with a decrease of grain size during
the initial stage of ball-milling. But it drops evi-
dently with further milling while grain size remains
unchanged. The variation of TEC in the nc Fe
specimen is well correlated to the decrease of grain
boundary energy as determined by means of ther-
mal analysis. This observation implies that the
TEC of crystalline lattice in the nc material may
depend not only on the grain size, but also on the
grain boundary structure as well.

The Debye–Waller parameter (DWP), B(T), is a
measurement of the displacement of atom from the
ideal position. It consists of static DWP (BS) and
thermal DWP (BT). According to the diffraction
theory derived by Krivoglas [6], BS is related to
the static displacement of the atom from the equi-
librium position caused by defects, such as vacanc-
ies, interstitials and dislocations, while BT is the
contribution from the thermal vibrations of the
atom around the equilibrium lattice site. The grain-
size dependence of B(T) in nc Pd [7–10], Au
[11,12], Cr [5], Pb [13] and Se [14] has been inves-
tigated. It was found that BS increases significantly
with a reduction of grain size, while BT shows no
or little grain-size dependence in those nc
materials. For the nc Cr, the B(T) measured at 20
K increases linearly with the inverse grain size,
which is consistent with the two-state model [5].
Therefore, Eastman and Fitzsimmons [5] con-
cluded that an increased BS is normally attributed
to the increased concentration of defects in inter-
face region of the crystalline lattice in nc materials.
Ohshima et al. [12] investigated B(T) for ultra-fine
Au powders over a temperature range of 112–298
K, and found a large BS difference from sample to
sample even though the grain size of all the three
samples is nearly the same of about 10 nm. Harada
et al. [11] reported that B(T) for an nc Au does
not show a systematic grain-size dependence and
ascribed this behavior to the presence of the serious

static lattice strain in the samples. A parameter
related to B(T) is the Debye characteristic tempera-
ture that designates the cohension of atoms.
Reduced Debye characteristic temperature is fre-
quently observed in nc materials [8–9,14–16].

Meanwhile extensive investigations in the past
years indicate a pronounced grain-size dependence
on thermal properties of nc materials, other extrin-
sic factors (such as porosities [17], impurities [18]
etc.) as well as intrinsic structural parameters (such
as microstrain, grain boundary energy [19]) may
also be responsible for the variations of properties.
In the present work, the microstrain effect on ther-
mal properties (TEC, DWP, Debye characteristic
temperature) in an nc Cu will be investigated
experimentally. An obvious microstrain depen-
dence of these thermal properties is detected, that
will be discussed in terms of the microstructure
characteristics of nc materials.

2. Experimental procedures

Nanocrystalline Cu films were fabricated by
means of direct current (DC) magnetron sputtering
using a Cu target with a purity of 99.999%. The
substrate is selected as silicon (111). The base
pressure in the deposition chamber is above
7.0 × 10�5Pa. The working pressure of pure argon
gas is about 1 Pa. Prior to deposition, the target
was cleaned for 10 min by sputtering while the
substrates were isolated from the plasma by a shut-
ter. The thickness of the as-deposited nc Cu film
is about 4 µm determined by means of scanning
electron microscopy (SEM) observations. Less
than 200 ppm (wt%) oxygen contamination was
detected by Auger-electron spectroscopy (AES) on
the fresh surface of the as-deposited Cu films.

After being peeled from the Si substrate, the as-
deposited nc Cu sample (sample A) was annealed
in vacuum (better than 1 × 10�3Pa) at different
temperatures to change its microstrain, 373 K for
10 min (sample B), 373 K for 30 min (sample C)
and 383 K for 30 min (sample D), respectively.
The coarse-grained Cu powders (with a purity of
99.99% and a mean particle size of about 200
mesh) annealed at 773 K for 4 h was selected as
the reference sample (sample E).
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XRD measurements of the nc Cu samples were
carried out on a Rigaku DMAX/2400 X-ray dif-
fractometer. A rotating Cu target was used with a
voltage of 50 kV and a current of 150 mA. The
X-ray wavelengths λKα1

( � 1.54056Å) and
λKα2

( � 1.544396Å) were selected using a
�0002� graphite crystal scattering at the goniometer
receiving slit. The divergence slit angle, scattering
slit angle and receiving slit height were selected as
0.5°, 0.5° and 0.15 mm, respectively. The q�2q
scans with a step size of 2q � 0.02� and a fixed
counting time of 10 s were made for the nc Cu
samples at room temperature (290 ± 2K). The low
temperature XRD experiments were performed on
the same diffractometer with a low temperature
attachment. The sample was cooled by liquid N2

through a metal tube and heated by a resistance
thread. The temperature was detected by a copper–
constantan thermocouple with an accuracy of
± 2K. In the low temperature experiments (84–

290 K) only five Bragg reflection peaks (111),
(200), (220), (311) and (222) were selected with a
step size of 2q � 0.02� and a count time of 3 s.

Transmission electron microscopy (TEM)
experiments were conducted on Philips EM420
microscope with the accelerating voltage of 100
kV. The thin film samples for TEM observations
were prepared by means of ion thinning.

3. Results

3.1. Grain size and microstrain

Grain size and microstrain of the nc Cu samples
(sample A, B, C and D) were determined by means
of XRD measurements. The XRD pattern shows
that the measured Bragg reflection profile is a con-
volution of the functions representing both the
instrumental and the physical broadening profile.
The instrumental broadening profile is revealed as
to be a Gaussian type in the present work by means
of a SiO2 reference sample. After subtracting the
instrumental broadening, the physical broadening
of Bragg reflection peaks induced by the small
grain size (usually represented by a Lorentzian
function) and microstrain (Gaussian function) in
the measured sample can be obtained. Grain size

and microstrain can be calculated from the XRD
results according to Scherrer and Wilson equ-
ation [20]

b2
hkl

tg2qhkl

�

l
Kα1

bhkl

Dhkltgqhklsinqhkl

� 16 � e2hkl � 1/2, (1)

where l denotes the wavelength of CuKα1

irradiation, Dhkl and �e2hkl�1 /2 represent the thickness
and the mean lattice strain of the grains in the
�hkl� direction, respectively. qhkl is the centroid
peak position and bhkl is the integral width of the
physical broadening profile. The integral width is

defined by the equation bhkl � 1 / Ip × �I(2q)dq,

where Ip is peak-top intensity and I(2q) is intensity
at 2qhkl position. By performing a least-square fit
to b2

hkl / tg2qhkl plotted against lbhkl / (tgqhklsinqhkl)
for all the measured peaks for one sample, the
mean grain size D and microstrain �e2�1/2 are both
determined from the slope and the intercept.

Fig. 1 shows the XRD profiles at room tempera-
ture for the nc Cu samples. A slight {111} texture
exists in the nc Cu samples according to the rela-
tive maximum intensity of each Bragg refection
peak. It is obvious that the Bragg reflection peaks
for each sample are broadened, which may result
from small grain sizes and/or presence of
microstrain in the as-deposited and the annealed nc
Cu samples. According to Eq. (1), the mean grain

Fig. 1. The XRD profiles at room temperature for the nc Cu
samples (sample A, B, C and D).
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sizes of sample A, B, C and D, are obtained, being
about 10 ± 5, 10 ± 4, 10 ± 3 and 12 ± 4nm,
respectively. The mean microstrains in those
samples are given as 0.24, 0.21, 0.16 and 0.14%,
respectively, as listed in Table 1.

TEM was also employed to determine the grain
size and its distribution. Fig. 2 shows the bright-
field TEM images for sample A, B, C and D. One
can see that each nc Cu sample consists of ultra-
fine (in the nm scale) crystallites, which are
roughly equiaxed in shape and the grain size distri-
bution is uniform. Some twins can be also found
from TEM observations. The selected area electron
diffraction (SAED) pattern (as seen in the inset) of
the as-deposited nc Cu sample indicates that the
crystallographic orientations of the nanocrystallites
are random.

Fig. 3 represents the corresponding statistical
grain size distribution for the nc Cu samples
derived from the bright-field and dark-field TEM
images. The peak maximum grain sizes for sample
A, B, C and D are 14, 14, 15 and 16 nm, respect-
ively. Although the grain sizes derived from TEM
observations differ slightly from those from the
XRD analysis, which may originate from the dif-
ferent evaluation principles, a consistent result
obtained is that no obvious grain growth occurs
during annealing the as-deposited nc Cu sample
(sample A, B and C). For sample D, a weak grain
growth is observed, and the average grain size is
slightly increased, as also detected in XRD analy-
sis (see Table 1).

The above results show that the nc Cu samples
with different microstrains but almost the same
grain size were obtained by annealing the as-
deposited nc Cu sample below 383 K. our
measurement of the thermal stability of the as-
deposited nc Cu specimen by using thermal analy-
sis shows that an obvious grain growth occurs at
about 420 K, which is agreement with the reported
data (400 � 450K) in the literature [25]. The
remarkable grain-size stability against thermal
annealing might be attributed to the narrow grain-
size distribution in the present sample, as indicated
by Eastman et al. [26].

Thermal annealing below 383 K induced an
obvious release in microstrain in the as-deposited
nc Cu sample. Or in other words, strain release

occurs prior to grain growth upon annealing in the
present sample. This observation is in account with
a recent investigation on nc Cu in which a
reduction in strain release temperature was
observed when the microstrain is larger [19,27].
When the microstrain in the nc Cu was elevated
up to 0.15% by cold-rolling, the strain release
onsets at about 388 K, which is well below the
grain growth temperature in the same sample. For
the present as-deposited nc Cu in which
microstrain is about 0.24%, the strain release tem-
perature will be even lower ( � 373K) as
observed. Similar observations were reported in nc
Pd and Ag samples that strain release occurs prior
to the grain growth [18].

3.2. Thermal properties

3.2.1. Thermal expansion coefficient
TEC for each sample was calculated according

to the lattice parameters determined at different
temperatures in an in situ XRD experiment. In
order to minimize the calculation error, values of
the lattice parameters a for the nc Cu samples at
various temperatures (84–290 K) were calculated
from the intensity centriod positions of the XRD
patterns by using the weighted least-square
method. The intensity centroid positions were cali-
brated by an external standard method using a pure
Si polycrystal. The calibration function was
expressed as:

�2q � a � bcosq � gsinq, (2)

where a denotes 2q-axis original displacement, b
is related to eccentricity between the sample and
goniometer center axis, and g is related to the sam-
ple flatness or absorption. In the experiments, a, b
and g were determined by the least-square method,
being a � 0.017447, b � 0.063745 and g �

0.0082894. The equation used to calculate lattice
parameter is given by:

h2
a∗

2
� k2

b∗

2
� l2

c∗

2
� 2kl

b∗c∗

cosa∗ (3)

� 2lh
a∗c∗

cosb∗ � 2hk
a∗b∗

cosg∗
� E(q)x �

4sin2q
l2 ,

where a∗, b∗, c∗ and a∗, b∗, g∗are the recipro-



3429L.H. Qian et al. / Acta Materialia 50 (2002) 3425–3434

T
ab

le
1

A
lis

t
of

m
ea

su
re

d
re

su
lts

fo
r

va
ri

ou
s

nc
C

u
sa

m
pl

es
w

ith
di

ff
er

en
t

an
ne

al
in

g
co

nd
iti

on
s,

in
cl

ud
in

g
th

e
av

er
ag

e
gr

ai
n

si
ze

(D
)

de
te

rm
in

ed
fr

om
X

R
D

an
d

T
E

M
ob

se
rv

at
io

ns
,

th
e

m
ea

n
m

ic
ro

st
ra

in
(�
e2

�1
/2

),
th

e
la

tti
ce

pa
ra

m
et

er
at

29
0

K
(a

),
th

e
lin

ea
r

T
E

C
in

a
te

m
pe

ra
tu

re
ra

ng
e

of
84

�
29

0K
(a

L
),

th
e

st
at

ic
D

W
P

(B
s)

,
th

e
th

er
m

al
D

W
P

at
29

0
K

(B
T

(2
90

K
))

an
d

D
eb

ye
ch

ar
ac

te
ri

st
ic

te
m

pe
ra

tu
re

( D
).

R
es

ul
ts

fr
om

th
e

lit
er

at
ur

e
fo

r
th

e
co

ar
se

-g
ra

in
ed

C
u

ar
e

al
so

in
cl

ud
ed

Sa
m

pl
e

A
nn

ea
lin

g
D

(n
m

)
�ε

2
�1

/2
(%

)
a(

Å
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Fig. 2. Bright-field TEM images for sample A, B, C and D, respectively. The inset shows the corresponding selected area electron
diffraction (SAED) pattern.

cal-lattice parameters from which the lattice para-
meter a of nc Cu can be obtained. E(q) is the error
function that is selected as sin2q and x is the error
weight function.

Fig. 4 shows the temperature dependence of full
width of half-maximum (FWHM) for sample A.
The FWHM of each Bragg reflection profile hardly

changes with temperature, which indicates that
both the average grain size and microstrain do not
change within the experimental error when tem-
perature decreases from 290 to 84 K.

Fig. 5 shows the temperature dependence of the
lattice parameter a for the as-deposited sample
(sample A) and the coarse-grained Cu (sample E).



3431L.H. Qian et al. / Acta Materialia 50 (2002) 3425–3434

Fig. 3. The grain-size distribution determined from TEM
observations for sample A, B, C and D.

Fig. 4. A plot of FWHM vs temperature for various (hkl)
peaks.

Fig. 5. Temperature dependence of lattice parameter for sam-
ple A and E.

It can be seen that the lattice parameter a for both
samples increases linearly with temperature. From
the least-square fitting to the measured lattice para-
meter a values, one may derive the TEC values for
different nc Cu specimens within this temperature
range. For sample A, aL �

(16.56 ± 0.25) × 10�6 K�1, and for sample E,
aL � (14.14 ± 0.15) × 10�6 K�1.

Fig. 6 shows the variation of aL against the
mean microstrain for the nc Cu samples. The mean
aL in the range of 84–290 K increases approxi-
mately linearly from
(14.96 ± 0.24) × 10�6to(16.56 ± 0.25) × 10�6 K�1

with an increment of microstrain from 0.14 to

Fig. 6. The variation of TEC (aL) against the mean
microstrain for nc Cu (dash line). The dotted line represents the
TEC for the coarse-grained Cu.



3432 L.H. Qian et al. / Acta Materialia 50 (2002) 3425–3434

0.24%. While the aL for sample E is
(14.14 ± 0.15) × 10�6 K�1, which is smaller than
that of the other four nc Cu samples. Dilatometric
measurements showed that aL is about
16.8 × 10�6K�1 for the conventional polycrystal-
line Cu at 293 K [22], which is little larger than
that in the present work. This difference can be
attributed to the different measurement techniques
and the different temperature ranges. In the dilato-
metric test, the overall change (including crystal-
line lattice and grain boundaries) is measured,
while in the XRD experiment, only the lattice
expansion is considered.

3.2.2. Debye–Waller parameter and Debye
characteristic temperature

Atomistic structure information, such as the
DWP B(T) and Debye characteristic temperature
(�D), can be obtained from the low-temperature
XRD experiments. The B(T) for the sample free of
texture can be calculated from the XRD patterns
by using Warren method [28], which can be
expressed as:

ln�fhkl

mhkl
� � �2B(T)�sinq

l �2

� J, (4)

where fhkl is the integrated intensity, mhkl the multi-
plicity factor, qhkl the centroid peak position, and
J a constant scaled with the incident intensity. The
B(T) contains the contributions from the static lat-
tice distortion BS that are temperature-independent
and from the thermal vibrations of atoms BT, i.e.
[28]

B(T) � BS � BT. (5)

For a bulk crystal, temperature-dependent of BT is
known to be well predicted by the Debye approxi-
mation, particularly at low temperatures, and the
B(T) is used to calculate the �D from expression
[28]:

B(T) � B
S

�
6h2F(x)
mkB�

D

, (6)

where h, m, and kB are the Planck constant, the
atomic mass and Boltzmann constant, respectively,

x � �D /T and F(x) �
1
4

�
1
x2�

x

0

xdx
exp(x)�1

. (7)

According to Eq. (4), plotting ln(fhkl /mhkl) against
t2(t � 4πsinq /l) for each sample at different tem-
peratures, we can get B(T) at each temperature by
least-square fitting to the measured data. By plot-
ting the temperature dependence of B(T) for each
sample, B(T)�T can be fitted by adjusting �D

and BS.
The calculated thermal DWP at 290 K, BT(290),

and static DWP, BS, for both the nc Cu samples
and sample E are listed in Table 1. Fig. 7(a) shows
the variation of BS and BT (290) for the nc Cu
samples as a function of the mean microstrain. It
is clearly seen that, for the nc Cu samples, BS

increases from 0.47 ± 0.09to1.16 ± 0.15Å2 when
the mean microstrain increases from 0.14 to
0.24%, while BT (290) remains unchanged within
the experimental error. For sample E, BS and BT

(290) are 0.11 ± 0.08, 0.52 ± 0.09Å2, respectively.
Fig. 7(b) shows the variation of �D for the nc

Cu samples as a function of the mean microstrain.

Fig. 7. The variation of BS, BT (290) and Debye characteristic
temperature (�D) against the mean microstrain for the nc Cu
and the coarse-grained Cu (dotted line).
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One can see that �D decreases from
307.1 ± 3.1 to 279.2 ± 2.8 K when the mean
microstrain increases from 0.14 to 0.24%. These
values are smaller than that for sample E (�D �
324.4 ± 2.5K) determined in the present work,

which is close to the literature data (�D � 320K)
[24]. It is well-known that �D is an essential physi-
cal parameter designating the cohesion of atoms.
The depressed �D in nc Cu implies a reduction in
the cohesion of atoms in the nanometer-sized crys-
tallites, which agrees well with the microstrain
dependence of the DWP.

4. Discussion

The experimental data presented above shows an
obvious fact that thermal properties (such as TEC,
BS and �D) of the nc Cu are dependent upon
microstrain. Basically, microstrain may be attri-
buted to the local deviation of the atom from the
equilibrium position in the crystalline lattice, due
to the presence of foreign atoms (impurities),
porosities, point defects, dislocations or grain
boundaries in the sample.

In this work, the effect of contamination and
porosity on microstrain can be ruled out for the nc
Cu sample as the amount of those is negligible in
the as-deposited specimen according to the results
of the AES analysis and the TEM observations.
And no change in their quantities is expected dur-
ing thermal annealing of the as-deposited sample.
Furthermore, due to the ultra-fine grain, dislo-
cations hardly exist within the crystalline lattice,
as observed under TEM and reported in the litera-
ture [29]. Consequently, the variation of
microstrain may originate primarily from the
microstructure change of grain boundaries.

A recent experimental investigation on cold-rol-
ling of an nc Cu sample indicated that microstrain
in the nc specimens is closely related to the grain
boundary structure [27]. Cold deformation of the
nc Cu induced an obvious increment in the
microstrain, which is accompanied by an enhanced
grain boundary enthalpy and an increased density
of grain boundary defects/dislocations. This obser-
vation means that microstrain in the nc material
is, to some extent, a signature of the density of
defects/dislocations within the grain boundaries.

In the present work, a large microstrain in the as-
deposited nc Cu sample is detected by quantitative
XRD analysis, indicating a high level of
defects/dislocations density in grain boundaries.
TEM observations showed that most grain bound-
aries are high-angle ones with large misorientations
(Fig. 2), which may originate from the non-equilib-
rium processing during sputtering deposition. Such
a high-energy grain boundary configuration may
induce a remarkable deviation of atoms in the
vicinity of grain boundaries from their equilibrium
lattice positions, resulting in a large microstrain as
well as a large mean static displacement of atoms
in the crystallites (BS). When the as-deposited nc
sample is annealed, local rearrangements of atoms
in grain boundaries take place so that the grain
boundary defects/dislocations density is reduced,
the overall microstrain in the nanocrystallites is
released, too. Therefore, the mean static displace-
ment of atoms is decreased along with an
increment of �D, implying atoms in the vicinity of
grain boundaries tend to a more equilibrium
arrangement.

The observed increase of TEC with a larger
microstrain in the nc Cu sample indicated that the
thermal expansion coefficient of the nanocrystal-
lites is sensitive to the grain boundary microstruc-
ture. With an increase of the grain boundary
defect/dislocation density, the TEC of nanocrystal-
lites can be enhanced. This correlation is reason-
able as the vibrational properties of atoms are very
much depending upon their surrounding coordi-
nations. A larger microstrain with an increased
static displacement of atoms in the lattice may
result in a larger TEC of the crystallite. This
behavior implies that the property variation of nc
materials may result from not only the plenty
amount of grain boundaries (grain-size effect) but
also the property change of the nanocrystallites of
which the microstructure is related to the con-
figuration of grain boundaries. In-depth quantitat-
ive investigations on the microstructure–property
correlations in the nc materials are in progress.

5. Conclusions

Microstrain release without a significant grain
growth was observed for the magnetron-sputtered
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nc Cu sample annealed below 383 K. It was found
that TEC increases from (14.96 ± 0.24) × 10�6 to
(16.56 ± 0.25) × 10�6 K�1 with the increment of
microstrain from 0.14 to 0.24%. According to the
calculated results based on Debye model, the static
DWP (BS) markedly increases from
0.47 ± 0.09 to 1.16 ± 0.15 Å2 with the increment
of microstrain, while �D remarkably decreases
from 307.1 ± 3.1 to 279.2 ± 2.8 K. The microstrain
effect on thermal properties (including TEC, BS

and �D) for the nc Cu might be related to the vari-
ation of defects/dislocations density in grain
boundaries. The present investigation demon-
strated that thermal properties of nc materials cor-
relate with not only the grain size but also the
microstructure of grain boundaries.
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