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Microstructure evolution and thermal properties in nanocrystalline Cu during mechanical attrition
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The microstructural evolution and thermal properties of nanocrystalline~nc! Cu during mechanical attrition
were investigated by using quantitative x-ray-diffraction and thermal analysis techniques. Upon milling of the
Cu powders with coarse grains, the grain sizes are found to decrease gradually with the milling time, and
remain unchanged at a steady-state value~about 11 nm! with continued milling. The microstrain and the stored
enthalpy increase to maximum values during the grain refinement, and decrease then increase to the second
maxima and decrease again within the milling stage of steady-state grain size, while the lattice parameter
remains unchanged during the entire milling process. The grain boundary~GB! enthalpy of the nc Cu was
estimated, showing a GB softening-hardening-softening cyclic variation within the steady-state milling. The
present work indicated with clear experimental evidence that even within the milling stage of steady-state grain
size, the microstructure~both the GB’s and the crystallites! of nc materials is still changing, which may result
from the GB sliding.

DOI: 10.1103/PhysRevB.66.085404 PACS number~s!: 61.72.Dd, 61.46.1w, 65.40.Gr, 81.20.Wk
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I. INTRODUCTION

In last decade, nanocrystalline~nc! materials have at-
tracted increasing scientific interest because of their unu
properties that are normally attributed to the ultrafine gra
and the large amounts of grain boundaries~GB’s!.1 Mechani-
cal attrition by ball milling has been widely used in labor
tory research to synthesize nc materials due to its simplic
low cost, and applicability to essentially all classes
materials.2–5 Extensive work has been performed on the f
mation of nc structures by mechanical attrition of sing
phase powders,6–12 mechanical alloying of dissimila
powders,13–15 and mechanical crystallization of amorpho
materials.16–18 Among these investigations, the microstru
ture evolution during mechanical attrition of single-pha
materials is of significant importance to the understanding
alloy behavior and the formation mechanisms of nc str
tures.

In the literature, the grain size, microstrain@internal lattice
root mean square~rms! strain# and stored enthalpy are ofte
used to characterize the microstructure evolution of
milled powders. Using x-ray line broadening analysis, it
commonly found that the mean crystallite size of the mill
elements decreases with the milling time, and reache
minimum steady-state value (Dmin). An extension of milling
will not be able to decreaseDmin further.6–12,19–21 Dmin ,
which was found to scale with the melting point of metals
some cases, is not yet well understood. It is obvious
Dmin is associated with the plastic deformation mechan
and grain size stability of nc materials. Some explanati
have been proposed thatDmin is correlated with the disloca
tion ~and other defects! activities and recoveries.8 The varia-
tions of lattice rms strains of the milled powders are ve
complicated. For Ru, AlRu,6 Al, Ag, Ni, W,9 Fe,9,11 etc., a
maximum value is observed in the plots of rms strain a
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function of the reciprocal grain size~or the milling time!,
whereas for the fcc elements~e.g., Pd! milled in a high-
energy shaker mill,8 only a continuous increase of lattic
strain during the grain refinement is noted. The stored ent
pies of the milled powders have similar variations versus
reciprocal grain size: an increase to a maximum value the
quick decrease atDmin .6,8,9,11Several suggestions have be
offered to explain the maxima in rms strain and stored
thalpy, including a change in deformation mechanism fro
dislocation movement to GB sliding,6 impurity pickup dur-
ing milling,6 the GB softening,11 etc. Nevertheless, no satis
factory explanation has been found. In addition, most of
former investigations focused on the structure evolution
the milled powders during grain refinement. Very few stud
were performed on the further microstructure evoluti
with extended milling afterDmin was reached, which
should be helpful to the understanding of the deformat
mechanism of nc materials and of the maxima in r
strain and stored enthalpy. Furthermore, an evident lat
expansion was found in the milled nc Si,20 Se,21 and
Ge.22 However, whether the lattice expansion can exist
milled nc pure metals still needs experimental clarificatio
The objective of the present work is based on these con
erations.

In this work, we will study the microstructure evolutio
and the change of the thermal properties of nc Cu dur
mechanical attrition, especially during the milling stage af
Dmin was reached. Microstructural parameters such as
lattice strain and lattice parameter, as well as thermal pr
erties including the stored enthalpy of the nc Cu samp
were quantitatively measured. The dislocation density a
the GB enthalpy of the milled Cu were estimated and
deformation mechanism of nc materials during attrition w
explored.
©2002 The American Physical Society04-1
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II. EXPERIMENTAL PROCEDURES

A. Sample preparation

Mechanical attrition of commercial elemental Cu powde
~purity 99.99% and particle size smaller than 200 mesh! was
carried out in a WL-1 planetary ball mill with a workin
voltage of 100 V. The milling media were hardened st
balls and vial. The size of the vial was 80 mm in inn
diameter and 73 mm in height, with a capacity of 367 cm3.
Balls with diameters of 20 mm~four!, 16 mm~eight!, and 10
mm ~eight! were used. Powders of about 5-g Cu we
charged into the vial with a ball-to-powder weight ratio
60:1. To avoid oxidation, the powders were sealed in a
tionary dry Ar atmosphere (O2 ,H2,5 ppm), with an over-
pressure of about 2 atm, by an elastomer O ring. Each
chanical attrition procedure was started with a new batch
initial powders and was carried out without interruption. T
temperature of the vial was kept at ambient temperature
low 323 K during the milling process by dynamic aircoolin

B. X-ray-diffraction measurements

Quantitative x-ray-diffraction~XRD! measurements of th
milled Cu powders were performed on the wide-angle go
ometer of a Rigaku DMAX/2400 x-ray diffractometer. Th
milled Cu powders used for XRD measurements were fil
in the rectangle groove~with a size of 12318 mm2 and a
depth of 1 mm! of the sample holder. A rotating Cu targ
was used with a measuring voltage of 58 kV and a curren
180 mA. The divergence, antiscattering, and receiving s
were chosen to have widths of 1/2°, 1/2°, and 0.15 m
respectively. The graphite curved single-crystal^0002&
monochromator was used to select the CuKa radiation~with
wavelengths oflKa151.54056 Å andlKa251.54439 Å! at
the goniometer receiving slit section. With these wav
lengths, the extinction depth in Cu was calculated to be
than 100mm, which was much smaller than the thickness
the measured sample. Au-2u scan mode was used to reco
the XRD pattern of the investigated samples. The scan ra
for 2u was from 40° to 143°, and the experimental tempe
ture was 29361 K. A small angular step size of 2u50.02°
and a fixed counting time of 10 s were selected to meas
the intensity of the Bragg reflections. For the rest of the XR
pattern, where only the background intensity was anticipa
a step size of 0.1° and a counting time of 5 s were used.

C. Thermal and other analyses

Thermal analysis for the milled Cu powders was p
formed in a Perkin-Elmer differential scanning calorime
~DSC-7! at a constant heating rate of 10 K min21. The tem-
perature~with an accuracy of60.2 K! and energy~60.04
mJ s21! scales of the DSC-7 were calibrated by means
pure In and Zn standard samples. About 10–30-mg-mi
Cu powder samples were contained in Al pans for each m
surement. A flowing high-purity Ar atmosphere was us
during each DSC run in order to prevent oxidation of t
sample surface.

Transmission electron microscopy~TEM! observations
were conducted on a Philips EM 420 microscope operate
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an accelerating voltage of 100 kV. The milled Cu powde
were first separated by ultrasonic vibration in an alcohol
lution, then they were collected and supported by Cu gr
for TEM observations. The composition of the milled pow
ders was examined by means of a wet chemical analysis,
oxygen content was detected by means of LECO TC-4
O/N Analysis.

III. RESULTS

A. Microstructure evolution

Figure 1 shows typical XRD patterns of the Cu samp
subjected to different periods of milling investigated fro
2u540° to 143°. It is evident that, with the milling proceed
ing, the Bragg reflection peak intensities of the mille
samples are decreased, while the peaks are significa
broadened, suggesting that large amounts of defects w
introduced into the samples by attrition. Moreover, the re
tive peak intensities of the milled Cu samples are compara
to the standard values of Cu in JCPDS cards,23 indicating
that there is no evident texture induced into the sample d
ing mechanical attrition.

1. Grain size and microstrain

The grain size and microstrain can be calculated from
integral width of the XRD peaks utilizing the Scherre
Wilson equation~A detailed calculation procedure was pr
viously described in Refs. 11 and 24!,

bhkl
2

tg2uhkl
5

lbhkl

Dhkltguhkl sinuhkl
116̂ «hkl

2 &1/2, ~1!

FIG. 1. The XRD lines of the milled Cu samples with differe
milling times ~as indicated!.
4-2
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wherel is the wavelength of CuKa1 irradiation, andDhkl

and^«hkl
2 &1/2 represent the thickness and the mean magnit

of microstrain of the grains in thêhkl& direction, respec-
tively. The mean grain sizeD and the mean lattice strai
^«2&1/2 can be obtained by performing a least-square fit
bhkl

2 /tg2uhkl plotted againstlbhkl /(tguhkl sinuhkl) for all of
the measured peaks. From the pairs of~111!–~222! and
~200!–~400! reflections, the grain sizes and microstrai
along thê 111& and^200& directions of the milled Cu sample
can be obtained.

Figures 2~a! and 2~b! show the calculatedD ^«2&1/2, and
D111 ^«111

2 &1/2, as well asD200 ^«200
2 &1/2 of the milled Cu

samples.D is found to decrease sharply from 54610 ~0 h! to
1561 nm ~10 h! in the early stage of milling, and remai
unchanged at a steady-state value~about 11 nm! when the
milling time ~t! is larger than 20 h.Dmin of the milled Cu, in
the literature, was reported to be 20 nm when the ball
powder ratio was 10:1, and 25 nm when the ball-to-pow
ratio was 5:1.2 The differentDmin values of the milled Cu are
caused by the different milled conditions, such as the b
to-powder ratio, etc. From Fig. 2~a!, it is clear that the dif-
ference betweenD111 andD200 decreases evidently with in
creasing the milling time. For instance, whent50 h, D200

(48610 nm) is much smaller thanD111 (6368 nm), while
when t>10 h, D111 andD200 are approximately equal, sug
gesting that the grain shapes of the milled Cu samples tu
from anisotropic to equiaxial during the milling process.
similar result was also found in milled Fe powders.11

FIG. 2. Milling time dependences of the mean grain sizeD ~a!
and lattice strain̂«2&1/2 ~b!, the grain sizes@D200 andD111 ~a!# and
lattice strains@^«200

2 &1/2 and^«111
2 &1/2, ~b!# along thê 200& and^111&

directions of the milled Cu samples.
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The microstrain of the milled Cu is found to possess a
isotropic and cyclic-change behaviors as a function of
milling time. First, during the entire milling process,^«200

2 &1/2

is evidently larger than̂ «2&1/2, while ^«111
2 &1/2 is smaller

than ^«2&1/2, suggesting an anisotropic behavior of the m
crostrain. Second, with increasing milling time,^«200

2 &1/2 in-
creases from 0~0 h! to a maximum value of 0.6260.04%
~20 h!, and decreases to 0.3760.04% whent540 h, with the
continued milling, ^«200

2 &1/2 again increases to the secon
maximum value of 0.6660.05% ~70 h! and drops to 0.50
60.07% at the longest milling time of 100 h. The variatio
of the amplitude of̂ «200

2 &1/2 versus the milling time is evi-
dently beyond the experimental uncertainty, which mea
that the cyclic change of̂ «200

2 &1/2 cannot be neglected
^«2&1/2 exhibits a similar cyclic variation witĥ«200

2 &1/2 dur-
ing the milling process within the error bars.^«111

2 &1/2, within
the steady-state milling (t>20 h), exhibits the inverse varia
tion to ^«200

2 &1/2 and ^«2&1/2 within the error bars.
In the literature, significantly anisotropic microstrain w

observed in ultra-fine grained Cu synthesized by severe p
tic deformation~SPD! technique25 and nc Pd by consolida
tion of ultrafine particles26 ~UFP’s!: ^«200

2 &1/2 is much larger
than ^«111

2 &1/2, which agrees with the present result. Simil
results were also found in the nc Cu prepared by electrode
sition ~ED! method.27 Moreover, an increasing anisotrop
microstrain with grain refinement was found in nc Se spe
mens produced by nanocrystallization of amorphous s
~NAS! method.24 However, the cyclic variation of the mi
crostrain versus the milling time is never reported in lite
ture. For intermetallic compound AlRu~Ref. 6! and pure
elements Ru,6 W, Ni, Al, Ag,9 and Fe,11 the lattice strain is
found to increase to a maximum value and then decre
with the further milling, which is similar to the first cycle o
the microstrain in milled Cu (t<40 h). For the elements P
~Ref. 8! and Ti,28 the microstrain increases monotonical
with the reciprocal grain size, the variation tendency
which is similar to that of the milled Cu samples during gra
refinement (t<20 h). The anisotropic microstrain can b
caused by the different yield stresses along different crys
lographic orientations. The cyclic change of microstrain
milled Cu samples will be discussed in Sec. IV.

2. Lattice parameter

The lattice parameters of the milled nc Cu were calcula
from the intensity peak centroid positions by the weight
least-square method in order to minimize the calculation
ror. The peak positions were calibrated by the external s
dard method using a pure Si polycrystal to minimize t
systemic error. The detailed procedure of the lattice para
eters determination was described in Ref. 24.

The measured lattice parameter of the milled Cu samp
are found to be very close to the equilibrium value of t
coarse-grained Cu (a053.615 Å), and remain unchange
against the milling time. Evident variations of the lattice p
rameters have been observed in nc Ni3P, Fe2B, and Se made
by means of the NAS method:24,29,30the lattice parametera
is enhanced whilec is depressed. Moreover, for the milled n
4-3
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Si, Ge, Se, and Nb3Sn, evident lattice expansions were al
found.20–22,31

The lattice expansion can be explained from a thermo
namic point of view.32 With respect to that of the infinite
large crystal, the free energy of a crystallite, of which t
dimension isD, will be increased byDG(T,D)54Vg/D,
where V is the atomic volume of the grain andg is the
interfacial free energy. Therefore, a reduction of the gr
size will enlarge the free energy of the crystallites and c
sequently raise the equilibrium solute solubility in the crys
lattice. In a pure element system, point defects and vacan
are possible ‘‘solutes.’’ Introduction of more point defects
vacancies in the crystal lattice would disturb the lattice str
ture, resulting in a lattice expansion. However, from t
present result, the lattice parameter of the milled nc Cu w
nearly unchanged during the milling process. Moreover,
the literature, no evident lattice expansion was observe
the pure nc metal produced by mechanical attrition. This m
be due to the strong ability of defect recovery of pure me
and the excess points defects can not exist in the lattic
crystal.

3. TEM and composition analyses

The TEM technique was employed to obtain further info
mation about the morphology and microstructure of
milled Cu powders. From TEM observations, we found th
the milled Cu particles are irregular thin flat-shaped, a
their sizes range from micrometers to submicrometers.
milled particles are polycrystalline consisting of a large nu
ber of nanometer-sized grains. Figures 3~a!–3~c! show TEM
dark-field images of the milled Cu particles with the millin
times of 2, 20, and 100 h, respectively. One can see tha
the beginning of the milling (t52 h), the distribution of the
grain size is rather inhomogeneous, meaning that partial
formation takes place in the milled powders by attrition@Fig.
3~a!#. When t>20 h, however, the grain size distribution
relatively narrow@Figs. 3~b! and 3~c!#, which indicates the
extended milling produces a uniform comminution. T
grain size estimated from TEM pictures is about 12 nm wh
t5100 h, agreeing with the value calculated from XR
broadening peaks.

Since the Cu powders underwent a long period of millin
contamination from milling media and atmosphere was
evitable. Wet chemical analysis shows that the Fe con
reaches a maximum of 0.50 wt. % after 100 h of millin

FIG. 3. TEM dark-field images of the milled Cu particles wi
the milling times of 2~a!, 20 ~b!, and 100 h~c!, respectively.
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indicating that the contamination from the milling media
minor. This is because at the beginning of milling, a thin C
layer was formed and coated the surface of the balls and
which prevented the further introduction of Fe from the ba
and vial. The O analysis indicates that less than 1-at. %
exists in the dispersion milled for 100 h.

B. Thermal properties

The thermal properties of the milled Cu were examin
by means of DSC measurement from 373 to 773 K, with
constant heating rate of 10 K min21. Figure 4 shows the DSC
scans for the milled Cu samples. It can be seen that, w
t<5 h an exothermic peak at about 490 K with a long t
appears in the DSC curves, but whent>10 h, the long tail
fades away. Moreover, the exothermic peak position is
changed versus the milling time. Similar results were fou
in milled Fe powders.11

By integrating the area of the exothermic peak~for the
samples whent<5 h, the integration includes the part of th
long tail!, we obtained the stored enthalpyDH, as shown in
Fig. 5. DH is observed to possess two maxima at 20

FIG. 4. DSC scans at the heating rate of 10 K min21 for the
milled nc Cu samples. Integration of the signal deviating from
baseline gives the stored enthalpyDH.

FIG. 5. The stored enthalpyDH in the ball-milled nc Cu vs the
milling time.
4-4
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(0.9160.10 kJ mol21) and at 80 h (1.1960.15 kJ mol21)
and decrease largely with the further milling to 40 h (0.
60.07 kJ mol21) and 100 h (0.7060.08 kJ mol21), respec-
tively. In literature, only one maximum value ofDH was
observed in the milled nc AlRu, Ru,6 Ni,8 W,9 Fe,11 etc,
which is similar to the variation ofDH in the milling stage of
0–40 h in the present experiment.

An XRD analysis was used to examine the microstr
tural changes of the milled Cu after DSC annealing. Figu
6~a! and 6~b! show the plots of the mean grain size a
microstrain of both annealed and milled Cu samples. I
clear that, after DSC annealing, the microstrain are decre
remarkably, suggesting that defects recovered after ann
ing. However, the grain growth only takes place at the ea
stage of milling (t<5 h), which corresponds to the long ta
in the DSC curves; whent>10 h, very slight increments in
grain sizes~1–2 nm! after DSC measurements were o
served. The lattice parameter of the annealed Cu sam
was found to be near the equilibrium value, and remain
unchanged compared to those of as-milled sample. The
sence of grain growth was further confirmed by the TE
observation.

The above results indicate that the exothermic peak in
DSC curves whent>10 h is primarily originates from a re
laxation of defects with a minor contribution from gra
growth. Similar results were found in the milled F
powders.11 While in the milled Ni and Ru, evident grain
growth and strain release were observed after DSC ru8

Moreover, the present results imply that the grains of

FIG. 6. The mean grain size~a! and microstrain~b! of the as-
annealed~open square! and as-milled~solid square! Cu samples.
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milled Cu are very stable: whent>10 h, the grain growth
temperature is larger than 773 K. In literature, the gr
growth temperatures of nc Cu made by means of ED
SPD methods are about 348 and 434 K, respectively,27,33

while for the nc Al prepared by mechanical attrition and
Au by consolidation of UFPs, the grain growth took pla
only at rather high temperatures.34,35The stable grain size in
the milled nc Cu might be attributed to either the contam
nation from the milling process or the large lattice strain th
hinder the grain growth process.27,36

IV. DISCUSSION

From the above analyses, it is clear that the mechan
attrition process of Cu powders can be separated into
stages: grain refinement and grain steady state. During
former period, large amount of defects~such as GB’s, dislo-
cations, point defects, etc.! were introduced into the sample
causing the increases of the microstrain and the stored
thalpy. During the latter period, however, cyclic chang
~decrease-increase-decrease! of the microstrain and the
stored enthalpy were observed, which means that the mi
structural cyclic variation of the milled Cu occurs, eve
thoughD stays constant.

A. Dislocation density

For milled samples subjected to severe plastic deform
tion, dislocations are the main defects besides GB’s,
which densityrhkl can be represented in terms ofDhkl and
^«hkl

2 &1/2 by37

rhkl5~rDrs!
1/252)^«hkl

2 &1/2/~Dhkl b!, ~2!

whereb is the Burgers vector of dislocations, and is equal
0.25562 nm for Cu. The calculated dislocation densities
the as-milled Cu samples are shown in Fig. 7. It is clea
seen that the dislocation also exhibits features similar to
microstrain during the entire milling process. The maximu
dislocation density in present work (0.6331016 m22) is
comparable to the dislocation density limits in meta

FIG. 7. The mean dislocation density and the dislocation de
ties along thê200& and^111& directions for the milled Cu samples
4-5
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TABLE I. A list of the mean dislocation densities of the as-milled (rmilled) and as-annealed Cu sample
(rannealed), the elastic energy release of dislocation (DEDS), the GB enthalpy release (DEGB), and the GB
enthalpy release per area (DgGB) for the milled Cu samples.

Milling
time ~h!

rmilled

(1016 m22)
rannealed

(1016 m22)
DEDS

(1022 kJ mol21)
DEGB

(1022 kJ mol21)
DgGB

~Jm22!

0 0 0 0 24.64 —
2 0.05 0.01 0.34 42.51 —
5 0.19 0.07 1.07 45.64 —
10 0.22 0.08 1.20 85.23 0.29
20 0.28 0.11 1.42 89.45 0.26
30 0.26 0.10 1.35 82.53 0.24
40 0.25 0.11 1.19 55.33 0.16
50 0.29 0.12 1.39 74.87 0.19
60 0.32 0.12 1.62 80.99 0.20
70 0.32 0.12 1.66 109.59 0.28
80 0.36 0.15 1.71 117.12 0.29
90 0.33 0.17 1.33 93.99 0.24
100 0.33 0.16 1.45 68.41 0.17
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achieved by plastic deformation~1013 m22 for screw dislo-
cations and 1016 m22 for edge dislocations!.38 The average
dislocation densities of the as-milled and as-annealed Cu
also listed in Table I.

It is reported that within the steady-state milling, the d
location multiplication rate is balanced by the annihilati
rate.3 However, from the present results, the dislocation d
sities are not simply steady. Usually, in conventional po
crystalline materials, the GB’s are thought of as barriers
the dislocation motion which can cause dislocation pileup
GB’s, and the variation of the GB structure and/or energe
state can influence the amount of dislocations piled up
GB’s. Therefore, the cyclic change of the dislocation dens
of milled Cu within theDmin stage hints at a cyclic change o
the GB structure.

B. Estimation of the GB enthalpy

From Sec. III B one can see that the exothermic peak
the DSC curves whent>10 h correspond mainly to the re
lease of enthalpy stored in the heavily deformed Cu samp
The enthalpy release mainly originates from the recovery
defects and includes two components: nonequilibrium lat
defects in grains and GB’s. The former contribution
mainly the elastic energy of dislocations in grains, and c
be considered as a bulk term. The latter originates ma
from structural and compositional deviations in the GB
gion from the inner part of the grains, and is a surface te

In plastically deformed materials, the energy of elas
strain field of dislocations per unit volumeEDS can be writ-
ten as

EDS5AGb2r ln~Re /r 0!, ~3!

where A51/4p for screw dislocation andA51/4p(12n)
for the edge dislocation; heren is Poisson’s ratio.G is the
shear modulus.Re andr 0 are the outer and inner cutoff rad
of the dislocations, respectively. In most cases,r 05b is
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taken. Re , in normal materials, is much smaller than th
grain size, while in nc materials, it would far exceedD;
therefore,D was considered as the outer cutoff radius of t
dislocations. The interaction energy of the dislocations c
be neglected since, for nc materials, despite the rather
dislocation density, individual grains contain only a fe
dislocations.39

Assuming that the grains contain equal numbers of sc
and edge dislocations, the constantA must be averaged fo
the two types of dislocations. The value ofG andv for Cu
was taken as 4.6831010 N m22 and 0.364, respectively.40

Placing the difference betweenrmilled and rannealedinto Eq.
~3!, the elastic energy release of the dislocations for
milled Cu after DSC annealing,DEDS, can be determined
as plotted in Fig. 8 and listed in Table I.DEDS also possesse
a cyclic change within theDmin stage, while it only yields
very small fraction ofDH, suggesting that most ofDH origi-
nates from the GB enthalpy release.

SeparatingDEDS from DH, one can get obtain the releas
of GB enthalpy,DEGB, as shown in Fig. 8. It can be estab

FIG. 8. The stored enthalpyDH, the GB enthalpy release
DEGB , and the elastic energy release of dislocationDEDS as well as
the GB enthalpy release per areaDgGB of the milled Cu samples.
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lished thatDEGB yields a dominant part inDH. Atoms at
GB’s may have slightly different coordination numbers co
pared to those in grains interiors.41 Due to the increase of the
atomic distances in the boundaries, the bonds are also
torted. Upon annealing, structural relaxation may first oc
in GB regions when the broken bonds annihilate, releas
the energy stored at GB’s.

When t>10 h, D is nearly unchanged after DSC annea
ing. So we can only estimate the enthalpy release of the G
per area,DgGB ~5gGB

milled2gGB
annealed, gGB

milled and gGB
annealedare

the GB enthalpy of the as-milled and as-annealed Cu!, by
correlatingDEGB with the total surface of GB per mole, a
shown in Fig. 8 and listed in Table I. With an increase of t
milling time within the steady-state milling,DgGB decreases
from 0.29 J m22 ~10 h! to 0.16 J m22 ~40 h!, then increases to
a maximum value of 0.29 J m22 ~80 h! and decreases agai
to 0.17 J m22 ~100 h!. Supposing thatgGB

annealedof the milled
samples are the same, one can deduce thatgGB

milled possesses a
decrease-increase-decrease variation within the stage
steady-state milling, that is, a GB softening-hardenin
softening cyclic change, which agrees with the cyclic var
tion of the dislocation density. In the literature, a decrea
GB enthalpy was reported for the nc Fe during the milli
stage ofDmin .11 In nc Ni-P ~Ref. 42! and Se~Ref. 43! crys-
tallizing from their amorphous states, as well as TiO2 made
by consolidation of UFP’s,44 a decrease of GB enthalpy wit
a reduction ofD was observed. The present results, mo
over, indicate that even thoughD stays unchanged, the GB
enthalpy can change cyclically with milling process.

In the literature, a cyclic crystalline-amorphous transf
mation during mechanical alloying was observed in Co
and Al-Zr systems.45,46 The authors excluded the influence
of the contamination introduction and/or the increase of
vial’s temperature during milling, and deduced that the cyc
increase and decrease of the lattice imperfections in
milled samples may play a dominant role in the cyclic pha
transformation. This agrees with present results. In addit
the cyclic change of the GB structure of the milled Cu with
the steady-state milling hints at one kind of the deformat
mechanisms of nc materials, e.g., the GB sliding. GB slid
A

y
.

ar
-
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has been observed in many cases at high temperatures
ing to superplasticity behavior. GB sliding can also
achieved at very small grain sizes and low temperature b
diffusion flow of atoms along the inter-crystallin
interfaces.47 During GB sliding, self-organization and rota
tion of grains can occur. The cyclic rotation of grains m
cause the observed cyclic change of the microstrain~dislo-
cation density!. The cyclic change of the orientation relatio
ship between the neighboring grains may result in a
softening-hardening-softening change. In literature,in situ
TEM deformation studies also observed the clear GB slid
and rotation of 10-nm grain size samples.48–50More accurate
evidence of the GB sliding and grain rotation in the milled
Cu needs to be provided to understand the natural struc
change of the GB’s.

V. CONCLUSION

Quantitative XRD and DSC results of microstructur
evolution and thermal properties in nc Cu during mechan
attrition indicated that, in the early stage of milling, gra
refinement occurs accompanied by an introduction of
fects, leading to evident increases of the microstrain and
stored enthalpy. During the stage when the grain size
Dmin , decrease-increase-decrease cyclic changes were f
for the microstrain and the stored enthalpy. The lattice
rameter stays nearly unchanged during the entire milling
riod. The above phenomena can be reasonably interprete
the GB softening-hardening-softening variation duri
steady-state milling supported by a clear decrease-incre
decrease change of the GB enthalpy. A possible deforma
mechanism of nc materials during steady-state milling,
sliding, was proposed and needs to be verified further.
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