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Abstract—The microstructural evolution and thermal properties of nanocrystalline (nc) Fe during mechanical
attrition were investigated by using quantitative X-ray diffraction and thermal analysis techniques. Upon
milling of the Fe powders with coarse grains, grain refinement takes place gradually and a steady-state grain
size in the nanometer regime is reached after a certain period of milling. With the further milling of the nc
Fe within the stage of the steady-state grain size, we observed a grain boundary relaxation process that was
manifested by evident decreases in the thermal expansion coefficient and the stored enthalpy, as well as
slight decreases in the lattice strain and the Debye–Waller parameter. The grain boundary enthalpy of the
nc Fe was estimated, showing a decreasing tendency with the milling time. The present work indicated with
clear experimental evidence that the nc materials with the same grain size may exhibit very different properties
that depend upon the microstructure of the numerous metastable grain boundaries. 2001 Acta Materialia
Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. INTRODUCTION

Nanocrystalline (nc) materials have attracted con-
siderable scientific interest in the last decade because
of their unusual physical, chemical and mechanical
properties that are normally attributed to the ultrafine
grains and the numerous grain boundaries (GBs) [1].
However, experimental measurements have shown
that the properties of nc materials prepared by means
of different approaches can be very different. Various
properties showed strong dependence upon the syn-
thesis routes and the processing parameters [2, 3].
The primary reason for this phenomenon might be the
fact that some microstructure features are sensitive to
the processing parameters, such as porosity, grain size
distribution, lattice strain, composition and segre-
gation in GBs, etc. Among these the GB structure is
one of the important factors dominating the variation
of properties. As the GBs constitute a significant
component in the nc materials, it is reasonable to
anticipate that for the nc materials with the same grain
size and the same chemical composition, properties
might change remarkably when the GB structure is
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altered. However, systematic investigations on the
effect of GB structure on the properties of nc
materials are rarely reported in the literature. The
intrinsic correlation between the GB structure and the
properties of nc materials is poorly understood.

As one of the most efficient approaches for prepar-
ing nc materials, mechanical attrition by using ball
milling has frequently been applied in synthesizing
nc metals and alloys, and intermetallics as well [4–
8]. The ball milling process, which introduces severe
plastic deformation of the milled powders so that
fracture and cold-welding of the powders occur, can
effectively refine the grains down to the nanometer
regime for most metals and alloys. It was found that
during the ball milling of metals and alloys, a steady-
state grain size (Dmin) can be reached when the pow-
ders were milled for a certain period of time. An
extension of milling will not be able to decrease the
grain size further. TheDmin during milling, which was
found to scale with the melting points of the metals
in some cases [9], is not as yet well understood. It is
obvious that the phenomenon is associated with the
plastic deformation mechanism and grain size stab-
ility of the nc materials. Some explanations have been
proposed thatDmin is correlated with the dislocation
(and other defects) activities and recoveries. Never-
theless, no satisfactory explanation has been reached.

In some systems [9–11], it was found that when
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Dmin is reached, further milling will induce reductions
of the lattice strain and the stored enthalpy. This
might be a hint for a microstructure evolution in the
nc materials during milling when the grain size
remains constant. Therefore, this phenomenon can be
used as a unique opportunity to study the effect of
microstructure change (without a grain size change)
on properties of the nc materials. The objective of the
present work is based on this consideration. In this
work, we will study the microstructure evolution and
the thermal property changes of nc element Fe during
attrition, especially during the stage ofDmin. Micro-
structural parameters such as lattice strain and the
Debye–Waller parameter, the Debye characteristic
temperature as well as thermal properties including
the thermal expansion coefficient and the stored
enthalpy of the nc Fe samples subjected to different
periods of milling, were quantitatively measured. The
correlation between the structure and properties was
explored. Element Fe was chosen in order to avoid
complications due to alloy chemistry and to minimize
the contamination from the milling media during the
attrition process.

2. EXPERIMENTAL PROCEDURES

2.1. Sample preparation

Fe powders (purity 99.95% and particle size
smaller than 200 mesh) were milled in a planetary
ball mill with hardened steel balls at ambient tem-
perature. To avoid oxidation, the loaded vial was
sealed by an elastic O-ring in dry Ar atmosphere (O2,
H2,5 ppm) with an over-pressure of about 2 atm.
The ball-to-powder weight ratio was 30 to 1 and
about 10 g of the Fe powder was charged into the
vial. Each mechanical attrition procedure was started
with a new dose of the initial powder and was carried
out without interruption.

2.2. X-ray diffraction measurements

The quantitative X-ray diffraction (XRD) measure-
ments of the milled Fe powders were carried out on
a Rigaku DMAX/2400 X-ray diffractometer. A rotat-
ing Cu target was used with a voltage of 40 kV and
a current of 100 mA. The X-ray wavelengthslKa1

(51.54056 Å) andlKa2 (51.54439 Å) were selected
using ak0002l graphite crystal scattering at the goni-
ometer receiving slit. The divergence slit angle, scat-
tering slit angle and receiving slit height were selec-
ted as 0.5°, 0.5° and 0.15 mm, respectively.q–2q
scans with a step size of 2q 5 0.02° and a fixed coun-
ting time of 10 s were made for the milled Fe at room
temperature (293±1 K). The low-temperature XRD
experiments were performed on the same dif-
fractometer with a low-temperature attachment. The
milled sample was cooled by liquid N2 through a
metal tube and heated by resistance thread. The tem-
perature (with an accuracy of±2 K) was detected by
a copper–constantan thermo-couple and calibrated by

means of a hexagonal-to-orthorhombic phase tran-
sition of the NH4NO3 sample at 255 K. Only six
peaks, reflected from the (110), (200) (211), (220),
(310) and (222) planes of the Fe, were scanned at
different temperatures (87–293 K) with a step size of
2q 5 0.02° and a counting time of 1 s.

2.3. Thermal and other analyses

Thermal analyses of the milled Fe were performed
in a Perkin–Elmer differential scanning calorimeter
(DSC-7) with a sensitivity of 0.04 mJ/s for energy
measurements. The milled Fe powders were sealed in
Al pans and heated in a flowing Ar atmosphere at a
constant heating rate of 10 K/min. The temperature
for the DSC measurements was calibrated with pure
In, Zn standard samples, with an accuracy of better
than ±0.2 K. Transmission electron microscopy
(TEM) observations were conducted on a Philips EM
420 microscope operated at 100 kV. The milled Fe
powders, directly supported by Cu grids which were
coated with C films, are used for TEM observations.
Compositions of the milled samples were examined
by means of wet chemical analysis and O content was
detected by LECO TC-436 O/N analysis.

3. RESULTS

3.1. Microstructure evolution

3.1.1. Grain size and lattice strain. Figure 1
shows the typical XRD patterns of the Fe samples

Fig. 1. The XRD lines of the milled Fe samples with different
milling times (as indicated). The upper line moves 5° towards

the high diffraction angle compared to the line below.
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subjected to different periods of milling. It can be
seen that, with the milling proceeding, the reflection
peak intensities of the milled samples are decreased
and the peaks are significantly broadened, suggesting
that a large amount of defects were introduced into
the samples by mechanical attrition. Moreover, the
relative peak intensities of the milled samples are
found to be comparable to the standard values of Fe
in JCPDS cards [12], indicating that there is no evi-
dent texture induced into the samples during attrition.

The broadening of the experimental reflection
peaks of the b.c.c. structure Fe is caused by the small
size of the diffracting grains, the lattice strain and the
instrumental broadening. Often, sufficient information
about the changes in grain size and lattice strain can
be gained from the integrated width of the peaks,
which must assume a model for the functional depen-
dence of the grain size, lattice strain and instrumental
broadening on the diffraction angle. The instrumental
broadening profiles, determined by means of the SiO2

reference sample in the present work, are revealed to
be Gaussian function. The experimental Bragg reflec-
tions with polarization factor correction, fitted by the
Pseudo–Voigt function (a linear combination of the
Lorentzian and Gaussian functions) [13], can be
mainly approximated by a Lorentzian function, as
shown in Fig. 2(a). Therefore, one can get the physi-
cal profile of the milled Fe, which is the convolution
of size broadening with the strain broadening profile,
by removing the instrumental broadening effect from
the measured intensity profile. Both theory and

Fig. 2. (a) Variation of the Gaussian/Lorentzian fraction of
Bragg reflections of XRD patterns for the milled Fe against the
milling time. (b) Milling time dependence of the mean grain
sizeD and mean lattice strainke2l1/2, the grain size (D110) and
lattice strain (ke2100l1/2) along thek110l direction of the milled

Fe samples.

experiment support the approximation of size broad-
ening profiles by a Lorentzian function [14] and strain
broadening by a Gaussian function [15]. Hence, the
grain size and the lattice strain of the sample can be
calculated from the integral width of the physical
broadening profilebhkl by [15]:

b2
hkl

tg2qhkl

5
lbhkl

Dhkltgqhkl sinqhkl

1 16ke2hkll1/2, (1)

wherel is the wavelength of Cu Kα1 irradiation, and
Dhkl andke2hkll1/2 represent the thickness and the mean
magnitude of the lattice strain of the grains in the
khkll direction, respectively. By performing a least-
square fit to b2

hkl/tg2qhkl plotted against
lbhkl/(tgqhkl sinqhkl) for all of the measured peaks of
a sample, we are able to determine the mean grain
size D and the mean lattice strainke2l1/2. Standard
linear regression techniques provide an estimate for
the uncertainty in the parameters from the error in the
fit [16]. From the pairs of (110)–(220) Bragg reflec-
tions, the grain size (D110) and lattice strain
(ke2100l1/2) along thek110l direction of the milled Fe
samples can be obtained.

The D, ke2l1/2, D110 and ke2110l1/2 of the milled
samples are plotted in Fig. 2(b).D is found to
decrease gradually from 43±8 (0 h) to 8±1 nm (60 h),
and remain unchanged at a steady-state value (about
8 nm) with extensive milling. TheDmin of the milled
Fe in the literature was reported to be 8 nm [17],
9.9 mn [18] and 13 nm [19], which is close to the
present value. From Fig. 2(b), one can see that
ke2l1/2 increases from about 0 to 0.65±0.05% (80 h)
and then decreases slightly to 0.56±0.05% (140 h)
with the extension of milling. In the literature, the
maximumke2l1/2 of the milled Fe was measured to be
0.4–0.6% [19, 20], agreeing with the present value.
The D values estimated from XRD peak broadening
were further confirmed by TEM observations (Section
3.1.3), as indicated in Fig. 2(b).

According to Fig. 2(b), it is clear that the difference
betweenD110 andD decreases with increasing milling
time (tm), and whentm>40 h,D110 andD are approxi-
mately equal, suggesting the grain of the milled nc
Fe samples becomes equiaxial with further milling.
Moreover, the values ofke2110l1/2 are very close to
those ofke2l1/2 during the milling process. However,
lattice strains are found to exhibit significantly ani-
sotropy behaviour in f.c.c. nc Pd made by means of
consolidation of ultrafine particles [21], nc Cu by the
severe plastic deformation method [22] and by mech-
anical attrition [23]: the lattice strains along thek200l
direction are much larger than those along thek111l
direction. For the nc-Se samples (h.c.p.) made by
crystallizing from the as-quenched amorphous solid
[24], the strain in thek100l direction is larger than
that in thek104l direction. The different deformation
mechanisms of different crystalline systems may be
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responsible for these different observations of lat-
tice strains.

3.1.2. Debye–Waller parameter and characteristic
temperature. The low-temperature XRD experi-
ments of the milled Fe powders were performed in
order to obtain more atomic structure information,
such as the Debye–Waller parameter (DWP) and the
Debye characteristic temperature (QD). The DWP
B(T) can be obtained from the XRD patterns by using
the Warren method [25], which relies on the sample
being free of texture and can be expressed as:

ln(fhkl/mhkl) 5 22B(T) sin2qhkl/l2 1 J, (2)

wherefhkl is the integrated intensity of (hkl) reflection
divided by the Lorentzian, polarization factors and
structural factor,mhkl is the multiplicity factor,qhkl

represents the centroid peak position, andJ is a con-
stant scaled with the incident intensity.B(T) contains
the contributions from static lattice distortionsBS

which are temperature-independent and from the ther-
mal vibrations of atomsBT. For a bulk crystal, the
temperature dependence ofBT, is known to be well
predicted by the Debye approximation, particularly at
low temperatures [25], andB(T) can be represented
by:

B(T) 5 BS 1 6h2F(x)/mkBQD, (3)

whereh, m andkB are the Planck constant, the atomic
mass and the Boltzmann constant, respectively;

x 5 QD/T andF(x) 5
1
4

1 1/x2E
x

0

x dx/[exp(x)21].

According to equation (2) we plotted ln(fhkl/mhkl)
againstt2 (t 5 4p sinq/l) for the milled Fe samples
at different temperatures in order to obtain the tem-
perature dependence ofB(T). Figure 3(a) shows the
plots for the different milled Fe samples at 293 K and
Fig. 3(b) gives the plots of the Fe sample with
tm 5 140 h at different temperatures (87–293 K). For
each set of data, a straight line can be drawn by the
least-square fitting, from whichB(T) is obtained.
From Fig. 3(a), one may see that with an increase in
the milling time from 0 to 80 h, the absolute value
of the slope of the fitting straight line increases, i.e.
the DWP at 293 K,B(293), increases, whileB(293)
decreases whentm>80h [see Fig. 5(a)]. The dashed
line in Fig. 3(a) is the fitting to the literature value
[26]. From Fig. 3(b), one can see thatB(T) increases
at higher temperatures.

Figure 4 plots the temperature dependence ofB(T)
for the milled Fe samples. It is clear thatB(T) varies
significantly with tm and the temperature. In terms of
equation (3),B(T)–T can be fitted by adjustingQD

Fig. 3. The logarithm of integrated peak intensities divided by
the appropriate multiplicity factors, Lorentzian, polarization
factors and structural factors for the different milled Fe samples
at 293 K (a), and the sample withtm 5 140 h at different tem-
peratures (b). The solid lines represent the least-square fitting
to the measured data, and the dashed line is the fitting to the

literature value [26].

Fig. 4. The DWPB(T) plotted against temperature for different
milled nc Fe samples. The solid lines are the Debye model
fitting of the measured data, and the dashed line represents the

fitting of the literature data [26].

and BS. The solid lines in Fig. 4 show the Debye
model fitting to the measured data, and the dashed
line shows the fitting to the literature data [26]. The
parametersQD andBS obtained from the fitting results
are plotted in Figs 5(a) and (b).BS is found to increase
evidently from 0.10±0.03 (0 h) to 0.25±0.04 Å2 (80 h)
and decrease slightly to 0.21±0.03 Å2 (140 h). TheBS

value for the initial sample is close to the value of
0.075 Å2 obtained by fitting the literatureB(T) values
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Fig. 5. (a) Plots of the DWPB(293), the static (BS) and the
thermal (B293) DWPs at 293 K vs. the milling time. (b) Plots

of the Debye temperatureQD for the milled Fe vs.tm.

for crystal Fe [26]. AsB(T) is composed ofBS and
BT, we derivedBT at 293 K,B293, based on the meas-
ured data ofB(293) andBS. As shown in Fig. 5(a),
B293 remains virtually constant during the milling pro-
cess.QD is observed to drop from 461±15 (0 h) to
383±13 K (80 h) and remains stable within the error
bar with further milling [Fig. 5(b)]. The value of the
Debye temperature for the unmilled sample is much
smaller compared to that obtained by fitting the litera-
ture value for the crystal Fe (Qc

D 5 549 K) [26],
which may be caused by the structural imperfections
of the unmilled sample.

DWP andQD of the milled nc materials are rarely
reported in the literature. However, some investi-
gations have indicated that ultrafine nc metal particles
prepared by gas condensation [27–35] and bulk nc
Se by crytallization [36] possess the largerBS and
depressedQD compared to those of the corresponding
bulk crystals. Evidently, the observed enhanced DWP
and decreasedQD of the milled Fe samples at the
stage of grain refinement agree with the literature.

3.1.3. TEM and composition analyses. TEM
analysis was employed to obtain further information
about the morphology and microstructure of the
milled Fe powders. From TEM observations, we
found that the milled particles are sphere- or ellip-
soid-shaped, and their sizes range from a few
micrometers to submicrometers. The milled particles
are polycrystalline, composed of a large amount of

manometer-sized grains. Figures 6(a) and (b) show
the dark-field images and the diffraction patterns of
as-milled Fe particles after 10 and 140 h of milling,
respectively. One can see that at the beginning of the
milling the distribution of grain size is rather inhomo-

Fig. 6. TEM dark-field images for the nc Fe after 10 h (a)
and 140 h (b) of milling. The insets show the corresponding

diffraction patterns.
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geneous, meaning that partial deformation takes place
in the milled powders by attrition. At the end of the
milling process (tm 5 140 h), however, the grain size
distribution is relatively narrow, and the correspond-
ing diffraction pattern [Fig. 6(b)] shows that the
orientation of neighboring crystals is completely ran-
dom. TheD value, as estimated from TEM pictures,
is about 9 nm whentm 5 140 h, being in good agree-
ment with the value obtained from the broadening of
XRD peaks, as plotted in Fig. 2(b).

Since the Fe powders underwent a long period of
milling, contamination from milling media and
atmosphere was inevitable. Wet chemical analysis
shows that the content of Cr reaches a maximum of
0.05 wt.% after 140 h of milling, suggesting that the
contamination from the milling media is minor. The
O analysis indicates less than 1 at.% O exists in the
dispersion milled for 140 h.

3.2. Thermal properties

3.2.1. Thermal expansion coefficient.Values of
the lattice parametera for the milled nc Fe at various
temperatures (87–293 K) were calculated from the
intensity centroid positions of the XRD lines by the
weighted least-square method in order to minimize
the calculation error. The intensity centroid positions
were calibrated by an external standard method using
a pure Si polycrystal to minimize the systemic error.
A detailed procedure for this determination was
described in [24]. Figure 7(a) shows the measureda
as a function of temperature for the milled nc Fe
samples. It is obvious thata increases in an approxi-
mate linear relation with temperature in the measured
temperature range. The average linear expansion
coefficient for these nc samples,anc

L , may be determ-
ined from the average slopes of the least-square fitting
lines of the measureda in the measured temperature
range, as shown in Fig. 7(b). It is clear that with
increasingtm from 0 to 80 h,anc

L increases monoton-
ically from about (0.8±0.2)31025 up to (2.5±0.4)3
1025/K and drops down to (1.2±0.4)31025/K (140 h).
Dilatometric measurements showed that the thermal
expansion coefficient of the conventional polycrystal-
line Fe,ac

L, is about 1.131025/K at 300 K [37], which
is close to the value of the unmilled Fe sample. In
the literature, very few investigations were performed
on the thermal expansion of the milled nc materials;
most of the studies were focused onanc

L of nc
materials synthesized by gas condensation and crys-
tallization methods, such as nc Se [36], Cu [38], Pd
[39] and Ni–P [40], etc. Theanc

L of these nc materials
are found to be larger than those of the corresponding
coarse-grained polycrystalline. It is evident that the
increasedanc

L of the milled nc Fe whentm,80 h
agrees well with the literature. The decreasedanc

L at
the latter stage of milling will be discussed in Sec-
tion 4.2.1.

3.2.2. The stored enthalpy. Figure 8 shows the
DSC scans (320–773 K) for the milled Fe samples
with different stages of milling. It can be seen that,

Fig. 7. (a) Plots of the temperature dependence of the lattice
parametera of the milled nc Fe. The solid lines are the least-
square fitting to the measured data, and the dashed line rep-
resents the fitting to the literature values [37]. (b) Plots of the
milling time dependence of the linear thermal expansion coef-

ficient anc
L for nc Fe samples.

Fig. 8. DSC scans at the heat rate of 10 K/min for the milled
nc Fe samples. Integration of the signal deviating from the

baseline gives the stored enthalpyDH.
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when tm#20 h, an exothermic peak with a long tail
appears in the DSC curves, but whentm$40 h, the
long tail fades away. Moreover, the exothermic peak
in the DSC lines was found to become sharper first
(0–80 h) and then turn broadened during the milling
process, while the peak position is nearly the same,
as indicated in Fig. 8. In the literature, it was found
that the DSC exothermic peak of the milled nc Ni
becomes sharper with the milling process because of
the recovery and grain growth of the milled powders
[9]. By integrating the area up the exothermic peak
(for the samples whentm#20 h, the integration
includes the part of the long tail), we obtained the
stored enthalpy,DH, as shown in Fig. 9.DH is
observed to possess a maximum value at 80 h (
0.82±0.15 kJ/mol) and decreases largely with the
extended milling (DH 5 0.46±0.10 kJ/mol when
tm 5 140h). Similar variations ofDH were found in
the milled nc Ni [9], AlRu, Ru [10] and W [11], etc.

XRD analysis was used to examine the microstruc-
tural changes of the milled Fe after DSC annealing.
The XRD conditions for the as-annealed samples are
the same as those for the as-milled ones. Figures
10(a)–(d) show the plots of the Gaussian component
of the Bragg reflection,D, ke2l1/2 andB(293) of both
as-annealed and as-milled Fe samples againsttm. It is
clear that, after DSC annealing, the Gaussian frac-
tion, ke2l1/2 and B(293) are decreased remarkably,
suggesting that the defects were recovered after
annealing. The grain growth only takes place at the
early stage of milling, which corresponds to the long
tail in DSC curves; whentm>20 h, a very slight
increment inD was observed compared to that of the
as-milled samples. The absence of grain growth was
further confirmed by TEM analysis. This observation
means that the exothermic peak in the DSC curves
whentm>20 h is primary originated from a relaxation
of the defects with a minor contribution from grain
growth, while in the literature, evident grain growth
and strain release were observed in the milled f.c.c.
metals (Ni and Ru) during DSC runs [9, 10]. The

Fig. 9. The stored enthalpyDH in ball-milled nc Fe against the
milling time.

Fig. 10. The Gaussian component (a), the mean grain size (b),
the mean lattice strain (c) and the DWPB(293) (d) for the as-
annealed (open square) and as-milled (solid circle) Fe samples

vs. the milling time.

stable grain size in the milled nc Fe might be attri-
buted to either the contamination from the ball-mill-
ing process or the large lattice strain that hinder the
grain growth process [41, 42]. A small GB enthalpy
might also be partially responsible for the stable grain
size, as will be discussed in the next section.

4. DISCUSSION

From the above analyses, it is clear that the mech-
anical attrition process of Fe powders can be separ-
ated into two stages: grain refinement and grain ste-
ady state. In the former case, a large amount of
defects (such as GBs, dislocations and point defects,
etc.) were introduced into the samples, causing the
increases inke2l1/2, B (BS), anc

L andDH, as well as the
decrease inQD. In the latter case, however, slight
decreases in the structural parameters (ke2l1/2 andBS)
and evident drops in thermal properties (anc

L andDH)
were observed, which means that microstructural
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variation of the milled Fe samples occurred, even
thoughD remains constant.

Usually, the nc materials can be considered simply
to consist of two components: ultrafine grains with
sizes in the nanometer range and a numerous amount
of GBs. The atoms on the GBs may contribute to the
Bragg reflections when they are associated with the
crystallite lattice. Therefore, the observed information
about the structure and the properties is from both the
interiors and boundaries of the grains. The crystallite
structures of the nc materials are usually considered
as the same as that of the coarse-grained polycrystal-
line. The observed variations in the structural para-
meters and the thermal properties of the milled nc Fe
within the state ofDmin may suggest structure evol-
ution in the GBs.

4.1. Microstructural evolution

For milled samples subjected to severe plastic
deformation, dislocations are the main defects besides
GBs, of which densityr can be represented in terms
of D and ke2l1/2 by [43,44]:

r(rDrS)1/2 5 2√3ke2l1/2/(Db), (4)

where b is the Burgers vector of dislocations, and
equals 0.24824 nm for Fe. The calculated dislocation
density of the as-milled (rmilled) and as-annealed Fe
samples (rannealed) are listed in Table 1. It is clearly
seen thatrmilled increases from about 0.0131016 to
1.1731016/m2 with increasingtm from 0 to 80 h, and
then decreases slightly to 1.0231016/m2 (140 h) with
further milling. The maximumrmilled in present work
is comparable to the dislocation densities limit in
metal achieved by plastic deformation (1013/m2 for
screw dislocations, 1016/m2 for edge dislocations)
[6,7]. For the milled nc Fe in [20], the maximum
r determined by the Fourier method is about 1.653
1016/m2. Usually, in conventional polycrystalline
materials, the GBs are thought to be barriers to the
dislocations motion, therefore, the slight decrease in
rmilled within the Dmin stage indicates a softening of
the GBs. When the GBs have turned soft or relaxed,

Table 1. A list of the mean dislocation density of the as-milled (rmilled) and as-annealed (rannealed) Fe samples, the elastic energy release of
dislocations (DEDS), the GB enthalpy release (DEGBs), and the GB enthalpy release per area (DgGBs) for the milled Fe samples

Milling time rmilled rannealed DEDS DEGBs DgGBs

(h) (1016/m2) (1016/m2) (1022 kJ/mol) (1022 kJ/mol) (J/m2)

0 0.01 0.00 0.06 20.05 –
5 0.04 0.02 0.21 25.13 –

10 0.05 0.03 0.11 22.34 –
20 0.17 0.07 1.07 32.39 –
40 0.45 0.14 3.16 57.52 0.16
60 0.95 0.19 6.98 70.37 0.13
80 1.17 0.22 8.93 73.38 0.13

100 1.14 0.23 8.56 63.11 0.11
120 1.05 0.27 7.71 44.34 0.08
140 1.02 0.27 7.25 39.09 0.07

the amount of the dislocations piled up near the GBs
will be decreased.

Based on the diffraction theory [45],BS is due to
the presence of defects with short-ranged displace-
ment fields, such as point defects, etc. An enhance-
ment inBS at the stage of grain refinement means that
a large amount of short-ranged defects were intro-
duced into the samples. However, the slight decrease
in BS at the stage of steady-state grain size suggests
a recovery of the short-ranged defects, which may be
caused by the relaxation of GBs, as verified in Section
4.2. TheQD of material is a fundamentally physical
parameter designating the cohesion of atoms. At the
stage of grain refinement, the depression ofQD in nc
Fe implies a decrease in the cohesion of atoms in the
nm-sized crystallites, which agrees with the measured
milling time dependence ofke2l1/2 andBS. In fact, the
observed largerBS and ke2l1/2 in the nc Fe sample
with smaller grains may result in a decrease in the
elastic modules and hence a depression inQD.

4.2. Thermal properties of GBs

4.2.1. Thermal expansion coefficient of GBs.It
is normally considered that the GBs have an enhanced
thermal expansion coefficient compared to that of the
crystal lattice due to their excess volume, although
the amounts of enhancement are found to vary in dif-
ferent investigations [21, 27, 46, 47]. By describing
the nc material as a two-component system with crys-
tallites and GBs,anc

L can be estimated by approximate
scaling of the GBs’ contribution:

anc
L 5 FGBsaGBs

L 1 (12FGBs)ac
L, (5)

whereFGBs is the volume fraction of GBs,FGBs 5
3d/D (d is a constant relative to the GBs’ thickness),
aGBs

L andac
L are linear thermal expansion coefficients

for GBs and the crystallites, respectively. From equ-
ation (5) we may get:

DaL 5 anc
L 2ac

L 5 (aGBs
L 2ac

L)
d
D

. (6)
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If both aGBs
L andac

L are independent ofD, one may
expect that a plot ofDaL vs. D21 should yield a
straight line with a slope ofd(aGBs

L 2ac
L).

Figure 11 shows a plot ofDaL/ac
L vs.D21 using the

experimental data for the nc Fe and taking
ac

L 5 0.8431025/K, d 5 1 nm. One can see that dur-
ing the stage of grain-refinement, an approximate line
fitting the plot of DaL/ac

L vs.D21 implies thatanc
L is

dependent onD. However, whentm>80 h, a sharp
decrease inDaL/ac

L was observed, which means a
decrease inaGBs

L and/or an increase inac
L. ac

L can be
considered as a constant if the lattice structure for the
crystallites is assumed unchanged within the stage of
Dmin. So, the observed decrease inDaL/ac

L can be
attributed to the decrease inaGBs

L . Or in other words,
aGBs

L becomes smaller with an extension of ball-mill-
ing within Dmin.

4.2.2. Estimation of the GB enthalpy.The meas-
ured stored enthalpy corresponds mainly to the recov-
ery of defects of the milled samples which includes
two components simply: non-equilibrium lattice
defects in grains and the GBs. The former contri-
bution, for the milled samples, is mainly of the elastic
energy of dislocations situated in the grains, and the
latter contribution originates mainly from the struc-
tural and compositional deviations in the GB region
from the inner part of the grains. In plastically
deformed materials, the energy of the elastic strain
field of the dislocations per unit volumeEDS is:

EDS 5 AGb2r ln(Re/r0), (7)

where A 5 1/4p for screw dislocation andA 5
1/(4p(12n)) for the edge dislocation; heren is Pois-

son’s ratio and equals 0.291 for Fe [48].G is the shear
modulus, equal to 8.0731010 N/m2 [49]. Re andr0 are
the outer and the inner cut-off radii of the dislo-
cations, respectively. In most cases,r0 5 b is taken,
Re, in nc materials, would far exceedD, therefore,D
is considered as the outer cut-off radius of the dislo-

Fig. 11. A plot ofDaL/ac
L vs.D21 for the milled nc Fe samples.

cations. The interaction energy of the dislocations can
be neglected since, for nc materials, individual grains
contain only a few dislocations [20]. Assuming that
the grains contain screw and edge dislocations in the
same proportion, the constantA must be averaged for
the two types of dislocations. Placing the difference
betweenrmilled andrannealedinto equation (7), the elas-
tic energy release of the dislocations for the milled
Fe after DSC annealing,DEDS, can be determined, as
plotted in Fig. 12 and listed in Table 1. It can be seen
that DEDS also possesses a maximum value when
tm 5 80 h, while it only yields a very small fraction
of DH, suggesting most ofDH originates from the
GB enthalpy release.

SeparatingDEDS from DH, one can get the release
of the GB enthalpy,DEGBs, as shown in Fig. 12. It
can be established thatDEGBs may yield a dominant
part (80–90%) inDH. The atoms at GBs may have a
slightly different coordination number comparable to
those in the grain interiors, and the bonds are also
distorted [50]. Upon annealing, structural relaxation
may first occur in the GB regions where the broken
bonds annihilate, releasing the energy stored at the
GBs.

When tm>20 h, D is nearly unchanged after DSC
annealing. So, we can only estimate the GB enthalpy
release per area DgGBs ( 5 gmilled

GBs 2
gannealed

GBs ; gmilled
GBS andgannealed

GBs are the GB enthalpy values
of the as-milled and as-annealed Fe) by correlating
DEGBs with the total surface of the GBs per mole, as
shown in Fig. 12 and listed in Table 1. One can see
that, with an increase intm, DgGBs decreases in a linear
way. Supposing thatgannealed

GBs of the milled samples are
the same, one can deduce thatgmilled

GBs decreases in a
linear relation with the milling proceeding.gmilled

GBs of
the sample with tm 5 140 h decreased by about
0.1 J/m2 compared to that of the sample milled for
40 h. The decreased GB enthalpy deduced from the
present results is in agreement with those results
reported in the literature. In the nc Ni–P [51,52] and
Se [53] crystallizing from the amorphous state, as

Fig. 12. The stored enthalpyDH, the GBs enthalpy release
DEGBs and the elastic energy release of dislocationsDEDS, as
well as the GB enthalpy release per areaDgGBs against the mill-

ing time.
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well as TiO2 made by consolidation of ultrafine pow-
ders [54], decreases in the GB enthalpy with a
reduction inD were observed. The present results,
moreover, indicate that even thoughD remains con-
stant (tm$80 h), the GB enthalpy also decreases with
the milling process, which agrees with the decreased
rmilled. Therefore, one can clearly see that further mill-
ing of nc Fe at the stage ofDmin results in a GBs
relaxation which causes variations in the structural
and thermal properties. By computer simulation, a
softening of the GBs in nc materials was also
observed [55, 56]. The observed GB relaxation of nc
Fe within the stage ofDmin by milling also highlights
one kind of deformation mechanism of the nc
materials which needs to be investigated further.

From the above analysis, one can see that the
results calculated from XRD and DSC agree well
with each other, yielding a common conclusion: GBs
are relaxed in the stags ofDmin by attrition. The
results also mean that the XRD Bragg reflections con-
tain a significant contribution from atoms in GBs
regions, implying the boundaries in the milled nc Fe
are somehow ordered in nature, which would be dif-
ferent from the observations of Zhuet al. [57]. This
difference may be attributed to the different synthesis
procedures of the nc Fe specimens. More accurate
characterization of the GB structure in the milled nc
Fe will be carried out by using extended X-ray
absorption fine-structural spectroscopy (EXAFS) and
Mössbauer spectroscopy, in order to understand the
nature of the GBs.

5. CONCLUSION

Quantitative XRD and DSC measurement results
of the microstructural evolution and thermal proper-
ties in nc Fe during mechanical attrition indicated that
in the early stages of milling, grain refinement occurs
accompanied with an introduction of defects, leading
to evident increments ofke2l1/2, DWP, anc

L and DH.
However, during the stage ofDmin a slight decrease
was found for the structural parameters (ke2l1/2 and
BS), and an evident drop inanc

L andDH. This phenom-
enon can be reasonably interpreted by GB relaxation
during mechanical milling, which is supported by
clear decreases inaGBs

L and the GB enthalpy. The
present work also indicated that the nc materials with
Dmin may exhibit very different properties that depend
upon the microstructure of the numerous metastable
GBs.
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