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a b s t r a c t

The microstructural development of Fe-based stearic powders during ball milling and heat treatment was
studied in terms of microforging of submicron thick nanoflakes. The crystallite size of the powders was
continuously decreased to 55 nm during 60 min ball milling. Dislocation density and microstrain were
increased rapidly during plastic deformation. The increasing rate became gradual during fracturing and
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agglomeration due to the dynamic recovery. The nanoflakes microstructurally recovered from annealing
could be microforged further, resulting in a significant enhancement of the conversion rate of the spherical
powders into the thin nanoflakes without agglomeration.

© 2010 Elsevier B.V. All rights reserved.
eat treatment
icrostructure

. Introduction

Flake-shaped metallic powders have been much explored due
o their unique shape effect. In recent years, flake particles with
hicknesses comparable to the skin depths of submicron at high fre-
uencies have attracted much attention with the promising results
s a filler media for microwave absorption [1–5].

Flake-shaped powders can be processed with ball milling tech-
ique. It is known that ball milling consists of three main processes:
icroforging, fracturing, and agglomeration. To take advantage of

he shape and thin thickness of the individual flake particles, the
racturing and agglomeration during ball milling should be con-
rolled to be as minimal as possible. However, the chaotic nature
f ball milling makes it difficult to control each of the main pro-
esses applied to the materials. In the previous researches in the
rea of ball milling, the microstructural evolution and properties
ere much studied related with the nanocrystalline structure fab-

ications where the fracturing and agglomeration were playing an
mportant role [6–11].

In this study, the microstructure changes during microforging
nd annealing of the nanoflakes were investigated in an attempt to

rocess nanoflakes without agglomeration and improve the pro-
essing efficiency of the nanoflakes.

∗ Tel.: +82 32 870 2184; fax: +82 32 870 2506.
E-mail address: wkang651@inhatc.ac.kr.
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2. Experimental procedure

The starting material for this study was spherical iron powders of a maximum
size of 7 �m and stearic acid of particulate type. The iron powders of 5 g were charged
in a 0.5-l chamber. The balls employed for these experiments were 2 mm stainless
steel balls. Ball milling was carried out at room temperature for up to 60 min using
a high energy attrition ball mill with the rotation speed of up to 1000 rpm. A ball to
powder weight ratio was 100:1.

The morphology changes and thickness of the powders were observed under
scanning electron microscope (SEM). The analysis of powder size distributions was
conducted using a sieving analysis. The as-processed powders were separated into
different size ranges by the Performer III Sieve Shaker by Cole-Parmer. The mesh
sizes used were 25, 45, 75 and 106 �m. The collected powders in the sieves were
weighed after each processing to obtain the size distributions. X-ray diffraction
(XRD) analyses were made using a Rigaku powder diffractometer (DMAX-2500)
with Cu K� (�1 = 0.154 nm) radiation to investigate the evolution of microstructure
of the powders during ball milling and thermal annealing. The X-ray patterns were
analyzed with MDI Jade 5.0 program.

To investigate the microstructure changes of the annealed powders and their
effect on the nanoflakes processing, heat treatment was carried out. The samples
were annealed for 1 h at the temperature of 100–650 ◦C in a furnace filled with argon
gas after being pumped to 1.3 × 10−3 Pa. All the samples were heated at the same
heating rate of 10 ◦C/min to avoid any heating rate effect on the microstructure.

3. Results and discussion

Assuming volume conservation of the materials during plastic
deformation of the spherical powder to flake-shaped particle, the

relationship among nanoflake size (dnf), spherical particle size (ds),
and thickness of the nanoflake (t) can be expressed as follows:

dnf = 2

√
d3

s

6t
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Fig. 1. SEM micrographs: (a) Fe-based stearic nanoflakes microforged 30 min, (b) the submicron thicknesses of the nanoflakes, (c) fractured and cold-welded powders, (d)
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owders ball milled less than 30 min, not fully deformed to the nanoflakes, and (e)

Submicron thick flakes microforged from spherical powders of
maximum size of (ds)max = 7 �m would be in the size range of

ess than 25 �m if they were not fractured and agglomerated to
ach other. This assumption was confirmed with the micrographs:
ig. 1(a) and (b) shows the microforged flakes in the less than 25 �m
ize and their submicron thicknesses, respectively, and Fig. 1(c)
hows fractured and agglomerated flakes in the size range of larger
han 25 �m, which are also observed when processed without
tearic acid.

Along with the SEM observations, size distribution of the pow-
ers was also monitored. The weight fractions of the ball milled
owders were graphed in Fig. 2(a) as a function of particle size
ange. During ball milling less than 30 min, most of the powders
ere within 25 �m size and not fully deformed to the nanoflakes

Fig. 1(d)]. Especially for up to 10 min ball milling, some powders
ere still not deformed at all by ball milling. After 30 min ball

illing, they were converted into nanoflakes [Fig. 1(a)]. But only

8% of the initial powders were converted into the nanoflakes. The
ther 42% were fractured and agglomerated as seen in Fig. 1(c).

X-ray diffraction patterns of as-received and ball milled pow-
ers for up to 60 min is shown in Fig. 3(a). The prominent diffraction
akes processed with annealing at 350 ◦C.

peaks correspond to the (1 1 0), (2 0 0) and (2 1 1) planes of �-Fe.
The slight shift of the (1 1 0) diffraction peak position with milling
time is related with the lattice distortion of �-Fe. The lattice dis-
tortion can be characterized with lattice parameter change and
microstrain. The relative deviation of the lattice parameter from
that of as-received Fe powder, defined as �a = (a − ao)/ao, is calcu-
lated to be as much as �a = 0.1% for the Fe powders ball milled for
up to 60 min. It was reported that the lattice parameter could also
be changed due to contamination with milling media during long
period of ball milling (e.g., more than 100 h) to obtain nanocrys-
talline structure [12], which is not the case for the current result.

The width of the peaks broadens and the intensity of the
peaks decreases as ball milling time increases. The diffraction peak
broadening primarily occurs due to two effects of crystallite size
reduction and microstrain increase as described by the following
equation [13–15]:
wf = 2ε tan �0 + 0.9�

D cos �0

where wf is the full width at the half maximum intensity of Bragg
reflection (FWHM), ε the mean lattice microstrain, �0 the Bragg
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Fig. 2. Particle size distribution with ball milling time: (a) without annealing, spher-
ical powders were deformed to nanoflakes after 30 min milling with the conversion
rate of 58%, and (b) with annealing (at 350 ◦C for 1 h after 20 min milling), resulting
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Fig. 3. X-ray diffraction patterns of Fe-based stearic powders (a) with ball milling
for up to 60 min, and (b) with annealing at the temperature of 100–650 ◦C for 1 h
n the improved conversion rate of 80%.

ngle, � the wavelength of the X-ray radiation, and D the average
rystallite size. The mean lattice microstrain ε and the average crys-
allite size D can be obtained by plotting wf cos �0 against sin �0.
uring early short duration of ball milling, relatively much variation

n the crystallite size and lattice microstrain among the powder par-
icles is expected due to the presence of particles still not deformed
t all. Thus, the data of the powders ball milled up to 10 min which
ontain the unaffected particles were excluded from the consid-
ration. The average crystallite size decreased with increasing ball
illing time to about 55 nm after 60 min of ball milling [Fig. 4(a)].
nd the reduction of the crystallite size was accompanied by an

ncrease of mean lattice microstrain. The change rate of crystallite
ize and microstrain was drastic during the first 20 min ball milling
eriod. And then it was gradually varied. During the initial 20 min
all milling, the powders were mostly subjected to plastic defor-
ation rather than fracturing and agglomeration. Thus, it can be

educed that the microstructure change is more affected by plastic

eformation during nanoflakes processing.

Dislocation is a form of stored energy within the Fe powders
uring ball milling. With the ball milling time, the stored energy,
islocation density in the powders will also continuously increase.
nd the increased number of dislocation may interact with each
after 20 min ball milling.

other at some point, resulting in the formation of highly immobile
dislocations. The region where the immobile dislocations formed
is under more stress than the other parts. Thus, cracks can form at
the region and spread to eventually fracture the flakes.

Dislocation density � can be obtained using the following equa-
tion with parameters of crystallite size D, microstrain ε, and Burgers
vector b (for Fe, b = 0.2482 nm) [16]:

� = 2
√

3
〈ε〉
Db

The variation of dislocation density with milling time [Fig. 5(a)]
was similar to that of microstrain. The dislocation density increased
rapidly with the milling time for early 20 min, and then the increas-
ing rate became gradual. The reduction of dislocation density
increase rate could be explained with the annihilation and recom-
bination of dislocations during fracturing and agglomeration of
the nanoflakes as indicated by the micrograph [Fig. 1(c)] and siev-

ing data [Fig. 2]. In the case of severely deformed ultra-fine grain
materials (d ≈ 10−6–10−8 m), the negligible increase in the dislo-
cation density during tensile deformation was also explained by
the dynamic recovery due to the fast spreading kinetics of trapped
dislocations [17,18].
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ig. 4. Changes of average crystallite size and mean microstrain of Fe-based stearic
owders as a function of (a) milling time, and (b) annealing temperature.

The severely deformed powders after 20 min ball milling were
nnealed. Fig. 3(b) shows the X-ray diffraction patterns of the
amples annealed at the temperature of 100–650 ◦C for 1 h after
0 min ball milling. The effect of heat treatment on the microstruc-
ure was investigated. And the particle size distribution after
dditional ball milling with the annealed powders was also
easured.
The average crystallite size increased with the increasing

nnealing temperature while the microstrain showed the oppo-
ite behavior [Fig. 4(b)]. It is noted that the microstrain after
nnealing at 350 ◦C for 1 h was reduced to the similar level
f as-received powders. The microstrain continuously decreased
ith the increasing temperature, and then nearly leveled off

fter 550 ◦C. The continuous decrease of the microstrain even
fter being reduced to the level of before ball milling indi-
ates that the as-received powders had been pre-strained before
all milling. The dislocation density change with the anneal-

ng temperature showed the similar trend with the microstrain
Fig. 5(b)].

After additional 10 min ball milling with the annealed pow-
ers at 350 ◦C, the size distribution and morphology was compared
etween powders processed with and without annealing dur-

ng total 30 min ball milling. It is of interest to note that the
ntroduction of annealing significantly improved the conver-
ion rate of the spherical powders into nanoflakes by more
han 20%; from 58 to 80% [Fig. 2]. There was no annealing-

nduced morphology changes observed: the powders processed

ith the annealing [Fig. 1(e)] showed the similar morphol-
gy of the powders milled without annealing [Fig. 1(a) and
b)].
Fig. 5. Change of dislocation density (�) of the Fe-based stearic powders as a func-
tion of (a) milling time, and (b) annealing temperature.

4. Conclusions

Fe-based stearic nanoflakes with the submicron thicknesses
were processed by ball milling. The average crystallite size
decreased to 55 nm for 60 min ball milling. The mean micros-
train and dislocation density increased rapidly for early period
of ball milling, plastic deformation dominant period. But the
increasing rate became slow during fracturing and agglomera-
tion dominant period due to the dynamic recovery. The mean
microstrain and dislocation density continually decreased with
the increase of annealing temperature, and returned to the
similar levels of the as-received after annealing at 350 ◦C. The
annealed powders showed much extended plastic deformability
before fracturing and agglomeration became dominant, result-
ing in a significant improvement of the conversion rate by
more than 20% of the spherical powders into the nanoflakes.
And there were no heat treatment-induced morphology changes
observed.
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