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This study investigated the effects of milling speed on the structure evolution of spray-dried (SD) Fe,O; agglomerate as a
precursor for fabricating Fe nanopowder agglomerate. For fabrication, the milling speed was controlled at four different
rotation speeds of 1000, 1400, 1800 and 2400 rpm (revolution per minute) for 10 hrs. For quantitative analysis, a
microstructural observation was conducted. The particle size first decreased rapidly until it finally reached a saturation value
of about 60 nm as the milling rpm increased to 1800 rpm. Moreover, it was found that excessive milling energy was consumed
to form secondary agglomerates in spherical agglomerate at milling condition of 2400 rpm. The evolution of powder
characteristics is also discussed in terms of the crystallite size and surface area and then compared to the particle size
distribution analyzed by the microstructure.
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Introduction This bimodality of the powder structure is basically
responsible for improvement of the compaction property
The potential application of nanocrystalline materials by increasing the packing density. In this respect, it is very
utilized in structural applications largely depends on the important to understand how the bimodal agglomerate
consolidation of powders into bulk nanoscale solids [1-3]. structure is formed in the entire powder making processes
The full-densification with uniform microstructure is a including oxide-milling, spray-drying, and hydrogen
primary concern for preserving the superior mechanical reduction in order to optimize the processing conditions.
properties of the material [4,5]. Among the various Among the many processing parameters, the initial
approaches to fabricate metal nanopowder, the mechano- structure parameters of SD iron oxide nanopowder
chemical process which is the mechanical ball milling of agglomerates such as nanoparticle size and distribution,
metal oxide powder and subsequent hydrogen reduction pore volume and size distribution are firstly presumed to
of the chemical process, is one of the most promising initiate such bimodal structure evolution of Fe nanopowder
routes [6, 7]. The use of the metal oxide powder as a during the reduction process. This is because the
starting material is easy to reduce particle size down to agglomerate structure plays a decisive role in controlling the
nanometer size owing to the brittleness of the metal hydrogen reduction process thermodynamically as well as
oxide particles in the ceramic phase [8, 9]. Furthermore, kinetically, as a determining the structure of iron
hydrogen reduction of oxide powder is well known for agglomerate powder [6].
advantageous process in terms of cost-effectiveness, The tool chosen for changing the agglomerate
environment-friendliness, and ease of structural design structure of iron oxide in this study, is the control of
[9, 10]. milling energy by varying milling speed. Several
Recently the authors reported that the spherical investigations of the milling energy effect controlled by
shaped iron agglomerate powder consisting of bimodal milling speed and time have been reported [12-14].
structured Fe nanoparticles can be fabricated by the According to Arbain et al. [15], the increase of milling
controlled hydrogen reduction process of spray-dried (SD) speed resulted in decrease of the crystallite size of
iron oxide nanopowder agglomerates [11]. It was also hematite up to about 20 nm. Sanchez et al. [16] also
found that the bimodal iron nanopowder agglomerates prolonged the milling time, which resulted in a
interestingly have an excellent compactability over 70% decrease in the particle size of hematite up to about 30
theoretical density at conventional compaction conditions. nm. Such milling energy effect was interpreted in terms

of excess energy generated during milling. When
particle refinement by milling is ended, the excess

*$°l"efg‘2)fl‘dolgg5 ;‘;?0“ collision energy due to prolonged milling is spent on
F:x; +82-406-5170 formation of the primary particle agglomeration [16-18].
E-mail: jslee@hanyang.ac.kr This result points out that such primary agglomeration
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of oxide nanoparticles presumably acts as the initiator
of further bimodal particle growth during the reduction
process.

Another unavoidable factor affecting particle
agglomeration is the drying process in the case of wet-
milling due to van der Waals or other attraction force
[19,20]. The interparticle attractive force causes the
agglomerate to have an irregular shape and broad size
distribution during the drying process. Strong and
irregular shaped agglomerates, which do not break down
during pressing, reduce the achievable packing density
and produce compacts with non-uniform pore size
distribution in which the coarser pores may remain in the
sintered body [21, 22]. To prevent this phenomenon, some
ceramic powders are intentionally agglomerated in a
spherical form by spray drying process to enhance their
flowability and handling [23]. Among the spray-drying
processes, binderless spray-drying is widely used to
fabricate spherical agglomerate with weak agglomeration
strength to be easily broken during compaction [20].
This process can enhance not only the uniformity of
agglomerate with a spherical shape and uniform size
but also the particle rearrangement during compaction
due to the weak agglomeration strength [21, 24].

Based upon the previous reports as described above,
the present study attempted to investigate the effect of
milling speed on the structure evolution in spray-dried
Fe,05 agglomerate powders as the first part of a study for
fabrication microstructure-optimized spherical shaped Fe
nanopowder agglomerates with improved compactability.
For this purpose, we examine the evolution of powder
characteristics depending on milling speed and then discuss
the correlation between the characteristics of as-milled
precursor powder and those of the SD agglomerates.

Experimental Procedure

In this study, commercially available o-Fe,O;
powders (Kojundo Chemical, 99.9%, 1 um in average
size, Fig. 1) were used as a raw material which was
ball-milled and spray-dried in order to fabricate Fe,O;
nanopowder agglomerate.

The ball-milling was conducted by bead milling
system (Ultra bead mill, Nanointech Inc., Korea) in
methyl alcohol with steel beads (1 mm in diameter). In
this process, we selected four different milling speeds
of 1000, 1400, 1800 and 2400 rpm (revolution per
minute) for 10 h. The main experimental variable of
milling speed in this study was chosen for the purpose
of inducing the structural change of Fe,O3; nanopowder.
After the ball-milling process, the obtained slurries
were spray-dried using small sized spray dryer (MH-8,
Mehyun Engineering Inc., Korea) with optimized
condition of feeding rate of 2500 cc/hr into spray drier,
injecting air pressure of 80 kPa and inlet temperature at
30 °C. The fine agglomerates of the a-Fe,O; nanopowder
collected by the cyclone, and the coarse granules

Jun-ll Song, Geon-Yong Lee, Jong-ryoul Kim and Jai-Sung Lee

500 nm

Fig. 1. SEM micrograph of a-Fe,O; powder as raw material.

collected in the main chamber were discarded [6]. They
were dried at 70 °C for 12 h and then, sieved down to
particle diameter of 150 um (sieve size, 100 mesh).

In order to investigate the microstructural development
of powders during the process, the fabricated powders in
each step of the as-milled and spray-dried (SD) were
observed by field emission scanning electron microscope
(FE-SEM, Hitachi S-4800, Japan). The particle size
distribution analysis was conducted by counting at least
2000 randomly selected particles from SEM micrographs
of the powders. To determine particle size, the Feret
diameter, Dj, which is the distance between the pairs of
parallel tangents to the projected outline of the particle
in a fixed direction, was used in assuming that the
particles are in random orientation [25]. Also, the mean
crystallite size and surface area of the SD powders
were investigated by indirect analysis methods. The
mean crystallite size was calculated using Scherrer’s
formula from a X-ray diffraction analysis (XRD,
Rigaku D/MAX-2500/PC) using Cu Ka radiation
(1=10.15406 nm) as a target [26], and the surface area
was measured by a Brunauer-Emmett-Teller analysis
(BET, ATI Autosorb-1, USA) using nitrogen adsorption
method [25].

Results and Discussion

Fig. 2 shows the SEM micrographs of the SD Fe,O;
nanopowder agglomerates which were prepared under
milling speed conditions of 1000, 1400, 1800, and
2400 rpm, respectively. It is apparent that all powder
samples have a spherical agglomerate shape ranging
from 1-5 pm in size consisting of various sized Fe,O;
fine particles. At a low milling speed below 1400 rpm,
however, the agglomerate powders have a relatively
smaller size and rougher surface compared to those of
higher speed conditions over 1800 rpm.

This macroscopic observation of the agglomerates was
quantitatively examined by measurement of the size
distribution of the agglomerates as shown in Fig. 3. As
seen in the result, the SD agglomerate size increased
with increasing milling speed in a range from 1-5 pm
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Fig. 2. SEM micrographs of SD Fe,0; nanopowder agglomerates
at various milling speed (rpm): (a) 1000, (b) 1400, (c) 1800, and
(d) 2400.
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Fig. 3. The cumulative agglomerate size distributions in SD Fe,O3
nanopowder agglomerates at various milling speed.

Fig. 4. Surface microstructures of SD Fe,O; nanopowder
agglomerates at various milling speed (rpm): (a) 1000, (b) 1400,
(c) 1800, and (d) 2400.

as described above.

Fig. 4 shows the microstructure of Fe,Oj; particles
inside the agglomerates at higher magnification images.
It is confirmed that milling speed affects the structure of
Fe,O; particles considerably. With increasing milling
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Fig. S. Particle size distributions in SD Fe,O; nanopowder
agglomerates at various milling speed: (a) cumulative area fraction
curve and (b) differential cumulative area fraction curve.

speed, the Fe,O; particles became smaller, particularly at
the 1800 rpm condition. However, the more powerful
milling at 2400 rpm resulted in a slightly coarsened
Fe,O; particle microstructure. Such a difference in the
agglomerate structure is basically thought to originate
from the different cohesion forces between the primary
particles. It is well known that the cohesion force
forming agglomerates is in an inverse linear relationship
with the particle size [19, 20] and the agglomerates of
small particles are more stable in contrast to those of
large particles. In addition, it should be noted that some
Fe,05 particles in the agglomerates partly underwent a
shape change from polyhedral (see Fig. 1) to angular
type during the milling process. This change results from
the brittle fracture of oxide particles by mechanical
milling [16, 27].

The microstructural observation in the result of Fig. 4
can be discussed by quantitative analysis and
calculation of the microstructure. Fig. 5 represents the
result for the cumulative particle size distribution of the
SD Fe,O; nanopowder agglomerates prepared at
various milling speed. It is noted that the cumulative
frequency value of the particle size was evaluated in
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Fig. 6. The X-ray diffraction patterns of SD Fe,O; nanopowder
agglomerates at various milling speed (rpm): (a) 1000, (b) 1400,
(c) 1800, and (d) 2400.

terms of particle area by the following Eq. (1):

T

4

where A is the area of identical spherical particle and is
calculated using the measured particle size, Feret
diameter, D By adding the interval percentages of the
calculated area with respect to all the measured
particles, the cumulative frequency value of the particle
size of Fig. 5(a) was obtained.

As can be seen in Fig. 5(a), the cumulative area
fraction distribution curves are shifted to a lower
particle size range with increasing milling speed.
However, it was also found that the higher milling speed
condition at 2400 rpm resulted in a shift of the size
distribution to more or less higher size range compared
to the case of 1800 rpm. Namely, with increasing milling
speed the particle size gradually decreases until it
reaches a minimum value and then remains unchanged
or becomes slightly larger even at much higher milling
conditions. This result on the relationship between
particle size distribution and milling speed is consistent
with that of microstructure development as described
above in Fig. 4. Moreover, it can be more exactly
explained by examining the variation of differential
cumulative size distribution curve as a function of the
milling speed. The differential cumulative distribution
can be calculated from the slope, dA/dx of the
cumulative curve at particle size x according to Eq. (2):
, dA

o dx )

4=2p} (1

AQ)+A() =f,

The area 4 under the curve between two particle sizes
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Fig. 7. Variations of median particle size, crystallite size, and

surface area of SD Fe,O; nanopowder agglomerates with
increasing milling speed.

Table 1. The results of the powder characteristics of SD Fe,0;
nanopowder agglomerates at various milling speed conditions.

Milling speed (rpm) 1000 1400 1800 2400

D5 (nm) 172.6 110.5 53.8 62.1
Crystallite size (nm)  90.2 45.7 25.0 28.3
Surface area (m%g)  7.14 11.61 30.69 19.76

(i.e., x; and x,) indicates the occupying area of the
particles whose diameters are comprised in that interval
[25, 28]. Then, dA4/dx, the slope of the curve at particle
size x corresponds to the area frequency at this size.

Fig. 5(b) shows the differential cumulative distribution
curves depending on the logarithmic particle size, which
was calculated based on Eq. (2) for various milling
speed conditions. As seen in the results, the highest peak
in the differential distribution curve indicating the
mode diameter apparently moved toward smaller size
range as the milling speed increased up to 1800 rpm. It
was also found that the highest peak of the 2400 rpm
sample took place at the same particle size as the 1800
rpm sample. This indicates that the mode diameter
values of both samples of 1800 and 2400 rpm are equal
to be about 50 nm. However, there is a secondary peak
at larger particle size of 120 nm in the 2400 rpm
sample.

This suggests that mechanical milling for particle
refinement has limits and rather seems to make some
strong agglomerates of small size. In order to verify
this, the results of SEM image analysis were compared
with the crystallite size and gas adsorption surface area
by XRD and BET measurements. The former value of
crystallite size was calculated by the Scherrer formula
[26] based on X-ray diffraction patterns. Fig. 6
represents the results of X-ray diffraction patterns for
four SD iron oxide agglomerate powders. During the
milling and spray-drying process, the contamination is
not found with increasing milling speed. Moreover, it is
seen that with increasing milling speed, the main XRD
peaks underwent a line broadening, which is basically
due to particle refinement. The data of the average
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crystallite size calculated based on the line broadening
of the X-ray peaks are listed in Table 1 together with
the data of median particle size (Dsy, 50% size on the
cumulative curve) and surface area for comparison. In
particular, all these data are represented as a function of
the milling speed in Fig. 7.

As can be seen in Fig. 7, both particle sizes, D5y and
the crystallite size of the powders show a very similar
behavior in dependence of milling speed in which the
increasing milling speed both sizes rapidly decreased
until the milling speed reached 1800 rpm and
afterwards increased slightly up to 2400 rpm. However,
the size values were not equal where the particle size
was approximately two times larger than the crystallite
size during the entire milling speed conditions. The
calculated crystallite size decreased to a saturation size
of about 30 nm at 1800 rpm. In contrast, the surface
area of the powders showed an opposite behavior
against the particle size. It abruptly increased to 30 m%/
g up to 1800 rpm and then gradually decreased to
20 m?/g at 2400 rpm.

The experimental results of Fig. 7 can be interpreted
based upon the previous literature as follows. It is well
known that the milling energy on the powder is
consumed to break interatomic bonds in the crystal and
to create additional surface as a result of the cleavage of
crystalline grains [27, 29]. However, particle refinement
by mechanical milling is limited at a certain milling
speed and even higher conditions. This result can be
interpreted in terms of the particle size and applied
pressure. As the particle size of the powder decreases
by milling, the compressive stress from the collision
energy is below the fracture strength of the particles
since the fracture strength of the brittle materials varies
inversely with the size [16].

The present study clearly shows that the milling
condition of 1800 rpm yields the finest particle and
crystallite size with the largest surface area. Moreover,
the prolonged collision energy after the milling at 1800
rpm is spent by friction energy via sliding of
nanoparticles past each other followed by coalescence
to form strong agglomeration in a slurry [16, 17].
These results might be related to the evolution of
bimodal particle growth during hydrogen reduction.
Namely, it is considered that the milling condition of
1800 rpm provides an optimal condition for the
bimodal structure in terms of thermodynamic and
kinetic of the reaction during hydrogen reduction
process. This issue will be discussed in further work.

Conclusions

The present study attempted to investigate the effects
of milling speed on the structure evolution in spray-
dried (SD) Fe,O; agglomerate powders as the first part
of a study for fabrication microstructure-optimized
spherical shaped Fe nanopowder agglomerates. With

increasing milling energy, the primary particle size was
decreased and then saturated to 60 nm over 1800 rpm.
Moreover, it was found that excessive milling energy was
consumed to form secondary agglomerates of 140 nm in
spherical agglomerate. This observed result agrees with
the crystallite size calculated from the XRD data and
surface area analyzed by BET. The crystallite size was
decreased and saturated about 30 nm until the milling
speed reached 1800 rpm and afterwards increased slightly
up to 2400 rpm. Moreover, the surface area of powders
abruptly increased to 30 m*g up to 1800 rpm and then
gradually decreased to 20 m*/g at 2400 rpm. It means that
the mechanical milling for particle refinement has limits
and seems to create some strong secondary agglomerates.
Based on these results, it may be related to bimodal
particle growth during hydrogen reduction. In the near
future, correlation of milling effect and bimodal
particle growth will be reported by using the precursor
of SD Fe,O; nanopowder agglomerates.
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