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Several structural characteristics change during intensive milling such as chemical composition,
phase transformation, crystallite size, lattice strain, lattice parameter (s) and solid reactivity etc. The
creation of defects enhances the stored energy (enthalpy) in the solids and consequently causes a
decrease of activation barrier for the process and/or subsequent processes.

In this paper, the effects of milling on the structural changes of hematite have been investigated
using dry millings. The structural changes have been characterized using a combination analysis of
BET surface area measurements and X-ray diffraction (XRD) analysis. Besides, the hydrogen re-
duction behaviors and kinetics of mechanically activated samples and initial sample were studied
using simultaneous thermal analysis (STA). The methods of Williamson-Hall and Warren-Averbach
were used for analyzing of XRD patterns to resolve and extract the microstructural characteristics of
hematite phases.

It was concluded that the breakage and aggregation of particles take place mainly in the starting
and prolonged stages of dry grinding, respectively. The BET surface area enlarged steadily over the
grinding processes whatever milling methods were utilized. The characterization of structural
changes revealed that the hematite milled under various conditions did not undergo any significant
reaction or phase transformation during milling processes. In addition, X-ray amorphous phase con-
tent increased gradually with extending the grinding intensity. The maximum X-ray amorphous
phase exceeds about 81% after 9 hours of milling in both tumbling mill and vibratory mill. The Wil-
liamson-Hall plots revealed the anisotropic character of line broadening for deformed hematite and
changes in the trend of microstructural characteristics as a function of milling time. It was found that
the surface weighted crystallite size decreases and lattice strain increases over the grinding periods.

The minimum surface “JPID'hde crystallites were calculated about 17.2 nm, 12.2 nm for the nrndnntq of
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tumbling and vibratory mills respectively. The maximum lattice strain, < “*'E:]Onm >12 in the grind-

ing with tumbling and vibratory mills was calculated about 4.44x10~ and 3.95x10™° respectively.
The non-isothermal kinetic analysis of the products revealed that Fe,O; reduced to Fe in a
two-step process via Fe;0y. Intensive grinding resulted in improved resolution of overlapping re-
duction events. It was also established that the mechanical activation had a positive effect on the
first step of reduction. The prereduction step in the activated samples initiated and completed at
lower temperatures than that in non-activated samples. The activation energy of reduction decreased
at the first step of reaction with increasing the grinding intensity. Intensive milling increased slightly

the average activation energy of the second step of reduction due to the present of finely agglomer-

ated particles and intensive sintering of the particles in higher temperature ranges.

Keywords: Mechanical activation; Extended grinding; Microstructure; Hematite; Reduction kinetics

INTRODUCTION of the Mechanochemistry (MC) applied for the
activation of chemical reaction by mechanical
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produce finely ground particles, increased sur-
face area and improved chemical reactivity of
milled materials. The process involves pro-
longed grinding and is reported to cause a vari-
ety of processes to take place such as generation
of a large new surface, formation of dislocations
and point defects in the crystalline structure,
phase transformations in polymorphic materials,

chemical reactions, decomposition, ionic ex-
change, and oxidation and reduction reactions.

The active mechanical energy is partially
transferred to the particles, e.g. by the impact of
solid particles or by induction of tensile and
compressive forces in powder mass. The influ-
ence of mechanical energy on solids includes a
multitude of elementary physicochemical micro
and macroprocesses. The mechanical energy
leads to changes of the material structure, to the
occurrence of structural defects such as changes
of the surface, lattice distortion and conversion
of long range order to short range order. There-
fore, the free energy or chemical potential
gained and the composition can change during
the mechanical activation. In this way the solid
systems reach an activated state (Balaz, 2000;
Tkacova, 1989).

On the other hand, mechanical activation of
solid substances is one component of modern
scientific disciplines of mechanochemistry. At
present, mechanical activation exhibits a wide
range of application potential. It has been re-
ported that mechanical activation substantially
accelerates the leaching kinetics of several sul-
fida and avide m
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ambient pres-
sure. The enhanced effect is attributed to the
increase of specific surface area and structural
disorder (Balaz, 1996), enhanced strain (Balaz,
2000), amorphization of mineral particles
(Tkacova et al., 1993), preferential dissolution
of select crystal faces (Barton et al., 1979), mi-
crotopography (Tromans and Meech, 1999), and
formation of new phases more amenable to
leaching (Welham, 2001). Mechanical activa-
tion was also established to be successful for
intensification of the thermal processes of sul-
fide minerals, such as oxidation, decomposition
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in inert atmosphere, and sublimation (TkaCova
et al., 1990). Hu et al. (2002, 2003) reported
that mechanically activated pyrite and galena
are more easily decomposed during thermal
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Recently, the effect extended milling on car-
bothermic reduction of ore manganese was in-
vestigated by Welham (2002). Milling of man-
ganese ore with graphite led to enhanced reduc-
tion at decreased temperatures. The study of
carbothermic reduction hematite (mixture of
hematite and graphite) in air revealed that mill-
ing at ambient temperature increases the rate of

reaction (Raygan et al.,, 2002). In this area,
thermal properties of mechanicaily activated
hematite concentrate using simultancous ther-
mal analysis have yet to be studied.

The aim of the present paper is to investigate
the influence of different experimental condi-
tions and activation devices on hematite con-
centrate. In addition, the effects of mechanical
activation on the thermal behavior and the re-
duction kinetics of mechanically activated
hematite were investigated and described.

EXPERIMENTAL

Material

The high-purity hematite concentrate used in
Al e Ao o T i Il o121 L. il T AT
LI1IS bLuuy wdbs KIIlUly buppllUU U)f LIC LINAD
(Luossavaara Kiirunavaara Aktiebolag) com-
pany in Sweden. The chemical analysis showed
that the initial hematite powder contained about

97.91% Fe203, 0?3% A1203, 0.73% SIOQ,
0.26% TiO,, 0.20% MgO, 0.022% MnO, and
0.088% P,0s. Other components such as K,O,
CaO and Na,O comprise 0.051%. The X-ray
diffraction analysis represented only the hema-
tite diffraction peaks.

Mechanical activation and characterization

Hematite concentrate was mechanically ac-
tivated using a tumbling mill and a vibratory
mill. A mixture of ball steel media with dimen-
sions between 6 mm and 22.2 mm and with
apparent density of 4875 kg/m’ was used as
grinding media. The milling experiments were
performed continuously in air atmosphere. The
experimental milling conditions are given in
Table 1. The activated samples were sealed into
plastic tubes and kept in a freezer.

The particle size distribution of the samples
was measured by laser diffraction (CILAS 1064)
in the liquid mode, from which the granulomet-
ric surface areas were obtained. The specific
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Table 1

Experimental milling conditions and mill types

Tumbiing miliing Vibratory miiling

Specific input energy/(kWh/kg)
Media filling/%

Milling time/h

Ball to powder weight ratio
Speed/RPM

Amplitude/mm

Media apparent density/(gr/cm’)

Amplitude/mm

Lx¢/mm

0.1996-6.221 0.6~21.92
38.9 70
1,3,9 1,3,9
16.77:1, 67:1 16.92:1, 67.68:1
60 1000
- 8
4.875 4.875
- g
275 x 245 320 x 185

the BET method with the Flow Sorb II 2300
(Micromeretics).

The XRD patterns were obtained using a
Siemens D5000 powder diffractometer with
Bragg-Brentano geometry equipped with a cur-
ved graphite monochromator in the diffracted
beam arm and using Cu Ko radiation (4 =
0.15406). To characterize the microstructural
characteristics encountered during the mech-
anical activation of specimens, the line broad-
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istics was applied. For interpreting of line
broadening Williamson-Hall and Warren-
Averbach methods were applied. The profile
fitting procedure and principles of the methods
were discussed in detail elsewhere (Pourghah-
ramani and Forssberg, 2006 a, b).

Thermogravimetric analyses (TG) were
conducted with a NETZSCH STA 409C instru-

ment at three heating rates of 10°C-min”',

perature to 850°C. The high temperature fur-
nace was heated by graphite heating elements,
which were protected by injection of inert argon
gas. The temperature of furnace was controlled
by a tungsten thermocouple. The heating was

nerformed under hichlv nure hvdrooen ag re-
periormed under highly pure hydrpgen as re
|

duction gas with a flow rate of 100 mL-min"".
The mass of samples was almost 95 mg.

RESULTS AND DISCUSSI

N

Changes in the surface areas

The mechanical activation of materials is
accompanied by disintegration and generation
of fresh previously-unexposed surfaces. Fig. 1
shows how the BET surface area and granulo-
metric surface area change with milling time in
the mills. The most obvious shown feature is
that the vibratory mill brings about higher spe-
cific surface area than the tumbling mill. Furth-

armnre the aneecifie curfare araa in the initial
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SuliGavy Giva 1l Wi il

15°C-min ' and 20°C-min ' from room tem- LIS,
3 20
18
= — 14 8
[ e)] 3J
'9 o 12 {Do"-?
£E 45 10 € £
c o 8®
c 2 8 %o
2° 1 6 o~ ©
: 5
© 05 —a— Tumbling (Gs) —o— Vibratory (Gs) 4 o
—a— Tumbling (BET)  —e— Vibratory (BET) || 2
0 0
0 2 4 6 8 10
Milling time/h

Fig. 1
grinding time
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Changes in the specific surface area and granulometric surface area of hematite ground in the mills as a function of



continues to rise gradually. However, the
surface area in the products of the tumbling mill
increases marginally in the prolonged milling in
spite of the vibratory mill products, which con-
tinues to increase sharply. This may be related
to the ability of vibratory milling to reduce par-
ticle size. After 9 hours of milling, the maxi-
mum specific surface area in the milling with
vibratory mill and tumbling mill ranged to 6.8
m?/g and 18.4 m%/g respectively.

The granulometric surface areas of the sam-
ples are also compared in Fig. 1. With progress
in the milling, the granulometric surface area
shows increasing trend and then decreasing
trend. From the decrease in the granulometric
surface areas and the increase in the BET spe-
cific surface areas, the formation of aggregates
among particles can be concluded. The agglom-
eration of the particles during extended dry
jgrinding was reported for sulphide minerals
(Balaz, 2000), oxide minerals (Tkacova, 1989)
and olivine (Kleiv and Thornhill, 2006). This
behavior is common for dry grinding and is
usually explained by aggregation of the struc-
turally modified particles following the initial
reduction of particle size. This is because of the
tendency of the activated material to reduce

XRD pattern characteristics

Fig. 2 shows the XRD pattern of the ini-
tial sample and mechanically activated
samples in the tumbling mill as a function
of milling time. The diffraction peaks for me-
chanically-activated samples are lower and
broader than of those for non-activated samplies,
mainly due to a disordering process of hematite
crystal structure by intensive grinding. The re-

duction of diffraction neaks intensities imnlies

uction of diffraction peaks intensities implies
the formation of amorphous material. The de-
crease of X-ray diffraction intensities is accom-
panied by a general broadening of the XRD
patterns. The increase of the XRD line breadths
is due to the plastic deformation and disintegra-
tion of hematite. The XRD patterns showed
only the hematite reflections, indicating that
hematite did not undergo significant reaction
and phase changes. The presence of small, but
remarkable, reflection peaks after intensive
grinding in the grinding mills can be taken as a
further indication of the high milling resistance
hematite crystallites. Similar results were ob-
tained for the samples ground by Vibratory mill.
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Fig.2 XRD patterns of hematite samples ground in the tumbling mill as a function of the grinding time

X-ray amorphization degree

From the intensity of the reflection peaks and
f}-\a;ﬂ hacl-arannd tha r]agvaa nf Y_vrauv amarnhi_

1
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zation is estimated and the results are depicted
in Fig. 3. The content of X-ray amorphous
phase in the hematite samples depends mainly
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on grinding time. The portion of X-ray amor-
phous phase in the ground hematite with the
tumbling mill is slightly higher than of those
ground in the vibratory mill. The fraction of the
X-ray amorphization increases steadily with
progress in milling. The amorphization degree
increased to 81% after 9 hours of milling in the



mills
due to intensive milling was reported f or calcite
and quartz (Heegn, 1986) and sulphide minerals
(Balaz, 2000). The amorphization is in fact a
highly distorted periodicity of lattice elements,
and it is often characterized as a short range
order in contrast to the long order of a fully

crystalline structure.
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Fig. 3 Variation of X-ray amorphization degree with the
time of mechanical activation in the mills

Microstructural characteristics

To obtain the microstructural characteristics,
two methods including the simplitied integral
breadth and Warren-Averbach approach were
used. The first step in analyzing line broadening
is to ascertain the nature of any structural im-
perfections present. This can be achieved from
the Williamson-Hall plots. Williamson and Hall
(1953) proposed a method for resolving size and
strain broadening. Williamson-Hall plots can be
applied to a Gaussian profile (Santra et al.,
2002).

2
2_(,8_,—0056’) —L+
. 4 ) D
2sin @/A=1/d=d (1)
where terms d and g refer to the interplanar
spacing and measured (physical) broadening

4gd™

~

=

respectively. A plot of ,3;2 against 4d"” give a
straight line. The intercept and slope of line
yield (1/D,)*and &2, respectively. However, the
qualitative results from Williamson-Hall met-
hod favor the quantitative results. Thus only the
qualitative results are discussed below.

The Williamson-Hall plots are illustrated in
Fig. 4 for all activated samples using vibratory
mill. Similar results were obtained for the
ground samples in the tumbling mill. The cor-
relation coefficients were estimated between 0. 8

and N Q7 danandine A
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ates relatively a strong relations
;5’;2 and d?. From the Williamson- Hall plots,
lines for all intensive reflections and [012] di-
rection have non-zero and different slopes and
intercepts. This suggests that the strain and size
contributions exist simultaneously in the milled
samples. The increase of physical broadening vs.
grinding time and indicates that intensive mill-
ing extends great defects and deformations in

materials. The scatter of the ﬁ;-z values indi-

cates that the crystallite shape differs from a
spherical reflection
shows higher deviation than other reflections
and its broadening enlarged as the intensity of
milling increased. There is also a systematic
deviation between the line connecting the two
orders of (012) and (024) reflections and the
line connecting all intensive reflections, the line
concerning to the [012] direction lie above it.
This may be understood by considering the
anisotropy in the elastic properties of the single-
crystal hematite, indicating that hematite crystal
is ‘soft’ between the (024) and the others crys-
tallographic directions. The similar results have
been observed for Fe powder (Borner and
Eckert, 1997; Vives et al., 2004) and ball milled
molybdenum powder (Lucks et al., 2004).
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%2
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Fig. 4 Williamson-Hall plots, 8;2 , for sam-

ples milled in the vibratory mill. The solid and dashed line
refers to all intensive reflection peaks and direction [012]
respectively.

The quantitative results concerning micro-
structure characteristics were obtained using
Warren-Averbach method. The crystallite size
quantity and the root mean square strain

1/2

<& _onm >~ are given in Table 2. The results

depict the nature of progressive evolution of the
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grinding time. Generally, the surface-weighted
crystallite size shows decreasing and root mean
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the earlier stages of milling, the crystalllte size
decreases rapidly to the nanometer range. Fur-
ther refinement proceeds slowly and the final
average grain size is in the order of 12~17 nm
depending on the mill. As the intensity of mill-
ing increases, the ground hematite in tumbling
mill yields more strain and larger crystallites
than that of ground in vibratory mill. The steady
state was not observed for grinding conditions,
Suggesnng that the PlUdubLlUll of small uymal-
lites is still possible with increasing the grinding
intensity.

Table 2 The microstructural characteristics in [012]
direction using the Warren-Averbach method for acti-
vated hematite in different environments. D; and

> indicate the surface weighted crystallite

2
< &L=10nm
size and root mean square strain (RMSS) at L=10nm
respectively

Milling type Time/h  D/nm EL-tom >
/x107°

1 444 2.236
Tumbling mill 3 25.0 2.84

9 i7.3 4.44

1 364 1.84
Vibratory mill 3 23.7 2.79

9 12.2 3.95
Initial hematite* 0 199.1 n. d. (0)

*Caiculated using singie peak method.

aklaart
auvruL l.

mllllng, TG analysis and a DTG analybm were
performed. In these techniques, changes in the
mass of a sample are studied while the sample 1s
subjected to a controlled temperature program
(Fig. 5). Generally, the TG curves for the reduc-
tion of hematite exhibit a two-step weight loss
that can be identified from changes in the slope
of the curves. The changes in the slope of the
curves at weight loss 3.3% correspond to the
quantitative conversion of hematite to magnetite.
The total weight loss for all of the samples is
30%, which corresponds to the complete con-
version of hematite to iron (Fe,O; — Fe;04 —
Fe). For the ground hematite samples, the TG
curves shift toward lower temperatures with
increasing grinding time up to a temperature of
about 640 °C. At low temperatures, the grinding
time has a large effect on the weight loss, but its
effect is limited with progress of reaction. At

LANC -
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nperatures yuu
ground samples is delayed and no significant
difference exists among the activated samples.

The DTG curves corresponding to the heat-
ing rate of 10 “C/min for the initial sample and
the samples ground in the vibratory mill for
different periods are shown in Fig. 5 as a func-

tion of temperature. The DTG curves also rep-
resent a two-step wmcrht loss which can be eas-

ily identified from the changes in the slope and
the peaks of the curves. The first step of weight
loss, corresponding to the reduction of hematite

Weight loss/%

600
Temperature (‘C)

65

200 300 400

500 600 700

Temperature/°C

Fig. 5 TG and DTG curves (shown in the insets) for the initial sample and for samples ground in the vibratory mill as a func-

tion of temperature
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to magnetite, occurs at the lower temperatures. terminates at a certain temperature range. This
The second step (main step) of weight loss, the is an expected property for crystalline hematite.
reduction of magnetite to iron, extends toward However, activated hematite exhibits different
higher temperature sides up to 700°C. It is ap- starting and finishing temperatures of reduction
parent that the resolution of the two events is in the first step of reduction, depending on

greater for mechanically activated samples than grinding times and consequently the structural
for the initial sample. This is a consequence of changes induced during milling.

the reduction of the energy required to reorganize
the crystalline structure of hematite. The energy

Kinetic analysis

supplied by milling causes structural disorder The isoconversional method of Kissinger-
through the distortion or breakage of the crys- Akahira-Sunose (KAS) (1957) was used to de-
talline network. This was evident from the re- termine the activation energy of the different
duction of the intensities of XRD peaks. Once reactions. The application of the isoconversional
more, this emphasizes that the mechanical acti- methods requires the determination of the abso-
vation results in improved resolution of over- lute temperature at which a fixed extent of re-
lapping reduction events. Moreover, the area of duction from the several TG curves recorded at
peak in the second step of reduction decreases different heating rates. The degree of conver-
concomitantly as the area of peak in the first sion between 0.02 and 0.95 is investigated. The
weight loss step centered approximately be- dependence of the activation energy £ on &
tween 300°C and 450°C increases, depending characteristic for hydrogen reduction of non-
upon grinding time. For the non-activated activated hematite and mechanically activated
hematite, the first step of reduction initiates and hematite for different periods is shown in Fig. 6.

180
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Fig. 6 Dependence of E, on a characteristic of the reduction of non-activated hematite and mechanically activated hematite
or various erindine times: a laree seale of the curves for the ranee of 025 < » < 085 are shown in inset
for various grinding times; a large scale of the curves for the range of 0.25< & < 0.85 are shown in inset

The overall decreasing dependence of the ac- activation energy reaction to the lower activa-
tivation energy on « indicates that the overall tion energy reaction. The curves corresponding

reaction contains at least two steps. A decrease  to the initial sample and the mechanically acti-
in the activation energy is most likely caused by vated samples show that E decreases with extent
transition of the limiting step from the higher of conversion (@) bya < 0.11, corresponding
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increasing the grinding time. After this range,
the activation energy continues to decrease for
the initial sample and mechanically activated
samples up to three hours as opposed with the
activation energy for mechanically activated
sample within 9 hours in which the activation
energy tends to increase slightly and then de-

creasges hUnr =< (.85 . The activation energy of

the initial sample and ground sample for 1 hour
decrease drastically when the conversion degree
exceeds 0.85 as opposed with the reduction of
the activated samples for more than 1 hour.

The first step of reduction, corresponding
toa < 0.11, in the initial sample describes with

activation energy of about 106 ~ 166 kJ-mol ',
while the calculated value for the second reduc-
tion step, corresponding t00.11<a < 0.95 , is

about 9 ~ 72 kJ'mol™". For activated hematite,
the activation energy for the range of o < 0.11
decreases with increasing grinding time. The
activation energy from 106 ~ 166 kJ-mol ™' range
in the mitial sampie decreases to about 70 ~ 102
kJ-mol™" in the sample ground for 9 hours. The
disordering of structure in mechanically acti-
vated samples brings about an increase in the
rate of reduction process and a decrease in the
activation energy (Balaz, 2000). For the second
step of reduction, the ground sample up to one
hour exhibits no significant difference in activa-
tion energy by conversion degree of 0.85.
Grinding for three hours result in a slightly

smaller activation energy compared with the
initial sample;

ifiinaGa SGaapa

hours leads to higher activation energy than the
initial sample. This can be attributed to the ag-
glomeration of finely ground particles during
intensive milling and subsequently to the for-
mation of a dense | 1ayer as a result of the par rtial
sintering at higher temperatures. As a result, the
effect of disordering of hematite structure over-
lapped by the formation of the dense layer.
Therefore, the reduction is retarded (Pourghah-
ramani and Forssberg, 2007). It can be con-
cluded that mechanical activation has a positive
effect on the prereduction step in terms of acti-

ov and gmall nagit ive effect on tha
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second Step of reduction in the samples ground

up to three hours.
Furthermore, the dependence of the apparent
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sion (@) is a source of additional kinetic infor-
mation of process (Vyazovkin and Wight, 1997).
The curves obtained for non-activated sample
and mechanically activated samples up to three
hours reveal a typical reversible reaction ac-
cording to Vyazovkin and Lesnikovich (1990).
Vyazovkin and Linert (1995) have been shown

that tha Adacrancing danandanes
Liiar uiie u\.vnvuolus Ll\-‘ln)\-‘ll‘.l\-‘ll\/

responds to the kinetic scheme of a reversible
reaction followed by an irreversible one. For
such process E is limited by the sum of the ac-
tivation energy of the irreversible reaction and
the enthalpy of the reversible reaction at low
conversions. At high values of conversions, E is
limited only by the activation energy of the ir-
reversible reaction at high «. In our case, the
reduction of hematite to magnetite probably
proceeds through the exothermic stage at low
conversion degrees, which is characterized by a
high value of the apparent activation energy
between 166 kJ/mol and 70 kJ/mol depending
on the sample. The high values of the effective
activation energy represent the sum of the en-
thalpy of the reversible process and of the ap-
parent activation of the irreversible process. On
the other hand, lower value of the activation
energy at higher conversions is a characteristic

of the process proceeding through a reversible
endothermic process

(S BLN LU Rl L e L -1

vated sample for 9 hours, the decreasing de-
pendence of the activation energy is followed
by increasing and then decreasing the activation
energy fora = 0.11; indicating increasing dif-
ficulty in the progress of reaction. The second
step is probably involving competiting between
the reduction of magnetite to iron and sintering
process which may account for the increasing
dependence of E on a.

CONCLUSIONS

From the study, it was concluded that the use
of prolonged grinding caused great structural
changes in the hematite structure. Mechanical
activation led to higher specific surface area,
X-ray amorphous material, microstrain, and
smaller crystallites whatever milling types were
applied. The aggregation of particies during
cxtended dry milling occurs as result of the
tendency of the activated material to reduce
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Ing ir
weighted crystallite size reached 17.3 nm and
12.2 nm respectively. The maximum lattice

>’IK2

=

strain, < gf , in the grinding with tum-

=[0nm

bling and vibratory mills was found about

4.44x107 and3.95x107 respectively.

The reduction of Fe,O; to Fe was found to
occur in a two step process via Fe;0,. The TG
and DTG analysis showed that the two reduc-
tion
prereduction step in the activated samples initi-
ated and completed at lower temperatures than
that in non-activated samples. The activation
energy of the first step of reduction decreased
with increasing the grinding time. Intensive
milling increased slightly the average activation
energy of the second reduction step due to the
present of finely agglomerated particles and
probably intensive sintering of the particles in

| PO Py
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ctance tanlk nlace concecntively Tha
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