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The effects of mechanical activation in a planetary mill on the structural changes and microstructural
characteristics of the components of ferruginous quartzite beneficiation tailings generated by wet mag-
netic separation process were studied using X-ray and laser diffraction methods. The results revealed the
relationship between variations in the mean particle size of activated powders and the milling time. The
crystallite size, microstrain, lattice parameters and unit cell volumes were determined for different
milling times in powder samples of quartz, hematite, dolomite, and magnetite from the beneficiation tail-
ings. The main trends in the variation of the crystallite size of quartz, hematite, dolomite, and magnetite
as a function mean particle size of powder samples were revealed. Changes in the particle shape as a
function of the activation time was also investigated.

� 2016 Published by Elsevier B.V. on behalf of China University of Mining & Technology.
1. Introduction

At present, more than one-half of commercial iron ore produc-
tion in Russia comes from the Kursk Magnetic Anomaly (KMA)
basin. Similarly, this region accounts for more than one-half of
the tailings from ore beneficiation. Estimates indicate that the
amount of iron ore tailings generated and stockpiled on site
(together with the existing tailings) within the KMA using the
common beneficiation methods may reach 21–24 billion tons over
the next fifty years. Tailings from beneficiation process containing
up to 80–95% free silica pose potential risk of silicosis. Long-term
storage of tailings is usually the biggest environmental concern.
Effective utilization of massive tailings resources can require mod-
ification of the structure and properties of waste materials.

Mechanical activation or activation grinding is one of the most
effective means to cause changes in the structural characteristics
and properties of the material during higher-energy milling under
the action of mechanical forces compared to the traditional ball
millings. Such grinding results in the structural-chemical transfor-
mations of minerals, formation of lattice distortion and disloca-
tions and point defects.
The waste materials generated during beneficiation of ferrugi-
nous quartzite using the wet magnetic separation process are com-
plex multicomponent mixtures the microstructural changes of
which during comminution have yet to be studied.

The goal of this study is to investigate structural and
microstructural changes of waste materials induced by mechanical
activation, which can be used to develop a novel composite mate-
rial consisting of dispersed fine particle with substantially
enhanced properties. The trends in the change of their microstruc-
ture as a function the specific surface area can provide the basis for
developing quick test methods for assessment and ranking waste
materials in terms of their potential for effective backfill mix
design. Void filling using mill tailings especially in metal mining
is one of the best techniques [1].
2. Materials and methods

The chemical analysis by X-ray fluorescence on the ARL Optim’X
spectrometer revealed that the waste material generated during
beneficiation of ferruginous quartzite using the wet magnetic sep-
aration process contains (in wt.%) about 59. 82% SiO2, 20.36% Fe2O3,
6.67% CaO, 2.20% MgO, 7.63% CO2, 1.09% P2O5, 0.91% Al2O3, 0.438%
K2O, 0.34% Na2O, 0.274% TiO2, 0.147% MnO, 0.0705% SO3, 0.0355%
WO3, 0.0302% SrO, 0.0089% CuO, 0.0026% ZrO2, and 0.0021%
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Table 1
Summary of particle size distribution data for powder samples.

Characteristics Starting
size

Milling time 1 h,
in ethanol

Milling time 2 h,
in ethanol

Milling time 6 h,
in ethanol

Milling time 6 h in
ethanol +6 h in air

Milling time 12 h,
in ethanol

D10a (10% of particles) (lm) 11.336 1.020 1.003 0.856 0.727 0.471
D50 (50% of particles) (lm) 59.024 6.035 3.983 2.601 2.071 1.187
D90 (90% of particles) (lm) 141.340 25.770 11.143 7.454 7.252 2.017
Mean particle size, (Mean volume

diameter), d[4.3] (lm)
69.16 9.65 5.23 3.46 3.10 1.22

Fraction Content of fine-grained fractions in the bulk sample (%)

0–1 lm 1.61 12.27 14.85 17.29 22.76 47.90
0–3 lm 4.30 36.24 40.15 49.98 66.82 99.91
0–5 lm 5.63 45.38 53.14 72.28 74.21 100.00
0–10 lm 9.17 65.66 85.54 97.38 97.36 100.00

Note:
a D10 is the particle size at which 10% of the particles are finer; D50 is the grain size at which 50% of the particles are finer; D90 is the particle size at which 90% of the

particles are finer.
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Fig. 1. Variation of the mean particle size as a function of the activation time.
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Y2O3. The XRD spectra were recorded using an Ultima IV Rigaku
diffractometer (CuKa, k = 0.154059 nm, in the range of 2h = 10–
110� at the step size of D(2h) = 0.02� and scanning speed of 2.5 s)
and contained the diffraction lines from quartz SiO2 (ICDD PDF-
2# 00-046-1045), hematite Fe2O3 (ICDD PDF-2# 01-086-0550),
magnetite (ICDD PDF-2# 01-086-1346) Fe3O4, and dolomite
CaMg(CO3)2 (ICDD PDF-2# 01-073-2361).

The quantitative analysis of XRD patterns and phase identifica-
tion were performed using the PDXL RIGAKU software. The diffrac-
tion data were smoothed by the Savitsky-Golay method [2] and the
background line was subtracted using the Sonneveld-Visser
method [3]. The diffractions were described by a Gaussian function
and the Rachinger correction was applied to separate a diffraction
peak doublet into the Ka1 and Ka2 components [4]. The mean crys-
tallite (Coherently Scattering Domains (CSD)) size (D) for quartz,
hematite, magnetite, and dolomite was determined from the b line
broadening analysis. The instrumental angular resolution function

of the diffractometer FWHMR ¼ ðutg2hþ mtghþwÞ1=2, where
u = 0.0093, m ¼ �0:0090 and w = 0.0078 was determined in a spe-
cial diffraction experiment using a standard sample of the lan-
thanum hexaboride LaB6 (PRF-12). The X-ray diffraction peak

broadening b ¼ ðFWHM2
exp � FWHM2

RÞ
1=2

was determined by com-
paring the full width at half-maximum of an experimental diffrac-
tion reflection FWHM2

exp with the instrumental angular resolution

function of the diffractometer FWHM2
R [5]. The mean crystallite

size D and the contribution from the microstrain e were deter-
mined using the Williamson-Hull plot [6] based on an approxima-
tion that the functions of size and strain contributions are
described by the Gaussian functions [7]:

b2 � cos2 h ¼ ð4e sin hÞ2 þ k
D

� �2

ð1Þ

where h is the Bragg angle, b is the broadening of the diffraction
line, e is the microstrain, and k is the X-ray wavelength.

The plot of b�cos h
k

� �2
vs. 4 sin h

k

� �2 is a straight line with the tangent
of the inclination angle proportional to e2 and the y-intercept
inversely proportional to D2.

The tailings samples were ground to powder in a Pulverisette 5
laboratory planetary ball mill at 400 r/min with automatic time
reverse rotation every 30 min. For each run, maximum powder
batches of 210 g were ground using one 250 ml stainless steel jar
with balls of 5–20 mm diameter and 790 g total weight. The pow-
ders were milled in air and 60 ml ethanol for intervals of 1–12 h
and dried after milling.

The particle size distribution and elongation ratio were deter-
mined with an Analysette 22 NanoTec Laser Diffraction Analyzer
using the wet dispersion and ultrasonication of the sample powder
[8]. The Analysette 22 NanoTec is the instruments which produces
a particle size distribution and particle shape analysis (elongation
ratio) in a single measurement.

Fraunhofer theory was applied for interpretation of diffraction
pattern for determining particle size. The elongation was defined
as the ratio of the radii of the ellipsoid.
3. Results and discussion

3.1. Particle size and shape

The tailings samples with an initial mean particle size of
69.16 lm were milled in ethanol at intervals of 1, 2, and 6 h to
sequentially reduce the mean particle sizes to 9.65, 5.23 and
3.46 lm, respectively, then the powders were milled for 6 h in
ethanol and 6 h in air to particle size of 3.1 lm; and finally the
samples were milled in ethanol for 12 h to a mean particle size
of 1.22 lm. The data on the particle size distribution in fine-
grained fractions are summarized in Table 1. Changes in the mean
volume diameter of the particles as a function of the milling time
are shown in Fig. 1.

The experimental data indicate that after 2 h of milling over 85%
of the material was milled to the particle size below 10 lm. The
degree of crystallinity of fine mineral particles below 10 lm is
becoming increasingly important because fine milling is capable
of producing novel crystalline materials with crystallite sizes at
the nanometer scale in which tailored properties can be used to
improve hydrometallurgical processes, reduce annealing tempera-
ture, accelerate the reactivity of the binders, allow for the forma-
tion of metastable phases and particles with high surface
energies [9]. Although a substantial difference was found in the
particle size after 1, 2, 6, and 12 h of milling, intensive grinding
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Fig. 3. Degree of amorphization as a function of the mean particle size of quart
powders.
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of high purity hematite in the planetary mill after 3 and 9 h of
milling produced no differences in the particle size grain [10]. This
effect was probably a result of the formation of agglomerates dur-
ing extended milling of different minerals [11–14], which appears
to have been eliminated in the experiments conducted using wet
milling in an aqueous medium and an ultrasonic bath.

While it is widely recognized that comminution can lead to
changes in particle shape, relatively few attempts have been made
to quantify the parameters of ground minerals and ores as they
relate to comminution processes [10]. To characterize the shape
of particles produced by milling of ferruginous quartzite tailings,
this study applied one of the main shape descriptors such as elon-
gation, the values of which are shown in Table 2.

The elongation ratio increases with increasing milling time,
reaching its maximum after 6 h of milling (mean particle size of
3.46 lm) and continues to decrease, reaching its minimum after
12 h of milling (mean particle size of 1.22 lm). Particle shape of
the activated powder samples are shown in Fig. 2.

This implies that the shape of particles is controlled by the
milling time, which is in agreement with the observations of Kaya
et al. [15] for quartz and coal. However Kaya et al. [15] have
reported that grinding in a planetary ball mill produces more
rounded particles with increasing milling time without increasing
elongation ratio till 6 h of milling time followed by a decrease. Also,
the observations of the authors are not in agreement with Kuga
et al. [16] who however used a screen mill for comminution.

3.2. Amorphization degree

The increase in the abundance of X-ray amorphous material is
manifested by decreases in the integral intensity of diffraction
lines. The content of X-ray amorphous phase was determined by
equation proposed by Ohlberg and Strickler [17]:

A ¼ 100� X ð%Þ ð2Þ

X ¼ U0

I0
� Ix
Ux

� 100 ð3Þ
Table 2
Elongation ratios of the activated powder particles produced by milling of ferruginous
quartzite tailings.

Milling time (h) Mean particle size (lm) Elongation ratio

0 69.16 2.000
1 9.65 2.320
2 5.23 2.784
6 3.46 3.467
6 + 6 3.10 2.155
12 1.22 1.441

(a)

Fig. 2. Particle shape of the activated powder samples after: (a) 6 h of milling tim
where U0 and Ux refer to the background of non-activated and acti-
vated samples while I0 and Ix are integral intensities of diffraction
lines of non-activated and activated samples. A and X denote the
degree of amorphization and degree of crystallinity, respectively.

In our calculations, the eight most intensive reflection peaks of
quartz, dolomite, and magnetite were used. It is assumed that the
amorphous phase in the initial mineral powder is negligible. The
portion of X-ray amorphous phase in quartz is shown Fig. 3.

It is clear that the amorphization increases with the increase of
the milling time and the decrease of the particle size. The amor-
phization increases rapidly at the initial stages of milling reaching
25–30% after 1 h of milling (mean particle size of 9.65 lm) and
continues to increase to 80% after 12 h of milling when the mean
particle size is in the order of 1.22 lm. The increase of X-ray amor-
phous phase due to intensive milling was reported for quartz, sul-
fide minerals, calcite, and magnesite [18–22]. Other results were
obtained for hematite, magnetite, and dolomite for which the
degree of amorphization has not been determined. The calculations
show that the degree of crystallinity of all of these minerals
increases at all stages of milling. The intensity of the reflection
peaks increases considerably up to 6 h of milling and reduces pro-
gressively after 12 h of milling, remaining higher than that of the
non-activated sample. These results can be explained by the break-
ing of hematite, magnetite, and dolomite intergrowths in the com-
position of iron ore tailings. At the same time, the experiments
with high-purity hematite [10] showed that after 9 h of milling
in the planetary mill, 85% of the initial hematite was converted into
amorphous phase. Similar results were obtained after 10 h of
milling of hematite powder whose degree of crystallinity ranged
from 9.37% to 49.8% [23]. The maximum amorphization degree
(80–90%) was achieved for magnetite from the milling in a plane-
tary ball mill after 60 min of grinding [24].
(b)

e (mean size of 3.46 lm) and (b) 12 h of milling time (mean size of 1.22 lm).
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3.3. Microcrystalline characteristics

X-ray diffraction profile analysis is a powerful tool to character-
ize the microstructure of a material powder obtained during pro-
longed milling.

The XRD studies do not show phases below 2% by weight. This
agrees with the observations of Pourghahramani and Forssberg,
Kaczmarek and Ninham, and Stewart et al. [10,25,26].

The diffraction peaks for mechanically activated hematite pow-
der are broader than those for the initial samples. The XRD patterns
for powder samples of iron or tailings for different milling times
are shown in Fig. 4. (The XRD patterns show shifting of the position
of each reflection line to the right during computer processing to
prevent the interference and overlapping, which make the obser-
vation of structural changes difficult).
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Fig. 4. X-ray diffraction patterns of starting and activated powder samples of
ferruginous quartzite tailings generated during wet magnetic separation processes,
mean particle size (1–69.16 lm; 2–9.65 lm; 3–5.23 lm; 4–3.46 lm; 5–3.10 lm;
6–1.22 lm).
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Fig. 5. X-ray diffraction pattern for: (a) quartz (110); (b) quartz (112); (c) hematite (110);
wet magnetic separation processes, mean particle size (1–69.16 lm; 2–9.65 lm; 3–5.23
The XRD patterns for the individual reflections of quartz, hema-
tite, and dolomite are shown in Fig. 5.

Crystallite size is a fundamental property of the material.
Changes in the crystallite size during milling were examined in
several previous studies [9,12,21].

Our observations indicate a decrease in the average crystallite
size (D) of quartz, hematite, magnetite, and dolomite samples
depending on the activation time (Table 3).

This is supported by data for hematite. The minimum crystallite
size obtained was 17.1 nm when hematite was ground for 10 h
[23]. The crystallite size decreased exponentially for quartz, hema-
tite, and dolomite (D ¼ 137:18e�0:151t; D ¼ 86:438e�0:118t;
D ¼ 14:232e�0:058t, respectively) and linearly for magnetite
(D ¼ �0:4709tþ 10:658). This is consistent with the experimental
results obtained in the previous study [21], which suggested that
the decrease in the crystallite size as a function of milling time
can be described by different trends for different minerals. The
physical broadening of reflection lines due to strain and crystallite
size is observed after 12 h of milling (Table 3). For magnetite, the
strain contribution to the line broadening is very small and negli-
gible. The variations of crystallite sizes of quartz, hematite, mag-
netite, and dolomite from the milled samples of iron ore tailings
as a function of the mean particle size are shown in Fig. 6. The
experimental data are well approximated by a logarithmic
function.

In this study, the unit cell parameters for quartz, hematite, mag-
netite and dolomite from the beneficiation tailings were analyzed
as a function of the mechanical activation time (Table 4).

The unit cell parameters were calculated using a least squares
method. The unit cell volume of the studied hexagonal systems
(quartz, hematite, and dolomite) was calculated by the formula
V = 0.866025a2c, where a and c are the unit cell parameters. The
cell volume of hematite was defined as V = a3. It was found that
all milled samples of quartz, hematite, and dolomite exhibited an
expansion of a unit cell and an increase in the lattice parameters
as compared to the non-activated powder. The dolomite sample
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Table 3
Mean crystallite size and lattice strain components obtained for milled samples of iron ore tailings.

Activation time (h) (ethanol) Mean size of coherently scattering domain, D (nm) Microstrain, e (%)

Quartz SiO2 Hematite Fe2O3 Magnetite Fe3O4 Dolomite CaMg(CO3)2 Quartz SiO2 Hematite Fe2O3 Dolomite CaMg(CO3)2

0 149.7 108.6 11.0 14.9 0 0 0
1 110.8 66.9 10.5 12.6 0 0 0
2 86.7 58.2 8.5 12.0 0 0 0
6 67.8 45.3 8.6 11.3 0 0 0
6 h in air + 6 h in ethanol 46.9 24.9 8.8 10.9 0.03 0.11 0.0100
12 20.9 21.1 4.8 6.8 0.03 0.37 0.0108
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Fig. 6. Variation of the crystallite size of (a) quartz (1) and hematite (2) and (b) dolomite (1) and magnetite (2) powders as a function of mean particle size.

Table 4
Lattice parameters a, c and cell volume V of quartz, hematite, dolomite and magnetite samples extracted from the iron ore tailings.

Mineral Parameters Activation time (h)

0 1 2 6 12

Quartz a (Å) 4.9101 4.915957 4.912479 4.914267 4.914076
c (Å) 5.401273 5.408402 5.404535 5.406512 5.406331
c/a 1.1000 1.1002 1.1002 1.1002 1.1002
V (Å3) 112.7736 113.192 112.9511 113.0747 113.0621

Hematite a (Å) 5.030591 5.039091 5.033842 5.035615 5.033295
c (Å) 13.74929 13.75363 13.74858 13.76059 13.77133
c/a 2.7331 2.7294 2.7312 2.7327 2.7360
V (Å3) 301.3347 302.4492 301.7085 302.1848 302.1422

Dolomite a (Å) 4.810735 4.815272 4.812266 4.803193 4.80102
c (Å) 16.02736 16.04872 16.03102 16.08354 16.11671
c/a 3.3316 3.3329 3.3313 3.3485 3.3569
V (Å3) 321.2295 322.2648 321.5074 321.3456 321.7170

Magnetite a (Å) 8.391581 8.386535 8.379004
c (Å) 8.391581 8.386535 8.379004
c/a 1.0000 1.0000 1.0000
V (Å3) 590.9237 589.8583 588.2707
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displays a significant variation in the lattice parameter c (0.089 Å
after 12 h of milling, Fig. 7a), while the parameter a increases more
drastically in quartz than in hematite and decreases monotonically
in dolomite, showing a minor peak at the initial stage of milling
(0.022 Å, Fig. 7b). The magnetite sample exhibits a reduction in
the cell volume and «a» decrease of the lattice parameters after
6 h of activation.

The observed changes in structures of ferruginous quartzite tail-
ings induced by extended milling provide additional information
on the formation and growth of active absorption centers on the
surface of waste tailings with a further decrease in particle size,
which enhances the activity of particles with respect to cement
and cement hydration products and improve the mechanical prop-
erties of composites manufactured using ferruginous quartzite
backfills [27].

This allows a conclusion about mechanical activation of ferrug-
inous quartzite tailings. It should be noted that mechanical activa-
tion and grinding cannot be considered as separate processes: any
grinding process is activation since the action of the external forces
leads to an increase in the energy of materials subjected to grind-
ing [28]. The kinetic theory proposed by Boldyrev suggests that
there are two main physical processes, which initiate chemical
reactions in solids: crystal breakage and deformation. These pro-
cesses lead to the development of point defects, linear defects (dis-
locations) and breakage of crystals accompanied by breakage of
chemical bonds on the newly-formed surfaces and formation of
higher activity centers. The main chemical reactions in this case
are processes that take place at the contact points between parti-
cles and within fractures as well as at the high activity centers of
the newly-formed surfaces [29].

The assumptions about the positive effects of mechanical acti-
vation of ferruginous quartzite tailings during milling as a result
of changes in their structural and microstructural properties and
surface activity centers on the strength of composite backfills were
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supported by the results obtained on the samples subjected to the
compressive stress for 180 of normal hardening. The addition of
2.67% (by weight) waste tailings milled to the 3.46 lm particle size
to the backfill material, which also included Portland cement, sand
and water, resulted in 12% increase in the compressive strength
and 54.5% reduction in relative shrinkage. It should be noted that
the ground waste tailings used in the experiment were stored for
several months after mechanical activation. It is well known the
activity of ground material is reduced during storage [30]. The
most intense reduction is observed after the first 30 min of keeping
in air, attaining the maximum value and stabilizing after 1–3 h of
storage [31]. It can be expected that the use of fresh ground pow-
ders will increase the strength of composite backfills.

4. Conclusions

The experimental results presented in this study allow the fol-
lowing conclusions to be drawn:

(1) The results revealed that mechanical activation in the plan-
etary mill causes substantial structural and morphological
changes in the waste materials generated during beneficia-
tion of ferruginous quartzite using the wet magnetic separa-
tion process as well as changes in the microstructural
characteristics of the milled products.

(2) After 12 h of milling, the particle size of tailings was reduced
from 69 to 1.22 lm. The variation in the crystallite size with
milling time can be approximated by the exponential func-
tion at the 0.98 confidence level.

(3) Mechanical activation leads to changes in the particle shape.
Elongation increases by 73% after 6 h of milling while after
12 h of milling the particles tend to be more rounded.

(4) The increase in the degree of crystallinity of hematite, mag-
netite, and dolomite can be explained by liberation of inter-
growths and reaches its maximum in dolomite after 6 h of
milling. The variations in the abundance of X-ray amorphous
phase and the mean particle size of quartz powder, which
can be approximated by a logarithmic function at the
0.987 confidence level, reaches 80% in powder samples with
the mean particle size of 1.22 lm.

(5) The crystallite sizes obtained from theWilliamson-Hall plots
range from 149.7 to 20.1 nm for quartz, 108.6 to 21.1 nm for
hematite, 11 to 4.8 nm for dolomite, 14.9 to 6.8 nm for mag-
netite, respectively, depending on the activation time. The
variation in the crystallite size in the medium grain-sized
powder samples can be well approximated by logarithmic
functions. After 12 h of milling, the broadening of diffraction
peaks is contributed both by the crystallite size and lattice
strain.

(6) Mechanical activation leads to changes in the lattice param-
eters. It was found that the lattice parameters and unit cell
volume exhibit different trends in different mineral powders
during mechanical activation. This implies an expansion of
the lattice parameters and unit cell volume for quartz,
hematite, and dolomite and contraction for magnetite. The
most significant change in the lattice parameter c (0.089 Å)
was calculated for the dolomite sample.

(7) The mechanically induced structural changes in the waste
generated from beneficiation of ferruginous quartzite during
extended milling provide possibilities to use them as com-
posite backfills to improve the mechanical and processing
behavior of filling materials.
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