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Phase development during high-energy ball-milling of zinc
oxide and iron – the impact of grain size on the source and
the degree of contamination
G. Štefanić, S. Krehula and I. Štefanić
High-energy ball-milling of powder mixtures of zincite (ZnO) and iron (α-Fe) at different weight ratios was performed in air
using the planetary ball mill with a stainless steel milling assembly. Structural and microstructural changes during the ballmilling (up to 30 h) were monitored using X-ray powder diffraction, field emission scanning electron microscopy (FE SEM)
and UV-Vis diffuse reflectance spectroscopy. The mechanism of iron oxidation was determined from the results of
Mössbauer spectroscopy. It was found that an early phase of ball-milling caused the oxidation of iron from Fe0 to Fe2+
followed by the formation of a solid solution structurally similar to wüstite. The wüstite-type phase rapidly disappeared
upon prolonged milling, which was accompanied by further oxidation of iron from Fe2+ to Fe3+ and the formation of spineltype ferrite structurally similar to franklinite (ZnFe2O4) in the products with high zinc content, or magnetite (Fe3O4) in the
products with high iron content. Further milling or annealing had a low impact on the franklinite-type phase, but caused
the transition of the magnetite-type phase to the phase structurally similar to hematite (α-Fe2O3). The results of energy
dispersive X-ray spectrometry (EDS) showed a dramatic increase in the degree of contamination with the increase in the
proportion of the starting iron (~9 times higher contamination during the milling of pure iron compared with pure zincite).
It was shown that the source of contamination (balls or vial) strongly depends on the type of milled sample. Ball-milling of
relatively big and heavy grains (starting iron) caused preferential contamination from the vial whereas ball-milling of
smaller and lighter grains (products obtained after prolonged milling) caused preferential contamination from the balls.
After prolonged milling the contamination due to wear of the balls was dominant in all the products. An explanation for
the observed impact of grain size on the source and the degree of contamination was proposed.

Introduction
In the past ten years the mechanosynthesis of organic and
pharmaceutical materials has received growing attention as a
1,2
solvent-free and low-energy synthetic route.
The use of
mechanical milling in the preparation of inorganic materials
(ceramics, metals, alloys) has a much longer tradition,3-5 and various
aspects of such processing were summarized in several review
5-12
papers.
In contrast to the mechanosynthesis of organic
compounds, processing of inorganic materials is generally more
energy demanding and often requires highly energetic milling for an
extended length of time. Contamination of milled sample due to the
attrition of milling assembly (balls and vial) is a major obstacle
during the high energy ball-milling. There are a number of

processing parameters that could/should be optimized in order to
obtain the desired products with minimum contamination. Several
steps have been proposed in order to reduce the effects of
contamination.6-9,11 Milling time should be kept as short as possible.
If possible, milling media should be made up of the same material
as that of the milled powders (due to a limited amount of
commercially available materials for a milling assembly this
suggestion could rarely be fulfilled). If the use of a milling assembly
made of the same material as milled powders is not possible, the
milling assembly should be made of a material harder/stronger than
the powder being milled. It was shown that the coating of the balls
and the vial with milled powders significantly reduced further
contamination.8,13 However, a systematic investigation of the effect
of processing parameters on the amount of contamination has not
been undertaken yet. Some important milling parameters are: the
type of mill (most serious contamination from highly energetic
mills, e.g., SPEX shaker mill), milling container, milling speed, milling
time, type and size of the milling medium, ball-to-powder weight
ratio, the extent of filling the vial, milling atmosphere, the presence
of a process control agent, temperature of milling, etc. Most of
these parameters are interconnected, which significantly
complicates the selection of optimum conditions. For example,
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optimum milling time will depend on almost all other parameters.
In practice, most investigators optimize only several milling
9
parameters and often just one (milling duration).
In our previous studies we examined the effect of high-energy ballmilling on the structural and microstructural changes in monoclinic
14,15
zirconia (ZrO2).
It has been documented for some time that such
milling can induce partial stabilization of high-temperature
16-18
Stabilization of these
tetragonal and cubic polymorphs of ZrO2.
polymorphs was attributed to the surface energy effect in
19
accordance with the model proposed by Garvie. Our investigation
showed that a significant reduction in monoclinic ZrO2 crystallite
size (below 10 nm) caused only a partial stabilization of tetragonal
ZrO2 (up to ~30 vol%) when the corundum or agate milling assembly
were used.15 In case of the zirconia milling assembly a reduction in
monoclinic ZrO2 crystallite size has an even smaller impact on the
20
formation of high-temperature polymorphs. However, a complete
transition, first to tetragonal and after prolonged milling to cubic
14
ZrO2 occurred when the steel milling assembly was used. It was
3+
shown that Fe ions, introduced due to the wear and oxidation of
the steel milling assembly, incorporated into the ZrO2 lattice and
stabilized high-temperature polymorphs of ZrO2 in a way described
21,22
for the system ZrO2-Fe2O3.
Such stabilization could not be
obtained with other milling assemblies, regardless of the amount of
the introduced impurities (the corundum assembly introduced a
15
significantly higher amount of impurities).
Due to the high density and low cost steel is a common type of
material used in high-energy milling, and particularly for milling
samples that contain iron, such as ferrites. A chemical reaction
between iron contamination from the steel milling assembly and
milled oxides, clearly demonstrated in the case of zirconia, has been
23-27
reported in several investigations.
However, the danger posed
by the improper use of steel milling tools in high-energy milling is
still generally neglected. An overview of the papers connected with
the mechanosynthesis of spinel-type ferrites revealed significant
discrepancies between the reported milling conditions and steel
contamination.28 Most reports neglected the presence of
contamination, although the intensity of milling was often greater
compared with the intensities of milling in a few papers that have
reported the presence of significant contamination.24,26,28 The
occurrence of iron in a lower oxidation state during the milling of
24,29-43
hematite in air is observed and discussed in several studies.
In
a review paper related to this area Šepelák noted that the
appearance of reducing iron comes only in cases where grinding is
carried out with a tool made of steel, while the use of tools made of
corundum or heavier tungsten carbide does not lead to reduction.43
Our recent research shows that the milling atmosphere has a
very high impact on the amount of steel contamination and its
interaction with milled samples during the standard high-energy
28
ball-milling. The rate of contamination significantly increases in
the non-oxidative atmosphere (nitrogen) due to the abrasion of
milling tools by steel chips coming from it. The self-propagation of
this process causes an increased rate of contamination with the

prolonged milling time that could not be prevented by coating the
milling tools with milled powder. The rate of contamination during
the high-energy milling in the oxidative atmosphere (air) is slower
because steel particles introduced due to the abrasion of milling
tools quickly oxidize and disappear. However, the obtained iron
2+
3+
ions (Fe and Fe ) easily incorporate into the structure of milled
sample and cause structural changes (formation of zinc ferrite from
zincite). The mechanism of iron oxidation during this process
remains unclear due to the continuous entering and oxidation of
28
freshly formed steel chips.
The aim of the present investigation was to determine the
mechanism of iron oxidation during high-energy ball-milling in air
and the impact of samples abrading capacity on the rate and
mechanism of contamination from the milling assembly. In this
study we used standard milling conditions that can often be found
28
in literature related to the mechanosynthesis of ferrites. In order
to get a better insight into the mechanism of iron oxidation we
examined the products of high-energy milling of zincite (ZnO) and
iron (α-Fe) powder mixtures at different weight ratios.

Experimental
Chemicals and Synthesis
The starting chemicals were ultra-pure zincite (ZnO, space group
P63mc, a = 3.24982 Å, c = 5.20661 Å; ICDD PDF No. 36-1451)
powder (Ventron) and iron (α-Fe, space group Im 3 m, a = 2.8664 Å;
ICDD PDF No. 6-696) powder, -200 mesh, >99% metals basis (Alfa
Aesar). High-energy ball-milling of pure zincite powder (sample S1),
the powder mixtures of zincite and iron with weight ratios of 3:1
(sample S2), 1:1 (sample S3) and 1:3 (sample S4) and pure iron
powder (sample S5) was performed in air using the Fritsch
planetary ball mill Pulverisette 6. In the milling we used ten
stainless steel balls (ball diameter = 10 mm) and steel bowl of 80
3
cm . The results of EDS analysis indicate that the stainless steel
balls contain ~84% of Fe, ~15% of Cr and ~1% of other elements (Si,
Mn), while the stainless steel grinding bowl contain ~71% of Fe,
~21% of Cr, ~6% of Ni and some traces of other elements (Si, Mn).
The main disk rotation speed was 500 rpm and the powder-to-ball
weight ratio 1:20. The milling time varied from 1 to 30 hours. A
small amount of samples (~50 mg, ~2.5% of starting samples mass)
was taken at selected times for analysis. After each hour of milling
the bowl was left with open lid to cool down for 5 minutes. The
obtained milling products were notated with the name of starting
sample (S1 to S5) and number (1 to 30), standing for the milling
time in hours. For the thermal stability study, the products obtained
after 30 h of ball-milling (samples S1-30, S2-30, S3-30, S4-30 and S530) were subjected to temperature treatment at 500 °C and 1000 °C
for 2 h.
Instruments and Characterization
Structural and microstructural changes in the ball-milled products
were investigated at room temperature (RT) using X-ray powder

2 | J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Dalton Transactions Accepted Manuscript

ARTICLE

Please
do not
adjust margins
Dalton
Transactions

Page 3 of 12
Journal Name

ARTICLE
57

XRD measurements were taken in step-scan mode using an
ItalStructures diffractometer APD2000 with monochromatized CuKα
44
radiation (graphite monochromator). Rietveld refinements
45
(program MAUD ) of powder diffraction patterns were used for a
quantitative crystal phase analysis of ball-milled products (Fig. 3a
and Table 1 in ESI). Precise lattice parameters of the spinel ferrite
phase obtained in the products of ball-milling was determined from
46
the results of Le Bail refinements of powder diffraction patterns
47
48
(program GSAS with a graphical user interface EXPGUI ). Silicon
(Koch-Light Lab. Ltd.) was used as an internal standard (space group
Fd 3m ; a = 5.43088 Å; JCPDS-ICDD PDF card No. 27-1402). The
physical broadening (β) of the most prominent diffraction lines of
zincite and α-iron was used to estimate the volume-averaged
domain size (Dv) and the root-mean-square strain (εRMS) according
49
to the so-called 'double-Voigt' method
equivalent to the
50
This method, in which Voigt
Warren-Averbach approach.
functions were used to describe both the crystallite size and the
microstrain contribution to the broadening of the diffraction lines,
51
was performed by using the computer program BREADTH.
Physically broadened line profiles (β) were obtained by convolution52
fitting approach (program SHADOW ) in which the instrumental
profile (diffraction lines of the starting zincite powder) is convoluted
with a refinable Voigt function to fit the observed profile
(diffraction lines of ball-milled samples). The results of the
diffraction line broadening analysis are summarized in Fig. 7.
57

Fe Mössbauer spectra were recorded at 20 °C in the transmission
mode using a standard WissEl (Starnberg, Germany) instrumental
57
configuration. A Co/Rh Mössbauer source was used. The velocity
scale and all data refer to the metallic α-Fe absorber at 20 °C. A
quantitative analysis of the recorded spectra was made using the
MossWinn program.
FE SEM/EDS analyses of uncoated samples were made using the
field emission scanning electron microscope JSM-7000F (JEOL)
equipped with an energy dispersive X-ray spectrometer INCA-350
EDS Microanalysis System (Oxford Instruments). In the EDS analysis
we used accelerating voltage of 15 KV and probe current of 10 nA.
The results of elemental analysis were based on several (at least
three) independent EDS measurements performed at low
magnification.
Diffuse reflectance UV-Vis-NIR spectra were obtained at 20 °C using
a Shimadzu UV-VIS-NIR spectrometer (model UV-3600) equipped
with an integrated sphere. Barium sulfate was used as a reference
material.

Results and discussion

Fig. 1 UV-Vis spectra of pure ZnO (sample S1) and the final milling products
(30 h) of samples S1, S2, S3, S4 and S5 (a) and the UV-Vis spectra of samples
obtained after calcination of the final milling products at 1000 °C (b).
28

Similarly as in the case of tempered steel (low chromium content),
visual examination of products obtained by high-energy milling of
pure ZnO (sample S1) with a stainless steel assembly shows that this
process has a very strong impact on the chemical and structural
properties of milled sample (Section 1 in ESI). The white color of a
pure zincite powder changes to white-gray (1 h of milling), greenish
gray (5 h of milling), olive (9 h of milling), yellowish brown (14 h of
milling) and finally brown (20 h of milling) that remain stable to the
impact of further milling up to 30 h and subsequent calcination at
500 and 1000 °C. The color of starting samples S2, S3 and S4 was
also white because smaller zincite particles completely covered the
surface of bigger iron particles (Section 1 in ESI). However, after
only 1 h of milling the color of those samples changed to dark gray
(S2-1 and S3-1) and gray (S4-1). After 9 h of milling sample S2
became brown (S2-9) and this color only slightly changed toward
red-brown with further milling up to 30 h and subsequent
calcination at 500 and 1000 °C. In case of sample S3 a dark brown
color appeared after 14 h and slightly changed toward dark redbrown after prolonged milling (30 h). By annealing at 500 and 1000
°C the final milling product (S3-30) lightened and became redbrown. The milling products of samples S4 and S5 changed color in
a similar way, from gray to dark gray, almost black, and finally to
very dark brown. Calcination at 500 and 1000 °C caused lightening
of the final milling products (S4-30 and S5-30), which became redbrown.
The results of UV-Vis diffuse reflectance spectroscopy (Fig. 1)
confirm the observed color changes. Starting zinc oxide is
transparent in the visible region of the spectrum with a band gap
53
absorption edge at ~390 nm typical of zincite. On the other hand,
the product obtained after 30 h of milling (sample S1-30) exhibits,
besides the adsorption typical of zincite, absorption in the visible
region of the spectrum with a band gap absorption edge at ~650
nm typical of zinc ferrite.54 The spectra of products obtained after

Color of milling products
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Fig. 2 The results of Rietveld refinements on XRD patterns of the products obtained after ball-milling of the samples S1, S2, S3, S4 and S5 for 1 h, 14 h
and 30 h and the products obtained after calcination of the final milling products (30 h) at 1000 °C. Colors of the products are shown in the insets.

30 h of milling samples S2, S3, S4 and S5 show a gradual increase of
absorption in the visible region of the spectrum with increased iron
content followed by the disappearance of the absorption edge
connected with zincite. Calcination of final milling products caused
a shift of their absorption maxima toward higher wavenumbers (red
shift). Products with a high iron content exhibit high absorption in
the whole visible region of the spectrum (dark, almost black color).
Phase analysis

The results of quantitative crystal phase analysis, from the Rietveld
refinements of XRD patterns (Fig. 2 and Section 2 in ESI), of the
products obtained upon ball-milling of samples S1, S2, S3, S4 and S5
and calcination of the final milling products (30 h) at 500 and 1000
°C are summarized in Fig. 3a and Table 1 in ESI. The XRD pattern of
starting zinc oxide (sample S1) contains only the diffraction lines
typical of zincite (space group P63mc, a = 3.24982 Å, c = 5.20661 Å;
ICDD PDF No. 36-1451) (Section 2 in ESI). The ball-milling process
caused a significant broadening of these diffraction lines. The first
sign of the second crystalline phase, αFe, structurally similar to
ferrite (α-Fe, space group Im 3 m, a = 2.8664 Å; ICDD PDF No. 6696), appeared after 1 h of milling. Phase W structurally similar to
wüstite (FeO, space group Fm 3 m, a = 4.293 Å; ICDD PDF No. 461312) appeared after 5 h of milling and remained present during
the whole milling process. Spinel-ferrite phase, phase S, structurally
similar to franklinite (ZnFe2O4, space group Fd 3 m, a = 8.433 Å; ICDD
PDF No. 65-3111) appeared after 9 h of milling and significantly

increased upon further ball-milling up to 30 h. Calcination of the
final milling product (sample S1-30) at 500 and 1000 °C caused a
small increase of phase S followed by the disappearance of phase W
and a decrease of phase Z (zincite-type phase) (Fig. 3a).
The XRD patterns of samples S2, S3 and S4 obtained after 1 h of
milling contain a mixture of phase αFe and Z with volume ratios in
good agreement with the composition calculated for the weight
fraction of zinc oxide and iron in the corresponding starting samples
(Table 1). The XRD patterns of sample S5 (pure iron) obtained after
1 h of milling contain only the diffraction lines typical of α-Fe. Phase
W appeared after 2 h of milling samples S2 through S5 and, unlike
sample S1, became the dominant phase after just 5 h of milling.
Further milling caused the second onset of transition, which
resulted in the appearance and rapid increase of phase S followed
by the rapid decrease of phase W. Milling time needed for the
onset of W→S transition was prolonged with an increase in iron
content, from 5 h for sample S2 to 9 h for sample S3 and 14 h for
samples S4 and S5. A small amount of the second iron phase, γFe,
structurally similar to austenite (γ-Fe, space group Fm 3 m, a =
3.6599 Å; ICDD PDF No. 52-513) appeared in the products of
samples S4 and S5 after 9 and 14 h of milling and disappeared upon
further milling (Table 1). Prolonged ball-milling of samples S4 and S5
caused the third onset of transition, from phase S to phase H,
structurally similar to hematite (α-Fe2O3, space group R 3 c, a =
5.0356 Å, c = 13.7489 Å; ICDD PDF No. 33-664). In the case of
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Fig. 3 a) The influence of high-energy ball-milling of the samples S1 to S5 and temperature treatment of the final milling products (30 h) on the crystal
phase composition as determined from the results of Rietveld refinements. Phases Z, αFe, W, γFe, S and H are structurally similar to zincite (ZnO),
ferrite (α-Fe), wüstite (FeO), austenite (γ-Fe), franklinite (ZnFe2O4) or magnetite (Fe3O4) and hematite (α-Fe2O3), respectively. b) The influence of Zn/Fe
ratio in the spinel ferrite lattice (phase S) on the lattice parameter a as determined from the results of Le Bail refinements. c) The iron oxidation states
(Fe0, Fe2+ and Fe3+) in the milled products of the samples S2 to S5 as determined from the results of 57Fe Mössbauer spectroscopy.

sample S5 the onset of S→H transition was more pronounced and
began earlier (after ~20 h of milling) (Fig. 3a).
The lattice parameters of phase S in the products S2-30, S3-30 and
S5-20 were determined with precision from the results of Le Bail
refinements46 of the corresponding XRD patterns with added silicon
as an internal standard (Section 3 in ESI). A decrease in parameter a
of the spinel-type lattice with the increase in iron content (Fig. 3b)
indicates that a franklinite-type lattice, present in products with
lower iron content (sample S2-30), shifts with the increase in iron
content toward a magnetite-type lattice (Fe3O4, space group Fd 3 m,

a = 8.396 Å; ICDD PDF No. 19-629), present in the product S5-20.
The value of parameter a in the product S3-30 lies between the
values obtained in the products S2-30 and S5-20 (Fig. 3b).

Calcination of the final milling products of samples S1 and S2
(samples S1-30 and S2-30) at 500 and 1000 °C has a negligible
impact on phase composition. In the case of sample S3-30
calcination caused the appearance (500 °C) and the increase (1000
°C) of phase H. However, phase S remained dominant. Calcination
products of samples S4-30 contain a mixture of dominant phase H
and a smaller amount of phase S, while in the product of sample S530 calcined at 1000 °C a complete S→H transition occurred (Fig. 3a).
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Fig. 4 57Fe Mössbauer spectra of the starting samples S2, S3, S4 and S5, the corresponding products obtained after 5, 9, 14, 20 and 30 h of ball-milling
and the products obtained after calcination of the final milling products (30 h) at 500 °C and 1000 °C.

Mössbauer spectroscopy

The results of 57Fe Mössbauer spectroscopy are summarized in Fig.
4 and Section 4 in ESI. Mössbauer spectra of starting samples S2 to
S5 contain only a magnetic sextet with parameters characteristic of
α-Fe. Ball-milling caused line broadening in the α-Fe sextet as a
consequence of the widening of hyperfine magnetic field (HMF)
distribution due to the crunching of α-Fe crystals, whereas the
intensity (area) gradually decreased and virtually disappeared from
the spectra after 9 h (sample S2), 14 h (sample S3) and 20 h
(samples S4 and S5) of milling. The early stage of ball-milling caused
the appearance and rapid increase of the asymmetric doublet
55-58
which can be assigned to a defect wüstite (FexO),
in accordance
with XRD data (Fig 3a). Stoichiometric wüstite FeO is not stable at
normal atmospheric conditions, thus wüstite always comes in a
59
partially oxidized state. In the structure of nonstoichiometric
3+
wüstite Fe ions can be located at octahedral sites (substituting
Fe2+ ions) or in interstitial tetrahedral sites. The charge is balanced
by vacancies in octahedral sites. For that reasons Mössbauer
spectra of nonstoichiometric wüstites are very complex and

reported fitting procedures include various numbers of doublets
and singlets.55-57,60,61
In the present work, Mössbauer spectra of the products with the
highest wüstite content (Fig. 3a) are similar to the spectra of highly
oxidized wüstites (FexO, x ≈ 0.9) reported in the literature.55,58,62
2+
2+
Wüstite formed in our products is likely to contain also Zn , Ni
3+
2+
and Cr ions, from zincite and the steel impurities, in the Fe or
Fe3+ sites. Reasonably good fits of recorded data were obtained
2+
3+
using only two doublets, one for Fe and one for Fe . The spectra
2+
of the samples with high level of zinc were fitted using Fe doublet
with a distribution of quadrupole splitting (QS) in order to deal with
2+
a large number of different environments of Fe ions. Isomer shift
2+
-1
of Fe doublet increased from 0.95 mm s in sample S5 to 0.98 mm
s-1 in sample S4 and to 1.02 mm s-1 in sample S3, probably due to
2+
incorporation of a significant amount of Zn ions into the wüstite
structure.
Intensity of Fe2+ doublet increased with prolonged ball-milling due
0
2+
to a gradual oxidation of iron from Fe to Fe and become
dominant after 5 h (sample S2), 9 h (sample S3) or 14 h (samples S4
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Fig. 5 FE-SEM micrograph of starting zincite (ZnO) (top left) and iron (α-Fe)
(top right) powders. The corresponding EDS spectra are shown below. Inset
tables show the results of elemental analysis.

and S5) (Fig. 3c). A further ball-milling caused a decrease in
2+
3+
intensity of Fe doublet and an increase in intensity of Fe doublet
or broad collapsing sextets. These sextets correspond to partially
inverted zinc ferrite (sample S2), to solid solutions between zinc
ferrite and magnetite (samples S3 and S4) or to magnetite (sample
S5). Mössbauer spectra with collapsing sextets have been
commonly recorded for a low crystalline magnetite,63,64 as well as
65-67
for a Zn substituted magnetite.
Finally, after 30 h of ball-milling
3+
iron was almost completely oxidised to Fe in all samples (Fig. 3c).
In line with the reference literature,68-74 a good fit of Mössbauer
spectrum of sample S2-30 was obtained using a doublet and a
collapsing sextet with distribution of HMF, which (along with XRD
data) indicates the presence of nanostructured partially inverted
spinel ZnFe2O4. An increase in QS and overall spectral broadening in
Mössbauer spectra of nanostructured zinc ferrite samples is likely
to be associated with several factors: increased fractions of
disordered and interfacial regions as the grain size decreases,
distortions of bond lengths and angles, as well as changes in the
distributions of Fe3+ and Zn2+ ions at octahedral and tetrahedral
69,71
sites and the appearance of magnetic interactions.
Mössbauer spectrum of the sample S3-30 contains a collapsing
sextet with an isomer shift characteristic for Fe3+ (~0.38 mms-1) and
-1
a quadrupole shift (2ε ≈ 0.00 mms ) characteristic for a spinel
phase that, in line with the results of XRD analysis, can be
represented by a formula (Fe3+,Zn2+)IV[Fe3+,Zn2+,□]VIO4 (impurities of
metal cations from steel contamination are also present in the
structure). EDS analysis showed that Fe content is three times
higher than Zn, which is manifested as the presence of strong
3+
magnetic superexchange interactions between Fe
ions in
tetrahedral and octahedral sites (magnetic sextet in the Mössbauer
spectrum). Similar Mössbauer spectrum was recorded on a spinel
sample obtained by ball milling of α-Fe2O3 and ZnO in the presence
26
of steel impurities.
Stronger sextet with broad lines, which can be attributed to Znhematite, and a weaker collapsing sextet, which can be attributed
to Zn-maghemite, are present in the Mössbauer spectrum of the

Fig. 6 FE-SEM micrographs at 50 000 × magnification of the products
obtained after 1 h of milling (left) and after 30 h of milling (right). The results
of EDS quantitative elemental analysis are given in inset tables (top left).

sample S4-30. These findings are in accordance with the results of
XRD analysis (Fig. 3a). Broad sextets of hematite (dominant) and
magnetite (minor) are present in the Mössbauer spectrum of the
sample S5-30. Line broadening in the spectra is a consequence of
very low crystallinity (revealed by FE-SEM and XRD analysis).
Calcination of samples S2-30 and S3-30 resulted with ordering of
cations in zinc ferrite from partially inverted toward normal spinel
structure (spectrum narrowing). Mössbauer spectra of these
samples contain doublet characteristic for the normal spinel
3+
ZnFe2O4 with only a weak magnetic coupling between Fe ions in
75,76
octahedral positions.
The much stronger magnetic interaction
between cations in tetrahedral and octahedral positions is not
2+
present due to the absence of unpaired electrons in Zn ions which
77
occupied all tetrahedral positions. Calcination of samples S4-30
and S5-30 resulted with transformation of maghemite-type
structure to hematite. After calcination at 1000 °C only the most
stable phases zinc ferrite (sample S2) and hematite (sample S5), or
their mixtures (samples S3 and S4), were present.
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Fig. 7 The influence of ball-milling on the volume-averaged domain size (Dv)
and the root mean square strain (εRMS) of ZnO (sample S1) and α-Fe (sample
S5) (a) and the full-width at half maximum (FWHM) values of the line 100 of
zincite and the line 110 of α-iron in the milling products of all samples (b).

Microstructural analysis

The results of microstructural analysis are summarized in Figs. 5 to
7 and Section 5 in ESI. The FE-SEM micrograph of starting zincite
(sample S1-0) shows hexagonal crystals of different shapes and
sizes (from ~100 nm to ~1 μm) (Fig. 5 left), while the FE-SEM
micrograph of starting iron (sample S5-0) contains big particles
(>100 μm) of irregular shape (Fig. 5 right). The process of ballmilling induced a gradual decrease in particle size that in the early
stage of ball-milling results in a wide range of sizes and shapes (Fig.
6 left). After prolonged ball-milling all particles (regardless of the
ZnO/Fe ratio) decreased to nano dimensions (10 to 20 nm) and
became spherical in shape. Significant agglomeration of nanometric
particles prevents a clear determination of size distribution (Fig. 6
right and Section 5 in ESI).
The results of line broadening analysis show that the ball-milling of
starting zincite (sample S1-0) caused a significant decrease in
crystallite size (Dv) and an increase of the micro-strains (εRMS) within
the first five hours of milling (Fig. 7a). Lattice micro-strains reached
maximum values after ~9 h of ball-milling. Further ball-milling up to
14 h causes a small decrease in strain, while crystallite size remains
almost unchanged. Further ball-milling up to 30 h has a negligible
influence on both the crystallite size and lattice strain in zincite-type
products. The first two hours of ball-milling iron (sample S5-0)
resulted in an even faster decrease of crystallite size and the
increase of lattice microstrains (Fig. 7a). However, the impact of
ball-milling rapidly decreased, so the Dv and εRMS values changed
very little after ~3 h of milling. Due to a significant overlap between
the diffraction lines, precise size-strain analyses could not be
performed for most of the products obtained by ball-milling
samples S2, S3 and S4. However, the obtained full-width at half
maximum (FWHM) values of the zincite line 100 indicate higher rate
of crystallite size decrease in the presence of iron. On the other
hand, the presence of zincite has a negligible impact on the FWHM
values of the α-iron line 110 (Fig. 7b).
EDS analysis (Contamination)

Fig.8 The influence of high-energy ball-milling on the weight % of oxygen as
determined from the results of EDS analysis of the milling products.

Elemental analyses obtained from the EDS results (Section 6 in ESI)
show that starting sample S1 contains only elements Zn and O in
the atomic ratio 1:1, while starting sample S5 contains only element
Fe (Fig. 5 below). Ball-milling of samples caused the appearance of
(sample S5) and increase in oxygen content, which becomes more
pronounced as the proportion of the starting iron grows (Fig. 8).
The increase of oxygen content in samples is the result of the
oxidation of iron, present in the initial samples (samples S2, S3, S4
and S5), and steel, introduced due to the wear of milling tools, with
the oxygen coming from the milling atmosphere (air).
The presence of iron and chromium contamination is clearly visible
after only 1 h of ball-milling of sample S1 (pure zinc oxide) (Fig. 6
and Section 6 in ESI). The amount of those elements increases with
the prolonged milling time. The degree of iron contamination in the
product of sample S1 obtained after 30 h of milling was similar to
that obtained after the corresponding milling of zinc oxide with the
28
balls of tempered steel. The EDS spectra of the products obtained
after the prolonged milling of samples S1 and S2 also contain a
small amount of nickel (Section 6 in ESI). The presence of nickel
significantly increases in the products with a higher amount of
starting iron (samples S3, S4 and S5). The products of samples S4
and S5 obtained in an earlier milling phase (the first 10 h) contain a
relatively high Ni/Cr ratio, which indicates that the contamination of
samples mostly came from the vial. However, with the prolonged
milling time the Ni/Cr ratio was gradually lowered, so after 30 h of
milling the contamination due to the wear of balls was dominant in
all the products (Fig. 9 and Section 6 in ESI). The rate of
contamination was significantly heightened as the proportion of the
starting iron increased (Fig. 9). Weighing of the balls before and
after 30 h milling showed a weight loss of 0.39%, 0.65%, 1.53%,
2.25% and 2.44% for samples S1, S2, S3, S4 and S5, respectively.
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Fig. 9 The influence of high-energy ball-milling of samples S1 to S5 on the amount of steel contamination (left) and the weight ratio of contamination
coming from the attrition of balls and the attrition of vial during the high-energy ball-milling of samples S2 and S3 (center) and S4 and S5 (right).

The level of contamination gradually dropped with the prolonged
milling time, which can be attributed to the reduction in grain size
and the formation of a protective layer on the balls and vial walls.
However, this process occurred slowly in the products with a high
percentage of starting iron (samples S4 and S5), so the use of
“seasoned” milling tools8,13 probably would not reduce the level of
contamination significantly.
The obtained results show that after 30 h of milling the amount of
contamination from the milling tool is about nine times greater in
sample S5 (pure iron) than in sample S1 (pure zinc oxide). Such a
significant difference in the proportion of contamination cannot be
attributed to the difference in hardness between initial samples,
which is similar (alpha iron and zinc oxide have hardness between 4
and 5 on the Mohs scale) and significantly smaller compared with
hardness of the steel used for milling tools, but to the difference in
size and weight of the starting grains. It was shown that the source
of contamination (balls or vial) strongly depended on the grain size
of milled sample (Figs. 5 and 6). Fine powder of the starting zincite
adheres to the wall of the vial and protects it against wear. On the
other hand, heavier and coarser grains of iron remain on the
bottom of the vial, whereby the side wall remains bare and
susceptible to wear due to the impacts with the balls (Fig. 10). As
milled grains become smaller they better adhere to the wall of the
vial and thereby reduce further contamination due to the wear of
the vial. However, a considerable amount of steel particles
introduced in the early stage of milling contributes to further wear
of the milling tool (mostly balls). Preferred contamination due to
the wear of the balls, observed in all samples after prolonged
milling, can be attributed to a significantly higher energy released
during the frontal collision between two balls moving in the
opposite direction compared with the energy released during the
collision between the balls and the vial (Fig. 10).

Conclusions
Phase changes caused by ball-milling of samples S1 and S2 can be
summarized as follows: ZnO + Fe → (Fe,Zn)O → (Zn,Fe)(Fe,Zn)2O4,
whereas (Fe,Zn)O and (Zn,Fe)(Fe,Zn)2O4 stand for solid solutions
structurally similar to wüstite and franklinite, respectively.
Calcination of the final milling product of these samples had a
negligible impact on the phase composition (Fig. 3a). Phase changes
caused by ball-milling of samples S3 and S4 were similar but, due to
the large quantities of iron, the obtained spinel- ferrite phase
appeared to be structurally closer to magnetite. Unlike franklinite,
magnetite is metastable and transforms into hematite upon
calcination (sample S3) or prolonged milling (sample S4). Phase
changes caused by ball-milling of sample S5 can be summarized as
follows: Fe → Fe1-xO → Fe3O4 → α-Fe2O3, whereas Fe1-xO, Fe3O4 and
α-Fe2O3 stand for phases structurally similar to wüstite, magnetite
and hematite, respectively. The results of Mossbauer spectroscopy
showed that the observed phase transitions are associated with the
oxidation of iron from Fe0 to Fe2+ and from Fe2+ to Fe3+.
Although it can be expected that both processes occur
simultaneously, the obtained results show that in the earlier period
of ball-milling, the duration of which depends on the amount of
0
2+
starting iron, oxidation Fe →Fe dominates. Therefore, after 5 h
(sample S2), 9 h (sample S3), and 14 h (samples S4 and S5) of ballmilling a phase structurally similar to wüstite occurs as the
dominant, which is accompanied by the dominant presence of iron
in the oxidation state of 2+. Further milling resulted in a rapid
decrease of the wüstite-type phase and the formation of a spinelferrite phase similar to franklinite (ZnFe2O4) or magnetite (Fe3O4)
2+
3+
that is followed by the oxidation of iron from Fe to Fe .
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Fig. 10 A schematic illustration of the impact of grain size on the source and
the degree of contamination.

13
14

The results of our previous studies have shown that the degree of
steel contamination during standard high-energy ball-milling is very
high and rises significantly if the milling is carried out in the
nonoxidative atmosphere of nitrogen (more than three times higher
contamination compared with the milling in air atmosphere). In the
present study we investigated the effect of size and weight of
starting grains on the rate and mechanism of contamination. Ball
milling in the oxidative atmosphere of air showed a dramatic
increase in the degree of contamination with the increase in the
proportion of starting iron (~9 times higher contamination after 30
h of ball-milling of pure iron compared with pure zincite). Significant
differences in the amount of contamination were attributed to the
difference in size and weight of starting grains. The results of EDS
analysis indicated that ball-milling of big and heavy grains (starting
iron) caused preferential contamination due to wear of the vial
while milling of smaller and lighter grains (obtained upon prolonged
milling) caused preferential contamination due to wear of the balls.
A significantly higher rate of contamination in the products with
higher iron content was attributed to the significant amount of steel
chips introduced in the early stages of ball-milling due to wear of
the vial, whose abrasive activity promoted further contamination.
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