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Structural macrokinetics of synthesizing ZnFe,O, by mechanical ball milling
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Abstract: Powder mixtures of Fe,0; and ZnO were milled in a high-energy planetary ball mill to synthesize ZnFe,O4 and X-ray
powder diffractometry was used to obtain the relative content of phases, crystallite size and microstrain of both Fe,O; and ZnFe,O,.

The lattice constants of Fe,O; were obtained by cell refinement method. The macrokinetics and the structure evolution of matters
were studied and the results show that the dynamics process of mechanochemical synthesis of ZnFe,O;, fits Avrami-Erofe’ev model
and is controlled by a nucleation-growth mechanism, and the structural macrokinetics theory in combustion synthesis research area

could be used to describe the kinetic process as well.
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1 Introduction

Mechanochemistry is the subject that deals with the
chemical and physicochemical changes of substances
induced by mechanical force. Since PETERS[1] clearly
put forward that mechanochemical reaction was induced
by mechanical force, mechanochemistry has been widely
used in many fields, such as materials engineering,
extractive metallurgy, crystal engineering, coal industry,
building industry, agriculture, pharmacy and waste
treatment[2—6]. The science base for mechanochemistry,
however, appears to be limited[6—9], especially the study
of kinetics. Hence, it lacks a set of systematic and
applicable theory to describe the mechanochemical
processing.

During the process of mechanochemical reaction, in
a very short time and a tiny space, the reactants may emit
electrons and ions to form plasma area and begin

chemical reaction under the action of high-speed impacts.

Once the action is over, the systematic energy decreases
rapidly and then gradually slows down, where the rest
energy is stored in solid in the form of plastic
deformation[10—11] and the structure of resultant is
further transformed. As mechanical treatment can
produce nonequilibrium intermediate phase[6, 12],

mechanochemical reaction is often accompanied with the
formation of intermediate amorphous product, which will
result in the fact that the structure formation of final
crystal product lags behind the chemical transformation.
Therefore, in order to better describe the kinetic process
of mechanochemical reaction, besides considering the
classical chemical reaction Kkinetics, the Kkinetics of
structural changes should be employed as well.

Structural macrokinetics[13—15], put forward by
scholars of the former Soviet Union, aims to describe the
chemical reaction processes, particularly the essence of
combustion synthesis that is one kind of physico-
chemical processes far from equilibrium state. Structural
macrokinetics can be used to explain the basic rules of
chemical change and structure evolution of material in
the combustion synthesis process.

Structural macrokinetics can be defined by the
following two formulas[13]:

Classical macrokinetics=chemical kinetics+heat and
mass transfer theory;

Structural macrokinetics=classical macrokinetics+
kinetics of structural transformations.

In fact, combustion synthesis maintains the reaction
process by energy generated by its own exothermal
reaction, while mechanochemical reaction through the
energy continuously provided by mechanical milling. If
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we consider each collision as a micro-area combustion
synthesis, the whole ball-milling process can be regarded
as the numerous continuous “ignition” of reactants.
Mechanochemical synthesis and combustion
synthesis belong to different research areas, but there are
lots of similarities between them, especially the fact that
the structure formation of resultant in both processes all
falls behind the chemical transformation. So, it is
feasible that the structural macrokinetics theory can be
used to research the mechanochemical reaction process.
The theory and research methods of structural
macrokinetics were firstly put forward to apply in
mechanochemical research areas by the authors, aiming

to enrich the kinetic theory of mechanochemical reaction.

Taking for example in this work, the mechanochemical
synthesis of ZnFe,O4 by high-energy ball milling the
mixture of Fe,O3; and ZnO powders, and the structural
macrokinetics were studied.

2 Experimental

2.1 Experimental methods

The Fe,O3 (A.R.)) and ZnO (A.R.) powders were
used as the starting materials for mechanical milling in a
planetary ball mill (QM-1SP2-CL, 0.75 kW, Nanjing
University Instrument Plant). About 20 g of starting
mixtures (molar ratio of Fe,O; to ZnO=1:1) were loaded
together with 400 g steel balls in a sealed steel container
before ball milling. The ball-to-powder mass ratio of
20:1 was chosen and the milling speed was 500 r/min.
The milling process was interrupted after selected time to
take out small amounts of powders for analysis, till
reaction finished.

2.2 Analysis methods

The milled samples were determined by a Rigaku
X-ray diffractometer (Dmax/2550VB+, Japan) using
Cu K, radiation. The voltage was 40 kV and the tube
current was 300 mA. MDI Jade 5.0 was used as
analytical software for X-ray diffractometry (XRD). The
relative fraction of materials was calculated by K value
method (also known as RIR method)[16]. Considering
that grain refinement and microstrain  could
simultaneously happen, the crystallite size and
microstrain of milled powders were calculated by
Williamson-Hall method, and the crystallite size of
starting materials by Scherrer equation[17]. The lattice
constants of substance were obtained by cell refinement
method using MDI Jade 5.0 software.

3 Results and discussion

3.1 Macrokinetics analysis
Fig.1 shows the XRD patterns of the samples milled

for different time. As shown in Fig.1, Fe,O3; and ZnO
mixed powders were complete crystal respectively
before ball milling. But after milling for 5 h, the main
peaks of Fe,O; and ZnO were obviously weakened and
broadened. These suggest that mechanical force
decreases the grain size and crystallinity of reactant.
Furthermore, the decrease of ZnO peaks was more
obvious, compared with that of Fe,O; peaks. Two
reasons related with the influence of high-energy ball
milling might account for this phenomenon: one is the
amorphization of ZnO and the other is the diffusion of
ZnO into Fe,O; phase. JIANG et al[18] reported that
there was no amorphous ZnO after milling for 120 h. So,
the latter reason seemed more likely. Furthermore, the
diffraction peak at 29.84° (26) which was indexed by
ZnFe,04(220) crystal plane indicated that ZnFe,O,
formed by solid-state reaction of Fe,O; and ZnO at low
temperature with mechanical treatment. After milling for
10 h, ZnO peaks almost disappeared, but many peaks of
Fe,O; remained. Considering that the molar ratio of
Fe,O5 to ZnO was 1:1, it further explained that ZnO
diffused into Fe,O; crystal lattice during ball-milling
process. With the increase of ball-milling time, the peaks
of ZnO and ZnFe,0, continuously became weak and
strong, respectively. When the reaction time reached 40 h,
the diffraction peaks of two reactants completely
disappeared, with only ZnFe,0, left.
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Fig.1 XRD patterns of samples milled for different time

The relative mole fraction of each phase as a
function of milling time is shown in Fig.2. Taking into
account of the diffusion of ZnO into Fe,Os crystal lattice
during ball-milling process, the relative mole fraction of
ZnO was adjusted according to stoichiometric
relationship.

The conversion degree of the reaction as a function
of milling time could be obtained from Fig.2, as
presented in Fig.3.

Chemical reaction rate usually abides the following
rate formula:
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Fig.3 Conversion degree of reaction as function of milling time

da
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where da/dr is the reaction rate; k is the rate constant;
a is the conversion degree; and f{a) is the function of a.
The integral formula of Eq.(1) is given by
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obtained as follows:

F(a)=kttc (3)

Solid-state reaction models commonly include
diffusion-control model, nucleation-growth model,
boundary-reaction model and chemical reaction model.
The kinetic model functions usually employed for the
solid-state reactions are collected in Table 1, with
different reaction mechanisms corresponding to different
kinetic equations F(a).

The data in Fig.3 are fitted to those kinetic models.
And the Avrami-Erofe’ev equation (m=1.5) which
belongs to nucleation-growth model has the highest
fitting accuracy, as represented by

[~In(1—a)]"™ =kt +¢, m=1.5 4)

The fitting result is shown in Fig.4, and the fitted
kinetic equation is given as

a =1-exp[—(0.076 21 +0.0718)'°] (5)

The fact that the relative fraction of each phase
changes in accordance with S-shaped curve (see Fig.2)
could be interpreted as follows: crystal nucleus form in
different positions and then grow up[20]. Under the
action of the high-energy mechanical force, the reactant
powder reaches a high degree of mixing, the grains are
highly refined and then a large number of defects such as
vacancies and dislocations are generated, which greatly
reduces the diffusion distance and weakens the diffusion
resistance among ions. Hence, the diffusion rate of this
process could be considered to be very fast. In addition,
the instantaneous high temperature and pressure caused

Table 1 Kinetic model functions usually employed for solid-state reactions[19]

Model Equation name Symbol fa) Fla)
1
One-dimensional diffusion Parabolic law D, Ya o
i i i i i D ——1 +(1 In(1
Two-dimensional diffusion Valensi ) n(l—a) at+(1-a)ln(1-0)
31— )3
Three-dimensional diffusion Jander D; (—)1/3 [-(1-a)"°F
Al-(-a)""]
Three-dimensional diffusion ~ Ginstling-Brounshtei D S — 1—2—"‘—(1—a)2/3
ree-dimensional diffusion  Ginstling-Brounshtein 4 A—a) 1] 3
Phase boundary controlled R, (1=n<3) n(l—a)" 1-(1-a)"

Nucleation-growth Avrami-Erofe’ev

Ay (0.5<m=<4)

m(l-a)[-In(1-a)] 7™ [~In(1—a)]'™"
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by high-energy ball milling provide favorable conditions
for chemical reaction, which significantly improves the
reactivity of reactants and enhances the chemical
reaction process. Thus, it is considered that chemical
reaction is not the controlling step of the whole process.
From Fig.4, it could be concluded that the reaction
process of ZnFe,O, synthesized by mechanical ball
milling in Fe,O3 and ZnO mixed powder could well fit
Avrami-Erofe’ev kinetic model. It is suggested that the
solid conversion degree of this reaction process is
controlled by the crystal nucleus formation and its
growth rate.
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Fig.4 Fitting results of reaction process by Avrami-Erofe’ev
equation (m=1.5)

3.2 Structure evolution of phases
3.2.1 Change of crystallite size, microstrain and lattice
constants for Fe,O;

Fig.5 shows that the crystallite size, microstrain and
lattice constants of Fe,O; vary with ball-milling time. It
can be seen that in the first 5 h, the crystallite size
decreases rapidly, and then the decrease rate slows down.
This indicates that the decrease of Fe,Oj; crystallite size
caused by milling mainly occurs in the initial period of
ball milling.

It is proved that with the increase of milling time,
Fe,0; lattice constants gradually increase, showing that
under the action of mechanical force, ZnO enters Fe,O4
lattice and forms solid solution, which leads to Fe,O;
lattice expansion and lattice constants increase.

With the increase of milling time, the microstrain of
Fe,0; firstly increases gradually, and then decreases. In
the early milling, the increase of the internal dislocation
and other defects of Fe,O; grain causes the increase of
stress, but the starting powder has better toughness, so
the stress could not be well released. Besides, along with
ZnO entering into the lattice of Fe,O;, the lattice

distortion occurs, which further increases the microstrain.

After 10 h, the microstrain begins to decrease since the
grain of remained Fe,0; has become very small. With
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Fig.5 Change of crystallite size, microstrain and lattice
constants for Fe,O; as function of milling time

the ball-milling time extending and the dislocation and
other defects density reducing, the stress stored in the
interior of the powder particles releases continuously to
cause microstrain dropping down.
3.2.2 Change of crystallite size and microstrain for
ZIIF€204
The changes of the crystallite size and microstrain
for ZnFe,O4 with the milling time are shown in Fig.6. It
can be seen that with the increase of milling time, the
crystallite size and microstrain of resultant ZnFe,O,
constantly grow up. High-energy ball milling reduces the
crystallite size of resultant, leading to producing
dislocation and other defects and then forming the active
site of reaction where ZnFe,Oy firstly nucleates, and then
grows up continuously. Meanwhile, the microstrain
caused by mechanical force also increases during the
milling process.
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Fig.6 Changes of crystallite size and microstrain for ZnFe,0,
as function of milling time

4 Conclusions

1) The synthesizing process of ZnFe,O, by
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high-energy ball milling the mixture of Fe,O; and ZnO is
controlled by the nucleation-growth mechanism, and the
reaction process fits Avrami-Erofe’ev kinetic model. The
kinetic equation is & =1—exp[—(0.076 27 +0.0718)'°].

2) The structure evolution of phases is presented
regularly in different stages, and the reaction process of
mechanochemistry can be better understood by analyzing
the structure evolution of reactant and resultant.

3) The theory of structure macrokinetics could well
describe the kinetics of ZnFe,O,synthesis by mechanical
milling, which has great significance to improving
theoretical basis of mechanochemistry.
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