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Abstract

The reaction kinetics on the spinel formation reaction of Mg—ferrite formation during the heat-treatment of ferric and magnesium oxide
powders has been evaluated by both Jander and Ginstling—Brounstein models. It revealed that the spinel formation could be successfully
described by Jander’s equation. The rate constant calculated by the Jander equatior Was®3™* at 800°C and increased to 1.4
10~3s! as the reaction temperature increased up to 130The activation energy of spinel formation was evaluated to be 335 kJ/mol, which
was also confirmed by the differential thermal analysis. The activation energy coincided with that'otiflgsion reaction within MgO
lattice suggesting this acted as a rate-determining step in the entire reaction.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction MgAl 04 reaction by Koch and Wagngf]. Following Wag-
ner model, the formation of ferrite spinel was explained as
Magnesium ferrites (MgFR®3), having a spinel structure, a result of the counter diffusion of cations within a rigid
show a rectangular hysteresis loop, making them highly suit- oxide lattice formed at the interface of constituent oxides.
able for use in the area of memory and switching circuits Carter[8], who used pores as inert markers, stated a support-
of digital computers, and in low-loss microwave devices in ing idea that MgFgO, is formed by the counter diffusion
microwave radar systeffi]. Routinely, these ferrites are syn-  of Mg+ and Fé* through a relatively rigid oxide lattice.
thesized by the chemical reaction between mixed oxides, Meanwhile, Blackmari9] suggested that the diffusing ions
hydroxides or carbonates at a temperature range betweemight not be F&" but F&*, based on the observation of
600-1100C [2,3], where the reaction products are formed Fe*t at the reaction interface. Thus, it is believed that the
by the thermal diffusion of cations through the ferrite film Fé&** ions can diffuse after the decomposition 0bBg into
formed between starting oxides. Because the characteristicFeO and oxygen gas. Also the oxygen moves through the
of synthesized powders greatly affect the final electromag- reacted area by vapor transport and then is finally reduced.
netic properties as well as the densification behavior of the Reijnen[10] also reported the existence of%ein the re-
sintered ferrited4—6], kinetic studies of ferrite formation  action surface of MgO + F©3 and suggested that oxygen
have been reported for the optimization for the ferrite forma- might take part in the reaction as a vapor phase. This idea
tion reaction[7—11]. was supported by Paul{1] by presenting evidence of Fe
The formation mechanism of spinel, which is closely diffusion.
related to diffusion of metal ions, was first studied using Meanwhile, the reaction rate is increased by increasing
the iron percentage in the initial mixture at all calcination
« Corresponding author. Tel.: +82 42821 2467 fax: +82 42823 3400, L€Mperaturefs]. This trend is expected because the concen-
E-mail addresspaikjg@add.re.kr (J.-G. Paik). tration of vacancies increases with increasing the iron content
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in the samples where three Rigions would be replaced by ~ patterns were obtained with Cu,Kadiation at 40kV and
two Fé+ ions and a vacancy. From this idea, several reports 30 MA with scanning speed in 2#f 2.4 mirr ™.
[12—-19] have been presented to discuss the role of various ~ The fraction («) of spinel ferrite was evaluated by the in-
dopants on spinel formation. The final conclusion for the ternal standard techniq(0]. In this technique, the amount
enhancement of ferrite spinel formation due to doping with of ferrite spinel formation was evaluated by comparing the in-
foreign oxides has been attributed to an effective increasetensity arearatio (B of samples with those of standard sam-
in the mobility of reacting cations taking part in the ferrite ples. Standard samples were high puritg®gand synthe-
formation. sized MgFeO4 that contained 100% spinel phase following
The rate of spinel formation reaction is affected by the the heat treatment at 120G for 4 h. HereR; is calculated
activation energy of rate determining reaction because it is by the following equation:
dritve(;] kt)y th_e _diffusion_ of cr?tions. Tf;le detetrrt?ination oftth(;e % MgFe04 (2 2 0)
rate determining species, however, has not been reported sdx =
far to the best of the authors’ knowledge, although it can MgFe;04 (220)+ Fe03(104)
provide a better understanding as well as control over the where MgFeOy4 (2 2 0) is XRD peak intensity area of (22 0)
formation reaction of spinel. In the present study, we tried to plane of MgFeO4 and FeO3 (104) is XRD peak intensity
determine the rate determining species in the ferrite spinel area of (1 04) plane of F©3. Because the (31 1) peak, the
formation reaction by analyzing the kinetics of magnesium maximum peak of MgFg,4 phase, has a similar d value with
ferrite formation. More specifically, the kinetics of ferrite the (1 10) of FeOs phase, the (2 2 0) of Mgk®4 phase and
spinel formation reaction in the mixed oxide system of MgO the (1 04) of FeO3 phase were used in the evaluatiorRyf
and FeOgsis analyzed using the quantitative X-ray diffraction From the relation between the volume fraction andRhef
(XRD) technique. Furthermore, the reaction rate constant andstandard samples, the standard curve was obtained (as shown
the activation energy of the spinel formation are calculated in Fig. 1). Using the curve fitting of data in the standard curve,
from the well-known models of the solid-state reaction such the volume fraction («) of spinel formation in the samples is
as Jander and Ginstling—Brounstein models. Also, the calcu-accurately described as a function of the intensity area ratio
lated values of the reaction rate constant and the activation(R,) by the following equation with a correlation factor of
energy of the spinel formation are compared with those mea-0.99622:
sured from differential thermal analysis (DTA). Considering 4 3 2
the measured and calculated activation energies, the diffusion® = —1.564%; +3.210R; — 1.304%; +0.647R. — 0.004
of Mg2* within MgO is suggested as the rate-determining 2)
step in the ferrite formation reaction.

1)

In this case, the variation efwith R, was not linear due to
the different absorption coefficients of Mgkey and FeO3

2. Experimental phases.
DTA of the various specimens was carried out in air at-
2.1. Materials mosphere using Dupont thermal analysis apparatus (Ther-

mal Analist 2100). The rate of heating was in the range of
Equimolar proportions of high purity (>99%) @3 and 10-30°Cmin~! and a constant amount of sample (40 mg)
MgO (both from Aldrich Chem. Co.) were well mixed to Was analyzed in each run.
ensure the homogeneity of the powdered starting materials.

A stoichiometric mixture of both oxides having an average 1.0
particle size of 0.;um were mixed for 12 h in an alcoholic
medium with zirconia balls, and then dried at 2@for 24 h. 08l "
The homogenized powders were pressed into pellets having -
less than 2mm in thickness at a constant pressure ranging g 06l
from 0.25x 10° to 4.0 x 10%kg/cn?. The obtained pellets e
were rapidly heated (>80/min) in air to a temperature %
range between 800 and 100D. After the heat-treatment, £ 04r
the samples were quenched to room temperature. The rapid o
heating and quenching were used in this study to minimize ® 02t
spinel formation during heating and cooling.

0.0 : : :

00 02 04 06 08 1.0

2.2. Characterizations R

X

_ An XRD analysis of heat-treated_samples was carried out fig. 1. A standard curve for the determination of the spinel content (volume
with a JDX 8030, JEOL Co. X-ray diffractometer. The XRD fraction) obtained from the intensity area ratiogXR
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3. Results and discussion

O Fe203
o e spinel

3.1. Effect of forming pressure on the ferrite spinel
formation

In the analysis of solid-state reaction such as spinel ferrite
formation, where the diffusion governs the overall reaction,
the contact area of starting materials should be considered
as a determining factor. This is because the reacting oxide
particles contact each another making at least one of them to
diffuse through an increasing product layer at a reaction tem-
perature. Thus, the compaction pressure of powders should
be considered because the increase of contact area between
powders facilitates the diffusion.

Fig. 2 shows such an effect of powder compaction pres-
sures on the spinel content in Mg ferrites after the heat treat- 0 30 40 850 8 70
ment for 2 h at 900C. As can be seen iRig. 2, the fraction 2 Theta
of ferrite spinel after the heat treatment is increased with an
increase of forming pressure and reaches to a maximum valueFig. 3. XRD patterns showing the spinel formed at various reaction temper-
of 0.27 regardless of the increase of compaction pressuresatures.

Because the fraction of ferrite spinel is constant above a pres-
sure of 2x 10°kg/cn?, the forming pressure of samples is
set to 2x 10° kg/cn? hereafter.

900 °C

INTENSITY

of sintered bodies. Ferric ions (8 in FexO3 are reduced to
ferrous ions (F&") during the sintering process by forming
magnetite (FgO4) or magnesiowustite (MgO-FeO). Because
3.2. Kinetics of ferrite spinel formation the Fé* ions diffuse very fast, the final sintered ferrite be-
comes a microstructure having lots of pores resulting from
To analyze the kinetics of ferrite spinel formation, the high driving force for sintering and fast grain growth. There-
mixed powders compacted at a pressure of 20° kg/cn? fore, the control of spinel fraction before the sintering process
were heat-treated at various reaction temperatures for up tais important in the final microstructure.
720 min.Fig. 3shows the XRD analyses of samples heated  In Fig. 4, the variations of the spinel contents synthesized
up to the normal sintering temperature (13@) for 30 min. at various temperature and time are shown. Here, the fraction
XRD investigation revealed that spinel phase started to form of ferrite spinel formed was calculated using the intensity area
at 700°C and its fraction was increased with an increase ratio of peaks and the standard curve (ge(2)). Generally,
of heat treatment temperature. After the heat treatment atthe amount of reaction product at the same reaction temper-
1300°C for 30 min, almost all powders transformed to spinel ature tends to increase with the increase of the reaction time.
phase. The FE©3 phase, however, was still detected even The increasing rate, however, tends to decrease illustrating
at the normal sintering temperature. Such small amount of that the overall reaction of the ferrite spinel is governed by
remnant FgO3 plays an important role in the densification the thermal diffusion of species.

0.35
Heat treated for 2 h at 900 °C 1.0
5 =
§ 0.30 .GE) 0.8
o
° u u N
c a (e}
0.6
£ o025l . S
g 3
= [o]
v E 04
£ @
% 020+ g
= S 02
% S o ——— o
0.15 ] : : : e 800 °C
0 1 2 3 4 0oL

) 3 » 120 240 360 480 600 720
Forming Pressure / 10° Kgecm ) ) )
Reaction time / min

Fig. 2. Variation of the spinel content with increase of compaction pressure . L . . .
after the heat treatment for 2 h at 9GD. Fig. 4. Variation of spinel content at various reaction temperatures.
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Fig. 5. Data fitted by Jander model at various reaction temperatures.
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Fig. 6. Data fitted by Ginstling—Brounstein model at various reaction tem-
peratures.

For the detailed kinetics study of the spinel ferrite forma-
tion, both Jandef21] and Ginstling—Brounsteif22] equa-
tions were applied. In solid-state reactions where diffusion is
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fraction was well explained by the model equation. Above
this temperature, however, it deviated from the model equa-
tion probably due to large amount of spinel fraction formed
at this high temperatur€&ig. 6 shows the variation of ferrite
fraction, F(«) calculated from Ginstling—Brounstein equa-
tion:

1—%0[,4—(1—0[14)1/3:/{1‘

(4)

In this case, a similar result has been observed. Notice the
boundary conditions of both models are limited only in the
initial stage where the reacted layer is thin. As the ferrite frac-
tion increases, the plane diffusion condition in Jander model
and the sphere diffusion condition in Ginstling—Brounstein
model are far from their boundary conditions. Thus, at high
temperature, those two models could not describe the reaction
satisfactorily.

By the least square method, the reaction rate constant (k)
of the spinel ferrite formation was calculated. The reaction
rate constant and the standard deviations between calculated
and measured synthesized fraction are showiable 1.

The reaction rate constants were similar to each other up
to 900°C. However, these values show considerable dif-
ferences at 1000C. Considering the standard deviations,
the Jander model fits better than the Ginstling—Brounstein
model.

3.3. Activation energy

Calculations of the activation energy £Qon the ba-
sis of Arrhenius equation (lk = —Qg/RT + In C) were
performed, as shown inFig. 7. Fig. 7 also shows
a good agreement up to 900. Above this tempera-
ture, both models deviate from linearity. In case of the
Ginstling—Brounstein model, the deviation is more severe.

arate-determining step, these two models are frequently usedThe activation energies calculated from the Jander model

in the analysis of reaction mechanism. Jander model analyzesa

the condition of plane diffusion, Ginstling—Brounstein model
uses spherical diffusion.

Fig. 5shows the ferrite fractiork(«) calculated from Jan-
der equation:

[1—1—an)"3 =k @3)

where,x 4 denotes the fractional volume reactkdhe reac-
tion rate constant, artdime. Up to 900 C, synthesized ferrite

Table 1
Rate constants at various temperatures calculated by two models

nd the Ginstling—Brounstein model were 335kJ/mol and
276 kJ/mol, respectively.

To verify the accuracy of the activation energy obtained
from the solid state reaction kinetics models, the activation
energy was experimentally obtained from DTA reported by
Ozawa[23] and was compared with those calculated from
the models. In Ozawa method, the activation energy (&
the ferrite formation can be obtained by the Arrhenius plot
of the relation between the heating rates and the reaction
temperatures.

Reaction Ginstling—Brounstein model Jander model

temperature’C) k(s s.Da ) SD.
800 3.42x 1076 9.57x 1073 3.54x 1076 9.24x 1073
850 1.52x 10°° 1.88x 102 1.63x 1073 1.84x 1072
900 7.38x 10°° 1.87x 1072 8.65x 107° 1.31x 102
950 1.92x 104 6.68x 1072 2.85x 1074 4.58x 1072

1000 3.99x 104 1.32x 1071 1.41x 1073 5.48x 1072

a S.D.: standard deviation between experimental and calculated spinel contents.
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Fig. 7. Plots of the reaction rate constants vs. reciprocal temperature for two Fig. 9. Plot of the heating rate (B) vs. reciprocal temperature for the calcu-
models. lation of activation energy.

Fig. 8shows results of DTA for the ferrite spinel formation  ¢;j5ted from the Jander and the Ginstling—Brounstein equa-
under the various heating rate of 10, 15, 25 and@nin. tions, it can be seen that it coincides with the activation energy

Inspection of the DTA curves with the different heating rates (335 3/mol) calculated from Jander equation. This denotes
revealed that weak endothermic peaks were detected in allha¢ jander model successfully describes the diffusion rela-
cases at the temperature range of 500“Ia®s the heating  ion in present MgO + FD3 system.

rate increases, the endothermic peaks of the spinel reaction Spinel ferrite is formed by the diffusion of metal ions

moved toward higher temperature. _ (Mg?*, Fét and Fé+) taking part in the reaction. Because
The activation energy ¢ of ferrite formation can be de- g3+ jons do not diffuse, the whole reaction is governed by

termined by the slope of plots of log of heating rate versus i counter diffusion of both Mg and F&+ ions. Mean-

1/T using the following equation: while, the activation energy of whole reaction is determined
by the slowest reaction among all the diffusion reactions oc-
curred during the spinel formation. Thus, if one compares
the activation energies for the diffusion of such metal ions
sis,Ris the gas constant, ardis synthesis temperature. In  within their oxides, the rate-determining step can be eval-
endothermic reactiof, refers to the minimum position ofen-  uated. The activation energies for diffusion of ftg F&*
dothermic peak, i.e. the temperature of 50% reacted. A plot of and Fé in their oxides are 327 kJ/mf#4], 126 kJ/mo[25],

log B versus 1/Tis expected to be linear. Using the slope (see and 419 kJ/moJ26], respectively. The activation energy ob-
Eq. (5)), the determined activation energy of the reaction was tained in this study coincides with that of i diffusion
calculated to be 331 kJ/mol by the plot showrrig. 9. Com- in the rigid MgO lattice. Considering the structure of both
paring the activation energy obtained by DTA with those cal- Mg ferrite and MgO, the diffusion of Mg ions within Mg
ferrite is much easier compared with that within MgO whose
octahedral sites are all filled. This is due to the large number
of interstitial vacancies in Mg ferrites structure. Also, con-
sidering there is no diffusion related witfOions combined
with Fe05 or Fét ions, MgFeQy is formed by the counter
diffusion of Mg?+ and Fé* through a relatively rigid oxy-
gen lattice, where Mg diffusion in the rigid MgO lattice

is the rate determining reaction. Dopants that can produce
Mg vacancies such as ADs, Li>O [18], etc. are expected to

log B = —0.4567Qr/RT + const (5)

whereB is the heating rate for differential thermal analy-

Exo.

15 °C/min 1646 °C

- AT/°C —>

- enhance the rate of spinel formation because the formed Mg

655 °C vacancies facilitate M diffusion within the MgO lattice.
g
< L
w - 659 °C
0 "C/min 4. Conclusions
400 500 600 700 800 900 Applying Jander and Ginstling—Brounstein equations, the

Temperature / °C

kinetics study of magnesium ferrites are performed. In case of
Jander model, the reaction rate constant of the MgO,©ke

Fig. 8. DTA peaks for the spinel formation reaction at various heating rates. mixture homogeneously compacted under the pressure of 2
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x 10°kg/cr? was 3.5x 10-8s7! at 800°C. This value in-

creased with the increase of the reaction temperature and was

1.4 x 10-3s™1 at 1000°C. The activation energy of the re-

action was also evaluated to be 335 kJ/mol, which is similar

to that of Mg diffusion in MgO. Comparing the activa-
tion energies of self diffusion of Mg, F€* and Fé™, the
spinel ferrites are formed by the counter diffusion of Vg
and Fé through a relatively rigid oxide lattice. In this case
the rate of the whole diffusion reaction is governed by the
Mg?t diffusion in the rigid MgO lattice.
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