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Fine particles of the amorphous Cr2O3-Fe2O3 solid solutions were prepared by dehydration
of coprecipitated hydroxides and their crystallization behavior was studied by differential
thermal analysis and X-ray diffraction. The peak temperature for crystallization attained a
maximum at a composition near Fe2O3 content of about 60 mol % and the activation
energy for crystallization attained a minimum at a composition near Fe2O3 content of about
50 mol % in this quasibinary system. Phase separation occurred in a range of Fe2O3 content
from about 35 to 80 mol % in the corundum-type solid solutions heat treated at 600 ◦C for
2 h. Crystallization behavior was discussed briefly related with phase separation and
diffusion in fine particles. C© 1999 Kluwer Academic Publishers

1. Introduction
Oxide solid solutions of the Cr2O3-Fe2O3 system are
promising for application in engineering materials such
as passive films [1], catalysts [2, 3], magnetic record-
ing materials, refractory materials and abraisives [3–5].
In the Cr2O3-Fe2O3 solid solutions with corundum
structure, composition dependence of internal magnetic
field, Fourier transform infrared (FT-IR) spectra and lat-
tice parameters has been reported by many investigators
[3–6].

As an interesting problem, phase separation has
been reported to occur in the Cr2O3-Fe2O3 solid so-
lutions prepared by solid state reaction [4]. On the
other hand, continuous solid solutions have been re-
ported to occur in the powder specimens prepared by
other method such as sol-gel and mechanical treatment
of coprecipitated hydroxides [3, 5, 6]; these solid so-
lutions might be metastable because of the possibil-
ity of phase separation. These discrepancies concern-
ing the region of continuous solid solutions in this
system are considered to be affected by the prepa-
ration method of specimens and the characterization
technique.

Curry-Hyde and Baiker have shown that amorphous
Cr2O3 has high activity for low temperature selective
catalytic reduction of nitric oxide [2]. Thereby, inves-
tigation of the property of amorphous oxide solid solu-
tions seems to be important for a practical application.
Tsokov and coworkers [5] have shown that the peak
temperature for crystallization,T0, in Fe2O3 powder
tends to rise by the addition of Cr2O3. However, details
of the composition dependence ofT0 in this quasibinary
system are not clear.

Then, in this work, crystallization behavior in amor-
phous solid solutions and phase separation in crystalline

solid solutions in the Cr2O3-Fe2O3 system have been
studied.

2. Experimental
The raw materials used were Cr(NO3)39H2O and
Fe(NO3)39H2O with 99.9% purity. The mixed hy-
droxides with definite composition were prepared
by the chemical coprecipitation method adding
2 kmol/m3 NH4OH to the aqueous solution containing
0.5 kmol/m3 Me(NO3)3, where Me represents the mix-
ture of Cr3+ and Fe3+ depending on composition. The
precipitates of mixed hydroxides were washed care-
fully and dried at 120◦C for 20 h. These dried powders
were heat treated at 300◦C for 2 h to prepare the fine
powders of amorphous solid solutions, and then heat
treated at 600◦C for 2 h to prepare those of crystalline
solid solutions.

The temperature for dehydration and the peak tem-
perature for crystallization were determined by dif-
ferential thermal analysis (DTA): the dried powders
of mixed hydroxides were heated at a heating rate of
5 ◦C/min using a Rigaku-TAS200 differential thermal
analyzer. Crystal structure was determined by X-ray
diffraction (XRD) using a Rigaku-RAD diffractometer
with monochromatized CuKα radiation. Crystallization
behavior was observed by analyzing XRD patterns of
specimens heat treated at various temperatures using a
step scanning technique. FT-IR spectra were observed
at room temperature using a JEOL FT-IR spectropho-
tometer. Morphology of oxide powders was observed
by transmission electron microscopy (TEM) using a
JEOL 2000FX instrument operated at 200 kV.

The heating rate of specimen for DTA was var-
ied from 2 to 11◦C/min and the activation energy for
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Figure 1 Peak temperature for crystallization,T0, in the amorphous
Cr2O3-Fe2O3 solid solutions as a function of Fe2O3 content.

crystallization were determined by analyzing the heat-
ing rate dependence ofT0 in the powder specimen of
amorphous solid solution [7, 8].

3. Results and discussion
3.1. Thermal analysis
During heating the specimen of coprecipitated hydrox-
ides up to 700◦C by DTA, an endothermal peak due
to dehydration and an exothermal peak due to crys-
tallization were observed. These are similar to those
reported by Tsokovet al. [5] and details of DTA curves
are omitted for simplicity. In hydroxides of the qua-
sibinary Cr(OH)3-Fe(OH)3 system, the finishing tem-
perature for dehydration during heating tended to rise
with increasing Fe(OH)3 content, e.g. it was 195◦C in
Cr(OH)3 and 215◦C in Cr0.1Fe0.9(OH)3 composition.

Fig. 1 represents the peak temperature for crystal-
lization, T0, in the amorphous Cr2O3-Fe2O3 solid so-
lutions as a function of Fe2O3 content.T0 vs. com-
position curve has a maximum at a composition near
(Cr2O3)40 (Fe2O3)60. Only in powder specimen with
Fe2O3 composition, three exothermal peaks were ob-
served as shown in Fig. 1; this phenomenon might be
affected by the formation of other phases such asα-
FeOOH andγ -Fe2O3 below 445◦C [4, 9]. Thus, for-
mation process of the corundum-type phase in the end
member of Fe2O3 is considered to be different from that
in the Cr2O3-Fe2O3 solid solutions, and then, detailed
investigation was not carried out in Fe2O3 composi-
tion in this study. Broken line in Fig. 1 represents the
extrapolation ofT0 to the end member of Fe2O3.

Usually,T0 rises with increasing heating rate,α, in
DTA [7, 8]. Matusita and Sakka [7] have proposed that
the relation betweenT0 andα is given by the following
equation:

ln
(
αm/T2

0

) = const− n1Ecr/kT (1)

Here,1Ecr is the activation energy for crystallization,
m and n are the constants depending on nucleation
mechanism. They have proposedm= 4 andn= 3 in
the case of three dimensional volumetric nucleation [7].

Figure 2 ln(α4/T2
0 ) vs. T−1

0 plot representing a relation between peak
temperature for crystallization,T0, and heating rate,α, in DTA in the
amorphous Cr2O3-Fe2O3 solid solutions.

Figure 3 Activation energy for crystallization,1Ecr, in the amorphous
Cr2O3-Fe2O3 solid solutions as a function of Fe2O3 content.

Fig. 2 represents ln(α4/T2
0 ) vs. T−1 relations in the

amorphous Cr2O3-Fe2O3 solid solutions obtained by
DTA. By measuring the slope of this line,1Ecr -value
can be determined.

The activation energy for crystallization,1Ecr , in the
Cr2O3-Fe2O3 system is shown in Fig. 3 as a function
of Fe2O3 content.1Ecr vs. composition curve has a
minimum at a composition near (Cr2O3)50 (Fe2O3)50.
Broken line shows the extrapolation of1Ecr-value to
the end member of Fe2O3.

3.2. Sample characterization
FT-IR spectra of the amorphous Cr2O3-Fe2O3 solid so-
lutions heat treated at 300◦C for 2 h are shown in Fig. 4.
In the amorphous solid solutions, the absorption bands,
which are located at 544 and 948 cm−1 in Cr2O3 com-
position, shift towards lower wave numbers with in-
creasing Fe2O3 content and they are located at 457 and
935 cm−1, respectively, in (Cr2O3)10 (Fe2O3)90 com-
position. This result suggests that the solid solutions
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Figure 4 FT-IR spectra of amorphous Cr2O3-Fe2O3 solid solutions heat
treated at 300◦C for 2 h.

are obtained in the Cr2O3-Fe2O3 system. Extra shoul-
ders were observed at a wave number near 767 cm−1

in Cr2O3-rich solution and at a wave number near
567 cm−1 in Fe2O3-rich solution in Fig. 4. FT-IR ab-
sorption bands of amorphous solid solutions shown in
Fig. 4 seem to be broader than those of crystalline solid
solutions reported by several investigators [3–5].

3.3. Crystallization and phase separation
In specimens heat treated at 600◦C for 2 h, the crys-
talline Cr2O3-Fe2O3 solid solutions with corundum
structure have been obtained. XRD peaks with (214)
and (300) indices, which are located at diffraction angle
(2θ ) near about 62◦ and 64◦, respectively, separate into
two peaks, suggesting the occurrence of phase separa-
tion. These XRD patterns are similar to those reported
by Music and coworkers [4].

Fig. 5 shows the composition dependencee of inter-
planar spacings,d214 andd300, of the corundum struc-
ture in Cr2O3-Fe2O3 solid solutions heat treated at
600◦C for 2 h, which has been determined by mea-
suring the diffraction angles of (214) and (300) XRD
peaks using a step scanning technique. Bothd214 and
d300 increase with increasing Fe2O3 content in a range
of Fe2O3 content from 0 to about 35 mol % and sim-
ilarly from about 80 to 100 mol % as shown by solid
lines in Fig. 5, where the continuous solid solutions are
obtained. By analyzing the composition dependence of
d214 andd300 in Fig. 5, it is considered that the phase
separation into Cr2O3-rich and Fe2O3-rich solid solu-
tions occurs in a range of Fe2O3 content from about 35
to 80 mol %. The broken lines in Fig. 5 represent the
two phase region.

Figure 5 Interplanar spacings,d214 andd300, of the corundum structure
in Cr2O3-Fe2O3 solid solutions heat treated at 600◦C for 2 h as a function
of Fe2O3 content.

Figure 6 XRD patterns of (Cr2O3)40 (Fe2O3)60 powder specimens heat
treated at various temperatures.O andH represent XRD peak for Cr2O3-
rich solid solution and that for Fe2O3-rich solid solution, respectively.

Crystallization behavior of the amorphous (Cr2O3)40
(Fe2O3)60 powder specimen was observed by XRD us-
ing a step scanning technique. XRD patterns of the
specimens heat treated at various temperatures are re-
vealed in Fig. 6. A specimen heat treated at 400◦C
for 0.5 h is considered to be amorphous as shown in
Fig. 6. In a specimen heat treated at 450◦C for 0.5 h,
XRD peaks appear at diffraction angles near about
63.1◦ and 64.7◦, suggesting that the nucleation and
growth of Cr2O3-rich crystals occur preferentially at an
early stage of crystallization. In a specimen heat treated
at 550◦C for 0.5 h, additional XRD peaks appear at
diffraction angles near about 62.6◦C and 64.2◦C, sug-
gesting that the nucleation and growth of Fe2O3-rich
crystals occur together with that of Cr2O3-rich crys-
tals. From these results, crystallization process in this
specimen is considered as follows: (i) during heating,
onset of crystallization of Cr2O3-rich crystals occurs
at first, and accordingly, the composition of matrix is
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Figure 7 Transmission electron micrograph of (Cr2O3)40 (Fe2O3)60 powder specimen heat treated at 600◦C for 2 h.

suggested to shift towards higher Fe2O3 concentration,
and (ii) during further heating, onset of crystalliza-
tion of Fe2O3-rich crystals occurs in the matrix with
high Fe2O3 content and both Fe2O3-rich and Cr2O3-
rich crystals grow, which results in the phase separa-
tion. As an interesting problem in Fig. 6, (214) and
(003) XRD peaks of Cr2O3-rich crystals shifts towards
higher diffraction angles with decreasing temperature.
This result suggests that the solubility of Fe2O3 into
Cr2O3 tends to decrease with decreasing temperature.

Fig. 7 reveals a TEM micrograph of (Cr2O3)40
(Fe2O3)60 powder specimen heat treated at 600◦C for
2 h. In this specimen, size of mother particles was dis-
tributed from about 10 to 1500 nm. In Fig. 7, grobular
daughter crystallites with about 10–40 nm in size were
grown in a mother particle of about 700 nm in size.
This result suggests that the crystallization occurs by
the nucleation and growth mechanism in this speci-
men. This is similar with the crystallization behavior
of amorphous Al1.8Fe0.2O3 particles [9].

3.4. Crystallization behavior
In the present amorphous solid solutions,T0 attains
a maximum and1Ecr attains a minimum at a com-
position near equimolar composition. This property is
different from that of oxide glasses. For example, in
the Yb-Si-Al-O glasses of the quasibinary Yb2Si2O7-
Al6Si2O13 system, bothT0 and1Ecr have been re-
ported to attain a maximum at an eutectic composition
(Al6Si2O13 content: 54.5 mol %) [8]. Because the free
energy of glassy phase is suggested to decrease at a
composition near the eutectic composition by the con-
tribution of mixing entropy, the glassy phase might be-
come stable at a composition near the eutectic compo-
sition [8].

Regarding the diffusion in oxides, the activation
energies for diffusion of Cr3+ and O2− ions have

been reported to be 256 kJ/mol [10] and 423 kJ/mol
[11], respectively, in Cr2O3 crystal. As shown in
Fig. 3, in amorphous Cr2O3 powder specimen,1Ecr
is 398 kJ/mol, which is in the same order with that for
diffusion of O2− ions in Cr2O3 crystal [11]. This result
suggests that the diffusion of O2− ions has an important
role on the crystallization in Cr2O3 composition. How-
ever, in Fe2O3-rich composition,1Ecr is fairly smaller
than those (419 kJ/mol [12] and 611 kJ/mol [13], re-
spectively) for diffusion of Fe3+ and O2− ions in α-
Fe2O3 crystal. This result suggests that the diffusion in
amorphous fine particles occurs easily and that the large
amount of free volume occurs in amorphous fine parti-
cles. Moreover, in this quasibinary system,1Ecr attains
a minimum at the equimolar (Cr2O3)50 (Fe2O3)50 com-
position. Because O2− ions and two kinds of cations
with different ionic radius are mixed in this system,
the amount of free volume might increase as the com-
position approaches to the equimolar composition in
amorphous fine particles; this may be a reason for the
minimum of1Ecr in Fig. 3.

In specimens with smaller1Ecr-value, it is con-
sidered that crystallization may occur at lower tem-
perature. On the contrary, in the present quasibinary
system,T0 attains a maximum at a composition near
(Cr2O3)40 (Fe2O3)60 as shown in Fig. 1. The mixing
entropy is considered to increase at an equimolar com-
position in amorphous phase, which may affect the sta-
bilization of amorphous phase. However, reason for the
maximum ofT0 is still unclear in this system.

4. Conclusion
In the amorphous Cr2O3-Fe2O3 solid solutions, the
peak temperature for crystallization attains a maxi-
mum at a composition near (Cr2O3)40 (Fe2O3)60. The
activation energy for crystallization attains a minimum
at a composition near (Cr2O3)50 (Fe2O3)50. In the
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corundum-type Cr2O3-Fe2O3 solid solutions heat
treated at 600◦C for 2 h, phase separation occurs in a
range of Fe2O3 content from about 35 to 80 mol %. In
this range of composition, crystallization in amorphous
solid solutions occurs followed by phase separation.
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