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Abstract Non-isothermal crystallization of hematite in

an aventurine glaze was investigated using DTA technique.

The apparent activation energy as a function of the crys-

tallized fraction was evaluated by the Kissinger–Akahira–

Sunose (KAS), Ozawa–Flynn–Wall (OFW), Starink, Tang,

and Vyazovkin isoconversional methods. The apparent

activation energy of the hematite crystallization in the

studied aventurine glaze ranges with the crystallization

fraction between 150 and 180 kJ mol-1. The Avrami

exponent values, calculated by Ozawa method confirm the

complex mechanism of the crystallization process.
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Introduction

The crystallized aventurine glazes are highly alkaline gla-

zes with golden scintillations due to the presence of iron,

chromium, uranium, etc., oxides [1]. From the aventurine

glazes, the most representative are those with iron oxide

content ranging between 10 and 30%. The decorative effect

of these iron-aventurine glazes is influenced by the pro-

portion and size of the hexagonal hematite crystals, which

emerge inside the glaze layer and develop a strong shine

[2, 3]. The color of these glazes range from light to dark

reddish-brown depending on the iron oxide content.

The hematite crystallization in the aventurine glazes is

due to the oversaturation of the melting with Fe3? cations

during the cooling process, making possible the hematite

(a-Fe2O3) crystals separation [2, 3].This crystallization

mechanism is strongly influenced by the oxide composition

of the melt (the ratio between the acid oxides and the base

oxides) and especially by the melt viscosity, which deter-

mine hematite proportion and the size of the developing

crystals.

This article focuses on the kinetics study of the hematite

crystallization in an aventurine glaze. The apparent acti-

vation energy, as a function of the extent of conversion,

was evaluated by the Kissinger–Akahira–Sunose (KAS),

Ozawa–Flynn–Wall (OFW), Starink, Tang, and Vyazovkin

isoconversional methods. The Avrami exponent ‘‘n’’ of the

crystallization process was also evaluated using the Ozawa

method.

Experimental

Sample preparation

The oxide composition of the frit (A4) used for obtaining

the aventurine glaze was: 41% SiO2, 26% B2O3, 11%

Na2O, 6% PbO, and 16% Fe2O3 (mass%). The mixture of

raw materials (borax, quartz, litharge, boric acid) was

melted at 1260 �C for 1 h in an electric furnace. Black,

granular frit resulted after pouring the melt in cold water.

At the further thermal treatment of the frit, golden crystals

of hematite (a-Fe2O3) separated from the vitreous matrix.

Part of the hematite remains in the yellow-orange to red-

dish-brown vitreous matrix.
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Faculty of Pharmacy, University of Medicine and Pharmacy
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The obtained frit was then used for preparing a ceramic

glaze with 95% frit and 5% kaolin homogenized in a

Pulverisette ball mill for 10 min, at a relative humidity of

23% (100 g solid materials and 30 mL water).

Characterization methods

The hematite crystallization in the prepared frit (A4) was

investigated using a NETZSCH-STA 449C TG/DTA

instrument in nitrogen atmosphere at a flow rate of

20 mL min-1. For the kinetics study of the hematite crystal-

lization, the non-isothermal DTA curves were recorded in a

temperature range starting from ambient temperature up to

800 �C, at heating rates of 5, 8, 10, 12, 14, 16 �C min-1, using

platinum crucibles. The samples mass was m = 211 mg.

The hematite presence in the sample was confirmed by

XRD analysis using a DRON 3 diffractometer with CuKa
radiation.

The hematite crystallization degree and the crystals

shape and size were analyzed by optical microscopy in

reflected light using a Guangzhou L 2020A microscope

with digital camera.

Theoretical

Kinetics of solid-state reactions is usually described by the

equation:

gðaÞ ¼ A

b

ZT

0

e�
E

RT dT ¼ AE

bR

Z1

x

e�x

x2
dx ¼ AE

bR
pðxÞ ð1Þ

where x = E/RT and p(x) is termed the temperature inte-

gral and has no analytical solution.

Many methods have been proposed [4–11] for estimat-

ing the activation energy. The most reliable methods are

considered those which involve the determination of the

temperature Ta(b) at which a certain conversion (a) cor-

responding to a certain heating rate (b) reached [5]. These

methods are called isoconversional methods and allow

the activation energy to be determined as a function of the

extent of conversion helping at the same time to reveal the

complexity of the reaction kinetics [4, 12, 13]

The isoconversional integral methods depend on the

temperature integral approximation and require data on

Ta(b). These methods can be classified into two groups:

linear and non-linear integral isoconversional methods

[14].

Linear integral isoconversional methods

Many approximations of the temperature integral p(x) have

been suggested in the literature and as a consequence,

many more or less accurate methods appeared for the

activation energy analysis [1, 5, 7, 9, 15]. All these

methods involve the plot of a logarithmic function (which

depends on the approximation for the temperature integral

used) versus 1=Ta. The general equation is:

ln
b

Tj
a

¼ �A
Ea

RTa
þ C ð2Þ

where j is a constant depending on the approximation of

the temperature integral employed, A and C are constants

and the subscript a designates values related to a given

extent of conversion.

Four of the linear integral isoconversional methods,

considered in the literature the most accurate, were used in

this article.

Kissinger–Akahira–Sunose method

The Kissinger–Akahira–Sunose (KAS) method is based on

the approximation pðxÞ ffi e�x=x2 ð20\x\50Þ for the

temperature integral [5, 7, 10, 16]. In this case, at constant

conversion a, the general linear equation (2) leads to Eq. 3

ðj ¼ 2Þ:

ln
b
T2

a
¼ � Ea

RTa
þ C ð3Þ

Ozawa–Flynn–Wall method

The Ozawa–Flynn–Wall (OFW) method is based on

Doyle’s approximation for the temperature integral, pðxÞ ffi
e�1:052x�5:330 ð20\x\60Þ [5, 7, 10, 16, 17]. For this

method, j ¼ 0 and for constant conversion a, the general

linear equation (2) becomes:

ln b ¼ �1:052
Ea

RTa
þ C ð4Þ

Starink method

The approximation suggested by Starink [5, 7] for the

temperature integral is pðxÞ ffi e
�1:0008x�0:312

x1:92 . In this case, j ¼
1:92 and at constant conversion a, the general linear

equation (2) becomes:

ln
b

T1:92
a
¼ �1:0008

Ea

RTa
þ C ð5Þ

Tang method

The approximation proposed by Tang [18, 19] for

the temperature integral is: � ln pðxÞ ¼ 0:37773896þ
1:894661 ln xþ 1:00145033x. For this method, ðj ¼
1:894661Þ and at constant conversion a, the general linear

equation (2) becomes:
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ln
b

T1:894661
a

¼ �1:00145033
Ea

RTa
þ C ð6Þ

Non-linear integral isoconversional method

To increase the accuracy of activation energy assessment,

Vyazovkin [13, 20, 21] developed a non-linear isoconver-

sional method. For a set of n experiments carried out at

different heating rates, the activation energy can be deter-

mined at any value of a by finding the value of Ea, which

minimizes the function:

X ¼
Xn

i¼1

Xn

j¼1
j6¼i

IðEa; TaiÞbj

IðEa; TajÞbi

ð7Þ

where:

IðEa; TaiÞ ¼
ZTai

0

exp
�Ea

RT

� �
dT ð8Þ

The minimization procedure is repeated for each value of

a, to find the dependence of the activation energy on the

extent of conversion. In our article, the integral (Eq. 8)

was evaluated using three different approximations

(Eqs. 9–11):Gorbachev [22, 23]:

IðEa; TaiÞ ¼
ZTai

0

exp
�Ea

RT

� �
dT ¼ RT2

ai

Ea þ 2RTai
exp � Ea

RTai

� �

ð9Þ

Agrawal and Sivasubramanian (AS) [22, 23]:

IðEa; TaiÞ ¼
ZTai

0

exp
�Ea

RT

� �
dT

¼ RT2
ai

Ea

1� 2RTai

Ea

1� 5
RTai

Ea

� �2

2
64

3
75 exp � Ea

RTai

� �
ð10Þ

Cai et al. [24]:

IðEa; TaiÞ ¼
ZTai

0

exp
�Ea

RT

� �
dT

¼ RT2
ai

Ea

Ea=RTai þ 0:66691

Ea=RTai þ 2:64943

� �
exp � Ea

RTai

� �

ð11Þ

The crystallized fraction aðTÞ was determined from the

DTA curves using Eq. 12:

aðTÞ ¼
AðTÞ

AðTotalÞ
ð12Þ

where a(T)is the crystallized fraction at the temperature T,

A(T) is the area at the temperature interval DT, and A(Total) is

the total area of the crystallization peak.

In order to obtain information about the crystallization

mechanism, the Avrami exponent, n, was evaluated using

the equation suggested by Ozawa [25]:

log½� lnð1� aÞ� ¼ log vðTÞ � n log b ð13Þ

where vðTÞ is a constant.

The Avrami exponent n results from the slope of the plot

of log½� lnð1� aÞ� versus log b at a given temperature.

Results and discussion

Figure 1 shows the DTA crystallization curves of frit A4,

recorded at six different heating temperatures.

The crystallized fraction a, was evaluated from the DTA

curves using Eq. 12. Figure 2 shows the variation of the

crystallized fraction as a function of temperature, for all the

heating rates used.

Kissinger–Akahira–Sunose method

The activation energies of the crystallization process at

different crystallized fractions were calculated using

Eq. 3). For constant crystallized fraction, the value of Ea

resulted from the slope of the linear fitted function of

lnðb=T2
a Þ versus T�1

a . The KAS plots are shown in Fig. 3

for different crystallized fraction.

Ozawa–Flynn–Wall method

Using the OFW method, the activation energies for the

crystallization process were calculated from the slope of

the linear fitted function of ln b versus Ta
-1 (Eq. 4), for
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Fig. 1 DTA crystallization curves of frit A4, for different heating

rates
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different crystallized fractions. The OFW plots are shown

in Fig. 4 for different crystallized fractions.

Starink method

Using the Starink method, the values of Ea was calculated

from the slope of the linear fitted function of lnðb=T1:92
a Þ

versus Ta
-1 (Eq. 5) for constant crystallized fraction. The

Starink plots for different crystallized fractions are shown

in Fig. 5.

Tang method

The activation energies of the crystallization process at

different crystallized fractions were calculated using Eq. 6.

For constant crystallized fraction, the value of Ea resulted

from the slope of the linear fitted function of

lnðb=T1:894661
a Þ versus Ta

-1. The Tang plots for different

crystallized fractions are shown in Fig. 6.

Figure 7 shows the activation energy evaluated by Vy-

azovkin equation (Eq. 7) as a function of crystallized

fraction. For comparison, there are presented the Ea values

evaluated with Gorbachev (Eq. 9), AS (Eq. 10), respec-

tively, Cai (Eq. 11) approximations.

Comparing the values of the activation energies evalu-

ated by the three presented approximations one may notice

they are very close. The values of the activation energies

are almost identical for Gorbachev and AS and slightly

lower for Cai approximation.

Figure 8 shows comparatively, the variation of the

activation energies evaluated by KAS, OFW, Starink,
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Tang, and Vyazovkin (Gorbachev and Cai approximations)

methods as a function of crystallized fraction.

On the basis of obtained results, the following obser-

vations have been made:

– The activation energies evaluated by KAS, Starink,

Tang, and Vyazovkin methods show very close values

in the entire range of the crystallized fraction. These

results are in agreement with the literature data

regarding the accuracy provided by these methods [5,

23, 24].

– The activation energies evaluated by OFW method

show a little higher values compared with the other

methods investigated, in the entire range of the

crystallized fraction.

– The activation energies evaluated by Vyazovkin

method (using Cai approximation) show only slightly

lower values compared with KAS, Starink, Tang, and

Vyazovkin (using Gorbachev and AS approximation)

methods, in the entire range of the crystallized fraction.

– The activation energy varies with the crystallized

fraction regardless of the method used. This behavior

confirms the complex mechanism of the crystallization

process. Therefore, the calculated activation energies

are apparent values, depending on the activation

energies of the elementary processes (nucleation and

growth).

Figure 9 shows the plots of log½� lnð1� aÞ� as a func-

tion of log b at different temperatures.

Table 1 summarizes the values of Avrami exponent,

calculated from Eq. 13 (1% \ a\ 99%).

Table 1 shows that n values range approximately

between 1.23 ± 0.06 and 1.93 ± 0.12, the average value

being around 1.5.
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According to the literature data [26–30], this value could

be interpreted in terms of overlapping of surface crystal-

lization (n = 1.0) and one-dimensional growth (n = 2.0).

The hematite crystallization in the studied aventurine

glaze was confirmed by XRD analysis. Figure 10 shows the

XRD pattern of frit A4 after thermal treatment at 800 �C

followed by slow cooling with 30 min soaking time, at

630 �C.

One may notice that hematite is the single crystalline

phase presents in the sample, embedded in the glassy

matrix, indicated by the high background at 2( angles

between 22� and 30�.

The hematite crystallization degree and the crystals

shape and size were analyzed by optical microscopy in

reflected light (Figs. 11, 12).

The image in Fig. 12 clearly reveals the presence of

hexagonal hematite crystals disposed relatively uniform in

the vitreous matrix.

Conclusions

• The apparent activation energy of the hematite crystal-

lization in the studied aventurine glaze ranges with the

crystallized fraction between 150 and 180 kJ mol-1.

• The activation energies evaluated by KAS, Starink,

Tang, and Vyazovkin methods show very close values

in the entire range of the crystallized fraction and a

little lower compared with the activation energies

evaluated by OFW method.

• The activation energy varies with the crystallized

fraction regardless of the method used confirming the

complex mechanism of the hematite crystallization

process in the aventurine glaze.

Table 1 Avrami exponents n and the correlation coefficients r2 at

different temperatures

Temperature T/�C n r2

582 1.93 ± 0.12 0.9819

587 1.82 ± 0.10 0.9846

592 1.72 ± 0.09 0.9866

597 1.64 ± 0.08 0.9877

602 1.56 ± 0.07 0.9881

607 1.49 ± 0.07 0.9878

612 1.42 ± 0.07 0.9870

617 1.36 ± 0.07 0.9858

622 1.31 ± 0.07 0.9847

627 1.27 ± 0.07 0.9844

632 1.24 ± 0.07 0.9855

637 1.23 ± 0.06 0.9884

642 1.35 ± 0.06 0.9924

647 1.33 ± 0.06 0.9921

652 1.31 ± 0.06 0.9915

657 1.40 ± 0.08 0.9888

662 1.42 ± 0.09 0.9888
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Fig. 10 XRD pattern of frit A4 subjected to thermal treatment for

crystallization

Fig. 11 Optical micrograph of the aventurine crystallized glaze
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Fig. 12 Optical micrograph of the aventurine crystallized glaze
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• The Avrami exponent values, calculated by Ozawa

method, also confirm the complex mechanism of the

crystallization process.
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