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1. Introduction
During the past years rapidly solidified (RS) 

aluminum alloys due to the ability of the process to 
fabricate metallic glasses with better physical and 
mechanical properties have attracted considerable 
attention which makes them promising candidates 
as advanced engineering materials for fundamental 
research and numerous industrial applications [1-5]. 

Aluminum (high content) based metallic 
glasses with transition metal (TM) and rare earth 
(RE) combination have been studied intensively 
due to their high glass forming ability (GFA) and 
mechanical properties. The high tensile strength 
(up to 1000 MPa) which is about twice as high 
as that of conventional high-strength aluminum 
alloys can be obtained. Partial crystallization of the 
amorphous alloys which leads to precipitate the fcc-

Al nanocrystals homogeneously in the amorphous 
matrix can enhance even more the mechanical 
properties [6-12].

The amorphous-to-crystalline transformation 
has been intensively studied over the past 
two decades in which generally three types of 
crystallization were classified for amorphous 
alloys: polymorphous, eutectic and primary [13]. 
An important method to control the production of 
nanocomposite materials is primary devitrification 
of the amorphous matrix [14]. The high strength 
of nanocrystalline alloys has been attributed to 
different mechanisms. The enhancement of the 
shear bands number and suppressing propagation 
of them leads to structural heterogeneities in the 
amorphous matrix and improvement of plasticity. 
Therefore, the ductility noticeably approves and 

Activation energies and other kinetic parameters of primary crystallization of Al86Cu6Co2Y6 (at.%) amorphous 
alloy describing the mechanism was determined. Melt spinning on a child copper wheel was used to 
prepare the Al86Cu6Co2Y6 (at. %) amorphous ribbons. The ribbons at as-spun and annealed conditions were 
studied by optical microscopy (OM), differential scanning calorimetry (DSC), X-ray diffraction and field 
emission scanning electron microscopy (FESEM). The kinetic parameters of the crystallization process were 
determined by Kissinger and Moynihan methods at non-isothermal condition. Crystallization mechanism 
was studied using the Johnson–Mehl–Avrami equation. According to the average value of Avrami exponent 
(2.065±0.16), the primary crystallization process is conducted by 3D diffusional growth with decreasing 
rate. The α-Al nanoparticles below 50 nm in size distributed evenly in the glassy matrix and intermetallic 
phases (Al3Y, AlCu3 and Al11Y3) were formed during the first and second stages of crystallization, respectively.
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deformation occurs homogeneously [15-17]. 
Moreover, increasing the solute content of the 
remaining amorphous matrix after nanocrystals 
formation, or the influence of both nanocrystals 
of  α-Al phase and the amorphous matrix have 
contributed to higher strength of the alloy. These 
amorphous-nanocrystalline composites become 
brittle if the precipitated phases are intermetallic 
compounds. In the other word, it is also known 
that the crystallization of intermetallic at higher 
temperatures produces a deleterious effect on the 
properties of the alloys [10]. Therefore, making the 
evaluation of GFA, thermal stability and control the 
primary crystallization of the Al-based metallic glass 
alloys are extremely important [18,19]. Studying 
the crystallization kinetics of the amorphous alloys 
and their controlled crystallization are crucial in 
order to produce desirable microstructures which 
improves the mechanical properties.

The aim of the present investigation is to 
evaluate GFA, thermal stability and crystallization 
behaviour of the melt-spun ribbons in non-
isothermal condition. In addition, the effect of 
different nanocrystalline phases which crystallized 
during each reaction step of the Al86Cu6Y6Co2 
(at.%) amorphous alloy has been investigated. 
The activation energies have been calculated by 
different methods to describe the mechanism of the 
nucleation and growth. 

2. Experimental details
High frequency induction melting was applied to 

prepare the alloy ingot with nominal composition 
of Al86Cu6Co2Y6 (at.%)  using 99.97% purity Al, 
99.98% purity Cu and 99.9% purity Y and Co under 
an argon atmosphere. The ingot was remelted for 
three times to obtain homogeneous composition. 
In the melt spinning process, molten alloy was 
poured onto a cylindrical surface of a copper wheel 
with 32 cm diameter and rotating speed of about 40 
ms-1. The ribbons with typical dimensions of 15-22 
μm thick, 1-1.5 mm wide, and up to several meters 
long have been produced. The crystallization 
behavior of the amorphous ribbons was studied 
by differential scanning calorimetry (DSC- Mettler 
Toledo). Structural evaluation was studied by field 
emission electron microscopy (KYKY-EM 8000F 
(FE-SEM)) and X-ray diffraction (XRD-Philips, 
PW1800, Cu-Kα (λ =1.54 Å) radiation, 40 kV and 
20 mA) at 2θ range from 10⁰ to 80⁰. The FE-SEM 
operated at a voltage of 15 kV and was linked with 
an energy dispersive spectrometry (EDS Silicon 

Drift 2017) attachment. Standard metallographic 
techniques were used in order to study the structural 
investigations. This was followed by chemical 
etching in a modified Keller’s solution for about 
5 s. The resultant cross-sectional microstructures 
of the melt-spun specimen was characterized by a 
Neophot 32 optical microscope.

 
3. Results and discussion
3.1. Structural analysis

Referring to Fig. 1a, XRD pattern of the as-
spun Al86Cu6Co2Y6 (at.%) alloy shows a wide peak 
at the 2θ range of 32–48° with a fully amorphous 
structure. No long range atomic order can be seen 
in the amorphous metallic alloys compared to 
the crystalline structure with a lattice periodicity. 
Liquid-like atomic structure of the alloying 
constituents is maintained during the rapid 
solidification of the liquid and a metastable glass-
like structure forms [20].

Fig. 2 presents the DSC plots of the melt-
spun Al86Cu6Co2Y6 alloy at 10, 20 and 30 Kmin-1 

heating rates. From the DSC curves, there is an 
endothermic peak, glass transition to supercooled 
liquid temperature Tg, which is followed by two 
exothermic peaks related to two crystallization 
steps. All transition temperatures in the DSC curve 
move to higher temperatures and their intensity 
increases as the heating rate increases due to 
the thermally activated crystallization process. 

Fig. 1- XRD patterns of (a) the as-spun Al86Cu6Co2Y6 ribbons and 
(b–c) the non- isothermally annealed ribbons up to the end 
temperatures of each crystallization reaction.
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According to the DSC curves, the glass transition 
temperature, crystallization onset temperatures 
(TX1, TX2) and the first peak temperature TP1 of the 
alloy for heating rates of 20 Kmin-1 are 552 K, 576 
K, 769 K and 584 K, respectively. The present melt 
spun ribbons show more transition temperatures 
with respect to the Al86Ni6Y6Ce2 ribbons with fully 
amorphous structure and the same Al atomic 
percent, and it is also comparable to Al84Ni6Y6Ce4 
glassy alloy [16] indicating high thermal stability of 
the studied ribbons.  

The significant mismatch in the atomic radius of 
the constituents and their heat of mixing with high 
negative values leads to complexity of the system 
and enhancement of the onset crystallization 
temperature (576 K) of the studied alloy. The 
enhancement of GFA in the Al-Co-Cu-Y alloy 
system can be interpreted through the Inoue criteria 
[21]. The values of mixing enthalpy and atomic 
size of the elements of AlCoCuY alloy system are 
presented in Fig. 3. Y has the largest atomic radius 
in the system that leads to significant atomic size 
mismatch, and the interplay between large atoms 
of Y and other smaller atoms. As the radius of Cu 
is similar to that of Co, it influences no change in 
order of the atomic size, such that Y > Al > Co = 
Cu. Large Y atoms with high melting temperature 
decrease the diffusion coefficient of the atoms [18]. 
Therefore, movement of the atoms becomes more 
difficult and the melt tends to keep the amorphous 
structure. Moreover, the significant negative 
mixing enthalpy among the ingredients of the 
alloy system affects the GFA. The positive mixing 
enthalpy of the Cu and Co (∆HCu–Co mix) decreases 

the mixing enthalpy of the. The significant negative 
mixing enthalpy between Y with Cu (∆HCu–Y mix), 
with Co (∆HY–Co mix) and with Al (∆HY–Al mix) results 
in atomic interactions and presence of short-range 
arrangement of atoms in the undercooled liquid, 
which causes to increases the atomic packing 
efficiency, and diminish the diffusion and ordering 
of atoms in the long-range.

Glass forming ability and the thermal stability of 
alloy systems can be evaluated by many proposed 
criteria. It is clearly found that the stability of 
the supercooled liquid has an important effect 
on the GFA and the thermal stability of an alloy 
[22]. In this research, the maximum width of the 
supercooled liquid region, ΔTX1 (TX1 − Tg), is 26 
corresponding to the 10 Kmin-1 heating rate. High 
ΔTX implies better GFA [18,19]. However, the ΔTX 
of the bulk metallic glasses is larger than 50 K, this 

Fig. 2- DSC curves of Al86Cu6Co2Y6 amorphous alloy at different rates of heating.

Fig. 3- The atomic radius and mixing enthalpy of the constituent 
elements of the AlCoCuY alloy system.
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is mostly less than 30 K in the Al-based amorphous 
alloys. Figs. 1b and 1c show the XRD results of the 
Al86Cu6Co2Y6 (at.%) ribbons which are isochronal 
heated to the end temperatures of each DSC peaks 
at 20 Kmin-1 heating rate. According to the XRD 
analysis, fcc α-Al crystals are formed from the 
amorphous matrix during the first exothermic 
reaction (Fig. 1b). Broad Al peaks in the XRD 
patterns implies the small grain size. The grain 
size (d), about 31.8 nm, was determined using the 
following equation [16]:

𝐷𝐷 = 𝑘𝑘 𝜆𝜆
𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

ln(𝛽𝛽) = (− 𝐸𝐸𝑎𝑎
𝑅𝑅𝑇𝑇𝑝𝑝

) + 𝐶𝐶

ln ( 𝛽𝛽
𝑇𝑇𝑝𝑝2

) = (− 𝐸𝐸𝑎𝑎
𝑅𝑅𝑇𝑇𝑝𝑝

) + 𝐶𝐶

 (𝑇𝑇) = 1 − 𝑒𝑒𝑒𝑒𝑒𝑒 [−𝐾𝐾(𝑡𝑡 − )𝑛𝑛] 

 (𝑇𝑇) = 1 − exp  [(𝐾𝐾𝑇𝑇


)
𝑛𝑛

]             

ln [−ln(1 − )] =  −𝑛𝑛𝑛𝑛𝑛𝑛 + ln 𝐾𝐾(𝑇𝑇)        

 (1)

In this equation, K is the shape factor (≈0.97), β the 
peak broadening, θ the diffraction angle and γ is the 
wavelength. Devitrification induced by annealing 
leads to presence Al3Y, AlCu3 and Al11Y3 phases and 
some undefined phases observed for 723 K (Fig. 
1c) in the next reaction step. Complex intermetallic 
phases are formed along the nanocrystalline fcc 
α-Al during the second crystallization step and 
the width and intensity of α-Al peaks increases 
implying the growth of α-Al phase. However, 
it should be considered that equation (1) has 
limitations and XRD patterns do not give a precise 
calculation of the crystal size. It only provides 
an order of magnitude for nano-sized crystals. 
strumental broadening must be taken into account 

in the case of bigger crystallites. 
Lattice constants of fcc-Al calculated from the 

XRD traces (Fig. 1b) are listed in Table 1. Referring 
to the obtained XRD pattern, the Al (1 1 1), (2 0 
0), (2 1 0) and (2 2 0) line shifts yield the lattice 
parameter value of about 0.4066 nm for the 
annealed ribbons which is higher than the 0.4050 
nm of pure Al. Therefore, increasing cooling rate 
leads to enhancement of the lattice parameter as 
the result of high supersaturation of the solute 
elements to fcc-Al. Y with atomic size of 0.182 nm, 
is much larger than that of the Al of 0.143 nm. It 
seems that lattice constant improvement is related 
to the higher supersaturation of Y as the atomic 
radius of Cu and Co are smaller than that of Al. 
Therefore, the melt spinning process leads to an 
increase in the solubility of the Al matrix during 
rapid solidification and the primary crystallization 
of intermetallic phases is avoided.

The total crystallization enthalpy and enthalpy 
of each crystallization step which is calculated 
by integrating the area under the DSC curve, 
was also measured and shown in Fig. 4. The 
enthalpies corresponding to the first, second and 
total crystallization enthalpies are -28, -42 and 
−70 Jg-1, respectively for the amorphous ribbon 
at the 20 Kmin-1 heating rate. It can be seen the 
primary crystallization enthalpy of α- Al is more 
than the value for intermetallic formation during 
the second step. 

The microstructures of the cross-sectional of 
ribbons are shown in Fig. 5. Solute enrichment 
ahead of the solidification interface occurs due 
to the constitutional supercooling. It is also well 
defined that solute pileup due to insufficient 
time for diffusion or solute redistribution and 

Table 1- Lattice constant of fcc-Al of Al86Cu6Co2Y6 alloy

 

Fig. 4- The crystallization enthalpies of Al86Cu6Co2Y6 alloy at 
different heating rates.

Fig. 5- Optical micrograph of the melt-spun Al86Cu6Co2Y6 
ribbons.
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crystallization is an important concern in the 
case of rapid solidification processes such as melt 
spinning, [3]. Moreover, there is any visible crystal 
which confirms the amorphous structure of the 
alloy.

Fig. 6 shows FE-SEM images of as- spun 
amorphous Al86Cu6Y6Co2 (at. %) alloy and ribbons 
continuously heated to the end temperature of the 
first exothermic peak (623 K). According to the 
XRD analysis (Fig. 1b), fcc-Al phase is formed in 
this temperature. Fig. 6a shows the amorphous 
microstructure of the melt-spun ribbon which 
is in accordance with the XRD result shown in 
Fig. 1a. The absence of any visible crystal in the 
microstructure confirms also the amorphous 
structure. Fig. 6b shows the Al86Cu6Y6Co2 
amorphous alloy continuously heated to 623 K 
with corresponding EDS pattern. The nanometer 
scale of α-Al crystals  with size below 50 nm are 
dispersed in the as-spun glassy matrix. The EDS 
pattern confirms the precipitation of the α-Al 
phase in the matrix. Even though EDS analysis 
is rather inaccurate for small phases due to the 
effect of matrix composition in the EDS analysis 
of nanoparticles, the fine bright phases have 
been considered to be fcc α-Al crystals. Y atoms 
which have large and slow diffusing nature at the 
crystal growth fronts result in inhibition of crystal 
growth rates. Therefore, they form nanostructured 
composite of fcc-Al crystallites in the glassy 
matrix. In other words, the nanocrystalline- 
amorphous composite material can be obtained 
by heating at this temperature. 

3.2. Kinetics of crystallization
3.2.1. Calculation of activation energy

Activation energy Ea of the crystallization can 
be applied to determine the thermal stability 
of metallic glasses which can be calculated by 
different methods [23-26] including Moynihan 
and Kissinger methods:

𝐷𝐷 = 𝑘𝑘 𝜆𝜆
𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

ln(𝛽𝛽) = (− 𝐸𝐸𝑎𝑎
𝑅𝑅𝑇𝑇𝑝𝑝

) + 𝐶𝐶

ln ( 𝛽𝛽
𝑇𝑇𝑝𝑝2

) = (− 𝐸𝐸𝑎𝑎
𝑅𝑅𝑇𝑇𝑝𝑝

) + 𝐶𝐶

 (𝑇𝑇) = 1 − 𝑒𝑒𝑒𝑒𝑒𝑒 [−𝐾𝐾(𝑡𝑡 − )𝑛𝑛] 

 (𝑇𝑇) = 1 − exp  [(𝐾𝐾𝑇𝑇


)
𝑛𝑛

]             

ln [−ln(1 − )] =  −𝑛𝑛𝑛𝑛𝑛𝑛 + ln 𝐾𝐾(𝑇𝑇)        

 (Moynihan) (2)

𝐷𝐷 = 𝑘𝑘 𝜆𝜆
𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

ln(𝛽𝛽) = (− 𝐸𝐸𝑎𝑎
𝑅𝑅𝑇𝑇𝑝𝑝

) + 𝐶𝐶

ln ( 𝛽𝛽
𝑇𝑇𝑝𝑝2

) = (− 𝐸𝐸𝑎𝑎
𝑅𝑅𝑇𝑇𝑝𝑝

) + 𝐶𝐶

 (𝑇𝑇) = 1 − 𝑒𝑒𝑒𝑒𝑒𝑒 [−𝐾𝐾(𝑡𝑡 − )𝑛𝑛] 

 (𝑇𝑇) = 1 − exp  [(𝐾𝐾𝑇𝑇


)
𝑛𝑛

]             

ln [−ln(1 − )] =  −𝑛𝑛𝑛𝑛𝑛𝑛 + ln 𝐾𝐾(𝑇𝑇)        

 (Kissinger)  (3)

Where β is the heating rate, Tp is the crystallization 
peak, Ea is the apparent activation energy,
R is the gas constant (8.314 J K−1 mol−1) and C 
is a constant. Fig. 7a and 7b show the Moynihan 
and Kissinger plots for the first and second 
crystallization of Al86Cu6Y6Co2 amorphous alloy 
respectively which displays excellent linearity.
Table 2 reports the activation energies Ea1 of 
crystallization calculated from the slope of the 
straight lines at 10, 20 and 30 K min−1 heating 
rates. It is important to note that the results of 
Moynihan method (183.1 ± 12.4 kJ mol−1) and 
Kissinger method (173.4 ± 10.7 kJ mol−1) are close 
to each other which imply the unity of the reaction 
order.

Fig. 6- FE-SEM image of the Al86Cu6Y6Co2 (at. %) alloy for (a) as- spun ribbons and (b) ribbons annealed at 623 K (at the end position 
of the first peak temperature) with corresponding EDS pattern of selected nanocrystal precipitated.

Table 2- The activation energies calculated by Moynihan and 
Kissinger methods for Al86Cu6Y6Co2 alloy

(a) (b)

Table 2: The activation energies calculated by Moynihan and Kissinger methods for Al86Cu6Y6Co2 alloy. 




 



146

Salehi M, J Ultrafine Grained Nanostruct Mater, 54(2), 2021, 141-148

3.2.2. Crystallization mechanism
The mechanisms of nucleation and growth 

processes is usually defined by local Avrami 
exponent during crystallization. Johnson–Mehl– 
Avrami (JMA) equation is used to study the kinetic 
of crystallization of isothermal transformation by 
[27,28]:

𝐷𝐷 = 𝑘𝑘 𝜆𝜆
𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

ln(𝛽𝛽) = (− 𝐸𝐸𝑎𝑎
𝑅𝑅𝑇𝑇𝑝𝑝

) + 𝐶𝐶

ln ( 𝛽𝛽
𝑇𝑇𝑝𝑝2

) = (− 𝐸𝐸𝑎𝑎
𝑅𝑅𝑇𝑇𝑝𝑝

) + 𝐶𝐶

 (𝑇𝑇) = 1 − 𝑒𝑒𝑒𝑒𝑒𝑒 [−𝐾𝐾(𝑡𝑡 − )𝑛𝑛] 

 (𝑇𝑇) = 1 − exp  [(𝐾𝐾𝑇𝑇


)
𝑛𝑛

]             

ln [−ln(1 − )] =  −𝑛𝑛𝑛𝑛𝑛𝑛 + ln 𝐾𝐾(𝑇𝑇)        

 (4)

In this equation, α(t) is the volume fraction of 
crystallized phase, t is the time required for the 
crystallized volume fraction, τ is the incubation 
time, K is a kinetic coefficient and n is the Avrami 
exponent. Handerson extended the JMA equation 
in non-isothermal conditions in the case the 
nucleation process occurs during the early stages of 
the transformation completely and then becomes 
sluggish [29]:

𝐷𝐷 = 𝑘𝑘 𝜆𝜆
𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

ln(𝛽𝛽) = (− 𝐸𝐸𝑎𝑎
𝑅𝑅𝑇𝑇𝑝𝑝

) + 𝐶𝐶

ln ( 𝛽𝛽
𝑇𝑇𝑝𝑝2

) = (− 𝐸𝐸𝑎𝑎
𝑅𝑅𝑇𝑇𝑝𝑝

) + 𝐶𝐶

 (𝑇𝑇) = 1 − 𝑒𝑒𝑒𝑒𝑒𝑒 [−𝐾𝐾(𝑡𝑡 − )𝑛𝑛] 

 (𝑇𝑇) = 1 − exp  [(𝐾𝐾𝑇𝑇


)
𝑛𝑛

]             

ln [−ln(1 − )] =  −𝑛𝑛𝑛𝑛𝑛𝑛 + ln 𝐾𝐾(𝑇𝑇)        

 (5)

This equation can be written as:

𝐷𝐷 = 𝑘𝑘 𝜆𝜆
𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

ln(𝛽𝛽) = (− 𝐸𝐸𝑎𝑎
𝑅𝑅𝑇𝑇𝑝𝑝

) + 𝐶𝐶

ln ( 𝛽𝛽
𝑇𝑇𝑝𝑝2

) = (− 𝐸𝐸𝑎𝑎
𝑅𝑅𝑇𝑇𝑝𝑝

) + 𝐶𝐶

 (𝑇𝑇) = 1 − 𝑒𝑒𝑒𝑒𝑒𝑒 [−𝐾𝐾(𝑡𝑡 − )𝑛𝑛] 

 (𝑇𝑇) = 1 − exp  [(𝐾𝐾𝑇𝑇


)
𝑛𝑛

]             

ln [−ln(1 − )] =  −𝑛𝑛𝑛𝑛𝑛𝑛 + ln 𝐾𝐾(𝑇𝑇)         (6)

The values of n can be obtained from the slope 
of the straight lines derives from potting ln
[−ln(1 − X)] versus lnβ at different temperatures. 
The amount of Avrami exponent predicts nucleation 
and growth mechanisms. The mean value of n 
which obtained from the straight lines of Fig. 8 at 
different temperatures (583, 588 and 598 K) are 
reported. The amounts of Avrami exponent range 
from 2.06 to 2.17. According to The average value 
of Avrami exponent (n = 2.065±0.16), the primary 
crystallization conducts by diffusional growth with 
decreasing nucleation rate. It is reported that in a 
number of amorphous Al, the Avrami exponent 
ranges from 1.6 to 5.0 which depends strongly on 
the composition [11].

Fig. 9 shows the local Avrami exponent of the 
Al86Cu6Y6Co2 amorphous alloy at different rates 
of heating. The value of local Avrami exponent is 
generally high at the initial stage of crystallization. 
At the initial and the final stages of crystallization, 
the Avrami exponent is inconstant. The value of n 
versus crystallized volume fraction are considered 
in the range (0.2 < α <0.8), due to high error at low 
and high crystallized volume fraction. Unevenly 
distributed pre-existing nuclei in the glassy alloy, 

Fig. 6- 

Fig. 7- (a) Moynihan plot and (b) Kissinger plot for the first and second crystallization processes at various temperatures.

(a) (b)

Fig. 8- Plots of JMA equation of Al86Cu6Y6Co2 alloy for the 
primary crystallization reaction at various temperatures.

Fig. 9- Local Avrami exponent of Al86Cu6Y6Co2 amorphous alloy 
at different rates of heating.
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Fig. 6- 

and/or an inhomogeneous nucleation of the 
crystallization process probably leads to abnormal 
improvement in the local Avrami exponents at high 
crystallize volume fractions. At the middle stage of 
crystallization, the local Avrami exponent seems to 
be constant indicating the growth of the nuclei at a 
detectable size.

4. Conclusions
The crystallization kinetic and microstructure 

of the melt-spun amorphous Al86Cu6Y6Co2 
(at %) alloy is investigated by DSC analysis in 
non-isothermal conditions. The crystallization 
temperature of the melt- spun alloy is 576 K at 20 
K min−1 and crystallization occurs in two stages. 
Fcc-Al nanocrystals with a mean grain size less 
than 50 nm are precipitated from an amorphous 
matrix during the primary crystallization. Different 
intermetallic compounds including Al3Y, AlCu3 
and Al11Y3 phases and some undefined phases are 
formed from the residual amorphous phase at 723 
K. All DSC peaks move to the higher temperatures 
with the heating rate advancement. In the DSC 
curve, there is Glass transition before the first 
crystallization reaction of the amorphous alloy. 
Moynihan and Kissinger equations determine the 
activation energies of the primary crystallization 
reaction (Ea) with a good agreement as 183.1±12.4 
and 173.4±10.7 kJ mol−1, respectively. According to 
the average Avrami exponent (∼ 2.1), the primary 
crystallization process takes place by diffusional 
growth with a decreasing nucleation rate.
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