
OPTOELECTRONICS AND ADVANCED MATERIALS – RAPID COMMUNICATIONS          Vol. 6, No. 1-2, January-February 2012, p. 95 - 98 

  

Unusual grain growth during annealing process: from 

amorphous to nanocrystalline 
 

 

HAISHUN LIU
a,b,*

, WEIMING YANG
a,c

,
 
CHAOCHAO DUN

a
,
 
YUCHENG ZHAO

c
, LINMING DOU

b
     

a
School of Sciences, China University of Mining and Technology, Xuzhou 221116 

b
State Key Laboratory of Coal Resources and Safe Mining, China University of Mining and Technology, Xuzhou 221008 

c
School of Mechanics and Civil Engineering, China University of Mining and Technology, Xuzhou 221116 

 

 

The relationships between grain size and annealing temperature for nanocrystalline soft magnetic alloys were investigated, 

an improved model based on the crystallization kinetics was proposed, and the unusual phenomenon that the grain size 

firstly increases, then decreases, and finally increases again with the increasing annealing temperature was explained by 

using this model. Theoretical analysis results are in excellent agreement with the existing experimental data.  
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1. Introduction  

 

Nanocrystalline soft magnetic alloys have attracted 

considerable attentions in the field of condensed matter 

physics and material engineering because of their excellent 

soft magnetic properties, such as low coercivity Hc and 

high permeability µ, which make these materials 

promising for technological applications [1-3]. It is known 

that these alloys are generally prepared by annealing and 

partial nanocrystallization from rapidly quenched 

amorphous ribbons [4], and their magnetic behaviors 

depend highly on the microstructure, especially the grain 

size, of the partially crystallized alloys [5-8]. Also it has 

been found that the minimum grain size would lead to the 

lowest coercivity as well as the highest permeability [9-10]. 

Therefore, it is essential to investigate how grain size 

evolves during the annealing process, to get 

nanocrystalline alloys with optimal soft magnetic 

properties. The grain size was suggested to increase 

monotonously with the increasing annealing temperature 

for nanocrystalline soft magnetic alloys according to most 

previous investigations [4, 11]. At the same time, an 

abnormal phenomenon that the grain size firstly decreases 

and then increases was also observed [12, 13], however, it 

has drawn little attention and can not be explained 

satisfactorily by the existing theories up to now. 

In the present work, an improved theoretical model 

concerning the grain growth based on the crystallization 

kinetics was proposed and a corresponding formula was 

obtained. Moreover, the theoretical results were compared 

with experimental ones to verify our model. 

 

 

 

2. Theoretical considerations 

 

Amorphous alloys are thermodynamically unstable 

and have a tendency to transit to crystallites by the 

annealing treatment, and nanocrystalline soft magnetic 

alloys are mainly composed of crystalline phases and 

residual amorphous matrix. The crystallization process 

mainly consists of two elementary processes: nucleation of 

embryos (crystallization centers) and the following growth 

of crystallites from these centers. For the nucleation 

process [14, 15], the nucleation rate I  expressed in the 

crystallization kinetics is
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where vN  is the Avogadro constant, k  the Boltzmann's 

constant,   the viscosity, 0a  the atomic diameter, 
*

rG  the critical free energy, T  the annealing 

temperature, R  the ideal gas constant, and nE
 

the 

nucleation activation energy.  

Meanwhile, the variation of free energy [16]
 
taking 

into account both of the volume free energy and the 

surface free energy is given by 
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with r  the radius of the crystallites,   the 

crystal-amorphous interfacial energy, and VG  the 

volumetric change of free energy upon crystallization. The 

first part in Eq. (2) is the surface free energy, which 

usually has a positive value, when the phase 

transformation takes place from amorphous to crystalline; 

while the second part is the volume free energy which 



96                        Haishun Liu, Weiming Yang, Chaochao Dun, Yucheng Zhao, Linming Dou                     

 

usually has a negative value. The variation of free energy 

with radius of the crystallites was shown in Fig. 1.  
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Fig. 1. Schematic drawing of the variation of free energy  

with crystallite radius. 

 

It can be seen from Fig. 1 that ( )rG f r   has an 

extreme value. Assuming that *r  is the critical radius of 

crystallites and 
*

rG  the corresponding critical free 

energy, then *r  can be obtained from 

( ) / 0rd G dr   that  

* 2 / Vr G                   (3) 

Substitute Eq. (3) to Eq. (2), we obtain  

* 3 216 /3( )r VG G            (4) 

In addition, the volumetric change of free energy upon 

crystallization can be expressed as follows based on the 

crystallization kinetics [17]  
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where mH  is the latent heat of nanocrystallization, V  
the molar volume, and mT  the melting point of 

nanocrystalline soft magnetic alloys.  

Thus, the relationship between the nucleation rate and 

annealing temperature can be drawn from Eqs. (1) - (5) 

that 
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where 
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 is the reductive surface tension, 

and m

m

=
H

RT



 the reductive dissolution enthalpy.  

Meanwhile, the grain growth rate U  can be 

expressed as [14, 15] 
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with G
 

the free energy difference between crystalline 

phases and residual amorphous matrix, and 
gE  the 

growth activation energy. Since G RT   in the 

annealing process [15],
 
thus Eq. (7) can be simplified as  
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The microstructures of the nanocrystalline soft 

magnetic alloys were affected by the nucleation rate I  
and the grain growth rate U  during annealing 

simultaneously, and the grain size can be written as [18] 
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   , the dependence of 

grain size on the annealing temperature for nanocrystalline 

soft magnetic alloys can be further expressed as 
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where 
g nE E E   , which is the difference between 

the crystal nucleation and the growth activation energy.

 

It 

can be seen that the grain size increases with the 

increasing annealing temperature if the value of E  was 

very large; while the grain size would firstly decrease and 

then increase with the increasing temperature if E  was 

very small.  

It is known that the nucleation and growth process 

both involve two styles: atoms jumping to the crystallites 

and ordered clusters combination (ordered clusters 

shearing deposition) [19]. By assuming 
jnE  and ccE

 
as 

the activation energy for atoms jumping and the ordered 

clusters combination in nucleation respectively, then the 

total activation energy in nucleation is [20] 

n n jn n ccE A E B E            (11) 

where nA
 

and nB  are the respective weight factors for 

atoms jumping and ordered clusters combination in 

nucleation, with 1n nA B  .  

Similarly, the growth activation energy can be 

expressed as [20] 

g g jg g cdE A E B E            (12) 

where 
jgE  and cdE  the activation energy for atoms 

jumping to the crystallites and the ordered clusters 

combination in growth process respectively, 

gA and
gB their respective weight factors, with 

javascript:;
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1g gA B  . The crystal nucleation and growth 

activation energy on atoms jumping and ordered clusters 

combination can be schematically shown in Fig. 2.  
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Fig. 2. Schematic drawing of the nucleation and growth 

activation energy. 

 

It is generally known that the amorphous alloys do not 

begin to crystallize when annealed below their primary 

crystallization temperatures Tx, and the atoms of 

amorphous alloys were assumed to jump in amorphous 

matrix depending on the hot fluctuations. However, 

numerous ordered clusters in amorphous matrix would be 

produced when amorphous alloys are annealed above their 

primary crystallization temperatures. As a consequence, 

the nanocrystallization process was suggested involving 

two cases as follows:  

 

2.1 Annealed below Tx 

 

When annealed below Tx, the dependence of 

activation energy on ordered clusters combination can be 

ignored and the atom jumping governs the crystallization 

process, that is 0nB  , 1nA  , and 0gB  , 

1gA  , thus we can obtain
n jnE E  and 

g jgE E  

from Eqs. (11) - (12). Moreover, 0   ascribed to the 

rapid increase of S  in the disordered state after 

annealed below Tx [16]. So Eq. (10) can be further 

simplified as: 
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2.2 Annealed above Tx 

 

When annealed above Tx, however, the ordered 

clusters combination plays a leading role rather than the 

atom jumping, then 1nB  , 0nA  , and
 

1gB  , 

0gA  , thus we can obtain n ccE E , 
g cdE E  

from Eqs. (11) - (12). Also, because ordered clusters 

diffusion can lower the free energy of system by reducing 

their surface energy and lead to the nucleation activation 

energy approximately equal to growth activation energy 

( n gE E ) in this process [21]. Therefore, in this case, 

Eq. (10) can be simplified as: 
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3. Results and discussion  

 

3.1 Theoretical analysis 

 

When annealed below Tx, the change of the grain size 

with annealing temperature can be drawn from Eq. (13) 

that 
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In general growth process, the atoms must diffuse a 

certain longer distance to reach the surface of crystallites, 

so it requires more activate energy than the formation of 

nucleation [16], so, 
g jg jn nE E E E   , and 

0g nE E E    . Therefore, we can draw from Eq. 

(15) that / 0D T   , which suggests that the grain size 

would increase with annealing temperature. 

However, when annealed above Tx, the change of 

grain size for nanocrystalline soft magnetic alloys with 

annealing temperature obtained from the Eq. (14) is 
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It can be seen from Eq. (16) that the grain size 

decreases with the increasing annealing temperature below 

about 0.6 mT ( / 0D T   ) and increases with the 

increasing annealing temperature above about 0.6 mT  

( / 0D T   ), which means the grain size would have a 

minimum value when annealed near 0.6 times that of 

melting point mT . 

From Eqs. (13) - (14), we can also obtain the 

schematic relationship of the grain size as a function of the 

annealing temperatures, as shown in Fig. 4. It can be seen 

that the grain size increases gradually up to Tx until attains 

a limiting value when annealed below Tx; on the contrary, 

when annealed above Tx, the grain size decreases with 

increasing annealing temperature to the minimum at about 

0.6Tm, and then increases again when annealed at higher 

temperature.  

 

3.2 Experimental verification 

 

In order to verify the improved theoretical model, 

comparisons between the theoretical values and the 

experimental data of the grain size with annealing 

temperature for Fe73.5Cu1Ta3Si13.5B9 [22] and 

Fe74.5Nb3Si13.5B9 [23] alloys were shown in Figs. 3 - 4, 

respectively.   

It can be seen from Figs. 3 - 4 that the grain size 

firstly increases with  annealing temperature. However, 

when annealed at higher temperatures, the grain size of 

Fe73.5Cu1Ta3Si13.5B9 alloy begin to decrease to the 

minimum until about 823K, and it begin to decrease to the 

minimum until about 875K for Fe74.5Nb3Si13.5B9 alloy, and 

then increases with increasing annealing temperature. At 
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temperatures about 823K for Fe73.5Cu1Ta3Si13.5B9 alloy and 

875K for Fe74.5Nb3Si13.5B9, the nucleation and grain 

growth rate may occur at temperatures higher than the 

maximum of the nucleation rate. So it is obvious that the 

microstructure with the minimum grain size can be formed 

at certain temperature. The improved theoretical model is 

more consistent with the experiments [22-24] than 

previous model [11].  
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Fig. 3. Comparisons of experiments and theoretical 

calculations of the grain size in Fe73.5Cu1Ta3Si13.5B9 alloy  

         with annealing temperature for 1 h. 
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Fig. 4. Comparisons of experiments and theoretical 

calculations of  the grain size in Fe74.5Nb3Si13.5B9 alloy  

                with annealing temperature for 1 h. 

 

4. Conclusions 

 

An improved model concerning the grain growth in 

annealing process for nanocrystalline soft magnetic alloys 

was proposed in this paper, and it can be summarized as 

follows:  

(1) The atoms of amorphous alloys were jumped in 

amorphous matrix depending on the hot fluctuations when 

annealed below their primary crystallization temperatures 

Tx, and numerous ordered clusters in amorphous matrix 

would be produced when amorphous alloys are annealed 

above their primary crystallization temperatures.  

(2) The grain size of nanocrystalline soft magnetic alloys 

firstly increases then decreases and finally increases with 

the increasing annealing temperature. 

(3) The physical mechanism that the negative grain 

growth can be explained by this improved model 

satisfactorily. 
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