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Abstract: This research focuses on the experimental investigation of nanocrystalline structure formation of 

Fe72.5Ag2Nb3Si13.5B9 alloys in the amorphous and annealed states. The sample like amorphous ribbon has been prepared by 

rapid solidification technique and their amorphous nature has been confirmed by X-ray diffraction (XRD). The crystallization 

behavior and the nanocrystal formation have been studied by Differential Thermal Analysis (DTA) and X-ray diffraction 

(XRD). The activation energy for crystallization is evaluated by Kissinger’s plot. The ribbon sample has been annealed in a 

controlled way in the temperature range 550°C to 750°C for 2 hours. DTA runs for the sample show the existence of one 

exothermic peak for α-Fe(Si) phase. Thermal analysis experiment and from the obtained data activation energy of primary 

crystallization products α-Fe(Si) phase is 5.78 eV. After annealing the activation energy is found 0.164 eV. In the optimized 

annealing condition the grain size has been obtained in the range of 50 - 69nm. The peak shift indicates the change of the 

values of Si-content of nanograins. The activation energy is decreased after proper annealing at various temperatures. The 

crystallization phases of amorphous Fe72.5Ag2Nb3Si13.5B9 alloy annealed at temperature in the range of 550°C to 750°C for 2 

hrs. is α-Fe(Si) phases with average grain size 47 to 69 nm. These facts reveal that heat treatment temperature should be 

limited only 600°C at grain size 50nm to obtain optimum soft magnetic behavior, From XRD experiment, the crystallization 

onset temperature for the sample is around 600°C which coincides well with the value obtained DTA. 
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1. Introduction 

It has been well established by the time through extensive 

research work that the addition of Cu and Nb, simultaneously 

with Fe-Si-B based amorphous alloys is the necessary 

condition for the extraordinary soft magnetic alloys called 

FINEMET having composition Fe73.5Nb3Cu1Si13.5B9, 

developed in 1988 by Yoshizawa, Oguma and Yamauchi at 

Hitachi Metals Ltd. [1]. The Cu additives play a key role in 

the formation of the nucleation centers and Nb by inhibital 

the grain growth [2]. This addition extends the temperature 

range between the primary crystallization of α-Fe(Si) phase 

and secondary crystallization Fe2B phase for achieving 

superior magnetic properties [3]. It should be stressed again 

that good soft magnetic properties require not only a small 

grain size but at the same time the absence of boron 

compounds. Nanomaterials are generally materials that can 

have one dimension, two dimension or three dimension and 

can be specified within a size of 100 nanometer (1nm=10
-

9
m). The separation between the primary crystallization of 

bcc α-Fe and the precipitation of Fe2B compounds is not only 

determined by Cu and Nb addition but also decrease with 

increasing content. This put a further constraint on the alloy 

composition namely that boron content should be kept at a 
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low or moderate level in order to obtain an optimum Nano 

scaled structure. Amorphous alloys provide an extremely 

convenient precursor material for preparation of nanocrystals 

through the crystallization process controlled by thermal 

treatments [4 -7]. Müller et al. [8] studied the influence of 

Cu/ Nb content and annealing condition on the 

microstructure and the magnetic properties of FINEMET 

alloys. Grain size, phase composition and transition 

temperature were observed to depend on the Cu/Nb content. 

Investigations have been carried out on the effect of 

substitution of Au for Cu in the FINEMET on the 

crystallization behavior [9]. Magnetic materials played a 

prominent role in the discovery of new civilization and 

development of modern technology. Over the past several 

decades, amorphous and most recently, research interest in 

nanocrystalline soft magnetic alloys has dramatically 

increased. Soft magnetic materials face demanding 

requirements for high performance electronic and power 

distribution systems. With the reduction of size into 

nanometer range, the materials exhibit interesting properties 

including physical, chemical, magnetic and electrical 

properties comparing to conventional coarse grained 

counterparts. Soft magnetic Nano structured materials have a 

number of potential technological applications.[10-16] DTA 

of cast sample, annealing, XRD and again DTA these 

experiments were done one by one to find the crystalline 

formation state and activation energy. 

2. Materials and Methods 

The amorphous ribbon with a composition 

Fe72.5Ag2Nb3Si13.5B9 was prepared from high purity Fe 

(99.9%), Ag (99.9%), Nb (99.9%), Si (99.9%) and B 

(99.9%). The ribbons were produced in an arc furnace on a 

water-cooled copper hearth by a single roller melt-spinning 

technique under an atmosphere of pure argon at the Centre of 

Materials Science, National University of Hanoi, Vietnam. 

The wheel velocity was about 34 m/s. The ribbons were 

annealed in a vacuum heat treatment furnace at 625, 700, 725 

and 750°C respectively for constant time 30 minutes and then 

cooled down to the room temperature. Crystallization phase 

analysis was carried out by DTA. The activation energy for 

crystallization of primary and secondary phases have been 

calculated using Kissinger’s equation [14]:	� = −���ln	
 ����, 

where β is the heating rate, Tp is the crystallization peak 

temperature, E is the activation energy and k is the 

Boltzman’s constant. Amorphousity of the ribbon and 

nanocrystalline structure have been observed by XRD 

(Philips (PW 3040) X ‘Pert PRO XRD) with Cu-Kα 

radiation. Grain size (Dg) of all annealed samples of the alloy 

composition has been determined using Sherrer method. 

3. Results and Discussion 

3.1. DTA 

It is clear from Figure-1(a) to 1(f) that one exothermic 

peak is found for the sample Fe72.5Ag2Nb3Si13.5B9. The peak 

temperature,
1PT  displays exothermic peak, i.e., release of 

heat during the crystallization of α-Fe-(Si) phase. DTA traces 

of as-cast amorphous ribbons Fe72.5Ag2Nb3Si13.5B9 with 

heating at the rate of 10–60°C/min at the step of 10°C with 

continuous heating from room temperature to 900°C are 

shown in the figure-1. It is observed that the crystallization of 

the phase has occurred over a wide range of temperatures. 

It is also observed that the peak temperature shifted 

towards the higher value and the crystallization temperature 

range increases with the increase of heating rate. That means, 

it requires more heat energy for the formation of crystalline 

phase with increasing heating rate. The heat consumption is 

observed during the primary crystallization. The peak is 

shifting in the range from 569°C -600°C is evident from the 

figure 1. 

From the Figure-2(a) and Figure-2(b) the activation energy 

for the α-Fe-(Si) phase is found to be E= 5.78 eV and E= 

0.164 eV for before and after annealing respectively. The 

values of crystallization onset temperature, peak temperature 

with respect to heating rate and activation energy are listed in 

the Table 1. 

Table 1. The values of crystallization onset temperature, peak temperature with respect to heating rate and activation energy of the nanocrystalline amorphous 

ribbon with composition Fe72.5Ag2Nb3Si13.5B9. 

Heating rate 
β°C/min 

1st starting Tx1°C 
(Onset temperature) 

1st Peak Tp1°C 
(Peak temperature) 

Temperature range 
of 1st state in °C 

Activation Energy of the 
peak before annealing 

Activation Energy of the 
peak after annealing 

10 569.69 579 9.31 

5.78 eV 0.164 eV 

20 575.69 592.49 16.8 

30 571.02 598.68 27.66 

40 581.10 595.11 14.01 

50 586.64 600.68 14.04 

60 590.67 607.78 17.11 

“β = Heating rate, Tx1 = Onset temperature, Tp1 = Peak temperature, eV = Electron Volt = -1.6× 10-19 Coulomb” 
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Figure 1. DTA trace of as cast amorphous ribbon Fe72.5Ag2Nb3Si13.5B9 ribbon at the heating rate of (a) 10°C/min (b) 20°C/min (c) 30°C/min (d) 40°C/min (e) 

50°C/min (f) 60°C/min. 
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Figure 2. Kissinger’s plot to determine the activation energy of α-Fe-(Si) phase for (a) before annealing (b) after annealing. 

3.2. Annealing 

The experimental data have been interpreted in terms of 

different annealing effects on amorphous ribbons of DTA 

traces at constant heating rate 20°C/min. The DTA traces of 

Fe72.5Ag2Nb3Si13.5B9 alloy in the as cast state and annealed 

at different temperatures for 2 hrs. are shown in Figure 3(a) to 

3(d), respectively. It is observed from the DTA scan that the 

onset temperature for the sample Fe72.5Ag2Nb3Si13.5B9 

annealed at T= 550°C is almost unchanged with respect to its 

amorphous precursor which is quite logical since T= 550°C is 

still lower than its 
1xT = 579°C. But the same sample when 

annealed at Ta = 600°C and 650°C which are higher than the 

onset of crystallization temperature of 
1xT = 579°C, the 

primary crystallization peak is becoming smaller and display 

diffused character meaning that substantial amount of primary 

crystallization, � − ������ phase has already been completed 

for 2 hours at Ta= 600°C and Ta = 650°C. 

3.3. Comparison 

Comparison of effect of heating rate on 1
st
 and 2

nd
 

crystallization states and activation energy of 

Fe73.5Cu1Nb3Si13.5B9, Fe73.5Ag1Nb3Si13.5B9, Fe72.5Ag2Nb3Si13.5B9 

are mentioned bellow. 
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Figure 3. Effects on DTA trace of annealing temperature on the nanocrystalline amorphous ribbon with composition Fe72.5Ag2Nb3Si13.5B9 at the heating rate of 

20°C/min (a) as cast (b) at 550°C (c) at 600°C (d) at 650°C. 

Table 2. Comparison of effect of heating rate on 1st and 2nd crystallization states and activation energy of various nanocrystalline amorphous ribbons. 

Sample Heating Rate in °C/min Tp1 in °C Tp2 in °C E1 in eV E2 in eV 

Fe73.5Cu1Nb3Si13.5B9 [17] 10-50 542-570 868-719 3.21 3.81 

Fe73.5Ag1Nb3Si13.5B9 [18] 10-50 590-614 767-785 4.37 4.45 

Fe72.5Ag2Nb3Si13.5B9 10-60 579-608 ----- 5.78 ----- 

“Tp1= First Peak temperature, Tp2 = Second Peak temperature, E1 = First Peak Activation Energy, E2 = Second Peak Activation Energy, eV = Electron Volt = -

1.6× 10-19 Coulomb” 

3.4. XRD 

After annealing the sample from 550°C to 750°C we found 

XRD spectra which has been presented by figure-3. In the 

case of as cast state, there has a broadened peak which could 

be the evidence of noncrystalline amorphous. It is evident 

from Figure-3 when the sample annealed at 550°C, it 

exhibited small peak around 2θ = 45° angle at the position of 

d110 reflection which is generally known as diffuse hallow. 

This diffuse hallow indicates the amorphous nature of the 

sample. It means at this temperature, no crystallization peak 

has been detected. So the onset crystallization temperature 

determined from these results is 550°C. 

In the case of as cast state, there has a broadened peak 

which could be the evidence of noncrystalline amorphous. It 

is evident from Figure-4 when the sample annealed at 550°C, 

it exhibited small peak around 2θ = 45° angle at the position 

of d110 reflection which is generally known as diffuse hallow. 

This diffuse hallow indicates the amorphous nature of the 

sample. It means at this temperature, no crystallization peak 

has been detected. With the increasing of Annealing 

temperature Ta, (110) peak becomes sharper which means the 

grains are growing bigger. Absence of boride phase in the 

XRD spectra is possibly due to very small volume fraction of 

Fe23B6. The value of full width half maxima (FWHM) of the 

peak at the annealing temperature 550°C was not detected 

due to the lack of sharp peak. For the higher annealing 

temperatures, the FWHM value is getting smaller. It shows 

that the crystallization occurs to a good extent at the higher 

annealing temperature. The crystallization onset temperatures 

from DTA experiment for different heating rates were found 

in the range of 579°C, which shows a good consistency with 

the XRD results. The lattice parameter, the silicon content in 

bcc nanograins and grain size of α-Fe(Si) grain can easily be 

calculated from the fundamental peak of (110) reflections. 

All results are shown in Table 3. 

 

Figure 4. XRD spectra of Fe72.5Ag2Nb3Si13.5B9 alloys of as cast and annealed 

at different temperatures at constant annealing time 2 hours. 
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Table 3. Experimental XRD data of nanocrystalline Fe72.5Ag2Nb3Si13.5B9 amorphous ribbon at different annealing temperatures. 

Annealing Temp. in oC θ (deg.) d (Å) β FWHM (deg.) a0 (Å) Dg (nm) Si (at. %) 

As Cast 22.61 2.0028 ……. 1.4161 ….. 6.660 

550 22.50 2.0121 ……. 1.4227 ….. 6.629 

600 22.57 2.0061 0.3010 1.4185 50 6.648 

650 22.57 2.0061 0.2178 1.4185 69 6.648 

700 22.61 2.0028 0.2614 1.4162 58 6.659 

750 22.65 1.9994 0.2179 1.4137 69 6.670 

“β = Full Width Half Maxima (FWHM), θ = Angle, d = Width of the peak, a0 = Lattice Parameter, Dg = Grain Size, Si (at. %) = Silicon Content in percentage” 

Grain size is determined by this equation: 
0.9

cos
gD

λ
β θ

=  

Comparison of experimental XRD data of grain size at different annealing temperatures of various nanocrystalline ribbons is 

presented below: 

Table 4. Comparison of experimental XRD data of grain size at different annealing temperatures of nanocrystalline ribbons. 

Annealing Temperature in °C 
Grain size of Fe73.5Cu1Nb3Si13.5B9 
[10], Dg (nm) 

Grain size of Fe73.5Ag1Nb3Si13.5B9 
[11], Dg (nm) 

Grain size of Fe73.5Ag2Nb3Si13.5B9, 
Dg (nm) 

550 10 ----- ----- 

575 11 ----- ----- 

600 11 ----- 50 

650 11 10 69 

675 14 ----- ------ 

700 22 9 58 

750 ----- 20 69 

800 ----- 30 ----- 

“Dg = Grain Size, nm = Nano meter (1 Nano meter = 10-9 meter)” 

4. Conclusion 

DTA experiments were performed for six different 

heating rates 10 to 60°C/min. in steps of 10°C/min. up to a 

temperature of 800°C. DTA reveals, one exothermic peak is 

distinctly observed which corresponds to crystallization 

event temperature Tx1 [α-Fe(Si)] indicates stability of 

amorphous state of structural stability and magnetic 

ordering values of 579°C for Fe72.5Ag2Nb3Si13.5B9 with 

heating rate 20°C/min. 

The activation energy of the first crystallization phase α-

Fe(Si) calculated using Kissinger’s plot. Activation energy of 

α-Fe(Si) phase is 5.78eV. 

The amorphous stage of the as- cast ribbon has been 

confirmed by XRD. The evolution of the primary phase on 

annealed samples has been confirmed as α-Fe(Si) and their 

sizes have been determined from the line broadening of 

fundamental peaks (110) from XRD pattern as affected by 

annealing around the crystallization temperature. The 

crystallization phases of amorphous Fe72.5Ag2Nb3Si13.5B9 

alloy annealed at temperature in the range of 550°C to 750°C 

for 2 hrs. is α-Fe(Si) phases with average grain size 47 to 69 

nm. These facts reveal that heat treatment temperature should 

be limited only 600°C at grain size 50nm to obtain optimum 

soft magnetic behavior, From XRD experiment, the 

crystallization onset temperature for the sample is around 

600°C which coincides well with the value obtained DTA. 
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