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This thesis is based on the experimental investigation of the effect of grain size of Fe73.5-

xCrxNb3Cu1Si13.5B9 [x = 7, 9, 10 & 12.5] alloys in the amorphous and annealed states. 
The samples are initially prepared in the amorphous state in the form of thin ribbons by 
rapid quenching technique at wheel speed of 25m/s in an Ar atmosphere. The alloy has 

been annealed in a controlled way in the temperature range of 450 - 800
o
C for 30 

minutes. Amorphosity of the ribbon and nanocryatalline state was evaluated by XRD. 
In the optimized annealing condition the grain size has been obtained in the range of 11 
- 30 nm. The primary crystallization phase shifts to higher annealed temperature with 
Cr content implying the enhancement of thermal stability of the amorphous alloys 

against crystallization due to increasing amount of Cr. The average grain size of the α-
Fe (Si) phase, almost same under the identical annealing condition as the higher content 
Cr is increased. The peak shifts indicate the change of the values of Si-content of 
nanograins and therefore, the change of the values of lattice parameter of nanograins. 
 

1. INTRODUCTION 

Magnetism is a discipline, which stimulated by both basic and practical motivations for the study of different 

nanostructures. Those nanostructured materials are distinguished from conventional polycrystalline materials by 

the size of the crystallites that compose them. 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=10-9m). As the size 

reduces into the nanometer range, the materials exhibit peculiar and interesting physical, chemical, mechanical, 

magnetic and electrical properties compared to conventional coarse grained counterpart [1]. This new field based 

on nanomaterials has been named as nanotechnology and emerged as a new branch of science and technology, 

which is quite diverse and incorporates fields ranging from microelectronics to molecular biology [2]. But with the 

tremendous advancement of science and technology for the last two decades the idea that we should be able to 

economically arrange atoms in most of the ways permitted by physical law has grained fairly general acceptance.  

In the last few decades many researchers have studied the different properties of nanomaterials [3, 4] as well as 

the properties of partial substitution of many elements such as Mn [5] Co [6, 7] and Cr [8] substituted ferrites. In 
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this study microstructural analysis of amorphous and nanocrystalline Fe73.5-xCrxNb3Cu1Si13.5B9 alloy has been 

studied by XRD Analysis. 

 

2. MATERIALS AND METHOD 

Melt spinning is a widely used production method for rapidly solidifying materials as well as preparing 

amorphous metallic ribbon [9, 10]. In order to prepare amorphous of Fe73.5-xCrxNb3Cu1Si13.5B9 [x = 7, 9, 10 & 

12.5] alloys, the melt spinning facilities was used at the Centre for Materials Science, National University of Hanoi, 

Vietnam. 

The Quartz crucible has in its bottom part, a rectangular nozzle tip of 8 mm length and 0.7 mm width. The 

position of the nozzle tip can be adjusted with respect to cooper wheel surface, so that the molten alloy was 

perpendicularly ejected onto the wheel surface from a distance of about 0.3 mm. The small piece of the master alloy 

samples were inductively remelted inside the quartz tube  crucible followed by ejecting  the molten metal with over 

pressure of 250 mbar of 99.9% pure Ar supplied from an external reservoir through a nozzle onto a rotating copper 

wheel with surface velocity of 30 m/sec. The temperature was monitored by an external pyrometer from the upper 

surface of the molten alloy through a quartz window. 

The metal alloys were ejected at a temperature of about 150 to 250 K above the melting point of the alloy. The 

resulting ribbon samples had thickness of about 20-25 μm and width ~6 mm. Processing parameters such as the 

thermal conductivity of the rotating quench wheel, wheel speed, ejection pressure, thermal history of the melt 

before ejection, distance between nozzle of quartz tube and rotating wheel, as well as processing atmosphere have 

been influenced on the microstructure and properties of melt-spun ribbons. The lower pressure of 250 mbar as 

mentioned above stabilizes the turbulence between melt pull and rotating copper wheel enhancing the heat transfer 

resulting in a more uniform quenching. As a result, a more uniform ribbon microstructure can be obtained at 

relatively low wheel speed. With increasing wheel speeds for a given ejection rate, the increasing extraction rate 

results in thinner ribbons. 

 

3. RESULTS AND DISCUSSION 

X-ray diffraction (XRD) is generally used for the identification of various phases while the grain size is 

estimated by high-resolution transmission electron microscope (HRTEM) and / or by X-ray diffraction. XRD has 

been used to identify crystalline phase in nanocrystalline materials. Nanocrystalline alloys are above crystalline and 

because of their crystallinity they exhibit Bragg scattering peaks in XRD experiments. However, due to their small 

size, significant fine particle broadening is observed in the Bragg peaks. For 50nm particles, a broadening of 0.2
o
                                                                                                                                                                                                                                                                                                                                                                                                           

at half width the peak is expected which can easily be measured. Using Scherrer’s formula of line broadening, 

particle size between 5 to 60nm can be measured using XRD. 

In the present work, in order to study the crystallization onset temperature, XRD spectra have been recorded 

for the nominal composition Fe73.5-xCrxNb3Cu1Si13.5B9 [x = 7, 9, 10 & 12.5] annealed at 450
o
 to 800

o
 for 30 minutes. 

The approximately annealed samples were subjected to XRD by using a MTI Corporation built GSL-1600 x 40 

tube furnace to examine the micro structural evaluation as a function of annealing temperature. From the 

experiment, four samples are annealed at different temperatures for 30 minute and every sample was taken under 

XRD analysis. From the output of XRD analysis three structural parameters such as calculated: 

(i) Lattice Parameter (ao) 

(ii) Grain Size (Dg) 

(iii) Silicon Content (Si) 

(i) Lattice Parameter Calculation 
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Lattice Parameter of crystalline bcc Fe-Si nanograin was determined at different annealing temperature of the 

experimental alloys. Structure of the -Fe(Si) grains depends on the annealing temperature. Normally lattice 

Parameter of an alloy composition is determined by the Debye-Scherrer method after extrapolation of the 

diffraction curve for the sample. Generally for an accurate determination of the lattice parameter a number of 

fundamental peaks are required but in this type of tailored materials upon crystallization only major fundamental 

peaks (110) is used in calculation of ao. We have, therefore, determined the lattice parameter using only that 

particular reflection using equation: 

 nd sin2  and ao =              (1) 

Where λ = 1.54053 Å is the wavelength of Cu-K  radiation and ao is determined lattice parameter of the grain,  is 

the inter-planar spacing and   is the diffraction angle. 

(ii) Grain Size Determination 

In 1963 Kneller and Luborsky [12] studied on nanograins. Found that the magnetic properties of isolated 

grains change drastically as their size is reduced to the nanometer range. When these nanometric grains are 

consolidated to form a nanostructured material, the magnetic properties are largely determined by the grain size 

and the exchange interaction between the adjacent grains. Herzer [13] successfully established the theoretical 

explanation on the grain size dependence of superior soft magnetic properties based on his Random Anisotropy 

Model (RAM) after the pioneer experimental invention of FINEMET alloy by Yoshizawa, et al. [13]. One member 

of series FINEMET family is the sample Fe73.5-xCrxNb3Cu1Si13.5B9 [x = 7, 9, 10 & 12.5], which is under the 

investigation of the present work. 

One of the most important aims of this study was to determine crystalline grain size for all the annealing 

temperatures. Grain size of all annealed samples of the alloy composition was determined using Scherrer method 

[14]. Grain size was determined from XRD pattern of (110) reflection for different annealing temperatures at 

constant annealing time 30 minutes from which grain size was determined using the formula  

                (2) 

Where  =1.54178  is the wavelength of  radiation,  is the diffraction angle and  is the full width at 

half maximum (FWHM) of diffraction peak in radian for different steps of annealing temperature. 

(iv) Si Content in Nanograins: 

The major elements of the amorphous ribbon were Fe and Si with concentration of 61 to 66.5 at. % Fe and 13.5 

at. % Si. Crystalline nanograins were formed on the ribbon in the process of annealing temperature with the alloy 

composition of Fe-Si. It is therefore important to determine the concentration of Fe, Cr and Si in the nanograin. As 

lattice parameter of the nanograins have been measured for different heat treatment conditions, it is easy to 

calculate the Si content in the nanograin from the quantitative relationship between lattice parameter (a) and Si-

content (Si at.%) developed by Bozorth [15]. It is easy to calculate the Si content in the nanograin from the Pearson 

hand book relationship [16]. From this relationship we have considered a simple equation to calculate Si-content 

from lattice parameter. This equation is  

b = -467a
o
 + 1342.8      (3) 

where b is at. % Si in the nanograins, a
o
 is the lattice parameter of nanograins. 
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3.1. XRD Analysis of the Nanocrystalline Ribbon with Composition   

Fe66.5Cr7Nb3Cu1Si13.5B9 

In the present work, structure of the Fe66.5Cr7Nb3Cu1Si13.5B9 nanocrystalline ribbon alloys annealed at 

temperature (Ta) from 450oC to 800oC for annealing time 30 minutes are investigated by the XRD method are 

presented in Fig. 5.14. It is evident from Fig. 5.14 when the sample annealed below 550oC i.e. at 550oC, it exhibit 

only one broad peak around  at the position of  reflection which is generally known as diffuse hallow. 

This diffuse hallow indicates the amorphous nature of the sample. It means at the annealing temperature below 

550oC, no crystalline peak has been detected. Patterns of Ta=550oC indicates a clear bcc  of said 

compositions after heat treatment for 30 minutes. The same pattern observed for all the samples at different 

annealing temperatures indicates the  phase. The crystallization onset temperature from DTA 

experiments for different heating rates, were formed in the range of 400oC to 800oC, which shows a good 

consistency with the XRD results. The XRD pattern has taken for the samples annealed from 450oC to 800oC under 

the same condition. The intensity of the diffracted peak of  phase in the alloy is increased with the 

increase of annealing temperature. For an annealing at higher temperature i.e. 550oC 600oC 650oC 700oC 750oC and 

800oC, the  phase were found at the lower values of  at. % 45.008o, 44.942o, 44.938o, 44.918o, 44.89o 

and 44.95o respectively with 100% peak intensity on (110) line. The other two fundamental peaks are corresponding 

to  on (200) and (211) at  65.81o and 83.69o around to bcc Fe (Si) phase. But due to their low 

intensity; there are not clearly visible before 650oC annealing. The balance of composition is maintained by the 

distribution of amorphous phase in the system. 
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Figure-1. XRD spectra of Fe66.5Cr7Nb3Cu1Si13.5B9 alloys of annealed at different temperatures at constant annealing time 30 min   

        Source:  PHILIPS X’ Pert PRO X-ray diffractometer, Material Science Division, Atomic Energy Center, Dhaka, Bangladesh. 

 

From DTA result it is expected that boride phase would form beyond 580.6oC but the formation of crystalline 

phase other than Fe(Si) in the XRD pattern has not been detected for Ta up to around 550oC for the sample as 

expected from the DTA analysis of samples. The XRD patterns illustrated in Fig. 5.14 reveal that the difference in 

the Bragg’s peak as well as the intensity of the fundamental reflections become gradually stronger as the 

temperature of the heat treatment increases. This increase in the sharpness of the intensity peaks with the annealing 

temperature indicates that crystalline volume fraction has been increases and also grains become coarser with 

increased spectra of the thermally treated samples of Cr substituted FINEMET’s evidence of  and 

Fe2B crystalline phases might be found  along with iron oxides (  of less than 1% of 

the total composition [13]. The reason of oxide formation lies in fact of performing annealing in air atmosphere. In 

spite of addition of refractory elements it should be suggested that the heat treatment should be done in an inert 

(non-reactive) atmosphere to avoid oxidation and other reactions.  

The intensity of the diffracted peak of  phase in the alloy is increased with the increase of 

annealing temperature. The systematic but negligible shift of the peak forwards the larger angles with increasing 

temperature indicates that lattice parameter of the phase gradually decreases due to the increase of Si-content of the 
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 phase. Both the decrease in lattice parameter and increase in intensity of the fundamental peak with 

increasing annealing temperature suggest that Si-atom diffuse most intensively into the bcc-Fe with increase of 

annealing temperature. The diffusion of Si in bcc  is finally found as the nanocrystalline bcc  

lattice which is identified by XRD and therefore we see the increase intensity due to increase of the crystalline part 

in the alloy. 

The lattice parameter, the Si-content in bcc nanograins and the grain size of bcc grain can easily be calculated 

from the fundamental peak of (110) reflection. All the results are shown in Table-1. 

 
Table-1. Experimental XRD data of nanocrystalline Fe66.5Cr7Nb3Cu1Si13.5B9 for different annealing temperature 

Annealing Temp. in 0c θ (deg.) d (Å) FWHM (deg.) a0 (Å) Dg (nm) Si (at
%) 

450 -- -- -- -- -- -- 
550 22.504 2.0141 0.765 2.8484 11 12.61 
600 22.471 2.0169 0.660 2.8523 13 10.78 
650 22.469 2.0171 
.485 2.5826 18 10.64 
700 22.459 2.0179 0.466 2.8538 19 10.08 
750 22.445 2.01
1 0.460 2.8555 19 09.28 
800 22.475 2.0166 0.311 2.8518 28 11.01 

       Source:  PHILIPS X’ Pert PRO X-ray diffractometer, Material Science Division, Atomic Energy Center, Dhaka, Bangladesh. 

 

Figure-2. Change of Si (at. %) content and Lattice Parameter with different annealing temperature for the sample with composition  
Fe66.5Cr7Nb3Cu1Si13.5B9  

 Source:  PHILIPS X’ Pert PRO X-ray diffractometer, Material Science Division, Atomic Energy Center, Dhaka, Bangladesh. 

 

Figure-2 shows the lattice parameter of  crystallites embedded in the amorphous matrix of 

various annealed samples in the temperature from 550oC to 800oC has been performed. With the increases of 

annealing temperature lattice parameter increases gradually up to 750oC above this temperature decreases. The 

lattice parameter of  phase is always smaller than that of pure Fe, the value of which is 2.8664 Å [17]. 

When the annealing temperature is above 750oC there is a decrease of lattice parameter due to the contraction of 

 lattice as a result of diffusion of the Si with smaller grain size from a substitution solid solution during the 

crystallization process of . The Si-contents of the alloy Fe66.5Cr7Nb3Cu1Si13.5B9 at different annealing 

temperature 550oC to 800oC for 30 minutes annealing time are found to be in the range of 9.28% to 12.61%. All 

these results are presented in Table-1 and the pattern of change in Si-content with respect to annealing temperature 
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is presented in Figure-2. Percentage of Si is the controlling parameter of structural change for the nanocrystalline 

alloy. Percentage of Si in the  phase has a point of saturation i.e. maximum value. For this sample it is about 

9.28% Si and obtained at 750oC. Above this critical temperature of Si increases i.e. lattice parameter decreases. So 

Si-content and lattice parameter is closely related which is expressed in Pearson Hand book relationship [16]. 

Instrumental broadening of the system was determined from  scan of standard Si. At the position of 

(110) reflections, the value of instrumental broadening was found to be 0.07oC. This value instrumental broadening 

was obtained FWHM value of each peak. Asymmetrical broadening of the peak due to stacking fault of bcc crystal 

was corrected negligible in the present case. All determined grain size was values for every step of heat treatment 

are listed in Table-1. In Figure- 2 it is clear that at low annealing temperature 550oC, the FWHM of the peak is 

large and with the increases of annealing temperature, the values of FWHM are getting smaller. The peaks are, 

therefore becoming sharper with the shifting the peak position towards higher  value. The peak shifts indicate 

the change of the values of Si-content of nanograins and therefore, the change of the values of lattice parameter of 

nanograins. 

 

 
Figure-3. Change of Grain Size with different annealing temperature for the sample with composition Fe66.5Cr7Nb3Cu1Si13.5B9 

Source:  PHILIPS X’ Pert PRO X-ray diffractometer, Material Science Division, Atomic Energy Center, Dhaka, Bangladesh. 

 

Figure-3 and Table-1 that grain size increases with annealing temperature from a value of  Dg = 11 nm for Ta 

= 550oC to Dg = 28 nm for the sampled annealed at Ta = 800oC while Si-content decreases with annealing 

temperature. The increases of annealing temperature initiates partitioning of Si in the bcc Fe phase and thus grain 

growth due to formation of nanocrystalline bcc Fe (Si) grains. In the range of annealing temperature 550oC to 

750oC, the grain size remains in the range of 11 to 19 nm corresponding to soft magnetic bcc Fe(Si) phases. Above 

750oC, grain grow rapidly at attain value of 28 nm at 800oC indicating formation of Fe2B phase. Formation of 

boride phase is detrimental to soft magnetic properties. Thus fact reveals that heat treatment temperature should be 

limited with 650oC to 750oC to obtain soft magnetic behavior, which will be clear that constant grain size. The 

formation of the nanometric microstructure corresponding to the grain growth with increase of annealing 

temperature is ascribed to combined effects of Cu and Nb and their low solubility in Fe. Cu which is insoluble in 

, segregates prior to at the very beginning of nanocrystallization forming Cu-rich clusters and the 

nucleation of Fe(Si) grains is thought to be multiplied by clustering of Cu which stands as the reason for the grain 

growth at the initial stage of crystallization. It was observed that grain size 11nm for the sample annealed at 550oC 

for 30 minutes to a limiting value of 13-19 nm between annealing temperature 600oC to 750oC. 
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3.2. XRD Analysis of the Nanocrystalline Ribbon with Composition Fe64.5Cr9Nb3Cu1Si13.5B9 

Figure-4 shows typical XRD patterns of bcc phase for the sample of composition 

Fe64.5Cr9Nb3Cu1Si13.5B9 after heat treatment (30 minutes) at different temperature. From 450oC to 800oC pattern of 

Ta = 450oC& 550oC indicates the amorphous nature. After heat treatment at Ta = 600oC initiation of crystallization 

takes place. The same patterns were observed for all samples at different annealing temperature indicating the bcc 

 phase which are developed on amorphous ribbon after heat treatment. Moreover, the bcc Fe-phase is 

unique crystalline of the alloys annealed at 600oC to 800oC, the variation of intensity of the diffraction lines in 

patterns obtained under the same condition, reveals that the peak of bcc Fe-phase in the alloys is increased with 

increase of the annealing temperature of crystalline nanograin of bcc Fe (Si) phase. All the results of , d-value, 

FWHM, a0, Dg and Si (at. %) at different annealing temperature of these composition are listed in Table-2. For a 

annealing at higher temperature i.e., 600oC, 650oC, 700oC, 750oC and 800oC, the  phase were found at 

the lower values of   at % 45.46o, 44.92o, 44.8o, 44.989o and 44.908o respectively with 100% peak intensity on 

(110) line. The other two fundamental peaks corresponding to  on (200) and (211) diffraction line for 

annealing temperatures at and above 650oC is obtained in this Figure-3. But due to their low intensity, they are not 

clearly visible before 600oC annealing. 

In the Figure-5 the lattice parameter of  crystallites embedded in the amorphous matrix of 

various annealed samples in the temperature range between 600oC to 800oC has been performed. With the increase 

of annealing temperature lattice parameter increases gradually up to 700oC above this temperature decreases. The 

lattice parameter of  phase is always smaller than that of pure-Fe, the value of which is 2.8664 Å. The 

Si-content of the alloy Fe64.5Cr9Nb3Cu1Si13.5B9 at different annealing temperature 600oC to 800oCat constant 

annealing time 30 minutes are found to be in the range of 9.00% to 10.87%. All these results are presented in Table-

2 and the pattern of change in Si-content with respect to annealing temperature is presented in Figure-6. It is 

observed that the Si-content in  phase decreases with increases annealing temperature up to 700oC 

and above then Si-content increases again. Above or below this critical annealing temperature % Si decreases as 

lattice parameter increases. In Table-2 it is clear that with the increase of annealing temperature the value of 

FWHM decreases. The peak is, therefore, getting sharper with the shifting of peak position forwards higher  

value. 
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Furure-4. XRD spectra of Fe64.5Cr9Nb3Cu1Si13.5B9 alloys of annealed at different temperature at constant annealing time 30 min 

       Source:  PHILIPS X’ Pert PRO X-ray diffractometer, Material Science Division, Atomic Energy Center, Dhaka, Bangladesh. 

 
Table-2. Experimental XRD data of nanocrystalline Fe64.5Cr9Nb3Cu1Si13.5B9 amorphous ribbon at different annealing temperatures 

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

450 -- -- -- -- -- -- 
550 -- -- -- -- -- -- 
600 22.473 2.0167 0.653 2.8521 13 10.87 
650 22.460 2.0178 0.307 2.8
36 28 10.17 
700 22.440 2.0195 0.315 2.8561 27 09.00 
750 22.449 2.0188 0.288 2.8550 30 09.52 
800 22.454 2.0183 0.287 2.8544 30 09.81 

        Source:  PHILIPS X’ Pert PRO X-ray diffractometer, Material Science Division, Atomic Energy Center, Dhaka,  Bangladesh. 

 

 
Figure-5. Change of Si (at %) content and Lattice Parameter with different annealing temperature for the sample with composition 
Fe64.5Cr9Nb3Cu1Si13.5B9 

 Source:  PHILIPS X’ Pert PRO X-ray diffractometer, Material Science Division, Atomic Energy Center, Dhaka, Bangladesh. 
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Figure-6. Change of Grain Size with different annealing temperature For the sample with composition Fe64.5Cr9Nb3Cu1Si13.5B9 

       Source:  PHILIPS X’ Pert PRO X-ray diffractometer, Material Science Division, Atomic Energy Center, Dhaka, Bangladesh. 

 

In Figure-6 the mean grain size of the nanograins determined from the X-ray fundamental line (110) using the 

Scherrers formula are presented. The increasing of annealing temperature initiates partitioning of Si in the bcc Fe 

phase and thus grain growth due to formation of nanocrystalline bcc Fe(Si) grains. In the range of annealing 

temperature 600oC to 800oC, the grain size remains in the range 13 to 30 nm. These facts reveal that heat treatment 

temperature should be limited with 650oC to 800oC to obtained soft magnetic behavior which will be clear that 

nearly constant grain size. 

 

3.3. XRD Analysis of the Nanocrystalline Ribbon with Composition Fe63.5Cr10Nb3Cu1Si13.5B9 

The XRD patterns for the Fe63.5Cr10Nb3Cu1Si13.5B9 annealed at temperature (Ta) 450oC, 550oC, 600oC, 650oC, 

700oC, 750oC and 800oC each for 30 minutes are presented in Fig. 5.20. Form 450oC to 800oC pattern of Ta = 450oC 

and 550oC indicates the amorphous nature. Due to annealing at 600oC, the first crystallization peak was found at the 

angle 45.04o. It means at the annealing temperature below 600oC, no crystalline peak has been detected. After heat 

treatment at Ta = 600oC initiation of crystallization takes place. For annealing at higher temperature i.e., 600oC, 

650oC, 700oC, 750oC and 800oC, the bcc  phase were found at the lower values of  at % 45.04o, 

44.902o, 44.852o, 44.864o and 44.896o respectively with 100% peak intensity on (110) line. The other two 

fundamental peaks corresponding to  on (200) and (211) diffraction line for annealing temperatures at 

and above 650oC is obtained in this Figure. But due to their low intensity, they are not clearly visible before 600oC 

annealing. The balance of composition is obtained by distribution of amorphous phase in the system. 
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Figure-7. XRD spectra of Fe63.5Cr10Nb3Cu1Si13.5B9 alloys of annealed at different temperatures at constant annealing time 30 min 

            Source:  PHILIPS X’ Pert PRO X-ray diffractometer, Material Science Division, Atomic Energy Center, Dhaka, Bangladesh. 

 

The XRD patterns illustrated in Figure-7 reveals that the difference in the Bragg’s peak as well as the intensity 

of the fundamental reflections becomes gradually stronger as the temperature of the heat treatment increases. This 

increase in the sharpness of the intensity peaks with the annealing temperature indicates that crystalline volume 

fraction has been increased and also grains become coarser with increased crystallinity. The systematic but 

negligible shift of peak forwards the larger angles with decreasing temperature indicates that lattice parameter of 

the phase gradually increases due to the decreasing of Si-content of the  phase. The lattice parameter, 

the Si-contents in bcc nanograins and the grain size of bcc grain can easily be calculated from the fundamental peak 

of (110) reflection. All the results are shown in Table -3. 

 
Table-3. Experimental XRD data of nanocrystalline Fe63.5Cr10Nb3Cu1Si13.5B9 amorphous ribbon at different annealing temperatures 

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

450 -- -- -- -- -- -- 
550 -- -- -- -- -- -- 
600 22.520 2.0127 0.737 2.8464 12 13.53 
650 22.451 2.0186 0.525 2.8547 16 09.66 

700 22.426 2.0207 0.344 2.8578 25 08.21 
750 22.432 2.0202 0.340 2.8570 29 08.58 
800 22.448 2.0189 0.332 2.8551 26 09.47 

       Source:  PHILIPS X’ Pert PRO X-ray diffractometer, Material Science Division, Atomic Energy Center, Dhaka, Bangladesh. 
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Figure-8. Change of Si (at. %) content and Lattice Parameter with different annealing temperature for the sample with composition 
Fe63.5Cr10Nb3Cu1Si13.5B9 

   Source:  PHILIPS X’ Pert PRO X-ray diffractometer, Material Science Division, Atomic Energy Center, Dhaka, Bangladesh. 

 

Figure- 8 shows that, with the increase in annealing temperature lattice parameter increasing up to 700oC, 

above the annealing temperature decreases. The lattice parameter of pure Fe is 2.8664Å. But the lattice parameter 

at various annealing temperature for the present alloy are significantly less than that of pure Fe. It is notable that 

Si-contents in the nanocrystallites at different annealing temperatures are higher than Si-content of the amorphous 

precursor which 13.53 at %. The percentage of partitioned Si in the nanocrystalline  phase is 

maximum at 600oC. After 600oC, decrease in Si-content is observed up to 700oC, explained by the fact that at higher 

temperatures silicon diffuses out of nanograins due to crystallization corresponding to formation of boride phase 

which is consistent with the result of other FINEMET’s. Figure-8 presents the inverse relationship between lattice 

parameter and Silicon content. When the sample up to 700oC, the increase of lattice parameter with subsequent 

decrease of Si-content, as showed in Figure-8 indicates that silicon diffuse out of  grains for which the 

size of  lattice is regained. 

 
Figure-9. Change of Grain Size with different annealing temperature for the sample with composition Fe63.5Cr10Nb3Cu1Si13.5B9 

       Source:  PHILIPS X’ Pert PRO X-ray diffractometer, Material Science Division, Atomic Energy Center, Dhaka, Bangladesh. 

 

From Figure-9 and Table-3 that grain size decreases with annealing temperature up to 750oC and above this 

annealed temperature grain size increase. In the range of annealing temperature 600oC to 800oC, the grain size 

remains in the range of 12 to 29 nm. Grain growth rapidly and attain value of 25 nm at 700oC indicating formation 

of boride phase. Formation of boride phase is detrimental to soft magnetic properties. These facts reveal that heat 
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treatment temperature should be limited within 600oC to 650oC to obtain optimum soft magnetic behavior, which 

will be clear that nearly same grain size. 

 

3.4. XRD Analysis of the Nanocrystalline Ribbon with composition Fe61Cr12.5Nb3Cu1Si13.5B9 

Figure-10 shows typical XRD patterns of bcc  phase for the sample of composition 

Fe61Cr12.5Nb3Cu1Si13.5B9 after heat treatment (30 minutes) at different annealing temperature (Ta). From 450oC to 

800oC pattern of Ta = 450oCto600oC indicates are the amorphous nature. After heat treatment at Ta = 650oC 

initiation of crystallization takes place. The same patterns were observed for all samples at different annealing 

temperature indicating the bcc  phase which are developed on amorphous ribbon after heat treatment. 

For a annealing at higher temperature i.e., 650oC, 700oC, 750oC and 800oC, the bcc  phase were found 

at the lower values of   at % 44.82o, 44.788o, 44.82o and 44.864o respectively with 100% peak intensity on (110) 

line. The other two fundamental peaks corresponding to  on (200) and (211) diffraction line for 

annealing temperatures at and above 700oC is obtained in this figure. But due to their low intensity, they are not 

clearly visible before 700oC annealing. The balance of composition is obtained by distribution of amorphous phase 

in the system. The XRD patterns illustrated in Figure-10 reveals that the difference in the Bragg’s peak as well as 

the intensity of the fundamental reflections becomes gradually stronger as the temperature of the heat treatment 

increases. All the results of , d-value, FWHM, lattice parameter a0, the grain size (Dg) and the Si-content in bcc 

nanograins (at. %) can easily calculated from the fundamental peak of (110) reflection. All the results are shown in 

Table- 4. 
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Figure-10. XRD spectra of Fe61Cr12.5Nb3Cu1Si13.5B9 alloys of annealed at different temperature at constant annealing time 30 min 

       Source:  PHILIPS X’ Pert PRO X-ray diffractometer, Material Science Division, Atomic Energy Center, Dhaka, Bangladesh. 
 

Table-4. Experimental XRD data of nanocrystalline Fe61Cr12.5Nb3Cu1Si13.5B9 amorphous ribbon at different annealing temperatures 

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

550 -- -- -- -- -- -- 
600 -- -- -- -- -- -- 
650 22.410 2.0201 0.556 2.8597 16 07.32 
700 22.394 2.0235 0.524 
.8616 16 06.43 
750 22.410 2.0221 0.349 2.8597 25 07.32 
800 22.432 2.0202 0.296 2.8570 29 08.28 

       Source:  PHILIPS X’ Pert PRO X-ray diffractometer, Material Science Division, Atomic Energy Center, Dhaka, Bangladesh. 

 

Figure-11 shows that, with the increase in annealing temperature lattice parameter increasing up to 700oC, 

above this Ta lattice parameter drops rapidly. But a0 at various annealing temperature for the present alloy are 

significantly less than that of pure Fe. The value of which is 2.8664Å. Above 700oC there is a decrease of lattice 

parameter due to the contraction of  lattice as a result of diffusion of the Si. From Figure-11 it is observed 

that the Si-content in  phase decrease with annealing temperature up to 700oC. After 700oC increase 

in Si-content is observed. So Si-content and lattice parameter are closely related that is expressed in Pearson Hand 

book. Percentage of Si-content is the controlling parameter of structural change for the nanocrystalline alloy. 

Figure-11 presents the inverse relationship between lattice parameter and Silicon content.  
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Figure-12. Change of Si (at. %) content and Lattice Parameter with different annealing temperature for the sample with composition 
Fe61Cr12.5Nb3Cu1Si13.5B9 

       Source:  PHILIPS X’ Pert PRO X-ray diffractometer, Material Science Division, Atomic Energy Center, Dhaka, Bangladesh. 

 

 
Figuree-13. Change of Grain Size with different annealing temperature for the sample with composition Fe61Cr12.5Nb3Cu1Si13.5B9 

       Source:  PHILIPS X’ Pert PRO X-ray diffractometer, Material Science Division, Atomic Energy Center, Dhaka, Bangladesh. 

 

From Figure-13 and Table-4 that grain size (dg) constant up to 700oC and above this annealed temperature 

grain size increases. In the range of annealing temperature 650oC to 800oC, the grain size remains in the range of 16 

to 29 nm. Grain growth rapidly and attain value of 25 nm at 750oC indicating formation of Boride phase. These 

facts reveal that heat treatment temperature should be limited within 650oC to 700oC to obtain optimum soft 

magnetic behavior, which will be clear that constant grain size. 

 

4. CONCLUSION  

Nanocrystalline amorphous ribbon of FINEMET family with a nominal composition Fe73.5-xCrxNb3Cu1Si13.5B9 

[x = 7, 9, 10 & 12.5] has been studied to find out the correlation between microstructural features and magnetic 

properties dependent on various stages of nanocrystalline during the isothermal annealing around the 

crystallization temperature of the amorphous stage of the as-cast ribbons has been confirmed by XRD. The 

evaluation of primary phase on annealed samples has been confirmed as bcc-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 temperature corresponding to the onset of crystallization obtained from the 
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XRD pattern is slightly lower than that of DTA data. The reason might be the two different methods of 

measurements. XRD measurement has been carried out on isothermal annealed samples while that of DTA on an 

isothermal. The grain size determined for the sample x = 7 from 11 to 28nm for the annealing temperature from 

550
o
C to 800

o
C, x = 9 from 13 to 30nm for the annealing temperature from 600

o
C to 800

o
C, x = 10 from 12 to 

29nm for the annealing temperature from 600
o
C to 800

o
C and x = 12.5 from 16 to 29nm for the annealing 

temperature from 650
o
C to 800

o
C. The higher Cr-content alloys (x = 12.5) do not show any sign of crystallization 

in their XRD pattern even at an annealing temperature of 600
o
C for 30 min. This is quite reasonable since their 

crystallization onset temperature is 650
o
C and higher. The lattice parameter and Si at. % shows an inverse 

relationship indicating that Si diffuses out of  grains for which the size of  lattice is regained. 

Grain growth rapidly and attain values 19nm at 750
o
C for x = 7, 27nm at 700

o
C for x = 9, 25nm for x = 10 and 

25nm for x = 12.5. For x = 12.5 indicating formation of boride phase (Fe2B). The formation of boride phase is 

detrimental to soft magnetic properties. 
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