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Abstract— The effect of the annealing temperature on the 

mechanical and magnetic properties of the amorphous alloys 

based on ferrum and copper or without the latter has been studied.  

The coefficient of thermal expansion was found to change when 

the nanocrystalline alloy Fe72,5Cu1Nb2Mo1,5Si14B9 was being 

cooled at about t 350 С, which may be attributed to the 

ferromagnetic bond between nanograins. The copper content is 

shown to determine the varying nature of the amorphous alloy 

magnetic properties’ dependence upon the annealing 

temperature.    

 
Index Terms— Annealing temperature, copper concentration, 

coercive force, diameter of remanent curvature, diameter of 

brittle fracture, ribbon length, relative magnetic permeability.  

 

I. INTRODUCTION 

AMORPHOUS AND NANOCRYSTALLINE alloys have long 

been produced on a commercial scale [1]. In spite of this, they 

still attract particular interest as the subject of physical 

investigation. Being heated or cooled, alloys undergo various 

structural changes. The increase of the nanocrystalline 

annealing temperature is known to result in forming the 

nanocrystalline grains, their size changing, as well as the 

proportion of crystal and amorphous phases’ volumes and the 

phase structure of an alloy change.  In particular, with the 

annealing temperature being increased, nanocrystalline phase 

nuclei are formed in the alloy amorphous precursor, then 

nanograins grow; their size changes as well as the ratio of 

crystalline and nanocrystalline phases volumes and the alloy 

phase composition [2], [3].  Amorphous ribbons of different 

composition were annealed under tensile stress. This yielded 

a creep-induced magnetic anisotropy with an easy magnetic 

plane perpendicular to, or an easy axis parallel to the ribbon 

direction, depending on the alloy composition. X-ray 

diffraction experiments and simple thermal expansion 

measurements showed that the stress-annealed samples 

revealed a structural anisotropy which was released by 

post-annealing as a residual strain. This strain increases with 

the annealing stress and is therefore correlated with the 

induced magnetic anisotropy. The origin of this frozen-in 

strain is discussed in terms of structural heterogeneity in the 

strength of local atomic bonds. It is suggested that the induced  

magnetic anisotropy is related to the local magneto-elastic 

coupling in regions with strong bonding forces [4]. 

The structural anisotropy of Fe–Si–B–Nb–Cu 

nanocrystalline alloys annealed under tensile stress was 

studied by x-ray diffraction techniques with transmission 

geometry. A clear difference was observed in the peak 

positions of the Fe-Si crystals under two different conditions: 

with the diffraction vector parallel or perpendicular to the 

applied stress. The strains calculated from the anisotropy of 

the peak positions showed a linear response to the applied 

stress, independent of Si content, indicating that the observed 

structural anisotropy was due to the quenching of the elastic 

strain not in the directional order of the Fe-Si pair. The 

induced magnetic anisotropy energy is well explained by the 

residual strains and their magnetostriction [5]. 

Such structural changes may have an ambiguous effect on 

different physical properties of the material. Typically, 

magnetic permeability or a coercive force is used as magnetic 

parameters reflecting the change of the alloy structure [6], [7]. 

The alloy is to be heated to and held at a specific 

temperature before spinning starts. Amorphous ribbons are to 

be further annealing. 

 The temperature effect of Fe72,5Cu1Nb2Mo1,5Si14B9 

nanocrystalline alloy annealing on the mechanical and 

magnetic properties has been investigated. Ferrum based 

amorphous alloys Fe81B13Si4C2 and Fe77Ni1Si9B13 with 

different copper content were compared.  

II.  EXPERIMENTAL 

The amorphous ribbons were obtained by melt quenching 

on a rotating disk. 

The amorphous ribbons samples of different chemical 

composition in the form of a flat ribbon 20-25 µm thick and 

10 or 20 mm wide, wound as a torus with an outside diameter 

of 32 mm, the inside one of 20 mm and 10 mm high, were 

annealed at different temperatures in the air, being exposed to 

the specified temperature for 30 minutes.   

A ribbon of 1000 mm long and 20 mm wide was being 

heated in the air by passing the electric current along the 

ribbon axis, and the ribbon temperature was measured by a 

thin thermocouple. 

Static hysteresis loops, initial magnetic permeability 0.08 

and specific magnetic dissipation P0.2/20, as well as magnetic 

hysteresis squareness ratio KS were measured at annealing 

temperatures for 1 hour of ageing P0.2/20 at frequency of 20 

kHz and induction 0.2 T.  Losses were estimated by means of 

dynamic hysteresis loops. 

III. RESULTS AND DISCUSSION 

Fig. 1 shows changing the ribbon length Δ, depending upon 

the heating temperature and the cooling temperature Ta. 
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Fig. 1. Changing the ribbon length Δ made of 

Fe72,5Cu1Mo1,5Si14B9 alloy, depending upon the heating 

temperature and the cooling temperature Ta. 

 

In the process of heating up to 430° С, the ribbon length 

extends virtually linearly with a small platform over the area 

where the structural relaxation starts. This extension may be 

attributed to the thermal expansion of the material in the 

amorphous state [8]. 

With the further temperature increase      approximately   up    

to 560° С, the ribbon length is reduced monotonically. 

Evidently, this effect is related to the onset of the 

crystallization process. Crystallization being over, the ribbon 

starts extending again due to the thermal expansion of a new 

structure consisting of ferromagnetic nanocrystals of 10-20 

nm introduced into the residual nonmagnetic matrix [9]. 

There are two linear portions on the cooling curve, with the 

change in the curve slope occurring approximately at 350° С. 

Changing the curve slope at this temperature can be attributed 

to the new magneto structural state of the material. The 

numerical value of 350° С agrees with the Curie temperature 

of the amorphous phase. With the temperature above this, 

ferromagnetic nanocrystals are separated from each other by 

an amorphous nonmagnetic matrix. If the temperature is 

lower, the amorphous matrix, becoming ferromagnetic, 

ensures a magnetic coupling of the nanocrystals and causes a 

new magneto structural state of the material, this state 

possessing a different coefficient of the material thermal 

expansion [10]. 

Crystallization being over, the ribbon starts extending 

again due to the thermal expansion of a new structure 

consisting of ferromagnetic nanocrystals, mainly α-Fe80Si20 

size of 10-20 nm introduced into the residual amorphous 

nonmagnetic matrix [3], [9].  

Fig. 2 shows the dependence of the diameter of remanent 

curvature Dr after annealing the ribbon of 

Fe72,5Cu1Nb2Mo1,5Si14B9 alloy at different temperatures on 

the mandrel of 32 mm diameter.  It is seen that the remanent 

curvature is approaching the mandrel diameter after annealing 

at t 400° С. The numbers near the curve show the values of the 

initial magnetic permeability, measured at 1000 Hz. With the 

annealing temperature being increased, the initial magnetic 

permeability is regularly growing, first due to removing the 

internal hardening stresses in the ribbon, then due to forming 

the nanocrystalline structure.  

The same figure represents the dependence of the mandrel 

diameter Dbf, on which the ribbon’s brittle fracture occurs 

after thermal treatment at different temperatures. The ribbon 

brittleness increases as the temperature increases up to t 400° 

С, and then it remains constant in spite of the annealing 

temperature being increased. Then, at approximately t 520° 

С, the temperature which is normally taken as that of 

crystallization (the temperature of maximum heat 

production), the ribbon becomes more ductile.  

Fig. 2  Dependence of the diameter of remanent curvature Dr 

and the mandrel  diameter Dbf on which the ribbon’s brittle 

fracture occurs upon the annealing temperature of the 

Fe72,5Cu1Nb2Mo1,5Si14B9 alloy-made ribbon. 

It is necessary to note that while studying the brittleness of 

the ribbon made of Fe72,5Cu1Nb2Mo1,5Si14B9 alloy, no 

differences in the numerical values of the fracture diameter 

Dbf were found in bending the ribbon with its wheel side 

surface or free side surface outward, or with different states of 

the sample’s edge. This property makes the nanocrystalline 

alloy very different from the amorphous one based on ferrum.  

Fig. 3 represents the dependence of the cylindrical mandrel 

diameter Dbf, on which the Fe81B13Si4C2 amorphous ribbon’s 

brittle fracture occurs, upon the annealing temperature Ta. 

The tests were carried out bending the ribbon with its wheel 

side surface or free side surface outward, i.e. in bending, the 

wheel side surface or free side surface were subjected to 

stretching. The edge, where cracking occurred, was formed by 
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diamond wheel cutting. From Fig. 3 it follows that in bending 

tests the samples annealed within the 430-460 С temperature 

range are most brittle. A rather wide scatter of the points 

tested prevents from distinguishing the difference between the 

wheel side surface and free side surface.  This scatter seems to 

be attributed to the different edge states, on which 

uncontrolled cracks originate.  

To make the edge state homogeneous, the samples to be 

used for mechanical tests were subjected to primary breaking 

as a result of which the test sample edges were formed.  After 

this treatment, the lines of the primary brittle fracture became 

the sample edges for the mechanical tests. The results of the 

mechanical tests are given in Fig. 3b. First, it is seen that the 

numerical values of the fracture diameter have remarkably 

decreased as well as and the test points scatter has reduced as 

compared to what is given in Fig.3a.  Secondly, the difference 

in mechanical properties of the amorphous ribbon in bending 

with its wheel side surface or free side surface outward 

became evident. In the process, the wheel side surface turned 

out to be more brittle, and the curve of the fracture diameter 

dependence shows an abrupt jump at t  400 С.  

 
Fig. 3  Dependence of the mandrel diameter Dbf on which the 

ribbon’s brittle fracture occurs after bending the free side 

surface () the wheel side surface () outward upon the 

annealing temperature Ta. The edge was formed by diamond 

wheel cutting (а) and as a result of the primary brittle fracture 

(b). 

The fracture diameter of the free side surface is linearly 

increasing as the annealing temperature increases.  

Crystallization of ferrum-based amorphous alloys is greatly 

influenced by copper that, when heated, is uniformly 

distributed in the space as clusters up to 5nm size [11]. In the 

absence of copper, the crystalline phase nuclei of about 0.1 

µm size originate near the surface [12], this phase is of a 

greater density compared to the amorphous layer inside the 

ribbon producing compressing stresses in the alloy with a 

positive constant of magnetostriction. Magnetization is 

aligned by compressing stresses mostly at right angles 

(perpendicular) to the ribbon surface [13], and the magnetic 

hysteresis loops become flat with a low residual magnetic 

induction Br. 

In this case, there is a 440-470 С temperature range in the 

Fe77Ni1Si9B13 alloy with a low Cu = 0.1 content at.% (Fig. 4а), 

within this temperature range, the magnetic permeability is 

essentially linearly dependent upon the annealing 

temperature, which is attributed to the gradual  building up of 

the crystals’ surface layer thickness. Varying the annealing 

temperature and duration, it is possible to constantly achieve a 

specified value of   the magnetic permeability.   

 

  With a   higher copper content 0.35 at.% (Fig. 4а), the 

temperature interval of the transition to a low magnetic 

permeability becomes very narrow.  

 

The rectangularity coefficient of the magnetic hysteresis 

loop Br/Bs reaches the value of 0,01 (Fig. 4b) in the alloy with 

a low copper content. The low rectangularity coefficient is 

indicative of the transverse magnetic anisotropy forming in 

the amorphous matrix. The complete crystallization being 

over, the rectangularity coefficient rises up to 0.7, that is close 

to the theoretical value of 0.832 for isotropically distributed 

non-interacting cubic grains [14].  High copper content alloys 

do not have low rectangularity coefficient values, and after 

complete crystallization, the rectangularity coefficient tends 

to be 0.8.  

 

Different shapes of magnetic hysteresis loops are indicative 

of the varying character of the crystallization process flowing 

in the samples with different copper content [15]. Copper 

being absent at the initial stage, the surface crystallization 

with -ferrum   crystal   nucleation   dominates,  the    nuclei  

being mostly concentrated near the wheel side surface of the 

amorphous ribbon. In the process of annealing, copper forms 

clusters of several nanometers size all over the material 

volume, around which -ferrum nuclei are formed, which aids 

in the crystallization process beginning at lower temperatures 

simultaneously all over the material.   
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Fig. 4 Dependence of the initial magnetic permeability i (а) and 

the rectangularity coefficient of the magnetic hysteresis loop  

Br/Bs (b) upon the annealing temperature Ta of the Fe77Ni1Si9B13 

alloy amorphous ribbon with different copper content 0.1 и 0.35 

аt.%. Figures close to the test points indicate the coercive force 

in А/м. 

IV. CONCLUSION  

The effect of the annealing temperature on the mechanical 

and magnetic properties of the amorphous alloys based on 

ferrum and copper or without the latter has been studied.  The 

coefficient of thermal expansion was found to change when 

the nanocrystalline alloy Fe72,5Cu1Nb2Mo1,5Si14B9 was being 

cooled at about t 350 С, which may be attributed to the 

ferromagnetic bond between nanograins. The varying brittle 

nature of the amorphous precursor with copper 

(Fe72,5Cu1Nb2Mo1,5Si14B9 alloy) and without it (Fe81B13Si4C2 

alloy) was found, the wheel side surface of the latter being 

more brittle, as compared to the free side one. The copper 

content is shown to determine the varying nature of the 

amorphous alloy magnetic properties’ dependence upon the 

annealing temperature.    

ACKNOWLEDGMENT 

This work was supported by the grant of the President of 

the Russian Federation for young scientists MK-95.2012.3. 

 

REFERENCES 
[1] Yu. N. Starodubtsev, “Soft magnetic materials,” Moscow: 

Technosphera, 2011, 664 p. (in Russian). 

[2] G. Herzer, K. H. J. Buschow, Ed., “Nanocrystalline soft 

magnetic materials,” in Handbook of Magnetic Materials. 

Amsterdam: Elsevier Science, 1997, no. 10, pp. 415- 462. 

[3] K. Hono, J .L. Li, Y. Ueki, Inoue A., T. Sakurai, “Atome probe 

study of crystallization process of an Fe73,5 Si13,5B9 Nb3Cu1 

amorphous alloy,” Appl. Surface Sci., 1993, vol. 67, pp. 

398-406.  

[4] M. Ohnuma, G. Herzer, P. Kozikowski, C. Polak, V. Budinsky, 

S. Kopoju, “Structural anisotropy of amorphous alloys with 

creep-induced magnetic anisotropy,” Acta Materiala, 2011, 

vol. 60, Iissue 3, pp.1278-1286. 

[5] M. Ohnuma, T. Yanai, K. Hono, M. Nakano, H. Fukunaga, Y. 

Yoshizawa, and G. Herzer,  “Stress-induced magnetic and 

structural anisotropy of nanocrystalline Fe-based alloys,” J. 

Appl. Phys., 2010,  vol.100, Issue 9, p. 093927.  

[6] B. A. Baum, “Metallic liquids,” Nauka, Moscow, 1979, p. 165. 

[7] D. V. Egorov, V. S. Tsepelev, G. V. Tyagunov, and S. V. 

Pastukhov,  “An Automated system for determining kinematic 

viscosity of melts,” Zavod. Lab. Diagn. Mater., 1998, vol. 64, 

no. 11, pp. 46-48. 

[8] A. Makino, “Nanocrystalline Soft magnetic Fe-Si-B-P-Cu 

Alloys with High B of 1.8-1.9T Contributable to energy 

saving,” IEEE Trans. Magn., 2012, vol. 48, no. 4, pp. 

1331-1335. 

[9] V. Tsepelev, V. Konashkov, Y. Starodubtsev, V. Belozerov, D. 

Gaipishevarov, “Optimum regime of heat treatment of soft 

magnetic amorphous materials,” IEEE Trans. Magn., 2012, 

vol. 48, no. 4, pp. 1327-1330. 

[10] V. Tsepelev, “Nanocrystalline Soft magnetic Toroidal Cores of 

the Highest Relative Magnetic Permeability and Low Coercive 

Force,” “Advanced Materials Research, 2013, vol. 716, pp. 

276-280.  

[11] W. Lefebvre, S. Morin-Grognet, Danoix F., “Role of niobium 

in nanocrystallization of a Fe73,5 Si13,5B9Nb3Cu alloy,” J. 

Magn. Magn. Mater. 2006, vol. 301. pp. 343-351. 

[12] J. C. Swartz, J. J. Haugh, R. F Krause, R. Kossowsky 

“Coercivity effects of iron microcrystals in amorphous 

Fe81B13,5Si3,5C2,” J. Appl. Phys. 1981. vol. 52, no 3. pp. 

1908-910. 

[13] G. Herzer, H. R. Hilzinger “Surface crystallization and 

magnetic properties in amorphous iron rich alloys,” J. Magn. 

Magn. Mater., 1986. vol. 62. pp. 143-151. 



                                                       
   

 

ISSN: 2277-3754   

ISO 9001:2008 Certified 
International Journal of Engineering and Innovative Technology (IJEIT) 

Volume 3, Issue 7, January 2014 

195 

 

[14] S. Chikazumi, “Physics of ferromagnetism,” Oxford University 

Press, 1997, 665 p. 

[15]  V. A. Kataev, Yu. N. Starodubtsev, “Structure and magnetic 

properties of an annealed FeCuNiSiB amorphous alloy,” The 

Physics of Metals and Metallography, 2006, vol. 101, no 4, pp. 

349-354. 

AUTHOR BIOGRAPHY 

 
Belozerov Vladimir  

Director of Research and Production Enterprise "Gammamet", the author of 

a monograph on amorphous and nanocrystalline alloys, 40 patents and over 

50 publications in scientific and technical journals. Research interests: 

amorphous and nanocrystalline alloys and their production and use. 

 

  
EDUCATION DETAILS 

 

1. Ural State Technical University. Speciality - physical and chemical 

research methods of processes and materials. 

2. Ural State Technical University. Postgraduate study in metallurgy 

of ferrous, non-ferrous and rare metals. 

 

PUBLICATIONS 

 

1. Are the author more than 60 scientific articles; 

2. Are the author more than 20 patents for inventions and useful 

models. 

 

RESEARCH 

 

Scientific research work is carried out in two main directions: 

1. Experimental studying of physical properties of metals and alloys; 

2. Development and improvement of experimental methods of 

research of physical properties of metals and alloys 

 

ACHIEVMENTS 

 

Is the winner of competitions on a grant of the president of Russia in 2008, 

2010 and 2012 

 
 
Tsepelev Vladimir 

Director of Research Center of Liquid metal Physics, professor,  the author 

30 patents and over 60 publications in scientific and technical journals. 

Research interests: physical properties measurements of liquid metal about 

1900 0C, amorphous and nanocrystalline alloys and their production and use. 

 

 

 
 
Zelenin Viktor 

Head of electromagnetic measurements of Research and Production 

Enterprise "Gammamet", the author of more than 10 publications in 

scientific and technical journals. Research interests: electromagnetic 

measurements. 

 

 
Starodubtsev Yuri 

Deputy Director for Technology of Research and Production Enterprise 

"Gammamet", Candidate of physico-mathematical sciences , the author of 

three books on magnetic materials and their applications , 40 patents and 

over 80 publications in scientific and technical journals. Research interests: 

magnetic materials. 

 

 
 

 

 


