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Abstract  

 

Modern materials are increasingly used, directly or indirectly, in the protection of 
monuments. Electrical equipment is used in all laboratories, where monuments are subjected 

to conservation or restoration. Transformers are included in most of these electrical devices; 

and, in museums and laboratories, there are also distribution transformers. In these 
transformers, idling losses (also known as ‘transformer core losses’), play a major role in 

relation to significant changes in load. Materials in which magnetostriction occurs are 

commonly used to manufacture transformer cores. During the magnetization of the magnetic 
core of the transformer, there is a change in its dimensions, resulting in the formation of 

mechanical waves; these waves propagate, both in the air (giving the characteristic sound of 

a transformer in operation - with significant intensity for large installations), and also in the 
building structure - through fixtures installed in the ground and walls. High magnetostriction 

of the core material also creates significant releases of heat - which should be removed, so as 

not to damage the stored exhibits. Electrical devices usually work at low frequencies of 50 Hz 
- which causes the formation of waves of considerable wavelengths in the building structure. 

The suppression of these waves is problematic, and even at low amplitudes, in the long-term 

such waves can cause plastic deformation or fatigue of the materials from which exhibits are 
made, hence resulting in their gradual degeneration. Using a carefully selected chemical 

composition and an amorphous structure, material properties can be modeled in such a way 
as to obtain a material with almost zero magnetostriction. In addition, changes in chemical 

composition can lead to the reduction of losses on remagnetization; i.e. the reduction of 

energy consumption and the associated release of adverse heat. One of the components of 
losses due to magnetization is that of ‘additional losses’. As part of this work, amorphous 

samples of two alloys, Fe60Co10Y8Ni2B20 and Fe60Co10Y7Ni3B20, were produced using injection 

casting method. Dynamic performance tests were carried out on the manufactured materials 
using a Ferrometer. Based on the loss measurements, additional losses were determined in 

relation to the maximum induction. The relationship between the percentage share of 

additional losses and the maximum induction was found for both of the examined alloys. 
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Introduction  

 

The harmful effect of low-frequency mechanical waves, produced by the working cores 

of transformers, and the excessive heat emission in the process of their magnetization, are 

common phenomena. In the case of priceless museum objects or exhibits, hardly anyone takes 
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into account the destructive influence of these factors. Low frequency mechanical waves, 

propagating through a building structure, are difficult to suppress and, despite their low 

amplitude, they affect the exhibits continuously. This can cause fatigue or permanent plastic 

deformations and, in the long run, also damage the materials that make up priceless exhibits. 

There are various methods of suppressing mechanical waves and eliminating excessive heat [1, 

2]. The harmful effects of low-frequency mechanical wave propagation can be partially 

eliminated by limiting the additional losses in the cores of magnetic transformers made from 

amorphous materials. Amorphous alloy material has a liquid-like structure but is in the form of 

a solid. An amorphous alloy structure has a much higher internal energy than a crystalline 

material with the same chemical composition. The lack of periodicity exhibit by the crystalline 

systems and their angular translations reduces the phenomena of magnetostriction and loss of 

magnetization [3]. Amorphous materials can be classified into two groups: ‘classical’ and 

‘bulk’ amorphous materials. Classical materials include those made in the form of thin strips 

(with a maximum thickness of 100 µm and a cooling speed within the range of 103-106K/s) [4, 

5], and in the form of solid materials (with thicknesses of more than 100 µm and a cooling 

speed within the range of 10-1-103K/s) [6, 7]. In the case of samples in the form of strips, their 

limited thickness (resulting from their high cooling rates) slightly limits their range of 

applications. Therefore, a better solution is to use magnetic cores made from bulk Fe-based 

amorphous alloys, which are much more difficult to obtain. In 1989, A. Inoue (from Tohoku 

University) developed empirical criteria for the production of bulk amorphous alloys [8, 9]. 

Makino et al. made a significant contribution to the development of low-loss iron-based 

amorphous alloys [10].  

They stated that the basic criteria for the suitability of the material for transformer cores 

[11] are the losses due to magnetization, which include: hysteresis losses Phis, eddy current 

losses Pcl and additional losses Pexc: 

 

excclhist PPPP ++=          (1) 

 

Losses from hysteresis and eddy currents are quite well described. The measure of losses due to 

hysteresis is the area of the dynamic magnetic hysteresis loop. Eddy current losses arise due to 

the induction of a magnetic field opposite to the magnetizing field. The last, and least described 

and explained element of losses is ‘additional losses’. These losses can be determined 

approximately by the formula [12]: 

 
2/32/3

peak0exc fBGSV76,8P =
        (2) 

 
Where: 

G –Dimensionless factor; 

S –Cross-section of the sample; 

V0–Constant associated with the impact of inhibitory centres on domain walls; 

  - Electrical conductivity; 

f – Frequency; 

Bpeak   - Maximum induction value. 
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The occurrence of additional losses is associated with migratory relaxation and so-

called fluctuation viscosity. Theoretically, magnetization losses are a linear function of the 

frequency-squared. In practice, however, losses as a function of f2 are not a linear relationship, 

as shown in many papers [13]. The differences between the linear relationship and the actual 

course of losses are the additional losses. 

This paper presents test results for two amorphous alloys: Fe60Co10Y8Ni2B20 and 

Fe60Co10Y7Ni3B20, samples of which were produced by a rapid-cooling technique. Their 

structure was investigated and losses due to magnetization to 1000 Hz were measured. The aim 

of the work was to determine the share of additional losses in the total losses on 

remagnetization, and to determine their dependence on the maximum induction value. This 

approach to the subject may indicate the need, when renovating or storing monuments, to take 

into account a degradation factor such as ‘additional heat’ and ‘low-frequency mechanical 

waves’ propagating from transformers. 

 

Experimental 

 

Ingots of the Fe60Co10Y8Ni2B20 and Fe60Co10Y7Ni3B20 alloys were produced in an arc 

furnace. Elements with a purity of greater than 99.9 at % were used. The ingot production 

process was carried out on a water-cooled copper plate under a protective argon atmosphere. 

The charge was melted by plasma arc, using a non-fusible tungsten electrode, working in the 

operating current range of 180 - 380A. The charge was re-melted several times, physically 

inverting it each time. A titanium ‘getter’ was also melted. These treatments were designed to 

provide high purity and homogeneity of the resulting ingots. The resulting 10 gram ingots were 

divided into smaller pieces and cleaned - both mechanically and using an ultrasonic cleaner. 

Rapidly-cooled alloys were prepared by injecting the melt into a copper mould (Fig. 1). 

 

 
Fig. 1. Diagram of the apparatus for production rapidly-cooled alloys, using a liquid alloy injection method. 

 

Each polycrystalline ingot was placed in the quartz crucible and melted using eddy 

current heating. The liquid charge was forced, under argon pressure, into a water-cooled copper 

mould. The charge was melted at 10A. The production process of rapidly-cooled alloys was 



M. NABIAŁEK et al.  

 

 

INT J CONSERV SCI 10, 4, 2019: 653-660 656 

carried out under a protective atmosphere of argon. The alloys were made in the form of rods 

with a diameter of 0.5 mm and a length of 20 mm. 

The structure of the produced materials was examined using a Bruker Advance D8 X-ray 

machine. The test was conducted over the two-theta angle range of 30-100°, on samples that 

were in the form of powder. 

Dynamic ferrous hysteresis loops and losses as a function of maximum induction were 

measured using a Ferrometer (the transformer method).The measurements were carried out over 

the range of 50 - 1000 Hz. The measurements were carried out at room temperature. The 

samples of the tested alloys were mounted in yokes made from super permalloy. 

 

Results and discussion 

 

Figure 2 contains X-ray diffraction images for the tested alloys. 

 

 
Fig. 2. X-ray diffraction images, measured for the alloys: a) Fe60Co10Y8Ni2B20, b) Fe60Co10Y7Ni3B20. 

 

The resulting X-ray diffraction images are typical for materials with an amorphous 

structure. The occurrence of a wide maximum is associated with the chaotic arrangement of 

atoms within the volume of the tested samples. Figure 3 presents a list of losses due to 

magnetization, and dynamic magnetic hysteresis loops for selected frequencies. 

 

 
Fig. 3. Comparisons of total magnetization losses (a) and  

dynamic magnetic hysteresis loops (b) for the manufactured alloys. 

 

The Fe60Co10Y8Ni2B20 alloy has a lower value of ‘magnetization losses’. Interestingly, 

the areas of the dynamic magnetic hysteresis loops are almost identical. It is also worth noting 

that the Fe60Co10Y7Ni3B20 alloy achieves a higher induction value with the same magnetizing 

field as the Fe60Co10Y8Ni2B20 alloy. Figure 4 shows the losses due to magnetization, as a 

function of frequency, for the tested alloys. 
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Fig. 4. Core losses on remagnetizationas a function of maximum induction for the produced alloys, over the 

magnetizing field frequency range of: 50 - 1000 Hz 

 

The core losses on remagnetization for the Fe60Co10Y7Ni3B20 alloy reach higher values 

than for the Fe60Co10Y8Ni2B20 alloy - at each frequency. Considering the dynamic magnetic 

hysteresis loops, it can be concluded that the higher level of losses for the Fe60Co10Y7Ni3B20 

alloy is associated with higher eddy current losses. Figure 5 shows the core losses, as a function 

of the frequency-squared, for different maximum induction values. 

 
Fig. 5. Loss of magnetization, as a function of the square of the frequency of  

the magnetizing field, for the tested alloys, for different maximum induction values. 
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Figure 6 shows the dependence of the share of additional core losses on the maximum 

induction value for the tested alloys. 

 

 
Fig. 6. Share of additional core losses as a function of the maximum induction value 

 

For both of the examined alloys, a correlation was found between the share of additional 

losses and the value of maximum induction. The Fe60Co10Y7Ni3B20 alloy is generally 

characterized by higher magnetization losses (Fig. 4) and a greater proportion of additional 

losses. This is probably associated with a greater degree of heterogeneity of this alloy. In the 

case of the Fe60Co10Y7Ni3B20 alloy, the share of additional losses increases linearly as the 

maximum induction increases. 
 

Conclusions 

 

Many very valuable exhibits are located in modern or old historic buildings that have 

been converted into museums. Each of these museums uses electrical devices that are connected 

to large transformer switchboards. Typically, these transformers are installed underground and, 

during use, they become a source of noise, heat and vibration. While noise and heat is almost 

completely absorbed by building foundations and ceilings, vibrations are transmitted to the 

entire building structure. It should be added that, during micro-vibrations, valuable exhibits are 

exposed to plastic deformation and excessive surface interference of bacteria and fungi. 

The effect of additional vibration is usually overlooked by conservators. One of the 

sources of these vibrations is core losses, generated during the magnetization process. 

Therefore, from the point of view of the protection and conservation of monuments, it is 

important to limit the core losses. 

In this work, additional losses were tested for the rapidly-cooled alloys, 

Fe60Co10Y8Ni2B20 and Fe60Co10Y7Ni3B20. For the tested alloys, core losses due to magnetization 

were not a linear relationship for any of the considered maximum induction values. Test results 

show that additional losses are a significant component of total losses on remagnetization. In 

the case of the Fe60Co10Y8Ni2B20 alloy, the percentage share of additional losses is from 9.2% to 

14.9%, while for the Fe60Co10Y7Ni3B20 alloy the range is from 14.3% to 15.5%. Such a large 

share of these losses cannot be ignored during theoretical calculations of core losses for 

designed transformer cores. An increase in the share of additional losses was found, depending 

on the maximum induction. For the Fe60Co10Y7Ni3B20 alloy, the increase in the share of 

additional losses increases linearly with increasing maximum induction. For the 
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Fe60Co10Y8Ni2B20 alloy, the share of additional losses is also dependent on the value of the 

maximum induction, although this relationship is not linear. 

Additional losses associated with composition fluctuations and magnetic delays are the 

least described loss component. However, as shown in this work, their impact on core losses is 

significant and also related to the chemical composition of the alloy and maximum induction. In 

view of the above, it should be noted that the reduction of additional losses, by optimizing the 

chemical composition of the alloy (amongst other techniques), can reduce the core losses and 

thus reduce the level of generated vibrations. 

 

References 

 

[1] S. Gurus, W. Sochacki, High-performance quasi one-dimensional mirrors of mechanical 

waves built of periodic and aperiodic structures, Journal of Applied Mathematics and 

Computational Mechanics, 17(4), 2018, pp. 19-24. 

[2] B.S. Lazarov, J.S. Jensen, Low-frequency band gaps in chains with attached non-linear 

oscillators, International Journal of Non-Linear Mechanics, 42(10), 2007, pp. 1186-

1193.  

[3] M.E. McHenry, M.A. Willard, D.E. Laughlin, Amorphous and nanocrystalline materials for 

applications as soft magnets, Progress in Materials Science, 44(4), 1999, pp. 291-433. 

[4] W. Li, Y.Z. Yang, J. Xu, Crystallization and soft magnetic properties of metalloid-free 

Fe89Hf7Al3Zr1 amorphous alloy, Journal of Non-Crystalline Solids, 461, 2017, pp. 93–

97. 

[5] A. Wang, C. Zhao, A. He, H. Men, C. Chang, X. Wang, Composition design of high Bs Fe-

based amorphous alloys with good amorphous-forming ability, Journal of Alloys and 

Compounds, 656, 2016, pp. 729-734. 

[6] R.L. Narayan, P.S. Singh, D.C. Hofmann, N. Hutchinson, K.M. Flores, U. Ramamurty, On 

the microstructure–tensile property correlations in bulk metallic glass matrix composites 

with crystalline dendrites, Acta Materialia, 60(13-14), 2012, pp. 5089–5100.  

[7] E.S. Park, H.K. Lim, W.T. Kim, D.H. Kim, The effect of Sn addition on the glass-forming 

ability of Cu–Ti–Zr–Ni–Si metallic glass alloys, Journal of Non-Crystalline Solids, 

298(1), 2002, pp. 15–22. 

[8] A. Inoue, Bulk amorphous alloys with soft and hard magnetic properties, Materials Science 

and Engineering A, 226, 1997, pp. 357-363. 

[9] A. Takeuchi, A. Inoue, Classification of bulk metallic glasses by atomic size difference, heat 

of mixing and period of constituent elements and its application to characterization of the 

main alloying element, Materials Transactions 46(12), 2005, pp. 2817-2829. 

[10] A. Makino, T. Bitoh, A. Kojima, A. Inoue, T. Masumoto, Low core losses of 

nanocrystalline Fe–Zr–Nb–B soft magnetic alloys with high magnetic flux density, 

Materials Science and Engineering A,  304, 2001, pp. 1083-1086. 

[11] R. Piccin, P. Tiberto, H. Chiriac, M. Baricco, Magnetic properties and power losses in Fe–

Co-based bulk metallic glasses, Journal of Magnetism and Magnetic Materials, 

320(20), 2008, pp. 806-809. 



M. NABIAŁEK et al.  

 

 

INT J CONSERV SCI 10, 4, 2019: 653-660 660 

 [12] E. Barbisio, F. Fiorillo, C. Ragusa, Predicting loss in magnetic steels under arbitrary 

induction waveform and with minor hysteresis loops, IEEE Transactions on Magnetics, 

40(4), 2004, pp. 1810-1819. 

[13] M. Nabialek, J. Fuzer, L. Dakova, P. Pietrusiewicz, Assessment of the structure and core 

losses pertaining to magnetic toroids made from powder and cast in one production step, 

Revista de Chimie, 68(5), 2017, pp. 1098-1102. 

_____________________________________ 
 
Received: February 02, 2019 
Accepted: October 24, 2019 


