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The processes of phase formation in an amorphous cobalt-based 

Сo67Fe3Cr3Si15B12 alloy under the influence of ultrasonic treatment are inves-
tigated. The amorphous alloy is obtained by the method of quenching from 

the melt with a cooling rate of 106
 K/s in the form of a tape with a thickness 

of 25 µm and a width of 20 mm. Ultrasonic treatment of samples is carried 

out in an ultrasonic bath with a maximum ultrasound power of 120 W at a 

frequency of 44 kHz that allows creating an ultrasound load of 32 W/cm2. 
The microhardness of the amorphous alloy is determined by the Vickers 

method. The characteristics of the thermal stability of amorphous alloys such 

as the temperature of the beginning of intensive crystallization, as well as 

the temperature of complete crystallization and the crystallization interval, 
are studied using highly sensitive dilatometric technique. The structure of 

the amorphous alloy is also analysed using electron microscopy. As found, 
ultrasonic treatment of the initial alloy leads to strengthening of the amor-
phous alloy, as evidenced by an increase in microhardness by 33%. Under the 

influence of ultrasonic treatment, the temperature interval of thermal stabil-
ity of the initial alloy decreases, the temperature of the onset of intensive 

crystallization decreases by 10–85 K depending on the time of ultrasonic 
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treatment. The obtained results indicate the formation of an amorphous–
crystalline state in the initial amorphous Сo67Fe3Cr3Si15B12 alloy under the 

influence of ultrasonic treatment, which is explained by the creation of 

thermodynamic conditions for the growth of frozen-in crystallization cen-
tres. 

Key words: amorphous alloy, ultrasonic treatment, nanocrystalline state, 
thermal stability, microhardness. 

В роботі досліджено процеси фазоутворення в аморфному стопі на основі 
кобальту Сo67Fe3Cr3Si15B12 за дії ультразвукового оброблення. Вихідний 

аморфний стоп було одержано методою гартування з розтопу зі швидкіс-
тю охолодження у 106

 K/с у вигляді стрічки товщиною у 25 мкм і шири-
ною у 20 мм. Оброблення аморфного стопу ультразвуком проводили в уль-
тразвуковій ванні з максимальною потужністю у 120 Вт на частоті у 

44 кГц, що дало змогу створити ультразвукове навантаження у 32 Вт/см
2. 

Мікротвердість стопу вимірювали за методою Віккерса. Характеристики 

термостабільности аморфного стопу досліджували за допомогою високо-
чутливої дилатометричної методики. Структуру аморфного стопу також 

аналізували за допомогою електронної мікроскопії. Виявлено, що ультра-
звукове оброблення вихідного стопу приводить до зміцнення аморфного 

стопу, про що свідчить збільшення мікротвердости на 33%. Під дією уль-
тразвукового оброблення зменшується температурний інтервал термічної 
стабільности вихідного стопу, температура початку інтенсивної кристалі-
зації зменшується на 10–85 К в залежності від часу ультразвукового об-
роблення. Одержані результати вказують на формування у вихідному 

аморфному стопі Сo67Fe3Cr3Si15B12 аморфно-кристалічного стану під впли-
вом ультразвукового оброблення, що пояснено створенням термодинамі-
чних умов для росту вморожених центрів кристалізації. 

Ключові слова: аморфний стоп, ультразвукове оброблення, нанокриста-
лічний стан, термічна стабільність, мікротвердість. 

(Received 12 November, 2025; in final version, 3 February, 2026) 
  

1. INTRODUCTION 

Due to their wide range of applications in many industries, including 

the military, aerospace, biomedicine and microelectronics, multicom-
ponent amorphous alloys based on cobalt are promising functional ma-
terials. Researchers are attracted to amorphous alloys due to their 

unique chemical and physical properties, such as high fatigue 

strength, crack resistance, and corrosion resistance. Additionally, 

these alloys are soft magnetic materials with almost zero magne-
tostriction [1–3]. However, the widespread use of amorphous alloys is 

significantly limited by their low thermal stability. When heated to a 

certain temperature, amorphous metal alloys transform into a more 

stable crystalline state and lose their unique amorphous properties. 
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Therefore, one of the directions of research on amorphous alloys is to 

establish the influence of external factors, such as thermal annealing, 

radioactive irradiation, mechanical loads, external magnetic and elec-
tric fields, on the thermal stability of alloys in the amorphous state. 

Another important task is to study the thermodynamic conditions for 

the transition of a metal alloy from an amorphous state to an amor-
phous-nanocrystalline state. This transition would give the metal alloy 

new, unique properties due to the interaction between the amorphous 

matrix and the nanocrystalline structures. These two tasks are often 

combined into one. At the first stage of crystallisation, a large number 

of nanocrystalline structures appear in the amorphous matrix. There-
fore, it is necessary to establish the thermodynamic prerequisites un-
der which the volume of these nanocrystalline nuclei will not increase. 

This ensures that the alloy remains in a stable amorphous-
nanocrystalline state [4]. 
 One method of converting an amorphous alloy into an amorphous-
nanocrystalline state is to process mechanically the alloy, causing in-
tense plastic deformation [5, 6]. Intense plastic deformation of an 

amorphous alloy can produce a nanocrystalline structure, even when 

this is not possible using traditional methods such as thermal anneal-
ing [7]. The formation of nanosize crystals under shear deformation 

was first discovered in the amorphous Fe81Si7B12 alloy by the authors in 

the work [8]. In Ref. [9], it is shown that nanocrystals with sizes up to 

15 nm are formed under the action of deformation shear in the amor-
phous alloy Fe80B20, and the number of crystals formed is directly pro-
portional to the degree of deformation. Deformational crystallisation 

under shear at pressure has also been observed in amorphous ribbons 

based on aluminium [10–12], titanium and zirconium [13, 14]. Similar 

processes of nanocrystalline-state formation were observed in amor-
phous alloys based on iron [15–17], molybdenum [18, 19], nickel [20], 

with zirconium and niobium [21] during their processing in a high-
energy ball mill. 
 One of the effective methods of mechanical action on amorphous al-
loys is to subject them to powerful ultrasonic waves. Ultrasonic treat-
ment of amorphous alloys is a more technological and controlled proc-
ess compared to treatment in high-energy ball mills or in a Bridgman 

chamber to create shear deformation [22–24]. Studies have shown that 

powerful ultrasound creates internal compressive stresses, contribut-
ing to the formation of a stable nanocrystalline state in an amorphous 

metal. As found in the work [25], ultrasonic treatment causes struc-
tural changes in the amorphous alloy Fe73.6Si15.8B7.2Cu1.0Nb2.4 due to the 

formation of uniformly distributed nanocrystals.  
 The aim of presented research is to determine the effect of sonica-
tion on the thermal stability and micromechanical properties of amor-
phous Сo67Fe3Cr3Si15B12 alloy. 
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2. EXPERIMENTAL DETAILS 

The multicomponent amorphous Сo67Fe3Cr3Si15B12 alloy has been cho-
sen for studying of crystallization process under ultra sonic treatment. 

The amorphous alloy has been obtained by the method of quenching 

from the melt with a cooling rate of 106
 K/s in the form of a tape with a 

thickness of 25 µm and a width of 20 mm. To ensure relaxation of me-
chanical stresses existing in amorphous alloys obtained by the spin-
ning method, the studied samples were previously aged under normal 
conditions for 5 years. 
 Ultrasonic treatment of samples was carried out in an ultrasonic 

bath with a maximum ultrasound power of 120 W at a frequency of 

44 kHz, which allowed creating an ultrasound load of 32 W/cm2. The 

ultrasonic bath was filled with distilled water, after which samples of 

the amorphous alloy were placed in it. The samples were kept under ul-
trasonic loading for a certain time, after which they were removed 

from the bath. Ultrasonic treatment of amorphous alloys was carried 

out at room temperature, which is significantly lower than the relaxa-
tion temperature of amorphous alloys. 
 The microhardness of the amorphous alloy was determined by the 

Vickers method: a diamond pyramid with a load of 50 g was pressed 

into the material under study and the diagonal of the resulting imprint 

was measured. Microhardness HV was defined as 

 2

2

1854
N/mm

V

P
H

d
 , (1) 

where P is a load in newtons, d is the length of the diagonal of the im-
print in millimetres. 
 Microhardness measurements were made in air at room tempera-
ture. The indenter was pressed on the shiny side of the amorphous rib-
bon, which was not in contact with the rotating drum during its acqui-
sition. The microhardness measurement error did not exceed 5%. 
 The characteristics of the thermal stability of amorphous alloys 

such as the temperature of the beginning of intensive crystallization, 

as well as the temperature of complete crystallization and the crystal-
lization interval has been studied using highly sensitive dilatometric 

technique [26]. The dilatometric method is based on the fact that the 

molar volumes of alloys differ between their amorphous and crystal-
line states. The difference in molar volume between the amorphous and 

crystalline states is 1–3%. Measurements of the samples’ length were 

performed within a temperature range of 290–940 K. The samples of 

source amorphous alloy and amorphous alloy after ultrasonic treat-
ment were heated at a constant speed of 10 K/min. The length of the 

samples was measured every 5 K. 
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3. RESULTS AND DISCUSSION 

3.1. Effect of Ultrasonic Treatment on the Microhardness 

of Amorphous Сo67Fe3Cr3Si15B12 Alloy 

Microhardness studies were conducted on the initial amorphous 

Сo67Fe3Cr3Si15B12 alloy and the same alloy subjected to ultrasonic 

treatment at a frequency of 44 kHz and a power of 32 W/cm2, to estab-
lish the effect of ultrasonic treatment. 
 The microhardness values, as well as the relative change in the mi-
crohardness of the amorphous alloy sample after ultrasonic treatment 

depending on the treatment time, are given in Table 1. The time de-
pendence of the relative change in the microhardness of the amorphous 

alloy is also given in Fig. 1. 
 As can be seen in Fig. 1 and Table 1, changes in microhardness do not 

exceed the measurement error (i.e., 5%), if the ultrasonic treatment 

time does not exceed 90 s. As the ultrasonic treatment time increases, 

the microhardness also increases. At treatment times of up to 1500 s, 

the relative increase in microhardness is more than 30%. However, if 

the treatment time exceeds 1500 s, the increase in microhardness is 

inhibited and it reaches saturation. 
 Let us analyse the physical reasons for the change in microhardness 

under the influence of ultrasonic treatment. Microhardness, as well as 

other micromechanical properties of amorphous alloys, depends on the 

chemical composition of the amorphous matrix, the presence of frozen 

crystallization centres in it, and internal mechanical stresses. Micro-
hardness of amorphous alloys increases significantly when crystalline 

phases form in amorphous alloys. This effect is especially noticeable in 

the presence of borides and silicides in the structure of the amorphous 

TABLE 1. Microhardness HV and relative change in the microhardness 

(HV  HV0)/HV0 of the amorphous alloy sample after ultrasonic treatment de-
pending on the treatment time t. 

Ultrasonic treatment time t, s HV, Pa (HV  HV0)/HV0, % 

Source sample 727 – 

90 745 2.5 

180 782 7.6 

280 794 9.0 

480 818 12.5 

1440 950 31.0 

2880 960 32.0 

3360 966 33.0 



660 T. TSAREGRADSKA, I. OVSIIENKO, A. KURYLIUK et al. 

alloy. In general, the hardness of the nanostructured state is higher 

than that of an amorphous similar composition. 
 Ultrasonic treatment of amorphous alloy leads to an increase in the 

diffusion mobility of atoms and enhances the phenomenon of internal 
friction. In addition, ultrasound causes internal heating of the amor-
phous alloy due to the absorption of energy in the process of internal 
friction, which also stimulates the acceleration of diffusion. These 

processes accelerate the structural relaxation of the amorphous alloy 

and stimulate its nanocrystallization, which occurs due to atomic dis-
placements during intense plastic deformation. 

3.2. Effect of Ultrasonic Treatment on the Thermal Stability 

of Amorphous Сo67Fe3Cr3Si15B12 Alloy 

Figure 2 shows the experimentally obtained temperature dependences 

of the relative change in molar volume for the initial amorphous alloy 

and for the amorphous alloy after ultrasonic treatment at a frequency 

of 44 kHz at a power of 32 W/cm2
 for 3360 s. 

 As can be seen in Fig. 2, ultrasonic treatment of the initial 
Сo67Fe3Cr3Si15B12 alloy for 3360 s leads to a significant (by 85 K) shift 

of the temperature of the onset of intensive crystallization towards low 

temperatures. At the same time, the temperature interval, in which 

complete crystallization of the ultrasonically treated amorphous alloy 

occurs, expands to 75 K compared to the initial amorphous 

Сo67Fe3Cr3Si15B12 alloy, for which this interval is of 65 K. Similar tem-

 

Fig. 1. The time dependence of the relative change in the microhardness of the 

amorphous Сo67Fe3Cr3Si15B12 alloy. 



 THE EFFECT OF ULTRASONIC TREATMENT ON THE THERMAL STABILITY 661 

perature dependences of the relative change in volume were obtained 

for the amorphous Сo67Fe3Cr3Si15B12 alloy after ultrasonic treatment 

within the interval from 180 s to 2880 s. The measurement results are 

given in Table 2. 
 As can be seen from Table 2, short ultrasonic treatment times do not 

affect the temperature at which intensive crystallisation begins (tem-
perature changes are within the margin of error). However, increasing 

the ultrasonic treatment time causes a decrease in the temperature, at 

 

Fig. 2. The temperature dependence of the relative change in molar volume 

for the initial (1) and subjected to ultrasonic treatment for 3360 s (2) amor-
phous Сo67Fe3Cr3Si15B12 alloy. 

TABLE 2. Thermal stability parameters of the source and ultrasonically 

treated amorphous Сo67Fe3Cr3Si15B12 alloy: ultrasonic treatment time t, tem-
perature of onset (Tk) and complete (Tf) of crystallization, interval Tk, by 

which the temperature of the onset of intensive crystallization decreases, and 

interval of full crystallization Tcr after ultrasonic treatment Tk. 

t, s Tk, K Tk  Tk  Tk0, K Tf, K Tcr  Tf  Tk, K 

Source alloy Tk0  773 – 838 65 

180 773 0 847 74 

280 768 –5 843 75 

480 753 –20 833 80 

1440 723 –50 813 90 

2880 703 –70 798 95 

3360 680 –85 755 75 
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which intensive crystallisation begins. 
 Figure 3 presents the dependence of the temperature interval 
Tk  Tk  Tk0, by which the temperature of the onset of intensive crys-
tallization for amorphous Сo67Fe3Cr3Si15B12 alloy decreases, on the time 

of ultrasonic treatment. 
 As can be seen in Fig. 3, the dependence of the temperature interval 
Tk, by which the temperature of the onset of intensive crystallization 

of amorphous Сo67Fe3Cr3Si15B12 alloy decreases, on the ultrasonic 

treatment time is close to being linearly. In addition, as can be seen in 

Table 2, the temperature interval at which the amorphous alloy com-
pletely crystallises increases slightly with increasing ultrasonic treat-
ment time. 
 Let us analyse the obtained results. As well known, the highest fre-
quency of crystalline phase nucleation during the rapid cooling of a 

melt occurs, when its temperature reaches 0.7Tm. At this temperature, 

the heterogeneous system ‘amorphous matrix–frozen crystallisation 

centres’ is formed. However, for an alloy to be considered amorphous, 

the crystalline phase fraction in the system should not exceed 10
6. The 

system ‘amorphous matrix–frozen crystallisation centres’ is in ther-
modynamic equilibrium, when the difference in chemical potentials of 

the i-th phase in the liquid ( 0i

 ) and crystalline ( 0i

 ) states is zero: 

 
0 0 0

0
i i i

        . (2) 

 In the system ‘amorphous matrix–frozen crystallization centres’ 

 

Fig. 3. The dependence of the temperature interval Tk  Tk  Tk0, by which 

the temperature of the onset of intensive crystallization of amorphous 

Сo67Fe3Cr3Si15B12 alloy decreases, on the time of ultrasonic treatment. 
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elastic stresses are always present due to the difference in volume be-
tween the amorphous and crystalline phases. Ultrasonic treatment of 

an amorphous alloy results in additional elastic deformations occur-
ring at the interface between the crystalline and amorphous phases. 

These deformations lead to reduction of the difference in chemical po-
tentials of the i-th component i

  in the liquid and crystalline 

phases, compared to a state without elastic deformations: 

 0
( )

i i
PV P V 

   
      , (3) 

where P, is the respective pressure in - and -phases at the – in-
terface, and V, is the respective molar volume of - and -phases. 
 In the work [27], an expression for the difference in chemical poten-
tials of the i-th component in the - and -phases has been obtained in 

the spherical crystal nucleus approximation, taking into account the 

influence of elastic deformations on the interface of the - and -
phases: 

3

0

0

0 0

( )( )2
1 ( )

( )

T T i i

i i

P PT T T T

V V V V V V r
T

r rV

   

    

   

       
        

         

,(4) 

 0

0

( ) ( , )
ln

( , )

i Pi i i
i

i i

H T T C T
RT

T C T

 


 

  
  


,  

where T

  and T

  are the isothermal compressibility coefficients, and 

iV  , iV 
 are the partial molar volumes for the - and -phases, respec-

tively, i

  and i

  are the activities, and ,i iC C 
 are the concentrations 

of i-th component for the - and -phases, respectively,  is the specific 

surface energy, r0 and r0P are the radii of spherical crystal nuclei in the 

absence of pressure at the interface between the liquid and crystal 
phases and in presence of it, H0i and TPi are the enthalpy of fusion and 

the melting point, respectively, of the i-th component. 
 These equations were used to construct the dependence of the differ-
ence in chemical potentials of the i-th component in the liquid and 

crystalline phases on the supercooling value, which is shown in Fig. 4 

[27]. 
 As well known, the difference in chemical potentials of the i-th com-
ponent in the amorphous and crystalline states decreases monotoni-
cally with increasing temperature. As mentioned above, at T  0.7Tm, 

it becomes zero, representing thermodynamic equilibrium in the 

‘amorphous matrix–frozen-in crystallisation centres’ system. How-
ever, in the temperature range below the temperature 0.7Tm, the de-
pendence (T) deviates from monotonic type. In this range, local min-
ima and maxima in dependence (T) as well as a change in sign of  

are observed. 
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 Let us take a closer look at these temperature ranges. In tempera-
ture interval I, the dissolution of nuclei of the crystalline phase that 

have already formed occurs due to the process of upward diffusion, 

which is caused by the difference in the chemical potential of the i-th 

component in the amorphous and crystalline phases [28]. In tempera-
ture region II, where  is positive, frozen crystallisation centres form 

without their volume growing any further. Note that this complex 

form of temperature dependence chemical potential difference is 

caused by significant mechanical stresses in the amorphous matrix re-
sulting from the different molar volumes of the i-th component in the 

liquid and crystalline phases, which are enhanced by ultrasonic treat-
ment of the alloy. 
 Ultrasonic treatment of the initial alloy for a significant time causes 

local heating and an increase in the alloy’s temperature. As a result, 

the ‘amorphous matrix–frozen-in crystallisation centres’ system tran-
sitions from temperature interval I, where dissolution of the crystal-
line phase nuclei occurs due to upward diffusion ((T)  0), to tem-
perature region II ((T)  0), in which a significant number of 

nanosize crystalline phase nuclei form without increasing in size. 
 This conclusion is confirmed by data from electron-microscopy stud-
ies of the structure of the source and ultrasonically treated alloys (Fig. 

5). 
 As can be seen in Fig. 5, before ultrasonic treatment, there are a few 

large crystal nuclei in the amorphous matrix. After ultrasonic treat-
ment, a significant number of small crystallisation centres appear and 

are distributed evenly throughout the matrix. The formation of a 

 

Fig. 4. The calculated dependence of the difference in chemical potentials of 

the i-th component in the liquid and crystalline phases on the supercooling 

value [27]. 
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large number of nanosize crystals following the ultrasonic treatment 

of an amorphous alloy is responsible for the increase in microhardness 

of treated alloy. Therefore, ultrasonic treatment of an amorphous alloy 

can be considered as a method of obtaining an amorphous-
nanocrystalline state due to the controlled growth of frozen-in crystal-
lization centres in an amorphous alloy. 

4. CONCLUSION 

Experimental studies have shown that ultrasonic treatment leads to 

changes in the micromechanical properties and thermal stability pa-
rameters of an amorphous alloy. Experimental studies have shown that 

ultrasonic treatment leads to changes in the micromechanical proper-
ties and thermal stability parameters of an amorphous 

Сo67Fe3Cr3Si15B12 alloy. Ultrasonic treatment strengthens the amor-
phous alloy as evidenced by an increase in its Vickers microhardness 

between 8% and 33%, depending on the treatment time. 
 The thermal stability of the amorphous alloy decreases under the 

influence of ultrasonic treatment. The temperature at which intensive 

crystallization begins decreases by 0.6–11% depending on the treat-
ment time, while the temperature range at which complete crystalliza-
tion of the amorphous alloy occurs slightly increases with increasing 

ultrasonic treatment time. 
 In addition, it has been experimentally established that temperature 

interval Tk, by which the temperature of the onset of intensive crys-
tallization of amorphous Сo67Fe3Cr3Si15B12 alloy decreases, is directly 

proportional to the time of ultrasonic treatment of the source alloy. 
 Electron-microscopy studies of the structure of the original and ul-
trasonically treated amorphous alloy confirm the formation of an 

amorphous–nanocrystalline state in the alloy as a result of ultrasonic 

 

Fig. 5. Electron-microscopy images of the Сo67Fe3Cr3Si15B12 alloy before (a) 
and after (b) ultrasonic treatment. 
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treatment. 
 So, ultrasonic treatment creates the thermodynamic conditions nec-
essary for a controlled increase in the number of frozen crystallisation 

centres in the amorphous matrix and, consequently, for the alloy, to 

transition from amorphous state to amorphous–nanocrystalline one. 
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