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The effect of heat treatment on the physical and mechanical properties and 

grindability of amorphous Fe73Si16B7Cu1Nb3 (of FINEMET-type) alloy ribbon 

is investigated. A non-monotonic dependence of microhardness, brittleness, 

and electrical resistivity on the annealing temperature is established. As 

shown, the optimum temperature, which provides the best grindability of the 

ribbon, is of 450°C, which is lower than the nanocrystallization temperature 

of this amorphous alloy. The morphology, size, and fractional composition of 

the grinded powder are studied using scanning electron microscopy. 
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Досліджено вплив термічного оброблення аморфної стрічки стопу 

Fe73Si16B7Cu1Nb3 (типу FINEMET) на фізико-механічні властивості та зда-
тність до подрібнення. Встановлено немонотонну залежність мікротвер-
дости, крихкости, електроопору від температури відпалу. Показано, що 

оптимальною температурою, яка забезпечує найліпше подрібнення стрі-
чки є температура у 450°C, що є нижчою за температуру нанокристаліза-
ції цього аморфного стопу. З використанням електронної сканувальної 
мікроскопії досліджено морфологію, розміри та фракційний склад подрі-
бненого порошку. 

Ключові слова: FINEMET, аморфна стрічка, нанокристалічна структура, 
термооброблення, порошок. 
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1. INTRODUCTION 

Modern electronic and electrotechnical devices cannot do without in-
ductive components such as inductors, filters, transformers, and sen-
sors. These components often include magnetodielectrics as the basis for 

magnetic cores, especially considering modern trends towards miniatur-
ization and high efficiency in electronics and microelectronics [1–8]. 
 Along with traditional materials for the production of magnetodi-
electrics, which have been actively used for a long time (these are com-
posites mainly based on iron, Sendust, Permalloy, Fe–Si system alloys 

and their mixtures [9–17]), composites based on powders of amorphous 

and nanocrystalline alloys are becoming increasingly widespread [18–
23]. Alloys based on iron, cobalt, and nickel have become widely used, 

primarily due to their high saturation induction and low hysteresis 

and eddy current losses [24–27]. 
 Among the new materials used in the production of magnetodielec-
trics is the FINEMET alloy, which is essentially an amorphous Fe–Si–
B alloy with small admixtures of Cu and Nb [28]. The optimal composi-
tion of the alloy has hardly changed since its invention—it is 

Fe73.5Si13.5B9Cu1Nb3 [29]. This unusual combination of elements has be-
come the key to obtaining a nanocrystalline structure with high soft 

magnetic properties [30, 31]. 
 The results of numerous studies [32–39] have shown that magne-
todielectrics based on this type of alloy are today increasingly being 

offered with a wide range of properties according to the field of appli-
cation to replace expensive Permalloy cores. The combination of high 

saturation induction, high permeability, good frequency dependence, 
low hysteresis losses and temperature stability allows reducing the 

weight and dimensions of the magnetic components used, for example, 

in pulse power supplies or telecommunications equipment. In addition 

to these attractive characteristics, the nanocrystalline alloy is made 

from inexpensive iron and silicon. All this together has led to a con-
stantly growing application of the new alloy in magnetic choke cores, 
high-frequency transformers, inductors and converters for various 

fields of electronics and electrical engineering. 
 For the production of massive magnetodielectrics of various shapes 

and sizes, powder metallurgy methods [40–43] are mainly used, which 

include the following basic operations: production of powders, mixing 

with a binder, pressing, sintering, finishing operations. An important 

stage in the production of magnetodielectrics, based on nanocrystal-
line alloys, is the process of powders production. Physical, physical-
mechanical, and magnetic properties of obtained products great extent 
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depend on powder performances [44]. 
 Attempts to obtain powders from amorphous and nanocrystalline 

alloys have been made repeatedly [45–47]. Among the known works, 
those [48–53] deserve attention, in which the authors achieved the 

goal by mechanically grinding an amorphous or nanocrystalline rib-
bon. Thus, the authors of [32] obtained composites based on powders of 

the nanocrystalline alloy FINEMET. The powder was obtained by 

grinding a pre-annealed amorphous ribbon at a temperature of 573 K 

to make it brittle. However, along with describing all the advantages of 

this method, the authors limited themselves to a separate study of 

technological properties and practically did not consider the influence 

of the annealing temperature on the grindability of the ribbon, as well 
as such characteristics of the powder as particle size, shape, electrical 
resistivity, and hardness, which is important for further study of the 

process of forming magnetic cores from nanocrystalline powders. 
 In this work, the results of studying the effect of the annealing tem-
perature of the amorphous ribbon of the Fe73Si16B7Cu1Nb3 alloy (ММ-
11Н [54]) on its plasticity, microhardness, electrical resistivity, and 

grindability are presented. Obtaining an amorphous powder by grind-
ing waste from the production of an amorphous ribbon has obvious ad-
vantages and does not require complex technological equipment for its 

production. The powder obtained by this method has a homogeneous 

structure and composition, as well as minimum impurity content, 
which is difficult to achieve when manufacturing amorphous powder 

by other methods (for example, spraying or mechanical synthesis). 

2. OBJECTS AND RESEARCH METHODS 

Non-conforming remnants of the amorphous ribbon of the ММ-11Н 

alloy (manufactured by LLC ‘MELTA’) with the composition 

Fe73Si16B7Cu1Nb3, 20 µm thick and 10 mm wide (Fig. 1), were used as 

the starting material for the research. 
 To obtain the powder and study the grindability of the ribbon, a ball 
mill was used, and the grinding parameters are given in Table 1. 
 The shape and morphology of the surface of individual powder parti-
cles were determined using a РЕМ-106И scanning electron microscope. 
 The microhardness of the ribbon was measured on ПМТ-3 micro-
hardness meter using the Vickers method (ГОСТ ISO 6507-1:2007). 
The hardness value was calculated by the formula: 

 H = 1854P/d2, (1) 

where P is the load (g), d is the diagonal of the imprint (µm). 
 The electrical resistance of the samples was measured using a 

CS4105 microohmmeter, designed to measure electrical resistance in 
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the range from 10−5
 to 50 Ω. 

 To determine the brittleness of the nanocrystalline ribbon, was used 

a method that was described in [56]. The essence of the method is that 

the ribbon is clamped between two micrometer jaws, as shown in Fig. 2, 
which is compressed until destruction. 
 Relative deformation before destruction in the surface zone of the 

ribbon is taken as the criterion of brittleness. The parameter of brit-
tleness is the value εf: 

 

Fig. 1. Non-conforming remnants of the studied amorphous alloy ММ-11Н 

ribbon. 

TABLE 1. Technological parameters of obtaining powder of nanocrystalline 

alloy ММ-11Н by grinding in a ball mill. ncr is the critical rotational speed of 

the mill, at which balls ‘stick’ to the drum walls [55]. 

Technological  
parameter 

Optimal values Used values Notes 

Drum diameter D, cm – 20 Drum volume: 
7.22 l 

Drum rotation speed, 
rpm 

(0.75–0.8)ncr 95 ncr = 42.4D−1/2 

Ball-to-material mass 

ratio 
2.5–6 5.5 Ball mass: 12.2–

13.7 kg 
Mill filling coefficient 0.4–0.5 0.5 Vmaterial/Vdrum 

Grinding environment Alcohol Alcohol 
Contributes to the 

intensification of 

grinding 

Grinding time, min 30–60 60 To obtain the de-
sired fraction 
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 εf = h/(D − h), (2) 

where h is the thickness of the ribbon, D is the distance between the 

micrometer jaws between which the bending is carried out at the mo-
ment of the ribbon destruction. 
 The obtained values of εf were averaged over the data of 5 measure-
ments, excluding the results in which the brittleness was several times 

higher than in most measurements. 
 The heat treatment of the amorphous ribbon was carried out at tem-
peratures of 200–600°С in air, with a holding time of 30, 60, and 90 

minutes for each individual experiment. 

3. RESULTS AND DISCUSSION 

3.1. Brittleness of the Ribbon 

As known, pressing is an important stage in the manufacture of pow-
der parts, including cores. The ability to compact powder samples is 

strongly influenced by the shape and plasticity of the powder particles, 

and to a lesser extent by the surface condition and the coefficient of 

friction between the particles and the walls of the mould. Since the 

shape of the powder particles produced by the mechanical grinding of 

the ribbon is always the same (plate-like, flaky), the main indicator of 

the ability of amorphous and nanocrystalline powders to deform can be 

the level of their plasticity (which can be indirectly judged by the level 
of their hardness). For powder soft magnetic composites, lower micro-
hardness usually contributes to better compaction, higher strength, 
better magnetic properties of finished products, and less wear of 

mould parts during the forming process. 
 Additionally, it is worth noting that the choice of annealing temper-

 

Fig. 2. Scheme of the installation for determining the brittleness of the nano-
crystalline ribbon. 
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ature and duration is of strategic importance. Annealing at low tem-
peratures may not provide sufficient brittleness for effective grind-
ing, while high temperatures can lead to unwanted boride crystalliza-
tion and loss of magnetic properties. Thus, the ideal annealing temper-
ature for the ММ-11Н alloy is in the range that provides optimal brit-
tleness without the risk of crystallization. 
 At the first stage, the amorphous ribbon was subjected to heat 

treatment to increase its brittleness. For this purpose, it was annealed 

at temperatures of 200, 300, 450, 530 and 600°C for 30, 60 and 90 

minutes (in air). It is not advisable to use high temperatures, since 

above 600°C for the studied alloy, rapid crystallization processes begin 

and it loses its magnetic properties [28, 57, 58]. 
 To determine the grindability of the ribbon, the loss of its plasticity 

(embrittlement) as a function of the annealing temperature was inves-
tigated. A typical curve of the dependence of the brittleness of amor-
phous alloys on the annealing temperature is shown in Fig. 3. 
 It is easy to see in Fig. 3 and expression (2) that in a completely plas-
tic state (when the ribbon bends without destruction) D = 2h and εf = 1. 
The higher the value of D, the higher the degree of brittleness. In abso-
lute brittleness, D → ∞ and εf → 0. 
 The dependence of the relative deformation to fracture of the ММ-11Н 

alloy ribbon on the annealing temperature and time is shown in Fig. 4. 
 The nature of the curve’s behaviour shows that in the initial state, 

the amorphous ribbon has high plasticity, strength, and hardness, the 

absence of deformation hardening, and very small values of macro-
scopic deformation before destruction. However, after annealing at a 

temperature above a certain critical temperature, it transitions into a 

brittle state. This phenomenon of loss of plasticity within the amor-

 

Fig. 3. Typical curve of the dependence of the brittleness of amorphous alloys 

on the annealing temperature [56]. 
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phous state is called annealing brittleness of amorphous alloys [59]. 
 The transition temperature from the plastic state to the brittle state 

for the alloy under study is about 200°C, as can be seen from Fig. 4. It 

has been established that the annealing duration within 30–90 minutes 

does not affect the deformation value before destruction, since the al-
loy acquires these properties in the first minutes of annealing [56]. 

More accurate results of the acquisition of brittleness by the ribbon at 

the initial stages of crystallization do not seem possible due to the 

small thickness of the ribbon and the large error in measuring the frac-
ture distance of less than 0.1 mm. 
 It is interesting that at a temperature of 530°C, a slight increase in 

plasticity is observed, and this change looks the same for each anneal-
ing time. This can be seen in detail from Fig. 5, where the distance (D 

in millimetres) at which the 20 µm thick ribbon breaks is plotted on the 

ordinate axis instead of the deformation value before destruction εf. 
 Such behaviour of the curves in amorphous-nanocrystalline Fe-
based alloys can be caused by various factors such as crystallization, 
enrichment with soluble elements, phase separation, free volume anni-
hilation, and residual stress. The exact cause of annealing brittleness 

remains is unknown [60]. 
 The authors of [61] investigated the effect of annealing temperature 

on the mechanical and structural transitions of the nanocrystalline 

Fe–Si–B alloy ribbon. They concluded that the initial drop in plasticity 

could be explained by the release of free volume and an increase in the 

volume of the shear transformation zone volume. The release of free 

volume leads to structural relaxation of residual stresses. In addition, 
a slight dip in the brittleness curve in the crystallization temperature 

 

Fig. 4. Dependence of the relative deformation before destruction of the ММ-
11Н alloy ribbon on the annealing temperature and time. 
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range is due to the very beginning of nanocrystallization and a de-
crease in internal stresses. 
 In our case, at a temperature of 530–570°C, nanocrystallization of 

the alpha-solid solution of silicon in iron (with a b.c.c. lattice) occurs 

rapidly [28, 57]. The general microstructure is characterized by ran-
domly oriented ultrathin grains of b.c.c. Fe(Si) (20 at.% Si) with an 

average grain size of 10–15 nm within the amorphous matrix, which 

occupies 20–25% of the total volume of the ribbon. This structure is 

the basis for unique soft magnetic properties. 
 It should be noted that the optimal volume ratio between iron nano-
crystals and the amorphous matrix is not achieved immediately, nor is 

the optimal silicon content in nanocrystals. It is achieved after a cer-
tain period of time and at a certain optimal temperature, which, due to 

the intense mechanical effect on the initial structure of the ribbon, 
may change for the ground powder compared to the ribbon. 

3.2. Microhardness of the Ribbon 

Figure 6 shows the dependence of the microhardness of the ММ-11Н 

ribbon on the annealing temperature and time. 
 As can be seen in Fig. 6, at annealing temperatures up to 450°C, the 

microhardness of the ribbon almost does not change (in comparison 

with the initial state) and reaches ≅ 800 kg/mm2. Starting from a tem-
perature of 450°C, the microhardness of the alloy begins to grow rapid-
ly and increases almost twice by the time it reaches 600°C. Moreover, 
the annealing time within 30–90 minutes does not affect the hardness 

 

Fig. 5. Dependence of the fracture distance of the 20 µm thick ММ-11Н alloy 

ribbon on the annealing temperature and time. 
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in any way (the slight discrepancy in values can be explained by the 

measurement error). 
 A characteristic feature of the ММ-11Н alloy is also that the micro-
structure (as well as the soft magnetic properties) does not strongly 

depend on the annealing temperature (Ta) in the range ∆Ta = 50–100°C. 
The main process takes place in the first 10–15 minutes and does not 

strongly depend on the subsequent nanocrystallization time. However, 

increasing the annealing temperature above approximately 600°C 

leads to both rapid growth of nanograins to micron sizes and crystalli-
zation of the residual amorphous phase with the formation of Fe2B and 

Fe3B borides [28, 57, 62]. 

3.3. Electrical Resistivity of the Ribbon 

One of the important properties that magnetodielectrics must have is 

high specific electrical resistivity. The low eddy current losses of 

amorphous and nanocrystalline alloys are due to the fact that they 

have a relatively lower specific electrical conductivity, in particular, 
compared to pure iron, electrical steels or Permalloys. 
 As is known, losses in magnetic materials are divided into three cat-
egories: 

 P = Ph + Pe + Pex, (3) 

where Ph is hysteresis loss, Pe is eddy current loss, Pex is excess loss. 
 The nature of excess losses is not yet well understood. These losses 

 

Fig. 6. Dependence of the microhardness of the ММ-11Н alloy ribbon on the 

annealing temperature and time. 
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depend on the mechanical stresses arising in the material and resonant 

losses. They appear at very low induction values and very high fre-
quencies, so these losses are usually ignored. Therefore, the main loss-
es in the core are hysteresis losses and eddy current losses. 
 The dependence of the electrical resistivity of the ММ-11Н alloy 

ribbon on the annealing temperature is shown in Fig. 7. 
 Figure 7 shows that in the unannealed state, the ribbon has an elec-
trical resistivity of 1.9⋅10−6

 µΩ⋅m, which is consistent with the litera-
ture data for amorphous ribbons: 100–300 µΩ⋅cm, including the re-
view work by the authors [63]. This is an order of magnitude higher 

than that of pure iron (0.1⋅10−6
 µΩ⋅m), and much higher than that of 

electrical steels (0.25–0.6 µΩ⋅m), Sendust (0.8 µΩ⋅m), molybdenum 

Permalloy (0.6 µΩ⋅m), and iron–nickel Permalloy (0.45 µΩ⋅m), which 

are often used as magnetic conductors. The electrical resistivity of the 

ММ-11Н amorphous ribbon even exceeds the values of nichrome 

(1.1 µΩ⋅m) or FeCrAl (1.2–1.4 µΩ⋅m) alloys. Such a high electrical re-
sistivity of this alloy explains its low total magnetization losses, in-
cluding low eddy current losses when used in transformer and choke 

cores at medium and high frequencies [62]. 
 As the annealing temperature increases (as can be seen in Fig. 7), the 

electrical resistivity of the ribbon begins to decrease rapidly with in-
creasing annealing temperature above 450°C. At a temperature of 

600°C, the electrical resistivity decreases to 1.3⋅10−6
 Ω⋅m, which is one 

and a half times less than the initial resistance of the ribbon in the un-
annealed state, and this is obviously due to the complete nanocrystalli-
zation of the ribbon [28, 60]. 

 

Fig. 7. Dependence of the electrical resistivity of the ММ-11Н alloy ribbon on 

the annealing temperature and time. 
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3.4. Grindability of the Ribbon 

For a practical study of the grindability of the ribbon, it was ground in 

a ball mill for 1 hour in an alcohol medium. For this, the ribbon was 

first annealed at temperatures of 200, 300, 450, and 530°C, grinded, 

and then the resulting powder was sieved into fractions with different 

sets of sieves. 
 The morphology and shape of the powder particles obtained after 

grinding the ribbon are shown in Fig. 8. 
 As can be seen from the photo, all powder particles have a lamellar 

(flake) shape, which indicates brittle destruction of the alloy. 
 The results of the sieve analysis are shown in Fig. 9. Analysis of the 

data shows that with increasing annealing temperature, the grindabil-
ity of the ribbon increases and the content of fine fractions increases. 
At an annealing temperature of 200°C, large fractions with a powder 

particle size of 0.4 to 7 mm predominate, which indicates insufficient 

  
a b 

  
c d 

Fig. 8. Shape of ММ-11Н alloy powder particles from the ribbon annealed at 

450°C: fraction 500–2500 µm (a), fraction 80–160 µm (b), fraction < 50 µm 

(c), fracture surface (d). 
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brittleness of the alloy. Such fractions are usually not used for the 

production of magnetodielectrics, as they are poorly pressed. At an 

annealing temperature of 300°C, fractions with particles of 0.2–
0.063 mm in size predominate, which is already a technologically ac-
ceptable size for pressing and manufacturing magnetic conductors. 

The smallest powder fractions were obtained from the ribbon annealed 

at 450°C (with the main content of the fraction less than 0.1 mm). 
 However, at 530°C, a decrease in the amount of the smallest frac-
tions (less than 50 µm) is observed, which may be associated with the 

deformation hardening of the ribbon when it contains 75–80% of the 

volume of nanocrystals [60], which negatively affects its grindability. 
 The practical significance of the results obtained, presented in Figs. 
5, 6, and 8, lies in establishing the optimal regimes of pre-annealing 

and grinding of the amorphous ribbon to obtain an amorphous-
nanocrystalline powder of the required (adjustable) fractional compo-
sition with minimal microhardness (lower microhardness—better 

pressing ability of the powder) and the highest electrical resistance 

(which reduces eddy current losses). 

4. CONCLUSIONS 

It is shown that the annealing temperature is a key factor that affects 

 

Fig. 9. Fractional composition of the ММ-11Н nanocrystalline alloy powder 

after 1 hour of grinding from an amorphous ribbon annealed at temperatures 

of 200–530°C. 
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the physical and mechanical properties of the amorphous ribbon of the 

Fe73Si16B7Cu1Nb3 (ММ-11Н) alloy. 
 It is established that with increasing pre-annealing temperature 

above 200°C, the amorphous ribbon almost completely loses its plastic-
ity and turns into a brittle state. In this case, as well as in the annealing 

temperature range up to 450°C, the microhardness of the ribbon re-
mains practically unchanged (800 kg/mm2), while an increase in tem-
perature to 600°C leads to an increase in it by almost 2 times. 
 At the same time, with increasing annealing temperature above 

450°C, there is a decrease in the electrical resistivity from 1.9⋅10−6
 µΩ⋅m 

to 1.3⋅10−6
 µΩ⋅m after heat treatment at 600°C, which is caused by the 

development of nanocrystallization processes in the amorphous ribbon. 
This value of the electrical resistivity of the nanocrystalline ribbon of 

the ММ-11Н alloy is significantly higher than that of industrial crystal-
line soft magnetic alloys, which are used as a material for the manufac-
ture of magnetic conductors. Such a high specific electrical resistance of 

this alloy leads to a low level of watt losses for eddy currents when used 

in transformers and chokes at medium and high frequencies. 
 It is established that the highest grindability of the amorphous rib-
bon is achieved after its heat treatment in air at 450°C for 30 minutes. 
As a result of such treatment, a powder fraction of the smallest size 

was obtained 100 ± 50 µm. 
 The results of this study are already being used by the authors to op-
timize the processes of manufacturing metal-polymer magnetodielec-
trics based on the nanocrystalline powder of the Fe73Si16B7Cu1Nb3 (ММ-
11Н) alloy, as well as in the development of new soft magnetic 

nanostructured alloys with improved magnetic properties. 
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