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The structure and magnetic properties of amorphous and nanocrystalline Co56Fe16B20X8 (X = Nb, Ti) alloys have
been studied by X-ray diffraction and vibrating sample magnetometry. It is shown that the saturation magnetization

of the amorphous Co56Fe16B20Ti8 alloy is higher than that of the Co56Fe16B20Ti8 alloy. The temperature dependence

of the saturation magnetization of amorphous alloys is measured and it is shown that the saturation magnetization

of the Co56Fe16B20Ti8 alloy decreases with temperature more slowly than the magnetization of the Co56Fe16B20Nb8
alloy. Crystallization of amorphous alloys leads to a decrease in the saturation magnetization of both alloys. During

crystallization, BCC nanocrystals are formed in the Co56Fe16B20Nb8 alloy and multiphase structure is formed in the

Co56Fe16B20Ti8 alloy.
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1. Introduction

Creation of promising materials with unique physical

properties is an integral part of scientific and technological

progress. In connection with the constant development

of radio and microelectronics, it is especially important to

develop materials that are distinguished by good magnetic

properties. These include amorphous alloys based on iron

and cobalt [1–4]. These materials have high saturation

magnetization, high magnetic permeability, low coercivity,

low remagnetization loss and other good soft magnetic

properties [5–11].

The magnetic properties of amorphous alloys can be

improved by forming an amorphous-nanocrystalline struc-

ture consisting of nanocrystals distributed in an amorphous

matrix. There are various ways to obtain a nanocrystalline

structure [12–16]. One of the most commonly used

methods is the controlled crystallization of the amorphous

phase, which is carried out using heat treatment. Since

not all amorphous alloys crystallize with the formation of

nanocrystals during heat treatment, alloying components

are added to the alloy, which increase the rate of crystal

nucleation and decrease the rate of their growth [17–20].
The first nanocrystalline alloy produced in this way was

an Fe-Si-B alloy alloyed with Cu and Nb, called Finemet

(Fe73.5Si13.5B9Nb3Cu1) [21]. During the formation of a

nanostructure in an amorphous Fe73.5Si13.5B9Nb3Cu1 alloy,

there is an increase in magnetic permeability and a decrease

in remagnetization losses [22].

Introduction of alloying components can affect the mag-

netic properties in different ways [23–25]. For example,

addition of Fe to cobalt-based amorphous alloys increases

the saturation magnetization and reduces the coercivity [26],
while adding Pt to amorphous alloys of the Co-Si-B system,

a decrease in saturation magnetization is observed [27].
Cobalt-based amorphous alloys are characterized by a

lower saturation magnetization compared to iron-based al-

loys, but a higher Curie temperature [28], which determines

the prospects for using these magnetic materials at elevated

temperatures. To create materials with a complex of good

functional properties, it is necessary to know the conditions

for formation of structures that provide high properties, their

dependence on the chemical composition and processing

conditions. Currently, there are many articles devoted

to the study of the influence of alloying components on

the structure and properties of amorphous and partially

crystalline alloys of different compositions [29–32], however,
there are practically no articles that study alloys with

the same concentration of base and alloying components

that differ only in the type of alloying component. In

this article, Co56Fe16B20X8 (X = Nb, Ti) alloys with the

same concentration of basic and alloying components were

studied.

2. Materials and methods

Amorphous alloys Co56Fe16B20X8 (X = Nb, Ti) were ob-

tained in the form of ribbons melt spinning on a fast-moving

substrate. The cooling rate was 106 K/s. The width of

the obtained ribbons was about 1 cm, and their thickness

was 40µm. The composition of the alloys was controlled

by local X-ray microanalysis using a Zeiss Supra 50VP

scanning electron microscope. Determination of the crystal-

lization temperature and phase transformation temperatures
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was carried out using a Perkin-Elmer 7 differential scanning

calorimeter, the heating rate was 20K/min. The initial

amorphous samples were also subjected to isothermal

annealing at temperatures of 673−823K in a resistance

furnace. To prevent oxidation during annealing, the samples

were placed in a carbon container.

The structure of the initial and annealed samples was

studied by X-ray diffraction analysis on Siemens D-500

X-ray diffractometer using Co Kα-radiation. During the

study, the samples were placed on a special substrate that

does not give its own reflections [33]. When processing

the spectra, programs were used that enabled to carry

out smoothing, background correction, and separation of

overlapping maxima. Analysis of X-ray diffraction patterns

and identification of phases formed after heat treatment

were carried out using the JCPDS database.

The magnetic properties of the samples were studied

using a P.A.R. (Princeton Applied Research Model 155)
vibrating magnetometer. The saturation magnetization and

the coercivity of the studied samples at room temperature

were determined using the hysteresis curves. The study

of the temperature dependence of the amorphous alloys

saturation magnetization was carried out at temperatures of

293−673K using a high-temperature attachment to a vibrat-

ing magnetometer. To do this, the samples under study were

placed in a special holder, which was installed inside the

high-temperature attachment. After reaching the required

temperatures and keeping the samples at these temperatures

for ∼ 5min, the hysteresis curves were measured. The

hysteresis curves were measured at temperatures of 293,

373K and then with a step of 50K up to a temperature

of 673K.

3. Results and discussion

The alloys under study were amorphous after prepara-

tion. There were no diffraction reflections from crystalline

phases in the X-ray patterns, and only an amorphous halo

was observed. According to previous studies [34], the

crystallization start temperature of Co56Fe16B20Nb8 (1) and

Co56Fe16B20Ti8 (2) is 763 and 733K, respectively. The

study of the temperature dependence of the saturation

magnetization of the initial amorphous alloys was carried

out in a temperature range not exceeding the crystallization

start temperature.

Figure 1 shows the temperature dependences of the sat-

uration magnetization of amorphous Co56Fe16B20Nb8 alloys

(squares) and Co56Fe16B20Ti8 (circles) in reduced units. For

comparison with the alloys under study, Figure 1 also shows

the temperature dependences of the saturation magnetiza-

tion of two amorphous iron-based alloys. The temperature

dependence of the magnetization of the Fe80Si6B14 alloy

was constructed based on the data of the article [35], and
the temperature dependence of the saturation magnetization

of the Fe70Si13B13Cu1Nb3 amorphous alloy — according to
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Figure 1. Temperature dependence of saturation magnetization

of Co56Fe16B20Nb8 (squares), Co56Fe16B20Ti8 (circles), Fe80Si6B14

(triangles), Fe70Si13B13Cu1Nb3 (diamonds) alloys in reduced units.

article [36]. In Fig. 1, these dependencies are represented

by triangles and diamonds, respectively.

It can be seen that the reduced saturation magnetiza-

tion of the Co56Fe16B20Ti8 alloy decreases more slowly

with increasing temperature than the magnetization of the

Co56Fe16B20Nb8 alloy. For iron-based alloys, approximately

the same behavior of saturation magnetization is observed as

for an alloy alloyed with titanium. However, above 475K,

the magnetization of iron-based alloys begins to decrease

faster than that of the Co56Fe16B20Ti8. Compared to iron-

based alloys, in the Co56Fe16B20Nb8 alloy at temperatures

of 300−575K, a more rapid decrease in the magnetization

is observed. But already at higher temperatures (∼ 625K),
the saturation magnetization of this alloy begins to fall more

slowly.

At room temperature, the saturation magnetization of

the Co56Fe16B20Nb8 and Co56Fe16B20Ti8 amorphous alloys

determined using the hysteresis curves are 80 and 94 emu/g,

respectively. At the same time, as mentioned above, iron-

based alloys have a higher saturation magnetization than

cobalt-based alloys. For example, amorphous alloys of

the Finemet type at room temperature have saturation

magnetization of approximately 130−150 emu/g [37,38],
which is noticeably higher than magnetization of the cobalt-

based alloys under study. Although iron-based amorphous

alloys have a high saturation magnetization at room temper-

ature, their magnetization, compared to cobalt-based alloys,

changes more strongly with temperature, as can be seen

in Fig. 1.

Almost all iron-based amorphous alloys show high

saturation magnetization at room temperature [39–42].
However, depending on the composition, magnetization

of these alloys can drop so much with temperature that

it turns out to be below the saturation magnetization of

cobalt-based alloys. For example, in the article [43] the

Fe78Si9B13 amorphous alloy at temperature ∼ 675K has a
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Figure 2. X-ray diffraction pattern of the Co56Fe16B20Nb8
alloy after isothermal annealing at temperature of 823K for 1 h

(1 — experimental curve, 2 — total curve, 3 — scattering from

amorphous phase, 4 — reflection from the FCC Co crystalline

phase, 5 — reflection from the BCC crystalline phase).

magnetization of 27 emu/g. At the same time, the saturation

magnetization of the Co80Si6B14 amorphous alloy, studied

in the article [44], at the same temperature is 79 emu/g, i.e.

at elevated temperatures, amorphous cobalt-based alloys can

have higher saturation magnetization values than iron-based

alloys.

Thus, the saturation magnetization of the studied alloys

depends on their chemical composition. Replacement

of the alloying component of niobium with titanium in

cobalt-based alloys leads to an increase in the saturation

magnetization. In this case, the saturation magnetization of

the alloy alloyed with titanium depends on temperature to a

lesser extent. This behavior of the saturation magnetization

of cobalt-based alloys can be used in those cases where

studies are required at elevated temperatures.

It is natural to compare the magnetic properties of alloys

in the amorphous and partially crystalline states, when

the structure consists of nanocrystals randomly distributed

in the amorphous phase. To do this, the alloys were

annealed at different temperatures, at which a composite

amorphous-crystalline structure was formed. Figures 2

and 3 show X-ray diffraction patterns of annealed alloys

Co56Fe16B20Nb8 and Co56Fe16B20Ti8. Both figures show

the regions of the main diffuse maximum, and the insets

show full X-ray diffraction patterns. It can be seen that

the structure formed at the initial stage of crystallization

depends significantly on the type of alloying component.

The general view of the X-ray diffraction pattern of the

Co56Fe16B20Nb8 alloy (Fig. 2, inset) indicates the existence

of two phases: an amorphous one (a pedestal under the

main maximum) and a phase with BCC structure (the

angular positions of the observed peaks correspond to

the (110), (200), and (211) reflections of the cubic phase).
However, the analysis of the shape of the maxima showed

that the structure is more complex and, in addition to

the amorphous phase, the sample contains precipitates of

two crystalline cubic phases: with face-centered and body-

centered lattices. The figure shows a diffuse halo from

the amorphous phase (curve 3) and diffraction reflections

from the BCC-phase (curve 5) and FCC-phases (curve 4).
The total curve (2) curve representing the sum of 3, 4

and 5 curves coincides with the experimental curve (1).
The FCC-phase is a precipitate of the high-temperature

modification of Co, and the BCC-phase is a solid solution

of the alloy components. Such a phase was also observed

earlier in these alloys [45]. It can be seen that the (110)
reflection of the BCC-phase is noticeably more intense than

the (111) FCC-Co reflection. An analysis of the intensities

of all reflections showed that the dominant crystalline phase

is the phase with the BCC lattice.

During crystallization of the Co56Fe16B20Ti8 amorphous

alloy, four crystalline phases are formed (Fig. 3). In addition

to the amorphous phase, the samples contain crystals of the

Co23B6 type phase, high-temperature modification of cobalt

(FCC), Co3B phase, and a small amount of BCC-phase.

It should be noted that the most intense line (110) of the

BCC-phase coincides with the most intense line (031) of the
Co3B phase. As can be seen, there are other overlapping

lines. The conclusion about the presence of all listed phases

was made on the basis of the analysis of X-ray diffraction

patterns, taking into account the intensities and half-widths

of the diffraction lines.

It should also be noted that after an hourly annealing

at 823K, the fraction of the crystalline component in the

studied alloys is different. In the alloy alloyed with titanium,
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Figure 3. X-ray diffraction pattern of the Co56Fe16B20Ti8
alloy after isothermal annealing at temperature of 823K for 1 h

(asterisk — BCC phase, crosses — Co23B6, circles — fcc-Co,

arrows — Co3B).
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Magnetic properties of alloys Co56Fe16B20Nb8 and Co56Fe16B20Ti8

Heat Treatment Alloy Composition
Saturation Coercivity,

Magnetization, emu/g Oe

Initial amorphous alloys
Co56Fe16B20Nb8 80 < 0.5

Co56Fe16B20Ti8 94 < 0.5

Fraction of the crystalline phase less than 5%
Co56Fe16B20Nb8 77 ≤ 1

Co56Fe16B20Ti8 85 4

Partially crystalline samples
Co56Fe16B20Nb8 73 44

Co56Fe16B20Ti8 85 63

the fraction of the crystalline component is by 1.2 times

greater than in the alloy alloyed with niobium, which is

due to the lower crystallization temperature of the Co56Fe16
B20Ti8 alloy.

Thus, after the first stage of crystallization, the structure

of the alloys noticeably differs. Measurements of the

magnetic properties of partially crystalline alloys (after
annealing at 823K) showed that the values of the saturation

magnetization and coercivity also turn out to be different.

Figures 4, 5 show the hysteresis curves of Co56Fe16B20Nb8
and Co56Fe16B20Ti8 alloys after isothermal annealing. The

determined values of the saturation magnetization and the

coercivity of the partially crystalline alloy Co56Fe16B20Nb8
are 73 emu/g and 44Oe, respectively. For the partially crys-

talline alloy Co56Fe16B20Ti8, the same values are 85 emu/g

and 63Oe. The saturation magnetization of the alloy alloyed

with niobium is lower than that of the alloy alloyed with

titanium.

It was previously found that the initial stage of crys-

tallization of the Co56Fe16B20Ti8 amorphous alloy is more

complex, the above phases are not formed simultaneously.

At the very initial stage of crystallization, a small amount

of the BCC-phase is formed, and then all other phases are

formed. On the DSC curves, this process corresponds to

one maximum, however, if the crystallization process is

stopped at an early stage, it is possible to obtain samples

containing only an amorphous phase and nanocrystals with

a BCC structure [34]. With the use of such treatment,

samples of the Co56Fe16B20Ti8 and Co56Fe16B20Nb8 alloys

containing about 5% of the crystalline phase were obtained.

The saturation magnetization of the Co56Fe16Nb8B20

alloy after such heat treatment is 77 emu/g and decreases

to 73 emu/g after the end of the first stage of crystalliza-

tion. The saturation magnetization of the crystallized alloy

Co56Fe16B20Ti8 is 85 emu/g and does not change with an

increase in the fraction of the crystalline phase. After the

end of the first stage of crystallization, the coercivities of

the alloys increase. It should be noted that the method

of vibrational magnetometry does not allow for accurate

measurement of the coercivity of amorphous alloys; it turns

out to be higher than the real values. For a more accurate

determination of the coercivity of alloys containing less

than 5% of the fraction of the crystalline phase, additional

experiments were carried out at lower values of the applied

magnetic field. The results obtained are shown in the table.

Thus, with the same percentage of components, the alloy

alloyed with titanium (Co56Fe16B20Ti8), is characterized by
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Figure 4. Hysteresis curve of Co56Fe16B20Nb8 alloy after

isothermal annealing at 823K for 1 h.
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Figure 5. Hysteresis curve of Co56Fe16B20Ti8 alloy after

isothermal annealing at 823K for 1 h.

Physics of the Solid State, 2022, Vol. 64, No. 7



Structure and magnetic properties of amorphous and nanocrystalline Co-Fe-B-(Nb, Ti) alloys 763

a higher value of saturation magnetization compared to the

alloy alloyed with niobium (Co56Fe16B20Nb8).

4. Conclusion

Study of the influence of alloying components on the

structure and magnetic properties of amorphous and par-

tially crystalline alloys Co56Fe16B20X8 (X = Nb, Ti) showed

that

− Co56Fe16B20Ti8 amorphous alloy has a higher satura-

tion magnetization than Co56Fe16B20Nb8 alloy;

− decrease in saturation magnetization of

Co56Fe16B20Nb8 and Co56Fe16B20Ti8 amorphous alloys

with increasing temperature is slower than the decrease in

the saturation magnetization of iron-based alloys;

− crystallization of amorphous alloys leads to a de-

crease in the saturation magnetization of Co56Fe16B20Nb8
and Co56Fe16B20Ti8 alloys, and with an increase in the

fraction of crystalline phases, the saturation magnetization

of the Co56Fe16B20Nb8 alloy decreases; magnetization of

Co56Fe16B20Ti8 does not change;

− after isothermal annealing in the Co56Fe16B20Nb8 alloy,

a phase with a BCC structure and a high-temperature

modification of Co are formed; in the Co56Fe16B20Ti8 alloy,

a multiphase crystal structure is formed.
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