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Abstract: The work investigated the temperature dependences of the kinematic viscosity for multicomponent melts of nanocrystalline soft magnetic alloys. It is shown that there is a linear relationship
between the reduced activation energy of viscous flow Ea ·(RT)−1 and the pre-exponential factor ν0 .
This ratio is universal for all quantities, the temperature dependence of which is expressed by the
Arrhenius equation. It is shown that the activation energy of a viscous flow is linearly related to the
cluster size on a natural logarithmic scale, and the melt viscosity increases with decreasing cluster size.
The change in the Arrhenius plot in the anomalous zone on the temperature dependence of viscosity
can be interpreted as a liquid–liquid structure transition, which begins with the disintegration of
clusters and ends with the formation of a new cluster structure.
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1. Introduction
Nanocrystalline soft magnetic materials are used for the manufacture of magnetic systems for various electrical devices [1]. The first and most widely used material was the classical nanocrystalline Finemet alloy with the chemical composition Fe73.5 Cu1 Nb3 Si13.5 B9 [2].
To obtain special magnetic properties, the classical composition can be modified with
various chemical elements Ni, Co, Mo, V, Cr and others.
Nanocrystalline soft magnetic materials are multicomponent alloys. When melting a
multicomponent alloy, a mushy zone is formed between the solidus and liquidus temperatures, in which the liquid and solid phases coexist. After transition to a liquid state, the
melt inherits the short-range order, which is associated with a more stable solid phase. The
structural component of the melt is clusters, the size of which depends on temperature [3].
Heating of melt above the critical temperature Tk followed by quenching makes it possible
to obtain an amorphous state with a more homogeneous structure. Such an amorphous
material has a larger molar volume [4], enthalpy of crystallization [4,5] and plasticity [6].
This proves that the heredity of the melt structure is preserved in the amorphous solid
state.
The critical temperature is revealed on the temperature dependence of the melt viscosity, which is very sensitive to structural changes [7–9]. The Arrhenius equation determines
the rate of the process, in particular, the rate of diffusion [10]. Viscosity is related to the
mobility of particles participating in a viscous flow, therefore it is inversely proportional to
the diffusion coefficient [11], and:
Ea
(1)
ν = ν0 e RT ,
where ν is the kinematic viscosity (m2 ·s−1 ), ν0 is a pre-exponential factor with the dimension of the kinematic viscosity, Ea is the activation energy of the viscous flow (J·mol−1 ), R
is the gas constant (J·K−1 ·mol−1 ), T is the absolute temperature (K). At constant of ν0 and
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Ea , the melt viscosity decreases with increasing temperature. After taking the logarithm we
obtain Arrhenius plot:
Ea
ln ν = ln ν0 +
.
(2)
RT
Thus, the logarithm of the kinematic viscosity is a linear function of the inverse absolute
temperature. Full differential can be found from Arrhenius plot:
d ln ν = −

Ea dT
,
RT 2

(3)

and the activation energy Ea
d ln ν
.
(4)
dT −1
Above the critical temperature, the Arrhenius plot becomes nonlinear, and the activation energy changes [12,13]. The change in the activation energy is associated with
the liquid–liquid structure transition (LLST) [14], which is reflected in the thermophysical
properties of the melt [15,16].
The article investigates the Arrhenius equation for the kinematic viscosity of simple
liquid metals at melting point and multicomponent FeCuNbSiB-based melts. The main
aim was to determine the relationship between the activation energy of a viscous flow with
the cluster size and to interpret the anomalous Arrhenius plot for multicomponent melts.
Ea = R

2. Materials and Methods
The experimental thermophysical properties of simple liquid metals at a melting
point, marked with the sub-index m, were taken from [17]. These quantities are the melting
point Tm , density ρm (kg·m−3 ), molar volume Vm (m3 ·mol−1 ), dynamic viscosity ηm (Pa·s),
activation energy Ea , and pre-exponential factor η0m (Pa·s). The atomic size a (m) was taken
as:
s
Vm
,
(5)
a= 3
NA
where NA is Avogadro constant (mol−1 ). The kinematic viscosity at the melting point and
the pre-exponential factor were calculated from the relations ηm = νm ρm иη0m = ν0m ρm . The
approximation to the linear dependence was estimated using regression analysis, and the
degree of approximation was compared using the adjusted coefficient of determination
R2 adj . Metals were divided into four groups: alkali and alkaline earth, rare earth, and
transition metals, as well as metals of 12–14 groups of the periodic table.
Activation energy and pre-exponential factor for multicomponent melts were taken
from our previous works [1,18–21]. They were FeCuNbSiB-based melts, namely Fe72.5 Cu1
Nb2 Mo1.5 Si14 B9 and Fe73.5 Cu1 M3 Si13.5 B9 where M = Nb, Mo, V. For binary Fe-Si alloys, we
used data from [22].
Especially for this work, the temperature dependences of the kinematic viscosity in
Fe84.5 Cu0.6 Nb0.5 Si1.5 B8.6 P4 C0.3 and Fe72.5-x Nix Cu1 Nb2 Mo1.5 Si14 B9 melts with Ni content
2.5, 6.3 and 12.7 at% were investigated. The alloys were melted in a vacuum induction
furnace at a temperature of 1820 K and cooled in a flat mold [23]. The kinematic viscosity
was measured by the method of torsional vibrations in an atmosphere of pure helium at
a pressure of 105 Pa [24]. During heating and cooling, the temperature of the melt was
changed with a step of 30 K. Before measurement, the melt was kept at a given temperature
for 8 min to stabilize the structural state. The error in measuring the kinematic viscosity
was 3%. The activation energy Ea and the pre-exponential factor ν0 were calculated from
the temperature dependence of the viscosity in the linear sections of the Arrhenius plot.
The results for the Fe72.5-x Nix Cu1 Nb2 Mo1.5 Si14 B9 melts are presented in Table 1.
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Table 1. Calculated activation energy of viscous flow Ea and pre-exponential factor ν0 in Fe72.5-x Nix Cu1 Nb2 Mo1.5 Si14 B9
melt for linear sections of Arrhenius plots.
Heating
Ni Content
(at%)
2.5
6.3
12.7

T > 1700 K
Ea
kJ·mol−1
141
134
148

Cooling
T < 1700 K

10−8

ν0 ×
m2 ·s−1
0.0052
0.0081
0.0029

Ea
kJ·mol−1

T > 1700 K
10−8

ν0 ×
m2 ·s−1

35
52.6
–

ν0 ×
m2 ·s−1

Ea
kJ·mol−1

10.3
2.66
–

T < 1700 K
10−8

86.8
95
118

0.307
0.139
0.025

Ea
kJ·mol−1

ν0 × 10−8
m2 ·s−1

42.6
39.1
50

6.38
7.04
3.31

3. Consequences of Arrhenius Equation
From Equation (2) it follows that at a fixed temperature, the activation energy Ea and
the pre-exponential factor ν0 are related to each other by the equation:
Ea
= C − ln ν0 ,
RT

(6)

where Ea ·(RT)–1 is the activation energy reduced to a unit of thermal energy RT, C is a
constant that generally depends on temperature.
In the hole model it is assumed that the liquid has a lattice structure, at least in the
first coordination sphere [25], and every atom vibrates inside a limited space. The space
available for the movement of an atom or particle is the free volume vf (m3 ). The motion of
one layer of liquid relative to another can occur due to the transition of a particle (atom) of
size a from the equilibrium state to a free site (hole). In the theory of the transition state,
such a mechanism creates a dynamic viscosity η (Pa·s) [26]:
η=

Ea
NA
RT
(2πmk B T )1/2 v1/3
f e ,
Vm

(7)

where m is the mass of an atom or particle (kg). Taking into account η = νρ, where ρ is the
density, we obtain the kinematic viscosity in the form [20]:

ν=

2πk B T
aρ

1/2 

vf
v

1/3

Ea

e RT ,

(8)

where vf /v—the relative free volume, v is the atomic volume (m3 ), and Vm = vNA .
After substituting the pre-exponential factor from (8) into (6), we obtain the relationship between the reduced activation energy and the particle size participating in a viscous
flow:
Ea
= C1 + 0.5 ln a,
(9)
RT
where C1 is a constant, which in general also depends on temperature. Thus, the activation
energy of viscous flow is linearly related to the particle size on a natural logarithmic scale.
4. Simple Liquid Metals
Figure 1 shows the dependence of the reduced activation energy Ea ·(RTm )−1 on the
pre-exponential factor in the natural logarithmic scale lnν0 for simple liquid metals at
the melting point. In accordance with (6), there is a linear relationship with the adjusted
coefficient of determination R2 adj = 0.95 and the constant C = −14.7.

4. Simple Liquid Metals
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calculated
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Formula (11) includes the melting point Tm , the density ρm , and the atomic size a. The
melting point and density are measured by experimental methods with great accuracy.
The discrepancy between the experimental and calculated pre-exponential factors can
be resolved if we assume that clusters rather than atoms participate in the viscous flow.
Indeed, it was shown in [28–30] that simple liquid metals can have a cluster structure. Due
to coalescence, clusters can form even larger associates—fractal clusters [31,32].
We find the assumed cluster size ac from the relation:

ac =

1.35
ex
ν0m

2

k B Tm
ρm

(12)

Figure 2 shows the ratio of the calculated cluster size ac to the atomic size a. For Cr, Ta,
Os, and Y, the ac /a is more than 1000 and in Figure 2 is not shown. Metals Mg, Ti, W, Re,
Rh have a ratio of more than 100. All of these metals have a high reduced activation energy
Ea ·(RTm )−1 . Many of them have high cohesive energy, but there is no direct relationship
between the calculated cluster size and the cohesive energy. Thus, if we proceed from the
transition state theory, then the viscous flow of many liquid metals at melting point can be
associated with the motion of clusters.
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based and binary Fe-Si melts [23] at a temperature of T = 1700 K. The adjusted
coefficient of determination R2adj for the linear relationship (6) has a high value of
0.98, and the constant C = −13.9. Figure 4 shows that the linear dependence repeats
the same dependence for simple liquid metals in Figure 1, but with another con-
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6. Conclusions

In this work, the Arrhenius equation for kinematic viscosity was investigated.
For the analysis, we used the experimental temperature dependences of the kinematic viscosity for multicomponent melts of nanocrystalline soft magnetic alloys,
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6. Conclusions
In this work, the Arrhenius equation for kinematic viscosity was investigated. For the
analysis, we used the experimental temperature dependences of the kinematic viscosity for
multicomponent melts of nanocrystalline soft magnetic alloys, as well as the thermophysical properties of simple liquid metals at the melting point. The experimental data were
compared with the viscosity obtained in the transition state theory. The aim of this work
was to determine the relationship between the activation energy of a viscous melt flow and
the cluster size and to interpret the anomalous Arrhenius plot for multicomponent melts.
The results can be summarized as the following main conclusions.
1.

There is a relationship between the reduced activation energy of viscous flow Ea ·(RT)−1
and the pre-exponential factor ν0 , which can be expressed by the relation:
Ea
= C − ln ν0
RT

2.
3.
4.

where C is a constant that generally depends on temperature. This relationship is
universal for all quantities, the temperature dependence of which is expressed by the
Arrhenius equation.
The activation energy of viscous flow is linearly related to the cluster size on a natural
logarithmic scale.
Melt viscosity increases with decreasing cluster size.
The change in the Arrhenius plot in the anomalous zone can be interpreted as a
liquid–liquid structure transition, which begins with the disintegration of clusters
and ends with the formation of a new cluster structure.
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