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Аннотация. Методом крутильных колебаний проведены исследования температурных (до 1700 °С) и концентрационных зависимостей 

вязкости жидких бинарных сплавов кобальта с кремнием и бором. Температурные зависимости вязкости жидкого кобальта и его расплавов 
с кремнием и бором (до 54 ат. % металлоида) имеют монотонный характер без каких-либо особенностей и хорошо описываются урав-
нением Аррениуса. Совпадение политерм вязкости, полученных в режиме нагрева и охлаждения, а также линейная зависимость лога-
рифма вязкости от обратной абсолютной температуры в переохлажденной области свидетельствуют о сохранении структуры жидкого 
сплава. Микронеоднородное строение расплавов Co – Si и Co – B (до 54 ат. % металлоида), связанное с образованием микрогруппировок 
на основе силицидов и боридов кобальта с более прочными внутренними связями, приводит к сложному виду концентрационных зависи-
мостей их вязкости и энергии активации вязкого течения. В статье авторы обсуждают прогностические возможности уравнений Козлова-
Романова-Петрова и Kaptay для описания концентрационных зависимостей вязкости жидких сплавов типа металл–металлоид. Рассмот
рены особенности, связанные с применением этих уравнений к системам, в которых один из компонентов сплава (в данном случае бор 
в системе Co – B) при температурах расчета находится в твердом состоянии. Показано, что корректным способом решения проблемы 
является использование значения вязкости жидкого бора при его температуре плавления в качестве входного параметра для расчета 
изотерм вязкости расплавов системы Co – B. Уравнения Козлова-Романова-Петрова и Kaptay отличаются только коэффициентами перед 
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Abstract. The temperature (up to 1700 °C) and concentration dependences of the viscosity of liquid binary alloys of cobalt with silicon and boron were 

studied using an oscillating-cup method. The viscosity polytherms of liquid cobalt and its melts with silicon and boron (up to 54 at. % of the metalloid) 
are monotonous character without any anomalies and are well described by the Arrhenius equation. Coincidence of the viscosity polytherms obtained 
in the heating and cooling modes and linear dependence of the viscosity logarithm on the inverse absolute temperature in the supercooled region 
indicate the preservation of the liquid alloy structure. Microheterogeneous structure of Co – Si and Co – B melts (up to 54 at. % metalloid), associated 
with the formation of microgroups based on silicides and borides of cobalt with stronger internal bonds, leads to a complex form of concentration 
dependences of their viscosity and activation energy of viscous flow. The prognostic capabilities of the Kozlov-Romanov-Petrov and Kaptay equations 
for describing the concentration dependences of the viscosity of liquid metal-metalloid alloys are discussed. Features associated with the application 
of these equations to the systems in which one of the alloy components (in this case, boron in the Co – B system) is in the solid state at the calculation 
temperatures are considered. It is shown that the correct way to solve the problem is to use the viscosity value of liquid boron at its melting point 
as an input parameter for calculating the viscosity isotherms of the Co – B melts. The Kozlov-Romanov-Petrov and Kaptay equations differ only 
in the coefficients before the melt mixing enthalpy, the physical meaning of which is discussed in the paper. The Kozlov-Romanov-Petrov equation 
can be recommended for predicting the concentration dependences of the viscosity of liquid alloys of cobalt with silicon and boron. 

Keywords: melt, Co – B system, Co – Si system, viscosity, temperature dependence of viscosity, concentration dependence of viscosity, Arrhenius 
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 Introduction

Viscosity is an important physical property of a liquid, 
governed by interparticle interactions and linked to  its 
structure. It is therefore widely used to probe the struc-
ture of high-temperature metallic melts. This is especially 
relevant for metal-metalloid systems, for which direct 
diffraction studies have been performed only for indivi
dual alloys [1] or at small superheatings above the liqui
dus line [2]; moreover, the  coexistence of  metallic and 
covalent bonding makes the use of modeling methods for 
these systems a persistent challenge [3; 4].

Accurate viscosity values are needed for many metal
lurgical processes involving the  liquid state  [5 – 7]. 
To predict the viscosity of multicomponent liquid alloys, 
thermodynamic-based equations are used, in particular 
the Kozlov–Romanov–Petrov equation [8] and the Kap-
tay equation [9]. The required input data for these equa-
tions are the viscosities of the pure liquid components that 
form the melt and the melt mixing enthalpy. According 
to [10], these equations predict the concentration depen-
dences of  viscosity well across systems with different 
phase diagrams. However, validation has mostly been 
carried out for metal–metal systems. Many advanced 
materials, by contrast, contain metalloids as well as 
high-melting elements such as boron, tantalum, and nio-
bium. The presence of  refractory elements complicates 
the  application of  these equations, because calculations 
are performed at temperatures at which these elements 
are in the solid state. 

In the  present work, experimental measurements 
of the viscosity of liquid alloys in the Co – Si and Co – B 
systems are reported, and the applicability of the Kozlov–
Romanov–Petrov and Kaptay equations for predicting 
their concentration dependence is analyzed.

 Materials and methods

Co – Si and Co – B master alloys (54 at. % metal-
loid) were produced in a vacuum resistance furnace by 
alloying cobalt powder grade PK-1u per GOST 9721–79 
(cobalt content ≥99.35 wt. %; principal impurities, 
wt. %: <0.2 Fe; 0.4 Ni; 0.02 Si and C; 0.04 Cu) with 
single-crystal silicon (99.9999 wt. % Si) or amorphous 
boron per TU 113–12–132–83 (94 wt. % B; principal 
impurities, wt. %: 0.23 Fe; 0.1 Si) in a corundum cru-
cible at a pressure of 10–2 Pa, a temperature of 1550 °C, 

and a  20-min hold. Samples of  the  required composi-
tion were then obtained by alloying cobalt grade K0 per 
GOST 123–2008 (cobalt content ≥99.98 wt. %; prin-
cipal impurities, wt. %: <0.003 Fe; <0.005 Ni and C; 
up  to 0.001 Si, Cu, Mg, Zn, and Al) with the Co – Si or 
Co – B master alloys in the viscometer furnace immedi-
ately prior to viscosity measurements.

The kinematic viscosity (ν) of  the  liquid alloys was 
measured on an automated setup  [11] using the  oscilla
ting-cup method in the  Shvidkovsky modification  [12]. 
Experiments were carried out in a protective helium atmo-
sphere (grade A) after evacuating the chamber to a pres-
sure of  10–2 Pa. Viscosity was measured on heating and 
subsequent cooling, with stepwise temperature incre-
ments of  20 – 30 °C following 10-min isothermal holds 
at each temperature step. Measurements were carried out 
in cylindrical Al2O3 crucibles with two opposing end-face 
friction surfaces (the crucible bottom and a lid resting 
on the melt surface). To create the  second end-face sur-
face, a lid with an outer diameter 0.5 – 0.8 mm smaller 
than the crucible’s inner diameter was placed on the sam-
ple. The lid design [13; 14] allows free translation along 
the crucible’s vertical axis and co-oscillation with the cru-
cible during torsional oscillations of  the suspension sys-
tem. Using two end-face friction surfaces helps account 
for uncertainties in viscosity calculations arising from 
potential oxide-film formation on the melt surface [13; 15] 
and from wetting of the crucible walls by the liquid metal 
(meniscus effects)  [16; 17]. Prior to  viscosity measure-
ments, the samples were remelted at 1680 °C for 10 min 
to eliminate irreversible processes associated with alloy-
ing of the initial charge materials. The total error of vis-
cosity determination at the 0.95 confidence level does not 
exceed 4 %, with a single-measurement error of  1.5 %; 
error analysis followed the procedure in [11].

Dynamic viscosity (η) was obtained using literature 
density data [18 – 20].

 Equations for calculating viscosity

The Kozlov–Romanov–Petrov equation  [8] was de
rived within the  framework of  the  theory of  oscillatory 
liquids by relating atomic vibrational motions to the free 
energy of the solution using the Einstein approximation, 
and has the following form:

	           	 (1)

энтальпией смешения расплава, физический смысл которых обсуждается в работе. Уравнение Козлова-Романова-Петрова может быть 
рекомендовано для прогнозирования концентрационных зависимостей вязкости жидких сплавов кобальта с кремнием и бором. 
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where η and ηi  are the  dynamic viscosity of  the  melt 
and of  its pure components (i = 1, 2), respectively; xi  is 
the  mole fraction of  component i in the  alloy; ΔH  is 
the integral mixing enthalpy of the melt; R is the univer-
sal gas constant; T is the absolute temperature.

The Kaptay equation [9] is a modification of Eyring’s 
equation [21] for multicomponent alloys and has the fol-
lowing form:

       (2)

where Vi  is the  molar volume of  pure component i in 
the  liquid state (Vi = Mi /ρi , where ρi is the  density 
of pure component i in the liquid state, Mi is the molar 
mass of  component i in the  alloy); V E  is the  excess 
molar volume upon alloy formation, which is neglected 
for simplicity; α = 0.155 ± 0.015  is a parameter 
obtained from the ratio of the activation energy of vis-
cous flow of pure liquid metals to their cohesive energy 
at the melting temperature;  is the free energy of acti-
vation of viscous flow of pure component i in the liquid 
state, which is calculated from the  measured viscosity 
of the pure component at a given temperature by the fol-
lowing expression:

 Results and discussion

The kinematic viscosity of  melts in the  Co – B 
(37 compositions) and Co – Si (24 compositions) systems 
was investigated over the range from 0 to 54 at. % metal-
loid. Typical viscosity polytherms are shown in Figs. 1 
and 2. The viscosity polytherms exhibit no anomalies and 
are well approximated by the Arrhenius equation:

		          	 (3)

where А is a constant; Еа is the activation energy of viscous 
flow. In repeated experiments, the measured data are repro-
duced within the measurement error (Fig. 2). The absence 
of differences between viscosities obtained on heating and 
on cooling, together with the  linear dependence of  lnν 
on the  inverse absolute temperature in the  supercooled 
region, indicates preservation of the liquid alloy structure 
over the temperature range studied.

Based on the obtained viscosity polytherms, the con-
centration dependences for the liquid alloys of the Co – Si 
and Co – B systems were calculated (Figs. 3, 4). The iso-
therms of viscosity and of the activation energy of viscous 
flow for cobalt – silicon and cobalt – boron melts are non-
monotonic and dome-shaped, providing indirect evidence 
of structural rearrangements in the melt as the metalloid 
content varies. The maximum in the viscosity–composi-
tion curve is attributed to the formation of atomic micro-
groups composed of unlike atoms, presumably ordered in 
the manner of intermetallic compounds [22]. 

Fig. 1. Viscosity polytherms in lnν – T –1 coordinates of the Co – B (at. %) melts in heating ( ) 
and subsequent cooling ( ) mode. The graph shows the error of a single experiment of 1.5 %

Рис. 1. Политермы вязкости в координатах lnν – T –1 расплавов системы Co – B (ат. %) в режиме нагрева ( ) 
и последующего охлаждения ( ). На графике приведена погрешность единичного эксперимента 1,5 %
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Because the  maximum on the  viscosity isotherm 
of the Co – Si system coincides with the presence of Co2Si 
on the phase diagram, melts containing 30 – 35 at. % Si 
are likely to exhibit Co2Si-type ordering. At silicon con-
tents below 30 at. % and above 35 at. %, the melts are 
microheterogeneous: below 30 at. % Si they contain, in 
addition to Co2Si-type microgroups, regions dominated 
by cobalt atoms, whereas above 35 at. % Si they con-
tain silicon-richer microgroups, for example of the CoSi 
type. 

In the Co – B system, the viscosity changes little over 
0 – 20 at. % B, which likely reflects short-range order 
consistent with a solid-solution–like arrangement in 
the melt. At boron contents above 20 at. %, both ν and Еа 
increase, attributable to  the  formation of  atomic micro-
groups of unlike atoms, presumably ordered in the manner 
of a compound. However, in this system no correlation is 
observed between the maxima of the viscosity isotherms 
and the stoichiometries of compounds on the phase dia-
gram.

Fig. 2. Viscosity polytherms in lnν – T –1 coordinates of the Co – Si (at. %) melts in heating ( , ) 
and subsequent cooling ( , ) mode, where ,  is the first sample, and ,  is the second sample. The graph shows a total error of 4 %

Рис. 2. Политермы вязкости в координатах lnν – T –1 расплавов системы Co – Si (ат. %) в режиме нагрева ( , ) 
и последующего охлаждения ( , ), где ,  – первый образец; ,  – второй образец. На графике приведена общая погрешность 4 %

Fig. 3. Concentration dependences of kinematic viscosity and activation energy of viscous flow of the Co – Si melts. 
A part of the phase diagram of the Co – Si system is given according to the data from [23] 

Рис. 3. Концентрационные зависимости кинематической вязкости и энергии активации вязкого течения расплавов системы Co – Si. 
Приведен фрагмент диаграммы состояния системы Co – Si по данным работы [23]
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The monotonic, exponential character of the viscosity 
polytherms without hysteresis, together with retention 
of the viscosity-isotherm shape on heating, indicates that 
no substantial structural changes occur during heating. 
This suggests that microgroups of  cobalt silicides and 
borides persist throughout the  temperature range inves-
tigated.

Fig. 5 presents the  results of  calculating the  con-
centration dependence of  viscosity for Co – Si melts. 
The required data on the mixing enthalpy of the melt and 
the viscosity of  liquid silicon were taken from [26; 27]. 
As seen in Fig. 5, the Kozlov–Romanov–Petrov equation 
predicts not only viscosity values close to the experimen-
tal data but also the observed dome-shaped concentration 
behavior. The maximum deviation of the calculated from 
the experimental values is +11 %.

Equation (2) was recast into the  following form by 
using the expansion lnVi = Vi – 1 and setting V E = 0.

       (4)

Neglect of  the  excess molar volume upon alloy forma-
tion was also employed in [8] when deriving the Kozlov–
Romanov–Petrov equation. Thus, the Kozlov–Romanov–
Petrov and Kaptay equations have similar forms and 
differ only in the coefficient before ΔH. In deriving Equa-
tion (1), it was assumed, to first approximation, that atomic 
motion in a metallic melt is dominated by simple three-
dimensional vibrations; hence the  coefficient in front 
of ΔH equals 1/3. In the Kaptay equation the coefficient 
is 1/6.5, which follows if, in addition to three vibrational 
degrees of freedom, three rotational degrees of freedom 
of  a nonlinear molecule are considered. In the  deriva-
tion of Equation (2), only a small fraction of the cohesive 

energy (enthalpy) was assumed to  be expended during 
viscous flow; therefore, α = ΔZ/Z, where ΔZ is the num-
ber of broken bonds during viscous flow and Z is the ave
rage coordination number of  the  melt. Accordingly, 
ΔZ/Z = 1/3 for the Kozlov–Romanov–Petrov model and 
ΔZ/Z = 1/6.5 for the Kaptay model. Reference [28] con-
cluded that in a close-packed liquid (Z = 12) three bonds 
are broken during flow, i.e., ΔZ/Z = 3/12 = 1/4. This coef-

Fig. 4. Concentration dependences of a kinematic viscosity and activation energy of viscous flow of the Co – B melts. 
The parts of the phase diagram of the Co – B system is given according to the data from [24] ( ) and [25] ( )

Рис. 4. Концентрационные зависимости кинематической вязкости и энергии активации вязкого течения расплавов системы Co – B. 
Приведены фрагменты диаграммы состояния системы Co – B по данным работ [24] ( ) и [25] ( )

Fig. 5. Calculation results for concentration dependence of dynamic 
viscosity (η) of the Co – Si melts at 1600 °C obtained using equations: 

1 – Kozlov-Romanov-Petrov (eq. 1); 
2 – Kaptay (eq. 4); 

3 – additive dependence of viscosity (ηadd = x1η1 + x2η2 ); 
 – our experimental data;  – experimental data for pure silicon [27] 

Рис. 5. Результаты расчета концентрационной зависимости 
динамической вязкости (η) расплавов системы Co – Si при 1600 °С 

по уравнениям: 
1 – Козлова-Романова-Петрова (уравнение (1)); 

2 – Kaptay (уравнение (4)); 
3 – аддитивная зависимость вязкости (ηadd = x1η1 + x2η2 ); 

 – экспериментальные данные;  – экспериментальные данные 
для чистого кремния по данным работы [27]
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ficient is close to that implied by the Kozlov–Romanov–
Petrov equation, which indeed provides the best predic-
tion of  the  concentration dependence of  viscosity for 
Co – Si melts (Fig. 5). These findings are also consistent 
with diffraction data [2] indicating that liquid cobalt and 
Co – Si melts (up to 40 at. % Si) possess a close-packed 
atomic structure. 

When calculating the concentration dependence of vis-
cosity for the Co – B system, two issues arise due to the very 
high melting temperature (tm ≈ 2075 °C) of  the  second 
pure component, boron, relative to the calculation temper-
ature. The first concerns the choice of the dynamic viscos-
ity (ηB ) and density (ρB ) of pure boron required to compute 
the molar volume of  the melt. Two approaches are pos-
sible: assign to ηB and ρB the values for liquid boron at its 
melting point, namely ηB = (2.6 ± 0.3)·10–3 Pa·s [29] and  
ρB = 2170 ± 43 kg/m3  [30]; or extrapolate the  visco
sity polytherm of  liquid boron using Equation  (3)  [29] 
and extrapolate the  density polytherm linearly  [30] 
to  1627 °C, the  temperature at which the  binary iso-
therm is calculated (supercooled liquid boron), yield-
ing ηB = (10 ± 1)·10–3 Pa·s and ρB = 2285 ± 46 kg/m3. 
The second issue is the choice of the concentration depen-
dence of the mixing enthalpy (ΔН) for Co – B melts with 
the  standard states taken as either “crystalline boron – 
liquid cobalt” [31] or “liquid supercooled boron – liquid 
cobalt” [32]. 

The effects of varying the dynamic viscosity of boron 
and the  mixing enthalpy on the  predictive capability 
of  the  equations are shown in Fig. 6. Using properties 
of supercooled liquid boron at 1627 °C in the viscosity-
isotherm calculations yields an incorrect additive (ideal 
solution) trend for the  viscosity of  the  Co – B system 
(Fig. 6, c, d). Because Co – B melts exhibit strong unlike-
atom interactions [33], a positive deviation of the visco
sity isotherm from the additive dependence expected for 
an ideal solution is anticipated. In contrast, using the vis-
cosity of  liquid boron at its melting point as an input 
yields an additive trend consistent with the  experimen-
tally determined isotherm (Fig. 6, a, b). This approach 
should also be useful for systems whose components 
have markedly different melting temperatures.

As seen in Fig. 6, the  closest agreement between 
calculated and experimental viscosity isotherms is 
obtained when the viscosity of  liquid boron at its melt-
ing point is combined with the  mixing enthalpy refe
renced to  the standard states “crystalline boron – liquid 
cobalt” [31] (Fig. 6, a). Under these conditions, the Kap-
tay equation reproduces the data up to 20 at. % B, whereas 
the Kozlov–Romanov–Petrov equation performs better in 
the  40 – 54 at. % B range. The deviations from experi-
ment are –16 % for the Kaptay equation and +17 % for 
the Kozlov–Romanov–Petrov equation.

Despite the difficulties in choosing parameter values 
for calculating the concentration dependences of viscosity 

in the Co – B system, both the Kozlov–Romanov–Petrov 
and Kaptay equations predict physically reasonable vis-
cosity values. Given their simple form and the availabi
lity of  the required parameters in standard data sources, 
these equations are recommended for predicting viscosity 
isotherms of liquid systems.

Fig. 6. Calculation results for concentration dependence 
of dynamic viscosity (η) of the Co – B melts at 1627 °С 

obtained using equations: 
1 – Kozlov-Romanov-Petrov (eq. 1); 

2 – Kaptay (eq. 4); 
3 – additive dependence of viscosity (ηadd = x1η1 + x2η2 ); 

 – our experimental data; 
 – experimental data for pure boron.

The following input data were used for calculation: 
а – ΔН from [31] and ηB = (2.6 ± 0.3)·10–3 Pa·s; 
b – ΔН from [32] and ηB = (2.6 ± 0.3)·10–3 Pa·s; 

c – ΔН from [31] and ηB = (10 ± 1)·10–3 Pa·s; 
d – ΔН from [32] and ηB = (10 ± 1)·10–3 Pa·s

Рис. 6. Результаты расчета концентрационной зависимости 
динамической вязкости расплавов системы Co – B при 1627 °С 

по уравнениям: 
1 – Козлова-Романова-Петрова (уравнение (1)); 

2 – Kaptay (уравнение (4)); 
3 – аддитивная зависимость вязкости (ηadd = x1η1 + x2η2 ); 

 – экспериментальные данные; 
 – экспериментальные данные для чистого бора. 

Для расчета использовались следующие входные данные: 
а – ΔН из [31] и ηB = (2,6 ± 0,3)·10–3 Па·с; 
b – ΔН из [32] и ηB = (2,6 ± 0,3)·10–3 Па·с; 

c – ΔН из [31] и ηB = (10 ± 1)·10–3 Па·с; 
d – ΔН из [32] и ηB = (10 ± 1)·10–3 Па·с
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 Conclusions

The kinematic viscosity of liquid cobalt and its binary 
melts with silicon and boron was measured by the oscil-
lating-cup method over wide temperature (up to 1700 °C) 
and composition (0 – 54 at. % metalloid) ranges. 

The resulting viscosity polytherms, obtained on heat-
ing and on cooling, coincide (no hysteresis), are mono-
tonic, and are well described by the  Arrhenius equa-
tion. Their exponential character indicates preservation 
of  the  liquid alloy structure in both liquid and super-
cooled states.

The concentration dependences of  viscosity and 
of  the  activation energy of  viscous flow for Co – Si and 
Co – B melts are nonmonotonic and dome-shaped, with 
maxima at 35 at. % Si and 40 at. % B, respectively – signa-
tures of composition-driven structural changes in the melt.

For the  first time, concentration dependences of  vis-
cosity of  high-temperature metal–metalloid melts were 
calculated using thermodynamic-based equations. 
The Kozlov–Romanov–Petrov equation provides the best 
overall prediction for the Co – Si and Co – B systems, with 
maximum deviations from experiment of  11 and 17 %, 
respectively. A practical procedure is proposed for pre-
dicting viscosity isotherms in liquid systems whose com-
ponents have substantially different melting temperatures.
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