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Аннотация. Метод крутильных колебаний является наиболее распространенным методом изучения вязкости металлических расплавов 

при высоких температурах. Между тем, данные различных авторов, полученные этим методом, могут отличаться на несколько десятков 
процентов. Причины такого расхождения заключаются в особенностях метода, которые влияют на результаты измерений условий экспе-
римента. В настоящей работе рассмотрено влияние граничных условий на верхней границе расплава и способов предварительной 
подготовки образца на результаты измерений вязкости. Показано, что при определенных условиях эксперимента на политермах могут 
возникать аномалии, имеющие методическую природу. Рассмотренные особенности эксперимента являются следствием пленочных 
эффектов, явлений смачивания и необратимых процессов в системе расплав – тигель. Предложены методические приемы, позволяющие 
выявить и исключить их влияние на результаты вискозиметрии. Пленочные эффекты обусловлены изменением состояния поверхности 
расплава в результате образования вязкой пленки. Для их исключения измерения вязкости следует проводить с применением различных 
граничных условий на верхней границе расплава. Влияние явлений смачивания вызвано образованием мениска верхней границы 
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Abstract. The oscillating-cup method is the most common method for studying the metallic melts viscosity at high temperatures. However, the data 

obtained by different authors using this method may differ by several tens of percent. The reasons for this lie in the features of the method which 
lead to the influence of experimental conditions on the measurement results. In this paper, the boundary conditions influence at the melt upper 
boundary and processes of preliminary sample preparation on the viscosity measurements results is considered. It is shown that under certain 
experimental conditions, anomalies of a methodological nature can occur on polytherms. The considered features of the experiment are a conse-
quence of film effects, wetting phenomena and irreversible processes in the melt-crucible system. Methodological processes are proposed that 
allow us to identify and eliminate their influence on the viscometry results. Film effects are caused by changes in the melt surface condition as 
a  result of formation of a viscous film. To eliminate them, viscosity measurements should be carried out using different boundary conditions 
at  the melt upper boundary. The wetting phenomena influence is caused by the meniscus formation at the upper boundary of the melt. When 
measuring viscosity in crucibles with a lid on the melt, the wetting influence can be eliminated by selecting the modes of preliminary remelting or 
by selecting the lid mass. Irreversible processes in the melt-crucible system are associated with the crucible gradual destruction when the sample is 
cooled below the crystallization temperature due to the high adhesion of the alloy to the crucible walls and differences in their thermal expansion 
coefficients. To eliminate them, the authors proposed a mode of the sample remelting with overheating of the melt to the maximum temperature 
expected in the subsequent measurement cycle and cooling to a temperature 100 ºС below its solidification temperature. 
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 Introduction

Viscosity measurements, due to  the  high sensitivity 
of  viscosity to  structural changes, are widely used in 
studies of  the structure and in physicochemical analysis 
of  liquid systems  [1; 2]. The high efficiency of  visco
metry as a method of physicochemical analysis of liquids 
was noted as early as in the  works of  N.S. Kurnakov. 
Along with other structure-sensitive properties, viscosity 
measurements form the  basis of  the  concept of  experi-
mental physicochemistry of metallic melts developed in 
the  works of  M.A. Samarin and his school  [3]. Special 
attention in studies of  physicochemical properties has 
traditionally been given to the methodological issues [4] 
aimed at improving the  reliability of  experimental 
results. These issues remain highly relevant in view 
of the steadily increasing requirements for experimental 
accuracy driven by the intensive development of liquid-
state theory, modeling and prediction methods, inclu
ding those based on machine learning [5], as well as by 
advances in materials processing technologies.

The most widespread and reliable method for deter-
mining the  viscosity of  metallic melts at high tempera-
tures (1000 – 1800 °C) is the  oscillating-cup method 
based on torsional oscillations of  a cylindrical cup con-
taining the melt. On the basis of  this method, a number 
of experimental setups have been developed [6 – 9], which 
mainly differ in the techniques used for recording oscilla-
tion parameters and processing experimental data. Most 
commonly, viscosity calculations are performed using 
the  mathematical framework developed by E.G. Shvid-
kovskii  [10] and R. Roscoe  [11]. According to  various 
authors, the calculated total relative error in determining 
absolute viscosity values ranges from 0.7 to 15 %. Despite 
this seemingly high declared accuracy, viscosity data 
reported in different studies, especially for pure liquid 
metals, may differ by several tens of percent [12; 13]. This 
discrepancy may result from the strong influence of both 
small, uncontrolled impurity concentrations and experi-
mental conditions, as well as data processing procedures. 

With regard to viscometry results, the nature of ano
malous behavior in the  temperature dependence of  vis-

cosity remains a subject of debate. Such behavior mani-
fests itself as abrupt changes (jumps) in property values 
during heating and/or cooling of  the  melt, breaks in 
the curves, inflection points, hysteresis in viscosity–tem-
perature curves, and similar features. These anomalies are 
often attributed to structural changes in the melt. A dis-
cussion on the possibility and nature of structural transi-
tions in metallic melts was conducted as early as 1985 in 
the journal Izvestiya. Ferrous Metallurgy [14 – 17]. Most 
proponents of  the structural transition concept relied on 
anomalous behavior observed in various physicochemi-
cal properties of  melts, including viscosity. Reports on 
anomalous features in the temperature dependence of vis-
cosity associated with changes in melt structure continue 
to  appear regularly  [18 – 20]; however, no consensus 
on their nature has yet been reached. This is largely due 
to  the contradictory nature of data obtained by different 
authors [21].

It has been shown in  [21; 22] that anomalies in 
the  temperature dependence of viscosity may be caused 
by methodological features of the viscometric experiment. 
Identification and elimination of such effects are of criti-
cal importance both for experimental physicochemistry 
of melts and for the  further development of  liquid-state 
theory. 

In the  present work, methodological approaches are 
considered that make it possible to identify and eliminate, 
directly in the experiment, the  influence of such pheno
mena as film effects, wetting phenomena, and interaction 
between the  melt and the  crucible material (high adhe-
sion) on the measured results. The described approaches 
were tested on a number of  pure metals as well as on 
binary and multicomponent systems. 

 Measurement procedure

The viscosity of melts was determined using the oscil-
lating-cup method in the version developed by E.G. Shvid-
kovskii  [10] on an automated setup  [23] equipped with 
an optical registration system. All measurements were 
carried out in a protective helium atmosphere. Cylindri-
cal Al2O3 cups with an inner diameter of approximately 

расплава. При измерении вязкости в тиглях с крышкой на расплаве исключение влияния смачивания возможно подбором режимов 
предварительного переплава, либо подбором массы крышки. Необратимые процессы в системе расплав – тигель связаны с  посте-
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17 mm and a height of 42 mm were used as crucibles. All 
crucibles were checked for the absence of ellipticity and 
taper by measuring the  inner diameter near the  bottom 
and at mid-height of the crucible. The temperature depen-
dence of viscosity was measured in the heating mode fol-
lowed by cooling, with stepwise changes in temperature. 
In order to  ensure that the  melt reached an equilibrium 
state, isothermal holds of at least 10 min were performed 
before measurements at each temperature.

When calculating viscosity using numerical methods, 
the following equation was solved [10; 23]

where I is the moment of  inertia of  the suspension sys-
tem; δ, τ, δ0 , τ0 are the damping decrement and oscilla-
tion period of  the  suspension system with and without 
the melt, respectively; Re(L) and Im(L) are the real and 
imaginary parts of the friction function; and ν is the kine-
matic viscosity of  the  liquid. To eliminate the  influence 
of external friction of the suspension system in the inert 
gas on the measurement results, δ0 and τ0 were determined 
experimentally under the same conditions as those used 
for measuring δ and τ. The melt height in the crucible was 
calculated using the formula 

 

where m and R are the  mass and radius of  the  sample, 
respectively, and ρ is the  melt density. The radius and 
height of the sample were determined taking into account 
the thermal expansion coefficient of the crucible material. 

During viscosity measurements, the following: condi-  
 

tions were satisfied H > 2R and  Fulfillment  
 

of the first condition makes it possible to exclude the influ-
ence of secondary flows in the melt on torsional oscilla-
tions  [10]. Fulfillment of  the  second condition ensures 
minimal error in viscosity determination associated with 
the error in measuring the damping decrement [23].

The total relative error in determining kinematic 
viscosity values, calculated according to  the  procedure 
described in  [23], does not exceed 4 %, with the  error 
of a single experiment being no more than 2 %.

 Results and discussion

 Viscosity measurements in crucibles with a lid
 

at the melt upper boundary 

When measuring viscosity by the  oscillating-cup 
method under standard experimental conditions, the liquid 
sample is contained within a cylindrical crucible and has 
a free upper boundary (Fig. 1, a). During the experiment, 
the melt is in contact with the side wall and the bottom 
of  the  crucible; thus, one lateral and one end friction 
surface are realized. However, during the  experiment 
a  viscous film (for example, an oxide film) may form 
on the melt surface. Since the viscosity of such a film is 
much higher than that of the melt itself, it effectively acts 
as a second end friction surface. The presence of a vis-
cous film leads to  additional dissipation of  mechanical 
energy of  the  torsional oscillations of  the  viscometer 
suspension system and, consequently, to  overestimated 
values of  the  logarithmic damping decrement and, cor-
respondingly, of the calculated viscosity [24]. 

Fig. 1. Scheme of a crucible with the melt in experiments without (a) and with a lid (b) at the melt upper boundary: 
1 – crucible, 2 – melt, 3 – crucible holder, 4 – rod, 5 – lid, 6 – clamp

Рис. 1. Схема тигля с расплавом в опытах без крышки (a) и с крышкой (b) на верхней границе расплава: 
1 – тигель, 2 – расплав, 3 – держатель тигля, 4 – шток, 5 – крышка, 6 – скоба
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To identify film effects during viscosity measure-
ments, crucibles with a lid floating on the melt were used 
(Fig. 1, b). The lids were fabricated from cylindrical 
Al2O3 cups with an outer diameter 0.5 – 0.8 mm smaller 
than the inner diameter of the crucible. The lid can move 
freely along the vertical axis of the crucible, compensa
ting for thermal expansion of the melt. Rotation of the lid 
relative to the crucible is excluded. In experiments with 
a  lid on the  melt, boundary conditions with one lateral 
and two end friction surfaces are established [10].

The influence of film effects on viscosity measurement 
results is demonstrated in Fig. 2 using the  liquid alloy 
Fe70Si15B15 as an example. In the  experiment without 
a lid (Fig. 2, a), anomalously abrupt changes in the dam
ping decrement are observed in the  temperature depen-
dences near 1550 °C during heating and below 1370 °C 
during cooling of  the melt. In the experiment with a lid 
at the  melt upper boundary (Fig. 2, b), the  temperature 
dependences of the damping decrement are monotonic and 
exhibit no special features. In experiments with a single 
end friction surface (the melt upper boundary assumed 
to be free), a viscous film is present on the  sample sur-
face, which leads to overestimated values of the damping 
decrement. The sharp decrease in the damping decrement 
during melt heating is associated with a change in boun
dary conditions at the melt upper boundary, i.e., a transi-
tion from two end friction surfaces to one. This change in 

boundary conditions is caused by destruction of the sur-
face film during heating and its restoration during cooling 
of  the  melt. In  the  limiting case where the  viscous film 
is immobile relative to  the  crucible, its presence can be 
taken into account in viscosity calculations by introducing 
a second end friction surface [10; 23]. Based on the δ(t) 
dependence shown in Fig. 2, a, the viscosity–temperature 
dependence was calculated assuming boundary conditions 
at the melt upper boundary that change during the experi-
ment: during heating from the  liquidus to  1550 °C, two 
end friction surfaces; from 1550 to 1680 °C, one end fric-
tion surface; during cooling from 1680 to  1370 °C, one 
end friction surface; and below 1300 °C, two end friction 
surfaces. The kinematic viscosity temperature dependence 
obtained using this calculation scheme (Fig. 3, curve 1) is 
monotonic and is in good agreement with the ν(t) depen-
dence obtained in the  experiment with a lid at the  melt 
upper boundary (Fig. 3, curve 2).

Thus, viscosity measurements performed under dif-
ferent boundary conditions at the  melt upper boundary 
(without a lid and with a lid) make it possible to identify 
and eliminate the  influence of  film effects on the  mea-
surement results. For a more reliable determination 
of viscosity values, measurements should be carried out 
both without a lid and with a lid at the melt upper boun
dary. Agreement between the obtained data confirms their 
reliability.

Fig. 2. Temperature dependences of the damping decrement 
of a crucible with liquid Fe70Si15B15 alloy in experiments without (a) 
and with a lid (b) at the melt upper boundary. Filled symbols indicate 
points obtained in heating mode, unfilled symbols – in cooling mode

Рис. 2. Температурные зависимости декремента затухания тигля 
с жидким сплавом Fe70Si15B15 в опытах без крышки (a) 

и с крышкой (b) на верхней границе расплава. 
Закрашенными символами обозначены точки, полученные 

в режиме нагрева, не закрашенными – в режиме охлаждения

Fig. 3. Temperature dependences of Fe70Si15B15 melt viscosity:
1 – calculated using the damping decrement data obtained 

in the experiment without a lid (Fig. 2, a) taking into account 
the boundary conditions at the melt upper boundary changing during 

the experiment; 2 – calculated using the damping decrement data 
obtained in the experiment with a lid on the melt (Fig. 2, b) 

Рис. 3. Температурные зависимости вязкости расплава Fe70Si15B15: 
1 – рассчитана по данным декремента затухания, полученным 

в опыте без крышки (рис. 2, a) с учетом изменяющихся 
в ходе опыта граничных условий на верхней границе расплава; 

2 – рассчитана по данным декремента, полученным в опыте 
с крышкой на расплаве (рис. 2, b)
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 Influence of wetting phenomena on viscosity
 

measurement results

Wetting phenomena are most pronounced when stu
dying melts that exhibit either low or high wettability 
with respect to  the  crucible material, due to  the  forma-
tion of a meniscus at the interface between the melt and 
the side wall of the crucible [25; 26]. 

The influence of  wetting phenomena on visco
sity measurement results is illustrated in Fig. 4, which 
shows the  temperature dependences of  the  viscosity 
of the Со81B10Si9 melt obtained under thermocycling con-
ditions with repeated heating–cooling cycles performed 
on the  same sample. Measurements were carried out in 
crucibles with a lid on the melt. During thermocycling, 
the  temperature dependences obtained in the  heating 
mode starting from room temperature exhibit an anomaly 
in the form of an inflection point, followed by hysteresis 
during cooling (Fig. 4,  curves 1  and  2). In subsequent 
measurement cycles performed under identical experi-
mental conditions, the anomaly shifts toward higher tem-
peratures, while the  magnitude of  the  effect decreases 
and eventually disappears completely (Fig. 4,  curve 3). 
The viscosity–temperature dependences obtained in mea-

surement cycles after cooling the sample to temperatures 
of 700 – 1100 °C exhibit a monotonic character without 
any specific features (Fig. 4, curve 4). 

Fig. 5 presents photographs of alloy ingots obtained in 
a crucible with a lid after different degrees of melt super-
heating. In the  ingot obtained after heating to  1380 °C 
(below the  temperature corresponding to  the  inflection 
in the  viscosity–temperature dependence), a region that 
does not contact the walls of  the crucible and the  lid is 
clearly visible. When the  melt is heated only slightly 
above the  liquidus temperature, poor wetting results in 
the absence of contact between the melt and the side wall 
near the lid, as well as partial loss of contact with the lid 
along its perimeter, leading to the formation of a menis-
cus in this region. In contrast, the  ingot obtained after 
cooling a melt heated to 1600 °C (above the temperature 
corresponding to the inflection in the viscosity–tempera-
ture dependence) has a cylindrical shape; therefore, in this 
experiment the entire surface of the sample was in contact 
with the walls of the crucible and the lid. The mathemati-
cal model underlying the  oscillating-cup method  [10] 
assumes a cylindrical shape of  the  liquid sample and 
the absence of slip at the melt–crucible interface during 
measurements. Formation of  a meniscus under condi-
tions of  low wettability leads to a reduction in the con-
tact area between the  melt and the  crucible side wall 
and, consequently, to  underestimation of  the  measured 
viscosity values. The  inflection observed in the  tempe
rature dependences of  viscosity shown in Fig. 4 results 
from an increase in the contact area between the melt and 
the walls of the crucible and the lid. 

When measuring viscosity in crucibles with a lid 
at  the  melt upper boundary, the  influence of  wetting 
phenomena can be eliminated by selecting appropriate 
conditions for preliminary remelting of  the  melt or by 
adjusting the mass of the lid. When selecting the lid mass, 
it should be sufficient to to ensure a flat shape of the melt 
upper boundary, while preventing extrusion of  the  melt 
between the side walls of the crucible and the lid.

Fig. 4. Temperature dependences of liquid Co81B10Si9 alloy 
viscosity during thermal cycling: 

1, 2, 3 – first, second and fifth measurement cycles on one sample 
with its cooling between cycles to room temperature; 

4 – measurement cycle after cooling to 1000 °C 

Рис. 4. Зависимости вязкости жидкого сплава Co81B10Si9 
от температуры при термоциклировании: 

1, 2, 3 – первый, второй и пятый циклы измерений на одном 
образце с его охлаждением между циклами до комнатной 

температуры; 4 – цикл измерений после охлаждения до 1000 °С

Fig. 5. Photographs of Co81B10Si9 alloy ingots obtained by cooling 
the melt after heating to 1380 °C (a) and 1700 °C (b) 

Рис. 5. Фотографии слитков сплава Co81B10Si9 , полученных 
охлаждением расплава после нагрева до температур 1380 °С (a) 

и 1700 °С (b)
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 Investigation of melts with high adhesion
 

to crucible walls

Typically, prior to viscosity measurements, a homog-
enizing remelting of  the sample is performed with sub-
stantial superheating above the alloy liquidus, followed 
by cooling to  room temperature. Subsequently, several 
measurement cycles are carried out, each cycle starting 
and ending at room temperature. However, for certain 
systems this experimental scheme cannot be imple-
mented because of  crucible destruction during the  first 
heating–cooling cycles. In such cases, property measure-
ments are usually performed only in the  cooling mode 
after heating the  melt to  the  maximum temperature. 
In particular, this problem arises when studying melts 
of  the  Co – Si system. The crucibles used in this work 
withstood no more than two measurement cycles. After 
the  third cycle, cracks were observed on the  crucible 
walls, and in some cases crucible failure occurred during 
the measurements. 

Fig. 6 shows the temperature dependences of the dam
ping decrement for a crucible containing the liquid Co68Si32 
alloy, obtained during two heating–cooling cycles without 
preliminary remelting of  the  alloy. In the  first measure-
ment cycle (Fig. 6,  curve 1), an inflection is observed in 
the  temperature, dependence of  the  damping decrement 
during heating in the  range 1450 – 1480 °C, along with 
hysteresis in the viscosity–temperature dependence during 
subsequent cooling below 1480 °C. Upon repeated heating 
(Fig. 6, curve 2), the temperature dependence of the dam
ping decrement exhibits a monotonic character, and only 
a slight hysteresis is observed. After this experiment, visual 
inspection revealed the presence of cracks on the crucible 
walls. Following mechanical destruction of  the  crucible, 
tightly adhering particles of crucible material were found 
on the ingot surface. Based on these observations, it was 
concluded that crucible destruction begins already after 
the  first measurement cycle and occurs predominantly 
during cooling of the sample below the crystallization tem-
perature, owing to the high adhesion of the melt to the cru-
cible walls and the significant difference in thermal expan-
sion coefficients between the solid alloy and the crucible 
material. The onset of  crucible destruction accounts for 
the slight hysteresis observed in the second measurement 
cycle (Fig. 6, curve 2). The hysteresis between the heating 
and cooling temperature dependences obtained in the first 
measurement cycle (Fig. 6, curve 1) indicates the presence 
of irreversible processes occurring in the melt. In particu-
lar, this behavior may result from melt inhomogeneity 
after melting associated with the  metallurgical heredity 
of  the  initial charge materials  [27]. In this experiment, 
the first measurement cycle effectively serves as a prelimi-
nary remelting of the sample.

To prevent crucible destruction, an experimental 
scheme was employed in which the sample was remelted 
in the  crucible by heating to  the maximum temperature 
expected in the subsequent measurement cycle, followed 
by cooling to a temperature 100 °C below the melt solidi-
fication temperature. Thereafter, measurements were 
carried out in the heating–cooling mode. The aggregate 
state of  the  sample was monitored using the  damping 
decrement values. Fig. 6 presents the temperature depen-
dence of  the damping decrement for a crucible contain-
ing the Co68Si32 melt obtained after remelting the sample 
for 10 min at 1650 °C and cooling to  1150 °C prior 
to the measurement cycle. Under these experimental con-
ditions, the temperature dependences of the damping dec-
rement obtained during heating and subsequent cooling 
coincide and exhibit a monotonic character without any 
special features.

 Conclusions

It has been demonstrated that boundary conditions 
at the melt upper boundary and the methods of prelimi-
nary sample preparation significantly affect the  results 

Fig. 6. Temperature dependences of the damping decrement 
of a crucible with liquid Co68Si32 alloy: 

1, 2 – obtained during the first and second heating-cooling cycles 
without preliminary remelting; 3 – obtained after remelting according 

to the proposed scheme

Рис. 6. Температурные зависимости декремента затухания тигля 
с жидким сплавом Co68Si32: 

1, 2 – получены при первом и втором циклах нагрев – охлаждение 
без предварительного переплава; 3 – получена после переплава 

по предложенной схеме
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of  viscosity measurements of  metallic melts performed 
using the  oscillating-cup method. Under certain experi-
mental conditions, anomalies of a methodological nature 
may arise in the  viscosity–temperature dependences. 
The experimental features considered are a consequence 
of film effects, wetting phenomena, and irreversible pro-
cesses occurring either in the melt itself or in the melt–
crucible system. 

Film effects are associated with changes in the  state 
of  the  melt surface resulting from the  formation or 
destruction of  a viscous film. To identify and eliminate 
these effects during the  experiment, viscosity measure-
ments should be carried out under different boundary 
conditions at the melt upper boundary (without a lid and 
with a lid on the melt). 

The influence of  wetting phenomena on viscosity 
measurement results is caused by curvature of  the  melt 
upper boundary due to meniscus formation at low or high 
degrees of  wettability of  the  crucible walls by the  melt 
and, consequently, by changes in the contact area between 
the  liquid and the  crucible side wall. When measuring 
viscosity in crucibles with a lid at the melt upper bound-
ary, the influence of wetting can be eliminated by select-
ing appropriate conditions for preliminary remelting 
of the melt or by adjusting the mass of the lid. 

High adhesion of the alloy to the crucible walls com-
bined with a significant difference in their thermal expan-
sion coefficients leads to crucible destruction during cool-
ing of  the sample below the crystallization temperature. 
The onset of crucible destruction gives rise to irreversible 
processes in the melt–crucible system and manifests itself 
as hysteresis in the  viscosity–temperature dependences. 
To eliminate these processes, a preliminary remelting 
mode is proposed that involves superheating the  melt 
to the maximum temperature expected in the subsequent 
measurement cycle, followed by cooling to a temperature 
100 °C below its solidification temperature.
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