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Abstract The surface tension, density, and viscosity of the Ni-based superalloy
CMSX-4� have been determined in the temperature ranges of 1,650–1,850 K, 1,650–
1,950 K, and 1,623–1,800 K, respectively. Each property has been measured in par-
allel by different techniques at different participating laboratories, and the results
are compared with the aim to improve the reliability of data and to identify rec-
ommended values. The following relationships have been proposed: density-ρ (T )
[kg·m−3] = 7,876−1.23(T −1, 654 K); surface tension-γ (T )[mN·m−1] = 1,773−
0.56(T − 1,654 K); viscosity-η (T ) [mPa · s] = 8.36 − 1.82 × 10−2(T − 1, 654 K).
For a comparison, surface-tension measurements on the Al-88.6 at% Ni liquid alloy
with the same Al-content as the CMSX-4� alloy were also performed. In addition,
the surface tension and density have been theoretically evaluated by different models,
and subsequently compared with new experimental data as well as with those reported
in the literature. The surface-tension experimental data for the liquid CMSX-4� alloy
were found to be close to that of the Al-88.6 at% Ni alloy which is consistent with
results from the compound formation model (CFM).
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1 Introduction

Reliable data on the thermophysical properties of industrial alloys in the liquid phase
are of increasing importance in the modeling of industrial casting and solidification
processes, welding, and surface treatments. The surface tension, density, and viscosity
are important parameters in the modeling of the above processes for the prediction
of defects. With the improvement of algorithms, the quality of a simulation is limited
primarily by the accuracy of the input parameters characterizing the material under
study. Unfortunately, the high chemical reactivity of many liquid alloys make accu-
rate measurements of these properties impossible. It is well known that gas impurities,
such as sulphur and oxygen, can dramatically influence the determination of the ther-
mophysical properties of liquid metals and alloys [1]. The large scatter which is often
found in the experimental data could, to some extent, be attributed to the presence
of these impurities, mainly oxygen, in the atmosphere around the metal sample. In
particular, oxygen can strongly affect the surface-tension value and its temperature
coefficient even if it is present in really small quantities. This fact was experimentally
confirmed on pure metals [2,3] and their alloys [4] by using different measurement
techniques.

This pertains, in particular, to high-temperature melts, such as the Ni-alloys and
Ti-alloys which are of considerable technological interest. Among the thermophysical
properties, the surface tension, density, and viscosity of a Ni-based superalloy, referred
to as CMSX-4, were measured and presented here.

Measurements have been performed in parallel at different participating laborato-
ries in order to discern potential sources of systematic measurement errors associated
with different equipment and/or methods. This approach has proved to be very useful
in obtaining reliable thermophysical property data. In addition, theoretical modeling
of thermophysical properties was applied, in particular, to the surface tension. An
understanding of the factors influencing the compositional dependence of the surface
tension, as for any other thermophysical property, is important in order to provide
reasonable extrapolations of measured values to a whole range of related alloy com-
positions. For a proper interpretation of experimental results, the effects of compound
formation were analyzed.

In this study, the surface tension of nickel-based superalloy CMSX-4� was mea-
sured by means of sessile-drop techniques at temperatures just above the liquidus
and higher. The measurement of the density was performed by a levitation diffusivity
technique, while that of the viscosity with an oscillating cup viscosimeter. The pres-
ent study was carried out based on the technique and knowledge acquired from the
previous experiments [5–7]. CMSX-4� is a nickel-based superalloy widely used in
the aerospace industry for turbine blades. Despite its technological relevance, only
few data on its surface tension and density are available in the literature [8–10], while
for viscosity a complete lack of data was found. The experimental investigations
of the surface tension of industrial alloys have been augmented by thermodynamic
modeling. The effects of compound formation on the surface tension have been inves-
tigated, taking the Al–Ni binary system as a model system for this class of industrial
alloys.
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Table 1 Composition of the CMSX-4� alloy as received

Composition at% Al Ti Cr Co Ni Ta W Re Mo Oth.

Nominal 12.58 1.29 7.45 9.86 62.17 2.17 2.11 0.94 0.38 1.05
By EDS 12.00 1.35 7.57 9.94 63.32 2.14 2.26 1.08 0.34 N.D.

2 Surface Tension

The CMSX-4� alloy was supplied by courtesy of Doncaster (Germany). Energy dis-
persive spectroscopy (EDS) analysis performed on the alloy as received showed sub-
stantial agreement with the nominal composition (Table 1). Samples of the same batch
were used by different laboratories.

The surface tension of the alloy was measured in a flow of purified inert gas by the
sessile-drop method. Two different techniques were applied: the X-ray sessile-drop
[5] and the large-pinned drop [7]. The experiments were performed from the liquidus
temperature and above: the CMSX-4� liquidus temperature is Tl = 1654.5 ± 4 K
[11].

2.1 Surface-tension Measurements by X-ray Sessile-drop Technique

The apparatus used for the X-ray sessile-drop technique consists of an X-ray image
analyzer and a graphite resistance furnace [9]. A schematic diagram of the apparatus
is shown in Fig. 1. The X-ray unit is a Philips BV-26 imaging system with an X-ray
source of 40–105 kV. The X-ray tube has a focal spot size that could be varied between
0.6 mm and 1.5 mm. The imaging system consists of a CCD camera with digital noise
reduction. An IBM pc equipped with an image acquisition card enabled recording
of the X-ray images. The furnace used in the equipment was acquired from Thermal
Technology Inc. (Model 1000-3500-FP20). The graphite heating elements in the fur-
nace, rated at 20 kV A, were capable of heating the furnace to 2,573 K. The furnace
was controlled by a Eurotherm temperature regulator within ±2 K using a Type B ther-
mocouple. Quartz windows of 40 mm in diameter were provided on both sides of the
furnace for the X-ray source and detector. The reaction tube inside the furnace, with
an inner diameter of 70 mm, is made of recrystallized Al2O3. Appropriate radiation
shields are provided to ensure a good even-temperature zone, the length of which was
measured to be about 70 mm.

The entire system was capable of operating under vacuum, inert gas, or gas mixtures.
Appropriate gas-cleaning trains have been assembled to ensure that the impurity level
in argon gas is very small. The argon gas supplied by AGA Gas AB, Stockholm
(99.9997 at% with < 5 ppm O2 and < 5 ppm CO2) was passed through silica gel and
ascarite in order to remove traces of moisture and CO2 present in the gas, respec-
tively. Final traces of moisture in the gas were removed by passing through a col-
umn of Mg(ClO4)2. The oxygen impurity in the gas was removed by passing the gas
through copper turnings at 823 K and through magnesium chips at 773 K. Earlier exper-
iments in the Department of Materials Science and Engineering, Royal Institute of
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Fig. 1 Schematic diagram of the X-ray sessile-drop unit (KTH)

Technology, Stockholm have shown that these purification steps enabled the lower-
ing of the partial pressure of oxygen in the argon gas to levels below 10−15 Pa. The
alumina crucible with the sample was positioned on an exactly horizontal pedestal
in the even-temperature zone of the furnace, in the vision field of the X-rays. The
system was then evacuated and filled with purified argon gas repeatedly. The furnace
was started when the oxygen partial pressure of the outgoing argon gas measured
by a Ca-stabilized ZrO2 oxygen sensor attained a value of less than 10−14 Pa. When
the required temperature was reached, the system was allowed to equilibrate for at
least 1 h before the measurements were carried out. The temperature of the samples
was measured by a Pt-30%Rh/Pt-6%Rh thermocouple, which was previously cali-
brated. The temperature of the sample was found to be stable within ±1 K during
the experiments. All the measurements were conducted by heating the samples to the
maximum temperature and then performing measurements during the cooling cycles.
The results were analyzed using software developed by the Department of Materials
Science and Engineering, Carnegie-Mellon University, Pittsburgh, PA. The graphic
part of the image analysis program, used together with this software, was developed at
the Department of Materials Science and Engineering, Royal Institute of Technology,
Stockholm.

2.2 Surface-tension Measurements by the Pinned-drop Method

A variant of the large-drop method [1] called the pinned-drop method [7] has been
applied. In this case, the solid support is a special circular crucible with sharp edges.
The design of the edges of the crucible blocks the triple line at an “apparent” contact
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angle that is much higher than the real one, and the axisymmetry of the drop can be
imposed. A further advantage of the pinned-drop method is the high accuracy due to
the large drop used; in fact, the size of the drop was chosen so that the error in surface
tension did not exceed 1%.

The main experimental apparatus used consists of a tubular furnace, made up of two
concentric, horizontal, alumina tubes, connected to a high vacuum line. The furnace is
mounted on anti-vibration supports, and it can reach temperatures up to 1,773 K. The
system can be used to work under a high vacuum (total pressure of 10−4/10−5 Pa)
or under controlled atmospheres such as high purity Ar (Air-Liquide Ar-N60 type,
99.9999 at% with < 0.1 ppm O2 and < 0.1 ppm CO2) or oxidizing atmospheres, such
as He–0.2 at% O2 mixture, as well as under reducing atmospheres as in the case of Ar-
5 at% H2 mixture. The necessary cleanliness of the environment is assured by the high
quality of the materials used and a systematic procedure of backing before each exper-
iment. A feed gas plant is also present to avoid any contamination. A high-precision
flowmeter (Brooks�) and micro-leak valve (Nupro�) allow a precise and controlled
amount of the gas flux inside the chamber (mean flow rate = 50 cm3 · min−1). The
operative conditions are continuously monitored. The temperature of the samples was
measured by a Pt/Pt-10%Rh thermocouple, which was previously calibrated. During
the measurements, the temperature of the sample was found to be stable within ±2 K.
The oxygen partial pressure was monitored by using two ZrO2 oxygen sensors (µ-
gauges POAS/SETNAG�) with the Pd/PdO internal reference. The sensors measure
the oxygen content in the feed and in the exhaust gas.

Samples of the CMSX-4� alloy with a mean mass of 2.5 g were mechanically
abraded and chemically cleaned with an organic solvent in an ultrasonic bath. The
sample was placed in a non-oriented monocrystalline alumina (sapphire) crucible
(r = 5.5 mm). The crucible with the sample was laid on an alumina holder sliding in
the experimental apparatus. When the apparatus conditioning (temperature, oxygen
partial pressure) was reached, the sample was introduced into the center of the fur-
nace by a pushrod magnetic manipulator. In this position the specimen, back-lit by
a stabilized lamp, was monitored by a CCD camera (Cohu 4710). An optical bench
allowed perfect alignment and uniformity of the light with the sample. In order to
obtain a monochromatic light and to cut infrared emissions, optical filters were inter-
posed between the view ports of the test chamber and the CCD camera. In addition, the
chamber position can be set to insure that the crucible and the sample are horizontal.
The CCD camera is equipped with standard high quality photographic lenses.

To allow measurement repeatability, the focusing, focal length, and diaphragm of
the optical system were kept fixed. The acquisition frequency can be up to 10 points
per second with an uncertainty up to 0.1%. For the acquisition and processing of the
drop image, the IMAGING (National Instruments) system is used. The surface tension
is estimated, basically, by using the nonlinear regression method proposed by Maze
and Burnet [12]. The profile of the liquid drop obtained was acquired by dedicated
software under the Labview� system, which can be used to obtain the surface-tension
value in real time (A.S.T.R.A. view) [13]. The magnification factor was evaluated
for each image used for the surface-tension measurements. Other output of particular
parameters and quantities (drop volume, density, drop weight, shape factor, contact
angle, etc.) can also be obtained.
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At each temperature, the drop was allowed to equilibrate for a time ranging from
10 to 20 min. Measurements were done only during the stepwise cooling in order to
improve reproducibility. The temperature was decreased step by step from 1,773 to
1,654 K. Sapphire crucibles were used to perform measurements both under a pure Ar-
atmosphere or an Ar-5%at H2 mixture fluxing (flow rate 3L·h−1); a Ta-getter placed
close to the sample was also used.

In order to compare the results obtained for the CMSX-4� commercial alloy as
well as to complete the scarce experimental data on the Al–Ni alloys reported in the
literature [14–16], surface-tension measurements of the Al-88.6 at% Ni liquid alloy
were also performed following the same procedures adopted for the CMSX-4� com-
mercial alloy. Both alloys have the same Al-content and thus, the Al-88.6 at% Ni alloy
is relevant for a comparison with the CMSX-4� alloy.

The Al-88.6 at% Ni alloy samples were prepared by arc melting by mixing high
purity nickel and aluminum (99.9999% Marz-grade). EDS analysis was performed
on the alloy to check the actual composition. The pinned-drop experiments were per-
formed following the same procedure used for the CMSX-4� alloy. Samples with
a mean mass of 2 g were mechanically and chemically cleaned and then placed in
a specially designed ZrO2 crucible [7], previously treated at T = 1,773 K under high
vacuum for 30 min in order to reach the stable stoichiometry of an oxygen-deficit zir-
conia (i.e., ZrO2−x ) [17]. Measurements were carried out during the stepwise cooling
in the temperature range from 1,773 to 1,730 K under vacuum.

The uncertainty in the surface-tension value stems from both equipment and analy-
sis, which is estimated to be ±2%. Density values used as input data were taken from
Ref. 18.

2.3 Surface-tension Measurement Results

In the study by the X-ray sessile-drop method, two runs were conducted to confirm
the reproducibility. The measurements where performed under purified argon gas. At
each temperature, five to 10 X-ray pictures were taken by changing the power of the
X-ray. At least two pictures showing the image most sharply were used for the analysis
of the surface tension for the first and second runs. After the experiments, microscopic
examination of the samples did not reveal any sign of surface oxidation.

The measurements of the surface tension of the CMSX-4� alloy by the pinned-
drop method were performed under both an inert Ar-atmosphere and a reducing Ar-
5%H2 atmosphere, in the temperature range of 1,650–1,780 K. Each surface-tension
value reported represents the mean value of five runs performed at each tempera-
ture. Under pure Ar, the surface-tension temperature coefficient was dγ /dT = −0.25
mN · m−1 · K−1 and the mean value at the reference temperature was γ (1, 654 K) =
1, 844 mN · m−1; at temperatures higher than T = 1, 673 K, a rapid decrease in
the surface tension was observed with surface-tension values of γ (1, 725 K)

= 1, 607 mN · m−1 and γ (1, 763 K) = 1, 447 mN · m−1. As a general rule, similar
behavior has been observed where the sample has become contaminated with oxygen
[19]. In fact, the EDS analysis performed on the surface of the CMSX-4� drop after
the experiment under an Ar-atmosphere (Fig. 2a) confirmed the presence of a high
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Fig. 2 SEM micrographs of the CMSX-4� drop surface after the experiments were performed (a) under
Ar-atmosphere (PO2 < 10−3 Pa) and (b) under Ar-5%H2-atmosphere (PO2 ≈ 10−13 Pa)

oxygen concentration and Al-surface segregation, so that this set of data has not been
considered reliable.

The experiments under an Ar-5%H2 atmosphere were performed in the presence of
a Ta-getter close to the sample. In this case, the oxygen partial pressure in the environ-
ment was PO2 ∼= 10−13 Pa and the experimental conditions were very close to those
adopted during the X-Ray sessile-drop experiments, obtained by the inert gas puri-
fication (PO2 ∼= 10−15 Pa). After the experiment performed under such conditions,
the EDS analysis of the surface of the solidified drop did not reveal the presence of
oxygen or oxide film on the surface (Fig. 2b).

Experiments under a vacuum (Ptot ∼= 10−2 Pa), by using the same methodologies
and procedures previously described, have been also carried out in both laborato-
ries. During these experiments, a large evaporation of molten sample was observed at
temperatures above 1,700 K, hampering the experiments due to the deposition of evap-
orated metal on the view ports. All surface-tension values obtained by the sessile-drop
techniques are given in Fig. 3. It is important to mention that only the measurement
at the melting point performed under vacuum has been taken into account (�-symbol,
Fig. 3).

Figure 3 clearly shows that the surface-tension values of both laboratories obtained
by the sessile-drop methods are significantly higher when compared with the val-
ues measured by the oscillating and pendant drop techniques [8], i.e., γ (1,654 K) =
1,530 mN · m−1 and γ (1,654 K) = 1,590 mN · m−1, respectively.

The presence of a reducing atmosphere and the high temperatures should allow the
surface-tension measurements to be performed in oxygen-free conditions [7], due to
the formation of volatile oxides leaving the liquid surface. In fact, it has been dem-
onstrated that, from a fluid-dynamic point of view, the Knudsen regime and diffusive
regime are equivalent in the definition of the oxidation/de-oxidation transition limit
of a liquid metal surface [20].

An increase in the surface-tension values observed at T < 1,730 K can be attributed
to the formation of stable oxide skin caused by the predominance of the segregation
effect over that of evaporation at lower temperatures.
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Fig. 3 Surface tension of the CMSX-4� alloy as a function of temperature: (∗) pinned drop under Ar-
5%H2 atmosphere; (�) pinned drop under a vacuum; (�) X-ray sessile drop; (�) oscillating drop [8]; (◦)
pendant drop [8]; broken line: fit of experimental data (Eq. 1 in the text). Tl is referred to as the melting
temperature

Moreover, after the experiments, by visual inspection, the samples were shiny and
easy detachable from the sapphire crucible demonstrating that no strong interactions
occurred between the liquid metal and the crucible material. This last effect seems to
contradict evidence reported in the literature [21] concerning the strong interactions
occurring at the Al/Al2O3 interface at temperatures higher than 1,373 K.

Taking into account that no contamination came from sapphire crucibles and the
effect of the oxidative-segregation occurred at lower temperatures, only the surface-
tension data obtained at higher temperatures have to be considered as reliable. Thus,
a more reasonable relationship of the surface tension of the CMSX-4� alloy as a
function of temperature can be proposed (broken line in Fig. 3):

γ (T )[mN · m−1] = 1,773.3 − 0.56(T − 1,654 K) (1)

The temperature coefficient of Eq. 1 is close to the corresponding values for pure
metals which are between −0.1 and −0.7 mN · m−1 · K−1 [22].

The reliability of Eq. 1 can be confirmed taking into account the results obtained
from the surface-tension measurements of the Al-88.6 at% Ni alloy, having the same
Al-content as the commercial alloy, the object of this study. The surface tension of the
Al-88.6 at% Ni alloy measured by the pinned-drop method can be described by

γ (T ) = 1,781 − 0.40(T − 1,713 K)[mN · m−1] (2)

The surface-tension value of the Al-88.6 at% Ni at T = 1,913 K, relevant for a
comparison with the CMSX-4 alloy, is γ (1,913 K) = 1,701 mN · m−1. The value
reported in the literature [15] or the alloy composition close to the previous one,
Al-89.7 at% Ni, is γ (1,913 K) = 1,551 mN · m−1, with a temperature coefficient
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dγ /dT = −0.38 mN · m−1 K−1. The value of the CMSX-4� alloy calculated by Eq.
1 at the same temperature is γ (1,913 K) = 1,628 mN · m−1. As the CMSX-4� alloy
is a Ni-based multicomponent alloy, its surface tension should be close to that of Ni,
which is γNi = 1,760 mN · m−1[23] at T = 1,913 K. On the other hand, the CMSX-
4� alloy contains ≈12 at% Al having a surface tension close to γAl = 720 mN · m−1

[21, 24] at the relevant temperature. Accordingly, the surface tension of the CMSX-
4� alloy should therefore be lower than that of Ni. Moreover, the presence of metals
having a surface tension higher than that of Ni together with several refractory metals
(≈6 at%) in the CMSX-4� alloy as minor components, justifies the high surface ten-
sion obtained by the sessile-drop experiments. Furthermore, two other factors have to
be taken into account: (a) a possible contribution of Al-vapor pressure (PAl = 36.9 Pa
at T = 1,773 K) [25], although the observed mean mass loss of the samples during
the sessile-drop experiments was not higher than 1%, which is also confirmed by the
slight deviations of the density values and (b) the possible formation of different inter-
metallic compounds. In fact, all Al–X subsystems (X = Ni, Co, Cr, Ti, Mo, W, Re) [26]
are compound forming alloys, and CMSX-4� as the combination of these systems
(Table 1) is of the same type. So the presence of intermetallics in the solid state and of
clusters with the same stoichiometry in the liquid phase has to be taken into account
[27]. Accordingly, the theoretical evaluation of the surface tension of the CMSX-4�
alloy has been done in Sect. 5.

3 Density

The density of the CMSX-4� liquid alloy was measured as a function of temperature
by a levitation technique. Density measurements have been also performed by the ses-
sile-drop method. The experimental values obtained by the two different techniques
were compared with each other, and with the values calculated by different methods.

3.1 Measurement of Density

The density has been measured by a levitated-drop method, in which the volume of a
droplet of known mass is determined from digital images obtained while it is suspended
in an electromagnetic field. The apparatus (Fig. 4) consists of a turntable chamber at
the bottom to hold a number of samples, a sealed pushrod which raises a sample into
a square, and an optically flat sided tube which acts as an environmental chamber.
An opposing turn levitation coil surrounds the tube. When an rf current (220 kHz) is
applied to the coil, the sample levitates and is heated. The temperature is monitored
by a two-color (0.9 and 1.1 µm) pyrometer, and controlled by varying the mixture of
two gases of differing thermal conductivity (usually Ar and He or H2) flowing through
the apparatus. Digital cameras are placed in three planes around the sample to record
images of the droplet simultaneously, so as to freeze any motion of the drop. Initially,
a ball bearing of known diameter is placed in the tube and photographed in order to
scale the subsequent images. Samples are weighed and placed on the turntable. After
purging with gas, each sample is levitated and heated to a stable temperature, then a
series of images are recorded. The samples are then cooled and reweighed. Images
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Fig. 4 Apparatus for density measurements (NPL)

from the top camera are reviewed, and all images with a circular cross section are
selected. The corresponding side views are scaled from the image of the ball bearing,
and analyzed to determine the edge of the drop, the axis of symmetry, and, from radii
taken along the axis, volumes of revolution. These are summed to give the total volume
of the drop, and from the mean mass of the sample, the density is derived.

The density has been also measured by the sessile-drop technique applying the
same methodology used for the determination of the surface tension described in
Sects. 2.1 and 2.2. The density of the CMSX-4� alloy was calculated from the drop
mass and volume measured at each temperature obtained during the automatic acqui-
sition procedure. In this case, the uncertainty in the density values is estimated to be
±0.1%.

3.2 Density Measurement Results

The results of density measurements of the CMSX-4� in the temperature range be-
tween 1,654 and 1,843 K are shown in Fig. 5, together with the calculated values as
described in Ref. 18. Applying the linear regression law to the experimental density
data, the relationships between density and temperature can be expressed as

ρLD(T )[kg · m−3] = 7,781 − 0.41(T − 1,654 K) (3)

ρSD(T )[kg · m−3] = 7,880 − 1.32(T − 1,654 K) (4)
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Fig. 5 Density of the CMSX-4� alloy as a function of temperature: (�) levitated drop; (∗) sessile drop;
solid line: fit of experimental data; broken line: calculated values [18]. Tl is referred to as the melting
temperature

The results obtained by the sessile-drop (SD) experiments are in agreement with
those obtained by the levitated-drop (LD) experiments. In fact, where the temperature
ranges overlap, the results obtained from both experiments agree to better than 1.5%.
When the two sets of experimental data are combined, a recommended relationship of
the density of the liquid CMSX-4� alloy, over the temperature range 1,654–1,843 K
is obtained:

ρ(T )[kg · m−3] = 7,876 − 1.23(T − 1,654 K) (5)

Recently [10], a relationship between density and temperature for the CMSX-4�
liquid alloy has been recommended, on the basis of density measurements performed
by a modified pycnometric method:

ρpy(T )[kg · m−3] = 7,740 − 0.87(T − 1,660 K) (6)

The results obtained by this method yield density values lower by 2% with respect to
those obtained by the sessile-drop method, which is a comparable method. An expla-
nation of this discrepancy is probably two-fold, i.e., the accuracy of the measurements
and the differences in the alloy composition.

A theoretical estimation of the CMSX-4� density as a function of temperature can
be done following the calculation described in Ref. 18 on the basis of Vegard’s rule:

ρCALC(T )[kg · m−3] = 7,576 − 0.99(T − 1,654 K) (7)

Keeping in mind that the approach [18] is recommended for regular alloys [28],
when applied to compound-forming alloys, such as CMSX-4�, the proposed density–
temperature relationship can be only taken as the first approximation. Another model
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was suggested by Mills [29] giving the theoretical relationship between density and
temperature, as follows:

ρM(T )[kg · m−3] = 7,754 − 0.9(T − 1,654 K) (8)

In this case, the deviation between the measured data and the calculated values was
less than 1.5%.

4 Viscosity

Measurements of the viscosity of CMSX-4� were performed at the National Physical
Laboratory using an oscillating-cup viscometer [30]. A cylinder of liquid, contained
in a crucible suspended on a wire, is oscillated axi-symmetrically. After initiation of
the oscillations, the rate of decay is measured. The main advantages of the method are
that the time period and decrement are easily measured and the amount of liquid is rel-
atively small which allows stable temperature profiles to be attained. One of the major
difficulties is relating the measured parameters to the viscosity through the Roscoe
equation [31].

Figure 6 shows the overall design of the oscillating viscometer. The sample is con-
tained within an alumina crucible with an alumina lid, screwed to the end of a molyb-
denum suspension rod and Pt-8%W torsion wire. A rotary solenoid is connected to
the wire to set the system oscillating. The suspension wire is contained within a water
jacket maintained at 303 K. Above the suspension rod and below the wire is mounted
a flat mirror, and a window within the jacket wall allows a 1 mW laser to shine directly
at the mirror. The reflected light from the mirror is detected by an array of 40 light-
sensitive diodes arranged in an arc (∼ 60◦) of a circle. The output voltages from the
diode array are recorded by a computer, which can then reconstruct the oscillations as
a sine wave, and by use of a downhill simplex algorithm, the logarithmic decrement of
the oscillation can be derived. A two-zone furnace with an extensive uniform hot zone
for temperatures up to 1,650 K is used to heat the specimen. A close-ended alumina
work tube is used to enclose the crucible, and a graphite radiation/heat sink is situated
above the crucible. The presence of the graphite helps to reduce the oxygen potential
in the flowing Ar-atmosphere. The measurements were carried out in a series of steps
in which the temperature was allowed to equilibrate. A measurement uncertainty of
±9% within a 95% confidence limit is claimed, which is principally contributed to
the extrapolation of the dimensions of the crucible and the height of the liquid at high
temperatures [32].

4.1 Viscosity Results

The results of the measurements performed are shown in Fig. 7, and are compared to
measurements also made at NPL on pure nickel and IN718, another commonly used
nickel superalloy. Individual measured points are shown, five of which were taken at
each temperature. At higher temperatures, above 1,760 K, the data show more scatter
than at lower temperatures. This is likely to be due to instabilities of the suspension
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computer
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Fig. 6 Oscillating viscometer (NPL)

Fig. 7 Viscosity of the CMSX-4� alloy (�) as a function of temperature compared with viscosity data of
IN718 (♦) and Ni (◦)

system during the initial measurements rather than a thermochemical effect, as these
were made prior to the measurements below 1,760 K. The sample exhibited underco-
oling of 15 K, allowing a measurement to be made at 1,640 K, where the sample was
fully liquid. However, the sample was predominantly solid by 1,620 K when a further
measurement was attempted. Although the viscous behavior of metals is a thermally
activated process, and usually an Arrhenius behavior is observed, the experimental
data obtained in this study, over the temperature range measured, can be adequately
described by a linear regression of the following form:

η(T )[mPa · s] = 8.36 − 1.82 × 10−2(T − 1,654 K) (9)
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It was not possible, with the amount of material available in this study, to make further
measurements at higher temperatures, and thus discover where a nonlinear relation
could be observed. However, the results are consistent with the trends shown in other
measurements on nickel at NPL, as Fig. 7 shows how increasing the complexity of the
composition in the alloy increases the viscosity.

5 Modeling of the Surface Tension

Due to difficulties to obtain reliable experimental data on thermophysical properties
of liquid alloys at high temperatures, the prediction of these data is often necessary.
In such case, it is possible to predict property values analyzing the dominant ternary
system and/or its binary subsystems formed by the main components of a multicom-
ponent system and taking into account the influence of minority components on that
property. Accordingly, to address correctly the definition of thermophysical proper-
ties of the CMSX-4� alloy the Al–Ni system was taken as a model system for the
industrial alloy [16].

Many alloys characterized by the formation of intermetallic phases in the solid
state with different solubility limits, exhibit in the liquid phase an associative tendency
among the unlike constituent elements. The compound formation model (CFM) [33]
for binary systems takes into account the effects of short-range-order phenomena on
the surface (surface tension and surface segregation) and the transport properties (dif-
fusivity, viscosity) as well as on the microscopic functions (concentration fluctuations
in the long wavelength limit and Warren–Cowley short-range-order parameter) [27].
The mixing properties of such molten alloys deviate from the regular solution behavior
and show a well-defined peak at one or more concentrations, which lie in the vicinity of
the stoichiometric compositions of energetically favoured intermetallic compounds.
However, the predictive power of this model, and of nearly all thermodynamic models
for the description of macroscopic thermophysical properties depend on a knowledge
of the interaction energy parameters which are rarely known and have to be adjusted
using thermodynamic data.

5.1 Surface Properties of Binary Liquid Alloys: CFM and Regular Solution Model

The generalized CFM formalism treats an alloy as a pseudo-ternary mixture of A
atoms, B atoms, and AµBν (µ and ν are small integers) groups of atoms or clusters
with the stoichiometry of the intermetallics present in the solid state, all in chemical
equilibrium with one another [27,34]. The absence of clusters in the melt reduces
the model to the quasi-chemical approximation (QCA) for a regular solution. Butler’s
concept of a layered interface structure and the relationship between the component’s
activity in the bulk and the surface phase are basic hypotheses of both models [35]. The
CFM formalism in the strong interaction approximation has been successfully applied
to the Al–Ni system to describe the surface properties in the liquid state with respect
to the AlNi, taken as an energetically favoured intermetallic compound. Many details
on the calculations of thermodynamic and thermophysical properties of liquid binary
alloys based on AB-stoichiometry (µ = 1, ν = 1) in the framework of the CFM have
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been previously reported [33,36]. In the present work only two basic equations used
for the calculation of the surface-tension isotherms are given. The surface tension for
compound forming alloys can be expressed as:

γ = γA + kBT

α
ln

Cs

C
+ W

α

[
p

(
f s − f

) − q f
]

+
∑

i, j=A,B

�Wi j

α

[
p

(
f s
i j − fi j

)
− q fi j

]
(10a)

γ = γB + kBT

α
ln

(1 − Cs)

(1 − C)
+ W

α

[
p

(
φs − φ

) − qφ
]

+
∑

i, j=A,B

�Wi j

α

[
p

(
φs

i j − φi j

)
− qφi j

]
(10b)

where γA and γB are surface tensions of components A and B, respectively. C and Cs

are bulk and surface concentrations of A, while W and �Wi j are interaction energy
parameters. kB, T , p, and q are Boltzman’s constant, absolute temperature, and sur-
face coordination fractions, respectively. α is the mean surface area of the alloy. The
equations for surface tension derived by the CFM (Eqs. 10a and 10b) include the
concentration functions φ, φi j , fi j , φs, φs

i j , and f s
i j .

The surface tension described by the QCA for regular solution, is given by

γ = γA + kBT (2 − pZ)

2α
ln

Cs

C

+ ZkBT

2α

[
p ln

(βs − 1 + 2Cs)(1 + β)

(β − 1 + 2C)(1 + βs)
− q ln

(β − 1 + 2C)

(1 + β)C

]
(11a)

γ = γB + kBT (2 − pZ)

2α
ln

(1 − Cs)

(1 − C)

+ ZkBT

2α

[
p ln

(βs + 1 − 2Cs)(1 + β)

(β + 1 − 2C)(1 + βs)
− q ln

(β + 1 − 2C)

(1 + β)(1 − C)

]
(11b)

where β and Z are an auxiliary variable and the coordination number, respectively
[27]. In all equations the superscript s indicates the surface phase. The application of
both models, the CFM and the QCA for regular solutions, makes it possible to estimate
the effect of short-range-order phenomena on the surface tension, expressed by the
difference between the property values calculated by the two models.

5.2 Theoretical Evaluation of the Surface Tension

The study of the surface properties of multicomponent alloys, such as CMSX-4�,
should take into consideration the corresponding properties of its subsystems
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Fig. 8 Experimental values of the surface tension of CMSX-4 alloy (◦) together with calculated sur-
face-tension isotherms of Ni–Al alloys (CFM = compound formation model; REG = regular solution model;
ID = ideal solution) and experimental data: (+) [14]; (�) [15]; (∗) sessile drop [16], at T = 1,913 K

(binaries and ternaries) formed by the principal alloy components. Accordingly, Al–Ni
[16], Al–Co, Co–Ni [36] and Al–Co–Ni [37] have been analyzed in detail. Once these
systems were elaborated, the influence of the other alloy components (Table 1) has
been considered with respect to the dominant subsystem, Al–Ni.

In order to compare the experimental results of CMSX-4�, the surface-tension mea-
surements of the Al-88.6 at% Ni liquid alloy were also performed. Both alloys have
the same Al-content, and the last one yields an estimate of the CMSX-4� surface
tension in terms of a lower limit, approximating an overall contribution of refractory
metals from that of nickel.

Taking into account that the Al–Ni system belongs to compound forming alloys, the
mixing behavior of these alloys is certainly better described by the CFM as compared
to the REG. The AlNi intermetallic phase exists up to 1,911 K, its composition, CNi,
varies between 0.42 and 0.68 [26,38], and it was taken as energetically favoured in our
calculations. The input data were the thermodynamic data of the Al–Ni liquid phase
[38] together with the surface tension reference data of pure Al [21,24] and pure Ni [23].

All experimental data on the surface tension of liquid Al–Ni alloys together with
the CMSX-4� value measured at 1,913 K as well as the surface-tension isotherms
calculated by the CFM (Eqs. 10a and 10b) and QCA for regular solutions (REG) (Eqs.
11a and 11b) are shown in Fig. 8. The contribution of the short-range-order to the sur-
face tension of liquid Al–Ni alloys has been estimated by the difference in the surface
tension calculated by the two models. As shown in Fig. 8, for the alloys with compo-
sitions close to those of energetically favoured intermetallic compounds, the presence
of associates or clusters in the liquid phase increases the surface tension up to 10%.

The surface-tension isotherm calculated by the CFM exhibits a strong irregularity
near the compositions that correspond to intermetallic compound concentrations, and
agrees fairly well with the experimental data reported in the literature [15,16]. On the
contrary, the data reported by Eremenko et al. [14] exhibit an anomalous trend. The
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experimental surface-tension data of the Al-88.6 at% Ni and the CMSX-4� determined
in this work exhibit good agreement with the theoretical values obtained by the CFM.

6 Conclusions

The surface tension, density, and viscosity of the CMSX-4� superalloy have been
determined in the temperature ranges of 1,650–1,950 K, 1,650–1,850 K, and 1,623–
1,800 K, respectively.

The viscosity values are of comparable order to those of similar Ni-based alloys,
but higher than data reported in the literature. The experimental data as a function of
temperature can be adequately described using a linear regression law. The low scatter
in the data at the lower temperatures demonstrates the repeatability of the measure-
ments. The lack of viscosity data on CMSX-4� as well as the lack of a second reliable
method, which may be used to validate the oscillating cylinder method, means that
the data stand on their own merit.

Similar conclusions can be made for the density data. The experimental results
obtained from different methods are in good agreement with each other and agree
fairly well with the calculated values, so that the density of liquid CMSX-4� alloy
can be reliably described by the proposed relationship.

Good agreement was also found between the surface-tension experimental data
obtained by the sessile-drop method with different techniques. The surface-tension
experimental data of liquid CMSX-4� alloy can be reliably described by the pro-
posed relationship, and they were found to be in good agreement with those of the
Al-88.57 at% Ni alloy having the same Al-content.

The presence of high melting metals, such as Co, Mo, Ta, Re, and W with surface-
tension values significantly higher than that of Ni, justifies the high surface-tension
values observed for this multicomponent alloy as well as the contradictory results
obtained by other methods. A further confirmation of this achievement represents
very good agreement between the surface-tension values obtained in this work and
those predicted by thermodynamic model calculations.
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