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Abstract In the present work a high temperature oscil-

lating cup viscometer has been used to measure the vis-

cosities of liquid binary Al–Cu alloys. The dependence of

viscosity on temperature is well described by the Arrhenius

law. For constant temperature, the viscosity as a function of

copper concentration exhibits a maximum at a mole frac-

tion xCu = 0.7. This might be due to a pronounced chem-

ical short range order in the liquid phase at this

composition. As the comparison of existing phenomeno-

logical models describing viscosity as a function of com-

position to the experimental data is unsatisfactory, a new

model for the viscosity has been developed within this

work based only on a few assumptions and using the

enthalpy of mixing as input parameter which is easily

accessible. The agreement between model calculation and

experimental data is excellent.

Introduction

Viscosity is an outstanding thermophysical property which

is of great interest for the study of solidification of indus-

trial cast alloys and for the simulation of solidification

processes involving fluid flow. Among the cast alloys, the

binary Al–Cu system has found many applications, mainly

as light weight alloys in the automotive and aeronautic

industry. On the one hand, it is desirable to create a highly

accurate and reliable set of thermophysical property data of

the binary Al–Cu system which, on the other hand, is the

prerequisite to correctly predict thermophysical properties

of ternary or higher order systems containing Al and Cu.

One example is the ternary Al–Cu–Ag system, which lead

free solders are based on. Densities and viscosities of alloys

in this system have been measured by Brillo et al. [1].

Surface tensions have been determined in electromagnetic

levitation by [2–5] using the oscillating drop technique and

densities and excess volumes [6, 7] again in electromag-

netic levitation by a shadowgraph technique.

Jones and Bartlett [8] measured the viscosities of Al–Cu

binary alloys up to a maximum Cu concentration of

xCu = 0.173, corresponding to the composition of the first

eutectic in the phase diagram. Gebhardt et al. [9] also used

the oscillating cup technique to determine viscosities of

Al–Cu alloys in the Al-rich corner up to a maximum Cu

content of xCu = 0.05, Lihl et al. [10] up to xCu = 0.215.

Two of these measurements [8, 9] have been performed at

a time when the Roscoe [11] equation has not yet been

developed.

Due to the rather high melting temperature of Cu, a

comprehensive study of Cu-rich alloys has not been pos-

sible in the past. The maximum temperature for the vis-

cosity measurements of Jones and Bartlett [8] is restricted

to 1123 K. For Gebhardt et al. [9], the maximum temper-

ature for their viscosity measurements is 1273 K, and the

temperature-dependent viscosities of Al–Cu reported by

Lihl et al. [10] are limited to a maximum temperature of

1173 K. Gebhardt et al. [9] determined the temperature

dependence of the viscosity between 1173 K and the

melting point in steps of 100 K, resulting in four data

points per alloy. The absolute values for viscosity in
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dependence of temperature of Jones and Bartlett [8] differ

quite largely from those of Gebhardt et al. [9].

More recent measurements have been carried out by

Friedrichs et al. [12], Plevachuk et al. [13], and Konstan-

tinova and Popel [14]. Plevachuk et al. [13] determined

viscosities of hypoeutectic Al–Cu alloys using an oscil-

lating cup viscometer and Konstantinova and Popel [14]

investigated the system up to xCu = 0.5. The maximum

temperature of both results was about 1250 K. In the work

of Friedrichs et al. [12], a gas bubble viscometer has been

employed for the measurement of viscosity, density, and

surface tension. In this method a spherical bubble shape is

assumed and the viscosity is obtained from Stokes’ law.

Although they reported viscosities for temperatures of up

to 1600 K, only Al-rich alloys close to the eutectic com-

position have been investigated. In summary, there is a

considerable lack of viscosity data on the Cu-rich side of

the binary Al–Cu system. Moreover, the reported viscosi-

ties are not consistent with each other.

On the other hand, with our high temperature oscillating

cup viscometer [15] we can reach a maximum temperature

of 2200 K while a highly pure and chemically inert

atmosphere is maintained.

In addition to the experimental facts, also several models

can be found in literature describing the dependence of

viscosity on composition. An overview on them is given,

for instance, in Ref. [16]. To some extent, they are all based

on thermodynamic parameters and predict the experimental

data of binary alloys with varying accuracy [17].

The model of Moelwyn-Hughes [18] relates the devia-

tion of the viscosity from ideal behavior to the enthalpy of

mixing of the two components A, B

g ¼ xAgA þ xBgBð Þ 1� 2
DHmix

RT

� �
: ð1Þ

In Eq. (1) gA and gB are the viscosities and xA and xB the

mole fractions of components A, B in the alloy, DHmix is

the enthalpy of mixing, R the universal gas constant, and

T the temperature.

Kozlov et al. [19] considered atomic vibration fre-

quencies to describe the Gibbs energy. For an alloy con-

sisting of N components, their model results in

ln g ¼
XN

ði¼1Þ
xiln gi �

DHmix

3RT
: ð2Þ

g is the viscosity of the alloy, gi are the viscosities and xi

the mole fractions of the pure components.

Seetharaman and Sichen [20] started from an Arrhenius-

type approach

g ¼ hNA

v
� exp

DG�

RT

� �
ð3Þ

where h is Planck’s constant, NA Avogadro’s number, v the

molar volume, and DG� the Gibbs activation energy of the

viscous flow. DG� can be expressed by the Gibbs activation

energies of the pure components DG�i and the Gibbs energy

of mixing DGmix. The model of Seetharaman and Sichen

[20] yields the following equation for a binary alloy

consisting of the components A and B:

g ¼ hNA

v
� exp

xADG�A þ xBDG�B þ DGmix þ 3RTxAxB

RT

� �

ð4Þ

A similar expression is derived by Kaptay [21], who

introduces the enthalpy of mixing DHmix multiplied with a

semi-empirical factor a ¼ 0:155, which has been adjusted

to a number of certain binary alloys.

g ¼ hNA

v

� exp
xADG�A þ xBDG�B � 0:155� 0:015ð Þ � DHmix

RT

� �

ð5Þ

In this equation, the molar volume v is given by

v ¼
X

i

x
i
v

i
þ DEv ð6Þ

Here, vi is the molar volume of component i and DEv the

molar excess volume.

Hirai [22] correlates the activation energy with the liq-

uidus temperature TL:

g ¼ 1:7� 10�7 q2=3T
1=2
L

M1=6
� exp

2:65 � T1:27
L

R
� 1

T
� 1

TL

� �� �

ð7Þ

M is the molar mass in kg mol-1, q the density in kg m-3.

In this equation, all quantities needed for calculation are

usually known. In the following, we present the model we

developed to describe our experimental data.

Experimental

All measurements have been carried out in a high tem-

perature oscillating cup viscometer. Details about the

experimental setup are described in literature [15]. At the

beginning of an experiment, the solid sample is contained

in a cylindrical crucible made of high temperature resistant

material, alumina in this case. The crucible is encapsulated

in an outer graphite container, attached to the torsion wire

and placed inside the high temperature furnace. The fur-

nace is part of a high vacuum system, which is first evac-

uated to a pressure of\2 9 10-6 mbar and then backfilled

with 400 mbar argon of high purity, 99.999 %. The sample

8146 J Mater Sci (2012) 47:8145–8152

123



is molten under argon atmosphere. Torsional oscillations of

the suspended crucible are excited by an electric motor.

The time dependent angular displacement of the oscillation

system is amplified by a laser beam, reflected from a

mirror, placed in the rotation axis. The reflected light

impinges onto a position sensitive detector (PSD) which is

read out by dedicated software. This software records the

time dependent oscillation and calculates the viscosity by

solving the Roscoe equation [23] for the motion of the

liquid numerically. The corrected version of the Roscoe

equation was used without the known misprint in the

original paper [11].

A pyrometer, calibrated at the liquidus temperatures of

several pure metals (Al, Cu, Ni, Co, Fe) records the tem-

perature during the experimental run. The temperature is

slowly decreased in steps of 1 K/min during data acquisi-

tion. One experimental run yields several hundred data

points over a wide temperature range. They generally fol-

low an Arrhenius’ law for the viscosity:

g ¼ g1 � exp
EA

RT

� �
: ð8Þ

Here g1 is the pre-exponential factor, which can be

interpreted as an asymptotic viscosity for very high tem-

peratures. EA is the activation energy of the viscous flow,

R the universal gas constant, and T the temperature. From

the Arrhenius fits for alloys of different composition, the

dependence of viscosity upon composition can easily be

derived by calculating isotherms for several constant

temperatures.

Starting materials for alloy preparation were the pure

elements Cu (nuggets, [99.99 %, Umicore Belgium) and

Al (granules, 99.99 %, ChemPur Germany). Prior to sam-

ple preparation, the required weights of Cu and Al were

calculated corresponding to the desired composition. The

calculated masses of the elements were cut, polished,

rinsed with water and isopropanol. Cu was additionally

cleaned with concentrated acetic acid (50 %) to remove

surface oxides and rinsed with water and isopropanol for a

second time. Finally the prepared amounts of Cu and Al

were put into a cup made from alumina (Haldenwanger,

Germany) which had also been cleaned with isopropanol

before. For Cu-rich alloys, cups of 50 mm height and

16.5 mm in diameter were used. Because of the consider-

ably lower density of Al compared to Cu, for Al-rich alloys

larger cups with 26 mm in diameter and the same height

had to be employed. This procedure is justified as for the

Al- rich melts the viscosity is comparatively low. The total

masses of the samples were kept in a range from 21 to

28 g, the deviation from the nominal composition was

lower than 0.1 %. The cup was covered by a lid and

enclosed into an outer graphite container which was

attached to the oscillation system of the viscometer. Alloys

were prepared ‘‘in situ’’ by heating the mixed pieces of Cu

and Al in the furnace to 1873 K. At constant temperature

the liquid mixture was allowed for homogenization until

the recorded viscosity value was constant for at least half

an hour. Then, the temperature was decreased continuously

by 1 K/min while measuring the viscosity in dependence of

temperature until solidification of the sample was observed.

Results and discussion

Viscosity as a function of temperature and composition has

been measured for the binary Al–Cu system covering the

whole composition range.

Viscosity data for the pure components Al and Cu have

been taken from literature [17, 24]. The value for the vis-

cosity of pure Al, quoted in ref 24 is slightly higher than

the recommended value given by Assael et al. [25]. For

consistency with our previous publication [1], we have

chosen to use the value of ref 24. For Al0.8Cu0.2 existing

data have been included measured earlier by Brillo et al.

[26]. Figure 1a shows the results for viscosity as a function

of temperature compared to the pure components.

A broad temperature range from 830 to 1600 K is cov-

ered by our measurements. This corresponds to a change in

the inverse temperature, T-1, by a factor of nearly two. The

scatter of the data is approximately ±10 %. For Al-based

melts, this can be regarded as low. With respect to the

dependence of the viscosity on composition, two facts

become obvious from Fig. 1a: Firstly, pure Al shows the

lowest viscosity compared to the alloys measured in the

present work. Secondly, for Cu mole fractions in the range

between xCu = 0.5 and 0.9 the absolute values of viscosity

are exceeding those of pure Cu. It follows that, for constant

temperature, the viscosity exhibits a maximum for a certain

composition.

For some compositions (Al0.9Cu0.1, Al0.5Cu0.5, Al0.7Cu0.3)

slight deviations from the Arrhenius functions occur in the

region of 104/T \ 6 K-1. As we could exclude that this was

caused by a possible loss of mass, these deviations are

unexpected to some extent.

In the case of Al0.4Cu0.6 the scatter of the experimental

data is slightly larger than for the other measurements.

During processing of this specific sample exceptional

vibrations occurred in the lab from which the sample could

not sufficiently be protected.

From an Arrhenius fit to the experimental data, the

energies of activation of the viscous flow EA and the

asymptotic viscosity g1 are obtained as functions of

composition. The results are compiled in Table 1.

The Arrhenius functions, calculated from the fit

parameters are shown in Fig. 1b where the viscosity is

plotted versus temperature.
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Despite the scatter of the data, especially for Al0.4Cu0.6,

the statistics of the Arrhenius fits are very good due to the

large number of data points recorded per experimental run,

which is one of the advantages of the used high tempera-

ture viscometer. From the Arrhenius functions fitted to the

experimental data, the viscosity can be calculated for bin-

ary Al–Cu as a function of composition. The isotherms in

Fig. 2 show a maximum in viscosity between xCu = 0.6

and 0.8. In the region of the maximum several intermetallic

phases in the solid exist as can be seen in the phase dia-

gram of binary Al–Cu (Fig. 3), calculated from the ther-

modynamic description by Witusiewicz et al. [27].

The same phenomenon has been observed for binary

Al–Ni [28], In–Sn and In–Bi alloys [29]. For certain

compositions in the Al–Ni system, where solid

intermetallic phases exist in the phase diagram, intensified

chemical short range order in the liquid, reminiscent of the

compound formation in the solid, is discussed as the reason

for an increase in viscosity [30–32].

For Al–Cu, however, it was shown that, in the case of

surface tension, compound formation in the liquid can

be ignored in the thermodynamic description and the

(sub-)regular solution model is sufficient [4]. As will be

shown further below the model is sufficiently precise

without considering compound formation in the model.

In literature several models can be found, which

describe viscosity as a function of composition for binary

alloys in dependence of thermophysical properties like

DHmix or TL. They are compared to the experimental data

in Fig. 2. The required input quantities, such as DHmix,

DGmix, EGmix and TL as functions of composition have been

calculated from CALPHAD models as described for Al–Cu

further below. Densities and molar excess volumes are

available from [6]. The model of Moelwyn-Hughes [18]

predicts the position of the maximum in viscosity correctly

between xCu = 0.6 and 0.8, but overestimates the absolute

values considerably. This behavior has also been observed

for binary Al–Ni alloys by Kehr et al. [28]. The model of

Kozlov et al. [19] also shows a weak maximum at about

xCu = 0.7, but underestimates the absolute values in the

region from xCu = 0.5–0.8. The curve calculated from the

model of Kaptay [21] exhibits a similar shape without a

pronounced maximum, predicting even lower viscosities.

The same applies for the model of Hirai [22], which cor-

relates the viscosity to the liquidus temperature of the alloy

in dependence of composition (liquidus line in the phase

diagram). The curve calculated from the model of See-

tharaman and Sichen [20] shows a minimum in viscosity

instead of the expected maximum.

In summary, the comparison of the viscosity models

described in literature to the experimental data of this work

(Fig. 2) clearly indicates, that the agreement is not satis-

factory so far.

Modeling

Model developed within the present work

As a consequence of the non-satisfactory agreement

between the existing models and our data, we pursued the

question, if it is possible to describe viscosities by a simple

approach, based only on a few assumptions.

One assumption is that the activation energy of viscous

flow is generally larger the more attractive the interactions

between the atoms are. This is due to the fact that shear

flow can only take place if nearest-neighbor-bonds are

Fig. 1 a Measured logarithmic viscosity ln g as a function of the

inverse temperature 104/T for several binary Al–Cu alloys in

comparison to the pure components Al and Cu [17, 24]. Measure-

ments of samples with the same composition are denoted with

numbers, Al0.8Cu0.2 (*) has been measured before by Brillo et al. [26].

b Fitted Arrhenius functions for viscosity in dependence of temper-

ature compared to the pure components Al and Cu [17, 24]. For better

clarity, the experimental data points are not shown. Measurements of

samples with the same composition are denoted with numbers,

Al0.8Cu0.2 (*) has been measured before by Brillo et al. [26]
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constantly being broken. Hence, the activation energy of

viscous flow in an alloy,ÊAlloy
A , can be written (for Al–Cu in

this case) as

ÊAlloy
A ¼ xAlE

Al
A þ xCuECu

A � DHmixðxAlÞ þ RTðxAl ln xAl

þ xCu ln xCuÞ
ð9Þ

where xAl = 1 - xCu is the mole fraction of Al, and EAl
A

and ECu
A are the activation energies for the pure components

Al and Cu, respectively. DHmix is the enthalpy of mixing

which, for Al–Cu, is obtained from CALPHAD modeling

as described in a following section. The last term in Eq. (9)

accounts for the entropy of mixing which is approximated

as ideal.

Moreover, it has been argued [33] that, in the simplest

way, the pre-exponential factor of the alloy, ĝ1, is

expressed as a function of the concentrations in the fol-

lowing way, if gAl
1 is the pre-exponential factor of Al and

gCu
1 the one of Cu:

ln ĝ1 ¼ xAl ln gAl
1 þ xCu ln gCu

1 ð10Þ

Equations (9) and (10) are inserted into Eq. (8). One must

note that in the Arrhenius equation, the activation energy,

EA, must not depend on temperature. Therefore, the last

term in Eq. (9) is factored out from the exponent and

contributes to the pre-exponential factor g1. The following

expressions are thus obtained for EA and g1:

EA ¼ xAlE
Al
A þ xCuECu

A � DHmixðxAlÞ ð11Þ

ln g1 ¼ xAl lnðxAlg
Al
1Þ þ xCu lnðxCug

Cu
1 Þ ð12Þ

Thermodynamic phase modeling for binary Al–Cu

(CALPHAD)

For model calculations of the viscosity as a function of

composition using the models described before, the Gibbs

energy of mixing DGmix; the enthalpy of mixing DHmix,

Table 1 Activation energies of the viscous flow EA, and asymptotic

viscosities g1 for Al–Cu binary alloys, determined from fits of the

Arrhenius law Eq. (1) to the experimental data as functions of

temperature

xCu g1 (mPa s) EA (kJ mol-1) TL (K)

0 0.257 13,100 933

0.1 0.305 16,014 873

0.1 0.380 15,640 873

0.2 0.358 13,203 834

0.3 0.233 23,630 867

0.4 – – 976

0.5 0.228 33,058 1105

0.5 0.169 33,873 1105

0.6 0.195 40,666 1228

0.7 0.229 37,789 1303

0.8 0.316 34,089 1313

0.9 0.517 25,409 1346

1 0.520 23,570 1358

Viscosity data for xCu = 0.2 has been measured by Brillo and co-

workers [25]. Data for the pure components are from Refs. [17, 24]

Melting temperatures TL from CALPHAD calculations of this work,

based on Witusiewicz et al. [27]

Fig. 2 Comparison of experimental viscosity for Al–Cu as a function

of composition to viscosity calculated from several models including

the one developed in this work. The results are shown for constant

temperature T = 1500 K

Fig. 3 Phase diagram of binary Al–Cu calculated with CALPHAD.

Phases have been modeled according to the thermodynamic descrip-

tion of Witusiewicz et al. [27]

J Mater Sci (2012) 47:8145–8152 8149

123



and the excess Gibbs energy EG are needed. A convenient

access to these quantities is provided by the CALPHAD

method, which has been used in the present work to cal-

culate DGmix, DHmix, and EGmix for the liquid phase of the

binary Al–Cu system. The calculations are carried out in

dependence of composition and temperature, based on the

thermodynamic modeling of Witusiewicz et al. [27]. Also,

the liquidus temperatures TL (liquidus line in the phase

diagram) used in the Hirai model [22] have been calculated

with the CALPHAD approach.

The Gibbs energies of the elements Al and Cu
0Gu

i i ¼ Al; Cuð Þ in the phase u as functions of tempera-

ture are given by a polynomial of the following form [34]:

OGu
i ¼ Gu

i � HSER

¼ a0 þ a1T þ a2T ln T þ a3T2 þ a4T3 þ a5T�1

þ a6T7 þ a7T�9

ð13Þ

Reference state is the stable element reference state (SER),

i.e., the enthalpy HSER at T = 298.15 K and p = 1 bar.

Parameters a0–a7 for Gibbs energy functions of pure

components are given by the Scientific Group Thermodata

Europe (SGTE) [34].

The phases in the binary Al–Cu system have already

been modeled by Saunders [35], and revisited by Wit-

usiewicz et al. [27]. The following phases have been

modeled as disordered solutions: Liquid, fcc-Al (a-phase),

bcc-A2 (b-phase), and hcp-A3. The molar Gibbs energy

Gu
mðT ; xÞ of phase u in dependence of temperature T and

composition is given by Eq. (14):

Gu
m T ; xð Þ ¼ xA

OGu
AðTÞ þ xB

OGu
B Tð Þ þ RTðxA ln xA

þ xB ln xBÞ þ EGu ð14Þ
OGu

A and OGu
B are the molar Gibbs energies of the pure

components A and B in phase u, EGu is the excess Gibbs

energy of phase u and can be written as a Redlich–Kister

polynomial [36]:

EGu
A;B ¼ xAxB

Xn

m¼0

mLu
A;BðxA � xBÞm; ð15Þ

where mLu
A;B are the interaction parameters of order m for the

pure components A and B in phase u. The dependence of
mLu

A;B on temperature is linear as described by Witusiewicz

et al. [27] with v = 3 for the order of mLu
A;B:

mLu
A;B ¼ au

t þ bu
m T ð16Þ

The sublattice model introduced by Hillert and Staffansson

[37] and extended by Sundman and Ågren [38] offers a

convenient method of description for the ordered phases in

the binary Al–Cu system, even for the stoichiometric ones.

For most phases two sublattices are sufficient: d-phase

(Al)2:(Cu)3, f-phase (Al)9:(Cu)11, e- and g-phase (Al,

Cu):(Cu), and h-phase (Al)2:(Al, Cu). The phases c
(ordered) and c-H (high temperature c-phase) have been

modeled using three sublattices: (Al)4:(Al, Cu):(Cu)8. The

notation of the G functions corresponds to Sundman and

Ågren [38], the excess Gibbs energies are written as Red-

lich–Kister polynomials, compare Eqs. (15) and (16).

Model application

The viscosity calculated from our model for T = 1500 K is

also shown in Fig. 2, the agreement with the experimental

data is excellent. Not only the position of the maximum is

reproduced at xCu & 0.7, also the absolute values of vis-

cosity are predicted correctly. For T = 1500 K, the cal-

culated viscosities, the experimentally determined ones,

and the deviations of both from each other are shown in

Table 2.

Furthermore, the activation energy of the viscous flow in

dependence of composition can be calculated from our

model (Eq. 11). The result is compared to the experimen-

tally determined activation energies (Eq. 8) in Fig. 4.

They compare excellently to the experimental data. The

same is true for the asymptotic viscosities g1. The com-

parison between model and experiment is given in Fig. 5.

It should be noted in this place that Eq. (11) depends on

the mixing enthalpy, DHmix, which, in principle, could have

any mathematical form. Hence, it could also be calculated

from a model including the effect of compound formation

in the liquid phase. Equation (15), however, represents a

model for the (sub-)regular solution which appears to be

sufficient for the description of the experimental viscosity

data. Like for the surface tension [4], concepts about

compound formation in the liquid phase do not need to be

considered.

Summary

In the present work the viscosities of liquid binary Al–Cu

alloys have been measured using a high temperature

oscillating cup viscometer. The temperature dependence is

described by the Arrhenius law yielding the asymptotic

viscosity g1 and the energy of activation of the viscous

flow EA as fit parameters. The dependence of viscosity

upon composition has been analyzed for constant temper-

ature T = 1500 K. A maximum of viscosity is found at

xCu & 0.7, where the attractive interaction is particularly

pronounced. For the description of viscosity as a function

of composition, a model has been developed within the

present work. It is based on only a few but physically

justified assumptions. The model compares excellently to

the experimental data, describing viscosity, energy of
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activation, and asymptotic viscosity as functions of

composition.
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