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Abstract 

The effect of the addition of Mg and Zn to Al on its physicochemical properties was investigated. 

Using the discharge crucible method, three thermophysical properties (density, surface tension 

and viscosity) were determined for the Al, Al-Mg and Al-Mg-Zn alloys. The measurements were 

performed for Al and Al-Mg alloys in Krakow, in the temperature range from 723 to 1053 K, and 

for the Al-Mg-Zn alloys in Edmonton in the temperature range of 773 to 973K. The obtained 

viscosity values of pure Al show good agreement with the literature data. The viscosity data of 

Al-Mg alloys are lower those for pure metal Al and Mg. The addition of Zn to an Al-Mg alloy 

caused a slight increase in viscosity. For Al-Mg alloys, the surface tension results were compared 

with the Butler model, and the viscosity with several models. 
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1. Introduction 

The demands of the automotive industry and higher environmental standards (EU Directive) 

initiated the trend for the use of Al and Mg . Al alloys are characterised by superplasticity [1], 

their quick plastic forming process (QPF) [2], and a high temperature deformation process [3]. 

Mg alloys, which are characterised by low density, can be used for applications in the aeronautics 
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industry [4].  Indeed, most magnesium components are produced using melting and casting 

processes wherein as-cast products are finished through thermo-mechanical processing or through 

small machining of the surface [5]. Therefore, good physicochemical properties of the liquid 

magnesium alloys are essential. A one per cent addition of Zn is almost standard in Mg alloys, 

and Zn can be dissolved in both the α and β phases with the expectation that this process will 

strengthen the alloys [6]. The addition of aluminum to Mg or Mg alloys causes increased strength 

and corrosion resistance [7]. However, investigations of Al-Mg alloys opened new perspectives, 

as the most commonly used aluminum alloys are the 6000 series containing Mg and Si, and the 

5000 series alloys (with high amounts of Mg). The 7000 series, with high Zn content, was 

recently studied due to their high mechanical properties [8]. Al-Mg-Si alloys show the 

mechanisms of cluster hardening at room temperature, and can therefore have several 

applications, such as for automotive body panels [9]. The possibility of using Al-Mg alloys in 

industry is high, and therefore studies are greatly encouraged. In this work, the physicochemical 

properties (density, surface tension and viscosity) of Al, Al-Mg and Al-Mg-Zn alloys were 

studied using the discharge crucible (DC) method, and experimental results were compared with 

values calculated by different models.  

 

2. Experimental 

 

In this study, alloys were prepared from pure metals: 99.999% Al and Zn, and 99.99% Mg. 

Measurements in Krakow were obtained using a glove-box with a high purity Ar (6N) 

atmosphere provided with a purification system (high temperature cleaner with shavings of Ti 

working at a temperature of 1123 K) [10, 11]. The levels of O2 and H2O were below 1ppm as 

measured by solid-state analysers for oxygen and moisture. The protective gas circulated 

continuously between the purification system and the glove-box at the rate of 35 m3/h, removing 

oxygen, water and nitrogen. At the University of Alberta, the experiments were conducted in a 

protective atmosphere of Ar 99.999% and the chamber was pumped and filled a few times with 

Ar gas. Samples were heated using a 20kW induction furnace. The details of the apparatus are 

described in [12]. In both cases, a graphite crucible with a 5 mm drilled orifice at the bottom was 

used. The DC method was used to determine the density, surface tension and viscosity of pure Al, 
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Al-Mg and Al-Mg-Zn alloys. The measurements were performed for Al and Al-Mg alloys in 

Krakow in the temperature range from 723 to 1053K, and for Al-Mg-Zn in Edmonton in the 

temperature interval from 773 to 973K. The results were compared with literature and modelled 

data.  The measurements obtained from Al served as the calibration data for determining the CD 

versus Re for the crucible design used.  The calibration tests were conducted in Krakow. 

 

Measurement method 

The DC method, proposed by Roach and Henein [13, 14], simultaneously measures surface 

tension, viscosity and density. The equations are derived from the well-known Bernoulli flow 

equation for inviscid liquids. The maximal volumetric capacity of the liquid outflow Q (the 

volume V of the liquid flowing out for time t) through the orifice of radius r, from the container 

in which the liquid's meniscus is at height h, is proportional to the cross-sectional area of the 

orifice r0 and the rate of the flowing liquid (2gh) : 

ghrQ 22            (1) 

In the case of viscid liquids, equation (1) is modified by the introduction of the discharge 

coefficient Cd, which is defined as the ratio of the actual (experimental) rate ue of the liquid in the 

orifice of radius r to the theoretical one: 

gh

u
C e

d
2

            (2) 

Under the conditions of volumetric flow, the coefficient expressed by equation (2) assumes the 

following form: 

ghr

Q
C e

d
22

           (3) 

Taking into consideration the effect of the pressure originating from surface tension, the authors 

[13, 14] proposed the relation below: 
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The parameter Cd is related to the Reynolds number Re by the equation which, beside viscosity 

and density of the liquid flowing through the orifice of radius r, also includes Qe: 
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The comparison of equations (5) and (6) shows that the parameter Cd is related to the Reynolds 

number and to Qe, which is seen after the rearrangement of formula (6) into the following form: 





2

Re0rQe             (6) 

Cd is a function of the height of the liquid inside the crucible h by relation (5). Determining Qe 

experimentally for a well-known liquid (viscosity, density and surface tension) yields coefficient 

parameters for the set-up of a crucible/hole (2r) by plotting Cd vs Re with a linear, parabolic or 

polynomial regression curve. Coefficient parameters, described by equations (7 and 8), are used 

to find the last three thermophysical parameters for an unknown alloy.  

Cd is the function of the height of the liquid in crucible h. By experimentally determining Qe for a 

liquid of known viscosity, one can establish, for the particular diameter of the orifice 2r, the 

relation between Cd and Re in the form of a linear, parabolic or polynomial relation, and next 

apply it to calculate the surface tension, density and viscosity. To that end, we determine the 

height of the column of liquid equation (7): 
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next, after we insert into equation (7) a description of the dependences of Cd on Re, which is 

determined on the basis of the results of the reservoir calibration, e.g. in the form of a second 

degree polynomial: 

    12

2

3d aaaC  ReRe          (8) 

 

here:  ai are the coefficient calculated from the calibration results, and we obtain a relation 

describing h as the function of Re:  
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By measuring cumulative liquid mass Cm which has flowed out after the given time t (load cell 

measurement), a curve in the form of Cm=sum(Citi) may be obtained, and the relation describing 

Qe as a function of Ci  may be derived.   


dt

dC

e

m

Q             (10) 

Equation (9) was used to calculate the parameters of surface tension and viscosity of the studied 

liquid Al-Mg and Al-Mg-Zn alloys. The numerical scheme used was based on the Hooke–Jeeves 

method [10]. 

In this study to obtain density, surface tension and viscosity values of Al-Mg and Al-Mg-Zn 

alloys, the first step was to determine the appropriate calibration of the crucible for Cd vs Re. 

Calibration was performed with runs of Al at 973, 993 and 1013 K for collected data mass vs 

time, and using the programme with literature data for viscosity [15], density [15] and surface 

tension to obtain coefficient Cd (located in equation (9) a1…a4). Afterwards, the "averaged" Cd 

coefficients were used to calculate, using equation (9) density, surface tension and viscosity for 

Al (T>1073K), Al-Mg and Al-Mg-Zn alloys. 

The measurement results of the density and surface tension versus temperature were elaborated 

by a linear and viscosity using an Arrhenius equation (see Table 1), along with the equation 

parameters, estimated errors and values calculated at the temperature of 973 K. 

 

3. Results and discussion  

3.1 Physicochemical properties 

3.1.1 Pure Al 

At the beginning were carried out the measurements for pure Al as stated above. The results of 

density for liquid Al in are shown Fig. 1, and compared with literature data [14-17]. The values 
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of density compared to earlier data [14] obtained by the same method are almost identical, with 

an observed difference of less than 1%. The equation for density Al proposed by Assael et al. 

[17], which is based on the value of density given in the literature, shows the same slope, and the 

obtained value is in very good agreement (differences below 0.3%) with data obtained in this 

study. The surface tension (Fig. 2) was shown, and compared with literature data [14, 18-25]. The 

values of surface tension obtained in this study are very similar to those in the literature, and the 

differences observed are less than 1%. Observed differences between the surface tension, 

obtained in this study using the DC method, and those from [14] are lower than 10 mN/m at 973 

K. However, with increasing temperature the difference increases to 15 mN/m at 1100 K, which 

is less than 2%.  Mills and Su [18] report surface tension results for pure Al and for Al with an 

oxygen saturated surface, the latter having lower surface tension values than the former.  Work 

by Garcia-Cordovilla [25] shows that oxygen dissolution in Al decreased its surface tension.  The 

results reported here are consistent with Al having an oxygen saturated surface. 

Viscosity results for Al are presented in Fig. 3. These results are in good agreement with the 

literature data, falling between the data obtained by Gebhardt [15], Assael [17] and Rothwellt 

[26], Kisunko [27]. The differences in the results obtained for pure Al could be caused by 

differences in the purity of the protective atmosphere and of the Al.  There is a marked difference 

between the results obtained in this work and those reported by Roach and Henein [14].  This is 

clearly due to the lower oxygen content in the atmosphere in the experiments that were the 

foundation for this paper.  This result confirms the hypothesis presented by Gancarz et al. [12] 

that the higher values of viscosity of Al reported by Roach and Henein are due to the oxygen 

content in the atmosphere. The purity of the metal used, the atmosphere and the method of 

conducting viscosity measurements for Al occurring in literature were collected by Assael et al. 

[17], and the viscosity value for Al with the proposed equation shows very good agreement with 

data obtained in this study. 

3.1.2 Al-Mg and Al-Mg-Zn alloys 

The measurements for the Al-Mg alloys (compositions: Al38.6Mg, Al52.8Mg and eutectic 

Al69.2Mg (at. %)) will now be reported. For the Al-Mg-Zn alloys, low content of ~ 2 % Zn (at. 

%) was selected. Fig. 4 presents the density of Al-Mg and Al-Mg-Zn alloys, which decrease as 

Mg content increases. The addition of Zn to the Al-Mg alloy resulted in an increase in the 
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density. The same trends were observed for surface tension, and are shown in Fig. 5. Increased 

Mg content decreases the surface tension of the Al-Mg alloys. The addition of Zn slightly 

increases the surface tension of Al-Mg-Zn alloys in comparison to Al-Mg alloys. The reduction 

of these properties for Al-Mg alloys seems to be the result of the addition of Mg addition. The 

surface tension and density of Mg are lower than Al, 1.577 (g.cm-3) and 2.371 (g.cm-3), 541.85 

(N.m-1) and 900 (N.m-1) [16], respectively at a temperature of 973 K. The increase of 

physicochemical properties of Al-Mg-Zn alloys in comparison to Al-Mg alloys is related to the 

addition of Zn, because at the same temperature it has the highest density and surface tension 

6.719 (g.cm-3) and 740.8 (N.m-1) [11] (973 K). 

 

The viscosity of Al-Mg and Al-Mg-Zn alloys is shown in Fig. 6. The obtained experimental 

results were compared with literature data for Al-Mg alloys [15]. Increased Mg content in Al-Mg 

alloys involves a decrease in viscosity, and the addition of Zn content to Al-Mg-Zn alloys results 

in a slight increase, in contrast with the highest viscosity of Zn, which is 2.090 (mPa.s-1) [11] at 

973 K. According to a previous study of the Al-Zn system [29], it was found that increased 

addition of Zn resulted in an increase in viscosity of Al-Zn alloys. Moreover, the viscosity study 

of Al-Mg-Zn system by Yakymovych et al. [28] confirms this, showing that, at 973 K, the 

10.0Al-55.0Mg-35.0Zn  (wt %) has a higher value of viscosity (1.840 (mPa.s-1)) compared to that 

for 22.0Al-60.0Mg-18.0Zn (wt %), which is 1.439 mPa.s-1. However, in the original paper [28], 

the presented values of viscosity for Al-Mg-Zn alloys shift between the 10.0Al-55.0Mg-35.0Zn 

and 22.0Al-60.0Mg-18.0Zn alloys, demonstrating the further calculations presented in that study 

[28]. Viscosity values found for Al-Mg alloys at 973 K (1.21 (mPa.s-1)) are lower than those for 

pure Al and Mg, at 1.06 (mPa.s-1) [16] at the same temperature. This may be due to the 

occurrence of eutectic in the Al-Mg system, similarly to the Sn-Sb system [11, 30] where, for 

eutectic alloy, the lowest viscosity value was reported.  

 

3.2 Modelling 

Density  

The ideal solution for density ρIdeal for the Al-Mg system was calculated using equation (11) [31, 

32]. 
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         (11) 

where yAl and yMg are the concentrations of Al and Mg (in wt %/100), and ρAl, ρMg are the densities 

of the pure components Al and Mg as taken from [16].  

 

One of the model for calculating density was proposed by Brillo and Egry [33]: 
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where: XAl, XMg are the atomic concentrations of Al and Mg, mAl=26.981 (g·mol-1) and 

mMg=24.305 (g·mol-1) are the corresponding molar masses, and ρAl, ρMg are the densities of the 

pure components Al and Mg as taken from [16]. VE is the excess volume, which is the difference 

between the real volume V and the ideal volume VIdeal [33]. The authors [33] assume that the 

excess volume VE depends on the concentration according to 

x
V

Mg
X

Al
X

E
V            (13) 

with VX being a type of interaction parameter. In our case, the value of VX obtained from such fit 

is approximately 0.00247 (m3.mol-1). 

 

Fig. 7 presents the isothermal at 973K of density vs. XMg for Al-Mg alloys. The obtained data for 

Al38.6Mg are the same as the value obtained from the ideal solution, and slightly higher 

compared to the Brillo model. A different character is observed for Al52.8Mg and Al69.2Mg, 

with the obtained values of density being lower compared to the ideal solution and the Brillo 

model. The lower density could correspond to the phase diagram of the Al-Mg system [34], 

where the chemical composition of the Al52.8Mg alloy corresponds to the formation of the 

Al12Mg17 phase and the Al69.2Mg alloy eutectic point.  

 

Surface tension 
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The Butler model [35], described in our previous work [12], was used to estimate the surface 

tension of Al-Mg alloys. This model [35] was used to analyse the surface tension, with the molar 

surface area, using the following equation: 
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Where R is the gas constant in (J/mol K), T is the temperature in (K), σAl  and σMg are the surface 

tensions of pure Al and Mg in (mN/m), Ai is the molar surface area of a monoatomic layer of 

pure liquid (i=Al or Mg) in (m2), and XMg
S and XMg

B are the mole fractions of Mg in the surface 

and the bulk phase, respectively, Gi
 E,S (T, Xi) and  Gi

 E,B (T, Xi) are the partial excess Gibbs 

energies of component i in the surface and bulk phases as functions of T and Xi, with Xi being the 

mole fraction of component i in (J/mol). The Al surface tension data from this work, and Mg 

surface tension values from [18], used for the calculation and the thermodynamics data, were 

taken from [34, 36].  

Fig. 8 shows the isotherm at 973 K of surface tension, and demonstrates that the experimental 

data is in very good agreement with data from the Butler model. A slightly deviation in 

experimental data of surface tension from those calculated using the Butler model (14) for Al-Mg 

alloys is observed, therefore the differences amount less than ~1%. As presented in Fig. 8, the 

Butler model ideal solution, was calculated for Gi
 E set to zero. The surface tension from [37] for 

low Mg content in Al-Mg alloys up to 8.9 (at. %) shows very good agreement with Butler 

models. The data of surface tension of Al-Mg alloys was taken for alloys with stable O2 content. 

The value of surface tension for unoxidised Al-Mg alloys is higher (~250 (N.m-1)) compare to the 

alloys with dissolved O2. Therefore, using the maximum bubble pressure method [37], it can be 

shown that surface tension values for different O2 content from 62 up to 220 (ppm) are similar, 

after time of 10 (s), as for O2 content from 300 (ppm). Taking into account the measurements 

using the DC method, the obtained value for Al-Mg alloys (with dissolved O2) show very good 

agreement with the Butler model. 
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Viscosity 

The viscosity of Al-Mg alloys at 1073K was compared to the literature data [15] and calculated 

using several models, as presented in Fig 9. The following models were used to calculate 

viscosity: Kozlov, Romanov and Petrov (KRP) [38], Du Sichen, Boygen and Seetharaman (SBS) 

[39], Seetharaman and Du Sichen (SS) [40],  Kaptay (K) [41], Morita-Iida-Ueda (MIU) [42], 

Moelwyn-Hughes (MH) [43], Gasior and Moser (G1) [44], and Gasior (G2) [45] (they are 

described in our previous work [12]), which are given by the following equations: 

KRP: 
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MIU: 
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In Equations 15-22, the symbols mean: 1(2) and  X1(2) - the viscosity and mole fraction of 

component 1 and 2, G*- Gibbs activation energy, G’ - change of Gibbs activation energy, T - 
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the temperature, G*
1 and G*

2- the activation energy of components, R - gas constant, alloy 

density, N - Avogadro number, h - Planck constant, M - atomic mass of alloy, coefficient, 

which, according to the author, amounts to 0.155±0.015, iV  and E
V refer to the molar volume 

of alloy components and the excess molar volume of the alloy, and Sex to the excess entropy of 

the liquid solution. The data of density and viscosity for Al come from this work, and for Mg 

from [15], for the calculation of viscosity values for Al-Mg alloys. The thermodynamics data 

were taken from [34]. 

The viscosity results obtained in this work for Al-Mg alloys are in good agreement with those 

presented in [15] and [46]. The model of Sichen et al. [39] and Seetharaman and Du Sichen [40], 

which has negative deviations from the ideal solution, shows the best fit with the experimental 

data for viscosity. The viscosity obtained by Lihl et al. [47] for the Al-Mg system is much higher 

than in this study and [15, 46], and has a positive deviation from the ideal solution. However, the 

method for measuring viscosity in [15] and [47] used the same oscillating viscometer. The same 

method was used by Sato et al. [48], but only one alloy of Al5.5Mg (at. %) was measured. The 

obtained value of viscosity is similar to [47], and shows negative deviation from linear viscosity 

for the Al-Mg system. The highest value of viscosity of the Al-Mg system was obtained in [49], 

using the same equipment (torsional oscillation viscometer) as in [47, 48]. The authors of [49] 

explain such value of viscosity by the glass-forming ability for metallic melt. The changes of 

viscosity are correlated with fluid clusters in the melts with increasing Mg content, as the Mg 

atoms start to be dissolved in pure Al clusters [49]. When the Mg content is higher, the dispersed 

fluid clusters in the melt and obstructs the formation of a periodic structure, while favouring the 

formation of an amorphous structure [49]. Such increase of viscosity (2.345 (mPa.s-1)) for 

Al11Mg compared to 1.766 (mPa.s-1) for Al9Mg alloy (at. %), could be interpreted as short-range 

ordering in liquid, but the chemical composition of the measured alloy is so far from that of the 

intermetallic compounds β - Al36.2Mg [34] it makes the value obtained improbable. The lowest 

viscosity of the Al-Mg system, given in Jones et al. [50], was obtained using a viscometer based 

on the principle of an outer rotating cylinder. The obtained value for pure Al is two times lower, 

which caused the viscosity for Al-Mg alloys to have such low value. 
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Conclusions 

The experimental data of the density, surface tension and viscosity of Al, Al-Mg and Al-Mg-Zn 

alloys obtained in this study using the DC method show good agreement with the literature data 

[15, 46]. The values of density, surface tension and viscosity decrease with the addition of Mg to 

Al-Mg alloys. The addition of Zn to Al-Mg alloys causes an increase of density and viscosity, 

with an apparently slight effect on surface tension. The surface tension calculated using the 

Butler model is in good agreement with experimental data. The best matching of viscosity 

calculated for Al-Mg alloys was obtained using the Sichen et al. [39] and Seetharaman and Du 

Sichen [40] models. 

For the viscosity of Al-Mg alloys, the physicochemical properties of pure elements (especially 

Al) have the greatest impact, irrespective of the method used to measure viscosity. In addition, 

the purity of elements and the experimental atmosphere (taking into account the high affinity of 

Al and Mg to oxygen), have a high impact on the obtained value of viscosity for the Al-Mg 

system. 
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Table 1. The coefficients and their standard deviation for the linear temperature dependency with 

density (ρ=A+B.T) for Al, Al-Mg, Al-Mg-Zn alloys. In addition, their density and standard 

deviations are calculated at 973 K. 

 
ρ = A + B.T, [kg.m-3] 

at. % A δ A B δ B ρ (973 K) δ ρ 

Al 2674.3 14.9 -0.31 0.01 2370.5 1.5 

Al38.6Mg 2772.1 8.8 -0.80 0.01 1995.2 1.4 

Al52.8Mg 2726.0 27.9 -0.99 0.03 1767.4 3.9 

Al63.2Mg 2441.3 11.4 -0.80 0.01 1662.4 2.8 

Al38.0MgZn1.85 2965.2 40.7 -0.93 0.05 2060.4 7.3 

Al51.7MgZn2.0 2882.4 32.9 -1.06 0.03 1851.0 3.9 

Al67.8MgZn2.0 2636.6 17.5 -0.94 0.02 1722.0 3.2 
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Table 2. The coefficients of linear temperature dependencies of surface tension (σ=A+B.T) for 

Al, Al-Mg, Al-Mg-Zn alloys. Standard deviations and surface tension values, calculated at 973 

K. 

 
σ= A + B.T, [mN.m-1] 

at. % A δ A B δ B σ (973 K) δ σ 

Al 1036.1 11.1 -0.177 0.011 863.4 1.0 

Al38.6Mg 902.2 7.4 -0.228 0.009 680.2 1.2 

Al52.8Mg 845.5 8.2 -0.213 0.010 638.3 1.2 

Al63.2Mg 769.2 6.9 -0.172 0.008 601.8 1.7 

Al38.0MgZn1.85 926.7 9.9 -0.249 0.011 684.1 1.8 

Al51.7MgZn2.0 879.3 9.4 -0.242 0.010 644.0 1.1 

Al67.8MgZn2.0 798.9 9.4 -0.195 0.006 609.1 1.1 
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Table 3. Coefficients (A, Ea) of Arrhenius equations in relation to the temperature dependence of 

viscosity (η=A.exp(-Ea/RT)) for Al, Al-Mg, Al-Mg-Zn alloys. Standard deviations and viscosity 

values, calculated at 973 K. 

 
η = A.eE/RT, [mPa.s] 

at. % A δ A E δ E η (973 K) δ η 

Al 0.191 0.001 14982.4 96.2 1.277 0.067 

Al38.6Mg 0.131 0.003 14710.6 54.6 0.838 0.059 

Al52.8Mg 0.144 0.004 14327.4 45.3 0.882 0.068 

Al63.2Mg 0.157 0.002 13046.4 47.1 0.817 0.047 

Al38.0MgZn1.85 0.114 0.002 16928.9 58.5 0.920 0.047 

Al51.7MgZn2.0 0.093 0.001 19124.5 70.5 0.991 0.004 

Al67.8MgZn2.0 0.143 0.003 14975.1 49.3 0.912 0.008 

 

 

Figure Captions 

Fig. 1. Temperature dependence of the density of liquid Al compared with literature data. 

Fig.  2. Temperature dependencies of the surface tension of liquid Al compared with literature 

data.  

Fig.  3. Temperature dependence of Al viscosity. The equation describes average values based on   

data in the studies of Gebhardt et al. [15] and Yao et al. [26]. 

Fig. 4. Temperature dependence of density for Al, Al-Mg and Al-Mg-Zn alloys. 

Fig. 5. Temperature dependence of surface tension of Al, Al-Mg and Al-Mg-Zn alloys. 

Fig. 6. Temperature dependence of viscosity of Al, Al-Mg and Al-Mg-Zn alloys. 

Fig. 7.  Density isotherms at 973K of Al-Mg alloys compared with data from the Brillo model 

[31]. 

Fig. 8.  Surface tension isotherms at 973K of Al-Mg alloys calculated by the Butler model [32]. 

Fig. 9. Viscosity of isotherms at 973K of Al-Mg alloys compared with literature data and 

different models. 
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