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Empirical relations for calculating selected physical properties of 
pure liquid metals and binary liquid alloys

AbstrAct: 

In this paper, simple relations are reported for calculating viscosity (η), self-diffusion 
coefficient (D), friction coefficient (fc), surface tension (γ), isothermal compressibility 
(kTM) and thickness of liquid-vapor interface (L) of pure liquid metals at the melting 
point. The inter-relationships correlate these properties to each other and to density, 
atomic radius, atomic mass and temperature. The empirical relationships have been 
checked by compiling published data for liquid metals where better than 5% agreement 
was observed around the melting point. However, the formula relating viscosity to these 
properties has been applied for calculating the viscosity of binary liquid alloys (Ag-Cu) 
as a function of composition. It is found that the calculated viscosity of the alloy at 1373 
K, as a specific temperature, decreases with increasing Ag concentration. This agrees 
well with the reported experimental data.
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الملخ�ص:

تم في هذا البحث ا�شتقاق علاقات ريا�شية مب�شطة يمكن من خلالها ح�شاب قيم اللزوجة, معامل الانت�شار الذاتي, معامل 
الاحتكاك, التوتر ال�شطحي, قابلية الان�شغاط و�شماكة الطبقة البينية بين ال�شائل والبخار للمعادن ال�شائلة النقية عند 
درجات  الان�شهار الخا�شة بكل واحدة  منها, وقد وجد اأن هذه المعادلات الم�شتقة ترتبط فيما بينها كما تعتمد على قيم مثل 
كثافة المعادن واأن�شاف اأقطار والكتل الذرية لهذه المعادن بالاإ�شافة الى درجة الحرارة, وقد تم فح�ص قدرة المعادلات على 
ح�شاب القيم الم�شتهدفة من خلال مقارنتها بما تم اإيجاده عمليا ون�شره حيث وجد اأن التوافق بين القيم المح�شوبة وبين 
ما تم اإيجاده عمليا يقع �شمن هام�ص يقترب من %5 عند درجات الان�شهار لهذه المعادن, كما تم تطبيق المعادلة الم�شتقة 
الخا�شة باللزوجة في ح�شاب معاملات اللزوجة لم�شهور �شبيكة ثنائية تحوي على ن�شب مختلفة من الف�شة والنحا�ص, وقد 
تبين اإن هنالك تناق�ص في قيم معامل اللزوجة الذي تم ح�شابه نظريا ح�شب المعادلة الم�شتقة عند درجة حرارة  محددة هي 

1373 درجة مطلقة )كلفن( كلما ازدادت ن�شبة الف�شة في ال�شبيكة وهذا ما يتوافق مع النتائج التي وجدت عمليا.
الكلمات الرئي�شية: خ�شائ�ص فيزيائية, معادن �شائلة )م�شهورة(, �شبيكة ثنائية �شائلة.

Viscosity is a rheological property of 
materials which presents itself when 
the velocity gradient between differ-
ent layers of material is observed, an 
important rheological parameter for 
understanding the hydrodynamics and 
kinetics of reactions in metal casting 
[1,2], and an indispensable quantity to 
predict other important transport coeffi-
cients (diffusivity, thermal conductivity 
and surface tension) of liquid metals. 
Viscosity and diffusion are transport 
properties of fluids where a transport 
process occurs in a liquid. The trans-
port process of momentum, mass and 
energy involve viscosity, diffusion and 
thermal conduction, respectively, [1]. 
Mass, momentum, and energy trans-
port processes in liquid metals will be 
well understood if thermophysical pa-
rameters such as density, surface ten-
sion, viscosity, diffusivity and thermal 
conductivity are measured precisely. 
Mathematical modeling and control of 
molten metal processing operations re-

IntroductIon:
quire a knowledge of the thermophysi-
cal properties of liquid metals at their 
melting points. 
 The viscosity of fluid materials is one 
of the fundamental properties directly 
related to the features of dynamics as 
well as the structure of molecules or 
atoms in these materials [3]. Values of 
the viscosities of liquid metals are im-
portant in the prediction of fluid flow 
in many metallurgical manufacturing 
processes. The viscosity of liquid met-
als and alloys is one of the important 
factors in the processing of crystals as 
well as in non-crystal formation [4], 
and plays an important role in liquid 
metal processing. The need for its study 
is due to the importance of viscosity 
in both the technology and theory of 
liquid metal behavior. Interest in this 
quantity stems both from practical con-
siderations (their use as atomic reactor 
coolants) and philosophic considera-
tions (their structural simplicity makes 
them good media to test current theo-
ries of the liquid state). The knowledge 
of viscosity is, therefore, of critical 
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importance in liquid metal processing 
operations or extractive metallurgy [5]. 
Also, some other dynamic properties of 
liquids such as diffusion involve vis-
cosity as an essential quantity [1]. 
  Reliable data on the viscosity of liquid 
metals and alloys is important for de-
signing and optimizing of metallurgical 
processes (refining, casting, welding 
and solidification) and to understand 
the atomic level of structure and inter-
actions in the melts [6]. Many experi-
mental methods have been developed 
to measure the viscosity of liquid met-
als and alloys [1], but data is inadequate 
for the needs of today technology and 
there are significant discrepancies be-
tween the viscosity data obtained by 
different techniques. Critical contami-
nation problems and chemical reactivity 
of liquid metals, at high temperatures, 
are the main reasons for a large scatter 
between different sets of experimental 
data or for the complete lack of the vis-
cosity data, and therefore, the measured 
viscosity for a given element can vary 
widely [7]. However, many expressions 
concerning the modeling of viscosity of 
liquids have been reported [8-13], but 
none of them can be universally applied 
to predict the viscosity of a large class 
of systems [14] or can provide entirely 
satisfactory results when applied to liq-
uid metals. Although several research-
ers have developed different models [1-
5,13-26], expressions [5,13,27-29] and 
semi-empirical equations [11,18,24,30-
35] for predicting viscosity of liquid 
metals and alloys, there is still a strong 
need for a theoretical formalism  capa-
ble of describing the viscosity of liquid 
metals and alloys over a wide range of 

concentrations. Such a model should be 
simple and capable of reproducing to a 
very reasonable degree the experimen-
tal viscosity data.
 A study of self-diffusion in liquid met-
als is of critical importance. In liquid 
metals, there are problems associated 
with experimental measurement of 
self-diffusion and data are only avail-
able for a small number of liquid met-
als with insufficient accuracy. While a 
variety of expressions describing solute 
diffusivities has been proposed, most 
of them are unreliable in predicting sol-
ute-diffusivities in many liquid metal 
systems [14]. Diffusion is one of the 
key phenomena in producing materials. 
Therefore, knowledge of the value of 
diffusion coefficient is of high theoreti-
cal and practical importance. The study 
of diffusion in liquid metals is of great 
interest because of various scientific 
and technological reasons. The knowl-
edge of diffusion coefficients plays im-
portant role in design of metallurgical 
and solidification process (casting in-
dustry). However, experimental data on 
the self-diffusion coefficients of liquid 
metals are available on few metals [36-
38]. Self-diffusion coefficients have 
been calculated by different molecular 
dynamic modeling [39]. Hard sphere 
models have been used to estimate self-
diffusion coefficient of liquid metals 
[40]. Further, analytical expressions are 
available for the diffusion coefficient of 
hard spheres [41]. Technique of molec-
ular dynamics simulation has been used 
in describing various liquid properties 
[42-47]. The transport coefficients such 
as diffusion coefficients and viscosi-
ties of liquid metals have been reported 
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[45-53].In the present study, viscosity, 
self-diffusion coefficient, friction co-
efficient, surface tension, isothermal 
compressibility and thickness in the 
liquid state of metals have been calcu-
lated and the results are compared with 
the available experimental data. The 
prediction capability of the empirical 
relations is excellent and fit to available 
experimental data. On the other hand, 
the purpose of this work is to investi-
gate the applicability of a simple model 
for the evaluation of viscosity of binary 
liquid alloys which is checked against 
the Ag-Cu system to make a conclusion 
on the ability of the described model to 
reproduce the concentration depend-
ence of the viscosity of binary alloys 
simpler than the published ones.

Viscosity
  A liquid metal is a severe test for any 
liquid theory. Low vapor pressures at 
melting, small differences in volume 
between liquid and solid, and large 
temperature ranges of the liquid state 
lead to large differences between ex-
perimental and calculated values. An 
empirical formula is proposed for cal-
culating the viscosity of pure liquid 
metals. This relation correlates viscos-
ity to thermophysical properties and 
constants as follows:

 
where η is viscosity (Pa s), γ is the sur-
face tension (J m-2), ρ is density (kg 
m-3), k is Boltzmann constant (1.38 x 
10-23 J K-1), r is atomic radius (m), Tm is 
the melting point (K), M is atomic mass 

theory And dIscussIon

(kg) and g is acceleration due to gravity 
(9.8 m s-2). Equation 1 has been exam-
ined for a large number of liquid metals 
and the viscosity values were found in 
the range 0.5 - 8 mPa s (Table 1). The 
calculated values are in good agree-
ment with the reported data.

Viscosity of binary liquid alloys is an 
important parameter of materials pro-
cessing. There are few existing meas-
ured data on concentration dependence 
of liquid alloys. Therefore, modeling 
the concentration of liquid alloys vis-
cosity is always required, and is usually 
done through thermodynamic proper-
ties [20-25,54] or is based on different 
mixing rules [55-57]. On the other hand, 
in the application work, different mod-
els were applied [58-62]. The question, 
now, rises which equation [20-25,54] 
is best to reproduce the experimental 
values. The seven equations reported 
in the literature on the concentration 
dependence of the viscosity of binary 
liquid alloys have been discussed and 
checked against the measured viscos-
ity data for the Ag-Cu system at 1373 
K [63] and other binary liquid alloys 
[64]. It was found that some of the 
models are able to reproduce measured 
data with a reasonable accuracy, other 
models describe the character of the ex-
perimental data correctly but their mag-
nitude differs significantly, few cannot 
be applied without a system-dependent 
semi-empirical parameter, while one of 
them predicts the excess viscosity of a 
wrong sign. However, eq. 1 can be used 
for calculating the viscosity of alloys at 
different composition, at a specific tem-
perature, assuming that:
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The extra insight given by this equa-
tion is that the calculation is easy which 
does not require unknown parameters. 
Calculation has been made for the vis-
cosity isotherm of Ag-Cu alloys at dif-
ferent compositions at 1373 K as shown 
in Fig.
 1. The results reveal that there is a de-
crease in the viscosity of the alloy as 
the concentration of Ag increases. The 
calculated values are comparable to the 
experimental data [1, 65]. It is impor-
tant to compare the predicted data with 
the literature data in order to have a 
clear picture on mixing behavior in the 
Ag-Cu system. The applied empirical 
model links the viscosity and the sur-
face tension of pure metals to the alloys 
using the mixing rules. Therefore, eq. 1 
may be very useful for calculating the 
viscosity of pure liquid metals and bi-
nary alloys. It is easy, simple, straight-
forward and contains only constants or 
available data such as surface tension. 
However, to find a clear physical mean-
ing of the empirical model, many alloys 
systems have to be analyzed.

Diffusion is the transport of mass from 
one region to another on an atomic 
scale. Diffusivities in the liquid state 
are much higher than that in solid state. 
In metals, diffusivities in the two states 
differ by a factor of 102 to 103. The high 
atomic mobility of most metals above 
their melting temperatures (with diffu-
sivities of the order of 10−9 m2 s−1) is one 
of the most characteristic properties of 
liquids. The transport properties of liq-
uids together with structural thermody-
namic information can provide experi-
mental basis for theories of the liquid 
state [67-69]. To understand such im-
portant material processing techniques 
as binary solidification and glass for-
mation, a knowledge of the liquid state 
diffusion coefficient is required. De-
spite its fundamental importance, how-
ever, the diffusivity remains an elusive 
quantity. It is very difficult to measure 
experimentally and, unlike crystalline 
solids, it is not fully understood how 
the diffusion coefficient depends on the 
structure and thermodynamics of the 
liquid. Dzugutov [70] proposed a uni-
versal scaling relationship between the 
excess entropy of a liquid and the diffu-
sion coefficient. Investigation of atomic 
transport of condensed matter has been 
attempted in the recent past [71-75]. 
The self-diffusion in the liquid state 
is different than that in the solid state 
in a sense that it does not require the 
presence of defects like vacancies and 
interstitials. Gorecki [76] has shown 
that for a number of metals there exists 
a simple proportionality between the 

dIffusIon
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activation energies of self-diffusion co-
efficient in the solid and liquid phases. 
The mean value of the ratio of the self-
diffusion coefficients in the solid phase 
to that for the liquid phase was found to 
be approximately 5.0.
The following formula is proposed for 
calculating D by rearranging eq. 1 as 
below: 

As shown in Table 1, the self-diffusion 
coefficient (D) for liquid metals has the 
value of 10-9 m2 s-1. These values are 
comparable to existing data.

Although the friction coefficient (fc) is 
known by Einstein-Sutherland relation 
(eq. 3), it can be correlated with surface 
tension by an empirical relation (eq. 4):

For liquid metals, the calculated val-
ue of friction coefficient by eq. 4 was 
found to be 10-12 kg s-1 (Table 1) and 
agrees well with the literature.

frIctIon coeffIcIent

The property of surface tension is very 
important and has been measured for 
most of the metallic elements. It is one 
of the fundamental and important quan-

surfAce tensIon

tities in the realm of materials process-
ing (welding, and sintering). Methods 
for measuring surface tension are es-
tablished [77-79], but data suffer from 
scattering due to the effect of impuri-
ties. Computer simulations with Monte 
Carlo or molecular dynamics methods 
may be one of the reliable methods 
[80,81], but unfortunately suffer from 
high fluctuation and statistical uncer-
tainty, and introduces additional com-
plexity into the performance. Thus, the 
need of developing theoretical models 
and semi-empirical predictions has 
never declined. However, correlations 
between surface and bulk thermody-
namic properties are always possible 
[82-87].
 A simple relation is presented for cal-
culating the surface tension  γ of liquid 
metals as follows:

Where α  is the coefficient of thermal 
expansion (data taken from ref. 66). Eq. 
6 has been 
examined for thirty-two liquid metals 
and the calculated values fit excellently 
with the 
experimental ones (Table 2).

It is known that the product γkTM of the 
surface tension γ (J m-2) and the isother-
mal compressibility kTM (Pa-1 = m3/J = 
s2 m/kg = m2/N = cm2/Dyne) of liquid 
metals (includes simple and polyvalent 
non-transition metals and noble metals) 
near the melting temperature varies by 

IsothermAl 
compressIbIlIty And 
thIcKness
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a factor between 2 and 3 [88-92]. The 
separate values of γ and kTM vary by a 
factor of 30 through the range of liquid 
metals. Isothermal compressibility of 
liquid metals (kTM) is related to surface 
tension in its units as follows:

It has been reported that the thickness 
of the liquid vapor interface L (meter) 
is very sharp and ranges from
 0.2 to 0.5 x 10-10 m [89, 91]. It is given 
by:

The width L involves the bulk liq-
uid structure factor which reflects the 
marked short-range ionic ordering in 
the liquid [93, 94]. In contrast to eq. 6, 
the isothermal compressibility can be 
calculated by:

where f is the fraction of broken bonds 
(0.287) [66]. Substituting eq. 7 in eq. 
6, we get:

We found that the relatively sharp liq-
uid-vapor interface (or the low value 
of L) appears to be a general property 
of liquid metals near the melting point. 
The calculated values of kTM and L 
are consistent with the reported data 
[95,96]. The value of kTM  ranges from 
0.07 – 7 x 10-10 m3/J for all liquid metals 
(Table 1).

Simple and straightforward formulas 
are proposed for calculating the vis-
cosity (η), self-diffusion coefficient 
(D), friction coefficient (f_c), surface 
tension (γ), isothermal compressibility 
(k_TM) and thickness of liquid-vapor 
interface (L) of pure liquid metals at the 
melting point. Moreover, the viscosity 
of binary liquid alloys (Ag-Cu) as a 
function of composition has been cal-
culated. The predicted values remark-
ably compare with the literature data.

conclusIon
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Figure 1: Viscosity of liquid Ag–Cu at 1373 K for various atomic concentrations 
of Ag.Squares represent experimental values1,47 while circles represent calculated
               values.
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tAble 1: cAlculAted And reported vAlues of trAnsport 
propertIes for pure lIquId metAls wIth  pArAmeters 
needed for cAlculAtIons. the surfAce tensIon dAtA were 
tAKen from 
ref 66.
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3.76  
3.55

0.25  
0.17

0.9    
0.06

2.38  
2.72

1.22  
1.34

2.52 0.276 1.80 5130 1099 Eu

6.46
0.25  
0.25

0.37  
0.03

3.34 2.47 2.61 0.667 1.80 7400 1585 Gd

7.10
0.24  
0.24

0.29  
0.03

3.73
2.85  
5.3

2.56 0.845 1.77 7650 1629 Tb

6.37
0.24  
0.19

0.41  
0.03

3.01 2.51 2.69 0.605 1.78 8370 1680 Dy

6.28
0.24  
0.12

0.39  
0.02

3.04 2.53 2.74 0.617 1.76 8340 1734 Ho

6.71
0.24  
0.15

0.36  
0.02

3.11 2.75 2.77 0.673 1.76 8860 1802 Er

5.57 0.24 0.51 2.66 2.27 2.81 0.479 1.76 8560 1818 Tm

3.91
0.24  
0.14

0.98  
0.04

1.98 1.22 2.87 0.249 1.76 6210 1097 Yb

7.81
0.24  
0.18

0.26  
0.02

3.53 3.28 2.91 0.911 1.74 9300 1925 Lu

11.20 0.25 0.2 3.52 4.12 3.85 1.234 1.79 11700 2115 Th
12.80 0.21 0.15 2.68 4.63 3.95 1.404 1.56 17300 1405 U
11.60 0.22 0.24 1.97 3.27 4.02 0.906 1.59 16630 912 Pu

4.21
0.17  
0.18

0.1    
0.14

6.19  
4.0

4.80  
4.7

0.979 1.668 1.25 7750 1768 Co

6.38 0.18 0.1 5.22
5.58  
5.0

1.71 1.854 1.34 10700 2237 Rh

10.50 0.19 0.09 3.82
7.25  
7.0

3.19 2.159 1.36 19000 2739 Ir

4.36
0.17  
0.18

0.09  
0.14

6.38  
5.3

4.98  
4.1

0.979 1.81 1.24 7810 1728 Ni
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5.58
0.19  
0.2

0.16  
0.13

4.05 4.20 1.76 1.205 1.37 10380 1828 Pd

11.10 0.19 0.1 3.23 6.38 3.24 1.855 1.39 19770 2041 Pt

4.11
0.18  
0.19

0.15  
0.13

4.78  
4.1

3.83  
3.97

1.05 1.2 1.28 8020 1357 Cu

5.34
0.2    
0.17

0.24  
0.18

3.27  
2.77

3.04  
3.4

1.79 0.841 1.44 9320 1235 Ag

9.48 0.2
0.18  
0.12

2.41  
3.37

4.16  
4.5

3.27 1.1 1.44 17310 1337 Au

4.06
0.18  
0.19

0.22  
0.23

3.78  
2.55

2.48  
1.8

1.08 0.854 1.34 6570 692 Zn

5.43
0.21  
0.19

0.36  
0.32

2.45  
2.0

1.96  
2.0

1.86 0.584 1.51 7996 594 Cd

Ym
(mJ/m2)

Rep

Ym
(mJ/m2)                            

Cal.

 Atomic
radius
(x10-12)

(m)

Density
at m. p
(kg m-3)

αm      
(x10-4)    
(K-1 )     

 Atomic
weight
(amu)

Tm (k )  Metal

197168186927          3.723371Na
11097227828          4.139336K
85802481460         4.485312Rb
70662651843         4.6133301Cs
5575851601584         1.524923Mg

tAble IIA: cAlculAted And reported surfAce tensIon of 
some lIquId metAls (s blocK), And pArAmeters needed for 
cAlculAtIons.
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Ym
(mJ/m2)

.Rep

Ym
(mJ/m2)

.Cal

 Atomic
radius
(x10-12)

(m)

Density
.at m. p
(kg m-3)

    αm

(x10-5)
     (k-1)

 Atomic
weight
(amu)

Tm (K  )Metal

8729231804240       7.72891799Y
150014611474110       7.16481941Ti
140012981605800       6.53912128Zr
1614160815912000      5.541782506Hf
177018891345500      6.36512183V
2360238314615000     4.221813290Ta
110011151275950       9.15551519Mn
2350219613611000       5.72992430Tc
183017021266980       7.67561811Fe
2180220413410650       5.331012607Ru
183017361257750       7.86591768Co
1915186313410700       6.211032237Rh
2225220613619000       5.071922739Ir
183816971247810       8.04591728Ni
1475146713710380       7.601061828Pd
1860172013919770       6.811952041Pt
131013221288020     10.24631357Cu
9109181449320     11.251081235Ag
1149101214417310     10.391971337Au

tAble IIb: cAlculAted And reported surfAce tensIon of 
lIquId metAls (d blocK), And pArAmeters  needed for 
cAlculAtIons.
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Ym
(mJ/m2)

.Rep

Ym
(mJ/m2)

.Cal

 Atomic
radius
(x10-12)

(m)

Density
.at m. p
(kg m-3)

    αm

(x10-4)
     (k-1)

 Atomic
weight
(amu)

Tm (K  )Metal

7166061826500       1.151411208Pr
6876731816890      1.071441297Nd
6606901837000      1.051471315Pm
8938601777650      0.851541629Tb
3204101766210       1.281731097Yb
94010671749300       0.721751925Lu
1006115417911700      0.652322115Th
55060515916630         1.5242912Pu

tAble IIc: cAlculAted And reported surfAce tensIon 
of lIquId metAls (f blocK), And pArAmeters needed for 
cAlculAtIons.
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