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Calculation of Surface Tension and Viscosity of
Liquid Transition Metals
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Abstract— The results of calculations of structurend some
surface properties such as, isothermal compresgijilsurface
tension and viscosity for liquid 3d transition mésa Ti, Ni and V,
near melting temperatures are presented. We usedphrameters
of the Wills-Harrison (WH) approximation in conjuntion with
the Bretonnet-Silbert (BS) local model pseudopotehtiahich is
suggested separate description of the s- and d—t®ecstates are
calculated using Dubinin  procedure [1]. Isothermal
compressibility and surface tension propertiesiof Ni and V are
calculated using extended Mayer’'s empirical formuila terms of
hard sphere diameter and packing fraction which calated
using Waseca’s formula [2]. We have obtained in yegood
agreement near melting point with available experintal data.

Index Terms— transition metal, scaled patrticle thgosurface
tension, viscosity.
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HereV , P, T and By are volume, pressure, temperature

and isothermal bulk modulus of a given system retsgedy
[3-6]. Theoretical studies on the derivation oftgymal
compressibility for the liquid transition metalsths realized
in references [3-6] are related to (1) on the batea
calculation of the free energy of a two-componelasma
(TCP), (b) the perturbation theory with respect tte
pseudopotential formalism for the interionic intrans and
(c) a one-components plasma (OCP) as a refererstensy
The following relationship for the compressibilityt and

surface tensioryg of the liquid metals has been proposed

. INTRODUCTION from the scaled particle theory (SPT) using extendayer's
It is well known that the high-temperature propestof liquid empirical formula [7] as
transition metals are extremely important for
thermochemistry. In this work, we calculated he some
surface properties of transition metals using tlalesl KT.Vs =0 m (2)
particle theory, a suitable pseudopotential andl lsgphere (1+ x )
model.

This paper is organized as follows. In settly we
summarize the theoretical derivation of the isatiedr
compressibility, surface tension and viscosity loé some
liquid transition metals from the exact relationr fthe
isothermal compressibility of a two — componentspia
(TCP),
pseudopotential of the electron-ion interaction Hrelone —
component plasma (OCP) model as a reference sySteen.

where g; is the effective ion hard sphere diametgris the

packing fraction [8]. The applicability of this edion is then
confirmed by the study of Egelstaff et al., [9\ith the help
of Eq. (2), it is feasible to calculate surfacesien or

using perturbation theory with respect tee thisothermal compressibility in accordance with thaikability

of experimental data fokKt or ygrespectively [10]. In this
paper, we used to Waseda's [2] formula for packiagtion.

results Obtai-ned TOI’ application to the |IqUId Ssion meta-ls To incorporate temperature dependency, the f0||gW|n
such as Ti, Ni and V, compared with the availablie|ation between temperature and packing fractarsed.

experimental and theoretical data are presentsédtion 3.
The final section is devoted to the summary andlesions.

II. THEORY
A. ISOTHERMAL COMPRESSIBILITY AND SURFACE TENSION

The isothermal compressibilit)Kt is one of the most

important thermodynamic properties of a substarite.
theoretical study is today’s task because the vafuk T
defines the thermodynamic stability of a system, aas

parameter of the critical point and the state dquoatlong
isotherms:
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n = Aexp(-BT) (3)

where, the parametefsandB are listed in Waseda’s book.

B. PSEUDOPOTENTIAL FORMALISM FOR THE
CALCULATION K

Bretonnet and Silbert have proposed a model patefur
liquid transition metals [11]. This model potentizds the
following form which is constructed by the superitioa of
the s—p and d-band contributions

2
mz_:l Bm exp(nr—]aj r<rg
Ug (r)=<m= 4)
N Zse2

r>r
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and S -electron occupancy number respectivel and Here, ﬁ:(kBT)_l is temperature coefficient and

Bpare given in terms of the parameters, and Zg through g () is the total excess free energy per ion. We note
the expressions;

that fox (01) = Ofex (01) /00 and
7.6 a) & fé’x(,q)=62f@((,q)/6,q2 are the partial derivatives. For
B = ; (1‘ erea the OCP, a very accurate expression of the freeggrie
¢ ¢ (5) available from Monte Carlo simulations for>1 [13]
r
B 2Zse2 a_, oa
By = e ,Bfex=a|'+4(bl']/4—cl'_¥4)+dlnl'

11)

-|a+4(b-c)+0.436
The unscreened form factor, e.g. the Fourier toansbf Eq. [ ( ) %

4) can be written as
@ where I is the plasma parameter defined by

r=pB(ze) /rWS : =(3/4m, )1/3 is the Wigner-Seitz
Ug (a)=4mia BiJy . 8BaJp radius for ions and a=- 0.897744, b=0.95043, cB®66 and
2 2 _ — o
(1+a2q2) (1+ 4a2q 2) ) d=-0.81487. SolvingK; from (10) and substituting these
values of fg, andfg, by (11), we get
-4, Zse2 cosqrc B
o° Ki= 12)
Agi ()
with
where
'e j( 2.2 2)
— |[1+m“a“q . 4 13 y4, 11 —y4_ d
T ( singr, i (M) =1+—al +—blr""+—cl +— 13
Jm=2—ex;{—°] ma S 9 () 9~ 36 36 3 (13)
ma m2a2q2 magq
m-a~q (76) e
Secondly for Kg ; The compressibility sum rule of a
J{ Q[r_C]( an?alq 2)} Cﬂﬁc} degenerate electron liquid is given by [12]
ma 0
. . . . Ke = Ke (14)
Here, g is the ionic number density. The limit gs— Oof ge(rs)
the non-coulombic part of Eq. (6) can be calculasd
in which
3 fe || e[ o4 e
b =amad el e [ 5] 3 g (0)=1-aige(u)n =
, ®)
+ ApZe (%} whererg :[3/(4710(3)]]/3/% is the Wigner-Seitz radius for

electrons in a.u. &is the Bohr radius)A = (4/971)1/3, the

An electron-ion plasma or TCP model is definedianppive  coefficient
model of a liquid metal, where ions weakly couptedan

electron gas. In this case, a general form of sathermal d2e.(r dea(r
compressibility of a TCP with weak electron-ioneirgction gy (rs) 1. rg’#—mszﬁ (16)
and having a non-Coulombic part, Eq. (8) is givefiodiows; 4 24 dré drg

KK
Ke +Kj +20000ncK K

Kt = @ and K2=3/(20.Ef)is the isothermal compressibility of
an ideal electron gas.

where K, is the isothermal compressibility of OCP that for

. 2 2/3
type-a species & =eori). Ef = ;E(fmzpe) (17)
Next, to determine oK , for OCP we use the compressibility
sum rules [12]. First faK; : denotes the Fermi energy,= h/27r,Planck coefficient and
. i
Mgis the electron mass. In Eq.(1&(rs) refers to the
B ' 2 e correlation energy per electron in Rydbergs anduse by
1-—=-2p f - f 10
AK; ap ex(’q) Ak ex(M) (10) Sarkar’s energy form [13], which is
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2 3 4 transition metals are obtained from the BS pararizetion
ees(rs): 1+a0rs+a21rs +a32rs +a43rs styd (18) using Dubinin procedure foa softness paﬁameter. The
bp +byrs +borg +b3s +bgs’ +bdg potential has three essential paremeters, theradius, the
softness parameter and the effective s-electomumancy
where number. In this work, we calculated to tha softness
parameter using the Dubinin formula’s withey , heavy
3 =0.24837857 & = 0.00611973 center of the d-bands of hard-sphere referencersydt]. The
a, =0.00069664 az= 3.63367823 1« values of packing fraction are calcula_ted accprctﬂghe
b =0.00450109 ~ 0.00540115 V\/asegla s formula. Our calculated packing fractialugs are
given in Table 2.
b =0.00035051 = 0.00002577 Table 2: Comparison the calculated?, . Packing

by =9.88887829 10 bg = 5.1105284 1Y fractions (in a.u.) with the experimental data.

N, (calc.) 1, [15]
Finally, substituting (12) and (14) in (9) we olotaihe i
isothermal compressibility of a liquid metal as Ti 0.4364 0.437
Ni 0.441 0.440
-1,.2 B
Kr (d )= 19
T = X (rre) (19) Y 0.4349 0.436
where Using equation (2), (19) and (20), we take an gitetn
calculate the isothermal compressibility, surfasmston and
— B viscosity for Ti, Ni and V with obtained hard spbeliameters
X(Mrs)=g (r)J{,qKO Oe(1s) + 2peBne (20)  and packing fractions. The obtained results arsgued in
e

Table 3-5 and compared with the available expertaieand
theoretical data for isothermal compressibility,rface
tension and viscosity. From the Table 3-5, it isrs¢hat the
agreement with the corresponding experimental watather

The input parameters used to investigate the siraict
properties of some liquid transition metals areutated in

Table 1. : . o ;
. than theoretical values is reasonably good fonitita, nichel
Table 1: Input values for Ti, Ni and V and vanadium
TK) |p m@ |r@A) |r A : o
3 ! a Calculated values for surface tension using isotlaér
(g/em) ibili d BS ial dahl
T 1973 213 279 068 1450 %)]mprelsa ility aln Bt pt(r)]tenUa_T zlre prese_ntfma:{ii teh4.
Ni | 1773 | 7.90 | 5871 | 072] 1.25 th;;’;izif ;;rgc oserfo the avarlable experim an
Y, 2173 5.36 50.941 0.59 1.31d ' .
Table. 3: Comparison the calculatedK
C. VISCOSITY

(10’12 cnt/ dyr) with the Experimental and theoretical

Viscosity, v , of liquid metals and alloys is one of the
values are from Ref. [16-17]

techonologically important for transport propertidakhough
there are a lot of methods to determine the visgo#iose

suitable for liquid metals are limited by their afieal T(K) Kt Kt KT
reactivity and high melting points. Therefore, amner of (cal) Rep.[16] expt.[17]
expressions have been proposed to link surfacéotemsid Ti 1973 134 156 148
viscosity to other, more easily accessible, thefimsjzal . - - -
properties. There is acorrelation between the gisgand Ni 1773 1.43 1.26 0.98
surface tension. One of this correlation has lz@mined by V. | 2173 1.56 1.23 1.10

Egry and coworkers using the SPT [14];

Table. 4: Comparison the calculated/g, in (N.m™), with

s _15 ke T (21)  experimental and theoretical values are from Ref.§,18]
v 16\ m,
where m electron massk; is the Boltzman constant and T T(K) s rs rs
is the temperature. (calc.) Rep. [8] | expt.[18]
Ti 1973 1.5868 1.55 1.65
IIl.  RESULTS Ni 1773 1.94 1.96 1.78
In the present |nvest|gat|(_)n we have_ examined mhﬂ*:@ral . v 2173 1.9644 178 1.95
and some thermodynamics properties of the 3d tiansi
metals. We have employed a second-order pseuddadten
theory that treats the s- and d- electrons sepwdaite in the
same footing. The effective pair potentials for ulid
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Table 5: Calculated values for viscosity, in (Pa.swith
experimental and theoretical values are from Ref.18,19]

T v (cal) v v
(K) Rep. [19] expt [18]
Ti 1973 4.66 3.57 2.2-5.2
Ni 1773 4.72 4.43 4.5-6.2
Y 2173 2.59 3.51 2.4
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