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Calculating models on surface tension of
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Abstract: A thermodynamic model was developed for determining the surface tension of RE,0;—MgO-SiO, (RE=La, Nd, Sm, Gd
and Y) melts considering the ionic radii of the components and Butler’s equation. The temperature and composition dependence of
the surface tensions in molten RE,0;—MgO-Si0, slag systems was reproduced by the present model using surface tensions and
molar volumes of pure oxides, as well as the anionic and cationic radii of the melt components. The iso-surface tension lines of
La,0;—MgO—Si0, slag melt at 1873 K were calculated and the effects of slag composition on the surface tension were also
investigated. The surface tensions of La,O3;, Gd,0;, Nd,O3 and Y,0; at 1873 K were evaluated as 686, 677, 664 and 541 mN/m,
respectively. The surface tension of pure rare earth oxide melts linearly decreases with increasing cationic field strength, except for
Y,0; oxide, while Y,0; has a much weaker surface tension. The evaluated results of the surface tension show good agreements with

literature data, and the mean deviation of the present model is found to be 1.05% at 1873 K.
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1 Introduction

Physical properties of elevated temperature melts
are important parameters for high temperature related
industries, such as iron and steel making, glass melting,
ceramics sintering, controlling the rate of wvarious
reactions and the fluid flows [1]. Moreover, over the last
few decades, since rare-earth elements including Sc, Y
and lanthanides (Ln) have a common ionic valence (Z) of
+3, and are known to be the most electropositive
elements, it has been suggested that they are suitable
sintering additives for Si;N4[2]. Because the ionic radii
(r) of the lanthanide elements decrease continuously with
their increasing atomic number, which is known as
lanthanide contraction, their cationic field strength
(O’CFS:Z/VZ, Z is the valence of the corresponding element,
7 is its ionic radius based on V' ©)=0.14 nm) also
continuously changes with their atomic number. This
causes consequent variations in various properties of
rare-earth containing oxide and oxynitride glasses [3—9].

SHIMIZU et al [3] reported that the surface tension
of rare earth (Y, Gd, Nd and La) -containing
45.2%Mg0—-54.8%85i0, (mole fraction) melts linearly

decreases with the cationic field strength of RE*'.
Conversely, the viscosity of rare earth (Y, Gd, Nd and La)
containing 45.2%Mg0—54.8%Si0, (mole fraction) melts
linearly increases with the cationic field strength of RE*".
The similarly linear relationship between rheological and
elastic properties and cationic field strength of
corresponding rare earth elements was also observed in
RE-Si—Mg—0O—N glasses (RE=Sc, Y, La, Nd, Sm, Gd,
Yb and Lu) [4,5] and the effect of rare earth on the
thermal expansion and viscosity properties of soda—
lime—silica was investigated [7-9]. However, it is
difficult to find the appropriate surface tension data of
elevated temperature melts due to the high temperature
measurement and the complicated effect of components
on surface tension.

Various models have been developed to predict the
surface tension of molten slag melts. For slag with
complicated interactions, TANAKA et al [10—12]
applied a model considering the anionic and cationic
radii of the component oxides as the model parameters to
describe the surface tension, CHOI and LEE [13]
calculated the surface tension using critically evaluated
ionic surface distances of pure oxides. In addition,
these two models were based on Butler’s equation and
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achieved consistent results compared to the data reported
in the literature. However, to our best knowledge, there
are no available reports on the surface tension evaluation
model of rare-earth containing high temperature silicate
melts.

Therefore, in order to systematically reveal the
influence of rare earth on the surface tension of silicate
melts, a thermodynamic model for determining the
surface tension of RE,0;—MgO-SiO, (RE=La, Nd, Sm,
Gd and Y) melts considering the ionic radii of the
components and Butler’s equation was developed. The
temperature and composition dependence of the surface
tensions in molten RE,0;—MgO-SiO, melts was
reproduced by the present model using surface tensions
and molar volumes of pure oxides, as well as the anionic
and cationic radii of the melt components. The calculated
surface tensions were compared with the experimentally
obtained data for RE,0;—MgO—SiO, melts. In addition,
the surface tensions of pure oxides of RE,O5 at 1873 K
were evaluated and the iso-surface tension lines of
La,0;—MgO0—Si0O, melts at 1873 K were also calculated.

2 Thermodynamic model for estimation of
surface tension of molten slag

2.1 Butler’s equation
Among various models suggested by previous
researchers for the prediction of surface tension of liquid
solutions, the present model is also based on the Butler’s
equation [14]. The surface tension (o) of the molten slag
system is calculated from
Surf
o=t K (1)
4 a
where subscript “i” refers to RE,O3;, MgO or SiO,;
superscripts “Surf” and “Bulk” indicate the surface and
bulk phases, respectively; R is the gas constant and T is
the temperature, o> and " are the activities of
the component  at the surface phase and the bulk phase,
respectively; o " is the surface tension of the pure
molten component 7; and 4; is the molar surface area in a
monolayer of pure molten component i, which can be

figured out by
4= LNV @)

where N, is Avogadro’s number, V; is molar volume of
the pure molten component i, L is correction factor
resulted from the surface structure and is usually set to
be 1 for the molten salts and ionic oxide mixtures by
TANAKA et al [1].

2.2 Hypotheses
Equations (3)—(7) for evaluating the surface tension
of the AX-BY—CZ melts have been derived from

Butler’s equation by
assumptions [10—12]:

1) It has been known that molten ionic mixtures
readily undergo surface relaxation due to spontaneous

considering the following

changes in the ionic distance at the surface, which causes
the energetic state of the surface to approach that of the
bulk state. Thus, the contribution from excess Gibbs
energy terms is neglected in the Butler’s equation.

2) In ionic substances, it is well known that their
ionic structures depend upon the radii ratio of the cation
to anion. In order to evaluate the ionic structures and
physico-chemical properties of ionic materials, radii ratio
of the cation to anion should be considered.

The relation between surface tension of slag melts
and the M; (substitute for the activities a;) of components
at the surface phase and the bulk phase conforms to
Butler’s equation:

Pure . E n MiSurf

i
Ai M[Bulk

O =0

3)

where M and MP" are the substitutes for the
activities of the component i at the surface phase and the
bulk phase, respectively. Taking CaO—Al,0O;—CaF, slag
melt as an example, Eq. (3) can be expressed as

Egs. (4)—(6):

Surf
o o ghue RT 1 MRE203 (4)
RE,0;-MgO-Si0, — YRE,0; ARE o MBulk
203 RE,03

Surf
__Pure RT MgO
ORE,0,-MgO-Si0, = OMgO + In—=- (5)

Surf
_ pue RT | Mo, 6)
ORE,0,-Mg0-Si0, = 0si0, T nMBulk
Si0, Si0,
where
,
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x
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Subscript i refers to RE,O;, MgO or SiO,, subscripts
“A” and “X” refer to the cations and anions of
component i, respectively, n? is the mole fraction of
the component i in phase p (p=Surf or Bulk), r, is the
radius of the cation, and ry is the radius of the anion. For

example:

ra = rSi‘” > ng2+ > rRE“ ®)

gy =71 r 9
X 7 siof o ®)
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where Yoot is considered to be the minimum anionic
-
unit in S10,, and the value of rs,4+/ oot Was
1 10y

experimentally determined to be 0.5 [1].

Data on the ionic radii were obtained from
SHANNON et al [15,16], and the molar volumes of the
pure oxides recommended by MILLS and KEENE [17]
were used in the present model. These values are listed in
Tables 1 and 2, temperature
dependences of the surface tension for pure RE,O3;, MgO
and SiO, were collected from Refs. [10,18,19], as listed
in Table 3.

respectively. The

Table 1 Radii of cationic and anionic ions

Ton Radius/nm ocrs/(1072 nm?)
La** 0.114 2.31
Nd** 0.104 2.77

Sm** 0.100 3

Gd** 0.097 3.19

Y 0.092 3.54
Mg* 0.066

Si** 0.042

o* 0.144

Table 2 Temperature dependence of molar volume of pure

components
Component Temperature deper;denciof
molar volume/(m™-mol )

La,04 50.1[1+1x10°*(T=1773)]x10"¢

Nd,O; 46.62[1+1x10™*(T-1773)]x107¢

Sm,0; 47.93[1+1x10™*(T=1773)]x107¢

Gd,04 49.09[1+1x10"*(T-1773)]x10°°
Y,0; 45.22[1+1x107(7T-1773)]x10°°
MgO 16.1[1+1x10~*(1=1773)]x10°
SiO, 27.516[1+1x10"*(T-1773)]x10"°

Table 3 Temperature dependence of surface tension of pure

components
Temperature dependence of
Component surface tension/(mN-m )

Literature Present work
La,0; 560 (2573 K) [18] 686 (1873 K)
Nd,0; - 677 (1873 K)
Sm,04 815 (2593 K) [19] -
Gd,0; - 664 (1873 K)
Y,0; - 541 (1873 K)

MgO  1770-0.636 T (1573-1873 K) [10] -
Si0,  243.2+0.031 T(1773-2073 K) [10] -

2.3 Model establishing

Based on the above study, the sequence of the
established thermodynamic model for predicting the
surface tension is shown in Fig. 1. As shown in Fig. 1,
the parameter 7 is the absolute temperature, and »n; are
the mole fractions of three components as RE,03;, MgO
and SiO, of RE,0;—MgO-SiO, melts to represent
chemical composition of the slags. In addition, M/
represents the relation of mole fraction of components,
that is Eq. (7). Parameters 4, and o, used in the
calculation are listed in Tables2  and 3.

Figure 1 shows the sequences that M iBulk can be
calculated by mole fractions (or mass fraction) of
components and Eq. (7). Further, ¢ and M>" can be
calculated by MP"% &P and 4, based on Eq. (7)
and the Butler’s equation.

l Input parameters T and n,—‘

| M |

Solve MB¥ | IlInput parameters & ™™ and 4,

Butler’s equation
A

Solve gand M>""

Ol.ltpl.lt c, }Wf-mllk and ,M:-Surf

End

Fig. 1 Sequence of model for estimation of surface tension

The model stated above can be extended to
multi-component slag systems, so long as the bulk phase
and the surface phase both obey Eq. (7). Sample
calculations  have been made for ternary
RE,0;—MgO-SiO0, slag melts.

3 Results and discussion

At a certain temperature, the calculation could be
carried out with certain slag components. After
linearization, Newton iterative method was used in
Matlab software to gain all the surface tension of
RE,0;—MgO-Si0; slag melts.

3.1 Evaluating surface tension of RE,0; at 1873 K
Since this calculating model has been verified in a

lot of ternary molten slags, which includes not only such

oxides as SiO,, Al,0;, CaO, FeO, MgO and MnO, but
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also surface-active components such as Na,O, B,O3 and
CaF,, the surface tensions of RE,O; (RE=Y, Gd, Nd
and La) at 1873 K are derived based on this calculating
model and the surface tension of three different
compositions of RE,0;—MgO-SiO, slag melts [3] at
1873 K. The surface tensions of Y,0;, Nd,O3, Gd,05 and
La,0; are 541, 664, 677 and 686 mN/m, respectively, as
shown in Table 3 and Fig. 2. In Fig. 2, the surface
tensions of pure RE,O; melts at 1873 K are plotted as a
function of the cationic field strength of RE*". Figure 2
obviously reveals that the surface tension of pure rare
earth oxide melts linearly decreases with increasing
cationic field strength, except Y,0; oxides, while Y,03
has a much weaker surface tension. The surface tensions
obviously increase in the order of cationic radius of
rare-earth (Table 3) from Y,0;, Gd,Os, and Nd,O3 to
La,0;. Figure 3 shows the temperature dependences of
the surface tension of pure RE,O3 melts.

750
Pure oxide
T-1873 K
= 700t
: La,0, A —__Gd,0
£ 650 R Ndo, L
s -
8
g 6001
3
& o
@ 550f Y,0,%
500 . . .
2.0 25 3.0 35

7 ops/(1072nm2)

Fig. 2 Surface tension of pure RE,O3 melts at 1873 K
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§650F  Gdo,
3
£ 600
7 La,0,
s 550 o
" Y0,
500

1800 2000 2200 2400 2600
Temperature/K

Fig. 3 Temperature dependences of surface tension of pure
RE203 melts

LOFAJ et al [4,5] investigated the structure and
physical  properties  (hardness, glass transition
temperature and density of Me—Mg—Si—O—N (Me=Sc,
Lu, Yb, Y, Sm and La) oxynitride glasses and reported

that these properties varied linearly with radius of the
Me®" cation, moreover, depending on whether Me®"
belongs to the 3rd group (Sc and Y) of the periodic table
of elements or the lanthanides, there were two distinct
correlations. They have estimated that the deviations of
physical properties from linearity were basically
attributed to the considerable difference of atomic mass
between lanthanide and non-lanthanide elements.
However, in the present work, it is questionable whether
the atomic mass will affect the surface tension of
elevated temperature melts. This is experimentally
evident that not only the cation size by itself but also the
electronic structure of RE*" cation has an influence on
physical properties of high temperature melt.
Furthermore, it is probable that the rare-earth oxide melts
have a quite different microstructure in bulk and at
surface.

3.2 Model evaluation
In order to evaluate the performance of the present
model, the mean deviation is defined as

N6 cae — O
Calc Expe %100% (10)

O-Expe

where & is the mean deviation, ocyc and ogy. [3] are
the calculated and measured surface tensions,
respectively, and N represents the number of the
samples.

The surface tension data of melts of three different
compositions in the system RE,0;—MgO-SiO, (RE=
La, Nd, Gd and Y) were measured in the early
publication [3], which has been well represented by the
present model. The comparison of the results between
estimated surface tension data and the experimental
surface tension data is shown in Fig. 4 and Table 4.
The mean deviation computed by Eq. (10) is found to be

500
= RE,0;-MgO-Si0, system
g T=1873 K
e
E
= 450F  =— La)0O4
% ¢ — Ga,04 A
5 s— Nd,0;
3 ¢ YQOS s
o3 s
T 400t .
- .
2
= " ¢ 4 ¢ — Ref.[3]
=]
Ll
= 350 . .

350 400 450 500

Evaluated surface tension/(mN-m™)

Fig. 4 Comparison of evaluated and measured surface tension
for RE,0;—MgO-Si0, system
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Table 4 Comparison of evaluated and measured surface
tensions for RE,0;—MgO—SiO, system

Surface tension of

Component RE,0;-MgO-Si0, system/(mN'm ')
Measured [3] Evaluated
414 419.2
La,04 442 439.6
458 458
404 414.8
Gd,04 433 431.7
447 447
409 416.3
Nd,0; 440 464.5
451 451
390 405.6
Y203 414 414
425 421.7

1.05% at 1873 K. Therefore, the present model provides
a basical description of the surface tension variation of
the RE,0;—MgO-SiO,
temperature and composition.

system with regard to

3.3 Model application

The calculated results for the iso-surface tension of
the La,0;—MgO—SiO, system at 1873 K are shown in
Fig. 5. These results are in good agreements with the
literature values [3]. The iso-surface tension curves in
Fig. 5, calculated using the current model, reproduce the
composition dependence of surface tension for the
La,0;—MgO-Si0O, system, and show that its surface
tension increases with the increase of La,O; content and
MgO content and decreases as SiO, content increases.

: - ; 0
0 0.2 0.4 0.6 0.8 1.0
Mass fraction of La,04

Fig. 5 Calculated iso-surface tension lines of La,O;—
MgO-SiO, system at 1873 K

4 Conclusions

1) Based on the ionic radii of the components and
Butler’s equation, a calculating model is developed for
determining the surface tension of RE,0;—MgO-SiO,
molten slags.

2) The surface tensions of La,03, Gd,05, Nd,O5 and
Y,0; at 1873 K are evaluated as 686, 677, 664 and 541
mN/m, respectively. The surface tension of pure rare
earth oxide melts linearly decreases with increasing
cationic field strength, except Y,O; oxides, whish has a
much weaker surface tension.

3) The evaluated results for the surface tension from
the present model show good agreements with literature
values in RE,0;—MgO-SiO, ternary system. The mean
deviation of the present model is found to be 1.05% at
1873 K.

4) The iso-surface tension lines of La,0;—MgO—
SiO, slag melt are calculated. Surface tension of
La,05;—MgO-Si0, slag decreases with increasing SiO,
content and increases with increasing La,O; content and
MgO content.

References

[1] TANAKA T, KITAMURA T, BACK I A. Evaluation of surface
tension of molten ionic mixtures [J]. ISIJ International, 2006, 46(3):
400—-406.

[2]  NEGITA K. Ionic radii and electro negativities of effective sintering
aids for SizNy4 ceramics [J]. Journal of Materials Science Letters,
1985, 4(4): 417-418.

[3] SHIMIZU F, TOKUNAGA H, SAITO N, NAKASHIMA K.
Viscosity and surface tension measurements of RE,O3;—MgO—SiO,
(RE=Y, Gd, Nd and La) melts [J]. ISIJ International, 2006, 46(3):
388-393.

[4] LOFAIJF, SATET R, HOFFMANN M J, de ARELLANO LOOEZEZ
A R. Thermal expansion and glass transition temperature of the
rare-earth doped oxynitride glasses [J]. Journal of the European
Ceramic Society, 2004, 24(12): 3377-3385.

[S] LOFAIJ F, DERIANO S, LEFLOCH M, ROUXEL T, HOFFMANN
M J. Structure and rheological properties of the RE-Si—-Mg—O—-N
(RE=Sc, Y, La, Nd, Sm, Gd, Yb and Lu) glasses [J]. Journal of
Non-Crystalline Solids, 2004, 344(1-2): 8—16.

[6] EL-OKR M, IBRAHEM M, FAROUK M. Structure and properties of
rare-earth-doped glassy systems [J]. Journal of Physics and
Chemistry of Solids, 2008, 69(10): 2564—-2567.

[7]  WANG Mi-tang, CHENG lJin-shu, LI Mei. Effect of rare earths on
viscosity and thermal expansion of soda—lime—silicate glass [J].
Journal of Rare Earths, 2010, 28(S1): 308—311.

[8]  WANG Mi-tang, CHENG Jin-shu. Viscosity and thermal expansion
of rare earth containing soda—lime—silicate glass [J]. Journal of
Alloys and Compounds, 2010, 504(1): 273-276.

[9] HAMPSHIRE S, POMEROY M 1J. Effect of composition on
viscosity of rare earth oxynitride glasses [J]. Journal of
Non-Crystalline Solids, 2004, 344(1-2): 1-7.

[10] NAKAMOTO M, KIYOSE A, TANAKA T, HOLAPPA L,
HAMALAINEN M. Evaluation of the surface tension of ternary



(1]

[12]

[13]

[14]

Cheng-chuan WU, et al/Trans. Nonferrous Met. Soc. China 24(2014) 3696—3701

silicate melts containing Al,03;, CaO, FeO, MgO or MnO [J]. ISIJ

3701
348-375.

International, 2007, 47(1): 38—43. [15] SHANNON R D, PREWITT C T. Effective ionic radii in oxides and
NAKAMOTO M, TANAKA T, HOLAPPA L, HAMALAINEN M. fluorides [J]. Acta Crystallogr B, 1969, 25(5): 925-946.

Surface tension evaluation of molten silicates containing [16] SHANNON R D. Revised effective ionic radii and systematic studies
surface-active components (B,O;, CaF, or NaO) [J]. ISIJ of interatomic distances in halides and chalcogenides [J]. Acta
International, 2007, 47(2): 211-216. Crystallogr A, 1976, 32: 751-767.

HANAO M, TANAKA T, KAWAMOTO M, TAKATANI K. [17] MILLS K C, KEENE B J. Physical properties of BOS slags [J].
Evaluation of surface tension of molten slag in multi-component International Materials Reviews, 1987, 32(1-2): 1-120.

systems [J]. ISIJ International, 2007, 47(7): 935-939. [18] IKEMIYA N, UMEMOTO J, HARA S, OGINO K. Surface tensions
CHOI J Y, LEE H G Thermodynamic evaluation of the surface and densities of molten Al,Os, Ti;O3;, V205 and NbyOs [J]. ISIJ
tension of molten CaO—-SiO,—ALO; ternary slag [J]. ISIJ International, 1993, 33(1): 156—165.

International, 2002, 42(3): 221-228. [19] RASMUSSEN J J. Surface tension, density, and volume change on

BUTLER J A V. The thermodynamics of the surfaces of solutions [J].
Proceedings of the Royal Society of London : Series A, 1932, 135:

melting of ALO; systems, Cr,0;, and SmyO; [J]. Journal of the
American Ceramic Society, 1972, 55(6): 326—327.

RE,0;-MgO-Si0, (RE=La, Nd, Sm, Gd 1Y)
fs kTR DBt EEE

XN, RE R
AEHRHE RS ARG SO HoR B X s =, dbat 100083

. ETHSERA S TR Butler J7RE, 37 RE,0;-MgO—-SiO,(RE=La, Nd, Sm, Gd Fl Y)/E{EEH K
FIT - SRR o AR FH 4 G 1 % T 5K ) R0 PR SR AR L R 4 Ak o 45 G B s 1 R 9 s 1 245 n] LSRR
E,0;-MgO-SiO, #5443 1 7 77 AR i 73 FINRLRE I AL LA . THEE 1873 K Lay,03-MgO—SiO, A5 K 17K 714k
FHWFFTRAR o X 5K I 50 . 1873 K 4EZHIC Lay0;, Gdy03, NdyO3 Fl Y,05 [ T 5K g i i AR - 57
535k 686+ 677, 664 Fl 541 mN/me BRT Y,0; 48, 2lH TS AP R 2R 15K 77 6 H: BH 2SR 37 58 384 I 52 2k
N, T Y05 T 5K D AHXS Ik NBE 22 o SRR I 1T B3 45 A 5 SCRRER — 30, 1873 K ARSI (i 724 1.05%.
KB WA RIS B TFRARs Butler 7R TR

(Edited by Yun-bin HE)



