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.Surface tension of molten metals 

using the sessile drop method 

David Richard Sageman 

Under the supervision of George. Burnet . ' 

From' the Department of Chemical Engineering 
Iowa State University 

The surface tension of molten Bi, In, Pb, and Sn was 

measured near the melting point using the sessile drop 

method. The tests were performed under ultrahigh vacuum 

conditions in order to maintain a clean drop surface. The 

surface tension-temperature behavior of' Bi, In, Pb, and Sn 

is linear near the melting point and in this temperature 

a b range, the temperature derivative of surface tension, F, 

is negative for all four molten metals. 
/ 

Gases in solution in the molten metal reduce the surface 

tension of the metal.' These gases can be removed by out- 

gassing at lo-' torr. The surface tension of the molten 

metal was found to increase with time of outgassing; the 

increase in surface tension with outgassing was more signif- 

icant for In and.Sn than for Pb and Bi. 

Oxygen, nitrogen, and hydrogen reduce the surface ten- 

sion of molten Bi, In, Pb; and Sn by surface contamination 



and dissolution into the molten metal at pressures of 10- 6 

torr and higher. But at torr the contamination effect 

is not noticeable until after several hours of contamina- 

tion. 

The surface tension of a molten metal can be related 

to its heat of vaporization by the equation 

where ri is the ionic radius of the highest valence state 

of the metal. In the melting point region, the error in a 

value of surface tension calculated by this relationship 

should be less than ten percent. 

The contact angle of a molten metal on a solid surface 

is very sensitive to the surface preparation of the solid. 

Oxides on metallic surfaces increase contact angles, but 

oxygen contamination of alumina reduces contact angles. 



INTRODUCTION 

One of the results of the growing interest in nuclear 

power plants has been a growing interest in the properties 

of molten metals. Molten metals have better heat transfer 

properties than more common liquids such as water. These 

better heat transfer properties make molten metals attractive 

choices as coolants for nuclear reactors, if containment 

and handling problems for molten metals can be solved. This 

interest in molten'metals has caused research into many of 

the physical and chemical properties of molten metals; one 

such property is the surface tension of molten metals. 

There have been many problems in obtaining good data 

on the surface tension of molten metals; most of the data 

which can be found in the literature will be characterized 

by a large amount of scatter in the experimental points, . . 

and mean values of the experimental points will be,inac- 

curate. The main problems in obtaining good experimental 

results for the surface tension of molten metals have been 

the lack of sophistication of experimental techniques, 

impure metals,, and contamination of the liquid surface. 

There are two reasons.for wanting to measure the sur- 

face tension of molten metals accurately. First, as was 

mentioned above, it has. not been done to any great extent 

before. Second, there is a practical.app1ication for such 

data. Surface tension appears as a parameter in boiling 



heat transfer correlations for molten metals. One 'such 

correlation by Balzhiser and Caswell (1966) is a correlation 

.for the critical heat flux in boiling liquid metal systems: 

(q/~), = critical heat flux 

C 
P 

= heat capacity of liquid 

u = surface tension of liquid 

h ' = heat of vaporization of liquid 

P 1  = density of liquid 

Pv = density of vapor 

K = thermal conductivity of liquid 

Pr = Prandtl number of liquid. 

Other correlations for which the surf ace tension. is a. 

parameter include: .an equation for the heat transfer co- 

efficient for film boiling of potaaoium on a horizontal 

plate, by Balzhiser and Padilla (1968), and equations for 

the superheat needed to initiate boiling, by ~auske (1969) 

and by Holtz and Singer (1969). 

Most of the experimental problems mentioned above have 

been solved in recent years. Improvements in the sessile 

drop and maximum bubble pressure methods for measuring sur- 

face tension now make it possible. to 'measure the surface 



tension of molten metals very accurately; in fact, for 

molten metals the.standard deviation of data points from 

2 the mean is usually less than 10 ergs/cm . For . sodium, 
2 whose surface tension is' about 200 ergs/cm , this would .be 

an error.of about 5 .percent;.and, for silver, whose surface. 

2 tension is about 1000 ergs/cm , this would be an error of 

about 1 percent. Also, when using the sessile drop method, 

accurate contact angles are obtained. 

The availability of pure materials has been another 

important factor in improving the accuracy of results. It , , 

has ,been. shown. by several people that trace amounts of im- 

purities can have a large effect on surface tension values. 
\ 

The use of ultrahigh vacuum (UHV) equipment has been 

a big improvement for sessile drop studies. Unwanted con- 
. . 

tamination of surf aces can be prevented. by using UHV equip- 

ment. Since a monolayer will adsorb on a surface in about 

low6 torr-seconds, pressures on the order of lo-' torr are 

neceGsary to maintain clean surfaces: for sufficient times 

to conduct experiments. . . 

The sessile drop method was selected for this study. 

It is considered'one.of the two best methods for obtaining 

molten metal'surface tension data,. and UHV equipment was 

available to prevent-surface contamination. fie sessile 

drop method also provides contact angle data which are 

valuable in measuring wetting. 



Thedegree of wetting, which is characterized by the' 

contact.angle, has been proposed as a parameter in transport 

phenomena occurring in molten metal-solid systems. Only 

. ,  recently, however, have actual uses for this parameter. been 

realized. Hlavac e+ &. (1970) has shown that different 

conditions of wetting procedure different velocity profiles 

for fully developed turbulent flow of mercury in an annulus. 

His study is believed to be the only. study of this kind that 

has been done to date. Fauske (1969) uses dynamic contact 

angles in his correlation for determining the superheat 

.needed to initiate boiling.in molten metal-solid systems. 

Even though the sessile drop method pr'ovides equilibrium 

.contact angles and.not dynamic contact angles, knowledge'of 

the equilibrium contact' angles could be used to estimate 
. . 

dynamic contact angles. 

. ' If meaningful information about interfacial phenomena, 

such as wetting, is desired, it is very important to be able 

to prepare a clean surface. There are several ways to clean 

a solid surface, and the choice depends upon the material 

to be. cleaned and the equipment available. Some of the more 

common methods used to prepare clean surfaces are high tem- 

perature heating under vacuum, evaporation, ion bombardment, 

and chemical reaction. Then, by having UHV equipment avail- 

able, a clean surface can be maintained, or a clean surface 

can be contaminated with a " k n o ~  gaseous substance. 
/ 



The sessile drop method is particularly suited for 

vacuum use because measurements can be made from a photo- 

graph of the drop; thus, the method can be used with UHV 

equipment which can produce and maintain' clean conditions. 
. . 

Very little data exist for molten metal surface tension, and 

..contact angles that have been measured under clean condi- 

tions. However, the method cannot determine solid and 

. '  liquid-solidsurface tensions: only the difference can be 

calculated. 

Not only have good surface tension data been lacking, 

but also, a good correlation for predicting molten metal 

surface tensions is unavailable. Such a correlation is 

valuable since metals make up about 80 percent of the ele- 

ments, and experimental surface tension data, taken under 

good conditions, can be obtained for only some of the 

.metals. Previous surface tension correlations for molten 

metals have. involved empirical constants which have little 

or no .theoretical basis. . . 

The electron microprobe was used to a limited extent 

in this study. A focused beam of electrons 'impinging on a 

surface will cause X rays to be emitted, and the x rays 

will be characteristic of the element present. Diameters 

as small as one micron can be analyzed for content, and by 

scanning the beam across the interface formed by a drop 

/ 



of frozen liquid and solid; a map of material distribution ' . 

can be produced. Thus liquid metal penetration into the 

solid can be assessed. . . 



LITERATURE SURVEY 

A literature survey was conducted in three broad areas. 

. The first area, Clean Surfaces, is devoted to descriptions 

of various experimental methods that can be used to obtain 
. . 

. . 

. . 
clean. surfaces and' to maintain cle,an surf aces. The second, 

sessile Drop Theory, is a summary of basic thermodynamics of 

plane and curved interfaces, the relation.. between thermo,- 

. . dynamics and the shape of a sessile drop, and a simplified 

derivation of the Young equation based on surface energy 

minimization. .The third area, Related Work, is a condensa- 

tion of some recent results in the area of molten metal . 

surface chemistry. 

Preparation of Clean Surfaces 

Any experiment designed to study the physical or chem- 

ical properties of a surface whose composition is to be 

representative of the bulk material requires the prepara- 
. . 

tion,,of a surface free of contamination and the maintenance 

.of cleanliness for a time which is sufficient to perform 

the experiment. If the time of duration of the experiment 

is on the order of several minutes or several hours, a 
. . 

vacuum of lo-' torr or less is required to maintain the 

clean surface. 

Roberts (1963), in a summary of current methods used 

to obtain and maintain clean surfaces, has defined an 



. . 
atomically clean surface as "one free of all but a few per- 

cent of a single monolayer of foreign atoms, either ab- 

sorbed on, or substitutionally replacing, surface atoms of 

the parent lattice" .. 

There are. several techniques for preparing clean s'ur- 

faces. The.proper technique to use:depends on'the surface 

to be cleaned.and the bulk composition of the material. 

Surfaces which have physically adsorbed layers are generally 

easier to clean than surfaces which have chemically adsorbed 

layers. Four .common. techniques used to clean surf aces are : 

evaporation, chemical reaction, io,n bombardment, . . and high 

temperature heating. 

Evaporation is perhaps the simplest method for produc- 

ing a 'clean.s\irface. The process involves heating the ma- 

terial and then condensing the vapor on. a suitable substrate 

material. However, Roberts and Vanderslice (1963) have 

pointed out' that films prepared in this manner may have dif- 

f crent propertie's than t.he b1.3.k material. The .£ilm may take 

on the structure of the substrate, or the film may' be dis- 

continuous or rough. 

Roberts (1967) has pointed out that ion bombardment 

is the most energetic cleaning method of the four'mentioned. 

The procedure consists of first degassing the specimen to 

be cleaned under UHV for several hours. Argon is then 

admitted to the system up to a pressure of torr, and 



ionized by appl ica t ion of a 200 t o  600 v o l t  po t en t i a l .  . The 

r e s u l t i n g  ions  a r e  accelera ted i n  an e l e c t r i c  f i e l d  and 

d i r ec t ed  toward t h e  specimen surface.  The argon i.ons a r e  

a t  an energy l e v e l  of about 500 eV: when t h e  argon ions  . . 

s t r i k e  t h e  specimen- surface ,  atoms a r e  l i t e r a l l y  knocked 

from t h e  l a t t i c e .  (AS a po in t  of reference,  atoms a t  room 

temperature have a t r a n s l a t i o n a l  energy l e v e l  of about 0.03 

eV.) Ion bombardment of a sur face  g r e a t l y  d i s rup t s  it and 

introduces a l a r g e  number of defec t s .  These defec t s  can 

g r e a t l y  a f f e c t  t h e  a c t i v i t y  of t h e  surface.  For example,.. 

Roberts (1963) found t h a t  the a c t i v i t y  of bulk nickel  f o r  

c a t a l y z i n g - t h e  hydrogenation of ethylene i s  about t e n  t i m e s  

g r ea t e r  f o r  argon bombarded nickel  t h a n ' f o r  bombarded and 

annealed nickel.  

Perhaps t h e  most convenient method t o  use t o  prepare 

clean surfaces  f o r  sessile drop tests of molten metals i s  

hea t ing  a mate r ia l  t o  'a high temperature under high vacuum. 

Holland (19GO) has used t h i s  method t o  clean nickel ,  

chromium, and s i l i con .  Tucker (1964, 1966) and Good and 

Muller (1956) have used t h i s  method t o  clean tantalum, 

graphi te ,  and tungsten. Ramsey (1956) and D'Amico and 

Hagstrum (1960) have suggested t h a t  pure s t a r t i n g  mate r ia l s  

should be used to 'minimize d i f fu s ion  of impuri t ies  from t h e  

bulk t o  t h e  sur face  during t h e  heat  process. .  I n  f a c t ,  

Roberts (1963) found t h a t  bulk concentrat ions of 0.01 percent  



carbon i n  tungsten caused s igni f icant  surface contamination 

by diffusion during heating. Oxide films and water a re  
I 

generally chemisorbed and d i f f i c u l t  t o  remove by heating . 

under vacuum. It i s  not possible t o  clean a l l  materials  by 

heating a s  some w i l l  decompose o r  m e l t  before the  surface 

oxide layer  can be driven off .  I ron i s  one such substance 

and i t s  oxide layer  i s  removed b e t t e r  by chemical .or  more, 

energeticmethods. However, Maze (1970) found t h a t  pro- 

longed heating under UHV produced a reduction of contact 

angles i n  h i s  s e s s i l e  drop experiments with iron. sub- 

s t r a t e s ;  this  suggests e i t h e r  a reduct ion  of ' the oxide fi lm, 

a change i n  the  s t ruc ture  of the  material ,  o r  both, 

Cleaning by chemical react ion i s  commonly done by caus- 

ing .a reaction with the  surface i n  such a way t h a t  the  

products a r e  vo la t i l e .  These products can then be removed 

by a vacuum pump. Laukonis and Coleman (1961) used t h i s  

method t o  clean i ron  by heating i n  an atmosphere of hydro- 

gen. Singleton (1951) removed carbon f r m  a surface by 

heating i n  oxygen. 

A combination of heating under high vacuum and chemi- 

c a l  cleaning using gases appear t o . b e  the  best  methods 

avai lable  f o r  s e s s i l e  drop tests. . . 



Sessile Drop Theory 

Thermodynamics of interfaces serves as the basis for 

determining equilibrium surface tension and contact angles 

from .sessile drop shapes (~igure 1) . 
'Two important equations can be derived from thermo- 

dynamic considerations for the purpose of calculating sur- 

fact tension and contact angles. .The Laplace equation 

describes the relationship between curvature, surf ace ten- 

sion, and pressure drop across the interface. Secondly, 

the Young equation is a force.balance relating equilibrium 

forces acting at the three-phase junction (solid-liquid-' 

vapor ). . 
McLauglin and de Bruyn (1969) have listed three con- 

ditions that must be fulfilled for equilibrium to exist 
. . 

at the, three-phase junction: 

a. Equality of temperature ,and chemical potential 

throughout the sys tern; 

b.. Satisfaction 0% the Laplace equation at all points 

of the liquid-vapor interface; 

c. Satisfaction of the Young equation at all points 

of the three-phase junction line. 
. . 

.Also, the solid surface is assumed to be regular and 

. completely rigid. The assumption of rigidity is essential 

. . since the solid surface energy.is in part determined by its 

.condition of mechanical strain. ' This should be constant 



x,z,+ = COORDINATES 
R ,,R2 = PRINCIPLE RADII OF. 

CURVATURE. 
8 = CONTACT ANGL'E 
h = DROP HEIGHT 

Figure 1. Sessile drop coordinate system and important 
parameters 



throughout the solid phase so that no orientation de- 

pendence will be 'present. 

Laplace'equation 

The.total differential in internal energy for a . .  

reversible change is given by 

dE = TdS - PdV + C pidqi 

which can be integrated at constant T, P, and pi to give 

For convenience a new state function is defined 

Differentiating Equation 4 and substitution Equation 1 for 

dE one obtains 

dQ= - SdT - PdV - X qidpi 

for the tot-aJ system'. 

Gibbs (1948) and d e  Bruyn (1966) have shown that for 

a two phase multi-component system in equilibrium, the 

total differential free energy, including interfaces and 

curvature, ' can be written in place of Equation 5 as 



R1,R2 = principle radii of curvature 

Cl,C2 = constants 

A = area 

alp = reference to phases a and p. 

Surface tension is defined from Equation 6 as 

Since dQ is. an exact differential, Equation 6 can be inte- 

grated maintdining all intensive properties constant, in- 

cluding curvature, to yield 

Q = on - P O P  - P P V ~  . 
Rearranging Equation 8. 

Examination of Equation 9 reveals that it gives the total 

surface free .energy since this is the difference .between 

the total PV and that for.each phase, 

Placement of the dividing surface (~igure 2) between 

bulk phases a and p. fixes the values of pa+ and PPvP. As 

can be seen, the exact location of the dividing surface is 

arbitrary, and its placement is a matter of convention. 

For a fixed total Q, the difference between the total and 

that for both bulk phases, Equa.tion 9, must be associated 



\ SURFACE 

Figure.2. Dividing surface location in'interfacial region 



with the interf ace.. . . 

Defining . , ' . 

(10) Q~ = GA'  .. 

And differentiating 

Then .from Equation 6 at constant temperature and chemical 

potential 

subtracting Equation ' 11 from ~quatio'n 12 gives 

At ' this point the restriction of a spherical interface is 

imposed for simplification. For, the spherical interface 

imagine a small isothermal displacement normal to the sur- 

face with the physical content of the system constant, then 

bQ = 0, h A  = ~MR/R:  6@ = AbR = -  ~ v P  (14) 

R1 = R = R = constant curvature. 2 

From Equation 8 

~(oA) = (pa-pP)b@ . 
Substituting for b@ and 6A in Equation 15 gives 



and upon rearranging Equation 16 the Laplace equation for 

a spherical interface is obtained. 
. . 

. . 

B y  proper location of the dividing surface in the inter- 

facial zone, (80/6~) can be made to vanish and the surface 

tension is at a minimum. This surface is commonly called 

the surf ace. of tension. 

In general, the Laplace equation for any curved sur- 

face is 

pa - PP = pressure difference between the two con- 

tiguous phases 

J = mean curvature = 1 / ~ ~  + 1/R 
2 

K , .  = ~aussian curvature = 1/R1R* 

and ( BG/~J) 'can be .made to vanish as before. Rigorous 

derivation . . of. Equation 18 has been done by McLauglin and 

de Bruyn (1969). The influence of curvature on surface 

tension dies out a few molecular diameters from.the sur- . ' '  

face tension, and is only important when curvature and 

molecular 'dimensions are :of the same order. 



Young . equation 

. . 
The Young equation can be derived by minimizing the 

total surface free' energy for a spherical cap of fluid of 
, . 

constant volume resting on a flat surface. The expression ' 

. . 

for total free energy is 

1, S, s1 refer to liquid, .solid, and solid-liquid 

interfaces 

A = area. 

Starting with a unit solid area Equation 19 becomes , for 
. . ,  

a spherical cap of radius R and height h 

The cap volume is 

Since the cap volume is constant, solving Equation 21 for R 



Substituting Equation 22 into Equatipn 2 0  for R and setting 

. . 

8~ /0h l  = 0 
v 

. . 

for minimujn free energy results in the Young equation 

The cosine of the contact angle is found to be 

cos 8 = 3v - 2 m 3  
3 3v - ml 

8 = contact angle. 

A more'familiar form of the Young equation is 

dl cos 8 = .- d 
sl 

Since independent determination of os and osl have never 

been made, young's, equation has never.been experimentally 

verified. 

The sessile drop, Figure 1, can he.described using 

the Laplace Equation 18: 

pa - pa = static pressure + constant contribution 
from .surf acc tension 

AP = pU - PP = g z ( p a  - p a )  + c 

g = gravitational constant 
. . 

p = density 



C = constant 

z - = z coordinate. 

From Equation 18 and 26 

At the drop apex 

z = 0: l/b 2 l / ~ ~  = 1 1 ~ ~  

J = 2/b 
. . 

b = radius of curvature. 

The constant C appearing in Equation 27 is evaluated by 

substituting the parameters determined at the drop apex 

into Equation 27 giving 

The coordinates of a sessile drop are usually expressed 

dx = cos # ds (294 

where 

X # Z  = coordinates 

# = angle between R1 and the. z-axis 



s = arc length. . . 

From the geometry of the drop, Figure 1, 1/R2 = sin @/x. 

Substituting this into Equation 27, then solving, for l/R1 

gives 

Equation 3.0 is the form used in Equation 29c. Knowing Ol , 

and b, a given drop shape can be calculated by numerical 

integration of Equation 29. Coversely if the shape is 
. . 

known or can be measured, the parameters ol and b can be 

determined using a nonlinear regression computer .program 
. . 

by Maze and Burnet (1969). The contact angle is found as 

the upper limit . , of the normal angle'6, and can be calculated. 

numerically once al and b have been established. 

Related Work 

Until recently it' was very difficult to measure the 

surface tension of liquid metals, mercury being the only 

exception. This may be one reason that.there are not much 

published data on the surface tension of molten metals 

and only data pub1ished.h the past few years have much 

reliability.. Flint (1965) and White (1.968) have written 

review articles on the surface tension of molten metals 

and alloys. These articles cover the various techniques 

used to measure the surface tension of molten metals and 
. . 



the important sources of error in these techniques. There 

are at least six different methods available for measuring 

the surface tension of molten metals: however, the maximum 
. , 

bubble pressure method and the sessile drop method are,the 

most useful since. they give the most accurate results. 

The important,sources of error in thes'e methods are: the 

purity of the molten metal, the inability to establish 

thermodynamic equilibrium, and inaccurate values for the 

density of the molten metal. 

White (1966, 1971, 1972) measured the surface tension . . 

of Cd, In, Pb, Sn, and in using the sessile drop method. 

During his experiments his test chamber was filled with 

either H2 or He at a pressure of 760 torr. By using H2 or 

He, he chose ,to neglect ' surf ace contamination of the molten 

metal by the gas, His decision was based on some. earlier 

work by Nicholas et &..(1961) who measured.the surface 

tension of Hg a t  2 5 O ~  in the presence of several different 
. . 

gases. They found that H&, H2, N2, 02, COZ, and CHq had, 

no affect on the surface tension of Hg. However, it must 

be pointed out that there was no step in their procedure 

for outgassing the Hg prior to the surface tension experi- 

ments. White found that the surface tension-temperature 

behavior of In, Pb, and Sn was -that which has been commonly 

assumed for molten metals, namely, the temperature deriva- 

,tive of surface tension is negative. His results are 
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summarized by the following relat.ionships: 

White's results for Cd and Zn showed that both had a posi- 

tive temperature derivative of surface tension near their 

melting points, up to 1 0 0 ~ ~  above their melting pints. He 

was the first person to publish results showing a positive 

temperature derivative. As was mentioned above, it had 

always been assumed,that molten metals had negative tem- 

perature derivatives of surf ace tension over the entire' 

liquid region. In another result obtained with Zn, White 

showed that high vaporization rates of the molten metal, a 
. , 

nonequilibrium. condition, changed the surface tension. To 

cause high vaporization rates, White designed'a sessile 

&by furnace which had I1cold spots" near the drop: these 

I1cold spots" condensed Zn vapor. He ran these experiments 

.at 80 torr instead of 760 torr. For the temperature range 

just above the melting point, 420-460 OC, the, large vapor- 

ization rates caused a five percent increase in the surface 

tension of Zn. He has neglected the fact that a reductioii 

in pressure reduced the surface contamination which may 

.have accounted for part of the increase in the surface 
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tension. 

.Kingery and Allen (1959) measured the surface tension 

of Sn between 800° and 1 0 0 0 ~ ~ .  They used the sessile drop 

' method, and their experiments were run at a pressure o f  

torr. When their results are extrapolated to the. melting 

point, their values are 6 0  ergs/an2 or 10 percent larger 

than the results of White (1971). 

Aldrich and Keller (1968) measured.the surface tension' 

of. In under UHV conditions. The sessile drop method,was 

-10 used, and the experiments were run at a pressure of 10 

torr. Also, they ran experiments in the presence of H2; N2 

and 02. They found that N2 and H2 did not changethe sur- 

face tension of In for the pressure range: 10-lo torr to 

1 torr; however, O2 reduced the surface tension of In if 

the O2 pressure was greater than lom6 torr. 

Bernard and Lupis (1971b) measured the surface tension 

of Ag in vacuum and in the presence of O2 up to a pressure 

of 15 torr. The sessile drop methad was used. They found 

that at 9 8 0 ~ ~  in vacuum" the surface tension was 910 ergs/an 2 

and when the pressure was raised to 15 torr, the surface 

2 tension was reduced to 7'00 ergs/an . 
Besides Aldrich and Keller (1968)., Maze (197.0) is the 

only author that has published data 'taken under UHV con- 

ditions. Maze (1970) measured the surface tension of Pb, 

Bi, and the Pb-Bi eutectic, using the sessile drop method. 
, , 



He reported that the. surface tension-temperature behavior 

of ~ h . a n d ~ i  is described by a curve which passes through 

a maximum;.he attributed this behavior to vapor transport. 

He found that plpn additions of zirconium to' the Pb-Bi . ,  

eutectic .increased the surf ace tension when the pressure' 

was low9 torr: however, when the pressure was torr 

the surface tension decreased upon zirconium additions. 

In some earlier work, Maze and Burnet (1969) wrote, a com- 

puter program which calculates the surface 'tension of a 

molten. metal from -the sessile drop profile, which can be 

measured from a photograph.of the drop. 

. - Schwaneke (1971)' measured the surface tension of Sn 

using the maximum bubbie pressure method. His result is: 

~bhdansky and ~chihs (1967, 1968a, 1968b) 'measured 

the surface tension of several molten'metals at tempera- 

tures for which their vapor pressures are 20 to 400 torr. 

The maximum. bubble pressure method was used. They reported 

a linear surface tension-temp6rature behavior with a neg- 

ative slope for each metal tested. Their results for Pb 

and Bi are 

= ~ b  = 507 - 0.114t (OC) (35) 

GBi = 398 - 0.088t(Oc) . (36) 



For most metals tested, the temperature range of the experi- 

ments was 1000-2000~~. 

Bohdansky (1968) developed an expression t o  calculate 

the temperature dependence of the  surface tension of molten . .  . 

.metals by t rea t ing  the metal ions as  harmonic osc i l la tors ;  

however, h i s  f i na l  resu l t  has three uncertain constants. 

One o f  the constants can be determined from the extrapolated 

l iquid density a t  absolute zero and a surface packing fac- 

tor.  The other two constants can be determined only i f  

surface tension data i s  available fo r  the metal i n  question. 

Very l i t t l e  work has been done i n  the  area of a general 

surface tensioli correlation which could be used t o  predict 

the surface tension of a molten metai. Grosse (1962, 1964, 

1968) has published three papers i n  t h i s  area, However, 

when using any of h i s  correlations, an error  of 10-15 per- 

cent should be expected. In his  f i r s t  paper, Grosse (1962) 

showed that ,  the Law of ~ o t v o s  

V = atomic volume 

KE6 = Eatvos constant 

did apply t o  some metals, He found t h a t  the' EUtvos con- 

s tan t  fo r  metals (except Hgt Cd, and zn) was 

KEl) = 0.64 ergs/(gm-atom) 2/3O~ (38) 



whereas for homopolar liquids 

1n.addition to the lack of good surface tension data upon . .  

. . 

which to base values of Tc have not been measures for 

many metals. For his relationship, ~rosse estimated, Tc by 

extrapolating surface tension data to the temperature at ' , 

which a = 0. . . 

In a later paper, Grosse (1964) developed.an empirical 

relationship between the surface tension at the melting 
. . 

point and the heat of vaporization at the melting point. 

For metals with cubic or tetragonal lattices 

= surf ace tension at the melting point , ' Gm.p. ,. 

AHv ap = heat of vaporization 

V = atomic volume. 
. . 

For metals with hexagonal . . or rhombohedra1 lattices ( zn, 

In a third paper, Grosse (1968) showed that a plot of 

reduced surfact tension vs. reduced temperature for molten 

metals, closely coincided to a similar plotfor argon: the 



plot fay argon had been determined experimentally. 

d 
a- 

"red - d map. 

and 

Where 

He compared some experimental data of Bohdansky and Schins 

(1967) with the argon plot; there was a 10 percent error be- 

tween the two. This correlation is not of much use unless 

accurate data are available on the surface tension at the 

melting point and the critical temperature of the metal; 

such data are generally not available. Also, this reduced 

plot would not be useful for metals such as Zn and Cd which 

have a positive temperature derivative of surface tension 

near the melting point. 

To date, attempts to formulate a general correlation 

for molten metal surface tension have not been very ac- 

curate; errors of 10-15 percent are common. It is not 

surprising that there has been a lack of success in this 

area for molten metals since surface tension correlations 

for ordinary liquids have been just slightly more success- 

ful, Two common relationships which are found in surface 

chemistry texts, like those of Adam (1941) and of Bikerman 

(1970), are the Law of E6tvos 



and the Ramsay and Shields variation 

M = molecular weight 

p = density 

k = a constant. 

Both are empirical relationships which were derived in 1886 

and 1893 respectively. The relationships are useful for 

describing the temperature behavior of surface tension for 

liquids for which k is known. The constant k was' thought 

to be a'universal constant; and indeed. many hydrocarbons + 

have k 2  2.1, but it is not a universal constant. It was 

also thought that k, "the constant of' ~~tvos", was a meas- 

ure of the degree of association of liquids; however, Adam 

(1941) has pointed out that not only is k frequently not 

constanti .but its actual numerical value i . s  without sig- 

'nificance with regard to determining the molecular com- 

plexity of liquids. But, several handbooks do list ex- 

perimentally determined values of k for many liquids. 

One could list a .number of other empirical relation- 

ships which fit classes of liquids. In a text by Bikevan 

(1970) there is a relationship which has- a thermodynamic 

basis,; the relationship relates the surf ace tension of a 



liquid to its heat of',vaporization. The free surface 

energy (0, ergs/anZ) is the work required t o  move so many 

molecules from the bulk into the surface as to cover one 

square centimeter with them. The total energy, including 

heat effects is 

If a .molecule in the surface is considered as one half 

free, and a molecule in the vapor phase Is considered 

.wholly free, then- it has been suggested that 'the latent 

heat of vaporization of a substance would be twice as great 

as its total surface energy. But, since only the internal 

heat, which does not include the external work, should. be 

compared with Us, the value of A\ should be deminished 
aP 

by RT. So, if 2$, is the area occupied by molecule in the 

surf ace 

AHvap - 'RT 
2 uoqn = N . 

For molecules which are isometric 2$, should be proportional 

to ( , and the final equation is 
PN 

2/3 - RT M aa (constant) (-) (0 - T = AHvap 
p N  N 

. (48) 

The "constant" in Equation 48 has been found to vary between 

2.6 and 2.9 for some ordinary liquids. 

For liquid metals, ZadurrJtin (1961) has postulated that 



31 

the surface area occupied by an .atom depended on the 

crystal structure of the metal in the solid state .and 

that,this structure also determined the number of neighbors 

lost by atoms when moving from the bulk into the surf ace. 

be So instead of he has suggested that Lo - aHfUs 
al?' 

used; where Lo is the heat of sublimation at OOK and nHfus 

is the heat.of fusion, So for liquid metals Equation 49 

becomes 



EQUIPMENT AND. PROCEDURE 

High energy surfaces of molten metals are easily con- 

taminated, so care must be taken to maintain clean surfaces 
. . 

. . while measuring surface tension. ~t a of -lo-' torr . 

or less, it takes at least one hour before a monolayer could.,, 

form on the surface. At lo-' torr it is unlikely that any 

measkable contamination effects could be detected for a 

period of three or four days. 
%, 

In this work, surface tension and contact angles were 

determined from photographs taken of liquid'metal drops 

resting on a flat surface. These drops were formed under 

UHV conditions and deposited on a heated surface.. 

The UHV system used in.this study consists of a 350 

liter per second ionization pump with titanium sublimation 

filaments, two molecular sieve sorption pumps, and a liquid 

.ni.trogen cold trap located in the basewell assembly. The 

entiresystems is bakable to 2 5 0 ~ ~  and constructed from 

stainless steel, and oxygen free copper gaskets are used 

throughout. Since no oil pumps are in,the system, con- 

taminant free operation is assured. Figure 3 is a photo- 

graph of the system with the bakeout equipnent removed. 

The bakeout oven, shown in the background of Figure 3, 

is a split aluminum cylinder containing radiant heaters. 

When installed, the bakeout oven completely encloses the 



Figure a. Ultrahigh vacuum system with bakeout shroud 
removed 



vacuum system. Baking the system at 2 5 0 ~ ~  for 24 hours will 

permit testing in the 10 -11 torr range. Baking cleans the 

system and should be done occasionally to prevent contami- 

nant build-up. 

Accurate pressure measurements fran loe5 to 10 -11 torr 

were made using a nude ionization gauge mounted on a 1 1/2- 

inch port located just below the baseplate flange. 

The sessile drop furnace, with its heat shield in 

place, is shown in Figure 4 and Figure 5. The sessile drop 

furnace is rectangular in shape and of stainless steel con- 

struction; and it is heated by tantalum wire threaded 

through the furnace walls. A tantalum crucible is placed 

in a hole in the top of the furnace. The crucible holds 

the molten meeal until it is time to form a drop. A drop 

is formed by raising a tantalum rod that plugs a hole in 

the base of the crucible. The molten metal drops onto the 

test substrate which is placed directly below the crucible. 

The substrate rests on a heated stainless stell plate which 

contains a thermocouple attached to a temperature controller. 

The heated plate can be leveled by means of screws located 

in the heater stand, and the furnace is surrounded by a 

tantalum radiation shield. 

Drops were photographed with a 4 x 5 Calumet view camera 

equipped with an f/4.5, 150 nm lens. Polaroid P/N 55 film 

was used for the drop photographs. Backlighting for the 



Figur ,e 4. Sessi le  drop furnace sur 
front view 

,rounded by heat shield, 

Figure 5. S e s s d l e  drop furnace surrounded ,by heat shield, 
rear view 



photographs was accomplished using a General Electric, 

Gouldcrest Model 910, 650 watt lamp. .me most common 

exposure for a drop photograph was f/6 at 1/50 second. 

Drop dimensions were read from the photograph nega- . . 

.. . tive using.a modified~aertner M 1225-37 coordinate com- 

parator with graduations of 0.001 cm in the horizontal 

direction, 0.0005 cm in the vertical direction, and. one 

minute in the angular direction. The most critical step in 

making drop measurements is the proper alignment of the drop 

base.under the horizontal .cross hair, as an error of one 

minute will produce a 0.8 percent error in surface tension. 

If reliable contact angle data are desired from a study, 

the preparation of the substrate surface is an important 

step since the preparation can affect the contact angle. As 

was mentioned earlier, no single method is best to clean 

all solid surfaces. 

For this study a nonmetallic substrate specimen was 

taken as being clean after it had been heated at least as 

high as the maximum test temperature and evacuated to a 

pressure of lo-' torr at that temperature. This procedure 

should have removed everything from the surface except 

chemisorbed oxygen, and even oxygen could have been re- 

moved in some cases. 

Maze (1970) found that mechanical polishing was the 

best method for polishing metal substrate specimens for 



sessile amp tests. ~lectko~ollahin~ reaulted in 8peclmins 

upon which the drops would spread unevenly in different.di- 

rections; Metallic substrate specimens'were mechanically 

polished; and a specimen -was considered clean after it had 

been heated to the maximum test'temperature and evacuated 
. , 

to a of torr at that temperature. In the 

case of iron and steel specimens, an additional cleaning, 

step consisted of heating the specimen in a reducing at- 

inosphere of hydrogen and then evacuating to a pressure of 

10w9 torr. 

After the substrate surface was cleaned, a drop was 

formed and photographed at different temperatures above its 

melting point. In some cases a cleaned substrate surface 

was contaminated with a known substance prEor to the forma- 

tion of a drop. Drop dimensions were measured on the com- 

parator mentioned above. The dimensions were fed into a 

computer program which calculated the surface tension and 

contact angle; the program was written by Maze and Burnet 

(1969) and further documentation of the program can be 

found in a thesis by Maze (1970). The program was modified 

slightly for this study when a computational problem arose. 

The program was designed to calculated surface tension and 

contact angle from drop dimensions taken anywhere on the 

drop profile; however, results could not be obtained from 

the program unless the drop dimensions came from a small 



portion of the profile, about 25 percent of the profile, 

just above the maximum drop.width. The problem was traced 

to an interpolation step which called for the number 1.0 

to be placed in.the first column of a inatrix; in the 

original program this was done by raising the difference 

between a measured and a calculated drop dimension to the 

zero power. However, if the difference was ever zero, the 

computer would. stop the calculation since it- cannot handle 
. . 

zero to the zero power. The program was changed by.having. 

the number 1.0 read into .the'first. column of that.matrix. 

With this change, drop dimensions could be taken anywhere 

on the drop profi'le. When drop, dimensions were taken over 

the entire drop profile, the.scatter in calculated values 

of.surface .tension and contact angle was reduced. 

After a sessile drop test is completed, the solidified 

drop-solid specimen can be cut in half and examined by 

microprobe to determine the distribution of elements across 

the inter.face. However, a-.sessile drop test usually lasts 

only a few hours and thus the microprobe examination would 

not show much; so, a different procedure was used to pre- 
. . 

pare specimens for a microprobe study. A' small piece of 

the solid specimen was placed in a small tantalum crucible 

which was 3/8 inch in diameter and 1 inch long. The 

prospective molten metal (in solid form) was added to the 

crucible. The crucible and contents were outgassed to a 



pressure of low9 torr at a temperature just below the 

melting point of the molten metal. After outgassing the 

crucible was heated to the desired test temperature: and 

that temperature was. maintained for the length of the test; 

usually 48 hours. After the test the crucible .was . . cut in. . 

half and the solidified drop-solid specimen interface was 

examined by the microprobe. 

High purity materials were used, and in the Appendixis a 

. list of these.materials and their nominal purities. 



RESULTS AND DISCUSSION 

Surface tension and contact angle data were collected 

for bismuth, indium, lead, an3 tin on substrates of alumina, 

graphite, iron, and tantalum. The data were collected in . .  . 

the.temperature range from near the melting point of the 

liquid metals to several hundred degrees above. the melting 
. , 

. . 

point. Data were collected at pressures of lo", and 

760 torr. 

This portion of the study has been divided into six 

subsections : (1) Molten metal and substrate selection; 

( 2 )  Outgassing phenomena; (3) Surface tension-temperature 

behavior; (4 )  Contamination effect of gases; (5) Contact 

..,.'., angle phenomena;, (6) Surface 'tension correlation for molten 
... 

metals. . 

.. , . 

Molten Metal and Substrate Selection 

' . The four molten'metals chosen for this study meet two 

main conditions. They have, low melting points, and they 

: have.10~ vapor pressures. The four metals melt between 150 

and 3 3 0 ~ ~ .  and at their respective melting points, their 

vapor pressures are torr or lower. The condition of 

low melting point is for equipment convenience; that is, 

being able to construct an adequate sessile drop furnace and 
. . 

being able to maintain UHV conditions. By using metals with 

low vapor .pressure, it is easier to establish thermodynamic 



equilibrium during the sessile drop tests. However, at . 

least three of the metals used in this study have already 

received consideration for practical applications. Shimotake 

and.Hesson (1967),have pointed out that bismuth and lead are 

being considered as heat transfer media for nuclear reactofs: 

also, bismuth, lead, and tin are being considered for use 

in regenerative emf cells. 

If reliable surface tension data are to be obtained, 

' great care must be taken in the selection of a substrate 

material. Unless the substrate is resistant to dissolution 

by the molten metal, the drop will become contaminated which 

will produce error in the results. 

Shimotake and Hesson (1967) have summarized the static 

corrosion tests done with bismuth and lead. And, in con- 

junction with' this sessile drop study, Donakowski (1971 ), 

made some static corrosion tests using tin. He used the 

microprobe to examine the'interface; his results are sum- 

marized in Table' 1. Several materials were resistant to 

corrosion by bismuth,. lead, and tin, and presumably re- 

sistant to corrosion by indium although corrosion data for 

indium has not .been taken. Alumina, graphite and tantalum 

are resistant to corrosion by these molten metals, so they 

were selected for this study-. They were also selected be- 

cause they are significantly different solid materials, and 

it was thought that they would produce significantly 



Table 1.. Results of static corrosion tests for tin 

Element Nominal Comments 
Purity 

. . Fe 99.99 + % wetted by tin, dissolved throughout the,, 
melt at a concentration of 25% inter- 
metallic compounds likely. 

Ni 99.99+% wetted by tin, dissolved throughout the 
melt at a concentration of 21%, inter- 
metallics very likely. 

Co 99.99% dissolved throughout the melt at a con- . . 

centration of 17%, intermetallics very 
likely. 

Zr ' 99.99% dissolved to a distance of 48.microns at 
a concentration of 24% not wetted by 'tin, . . 

no dissolution, inward diffusion by tin 
to a depth of 65 microns. 

Ta 99 -98% not wetted by tin, no dissolution, inward 
diffusion by tin to a depth of 65 microns. 

Ti 99.97% dissolved to a distance of 200 microns, 
two distinct concentration levels of 22% 
and 24%. 

321 stainless wetted by tin. 
steel 

Si 99.95% slight dissolution into tin. 

Cr 99.98% not wetted by. tin, hint of some dissolution. 

Nb 99.95% not wetted by tin, no dissolution. 

W 99.95% ' not wetted by tin, no dissolution. 

A1203 99.7% not wetted by tin, 'some tin diffusion into 
porous alumina to a depth of 15 microns. 

Mo 99.95% not wetted by tin, no dissolution. 

Note: all concentrations in weight percent. 



different contact angles. Iron was chosen as a substrate 

,so that contact angle data could be obtained for this wideiy 

used. construction material.. 

Outgassing Phenomena 
'. . 

At ' the beginning of this study it was thought that the 

UHV equipment would serve two important, functions, namely, . . 

the preparation of a clean substrate surface and the preven--- 
I 

tion of gaseous contamination of the sessile drop. However, 

a third important function has been found for the UHV equip- 

ment, namely, the outgassing of the molten metal. 

Gases in solution in the drop and contamination of the 

drop surface by gases are two areas of sessile drop work 

that have been ignored by most authors. Not only have they 

neglected to outgas the molten metal, but also, they have 

made sessile drop tests at gas pressures for which surface 

contamination was. a certainty. The experimental technique 

used by White (1966, 1971, 1972) is common; namely, .the 

sessile drop tests are run in an inert gas atmosphere at a 

pressure of 760 torr. Although the inert gases used do not 

oxidize the metal surface, they are soluble-in the molten 

metal. By using vacuum.equipnent, dissolved .gases and 

gases entrapped in the metal during the melting process can 

be removed; surface contamination is also minimized by using . . 

v.acuum. equipent . Winkler and Bakish (1971) have summarized 



data on the solubility of gases in molten metals; as the 

pressure decreases the solubility of the gas decreases. And 

at a pressure of lo-' torr, the solubility of gases in molten 
, . 

metals is about weight percent. 

The effect of complete outbassing is illustrated in '. 

Figure 6- by the curve for Sn-Ta-5, The curve shows .that the 

surface tension of tin increased at constant temperature as 

time increased, and after a long time the surface tension 

began to level off at one value, It is felt that continued 

outgassing was the only phenomena occurring during that 

p'riod. For the run, Sn-Ta-5, the system was evacuated to 

lo.-' torr at the test temperature prior to the drop forma- 

, tion. However, it is not illogical that further outgassing . . , 

of the.meta1 took place after the formation of the 'drop 

since the exposed surface area to volume ratio for the ses- 

sile drop is.greater than the exposed surface area to volume 

ratio for the molten metal in the crucible. The increase in 

the surface tension of tin due to outgassing was -significant 

in this case, nearly 60 ergs/an2 or 10 percent. 

As was mentioned earlier, White (1966) has demonstrated 

that high vapor transport can cause an increase in the sur- 

face tension of a molten metal. And low pressures like lo-' 

torr mean that molecules in the vapor phase have a large 

mean free path and this would be conducive to vapor transport. 
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Thus, it is possible that the increase in the surface tension 

of tin illustrated'in Figure 6 might be partially due to 

vaporization of tin. However, the system pressure is not 

the only factor which determines whether or not high vapor 

transport can occur; perhaps the most important factor is 

.. . the vapor pressure of the metal. Figure 7 illustrates the 

vapor pressures of the metals used in this study, .the data 

were taken from Hultgren et al. (1963). At 486O~, the vapor 

, pressure of tin is about 10-l2 torr ; this is a very low vapor 

pressure. When White (1966) demonstrated the vapor trans- 

port effect, he was using zinc which has a vapor pressure of 

0.15 torr at the melting point, he had constructed a sessile 

drop furnace with a "cold spot1@ near the drop, and he reduced 

the system pressure to 80 torr from 760 torr. So, he had a 

metal with a high vapor pressure, he had a cold spot near the 

drop which could condense zinc vapors, and he reduced the 

system pressure. Under these conditions, the vapor transport 

effect was about 5 0  ergs/cm2 or 7 percent. If a metal with 

a vapor pressure of 0.15 torr causes an increase in surface 

2 tension of 50 ergs/cm , it seems very unlikely that a metal 

with a vapor pressure of 10 -12 torr could produce a vapor 

transport effect that could be noticed by present experi- 

mental techniques. In fact,-it seems.unlikely that any'of 

the metals used in this study have a vapor pressure high 

enough, in the region of their melting points, to produce a 



Figure 7 ,  The, vapor pressure of ' bismuth, indium, . lead, 
and tin 



significant vapor transport effect . Lead has the highest 
vapor .pressure of the metals tested; at its melting point., 

lead has a vapor pressure of 4 x loe9 torr while zinc has a 

vapor pressure of 0.15 torr. Thus, the increase in the sur- 
\ 

face tension of tin in Figure 6 can be attributed largely' 

to outgassing only. 

The outgassing phenomena was demonstrated for indium 

also; this is'illustrated by'the curve for In-Ta-5 in.Fig- 

ure 6. For this experiment, the drop was formed at a pres- 

sure of lo-' torr and then the pressure was raised to 7.60 

torr with dry nitrogen (99.7% pure). The pressure increase 

produced a. lowering of the surface tension and the surface 

of the drop became oxidized. After 30 minutes the pressure 

was reduced, eventually to lom9 torr. At lo-' torr the 

oxidation on the drop surface disappeared and the surface 

tension increased as is shown in Figure 6. Thus it is 

possible to c0ntaminate.a drop surface with a gas and then 

clean the surface by heating under,UHV conditions. 

. An experiment similar to Sn-Ta-5 was attempted using 

alumina, A1203, as the substrate. . The results are il- 

lustrated bythe curve for sn-Jl1203-7 in Figure 6. In this 

case', the surface tension of.tin decreased with time rather 

than'increased as was the casewith Sn-Ta-6. The decrease 

in surface tension is attributed to surface contamination 

of the drop. The containination might have been caused by a . , 



substance which had been adsorbed on. the alumina, or it is 

possible that the aluminadissociated and contaminated the 

surface. Drowart et &. (1960') found that, at high tem- 

peratures and UHV conditions, A1203 dissociated to Al, 0, 

A10, A120, and Al2O2. And it would take only trace amounts 

of .contamination to cause the decrease illustrated in Fig- 

ure 6. Therefore, alumina is not a.. good substrate , to use 

under conditions of .high temperature, very low pressure 

(lo-' torr) , and long times (more than several hours). 

However, under other conditions alumina should be a good 

substrate; oxides such as alumina have one advantage over 

metals such as tantalum. When an oxide is used as a sub- 
. :  

strate, the contact angle is usually very large; and it is 

much easier to f orm symmetric sessile drop the contact 

angle is large. . . 

Surface Tension-Temperature BehaviQr. 

The surface tension and contact angle data collectea 

in this study are shown in Table 2. The surface tension- 
. . 

temperature relationships of the metals tested were all 

linear near their respective melting points. The relation- 

ships have negative slopes; a least squares analysis was 

used to determine the best linear relationship for the data. 

Some of the data shown in Table 2 were collected b.efore 

the full importance of/outgassing was realized. In order to 



Table 2. S u r f a c e . t e n s i o n  and c o n t a c t  angle  d a t a  

S u b s t r a t e  Age of P r e s s  Temp Surface  Contact 
and Drop ( t o r r )  (OC) Tension Angle 

Number (min) (ergs/cm2 (degree)  

Tin . . 
. . 

Ta-5 20 . 1.8 x loe9 485 545 94 

II 1100 1.4 x lo-' 486 555. 94 

t I 1440 1.1 487 -561 88 

11 2600 1.1 486 586 87 

a ~ e c o n d  t i m e  i n d i c a t e s  l e n g t h  of t i m e  of contamination. 



Table 2 (cont inued)  

S u b s t r a t e  Age .of P r e s s  Temp Surface  Contact 
and Drop ( t o r r )  (OC Tension Angle 

Number (min) (ergs/an2 1 (degree). 

. . 
Tin 



Table 2 ' (cont inued)  

S u b s t r a t e  Age of P r e s s  ~ e m p  Sur face  Contact 
and Drop ( t o r r )  (OC) Tension Angle 

Number (min) (ergs/cm2) (degree)  

Tin. . . 



Table 2 (Continued) 

Substrate . Age of  Press ~ e m p  Surf ace ' Contact 
and Drop ( torr)  (OC) Tension ' Angle 

Number (min) (ergs/cm2) (degree) 

Tin 

%or A1203-2, A1203-3, ~ 1 ~ 0 ~ . - 4 ,  241203-5 t h e  A1203 is 

only 85% pure. 



Table 2' (continued) 

Subs t r a t e  Age of Press Tgmp Surface Contact 
and. Drop ( t o r r )  ( C) Tension ' Angle 

(ergs/cm2) (degree) Number (min) 

' \  
. . 

Tin 



Table 2 (continued) 

' Substrate Age of Press Surface Contact yq  ensi ion' and Drop (torr) Angle 
. (ergs/an2) (degree) ' .  Number (min) 

, 
3 

. . Tin 
. . 

Indium 

C A1203-5 contaminated with O2 at 2 x torr prior 
to 'drop formation. 



T a b l e  2 (continued) 

Substrate Age of Press Temp Surface Contact 
and Drop (torr ) (OC) Tension Angle 

Number (rnin) (ergs/cm2) (degree) 

Indium I 
. .  . 

95 ' T a - 6  7710 s 403 585 



Table 2 (Continlled) 

substrate Age of Press Temp Surface Contact 
Angle and Drop ( torr) (OC) Tension 

Number (min) (ergs/an2) (degree) 

Indium 

!Raised pressure to 760 torr a& with dry N2 and then 
started outgassing again. 



Table 2 (Continued) 

S u b s t r a t e  Age of P ress  T p p  Surface Contact 
and ' , Drop ( t o r r )  ( C) Tension Angle 

Number (mid (ergs/cm2) (degree) 

Indium 

Bismuth 



, . 

Table 2 (continued) 

Substrate Age o f  Press Surface ' Contact 
and Drop (torr)  TEY Tension Angle' 

Number , (min) (ergs/cm2.) (degree) 
- - 

Bismuth 

Ta-4 4500;105 2 x ~ o - ~ H ~  440 381 9'0 

I I 4590;195' 2 x ~ o - ~ H ~  349 377 '90 

I I 4620; 255 2 x ~ o - ~ H ~  349 377 90 ' 

I I 5610 1 .5  x lo-' 345 382 9 0. 



Table 2 (continued) 

S u b s t r a t e  Age of P r e s s  Tgmp Surface  Contact 
and Drop ( t o r r )  ( C) Tension Angle 

Number (min (ergs/an2 1 (degree)  

Bismuth 
. . 

%e-1 n o t  c leaned wi th  hydrogen p r i o r  t o  drop  formation. 



Table 2 (cont inued) .  

S u b s t r a t e  Age of P r e s s  Temp Surface Contact 
and Drop ( t o r r  ) (OC) Tension Angle 

Number (min) (ergs/an2) (degree)  



Table 2 (continued) 

Substrate Age of Press . Tggp Surface Contact 
and Drop (torr) ( C) Tension Ang 1 e 

Number (min) (ergs/cm2) (degree) 

Lead 

1 

1 

1 

1 . 2  

2 x ~ o - ~ H ~  

2 x 1oe6H2 

1 . 4  x lo-' 

2 x 10-602 

2 x 10-602 

1 . 5  

2 x 1 0 ~ ~ 8 ~  

2 x 1 0 ~ ~ 8 ~  



Table 2 (continued) 

Subs t r a t e  Age of Press  Temp Surface Contact 
and , Drop ( t o r r )  (OC) Tension Angle 

,Number (min) (ergs/an2) (degree) 

Lead 



, Table. 2 (continued) 

Substrate 4 e  of Press . Temp Surf ace Contact 
and Drop (torr) (OC) Tension Angle 

Number (min) : (ergs/an2) (degree) 

Lead 

4 

4 



determine the best value of surface tension at a metal's 

melting point, only data which were collected under condi- 

tions of complete outgassing were used. But data from most 

of the sessile drop tests were used in determining the 
I: 

temperature derivative of the surface tension of the molten 

metal. 

The age of each drop is also shown in Table 2; the age 

tells the length of time of outgassing or the .length of time 

of contamination of the sessile drops. The age of the drop 

is important due to the phenomena of outgassing. The length 

of time needed to outgas indium and tin drops was'longer 

than was'needed for bismuth and lead drops. This may be 

largely due to the .fact that the surface tens.ions of indium 

and tin are larger than the surface tensions of bismuth and 

lead; and thus the same percentage increase in surface ten- 

: sion.is a larger absolute increase in surface tension for- 

either indium or tin. 
\ 

In Figure 8, the best data collected for tin (~n-Ta-5) 

are shown along with surface tension temperature relation- 

ships recently published by White (1971) and Schwaneke (1971). 

White used the sessile drop method in hydrogen at a pressure 

of 760 torr; his substrate material was graphite. Schwaneke 

used the maximum bubble pressure method. The melting. point 

2 
values of surface tension,are: 612 ergs/un , in this study; 

2 550 ergs/* , by White (1971) : and 556 ergs/un2, ' by Schwaneke 
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Figure 8. The surf ace tension. of tin, ~n-Ta-5 outgassed ,at 5 0 0 ~ ~  
for 10,000-10,500 minutes 
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(1971). The larger value obtained.in the present. work, 

about an 11 percent increase, is attributed to the fact that 

the molten metal was completely outgassed and surface'con- 

tamination was prevented. 

The importance of outgassing tin is illustrated again - 

in Figure 9 which shows three sets of data which were col- 

lected at different lengths of ,time of outgassing. At 

longer times of outgassing, the surface tension of tin 

increased. 

In Figure 10, the best data obtained in this study for 

indium (In-Ta-6) -are shown along with the results recently 

published by White (1972). White used the sessile drop 

method in hydrogen at 760 torr. White obtained 560 ergk/anz 

for the .surface tension of indium at the melting point; in 

2 this study'the result is '595 ergs/cm . The larger value 

obtained in the present work is attributed to outgassing 

the indium and the prevention of surface contamination by 

gases. 

Figure 10 also shows data taken for indium in hydrogen 

at 760 torr after the indium had been outgassed. The sur- 

face tension' of indium was reduced due to the presence of 

hydrogen; in fact, the results previously obtained by White 

.(1972) were nearly duplicated. 

For tin and indium it was found that significant out- 

gassing took place' after the sessile drop was formed; this 
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Figure 9. T h e e f f e c t  of outgassing on the su r face  t ens ion  o f t i n  
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Figure 10. The surface tension of indium, In-Ta-6 outgassed at 

5000C for 7500-7800 minutes, In-Ta-7 outgassed at 5 0 0 ~ ~  
for 2800 minutes and contaminated for 85-240 minutes 



phenomena was.not observed for lead and bismuth. Figure 11 

shows several sets of data collected for lead along with the 

results published by Bohdansky and Schins (196833) and White 

(1971). For Pb-Ta-3 the drop was outgassed for 1500 minutes 

before data were taken; whereas for Pb-Ta-2 and Pb-Fe-2 the 

data were obtained immediately after the drops were formed. 

As is shown in Figure 11 the data nearly coincide. White's 

result is lower than the present work; at the melting point, 

White obtained 445' ergs/an2 for the surface tension of lead, 

2 and in this study the result was 454 ergs/an . The lower 
value obtained by White can be attributed to the fact that , . 

his data were obtained in hydrogen at a pressure of 760 torr. 

Bohdansky and Schins (1968b) obtained their data between 

1200 and 1 7 0 0 ~ ~  using the maximum bubble pressure method. 

The result shown in Figure 11 is an extrapolation of their 

data to the melting point region. It is very likely that 

the temperature derivative of the surface tension is,not' . 

constant between 3 3 0 ~ ~  and 1200°c, and that might explain 

why their results differ from the present work. 

Maze (1970) reported nonlinear surface tension tempera- 

ture behavior for both lead and bismuth; similar results 

were not obtained in the present work. Maze reported that 

for the first 50 to 75Oc above the melting point, the sur- . 

face tensions of lead and bismuth increased with temperature; 

then at higher temperatures, the surface tensions of lead 
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Figure 11. The surface tension of lead, Pb-Ta-2 outgassed at 4 5 0 ~ ~  
for 1500-1650 minutes, other drops outgassed' for 30-180 
minutes 



and bismuth decreased as temperature increased. . He at- 

tributed the nonlinear behavior to vapor transport; however, 

as was mentioned earlier, the vapor pressures of lead and 

bismuth are very low near the+ melting point, so it is 

unlikely that vapor. transport effects could be observedusing - ,  ' 

the sessile drop technique. What Maze may have observed were 

two opposing phenomena occurring at the same time. The first 

phenomena, namely 'outgassing, would tend to increase the sur- 

face tension, and the second phenomena, namely increasing 

the temperature, would tend to cause a decrease in the sur- 

face tension. Since Maze (1970) began his experiments at 

the lower temperatures and proceeded to take data at higher 

and higher temperatures, it seems possible that the outgas- 
. . 

sing phenomena.predominated at the beginning of the experi- 

ment and then later, as outgassing beqame complete, the sur- 

face tension decreased as the temperature was increased. 

This would explain the nonlinear behavior that he observed. 
. . 

' The data obtaLned for bismuth are shown in Figure 12 

along with the result of Bohdansky and Schins (1968b) . 1.n 

the present a.study, the value obtained for the surface 'tension 

2 of bismuth at its melting point is 390 ergs/cm . This value 

is larger than the value of Bohdansky and Schins;.however 

their data were taken between 1100 and 1 3 0 0 ~ ~  using the maxi- 

mum bubble pressure.method. And the line in Figure 12 in- 

dicatingtheir result is an extrapolation to the melting 



Figure 12. The surface tension of bismuth, Bi-Ta-4 outgassed a t  4 5 0 ~ ~  
for  4200-,4400 minutes,. o,ther drops outgassed for  20-380 
.minutes ) 
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point region. 

Listed in Table 3 are the values obtained 'for the sur- 
. . 

face tension of bismuth, indium, lead, and tin at their 

respective . . melting points. 

Table 3. Surface tensions of bismuth, indium,.lead, and tin 
-at their melting points after complete outgassing 

Molten Metal Melting Point Surface Tension 
Temperature at Melting Point 

(OC) (ergs/cm2) 

Listed in Table 4 are the values obtained for the tem- 

perature derivative of surface tension of molten bismuth, 

indium, lead, and tin. Values are listed for many experi- 

mental runs. Values for ao/at were obtained by using a 

least squares analysis to find the best straight line to 

fit the data. 



Table 4. Temperature derivative of surface tension of 
bismuth, lead, indium, and tin 

Metal and . - ab Std. dev. of Average value of 
Substrate 'at exptll'- .pts. from - air 

(ergs/cm2 OC) I straight line at 
: .(ergs/cm2) (ergs/cm2. OC) 



The surface tension-temperature behavior for bismuth, 

indium, lead, and tin are represented by the following 

relationships : 

Contamination ' ~ f f  ect of Gases 

The effect of gas contamination on a molten metal ses- 

sile drop or the effect.of gas dissolution.in a molten metal 

sessile drop has caused some controversy. Several authors 

have reported that gas contamination reduces the surface 

tension of molten.metals, and others have reported that gases 

do not affect the surface.tension of molten metals. . . Conse- 

quently, a number of experiments were performed to determine 

the effect of hydrogen, nitrogen, and oxygen on the surface 

tension of bismuth, indium, lead and tin. 

In Figure 10 it has already been shown that hydrogen 

at. 760 torr reduced the surface tension of indium. Additional 

data have been obtained for each'of the four metals'in high 

purity hydrogen, nitrogen, and oxygen (see the Appendix for 

purities) at torr. For each case the drop was outgassed 



at lo-' tbrr and 'then high purity gas was introduced. The 

exact length o'f time of outgassing and contamination for 

each data point can be found in Table 2. The results of 

these experiments are shown in'Figures 13 through 23. Even 

though the gas pressure was only torr., each gas caused, 

a.slight loweringof 'the surface tension of each metal; in 

some cases, the reduction in surface tension was barely 

noticeable after four hours. And for Pb-A1203 and In-AIZOj, 
. . 

oxygen produced visible oxidation on the surface of the 

drop. 

It was expected that the gases would change the surface 

'tension of the molten metals since gases are soluble in 

molten metals and the Gibbs adsorption equation is very 

well known .in surf ace chemistry. The ... Gibbs adsorption . 

equation is : ' . 

r2.= surface concentration of solute 

C2 = bulk concentration of solute 

U = surface tension of solution . 
The Gibbs equation has been.experirnentally verified for 

many ordinary liquids (see Adam (1941)). 

It was also expected that gas contamination would re- 

duce the, surface tension of the molten metal.'. After the' 



I ' HYDROGEN . P R E S S U R E = I ~ ~ ~ ~ ~ ~  

AGE OF CONTAMINATED DROP 

. , 

~igure.13. The effect of hydrogen at loe6 torr on the sur- 
face tension of bismuth indium, lead, .and tin; 
outgassing times at 10-4 torr were: Bi - 4300 
minutes, In - 8700 minutes, Pb - 1600 minutes, 
and Sn - 2800 'minutes 



. 
. AGE OF CONTAMINATED .DROP 

( MIN.) 

Figure 14. The effect of nitrogen at 10-6 torr on the sur- 
face tension of.bismuth indium, lead, and tin; 
outgassing times at 10-9 torr were: B i  - 5600 
minutes, In - 7800 minutes, Pb -. 6500 minutes, 
and Sn - 8600 minutes 



I .  OXYGEN PRESSURE = 10-~tor; 

AGE OF CONTAMINATED DROP 

(MI N.) 
Figure 15. The effect of oxygen at torr on the sur- 

face tension of bismuth indium, lead, and, tin; 
outgassing times at .lom9 torr were: Bi - 10,000 
minutes, In - 10,000 minutes, Pb - 4800 minutes, 
and Sn - 5400 minutes 
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Figure 16. . The e f f e c t  of ni t rogen a t  t o r r  on the surf  ace 
t e n s i o n  of bismuth, ,drop outgassed a t  1 0 - g t o r r  f o r  
'30-120 minutes and contaminated f o r  30-120 minutes 



TEMPERATURE ( O C )  
Figure  17. The e f f e c t  of n i t rogen  a t  t o r r  on the s u r f a c e  ten-  

s i o n  of indium, drop outgassed a t  10-9 t o r r .  f o r  20-140 
minutes and contaminated f o r  60-225 minutes 



TEMPERATURE (OC) 
Figure 18. The effect of nitrogen at torr on the surface 

tension of lead, drop outgassed at 10-9 torr for 
30-120 minutes and contaminated for 60-160 minutes 
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Figure 19. The e f f e c t  of n i t r o g e n  a t  loe6 t o r r  on: t h e  su r f  ace 

. . t ens ion  of t i n ,  drop outgassed a t  10-9 t o r r  f o r  
24-145.minutes and contaminated f o r  120-300 minutes 
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Figure 21.. The effect of oxygen at torr on 'the surface 
tension of indium, drop outgassed at torr for 

. .  . 60-270 minutes and contaminated for 30-180 minutes . '. . 
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Figure 2 2 .  The effect of oxygen at torr on the surface .', 

. .  . 
tension of lead, dropoutgassed at 10-9 torr for 
15-180 minutes and contaminated.for 40-160 minutes 
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Figure 23. 'Ihe effect of oxygen at torr on the surface 
tension of tin, Sn-Al O3 outgassed at. torr 8 for 20-640 minutes: o her drops outgassed at 
torr.for 20 minutes and contaminated for 20-315 
minutes 



drop of metal is contaminated by a gas, a solution remains, 

although it is a very dilute solution of gas in a molten 
. . 

metal.. And it is likely that the surface tension of the 

solution would lie somewhere between the surface . tension . of 

the pure. solvent and the surface tension of the pure solute. 

Now, the surface tension of hydrogen, nitrogen, and oxygen' 

in the liquid state are about 10 ergs/cm2 (see Weast (1970) ) ; 

thus, it should be expected that these gases in solution in 

a molten metal would. reduce the surface tension of the molten 

metal. 

The fact that the gas contamination effect 1s very small 

at low pressures for periods of several hours means that it 

may be possible to obtain acceptable surface tension data 

for metals whose vapor pressures are larger than the metals 

-6 : used in this study. By making tests at pressures of 10 

torr or somewhat higher net vaporization of the metal can be 

reduced and contamination of the drop surface can be held at 

a minimum. By operating at torr instead of lo-' torr, 

the mean free'path of molecules in the vapor is reduced. By 

reducing the mean free path of molecules, the likelihood of 

a metal molecule in the vapor phase,.a molecule which had 

just entered the vapor phase from the drop, striking the 

drop again is increased; thus the net rate of vaporization 

is reduced. But, the higher pressures also mean more sur- 

face contamination; so the lowest pressure possible should 



be used. Also, the molten metal should be completely out- 

gassed first if possible. 

Contact Angle Phenomena 

The contact angle data collected in this study are 

listed in ~able.2.' The.contact angle is very sensitive to 

preparation of the substratesurface and to the surface ten- 

sion of the. molten metal.. Theref ore, when examining the 

contact angle data in Table 2, one must keep in mind three 

other items: 

(a) the surface tension of the moltel; metal 

(b) the temperature at which the substrate was out- 

gassed--the maximum test temperature in this study 

(c)' the final pressure obtained during outgassing-- 

about torr in this work: for tests run at 

lom9 torr, the final pressure is also shown in 

Table 2. .. . 

' .  In the cases of tantalum and iron contact angles were 

lower when the substrates had been outgassed at lower pres- 

sures; this would indicate that the reduction of oxides on 

the metal substrate surface resulted in a reduction in the 

contact angle. 

Contact angles on alumina substrates were larger than 

contact angles on tantalum and iron substrates. And contact 

angles on graphite substrates were usually greater than the 



contact angles on metals but less than the contact angles on 

alumina substrates, The contact angle 05 tin on alumina was 

reduced when the alumina was contaminated with oxygen prior 

to the formation of a sessile drop. 

The contact angle' data obtained in this study were 

nonsensitive 'to temperature changes after a' sessile drop had 

been formed, 

Surface Tension Correlation for Molten Metals 

Equation 55 has been suggested as a relationship which 

relates the surface 'tension of a molten metal to its heat 

of vaporization. 

B = constant . 
Using the surface tension data obtained for bismuth, indium, 

lead, and tin, the constant "B" has been calculated. The 

data used for the calculation are shown in Table 5; the 

thermodynamic data were taken from Hultgren et &. (1963). 

Equation 55 should apply at any temperature; in this study 

calculations were made at the melting point for each metal. 

Most surface tension data that are available for molten 

metals were collected for the melting point region. 

The.values obtained for the constant "B" are shown 

in Table 6. 



Table 5. Data needed for  Equation 55 for  bismuth, lead, indium, and t i n  

Metal M 



Table 6. ;Calculated value of the constant in Equation 55 

Metal Constant . . 

. . 

Bi . 6.75 
. . 

Pb 6.02 

In. 6-68 I 

The constant in Equation 55 is not universal for,the 

metals tested; however, 'the magnitude of the constant is 

very interesting. ,For ordinary liquids the constant had 

been found to vary between 2.6 and 2.9; and in the deriva- 

tion of Equation 55, molecules'on the surface were assumed 

to be half free .which led to a constant of approximately 2. 

However,.the assumption that a.surface molecule is half 

free neglects any interaction between neighboring molecules 

on the surface. The larger value of B obtained for metals 

.suggests .that metallic 'surface atoms are less than half 

free. Because of the electron cloud nature of metallic 

bands, one might expect metallic surface atoms to be at- 

tracted to each other and to atoms in the bulk more.than 

surf-ace molecules for ordinary liquids. Thus, the 

larger value .of B obtained.for metals should not be sur- 

prising. 



Equation 55 would be useful in predicting the surface 

. '  tension of molten metals if 

where C is a universal constant for all metals and f is a 

correction factor that is some tabulated property of metals 

and that ,accounts for different, degrees of attraction for 

metallic surface. atoms. 

Since for electrostatic forces, the potential energy is 

proportional- to l/r, where r is the distance of separation 

of the ions,, l/ri, where ri is the ionic radius of a metallic 

ion, is proposed for the correction factor f in Equation 56. 

Values for the ionic radius of the metals were taken from 

Lange (1967) and Weast (1970); for consistency, the value of 
. . 

the ionic radius of the largest valence state was used for. 

metals with more than one valence state. 

Table 7 lists the value of ri used for bismuth, indium, 

lead, and .tin and value calculated for C, the universal 

constant. The average value obtained for C is 5.40. 

Table 8 shows a comparison of the experimental value 

of. surf ace tension and the value calculated by Equation 55 

using 5.40/ri as the constant. The calculated values of 

Equation 55 are very good when compared to the results of 

empirical relationships of other authors, as those empirical 

relationships were often in error between 10 and 15 percent. 

Equation ,55 was tested on some data recently reported by 



Table 7. Ionic radii of bismuth, indium, lead, and tin 
and the universal constant for Equation55 

Metal Ionic Radium universal 
(~ngstroms) constant for 

Equation 

;Table 8. Surface tension of bismuth, lead, indium, and tin 
at the melting point, experimental and calculated 
by Equation 55 

Metal Experimental Calculated . Percent 
surface tension surface tension difference 
(ergs/cm2) (ergs/cm2) 



. . Table 9. Surface tension at. melting point, experimental 
and calculated by Equation 55 

. . 

. . 
Metal - ab .Experimental Calculated Percent 

. aT surf ace surface difference 
(ergs/cm2 OK) tension tension 

(ergs'/cm2) .. (ergs/&) 

AS -0.117 910 862 - 5.3 

others, and the results are shown in Table 9. Surface ten- 

sion data were taken. from Bernard and Lupis (1971a) 0 

Bohdansky and Schins (1967, 1968a), and White (1966, 1972) . 
Thermodynamic data were taken from Hultgren et a. (1963). 
And ionic radii data were taken from Lange, (1967) and Weast 

(1970). 

With the exception of mercury, Equation . 55 . does a 

reasonably good job of predicting the surface tension of 

molten metals. The large difference between experimental 

and calculated values for mercury is very interesting since 

the surface tension of mercury at 25OC is about the only 



value of surf ace tension for a liquid metal that is widely 

accepted. The large difference in these values may be the 
a a. result of the value used for E. When . Grosse . (1962, 1964) 

presented his empirical correlations, he found that mercury, 

cadmium, and zinc did not fit the same correlation as other 

liquid metals. And White (1966, 1972) has recently shown 

that' zinc and cadmium have a positive value of near the 

melting point. Prior to White's work it had always been 

a 0  supposed that r.5,was negative for all molten metals. If 

a 0  mercury has a positive value of 5 between its melting point 

and 25Oc. the result calculated by Equation 55 would be in ' . 

better agreement with the experimental value. At present, 

surface tension data are not available for mercury between 

its melting point and 25O~, nor have surface tension data 

for mercury been obtained under U W  conditions. 

. Although most of the calculations presented in this 

study were done at the melting point, Equation 55 should 

apply in its present form for the melting point region. 

However, it is likely that the universal constant is 

temperature dependent, and at higher temperatures, 500 to 

1 0 0 0 ~ ~  above the melting point or higher, larger errors 

may result when using the present form of Equation 55. Also, 

if Equation 55 is to be used to predict surface tension, a 



a 0  value for must be estimated. ~ o s t  metals have a value 

therefore,' between -0.06 'and -0.12 for z: 
a 0 mation, -0.1 could be used for aT. 

as an approxi- 



CONCLUSIONS 

1. The surface tension temperature behavior of Bi, 

is Pb, In, and Sn is linear near the melting point: 

negative for all four. 

'2.  The surface tension of a molten metal can be ,. 

related to its heat of vaporization by the equation 

In.the melting point region, the error in.the calculated 

value of surface tension should be less than ten percent. 

3. Gases dissolved in a molten metal and gas con- 

tamination of the liquid-vapor surface reduce the surface 

tension of liquid 'metals. 

4. . For sessile drop tests, molten metals can be out- 

gassed and s'urface contamination can be minimized by using 

UHV equipment. , - 

5. Contact angles are very sensitive to the surface 

preparation of the substrate. 

6. Oxides on metallic surfaces increase. contact angles. 

7.  Contamination by oxygen enhances the wetting .of 

alumina ,by molten metals. 

8. Alumina is not a good substrate material for use 

at high tempe=ature and UHV conditions since it will dis- 

sociated and contaminate the sessile drop. 



RECOMMENDATIONS 

1. Accurate data on the surface tension should be col- 

lected for more metals, so that the surface tension correla- ., 

- .  tion presented in this study can be improved. Although some 

surface tension data are available for many molten. metals, 

only the data for a few metals have been collected under 

clean conditions. And while the results of an UHV study of 

additional metals may not.be greatly different from previous 

' .  data, it is likely .that the differences will be measurable 

by present techniques. 

2. Surface tension data for liquid metals should be 

collected over a large temperature range, such as 1000°~, 

a a in order to determine the temperature dependence of ;? and 

the constant appearing in the surface tension' correlation 

presented in this study. 

3.  The surface.tension of Hg should be measured be- 

tween its melting point and room temperature. Since Zn, 

Cd, and Hg are in the same group in the Periodic Table of 

the Elements, it is likely that Hg has a positive value of 

aa - near its, melting.point. A refrigeration unit will have 
aT . . 

60 bo ~aonst ruc t~d  f ~ r  sllrth an experiment. 

. 4. Surface tension data should be collected for binary 

mixtures of Bi, In, Pb; and'Sn in order to determine the 

'relationship between the surface tension of an alloy and 



the surface tensionof its pure components. Xlthough . . some 

surf ace tension data are already available for mixtures, 

little work has been done relating the surface tension 'of 

a molten alloy to the surface tension of its ,pure components. 

5.. Sessile drop and microprobe studies of molten 

metals with and without corrosion inhibitors should.be ' . 

conducted in order to determine. the manner in which in- 

hibitors reduce corrosion and the relatioliship between 

wetting, and corrosion. 

6. Advancing and receding.contact angles for molten 

metals on construction materials, namely steels, should be 

measured. These data are needed for the superheat correla- 

tion by Fauske (1969) : at. the present, such data are not 

available. 
. . . . 
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. . 
APPENDIX 

The following is a list of the materials used in this 

study and their nominal purities. . . 

Bismuth '99 -9999% 

Lead 99.9999% 
. . 

Indium 99.999% 

Tin 

Tantalum . 99 -98% 

Alumina 85% 

Alumina 99.8% 

Graphite Spectrographic grade, 
< 5 ppm ash 

Iron 

Steel 

99.99+% . . 

ASTM A-387 Grade B 




