
DMM(A)113

The Surface Tension of Tin and its
Alloys with Particular Reference

to Solders

B J Keene
Division of Materials Metrology

National Physical Laboratory
Middlesex, TWll OL W, UK

ABSTRACT.

Literature data for the surface tension of tin and tin-based
alloys, have been collated and are discussed.



NPL Report DMM(A)95

@ Crown copyright 1993

ISSN 0959-2423

National Physical Laboratory
Teddington, Middlesex TWll OLW, UK

No extracts from this report may be reproduced without
the prior written consent of the Chief Executive,

National Physical Laboratory; the source must be acknowledged.

Approved on behalf of Chief Executive, NPL,
by Dr M K Hossain, Head, Division of Materials Metrology



DMM(A)113

PART 1

Preamble



1)
D~~f(A)113

INTRODUCTION

Although tin is a very well-known metal and is widely used throughout industry, it is
nevertheless, a fairly rare element with respect to the relative abundance in the earth's crust.
World-wide, there are only a few commercially viable sources of tin ore (principally the
oxide, cassiterite), and as a consequence, the pure metal is a comparatively expensive
commodity. For example, based on the 1993 figures from the London Metal Exchange, the
market value for tin, is on a par with that for nickel and is about twenty times greater than
that for lead. The aim of any industrial process is to utilise the most economic operating
conditions commensurate with the production of a good quality end-product. It follows, that
in view of the relatively high cost of the metal, it would always be sound practice to fully
establish the optimum operating parameters for any process involving the use of substantial
quantities of tin or tin-based alloys.

The major industrial application. for molten tin alloys is in the field of joining technology eg
assembly of electronic packages and devices; production of capillary joints in plumbing.
Recently, studies(l) have shown that activated tin alloys (eg Sn+ Ti) could prove to be suitable
materials for brazing metals to ceramics using no fluxing agent. The intrinsic ductility of the
alloys should minimise the residual stress at the interfaces of the join.

Conditions of use of solders in plumbing are well established, and pose no particular
problems for routine production of good quality joins. In contrast, modem industrial
processes for the large-scale production of multicomponent electronic devices require the use
of highly sophisticated soldering techniques. With the continuing trend towards the use of
surface-mounted components coupled with improvements in the miniaturisation of circuits,
the criteria for producing reliable joints have become increasingly more stringent and
soldering technology has had to be continually upgraded to keep abreast of developments.
Since the solder alloys are applied in the liquid state, and must rapidly form a satisfactory
bond with the substrate, pertinent physicochemical properties such as surface (or interfacial)
tensionl, wettability and interfacial adhesion will all play an important role in ensuring the
integrity of a soldered joint. In order to produce good wetting conditions and strong
adhesion at the solid/liquid interface, industrial soldering techniques almost invariably entail
the presence of fluxing agents, and in such circumstances, the interfacial tension between the
molten metal and flux (YLF) would be of more relevance than the surface tension of the metal
(YLC). The magnitude of (YLF) will depend upon both the composition of the alloy and the
particular type of flux used. Figure 1(2> shows the effect of two types of flux on the
interfacial tension with Sn+Pb alloys at 400 DC, and it can be seen that values for (YL~ are
markedly lower than the corresponding values for (YLC). However, it has been found that
with the modem electronic assembly techniques, the presence of flux may introduce problems
with respect to chemical attack on the conductor leads and to final 'clean-up' of the joint.
In view of this, a significant amount of research effort has been directed, in recent years,
towards the development of fluxless soldering techniques, which it is claimed(3>, could result
in substantial savings for the electronics industry.

Few details of the new technology have been revealed, but it is known, that in one
instance(3), soldering operations were conducted using fluorine-based gas (eg F2 or CF4) in
the open air. In this case, the relevant surface property of the solder would be the surface
tension in the particular gaseous environment. To date, the effect of halogens on the surface
tension of tin alloys is not known, although some work has been carried out to study the
influence of dry Cl2 and dry HCI on the surface tension of pure tin. (See Part 2 of this

1throughout this report, the tern'\ "surface tension" refers to a liquid/vapour or gas
interface and "interfacial tension" pertains to either a liquid/liquid or a liquid/solid interface.
Also, surface/interfacial tension and surface/interfacial energy will be assumed to be

numerically equivalent
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Figure 1 Comparison of the interfacial tension between two different fluxes and Sn+Pb
alloys with the surface tension of these alloys under hydrogen (Ref 2).
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report). In both instances, it was found that at a relatively high partial pressure of the gas,
the (YLC) of the metal would be reduced substantially. Coffman and Parr(4) also observed
a marked reduction in (YLC) of two Sn+Pb alloys (40% and 60% Sn) in the presence of HCI
gas (reductions in (YLC) of -12% and -19% respectively).

To determine the optimum operating conditions for any industrial process, it is nonnal
procedure to compile mathematical or computer models of the system so that the effects of
changes in any particular process parameter can be readily established. However, the
relevance of any prediction mu:t be critically dependent upon the reliability of the data used
in the model. Although any model for modem soldering techniques would generally require
data for the alloy / flux interfacial tension (YLF)' there is nevertheless, a strong current interest
in development of fluxless soldering technology for which the surface tension of the alloy
(YLV) would be of greater relevance. In addition, one of the experimental methods commonly
used to determine the interfacial tension (YLF) of liquid/liquid systems (viz profile of a
floating liquid lens), would require knowledge of the surface tensions of the respective
liquids in order to calculate a value for (YLF)' Part 2 of this report collates the literature data
pertaining to the surface tension of tin-based alloys.

RElEV ANT THERMODYNAMIC RELATIONS FOR SURFACE ENERGY

In this section, a series of important equations relating surface energy to other
thermodynamic properties is given. The treatment present here is to simply quote the
relevant relations without recourse to the fundamental bases for their derivation, details of
which can be found in many of the large number of text books devoted to the subject.

(a) Single comQonent system

(G S) = 'Y
T,PThe free energy per unit area of surface

dy
df

:-5 

S)The surface entropy =

(E 5) = C5 +1'55The total surface energy

= y -T dy
dT

(E s) (1)ie

Since (~
dT

should always be negative for pure single components, then:-
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E5>y

In many instances, ~ i is constant over a limited temperature range, and it follows from
dT

(1) that in these circUmstances, (ES) is invariant with temperature. The variation of (ES) with
(T) is termed the surface sEecific heat (CS) ie

dES

-aT
CS =

(b) Binarx and multicom~onent systems

The thermodynamic relations for systems containing more than one component are more
complex, since account has to be taken of the chemical potentials (~) of the respective species.

The general Gibbs relation for a multicomponent system is:

or
~ r1 (2)=

IV,T~ 

~

(where r 1 is the surface excess of component 1)

It is important to note that equation (2) is expressed in terms of partial differentials, and
strictly, would only be applicable to those systems in which any change in the chemical
potential of one component would have no effect on the chemical potentials of the other
components. Such a condition is rarely fulfilled in practice.

For a binary system, consisting of a solute (2) in a solvent (1) equation (2) gives:

(3)-r 2 d~dy -r 1 d~l=

Now, based on the Gibbs' convention, it is perrnissable to arbitrarily select a specific plane
in the surface layer, such that r 1 = 0, and thus (relative to this plane)

= (*r~ (4)

,V

(The superscript (1) on the adsorption m means that the reference dividing surface was
selected such that r 1 = 0.)

Since, ~i F ~o + RT logn aj (where aj = activity of the solute, (i» then;-
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-RT

a.
1

d~i da.
.1

=

and from (4):-

r12
dy
da2

= 1
RT .a2 (5)

For very dilute solutions a2 = concentration (C2), and thus:-

dy

'~'ctc;:
r~ (6)= 1

RT

In a similar manner, it is possible to define an analogous relation for (r 12), for which the
reference dividing surface is such that r 2 = o.

The arbitrary plane surface conceived by Gibbs is difficult to visualise in tenns of the surface
molecular structure and the treatment by Guggenheim and Adam(5) is easier to comprehend,
in that a small but finite thickness is assigned to the surface layer. Based on this premise,
it is possible to express the surface excess of a solute in several ways, eg in tenns of volume
concentrations or mole fractions. In view of the fact that the densities of many molten metals
are not accurately known, expression of r 2 in tenns of mole fraction (xr is more reliable.
The Guggenheim adsorption (r 2X) is related to the Gibbs' adsorption r 2 by the relation:-

r; = r; [1 +~] (7)

Combining equations (5) and (6) with (7) gives:-

-a2

RT .(1 -X2)~ =2
dy

da2

which for dilute solutions, gives:-

.~

RT
dy

d'E;:
r: =

2 (1 -X2)

For solutes which exhibit surface-activity in the solvent, the r([x]) curves usually show an
increase in (0 with increase in [x] until a maximum value (r max) is attained. At (r max) it is
generally assumed that the surface layer is saturated with surfactant. Then, based on the
supposition of monomolecular layer at the surface, it is possible to calculate the area (A)
occupied by individual adsorbed species from the relation

1

-rmax,N

A = (where N = Avogadro's Number).
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However, the work of Semenchenko<6) demonstrates that the assumption of complete surface
coverage at (r max) is not always valid and will depend upon the relative magnitude of a
factor (F), which is defined by:-

5

f} f2
5

f} f2

F =

Semenchenko showed that:-

~
[CsatJS

1=
(8)

(1 + 1/.fF)

where [CTPJS = surface concentration at the turning point on the adsorption curve.
[CsaJs = surface concentration equivalent to surface saturation.

F> 1, then r> 0 and the curve passes through a maximum
F < 1, then r < 0 and the curve passes through a minimum.

SURFACE TENSION, ADHESION AND WETTING

= YLV CDS e
eYsv + Yr-s (1)

where
Ysv
YLv
YLS

ge

= surface tension at solid/vapour interface
= surface tension of the liquid
= interfacial tension at liquid/solid interface
= equilibrium contact angle

A = 'Ysv
-11..5
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Figure 2 Schematic diagram showing the respective equilibrium surface tension forces
acting at the point of three-phase contact between a liquid drop, and a solid
substrate under a vapour.
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whence (from (1», A = 'YLv Cos geo

The greater the attraction between a solid and liquid, the smaller will be the value of ('YLS>,
and hence the greater the value of (A). Obviously when 9 = 0, (A) is indeterminate and has
a value ~ (YLv).

A relation for the bond strength between the two media in terms of the respective surface
energies can be derived by considering a hypothetical vertical cylindrical column of a liquid,
which has unit area of cross-section and is contained in a vacuum environment. Then, to
completely separate the cylinder across a diametral plane would require the expenditure of
work to create two new liquid/vacuum interfaces. The magnitude of the work required will
be equal to twice the surface tension (YLv) and is termed the 'work of cohesion' (W c) of the
liquid ie

Wc
= 2YLV (2)

(Strictly speaking, to maintain dimensional equivalence, the right hand side of equation (2)
should be expressed in tern\S of surface energy of the liquid.)

If the same hypothetical column of liquid is resting on a flat solid surface, then there will be
unit area of liquid/solid interface. The work necessary to separate the two media at this
interface is called the 'work of adhesion' (W A). On separation, two new surfaces are
produced and the original solid/liquid interface is lost and thus,

WA (3)= 'YLV + Ysv
'YSL

From equations (1) and (3), the work of adhesion at equilibrium is:-

WA
= YLV (1 + Cos e )

e (4)

Equation (4) implies that the maximum value for (W A) would be (2YLY) which is, in general
an unlikely limitation, and the equation is probably only valid for 1800 > ge > 0°. (When
9 = 0°, the system is unlikely to be strictly in equilibrium eg possibly due to chemical
reaction.) Another factor which can affect the validity of equation (4) is, that in practice, the
interfacial energy (Ysy) is often reduced (to a value (YSA»' due to adsorption at the surface
of volatile species which either emanate from the liquid or are present in the surrounding
atmosphere. The difference between the surface energies of the clean and the contaminated
surfaces is termed 'the surface pressure' (7t) ie

= (y sv 'Y SA) .7t

Thus equations (3) and (4) should strictly be expressed as:-

WA (5)= 'YLV +
'YSA 'YLS

+ 7t

,
= 'YLV (1 + Cas ()

e
(6)WA + 7t

(where Be' is the equilibrium contact angle on the contaminated surface)
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and it follows that equations (3) and (4) can only be applied to a situation in which the liquid
has negligible vapour pressure. From equation (6), it can be seen that under these conditions,
(W A) can have values in excess of (2YLY).

To quantify the degree of spreading for any particular system, Harkins(7) introduced the
concept of the spreading coefficient (5), which is defined by the relation

(7)
-'YLS 'YLV

s = Ysv

(5) is a measure of the tendency for the liquid to spread on the solid, and the more positive
the value of (5) the greater the extent of the wetting. It follows from (1) and (7) that (if
adsorption on the solid is negligible):-

(8)s = y LV (Cos 9 e -1)

and from (2), (3) and (7)

(9)s = WA Wc

Equation (8) indicates, that the most positive value (5) can take is zero, and over the
measurable range of e,

a ~ 5 ~ -2YLV

This takes no account of the effect of surface pressure (x) on the spreading coefficient.
Equation (7) however suggests that (5) could take values in excess of zero under the special
circumstances given by Ysv > (YLS + YLv).

The wetting of a solid metal surface by a liquid metal is sometimes inhibited by the presence
of oxide layers which effectively give the solid surface a low surface energy. In soldering
practice, this problem is overcome by the introduction of a suitable fluxing agent. The action
of a flux in the promotion of wetting is a complex process, which in addition to removing
oxide layers and preventing subsequent reoxidation of the solid, also appears (particularly
for inorganic salt fluxes eg ZnCl2) to entail some form of electrochemical action in which
components of the liquid metal are transferred as ions through the flux and are ultimately
deposited on the solid metal ahead of the moving line of three-phase contact. In
circumstances where the metals are covered by liquid flux (F), the above relations are
applicable provided the appropriate interfacial tensions (YSF; YLF) are substituted for (Ysv)
and (YLV) respectively.

One important factor with respect to the integrity of a soldered joint, is whether the molten
metal is able to infiltrate the grain boundaries of the substrate metal(S). Such behaviour could
lead to grain separation and produce embrittlement and consequent mechanical weakness
at the interface. If the surface energy at the boundary between two grains of the same
species is (YGB)' then one necessary condition for wetting(S) by liquid metal is:-

2yLS < YCB

Now, from equation (7), the criterion for spreading of the liquid across the solid under a gas
(or vapour) is:-
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(YLS + YLv> < 'Ysv

Thus for wetting of a metal surface without penetration at the grain boundaries, the
following conditions must be fulfilled:-

Yrs < (YSV-YLV)

1IB

1GB
< Yrs ie. = R < 0.5

With some metal systems for which (R) is known, the ratio is often not much greater than
0.5 at a given temperature and Bondi(8) predicted that in such cases, a relatively small
increase in temperature could lead to (R) being reduced below 0.5 and thus give rise to
possible ingress of liquid along the grain boundaries. To illustrate, Bondi(8) cites the molten
Cu/solid Fe system for which R = 0.51 at 1100 DC. Molten Ag on solid Cu is another metal
system in which embrittlement due to penetration at the grain boundaries is known to occur.

From the definition of the spreading coefficient, Bondi notes that a necessary (though not
exclusive) condition for liquid spreading is that (Ysy) > (YLY)' For many cases, this criterion
is true, but some apparent exceptions exist. For example, Bailey and Watkins(9) found that
molten Pb ('¥LY = 470 mNm-l) would not wet Cu (Ysy > 1400 mJ.m-2) at 400 °C. Reference
to equation (7) suggests that, since no spreadi~ is observed, the value for ("fLS> between the
two metals must be high. Grigor'yev ~o also found that Ph would not wet Cu (at
600 °C) unless the environmental atmosphere were saturated with Ph vapour, which would
result in adsorption of Pb at the Cu surface and reduction in (Ysy). Since Cos Be increases
with improved wetting, it follows (from equation (1» that under these circumstances (YSL)
must be significantly reduced. It is difficult to obtain a totally oxide-free Cu surface, and
thus for the above two cases, it is possible that failure to wet was simply due to the presence
of a thin oxide layer which created a surface with low surface energy. Pb will readily wet
Cu when in the presence of a suitable fluxing agentOl).

If, on initial contact between a liquid and a solid metal, the system were not in chemical
equilibrium, then diffusion and interfacial adsorption of certain species would occur. There
would be a progressive reduction in ("r'LS) until chemical equilibrium in the system was
ultimately attained ie the chemical potentials in the respective phases were equal. The time
to achieve equilibrium would be controlled by the diffusion rates and thus would depend
upon the temperature of the system.

In a gaseous environment, the driving force (F) for spreading under these conditions has been
definedC14) as:-

F = YLv (Cos ge -COg 9J

where 8t = contact angle at time (t)

This relation applies to those systems in which surface-active species migrate to, but do not
traverse, the solid/liquid interface ie there is no chemical interaction between the metals and
'YLv does not change.
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When Pb is alloyed with Sn, the (YLV) of the molten metal will be increased, but the liquid
will readily spread across the surface of clean copper. This is due to the substantial
reduction in (Yst> resulting from the chemical action between Sn and Cu to produce an
intermetallic compound at the solid/liquid interface. The formation of a compound layer at
the interface is of prime importance in the production of high quality soldered joints, and it
is essential that the particular compound produced is both solid and stable at the soldering
temperature. It is important to ensure that temperature is kept below the decomposition
temperature of the compound otherwise de-wetting of the solid may occur. For example,
with the molten Ph + Sn/solid Cu system, the alloy readily wets the solid at low
temperatures Qess than 380 °C), due to the formation of a stable layer of C~ Sns (T1-phase)
at the interface. However, at temperatures in excess of 380 °C this compound will dissociate
and molten solder could de-wet from the copper surface(9).

With some metal systems, the solid is highly soluble in the liquid and the reaction rate can
be suffidently fast that a stable compound interfacial layer is unable to form. Nowadays, the
connectors for many high quality electronic components are plated with a thin layer of Au
in order to provide both good contact properties and to prevent oxidation during storage.
Attempts to solder Au-plated material using conventional Pb + Sn alloys are always fraught
with problems and often result in unsatisfactory joints. The reaction between solder and Au
is very fast and in the case of thin-layer plating could result locally in complete removal of
Au and possible de-wetting from the substrate. In addition, the gold-tin system forms a
number of intermetallic compounds eg AuSn2; AuSn4 which can lead to embrittlement at the
joint. The reaction rate between Au and Sn alloys is strongly dependent upon the
temperature and this is illustrated in Figure 3 which shows the relative levels of Au
dissolution by various Sn-based alloys over a range of temperatures(l2>. It can be seen that
the dissolution rate for the Sn + Pb eutectic increases markedly when the temperature
exceeds 230 °C. In practice, to solder Au-coated material it is necessary to use the lowest
possible temperature together with special soldering alloys which react less strongly with Au
eg Au + Sn + Si alloys have been suggested°3) as suitable solders for use with Au-plated
silicon substrates. 80 Au 20 Sn solders can be used for Au-plated metal substrates, wetting
being very rapidly achieved. Soldering with these alloys is generally carried out under
'forming' gas or with a special rosin which will not carbonise at 350 °C. Reference to
Figure 3 shows that the Sn + Pb + In + Zn alloy had the widest temperature range (- 100 °C)
over which the dissolution rate for Au was low. There have been numerous papers
published on soft soldering of Au with In-based alloys.

In an attempt to analyse the situation in which chemical reactions occur between the two
metals and a stable intermetallic compound is produced at the interface, Yost and Romig(15)
developed a simple model (Figure 4) based on the spread of a liquid drop (base radius = r)
across the surface of a solid substrate under gas or vapour, During chemical reaction the
values of both (YLS) and (YLV) will vary, It was proposed that in a reacting system the

d " f f d ' dE
nvmg orce or sprea mg would be made up from the sum of two separate terms viz

dr

(

~
dr

1
27tr

= (J + r(e)

where 0'
r(8)

= contribution due to reaction energies.
= contribution due to imbalance of interfacial energies.
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Figure 3 Curves showing the effect of temperature on the relative rate of dissolution
of Au by various Sn-based solders (Ref 12).

Solid Metal (A)

Diagram showing the situation when a liquid metal spreads across a solid
metal substrate due to formation of an intermetallic compound at the solidi
liquid interface (Ref 15).

Figure 4
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The experimental aspect of the study was limited to wetting of pure Cu by three different
pure metals (Sn, Sb and Cd). Values for the free energy of formation (~G) were calculated
for the compounds C~Sn~ Cu3Sn; Cu~b; CuCd3 and CusCds. From these data, the
respective values for (0) were derived and it was found that in all cases, the magnitude of
(0) was substantially greater than that for r(8). Yost and Romig acknowledged that with
such a simple model it would be impossible to account for the effects of factors such as the
presence of a fluxing agent and variations in alloy composition. Nevertheless it was
considered that as a general rule, any chemical reaction between the metals would always
be the dominant factor controlling the magnitude of the driving force for wetting. Based on
the theory for the thermodynamics of irreversible processes and the Onsager equations of
motion, Grigorev<16) also developed a relation which expresses the wetting kinetics in terms
of the sum of two factors due respectively, to the surface energy imbalance and chemical
reaction energy. The validity of the relation was verified by experimental studies on the
wetting of Cu by various Pb + Cu alloys.

The conclusions of Yost and Romig are in general agreement with the experimental
observations of Bailey and Watkins(9) who studied the wetting behaviour of a large number
of metal/metal systems. Invariably it was found that good wetting was associated with
metal combinations which would produce either a compound or a solid solution. By
contrast, systems which exhibited no intermetallic reaction were characterised by either non-
wetting or subsequent de-wetting between the two metals.

Viewed in simplistic terms, it may be considered that, for any metal/metal system in which
strong chemical reaction occurs at the liquid/solid interface, the "effective" interfacial tension
<YSL) for the non-equilibrium state will, especially in the initial stages, always be very low
and thus the driving force for spreading will be high. As the solute level in the liquid metal
approaches saturation then <YSU will tend to the equilibrium interfacial tension (YsU for the
final liquid composition. In molten, slag/molten metal systems it has been observed(l7) that
during periods of intense mass transfer across the liquid/liquid interface, the value of the
non-equilibrium interfadal tension can fall to extremely low values which are very close to
zero.

The success of most soldering techniques will be dependent to some extent on chemical
reaction between the solid and liquid metals, and it follows from the above, that at least in
the early stages of wetting, the interfacial properties will not playa major role in the
spreading process. However, as noted by ThwaitesO8), one of the major problems
encountered in modem soldering techniques is the phenomenon of subsequent de-wetting
after soldering and this will have direct relevance to the surface properties of the system.

SURFACE TENSION AND STRUCTURE IN THE LIQUID STATE

For most binary metal systems, the surface tension isotherm shows a steady change with
composition. However, as reference to Part 2 of this report reveals, for some systems, the
isothem\S exhibit anomalous behaviour in that points of inflexion or extrema are present.
It has been found that these discontinuities often occur in the vicinity of compositions which
equate either to the eutectic or to the formation of intermetallic components in the solid state.

Positive temperature coefficients ~ Iare sometimes observed at these compositions. It is
dT

possible that the anomalous behaViour reflects some retention of ordered structure in the
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liquid, particularly for temperatures in the vicinity of the melting point. However, in some
cases, the composition does not equate to any known compound or eutectic and it is thought
that in these systems, the phenomenon could be due to the presence at the liquid surface of
a significant number of associated atomic groups (clusters), the exact proportion of which will
depend upon the particular composition eg for any binary system A+B, clusters of the form
~By may be present at the surface.

Anomalous surface tension isotherms have been observed for a large number of binary metal
alloys eg Sn+Ge(19); Sn+Pb(20); Ga+Cd(21); Ga+Hg(21); Cu+Si(22~ Ni+Sr23); Sn+Cu(24)(25);
Rh+Si(2~ pd+Al(27); Pd+Si(27); In+Hg(28); Ge+Co(29); Pt+B(3Q); Al+Co(31); AI+Nr31); n+Hg(32);
n+Pb(33); Mg+Pb(34); Ga+La(35); pt+Si(36); Pt+AI(36); Ga+In(37),

Figure ;S'-presents the data obtained by Pelzel(38) for the Mg+Zn system, and shows the
minimum in the 'y([Zn]) curve at a composition which approximates to that of the
congruently melting intermetallic compound MgZn2" Figure. ~ also shows that positive

values for the temperature coefficient ~ I were obtained in this compositional region, with
dT

the most positive value occurring at tfie stoichiometric composition for MgZn2°

With some metal systems, there is disagreement between different authors as to the existence
of irregularities in the surface tension isotherms. Without detailed knowledge of the
respective experimental methods, it is difficult to account for these discrepancies, but two
possible reasons for failing to observe this behaviour are:-

(1) insufficient data obtained in the compositional range of interest

(2) if during the initial stages of heating, the sample temperature is raised well in excess
of the melting point, then any structure in the liquid may be lost and may not readily
re-form on cooling to lower temperatures.

Trifinov and Alexsandrov(39) and Trifinov(40) proposed that the presence of compound
structure in the liquid could be categorised by three different modes of surface-activity viz:-

compounds which are surface-active with respect to the melt and give rise to minima
on the surface tension isotherm

(i)

compounds which exhibit no surface-activity and will give rise to maxima on the
surface tension isothenTIS

(ii)

(iii) compounds which are surface-active with respect to only one of the alloy constituents.
These could produce points of inflexion on the isotherms.

Sergin et al(41) developed a model relating the variation of structurally sensitive properties
(eg viscosity, surface tension) with the composition of binary metal alloys. The model is
based on the concept(42) that a metal melt consists of groups or clusters of the constituent
atoms in various proportions and each system will be characterised by a preferred
combination of clusters, the numbers of which will depend upon the particular alloy
composition. In order to calculate certain equation parameters for the model, it is necessary
to have experimental data for two compositions ([x] ~ 1 or 0) of the system. For each binary
alloy system, it is possible to determine the index ratio of a duster (n), (where for a duster
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Figure 5 Effect of Mg concentration in Mg+Zn alloys on the surface tension at 700 °C
and its temperature coefficient (Ref 38).
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of fonn ~B ,n = ~). Note the value for (n) only gives the ratio of [A]:[B] and for example,
y y

n = 0.4 could represent clusters of the fonn A2By ~BIO-"'" etc. Use of model was illustrated
using experimental data over the complete compositional range for various Pd-based alloys.
Some of the alloys fonned completely miscible systems (eg Pd+Co; Pd+Cu) whilst the others
fonned intennetallic compounds (eg Pd+Sb; Pd+Pb).
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PART 2

Literature Data for the Surface Tension of Tin
and Tin-based Alloys
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SURFACE TENSION DATA

This section collates, in graphical form, the literature data which relate to the influence of

composition and of temperature on the surface tension of Sn alloys. In order to minimise

errors introduced by transposition, curves have been traced (where possible) directly from

diagrams given in the relevant references. Brief comments on the extant data are given for

each system. For some systems the comments also include suggested 'y(t) relations for the

particular metal which is alloyed with Sn. Comparison of the predicted value for (y) of the

alloying element, with that given by the reference may provide an indication of the relative

quality of the metal used to manufacture the alloys (low values for (y) of the metal implying

the presence of surface-active impurities). For some of the Sn alloy systems, positive

temperature coefficients of surface tension (dy/dt) were observed, and this behaviour is

usually associated with the retention of some structural form in the liquid state. This would

be expected to apply particularly for compositions close to that of metallic compounds

formed in the solid state. However, in some other liquid metal systems, the presence of low

levels of surface-active elements, such as oxygen, can produce positive slopes for the 'y(t)

curves, due to progressive desorption of the surfactant from the interface as temperature is

increased. It has yet to be established, whether the presence of oxygen in Sn alloys would

produce the same effect. If this were the case, then the impurity levels in the component

metals (particularly the soluble oxygen content), together with any subsequent contamination

introduced during the experiments, would not only reduce the value of (y) but may also

affect the slope of the 'y(t) curves.
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Variation of the surface tension of tin with temperature, showing the mean
curves derived from data given in 36 different literature sources (Keene)(l).

Figure 1

-mean )'<t) relation based on all the data.
---mean )'<t) relation based on the twelve sources which give the highest
values for 'Y.

Comments

Figure 1 shows mean "f'{t) curves(1) for tin, which are based on data from thirty-six different

literature sources. The two ;<t) curves shown were derived by consideration of (a) data from

all the literature sources and (b) data from the twelve sources which gave the highest values

for (y). It was suggested that the higher values for (y) probably pertain to material which

contained low levels of surfactant impurities and as a consequence, the mean "f'{t) curve based

on these values should more closely approach that for very pure tin.
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Comments

(i) y = 925 -0.21 (t-960) mN.m-l
(t in °C)

(ii) '1 = 955 -0.31 (t-960) mN.m-l
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Figure 2 Effect of composition on the surface tension of Sn + Ag alloys at three
different temperatures (Lauermann)(2).
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Effect of temEerature on the surface tension of various Sn + Ag alloys

(Lauermann)< .
Figure 3

Comments

Data(3) for the effect of As (up to 5.9 at. %) on the (y) of Sn are shown in Figure 4. Over the

limited composition range studied, (y) decreases linearly with increase in [As]. The

temperature coefficients (dy/dt) between 300° and 450 °C are negative and tend to decrease

in magnitude with increase in [As]. The limiting surface activity of As in Sn at 350 °C is(3)

3.7 mN.m-1 at. % As-1.
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Atomic 0J0 As

Figure 4 Effect of the addition of As to Sn on the surface tension at different
temperatures (Pokrovskii)C3).
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Comments~-

(i) 'Y = 1145 -0.20 (t-1065) mN.m-l
(t in °C)

(ii) y = 1162 -0.18 (t-1065) mN.m-1

Data(4-7} for the surface properties of Sn+Au alloys are given in Figures 5-10. With the

exception of the data given by Kaufman and Whalen(7), all the 'y([Sn]) curves show a

monotonic decrease in (y) with increase in [Sn] and indicate that Au is not surface-active in

the melt. The 'y([Sn]) curves obtained by Kaufman and Whalen for a range of temperatures,

exhibit extrema, and also suggest that Au would be surface-active in Sn at high temperatures

(~ 950 °C). Kaufman and Whalen accounted for the anomalous behaviour by suggesting that

some form of structure is retained in the liquid state, particularly in the vidnity of the

compounds Au Sn, Au Sn2 and Au Sn4 (confirmatory evidence for the existence of Structure

in liquid Sn+Au alloys had been provided by high-temperature X-ray analysis.) In contrast

to these results, Pokrovskii et al(S) (who conducted over 3000 separate measurements) failed

to find any extrema in the 'y([Sn]) curves. It was suggested(S) that possible reasons for this

discrepancy could be differences in experimental procedures and/or the fact that Kaufman

and Whalen studied a relatively small range of compositions. Pokrovskii et al noted that Au

is weakly surface-active in Sn as witnessed by the fact that the 'y(t) curve for 0.35 at. % Au

(Figure 9) lies below that for pure Sn.

Again there is a lack of agreement between the data of Kaufman and Whalen and of

Pokrovskii et al in that with the former no positive temperature coefficients were found,

whereas Pokrovskii et al (Figure 9) observed positive values for compositions between

approximately 40 at.% Au and 65 at.% Au. Temperature buffering (dy/dt = 0) occurredCS)

in the vidnity of the compositions 67 at. % Au (eutectic) and 33 at. % Au (AuSn2)' Verification

of the existence of positive coeffidents is given by the data of Khilya et a1C6) (Figure 10),

although there is not total accord with Pokrovskii et al in that positive coefficients were

found only for alloys up to about 40 at. % Sn. With compositions below 50 at. % Sn, the

values of (dy/dt) were temperature-dependent and become progressively more negative as

the temperature increased. For compositions containing more than 50 at. % Sn, the

temperature coefficients were always negative and did not show significant variation with

temperature.
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Legend: a- 500°C
b- 600°C
c -900°C
d- 1100oC
e- 1300oC
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Figure 10
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Comments

Suggested{l) mean 'y(t) relations for (i) Bi and (ii) pure Bi are:-

y = 382 -0.080 (t-270) rnN.m-l(i) (t in °C)

'Y = 389 -0.097 (t-270) mN.m-l(ii)

Surface tension(8-14) for the Sn+Bi system are shown in Figures 11-19. Most of the 'y([Sn])

curves(8-10) show a monotonic decrease in (y) with increase in [Bi], but the results given by

Klyachko and Kunin(11) (Figure 13) show a distinct minimum in the vicinity of the eutectic,

the effect being most apparent at the lowest temperature (200 °C). However, data obtained

by Ibragimov et a1O2) at 150 °C for this region (Figure 14) gives no indication of any

minImum.

Positive values for (dy/dt) were observed in several studies(8,11-13), being most evident at

lower temperatures. There are however, differences in the composition ranges for which

positive coeffidents were found. Ibragimov et al(8,12) (Figures 18 and 19) found positive

slopes for the ~t) curves only with Sn-rich alloys (up to about 20 at. % Bi), their results

suggesting temperature buffering (dy/dt = 0) at about 2.5 at.% Bi and at 24.3 at.% Bi. In

contrast, both Klyachko and Kunin<11) (Figure 16) and Dzhoglev et at<13) (Figure 15) observed

~t) curves with positive slopes for compositions, which ranged up to about 50-55 at. % Bi.

Ibragimov et at<12) carefully controlled the environmental conditions of the experiment and

noted that the presence of vapour such as stopcock grease could exert a marked effect on the

measured values of (y) and this may account for the differences. Reshchetnikov(10) and

SauerwaldO4) (Figures 12 and 17 respectively), failed to observe any positive temperature

coefficients, but for both these studies it is likely that the experimental temperatures would

have been too high.
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Effect of composition on the surface tension of Sn + Bi alloys at 200 °C and
350 °C (Ibragimov)(8) and at 400 °C (Smirnova)(9).

Figure 11
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Effect of temperature on the surface tension of Bi and various Sn + Bi alloys
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Comments

Suggested(l} mean -y(t) relation for Cd is:-

y = 637 -0.15 (t-321) mN.m-l (t in °C)

Surface tension data(lO,15) for the Sn+Cd system are shown in Figures 20-21. The ~[Sn])

curves given by the work of Reshchetnikov(lO) (Figure 21) reveals that at 450 °c, (y) of the

alloys decreases almost linearly with increase in [Sn]. The results given by Pokrovskii and

SaidovC15) (Figure 21), pertain to Sn-rich alloys (up to 20 at. % Cd) only, and show similar

trends (the small minimum in the curve at approximately 4 at. % Cd is only about 1-2 mN.m-l

and is probably not statistically significant).
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Figure 20 Effect of composition on the surface tension of Sn + Cd alloys at 250 °C
(Pokrovskii)(lS).
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t = 450°C

J

Figure 21 Effect of composition on the surface tension of Sn + Cd alloys at 450 °C
(Reshchetnikov)O 0).

"C
II+

Comments

Data(16) for the Sn+"CI" system are given in Figures 22-23. Figure 22 shows the effect of

environmental gas pressure (P) on the (y) of Sn when held under atmospheres of He, dry Cl2

and dry HCI respectively. With the inert gas, there is effectively no change in (y) with

increase in (P). In the case of the two active gases Cl2 and HCI, change in (y) is insignificant

for pressures less than about 1.33 x 10-2 g.Pa. However as pressure is increased over the

range 1.33 x 10-2 to about 200 g.Pa there is a progressive reduction in (y). With further

increase in pressure, the value for (y) remains virtually unchanged. For the two gases Cl2

and HCl, the overall reductions in (y) of Sn at 400 °C are 140 mN.m-l and 124 mN.m-l

respectively.

Figure 23 shows that, over the temperature range from about 270 °C to 530 °C, the ;<t)

curves for Sn under He, HCI and Cl2 have a small negative slope. The Figure also shows )'<t)

data obtained by measurements under HCI or Cl2 plasma.
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Figure 22 Variation of the surface tension of Sn at 440 °C with the environmental gas
pressure for dry He, HCI and Cl2 (Makhova)(16).
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Comments~---

(i) y = 1881 -0.34 (t-1500) mN.m-l
(t in °C)

(ii) y = 1928 -0.44 (t-1500) mN.m-l

DataOO,l7) for (y) of Sn+Co alloys are given in Figures 24-25, both curves showing a

monotonic decrease in (y) with increase in [SnJ.
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Figure 24 Effect of composition on the surface tension of Sn + Co alloys (Eremenko)(l7).
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Comments

(i) 'Y = 1330 -0.23 (t-1085)
(t in °C)

(ii) 'Y = 1374 -0.26 (t-1085)

Kawai et al(18) found a monotonic decrease in (y) of Sn+Cu alloys at 1200 DC with increase

in [Sn] and showed good agreement with the results of Lauermann and Sauerwald(19)

(Figure 26). Similar results were found by Raue et al(20) (Figure 27) and by Yu et al(21)

(Figure 28a). There are indications of a small perturbation in they «Sn]) curves(18-20) at

around 30 mass % Sn (18.7 at % Sn). (Yu et al gave insufficient experimental data in the

vicinity of this composition to verify the phenomenon.)

Kawai et al also observed a discontinuity in the density curve for this system at around

20 at. % Sn.

With regard to the effect of temperature on (y), both the studies of SauerwaldC14) and of

Zagonkin(22) show strong positive temperature coefficients for Cu, which suggests

contamination, probably by oxygen which is known to yield positive coefficients with this

metal. (Sauerwald found +ve (dy/dt) values for all the Cu-rich alloys studied.) The data

given by Yu et al show positive coeffidents for 37 mass % Sn and for 50 mass % Sn, with

temperature buffering (dy/dt = 0) at compositions around 70 mass % Sn and between

37 mass % Sn and 10 mass % Sn. This is in general agreement with the data of Kawai et al

who obtained y<t) curves with positive slope for compositions between approximately

30 mass % Sn and 60 mass % Sn; the most positive value for (dy/dt) being found for

32 mass % Sn. It was suggestedC18,21) that the positive temperature coefficients could be due

to progressive dissociation at the surface of atomic clusters associated with the "tphase of the

system.
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Figure 29 Effect of temperature on the surface tension of Sn, Cu and some of their alloys

(Zagonkin)C22). [Note positive ~ for pure Cu suggests that the metal was
dT

contaminated with a surfactant (probably oxygen)].
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Comment§;

(i) 'Y = 1862 -0.39 (t-1530)
(t in DC)

(ii) y = 1909 -0.52 (t-1530)

Surface tension data for the Sn+Fe system are given in Figures 33-34. The 'y([Sn]) data given

in Figure 33 show good agreement between Kozakevitch and Urbain<25), Nizhenko and

Floka<26) and Dyson<27). The study of Nizhenko and Floka covered the whole composition

range and shows a monotonic decrease in (y) with increase in [Sn] at 1550 °C. Similar results

were obtained by Zhukov and Maslova<28) (Figure 34a) for a higher temperature (1640 °C).

These authors found positive temperature coefficients of surface tension (Figure 34b) for the

Fe-rich compositions, with temperature buffering (dy / dt = 0) at approximately 2 at. % Sn and

at 54 at. % Sn. The positive coefficients were thought to be due to desorption of Sn from the

surface layer as temperature increased. (Note:- low levels of oxygen in pure iron are

known(24) to give rise to positive temperature coefficients, but it is uncertain whether this

behaviour also applies to Fe+Sn alloys.
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Ga+

Comments

Suggested(1) mean y(t) relations for (i) Ga and (ii) pure Ga are:-

'Y = 711 -0.070 (t-30)(i) (t in °C)

'Y = 724 -0.072 (t-30)(ii)

Surface tension dataC2~32) for the Sn+Ga system are given in Figures 35-40. With one possible

exceptionC30), all the 'f<[Sn]) data are in accord (Figures 35-38) in that, for the temperatures

studied, a steady decrease in (y) with increase in [Sn] is observed. Data due to Ibragimov

and Nal'gievC30) (Figure 36) indicate a small perturbation in the Y([Sn]) curve at around

60 at. % Sn but there are no compounds or eutectic in this vicinity.

For the specific compositions studied, Ofitserov et al(31) (Figure 39), found positive

temperature coefficients only for 10 at. % Sn, with temperature buffering (dy/dt = 0) at

around 30 at. % Sn. This is in general agreement with the results of Ibragimov and

Nal'giev(3Q) (Figure 40) who obtained ;<t) curves for a larger number of compositions and

found positive slopes for Sn contents between 2 at. % and 26 at. %. The slopes of the y(t)

curves are most positive at the lower temperatures.
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Atomic Ofo Sn

Figure 35 Variation of surface tension with composition of Sn + Ga alloys at 232 DC
(Kononenko )(29).

Figure 36 Variation of surface tension with composition of Sn + Ga alloys at 300 °C

(Ibragimov)(30).
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TemperaturelOC

Effect of temfoerature on the surface tension of Sn, Ga and some of their alloys
(Ibragimov)< ).

Figure 40
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Comments

(i) y = 607 -0.12 (t-960)
(t in °C)

(ii) 'Y = 631 -0.12 (t-960)

Surface tension data(10,33-35) for the Sn+Ge system are given in Figures 41-45. Figure 41(33)

shows that Ge is not surface-active in Sn, since up to 2 at. % addition has no significant effect

on (y). The results of Tsuladze et al(34) and of ReshchetnikovOO) are in good agreement

(Figures 42 and 43) and show that, at 1000 °c, (y) decreases monotonically with increase in

[Sn]. Data given by Naidich and Perevertailo(35) (Figure 44) for 1000 °c, also concur with

these findings, but for lower temperatures, anomalous behaviour was observed, in that a

minimum was apparent in the 'y([Ge]) curves, in the vicinity of 17.5 at. % Ge. The magnitude

of the minimum was found to progressively decrease with increase in temperature ie in this

region the temperature coefficients were positive (Figures 44 and 45). It is difficult to account

for this behaviour, since the Sn+Ge phase-diagram fails to show the formation of any

compound or eutectic. The 'y(t) curves shown in Figure 44 suggest that temperature

buffering (dy/dt = 0) would occur at around 10 at. % Ge and 42 at. % Ge.
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Figure 41 Effect of small additions of Ge on the surface tenison of Sn at three different
temperatures (Pokrovskii)<33).
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Figure 42 Variation of surface tension with composition of Sn + Ge alloys at 1000 DC
(Tsuladze)(34).
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Comments

Suggested(1) mean 'y(t) relations for (0 In and (ii) pure In are:-

(i) 'Y = 556 -0.090 (t-157)
(t in °C)

(ii) 'Y = 561 -0.095 (t-157)

Surface tension data(33,36-39) for the Sn+In system are given in Figures 46-50. The results of

Pokrovskii and Tissen(33) (Figure 50) show that In is not surface-active in Sn. Several

studies(36,37,39) observed a small minimum on the "r'<[Sn]) curves in the vicinity of 50-

60 at. % Sn ie close to the eutectic composition, but Kononenko et al(38) failed to find any

minimum. The data derived by Oadashev et al(39) (Figure 49) indicate that between 250 °C

and 500 °C, the temperature coefficients are negative over the complete composition range.
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+
Comments

SuggestedCl) mean 'y(t) relation for Mg is:-

(t in °C)y = 577 -0.26 (t-650)

Surface tension data(40) for the Sn+Mg system are given in Figure 51. The ;<[Sn]) curve for

800 °C shows that as the Sn content is progressively increased there is little change in the

surface tension until the vicinity of 33 at. % Sn (Mg2 Sn), at which point there is an abrupt

decrease in (y).

Figure 51 Variation of surfJce tension with composition of Sn + Mg alloys at 800 DC
(Eremenko)(40).
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Comments

Suggested(l) mean 'y(t) relation for Mn is:-

'Y = 1152 -0.35 ( t-1245) (t in °C)

Surface tension dataC15) for the Sn+Mn system are given in Figure 52. Only a small range of

compositions (up to about 4.5 at. % Mn) have been studied. The 'y([Mn]) curves show that

there is only a slight increase in (1) for manganese additions up to 4.5 at %. Figure 52 also

shows that, for the compositions studied, over the temperature range 4000 -500 °C, all

temperature coefficients are negative.
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Figure 52 Effect of small additions of Mn on the surface tension of Sn at three different
temperatures (Pokrovskii)(15).
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Comments

SuggestedCl) mean ~t) relations for (i) Ni and (ii) pure Ni are:

(i) y = 1796 -0.35 (t-1455) (t in °C)

'Y = 1834 -0.376 (t-1455)(ii)

Surface tension data(41) for the Sn+Ni system are given in Figure 53, which shows a

monotonic decrease in ("{) with increase in [Sn] over the whole composition range at 1500 °c.
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Comments

Data(42,43) for the effect of oxygen on the surface tension of tin are given in Figures 54-55.

Passerone et al(42) note that the molar fraction of oxygen at bulk saturation in Sn is very low

(1.8 x 10-8 at 300 °C). Since the bulk content corresponding to maximum oxygen adsorption

at the surface is significantly less than this, it follows that even under carefully controlled

environmental conditions, it is easily possible to have suffident residual oxygen to produce

surface saturation. The results of Passerone et al show that oxygen is strongly surface-active

in tin, most notably in the vidnity of the melting point, where a difference -110 mN.m-l was

found between the value of (y) for Sn in equilibrium with a Po < lo-2~ar and that for
2

oxidised Sn. This is in general agreement with the work of Bradhurst and Buchanan.. No

actual values for (y) of the Sn+O system were quoted in this source, but the authors found

that at BOO °C the maximum observed reduction in (y) (at oxygen saturation) was 20.4% ie

if, based on the data in ref (1), (y) of Sn at 800 °C is taken to be about 515 mN.m-l, the (y)

of oxygen-saturated material would be about 100 mN.m-l lower.

The individual data points by Sangiorgi et al(43) (Figure 54) were obtained from

measurements on sessile drops contained in the chamber of an Auger spectrometer. With

this system it was possible to establish a range of equilibrium oxygen levels in the tin by

ion-etching of the sample and subsequent exposure to controlled atmospheres.

Measurements were made on the variation of (y) with the Auger peak height ratio (R)

(Figure 55) (where R = height of oxygen Auger peak). For (R) values up to -0.2 (ie the
height of tin Auger peak

lowest oxygen levels), the (y) of Sn at 287 °C remained virtually constant (598 mN.m-l). At

this point there was an abrupt decrease in (y) (to -535 mN.m-l). Further increase in (R)

produced little change in (y). To supplement the Auger spectrometry results, Sangiorgi et al

also carried out LEELS experiments on low (R) systems. A model based upon their overall

data suggested that, over the region up to R = 0.2, "islands" of SnO were floating on the

metal, and that the abrupt change in (y) at R = 0.2 was due to the fonT\ation of a continuous

oxide layer at the surface. At higher (R) values, a chemical shift in the Sn Auger peak was

observed which would be consistent with the SnO ~ SnO2 transition. The fact that there was

no change in (y) associated with the observed chemical shift verified the existence of a

continuous oxide layer at the surface..
D H BRADHURST, A 5 BUCHANAN

Austral. T. Chem.l4.1961, 417.
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Figure 54 Variation of the surface tension of Sn with temperature under different

oxidation conditions.
/&) and curves -(Passerone)(42).

0 -

0- ) (Sangiorgi)<43)
)
)

As-received Sn melted in vacuum (4 x 10-5 Pa)
As-received Sn after holding under 10-6 Pa for
16 hr at 287 DC
Sn under very low partial pressure of oxygen



(73)
DMM(A)IIJ

P-

IE

z
E-
;:>- 600'-'
c:
0

V)
c:
2!. 500
OJ
u
0-
L-

:J
l/)

t=287°Cy ~ 598 mN. m-1

-
y ~ 535mN.m-1

Shift
I I I I I v!/ /¥/ // /A

0 0.2 0.4 0.6 0.8

Change in surface tension of Sn at 287 °C with the oxygen-to-tin peak height
ratio observed by Auger Electron Spectroscopy (Sangiorgi)<43).

Figure 55



(74)DMM(A)113

Commen!:§;

SuggestedCl) mean 'y(t) relations for (0 Pb and (iO pure Pb are:-

(i) 'Y = 457 -0.11 (t-327)
(t in °C)

(ii) 'Y = 471 -0.156 (t-327)

Figure 56 shows mean surface tension values obtained by Deighan<44) for industrial solder

(60 Sn 40 Pb) at the melting point (- 190 DC) under different atmospheres. As would be

expected, the highest values were found for samples which had been pre-cleaned and

subsequently melted in the presence of H2' Samples melted in air which had been (i) neither

pre-cleaned nor fluxed (ii) pre-cleaned but not fluxed and (ill) fluxed but not pre-cleaned, all

had similar and the lowest values for (y). It was only for samples which had been both

pre-cleaned and fluxed, that any increase in (y) was observed (- 53 mN.m-l). Even in the

presence of hydrogen, the values of (y) obtained for industrial solders were generally lower

than those obtained for alloys made from pure components.

Whilst several studies(10,45-48,54) found that (y) showed a steady decrease with increase in

[Pb], there are strong indications from other data(8,45-53)., of anomalous behaviour in the

vicinity of the eutectic composition (73.9 at. % Sn). This phenomenon generally manifests

itselr8,49,52,53) as a minimum in the 'y([Sn]) curve, which decreases in magnitude as the

temperature is increased; however the results given by Adachi et al(SO) (Figure 62) are at

variance with this in that a maximum is observed in the 'y([Sn]) curves, which becomes more

apparent as temperature is increased (these authors account for their results by suggesting

that 'clusters' of the same species are produced in the vicinity of the eutectic and that the

cluster size increases with temperature up to 2000 -BOO °C). The curves given by Demeri et

al(51) (Figure 63) should be treated with caution since, if the notation on the diagrams is

correct, the data imply that (dy/dt) for the Sn+Pb system would be positive over a wide

range of compositions and temperatures, which is completely at variance with the works of

other authors.
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Figure 59 Effect of composition on the surface tension of Sn + Pb alloys at 350 °C and
at 650 °C (Popel)(48).
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Surface tension data for the Sn + Pb system given by (Demeri)(Sl).
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Comments

Suggested(1) mean 'y(t) relation for Pd is:-

'Y = 1482 -0.279 (t-1552) (t in °C)

The only data(57) for the surface tension of Sn+Pd alloys are given in Figure 74. The 'y([Sn))

curve for 1 000 °C, shows a continuous decrease in (y) with increase in [Sn]. A point of

inflexion was observed at around 33 at. % Sn ie around the composition of the compound

Pd2 Sn.
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Figure 74 Effect of ~omposition on the surface tension of Sn + Pd alloys at 1600 °C
(Va tolin)(;,7).
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Pt+
Comments

There is a wide disparity between the extant data(l) for the surface tension of Pt, ranging

from 1700 mN.m-l at 1800 DC to 1865 mN.m-l at 1770 DC.
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Comments

Data(59) for the effect of low levels of 5 on the surface tension of 5n are given in Figure 76.

The curve shows that 5 is surface-active in 5n, one atomic % addition reducing (y) by

approximately 90 mN.m-1. Naidich et al(59) quote a value for the limiting surface activity

(~) as -116 mN.m-1 (at. % 5)-1. It is pertinent to note that the presence of
d[S) 5] -+0

relatively low levels of S in Sn result in a substantial increase in the melting point {1 at. % S

raises ~ to more than 650 DC.

The data shown in Figure 76 were determined at a constant 700 DC. It follows that the

individual values of (y) would have been obtained for a wide range of temperature levels

above the respective liquidus temperatures (the degree of overtemperature decreasing with

increase in [5]). If measurements of (y) had been taken at the same overtemperature (say

50 DC) for all the alloy compositions studied, the decrease in (y) with increase in [5] would

be more marked.

The work by Bradhurst and Buchanan" does not quote any actual values for the effect of 5

on the surface tension of 5n. However, the authors observed that at 800 °c, the (y) of 5n

which was bulk-saturated with 5, would be reduced by about 15.8%. If, based on the data

presented in ref.(l), it is taken that (y) of 5n at 800 °c is approximately 515 mN.m-1, then

material which is saturated with 5 would have a (y) of around 433 mN.m-1 ie a decrease of

about 82 mN.m-1.

There are no -r<t) data for this system (but see comment under Sn+Se),

D H BRADHURST, A 5 BUCHANAN.

Austral. T. Chem.14, 1961,417.



(93)
DMM(A)llJ

t=7000C

.--
I

E
z
E-
'?:; 500
c:
0
III
c: 400
Q)

Q)
u

.r.::: 300
\-

~ 0 1 2

Atomic 0/0 5

Effect of low levels of sulphur on the surface tension of tin at 700 °C

(Naidich)(S9).
Figure 76



DMM(A)113

Comments

Suggested(l) mean 'y(t) relations for 0) Se and (ii) pure Se are:-

(i) 'Y = 103 -0.15 (t-220)
(t in °C)

(ii) y = 109 -0.21 (t-220)

Data(S9) showing the effect of low levels of Se on the surface tension of Sn are given in

Figure 77. Se exhibits similar behaviour to 5 although its surface-activity is somewhat greater

(a decrease in (y) of approximately 125 mN.m-l for 1 atomic % Se). Naidich et al(S9) quote

as -210 mN.m-la value for the limiting surface activity of Se in Sn ie (~)
d[Se] [Se] -+0

(at. % Se)-l.

There are no data for the effect of temperature on (y) of these alloys, but it may be noted that

for the Sn+ Te system (qoV.), y(t) curves with positive slope have been observed over a limited

range of lower temperatures. It is well known(24) that the presence of low levels of Group VI

elements (O,S,Se,Te) in Fe gives rise to positive values for (dy/dt) and it is possible that this

behaviour may apply to Sn alloys. It is also pertinent to note that the data for the Sn+ Te

system show that the surface-activity is greatest at the lowest temperatures (below about

450 DC)o
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Comments

Probably because of the practical difficulties in measuring (y) of Te, the literature data(1)

show fairly large differences ranging from 178 mN.m-l to 239 mN.m-l at 460 °C.

Surface tension data(60,61) for the Sn- Te system are given in Figures 78-79. The results of

Tsertsvadze et a 1(60) show that Te is surface-active in Sn and that at 800 DC, there is a

progressive decrease in (1) with increase in [Te] up to 50 at. %.

Pokrovskii(61) studied the effect of temperature on the surface tension of Sn+ Te alloys which

contain low levels of Te (Figure 79). Over the composition range studied (0.0037-0.0364 at. %

Te), positive temperature coefficients were observed for the lower temperatures. This Figure

also verifies the fact that Te is strongly surface-active in Sn, particularly at the lower

temperatures eg at 350 °C, the presence of 0.0364 at. % Te reduced the (y) of Sn by about

40 mN.m-l.
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Figure 78 Effect of com~osition on the surface tension of Sn + Te alloys at 800 DC
(Tsertsvadze)< 0).

Figure 79 Effect of temperature on the surface tension of pure Sn and Sn alloys
containing small amounts of Te (Pokrovskii)(61).
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Comments

Suggested{l) mean )'<t) relations for (i) nand (ii) pure n are:

(i) y = 459 -0.106 (t-305)
(t in °C)

(ii) 'Y = 465 -0.095 (t-305)

Pokrovskii and Tissen(3) (Figure 8() studied the effect of low levels of Tl on the (y) of Sn over

a temperature range 270° -400 °C. The curves show that TI exhibits some surface-activity

in Sn, (the presence of 1 atomic % reducing (y) by about 19 mN.m-1 at 270 oC).

Koval'chuk and Kuznetsov(62) detern'\ined (y) of Sn+ T1 alloys over the whole composition

range (Figure 81) at 350 °C and found a broad minimum in the Y([Sn]) curve, but this was

not observed by Arsamikov et al(63) (Figure 82a). Koval'chuk and Kuznetsov found that if

the temperature was increased to 450 °c, the minimum in the curve became broader and

relatively less deep. These authors noted that the (y) of the alloys varied linearly with

temperature and all the 'y(t) curves had a negative slope. This is in general accord with the

results of Arsamikov et al (Figure 82b).
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Figure 81 Variation of surface tension with composition of Sn + TI alloys at 350 DC
(Koval' chuk)(62).
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Comments

(i) 'Y = 789 -0.21 (t-420)
(t in °C)

(ii) y = 817 -0.227 (t-420)

Surface tension data(15,64-66) for the Sn+Zn system are shown in Figures 83-86. Results given

in Figures 83-85 show that relatively low additions of Zn to Sn result in a small increase in

(y), the work of Abdel-Aziz and Aret<64) (Figure 83) however showing a much larger rate of

increase in (y) with Zn content.

The study by Kuznetsov et al(65), which covered the whole composition range (Figure 84)

shows that Sn is surface-active in Zn (10 atomic % Sn giving a decrease in (y) of about

190 mN.m-l at 450 °C).

The ','<t) curves given by PelzelC66) (Figure 86) show that for the particular compositions

studied, there is a linear decrease in (y) with temperature.
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Comments

Figure 87 showsC54) that addition of up to 2 mass % Ag has little effect on the (y) of a near-

eutectic Sn+Pb alloy.
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Figure 87 Effect of small additions of Ag on the surface tension of alloy 60 Sn 40 Pb
(mass %) at 215 °C and 250 °C (Carroll)C54).
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Figure 88 Effect of temp,
(Mavlonov)<67>,
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Comments

Data(52,54) for the effect of Bi additions on the (y) of near-eutectic alloys of Sn+Pb are shown

in Figures 89-90. Both sets of data are in reasonable agreement, the presence of 4 mass % Bi

decreasing (y) by between 30 and 40 InN.m-I.
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Figure 90 Effect of Bi additions on the surface tension of the eutectic Sn + Pb alloy (62
mass % Sn) at 250 °C (Somol)(S2).

Comments

Data(52) for the effect of 1 mass % addition of Cd on the (y) of the Sn+Pb eutectic are given

in Figure 91, and show a small increase in (y).
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Figure 91 Effect of 1 mass % addition of Cd on the surface tension of the eutectic Sn +
Pb alloy (62 mass % Sn) at 250 °C (Somol)(52) ,
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+ +
Comments

Figure 92 shows(22) the effect of temperature on the (y) of a Sn+Cu alloy and of two

Sn+Cu+Ni alloys. Results indicate that the addition of 1 mass % Ni will produce a decrease

in (y) (approximately 60 mN.m-l at 850 °C).

Figure 92 Effect of temperature on the surface tension of the alloy 50 Sn 50 Cu (mass %)
and two of its alloys with nickel (Zagonkin)(22).
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Cu ++
Comments

Figures 93-94 show the data(52,54) for the effect of low levels of Cu on the (1) of Sn+Pb

eutectic alloys, and both sets of results are in accord in showing a small rise in (1) with

increased [Cu].
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Effect of small additions of Cu on the surface tension of alloy 60 Sn 40 Pb
(mass %) at 250 DC (Carroll)(54).
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Ga ++

Comments

Surface tension data(29,68,69) of the Sn+Ga+ln system are given in Figures 95-98. Figure 95

shows that Sn is slightly surface-active in Ga+ln alloys, the effect being most apparent in

alloys with high Ga:ln ratio. Figures 96 and 97 show the isotension lines(29,68) for the ternary

system, and taking account of the temperature differences, there appears to be reasonable

agreement between the two sets of data.
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Figure 95 Effect at 250 °C, of tin content on the surface tension of Sn + Ga + In alloys,
in which the atomic ratios of Ga:In are maintained constant at 9:1, 4:1 and 1:1
respectively (Kononenko)(29),
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Figure 96

Figure 97 Isotension lines for the Sn + Ga + In system at SOO °C (Ibragimov)(68).
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Figure 98 Variation with temperature of the surface tension of the Sn + Ga + In eutectic
alloy (MigaO(69).
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Comments

Figure 99(52) shows that In is not surface-active in the eutectic Sn+Pb alloy.
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Figure 99 Effect of 1 mass % In addition on the surface tension of eutectic alloy Sn + Ph
(62 mass % Sn) at 250 °C (SomolfS2).
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Comments=

DataC54) for the effect of P on the surface tension of a near-eutectic Sn+ Pb alloy, are given in

Figure 100. Small additions of P produced an increase in (y) (approximately 15 mN.m-l for

a P content of 0.013 mass %).
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Figure 100 Effect of small additions of phosphorus on the surface tension of alloy 60 Sn
40 Pb (mass %) at 250 °C (Carroll)(54).
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Comments~-
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Mass Ofo addition of Sb

Figure 101 Effect of antimony additions on the surface tension of alloy 60 Sn 40 Pb
(mass %) at 250 °C (Carroll)(54).
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Comments

Data(52) given in Figure 103 shows that, at 250 °C, a 1 mass % addition of Zn to the eutectic

Sn+Pb alloy produces a substantial increase in (y) (about 40 mN.m-I).
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Figure 103 Effect of 1 mass % addition of Zn on the surface tension of eutectic alloy Sn +
Pb (62 mass % Sn) at 250 °C (Somol)<52).
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TI+ +
Comments

Figures 104 and 105 show the effect of low levels of Sn on the surface tension of molten nTe

and n2 Te. In both cases, a small increase in (Y) was observed (about 2 rnN.m-l per

atomic % Sn).
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Figure 105 Effect of tin additions on the surface tension of n2Te at 420 °C (Karimov)(71).
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