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SYNOPSIS

The importance of the measurements of contact angles in soldering
has been mentioned. The assessment of the spreading power of a solder
over a metallic surface involves the determinations of the contact angle
between the solder and the metal surface, and the interfacial tension. The
theoretical basis for the experimental work done on contact angles has
been critically reviewed. Mention is also made of the various fluxes used
in soldering. The need for further work involving low-melting solder
systems and proper correlation of data 1s dealt with briefly.

INTRODUCTION

‘ Soldering * is the process of joining metals by fusion of a!loys that have
low melting points (most commonly lead-base or tin-base alloys) in the presence

of fluxes.

The behaviour of a liguid on a solid is convemently characterised by

ontact angle, 8, which finds an interesting application in

a quantity called the ¢ b o acxantial thi

soldering. For an efficient joint between solder and metal, e
the molten solder shall spread over the surface of the metal, re.,

L = :

angle of the liquid solder against the metal must be zero. T-lluiolmo‘:-hcsre:::r
L of adhesion of the solder for the metal shall be equal to, of 8

the work of a "

bl
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than, the work of cohesion of the solder. Liquid solder, like other moiten
metals, has a high surface tension (about 470 dynes per cm. at 300° C)). Conse-
quently, it is essential that the work of adhesion of the solder for the meta]
shall be as high as possible, i.e., shall not be lowered by physically or chemically
adsorbed films. The various precautions and devices adopted in soldering are
nearly all directed at removing such films or preventing their formation by
keeping the surface clean for which filing, emery-papering, etc., are employed ;
the solder is then melted on its surface in the presence of a flux—the function
of the latter being to remove traces of oxide still present and prevent its further
formation by covering the metal with a blanketting layer. While soldering is
universally employed, studies utilizing the contact angle as an aid in deter-
mining the spreading power of solders over metallic surfaces are limited.

THEORETICAL CONSIDERATIONS

In soldering. if the flux used is volatile, it may be present mainly as a gas,
otherwise it will probably be present as a liquid, or it may produce a gas which
displaces any liquid residue. The liquid and solid metals may be in contact in
(i) a gaseous medium or (ii) a liquid medium. The condition for spreading
in case (i) has been discussed by Harkins and Feldman.! When a second liquid
is present, a simple expression for the spreading coefficient ¢’ can be derived
if the following likely assumptions are made®: (a) the liquid flux—solid metal
adhesion is a factor opposing solder spread; (b) the flux—liquid metal adhesion
is a factor aiding solder spread. The probability of (b) follows from the fact
that spreading power of the solder on the solid metal involves an increase in
the area of the flux—solder interface, which will take place the more readily
the greater the work of adhesion between the two. It can be derived that

q5=WSL+WLF—WFs—WLL
where

Ws. = work of adhesion between solid and liquid metals,
W = i . liquid metal and liquid flux,
Wes = s . flux and solid metal,

W.. = work of cohesion of the liquid metal.

Substituting in terms of surface and interfacial tensions, we have

¢)='yrs—‘}fsl._'}/w

where yss is the interfacial tension between flux and solid metal, and similarly
for the other terms.

An expression for ‘¢’ has been derived* ? in terms of the contact angle ¢
and surface and interfacial tensions.
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Y
X S YsL
F = Flux, S = Solid metal, L = Liquid solder.

Cor{mdcr a drop of liquid solder (L) in equilibrium on a solid metal surface
(S) in the medium of flux (F) as in the figure. yus, yrs and ys. are the interfacial
tensions between liquid solder-flux, flux-solid and solid-liquid solder respectivel
and ‘8’ the contact angle. Then ’

Yes = Ys. =+ Yie COS 8 (1)

Wor:k f)f adhesion? is the work which has to be done to pull asunder a solid-
liquid joint one sq.cm. In cross-section, i.e.,

Wsp == Vs + Yir — YsL (2)

Substituting (1) in (2) we have
Wst = yir (] 4 cos 8) | (3)

The Spreading Coefficient * ¢ *.—Spreading will occur if 8§ =0 or
Wse = 2‘)/:.1- or > Wu

In other words, a liquid will spread over a solid if the work of adhesion
W of the liquid for the solid surface is equal to or greater than the work of
cohesion Wiw of the liquid for itself. (Ws. — Wu) has been called by Harkins®

the spreading coefficient ‘¢’ of the liquid over the solid.

¢ = Wa — Wi = (yms — yu) — yor

But
yes — ys = yir €OS 8

tﬁ == YLr (COS g — 1) (4)

FLUXES IN SOLDERING

he action of fluxes in soldering has been studied by

The mechanism of t _
be whether (a) fluxes act purely in

Latin.? The main question appears to
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a cleansing capacity or (b) fluxes besides acting as cleansing agents, also lower
considerably the surface tension of the molten solder, and this effect is important
in aiding efficient spreading. Ladon® inclines to the latter view, but Crow® to the
former from considerations and experiments of a largely qualitative nature.
Coffman and Parr’ measured the effect of hydrogen chloride on the surface
tension of molten solders and concluded from spreading tests that chemical
cleansing alone is not sufficient to account for spreading and that diminution
of surface tension is of importance. Dean and Wilson® also came to the same
conclusion from their experiments.

Nightingale® considers fluxes in two classes: (a) * protective > (resin, tallow
and most organic fluxes) and (b) * chemically active * (zinc¢ chloride, ammonium
chloride and others). It is well known that residues from the flux used in
soldering may give rise to corrosion which if persistent may lead to the failure
of the metal adjoining the soldered joint. One of the best soldering fluxes,
zinc chloride is particularly objectionable from this angle. The practical alter-
natives to corrosive zinc chloride are few, and considered solely on their ability
as fluxes, they are all inferior when used upon the commonly soldered metals,1?
The safest is natural resin since it never causes corrosion but its fluxing action
is weak. Tallow and palm oil are also very mild and slow acting. Oleic acid
is slow acting and not popular because of its rancid smell. The features of
orthophosphoric acid as a flux and the properties of fluxes containing organic
phosphates have been investigated.!* Fluxes based on organic phosphates permit
easy soldering of many materials without residues of fluxes causing corrosion.

The above were the only fluxes in common use a quarter of a century ago
when a patent was taken out covering the use of aniline hydrochloride as
soldering flux. At soldering temperature some decomposition occurs into ariline
and hydrochloric acid which acts as a flux. The discovery that aniline hydro-
chloride could serve as a flux encouraged experiments with a number of other
amine hydrochlorides and bromides chiefly for incorporating in resin as *acti-
vators > which would be destroyed at soldering temperature and leave no
ionisable halide on the work. The majority of modern cored solders are now
filled with such activated resins.!®

DETERMINATION OF INTERFACIAL TENSIONS AND CONTACT ANGLES

The assessment of the spreading power of a solder over a metal surface
depends on the determinations of (a) interfacial tension between solder and flux
on the solid metal and (b) contact angle.

(a) Interfacial Tension—Most determinations of metal surface tensions have
been made using the method of maximum bubble-pressure;!2-15 but the drop-
weight, 1% 17 sessile-drop,18-2° sessile-bubble,?' hanging drop,?* and capillary height?®®
methods have also been used. Such quantitative determinations of the - contact
angles of molten metals with solids as have been made have usually been



The Significance of Contact Angle M casurements in Soldering 297

incidental to the determination

of surface tension by th ile- ,
height®* methods. y the sessile-drop or capillary

| . of a liquid metal in contact with
a flux phase is possible by several methods which are independent of the contact

ax?gle. Bircumshaw?® gives values for a number of tin-lead solders in contact
with hydrogen; Chalmers and Wadie2® obtained similar data employing a resin
flux; and Latin? determined the surface tension of tin and tin-lead solder of

chloride fluxes (see Table I).

TABLE 1

Surface Tensions of Tin, Lead and Tin-Lead Eutectic (Dynes/cm.)
at Temperatures just above the Liquidus

Flux
Zinc-
Hydrogen Resin Resin  ammonium Stannous
Metal (Bircumshaw?5) (Chalmers (Latin?) chloride = Chloride
and Wadie?9) (Latin®) (Latin?)
Tin .. 550 420 456 422 342
Tin-lead 490 380 390 331
eutectic
Lead - 440 316

-em.a - : [ —_

ro—— = e

(b) Contact Angle.—The determination of contact angle has bcenmmadc by
(i) direct measurement, (ii) photography or other optical means, and (i) by the
measurements of the dimensions of the drop.

The determinations of interfacial tension y and contact anglcz 6 for- tin :and
tin-lead solders on copper in the presence of various fluxes, viz., resin, zing-
ammonium chloride and stannous chloride in order to evaluate the sprt;ad;]ng

been made by Latin. The contact angie has
owers of solders on copper. have W
geen measured by solidifying the melted solder drop on a ha:}ru?murltd:1 coppfl:r
urface n;ounting in bakelite, sectioning diametrically and measuring the angie
S ’

at the point of contact by an optical means (see Table II).

Latin has also suggested dctcrmin.ing spreading llochr 9";;“?:;;“;‘3?:;:;
knowledge of y and ) by the equation ¢ = "‘}th (d dr;n‘;it, of the flux. To
of the solder drop, D the density of the solder an l‘ eil the ““maxifiuii
determine the solder-flux interfacial tension, he has employ

- #7  Gince Latin measured the
" as modified by Sugden. gt .
lmhbmt Pfﬁsgfi::f!on m:t:zlciidiﬁcd drop, sources of tnaccuracy dare Lo
contact an
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TABLE 11

Contact Angles of Tin and Eutectic Tin-Lead Solder on Copper
as determined by Latin

Ll o

Solder Flux Temperature Contact Angle
°C. 0
(l) Tin - Resin 250 70°
9 265 65":’h
” 325 55°
Zinc-ammonium
Chloride 250 50°
1] 300 40°
(2) Eutectic Tin-lead Resin 195 70°
Solder - 265 50°
| . 320 small, difficult
to measure
Zinc-ammonium
Chloride 200 35°
u 260 0°
(approx.)

from changes in the shape of the drop after solidifying. He could not photograph
the molten drops owing to the presence of excess of flux. In his experiments
he has noted that, around tin and solder drops heated in contact with copper
in zinc-ammonium chloride flux, blue coloured areas are formed. He concludes
that this blue colouration is due to tin which has deposited from the flux and
has subsequently alloyed with the copper. He considers that this accounts for
the greater spreading in zinc-ammonium chloride flux than resin flux. From
a comparison of areas of spread of tin and eutectic tin-lead solder in either
flux, he has deduced that the greater spreading of the eutectic solder is probably
due to its lower surface tension. Bailey and Watkins?® point out, that if this were
the only reason for the greater spreading of the eutectic composition, it might
be expected from measurements of surface tension in resin made by Chalmers
and Wadie (Table I) that the best spreading of all would be obtained with pure
lead. Latin' gives no evidence that this is so, and in fact lead does not spread
as well as solders containing about 50% tin. The formation of * haloes > around
tin drops of solder when a chloride flux is used as observed by Latin, has also
been noted by Fine and Dowdell.2? Bailey and Watkins indicate that the
formation of haloes may probably take place by diffusion from the liquid mctzill
or by deposition from some liquid fluxes. Daniels and Macnaughtan,® in their
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review on the wetting of metals with particular reference to tinning and solder-
Ing, comment that it is unknown whether the formation of ¢ halo always accom-
panies the spreading of a drop of molten metal on a solid metal or if it is an
indispensable preliminary to the spreading of the main drop. They state that
the flux will assist the spreading of the drop of molten metal if it causes a reduc-
tion in the surface tension of the drop and quote work by Coffman and Parr’

and by Latin in which the extent to which the surface tension of solders is
reduced in various fluxes has been measured.

Regarding the nature of the solid surface over which the solder spreads,
Bailey and Watkins point out that the development of particular low contact
angles which are formed against copper by tin-lead solders appears to be preceded
by the formation of an alloy layer. The possibility of changes of contact angle
taking place as a consequence of intermetallic diffusion has been pointed out
by Tammann and Arntz,® and Alty and Clark.32 Daniels3® while ascribing the
prime cause of wetting to the attraction between the base and coating metals,
mentions that the affinity results in the formation of an intermetaliic compound
or solid solution which is due to intermetallic diffusion. Work on the spreading
of metals on metals by Bondi,* suggests that, interaction, whether compound
formation or solution, i1s always accompanied by initial spreading. But where as
with solution. the final spreading coefficient remains positive (i.e., low 8). With
compound formation, it becomes negative (i.e., high ). It is as well to point out
that the converse—that initial spreading signifies interaction—is certainly not
true. A simple example 1s the system air-water-plalin}lm, where the contact
angle approaches zero; the water spreads over the p|atlf'llll'l'! surface, but there
is no reaction. Bailey and Watkins® in their determination of the surface
tensions occurring in the systems copper-hydrogen and copper-lead-hydrogen at
temperatures of 850° C. have observed that the ?alu? of surface tension in the
latter case is lower. They suggest that the rcr:iucuon is due to the adsoprtion ;)f
lead (which is in the vapour state at the high temperature employed) at the

copper-gas surface.

The importance of the time factor in any method of quanc:n::twélyI:vilualtl:nif
the jointing capacity of a soldering system has been d:scuifj idc:: E aracter.-
hown that * jointing capacity ' may be analysed into two 1 epe' e
ﬁlics of the soldering system: its time/temperature wetting charactc;-lzsm a: f:) r
lil:‘*llcrfs.-:u:iaI tension characteristic.  An a.PRal'Hl_USdfi*”ie:c dtthhliOe;‘g?pof s
measuring the (wo independent chara?c_tensucs 1S Ls?; ; R
content of the solder, the alloy additions to the soider,

‘ discussed; the

of flux and preheating arc usSe _

- .« of the stock, the type : ¢ in their
et ion is reached that most Lypes of soldt?r are tscl:cctw s
general conclusion and fluxes. The theoretical basis tnvolved tn the

. : 1 kSy : ‘
reaction to different basis stoc /%7 who have expressed the time 7 taken for

iven by Latin et a | . | b
5‘“?)’ s l?i:n t%:) penetrate 4 distance / into a capillary spacc be
molten SO

' us
© izontal plates scparated by a distance d, th
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_ 302 (o + "Jz)

I -
dy cos @

where 8 = contact angle, y = interfacial tension, %; = viscosity of solder and
n, = viscosity of flux.

Chalmers and Wadie in their investigation on the dewetting of tin and some
tin alloys from hot-dipped oxygen-free high conductivity copper, have used
the receding contact angle as a measure of the tendency to dewet and have
discussed the influence of the surface tension of the liquid and their experi-
mental variables upon the measured receding contact angles. They have deter-
mined the angles of contact of tin drops by means of an optical arrangement
devised by them. The interfacial tension between the solder and the flux has been
determined. thus: a standard quantity of the solder is melted in a fireclay
dish, and molten flux is poured on it. After the solder is solidified, the procedure
is to invert the drop so that the flat surface rests on a glass plate and measure
the height ‘A’ of the drop optically. The interfacial tension T = 1gh? (D — d),
where ‘D " is the density of the solder and ‘4’ that of the flux.

The method of determining contact angles and surface tensions by measuring
" the dimensions of small bubbles and drops3®- 3 has been utilised in the case of
metals. The acute contact angle & == 2 tan™?! (k/x), where h is the greatest height
of the drop and x the radius of its base. Since h is difficult to measure, Mack
has determined A in terms of the volume of the drop. The obtuse contact angle
is a function of z/r and r/b, where z is the vertical height of the drop, r the greatest
horizontal radius and b the radius of curvature at the apex of the drop. By
reference to Bashforth and Adams tables, the values of # could be known as
a function of z/r and r/b. Ellefson and Taylor,?® by applying the above method,
have measured y and 6 of molten silicates and glasses on gold and platinum.
The values of 8, as measured by them, of sodium silicate glass on gold are given
in Table II.
TABLE I
Sodium Silicate on Gold
Weight of Silicate on the Gold Surface = 0-5994 gm.

— ™

Atmosphere Temperature Time g
gL hours Calculated
Vacuum - 996 0 57°
Nitrogen allowed to enter after 5 hrs. of vacuum.
Nitrogen ™ 1,000 24 57"

Vacuum applied just after reading and retained for 25 hrs. ;
then oxygen allowed to enter.

Oxygen - 1,000 50 56°
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It 1s concluded that there is a defin;
molten silicate and that the degree
kind of atmosphere present.

te wetting of the gold metal as such by the
of wetting is not significantly affected by the

The contact angles of some sodium silicate glasses on metals copper, silver,
gf)ld, palladium, platinum and nickel in vacuum, hydrogen, helium, oxygen and
alr atmospheres at 900° C. have been measureds® directly by means of a telescope
with a protractor scale attached to it. The study of contact angles of various slags
on refractories!! has also been made. It is concluded that the optimum condition
for the reduction of slag attack is a high contact angle preferably associated
with a high interfacial free energy between slag and refractory. Furthermore,
it 1s shown that the factor most likely to produce this condition is low surface
energy of the refractory relative to that of the slag. A technique for measuring
contact angle continuously at high temperatures has been devised and results are
given for various slags on platinum and alumina. Some values of the contact angle
are cited in Table 1V,

TABLE 1V#
Solid Surface: Platinum
Gas: Air
Slag
Temperature 0
CaO S10, "C.
40 60 1,500 49-5-
6 1,550 48°
+ ? 1,590 48 -5°
482 51-8 1,590 .
52 48 1,540 443

Conclusions reached are that the contact angle varies little “'rilh lempe_rtai:::lrc or
composition, showing a slight decrease only at the most baf;u:. composition. )
rements of ¥ and 8 have been made by the sitting-drop method

(with and without sodium) and on fhc
lead (with and without the addition

The measu
between, on the one hand, fused lead

: : ith

sed zinc and zinc saturated wit ' _ t

o h'and t-u‘gl'ﬂon-»'.:::luiIibrium systems (not mutually saturalcd)agwe somew!:a:

of sodium). {12 and 8 = 45° on graphite, 109 and 69° on magnesite.
v =

1vi i mall additions of
' activity of sodium even s _ !
S CaPlnaf)’Y and increase of 8. Also, the simultaneous

i f :
sodl s¢ a significant decrease o ' t angles with
Z?:::i::tl;;cn: 0% surface tensions of molten metals E:d tﬁ:dce?:? ?:cby nglcasuring
silica or other refractory solids upto 0 L. BARE :tI:) two capillaries of the
‘lhc pressures required 1o force

varying results,

he molten metal 1
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solid, at least one of which is conical. Experimental and mathematical details of
the method, especially as applied to molten metals, are described. The surface
tension of molten tin between 400° and 800°C. in a hydrogen atmosphere
determined by the method 1s (700 &£ 25) — (017  0-015) T dynes/cm., where
T is the temperature in ° K. The contact angle of tin with fused or polished
silica surfaces, determined by the same experiments, is 145° 4 10°, independent
of temperature but sensitive to the degree of roughness of the surface.

and other variables, has been rather limited.

It can be seen from the above that work on the measurement of contact angles,
especially those of molten solders on metallic surfaces in the presence of fluxes

Investigaions on some aspects of

this problem of the determination of ¢ 6’ have been undertaken. For this purpose,
a special apparatus has been constructed.
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