
Solder Alloy Development 
for Automotive Radiators 

BY R. E. BEAL 

Tensile-peel tests on Pb-Sn-Ag solder alloys indicate 
properties superior to conventional Pb-Sn solder alloys 
for radiator applications 

ABSTRACT. Automotive radiator op
erating temperatures and pressures 
have gradually increased over the 
years, restricting the margin be
tween service duty conditions and 
the capabilities of present systems. 
Joint stresses in service impose a 
tensile-peel load on the radiator sol
dered joint, but soldered joint me
chanical properties are not usually 
expressed in th is manner. This study 
examines the mechanical properties 
of conventional lead-tin solders and 
one lead-tin-silver alloy by the ten
sile-peel method, revealing that the 
silver-bearing alloy has much su
perior strength properties. Experi
mental solders in the high lead re
gion of the lead-tin-silver system are 
then investigated, and new composi
t ions are proposed based on the 
higher strength properties measured 
in these solders. 

In t roduct ion 

The automotive radiator was init ial
ly conceived as a soldered brass and 
copper product subject to low and 
easily accommodated temperatures 
and pressures. Over the years, en
gine design has required a gradual 
increase in both parameters. The sol
dered joint has changed its role, con
sequently, f rom a mere water seal
ant to a structural member of the sys
tem. Current solders are adequate at 
the present t ime, but the margin be
tween operating parameters and 
radiator capabilities has markedly 
narrowed. 

Future performance demands im
proved solders and soldering tech-
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niques if the present method of con
struction is to be retained. Special 
concern w i th quality control and 
product uniformity must coincide 

w i th the use of new materials so 
that a cost-effective satisfactory radi
ator can be made. 

Research to reach these objectives 
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Fig. 1—Solder-joint strength as a function of alloy composition 
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has in the past encompassed basic 
solder—base metal reactions, an 
understanding of soldering mechan
isms, and process studies.1 -4 The in
formation given in th is paper is 
aimed at detail ing meaningful engi
neering properties of existing solders 
and presenting development of new 
solder alloys to meet the strength re
quirements of imminent temperature 
and pressure increases in the auto
motive radiator. 

Background on Solder Joint 
Mechanical Property Determination 

Mechanical properties of soldered 
joints are related to the test method 

used to derive them. Careful selec
t ion of the test method to reflect the 
loading characteristics in service is 
necessary if the data are to be useful 
in practice. The automotive radiator 
tank is essentially a pressure vessel, 
and examination of the tank joint re
veals that it is subjected to tearing 
forces or a tensile-peel action when 
in opereration. 

Most of the mechanical property 
data available on the soldered joint, 
however, have been measured using 
a lap-shear specimen. Work by Night
ingale and Hudson5 showed the var i 
ation of shear strength of soldered 
joints as a funct ion of composit ion 
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Temperature for Maximum Tensile-Peel 
Strength with Lead-Tin Alloy. 

Relation Between Soldering Temperature 
and Joint Thickness for Maximum Joint 
Strength, According to Nightingale. 

(T-t)S = K 

T = Soldering Temp. 

t = 183°C 

S = Jo in t Thickness 
K - .34 

_L J_ _L JL J_ 
. 0 0 2 . 0 0 4 . 0 0 6 . 0 0 8 .010 .012 

JOINT T H I C K N E S S , inch 
.014 .016 

Fig. 2—Soldering temperature for maximum strength with varying 
joint thickness (joint clearance) and alloy 

across the entire lead-tin system. 
Maximum strength values were 
found at approximately 50% t in con
tent in joints and at 60% t in in bulk 
solder specimens, as in Fig. 1. Inter
estingly, the mechanical properties 
of the various lead-tin alloys tested 
under tensile-peel conditions do not 
appear to fo l low the same pattern.3"4 

Room-temperature properties of high 
lead alloys were better than the eu
tectic lead-tin alloy in a tensile-peel 
test. Thus, the test method directly 
affects the results and the rank order 
of solder alloys. Loading character
istics of joints in service, therefore, 
must be carefully assessed for appro
priate test method selection. 

An explanation for some of the dif
ferences in mechanical properties 
between lap-shear and tensile-peel 
may be found in Fig. 2, wh ich pre
sents more of Nightingale's work. 
Here, a definite relationship between 
soldering temperature and joint thick
ness (joint clearance) for maximum 
joint strength w i th all lead-tin sol
ders in lapped specimens was estab
lished. Superimposed on the graph 
are solder alloys and soldering temp
eratures at wh ich optimum strengths 
were achieved using the tensile-peel 
specimen. The optimum soldering 
temperature to g ive m a x i m u m 
strength properties for the 50% t in 
alloy w i th a tensile-peel specimen 
coincides w i th the predicted sol
dering temperature for maximum lap 
joint strength at a jo int clearance of 
0.004 in., wh ich happens to be the 
physical opt imum clearance for lap-
shear specimens. The relationship 
appears to be more than just coinci
den ta l . O p t i m u m t e n s i l e - p e e l 
strength soldering conditions for the 
30% tin alloy and the 15% t in alloy 
are also presented for comparison. 
Clearly, at high temperatures narrow 
clearances are necessary to prevent 
solder run-out, and w i th wide clear
ances a relatively sluggish low tem
perature solder is preferred to f i l l the 
joint. In addition, w i th less than 
0.004 in. clearance, flux inclusions 
and void formations tend to occur 
and reduce strength properties. Also, 
solder tends to run out at the high 
solder temperatures required for 
good strength properties in high lead 
alloys. These purely physical consid
erations dictate that a clearance of 
approximately 0.004 in. is the opt i 
mum for the lap-shear joint, and only 
one lead-tin solder alloy w i th 50% 
t in is at its optimum soldering tem
perature at this clearance. 

Work by Chadwick6 was the f irst 
attempt to test a soldered joint under 
tensile-peel conditions, although he 
restricted himself to the reporting of 
steady-state load or propagation load 
data. Expansion of his technique to 
include fracture init iat ion informa-
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t ion and an entirely different speci
men preparation procedure forms 
the basis of the mechanical property 
determinations in this paper. Pre
vious work determined that the static 
room-temperature strength of sol
dered joints depended on the solder 
alloy, the temperature and t ime of 
liquid solder contact, the specimen, 
and the testing method. Also, the sol
dering flux used can dramatically 
affect the data obtained. Zinc am
monium chloride flux gave the best 
results and was used throughout the 
program. 

Exper imenta l Procedure 
Many factors influence the me

chanical properties obtained from a 
soldered joint. For example, the 
single-lap joint should act in perfect 
shear but rarely does, because a 
bending moment is produced by joint 
asymmetry and introduces a certain 
amount of tearing action. This is 
somewhat overcome in the double-
lap joint. The tensile-peel specimen 
defines two important features of the 
soldered joint — that is, the load to 
initiate a fracture and the load to 
propagate that fracture. Experience 
w i th the test has shown that results 
achieved are compositionally sen
sitive. 

Samples, TA in. long by % in. 
wide, of 0.005-in. strip of Al loy 260 
were slightly abraded to mechanical
ly clean the as-received surface and 
were bent into a U-shape for expo
sure in the solder. The 1/s-in. space 
between the two sides of the U-bend 
allowed for adequate solder f low be
tween the two legs of the specimen 
and precluded base metal dilution 
effects on the solder in the jo int 

area.1^3 Quadruplicate specimens for 
each test condition were exposed for 
5 sec in 30 g of fresh solder heated 
in a glass container w i th in a stain
less steel beaker as shown in Fig. 3. 
By inserting a water-cooled copper 
heat sink after the 5 sec exposure, 
fast cooling rates were achieved. 

Mechanical tests were performed 
on the specimens using an Instron 
tensile testing machine at a strain 
rate of 0.1 i n . /m in . The ends of the 
legs of the U-bend specimen were 
held, and a tensile peel result was 
obtained. Two load values were re
corded: that required for init iation of 
fracture and that required for sub
sequent fracture propagation. A typi
cal load-extension curve and the 
method of loading are seen in Fig 4. 

Convent iona l Solder S t u d i e s 
Mechanical Properties 

Four conventionally used alloys 
were selected for the evaluation: 
70 Pb-30 Sn; 85 Pb-15 Sn; 37 Pb-
63 Sn; 97.5 Pb-1.0 Sn-1.5 Ag. 

Soldering parameters for each 
alloy were selected f rom the pre
vious work. Conditions used were 
850F exposure for 5 sec at temper
ature for tne y7.5 Pb-1.0 Sn-1.5 Ag 
alloy and the 85 Pb-15 Sn alloy, 
680F exposure for 5 sec at tem
perature for the 70 Pb-30 Sn alloy, 
and 500F for 5 sec for the 37 Pb-63 
Sn allov. A n argon gas atmosphere 
was used during specimen soldering 
to maintain a dross-free solder sur
face. Mechanical tests were per
formed at room temperature and four 

Fig. 5—Elevated temperature tensile test of soldered specimen 
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Fig. 6—Elevated temperature fracture initiation strength prop
erties of conventional solder alloys. 

Fig. 7—Elevated temperature fracture propagation strength prop
erties of conventional solder alloys. 

elevated temperatures (150, 200, 
250, and 300F). 

Elevated temperature testing was 
carried out in heated air in a heat-
resistant glass container supplied 
w i th air from a fan heater. Prel im
inary tests were executed on dummy 
specimens w i t h inserted thermo
couples to determine the t ime neces
sary for temperature equalization of 
the specimen. Temperature was con
trolled by a thermostat on the fan de
vice, and a mercury-in-glass ther
mometer indicated the temperature 
obtained. The setup is i l lustrated in 
Fig. 5. Glass wool insulation was 
placed at the jaws of the tensile ma
chine for protection and retention of 
the heated air. The test procedure 
gave very satisfactory and consistent 
results. 

The elevated temperature mechan
ical tests performed are summarized 
in Figs. 6 and 7. The silver-bearing 
alloy gave consistently better results 
throughout the temperature range as 
measured by fracture init iat ion loads, 
varying from over 90 lb per in. aver
age at room temperature to less 
than 50 lb per in. average at 300F. 
The 70Pb-30Sn, 85Pb-15Sn, and 
37Pb-63Sn alloys gave decreasing 

strengths w i t h increasing test tem
peratures. Fracture propagation data 
showed that the high t in alloy had 
the highest strength at room tem
perature and lowest at 300F. A l l 
alloys ranked in the same order at 
300F using either fracture init iation 
or propagation values. 

The superiority of the silver-
bearing alloy as measured by a static 
elevated-temperature t ens i l e -pee l 
test was very clear and suggested 
that a new exploration of the lead-
tin-silver system — incorporating the 
soldering processing criteria estab
lished in prior programs4 and the ten
sile-peel mechanical test specimen 
— may reveal better alloys. 

J o i n t Fractures 

Specimen examination by the 
scanning electron microscope was 
particularly revealing. An 85Pb-15 
Sn solder jo int w i th good properties 
is shown in Fig. 8. Very f ine ductile 
dimples are present, and the joint 
gave good mechanical strength. The 
85Pb-15Sn alloy also has a tend
ency to hot tear during solidif ica
t ion. A sample of hot tears is shown 
as Fig. 9. An area of fracture parallel 

to the major dendrite growth direc
t ion is shown. Failure has occurred 
by multiple shear of the secondary 
dendrite arms w i th an obviously low 
percentage fracture area. Several 
dendrites w i th considerable interden
dritic shrinkage and very little inter
connection can be seen. 

Even though the laboratory tech
niques used for sample preparation 
are consistent, variations stil l occur 
in strength properties of good joints. 
One answer can be found in the 
fracture init iation point. Figure 10 
shows a ductile dimple w i t h its frac
ture init iation area clearly defined. 
Because of the lack of coherence 
between solder in bulk and the init ial 
material solidified, a small area of 
the joint can separate easily and be
come the init iation point for fracture. 
The incidence and severity of these 
areas wi l l influence the strength 
properties that can be measured on 
any given joint. 

It may be that these variations 
wi l l , by the very nature of the solder
ing process, always be present to 
some extent. Increased knowledge of 
the soldering action by fracture 
studies has proved to be valuable in 
improvement of soldering techniques. 

7'*"•-' < * » '•* '»,** ' •#.• 

Fig. 8—Ductile fracture surface in 85 Pb-
15 Sn Alloy. (X600) 

7 '.' 

W f ; i-Si'~ *"*%,-
*... ' :. * .: 

Fig. 9—Suspected hot cracks in Pb-15 Sn 
alloy. (X300) 

Fig. 10—Fracture initiation point showing 
lack of coherence on lower left of photo
graph. (X4500) 
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Fig. 12—Influence of alloy composition on fracture propagation 
strength properties 

N e w Solder A l loy D e v e l o p m e n t 
Alloy Selection 

The high lead corner of the lead-
tin-silver system was examined for 
possible new solders. Constitutional 
information was basic to the investi
gation. A detailed lead-tin-silver ter
nary diagram was not readily avail
able to assist in alloy selection; how
ever, a compilation of the liquidus 
surfaces in the system by Earle7 

was located. Addit ional data on the 
respective binary systems are avail
able in Hansen.8 A eutectic trough 
traverses the diagram f rom 97.5% 
Pb on the lead-silver side, pro
ceeding to approximately 1.4% Ag 
w i th 3% Sn, remainder lead, and a l 
most parallel to the t in side forming 
a ternary eutectic w i t h Ag 3 Sn at 
62.5% Sn, 36.15% Pb, and 1.35% Ag 
at 352F, according to Parravano.7 Tin 
solubility in lead is 1.9 wt% at room 
temperature and silver solubility is al
most negligible. 

The addition of alloying elements 
tends to inc rease s t r e n g t h s 
achieved. Solid solution strength
ening is generally the best method; 
precipitation of a second phase or 
dispersion is useful if agglomeration 
or overaging can be prevented. Ma
terials of face-centered cubic struc
ture such as silver have relatively 
steep stress-strain curves, whereas 
both t in and lead have f lat curves; 
thus silver should provide a degree 
of strain hardening and strength
ening. The unit strengthening effect 
of a metal entering solid solution 
varies inversely w i th its solid solu
bil ity and directly w i th the difference 
in size of the solvent and solute 
atoms or the change in lattice param
eter. In heterogeneous alloys, the 
strengthening depends upon the 
quantity and distribution of the new 
or second phase. 

Creep, recovery, and recrystalliza
tion are also important features to 
be considered in evaluating metals 
for elevated temperature service. Re

crystallization studies carriea out 
some years ago at IITRI9 on lead-
base alloys showed that nearly all 
binary alloys have higher softening 
temperatures than the base lead ma
terial. Solid solution strengthening 
was l imited to some extent, and 
strengths generally quickly de
creased above room temperature. 
Both silver and tel lur ium additions 
appeared to give alloys particularly 
resistant to high-temperature soft
ening. 

The effect of silver on lead-tin 
alloys is to increase the recrystall iza
t ion temperature, creep resistance, 
and resistance to deformation. Silver 
also increases measured hardness at 
elevated temperatures. 

Other invest igators '0 '1 1 have ex

amined the lead-tin-silver system for 
better solder alloys. Present studies 
differ in two ways. Firstly, the ten
sile-peel test specimen w i th close 
soldering parameter control is used 
and, secondly, deliberately small i n 
crements of t in and silver additions 
are made. The composit ional sen
sitivity of the tensile-peel test makes 
this approach possible. Alloys in the 
lead-rich corner of the ternary sys
tem comprise solid solutions and two-
phase alloys of t in and lead, pos
sibly w i th Ag 3 Sn intermetall ic disper
sion as a strengthening medium. Sol
der alloys w i th t in contents up to 6% 
and silver additions up to 2% were 
studied to determined the maximum 
strengthening effects in this region 
of the system. 

Fig. 13—Fracture initiation strength (lb per in.) of lead-tin-silver alloys soldered to alloy 
260 brass at 850F for 5 sec 
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Table 1 —Mechanical Properties of Soldered Joints Tested at Room Temperature 

* A l loy 
No. 

7 

Composition 

95 Pb-3 8 Sn-1.2 Ag 

Solder 
temp. 
°F 

680 

Fracture 
initiation 
strength 

— lb per i n . — 
Series Avg 

Fracture 
propagation 

strength 
»"••• lb per in."""-
Series Avg 

69.9 Pb 29.6 Sn-0.5 Ag 680 

95 Pb-3.8 Sn-1.2 Ag 850 

69.9 Pb-29.6 Sn-0.5 Ag 850 

124.0 
144 5 
83.2 

120.0 

64.4 
86.2 
49.6 
97.1 

123.4 
161.0 
105.6 
155.2 

79.5 
58.3 
49.7 
41.1 

118.0 

74.3 

136.3 

57.2 

31.1 
36.1 
31.0 
35.3 

24.3 
23.5 
25.6 
24.0 

22.7 
26.2 
30.5 
25.7 

32.5 
32.9 
29.7 
2 9 9 

33.4 

24.4 

26.3 

31.3 

Results 
A preliminary series of experi

ments was performed w i t h two se
lected lead-tin-silver alloys to estab
lish preferred soldering temperature. 
A high lead-tin-silver composition 
of 95Pb-3.8Sn-1.2Ag was selected 
and a higher t in content alloy, 70Pb-
29.5Sn-0.5Ag, chosen for compari
son. These alloys were soldered at 
680 and 850F for 5 sec at tempera
ture, and mechanical tests by tensi le-
peel were executed at room tem
perature. Results obtained are pre
sented in Table 1. The high lead-t in-
silver alloy produced substantially 
higher strength property data than 
the high t in alloy. A spidering tem
perature of 850F gave superior re
sults w i th a fracture init iat ion 
strength average of 136.3 lb per 
lineal in., and was selected as the 
soldering temperature to be used for 
other experimental composit ions. 

The results were very promising in 
that substantial strength increase 
over the widely used 97.5 Pb-1.0 Sn-
1.5 Ag alloy was achieved. 

Other alloys, w i th in the range 
1-6% Sn and 0-2% Ag, were select
ed and manufactured f rom virgin ma
terials to determine their mechanical 
strength properties ax room tempera
ture. Quadruplicate specimens were 
made at 850F, and the property data 
presented are the averages obtained. 

Several of the selected compo
s i t i ons p roduced t e n s i l e - p e e l 
strength properties that were su
perior to presently used alloys, as 
shown in Fig. 1 1 . Max imum fracture 
init iat ion strength was achieved at 
3.0% Sn-1.5% Ag, w i th strength 
gradually decreasing above this t in 
level. Al loys were not made between 
1 and 3% Sn during the program, 
and some additional strength may be 
found in this region. Silver additions 

caused more complex behavior. 
Strength properties decreased w i t h 
silver additions up to 0.8%, fol lowed 
by an increase in strength w i th fur
ther additions up to 1.5%. Above this 
figure, strength properties again 
appear to diminish. Fracture propaga
t ion strengths increase w i t h higher 
t in contents and are gradually re
duced w i th increases in silver 
content as seen in Fig. 12. 

Fracture init iat ion data have been 
plotted on the ternary diagram in Fig. 
13. The eutectic trough is added to 
constitutionally relate the property 
variations measured w i th the experi
mental solders. Al loy strength prop
erties aie seen to vary rapidly in the 
eutectic region, and further explora
t ion could be wor thwhi le . 

Studies have revealed lead-t in-
silver solder alloys w i t h superior ten
sile-peel strength properties over the 
commercial composit ion. A 45% 
strength increase was registered 
w i t h the 3.0% Sn-1.5% Ag solder. 
Good strength results occur w i th 3-
4 % Sn and 1.2-1.5% Ag wh ich may 
enable manufacturers to improve the 
pressure capabilities of the radiator. 

Radiator operating temperatures 
wi l l also be raised, wh i ch makes the 
examination of soldered jo int prop
erties at elevated temperatures man
datory to determine whether the ob
served strength gains are retained. A 
total of twenty specimens of the 
new Pb-3.8Sn-1.2Ag alloy were made 
and subjected to room temperature 
and elevated tempera ture me 
chanical tests. Test temperature was 
raised at 50F intervals. The results 
are compared w i th previous data 
generated w i th the commercial 97.5 
Pb-1.0Sn-1.5Aq solder in Figs. 14 
and 15. Fracture init iat ion strength 
data show a definite improvement in 
properties both at room and elevated 
temperatures, w i t h 30% and up to 
100% strength increases, respective
ly. The extra t in content of the new 
composit ion also assists in raising 
the fracture propagation strength 
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properties 

Fig. 15—Comparison of elevated temperature fracture propaga
tion strength properties 
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measured in Fig. 15. Large gains in 
high temperature strength as meas
ured by the tensile-peel method have 
been made. A l l tests were pulled at 
0.1 i n . /m in strain-rate w i th in 5 min 
of reaching the specified test tem
perature. Further work is necessary 
on the dynamic properties of the 
new solder alloys, preferably under 
simulated radiator operating condi
t ions before present solders can be 
replaced. The properties measured 
are very encouraging and should 
lead to new commercial solder com
positions. 

Main implications of the work for 
radiators are: 

1. The need to closely control sol
der alloy composition and processing 
parameters for maximum util ization 
of inherent solder strength. 

2. The possibility of new composi
tions in the lead-tih-silver system for 
improved joint strength properties. 

3. Further exploration of new sol
der alloys and generation of dynamic 
test data would be beneficial. 

Surface and Fracture Examination 
of Modified Solder Alloys 

Because of differences in con
straining forces, surface crystal be
havior is not necessarily the same as 
internal grain behavior. Neverthe
less, valuable information can be 
gained from examination of the sur
faces of experimental alloys after me
chanical testing is performed. Six of 
the modified alloys were examined 
on the fracture interfaces and bulk 
solder surfaces adjacent to fractures. 

Grain boundary influence is mark
edly dependent upon strain rate and 
temperature. A l l the samples ex
amined here were strained at 0.1 
i n . /m in at room temperature, and 
the remarks made should be viewed 
correspondingly. For future work, ele
vated temperature test ing at various 
strain rates would add more knowl
edge on the kinetics of deformation 
in lead-rich alloys. Grain boundaries 
are effective barriers to dislocation 
movement and cause buildup; many 
slip planes appear to diminish in 
grain boundary regions. Substruc
tures developed wi th in the grains of 
polycrystalline alloys affect strength 
properties and deformation char
acteristics. Even nominal straining 
fol lowed by heating to a high tem
perature can develop these substruc
tures. 

The scanning electron microscope 
(SEM) was utilized as this enabled 
high-magnif ication examination of 
surfaces w i t h good depth of focus. 
Examination of the 3.8Sn-1.2Ag al
loy. Fig. 16(a), shows a very re
stricted surface movement. Very f ine 
slip bands are evident, as wel l as the 
remnant cellular structure from the 
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Fig. 16—Surface deformation in lead-tin-silver alloys after mechanical testing, (a) Inter
locked grain boundary in surface after tensile test in Pb-3.8 Sn-1.2 Ag solder alloy. (X25 
reduced 40%); (b) Surface at higher magnification in Pb-3.8 Sn-0.5 Ag solder alloy. 
(X100, reduced 40%); (c) Fracture along edge of ridge, showing limit of ductility has been 
reached in Pb-6.0 Sn-1.2 Ag solder alloy. (X1000, reduced 40%); (d) Transcrystalnne 
and grain boundary fracture at the surface in Pb-4.0 Sn-2.0 Ag solder alloy. (XI000, 
reduced 40%) 

original solidif ication of the alloy. A n 
interlocked grain boundary and a 
very f ine slip structure w i th some evi
dence of a substructure and very 
slight folding can be observed in the 
region of the triple point. 

The 3.8 Sn-0.5Ag alloy shows con
siderable variation in the deforma
tion pattern of the surface grains. 
Figure 16(b) shows mu l t i p le slip 
bands, some kinking, and two prom
inent folds. Generally the slip pat
tern is very f ine, and many trans-
crystalline cracks have formed or are 
in embryo stages, almost normal to a 
wavy slipped structure wi th in the 
grains. 

Considerable surface deformation 
was observed in the 6Sn-1.2Ag al
loy shown in Fig. 16(c). Numerous 
needles on the surface are probably 
contamination of the sample. Mul 
tiple slip lines are visible w i th consid
erable slide in one direction. The 
limit of ductil ity has been reached as 
shown by the transcrystall ine frac
tures at the ridges. A block slip mech
anism appears predominant in this 
alloy w i th very little transfer of strain 
once deformation has commenced. 

The surface structure of the 4Sn-
2.0Aq alloy is comparatively f ine 
wi th surface ripples of no particular 
distinction, as in Fig. 16(d). Surpris
ingly little surface slip has occurred, 
yet both transcrystall ine and grain 
boundary fractures are found. The 
grains have obviously considerable 
resistance to deformation, w i th fa i l 
ure occurring on a particularly weak 
plane. The grain boundary cracking 
observed does not appear to be asso
ciated w i th any noticeably localized 
heavy deformation, although some 
grain reorientation has taken place 
and slight surface folding is discern
ible. 

Surface examinations after me
chanical test have demonstrated that 
the alloys w i th relatively low tenden
cies towards surface slip generally 
give the highest strength values. 
However, evidence is presented that 
lead-tin alloys can be overstiffened 
by silver additions, wh ich can pro
duce cracking both along and w i th in 
the grains, resulting in some me
chanical strength losses. 

Al l the interface fractures pro
duced very fine dimpled structures. 
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Fig. 17—Fracture surface of bulk solder after mechanical test: (a) Pb-3.8 Sn-1.2 Ag 
solder alloy (X300, reduced 40%); (b) Ph-6.0 Sn-1.2 Ag solder alloy (X300, reduced 40%) 

showing that selected soldering con
ditions were satisfactory for pro
ducing good joints. A typical fracture 
surface of the bulk solder revealed 
when the brass is peeled away is 
presented in Fig. 17(a) for the Pb-3.8 
Sn-1.2Ag solder alloy. Figure 17(b) 
shows a f ine, dimpled structure of 
the Pb-6.0Sn-1.2Ag alloy although 
the cell size is somewhat larger at 
this t in content level. However, since 
the 6.0Sn-1.2Ag alloy actually gave 
better fracture propagation strength, 
it appears there is no particular vir
tue in finer dimpled structures in this 
general cell-size range. 

Metallographic Examination 

Compositional changes in the lead-
tin-silver system have shown signif i 
cant effects on mechanical prop
erties of the soldered joint. A n under
standing of the solder alloy metallur
gy must include information gained 
from metallographic examination by 
the conventional light microscope. 
Samples selected for examination 
were all made at the same soldering 
temperature of 850F, rapidly water-
cooled after 5 sec exposure w i th the 
brass specimen. The direct influence 
of compositional change can there
fore be studied. Figures 1 8(a) to 18(e) 
are arranged to illustrate the effect 
of progressively higher silver addi
t ions to a nominal ly 4% Sn solder, re
mainder lead. 

The base alloy containing 3.8% Sn 
and no silver is shown in Fig. 18(a), 
and is seen to be a large-grained 
single-phase alloy, w i th some evi
dence of a developing substructure 
along the grain boundary. A small 
addition of 0.5% Ag induces a 
second phase, as presented in Fig. 
18(b). The structure generally con
sists of large columnar growth nor
mal to the brass surface. A change 
in morphology should be noted in the 
region of the interface, where den

drites have rapidly grown parallel to 
the cooling surface. A substructure 
of f ine grains can be seen develop
ing in this region. A further increase 
in silver to 0.85% was made as 
shown in Fig. 18(c). A slight increase 
in the second phase is noted w i th 
some modification of the background 
matrix. The columnar growth is f iner, 
and the modified structure adjacent 
to the brass has been reduced in 
w id th . 

Considerable change in morphol
ogy occurs when 1.2% Ag is added, 
as presented in Fig. 18(d). A th i rd 
phase has formed, and the solidif ica
tion pattern does not appear to be 
quite so directional. The second 
phase of darker appearance has also 
become more prominent. Increasing 
the silver content to 2.0% (shown in 
Fig. 18(e) results in a f ine columnar 
structure, a substantial quantity of 
second-phase, probably a eutectic, 
and no modified region adjacent to 
the brass. 

In keeping w i th the philosophy es
tablished earlier 1 -3 of m i n i m i z i n g 
the presence of the copper-tin inter
metallics, all these microstructures 
are substantially free f rom these 
compounds. 

The highest strength lead-t in-
silver alloy achieved so far in th is 
program contains 3.0% Sn and 1.5% 
Ag. The resulting microstructure 
after exposure at 850F for 5 sec in 
contact w i th brass is shown in Fig. 
1 8(f). A very f ine structure of primary 
dendrites in a eutectic matrix is ob
served. 

To summarize, the microstructures 
presented have shown a definite re
lationship between morphology and 
strength data. Initial appearance of a 
second phase produces a reduction 
in strength, wh ich is not recovered 
until this phase predominates or a 
third phase is formed. 

Microstructures obtained w i th 5% 
and 6% Sn alloys w i th approximately 

1 % Ag show a marked reappearance 
of the A-phase and consequent 
reductions in strength values ob
tained. 

S u m m a r y and Conclus ions 
The mechanical properties of con

ventional and experimental solder 
alloys have been examined using the 
tensile-peel test method. Measured 
strengths of conventional lead-tin 
alloys differ f rom those obtained 
wi th the lap-shear test and a pos
sible explanation is offered that sug
gests both a physical and metal lurgi
cal basis for the differences. 

High lead alloys in the lead-tin sys
tem produce the best tensile-peel 
strengths, and this advantage is re
tained at elevated temperatures. The 
addition of silver in a composit ion 
97.5Pb-1.OSn-1.5Ag results in the 
best tensile-peel properties of the 
conventional solder alloys investi
gated. 

Experimental solder alloys in the 
lead-tin-silver system w i th composi
tions of up to 6% Sn and up to 2% Ag 
were prepared and studied. Higher 
strength solder compositions in the 
lead-tin-silver system were found, 
and the tensile-peel test method 
proved to be compositionally sen
sitive. The vital role of solder alloy 
constitution and morphology in 
achieving improved strength prop
erties was demonstrated. A good cor
relat ion is observed be tween 
strength data and the metallurgical 
structures of the solder alloys. Sur
face examination of joints after me
chanical test has revealed the signi
ficance of alloy deformation char
acteristics on the resulting mechan
ical properties. 

A cost-effective high strength sol
der alloy has been developed w i th a 
composition range of 3.0-3.8 Sn, 1.2-
1.5 Ag, and balance lead. This alloy 
gives approximately 40% fracture 
initiation strength improvement at 
room temperature and up to 100% 
fracture init iation strength increase 
at elevated temperatures. The new 
solder alloy also provides some im
provement in fracture propagation 
strength when compared to the 97.5 
Pb-1.0Sn-1.5Ag alloy. It is realized 
that attention must now be given to 
the determination of the dynamic 
strength properties of the new solder 
to determine commercial possibil
ities for automotive radiator applica
tion. 
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Fig. 18—Solder morphology after joining to copper alloy 260 (brass), (a) Large-grained single-phase structure of 96.2 Pb-3.8 Sn alloy. 
(X500, reduced 33%,); (b) Two-phase structure of Pb-3.8 Sn-0.5 Ag alloy. (X500. reduced 33%,); (c) Two-phase structure of Pb-3.8 Sn-0.85 
Ag alloy. (X500, reduced 33%); (d) Dendritic structure with two other phases present in Pb-3.8 Sn-1.2 Ag Alloy. (X500, reduced 33%,); (e) 
Fine columnar structure in Pb-4.0 Sn-2.0 Ag alloy. (X500. reduced 33%); (f) Fine dendritic structure with considerable eutectic present in 
Pb-30 Sn-1.5 Ag alloy. (X500, reduced 33%) 
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