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Abstract The paper compares theoretical calculations

with experimental data, to identify the metallurgical

mechanisms with respect to the rework or repair that

may be encountered in the transition period from Sn–

Pb to Pb-free soldering. Thermodynamic calculations

have been carried out to study material behaviour and

possible formation of intermetallic precipitates during

the reaction between Sn–Pb and Sn–Ag–Cu Pb-free

alloys. Two Sn–Ag–Cu alloys that are relevant to

current industrial interests, namely Sn–3.9Ag–0.6Cu*

(known as ‘405 alloy’ in Europe and North America),

and Sn–3.0Ag–0.5Cu (known as ‘305’ alloy in Asia),

were reacted with different contamination levels of

eutectic Sn–37Pb solder. The variables examined

included those related to both the materials and

processes, such as composition, temperature and cool-

ing rate. Together these are the primary drivers with

respect to the resultant solder microstructures, which

were studied using scanning electron microscopy

(SEM). Nanoindentation, which is suitable for the

ultra-fine and complex microstructures, was also used

to investigate the micromechanical properties, includ-

ing hardness and elastic modulus, at both ambient and

elevated temperatures. The results from this work

provide guidance as to the consequence for micro-

structural evolution and hence mechanical integrity

when small amounts of Pb exist in Pb-free alloys.

Introduction

Replacing Sn–Pb with Pb-free solders has resulted in

the widespread study of materials properties, process-

ing technology and reliability for lead free solder joints

in the electronic packaging community. The WEEE

Directive dictates that by 1st of July 2006, Pb will be

eliminated from most soldering applications in Europe.

However, a number of issues related to the Pb-free

soldering processes still need to be addressed. It is

imperative to gain a detailed insight into the interac-

tions of new alloys with other materials, so as to enable

the optimisation and control of the processes for

reliable products. A number of the developments in

surface metallization to enable robust Sn–Pb soldering

interconnections are now facing challenges with

respect to their suitability for Pb-free alloys, which

behave quite differently in their thermodynamic prop-

erties [1–5]. It is therefore important to understand the

interactions and subsequent formation of intermetallic

precipitates from the lead-free soldering processes.

The combination of variables for Pb-free soldering is

wide ranging and complicated, and depends on the

specific applications, processes and materials involved,

for instance there are different surface finishes to be

considered (i.e. Cu, Sn, Ag, Ni–P/Au and OSP, etc.).

Thermodynamic and kinetic behaviour in relation to

material interactions and diffusion is an important

The composition of alloys in this paper is in weight percentage
(wt%)
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aspect and such knowledge can provide useful guid-

ance in industrial applications.

In the transition period from Sn–Pb to Pb-free

soldering, existing Sn–Pb products will still remain in

the market or within the installed base residing with

end-users of products. This will be an issue when they

have to be repaired, serviced or upgraded with Pb-free

solder alloys. The complete elimination of lead from

the products that are specified in the legislation will

have to address potential Pb contamination that is

inevitable in rework or repair. A number of technical

problems in connection with mixing Sn–Pb with Pb-

free alloys exist:

• uncertainty of the resulting microstructure and its

properties;

• the effect of unknown compositions and structures

on the reliability;

• critical or tolerable levels of some elements that can

be permitted in specific applications;

• the relative content of the elements and the

formation and morphology of intermetallic phases.

Both experimental work [6, 7] and modelling [8–10]

have been carried out to address these issues. In such

circumstances, a prediction using computational meth-

ods shows its usefulness by generating the guidelines

prior to practical work. The modelling allows the

prediction of the possible microstructure and interme-

tallic phases to be formed as a function of changes in

the composition of the alloys. Subsequent validation by

experimental work can further confirm the theoretical

results. In this work, the addition of certain amounts of

Sn–Pb to Pb-free alloys are studied to provide a

quantitative evaluation of the level of Pb in the alloys

that could influence the formation of intermetallic

phases and possibly affect solder joint performance.

Different compositions were taken into account by

mixing Sn–Ag–Cu alloys with eutectic Sn–Pb. Two Sn–

Ag–Cu alloys: Sn–3.9Ag–0.6Cu (405), and Sn–3.0Ag–

0.5Cu (305) were selected, and the Pb contamination

and effects due to the mixing with eutectic Sn–Pb

solder are studied both theoretically and experimen-

tally.

In recent years, depth-sensing indentation as exem-

plified by nanoindentation [11] has been increasingly

used to characterize the micromechanical properties of

the different phases, i.e. Ag3Sn, Cu6Sn5, Cu3Sn inter-

metallics and the Sn matrix that are present in the lead-

free solder materials [12–15]. Advanced analytical

tools have also provided the opportunity to character-

ize the material microstructures and crystallographic

features (e.g. texture) at the grain and subgrain scale.

In this work, a thermodynamic modelling technique

and the two aforementioned experimental methods are

adopted to provide a quantitative evaluation of the

different levels of Pb in Sn–Ag–Cu alloys and their

influence on microstructure formation and the micro-

mechanical properties of the alloys.

Experimental details

Thermodynamic modelling

In this study, MTDATA (version 4.73, developed by

National Physical Laboratory-NPL, UK) [16] and a

database containing critically assessed thermodynamic

data for solder systems of 12 components (Ag–Al–Au–

Bi–Cu–Ge–In–Pb–Sb–Si–Sn–Zn [17]) were employed

to systematically study the microstructure of ternary

Sn–Ag–Cu alloys and the corresponding quaternary

system contaminated with Pb. Pb-contamination in the

solder was achieved by adding the eutectic Sn–37 wt%

Pb solder alloy to the Pb-free solders [6]. The compo-

sitions of the solder alloys were altered by varying the

relative amount of the components (Pb-free or Sn–Pb

alloys) in the system, with the Sn content always

making up the balance. The total mass of the chosen

system was simulated at a nominal 100 kg, unless

otherwise specified. Table 1 presents the chemical

compositions of the systems investigated using the

thermodynamic calculations in this paper, where solder

alloys 405 and 305 are represented by Sn–3.9Ag–0.6Cu

and Sn–3.0Ag–0.5Cu solder alloys, respectively. Ther-

modynamic calculations were performed under both

‘‘equilibrium’’ (representative of slow cooling) and

‘‘Scheil’’ conditions. The Scheil calculation does not

allow for any diffusion in the solid, and assumes

complete diffusion in the liquid, corresponding to the

worst case of segregation during cooling, and therefore

is likely to be representative of non-equilibrium

cooling of the solders.

Table 1 Composition of the solder alloys obtained from mixing
Sn–Ag–Cu Pb-free and eutectic Sn–Pb alloys

Solders Composition (wt%)

Pb-free
alloy

Pb-free
wt%

SnPb
wt%

Sn Ag Cu Pb

405 95 5 Bal. 3.705 0.57 1.85
405 90 10 Bal. 3.51 0.54 3.70
405 85 15 Bal. 3.315 0.51 5.55
405 80 20 Bal. 3.12 0.48 7.40
305 95 5 Bal. 2.85 0.475 1.85
305 90 10 Bal. 2.70 0.45 3.70
305 85 15 Bal. 2.55 0.425 5.55
305 80 20 Bal. 2.40 0.40 7.40
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Experimental procedure

This work has also experimentally investigated the

phases present when a Sn–Ag–Cu solder alloy was

melted and reacted with a eutectic Sn–Pb alloy and

cooled to ambient conditions. A Sn–3.8Ag–0.7Cu

solder alloy, with a composition close to the 405 alloys

was reacted with a eutectic Sn–Pb alloy in a ceramic

crucible (ensuring that there was no reaction between

the crucible and solders). Time was allowed for the

mixing and reaction between the two alloys, and then

the mixture of molten solder was transferred onto a

ceramic plate to effect cooling to room temperature.

Finally, the microstructure and morphology of the

samples were observed by optical and scanning elec-

tron microscopy (SEM), and characterized by Energy

Dispersive X-ray analysis (EDX) using a Leo 1530 VP

FEGSEM and an EDAX Pegasus analysis system. The

samples that have been analyzed contained 5 and

20 wt% eutectic Sn–Pb solder additions, respectively.

Differential Scanning Calorimetry (DSC) analyses

were performed using samples of known mass, approx-

imately ~100 mg, in a Stanton-Redcroft 1500 instru-

ment with Orchestrator software. A correction to the

absolute temperature was carried out with reference to

analysis of a 99.999% pure tin sample.

Nanoindentation was carried out with a three-sided

Berkovich diamond indenter mounted in a NanoTest

600 system (MicroMaterials Ltd., Wrexham, UK). The

indentations were conducted using the load control

mode, i.e., a loading process was completed and

reversed when it reached the preset peak load. The

maximum load used in this test was 2 mN, and the

loading and unloading rate was set at 0.1 mN/s. Dwell

times (i.e. the peak load holding period) of 20 and 60 s

were applied to the tests at the room temperature (RT)

and high temperature (HT), 120 �C, respectively. For

the nanoindentation at HT, the indenter was pre-

contacted with the sample for 5–10 min to warm up the

indenter, which ensured that during the subsequent

tests the indenter remained at almost the same

temperature as the sample. The indentations were

typically made in a 20 · 20 (15 · 15 at HT) matrix

pattern. The spacing between adjacent indentations

was 10 lm (15 lm at HT).

Results

Thermodynamic modelling and DSC analysis

Thermodynamic modelling is a useful tool for predict-

ing the microstructure for a given composition of

multi-component solder alloy to assist with the iden-

tification of the possible phases formed on solidifica-

tion. Figure 1a, b presents the results of equilibrium

calculations for the 405 alloy after the reaction with 5

and 20 wt% Sn–37Pb solders, respectively; their com-

positions are given in Table 1.

By adding 5 wt% Sn–37Pb to the 405 alloy, under

equilibrium conditions, the liquid will begin to solidify

at ~490 K (217 �C), with solidification completed

within a narrow mushy range of ~15 K. The final

microstructure is predicted under equilibrium condi-

tions to consist predominantly of the b-Sn matrix with

precipitates of Cu6Sn5 and Ag3Sn. Pb is predicted to be

soluble in the b-Sn phase at high temperature. How-

ever, once the temperature reaches about 408 K

Fig. 1 Equilibrium thermodynamic calculations for the 405 alloy
with additions of the eutectic Sn–Pb solder. (a) Phase formation
plot for 405-5 wt%Sn–37Pb alloy. (b) Phase formation plot for
405-20 wt%Sn–37Pb alloy
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(135 �C), it can start to precipitate in the solid state to

form a Pb-rich phase.

For the 405 alloy containing 20 wt% Sn–37Pb

additions, the liquid starts to solidify at 480 K

(207 �C), i.e. 10 K below that of the 405 + 5 wt%

Sn–37Pb system. The freezing range is also widened

significantly to ~30 K, and final solidification now

occurs in a eutectic reaction at ~450 K (177 �C),

showing close agreement with the results reported by

Zeng [10]. A significant amount of a Pb-rich solid

solution phase forms during the eutectic reaction from

the last liquid to solidify, and will therefore be

distributed in the interdendritic regions. This compares

with the 405 + 5 wt% Sn–37Pb system in which

precipitation of Pb was only possible in the solid state

at much lower temperature.

Similar phenomena can be found for the 305

systems, which have a lower Ag content than 405

systems. Figure 2a, b presents the equilibrium calcula-

tions from the 305 alloy after reaction with 5 and

20 wt% Sn–37Pb, respectively. In comparison with 405

systems, the characteristic temperatures associated

with the solidification are very similar, although the

305 alloy containing 20 wt% Sn–37Pb starts to solidify

about 5� above the corresponding 405 alloy. However,

the amount of intermetallic phases, Ag3Sn and Cu6Sn5,

varies slightly as a function of alloy content. For both

405 or 305 with 5 and 20 wt% Sn–37Pb alloy systems,

thermodynamic calculations show that the transforma-

tion from the disordered Cu6Sn5 phase (high temper-

ature) to the ordered Cu6Sn5–P phase (low

temperature) occurs at ~460 K (~187 �C). Figure 3a,

b illustrates the distribution of the Pb element between

the phases at temperatures from 25 �C to 150 �C for

the 405 + 20 wt%Sn–37Pb and the 305 + 20 wt%Sn–

37Pb systems, respectively.

As shown in Figs. 1b, 2b, Pb exists as a solid solution

phase below the eutectic temperature in both of these

alloys, with the solubility of Pb in the Sn-rich solid

solution increasing as temperature increases. It is

therefore possible that thermal ageing would result in

some homogenization of the Sn-rich phase. There is no

solubility of Pb in either of the intermetallic phases,

Ag3Sn or Cu6Sn5. The presence of the low melting

point Pb-rich phase is important for the reliability of

such a mixture of solder joints in terms of the

degradation of the mechanical integrity [10]. This is

of particular importance for applications with a high

service temperature (e.g. the automotive industry).

Figure 4a, b presents calculations using equilibrium

and ‘Scheil’ models to predict the dependence of solid

fraction on temperature for the 405 alloy with addi-

tions of 5 and 20 wt% Sn–37Pb, respectively. The 405

alloy without Sn–37Pb, marked as ‘no contamination’,

was calculated under equilibrium conditions. It can be

seen that the addition of Pb significantly reduces the

temperature at which the last liquid can exist. Only in

the case of the alloys with 5 wt% Sn–37Pb under

equilibrium conditions does solidification occur above

the eutectic temperature, whereas in all other cases the

last liquid solidifies at the quaternary eutectic temper-

ature of 176 �C. Therefore, a 20 K gap exists between

the final solidification temperature calculated under

equilibrium and Scheil conditions for the lower Pb

(5 wt%) content system. This indicates that the

microstructure will be sensitive to the cooling rate,

which is particularly important for lower levels of Pb

Fig. 2 Equilibrium thermodynamic calculations for the 305 alloy
with additions of the eutectic Sn–Pb solder. (a) Phase formation
plot for 305-5 wt%Sn–37Pb alloy (total mass of the system is
assumed to be 1,000 kg). (b) Phase formation plot for 305-
20 wt%Sn–37Pb alloy
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contamination [18]. It is clear that an addition of less

than 5 wt% of the Sn–37Pb solder alloy is needed to

ensure that no Pb-rich phase can be present as a result

of non-equilibrium segregation during faster cooling. It

is also possible that the increased freezing range (or

mushy range) of these systems will increase the

tendency to form porosity in the final microstructure.

Figure 5a, b illustrates the mass fraction of the com-

ponents in the liquid phase under equilibrium and

Scheil conditions. It can be clearly seen that in the

lower Pb content alloy, Scheil conditions result in a

steady increase in the Pb content of the liquid as

partitioning occurs during solidification and therefore

extends the freezing range of the alloy.

The results of the DSC analyses on the Sn–3.8Ag–

0.7Cu solder alloy, and those reacted with 5 and

20 wt% eutectic Sn–Pb alloys, respectively, are pre-

sented in Fig. 6. The lower half of the graph illustrates

the heating of the samples, and the top the cooling. The

three alloy compositions give rise to peaks in the heat

flow at different temperatures. For the two alloys

containing Sn–Pb additions, the onset of melting occurs

at 178 �C, which compares well with that predicted

using Scheil calculations for this alloy composition,

175 �C. These two alloys can also be seen to exhibit a

much larger freezing range, of the order of 40 K for the

5 wt% Sn–Pb addition and 30 K for the 10 wt%

addition, compared to the Sn–3.8Ag–0.7Cu alloy. The

temperature at which the sample is fully liquid

decreases with increasing Sn–Pb additions.

Figure 7 illustrates the phase stability in the Sn–Ag–

Cu–Pb quaternary systems by an isopleth plot created

Fig. 3 Pb distributions from 25 �C to 150 �C. (a) 405-20 wt%Sn–
37Pb alloy; (b) 305-20 wt%Sn–37Pb alloy

Fig. 4 Solid fractions versus temperature of 405 alloy (a)
405 + 5 wt% Sn–37Pb; (b) 405 + 20 wt% Sn–37Pb
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by consideration of the 405 alloy composition with

increasing additions of Sn–37Pb solder. The ordering

process for Cu6Sn5 is clearly visible, with the eutectic

reaction occurring at a lower temperature than the

ordering line. The diagram shows that an addition of

less than ~8 wt% Sn–37Pb could be expected to avoid

the formation of the Pb-rich phase through the

quaternary eutectic reaction under equilibrium condi-

tions, although as stated above, much less than this is

required to guarantee its absence under more rapid

cooling conditions.

Figure 8a, b shows the corresponding calculations

for the 305 alloy with 5 and 20 wt% Sn–37Pb, respec-

tively. Due to the lower Ag content, the initial

solidification temperature of the 305 alloy is slightly

higher than the 405 alloy, although final solidification

occurs through the same quaternary reaction at

~176 �C, with no significant effect on the extent of

the mushy range.

SEM observation

In order to validate the thermodynamic modelling, the

microstructure of the mixture obtained from the

reaction between a Sn–3.8Ag–0.7Cu solder alloy (sim-

ilar in composition to 405 alloys) and Sn–37Pb was

examined by SEM combined with EDX analysis.

Figure 9 presents typical secondary electron micro-

graphs showing the microstructure and distribution of

intermetallics in the quaternary alloy formed from the

reaction between 95 wt% Sn–3.8Ag–0.7Cu and 5 wt%

Sn–37Pb solder alloys. Figure 9b highlights a pore

found in this system.

Fig. 5 The mass fraction of elements in the liquid phase under
equilibrium and Scheil conditions. (a) 405 + 5 wt% Sn37Pb; (b)
405 + 20 wt% Sn–37Pb

Fig. 6 DSC analyses on the Sn–3.8Ag–0.7Cu alloy, and with 5
and 10 wt% of eutectic Sn–Pb additions showing heat flow as a
function of temperature

Fig. 7 Isopleth of 405 alloy with increasing Sn–37Pb
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Cu6Sn5 intermetallic particles were found to be

randomly distributed in the b-Sn matrix. The shape of

these precipitates was irregular and blocky, exhibiting

a wide range of sizes (~10–20 lm) [19]. Additionally

the formation of needle-like-Ag3Sn phases were

observed, consistent with previous observations in

solder joints [3–5]. Figure 9b illustrates that a Pb-rich

phase precipitated discontinuously in the interdendritic

regions from the last liquid to solidify during the

ternary eutectic reaction as predicted. This is clearly

important in respect of degradation of mechanical

integrity at the high temperature.

Figure 10 presents backscattered SEM micrographs

showing the microstructure of the quaternary alloy

formed from the reaction between 80 wt% Sn–3.8Ag–

0.7Cu and 20 wt% Sn–37Pb solder alloys. It is clear

that the higher Pb content has led to a dramatic

increase in the amount of the Pb-rich phase which has

predominately segregated along the grain boundaries,

which is observed in this case forming a virtually

continuous network. Figure 10b also shows that in

some cases the Pb-rich phase is visible in association

with the intermetallic precipitates, which is in agree-

ment with the results reported by Choi et al. [7] for a

Sn–Ag–Pb ternary system.

Depth-sensing indentation

Hardness and elastic modulus results were obtained

by mechanically probing the individual microstruc-

tural constituents using nanoindentation. Through one

cycle of loading/unloading (load vs. displacement)

curve, the hardness and reduced modulus value of the

individual phases can be calculated [13–15]. The

unloading curves of (Sn) showed that the deformation

Fig. 8 Solid fractions versus temperature of 305 alloy. (a)
305 + 5 wt% Sn–37Pb; (b) 305 + 20 wt% Sn–37Pb

Fig. 9 SEM micrographs of microstructure and IMCs distribu-
tion of quaternary alloy formed from the reaction of 95 wt% Sn–
3.8Ag–0.7Cu and 5 wt% Sn–37Pb alloys (a porosity is shown in
b)
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within this phase is mainly plastic [15]. However, the

unloading curves of Cu6Sn5 and Ag3Sn phases, how-

ever, exhibit an appreciable amount of elastic recov-

ery after unloading. Nanoindentation can also be used

to map the mechanical properties of the individual

phases in particular regions of microstructure, which

is useful for the correlation of microstructure and

mechanical properties. Using data obtained from

nanoindentation (Fig. 10a), the mechanical property

mapping of a sample is constructed as shown in

Fig. 10b, c. It can be seen that the mechanical

property mappings match the microstructure quite

well, considering the ‘‘resolution’’ for the mappings is

15 lm. However, it should be noted that the spacing

of adjacent indentations should be at least 10 times

the maximum width of the indentations [20] (or at

least 20–30 times the maximum penetration depth

[21]) to ensure that the deformed region surrounding

one indentation will not interfere with the formation

of the next indentation.

Discussion

The effect of Pb addition on phase formation

and microstructure of Sn–Ag–Cu alloys

There have been a number of studies of the interac-

tions between binary Pb-free solder systems (including

Sn–Ag, Sn–Bi, Sn–Sb, Sn–Cu) and Sn–Pb alloys [7–10,

18]. In this work, the ternary Sn–Ag–Cu Pb-free alloys

(i.e. 405 and 305) were reacted with a eutectic Sn–Pb

solder, resulting in a quaternary Sn–Ag–Cu–Pb alloy.

Thermodynamic calculations representing equilibrium

and more rapid cooling conditions are of technological

interest in the electronics manufacturing domain. The

types and amount of intermetallic phases and the final

microstructure is determined by the amount of the Sn–

37Pb alloy added and the cooling rate. Ag3Sn and

Cu6Sn5 intermetallic precipitates can form in the 405 or

305 alloys, which are not affected by the addition of Pb.

However, a low Pb content can lead to the precipita-

tion of a Pb-rich phase in the solid state. A higher Pb

content will result in the quaternary eutectic reaction:

Fig. 10 SEM micrographs showing microstructure and IMCs
distribution of quaternary alloy formed from reaction 80 wt%
Sn–3.8Ag–0.7Cu and 20 wt% Sn–37Pb solder alloys; (b) is the
detail of the shaded area in (a)

Table 2 Micromechanical
properties of the individual
phases at RT, HT and after
aging

RT 405 + 5wt% Sn–37Pb 405 + 20wt% Sn–37Pb

H, GPa Er, GPa H, GPa Er, GPa

(Sn) 0.2 ± 0.02 40.28 ± 5.64 0.21 ± 0.03 44.52 ± 7.77
Ag3Sn 0.89 ± 0.06 46.78 ± 5.93 1.37 ± 0.19 50.71 ± 3.23
Cu6Sn5 4.67 ± 0.58 88.94 ± 10.38 3.22 ± 0.57 85.58 ± 6.22
(Pb) N/A N/A 0.20 ± 0.02 40.90 ± 4.24
HT 405 + 5wt% Sn–37Pb 405 + 20wt% Sn–37Pb

H, GPa Er, GPa H, GPa Er, GPa
(Sn) 0.16 ± 0.02 31.04 ± 6.50 0.18 ± 0.05 28.33 ± 5.97
Ag3Sn 0.70 ± 0.11 25.06 ± 2.49 1.15 ± 0.0 49.34 ± 0.0
Cu6Sn5 2.58 ± 0.0 63.59 ± 0.0 1.20 ± 0.25 46.15 ± 5.16
(Pb) N/A N/A 0.09 ± 0.04 16.24 ± 1.75
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L! ðb - SnÞ þ ðPbÞ þ Ag3Sn þ Cu6Sn5

resulting in the formation of a Pb-rich phase both along

the cell boundaries and in association with the inter-

metallic phases.

The effect of Pb addition on solidification

and mushy range of Sn–Ag–Cu alloys

The eutectic Sn–Ag–Cu system has a melting temper-

ature around 490 K (~217 �C), depending on actual

composition [22]. The addition of Pb results in a

eutectic temperature of 450 K (~177 �C) as demon-

strated in the thermodynamic calculations in this work

and in agreement with literature [7, 10]. The temper-

ature at which the liquid mixture first begins to solidify

was also reduced by adding Sn–37Pb to Sn–Ag–Cu

alloys; a reduction of ~3 K is predicted for a 5 wt%

addition and of ~10 K for a 20 wt% addition.

It has also been shown using both thermodynamic

predictions and experimental thermal analyses that Pb

addition will significantly expand the freezing range of

Sn–Ag–Cu solders. The mushy range of the 405 or 305

alloys can be as much as 30–40 K depending on the

amount of Pb added, and the addition of Pb may limit

the useful operating temperature region of the alloys.

The effect of Pb addition on the mechanical

properties of Sn–Ag–Cu alloys

Table 2 presents the hardness and modulus of the

constituent phases in bulk solder materials investi-

gated. As there are no consistent Poisson ratios for all

the phases involved in the present study, i.e. (Sn),

Ag3Sn, Cu6Sn and (Pb), all the modulus data shown in

Table 2 are the reduced modulus of the phases rather

than a Young’s modulus. The hardness and modulus

values for (Sn) (usually referred to as ‘‘solder’’ in other

studies) at room temperature are ~0.2 and ~40 GPa,

respectively, which are very close to the values found

in previous studies [13, 14]. No significant differences

in the hardness and modulus values for (Sn) were

found for the Sn–Ag–Cu solders with different levels of

Pb. To date, there are apparently no micromechanical

property data of the Pb-rich phase in the existing

literature. It is found in this work that the Pb-rich

phase has a slightly lower hardness and modulus than

the (Sn) phase at room temperature. At 120 �C, a

decrease in both hardness and modulus were found for

(Sn) phase, however, due to its low melting point, the

(Pb) phase exhibits an extremely low hardness,

~0.09 GPa, and modulus, ~16.24 GPa at 120 �C. After

aging at 120 �C for 8 days, the hardness and modulus

of (Sn) slightly increase whereas that of the intermet-

allics decreases for samples with 5 wt% addition of Sn–

Fig. 11 Nanoindentation micromechanical properties mapping.
(a) SEM backscattered electron image showing the indentation
matrix. (b) Hardness mapping. (c) Reduced modulus mapping
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37Pb. For the samples with 20 wt% Sn–37Pb, although

(Sn) and Ag3Sn show similar trends as in the samples

with 5 wt% Sn–37Pb, the hardness of Cu6Sn5 appar-

ently increased slightly. The highest hardness values

for Cu6Sn5 and Ag3Sn phases are 4.67 ± 0.58 and

1.37 ± 0.19 GPa, respectively. Chromik [15] found the

hardness of Cu6Sn5 and Ag3Sn phases, which were

present in solder joints rather than bulk solder mate-

rials, to be 6.5 ± 0.3 and 2.9 ± 0.2 GPa, respectively. In

addition, the indentation size effect (ISE) [14], which is

exemplified by a trend of decreasing hardness with

increasing indenter penetration depth, may also influ-

ence the results. Although the same maximum 2 mN

load was used as in Chromik’s work, penetration

depths of ~100 and ~140 nm resulted for Ag3Sn and

Cu6Sn5 phases, respectively, whereas the correspond-

ing penetration depths are ~130 and ~270 nm, respec-

tively, in the present study.

Although both have higher hardness than the Sn

matrix, Cu6Sn5 shows a much higher hardness and

more brittle character than Ag3Sn. Indeed the Cu6Sn5

phase was consistently observed to crack during

nanoindentation in both the low and high lead

containing samples. As an example, Fig. 11a shows

one of the cracked Cu6Sn5 phases. Furthermore, the

cracking of the Cu6Sn5 phase can also be found in the

samples after nanoindentation at 120 �C (Fig. 11b).

However, no evidence showing the cracking of the

Ag3Sn phase was found in this study. Therefore, more

attention should be paid to the amount and morphol-

ogy of the Cu6Sn5 phase because cracks originated in

this phase could deteriorate the mechanical integrity of

the solder joints (Fig. 12).

Conclusions

Thermodynamic calculations used in conjunction with

a database containing critically assessed thermody-

namic data for solder alloys have been used to predict

the microstructural evolution for the quaternary solder

systems obtained by adding Sn–37Pb to Sn–3.9Ag–

0.6Cu (405), and Sn–3.0Ag–0.5Cu (305) alloys. Very

good agreement is found between the predicted and

experimentally observed phases present within the

microstructure, and the results indicate that less than

5 wt% additions of a Sn–37Pb eutectic alloy to the Sn–

Ag–Cu system is necessary to avoid the formation of

the low melting point Pb-rich phase through the

quaternary eutectic reaction during fast cooling, and

less than ~3 wt% additions under equilibrium condi-

tions. These results may have important implications

for the use of Pb-free alloys to solder components

which already contain Pb within the system.
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