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Effect of Ag on Sn—Cu and Sn-Zn lead free solders
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Lead and lead-containing compounds are considered as toxic substances due to their detrimental effect on the environ-
ment. Sn-based soldering systems, like Sn—Cu and Sn—Zn are considered as the most promising candidates to replace the
eutectic Sn—Pb solder compared to other solders because of their low melting temperature and favorable properties. Eutectic
Sn—-0.7 wt.% Cu and near eutectic composition Sn—8 wt.% Zn solders have been considered here for study. For the Sn—Cu
system, besides the eutectic Sn—0.7 wt.% Cu composition, Sn—1Cu and Sn—2Cu were studied. Three compositions containing
Ag: Sn—2Ag-0.7Cu, Sn-2.5Ag—0.7Cu and Sn—4.5Ag—0.7Cu were also developed. Ag was added to the eutectic Sn—0.7 wt.%
Cu composition in order to reduce the melting temperature of the eutectic alloy and to enhance the mechanical properties. For
the Sn—Zn system, besides the Sn—8 wt.% Zn near eutectic composition, Sn—8Zn—0.05Ag, Sn—8Zn-0.1Ag and Sn—-8Zn-0.2Ag
solder alloys were developed. The structure and morphology of the solder alloys were analyzed using a scanning electron
microscope (SEM), filed emission scanning electron microscope (FESEM), electron diffraction X-ray spectroscopy (EDX)
and X-ray diffraction (XRD). Thermal analysis of the alloys was also done using a differential scanning calorimeter (DSC).
Trace additions of Ag have been found to significantly reduce the melting temperature of the Sn—0.7 wt.% Cu and Sn-8 wt.%
Zn alloys.
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1. Introduction considered as potential candidates for lead free sol-

ders [1-5].

An eutectic Sn-Pb solder has been the most Lead free solder alloys are typically Sn-based

widely used material for interconnecting and pack-
aging electronic components. Pb is a major con-
stituent of solder alloys and traditional Sn—Pb sol-
ders have been considered as the most popular ma-
terials for electronic packaging and assemblies be-
cause they have a low melting point, low material
cost, good wettability and are easily available. De-
spite all these advantages a rapid rise in research for
finding a suitable lead free solder has occurred due
to the inherent toxicity of Pb, which has proven to
be a hazard to environment and human health. As
a result, attention has been focused on the potential
of lead free solders which can provide improved
mechanical strength as well as reliability. Elements
that can be used in lead free soldering are Cu, Ag,
Zn, Bi, Sb, Ni, In, Ge, Al and Cr in a combina-
tion with Sn, by making a binary, ternary or qua-
ternary system. Both Sn—Cu and Sn—Zn alloys are
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alloys. Sn is non-toxic and has good corrosion re-
sistance and solderability. This is why using an al-
loy of Sn with some other low melting point el-
ements could lead to a desirable solder. Sn—Zn
solder has low cost and good mechanical proper-
ties that are suitable for soldering. Soldering alloys
based on the Sn—Cu and Sn—Zn alloy systems have
been found to be amongst the most favorable lead
free alternatives. The eutectic Sn—0.7Cu alloy is
one of the Sn based lead free solder alloys, with
small amounts of Cu—Sn intermetallic compound
CugSns precipitated in the Sn matrix. The eutec-
tic Sn—0.7Cu alloy having a melting temperature of
227 °C is one of the most preferred candidates for
the lead-free solder for use in electronics intercon-
nections due to its relatively low melting tempera-
ture, relatively good solderability and superior me-
chanical properties compared to other lead free sol-
ders. The presence of Cu in Sn-based alloys leads
to an improvement in resistance to thermal cycle
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fatigue and wetting properties due to the forma-
tion of intermetallic compounds, like Cu3Sn and
CueSns. Addition of Ag to the Sn—0.7Cu eutectic
solder alloy could reduce the melting point of the
eutectic alloy. Apart from this it also helps in de-
creasing the rate of dissolution of Cu from the Cu
substrate. It should be noted that addition of Ag to
the Sn—Cu solder raises the cost of the solder to
almost 3 times that of the Sn—Pb solder and with-
out adding Ag the cost of the Sn—Cu solder is al-
most 1.5 times of the Sn—Pb solder. This is the main
drawback of the Sn—Ag—Cu solder alloys.

The search for a suitable non-toxic lead free
solder alloy with an equivalent melting point close
to the eutectic temperature of 183 °C of Sn—37Pb
eutectic alloy has posed a considerable challenge.
The binary Sn—8.8Zn eutectic lead free solder alloy
with a melting temperature of 198 °C is an excel-
lent alternative to the Sn—37Pb solder alloy. It also
has very good mechanical properties. Sn—Zn based
solder alloy has been found to be a promising can-
didate and one of the best alternatives to replace
the existing Sn—Pb eutectic solder both because of
its low cost and melting temperature which is near
to Sn—Pb eutectic solder. The low melting tempera-
ture of the Sn—Zn eutectic (198 °C) is very close to
the Sn—Pb eutectic alloy (183 °C).

Alloying strongly affects the melting tempera-
ture, and experimental results indicate that the ad-
dition of a small amount of Ag could successfully
reduce the melting point of both eutectic Sn—0.7Cu
and near eutectic Sn—8Zn solder alloys and also
improve the mechanical properties of the alloys.
This study examines the effect of Ag addition on
the melting point and microstructure of eutectic
Sn—0.7Cu and near eutectic Sn—8Zn lead free sol-
ders. The present work is devoted to investigate
the effects of Ag addition on the microstructure,
melting behavior, pasty range, hardness and frac-
ture surface of the Sn—0.7Cu and Sn—8Zn solder
alloys [6-11].

2. Experimental

Sn granules were procured from Merck. Cu
and Zn were procured from Rankem, RFCL
Limited. Ag was procured form Loba Chemie. The

various alloy compositions of the Sn—Cu, Sn—Zn,
Sn—Ag—Cu and Sn—Zn-Ag systems were prepared
from the granulated Sn, Zn, Cu and Ag powder
having purity of 99 %. The elements were mixed
in the right proportion and melted in a crucible
in a tubular furnace in an inert atmosphere and
subsequently cooled in the furnace to produce the
solder alloys. The metal was melted in a silica
crucible in a muffle furnace. The molten metal was
homogenized and furnace cooled. The different
Sn—Cu alloy compositions that were selected were
Sn—0.7Cu(eutectic), Sn—1Cu and Sn—-2Cu alloys.
The modification of the eutectic microstructure
by trace element addition of Ag into the eu-
tectic alloy system was investigated. For this
purpose, Sn—Ag—Cu alloys, like Sn—2Ag—0.7Cu,
Sn-2.5Ag-0.7Cu and Sn-4.5Ag-0.7Cu, were
developed. Ag was added only to the eutectic
Sn—0.7Cu composition to find the effect of ad-
dition of Ag. Similarly, for the Sn—Zn system,
besides the Sn—8Zn near eutectic composition,
Sn—-8Zn-0.05Ag, Sn—-8Zn-0.1Ag and
Sn—-8Zn—0.2Ag solder alloys were developed.
The furnace was heated to the desired temperature
by electrical resistance heating elements. The cast-
ing temperature of Sn—Cu, Sn—Zn and Sn—Ag—Cu
and Sn—Zn-Ag solder alloys was in the range
of 500 to 700 °C. The molten alloys were held
at this temperature for 2 h. All the samples were
furnace cooled. A scanning electron microscope
(SEM) with energy dispersive X-ray spectroscopy
(EDX) was used for the microstructural charac-
terization of the solder alloys. The morphology
and elemental composition of the samples were
analyzed using a JEOL JSM-6480LV scanning
electron microscope (SEM) equipped with an
INCAP-entaFET-x3 X-ray microanalysis system
with a high-angle ultra-thin window detector
and a 30 mm? Si(Li) crystal for EDX (energy
dispersive X-ray spectroscopy) analysis. A Nova
NanoSEM 450/FEI field emission scanning elec-
tron microscope (FESEM) was also used for the
microstructural characterization of the alloys.
Differential scanning colorimetry (DSC) was
done in order to determine the melting point of
the alloys. The thermal analysis of the samples
was done in a Netzsch STA 409C Simultaneous
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Fig. 1. (a) Sn—Cu (the arrow points the eutectic com-
position Sn—0.7 wt.% Cu and eutectic tempe-
rature 227 °C), (b) Sn—Ag, (c) Ag—Cu binary
phase diagrams, (d) Sn—Cu—Ag ternary phase di-
agram [13].

ML — n+ 0+ B-Sn,

Fig. 2. (a), (b) SEM and (c), (d) EDX analysis of
Sn—0.7Cu alloy.

Thermal Analyzer at a heating rate of 10 °C/min
in an argon atmosphere in order to determine
the melting point of the alloys. X-ray diffraction
(XRD) of the alloys was done in a Panalytical
PW 3040 X’Pert MPD using Cu K« radiation
(A = 1.54056 A) to find out if any new phase was
formed during their development. Hardness of
the samples was measured using a digital Leco
Vickers microhardness tester (LV 700).

3. Results and discussion

The phase diagram of the Sn—Cu system
is shown in Fig. la. The phase diagram of the
Sn—Cu system shows an eutectic reaction at the
composition Sn—0.7 wt.% Cu and at a temperature
of 227 °C. This eutectic reaction takes place be-
tween the intermetallic compound CugSns and Sn.
From the phase diagram of Ag—Sn in Fig. 1b it is
clear that the solid solubility of Ag in Sn is very
small. The solid solubility of Ag in Sn at the eutec-
tic temperature is only 0.09 at.%. The phases in the
Ag-Sn system are the liquid (L), the Ag-rich FCC
(Ag) solid solution with a maximum of 11.5 wt.%
Sn, the close packed hexagonal & (Ag) phase, the
orhtorhombic short range ordered Ag;Sn phase (¢),
the Sn-rich BCT structure ((3-Sn) having very low
solid solubility of Ag and «-Sn below 13 °C. The
equilibrium phases in the Ag—Cu system (Fig. 1c)
are liquid (L) with no miscibility gaps, the Ag rich
FCC phase, where the maximum solid solubility
of Cu in Ag is 14.1 at.% Cu and the Cu-rich
FCC phase, where the maximum solid solubility
of Ag in Cu is 4.9 at.%. The eutectic temperature
of the Ag—Cu system ranges from 777 to 780 °C
and the eutectic composition contains 28.1 wt.%
Cu. The ternary phase diagram of the Sn—-Ag—Cu
system in Fig. 1d shows that there are a number
of intermetallic compounds, like CugSns, AgzSn
and Cu3Sn in this system. The Sn—Ag—Cu sys-
tem has a ternary eutectic reaction at 216 °C,
where 1 = CugSns
and 6 = Ag3Sn.

The eutectic Sn—0.7Cu alloy is one of the
Sn-based lead free solder alloys having small
amounts of Cu-Sn intermetallic compound pre-
cipitated in the Sn matrix. The microstructure of
the as-solidified eutectic Sn—0.7Cu solder is shown
in Fig. 2a and 2b. The microstructure, as predicted
from the phase diagram, consists of 3-Sn and the
Cu—Sn intermetallic compound CugSns. From the
Sn—Cu binary-phase diagram, the volume fraction
of CueSns in the eutectic Sn—Cu alloy can be found
using the lever rule and considering the densi-
ties of CugSns (8.28 g/cm3) and Sn (7.31 g/cm3).
The volume fraction of CugSns is found to be
only 1.6 %. This is consistent with the SEM
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image as only a very small amount of dark col-
ored CugSn;s is seen in the SEM images in Fig. 2a
and 2b. The light colored regions contain 100 % Sn
and no Cu [11-17].
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Fig. 3. DSC of Sn—0.7Cu solder alloy.
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Fig. 4. (a), (b) SEM images of Sn—1 wt.% Cu alloy,
(c), (d) EDX analysis of various regions in Sn—
1 wt.% Cu alloy and elemental maps of (e) Sn
and (f) Cu in the region shown in the SEM im-
age in Fig. 4b.

The DSC analysis in Fig. 3 shows that the melt-
ing point of the Sn—0.7Cu solder alloy is 234.89 °C.
The eutectic Sn—0.7Cu alloy is known to have a
melting temperature of 227 °C. The slight rise in
the melting point is possibly due to the presence

of impurities or oxidation of the sample during
melting [7].

The microstructure of the near eutectic com-
position of Sn—1 wt.% Cu solder alloy is shown
in Fig. 4a and 4b along with the EDX analysis
in Fig. 4c and 4d. The SEM images reveal that
there are highly dense regions containing both Cu
(7.99 wt.%) and Sn (92.01 wt.%). The grey region
containing both Sn and Cu represents the formation
of intermetallic compound, possibly CugSns. The
intermetallic CugSns is highly non-stoichiometric.
CugSns is a well-known intermetallic compound
and has an orthorhombic crystal structure. This
alloy was prepared at 700 °C in an inert atmo-
sphere. At 700 °C Sn is completely molten (melting
point = 231.9 °C). Cu atoms diffuse into Sn, result-
ing in the formation of the intermetallic CugSns.
On the other hand, the dark regions contain mainly
[3-Sn and show the absence of Cu in it. The elemen-
tal maps of Sn and Cu in Fig. 4e and Fig. 4f, respec-
tively, show that Sn is present almost all over the
sample, whereas Cu, which is only in the amount
of 1 wt.% in the alloy, is present, where the inter-
metallic CugSns is present. Elemental maps have
been taken from the region shown in Fig. 4b.

Referring to Fig. 4a and 4b, it can be seen that
the CugSns regions are dispersed in the matrix of
[3-Sn. The SEM images clearly show the two phase
regions of pure Sn and intermetallic CugSns in
the microstructure of Sn—1 wt.% Cu solder alloy.
The regions containing dispersed CugSns are sep-
arated by dendritic regions of (3-Sn matrix, giving
the microstructure a network-like appearance. The
DSC result in Fig. 5 shows that the melting point
of the near eutectic composition Sn—1 wt.% Cu is
236.82 °C. The rise in the melting point of the near
eutectic composition Sn—1 wt.% Cu (236.82 °C)
compared to the eutectic Sn—0.7 wt.% Cu solder
alloy (234.89 °C) may be due to the presence of
higher wt.% of Cu.

Wettability defines the extent to which a liquid
can spread on a solid surface. The present aim of
our study also focuses on the wetting properties
of the Sn—1 wt.% Cu alloy. It can be easily seen
from the SEM images in Fig. 6a — 6¢ that the near
eutectic Sn—1 wt.% Cu alloy has good wettability
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of the Cu substrate. The EDX analysis in Fig. 6d
shows that the region close to the interface between
the solder and the Cu substrate contains both Cu
(18.35 wt.%) and Sn (37.36 wt.%), indicating the
formation of intermetallic CugSns. There is also a
very high percentage of oxygen at the interface.
This is possibly due to the oxidation of Cu at the
soldering temperature. The region away from the
interface contains mainly Sn (93.96 wt.%) and a
very low amount of Cu (1.75 wt.%) as seen in the
EDX analysis in Fig. 6e.

The SEM image in Fig. 7a shows the mi-
crostructure of Sn—2 wt.% Cu solder alloy. This
solder alloy is composed of large Sn-rich grains
with a fine dispersion of CugSns intermetallics.
The microstructure of the Sn—2Cu solder alloy re-
veals that the dark colored intermetallic compound
CueSns is finely dispersed in the matrix of 3-Sn.

" -

EL UL s
O T

i
)
Al

Melting point- 236.82°C

EEE NIT Rmsder ln: BETTLER

ETAR ENH.10

Fig. 5. DSC of Sn—1 wt.% Cu solder alloy.

Fig. 6. (a), (b), (c) SEM of Sn—1 wt.% Cu solder on Cu
substrate; (d), (e) EDX analysis of the different
regions in the solder joint.

EDX analysis in Fig. 7b and 7c reveals the compo-
sition of different phases present in the solder alloy.
Fig. 7b shows the composition of the dark region in
the sample and Fig. 7c presents the composition of
the grey region. The grey colored region contains
100 % Sn, whereas the dark region contains both
Sn (57.57 wt.%) and Cu (0.26 wt.%). The SEM
image in Fig. 7d also suggests that there are two
distinct phases in the microstructure of the Sn—2Cu
solder alloy. The light colored phase contains al-
most 100 % Sn and the dark colored phase consists
of Sn (36.84 wt.%) and Cu (1.11 wt.%), suggesting
the formation of intermetallic compound CugSns.
The elemental mapping of Sn and Cu are shown
in Fig. 7e and 7f, respectively. The elemental map-
ping of the elements have been taken in the region
shown in Fig. 7a. The small amount of Cu which
forms intermetallic CugSns seems to be homoge-
neously distributed in the Sn matrix. The DSC anal-
ysis in Fig. 8 shows that the melting point of Sn—
2Cu alloy is around 237.88 °C.

Fig. 9a shows the SEM of the solder alloy
Sn—2Ag-0.7Cu. This sample shows light colored
regions which contain 100 % Sn (Fig. 9b). The
dark colored regions are surrounded by light

Total: 100.00

Total: 100.00 100.00

CuKat

Fig. 7. (a) SEM,; (b), (c) EDX analysis of Sn—2Cu sol-
der alloy; (d) SEM image of different areas of
the Sn—2Cu solder alloy with EDX analysis. El-
emental mapping of (e) Sn, (f) Cu of the region

shown in the SEM image in Fig. 7a.
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Fig. 8. DSC of Sn—2Cu solder alloy.

Fig. 9. (a) SEM of Sn—2Ag-0.7Cu; (b), (c) EDX analy-
sis of the sample.

colored spots containing both Ag and Sn, approx-
imately in the stoichiometric ratio 3:1 (Fig. 9c).
These are possibly intermetallic AgzSn. The
formation of Ag3zSn becomes even more prominent
when the wt.% of Ag is increased to 2.5 wt.% in
Sn-2.5Ag-0.7Cu alloy. The DSC analysis
in Fig. 10 shows that the melting point of
Sn—-2Ag—-0.7Cu alloy is 229.08 °C.

Sn-2.5Ag-0.7Cu alloy was developed by
adding 2.5 wt.% of Ag and 0.7 wt.% Cu into
molten Sn which was followed by stirring for
few minutes. The melt was subsequently held
at 700 °C for 2 h after which the alloy was cooled
in the furnace to room temperature. Ag—Sn and
Cu—Sn intermetallic compounds are found in the
Sn—2Ag-0.7Cu solder alloy. The SEM as well
as EDX analysis in Fig. 11a, 11b and Fig. 1lc,
respectively, show that the edge of the eutectic
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Fig. 10. DSC of Sn—2Ag—0.7Cu solder alloy.
region contains intermetallic AgzSn. Intermetallic

AgsSn precipitates near the dark regions which are
intermetallic CugSns. The microstructural analysis

W confirms the presence of the fine AgzSn particles
* dispersed in [3-Sn matrix. The elemental mapping

of Sn, Cu and Ag is shown in Fig. 11d, 11e and 11f,
respectively. The interfacial bonding between these
two phases results in excellent mechanical proper-
ties of this alloy. However, AgzSn is brittle in na-
ture which may degrade the reliability of the sol-
der joint. The dark regions are the intermetallic
CueSns. Liquid Sn is known to provide a rapid dif-
fusion medium for Ag and Cu. Thus, once inter-
metallic compounds, like AgzSn or CugSns have
nucleated, pronounced growth of one or both of
these intermetallic compounds takes place and rel-
atively large precipitates can be observed in the mi-
crostructure [18].

The DSC plot in Fig. 12 shows that
when the Ag wt.% is raised to 4.5 wt.% in
Sn—4.5Ag—0.7Cu lead free solder alloy, the melt-
ing point comes down to 226.89 °C. Addition of
higher amount of Ag gradually reduces the melting
point of the eutectic Sn—0.7Cu solder alloy. The
melting temperature of Sn—4.5Ag—0.7Cu solder
alloy (226.89 °C) is lower than the melting point
of the eutectic Sn—0.7Cu solder alloy, which is
234.89 °C.

Fig. 13a shows the variation of the melting point
of the Sn—Cu solder alloy with addition of Ag.
There is a gradual decrease in the melting tem-
perature of the solder alloy as the wt.% of Ag is
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Fig. 11. (a), (b) SEM of Sn-2.5Ag-0.7Cu; (c) EDX
analysis of the sample. Elemental mapping of
(d) Sn (e) Cu and (f) Ag of the region shown in
the SEM image in Fig. 11a.
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Fig. 13. (a) Variation of melting temperature of the
Sn—Cu solder alloy with addition of Ag; (b)
Microstructure of Sn—2.5Ag—0.7Cu solder al-
loy soldered to Cu substrate.

increased in the Sn—0.7Cu eutectic alloy. When the
Cu wt.% is raised from 0.7 to 2 wt.%, the melt-
ing point increases. When the Ag wt.% increases
in the eutectic Sn—0.7Cu alloy, the melting point
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Sn—2Ag-0.7Cu lead free solder alloys.
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Fig. 15. Variation of hardness with increase in wt.% of
Ag in Sn—0.7Cu eutectic composition.

decreases and goes below the melting point of the
eutectic Sn—0.7Cu solder alloy. Ag is very effective
in reducing the melting temperature of the eutectic
Sn—0.7Cu solder alloy.

Fig. 13b shows the interface between the
Sn-2.5Ag—-0.7Cu solder alloy and the Cu substrate.
Here, the Sn—2.5Ag—0.7Cu was used as a solder al-
loy on a Cu substrate. The SEM image shows good
wettablility and bonding between the Cu substrate
and the Sn—2.5Ag—0.7Cu solder alloy.

The X-ray diffraction plots in Fig. 14a and 14b
show that in both the alloys, Sn-0.7Cu and
Sn—2Ag-0.7Cu, formation of intermetallic CugSns
takes place. Fig. 14b shows the formation
of intermetallic phase Ag3Sn in the case of
Sn—2Ag-0.7Cu alloy, in addition to intermetallic
compound CugSns. The alloy containing high wt.%
of Ag, like Sn—2Ag—0.7Cu, exhibits the formation
of AgszSn intermetallic compound.
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- Fig. 16a— 16i show the SEM images of the fracture
v surface of the three Sn—0.7Cu, Sn—2Ag—-0.7Cu and

. Sn—4.5Ag—0.7Cu solder alloys. The fractographs
- of Sn—0.7Cu solder alloy in Fig. 16a — 16¢ show
= a ductile nature of the fractures, confirmed by

the formation of dimples. The fracture surfaces of

Sn—2Ag—-0.7Cu alloy in Fig. 16d and 16f show the

brittle nature of the alloy fracture. The flat smooth
fracture surface indicating the brittle fracture could
be clearly seen in Fig. 16f. There is also absence
of dimples in the fracture surface. The fracture sur-

B face of Sn—4.5Ag0.7Cu alloy in Fig. 16g — 16i

M shows dimple formation on the fracture surface.

Fig. 16. SEM images of the fracture surfaces of (a), (b),
(¢) Sn—0.7Cu, (d), (e), (f) Sn—2Ag-0.7Cu, (g),
(h), (i) Sn—4.5Ag—-0.7Cu alloys.

The plot in Fig. 15 shows the variation of mi-
crohardness with increasing wt.% of Ag in the
Sn—0.7Cu eutectic composition. It shows that the
hardness of the Sn—0.7Cu eutectic composition in-
creases initially with addition of Ag up to 2.5 wt.%.
The increase in hardness of Sn—0.7Cu eutectic sol-
der alloy due to the addition of Ag results possibly
from the strengthening effect of Ag;Sn phase. It ap-
pears that the presence of AgzSn in Sn—Cu—Ag sol-
der might act as potential sites for obstructing the
localized deformation of the matrix during the mo-
tion of dislocations and grain boundaries. It should
be noted that the hardness of the intermetallic phase
CueSns is greater than the hardness of intermetallic
compound AgsSn. So, the addition of higher wt.%
of Ag to the Sn—0.7Cu solder alloy leads to the for-
mation of AgzSn which is softer compared to the
CugSns intermetallic compound and eventually re-
duces the hardness of the solder alloy. This is pos-
sibly the reason why on increasing the wt.% of Ag
above 2.5 wt.% in the eutectic composition of Sn—
0.7Cu, the hardness of the alloy decreases. The mi-
crostructural changes cause the decrease of hard-
ness of the solder alloy [1, 19].

The fracture surface developed in various
Sn—Ag—Cu solder alloys was also analyzed.

! This indicates that higher wt.% of Ag in the al-

loy leads to an increase in the ductile nature of the
fracture. Lower wt.% of Ag in the alloys leads to
brittle failure of the sample. The absence of Ag in
Sn—0.7Cu alloy also results in ductile nature of the
fracture of the sample [20-22].

The lead free solder alloys are predominantly
Sn based alloys. So far, eutectic or near eutec-
tic Sn—Pb alloys have been very widely used as
solder material due to their low melting tempera-
ture (183 °C) and good wettability. Sn—Zn alloys
are known to have good mechanical properties
and their melting point (198 °C) is similar to that
of Sn—Pb eutectic solder (183 °C). High mechani-
cal integrity of electronic packaging, manufactura-
bility and relatively low cost are some of the ma-
jor advantages of this solder alloy. However, Sn—Zn
alloys get easily oxidized and have relatively poor
wettability. In order to improve the oxidation resis-
tance and wettability, Ag is added to the Sn—8Zn
near eutectic composition. The effects of addition
of third element Ag on the microstructure and melt-
ing temperature of the near eutectic Sn—8Zn solder
alloy was also investigated.

The Sn—Zn eutectic alloy has been consid-
ered as one of the potential lead-free solders
that can replace the Sn—37Pb solder. The ma-
jor drawbacks of this alloy are its poor wetta-
bility and oxidation. The phase diagram of the
Sn—Zn binary system is given below in Fig. 17a.
Fig. 17b and Fig. 17c show the binary phase di-
agram of Zn—Ag and Sn—Ag systems, respectively.
Fig. 17d is the ternary phase diagram of Sn—Zn-Ag
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Fig. 17. (a) Sn—Zn, (b) Zn-Ag, (c) Sn—Ag phase

diagram, (d) Sn—Zn-Ag ternary phase dia-
gram [23].

system [23]. The ternary phase diagram of
Sn—-Zn—-Ag system shows the presence of sev-
eral intermetallics in the system. The Sn—8Zn,
Sn—-8Zn-0.05Ag, Sn—-8Zn-0.1Ag, Sn—-8Zn-0.2Ag
(Wt.%) solder alloys were developed.

Here, Ag has been added to the near eutectic
Sn—8Zn solder alloy to study the effect of Ag on
this composition. Fig. 18 shows the microstruc-
ture of the Sn—8Zn-0.05Ag, Sn—8Zn-0.1Ag and
Sn—-8Zn—-0.2Ag solder alloys. The microstructural
features are similar to the Sn—Zn eutectic mi-
crostructure. The microstructure consists mainly of
proeutectic (3-Sn phase, needle-like Zn-rich phase
and Ag—Zn intermetallics. The microsturture of the
Sn—-8Zn-0.05Ag solder alloy consists of a large pri-
mary (3-Sn phase. With the increase in the con-
tent of Ag, the Ag—Zn intermetallic phase increases
as in the Sn—8Zn-0.2Ag alloy (Fig. 18h — 18§)).
Peaks of AgZnj3 could be seen in the X-ray diffrac-
tion plot of Sn—8Zn-0.2Ag solder alloy (Fig. 23).
AgZn3 nodular intermetallic phase precipitation
takes place and these intermetallics deplete the
Zn-rich phase. The growth of the AgZn; inter-
metallic compound is accelerated by increasing
the wt.% of Ag in the solder alloy [24, 25].

Fig. 19 shows the SEM image of
Sn—-8Zn-0.05Ag solder alloy along with the ele-
mental maps of Sn, Zn and Ag. The microstructure

34.61
43.58

Fig. 18. SEM images of (a), (b), (c), (d) Sn—8Zn-
0.05Ag, (e), (f), (g) Sn—8Zn-0.1Ag, (h), (i), (§)
Sn—-8Zn-0.2Ag.

consists of Sn, Sn/Zn eutectic, needle-like precipi-
tate of the Zn-rich phase and Ag—Zn intermetallic
compound. In the SEM micrograph, the light
regions represent the Sn rich matrix, while the
dark regions represent the Ag—Zn intermetallic
compound. It is very clear from the elemental
maps that the dark colored Zn-rich regions are
surrounded by the Sn rich matrix consisting mainly
of Sn. Needle-like Zn-rich phase could be seen in
the microstructure. Zn is present only in the dark
colored regions and these regions contain no Sn at
all.

It should be noted that the mutual solubility
of Sn and Zn at room temperature is almost nil
(Fig. 17a). Sn—Zn binary phase diagram shows
very low solubility of Zn in solid Sn, and the
Ag—7n system phase diagram in Fig. 17b shows
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Fig. 19. (a) FESEM image of Sn—8Zn-0.05Ag solder
alloy (b) combined elemental mapping of Sn,
Zn and Ag and elemental mapping of (c) Zn,
(d) Sn, (e) Ag.

that large amounts of Zn are readily solu-
ble in solid Ag. Sn is present in the light colored
matrix region only. Ag is also present in the
region containing Zn. This suggests the forma-
tion of intermetallic Ag—Zn compound in this
region. The amount of the Ag—Zn intermetal-
lic compounds increased with increasing Ag
content in the alloy, thus, depleting the Zn-rich
phase in the alloy containing high Ag content.
X-ray diffraction pattern in Fig. 23 also shows the
formation of AgZn3 intermetallic compound in the
Sn—8Zn—-0.1Ag and Sn—-8Zn—0.2Ag compositions.
An increase in the quantity of intermetallic Ag—Zn
compound could lower the ductility of the solder
alloy as intermetallic compounds are known to be
brittle in nature. Fig. 19, Fig. 20 and Fig. 21 show
the elemental mapping of Zn, Sn and Ag in
Sn—-8Zn-0.05Ag, Sn-87Zn-0.1Ag and
Sn-8Zn-0.2Ag solder alloys, respectively.
The intermetallic phase AgZns forms dendrites
upon cooling as is evident from the SEM images
in Fig. 18 and the elemental maps of Ag and Zn
in Fig. 19 - 21.

Although it is clear from the binary Sn—-Ag
phase diagram in Fig. 17b and the ternary phase di-
agram in Fig. 17d that although intermetallic com-
pounds of Ag, such as the e-AgZnj3, y-AgsZng
and Ag3Sn, are possible in this system but Ag
forms only intermetallic compound AgZnz with
Zn. This is due to the lower enthalpy of formation
of Ag—Zn intermetallic compounds, like e-AgZnj
and y-AgsZng, compared to the enthalpy of forma-
tion of AgzSn.

The DSC plot in Fig. 22a shows an endother-
mic peak at 210.1 °C. This is the melting point
of the Sn—8Zn near eutectic alloy. The DSC plot
in Fig. 22b shows a single sharp endothermic peak
at 215.48 °C. This corresponds to the melting
point of Sn—87Zn—0.05Ag. The melting point of the
Sn—8Zn—0.05Ag solder alloy is slightly higher than
the melting point of the near eutectic Sn—8Zn sol-
der alloy. The DSC of Sn—Zn-0.1Ag solder alloy
in Fig. 22c shows that the melting point of the
alloy is 198.7 °C. Thus, there is a reduction in

Fig. 20. (a) FESEM image of Sn—8Zn—0.1Ag solder al-
loy, (b) combined elemental mapping of Sn, Zn
and Ag and elemental mapping of (c) Zn, (d)
Sn, (e) Ag.
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the melting point of the eutectic composition af-
ter addition of 0.1 wt.% Ag to Sn—-8Zn near eu-
tectic alloy but instead of a single sharp peak we
can see two peaks in the DSC plot. This is due
to the addition of Ag. The liquidus line of the
Sn—Zn eutectic alloy rises with the increase of
the Ag content in the alloy. This leads to an in-
crease in the pasty region. It can be noted that
the height of the first peak in the DSC plots de-
creases with an increase in the Ag content in the al-
loy. The small shoulder peak is observed at around
220 °C in the DSC curves for Sn—87Zn-0.1Ag and
Sn-8Zn-0.2Ag alloys (Fig. 22¢, 22d). This shoul-
der peak is not present in Sn—8Zn—0.05Ag solder
alloy. The addition of a large amount of Ag into
the Sn—8Zn-0.1Ag and Sn—-8Zn-0.2Ag alloys re-
sulted in the formation of larger amount of AgZn3
intermetallic compound. This reaction reduced the
Zn content of the near eutectic Sn—8Zn composi-
tion which caused the formation of a hypoeutectic
[3-Sn structure. This is why the DSC plots of the
Sn—-87Zn-0.1Ag and Sn—-8Zn—-0.2Ag solder alloys

Fig. 21. (a) FESEM image of Sn—8Zn—0.2Ag solder al-
loy, (b) combined elemental mapping of Zn, Sn
and Ag and elemental mapping of (c) Zn, (d)
Sn, (e) Ag.
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Fig. 22. DSC of (a) Sn—8Zn (near eutectic), (b)
Sn—Zn-0.05Ag, (¢) Sn—Zn-0.1Ag, (d)
Sn—Zn-0.2Ag solder alloy.
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Fig. 23. X-ray diffraction plots of Sn—8Zn—0.05Ag,
Sn—-8Zn-0.1Ag and Sn-8Zn-0.2Ag solder
alloys.

show two endothermic peaks. The first endother-
mic peak represents the melting of the eutectic
Sn—Zn—Ag ternary system and the other peak is due
to the melting of the hypoeutectic 3-Sn [26-28].
The X-ray diffraction analysis in Fig. 23 sug-
gests that there is a possibility of formation
of intermetallic AgZn; in Sn-8Zn-0.1Ag and
Sn—8Zn—0.2Ag compositions. The X-ray diffrac-
tion plot of Sn-8Zn-0.2Ag shows a small
peak having low intensity, corresponding to that
of AgZn3 (101). The intensity of this peak is low
due to the low volume fraction of the formed in-
termetallic compound as Ag content in the al-
loy is only 0.2 wt.%. The AgZn; (101) peak has
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Fig. 25. (a) SEM of the contact between the Sn—8Zn
near eutectic solder and Cu substrate (b)
Schematic showing the contact angle (0) be-
tween a liquid and a substrate.

been marked using an arrow. The AgZns inter-
metallic phase depletes the Zn-rich phase and is
present in the form of inhomogeneous dendrites.
The growth of Ag3Zn nodular compounds is ac-
celerated by the higher wt.% of Ag in the alloy.
The result of XRD analysis clearly shows that the
Sn—Zn—Ag solder alloy forms the AgZnjs inter-
metallic compound when the content of Ag is
higher than 0.2 wt.% but the intermetallic com-
pound AgZn3 was not detected when the Ag con-
tent was lower than 0.2 wt.% [29, 30].

Fig. 24a shows the wvariation of melting
point with addition of Ag to the Sn—8Zn near
eutectic solder alloy. It should be noted that addi-
tion of 0.05 wt.% of Ag slightly increases the melt-
ing temperature of the near eutectic Sn—8Zn sol-
der alloy, whereas adding 0.1 wt.% Ag reduces the
melting temperature to a great extent. Further ad-
dition of Ag (0.2 wt.%) leads to a slight increase

Fig. 26. SEM image showing the fracture surface of (a),
(b) Sn—8Zn, (¢), (d) Sn-8Zn-0.1Ag (e), (f)
Sn—-8Zn—0.2Ag solder alloys.

in the melting point of the eutectic composition to
199.5 °C. Thus, it is possible to reduce the melting
point of the Sn—8Zn near eutectic alloy by adding
low wt.% of Ag. The addition of Ag between 0.05
and 0.1 wt.% to the Sn—8Zn near eutectic com-
position leads to a decrease in the melting point.
Fig. 24b shows the variation of hardness of vari-
ous Sn—Zn—Ag solder alloys with addition of Ag.
The Sn—8Zn near eutectic alloy shows a gradual
rise in the hardness with addition of Ag. Ag ad-
ditions to the Sn—-8Zn near eutectic alloy led to
the formation of Ag—Zn intermetallic compound,
AgZn3, and possibly this has led to higher hardness
of the Sn—8Zn solder alloys upon addition of Ag.
Low Ag content up to 0.2 wt.% to the near eu-
tectic Sn—8Zn solder alloy led to the formation of
large amounts of uniformly distributed fine Zn-rich
needle-like structures which gave rise to dispersion
strengthening effect and this also led to increase in
hardness [31].

The Sn—8Zn near eutectic solder alloy has
been used for Cu wires. Fig. 25a shows the SEM
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image of the region of contact between the solder
and the Cu wire. The contact angle (0) of a liquid
with a solid is used as a wettability measure. When
0 < 90° it is assumed that the liquid wets the sub-
strate, whereas for 0 > 90° the liquid does not wet
the substrate (Fig. 25b). When 6 = 0°, the liquid
completely wets the substrate. The Sn—8Zn near
eutectic solder alloy shows very good wettability
of the Cu wire. The angle of wetting (0) between
the solder alloy and the Cu substrate, which is a
measure of the wettability of a liquid on a surface,
is very low and this suggests that there is very good
wetting between the alloy and the Cu substrate.

Fig. 26 shows the SEM images of the frac-
ture surface of Sn-8Zn, Sn-8Zn-0.1Ag and
Sn—-8Zn-0.2Ag solder alloys. The fracture sur-
faces of all the alloys show the presence of duc-
tile dimples, indicating ductile fracture. A typ-
ical ductile mode of fracture could be seen in
the case of Sn—Zn-Ag solder having low wt.%
of Ag. On the other hand, as the wt.% of Ag
in the Sn—Zn—Ag solder alloy increases, a mixed
ductile and brittle fracture could be observed.
As Ag combines with Zn to form an Ag-Zn
intermetallic compound, stress concentration can
occur at the interface between the intermetal-
lic Ag—Zn compound and the matrix phase and
this can give rise to a more brittle fracture
[30-33].

4. Conclusions

In the present work, the effect of addition of Ag
to Sn—0.7Cu eutectic and Sn—8.8Zn near eutectic
alloys on the microstructure and formation of in-
termetallic compounds was investigated. Mechani-
cal properties, like hardness and fracture mode of
various Sn—Ag—Cu and Sn-Zn-Ag solder alloys,
were also investigated. The results are summarized
as follows:

1. A reduction in melting point was ob-
served upon addition of Ag to the eutectic
Sn—0.7Cu solder alloy. The melting point of
the eutectic Sn—0.7Cu alloy was found to
be 234.88 °C and it decreased to 226.89 °C
upon alloying with 4.5 wt% Ag in
Sn—4.5Ag—0.7Cu solder alloy.

2. The hardness of the Sn-0.7Cu eutectic
composition increased with addition of Ag
up to 2.5 wt.%, whereas upon increasing
the wt.% of Ag above 2.5 wt.% in the eutec-
tic composition of Sn—0.7Cu, the hardness
of the alloy decreased.

3. Addition of Ag to Sn—Ag—Cu solder alloys
led to the formation of intermetallic com-
pound AgsSn. CuegSnswas found in both
Sn—Cu as well as in Sn—-Ag—Cu solder
alloys.

4. Addition of lower wt.% of Ag (2 wt.%) to
the Sn—0.7Cu eutectic alloy led to a brittle
fracture of the alloy. When the wt.% of Ag
in the alloy was increased, the nature of frac-
ture was found to be ductile. The absence of
Ag in the Sn—0.7Cu eutectic alloy resulted
in ductile nature of failure.

5. Addition of up to 0.1 wt.% Ag to Sn—8Zn
near eutectic composition led to a reduc-
tion in melting point but further addition
of Ag (0.2 wt.%) led to slight rise in the
melting point.

6. A shoulder was observed at around 220 °C
in the DSC curves of Sn-8Zn-0.1Ag
and Sn—8Zn-0.2Ag alloys. This shoulder
was not present in 0.05 wt.% Ag con-
taining solders. The addition of a large
amount of Ag into the Sn—8Zn-0.1Ag and
Sn—8Zn—0.2Ag alloys resulted in the forma-
tion of large amount of AgZnj3 intermetal-
lic compound. This reaction reduced the Zn
content in the eutectic Sn—Zn composition
which resulted in the formation of a hypoeu-
tectic 3-Sn structure. This is why the DSC
plots of the solder alloys Sn—-8Zn-0.1Ag
and Sn-8Zn-0.2Ag showed two endother-
mic peaks.
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