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The effect of trace amount of Ga on the inoxidizability and wettability of Sn-0.5Ag-0.7Cu-0.05Pr solders was investigated
systematically by means of microstructure characterizations. The results indicate that the wettability and oxidation resistance
properties are remarkably improved with addition of trace amount of Ga. Moreover, it is observed that the trace amount of Ga
in Sn-0.5Ag-0.7Cu-0.05Pr solders refines the matrix microstructure. The relationship between wettability and oxidation resistance
was put into deep study. And Ga was found to be enriched on the surface of the molten solder, which benefited the properties
correspondingly. The results of this study can stimulate the use of low-silver Sn-Ag-Cu-Pr solders for various applications.

1. Introduction

With the promulgation of the WEEE and RoHS directives,
electronic manufacturing has shifted to green manufactur-
ing system of “lead-free assembly” [1]. As the extensions
of Sn-Ag/Sn-Cu-based solders, Sn-Ag-Cu solder system is
considered as the best choice to replace the traditional Sn-Pb
solder. Compared with the other binary and ternary lead-free
solders, Sn-Ag-Cu solder has good wettability and reliability,
and its tensile strength is 1.8 times better than the conven-
tional solders as well. In addition, it has excellent thermal
fatigue performance and fine pitch soldering of electronic
components and the bridging phenomenon can hardly hap-
pen.

The existing Sn-3.8Ag-Cu lead-free solder cannot meet
the new trend in the field of electronic packing due to the
severe interface reaction, the negative effects of the brittle
compound in the solder joints, and the high cost of Ag as
well. Therefore, it is necessary to explore the Sn-Ag-Cu lead-
free solder with low-Ag content. However, with the reduction
of Ag content, the properties such as wetting behavior and
thermal fatigue performance become worse [2–5].

Ga can be easily enriched on the surface of the Sn-Pb
solder liquid surface and form a dense protective film to

improve the oxidation resistance of the solder [6, 7]. Similarly,
in this paper, Ga is added into the solder to ameliorate such
problems. This paper aims to study the new low-Ag lead-free
solder with a good prospect. By adding proper amount of
alloying element Ga, themicrostructure and properties of the
solder are optimized, which can be close to those of the Sn-
3.8Ag-Cu solder, thereby reducing the manufacturing costs.
The results of this paper have important practical values for
the development of the electronic industry.

2. Experimental Procedure

2.1. Alloy Design and Preparation. Sn, Ag, Cu, and Ga of
99.9% purity were used to prepare the solder alloys, and
the compositions of element Ga were shown in Table 1. The
melting process was conducted under Nitrogen atmosphere
at 350∘C for several minutes while mechanical stirring was
carried out everyminute. Aftermelting, the solderwas cooled
to room temperature and cut into bars of 40mm length. The
compositions of the solders were investigated by inductively
coupled plasma emission spectrometer (ICP-AES).

2.2. Solderability Test. The solderability test was carried out
with an SAT-5100 Solder Checker. Using the wetting balance
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Figure 1: The stress situation of the Cu foil.

Table 1: Composition of solder alloy (wt.%).

Solder alloys
1 2 3 4 5 6

Ga (wt.%) 0 0.05 0.1 0.25 0.5 1
Initial alloy Sn-0.5Ag-0.7Cu-0.05Pr (SACP0507)

method, the wetting force and wetting time were recorded.
For the advance preparation, the Cu foils (30mm × 5mm ×
0.3mm)were cleaned in ethanol and dried.The temperatures
were set as 245, 255, 265, and 275∘C and water-soluble flux
was chosen. The stress situation of the Cu foil in the wetting
process was shown in Figure 1. Each test was conducted 5
times and the average result was obtained for analyzing.

2.3. Microstructure. The microstructure was examined by
opticalmicroscope and scanning electronmicroscope (SEM).
A solution of 5% HNO

3
and 95% alcohol was configured

to etch the samples. Energy Dispersive X-ray Spectrometry
(EDS) was adopted to identify the phase structure of the
solder.

2.4. Oxidation Resistance Test. The surface oxide film of the
solder after a certain time of heat preservation can visually
estimate the degree of the solder oxidation. Different com-
ponents of the solders were melted on the solderability tester
and kept at 245∘C for 30min, recording its surface oxide film
morphology.

To further investigate the oxidation resistance of the
solder, high-temperature oxidation weight gain method was
used. Solders of different components were rolled into solder
sheets of about 0.15mm. After grinding and polishing to
remove the oxide film, the solder was cleaned with ethanol
and dried to produce small square pieces of 0.1mm× 10mm×
10mm.The samples were put into a furnace at 245 ± 5∘C and
removed to cool every 10 hours till 60 hours. Analytical bal-
ance was used to weigh the total weight of the solder and the
crucible. The resulting data was analyzed to show the growth
of the sample mass.

Table 2: Melting point of the SACP-xGa (T/∘C).

SACP-0Ga SACP-1Ga
Solidus Temperature 216.8∘C 211.3∘C
Liquids Temperature 227.2∘C 225.6∘C

3. Results and Discussion

3.1. Microstructure. Figure 2 showed the microstructure of
as-soldered SACP0507-xGa solders (𝑥 = 0, 0.05, 0.1, 0.25, 0.5,
1). The microstructure of the SACP0507 solder was shown
in Figure 2(a). 𝛽-Sn, eutectic region, and intermetallics were
notified separately and it is easy to discover that𝛽-Sn took the
largest proportion and the IMC particles and eutectic were
dispersed within Sn-rich matrix. According to the previous
researches [8, 9], the IMC particles were mainly Cu

6
Sn
5
and

Ag
3
Sn. Compared with the high-silver solder, the content

of the brittle Ag
3
Sn in the matrix was reduced. These large

particles and 𝛽-Sn grain always appeared in low-Ag SACP
solder, which might be a threat to the premature failure [10–
13]. The melting point was shown in Table 2. The results
indicated that the effect of Ga on the melting point of SACP
lead-free solder is slight.

As the content of Ga element gradually increased, the
matrix structure refined and the coarse IMC matrix par-
ticles became smaller and distributed more uniformly and
appeared to be ellipsoidal-shaped instead of long-strip-
shaped. When the Ga content was 0.5 wt.%, a uniform and
fine microstructure is obtained and the grain reached the
highest degree of refinement.The IMC particles in the SACP-
0.5Ga solder were smaller, with respect to the SACP solder.
On the basis of the strengthening principle, the mechanical
properties of the solder could also be enhanced. However, as
the amount of Ga increased to 1 wt.%, some new phases with
large size and nonuniform distribution could be found. The
compositions were analyzed by EDX, the result was shown in
Figure 3. It could be seen that the phasewasmainly composed
of Sn, Cu, and Ga.

As shown in Figure 4 of the Ga-Sn binary phase diagram
[14], as the content of Ga element is less than its maximum
solubility in Sn which is 6.4%, 𝛽-Sn mainly exists in the form
of solid solution at room temperature.

3.2. Wettability. Ga element can decrease the surface tension
of alloys [15]. In this paper, the improvement of the wetting
ability due to Ga addition was reported. Wetting balance
method was used and the wetting forces and wetting time of
solders with different content of Ga at different temperatures
were tested and the results were shown in Figure 5. At certain
temperature, according to the test results, with theGa content
increasing, the wetting force significantly increased, while
the wetting time showed a relatively large reducing tendency.
And the best wettability was achieved when the content of Ga
was 0.5%, and then the wettability showed a slight downward
trend when the addition kept increasing, suggesting that the
proper addition of Ga was about 0.5 wt.%.

The good wetting properties of the solder are a prereq-
uisite for good solder joints, which is directly related to the
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Figure 2: The microstructure of SACP0507-𝑥Ga solders.

reliability of the solder joints; therefore the wettability of the
soldering process is listed as an important factor [15]. Figure 6
showed the wetting angles of the liquid solder at different
wetting conditions. It can be seen directly that the smaller the
value of 𝜃 is, the better wetting properties the solder has, as
the Young-Dupre formula shows:

𝜎gs = 𝜎ls + 𝜎gl cos 𝜃, (1)

where 𝜃 represents the wetting angle and 𝜎gs, 𝜎gl, and
𝜎ls represent the interfacial tensions between the solid-gas,
liquid-gas, and liquid-solid interfaces separately.

Typically, the compositions and the surface tension of the
solder and the basemetal are two important factors that affect
the solder’s wettability. Under certain circumstances that the

compositions are identified, the surface tension of the solder
and base metal plays a key role in the wettability of the solder,
and its influence factors are temperature, flux, metal surface
oxides and surface active substances, and so forth.The copper
used was deoxygenated, and the flux was the same, so it could
be estimated that the surface active substances were added to
improve the solder’s wettability byway of reducing the surface
tension.

Element Ga is a surface active element and strong positive
adsorption can take place. As a result, the composition and
structure of the liquid solder surface are changed, the inter-
facial tension is reduced, and the flowability is significantly
improved, causing the refinement of wetting process of the
liquid solder. In this paper, when the Ga content exceeded
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Figure 3: The EDX result of SACP0507-1Ga solder.
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Figure 4: The Ga-Sn binary phase diagram.

0.5%, the surface enrichment got relatively stable, so the
wettability no longer rose. However, the generation of theGa-
rich phase limited the active effect of Ga element, decreasing
its improvement of the solder’s wetting properties.

3.3. Oxidation Resistance. The oxidation of solder in molten
state is a problem to be faced; the generated oxides have
adverse factors in the wettability and reliability of the sol-
der joints in the service process. Under the protection of
Nitrogen atmosphere, the oxidation resistance ability can
increase, while, in actual industrial production, it requires
optimization in the complexity and cost of the equipment and
technology, which is not feasible [16]. Early studies show that
Ga is highly enriched on the surface of Sn-Pb solders and the
degree of Ga enrichment can rapidly reach 34000-fold for a
nominal additive amount [17]; the enriched Ga can form a
protective film to prevent the oxidation of the solder alloy. In

this chapter, the improvement in oxidation resistance at high
temperature as a result of Ga addition has been studied.

3.4. Surface Morphology after High-Temperature Oxidation.
To simulate the reflowprocess condition, the temperaturewas
set at 245∘C. The solder was in molten state and the surface
atoms were prone to react with oxygen in the air so that the
quality of the solder changed. Therefore, difference in the
change in the solder’s quality could be a factor to characterize
the difference between the oxidation resistance properties of
the solders. Figure 7 showed the surface morphology photo-
graphs of several chosen SACP0507-xGa solders after incu-
bation at 245∘C for 30min. As can be seen, the SACP0507
solder surface was covered with a thick layer of gray dense
oxide slag. As the content of Ga exceeded, the thickness of the
surface oxide film was thinner, and in SACP-0.5%Ga solder
the surface was brighter and basically could not see the oxide
layer, which showed excellent oxidation resistance. However,
when the content of Ga reached 1%, colored oil slick existed
on the surface of the solder.

3.5. Weight Gain after High-Temperature Oxidation. High-
temperature oxidation weight gain method is used to quan-
titatively analyze the oxidation resistance of the solders. The
mass ratio of the oxidized solderweight gainwas calculated to
study the impact of law of element Ga; the results were shown
in Figure 8. From the comparison, for solders of certain Ga
content, the oxidation degree of the solder increased in the
oxidation process, but when the incubation time exceeded 30
hours, the trend of increase declined. In the same oxidation
period, the weight gain of solder excluding Ga was the
highest, indicating the oxidation resistance was the worst and
an appropriate amount of Ga could improve the oxidation
resistance of the solder. The oxidation rate of the solder
decreased with increasing time and this was because a
protective oxide was formed on the solder surface, inhibiting
the further oxidation of the metal matrix efficiently. With the
increase of Ga element in the solder, the oxidation resistance
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Figure 5: The wetting ability of the solders.
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Figure 6: The wetting angles at different wetting conditions.

was improved, and the SACP0507-0.5Ga had the minimal
weight gain, illustrating that its improvement in the oxida-
tion resistance properties was the most significant. It was
worthwhile that the best ingredient point was in agreement
with the wettability, further proving the relationship between
the oxidation resistance and the wettability of the solder.
The addition of Ga could not only increase the oxidation
resistance ability but also reduce the surface tension of the
solders. As a result, after adding proper amount of Ga, the
wettability improved. However, when there was toomuchGa,
theGa-rich phasewould lead to the uneven distribution ofGa
in the surface, so that the O atoms could be in contact with
the solder, worsening the oxidation resistance properties.

4. Conclusions

A small amount of element Ga could effectively improve
the microstructure of the solder matrix in Sn-0.5Ag-0.7Cu-
0.05Pr lead-free solders. The structure gradually refined
and the IMC in coarse particles became small and evenly
distributed.When the addition amount ofGawas about 0.5%,
the effect was the most obvious.

The wettability of the solder was improved with the
increasing content of Ga and reached the maximum when
the amount was 0.5%. Then, with the continuing increase in
Ga content, the wetting properties showed a slight downward
trend. This was mainly because Ga could be enriched in the
solder surface so as to reduce the surface tension of the solder.
However, with excess Ga, the solder wettability was reduced
owing to the formed Ga-rich phase.

The influence ofGa in the oxidation resistancewas similar
to that in wettability, namely, the molten solder became
relatively bright with proper Ga addition and the oxidation
resistance increased and achieved the best at 0.5% Ga. But as
the content of Ga continued to increase, there was oxide film
on the solder surface. The oxidation rate with time slowed
down due to the blocking role of the formed oxidation layer.
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Figure 7: The surface morphology photographs of solders after incubation at 245∘C for 30min.
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Figure 8: The oxidation weight gain curves of the solders.
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