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Sn whisker that grew in 0.5 wt% Pr-doped solder matrix. 
We suggest this may be related with the extra compressive 
stress provided by interfacial IMC layer growth in 0.5 wt% 
Pr-doped solder joint.

1 Introduction

Under the high pressure of environmental directives 
like WEEE and RoHS, utilization of conventional 
Sn–Pb solders in microelectronics has been extensively 
limited due to the existence of toxic and not environ-
ment-friendly element of Pb [1–3]. Therefore, massive 
investigations on synthesizing novel lead-free solders 
were underway to seek for suitable substitutions for 
Sn–Pb solders. Among all the alternatives including 
Sn–Zn, Sn–Ag, Sn–Cu binary systems and Sn–Zn–Bi, 
Sn–Ag–Cu, Sn–Cu–Ni ternary systems, Sn–Ag–Cu sys-
tem has been widely considered as the most promising 
and attractive candidate for its comparatively favorable 
wettability and mechanical properties [4–6]. In recent 
years, a variety of eutectic/near-eutectic Sn–Ag–Cu sol-
der alloys have been recommended for practical appli-
cations in different countries, such as Sn–3.8Ag–0.7Cu 
in EU, Sn–3.9Ag–0.6Cu in US and Sn–3.0Ag–0.5Cu 
in Japan [7, 8]. However, high price of valuable metal 
(Ag) that will raise production cost is a notable weak 
point, which may hinder the large-scale application 
of Sn–Ag–Cu high-Ag solders. Therefore, study and 
application of Sn–Ag–Cu low-Ag solder seems pretty 
essential. It was found that when compared with high-
Ag solder joint, Sn–Ag–Cu low-Ag solder joint free of 
bulk  Ag3Sn IMCs exhibits a higher resistance to drop 
failure. However, when compared with tradition Sn–Pb 
solders, these Sn–Ag–Cu low-Ag solders still have lots 

Abstract In this study, trace amount of rare earth Pr was 
added into Sn–0.3Ag–0.7Cu low-Ag solder to enhance 
properties of solders. Experimental results indicated that 
optimal amount of Pr addition (~0.06  wt%) can improve 
properties of wettability, shear force and ductility of Sn–
0.3Ag–0.7Cu low-Ag solder. This is because that solder 
with optimal Pr addition not only had a refined micro-
structure but also owned a regular and thin interfacial IMC 
layer after soldering on Cu substrate. Meanwhile, we have 
explained the change of morphology and thickness of inter-
facial IMC layer after Pr addition based on Kim and Tu’s 
kinetic model of interfacial IMC growth. However, it was 
found excessive Pr addition led to the formation of  PrSn3 
phase, which was easy to be oxidized and became a great 
deterioration on the properties referred above. Besides, the 
fracture mode of solder joint also gradually changed from 
ductile fracture to cleavage fracture. Moreover, this oxi-
dized  PrSn3 became the birthplace of Sn whisker since it 
provided abundant supply of Sn sources and compressive 
stress for Sn whisker growth. By the in-situ observation 
of Sn whisker growth in 0.5  wt% Pr-doped solder joint, 
we obtained that the incubation period of Sn whisker is 
very short and its growth rate may have a great decrease 
with time extending. Besides, it was found after 1  day at 
room temperature, spindly and rod-like Sn whiskers also 
grew in 0.5 wt% Pr-doped solder joint besides dot-shaped 
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of shortcomings, such as a bit too high melting tempera-
ture, relatively poor wettability and excessive interfacial 
compound growth [4, 9]. Therefore, in order to modify 
these properties of solder joints, various fourth elements 
(e.g., Zn, Ga, In, Ni, Sb) were selected to be added into 
Sn–Ag–Cu low-Ag solders [10–13]. Unfortunately, 
their optimizations were not that comprehensive. For 
instance, although adding elemental In and Ga lowered 
down the melting point and improved the wettability of 
corresponding solders, its contribution to mechanical 
properties was somewhat unsatisfactory when compared 
with alloys with Zn and Ni addition. But, the addition 
of alloys like Zn may lead to easy oxidation of molten 
solder, which can worsen the wettability or bond reli-
ability. Nowadays, with the extensive prevalence of 
nanotechnology, low-Ag solder with nanoparticle addi-
tion is gradually arousing global research interest due 
to a mount of specific properties that nanoparticles own 
[14–16]. However, since nanoparticles are easy to be 
oxidized and prone to have agglomeration, it became 
difficult to make them distribute uniformly in the solder 
without agglomeration. So, preparations of low-Ag sol-
ders with nanoparticle additions are complex, which also 
increase the production cost. By contrast, the surface-
active rare earth (RE) elements (e.g., La [17], Ce [18], 
Pr [8], Nd [2, 4], Eu [19], Yb [5]), known as “vitamins” 
in alloys, have attracted researchers’ attention. It has 
been demonstrated that RE addition in solders played 
a positive role in both microstructure amelioration and 
property improvement (e.g., wettability, pull and shear 
strength, reliability). However, it was also found that 
excessive RE addition led to the formation of RE-Sn 
phase, which was easy to be oxidized and then became 
the birthplace of Sn whiskers [6, 20].

Our previous study showed that the wettability and 
shear force of Sn–0.3Ag–0.7Cu low-Ag solder were 
apparently improved by optimal Nd addition [2]. This 
new finding prompts us to study the influence of trace 
amount of Pr addition on the microstructure and relative 
properties of Sn–0.3Ag–0.7Cu solder due to the assump-
tion of a variety of similar physical–chemical qualities 
between Pr and Nd according to their specific position 
on the periodic table. Therefore, various contents of Pr 
(0–0.5  wt%) was added into Sn–0.3Ag–0.7Cu low-Ag 
solder. Besides, due to the possible generation of Sn-Pr 

phase, in-situ observation was taken to get some findings 
of Sn whisker growth.

2  Experimental procedure

2.1  Alloy design and preparation

In order to synthesize Sn0.3Ag0.7Cu alloy, raw materi-
als including pure metals of Sn, Ag, and Cu all with purity 
of 99.95  wt% were melted at 900 ± 10 °C in a vacuum fur-
nace. Since RE Pr is prone to be oxidized if fused barely into 
Sn0.3Ag0.7Cu alloy, master alloy ingots of Sn–10Pr should 
be prepared first—that includes, fusing Sn and Pr with purity 
of 99.5 wt% at 900 °C for about 15 min under vacuum atmos-
phere  (10−3 torr). Subsequently, master alloy of Sn–10Pr was 
put into molten Sn0.3Ag0.7Cu alloy at 550 ± 1 °C for about 
40  min with a stainless steel rod stirring the molten alloy 
every 1 min to homogenize the molten alloy. RE Pr-contain-
ing Sn0.3Ag0.7Cu alloy could be obtained then. Afterwards, 
the molten alloy was chilled to cast in air and cut into small 
bars with about 40 mm in length. Table 1 lists the investigated 
Pr-containing Sn–0.3Ag–0.7Cu solders with seven kinds of 
compositions (0–0.5 wt%).

2.2  Wetting property test

The wetting balance method [21] was applied to measure the 
wettability of Sn–0.3Ag–0.7Cu–xPr solders (x = 0-0.5 wt%) 
using SAT-5100 Solder Checker. The experimental param-
eters of immersion depth, speed and time were set as 
2  mm, 4  mm/s and 10  s, respectively. The test Cu foils 
(30mm × 5mm × 30  mm) coating with water-soluble flux 
were firstly ultrasonic cleaned in acetone for 3 min and then 
cleaned in ethanol and dried before practical test. To know 
how temperature and gas type affect the wettability of sol-
ders, the experiments were carried out at different tempera-
tures (235, 245, 255 and 265 °C) and in different gas type (air 
and  N2 atmosphere).

2.3  XRD phase analysis and microstructure 
observation

First, phase identification approached by X-ray diffraction 
(XRD) with Cu  Kα radiation at 40 kV (40 mA) and with a 
scan speed of 4°/min was conducted to ascertain the basic 

Table 1  Chemical 
compositions of solder alloys

Serial number a b c d e f g

The content of Pr/wt% 0 0.015 0.03 0.06 0.12 0.25 0.5
Original alloy Sn–0.3Ag–0.7Cu
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phases in the Sn–0.3Ag–0.7Cu–xPr (x = 0–0.5  wt%) solder. 
It should be mentioned that XRD has a limitation to detect 
phases below a certain content. Therefore, further phase 
observation with the assistance of OM, SEM and EDS 
should be conducted to know the accurate structure evolu-
tion. So, it’s essential to study the change of solder micro-
structure after Pr addition. Firstly, the specimens sliced from 
the same place of each casting were carefully polished with 
0.3 μm  Al2O3 powder and then they were etched by a solu-
tion of 4%  HNO3-alcohol for 3–5 s. With assistance of opti-
cal microscope (OM) and SEM, microstructure observation 
was realized. Besides, typical interfacial microstructure of 
Sn–0.3Ag–0.7Cu–xPr solder joint (x = 0, 0.06 and 0.5 wt%) 
were also studied. These solder joints were obtained at 265 °C 
for about 80  s in an electrical resistance furnace. Then, the 
solder joint was crossed-sectioned to observe its interfacial 
microstructure, as shown in Fig. 1. Finally, Image J software 
was used to calculate the average thickness of interfacial IMC 
layer based on the following equation:

where x̄ represents the average thickness of interfacial IMC 
layer, Ai is the total area of the measured interfacial IMC 
layer and li stands for the length of this IMC layer. Besides, 
By in-situ observation of Sn whisker growth in 0.5 wt% Pr-
doped solder joint, some findings were also obtained.

2.4  Mechanical property test

Before shear test beginning, ceramic resistors (0805, 
2 mm × 1.2 mm × 0.5 mm) were manually-soldered on Cu 
foils attached on the printed circuit board (PCB) using 
investigated solders with help of water-soluble flux at 
about 265 °C. Afterwards, these specimens were annealed 
at 100 °C for 2 h to reduce the residual stress induced dur-
ing specimen preparation. With the guidance of the Japan 
industry standard JIS Z3198-7 [22], shear test was carried 
out using STR-1000 Micro-joint strength tester, as shown 
in Fig. 2. To understand the effect of Pr addition on shear 
force, typical shear fracture surfaces were selected to be 
observed with the help of scanning electron microscope 
(SEM) equipped with energy dispersive X-ray spectroscopy 

(1)x̄ = A
i
∕l

i

(EDS). Meanwhile, their failure mechanisms were analyzed 
as well.

3  Results and discussion

3.1  Wettability

Wettability describes the tendency of molten solder wet-
ting and spreading on solid substrate, which is a prerequi-
site to obtain reliable solder joints. It can be evaluated by 
wetting balance method [21]. Generally, a trend of decrease 
in wetting time along with increase in wetting force under 
the same condition signifies a promoted wetting perfor-
mance. Figures 3 and 4 illustrate the wetting performance 
of Sn–0.3Ag–0.7Cu–xPr solders (x = 0–0.5 wt%) in air and 
 N2 atmosphere and with soldering temperature gradually 
elevating from 235 to 265 °C. Clearly, whether in air or in 
 N2 atmosphere at a certain temperature, with the increase 
of Pr addition from 0 to 0.5 wt%, the wetting time rapidly 
decreased first and then had a slow increase. However, the 
wetting force had a completely opposite trend. This signi-
fies that with the increase of Pr addition, the wettability of 
Pr-doped Sn–0.3Ag–0.7Cu solder was evidently improved 
first and then had a gradual deterioration. Therefore, there 
exists an optimal content of Pr addition that can make the 
wettability of solder reach the best. Here, the optimal con-
tent of Pr addition is about 0.06 wt%. This change in wet-
tability after Pr addition is attributed to the surface-active 
property of Pr. When solders begins to melt, RE Pr tends 
to accumulate at the solder interface, which can lower the 
surface tension of solder (γgl in Fig. 1) and finally improves 
the wettability. However, RE elements are also prone to be 
oxidized, which may cause oxidization slags and hinder the 
flow of molten solders. As a result, the wettability of sol-
ders might be ruined.

Also, elevating the soldering temperature to a proper 
extent can better the wetting performance. As can be seen 
from Figs.  3 and 4, whether at air or at  N2 atmosphere, 
with the temperature elevating from 235 to 265 °C, the 

Fig. 1  Schematic diagram of interface observation area

Fig. 2  Schematic illustration of shear force test
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wetting time of a certain Pr-containing solder decreased 
and the wetting force increased simultaneously. This 
is mainly due to the accelerated atom diffusion at the 
interface when temperature elevates to a certain degree. 
Worthy of note was that at the temperature of 265 °C, the 
wetting times of Sn–0.3Ag–0.7Cu–xPr (x = 0–0.5  wt%) 
solders were all lower than 1  s whether in air or  N2 
atmosphere. This was conformed with the requirements 
of wave-soldering in electronic industry according to the 
standards of IPC-J-STD-003B [23]. Therefore, the practi-
cal soldering temperature is recommended around 265 °C 
when Pr-modified Sn–0.3Ag–0.7Cu solder was used 
to fabricate solder joints in wave-soldering. However, 

it should be mentioned that an increase in temperature, 
nominally conducing to wettability improvement, may 
cause RE oxidation, which in reverse hinder the wetting 
process. Further, the phenomenon of Cu substrate disso-
lution may occur if soldering temperature elevates with-
out a base line.

Besides, Fig. 5 shows the comparative results of wetting 
behaviors of Sn–0.3Ag–0.7Cu–0.06Pr solder in air and in 
 N2 atmosphere over all examined temperatures. It can be 
seen that the wetting behaviors (wetting time and wetting 
force) were better in  N2 atmosphere than those in air. This 
is because that the oxidation of molten solder may become 
more severe in air than that in  N2 atmosphere.

Fig. 3  Wetting performance of Sn–0.3Ag–0.7Cu–xPr solders (x = 0–0.5 wt%) in air: a wetting time; b wetting force

Fig. 4  Wetting performance of Sn–0.3Ag–0.7Cu–xPr solders (x = 0–0.5 wt%) in  N2 atmosphere: a wetting time; b wetting force
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3.2  XRD phase analysis

Typical XRD spectra within a wide 2θ range 
(20°–85°) and a narrow 2θ range (31.7°–32.4°) of 
Sn–0.3Ag–0.7Cu–xPr solders (x = 0–0.5  wt%) are 
depicted in Fig.  6. As shown in Fig.  6a, the diffraction 
peaks of β-Sn phase and IMCs of  Ag3Sn and  Cu6Sn5 can 
be dominantly observed in all Sn-0.3Ag–0.7Cu–xPr sol-
ders, indicating that minor amount of Pr addition only 
affected part of reactions between Sn and Ag or Sn and 
Cu. Rather, the peaks of  Ag3Sn phase are of low intensity 
and are nor prominently seen possibly due to their low 

volume fraction caused by the low Ag content in solders. 
One standard diffraction peak for β-Sn (101) was taken 
for a comparison as indicated in Fig.  6b. Clearly, after 
minor amount of Pr addition, an obvious decrease in the 
height of strongest peak of β-Sn (101) occurred, which 
is related to the “Sn-affinity” characteristic owned by RE 
Pr. It should be mentioned that XRD has a limitation to 
detect phases below a certain content. Therefore, further 
phase observation with the assistance of OM, SEM and 
EDS should be conducted to know the accurate structure 
evolution.

Fig. 5  Comparative results of wettability of Sn–0.3Ag–0.7Cu–0.06Pr solder in  N2 atmosphere and in air with temperature evaluating from 235 
to 265 °C: a wetting time; b wetting force

Fig. 6  XRD analysis of Sn–0.3Ag–0.7Cu–xPr solder ((1) x = 0, (2) x = 0.015, (3) x = 0.03, (4) x = 0.06, (5) x = 0.12, (6) x = 0.25, (7) 
x = 0.5 wt%): a a wide 2θ range of 20°–85°; b a narrow 2θ range of 31.7°–32.4°
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Fig. 7  Microstructure of Sn–0.3Ag–0.7Cu–xPr solders: a x = 0; b x = 0.015; c x = 0.03; d x = 0.06; e x = 0.12; f x = 0.25; g x = 0.5
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3.3  Microstructure evolution

3.3.1  Solder matrix

The property variations studied above are closely associ-
ated with the solder microstructure, which make it essen-
tial to fully investigate the effect of Pr addition on the 
microstructure of Sn–0.3Ag–0.7Cu. Figure  7 shows the 
optical micrographs of microstructure evolution of as-
cast Sn–0.3Ag–0.7Cu–xPr solders (x = 0–0.5  wt%). As 
can be seen from Fig.  7a, the microstructure of original 
Sn–0.3Ag–0.7Cu solder consisted of light-gray dendrites 
and a dark-gray eutectic region. Based on the Sn–Ag–Cu 
ternary phase diagram (Fig.  8 [24]), it is suggested that 
the light-gray zone is β-Sn phase and dark-gray eutectic 
region was composed of β-Sn phase and  Ag3Sn + Cu6Sn5 
IMCs. As shown in Fig.  7b–d, after minor amount of Pr 
addition (0.015–0.06  wt%), the microstructure of the sol-
der was gradually refined and with maximum refinement 

Fig. 8  Sn–Ag–Cu ternary phase diagram [26]

Fig. 9  The analyzed results of black phase in Sn–0.3Ag–0.7Cu–0.5Pr solder matrix after 1 day at room temperature: a SEM image of black 
phase; b EDS result of the area A in (a); c EDS result of the area B in (a)
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realized for the solder containing 0.06 wt% Pr. Therefore, 
it’s the relative small area of β-Sn phase with suitable vol-
ume fraction of the eutectic colony that contributes to a 
good mechanical property of Sn–0.3Ag–0.7Cu–0.06Pr. 
Rather, with Pr addition further increasing to 0.5 wt%, the 
β-Sn phase gradually became large than before and eutec-
tic region got sparse, as shown in Fig. 7e–g. This change 
in microstructure indicates that partial amount of Pr addi-
tion has lost its effectiveness. Besides, as can be seen 
from Fig.  7e–g, some black and fish-bone shaped phases 
also appeared in the solder matrix. To know the accurate 
composition of these black phases, Fig.  9 gives the mag-
nified SEM image and EDS analyzed results of localized 
region containing black phases in 0.5Pr-doped solder 
matrix after 1 day at room temperature. Clearly, the black 
phase in Fig. 9a (marked with A) existing at the interface 
between the strip-shaped IMC (marked with B) and the 

Fig. 10  Schematic illustration of the formation and development 
mechanism of Sn whisker

Fig. 11  Interfacial microstructures of Sn–0.3Ag–0.7Cu–xPr solder/Cu joints: a x = 0; b x = 0.06; c x = 0.5Pr
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solder matrix. Further, from the EDS analysis (Fig. 9b, c), 
it can be identified that the black phase contains elemen-
tal Sn and Pr and with an atom ratio of ~2.95. It should be 
mentioned that after trace amount of Pr addition, a forma-
tion of solid solution between Sn and Pr atoms is excluded 
since the difference in electronegativity (~0.83) is beyond 
the required range to form a solution (0.4) according to the 
Hume-Rothery criteria [25]. Besides, the radius difference 
between atoms of Sn and Pr  (rPr = 18.3 Å;  rSn = 14.1 Å) 
is about 23.0% that also exceeds the experimental range of 
radius difference to form solid solution (14–15%). There-
fore, compounds will form after trace amount of Pr addi-
tion. Therefore, with assistance of Sn–Pr phase diagram, it 
was predicated to be  PrSn3. Besides, the strip-shaped IMC 
is ascertained to be  Cu6Sn5 due to the Cu/Sn atom ratio 
in area B approaching to ~1.12. So,  PrSn3 was inclined 
to form at the interface of IMCs. Also, due to the appear-
ance of elemental O, it can be obtained that this  PrSn3 has 
been oxidized (4 Pr Sn

3
+ 3O

2
→ 2Pr

2
O

3
+ 12Sn) just after 

1 day at room temperature. It can be seen that some white 
dots also distributed on the surface of  PrSn3 and this was 
suggested to be the Sn whisker in the bud [6, 20, 26]. If 
this whisker bud has a further growth, it may cause cir-
cuit especially in high density electronic packages since 
it is conductive. Figure 10 gives the schematic illustration 
of the development and growth of Sn whisker. Clearly, it 
is the oxidation of  PrSn3 phase that not only provides suf-
ficient Sn sources for the continuous formation and growth 
of Sn whiskers but also offers enough compressive stress 
for whisker buds to extrude out from the  Pr2O3 oxidation 
layer. So, it can be assumed that once the oxidation of 
 PrSn3 phase finished, Sn whisker growth might stop due 
to the insufficient provision of both Sn sources and com-
pressive stress. This assumption has been verified by in-situ 
observation of Sn whisker growth in the 0.5 wt% Pr-added 
solder joint, which was detailedly described in the follow-
ing section.

Fig. 12  SEM images of Sn whiskers on the surface of  PrSn3 shown in Fig. 11c at room temperature: a 1 day later, b 30 days later, c the enlarged 
SEM image of the selected area by black rectangle in b
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The effective refinement of the Sn–0.3Ag–0.7Cu sol-
der matrix contributed by trace amount of Pr addition 
can be explained from three aspects. Firstly, RE Pr has 
a “Sn-affinity” characteristic that can reduce the activ-
ity of Sn atoms in the solder, which decreases the driv-
ing force for the primary IMC formation (e.g.,  Ag3Sn, 
 Cu6Sn5). Hence, IMCs with large size disappear. Sec-
ondly, the preferential formation of tiny Sn–Pr particles 
can serve as heterogeneous nucleation sites to acceler-
ate the solidification process, thus leaving insufficient 
time for the growth of β-Sn or relative IMCs. Thirdly, 
since these tiny Sn–Pr particles are inclined to form at 
the grain interface of β-Sn dendrites or IMCs, they cause 
a pinning effect on grain boundary movement, which 
finally prevent the excessive growth of relative IMCs.

3.3.2  Microstructure at solder/Cu substrate interface

As is well-known, the mechanical property of solder 
joint is directly dependent on the interfacial microstruc-
ture of solder joint [4–6]. So, to fully understand how 
microstructure affects the mechanical properties of sol-
der joint, three representative interficial microstructures 
of Sn–0.3Ag–0.7Cu–xPr/Cu solder joints (x = 0, 0.06 
and 0.05  wt%) were selected to be studied, as shown 
in Fig.  11. Clearly, for the solder microstructure, with 
0.06  wt%Pr addition, IMCs with strip shape in the origi-
nal Sn-0.3Ag–0.7Cu solder changed into dot shape, which 
strengthened the solder matrix. The reason of this change 
of IMC shape has been introduced in last paragraph in 
Sect. 3.3.1. However, when 0.5 wt% Pr was added into the 
solder, large strip-shaped  PrSn3 appeared again. After 1 day 
at room temperature, obvious Sn whisker growth occurred, 
as shown in Fig.  12a. However, the morphology of Sn 
whiskers here exhibits some spindly and rod-shape besides 
the dot shape that formed in 0.5  wt% Pr-doped solder 
matrix (Fig. 9a). This may be related with the extra com-
pressive stress provided by interfacial IMC growth, which 
makes the compressive stress around the oxidized  PrSn3 
phase non-uniformly distribute. As a result, Sn whiskers 
grew at different rates and thereby exhibiting different mor-
phology (spindly, cotton-like and short rod-like). After 30 
days, an in-situ observation of the Sn whisker growth in 
the previous 0.5  wt% Pr-doped solder joint was made, as 
shown in Fig. 12b. Compared with Fig. 12a, it is clear that 
Sn whiskers grew further, but at a much slower rate. This 
can be proved by comparing the magnifying SEM image 
(Fig. 12c) of Sn whiskers in the selected area by black rec-
tangle in Fig. 12b with those just after 1 day in Fig. 12a. 
As can be seen, Sn whiskers in Fig. 12c didn’t have obvi-
ous growth after 30 days. This may be due to an decreased 
oxidation rate of  PrSn3 phase with time extending, which 
resulted in the insufficient supply of Sn sources and a 
reduction of compressive stress for Sn whisker growth.

It is well known that a thin, continuous and uniform 
IMC layer is an essential requirement for good bonding. 
But, a thick IMC layer might increase the brittleness of the 
interface, leading to easier crack initiation and propagation 
[7, 11]. Figure  13 shows the back scattered SEM micro-
graphs of interfacial IMC layer of Sn–0.3Ag–0.7Cu–xPr/
Cu solder joints (x = 0, 0.06 and 0.5). Clearly, all the joints 
exhibited a gray and continuous interfacial IMC layer. No 
defects, such as pinholes or microcracks, were observed 
at the interface between solders and substrates. For the 
Sn–0.3Ag–0.7Cu/Cu solder joint (Fig.  13a), the interfa-
cial IMC layer with average thickness of ~5.01 μm exhib-
its a scallop-like shape. Small protruding portion marked 
with C near the solder interface, with the same color as the 
interfacial layer, was verified to be  Cu6Sn5 by EDS analysis 

Fig. 13  Back scattered SEM micrographs of interfacial IMC layer of 
Sn–0.3Ag–0.7Cu–xPr/Cu solder joints: a x = 0; b x = 0.06; c x = 0.5; 
d EDS result of the area C in a
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(Fig. 13d). Worthy of note is that due to the decrease in Ag 
content of the solder, there was no large plate-like  Ag3Sn 
IMCs at the interface that appeared in the Sn–3.8Ag–0.7Cu 
solder [8]. Therefore, no extra micro-cracks may occur at 
the interface when Sn–Ag–Cu low-Ag solder was applied 
in electronic packaging. After minor amount of Pr addi-
tion (0.06 wt%), the morphology of interfacial IMC layer 
became regular and relatively flat, as shown in Fig.  13b. 
Besides, the average thickness of the interfacial layer 
decreased to ~2.98 μm, which is about 40.5% thinner than 
that of Sn–0.3Ag–0.7Cu/Cu solder joint. Further, when 
increasing the Pr addition content to 0.5  wt%, the mor-
phology was altered from regular and flat to prism-like 
and angular, which might easily induce micro-cracks at the 
interface. Moreover, the average thickness of IMC layer 

in this moment have a little increase when compared with 
that of 0.06  wt% Pr-doped solder joint. Given the above, 
Sn–0.3Ag–0.7Cu–0.06Pr/Cu solder had the best mechani-
cal property since it has a refined microstructure and a 
regular and relatively flat IMC layer with appropriate inter-
facial layer thickness. Meanwhile, it should be noted that 
excessive Pr addition may cause the formation of large 
 PrSn3 whose oxidation place may become the birthplace of 
Sn whiskers.

The alterations in morphology and thickness of inter-
facial IMC layer arising from different content of Pr addi-
tion can be explained by Fig. 14. It was suggested by Kim 
and Tu [27] that liquid channels, extending all the way 
to  Cu3Sn/Cu interface, existed between  Cu6Sn5 scallops, 
which served as fast diffusion and dissolution paths for 

Fig. 14  Schematic illustration 
of interfacial IMC growth of 
Sn–0.3Ag–0.7Cu–xPr solder 
joint: a x = 0; b x = 0.06 wt%; c 
x = 0.5 wt%
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Cu. Thus, the interfacial reaction was fed. Ignoring the 
appearance of  Cu3Sn IMC and other convenient chemi-
cal reactions, two kinds of fluxes were responsible for the 
scallop growth. One is ripening flux  (JR) and the other 
is interfacial reaction flux  (JI), as shown in Fig. 14a. As 
can be seen, flux  (JR) is responsible for the coalescence 
of  Cu6Sn5 scallops and increment in diameters, while 
flux  (JI) feeds the thickness growth of IMC layer. At the 
beginning of reaction,  Cu6Sn5 scallops nucleate at the 
solder/substrate interface induced by the concentration 
gradient between solder and Cu substrate [5]. The scal-
lops grow with time extending as Cu is supplied by the 
flux  (JR) and  (JI). However, when 0.06 wt% Pr was added 
into the solder, they will uniformly adsorb on the surface 
of Cu substrate, as shown in Fig. 14b. Hence, the move-
ment of Cu atoms from substrate to liquid solder is hin-
dered and a reduction in flux  (JI) is obtained, which help 
reduce the thickness of IMC layer. With further reaction, 
the coalescence of neighboring scallops is also impeded, 
which finally decreases flux  (JR) and reduces the scallop 
diameter. Correspondingly, not only the thickness of IMC 
layer is reduced, but also its morphology becomes much 

more flat and regular in comparison to that at the no-
added Sn–0.3Ag–0.7Cu/Cu interface. However, when the 
content of Pr approaches to 0.5 wt%, part of small Sn–Pr 
particles grow attached to the Cu substrate, as shown in 
Fig.  14c. There exists a different extent of effect on the 
interfacial reaction between the grown Sn–Pr particles 
and elemental Pr. Therefore, the interfacial reaction flux 
 (JI) might be decreased to different degree and with fur-
ther growth, the ripening  (JR) flux will also be affected 
to different level. As a result, the morphology of IMC 
layer will change from regular and flat to prism-like and 
angular.

3.4  Shear force and fracture behavior of solder joint

In microelectronic packaging, solder joint usually provides 
both electrical and mechanical support, making studying 
mechanical property of solder joint particularly essential 
[16, 19]. Figure 15 shows the effect of Pr addition on the 
shear force of Sn–0.3Ag–0.7Cu/Cu solder joint. It can be 
seen that as the content of Pr addition increased, the shear 
force of solder joint first increased to the maximum value 
of 69.1 N, and then rapidly decreased. This maximum shear 
force was achieved by 0.06  wt% Pr-modified solder joint, 
which is 14.2% higher than its monolithic counterpart. This 
enhancement in shear force contributed by minor amount 
of Pr addition can be explained as follows. Sn–Pr particles 
will preferentially nucleate than any other binary groups 
that are possible to yield over solidification since the dif-
ferences in electronegativity between elemental Pr and Sn 
is the greatest among all the binary groups, as shown in 
Table 2 [28]. These tiny Sn–Pr particles will pin the linear 
dislocations, increase dislocation densities, restrict grain 
boundary motions and finally strengthen the solder matrix. 
However, a further Pr addition caused a sharp decrease in 
the shear force of the corresponding solder, which is related 
to the oxidation of Sn–Pr phase. Therefore, it’s necessary 
to manage the content of Pr addition well to maximize 
the refinement effect on microstructure and to prevent the 
appearance of Sn whisker. In combination with the experi-
mental results shown above, the most suitable content of Pr 
addition is about 0.06 wt%.

Figure 16 shows the SEM micrographs of fracture sur-
faces of Sn–0.3Ag–0.7Cu–xPr (x = 0, 0.06, 0.5 wt%) solder 
joints after shear force test. Apparently, the fracture surface 
of solder joint was parallel to the shear loading direction. 
As shown in Fig.  16a, b, dimple-like structures appeared 
on the fracture surfaces of both Sn–0.3Ag–0.7Cu/Cu and 
Sn–0.3Ag–0.7Cu–0.06Pr/Cu solder joint, which indicates 
a ductile fracture with micro-void nucleation and coales-
cence mechanism of failure. Worthy of note is that the size 
of dimple on the fracture surface of 0.06Pr-doped solder 
joint was much smaller than that of the non-added solder 

Fig. 15  Shear force of Sn–0.3Ag–0.7Cu–xPr (x = 0–0.5 wt%) solders

Table 2  Electronegativity differences between elemental Pr and Sn, 
Ag, Cu [28]

Element Elec-
tronega-
tivity

The difference 
value with Sn

The difference 
value with Ag

The difference 
value with Cu

Pr 1.13 0.83 0.8 0.77
Sn 1.96 0 0.03 0.06
Ag 1.93 0.03 0 0.03
Cu 1.90 0.06 0.03 0
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joint. This indicates that the ductility of Sn–0.3Ag–0.7Cu 
solder can be improved by an optimal amount of Pr addi-
tion. In addition, IMC particles (marked with D in Fig. 16a) 
existing at the bottom of the dimples, which serve as void-
nucleation sites, were ascertained to be  Cu6Sn5 by EDS 
analysis, as shown in Fig.  16d. However, for the fracture 

surface of Sn–0.3Ag–0.7Cu–0.5Pr solder joint (Fig.  16c), 
various sizes of dimples can be seen due to non-uniformly 
distributed IMC particles. Besides, the area of dimples 
decreased and there appeared some river line patterns, 
which indicates that after excessive Pr addition, the failure 
mode of solder joint transformed from ductile fracture into 

Fig. 16  Fracture morphologies of Sn–0.3Ag–0.7Cu–xPr after shear test: a x = 0; b x = 0.06; c x = 0.5 wt%; d EDS analyzed result of point D in 
a; e EDS analyzed result of point E in (c)
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cleavage fracture. Moreover, the area marked E in Fig. 16c 
was analyzed by EDS and the results shown in Fig.  16e 
indicated that some oxidized Sn–Pr phases might exist in 
this area. So, the change in the morphology of fracture sur-
face after Pr addition indicates again that optimal Pr addi-
tion (0.06 wt%) can enhance the mechanical properties of 
the solder joint.

4  Conclusions

In this study, the evolution of microstructure and properties 
of Sn–0.3Ag–0.7Cu–xPr low-Ag solders (x = 0–0.5  wt%) 
for electronic applications was investigated. From the 
experimental results above, the following conclusions can 
be drawn:

(1) The wettability of Sn–0.3Ag–0.7Cu solder would be 
evidently improved by optimal amount of Pr addition and 
this amount is about 0.06 wt%. Also, elevating the solder-
ing temperature to a proper extent can better the wetting 
performance of solders.

(2) Trace amount of Pr addition refined the (interfacial) 
microstructure of solder and with the maximum refinement 
realized for solder containing 0.06  wt% Pr. Meanwhile, 
in this moment, the thickness of its interfacial IMC layer 
decreased to ~2.98 μm, which is about 40.5% thinner than 
that of non-modified solder joint. Besides, the morphology 
of interfacial IMC layer also became regular and relatively 
flat. We have explained the change of morphology and 
thickness of interfacial IMC layer after Pr addition based on 
the Kim and Tu’s kinetic model of interfacial IMC growth.

(3) With 0.06  wt% Pr addition, both shear force and 
ductility of solder joint also had an obvious enhancement. 
However, excessive Pr addition was harmful to the shear 
force of solder joint due to the formation of hard and brit-
tle oxidized  PrSn3 phase. Besides, with Pr addition from 0 
to 0.5  wt%, the fracture mode of solder joint also gradu-
ally changed from ductile fracture to cleavage fracture. So, 
it is important to manage the content of Pr addition well or 
partial amount of Pr addition may lose its effectiveness and 
some bad effects on properties might appear.

(4) When excessive content of Pr was added into the 
solder, black and fish-bone shaped  PrSn3 phase appeared, 
which were easy to be oxidized and became the birth-
place of Sn whiskers. By in-situ observation of Sn whisker 
growth in 0.5 wt% Pr-doped solder joint, it can be obtained 
that the incubation period of Sn whisker is short. How-
ever, with time extending its growth rate may have a great 
decrease. Meanwhile, it was found after 1  day at room 
temperature, spindly and rod-like Sn whiskers also grew 
in 0.5  wt% Pr-doped solder joint besides dot-shaped Sn 
whisker that grew in 0.5 wt% Pr-doped solder matrix. We 
suggest this may be related with the extra compressive 

stress provided by interfacial IMC layer growth in 0.5 wt% 
Pr-doped solder joint.
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