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With the miniaturization of solder joints and deterioration of serving environment, much effort had been taken to improve the
properties of Sn-based lead-free solders. And the fabrication of Sn-based lead-free composite solder alloys by the addition of
nanoparticles is one of the effective ways to enhance the properties. In this paper, the recent research progress on the Sn-based
lead-free composite solder alloys is reviewed by summarizing the relevant results in representative ones of Sn-Ag-Cu (SAC), Sn-Bi,
and other multielement lead-free composite solder alloys. Specifically speaking, the effect of the added nanoparticles on the
evolution of wettability, microstructure morphology, and mechanical properties of Sn-based lead-free composite solder alloys are
summarized. It is hoped that this paper could supply some beneficial suggestions in developing the novel Sn-based lead-free
composite solder alloys. Additionally, the existed issues and future development trends in the exploitation of new novel Sn-based

lead-free composite solder alloys are proposed.

1. Introduction

In recent decades, the application of traditional Sn-Pb binary
alloy solder in electronic and electrical field has been prohib-
ited gradually due to the toxic of lead (Pb) element [1, 2]. Pb
is a heavy metal element that seriously endangers human
health, especially the growth and intellectual development
infants and young children. Consequently, much attention
had been paid to explore novel lead-free solder alloys by the
worldwide investigator. And a series of Sn-based lead-free
solder alloys have been fabricated, which mainly consist of
Sn-Ag-Cu (SAC), Sn-Bi, Sn-Zn, and Sn-Cu series of solder
alloys [3]. However, the shortcomings of relative poor wetta-
bility, higher soldering temperature, coarsening of interme-
tallic compounds (IMCs), and unsatisfactory mechanical

properties compared with Sn-Pb solder have inhibited their
popularization and application [4, 5]. Furthermore, with
the miniaturization of solder joints and deterioration of serv-
ing environment (radiation condition, corrosive environ-
ment, and drop impact), many measures had been taken to
improve the properties of Sn-based lead-free solder alloys
[6, 7]. Consequently, trace amount of alloying elements (Ni
[8-10], Mn [11], Bi [12], Co [13, 14], Cr [15], Al [9], Sb
[10], Fe [16], and rare earth (RE) [17, 18]) is incorporated
with Sn-based lead-free solder to enhance the comprehensive
properties. Moreover, with the popularity and utilization of
nanometer materials fabricating technology, the nanometer
particles are doped with Sn-based lead-free solder to improve
the comprehensive properties, such as nanometer oxide
(ALO, [19-21], BaTiO; [22], Y,0; [23], TiO, [24-27], and
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TaBLE 1: Typical type of addition in composite Sn-based lead-free solder [45].
Type Kinds of additions Representative material Advantage Disadvantage

ALOj, [19-21], TiO, [24, 25, 27, 50],
Oxide 7ZnO [49, 51-53],
ZrO, [28, 29], Fe, O, [54, 55], La,0, [56],
CeO, [57]

Non-reactive Carbide TiC [30], SiC [31] Stabilization Worse retention rate

Carbon nanometer

CNTs [35-37], graphene [38-40],

fullerenes [41-43]

Elementary substance

Diamond [58]

Ni [8-10], Mn [11], Bi [12], Co [13, 14],

. Metal Cr [15], Al [9], . ¢ . ¢
Reactive Sb [10], Fe [16], rare earth (RE) [17, 18] Coarsening of IMC  Formation of IMC
IMCs CugSn, [32-34]
Organic macromolecule Epoxy [59, 60] High cost,
Compound . -
type Metal-plated carbon Ag-decorated CNTs [35], Sn-decorate ~ Good retention rate deterioration

nanometer

CNTs [61]

of serve reliability

ZrO, [28, 29]), nanometer carbide ([30, 31]), nanometer
IMC (CugSng [32-34]), and carbon-based nanometer mate-
rials (carbon nanotubes (CNTs) [35-37], graphene [38-40],
and fullerenes [41-43]). Generally speaking, the addition of
nanoparticles acts as reinforcing phase in the Sn-based
lead-free composite solder alloys. Then, the reliability of
composite solder joints improved under extreme conditions
and the possible applications for Sn-based lead-free compos-
ite solder alloys mainly included the spacecraft in deep space
at cryogenic temperatures and radiation conditions [44].

The investigations of Sn-based lead-free composite solder
are still in the research stage. And the investigations on the
properties of Sn-based composite solder alloys are isolated
and the involved experiment results are sporadic, and even
some conclusions are inconsistent. Therefore, it is necessary
to summarize the investigation status on the performances
of Sn-based lead-free composite solder in recent decades.
The review is to summarize the influences of incorporating
various nanometer particles on the performances (wettabil-
ity, microstructure, and mechanical properties) of Sn-based
lead-free composite solders in recent researches and then
supply some suggestions in the future research work.

2. Fundamentals of the Preparation

2.1. Typical Addition. The typical additions in the Sn-based
lead-free composite solders can be divided into three types,
namely, compound type, nonreactive and reactive nanoparti-
cles depending on whether the metallurgical reactions
occurred between the added nanoparticles, and solder matrix
during reflow cycle or aging, with the details as listed in
Table 1 [45]. For the nonreactive additions, there is no met-
allurgical reaction between the incorporation and solder
alloys. Consequently, no growth and coarsen phenomenon
occurred during the reflow cycle and service process. How-
ever, it is difficult for the occurrence of reactive wetting
between the additions and solder alloy. Consequently, the
additions are always squeezed out due to interfacial energy

during the reflux process. Then, the error between designed
addition and actual existing content appeared. At present,
the reactive additions are investigated extensively. For this
type of additions, it is easy for the occurrence of metallurgical
reaction between the additions and solder alloys. Then, the
additions exist in the form of IMC in the solder joints. None-
theless, the existed IMC formed between the additions and
solder will become large during the period of service, then
resulted in the deterioration of mechanical properties. More-
over, the novel additions, such as epoxy, fullerenes, and
metal-plated CNTs, can be preserved in the form of bonding
with the solder substrate, which has stable physical and
chemical properties, and it is difficult to produce coarse
growth during the period of service. However, the electrical
properties of solders may be affected due to the poor thermal
conductivity. Moreover, the cost to fabricate is a challenge for
the novel incorporations due to complex preparation
processes.

2.2. Preparation and Experimental Method of Composite
Solder. At present, the fabrication methods of composite sol-
der mainly consist of mechanical mixing and in situ synthe-
sis. Chen et al. [46] fabricated the novel SAC305 added
with Ni-plated graphene nanosheet lead-free composite sol-
der by the method of powder metallurgy. In the experiment,
the Ni-plated GNS are prepared by three steps: (1) dispersion
of the GNS with ultrasonic, (2) activation and sensitization of
GNS, and (3) Nickel plating by the method of electroless, as
shown in Figure 1. Then, the SAC305 solder powders were
uniform mixed with Ni-GNS nanosheets in a ball mill for
20 h with the speed of 180 r/min. Then, the compacted solder
billets are sintered under the condition of vacuum. Finally,
the sintered solder alloys were rolled into solder foils with
the thickness of around 200pm. A similar fabrication
method is also adopted by Khodabakhshi et al. [47], as shown
in Figure 2. Shen et al. [48] fabricated the Sn-3.5Ag compos-
ite solders by the method of in situ synthesis. First, the solder
ingot casting is prepared in vacuum furnace; then, the Sn-
3.5Ag composite solders is fabricated by rapid solidification.
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F1GURE 1: Schematic diagram of fabrication of Ni-decorated graphene nanosheets [46].

0.7 wt%

L

95.8 wt% 3.50 wt%

< L

NiSO,.7H,0, N,H,.H,0, Sodium tartrate,
Sodium citrate, (NH,),SO,, and NH;.H,0

Graphene
Nano-sheets

Diameter less than 2 ym

Thickness in the range of 1-20 nm

SnCl, and PdCl,

Sn-Ag-Cu solder alloy

Sn-Ag-Cu/graphene
nanocomposite

Sn-Ag-Cu/Ni-coated graphene
nanocomposite

Eutectic Chemical Composition

—>

1. Ar atmosphere

2. Rotation of 90
rpm

3. Time of 20 hr

Round disk

d=5mm

1.5 mm

h=

/

Pressure of 150 MPa

T =150°C

t=2hr

In Argon Atmosphere

FIGURE 2: Schematic diagram of specimen fabrication process for the undecorated and decorated solders [47].

In the development of new novel solder alloys, the wetta-
bility of solder alloys is an important index. In present, the
wettability of solder alloys is always assessed through the
indicators of spreading area, wet angle, and spreading ratio.
In the spreading experiment, a certain quality of solder alloys
is placed on the center of base metal, then heated in furnace

and held for a few minutes. The samples are taken out after
the heating process and cooled to room temperature natu-
rally. The spreading area is calculated by using the Image-
Pro plus software after the image of spreading morphology
is got through a digital camera. The wet angle and spreading
ratio are always got with an indirect experiment method
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F1GURE 3: Sketch diagram of wettability spreading experiment [49].

whose sketch diagram of measurement mechanism is dis-
played in Figure 3, where the solder is assumed to be spheri-
cal with the diameter d. The spreading ratio of solder alloys
can be given by [49]

Loy =11 < 1009 =1 - ! o (1)
d [1+3(cos 6/2)°]

where L is the spreading ratio, 0 represents the wet angle, and
d is the diameter of the solder assumed as a sphere, which is
proceeded as

=g m)) @)

where (m, —m,) represents the weight of solder, m, and m,
are the weights of solder joint and substrate, respectively, and
p is the density of the composite solder, which can be
expressed as

p= Msolder + Maddition (3)

b
M solder/ Psolder T M addition/ Paddition

where h represents the height of composite solder which can
be given by

h=h,=h,, (4)

where h; represents the thickness of composite solder joint
after soldering and /, represents the thickness of substrate.

3. Evolution of Microstructure and Properties

3.1. Sn-Ag-Cu. Sn-Ag-Cu solder is the best substitution in the
replace of Sn-Pb solder. However, with the miniaturization of
electron components and deterioration of the service envi-
ronment, the higher requirements are put forward for the
comprehensive properties of SAC solders [62-64]. Therefore,
lots of measures had been carried out to enhance the compre-
hensive performance of SAC solders. And the measures of
the addition of alloy elements [12], oxide [65], nanometer
metal particles [66, 67], carbon nanotubes (CNTs) [37, 68],
and graphene [39] into plain solder had been proved to be
beneficial methods to modify the microstructure and
mechanical properties.
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FiGURE 4: The influence of Al,O, nanoparticles incorporation on
spreading area of SAC0307 solder for Cu and Ni-P coated Cu
substrates [21].

3.1.1. Wettability. It is well known that the wettability is a sig-
nificant indicator to evaluate the properties of solder alloys in
the field of electronic packaging. Consequently, the wettabil-
ity of solder alloys is also studied as an important criterion for
evaluating the solderability. For the novel composite solder
alloys in electronic packaging, most investigations have con-
firmed that adding trace amount of nanometer particles to
the solder substrate will affect the wettability of the solder
alloys to some extent. The composite SAC-xZnO solder
alloys were fabricated with the ZnO particles ranging from
0 to 2.0 wt% by Qu et al. [49]. They pointed out that the wet-
tability of solder alloys improved due to the addition of ZnO
nanoparticles and the optimum doping was 0.5wt%. The
effect of Al,O; nanoparticles on the wettability of SAC0307
solder alloys was investigated by Tikale and Prabhu [21]. It
was found that the spreading area of SAC0307-x Al,O5 com-
posite solder alloy improved by 15-40% with the addition
range from the 0.01 to 0.5 wt%, as shown in Figure 4. Gu et al.
[55] demonstrated that the wettability of SAC107-x Fe,O,
composited improved due to the doping of Fe,O, nanoparti-
cles and the wettability enhanced first and then decreased
with the increase of doped Fe,O, nanoparticles content.
Additionally, they also confirmed that the dimension of
Fe, O, nanoparticles could affect the wettability of SAC105-
0.5Fe, O, composite solder alloy. They pointed out that the
wettability of SAC105-0.5Fe,O; composite solder alloy
reduced when the size of doped Fe,O, nanoparticles changed
from 20 nm to 200 nm; the details are shown in Figure 5 [54].
Sun et al. [69] pointed out that the doping of Al nanoparticles
had no evident effect on the melting point of SAC105 solder.
However, the wettability of modified SAC105 solder
improved obviously, and the optimum additive content of
Al nanoparticles was 0.1 wt%.

Sharma et al. [39] studied the effect of the incorporation
of graphene nanoplatelets (GNPs) on the evolution of
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respectively [54].

wettability of SAC305 solder alloys. They pointed out that
SAC305-0.05wt% composite solder alloy had the optimum
wettability compared with plain SAC305 solder alloy, as
shown in Figure 6. Chen et al. [41] researched the influence
of the incorporation of fullerenes (FNSs) on the evolution
of wettability of SAC305 solder alloys. They pointed out that
the incorporation of FNSs could enhance the wettability of
the SAC305-FNSs composite solder judging from the contact
angle. As mentioned above, it was concluded the incorpora-
tion could affect the wettability of solders and the relevant
generalized in Table 2.

3.1.2. Microstructure of Composite Solder Joints. The micro-
structure of solder alloys could be affected due to the addition
of nanometer particles, then resulted in the improvement of
mechanical properties of composite solder alloys. The addi-
tion of nanometer particles provides lots of nucleation
points, which leads to the refinement of IMC in the solder
matrix; then, the mechanical performance of composite sol-
der alloy increased. Daly et al. [72] demonstrated that the
dimensions of -Sn and IMC decreased obviously due to
the doping of nanosized ZnO particles into the SAC305
solder alloy. And the evolution of microstructure of
SAC305-ZnO composite solder alloy was mainly associated
with the nucleation effect of ZnO nanoparticles. Qu et al.
[49] pointed out that the incorporation of ZnO particles
could reduce the thickness of the IMC layer as a solder and
the growth rate of interface IMC layer during aging. The
change of morphology of IMC layer of composite solder
joints and plain SAC305 solder joint during aging was differ-
ent, as shown in Figure 7. In addition, the voids and cracking
appeared for the plain SAC305 solder joint with the increase
of aging time. However, there was no obvious voids and
cracking for the SAC305-ZnO composite solder joints. More-
over, the suppressed effect of the growth of IMC layer due to
the addition of ZnO particles was also reported by Peng et al.
[53, 73]. Tikale and Prabhu [21] studied the effect of the
incorporation of AL,O, nanoparticles with different contents
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FIGURE 6: Spreading rate of plain SAC and composite solder with
different graphene contents [39].

on the evolution of microstructure of SAC0307/Cu solder
joints under multiple reflows, as shown in Figure 8. They
pointed out that the morphology characteristics of CugSn,
transformed from columnar-shaped to rounded-scallop form
and the Ag,Sn also transformed from the elongated-shaped
morphology to ultrafine-spheroidal. It was found that the
doping of Al,O; nanoparticles inhibited the growth of IMC,
as displayed in Figure 9. In addition, the inhibiting effect to
the growth of IMC of SAC solder joint due to the addition
of nanometer particles is also demonstrated by Zhao et al.
[74] and Gain et al. [75]. Wu et al. [76] investigated the cou-
pling influence of Pr and alumina oxide nanoparticles on the
transformation of microstructure of SAC0307 solder. It was
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TaBLE 2: The effect of incorporation on the wettability of SAC composite solder.

Sn-Ag-Cu based solder

Wettability

Optimum addition

Sn-Ag-Cu-ZnO [49]
Sn-Ag-Cu-AlL O, [21]
Sn-Ag-Cu-Fe,0, [55]
Sn-Ag-Cu-La, 0, [56]
Sn-Ag-Cu-CuZnAl [70, 71]

Sn-Ag-Cu-TiC [30]

ZnO addition resulted in the decrease of wetting angles, which implies
the improvement of wettability
Addition of Al,O; with the range of 0.01-0.5 wt% resulted in
the increase of wetting area
Wettability increases first and then decreases with the increase of addition
ranged from 0 to 1 wt%
Spreading area increases with the addition range from 0 to 0.05% La,O,,
then decreases in 0.1 wt% La,O,
Spreading ratio improvement and contact angle decreased due to the
addition of CuZnAl particles
Contact angles of composite solder reduced first and then improved
with the increase of TiC content

0.5 wt%

0.4 wt%

0.05 wt%

0.5wt%

0.1 wt%

Wetting area increases with the improvement of Al nanoparticles

Sn-Ag-Cu-nano-Al [69]

when the content is less than 0.1 wt%, and then the wettability
deteriorates with the increase of Al nanoparticles when the

0.1 wt%

content is more than 0.1 wt%

Spreading ratio improves gradually with the increase of GNPs and

Sn-Ag-Cu-GNPs [39]

achieved an optimum value with the content of 0.05 wt%, then

0.05 wt%

deteriorated in 0.1 wt% addition

Sn-Ag-Cu-FNSs [41]

Contact angle decreased first then decreased with the increase
of FNSs content

0.1 wt%

found that the morphology feature of CucSn, in the
SAC0307-0.06Pr-0.03wt%Al,0; composite solders alloy
changed from long strip-shaped to short rod-shaped, as
shown in Figure 10 [76]. Furthermore, both the dimension
and morphology of CuSn. changed with the increasing of
the addition content of Al,O, to 0.06 wt%.

Tang et al. [25, 77, 78] studied the influence of TiO,
nanoparticles on the evolution of IMC growth of SAC305-
xTiO, composite solder joints systematically. They pointed
out that the doping of TiO, nanoparticles had positive influ-
ence in inhibiting the growth of IMC layers and the thickness
of IMC increase rapidly with the increase of isothermal aging
time and temperature [77]. More specifically, the growth of
Cu,Sn; layer was affected obviously by the addition of TiO,
nanoparticles and there is no evident influence on the change
of Cu,Sn layer and the optimum addition of TiO, nanoparti-
cles was 0.1 wt% considering the suppressing effect on the
growth of IMC layer [78]. A similar inhibiting effect of the
incorporation of TiO, nanoparticles into the SAC solder
alloy on the growth of IMC layer is also proved by the other
investigators [26, 27, 79]. Moreover, the other oxides, such as
Fe,0, [54, 55], CeO, [57, 65], SrTiO; [80], ZrO, [29], and
La,0, [56], are doped into SAC solder alloys to adjust the
microstructure and then modified the mechanical perfor-
mance ultimately. The relevant investigations proved that
all of the above-mentioned oxides displayed positive influ-
ence in suppressing the coarsening of IMC. Apart from
oxide, the carbide of TiC and SiC nanoparticles is also added
to adjust the microstructure of SAC solder alloy [30, 31, 81].

Some metal nanometer particles were also incorporated
with SAC solder alloy. Sun et al. [69] confirmed that the addi-
tion of Al nanoparticles could refine the microstructure of
SAC105-xAl composite solder alloy. The growth rate of

IMC in the SAC105-xAl/Cu solder joint decreased compared
with that in the plain SAC105/Cu solder joint during aging.
The inhibition effect on the growth rate of IMC in SAC/Cu
solder joints was also observed because of the addition of
Mo [67], Cu [82], and diamond [58] nanoparticles.

In addition, some investigations also proved that the
incorporation of GNSs or CNTs could change the micro-
structure of SAC solder. Huang et al. [83] confirmed that
doping of GNSs could result in the transformation of micro-
structure of solder alloys. Specifically speaking, the size of 3-
Sn structure reduced while the volume fraction of eutectic
structure increased, as shown in Figure 11. Zhu et al. [37]
investigated the influence of the dimension of CNTs on the
change of microstructure of CNT-additive SAC0307-CNT
composite solder alloy, as shown in Figure 12. It was found
that the inhibiting effect of IMC growth was associated with
the adsorption of CNTs on the surface of IMC; the schematic
diagram of adsorption and segregation is shown in Figure 13.
The integrity of the IMC layers was destroyed due to the
adsorption of CNTs; then, the growth of IMC was sup-
pressed. Furthermore, the influence of addition of Ag-coated
[84] and Ni-modified [46] graphene on the microstructure
evolution of SAC composite solder alloys was discussed.
Kumar et al. [85, 86] confirmed that the addition of CNTs
could refine the microstructure of SAC solder. The other
carbon-based nanomaterials of FNSs was also added into
SAC305 solder [41, 43]. They confirmed that the grain size
of 3-Sn displays an evident reduction trend with the addition
of FNSs. Additionally, the size of Ag,Sn also reduced due to
the addition of FNSs, as shown in Figure 14.

3.1.3. Mechanical Properties. The mechanical and electric
connections are provided by solder joints for the electrical



Journal of Nanomaterials 7

57

%

, :f;?zi?a

10 pm

10 ym

Cu35n 10 ym

~ 1 Q Cu,Sn
10 ym (_,L165115 > 10 ym

FIGURE 7: SEM microstructure of SAC305 solder joints on the left side (al-a5) and SAC305-0.5 wt%ZnO composite solder joints on the right
side (b1-b5) [49].

components [65, 87-89]. Consequently, the reliability of the  is investigated widely [90-93]. Lots of investigations had
package structure in the service conditions was determined  proved that the addition of nanometer particles could
by the mechanical properties of solder joints. The effect of = enhance the mechanical properties of novel composite solder
the additions on the mechanical properties of solder joints  joints. Daly et al. [72] found that the ultimate tensile strength
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(UTS) and yield stress of SAC305-0.7%ZnO composite sol-
der alloy increased significantly compared with the plain
SAC305 solder alloy. However, the ductility was lower than
that of the plain SAC305 solder alloy. Fawzy et al. [73] con-
firmed that the creep lifetime of SAC355-ZnO composite sol-
der alloy increased because of the incorporation of ZnO
nanoparticles, and the main reason was likely associated with
refinement of microstructure. Hammad and Ibrahiem [51]
demonstrated that the tensile creep resistance of SAC305
composite solder alloy increased compared with the plain
SAC305 solder alloy, which attributed to the refinement of
microstructure.

The transformation of mechanical properties of
SAC0307 solder alloy with the incorporation of Al,O; nano-

particles with different addition content is estimated by
Tikale and Prabhu [21]. It was found that the microhardness
of SAC0307 solder increased by 10-55% with the doping of
aluminum oxide nanoparticles in the range of 0.01-0.5 wt%
and the increasing trend of microhardness became slower
when the addition of Al,O, nanoparticles was higher than
that of 0.1 wt%, as shown in Figure 15. In addition, the shear
strength of the composite solder increased with the doping of
aluminum oxide nanoparticles. Gain et al. [75] demonstrated
that both the elastic moduli and shear force of SAC305 com-
posite solder alloy with the addition of Al,O; nanoparticles
displayed higher value than that of plain SAC305 solder alloy
due to the influence of dispersion strengthening. However,
Zhao et al. [74] pointed out that the reliability of solder joints
was improved due to the addition of Al,O; nanoparticles,
while the strength had no obvious change. Wu et al. [76] esti-
mated the effect of synergistic effect of the incorporation of
Pr and Al,O, nanoparticles on the mechanical properties of
SAC0307 solder joints, as shown in Figure 16. It was found
that the doping of Al,O, nanoparticles displayed an evident
effect on the shear strength of the composite solder alloys,
which increased originally and then decreased with the addi-
tion content of Al,O; nanoparticles from 0 to 0.5 wt%. The
evolution of shear strength is mainly associated with the
change of morphology and the thickness IMC [76]. Namely,
the thickness of IMC of SAC0307 composite solder joints
decreases first and then increases gradually.

The intermetallic particles are also added to enhance the
performance of SAC solder alloys [32-34]. Hu et al. [34]
demonstrated that the mechanical properties of SAC305 sol-
der increased due to the addition of CusSng nanoparticle,
which was associated with the refinement of IMC. They also
point out that the sizes of the addition CuySn, nanoparticles
could affect the properties of SAC solder alloys [33]. Sharma
et al. [39] studied the influence of GNSs on the mechanical
performance of SAC305 solder alloy. They pointed out that
the optimum addition was 0.05wt%. The tensile strength
and elongation of composite solder increased by 17.0% and
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FIGURE 10: The microstructure evolution of CugSn; in the solder of SAC0307-0.06Pr-xAl,O, [76].
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FiGUre 11: The transformation of microstructure of solders: (a) SAC, (b) SAC305 + 0.02GNSs, (c) SAC305 + 0.04GNSs, (d) SAC305 +
0.06GNSs, (e) SAC305 + 0.08GNSs, and (f) SAC305 + 0.1GNSs [83].
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F1GURE 13: The schematic diagram of adsorption and segregation of CNTs in the solder matrix (a) before segregation and (b) after segregation [37].

13.9%, respectively, compared with the plain SAC305 solder
alloy, as shown in Figure 17. Furthermore, they confirmed
that the improvement of mechanical properties was associ-
ated the refinement of the IMC, which caused by the addition
of GNSs.

Zhu et al. [37] investigated the influence of the dimension
of CNTs on the mechanical properties of CNT-additive
SAC0307 composite solder alloys. The transmission electron
microscope (TEM) pictures of three kinds of CNTs with dif-
ferent diameter ranges are shown in Figure 18. They pointed

out that the shear force deteriorated with the increase of
aging time for all four kinds of solder joints, as displayed in
Figure 19. In addition, three kinds of CNT-additive compos-
ite solder joints have better shear strength compared with the
plain solder joint. And the sample of SAC-CNT II composite
solder joint has the largest shear strength relative to plain sol-
der joints. Furthermore, they pointed out that the increase of
shear strength was associated with the refinement of micro-
structure and increase of dislocation densities, which caused
by the addition of CNTs, as shown in Figure 12. Moreover, in
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FIGURE 14: Microstructure of as-cast solders. (a) SAC305, (b) SAC305/0.05 FNSs, (c) SAC305/0.1 FNSs, and (d) SAC305/0.2FNSs [41].
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order to overcome the error between designed additions and
actual existing content appeared, the influence of addition of
Ag-coated [84] and Ni-modified [46] graphene on the
mechanical properties of SAC solder was discussed. Kumar
et al. [85, 86] proved that the doping of CNTs has a positive
effect in the enhancement of mechanical properties of SAC
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FIGURE 16: The evolution of shear strength of the SAC0307-0.06Pr-
xAL O, composite solder joints (x = 0-0.5 wt%) [76].

solder alloy. The addition of FNSs nanoparticles also
contributes to the improvement microhardness and shear
strength [41].

3.2. Sn-Bi. Sn-Bi solder alloy was also considered as the can-
didate of traditional Sn-Pb solder alloy because of the
advantage of lower melting point and cost. However, the
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application of Sn-Bi solder alloy was hindered to some extent
due to the poor wettability and the inherent brittleness of Bi
element itself. Therefore, lots of investigations had been per-
formed to improve the properties of Sn-Bi solder alloys. For
example, these are the addition of alloying elements,
enhancement of substrate, and fabricating composite solder
by doping of chemical compounds. Among these methods,
the preparation of composite solder was an effective method
to improve the properties of solder alloys.

3.2.1. Wettability. The wettability plays a significant role in
evaluating the properties of novel lead-free solder alloys.
Liu et al. [23] demonstrated that the spread area increased
by 20% relative to the Sn-58Bi solder alloy when the addition
of Y,0; was 1wt%. Yang et al. [22] pointed out that the
spreading coefficient of Sn-58Bi-1wt%BaTiO; increased by
10.24% compared with the plain solder. The Sn-58Bi-xCeO,
composite solders were prepared by Sharma et al. [94]. And
they demonstrated that the spread ratio and wetting angle
of Sn-58Bi-0.6CeO, composite solders increased by 16.66%
and 32.05%, respectively, compared with the plain solder
alloy.

Apart from the oxide, the metal nanoparticles are always
chosen to adjust the properties of Sn-Bi solder [95-101].
Gain and Zhang [95] investigated the influence of doping
Ni nanoparticles on the wettability of Sn-Bi-Ag solder. They
pointed out that the wetting angle decreased from 33.1° to
23.4° and the spreading area increased from 1.48 mm” for
plain solder to 2.07 mm?® for Sn-Bi-Ag-0.5Ni solder/Cu sub-
strate due to the addition of 0.5 wt%Ni nanoparticles, as dis-
played in Figure 20. Jiang et al. [97] demonstrated that the
doping of Ti nanoparticles was beneficial for the improve-
ment of wettability and the optimum addition was 0.1 wt%.

3.2.2. Microstructure of Solder Joints. The mechanical proper-
ties are mainly associated with the evolution of microstruc-
ture of solder joints. In order to adjust the microstructure
of solder, the oxides are always added into Sn-Bi solder. Liu
et al. [23] investigated the influence of Y,0; on the micro-
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structure of Sn-58Bi solder. They demonstrated that the mor-
phology of Sn-58Bi-xY,0, composite solder alloy was finer
than that of Sn-58Bi solder. The coarsening trend of micro-
structure of composite solder was inhibited due to the addi-
tion of Y,0, during aging. Additionally, the thickness of
IMC layer of composite solder joints decreased compared
with that of Sn-58Bi solder joint. Hu et al. [102] studied the
influence of Sn-58Bi incorporation with 0.5 wt% Al,O nano-
particles on the microstructure during electromigration
experiment. It was reported that the thickness of the IMC
layer decreased from 2.5 ym to 1.27 ym under the condition
of 288 aging at 85°C, as shown in Figure 21. Additionally,
the growth rate of the IMC layer at the cathode was inhibited
and the segregation of Bi-rich layer at the anode was allevi-
ated due to the addition of Al,O; nanoparticles under the
condition of the current density of 5x 10>A/cm® at 85°C.
Zhu et al. [20] also confirmed that the incorporation of
Al, O, nanoparticles has obvious influence on the micro-
structure of Sn-58Bi solder, as shown in Figure 22. Moreover,
the addition of CeO, has obvious influence on the micro-
structure of Sn-58Bi solder [94].

Many researchers tried to improve the properties of
Sn-58Bi solder alloy by addition of metal nanoparticles
[95-101]. Sun et al. [100] investigated the doping methods
of Ag nanoparticles on the effect of microstructure of Sn-
58Bi solder. For one way, the Ag nanoparticles were blended
with solder alloy powders together directly. For the second
way, the nano-Ag particles were doped into the Sn-58Bi sol-
der by the method of sufficient mechanical agitation. It was
found that formation of needle-sharped Ag,Sn only occurred
in the Sn-58Bi+ 0.4Ag composite solder joints, which was
associated with uniformly distributed during preparing pro-
cess, as shown in Figure 23.

Moreover, the novel carbon-based nanometer materials,
such as CNTs and graphene, are also selected to adjust the
Sn-Bi solders. Lee et al. [35, 61] investigated the influence
of Sn-decorated multiwalled carbon nanotube (MWCNT)
nanoparticles and Ag-decorated MWCNT on the transfor-
mation of microstructure of Sn-58Bi solder. They demon-
strated that the IMC thickness of composite solder joints
was inhibited because of the doping of Sn-MWCNT nano-
particles and the best addition was 0.1 wt% considering the
mechanical properties of solder joints. Additionally, they also
demonstrated that the doping of Ag-MWCNTs was effective
to suppress the growth of IMC thickness of Sn-58Bi solder
joint [35]. Similar phenomenon was also observed in the
Sn-58Bi solder with the incorporation of Ni-coated CNTs
[103] and Cu-coated CNTs [104]. Ma and Wu [105] reported
that the thickness of total IMC layers decreased by 56.31%
compared with the plain Sn5-8Bi-0.7Zn solder joint when
the doping of GNSs was 0.114 wt%. In addition, the suppress
effect of the IMC was observed by the other researchers due
to the doping of GNSs [36, 38, 106] and epoxy [59, 60] into
Sn-Bi solder.

3.2.3. Mechanical Properties. The investigation proved that
the shear force of Sn-58Bi-1wt% Y,O; solder increased by
45% relative to the Sn-58Bi solder [23]. Hu et al. [102] proved
that the doping of Al,O, nanoparticles was beneficial for the
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improvement of the shear strength of Sn-58Bi composite sol-
der. Specifically speaking, the shear strength of Sn-58Bi-
0.5wt% Al,O, composite solder increased by 3.5% and
2.4%, respectively, with the aging condition of 48h and
288h at 85°C compared with the plain solder. Yang et al.
[107] also proved that the electromigration reliability
improved for Cu/Sn-58Bi-0.5A1,0,/Cu compared with
Cu/Sn-58Bi/Cu solder joint with the current density of
0.6 x 10* A/cm” at room temperature. Moreover, Zhu et al.
[20] pointed out that the UTS of Sn-58Bi-0.5A1,0, compos-
ite solder increased by 22% compared with plain solder, as
shown in Figure 24. However, the UTS of Sn-58Bi-1.0A1,0,
composite solder decreased due to the formation of fishbone
morphology and the accumulation of Al,O; nanoparticles.
Yang et al. [22] studied the influence of addition of BaTiO,
nanoparticles on the mechanical properties of Sn-58Bi. They
demonstrated that the UTS of Sn-58Bi-1%BaTiO, increased
significantly compared with the plain Sn-58Bi solder, with
the values of 59.1 MPa and 44.7 MPa, respectively.
Additionally, the metal nanoparticles are always added to
enhance the mechanical properties of Sn-58Bi solder. Jiang
et al. [97] demonstrated that the improvement of the

(b)

(d)
FIGURE 20: The SEM pictures of (a, ¢) plain Sn-Bi-Ag/Cu and (b, d) Sn-Bi-Ag-0.5Ni/Cu composite solder joints [95].

mechanical properties with the doping of Ti nanoparticles
was associated with the refinement of grains, which attrib-
uted to the nucleation effect of nanoparticles. Gain and
Zhang [95] pointed out that the microhardness of Sn-Bi-
Ag-0.5Ni solder increased compared with that of the plain
Sn-Bi-Ag solder. Moreover, the CusSn; [98] and CuZnAl
[101] are beneficial in the improvement of mechanical prop-
erties of Sn-58Bi solder joints.

In recent years, with the appearance of CNTs and gra-
phene, some investigations had been carried out to modify
the Sn-Bi solders by the addition of CNTs and graphene
[35, 36, 38, 61, 103-106, 108, 109]. Billah and Chen [104]
researched the influence of Cu-coated MWCNTSs on the
mechanical properties of 70Sn-30Bi solder. It was found that
the tensile strength of composite solder was proportional to
the doping of MWCNTs, which increased by 47.6% when
the addition of MWCNT's was 3 wt%. Lee et al. [35, 61] inves-
tigated the influence of Sn-decorated MWCNT nanoparticles
and Ag-decorated MWCNT on the mechanical properties of
Sn-58Bi solder. They found that the doping of Sn-decorated
MWCNT nanoparticles could improve the mechanical prop-
erties and the optimum addition was 0.1 wt% [61] and the
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F1Gure 21: The SEM images of interface microstructure of solder joints: (a, b) Sn-58Bi/Cu and Sn-58Bi-0.5A1,0,/Cu solder joints annealed
for 48 h at 85°C and (¢, d) Sn-58Bi/Cu and Sn-58Bi-0.5 Al,O,/Cu solder joints annealed for 288 h at 85°C [102].

(c)
F1GURE 22: The morphology of solder alloys: (a) Sn-58Bi, (b) Sn-58Bi+0.5A1,0;, (c) Sn-58Bi+1.0A1,0;, and (d) Sn-58Bi+1.5A1,0; [20].

(d)
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fracture energy and shear strength increased by 80% and
16%, respectively, when the addition of Ag-MWCNTSs was
0.05wt% [35]. He et al. [108] demonstrated that the bending
strength of Sn-58Bi-0.03CNT's composite solder increased by
10.5% compared with the plain Sn-58Bi solder. Additionally,
the toughness of Sn-58Bi-0.03CNTs composite solder
increased by 48.9% than that of plain solder. In addition,
Sun et al. [36] also pointed out that the addition of CNTs
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Figure 25: The UTS of plain solder joint and composite solder
joints after aging for different times [105].

and Ni-CNTs displayed positive influence in the enhance-
ment of mechanical properties of Sn-57.6-Bi-0.4Ag compos-
ite solder joints.



Journal of Nanomaterials

17

F1GURE 26: The evolution of the interfacial CugSn; of Sn-0.7Cu/Cu with different reflow cycles. The 1st reflow cycle (a, b), the 2rd reflow cycle

(¢, d), and the 6th reflow cycle (e, f) [110].

Ma and Wu [105] investigated the influence of the incor-
poration of GNS on the evolution of mechanical properties of
Sn-58Bi-0.7Zn solder. They pointed out that the Sn-58Bi-
0.7Zn-0.076 wt% GNS composite solder displays the highest
UTS among all samples in the same aging time, as shown
in Figure 25. The decrease in UTS with an increase in ageing
time is likely attributed to the coarsening of IMC [105]. Addi-
tionally, the adsorption effect of nanoparticles on IMC grains
could suppress the growth of IMC layer, which is beneficial
for the improvement of UTS of composite solder joints
[105]. Meanwhile, Yang et al. [106] pointed out the UTS of
Sn-Bi + 0.07 wt% composite solder had no obvious change
compared with the plain solder, and the elongation and creep
properties show a great improvement. Moreover, the
improvement phenomenon of mechanical properties is
observed by the other researchers due to the doping of GNSs
[36, 38, 106] and epoxy [59, 60] into Sn-Bi solder.

3.3. Other Sn-Based Lead-Free Solder

3.3.1. Microstructure of Solder Joints. Sn-Cu, Sn-Zn, and Sn-
Ag solders are also investigated worldwide to replace Sn-Pb
solder. Mohd Salleh et al. [50] demonstrated that the doping
of TiO, could have resulted in the refinement of microstruc-
ture of Sn-0.7wt%Cu-0.05 wt%Ni solder by the fabricate pro-
cess of microwave sintered and the homogeneous (Cu,
Ni)4Sn, intermetallics appear in the grains of particles. More-
over, they also investigated the evolution of CugSn; IMC of

TiO, additive Sn-0.7Cu composite solder after different
reflow cycles [110]. It was confirmed that the incorporation
of TiO, nanometer particles could suppress the growth of
Cu,Sn., which was associated with the inhibiting effect as
shown in Figures 26 and 27, respectively. It can be seen that
the CuSn; of additive-TiO, Sn-0.7Cu/Cu composite solder
joints became more faced and flat compared with the plain
Sn-0.7Cu/Cu solder joints. The change of average thickness
of the interfacial CugSn; is shown in Figure 28. And the
refinement of Cu,Sn, was associated with the inhibition
effect between the Cu substrate and the molten solder due
to the addition of TiO,. Furthermore, they studied the influ-
ence of Ni and TiO, separate doping and combined incorpo-
ration on the evolution of microstructure of Sn-0.7Cu/Cu
solder joint with different aging time systematically [111]. It
was found that scallop-shaped CucSn. and planar Cu,Sn
were formed between the Cu substrate and solder matrix
for Sn0.7Cu/Cu solder joint, as shown in Figure 29. Then,
planar scalloped Cu Sn, layer formed due to the addition of
TiO, into the Sn-0.7Cu solder. Moreover, the total thickness
of the IMC layer for both the Sn-0.7Cu-TiO,/Cu and Sn-
0.7Cu-0.05Ni-TiO,/Cu composite solder joints decreased
by 10-40% with the increase of aging time, as displayed in
Figure 30. In addition, the inhibiting effect of IMC for the
composite solder is observed due to the incorporation of
Si;N, [112] and Cu nanometer particles [113].

Sn-Cu eutectic solder alloy was also considered one of the
potential candidates to replace the traditional Sn-Pb solder



18

Journal of Nanomaterials

F1GURE 27: The evolution of the interfacial CugSn; of Sn-0.7Cu + TiO,/Cu with different reflow cycles. The 1st reflow cycle (a, b), the 2rd

reflow cycle (¢, d), and the 6th reflow cycle (e, f) [110].
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F1GURE 28: The thickness of interfacial layer of Sn-0.7Cu/Cu solder
joints and Sn-0.7Cu + TiO,/Cu composite solder joints with various
reflows [110].

alloy because of the virtue of low-cost and good comprehen-
sive properties. Consequently, the Sn-Cu composite solders
were fabricated by the addition of nanometer particles. It
had been demonstrated that the incorporation of nanometer
particles of Ni [114, 115], Ag [116], ZrO, [28], AL,O; [117],
and TiO, [24] could alter the microstructure of solder then
resulted in the change of mechanical properties.

3.3.2. Mechanical Properties. Mohd Salleh et al. [110] investi-
gated the transformation of shear strength of TiO, additive
Sn-0.7Cu composite solder after different reflow cycles. They
pointed out that the addition of TiO, enhanced the shear
strength of Sn-0.7Cu-TiO,/Cu composite solder joint for
each reflow cycle as compared with that of Sn-0.7Cu/Cu sol-
der joint, and the shear strength of solder joint without the
addition of TiO, was sensitive to the number of reflow cycle,
while there was no obvious change of the shear strength for
the additive-TiO, composite solder joint with the increase
number of reflow cycle, as shown in Figure 31. Additionally,
they confirmed that the Sn-0.7Cu-0.05Ni + TiO,/Cu solder
joint had the optimum shear strength among the Sn-
0.7Cu/Cu, Sn-0.7Cu + TiO,/Cu, Sn-0.7Cu-0.05Ni/Cu, and
Sn-0.7Cu-0.05Ni + TiO,/Cu solder joints, as displayed in
Figure 32, which was associated with inhibition of the Cu,Sn
and the total thickness of IMC layer [111]. Tsao et al. [118]
also demonstrated that the UTS of Sn-0.7Cu-xTiO,
composite solder increased because of the addition of TiO,,
which attributes to the formation of fine and uniform
microstructure.

In addition, some Sn-Cu based composite solder alloys
were fabricated by the addition of nanometer particles [24,
28, 114, 115, 117]. Gain et al. [115] demonstrated that the
shear strength of Sn-9Zn and Sn-8Zn-3Bi increased because
of the doping of Ni nanometer particles and the evolution
of mechanical properties of the above-mentioned composite
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was caused by the refinement of microstructure. Xing et al.
[117] confirmed that both of the tensile strength and micro-
hardness of Sn-9Zn-xAlL,O; composite solder alloys
increased with the increase of Al,O, nanoparticle content.
Additionally, the improvement in mechanical properties for
Sn-Zn solder alloy could be achieved by the addition of nano-
particles of ZrO, [28] and TiO, [24].

4. Summary and Conclusions

As mentioned above, we presented a laconic summary of the
transformation law of wettability, microstructure morphology,
and mechanical properties of Sn-based lead-free composite
solder alloys after the addition of nanometer particles. The
relevant experimental results of these investigations demon-
strated that the wettability and mechanical properties of Sn-
based lead-free composite solder alloys improved due to the
addition of nanometer particles, which is associated with the
refinement of microstructure. And the refinement of micro-
structure of Sn-based lead-free composite solder alloys is
mainly attributed to the nucleation effect of the nanometer
particles. At present, most of the investigations about the effect
of the addition of nanometer particles on the evolution of wet-
tability, microstructure, and mechanical properties are quali-
tatively evaluated and it is necessary to expound the internal
evolution mechanism of the properties of composite solder
alloy by the addition of nanometer particles. Moreover, it is
necessary to establish the relationship between the additions
and properties of composite solder alloy quantitatively by
multiscale characterization.

What is more, the reliability of Sn-based lead-free com-
posite solder joints in service environment should be evalu-
ated by means of laboratory simulation, such as drop
impact, thermal cycle aging, and corrosion testing. To further
improve the properties of Sn-based lead-free composite sol-
der joint, the research can be carried out in the following
aspects:

(1) At present, Sn-based lead-free composite solders are
mainly fabricated by mechanical mixing of the solder

particles and nanoparticles. It is necessary to explore
new preparation methods to improve the properties
of Sn-based lead-free composite solders. The
high-throughput computation and high-throughput
experimentation based on a materials genome per-
spective should be applied to fabricate composite
solders with excellent properties

(2) It has been proven that the coupling addition of rare
earth (RE) and nanoparticles is effective to improve
the properties of lead-free solders. Consequently,
the effect of combined doping of RE and nanoparti-
cles on the properties of lead-free solders should be
investigated further

(3) The reliability of Sn-based lead-free composite sol-
ders should be evaluated at cryogenic temperatures
and radiation conditions due to the space exploration
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