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Abstract: Dopamine polymerization reaction and hydrothermal method were used to prepare nickel coated Al,O, reinforcement phase
(Ni/ALO,). Ni/ALO, reinforced Sn1.0Ag0.5Cu (SAC105) composite solder was prepared using traditional casting method. The result
shows that the nickel coating layer is continuous with uneven thickness. The interface between nickel and aluminum oxide exhibits a
metallurgical bonding with coherent interface relationship. The strength, toughness and wettability of the SAC105 solder on the

substrate are improved, while the conductivity is not decreased significantly. The fracture mode of composites transitions from a

mixed toughness-brittleness mode to a purely toughness-dominated mode, characterized by many dimples. The prepared composite

brazing material was made into solder paste for copper plate lap joint experiments. The maximum shear strength is achieved when the
doping amount was 0.3wt%. The growth index of intermetallic compound at the brazing interface of Ni/AlL,O, reinforced SAC105
composite solder is linearly fitted to n=0.39, demonstrating that the growth of intermetallic compound at the interface is a combined

effect of grain boundary diffusion and bulk diffusion.
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1 Introduction

Due to the harmful effects of lead on the environment, there
has been a growing emphasis among scholars on the

development of lead-free materials' ™.

However, SnAgCu
solder with high silver content has certain drawbacks, such as
poor drop impact performance and high cost®™. Therefore, the
study of low-silver alloy solder has become a prominent
research direction. Previous studies have found that low silver
content can lead to some challenges, such as decreased
spreading area and low tensile strength®”. Therefore, the
development of a low-silver solder with superior
comprehensive performance has become a focus for scholars.
Currently, there are two common methods to improve

composite solder: one involves adding alloy elements to the
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solder for melting, the other is adding second phase to the
base solder® . In recent years, the doping of inert particles
has become a research hotspot in the realm of second phase

modifications™' !

. Nano alumina has advantages of light-
weight and cost-effectiveness, making it well-suited for high-
density packaging technology* "

adhesion between nano alumina and the solder alloy matrix is

. However, the interface

weak, resulting in poor wettability and toughness of the
composite solder''*". Nickel particles have advantages such
as larger specific surface area, uniform dispersion of active
components, and resistance to sintering, which can effectively
prevent agglomeration. Studies have shown that the addition
of an appropriate amount of nickel can refine the
microstructure and improve service performance of solder
alloys™.
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Due to poor wettability of ceramics and metals, it is diffi-
cult to connect them together. Unlike metal bonds, ceramics
are composed of covalent bonds”. Therefore, the bonding
strength of the ceramic/metal interface is poor. Dopamine
polymerization reaction was adopted. Firstly, amorphous
carbon film was applied as a transition layer on the surface of
alumina, as it is more capable of adsorbing nickel ions. Then,
nickel nitrate was used as the precursor by hydrothermal
method, and after the reaction was completed, the amorphous
carbon film was burned off and the nickel coated layer was
left behind by calcination in an air atmosphere.

2 Experiment

The Sn1.0Ag0.5Cu (SAC105) power with a particle size of
50 pm, provided by Changsha Tianjiu Company, was used in
the experiment. Dopamine hydrochloride and trimethyla-
minomethane were purchased from McLean Technology Co.,
Ltd (China). Nickel nitrate hexahydrate (AR) and nano-
Al O,particles were purchased from PanTian Co., Ltd
(Shanghai, China).

The reinforcing phase of the composite solder was nickel
coated Al,O,, and the reaction principle of coating is shown in
Fig. 1. The specific description is as follows: a specific
quantity of AL O, nanoparticles and dopamine were dispersed
into a tri(hydroxymethyl)aminomethane buffer solution.
Dopamine underwent oxidation, forming
polydopamine coated Al,O, particles. After heat treatment in

an argon atmosphere, polydopamine was converted into

spontaneous

nitrogen-containing carbon and coated on the surface of AL,O,.
Then, the nickel salt was heated and decomposed by
hydrothermal method, and the carbon coated in the first step
was burned off in an air atmosphere. Finally, the nickel layer
was coated on the surface of AL,O,.

The equations for hydrothermal reaction are as follows.

Ni(NO,), = Ni**+2NO; D
Ni?*+20H — Ni(OH), )
Ni(OH),2ANiO+H,0 3)
2NiO+C—2Ni+CO, 1 4)

The preparation of brazed joints in this experiment was
carried out using copper plate overlap method. Composite
solder paste was used to fill the gap between two copper
plates. SAC105 alloy powder possessed size of 25—40 um.
Nano Ni/ALO, particles with average size of 200 nm were

HN" OH

Nickel nitrate

HMT
) Hydrothermal
Dopamine method

————

polymerization 500 °C

. calcination
Alumina Carbon Nickel coated
coated alumina
alumina

Fig.1 Principle diagram of nickel coated Al,O, reaction

used to synthesize the composite solder SAC105-x(Ni/ALO;,)
(x=0.0, 0.1, 0.3, 0.5, wt%). The specific process is as follows.
Ni/Al,O, particles and paste were weighed using an electronic
balance, manually mixed, and quickly stirred for 30 min.
Afterwards, SAC105 alloy powder was added to the mixture
and manually stirred for at least 30 min to ensure that the
composite solder achieved desired viscosity and that Ni/ALO,
particles were uniformly dispersed in the composite solder™™.
The specific size of copper plate overlap is shown in Fig.2.

The morphology of the prepared Ni-Al,O, was observed by
scanning electron microscope (SEM) and transmission
electron microscope (TEM). The phase structure was analyzed
by X-ray diffractometer (XRD) with Cu Ka radiation at a scan
rate of 0.4 nm/min and accelerating voltage of 40 kV within
scan range of 20°—90°. The composition of Ni-Al,O,was
measured by energy dispersive spectroscope (EDS). The
polished specimens were etched in a mixture of methanol and
hydrochloric acid (92vol% methanol and 8vol% hydrochloric
acid) for 20 s. X-ray photoelectron spectroscopy (XPS) is a
common surface analysis method, which was used to analyze
the composition, chemical state, and molecular structure of
sample surface.

3 Results and Discussion

3.1 Composition and morphology analysis of nickel coated
Al O,

Fig.3 shows XRD patterns of Al,O, before and after nickel
coating. Sharp characteristic peaks are displayed at 25.6°,
35.2°, 37.8°, 43.4°, 52.6°, 57.5° and 66.5°, corresponding to
(110), (211), (110), (210), (220), (321), (310) and (121) planes
of the AlL,O, crystal structure, respectively. The peak value is
consistent with the standard card (PDF # 74-1081). The peaks
of nickel appear at 44.5° and 51.8°, corresponding to the (111)
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Fig.2 Schematic diagram of copper plate overlap during brazing

process
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Fig.3 XRD patterns of Al,O, before and after nickel coating
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and (200) crystal planes, respectively.

Fig.4 shows TEM results of nickel coated AL,O,. In Fig.4e,
the distribution of element Ni is uniform and continuous. In
Fig.4f, the distribution of element C is very scattered, without
obvious bright areas, indicating that amorphous carbon has
been decomposed in the early stage. Fig.4g shows the high-
resolution TEM image of the interfaces. The Ni/ALO,
interface can be assigned to Ni (111)/ALO, (110) interface,
where d;=0.245 nm and d,, ,=0.215 nm. Eq.(5) represents the
mismatch (¢) between the two interfaces.

e=(do—dp)/da %)

50 nm

50 nm

where da is the interplanar spacing of interface a (nm), and df
is the interplanar spacing of interface f (nm). According to the
formula, ¢=0.13 is calculated. According to Ref. [23], if &
ranges from 0.05 to 0.25, the interface shows a semi-coherent
relationship. This means that the interface is metallurgically
bonded, so the coating will not fall off.

Fig.5a shows total characteristic spectra of alumina before
and after nickel modification, in which more characteristic
peaks of nickel are present in the Ni/ALO,. Due to nickel
coating, the peak content of aluminum on the surface is
significantly reduced. Fig.5b shows the spectra of aluminum

50 nm 50 nm

Fig.4 TEM image (a) and EDS mappings (b—f) of Ni/AL,O,; high-resolution TEM image of region 1 in Fig.1a (g)
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Fig.5 XPS spectra of Al,O, and Ni/Al,O;: (a) total spectra, (b) Al 2p, (c) O 1s, and (d) Ni 2p
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before and after nickel modification. It can be seen that the
peak appears around 74 eV, which is determined to be Al
2p”". The decrease in peak intensity is consistent with the
tendency in total spectra, which is due to the reduction of
surface aluminum elements caused by nickel coating.
Aluminum oxide is not participated™. Fig.5c shows the O 1s
peak before and after nickel modification. According to the
NIST XPS database, C-O and Ni-O peaks at 531.2 and 528.3
eV increase for Ni/Al,O, sample, respectively. Fig. 5d shows
the Ni 1s peak in the Ni/Al,O, sample. Peaks of Ni 2p,,, NiO
2p,,, Ni 2p,, (sat) and NiO 2p,, (sat) are detected at 852.9,
854.8, 858.6 and 860.5 eV, respectively, indicating the
presence of nickel in the sample, which is consistent with
XRD analysis results.
3.2 Microstructure and properties of composite solder
Fig.6 shows the microstructures of the composite solder. In
Fig. 6a, the microstructure of SAC105 raw solder mainly
includes f-Sn and eutectic structure. The gray block area is
[-Sn, the eutectic structure is a white area, which is mainly
concentrated on the grain boundary structure line. With the
increase in addition content of Ni/ALO, particles, the f-Sn
area gradually decreases, and the proportion of eutectic
structure gradually increases. The possible reason may be that
most of the Ni/ALO, particles adhere to the surface of the
solder alloy powder, leading to an increase in the surface
diffusion resistance of atoms during the sintering process.
Since the merging and growth of f-Sn grains are restricted,
the average size of f-Sn grains decreases and the proportion of
eutectic structure increases. When the content of Ni/ALO,
particles exceeds 0.5wt%, agglomeration occurs, reducing its
uniformity in the base solder. This further weakens the grain
refinement effect and leads to coarsening of the eutectic
structure®™,
Fig. 7 shows the trend of wetting area and electrical

conductivity of composite solder with different mass fractions
of Ni/ALO, reinforcement phases. Wettability represents the
diffusion degree of fluid on solid surfaces™. As the content of
Ni/Al,O; in the solder matrix increases, the wetting area firstly
increases and then decreases. The reason for this change may
be explained as follows. During the wetting process, Ni/ALO,
particles fill the interface between the composite solder
and the copper substrate through capillary action™. When
Ni/Al O, particles are added, the agglomeration of Ni/Al,O, in
the solder matrix increases, which reduces the gap between
the intermetallic compound (IMC) layer at interface, leading
to thermal expansion between the solder matrix and
reinforcement phase, and causing oxidation of the composite
solder, thereby reducing its fluidity and wettability™ ",
As the content of Ni/ALO,increases, the electrical
conductivity of the composite solder slightly decreases. This
change can be explained by Mattison’ s law. The electrical
resistivity of metal materials can be expressed as: p(T)=p(T)+
po» Where p(T) is a temperature dependent resistivity and it is
called the basic resistance; p, is related to impurity
concentration, point defects and and it is called solute
(impurity) resistance of metals®”. Introducing Ni/ALO, into
the SAC105 solder matrix results in defects such as vacancies,
dislocations and interfaces, which hinder electron migration
and increase resistance. However, due to the small quantity of
reinforcing phase added, the decrease in conductivity is not
significant.

Fig. 8 illustrates the mechanical properties of SAC105
solder reinforced with different mass fractions of Ni/AlLO,.
With the increase in the doping amount of the reinforcement
phase, both the tensile strength and elongation show the same
trend of first increasing and then decreasing. When the doping
content reaches 0.3wt%, the tensile strength and elongation of
the modified solder reach the maximum, which are 16% and

10 pm

Fig.6 Microstructures of SAC105-x(Ni/Al,O,) composite solder: (a) raw solder, (b) x=0.1wt%, (c) x=0.3wt%, and (d) x=0.5wt%
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Fig.8 Mechanical properties of SAC105 solder reinforced with diffe-
rent contents of Ni/AlL,O,

8% higher than those of the original solder, respectively.
Afterwards, as the mass fraction of the enhancement phase
continues to increase to 0.5wt% , the tensile strength and
elongation of the brazing material decrease to 32 MPa and
26%, respectively. The reason for the decrease in strength and
elongation may be excessive agglomeration of reinforcement
phases. In summary, when 0.3wt% Ni/ALO, is added, the
tensile strength (35.3 MPa) and elongation (28.1%) of the
composite solder reach their maximum values, which is better
than other similar nanomaterials previously reported to
enhance SAC105 composite solder””. Meanwhile, compared
Sn3.0Ag0.5Cu®**, the ultimate tensile
strength results are basically the same, with higher elongation
than that of commercial Sn3.0Ag0.5Cu. These results indicate

to commercial

that this new type of lead-free solder can obtain materials with
high strength and ductility.
3.3 Shear strength and interface IMC of brazed joints

Fig. 9 illustrates the shear strength of solder joints brazed
with different contents of Ni/AL,O,. As the content of
Ni/ALO, increases to 0.1wt%, 0.3wt% and 0.5wt%, the shear
strength of the composite alloy increases by 6%, 16% and
10%, respectively, compared with those of the original
SAC105 solder.

Fig. 10 illustrates the fracture morphologies of SAC105
solder with different reinforcement phase contents. The
fracture morphology of the raw solder is shown in Fig. 10a.
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Fig.9 Shear strength of solder joint with SAC105-x(Ni/AL,O,) solders
(x=0.0, 0.1wt%, 0.3wt%, 0.5Wt%)

The fracture surface is mainly composed of ductile dimples
and brittle cleavage planes, indicating that its fracture mode is
ductile brittle fracture. With the increase in Ni/Al,O, content,
the number and depth of ductile dimples increase, indicating a
greater degree of plastic deformation. In addition, the number
of cleavage planes on the fracture surface decreases. As shown
in Fig. 10c, when the doping content reaches 0.3wt% , the
number of dimples is the highest and the plasticity is the best,
which is consistent with the previous change in elongation.

Based on the above analysis, it can be concluded that the
optimal addition amount is 0.3wt%. At different brazing time,
brazing experiments were conducted on composite solder with
0.3wt% enhancement phases, and the diffusion mechanism of
IMC formation in brazed joints was studied.

Fig. 11 shows the microstructures of the interface IMC of
the SAC105-0.3wt% Ni/AlL,O,composite brazing joint. It can
be seen that when the brazing time is 180 s, the interface IMC
is scallop-shaped, with a relatively uniform particle size
distribution and an average thickness of about 3.16 um. When
the brazing time is 240 s, the overall interface IMC still
presents a scallop-like shape, with uneven particle sizes and
an average thickness of about 3.27 um. When the brazing time
is 300 s, the interface IMC shows a partially serrated shape,
with uneven particle sizes and an average thickness of 3.34
pm. When the brazing time is 360 s, the interface IMC
transforms into a coarse serrated shape, with an average
thickness of 4.32 pum.

During the brazing process, the growth of the interface IMC
layer is a complex process. When Cu atoms and Sn atoms
react with each other to form Cu,Sn; compounds, the further
growth of interface IMC is mainly controlled by diffusion,
which includes two stages: grain boundary diffusion and bulk
diffusion. The relationship between the thickness of IMC at
the composite brazing interface and brazing time is expressed
as Eq.(6):

x=kt" (6)
where x is the average thickness of interface IMC with
different brazing durations; k is a constant; ¢ is the brazing
time; 7 is the time index of interface IMC growth.

Take the logarithm on both sides of Eq.(6) to obtain Eq.(7)

Inx=Ink+nln¢ 7
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10 um

Fig.11 Morphologies of IMC at the joint interface of SAC105-0.3wt% Ni/Al,O, with different brazing durations: (a) 180 s, (b) 240 s, (c) 300 s,

and (d) 360 s

Using Int as the horizontal axis and Inx as the vertical axis,
a linear function can be obtained by fitting, and the slope of
the function interface is the growth index n of IMC.
According to the fitting, the growth index n of IMC at the
brazing interface of Ni/Al,O; reinforced SAC105 composite
solder is 0.39. According to Ref.[36], when the interface IMC
growth is controlled by grain boundary diffusion, the growth
time index n is 0.33; when the growth of interface IMC is
controlled by bulk diffusion, the growth time index » is 0.50.
Therefore, the growth of interface IMC during the brazing
process is the result of the combined effect of grain boundary
diffusion and bulk diffusion.

4 Conclusions

1) Nickel coated alumina reinforcement phase can be

prepared by dopamine polymerization reaction and
hydrothermal method. In the coating process, the nickel layer
formed is uniform and continuous.

2) When the adding amount of Ni/AlL,O, varies to 0.1wt%,
0.3wt% and 0.5wt% , the conductivity of the brazing alloy
material slightly decreases. The overall wettability of
composite materials is improved compared with that of the
matrix materials, and the wettability is the best when the

adding amount is 0.3wt%.
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3) With the increase in adding amount of Ni/ALO,, the
overall tensile strength and elongation of the composite
material are improved compared to those of the matrix. When
the Ni/ALO, content reaches 0.3wt%, the tensile strength and
elongation reach the maximum, and the toughness of the
fracture also reaches the maximum.

4) The growth index of IMC at the brazing interface of
SAC105-0.3wt% Ni/ALO, is linearly fitted to »=0.39,
indicating that the growth of IMC at the interface is the result
of the combined effect of grain boundary diffusion and bulk
diffusion.
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