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GRAIN REFINEMENT AND HARDNESS IMPROVEMENT OF Sn-Zn SOLDERS
WITH NICKEL-COATED PRECIPITATE CALCIUM CARBONATE

In this study, the effects of 0.5 wt.% of micro-sized and nano-sized nickel-coated precipitated calcium carbonate (PCC) on the
structural, microstructural, and mechanical properties of tin-zinc (Sn-Zn) solder alloys were examined. X-ray diffraction analysis
revealed the formation of a monoclinic Ni3Sny phase, indicating significant structural transformation due to Ni-coating. Micro-
structural investigation showed refined Zn-rich grains in the composite solder alloys with micro-sized Ni-coated PCC, attributed to
grain boundary strengthening. Elemental study confirmed a reduced Zn content of around 3.69 at.%, suggesting diffusion-induced
redistribution during phase formation. Vickers microhardness testing using diamond indentation revealed that Sn-Zn added with
micro-sized Ni-coated PCC exhibited the highest hardness at 16.98 + 5 HV, which is 12% higher than pure Sn-Zn solder. The results
demonstrate the combined influence of phase reinforcement and microstructural evolution in enhancing the mechanical performance.

Keywords: Precipitate calcium carbonate; Composite solder; Grain refinement; Hardness; Surface modification

1. Introduction

The eutectic tin-zinc (Sn-9Zn) alloy is a promising lead-free
solder with a melting point of approximately 198°C, making
it suitable for various electronic applications. Its single melting
temperature at the eutectic composition also offers processing
advantages during solidification [1]. However, the presence of
Zn in this alloy often results in low corrosion resistance and poor
wettability, limiting its performance [2]. To address these chal-
lenges, composite solders incorporating non-metal fillers have
been introduced. Ceramic particles such as alumina [3], zinc
oxide [4], and kaolin [5] have been employed to enhance vari-
ous characteristics. For example in term of mechanical strength,
it was reported that the additions of copper oxide significantly
improved shear force of tin-silver-copper (SnAgCu) solder by
10.5 to 14.5% [6]. However, the corrosion exposure reduces
the mechanical performance up to 24%, compared with the
pristine SnAgCu. Similar trend was also seen for the zirconia-

added SnAgCu composite solder system [7]. While for thermal
performance [8], increased void formation is seen with additions
of'silicon carbide in the matrix of SnAgCu-based solder leading
to inferior properties.

Recently, precipitated calcium carbonate (PCC) has gained
attention as a cost-effective and readily available filler material
for composite solders [9]. Despite its advantages, ceramic fillers,
including PCC, are prone to agglomeration due to density differ-
ences between the filler and solder matrix. This agglomeration
leads to poor dispersion and uneven filler distribution, ultimately
weakening interfacial bonding and mechanical properties [10].
Strategies such as ball milling [11], high-energy mixing [12], and
the use of dispersants [13] or surfactants [ 14] have been explored
to improve filler dispersion. Additionally, metal coatings on ce-
ramic fillers, such as nickel (Ni), have shown potential in reduc-
ing agglomeration and enhancing compatibility with the solder
matrix [10]. Nickel coatings are widely used for their durability,
oxidation resistance, and ability to improve interfacial bonding
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through strong affinity with Sn. Previous studies reported that 5
wt.% Ni coating on micro-sized PCC fillers optimized perfor-
mance by promoting interaction with the Sn matrix [15]. How-
ever, limited studies have investigated the effects of Ni-coated
ceramic fillers of varying sizes, including micrometer- and
nanometer-scale PCC, on the critical reliability aspects of com-
posite solders, such as wettability, thermal stability, and hardness.

This study aims to evaluate the impact of adding Ni-coated
micro- and nano-sized PCC fillers on the structural, thermal, and
mechanical properties of eutectic Sn-9Zn composite solders. The
findings are supported by microstructural, phase, and elemental
analyses to provide insights into the role of Ni-coated fillers in
improving the performance of Sn-Zn solders.

2. Experimental materials and method

To synthesize Ni-coated PCC (Ni-PCC), hydrated nickel
chloride (NiCy,-6H,0), 20 g of micro- or nano-sized PCC, and
sodium hypophosphite (NaH,PO,) were mixed in a 1:1:1 ratio
in heated water (80°C) and stirred at 400 rpm (Fig. 1). The pH
of the solution was adjusted to 8 by adding drops of sodium hy-
droxide while maintaining the temperature. Additional NaH,PO,
was introduced at a 1:1 ratio with NiCl, 6H,0, maintaining a 5%
concentration, to produce 5% Ni coating on PCC. After cooling,
the resulting product was filtered, dried, and ground into fine
powder using a mortar and pestle.

Composite solders were prepared by incorporating 0.5 wt.%
PCC-based powders into the Sn-9Zn master alloy through casting
process, at the processing temperature of 300°C. The mixtures
were melted in an inert crucible at 550°C and allowed to cool

Raw materials:

1. NiCl,6H,0
W 2.NaH,PO,

W

l 3
PCC NaH,PO, causes
® W reduction reaction
LK
. B

Ni%*ions react

e Ni coated PCC
ni PCC ni
N N

Fig. 1. Schematic diagram of Ni-coating process on PCC

to ambient temperature. Samples produced included Sn-9Zn
(S8Z), Sn-9Zn with 0.5 wt.% micro-PCC (SZMP), Sn-9Zn with
0.5 wt.% nano-PCC (SZNP), Sn-9Zn with 0.5 wt.% of 5% Ni-
coated micro-PCC (SZNMP), and Sn-9Zn with 0.5 wt.% of 5%
Ni-coated nano-PCC (SZNNP). The solidified composite solders
were rolled manually to a 0.5 mm thickness and then punched
into 5 mm-diameter pellets. The prepared samples were char-
acterized for phase composition using X-ray diffraction (XRD,
Shimadzu XRD 6000) and thermal properties through differential
scanning calorimetry (DSC, DSC-8000 Perkin Elmer). Micro-
structural and elemental analyses were performed using scanning
electron microscopy (SEM, JEOL JSM-6460-LA equipped with
energy dispersive spectroscopy (EDS)) and transmission electron
microscopy (TEM, FEI Tecnai G2 20 S-Twin). Hardness testing
was conducted with a Vickers microhardness tester (Sinowon)
ata 0.1 kgf'load and 10-second dwell time.

3. Results and discussion

3.1. Microstructure and zeta potential analyses
of nickel-coated precipitated calcium carbonate

The uncoated micro-PCC exhibits a smooth surface with
minimal agglomeration, as observed in the TEM analysis
(Fig. 2a). In contrast, noticeable agglomerations are evident
in the nano-PCC sample (Fig. 2b). Following the Ni coating of
the micro-PCC, the surface appears darker with no significant
agglomeration detected. However, the Ni coating has little ef-
fect in preventing agglomeration in the nano-PCC (Fig. 2c-d).
Moreover, the Ni distribution on the nano-PCC is uneven, with
several Ni agglomerates clearly visible.

Fig. 2. TEM results for (a) micro-PCC, (b) nano-PCC, (c) Ni-coated
micro-PCC, and (d) Ni-coated nano-PCC
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To evaluate the impact of Ni coating on PCC dispersion in
ceramic-reinforced composite solder, Zeta potential measure-
ment was conducted (Fig. 3). The micro-PCC particles exhibited
a Zeta potential of —3.39 mV, indicating a net negative surface
charge with relatively weak repulsive forces between particles.
In contrast, the Ni-coated micro-PCC particles showed a Zeta
potential of —11.9 mV, suggesting a stronger repulsive force and
successful particle separation due to the surface coating [16].
For the nanoparticles, the Zeta potential shifted from —12.8 mV
to —9.92 mV after Ni coating. This indicates that the Ni coating
failed to effectively de-agglomerate the nano-PCC. Nanoparti-
cles typically exhibit higher Zeta potential values due to their
increased surface reactivity, which enhances surface charge
generation or ionization and reinforces electrostatic attraction
between particles [17]. Moreover, nanoparticles possess a high
surface-to-volume ratio, resulting in a larger proportion of atoms
or molecules on the surface compared to the bulk. As a result,
surface properties become more dominant, promoting ag-
glomeration [18]. This explains the inability of Ni coating to
effectively separate nano-PCC particles.

o N\ Nano-Ni-PCC
3 SRS Nano-PCC
n_ e e T e [ o [

5 PR Micro-Ni-
% 2RRRn A PCC

'— AV AN AV AV AV AV |

-15 -10 -5 0

Zeta Potential (mV)
Fig. 3. The effect of Ni coating on Zeta potential of PCC

Particles with a neutral charge tend to aggregate naturally,
often forming larger clusters due to gravitational or van der Waals
forces [10] (Fig. 4a). Electroless Ni plating, which involves
depositing a uniform metal layer onto particle surfaces through
a controlled chemical reduction process without the need for
external electricity, addresses this issue. This method not only
produces a smooth and cohesive metal coating but can also
modify or enhance surface charges on the particles [19]. The
newly applied metallic layer may generate a surface potential
that induces repulsive electrostatic forces between particles
(Fig. 4b). As the particles acquire similar charges during the
plating process, they experience mutual repulsion, effectively
reducing the likelihood of aggregation.

3.2. Phase analysis of composite solders

As shown in Fig. 5a, the XRD pattern of the raw PCC
revealed distinct peaks at 24.0° (012), 29.0° (104), 35.0° (006),
47.5° (110), 56.6° (113), 62.4° (202), 62.8° (018), and 65.0°
(125). These peaks correspond to calcium carbonate (ICDD

1735
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Ni-coated
PCC

Fig. 4. Schematic diagram of repulsion/attraction experienced by zeta
potential of (a) unmodified and (b) Ni-coated PCC
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Fig. 5. XRD spectra of (a) PCC and (b) Ni-PCC composite solders
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01-072-1937) and align well with previously reported data [9].
For the Sn-9Zn solder, peaks associated with Sn (ICDD 00-001-
0926) and Zn (ICDD 00-001-1238) were identified (Fig. 5b).
The Sn peaks appeared at 31.05° (200), 31.30° (101), 44.29°
(220), 44.42° (211), 63.08° (400), 65.11° (321), 72.75° (420),
and 79.82° (312). Meanwhile, Zn peaks were observed at 43.79°
(101) and 54.82° (102). The absence of any new intermetallic
phases in this alloy can be attributed to the limited solubility of
the constituent elements, which restricted their mutual interac-
tion [20].

For the Sn-9Zn alloy containing 5% Ni-PCC in both mi-
cro- and nano-forms, additional peaks corresponding to NizSny
(ICDD 03-065-4310) and PCC were observed. The appearance
of the Ni;Sny phase confirms the successful interaction between
Ni and Sn [9]. This intermetallic compound (IMC) formed
through diffusion between the Ni coating layer and Sn during
the melting process, serving as a “bridging material” between
the reinforcements and the solder matrix.

The Ni coating process begins with the precursor, Na,H,
PO,, undergoing a reduction reaction that releases a hydrogen
atom, which subsequently binds to the PCC surface (Eq. (1)).
Following this, Ni*" ions from NiCl,- 6H,0 and H,PO,  ions
are reduced, leading to the deposition of nickel atoms (Egs.
(2)-(4)). Experimental results demonstrated that the interaction
between H,PO, ™ and water facilitated the deposition of Ni atoms
onto the PCC surface, where they bonded securely, through the
reaction [21]:

(H,PO,)” + H,0 — H' + (H,PO,)* + 2H (1)
Ni?* H,PO,” + H,0 — Ni + H,PO;~ + 2H )
H2PO2_ + Hzo and H2PO3_ + H2 (3)

NiZ* + 2H,PO,” — Ni + 2H,PO; +2H' +H,  (4)

The incorporation of the Ni3;Sn, compound within a tin
solder matrix offers several advantageous properties for solder
joints. Research on Ni-coated SiC particles in a SAC solder
matrix has demonstrated that Ni-coated SiC improves the wet-
ting angle of composite solder [12]. Similarly, prior studies
[22] have shown that embedding Ni-coated graphene (Ni-GNS)
in the SAC305 solder matrix enhances both the mechanical
strength and hardness of the solder joint. These enhancements
contribute to improving the overall durability and reliability of
the solder joint.

3.3. Microstructure and elemental analyses
of composite solders

The eutectic SZ solder exhibits a distribution of Zn-rich
phases appearing as black, needle-like structures randomly
dispersed within the light-contrast $-Sn matrix (Fig. 6a). These
black structures form due to the limited mutual solubility of
the elements, as previously reported [23]. For SZ solder, the

average size of the Zn-rich phase is 431.8 £ 25.4 um. In con-
trast, the SZNMP shows a reduction in Zn-rich phase size to
203.2 £ 15.24 um (Fig. 6b).

Fig. 6. SEM results for 100x magnification of (a) SZ, (b) SZMP, and
500x magnification (c) SZ, (d) SZNMP, (e) SZNNP, (f) SZNP and (g)
SZMP

At higher magnification, small Zn-rich phases are visible
in both SZ (Fig. 6¢) and SZNMP (Fig. 6d). However, signifi-
cant increases in Zn-rich phase size are observed for SZNNP
(Fig. 6¢e), SZMP (Fig. 6g), and SZNP (Fig. 6f). The average
Zn-rich phase sizes recorded were 279.4 + 15.24 um (SZNNP),
482.6 £ 15.24 pm (SZMP), and 508 + 81.28 um (SZNP).
Notably, agglomerated fillers were observed on the surface
of SZNP (Fig. 6f, marked in red). According to EDS analysis,
spot i contains Ca (2.1 wt.%), C (1.89 wt.%), O (3.27 wt.%),
Sn (47.74 wt.%), and Zn (45 wt.%), while spot ii contains Ca
(0.86 wt.%), C (15.11 wt.%), O (15.19 wt.%), Sn (8.59 wt.%),
and Zn (60.24 wt.%). The presence of Ca, C, and O on the sol-
der surface suggests the possibility of filler expulsion occurring
in SZNP.

The reduction in Zn-rich phase size is attributed to enhanced
grain nucleation through heterogeneous nucleation during so-
lidification. The ceramic filler particles act as nucleation sites,
facilitating grain growth during solidification, as recently dis-
cussed [24]. The smallest Zn-rich phase size observed in SZNMP
indicates that 5 wt.% Ni coating on micro-PCC provides the most
uniform distribution with minimal agglomeration. In contrast,
the increased Zn-rich phase sizes in SZNNP, SZMP, and SZNP
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may result from less effective PCC distribution and the presence
of agglomerates, as seen in Fig. 6f.

The corresponding EDS analysis reveals that the pristine SZ
solder consists of Sn (90.49 wt.%) and Zn (9.51 wt.%) (Fig. 7a).
This composition aligns with the raw materials used and confirms
proper fabrication. Incorporating 0.5 wt.% micro-PCC into SZ
introduces 3.50 wt.% Ca, 0.02 wt.% C, and 0.19 wt.% O (Fig. 7b),
with the remaining composition comprising Sn (87.19 wt.%) and
Zn (9.10 wt.%). Notably, the addition of nano-PCC significantly
elevates the Zn content to 60.24 wt.% (Fig. 7c), which correlates
closely with the enlarged Zn-rich phase observed earlier. When
Ni coating is introduced, the presence of Ni is confirmed in the
energy spectra for both micro- (Fig. 7d) and nano-PCC (Fig. 7e)
composite solders. Furthermore, Zn content is notably lower
in SZMNP (5.82 wt.%) compared to 19.96 wt.% in SZNNP.
This finding corresponds with the smaller Zn-rich phase detected
in SZMNP.
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3.5. Hardness analysis of composite solders

The Vickers microhardness measurements were taken at
five different points to calculate the average value (Fig. 8a).
The pristine SZ exhibited a hardness of 15.14 + 1.06 HV, which
significantly increased to 16.98 +0.89 HV for SZNMP (Fig. 8b).
Following this, SZNP showed a hardness of 16.16 + 0.63 HV,
while SZNNP recorded 14.78 = 1.31 HV. The lowest hard-
ness was observed for SZMP. The addition of Ni-PCC notably
improved the hardness, with the most pronounced effect seen
in SZNMP. The nickel coating on PCC particles reinforces the
solder matrix, enhancing its strength by contributing to the
hardness and mechanical properties of the solder. This rein-
forcement provides additional support and increases resistance
to deformation. Furthermore, the Ni coating facilitates better
reinforcement distribution (Fig. 8c), effectively limiting the
diffusion of elements in the lead-free solder during the reflow

Element Atomic % Weight %

Caldium 896 330
Carbon 017 002
Oxygen 0.19
Tir 75318 87.19
Zine 14 28

910

-

Cement Atomic % Weight %

Caicium I 1 41

Carbon 0.12 0.02
Nicke! 3.86 243
Oxygen 10.56 181

67.16 85.61

§.29 5382

Cement Atomic % Weight %
Calcium 7.15 3.10

Carbon 0.13 0.02
Nceel 5.41 343
Oxygen 2.07 036

5701

73.14

Fig. 7. EDS analysis pertaining to the solder area (a) SZ, (b) SZMP, (c) SZNP, (d) SZNMP and (e) SZNNP
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Fig. 8. (a) Schematic drawings of Vickers microhardness indention points, (b) average Vickers microhardness value of composite solder and (c)

schematics on better distribution of PCC due to the Ni coating

process. The presence of a smaller Zn-rich phase, as observed in
the microstructural analysis, inhibits the slip mechanism during
hardness testing and strengthens the solder via the Zener pin-
ning effect [25].

4. Conclusion

The study examined the impact of Ni coating on micro- and
nano-sized PCC particles and its influence on the microstructure,
phase composition, and hardness of Sn-9Zn composite solder.
The findings are as follows:

i.  The Ni coating effectively reduces the agglomeration of
PCC fillers, particularly in micro-PCC. When Ni-coated
PCC is incorporated into the SZ solder, the formation
of Ni;Sny indicates a successful interaction between Ni
and Sn.

ii. Adding Ni-coated PCC improves the hardness of Sn-Zn
solder, with SZNMP solder exhibiting the highest micro-
Vickers hardness among the tested compositions. This
improvement is attributed to the enhanced distribution of
PCC particles.

In summary, incorporating nickel-coated micro-PCC par-
ticles into Sn-Zn solder composites significantly improves their
performance across various metrics, making them more suitable
for soldering applications. For future works, long-term reliability
testing including conducting thermal cycling and mechanical
fatigue tests to assess the durability and performance of Ni-
coated PCC-reinforced solder under real-world conditions, and
investigation on the wettability and interfacial behavior between
the solder and substrate materials.
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