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Abstract

The aim of this work is to analyze the phase composition, microstructure, and thermal behavior of Sn-3.0Ag-
0.5Cu solders with (0.1, 0.4, 1, 4) wt% Ni addition using experimental techniques (scanning electron
microscopy, energy-dispersive X-ray spectroscopy, X-ray diffraction, differential scanning calorimetry) and
computational thermodynamics (Thermo-Calc). The results show that the microstructure of all samples
consisted of B-Sn dendrites in eutectic matrix (B-Sn + AgsSn) and elongated particles of CueSns intermetallic
phase. Ni is dissolved in CusSns phase, and with an increasing amount of Ni, the NisSns phase starts to form,
at the expense of CusSns. With increasing Ni addition, the microstructure becomes coarser, mainly CusSns
and NisSn4 phases with cracks observed mainly in the later phase. The low values of undercooling (3.6 +~ 14.4)
°C of samples were determined, compared to the reported value for SAC305 solder. The results show a very
good agreement between experimental results — phase composition, eutectic temperature, enthalpy of phase
transformation (eutectic transformation + melting of B-Sn dendrites) and results achieved using thermodynamic
computations in Thermo-Calc software.
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1. INTRODUCTION

Solder alloys are a fundamental part of the electronics industry. Proper solder material and soldering methods
ensure good integration of mechanical and electrical connections in the electronic devices. Lead-containing
solders, tin-lead solders in particular, were the most popular type of solders in the past, mostly due to their
good physical, mechanical, and metallurgical properties, as well as their low cost. However, the use of lead
became restricted due to health and environmental concerns Environmental Protection Agency (EPA) [1]. This
led to the adoption of lead-free alternatives, such as Sn-Ag-Cu (SAC) alloys have been proposed as the most
promising lead-free solders for replacement of traditional Sn-Pb solder due to their good reliability, excellent
creep resistance, and thermal fatigue characteristics [2]. However, challenges remain with SAC solders,
including their composition and the formation of brittle compounds. Research has shown that small amounts
of elements like nickel can enhance the properties of the solders, such as the microstructure and mechanical
properties of SAC alloys [3-7]. Research primarily explores nickel additions from 0.03 wt% to 1 wt% in solder
alloys, showing even 0.05 wt% nickel can improve microstructure [8-10], lead to lower undercooling [11],
stabilize CusSnsin high-temperature hexagonal form [12] and suppress the formation and growth of CusSn at
the Cu/solder interface [13], leading to higher tensile strength and creep properties of solders and solder joints
[14]. This paper focuses on the effect of (0.1 — 4) wt% Ni addition on the microstructure and thermal behavior
of Sn-3.0Ag-0.5Cu (SAC305) solder. The experimental results are then compared to the computational
thermodynamics results and discussed.
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2. MATERIALS AND METHODS

The Sn-3.0Ag-0.5Cu (SAC305) alloys with different additions of Ni (0.1, 0.4, 1, and 4 wt%), hereafter denoted
as SAC305-01Ni, SAC305-04Ni, SAC305-1Ni, and SAC305-4Ni, were investigated using experimental
techniques and computational thermodynamics. The four alloys were prepared from raw materials Sn, Ag, Cu,
and Ni (of 99.95% purity). They were mixed in proper fractions; the overall mass of the mixtures was 50 grams.
Then the mixtures were melted in an induction furnace under an argon atmosphere. For the microstructural
analysis, metallographic preparation was carried out by standard procedures consisting of grinding (60#, 240#,
600#, 1200#, and 4000# SiC paper) and polishing by diamond suspension (9, 6, 3, and 1 ym). The
microstructures of the solder alloys were analyzed by scanning electron microscopy (SEM) using JEOL JSM-
7600F in backscattered electrons mode and the distribution of elements was analyzed by the energy dispersive
X-ray spectroscopy (EDX) using Oxford Instruments X-max 50. X-ray diffraction analysis (XRD) was used to
identify the phases present in the system. The XRD patterns were recorded in 2Theta in range (20+90)° using
PANalytical Empyrean instrument with PIXCel3D detector at 40 kV and 40 mA, using Co Ka radiation with step
size of 0.026° and counting time 96 s per pixel per step. The XRD patterns were evaluated with the HighScore
software. The following ICSD cards were used: 98-010-6071 (B-Sn), 98-000-2721 (AgsSn), 98-010-6530
(CueSns), 98-010-5363 (NisSns). Differential scanning calorimetry (DSC) analysis was carried out to examine
the melting and solidification behavior of the samples. Pyris Diamond DSC (PerkinElmer) was used for the
measurements in nitrogen (purity 5.0) protective atmosphere. Four samples with a mass of about 50 mg were
cut from the bulk specimens and sealed in an aluminum pan for DSC analysis. Two measuring cycles in the
temperature range (30+250) °C for each sample were carried out, with a heating rate of 10 K/min and cooling
rate of 12 K/min. Computational thermodynamics was used to predict the phase equilibria in the system and
to evaluate the melting behavior of the solders. Thermo-Calc software (version 2022a) and thermodynamic
database of lead-free solder systems (TCSLD, version 4.1) were used for all calculations.

3. RESULTS

3.1 Phase analysis and microstructure of samples

The isopleth of the SAC305-xNi system calculated in Thermo-Calc is shown in Figure 1, showing that liquidus
temperature steeply increases with an increasing amount of Ni up to above 700 °C for SAC305-4Ni. The red
vertical lines in isopleth illustrate the compositions of the investigated samples. According to this the predicted
phase composition of the samples at room temperature is: 3-Sn, CusSns, AgzSn, and from 1 wt% Ni the NisSna
phase appears. The predicted phase compositions of samples were verified by XRD analysis. These results
confirmed the presence of B-Sn, AgsSn, and small amounts of CueSns in all samples. The NizSnhs phase was
found in sample SAC305-1Ni (in small amounts), and mainly in sample SAC305-4Ni containing the highest
amount of Ni. The microstructures of samples are shown in Figure 2. The microstructure of the SAC305-01Ni
sample consists of large primary grains of 3-Sn surrounded by eutectic (3-Sn + AgzSn) and elongated particles
of CusSns in the B-Sn matrix (Figure 2a). With the increasing amount of Ni (sample SAC305-04Ni) the
microstructure becomes coarser, mainly the phase CueSns (Figure 2b). The phase NisSn4 appears in samples
SAC305-1Ni (Figure 2c) and SAC305-4Ni (Figure 2d). NisSns4 phase has also a coarse morphology in both
samples, in sample SAC305-4Ni resembling the island-like structure containing some amounts of CusSns
phase. There were also many cracks in NizSnas, not only near the interface with B-Sn but also in the bulk of this
phase. The results from EDX analysis (Figure 3) show the distributions of Sn, Ag, Cu and Ni in the samples
and fully confirm the identification of phases in the microstructure. In the case of samples containing a lower
amount of Ni (SAC305-01Ni, SAC305-04Ni) nickel is dissolved only in CusSns phase, while in samples
containing higher amounts of Ni (SAC305-1Ni, SAC305-4Ni) most of the nickel is in the NizSns phase and
CusSns phase is often formed in the vicinity of NizsSn4 phase and in this phase.
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Figure 1 Calculated isopleth Sn-Cu of SAC305-Ni system, red vertical lines indicate the compositions of
investigated samples (SAC305-01Ni, SAC305-04Ni, SAC305-1Ni, SAC305-4Ni)
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Figure 2 SEM microstructures of SAC305 with different addition of Ni: (a) 0.1 wt% Ni, (b) 0.4 wt% Ni, (c) 1
wt% Ni, and (d) 4 wt% Ni
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Figure 3 Microstructure of SAC305-1Ni sample (a) and corresponding distribution of elements (b-e) obtained
using EDX

3.2 Melting and solidification behavior of solders

The DSC curves of all four samples are shown in Figure 4 and they show that two thermal events during
cooling of samples containing (0.1, 0.4, and 1) wt% Ni correspond to the formation of B-Sn phase and eutectic
transformation, respectively. These two events are nearly overlapping in the case of sample SAC305-4Ni, as
the temperature difference between these phase transformations is very small. The molar fractions of phases
in SAC-xNi samples were calculated using Thermo-Calc and compared to DSC data (Table 1). It can be seen
that the eutectic temperature of the samples determined using DSC is slightly lower for sample containing 0.1
wt% Ni (218.8 °C), for the samples containing (0.4, 1 and 4) wt% Ni the eutectic temperature is about 220 °C.
The eutectic temperatures of the samples calculated using Thermo-Calc are in very good agreement with
those experimentally determined using DSC, the relative differences are from 0.05% to 0.17%. Also, the
calculated enthalpies of phase transformation (eutectic transformation + melting of 3-Sn dendrites, i.e. the
melting of the matrix of solder, as only IMCs CusSns and NisSnsare in solid state above this temperature) of
the samples are in very good agreement with those experimentally determined using DSC, the relative
differences are from 0.39% to 1.76%. It should be noted that the enthalpy of this phase transformation
decreases with increasing amount of Ni, as the fraction of phases that do not participate in this phase
transformation (CueSns, NisSns) is also increasing. Table 1 also shows the values of undercooling of the
samples. It can be seen that with the increasing amount of Ni the undercooling is also increasing, from 3.6 °C
(sample SAC305-01Ni) to 14.4 °C (sample SAC305-4Ni).

Table 1 The experimental data of temperatures and enthalpies of phase transformation (eutectic
transformation + B-Sn melting/solidification) during heating (Tstart, Tfinish, AH) and cooling (T*star,
T*inish, AH*). Undercooling AT is calculated as difference between Tswart and T*sart. The related
Thermo-Calc data are denoted as (Te, AHcar).

Heating Cooling Undercooling Thermo-Calc data

Sample Tstart Tinish AH T*start | T*finish AH* AT = Tstart - T*start Te AHcalc

(°C) | (C) | Qg | (°C) | (°C) | (g) (°C) (°C) (J/9)

SAC-01Ni 218.8 | 226.1 | 64.46 | 215.2 | 208.3 | 64.26 3.6 218.70 63.59
SAC-04Ni 219.8 | 229.7 | 62.14 | 213.5 | 206.3 | 61.96 6.3 220.18 61.9
SAC-1Ni 219.8 | 229.1 | 60.98 | 213.0 | 206.4 | 60.84 6.8 220.15 60.49
SAC-4Ni 220.0 | 229.7 | 53.98 | 205.6 | 201.6 | 53.79 14.4 220.15 53.03
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Figure 4 DSC curves of SAC305-xNi samples during heating (left) and during cooling (right), showing phase

4.

transformations (eutectic transformation + 3-Sn melting/solidification)

CONCLUSION

In this work, the phase composition, microstructure, and thermal behavior of SAC305-xNi (x = 0.1, 0.4, 1, 4)
solders were analyzed. The results are summarized as follows:

1

2)

3)

4)

The microstructure of all samples consisted of B-Sn dendrites in eutectic matrix (B-Sn + AgsSn) and
elongated particles of CusShs intermetallic phase. With the increasing addition of Ni, the coarsening of
microstructure and an increasing amount of CusSns was observed.

The eutectic temperature of all samples was (218.8 + 220) °C. The Ni addition decreased the
undercooling up to 3.6 °C (sample with 0.1 wt% Ni addition), compared to 24.2 °C reported for SAC305
solder [10]. But with increasing addition of Ni undercooling rises up to 14.4 °C (sample with 4 wt% Ni
addition).

Ni substitutes Cu in CuesSns in the case of samples with a lower addition of Ni. When the NisSn4 phase
is formed in the samples with higher Ni addition, some amount of Ni is consumed during the formation
of this phase and the rest of Ni is dissolved in CueSns.

The results show very good agreement between experimental results — phase composition, eutectic
temperature, enthalpy of phase transformation (eutectic transformation + melting of B-Sn dendrites) with
results achieved using thermodynamic computations in Thermo-Calc software.
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