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Abstract—This research aimed to investigate the susceptibility of Sn-58Bi alloys to Electrochemical Migration (ECM) when
combined with TiO2 nanoparticles in various solutions, including deionized water (DI), 1 MM Na2SOa4, 500 mM NazSOa4, 1 mM NaCl,
and 500 mM NacCl, using water drop (WD) tests. The results revealed a heightened ECM susceptibility in Sn-58Bi alloys with the
addition of TiO2 nanoparticles, indicating an adverse impact of TiO2 nanoparticle incorporation. Furthermore, scanning electron
microscopy and energy dispersive X-ray spectroscopy (SEM-EDS) were utilized to analyze the surface morphology and elemental
composition of dendrites formed after the WD tests. The outcomes showed the presence of dendrites and precipitates in both Sn-58Bi
and Sn-58Bi-0.1% TiO2 cases. Sn was identified as the primary element in the dendrites, while Bi was not detected in the dendrites
in any of the cases. Consequently, the reliability of electronics may be compromised when using Bi-Sn paste doped with TiO2
nanoparticles, particularly in terms of ECM. Nonetheless, these nanoparticles could enhance other properties associated with
modified microstructure, such as mechanical or thermal properties, which warrant further investigation.
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. INTRODUCTION

Electrochemical migration (ECM), a type of electrochemical corrosion, occurs between two electrodes with opposing biases
while submerged in an electrolyte [1]. This corrosion encourages the growth of dendrites from the cathode to the anode, leading
to compromised insulation resistance and eventual electronic failure during operation. Studies suggest that the degree of
electronic failures due to the ECM differs based on operational parameters [2], [3]. As electronic systems become smaller and
the industry shifts away from the lead, comprehending ECM becomes progressively important [2].

Tin-based solder alloys have emerged as promising substitutes for those containing lead. Several factors, such as voltage
level [4], [5], spacing [4], and the presence and concentration of impurities [6], [7], have a significant impact on the ECM
behavior of these lead-free alloys. Among them, the tin-silver-copper alloy (SAC) receives considerable attention due to its
impressive mechanical properties and weldability [8]. However, low-temperature alloys, which melt below 180 °C, are also
crucial. Their utilization is essential, especially for tasks involving the fabrication of welding-based 3D structures, except in
situations requiring rework operations or with temperature-sensitive components [9].

There is a continual effort to improve the durability of solder joints, to strengthen their ability to withstand mechanical strain
and thermal stress, thereby increasing their resistance to ECM. One potential approach is to integrate nanoparticles (NPs) made
of metallic elements that differ from those found in the base alloy. However, this approach is limited by the post-consolidation
melting temperature of the alloy. In the case of low-temperature brazing alloys, introducing additional common metal elements
can raise the melting point, which is undesirable as it undermines the intended enhancement [9].

To overcome this obstacle in various alloys and achieve improved microstructure, a strategy entails uniformly and
consistently distributing nanoparticles within the solder paste throughout the material intended for welding. This technique has
been utilized to integrate Ag [10], Cu [11], Ni [12], Ti [13], Co [14], and Cr [15]. The effectiveness of this method was evaluated
in the context of Bi-Sn alloy.

Weld joints containing Ag and Ti NPs experienced a notable increase in shear strength [10], [13]. In contrast, the addition of
Cu and Ni resulted in only marginal improvements in mechanical strength, hardness, and resistance to creep [12], [13]. The
introduction of Co effectively reduced the thickness of intermetallic compound (IMC) interfaces and significantly controlled
their expansion during thermal aging [14]. Furthermore, increasing the Cr content led to a shift in self-corrosion potential towards
less negative values. Particularly, at a Cr concentration of 0.3 wt.%, the corrosion current density was minimized, resulting in
the slowest corrosion rate and indicating superior corrosion resistance [15].

Instead of employing metallic NPs, ceramic NPs like TiOz, ZnO, AIN, Al;O3, ZrO,, SiO,, SnO2, and others provide a choice.
Studies indicate that integrating TiO, NPs into SAC solder, referred to as SAC + TiO,, can effectively inhibit dendrite formation
in SAC305 alloy [24].
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The influence of ceramics on Sn-Bi solder pastes has not been extensively investigated, except in a few cases. Rajendran et
al. [16] illustrated that ZnO NPs could improve wettability. Similarly, Wang et al. [17] observed enhanced wettability with the
inclusion of AIN NPs. Hu et al. [18] found that incorporating AI203 NPs reduces the growth of IMCs under electromigration
(electro-thermal) conditions. TiO2 NPs were noted to significantly impact the shear strength and hardness of reinforced solder
joints [19]. However, Vesely's examination [9] revealed an opposite outcome when TiO, nanoparticles were introduced to
Sn42Bi58, resulting in a decrease in the average failure time.

Due to the limited comprehension of the effects associated with integrating TiO, NPs into Bi-Sn solder paste, the current
work presents the findings of the ECM behavior of Sn-Bi when being doped with 0.1 wt.% TiO2 NPs at different solution
electrolyte at 10 V bias voltages .

Il. MATERIALS AND METHODS

A. The process of preparing composite solder paste

For solder paste preparation, a commercially accessible product was employed, Indium5.7LT-1 (Indium Corporation, USA),
supplied in a 500g container. The container's contents were split into two equal portions. The initial portion remained unaltered
(referred to as Paste A), while the second portion was blended with 0.1 wt.% of TiO, powder obtained from Sigma Aldrich, USA
(referred to as Paste B). A comprehensive mixing was achieved by subjecting the materials to a 15-minute mixing process using
the Y X500S mixer machine.

The soldering alloy utilized was 58Bi42Sn, comprising particles ranging in size from 25 to 45 um, with a flux content of 10
wt.%. The TiO, powder utilized was of the rutile anatase type, with particle sizes below 100 nm, a molecular weight of 79.87
g/mol, and a trace metal basis of 99.5%.

B. Preparation of test samples

Fig. 1 illustrates the configuration of the test specimens. Each specimen consisted of seven patterns specifically designed for
ECM testing, following the guidelines specified in the international standard IPC-TM-650 2.6.3.3. The traces were 0.4 mm wide,
with a 0.5 mm gap between electrodes. Two types of test boards were employed: one featuring copper traces without any surface
protection (referred to as Cu), and the other with copper traces coated with galvanic gold (galvanic nickel-galvanic gold; referred
to as Au). This choice of surface finish aimed to represent commonly utilized options in the electronics industry. Notably, none
of the test boards were coated with a solder mask.

The application of solder paste to the test patterns was accomplished using a manual stencil printer SD240 (Spidé,
Netherlands) and a laser-cut stencil with a thickness of 150 pm, ensuring an alignment error of no more than 0.1 mm. Following
this, the boards underwent reflow in a continuous convection oven Mistral 260 (Spidé, Netherlands).

After reflow, a comprehensive cleaning of all boards was conducted to eliminate solder flux residues. This process entailed
utilizing isopropy! alcohol in conjunction with manual cleaning using a soft brush, followed by cleaning in an ultrasonic cleaner
with distilled water at 50 °C for 20 minutes, and concluding with drying at 50 °C for three hours. This meticulous procedure
guaranteed the absence of visible flux residues between the electrodes.

Fig. 1. The utilized the test boards, which include those featuring copper and copper protected by galvanic gold [9].

C. Measurement Methodology

The impact of alloys on ECM was examined alongside TiO, NPs across various solutions, including deionized water (DI), 1
mM NazS0., 500 MM Na,S0., 1 mM NaCl, and 500 mM NaCl, through WD tests. During these tests, a precise pipette dispensed
a 10 pl water droplet onto the test pattern, followed by the application of a 10 V bias voltage. To ensure experimental consistency,
14 measurements were carried out for each combination of sample type and solder paste. To characterize the ECM behavior of
the tested samples, the time-to-failure (TTF) findings of the WD test were fitted to the 2-P Weibull distribution.

The experimental configuration of the WD test (Fig. 2) includes a laboratory voltage source, a Novus USB data logger, and
a USB microscope.
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Fig. 2. illustrates the schematic diagram of the water drop test measurement [20].

Moreover, a scanning electron microscope (SEM, FEI Inspect S50) with energy dispersive spectroscopy (EDX) capabilities
(Bruker Quanta EDX) were performed to observe the dendrite structure and ascertain the elemental composition.

I1l. RESULTS

A. Results of WD test

The TTF results obtained from the WD tests are depicted in Figs. 3-5. The data revealed a noticeable decline in Mean Time
to Failure (MTTF) upon the inclusion of TiO, NPs in the solder. Short circuits were observed to manifest sooner for Paste B

compared to the unmodified solder paste (A).
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Fig. 3. TTF data upon the Addition of TiO, NPs in DI water at 10 VDC bias voltage— (x represents the MTTF).
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Fig. 4. TTF data upon the Addition of TiO, NPs in 500 mM Nacl at 10 VDC bias voltage— (x represents the MTTF).
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Fig. 5. TTF data upon the Addition of TiO, NPs in 500 mM Na,SO, at 10 VDC bias voltage— (x represents the MTTF).

Table 1 displays the parameters of the Weibull distribution, including the shape parameter () and the scale parameter ().
indicates the rate at which the failure rate changes over time, while 1 represents the characteristic life or scale of the distribution.
Specifically, n denotes the point in time when approximately 63.2% of the population will have experienced failure.

TABLE I. WEIBULL PARAMETERS FOR THE EXAMINED SOLDERS
Weibull Parameters

Solders I 1 (500
Au A-DI 1.31 370.40
Au B - DI 1.48 183.72
Cu_A - 500 mM NaCl 2.42 75.82
Cu_B - 500 mM NaCl 2.22 55.12
Au_A - 500 mM Na,SO, 0.83 239.26
Au_B - 500 mM Na,SO, 1.48 127.71

Furthermore, Fig. 6 presents data on the MTTF of Au_A under various types of contaminants. It was observed that the failure
time was immediate when exposed to a 1 mM NaCl solution, whereas its duration was shorter in a 1 mM NaSO4 solution
compared to deionized water. It is important to highlight that ionic contaminants expedite the ECM process. This acceleration
occurs as the electrolyte's conductivity rises with the increasing number of dissociated ionic species in the solution. Consequently,
this heightened conductivity enhances the "aggressiveness" of the electrolytes, leading to a swifter anodic dissolution [21], [22].

The effect of ionic contaminants becomes apparent when considering a 1 mM NaCl solution, where ECM failure occurs
almost instantaneously. Furthermore, Fig. 6 additionally indicates that the NaCl solution exhibits greater aggressiveness
compared to the Na,SO4 solution. Unfortunately, chloride ions (CI") stand out as the predominant corrosive contaminant in
various environmental settings. They can originate from diverse sources such as human sweat, fingerprints, airborne dust,
residues from manufacturing processes, degradation of packaging materials, and even salt spray from marine environments [23].
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Fig. 6. TTF data of Au_A under various types of contaminants at 10 VDC bias voltage— (x represents the MTTF).

B. Results of SEM-EDS methods

SEM-EDS analysis was carried out to investigate the surface morphology and elemental composition of dendrites and
residues post-WD testing.



In the presence of 1ImM Na,SO., Au_A showcased a combination of trunk and lace-like structures, as illustrated in Fig. 7,
while Au_B exhibited a lace-like morphology under identical conditions, as depicted in Fig. 8. This difference in the morphology
of the dendrites might be attributed to the impact of nanoparticle incorporation on the solder paste.

>

Fig. 8. Dendrites from Au_B after WD test in ImM Na,SO, solution at 10 VDC.

Considering the influence of changing the type of contaminants on Au_B with 500 mM Na;SOa, the morphology of the
dendrites revealed a blend of fishbone-like structures, straight, and perpendicular branching forms, as shown in Fig. 9.
Conversely, the dendrites formed in the case of Cu_A exposed to 500 mM NaCl exhibited a fishbone-like structure, as depicted
in Fig. 10.

Fig. 9. Dendrites from Au_B after WD test in 500 mM Na,SO, solution at 10 VVDC.



Fig. 10. Dendrites from Cu_A after WD test in 500 mM NaCl solution at 10 VVDC.

While prior research presents conflicting views on the impact of incorporating TiO2 NPs into solder alloys, certain studies
have suggested a beneficial outcome by inhibiting dendrite growth when introduced to SAC305 alloy [24]. Nevertheless, the
study in [25] did not observe substantial suppression or alteration in dendrite morphology, while other investigations reported
adverse effects upon adding TiO2 NPs to 58Bi42Sn [9]. Hence, the extent to which the addition influences ECM behavior of
lead-free solder alloy remains unresolved in previous literature.

In our study, concerning the Sn-Bi alloy utilized, dendritic formations on Au samples generally exhibited greater branching
compared to those on Cu samples. In addition to dendrites, surface precipitates, likely comprising Sn(OH)2, were observed. It is
theorized that alterations in dendrite morphology could substantially influence ECM properties. Dendrites characterized by
straight and perpendicular branching morphology may experience shorter propagation times than those displaying a combination
of trunk and lace-type morphology [26]. Table 2 outlines the outcomes derived from EDS analysis of dendrites resulting from
ECM WD tests. It is evident that Sn consistently emerges as the predominant element within the dendrites across all scenarios.
Following Sn, Cu is detected, likely due to its inclusion in the base material utilized for sample fabrication. Notably, Au was not
detected; instead, Br, Ni, and S might be have originated from the FR4 substrate, along with precipitates formed during the WD
test. Noteworthy is the minor presence of Na and Cl in the dendrites, attributed to electrolyte residues from the WD test. However,
Bi was absent from the dendrites, suggesting its non-involvement in the migration process, contrary to previous assertions [9].

TABLE Il EDS RESULTS FROM THE DENDRITES OF SN-BI-(0.1, 1% TIO,)
Dendrites Composition (wt.%0)
Solders
Na S Cl Ni Cu Br Sn
CuAO05 | 03 - 0.8 - - 3.1 95.8
M NaCl
Au_B_0.5 21 | 16 - - 18.6 - 1.7
M Na,SO,
Au_A 1m - - - 8 95 11.1 714
M Na,SO,
Au_B_1m - - - 0.1 55 - 94.4
M Na,SO,
. DISCUSSION

Previous research has highlighted variations in how the inclusion of TiO, NPs impacts dendrite formation, contingent upon
the alloy type. Specifically, TiO, nanoparticles were observed to hinder dendrite formation in SAC alloys, resulting in a prolonged
MTTF compared to unmodified solder alloys [24], [25]. Conversely, the MTTF either remained unchanged or decreased for
modified solder pastes compared to unmodified ones in Sn-Bi alloy, as reported by [9]. Therefore, further investigation is
necessary to attain a comprehensive understanding of the role of TiO2 NPs in Bi-Sn solders and their influence on solder joint
properties. Our study unveiled a reduced MTTF for modified alloys compared to unmodified ones.

Moreover, the increased occurrence of Cu in the dendrites observed in Au_A and Au_B indicates challenges in adequately
wetting the copper surface. In areas where copper remains unwetted or exposed, it can readily engage in the ECM process due
to its propensity to migrate [27].

The lack of Bi presence in the dendrites was extensively recorded in references [28], [29], [30], [31], [32]. Consequently, it
is widely accepted that Bi does not contribute to the formation of dendrites.



Il. CONCLUSIONS

The main objective was to improve the performance of the solder alloy concerning ECM, based on insights from prior
research. However, contrary to expectations, the outcomes of WD tests unveiled that the modified solder paste displayed
heightened susceptibility to ECM compared to the unmodified solder paste. This represents a significant setback in advancing
the composite Bi-Sn/TiO. NPs concerning ECM considerations. Nevertheless, it is confirmed that Bi remains inert and does not
participate in the ECM process, while the ceramic NPs may offer enhancements in other aspects of the solder alloy, such as
mechanical or thermal properties. Consequently, further investigation is essential to gain a more comprehensive understanding
of the influence of TiO, NPs in Bi-Sn solders.
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