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Abstract:  

The main joining process of the electronic industry is still soldering with different alloys of Sn. 

This work studied the relationship between Sn whisker growth and corrosion resistance of 

99Sn0.3Ag0.7Cu-TiO2/ZnO (0.25wt%) composite solder alloys in a corrosive environment via 

scanning electron microscopy and focused ion beam techniques. The corrosive environment 

test showed that the application of TiO2 and ZnO nano-particles almost totally suppressed the 

Sn whisker growth and improved the corrosion resistance of the composite solder alloys 

compared to the reference 99Sn0.3Ag0.7Cu alloy. The microstructural analysis of the reference 

99Sn0.3Ag0.7Cu solder alloy showed that the volumetric increase of the corroded β-Sn grains 

resulted in local mechanical stress in the solder joints, which was released by Sn whisker 

development. However, in the composite solder joints, the increased grain boundary fraction 

and segregation of the TiO2 and ZnO nano-particles to the grain boundaries resulted in a 

relatively uniform and compact protective oxide layer at the β-Sn grain boundaries. This 

suppressed the formation of SnOx, and via this, the corrosion-induced whisker growth. 
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1. Introduction 

The main joining process of electronic components is still soldering. Therefore the quality 

and reliability of solder joints is a key point in the failure-free operation of the equipment. After 



the lead-free soldering technology implementation, the next milestone was the reduction of the 

silver (Ag) content in the widely applied SnAgCu solder alloys [1]. Ag is more and more 

expensive, and moreover, high Ag content in the solder alloy (over 2.8wt%) can cause thermo-

mechanical problems. Generally used SnAgCu alloys, SAC305 (Sn96.5Ag3Cu0.5) and 

SAC405 (Sn95.5Ag4Cu0.5), exceed this critical Ag level. A fast cooling rate (below around 

1.5 K/s) during soldering might result in the formation of large, brittle, plate-like Ag3Sn 

intermetallic compounds (IMCs) in the solder bulk, which can cause shrinkage defects [2]. Such 

a solder joint will be sensitive to thermo-mechanical or even to simple mechanical loads, e.g., 

dropping, which is frequent in the case of any mobile devices.  

Promising low Ag content alloys are the SAC0307 (Sn99Ag0.3Cu0.7) and SAC105 

(Sn98.5Ag1Cu0.5); they are already used in the industry, but the SAC305 is still dominant. 

However, in the low Ag content alloys, the higher Sn content might result in reliability risks 

like Sn whisker growth [3]. Sn whiskers are surface defects on pure or high tin content objects 

like solder joints or surface finishes. Their typical length is between 20 and 100µm, but 

sometimes it can reach even a millimeter length. Therefore, the whisker phenomenon means a 

serious reliability risk in modern microelectronics because of the possible short circuits between 

the fine pitch leads of the components. The driving force of the whisker growth on the Sn 

surfaces is always some kind of mechanical stress on the Sn grains. This mechanical stress 

could originate from residual stress due to the process of the Sn object (soldering or surface 

plating); from thermo-mechanical effects (e.g., thermal expansion); from other volumetric 

changes caused by oxidation or intermetallic formation; or from simple direct mechanical load 

[4].  

It has been known for a decade that the SAC305 solder alloys can develop whiskers [5]. But 

unfortunately, in a corrosive environment, the low Ag content solder alloys (like SAC0307) 

could be even more sensitive to whiskers growth than the generally used SAC305 due to their 

lower corrosion resistance [6, 7]. There are two main types of Sn whiskers, the nodule-like 

whiskers and the filament-like whiskers. The nodule whisker is always shorter, twisted, and 

polycrystalline, while the filament is long, straight, and monocrystalline [7]. A straightforward 

solution could be to reduce the whisker susceptibility with some kind of alloying. Hua and Yang 

[8] reached the opposite results by doping SAC alloys with Zn and In, namely that the doping 

decreased the corrosion resistance of the alloy and increased whisker susceptibility. Cao et al. 

[9] had got similar results in the case of Zn addition. Illés et al. [10] could delay the whisker 

growth by alloying 1wt% Bi into SAC0307 solder alloy in the case of thin-film layers because 

the Bi addition could decrease the bulk modulus of the layer; furthermore, the Bi addition 



decreased the number of long filament whiskers. Delhaise et al. [11] observed a similar effect 

of the Bi addition into SAC305 solder alloy. Mohanty and Lin [12] could increase the corrosion 

resistance and decrease of whiskering of SAC105 solder alloy by alloying Ni. 

A novel trend in solder alloys development is the use of ceramics as reinforcement in the 

solder joints. It means that ceramic particles are mixed into the solder paste in 0.05 – 1 wt%. 

The reinforcing particles should be small-sized and form self-organized dispersive systems, 

which promote heterogeneous nucleation [14]. Therefore, the ceramic nano-particles (NPs) are 

usually applied. Their size is usually below 100nm. Their application results in a so-called 

composite or nano-composite solder alloy [13]. A wide range of ceramic particles has already 

been tried as reinforcement for solder alloys, like TiO2, ZnO, SiC, ZrO2, Al2O3, Fe2O3, Si3Ni4, 

La2O3 [14–18]. Usually, the reinforcements positively affect the quality of the solder joints. 

Although the non-soluble NPs may slightly increase the liquidus temperature of the composite 

alloy (of about 1-2K) [19].  

The most important effect of the reinforcement particles is that they modify the thermal and 

mechanical parameters of the solder joints [20, 21] via grain refinement and the modified grain 

boundary/interfacial characteristics [22, 23]. In the case of SnAgCu systems, the solder joint is 

built up from β-Sn grains, Cu6Sn5, Cu3Sn, and Ag3Sn IMC grains. The non-soluble NPs 

incorporate at the grain boundaries into the solder matrix [24, 25]. They suppress the grain 

growth (in the case of β-Sn grains and IMC as well) and retard the dislocation motion leading 

finally to solder joint strengthening [26, 27]. The microstructural result is a refined β–Sn matrix, 

smaller IMC particles with increased interphase spacing in the solder bulk, and a thinner and 

finer IMC layer at the Sn–Cu soldering interface [24, 28]. These phenomena cause the 

hardening of the β–Sn matrix [29], an increase of the tensile [24] and yields strength [30, 31], 

and improvement of the microhardness [24]. Furthermore, the NP reinforcements can decrease 

the coefficient of thermal expansion, which results better thermal fatigue reliability [21].  

The previously discussed, mainly mechanical improvements of the solder joints, are very 

important from the quality aspects of the solder joints. However, the possible reliability effects 

of the NP reinforcements on the composite solder joints have not been widely studied. The 

refined microstructure of the composite solder joints could have effects on reliability issues. 

Our aim in this study was to investigate the effect of TiO2 and ZnO NP reinforcements on the 

corrosion resistance and Sn whisker susceptibility of composite solder joints.  

 

 

 



2. Materials and Methods: 

Standard SAC0307 (Sn99Ag0.3Cu0.7, Alpha Industries) solder paste was reinforced by the 

addition of TiO2 (Sigma-Aldrich 718467) and ZnO (Sigma-Aldrich 677450) ceramic NPs in 

0.25 wt%. The 0.25wt% reinforcement was selected because composite solder alloys usually 

showed the best soldering / mechanical performance with this amount of reinforcement [27]. 

The primary particle size of the TiO2 NPs was 21 nm, according to the transmission electron 

microscopy analysis of the manufacturer. The particle size of the ZnO NPs was <50 nm 

(according to BET surface area analysis of the manufacturer).  A planetary ball-mill was used to 

mix the NPs homogeneously into the solder paste. Altogether, three different solder 

compositions (solder pastes) were investigated: reference SAC0307, SAC0307-TiO2 (0.25wt%) 

and SAC0307-ZnO (0.25wt%). 

From the solder pastes, solder joints were fabricated by classical surface mounting technology 

(SMT). The solder pastes were printed on test printed circuit boards (PCBs) by screen printing 

with a 125 µm thick stainless steel stencil foil. The PCBs were made from a standard 1.6mm 

thick FR4 laminate covered with 35µm thick Cu foil. Solder pads were formed from the Cu foil 

which was covered by immersion silver (Ag) surface finishing. Each test board contained 50 pcs 

0603 sized (1.5 x 0.75 mm) SMD chip resistor, which was placed by a manual pick & place 

machine into the solder deposits. The solder paste was melted (reflowed) in an infrared (IR) 

heated batch oven. Linear reflow profile was applied with the following main parameters: 

preheating (up to 150˚C, from 0s to100s), soak (between 150-200˚C, from 100s to 280s), ramp-

up (up to 250˚C, from 280s to 350s). 

The samples were loaded with a thermal-humidity (TH) test 85ºC/85RH% for 4000h to 

enhance whisker growth. The corrosive environment effectively induces whisker growth from 

solder joints [6]. The surface of the solder joints was investigated after every 500 hours by a FEI 

Inspect S50 Scanning Electron Microscopy (SEM) using a thermal emission gun. The axial 

length of Sn whiskers was measured according to the JESD201 standard, which defines the 

whisker length between the tip of the whisker and the surface (see in more detail in [32]). The 

number of Sn whiskers and average lengths were calculated in the function of time on ten 

individual solder joints (means ten samples). Surface cuts were prepared on the solder joints in 

order to observe the microstructure under and around the developed Sn whiskers by a Thermo 

Scientific Scios 2 type Focused Ion Beam (FIB) device. Deeper microstructural investigations 

of the whisker roots were carried out by a Thermo Scientific Scios 2 type Scanning Electron 

Microscopes having non-immersion field emission gun and Energy Dispersive X-ray 

spectroscopy (EDS). 



 

3. Results 

Fig. 1 shows the surface changes of a reference SAC0307 solder joint during the 4000 hours 

of TH test. The solder joints were covered with a massive flux residue layer after the soldering 

process (Fig. 1.a), which was removed by vibration cleaning in isopropyl alcohol. In the middle 

of the solder joint, a large Cu6Sn5 IMC network was visible (Fig. 1.b-f), which means that the 

IMC pikes reached the surface of the solder joint. Darker grey spots appeared on the surface of 

the sample at 1000h (Fig. 1.b), which were growing and spreading during the test (Fig 1.c-f). 

The contrast difference means an elemental difference in the SEM-BSE micrograph. It was 

proven by EDS measurements that the darker spots contain a much higher amount of oxygen 

than their surroundings, so the spots were corrosion spots (SnO or SnO2, marked by SnOx).  

The first Sn whiskers were found at 1500 hours at the upper corner of the solder joint (Fig. 

1.c). They formed directly next to a corrosion spot. They were nodule type, and their length 

was between 2-4 µm. After 2000 hours of TH test, much more corrosion spots were visible at 

the upper part of the solder joint (Fig. 1.d), and the number of whiskers grew as well. Up to 

3000 hours, the corroded areas started join together, and the number of whiskers grew 

considerably (Fig. 1.e); some of them reached 20-40 µm in length. At the end of the TH test, 

the upper part of the solder joint was covered by an almost continuous thick corroded area and 

plenty of Sn whiskers (Fig. 1.f). Almost only nodule-type whiskers were found on the reference 

sample, which is usual in the case of SnAgCu solder alloys [6, 7]. 

 



 

Fig. 1. SEM-BSE micrograph about the surface of a reference SAC0307 solder joint during 

the TH test: a) 0h; b) 1000h; c) 1500h; d) 2000h; e) 3000h; f) 4000h. 

 

Although it seems that only the upper part of the solder joint was corroded and prone for Sn 

whisker formation, a tilted SEM micrograph of the solder joint (made by a field-emission 

electron gun) shows that the corrosion was not limited to the upper part of the solder joint (Fig. 

2). The lesions of the surface were considerable. Corrosion products and Sn whiskers (marked 

by red circles) are visible on the surface of the solder joint (Fig. 2). Probably the upper 

(horizontal) part of the solder joint kept the condensed water more than the lower (non-

horizontal) part, and it caused more serious corrosion there. The Cu6Sn5 crystal network in the 

middle of the meniscus (which was visible in Fig. 1 as well) was not the result of the aging test.  



 

Fig. 2. SEM-BSE micrograph of a reference SAC0307 solder joint, after 4000h TH test. 

 

Fig. 3 shows the surface of SAC0307-TiO2 (0.25wt%) and SAC0307-ZnO (0.25wt%) 

composite solder joints after 4000 hours of TH test. The differences between the surfaces of the 

reference SAC0307 (Fig. 1.f) and the composite solder joints (Fig. 3) were considerable. In the 

case of the composite solder joints, only some marks of corrosion were found after 4000h of 

corrosive TH test. Around these corrosion spots, a few short whiskers grew (Fig. 3.c-e), but all 

of them developed only after 3500 hours. The first corrosion spots appeared at 2000h in the 

case of TiO2 samples and at 2500h in the case of ZnO sample. These results suggest that the 

nano-particles could increase the corrosion resistance of the composite solder joints 

significantly compared to the reference SAC0307 alloy. With the suppressed corrosion, the 

whisker growth also decreased considerably in the case of the composite solder joints. 



 

Fig. 3. SEM-BSE micrographs of 3-3 SAC0307-TiO2 (0.25wt%) and SAC0307-ZnO 

(0.25wt%) composite solder joint after 4000h TH test: a) TiO2 (1); b) TiO2 (2); c) TiO2 (3); d) 

ZnO (1); e) ZnO (2); f) ZnO (3). 

 

The statistical results (number of Sn whiskers and the average Sn whisker lengths) can be 

seen in Fig. 4.  

 

Fig. 4. Sn whisker statistics: a) number of detected Sn whiskers; b) average lengths of the Sn 

whiskers. 



The characteristics of the whisker growth on the reference SAC0307 samples followed the usual 

characteristics in the case of a corrosive environment [6, 7]. It means that after the first 

appearance (at 1500h), the number of the Sn whiskers showed an exponential increase, but 

saturation was not reached till 4000 hours of TH test (Fig. 4.a). Altogether, 471 Sn whiskers 

were found on the reference samples. Although the average length of the Sn whiskers increased 

during the whole TH test, it reached saturation at 2500h; after it the length increase was 

marginal. Probably the intensive oxidation, which affected the whisker as well, blocked their 

further length increase. As it was discussed above, most of the detected Sn whiskers were 

nodule-type; therefore, the average length barely reached 15 µm till the end of the study. The 

deviation was considerable, between 6-7 µm, but it is usual in case whisker studies [6, 10]. The 

longest detected Sn whisker was 50 µm. 

In the case of the SAC0307-TiO2 and SAC0307-ZnO samples, only a few Sn whiskers were 

found. Their average lengths were ~7 µm, but this data is not representative due to the very low 

amount of samples (the standard deviations were not calculated due to the same reason). 

Consequently, the TiO2 and ZnO NP reinforcements were very effective in increasing the 

corrosion resistance of the solder joints and suppressing the Sn whisker growth.  

 

4. Discussion 

Fig. 5. shows a nodule whisker couple (and their analysis results) that grew on a reference 

SAC0307 solder joint. The length of the whiskers was between 25-40 µm, and they had 7-8µm 

diameter (Fig. 5.a). The root of the whiskers (marked by red rectangular in Fig. 5.a) was cut by 

Ga ion beam to investigate its’ microstructure. Fig. 5.b shows the SEM-SE micrograph of the 

whisker root. Some Kirkendall voids are barely visible under the whisker structure, which is a 

usual phenomenon due to Sn atoms transport during the whisker growth. The SEM-BSE 

micrograph revealed a considerable contrast difference at the whisker root (Fig. 5.c). The EDS 

results (Fig. 5.d) proved that the right darker gray grain(s) under the whisker was highly 

corroded (EDS showed an increased amount of oxygen there) while the left brighter gray 

grain(s) remained mostly Sn. The grain boundary of the corroded and non-corroded area is 

marked by the red lines in Fig. 5.c. The contrast difference appeared on the surface of the 

whisker as well, which means that even the surface of the whisker is covered by SnOx. This 

proves our preconception that the oxidation of the whiskers could slow down their length 

increase. 



 

Fig. 5. Sn whisker couple on the SAC0307 solder joint: a) nodule Sn whiskers; b) SEM-SE 

micrograph of the FIB cut at the root of the whiskers; c) SEM-BSE micrograph of the FIB cut 

at the root of the whiskers; d) EDS result of the Sn grains at the root of the whisker. 

 

Fig. 6 shows another FIB cut under a nodule whisker on a SAC0307 solder joint after 4000 

hours TH test. The length of this whisker was between ~10-25 µm, and it had a diameter 

between 5-7µm. The root of the whisker was cut by Ga ion beam to investigate its’ 

microstructure. Some Kirkendall voids were also found under this whisker too. The SEM-BSE 

micrograph also showed considerable elemental contrast under this whisker (Fig. 6). The β-Sn 

grain(s) on the left side was highly corroded, while the right side remained mostly Sn, similarly 

to the previous sample (Fig. 5). The grain boundary of the corroded and non-corroded areas is 

marked by the red lines in Fig. 6.  

 



 

Fig. 6. SEM-BSE micrograph of the FIB cut at the root of a whisker on a SAC0307 solder 

joint. 

 

Sn-Cu alloys with TiO2 particles, and generally, most of the composite coatings are usually 

characterized by improved wear- and corrosion resistance [33]. To be able to explain the 

corrosion resistance increase of our composite solder alloys, the followings need to be 

considered: the corrosion process of Sn; the relationship between the solder microstructure and 

the corrosion; and the relationship between ceramic NPs and corrosion. First, investigate the 

corrosion behavior of SAC alloys.  

Table 1 shows the standard Gibbs free energies and the equilibrium reduction potentials of 

the Sn oxides.  

 

Table 1. Standard Gibbs free energies and equilibrium reduction potentials of tin oxides, 

data from [34]. 

Oxide Free energy of formation, 

ΔG0 [kJ/mol], at 298K 

Equilibrium potential [V]  

SnO -251.9 -0.7955 

SnO2 -515.8 -0.8266 

Sn(OH)2(aq) -491.6 -0.8090 

Sn(OH)4(aq) -994.9 -0.8406 

 

When ΔG0 is negative, a process will proceed spontaneously, and in an electrochemical cell, 

each chemical species will move from areas with higher electrochemical potential to areas with 



lower electrochemical potential. So, according to Table 1, the formation of all of the listed 

oxides is possible. The formation of SnO and SnO2 is described with the following equations:  

2 2 2Sn H O SnO H e+ −+ → + +  (1) 

2 22 4 4Sn H O SnO H e+ −+ → + +  (2) 

In normal circumstances, only a thin (some nm thick) Sn-oxide layer develops on the surface 

of the Sn objects. However, in a wet environment, in the case of SAC alloys, excessive localized 

corrosion can occur as well, which produces non-uniform and locally thick layer of Sn-oxide 

(as was found in Fig. 5 and 6). Localized corrosion takes place wherever anodic and cathodic 

sites on a metal surface can be distinguished, usually due to heterogeneities either in the material 

or in the environment to which a material is exposed. The standard reduction potential of Sn is 

below the IMCs (Cu6Sn5, Cu3Sn, and Ag3Sn) [35], so Sn is anodic to the IMCs inside the solder 

joints. Furthermore, during the TH test, the condensed water film with possible contaminants 

like Cl, S, or Na forms an electrolyte layer on the solder joints. Therefore the corrosion of the 

solder joints could accelerate inwards in the layer [36] (as it was found in Fig. 5 and 6). 

In the electrolyte layer, the corrosion and dissolution process occurs preferably at β-Sn 

grains, Eq. (3-4) [35]. The depolarization process of the oxygen is the parallel reaction at the 

cathode, Eq.(5). The corrosion products forms when Sn2+/Sn4+ meets with the OH- form the 

cathode and they precipitates (KSP(Sn(OH)4) = 10-57 and KSP(Sn(OH)2) = 10-27) [37] according 

to Eq. (6)–(9) [38]:  

2 2Sn Sn e+ −→ +  (3) 

2 4 2Sn Sn e+ + −→ +  (4) 

2 22 4 4H O O e OH− −+ + →  (5) 

2

22 ( )Sn OH Sn OH+ −+ →  (6) 

4

44 ( )Sn OH Sn OH+ −+ →  (7) 

2 2( )Sn OH SnO H O→ +  (8) 

4 2 2( )Sn OH SnO H O→ +  (9) 

The application of NP reinforcements like TiO2 or ZnO generally refines the β-Sn network, 

which means a much smaller grain in the composite solder joint than in the basic SACs [27-

29]. FIB cuts were prepared on the surface of the solder joints right after the soldering to observe 

the grain structures. Fig. 7.a shows the grain structure of a reference SAC0307 solder joint. 

Only three large grains were distinguished on the 15 x 30 µm area of the FIB cut, which means 

15-20 µm grain size. Fig. 7.b shows the grain structure of a SAC0307-TiO2 composite solder 



joint, which was considerably refined. On a FIB cut with a similar area (15 x 30 µm), 30-35 

grains were found, which means 3-8 µm grain size. Fig. 7.c is an SEM-SE micrograph with a 

higher magnification of the SAC-TiO2 samples, which shows the incorporation of the TiO2 NPs 

at the grain boundaries. The results were confirmed by EDS as well (Fig. 7.d) The NPs were 

distributed homogeneously without agglomeration. 

 

Fig. 7. The grain structure of the solder joints: a) SEM-SE micrograph of SAC0307; b) SEM-

SE micrograph of SAC0307-TiO2; c) higher magnification SEM-SE micrograph of SAC0307-

TiO2; d) EDS of M1 measurement point. 

 

The corrosion process prefers to start along the grain boundaries, and usually, higher 

corrosion rates are observed in the case of materials with a higher surface free energy [39]. The 

refined grains of the composite solder joints (Fig. 7.b) result in an extensive grain boundary 

network, which has much higher grain-boundary free energy than the reference SAC has [40]. 

Therefore the composite solder joints with a smaller grain size should promote an accelerated 

formation of the oxide corrosion product layer, as it was approved several times by Gupta and 

Srivastava as well [39, 41, 42]. However, we observed oppositely that the composite solder 



joints performed much better corrosion resistance than the reference one, which could be 

explained only by the role of the incorporated NPs at the grain boundaries of the composite 

solder joints (Fig. 7.c).  

The findings of Lala et al. [43] were very similar to our observations. They tried to increase 

the corrosion resistance of Sn coatings by adding 1.3wt% Cr. They found that the incorporation 

of a minor amount of Cr leads to a considerable increase in the corrosion resistance property 

(40% reduction in the corrosion current density) of Sn coatings. They explained their results 

with the following: that incorporating Cr into the Sn matrix also caused Sn grain refinement; 

but it increased in high angle grain boundary fraction to help segregation of Cr at the grain 

boundaries to reduce strain in the grains [43]. In a corrosive environment, the large grain 

boundary area fraction with Cr segregation results in the formation of a protective Cr-oxide 

layer at the grain boundaries. The addition of Cr might act very similarly to TiO2 or ZnO NPs, 

since Cr is also badly soluble in the Sn matrix, so it is incorporated mostly at the grain 

boundaries [44]. Furthermore, Peron et al. [45] reported that TiO2 is able to reduce the hydrogen 

formation during the corrosion process, which can also affect the oxidation of Sn, Eq. (1-2). 

Therefore our assumption is that the reinforcement ceramics establish a protective oxide 

layer at the grain boundaries, which could increase the corrosion resistance of the composite 

solder joints. Fig. 8 shows the corrosion process in the case of a simple SAC and a composite 

SAC solder joint. The gray regions represent the β-Sn grains, the yellow and blue dots are the 

Cu6Sn5 and Ag3Sn IMC particles, the green parts represent the SnOx, and the white dots are the 

TiO2 or ZnO NPs which are dispersed at the grain boundary regions. The NPs refined the β-Sn 

network, which is represented in Fig. 8 with smaller β-Sn grains in the composite solder joint 

than in the reference SAC0307. The Volta potential of Sn is much lower than IMCs, indicating 

that Sn is more prone to lose electrons and undergo electrochemical dissolution in 

thermodynamics.  Besides, Yi et al. [35] found that from the perspective of corrosion kinetics, 

DOS calculated results suggest that the electron transfer processes of Sn are also much easier 

to occur relative to IMCs. Therefore, under the investigated conditions (after the condensed 

water film layer was formed), the initial corrosion and dissolution process will occur 

preferentially at β-Sn grain boundaries.  



 

Fig. 8. Schematic illustration of corrosion process on the surface of the solder joints: a) 

localized corrosion SAC solder joint; b) effect of the protective oxide layer in the case of 

composite SAC solder joint. 

 

In the case of a simple SAC solder joint (Fig. 8.a), the localized corrosion of Sn is 

progressing near IMC particles, local micro-gaps can also form [35]. The corrosion spots 

propagate vertically and horizontally spreading manner as well (Fig. 8.a). During the formation 

of SnOx, a volumetric increase occurs in the upper region of the solder joints since the density 

of the SnO and SnO2 (6.45 and 6.95 g/cm3) is below Sn (7.31 g/cm3). Practically, the forming 

SnOx needs more space in the solder joint than the β-Sn did. Therefore, the volumetric increase 

causes mechanical stress on the neighbouring β-Sn grains (Fig. 8.a), which release this stress 

by whisker growth. That is why the Sn whiskers were usually found directly next to corrosion 

spots (Fig. 1). 

In the case of the composite SAC solder joints (Fig. 8.b), the NP oxide ceramics (TiO2 or 

ZnO) cover and protect the grain boundaries of β-Sn grains. The increased grain boundary 

fraction and segregation of the NPs to the grain boundaries resulted in a relatively uniform and 

compact (Fig. 7.c) protective oxide layer at the grain boundaries. Similarly, as Lala et al. [43] 



observed in the case of the Cr addition to Sn coatings. Cr is also hardly soluble in Sn, as TiO2 

and ZnO NPs [44], so Cr was also incorporated at the β-Sn grain boundaries in the form of a 

protective Cr-oxide layer. Of course, the starting of the localized corrosion might not be avoided 

since the protective layer is not totally continuous (Fig. 8.b), but the corrosion spots could not 

propagate as fastly as in the case of the simple SAC solder joints. Furthermore, the possibly 

reduced hydrogen formation by TiO2 NPs [45] might further slow down the corrosion of the Sn 

(Eq. (1-2)). 

Consequently, the application of TiO2 and ZnO NPs in 0.25wt% as reinforcement proved to 

be very successful in increasing the corrosion resistance of the composite solder joints and, due 

to this, suppressing the Sn whisker formation. However, it has to be noted that the amount of 

the ceramic NPs might be crucial in this application. In higher amounts (over 0.5wt%) the TiO2 

and the ZnO NPs are prone to agglomerate, which can result in deterioration of the structural 

integrity of the β-Sn matrix and corrosion resistance of the solder joint as well [45, 46].  

 

5. Conclusion 

The Sn whisker growth from SAC0307-TiO2/ZnO composite solder alloys was investigated 

in a corrosive environment (85°C/85RH%). The main findings are the followings:  

• The application of 0.25wt% TiO2 and ZnO nano-particles as reinforcement in the 

SAC0307 solder alloy was very effective in suppressing the Sn whisker growth as well 

as the corrosion process. Even after 4000 hours of 85°C/85RH% test, the composite 

solder joints were almost whisker and corrosion-free. In contrast, the reference 

SAC0307 solder joints were covered with hundreds of nodule-type Sn whiskers and 

large corrosion spots. The whiskers usually developed next to the corrosion spots.  

• The microstructural analysis of the Sn whiskers showed that next to the whisker root, 

the neighboring Sn grains were corroded and transformed to SnO or SnO2. The 

transformation of β-Sn grain to SnO or SnO2 in the localized corrosion region caused a 

volumetric increase in the Sn matrix since the SnOx density is below of Sn. This 

volumetric increase causes mechanical stress on the neighbouring β-Sn grains, which 

release this stress by whisker development. 

• The increased grain boundary fraction and segregation of the TiO2 and ZnO nano-

particles to the grain boundaries resulted in a relatively uniform and compact protective 

oxide layer at the β-Sn grain boundaries. This protective layer could block the 

propagation of the corrosion spots and the formation of SnOx and finally prevent the Sn 

whisker growth. Therefore the application of reinforcement TiO2 and ZnO nano-



particles is favorable for increasing the reliability of SnAgCu solder joints in corrosive 

environments.  
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