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Abstract 

Sn-Ag-Cu electronic solder joints typically solidify from a single nucleation event producing 

either a single βSn grain or twinned grains.  With so few and variable βSn orientations, each 

joint is mechanically unique due to the anisotropy of tetragonal βSn.  Here we explore the 

potential of increasing the number of βSn orientations in solder joints by promoting 

heterogeneous nucleation during solidification.  It is shown that large (60 g) samples can be 

grain refined effectively by combining growth restricting solute with potent heterogeneous 

nucleant particles introduced by alloying additions of Zn, Ti, Co, Ir, Pd, or Pt. These 

mechanisms are discussed with reference to the grain refinement of structural casting alloys.  

In 500 μm solder balls, these grain refinement approaches were less effective and a relatively 

high cooling rate of 17 K/s combined with solute and nucleant particles were required to trigger 

multiple nucleation events.  With this approach, up to 12 independent grains formed in 500 μm 

balls of Sn-3Ag-0.5Cu alloyed with Pt, Co, or Ti, compared with one independent grain in balls 

without nucleant particle additions. 
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1.  Introduction 

Electronic solder balls and joints such as Sn-Ag-Cu (SAC) and Sn-Ag typically solidify 

with a large and variable nucleation undercooling for βSn [1-3] and usually contain either a 

single βSn grain or two/three βSn orientations related by cyclic twinning [4, 5]. The large 

undercooling can lead to excessive dissolution of the substrate [6] and large primary 

intermetallic compounds (IMCs) such as Ag3Sn blades, which can result in poor mechanical 

performance [3-5, 7-11]. The variable undercooling causes the microstructure to vary from 

joint to joint [12]  and the small number of grains per joint is a concern because βSn is 

tetragonal and has highly anisotropic properties such as thermal expansion[13] stiffness [14], 

and the diffusion of Ni and Cu [15, 16]. The orientation of the βSn grain(s) plays an important 

role in electromigration resistance [17-21] and in the lifetime of a joint during thermal cycling 

[22, 23]. The presence of few βSn grains that are oriented differently in each joint makes every 

joint unique which is a problem for predicting reliability.  One potential solution would be to 

increase the number of βSn orientations per joint through grain refinement during solidification.  

This paper explores the potential of grain refining solders. 

Most electronic solders based on the Sn-Ag-Cu, Sn-Ag, or Sn-Cu systems have near-

eutectic compositions and, after Cu substrate dissolution, the new liquid composition lies in 

the Cu6Sn5 primary phase field.  While equilibrium solidification of this liquid would result in 

primary Cu6Sn5 and eutectic, the nucleation undercooling for βSn and the growth kinetics 

favour βSn dendrite growth. Therefore, the focus of this paper is on refining the size of βSn 

dendrites (i.e. maximising the number of dendrites per unit volume). 

A large body of work has explored the effect of dilute element additions on the 

nucleation undercooling for βSn. This has found that the undercooling can be suppressed 

significantly by additions including: Zn [1-3, 11, 24-34], Al [2, 24, 30, 34-36], Co [2, 32-34, 

37, 38], Mn [2, 30, 33, 39], Pt [40], Ti [33, 39, 41], and Pd[40]. Of these, Co [38], Pt [40], and 
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Pd [40] have been deduced to suppress undercooling by introducing heterogeneous nucleant 

particles of αCoSn3, PtSn4, and PdSn4, each of which has been shown to be a relatively good 

lattice match to βSn and to form a reproducible crystallographic orientation relationship[38, 

40]. For most of the other additions, the mechanisms of undercooling suppression have not 

been explored in detail. Furthermore, it is not clear to what extent these additions cause grain 

refinement of βSn. Chung et al.[42] found that adding 0.2 wt% Mn or 0.4 wt% Zn to 600 μm 

diameter Sn-2.4Ag solder balls caused no grain refinement whereas adding 0.2 wt% Ti resulted 

in a fine grained microstructure. However, it is not clear from their micrographs whether there 

are (i) numerous independent grains or (ii) interlaced twinned dendrites growing from a single 

nucleation event with only three Sn orientations similar to the work in [4, 5, 43].  Ma et al. 

[38] found that adding 0.05 wt% Co to 550 µm Sn-3Ag-0.5Cu solder balls caused strong 

undercooling suppression but no grain refinement when the cooling rate was 0.33 K/s but 

resulted in up to three independent Sn nucleation events at cooling rates ≥ 5 K/s  

In Al, Mg and Ti alloys [44-47],it has been shown that potent nucleant particles are 

much more effective at generating grain refinement when combined with solute [48, 49]. Solute 

restricts crystal growth by requiring an interface to cool as it grows [50]. It also causes a region 

of constitutional supercooling to develop in the liquid ahead of growing crystals in which 

further nucleation events can be triggered [51, 52]. A measure of how rapidly constitutional 

supercooling develops in the early stages of growth is Q, the “growth restriction factor”, which 

is defined in Eq. 1 and Eq.2. m is the liquidus slope; k is the partition coefficient; C0 is the bulk 

alloy composition; ΔTs is the solute undercooling;  T is the interface temperature; and fs is the 

mass fraction of solid. Note that Eq. 1 and 2 are equal for binary alloys with constant m and k.  

Eq. 2 is more general and can be calculated for any alloy using a CALPHAD approach [53, 54]  

𝑄 = 𝑚(𝑘 − 1)𝐶0                          Eq. 1 

𝑄 = (
𝜕𝛥𝑇𝑠

𝜕𝑓𝑠
)

𝑓𝑠→0
= − (

𝜕𝑇

𝜕𝑓𝑠
)

𝑓𝑠→0
   Eq. 2 
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In Al, Mg, and Ti-based alloys [47, 55-57], it has been shown that the grain size is often 

inversely proportional to Q as in Eq.3, provided the solute addition does not significantly 

influence the nucleant particles (e.g. by reacting with them or changing their morphology or 

size distribution etc.): 

𝑑 = 𝑎 + 𝑏/𝑄                             Eq. 3 

Where 𝑑 is the grain size and a and b are empirical constants to be determined from 

experimental measurements.  Recent theoretical treatments give a similar expression [51, 58]. 

The role of Q on the grain refinement of solders has not been explored in detail previously. 

Figure 1(A) is a plot of growth restriction factor, Q, versus solute content for binary Sn-X 

systems relevant to electronic soldering, based on phase diagram data from the TCSLD3 

database of Thermo-Calc [59]. It can be seen that, for the maximum addition levels where βSn 

is still the primary phase for equilibrium solidification, Bi, Pb, Cd, and Zn give the highest Q-

values; Au, Ag, In, and Cu give moderately high Q-value; and Mn, Fe, Co, Ni, Pd, and Pt have 

a negligible Q-value. Note that Figure 1(A) is valid only for binary Sn-X alloys and that the Q-

value of multicomponent alloys should be calculated using Eq. 2 and a thermodynamic 

database [53, 54] as shown for Sn-3Ag-0.5Cu in Figure 1(B).  

This paper presents a systematic study of the effects of solute and heterogeneous 

nucleant particles on the grain refinement of Sn in solder alloys. Since the effects of solute 

and nucleant particles are interdependent [51, 52, 60], we separate these factors (as far as is 

possible) by studying (i) the influence of solute at a near-constant value of nucleation 

undercooling and with similar nucleant and (ii) the influence of different nucleant particles at 

a near-constant value of Q. 

To study the influence of solute, we study Sn-xZn and Sn-yBi-xZn alloys where x = 1-

6 wt% Zn and y = 0-35 wt% Bi We also study Sn-xAg-0.5Cu-0.07Pt where x = 0.05-3 wt% 
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Ag to understand how Ag solute affects grain refinement in the presence of potent PtSn4 

nucleant particles. 

To study the influence of different nucleant particles, we study ‘alloying’ additions to 

Sn-3Ag-0.5Cu (wt%) solder that (i) do not significantly affect the Q-value of Sn-3Ag-0.5Cu 

(calculated using [59]) and (ii) strongly reduce the nucleation undercooling, based on a review 

of the literature [1-3, 11, 24-40, 61]. We selected seven additions at the level given in S.I.-

Table 1: Pd, Pt, Co, Mn, Ti, and Zn. We also selected 0.07 wt% Ir because we expect IrSn4 to 

be a heterogeneous nucleant similar to αCoSn3 [38], PtSn4 [40], and PdSn4 [40] based on a 

lattice matching analysis. 

We first study volumes comparable to previous studies on the grain refinement of Al-, 

Mg-, and Ti-based alloys [47, 62, 63] to extract information on the heterogeneous nucleation 

and grain refinement mechanisms of solder alloys. We then study volumes relevant to 

electronic soldering to explore the extent to which solder joints can be grain refined. 

Note that in solder joints, the liquid solder is in contact with a rough intermetallic 

reaction layer that significantly affects βSn nucleation [12, 64, 65].  For example, βSn usually 

nucleates on the Cu6Sn5 layer in joints on Cu substrates unless heterogeneous nucleants are 

added [65].  In this paper, we restrict ourselves only to freestanding balls and bulk alloys (i.e. 

without a reactive substrate) to focus on the role of alloy compositions and nucleant particles. 
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2. Materials and Methods 

Alloys were prepared from 99.9% purity materials. For most alloys, 366±3 g was made 

by mixing the required amounts of Sn, Zn, Bi, Ag, and/or master alloys of Sn-10Cu, Sn-10Mn, 

Sn-10Co, Sn-2Pd, and/or Sn-1Pt in graphite crucibles. The mixtures were held at 400 °C in a 

forced-air convection resistance oven (Lenton, UK) for 1-h and were then stirred with a 

graphite rod to ensure complete dissolution and a uniform mixture. SAC305-0.2Ti samples 

were made by arc melting SAC305 and Ti directly. A portion of each melt was then cast into 

a chemical analysis mould, producing 30 g button-like samples. These were measured by X-

ray fluorescence (XRF) spectroscopy and the measured compositions are shown in SI-Table 1.  

Cylindrical graphite moulds with 10 mm wall thickness, 19.5 mm inner diameter, and 

39.5 mm inner height were heated to the same temperature as the crucible and melt by heating 

them together. The following procedure was then used for each experiment: a mould was 

removed from the oven and placed on an insulating Fibrefrax® board, liquid was poured into 

the preheated mould, a thermocouple was placed in the centre of the melt and a second 

insulating Fibrefrax® board was placed on top of the mould. The thermocouple was a 1.5mm 

K-type held within a 1.5 mm inner diameter quartz tube containing silicone oil to improve the 

response time. The temperature was recorded by a datalogger (TC-08(USB), Picolog) every 

100 ms during cooling. An important feature of this experiment is that the mould and liquid 

metal are initially at the same temperature above the liquidus temperature to minimise 

temperature gradients and conduct solidification in a near-uniform thermal field (Biot number 

~0.1), and to prevent the formation of a chill zone. The relatively large samples (60 g, ~8370 

mm3) are comparable to grain refinement studies on other alloy systems [34] and allow an 

immersed thermocouple for cooling curve analysis. 

Figure 2(A) shows a typical example of a Sn-3Ag-0.5Cu cooling curve and its first 

derivative. The cooling rate was defined as the mean value in the range of 250 – 235 °C and 
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was ~1.1 K/s for all alloys. Figure 2(B) defines four temperatures in the early stages of 

solidification. Teq is the equilibrium liquidus temperature; Tnuc is the nucleation temperature 

defined as the temperature at which latent heat is first detected in the derivative curve; Tmin is 

the minimum temperature reached prior to recalescence; and Tmax is the maximum temperature 

reached after recalescence. These temperatures can be combined to give the following 

definitions. 

True nucleation undercooling: ΔTtrue = Teq – Tnuc  

Recalescence:    ΔTrec = Tmax – Tmin  

Measured nucleation undercooling: ΔTn  = Tmax  – Tnuc  

Note that the nucleation undercooling was defined here as Tmax – Tnuc, as is common in 

cooling curve analysis by the immersed thermocouple technique [66], because Teq is not 

accurately known.  In each cooling curve, Tnuc, Tmin, Tmax and dT/dt were measured. 

Past studies on the grain size of tin alloys found that recrystallization can occur during sample 

preparation, precluding the measurement of the solidification microstructure [34].  Therefore, 

trials were performed to develop a suitable sample preparation technique.  It was found to be 

necessary to avoid using a saw, to mount samples in cold mounting resin and to carefully wet-

grind to the mid-section of the sample with SiC paper (ending with 2500 grit). Samples were 

then carefully polished with either colloidal silica suspension or, in the case of high Bi and Zn 

containing alloys, with neutral alumina suspension. 

To reveal the grain size in large samples, cross-sections were etched with 4.3% HCl + 

8.7% FeCl3 in distilled water for 15-30 s depending on the composition. The whole ~ 26000 × 

22000 µm cross-section of etched samples were photographed with an Olympus E-PM1 camera. 

To confirm that the sample preparation and imaging method revealed the as-solidified βSn 

grains, the etched macrographs were compared with polarised light micrographs from before 

etching.  It was confirmed that the grain boundaries in the macrographs of etched samples 
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correlated with the grain boundaries under polarised light microscopy of the unetched 

structures, and that most grains in the polarised light micrographs corresponded to an obvious 

dendrite. Typical examples are shown in (S.I. Figure 1). 

βSn grain size was defined and measured using the linear intercept method [67]. Four 

samples at each composition were used for grain size measurements. 6 horizontal and 11 

vertical lines were drawn across each full cross-section as shown in (S.I. Figure 2). This 

resulted in 97- 403 intercepts per sample depending on the grain size.  The mean grain size was 

found for each cross-section and the standard deviation was calculated from the means of the 

four samples.  

Ball grid array (BGA) scale solder balls were made from the same compositions as the 

60 g samples. Ingots were first rolled to foils of 0.03 mm thickness, then punched to Ø 1.6 mm 

solder discs and, finally, 525 ± 25 μm diameter solder balls were formed by reflow on a hot 

plate with a ROL1 tacky flux (IPC J-STD-004) due to surface tension. Solder balls were then 

reflowed in a Mettler Toledo DSC in aluminium crucibles under a nitrogen atmosphere. The 

heating rate was 0.17 K/s, the peak temperature was 240 °C and the cooling rate was 0.33 K/s. 

Every solder ball was given two cycles and at least 10 balls of each composition were measured. 

To explore the effects of nucleant particles and solute at higher cooling rate, some solder balls 

were heated to 240 °C on a STUART digital hotplate and were then cooled by forced 

convection giving a cooling rate of ~17 K/s. At least 5 samples were tested per composition at 

high cooling rate for chosen compositions.  

Solder ball microstructures were studied using a Zeiss AURIGA field emission gun 

SEM (FEG-SEM) equipped with an Oxford Instruments INCA x-sight energy dispersive X-

ray detector (EDX) and a BRUKER e-FlashHR electron backscatter diffraction (EBSD) 

detector.  BRUKER ESPRIT 2.0 software was used to analyse the obtained EBSD patterns and 
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BRUKER ESPRIT DynamicS software was used for comparison of the experimental and 

dynamical simulated EBSD patterns. 
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3. Results and Discussion 

3.1 The influence of solute on the grain refinement of 60 g samples  

The cooling curve and microstructure of a typical 60 g sample of commercial purity 

(99.9%) Sn is shown in Figure 3. In Figure 3C, ΔTn is ~12 K. Figure 3A and B show that there 

is a single dendrite in the whole 60 g sample. This can be seen from the single orientation of 

the dendrite arms throughout the cross section (Figure 3A) and from the top surface (Figure 

3B) where liquid has flowed down through the dendrite network due to shrinkage and revealed 

dendrite arms with a single orientation. For a 12K undercooling to generate a single dendrite 

in a 60 g sample cooled in a near-uniform thermal field, it can be inferred that the naturally 

occurring heterogeneous nucleation sites in CP-Sn are both of low potency and of small number 

per unit volume, and also possibly have a wide distribution of low potencies. Under these 

conditions, nucleation occurs at relatively large undercooling (for a 60 g sample) which leads 

to rapid growth and latent heat release, and no further nucleation events occur because there is 

a lack of other nucleation sites requiring similar undercooling which allows latent heat release 

to stifle nucleation on all other sites. Furthermore, the very low solute content in CP-Sn cannot 

develop sufficient constitutional supercooling in the liquid to trigger further nucleation events.  

All other alloys in this work exhibited multiple βSn grains in 60 g samples, even alloys with 

ΔTn exceeding that of CP-Sn. 

Figure 4 and Table 1 shows the ΔTn and grain size data for Sn-xZn alloys along with 

the relevant part of the Sn-Zn phase diagram. In Figure 4B, it can be seen that ΔTn decreases 

sharply with Zn additions, from 10.9 ± 2.1 K without Zn to 0.9 ± 0.2 K with 1wt% Zn. With 

Zn additions in the range 1-7.5 wt%, the undercooling remains at 0.7 ± 0.1 K. Figure 4C is a 

plot of the βSn grain size versus Zn content for the range of Zn contents where the ΔTn is near-

constant.  It can be seen that the mean grain size decreases substantially with increasing Zn 

addition from 3180 to 1050 µm. Typical etched cross-sections are shown in Figure 5 where the 
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decreasing grain size with increasing Zn content can be seen clearly. Note that there is no chill 

zone and that the microstructure is equiaxed throughout the cross-sections.  

Figure 6 and Table 1 show the ΔTn and grain size for Sn-xBi-2Zn ternary alloys along 

with the relevant part of the Sn-Zn-Bi liquidus projection with the four measured compositions 

superimposed as red crosses.  In Figure 6A, it can be seen that all four compositions are in the 

βSn primary phase field. Figure 6B shows that these compositions each had a near-constant 

ΔTn of 0.7 ± 0.3 K, which is similar to the Sn-Zn alloys used for grain size measurement (Figure 

4B). The βSn grain size decreased with increasing Bi content and reached a smallest mean 

grain size of 829 μm at Sn-35Bi-2Zn (Figure 6C).  

Figure 7 shows the ΔTn and grain size for Sn-xAg-0.5Cu-0.07Pt alloys along with the 

relevant part of the Sn-Ag-Cu liquidus projection with the four measured compositions 

superimposed.  Note that the nucleant particles introduced by the Pt addition were required to 

ensure that the grain size was not too large; without the Pt addition, the Sn-3Ag-0.5Cu grain 

size was ~3724 μm which is off the grain size scale in Figure 7C.  The 0.07Pt addition had a 

negligible effect on the Q-value and resulted in a near constant value of ΔTn of 0.4 ± 0.2 K as 

shown in Figure 7B and Table 1. The βSn grain size decreased with increasing Ag content and 

reached a smallest mean grain size of 817 μm at Sn-3Ag-0.5Cu-0.07Pt (Figure 7C).  Typical 

etched cross-sections are shown in S.I. Figure 3 where the decreasing grain size with increasing 

Ag content can be seen clearly. 

Figure 8 is a plot of the grain size versus 1/Q for the Sn-xZn, Sn-2Zn-xBi and Sn-xAg-

0.5Cu-0.07Pt alloys. In all three alloy systems, the data can be fit reasonably well by a linear 

curves of the form in Eq.3 [68] as shown by the lines of best fit on Figure 8 and Table 2. 

The linear fits to the d-1/Q plots in Figure 8 reveal information on the mechanisms of 

heterogeneous nucleation and grain refinement in these solder alloys.  
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The intercept value of a = 750 ± 65 µm in Sn-Zn and Sn-Bi-Zn alloys (Figure 8) is high 

compared with past work on other alloy systems.  For example, the intercept is < 200 µm for 

Al [69], Mg [47], and Ti [70] alloys for a similar cooling rate, ΔTn and Biot number to this 

study. The intercept of d-1/Q plots is associated with the mean spacing between nucleant 

particles [51] and so the number of nucleant particles per unit volume [56]. Thus, the high 

intercept value of a ~750 µm in Sn-Zn and Sn-Bi-Zn alloys indicates that, while the Zn addition 

strongly reduces the undercooling for βSn nucleation, there are relatively few nucleant particles 

in the liquid. This might be because the Zn addition did not introduce a high number density 

of nucleant particles or, perhaps, they were not well dispersed throughout the liquid. The 

similar undercoolings and intercepts in the Sn-Zn and Sn-Bi-Zn alloys suggests that the 

nucleant particles and their distribution were similar in both systems. The intercept value of a 

~ -50 µm in Sn-xAg-0.5Cu-0.07Pt alloys (Figure 8) is much lower than in the Sn-Zn and Sn-

Bi-Zn alloys, indicating that the Pt addition introduced more closely spaced nucleant particles 

(PtSn4).  The negative intercept value of a ~ -50 µm in Sn-xAg-0.5Cu-0.07Pt alloys (Figure 8) 

is similar to negative values reported for other alloy systems [68]. This is most likely due to 

errors arising from finding a best fit line from four data points with significant scatter. 

The slopes of the d-1/Q plots in Figure 8 are also high compared with other systems.  

The slope is related to the constitutional supercooling profile ahead of a growing dendrite and 

to the potency of the nucleant particles, and has been approximated with Eq. 4 by StJohn et 

al. for Al, Mg, and Ti alloys [58]. 

d = a + (
5.6DLz∆Tn

v
)

1

Q
  Eq. 4 

Where DL is the diffusivity of the solute in liquid Sn; ∆Tn is the undercooling required 

for nucleation of βSn on a nucleant particle; z is the fraction of the ΔTn that is required to re-

establish the necessary constitutional supercooling for another nucleation event after a grain 

nucleates in constitutionally supercooled liquid; and v  is the interface velocity which is 
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assumed constant in [51, 58].  A practical problem with Eq. 4 (and its other variants) is that v 

and z are unknown and there is a large uncertainty in the value of DL due to measurement 

difficulties (e.g. [71]). In their work on Al and Mg alloys, StJohn et al. [51] found a reasonable 

fit to their data when taking v =2 µm/s and z = 0.1.  Assuming these v and z values, a value of 

DL for Zn in liquid Sn of (6.00 ± 2.00) × 10-9 m2/s [71] and the measured value of ∆Tn= 0.7 ± 

0.2 K (Figure 4), gives a slope of 1064 ± 504 µm/K compared with the best fit slope to the Sn 

- xZn experimental data of 9890 µm/K in Table 2. Thus, it has been found in this work that 

solders approximately follow the d vs. 1/Q relationship in Eq. 3, similar to Mg-, Al-, and Ti- 

based casting alloys. However, further work is required to quantitatively link the slopes of the 

d vs. 1/Q data with these other alloy systems. 
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3.2 The influence of nucleant particles at near-constant Q 

The growth restriction factors, Q, of Sn-3Ag-0.5Cu with the different alloying additions 

are shown in Table 3. It can be seen that all Q-values are similar to each other and that all 1/Q 

values are in the range 0.08 - 0.09 which is very narrow compared with Figure 8. Thus, the 

additions are suitable for studying the effect of nucleant particles at near-constant Q.  

Figure 9 shows typical etched cross-sections of 60 g SAC305 samples with and without 

alloying additions. It is clear that alloying with Zn, Ti, Ir, Co, Pd, and Pt caused significant 

grain refinement (i.e. more βSn grains) and that the 0.2 Mn addition had little grain refining 

effect.  The grain size data are summarised in Figure 10(A) where the alloys are ranked in order 

of the mean grain size. The most effective grain refiner was the 0.07 Pt addition which reduced 

the grain size from 3747 to 817 µm. The ΔTn data are summarised in Figure 10(B) and are 

arranged in the same order as in Figure 10(A). Note that the undercooling axis (y-axis) is 

broken and that SAC305 had a mean undercooling of ~15 K whereas all alloying additions 

resulted in a mean undercooling of less than 2 K. The smallest ΔTn of less than 0.5 K occurred 

with Ti, Co, and Pt additions. This strongly reduced ΔTn with these 7 additions is consistent 

with past work [38, 40, 72] and indicates that the addition levels were suitable. By comparing 

Figure 10(A) and (B) it can be seen that there is no simple correlation between undercooling 

and grain size. For example, the 0.2 Ti addition gave a smaller undercooling but larger grain 

size than the 0.2 Pd addition. This is most likely because, for the same solidification conditions 

and Q-value, the grain size will depend on the size, shape, size distribution, and number density 

of the nucleant particles and not just on the nucleant potency. We did not attempt to optimise 

the size/shape properties of each nucleant in this work.  

SEM analysis was performed to identify the nucleant particles. It was found that an 

additional IMC phase (in addition to Cu6Sn5 and Ag3Sn) was present in samples alloyed with 

Mn, Ti, Ir, Co, Pd, and Pt. These had a morphology consistent with primary phases and, 
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therefore, are likely to have been present prior to βSn nucleation. Figure 11 gives typical 

examples of the particles in Sn-3Ag-0.5Cu + Mn, Ti, and Pt, many of which are in the 

interdendritic eutectic and some of which are within the βSn dendrites. The IMC phases were 

identified by combining EDS with EBSD as MnSn2, Ti2Sn3, βIrSn4, αCoSn3, PdSn4, and PtSn4, 

as summarised in Table 4 (where the phases used for indexing are from references [73-78]) and 

Supplementary Information Figure 4. The EBSD analysis was limited to identifying the best-

fit known phase with stoichiometry close to that measured by EDS.  This involved finding the 

phase with the lowest “mean angular deviation” (MAD) coupled with visual inspection of the 

experimental and dynamical-simulated Kikuchi patterns.  A low MAD of <0.68 was found for 

each of the identified phases using the eight bands of highest intensity. In the case of these IMC 

phases, this simple MAD approach was sufficient for phase discrimination and more complex 

methods such as cross-correlation between experimental and simulated Kikuchi patterns were 

not required.  In contrast to Mn, Ti, Ir, Co, Pd, and Pt, alloying with 0.5wt% Zn did not appear 

to introduce a new primary phase, consistent with Thermo-Calc predictions [59]. 

In past work, we have shown that the main facets of PtSn4 [40], PdSn4 [40], and CoSn3 

[38] are nucleation sites for βSn and it is likely that βIrSn4 operates by a similar mechanism 

due to the crystallographic similarities between βIrSn4 and PtSn4 [74]. Further work is required 

to confirm the heterogeneous nucleation mechanisms with Zn, Ti, and Mn additions.  It may 

be that Ti2Sn3 and MnSn2 are heterogeneous nucleants for βSn [72] although this has not been 

proved yet and the fact that Mn additions did not result in significant grain refinement (Figure 

9 and Figure 10) but did contain numerous MnSn2 particles (Figure 11) suggests that a detailed 

study on the influence of Mn is required.  Similarly, a detailed study is required to identify the 

heterogeneous nucleants introduced by Zn additions. 

Further evidence for βSn nucleation on the introduced IMCs can be gained from examination 

of the distribution of βSn grains in Figure 9. In SAC305-0.07Pt, the grain size was smaller near 
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the bottom of the sample (Figure 9) and it was observed that there was a higher number of 

PtSn4 particles near the sample bottom, due to their higher mass density relative to liquid Sn.  

Conversely, in SAC305-0.2Ti, it can be seen that the grain size was smaller near the top of 

samples (Figure 9) and it was observed that there was a higher number of Ti2Sn3 particles near 

the top of the sample, presumably due to the similar mass density of Ti2Sn3 (~7.2 g/cm3 [75]) 

and liquid Sn (~6.9 g/cm-3
 [79]). 

Combining Figure 7, Figure 10, and Table 1, it can be seen that PtSn4 particles caused 

a low undercooling of 0.4 ± 0.2 K at any Ag level but the effectiveness of PtSn4 as a grain 

refiner depended on the Ag solute content via the Q-value, such that the grain size decreased 

from 2392 μm at 0.5 wt% Ag to 817 μm at 3 wt% Ag.  This clearly shows that nucleant particles 

need to be combined with growth restricting solute to most effectively grain refine 60 g samples 

of solders. 

A striking feature of all 60 g sample microstructures in this work is that, although the 

grain size was significantly reduced by combining solute with nucleant particles, the βSn grain 

size was relatively large in all cases. Indeed the smallest grain sizes (~ 817 - 830 μm in 

SAC305-0.07Pt and Sn-2Zn-35Bi) were larger than a typical BGA ball used in electronic 

packaging.  One reason for this may be the relatively large size of the IMC nucleant particles.  

For example, TiB2 particles in Al grain refinement tend to be numerous 0.5 - 3 μm wide 

platelets that are well-dispersed throughout the melt.  In contrast, the primary IMCs introduced 

by alloying and slow cooling in this work (overviewed in Table 4) were typically 20 - 200 μm 

wide at which size there will be a relatively low number density of nucleant particles. 
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3.3 Grain refinement of 500 μm BGA solder balls 

Figure 12(A)-(C) overviews the typical microstructure of 500 μm solder balls cooled at 

0.33 K/s from 240°C in a DSC.  From the optical micrographs in Figure 12 (A)-(C), it can be 

seen that, as the Zn content increased, the βSn dendrite morphology became more intricate and 

the volume fraction of eutectic increased as expected.  The EBSD IPF-x and IPF-y maps show 

that the Sn-1Zn ball contains three βSn orientations that appear to form multiple ‘grains’ in this 

2D section, that the Sn-3Zn ball contains two dendritic ‘grains’ and that the Sn-6Zn ball 

contains a single dendrite.  This might appear to imply that increasing the Zn content decreased 

the number of nucleation events but, examination of the pole figures and misorientation 

histograms in Figure 12 (A)-(C) shows that the different βSn orientations are all related by ~60° 

rotations around a common <100> axis (the common {100} plane is marked ‘CP’ in the pole 

figures). This is the widely reported phenomenon of 57.2  {101} or 62.8  {301} solidification 

twinning in solder balls [4, 5, 80].  Since all the grains in one solder ball are related by a twin 

OR, it can be concluded that they grew from a single nucleation event in each ball.  That is to 

say, all balls solidified with a single βSn nucleation event and the increasing Zn content did not 

affect the number of βSn nucleation events in 500 μm solder balls cooled at 0.33 K/s.  It was 

found that solidification twinning could occur in all Sn-xZn compositions (x=1-6 wt% Zn) but 

was variable from ball to ball, occurring in some samples (e.g. Figure 12((A) and (B)) and not 

in others (e.g. Figure 12(C)). 

Figure 12(D)-(E) are typical examples of microstructures in 500 μm Sn-3Ag-0.5Cu-X 

solder balls cooled at 0.33 K/s in a DSC. The optical micrographs show the typical βSn dendrite 

morphology in slow cooled SAC305-X balls. Figure 12(D) is a Sn-3Ag-0.5Cu-0.5Zn ball 

consisting of three βSn orientations related by ~60° rotations around a common <100> axis, 

indicating solidification twinning similar to that in Figure 12(A)-(B).  Figure 12(E) is a Sn-

3Ag-0.5Cu-0.2Mn ball consisting of a single βSn orientation.  At least 5 balls from each Sn-
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3Ag-0.5Cu-X composition were studied by EBSD mapping similar to Figure 12(D)-(E).  Table 

5 summarises the results for each alloy.  Table 5 shows the number of balls with a single βSn 

orientation, the number with two/three orientations related by solidification twinning, and the 

number of balls with multiple independent grains.  Here, independent grains are defined as 

those not related by a common <100>, <001>, or <110> axis.  It can be seen in Table 5 that all 

Sn-3Ag-0.5Cu-X solder balls cooled at 0.33 K/s solidified to contain either a single orientation 

or two/three orientations related by cyclic twinning, and all balls contained only one 

independent orientation.  Thus, it can be concluded that all SAC305-X solder balls solidified 

with a single βSn nucleation event and the alloying additions did not increase the number of 

nucleation events in solder balls cooled at 0.33 K/s. 

The ΔTn for βSn in alloyed solder balls cooled in the DSC are shown in Figure 13. The 

ΔTn was substantially smaller than in unalloyed Sn-3Ag-0.5Cu but was somewhat larger than 

in the 60 g samples. Microstructural analysis confirmed that the same primary IMC particles 

were present in solder balls as in 60 g samples (given in Table 4).  These particles had fairly 

uniform distribution with multiple particles in each cross-section of 500 μm solder balls.  

Clearly, the lack of grain refinement in DSC cooled solder balls cooled at 0.33 K/s is 

partially related with the small size of solder balls since, in 60 g samples cooled at 1 K/s in a 

near-uniform thermal field, the grain size is larger than the solder ball diameter even for the 

most grain refined composition (Sn-3Ag-0.5Cu-0.07Pt) (as shown in Figure 10). The small 

solder ball size will also promote thermal mixing which causes the whole ball to heat up rapidly 

during latent heat release, and solutal mixing in the liquid which will reduce the degree of 

constitutional supercooling (CS) that can develop and, therefore, impede CS-driven grain 

refinement. 

In an attempt to trigger more nucleation events, solder balls were next cooled at the 

higher cooling rate of 17 K/s. Figure 14(A) and (C) are typical EBSD maps of CP-Sn and 
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SAC305 after cooling at 17 K/s which have a single orientation and cyclically-twinned βSn 

grains respectively, indicating that there was only one nucleation event in each case. Similarly, 

all CP-Sn and SAC305 balls cooled at 17 K/s contained only one independent grain per ball 

(as summarised in Table 6). In contrast, fast cooled solder balls of compositions with added 

nucleant particles usually solidified to give multiple independent grain structures as 

summarised in Table 6 based on at least 5 samples for each tested composition. Typical 

examples are given in Figure 14(B) and (D) for Sn-0.07Pt and SAC-0.2Ti. The presence of 

independent grains can be seen by noting that pole figures with independent grains of tetragonal 

βSn have twice as many {100} planes as {001} planes. As an example, the Sn-0.07Pt sample 

in Figure 14(B) and the SAC305-0.2Ti sample in Figure 14(D) both have 3 spots in the {001} 

pole figure and 6 spots in the {100} pole figure, indicating 3 independent grains in each case.  

Similar results were found with Co, Zn, Ir, Pd, and Pt additions as summarised in Table 6.  

Thus, it can be concluded that the nucleant particles successfully triggered additional 

nucleation events in 500 μm BGA balls when the cooling rate was 17 K/s. 

In some SAC-X samples cooled at 17 K/s, the eutectic βSn had a different orientation 

to the surrounding βSn dendrite.  An example is given in Figure 14(E), where it can be seen 

that most pink, purple and blue oriented dendrites have a green βSn orientation between the 

dendrite arms, and the green dendrite has blue βSn orientation between its dendrite arms.  This 

is a potentially useful microstructure as it creates a large interfacial area of high angle grain 

boundaries combined with a significantly increased number of orientations compared with 

SAC305 (Figure 14(C)).  However, unfortunately, this phenomenon was not reproducible and 

occurred in some samples but not others and further work is required to identify a method to 

reproducibly generate this microstructure. 

To test whether the number of nucleation events in BGA balls could be increased 

further by combining solute with nucleant particles, studies were performed on SAC305-
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0.07pt-5Bi. Note that the Bi content (and therefore Q-value) that can be added to SAC305 

whilst remaining in the βSn primary phase field is limited [59] and, therefore, SAC305-0.07Pt-

5Bi with Q = 25.5 K [59] was selected in this work.  An example of a SAC305-0.07Pt-5Bi ball 

cooled at 17 K/s is shown in Figure 14(F), where the presence of twelve independent grains 

can be seen from the 12 spots in the {001} pole figure and 24 spots in the {100} pole figure.  

Results of multiple balls are summarised in Table 6 where a Q-value effect can be seen by 

comparing fast cooled Sn-0.07Pt (Q ~ 0), SAC305-0.07Pt (Q = 11.2 K), and SAC305-0.07Pt-

5Bi (Q = 25.5 K) samples and noting that the percentage of samples with multiple independent 

grains was 50% for Sn-0.07Pt, 80% for SAC305-0.07Pt, and 100% for SAC305-0.07Pt-5Bi 

based on 5 or 6 samples of each. Additionally, for the samples that contained independent 

grains, the mean number of independent grains was 2 for Sn-0.07Pt, 3 for SAC305-0.07Pt, and 

7 for SAC305-0.07Pt-5Bi. These results show that combining solute with nucleant particles in 

500 μm balls does increase the number of nucleation events at high cooling rate, but this effect 

is more subtle than in large (60 g) samples (e.g. Figure 8 and Table 1). 

Combining the findings on the grain refinement of BGA balls in Figure 14 and Table 

5, it can be concluded that the combination of solute, nucleant particles and high cooling rate 

significantly increased the number of nucleation events in BGA-scale balls from 1 to up to ~12 

(Figure 14 and Table 5).  However, even with 12 independent βSn orientations, solder balls 

would still be expected exhibit anisotropic behaviour and large joint-to-joint variability in their 

thermo-mechanical response. 
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3.4 Outlook for the grain refinement of solder joints: 

The approach to grain refinement in this paper has been to increase the number of 

independent βSn grains by increasing the number of βSn nucleation events through a 

combination of nucleant particles, solute, and high cooling rate.  However, even if this 

approach is further optimised and better nucleants are developed, it is unlikely to be able to 

generate tens or hundreds of different orientations in a BGA solder ball. 

Another approach to achieving a fine-grained microstructure is to encourage the 

interlaced twinned microstructure that can occur in Sn-Ag and Sn-Ag-Cu solders [80] [5].  

Figure 15 gives a typical example.  The EBSD IPF-y map shows numerous regions of blue, 

purple and salmon-coloured orientations.  From the pole figures, it can be seen that there are 

only three βSn orientations that all share a common {100} plane. Thus, the interlaced twinned 

SAC305 microstructure comes from a single nucleation event, similar to the twinned Sn-Zn 

and SAC305 microstructures in Figure 12 (A,B,D) and  Figure 14 (C).  If we define the ‘grain 

size’ in interlaced twinned microstructures as the linear distance between the high angle 

boundaries using the linear intercept method on EBSD orientation maps, then the mean ‘grain 

size’ in Figure 15 is ~7 μm.  This could be said to be considerable refinement but there are only 

three orientations which all share a common <100> axis and, therefore, this approach does not 

solve the problem of each joint being an oligo-crystal with highly anisotropic properties and 

stochastic differences in orientations from joint to joint. Furthermore, fully-interlaced 

microstructures in Sn-Ag-Cu solders usually require a relatively deep undercooling [5] which 

is difficult to control reproducibly. 

A further approach to the grain refinement of solder joints is the application of 

ultrasonic vibration during solidification.  This approach is already showing promise [81] [82] 

and it is likely to be more effective when combined with solute and nucleant particles. 
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In this paper, we have focussed on freestanding solder balls.  In joints, βSn nucleates in 

a liquid contacting rough IMC reaction layers that can affect nucleation significantly [64, 65, 

83, 84].  For example, we have shown previously that different metallic substrates can catalyse 

βSn nucleation to different degrees [12] and that certain solder-substrate combinations (e.g. 

Sn-0.7Cu/Cu and Sn-0.7Cu-0.05Ni/Cu) result in multiple independent grains growing from the 

IMC layer [65, 85]. Therefore, there may be opportunities to engineer the substrate to control 

the number of βSn nucleation events and this approach is likely to be most effective when 

solute and nucleation sites are combined. 
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4. Conclusions 

The potential of grain refining solder alloys by combining nucleant particles with solute 

has been explored. 

Large (60 g) samples of Sn-based solders were grain refined effectively by combining 

growth restricting solute with potent heterogeneous nucleant particles.  Solute played a strong 

role in grain refinement and the solders approximately followed the d vs. 1/Q relationship 

shown previously for casting alloys (Mg-, Al-, and Ti-based alloys).  Bi and Zn were effective 

growth restricting solutes when added at high concentration and Ag was also effective when 

potent nucleant particles were present. 

Six alloying additions that are known to suppress undercooling (Zn, Ti, Co, Ir, Pd, and 

Pt) were shown to cause significant grain refinement of Sn-3Ag-0.5Cu. The smallest grain size 

formed with Pt, Pd, and Co micro-alloying due to heterogeneous nucleation on PtSn4, PdSn4, 

and CoSn3 particles. Further work is required to confirm the heterogeneous nucleation 

mechanisms with dilute Zn and Ti additions. 

 

In 500 μm BGA balls, the key factors affecting the number of nucleation events during 

solidification have been shown to be: 

1- The addition of nucleant particles such as PtSn4 or αCoSn3 

2- The addition of solute that generates a high growth restriction factor 

3- A high cooling rate 

 

CP-Sn and SAC305 BGA balls solidified with a single nucleation event under all conditions 

in this work and any of (1), (2), or (3) applied alone did not trigger additional nucleation events.  

Combining (1) and (3) triggered additional nucleation events (e.g. Sn-0.07Pt) but the most 

nucleation events were triggered when combining (1), (2), and (3) (e.g. SAC305-5Bi-0.07Pt). 
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The addition of nucleant particles, solute and high cooling rate successfully generated up to 

~12 independent βSn orientations in 500 μm BGA balls compared with 1 independent grain in 

SAC305. However, even if this approach is further optimised and better nucleants are 

developed, it is unlikely to be able to generate the hundreds of different βSn orientations in a 

BGA solder ball that would be required to give a near-isotropic joint, unless it is combined 

with other approaches. 
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Table 1. Summary of the nucleation undercooling and grain size for all alloys in the 60g samples study.  Mean values with 

standard deviations in brackets are given based on 4 samples for each alloy for grain size, 6 samples for thermal test data. 

The cooling rate of all experiments are 1.1±0.1K/s. ‘NM’ = not measured 

Alloys Tmin (°C) Tmax (°C)  ΔT (°C) 
Grain Size 

(μm) 

CP-Sn 220.3(1.8) 231.7(2.0) 11.4(2.1) NM 

Sn-0.01Zn 223.2(0.6) 231.0(0.7) 7.8(0.8) NM 

Sn-0.03Zn 224.8(0.8) 231.9(0.1) 7.1(0.7) NM 

Sn-0.1Zn 228.2(1.2) 231.4(0.1) 3.2(1.1) NM 

Sn-0.2Zn 227.7(0.9) 230.1(0.6) 2.4(0.6) NM 

Sn-1Zn 225.0 (0.3) 225.9 (0.2) 0.9 (0.2) 3178 (143) 

Sn-1.5Zn 222.1 (0.3) 222.6 (0.2) 0.5 (0.1) 2218 (132) 

Sn-3Zn 214.9 (0.9) 215.7 (1.2) 0.8 (0.4) 1630 (47) 

Sn-6Zn 201.8 (0.3) 202.4 (0.2) 0.7 (0.1) 1055 (20) 

Sn-2Zn-1Bi 218.6 (0.2) 219.5 (0.2) 1.0 (0.1) 2161 (34) 

Sn-2Zn-5Bi 213.0 (0.2) 213.7 (0.1) 0.6 (0.1) 1936 (15) 

Sn-2Zn-15Bi 198.0 (0.1) 198.6 (0.1) 0.6 (0.2) 1393 (10) 

Sn-2Zn-35Bi 164.7 (0.2) 165.2 (0.3) 0.5 (0.3) 829 (9) 

SAC305 202.7 (1.0) 217.6 (0.2) 14.9 (0.9) 3724 (304) 

SAC305-0.2Mn 216.1 (0.3) 217.7 (0.3) 1.5 (0.4) 3562 (85) 

SAC305-0.5Zn 215.5 (0.1) 216.7 (0.2) 1.1 (0.1) 1449 (135) 

SAC305-0.07Ir 217.7 (0.1) 218.7 (0.3) 1.0 (0.3) 1347 (24) 

SAC305-0.2Ti 218.7 (0.1) 219.0 (0.1) 0.3 (0.1) 1336 (48) 

SAC305-0.05Co 218.1 (0.5) 218.3 (0.5) 0.2 (0.1) 1174 (44) 

SAC305-0.2Pd 218.0 (0.1) 218.5 (0.3) 0.6 (0.2) 961 (9) 

SAC305-0.07Pt 219.5 (0.1) 219.8 (0.0) 0.2 (0.1) 817 (14) 

SAC205-0.07Pt 221.8 (0.3) 222.3 (0.2) 0.3 (0.1) 1338 (24) 

SAC105-0.07Pt 225.3 (0.1) 225.7 (0.0) 0.4 (0.1) 1711 (22) 

SAC0505-0.07Pt 226.8 (0.1) 227.4 (0.1) 0.6 (0.0) 2392 (64) 

 

 

Table 2. The parameters a and b for lines of best fit in Figure 10. 

 b a R2 

LZn 9886 684 0.992 

LBi 12532  810 1.009 

LAg 10848 -50 0.969 

 

Table 3. Growth Restriction factors of SAC305 with the seven additions 

Alloys Q  1/Q 

SAC 305 11.19 0.09 

SAC305-0.2Mn 11.37 0.09 

SAC305-0.5Zn 12.35 0.08 

SAC305-0.5Ti 11.19 0.09 

SAC305-0.07Ir ? ? 

SAC305-0.05Co 11.24 0.09 

SAC305-0.2Pd 10.76 0.09 

SAC305-0.07Pt 11.21 0.09 

 



Manuscript accepted for publication in Journal of Alloys and Compounds 2017 

30 
 

Table 4. Primary IMC phases in the SAC305-X alloys as determined by combining EDS and EBSD.  TM = transition metal 

addition (e.g. Mn, Pt etc.).  References are to the best-fit structures/phases used for EBSD indexing. 

Alloy phase Composition by 

EDS 

Crystal structure 

by EBSD 

Ref 

  
TM Cu Sn Pearson Structure 

 

  
[at%] [at%] [at%] symbol type 

 

SAC305-0.2Mn MnSn2 29.3 - 70.7 tl12 CuAl2 [73] 

SAC305-0.5Zn - - - - - - 
 

SAC305-0.07Ir IrSn4 20.5 - 79.5 tl40 βIrSn4 [74] 

SAC305-0.2Ti Ti2Sn3 40.1 - 59.9 oS40 GaSn2V2 [75] 

SAC305-0.05Co αCoSn3 16.6 7.5 75.9 oS32 PdSn3 [76] 

SAC305-0.2Pd PdSn4 17.6 1.9 80.5 oS20 PtSn4 [77] 

SAC305-0.07Pt PtSn4 18.1 - 81.9 oS20 PtSn4 [78] 

 

Table 5. EBSD summary of 0.33K/s cooled freestanding solder balls (IG: Independent grain) 

Alloy 
No. of 

sample 

Single 

orientation  
Twinned 

One 

IG 

Multiple 

IGs 

CP-Sn 6 6 0 6 0 

Sn-0.07Pt 6 6 0 6 0 

SAC305 33 5 28 33 0 

SAC305-0.2Mn 8 6 2 8 0 

SAC305-0.5Zn 10 4 6 10 0 

SAC305-0.07Ir 5 2 3 5 0 

SAC305-0.2Ti 5 5 0 5 0 

SAC305-0.05Co 17 12 5 17 0 

SAC305-0.2Pd 7 4 3 7 0 

SAC305-0.07Pt 5 5 0 5 0 

SAC305-5Bi-0.07Pt 6 6 0 6 0 

 

Table 6. EBSD summary of 17K/s cooled freestanding solder balls (IG: Independent grain) 

Alloy 
No. of 

sample 

Single 

orientation  
Twinned 

One 

IG 

Multiple 

IGs 

CP-Sn 6 6 0 6 0 

Sn-0.07Pt 6 3 0 3 3 

SAC305 16 0 16 16 0 

SAC305-0.05Co 9 2 2 4 5 

SAC305-0.2Mn 0 0 0 0 0 

SAC305-0.5Zn 5 0 1 1 4 

SAC305-0.2Ti 5 1 0 1 4 

SAC305-0.07Pt 5 1 0 1 4 

SAC305-0.2Pd 6 2 0 2 4 

SAC305-0.07Ir 7 2 2 4 3 

SAC305-5Bi-0.07Pt 5 0 0 0 5 
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Figure 1. (A) The growth restriction factor, Q, as a function of solute content for binary Sn-X alloys relevant to 

soldering. (B) The definition of Q in multicomponent alloys using Sn-3Ag-0.5Cu as an example. Data is from 

ref [59] 
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Figure 2. Cooling curve analysis of 60g samples with the immersed thermocouple method using Sn-3Ag-0.5Cu 

as an example. (A) Complete experiment. (B) Focus on the region of supercooling, βSn nucleation and 

recalescence. The terms are defined in the text. 
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Figure 3. Typical microstructure and cooling curve of a 60g CP-Sn sample. (A) vertical section and (B) the top of 

a sample viewed from above, showing the presence of a single dendrite. (C) Cooling curve. 
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Figure 4. Influence of Zn on the grain refinement of 60g Sn-xZn samples. (A) Sn-Zn phase diagram from [59]. 

(B) Measured undercooling versus Zn content. (C) Measured βSn grain size versus Zn content. 

 

Figure 5. Typical etched cross-sections of 60g Sn-xZn samples containing 1 - 6 wt% Zn. 
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Figure 6. Influence of Bi and Zn on the grain refinement of 60g Sn-xBi-2Zn samples. (A) Sn-Zn-Bi liquidus 

projection from [59]. (B) Measured undercooling versus Bi content. (C) Measured βSn grain size versus Bi content. 
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Figure 7. Influence of Ag on the grain refinement of 60g Sn-xAg-0.5Cu-0.07Pt samples. (A) Sn-Ag-Cu liquidus 

projection from [59] (B) Measured undercooling versus Ag content. (C) Measured βSn grain size versus Ag 

content. 
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Figure 8. βSn grain size vs 1/Q for 60g Sn-xZn, Sn-2Zn-xBi and Sn-xAg-0.5Cu-0.07Pt alloys. 
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Figure 9. Typical etched cross-sections and cooling curves of 60g SAC305-X samples with 7 alloying additions. 
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Figure 10: Grain size and nucleation undercooling data for the 60g SAC305-X alloys.  Error bars are standard 

deviations from at least 4 samples for grain size and 6 samples for undercooling.  Note the broken undercooling 

axis in (B). 
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Figure 11. Intermetallics present in 60g sample cooled at 1K/s. (A) Ti2Sn3 in SAC305-0.2Ti and (B) PtSn4 in 

SAC305-0.07Pt (C) MnSn2 in SAC305-0.2Mn, in addition to Ag3Sn and Cu6Sn5.  See Table 4 for further 

details. 
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Figure 12. Typical microstructures of 500μm solder balls cooled at 0.33 K/s. The left columns are optical 

micrographs of the dendrite structure and EBSD maps of the βSn orientations (IPF-x for A,B,C and IPF-y for D, 

E).  The middle columns are misorientation histograms with 55-65° highlighted red. The right columns are 

{001} and {100} pole figures of tetragonal βSn where the white arrows point to the common plane of twinned 

grains. 
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Figure 13. Nucleation undercooling for βSn in 500μm SAC305-X solder balls cooled at 0.33 K/s.  At least 12 

samples were tested for each composition. 
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Figure 14. EBSD of solder balls cooled at 17 K/s. (A) CP-Sn, (B) Sn-0.07Pt, (C) SAC305, (D) SAC305-0.2Ti, 

(E) SAC305-0.05Co (F) SAC305-5Bi-0.07Pt (IPF-x for A,B,C, E; IPF-y for D and IPF-z for F) White arrows 

point to the common plane of twinned grains. 
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Figure 15. SAC305 with a fully-interlaced twinned βSn structure. (A) EBSD IPF-y Map. (B) higher 

magnification region from (A). (C) misorientation histogram from (A) where all orientations are <15° or ~60°. 

(D) pole figures from the map in (A) where the white arrow points to the common {100} plane of all three 

orientations. 

S.I. Table 7. Compositions of all alloys as measured by X-ray fluorescence spectroscopy (XRF).  

The Fe content of all compositions is lower than 0.005wt%, ND = <0.001wt%. 

Nominal Composition Zn Bi Ag Cu Pb Co Mn Ti Pt 

 % % % % % % % % % 

CP-Sn ND ND ND 0.003 0.011 ND ND ND ND 

Sn-0.01Zn 0.007 ND 0.001 0.005 0.012 ND ND ND ND 

Sn-0.03Zn 0.014 ND ND 0.005 0.013 ND ND ND ND 

Sn-0.1Zn 0.090 ND 0.001 0.005 0.013 ND ND ND ND 

Sn-0.2Zn 0.220 ND ND 0.004 0.011 ND ND ND ND 

Sn-1Zn 0.880 ND 0.004 0.007 0.013 ND ND ND ND 

Sn-1.5Zn 1.370 ND 0.003 0.007 0.013 ND ND ND ND 

Sn-3Zn 2.690 ND 0.001 0.008 0.013 ND ND ND ND 

Sn-6Zn 5.640 ND ND 0.010 0.009 ND ND ND ND 

Sn-2Zn-1Bi 1.810 1.020 0.013 0.020 ND ND ND ND ND 

Sn-2Zn-5Bi 1.800 5.040 0.008 0.007 0.014 ND ND ND ND 

Sn-2Zn-15Bi 1.880 14.10 ND 0.012 ND ND ND ND ND 

Sn-2Zn-35Bi 1.820 35.40 ND 0.020 ND ND ND ND ND 

SAC 305 ND 0.014 2.930 0.588 0.025 ND ND ND ND 

SAC305-0.05Co ND 0.004 2.990 0.577 0.027 0.046 ND ND ND 

SAC305-0.5Zn 0.550 0.004 2.980 0.574 0.028 ND ND ND ND 

SAC305-0.2Mn ND ND 2.980 0.570 0.034 ND 0.145 ND ND 

SAC305- 0.2Ti ND 0.003 3.000 0.580 0.034 ND ND 0.168 ND 

SAC305-0.07Pt ND 0.002 2.900 0.580 0.013 ND ND ND 0.073 

SAC205-0.07Pt ND ND 2.120 0.497 0.004 ND ND ND 0.074 

SAC105-0.07Pt ND ND 1.090 0.501 0.005 ND ND ND 0.078 

SAC0505-0.07Pt ND ND 0.579 0.502 0.003 ND ND ND 0.076 
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S.I. Figure 1. Proof of photograph methods 
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S.I. Figure 2. Grain Size measurement method (example: SAC305-0.2Pd) 

 

S.I. Figure 3. Typical Etched cross-sections of Sn-xAg-0.5Cu-0.07Pt samples 
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S.I. Figure 4. EBSD pattern and simulation bands of particles in SAC305+X alloys. 


