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Abstract 

The melting temperature and melting enthalpy of SnAg and SnAgCu (SAC) nanocrystals with 

diameters of approximately 30 nm was determined and, by means of Differential Scanning 

Calorimetry (DSC) a depression melting temperature of 7-10°C was observed for both systems. The 

new experimental results were compared to the predicted values as well as available datasets. X-

ray diffraction (XRD) analysis was performed to characterize the as-prepared and heat treated 

samples. Scanning electron microscopy (SEM and FE-SEM) analysis was carried out to study the 

morphology, microstructure and phase evolution of the as-synthesized particles before and after 

the heating process. 

Keywords: A. SnAg; A. SnAgCu; A. nanoparticles; C. melting point depression; C. melting enthalpy; 

D. calorimetry 

 



3 

 

1. Introduction 

Thanks to the excellent metallurgical characteristics of Pb-Sn alloys, these solders have been found 

to offer good all-round properties for wettability, thermal cycling, shiny joints and low costs. 

However, starting from July 2006, for environmental and health reasons, a resolution to ban the 

use of solders containing Pb in all new electronic devices has been adopted [1-4]. As a result, there 

has been considerable interest in the field of low temperature interconnect technologies and 

materials, mainly based on Sn often containing Ag, Bi, Cu and Zn as the major alloying elements 

and some minor additions. A new series of alloys such as SnAgCu (SAC), were developed and are 

currently in use [5-9]. 

However, all these alternative solders do not completely meet the industrial requirements (i.e. 

comparable Pb-Sn melting temperature, equally good wetting, strong and reliable connections, 

etc.) [10], and the development of nano-solder alloys and their manufacturing in the form of Pb-

free pastes [11,12] has been considered and extensively investigated. Furthermore, a recent study 

by Luc et al. [13] highlights the potential application of SnAg bimetallic electrocatalyst 

nanoparticles for catalytic CO2 conversion, having an ultrathin partially oxidized SnOx shell and a 

core of Ag3Sn which is responsible for high electronic conductivity. 

As a matter of fact, the potential applications of nanoalloys in different fields generated the need 

to obtain reliable thermodynamic data necessary to determine the stability of the nanoalloy 

systems, develop materials property databases, as well as carry out theoretical calculations to 

substantiate experimental work [14-17]. 

There are attempts to extend the thermodynamic framework used in the study of bulk alloys to 

nanoscale systems, of at least a few nanometers. The most complete thermodynamic equilibrium 

description of a nanoalloy was achieved by determining its phase diagram, as a function of size, 

composition and temperature [19-21]. Indeed, the melting temperature depression due to nano 

size effect has been well established both experimentally and theoretically. In 1909 Pawlow 

developed a thermodynamic model stating that the melting temperature of nanoparticles 

depends on the particle size [22]. The thermodynamics of solid-liquid phase equilibria in small 

particle systems has been initially studied by analysing the melting phenomena of pure metals and 

alloys [23-24]. Subsequently, other researchers [25-27] have investigated the variation of melting 

temperature with particle size and many theoretical models have been successfully applied. In 

particular, concerning the melting point depression of pure metals, the models taking into account 

different configurations of the solid metals, including grains embedded within a matrix, have been 
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developed [28]. Among the models reported in [26], those describing the reduction of the melting 

temperature in terms of macroscopic measurable thermodynamic and thermophysical quantities 

[23] together with an extended CALPHAD method used to assess the phase diagrams of nano-sized 

alloy systems [19,29,30], are appropriate for binary and ternary nanoalloys. Indeed, the nano-sized 

phase diagram will be shifted toward lower temperatures in comparison to its bulk counterpart 

due to size effects in the nanoscale regime, indicating the melting temperature depression in all 

the alloys under investigation [18,27,31].  

The present study examines the thermal behaviour of SnAg and SAC (SnAgCu) nanoalloys near the 

eutectic composition. Experimental results are discussed and compared with values predicted 

using the homogeneous melting (HM) model as well as with the literature data. 

 

2. Materials and experimental methods 

 

2.1. Chemicals and synthesis 

Various experimental techniques for nanoparticles (NPs) production are reported in literature. 

Both physical and chemical methods as well as a combination of both have been developed, 

showing that the processing method can significantly affect the characteristics of the produced 

nanoparticles. Currently, various preparation methods for SnAg and SAC nanoparticles exist [32-

35].  

In this work, SnAg and SAC nanopowders were synthesized by simultaneous chemical reduction of 

metal ions by energetic reducing agents, such as sodium borohydride (NaBH4), using 

phenanthroline as surfactant. All chemicals, listed below, were of analytical grade and were used 

as received without further purification: Copper (II) sulfate pentahydrate (CuSO4 ∙ 5H2O) (Panreac, 

99.993 mass%);Tin (II) 2-ethylhexanoate (C16H30O4Sn) (Alfa Aesar, 95 mass%); Tin(II) chloride 

(SnCl2) (Carlo Erba, RPE grade); Silver nitrate (AgNO3) (Merck, 99.8 mass%); 1,10-phenanthroline 

(C12H8N2H2O) (Alfa Aesar, 99 mass%). Water MQ and anhydrous methanol (CH3OH) (Sigma Aldrich, 

98.8 mass%) were used as solvents.  

The current synthetic procedure is based on the method developed by [36-38]. All syntheses were 

carried out under argon atmosphere in a five-neck round-bottom flask (1000 ml) equipped with a 

dropping funnel. The metal salt precursors were mixed in the selected solvent and maintained 

under vigorous stirring to obtain a homogeneous solution. The NaBH4 solution was added 

dropwise to the flask thoroughly degassed with argon. Generally, the synthesis was carried out at 
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25°C, with the exception of sample SA_3 prepared at 0°C, maintaining the flask in an ice bath for 

2h before adding NaBH4. The resulting fine black precipitate was filtered under argon and washed 

with absolute ethanol, dried 8 hours under Ar, passivated by air and subsequently the powders 

were manipulated in air. 

Table 1 summarizes the synthesised and thermally treated SnAg and SAC nanopowders, together 

with the experimental results obtained after characterization.  

 

2.2. Characterization techniques 

The structural and morphological characterization of the samples was carried out by means of X-

ray powder diffraction (XRD) and two different types of Scanning Electron Microscopes (SEM). The 

XRD analysis was performed using a Philips X’Pert MPD machine (Philips, Almeno, The 

Netherlands) equipped with a copper target, excited to 40 kV and 30 mA, and a solid state 

detector. The crystallite size was evaluated using the Scherrer equation [39]. 

A scanning electron microscope ZEISS SUPRA 40 VP with a field emission gun (FE-SEM), equipped 

with a high sensitivity “InLens” secondary electrons detector and with an EDX microanalysis 

OXFORD “INCA Energy 450 × 3” was used. In addition, a Zeiss Evo 40 (Carl Zeiss SMT Ltd, 

Cambridge, England) equipped with a Pentafet Link Energy Dispersive X-ray Spectroscopy (EDXS) 

system managed by the INCA Energy software (Oxford Instruments, Analytical Ltd., Bucks, U.K) 

was employed. Samples for FE-SEM analysis were suspended in ethanol and exposed to ultrasonic 

vibrations to reduce the level of aggregation. A drop of the resulting mixture was finally laid on a 

Lacey Carbon copper grid.  

The thermal behaviour of the samples was investigated by a heat flux Differential Scanning 

Calorimetry (DSC) using a DSC111 SETARAM apparatus designed as a Calvet calorimeter, 

previously calibrated by measuring the melting temperature of metallic In, Sn, Pb and Zn (99.999 

mass % purity). The temperature was obtained with an accuracy of ±0.5 °C. Around 60 mg of 

nanopowders were generally inserted in sealed Ta crucibles; in several cases open Al2O3 crucibles 

or closed quartz tubes were employed. The SnAg nanopowders were subjected to a thermal cycle 

at a heating/cooling rate of 5 °/min, from 20 °C up to 300 °C and back, whereas for SAC 

nanopowders a thermal cycle from 20 °C to 360 °C was employed. Before cooling, the samples 

were maintained at the maximum temperature for 10 minutes. 

 

2.3. Melting temperature depression: Theory 
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Among overall properties of nanosized systems temperature dependent properties are strongly 

influenced by nanoparticle size. In 1909 Pawlow [22] postulated that the melting point depression 

occurs due to the large influence of the surface energy on nanosized particle properties. The large 

surface/volume ratio in nanosized particle systems (unary, binary, etc.) has significant effects on 

their thermodynamic properties and phase relations [18,21]. During the years, various 

thermodynamic models describing the melting temperature of metal nanoparticles as a function 

of their size have been assessed and recently reviewed by Barybin and Shapovalov 26]. Their 

experimental validation was done on both metals [23,24] and alloys [29-31,38]. All models are 

mainly expressed in terms of thermodynamic (bulk latent heat of fusion, bulk melting 

temperature) and thermophysical properties (density or volume of solid and liquid bulk phases; 

interfacial tensions liquid/vapour, liquid/solid, solid/solid). These are sometimes combined with 

adjustable parameters whose values were determined from the experimental data. Concerning 

the thermodynamic models used to study the melting behaviour of metallic nanoparticles, the 

critical points, such as the choice of input data, the definition of adjustable coefficients, as well as 

the need to choose various parameters simultaneously, make it difficult to find a “unique” model 

as an appropriate description of the experimental data. In addition, none of the models listed in26 

take into account the effects of the substrate on melting, that surely play an important role and 

affect the results of measurements due to the presence of a grain boundary at the cluster-

substrate interface. Another problem is the coalescence of nanoparticles during measurements 

and identification of an individual nanosized particle or cluster.  

In the present work the melting temperature depression of SnAg and SAC nanoalloys was analysed 

using the homogeneous melting model (HM model) [23]: 
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Where )(rTTT m
bulk
m   is the melting temperature depression, r  is the nanoparticle radius and 

bulk
mT and bulk

mH  are the melting temperature and molar heat of fusion of the bulk alloy, 

respectively. s , L , s , L  are the surface energy and density of the solid and liquid phases, 

respectively.  
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It has been shown that an extended CALPHAD (Calculation of Phase Diagrams) method that takes 

into account the effect of surface energy on the total Gibbs energy of a nanosized system is 

appropriate for the assessment of its phase diagram [18]. The optimized phase diagram clearly 

indicates the melting temperature depression of a nanoalloy system [18,27,31]. The experimental 

results on lead free nanosolders [6,40-42] fully substantiate the validity of the CALPHAD method 

for nanosized systems with the lowest particle size limit of 4-5 nm [29-31]. 

 

3. Results and Discussion 

3.1. SnAg NPs 

The SnAg NPs synthesis was performed both without surfactant (SA_7 and SA_10) and using 1,10-

phenanthroline as surfactant (see Table 1). Tin (II) 2-ethylhexanoate was always used as Sn 

precursor with the exception of sample SA_11 for which SnCl2 was employed. All samples were 

characterized by XRD analysis before and after DSC analysis.  

As an example, the XRD patterns of the as-synthesized SA_8 and SA_11 alloy nanoparticles are 

shown in Figs. 1 and 2. In the same figures, the XRD patterns of the samples after DSC heating 

cycle are inserted for comparison. In the as-synthesized samples, in addition to the peaks indexed 

as a tetragonal cell of -Sn (tI4-Sn), the Ag3Sn (oP8-Cu3Ti) phase was found, indicating the 

successful alloying of Sn and Ag after the reduction process. No extra-peaks were observed. The 

same results were obtained for all SnAg samples which testify the good reproducibility of the 

employed synthesis route. By using the Scherrer equation, an average crystallite size dimension of 

30 nm has been evaluated. 

The melting temperatures (onset points) obtained by DSC for the SnAg NPs samples are given in 

Table 1. It should be underlined that no significant differences were observed in the DSC heating 

and cooling curves for the samples prepared with or without phenatroline as surfactant, or using 

SnCl2 as precursor. On heating, an endothermic peak was systematically registered, and an 

average temperature of 214°C was measured; nevertheless, a minimum value of 211°C was 

obtained for the samples SA_10 and SA_11. This effect corresponds to a melting temperature 

depression of about 7 – 10 °C in comparison with the temperature of 221°C reported for the 

eutectic reaction L -Sn + Ag3Sn of the bulk alloys [43]. As an example, the DSC heating and 

cooling curves of SA_8 and SA_11 samples are shown in Figs. 3 and 4. Depending on nanoparticle 

dimensions and synthetic methods, the literature data reports different values for the melting 

temperature depression of SnAg NPs. Pande et al. [33] found a melting point as low as 128°C for 
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SnAg nanopowders prepared from the commercially available precursor salts (Sn(II)acetate and 

Ag(I) acetate or nitrate) in silicone oil. Sopousek et al. [29] reported a 11.2°C melting depression 

for 40 nm SnAg nanoparticles, fairly in agreement with the present results.  

The thermal behaviour of the SnAg and SAC nanoalloys was thoroughly discussed in [29,44]. It is 

well known that Sn-rich alloys are highly prone to oxidation, which significantly increases by 

decreasing particle size [45,46]. Indeed, TEM (Transmission Electron Microscopy) analysis 

performed on Sn and SnBi NPs [38], SnAg and SAC NPs [29,42,44] indicates the presence of SnOx 

amorphous layer covering the surface of NPs. The SnOx (x=1, 2) crystalline phase formation 

detected by XRD in the samples analysed after DSC (Table 1) confirms the oxidation phenomena in 

NPs containing Sn. In particular, the XRD patterns (Figs. 1-2) show SnO peaks (tP4-PbO) only for 

samples subjected to DSC. In a few samples (SA_3, SA_10) traces of SnO2 were also found. 

In the DSC heating curve, an evident exothermic peak detected after the melting effect was 

observed only for the SA_11 sample, as shown in Fig. 4a. For the other samples, a trend similar to 

that observed for sample SA_8 (Fig. 3a) was recorded. In agreement with the results reported by 

Roshanghias et al. [44], this effect can be ascribed to the crystallization of the amorphous SnOx 

layer surrounding the metallic NPs.  

It can be underlined that, after DSC, the XRD analysis of sample SA_8 shows a lower amount of 

SnO (≈ 8%) than sample SA_11 (≈ 24%), in agreement with the size of the exothermic effect 

registered after melting, which is almost negligible for SA_8 in comparison with SA_11 (Figs. 3a-

4a). Unlike what has been observed by different authors [29,44], no additional effects around 

260°C were recorded on the DSC curves. 

During cooling, for all SnAg samples a series of broadened fluctuating exothermic peaks starting 

from approximately 200 up to 120°C was systematically observed (Figs. 3b – 4b), among which a 

sharper peak around 140°C, possibly corresponding to solidification. We assume that these broad 

peaks occur during freezing owing to a low nucleation probability related to the presence of the 

oxide layer on the surface of SnAg powders. This layer probably acts as a nucleation barrier and 

prevents the nanocrystals from completely coalescing. Indeed, after DSC measurements, the NP 

samples turn to micro sized metallic powders together with small SnOx particles on their surface. 

At low magnification (Fig. 5a, Secondary electron (SE) signal), the image of sample SA_8 after DSC 

shows particles with different sizes: the small ones correspond to SnOx particles and the big ones 

to SnAg alloy spheres. At higher magnification (Fig.5b, Backscattered electron (BSE) signal), in the 
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bigger particles it is possible to recognize the characteristic SnAg eutectic morphology (-

Sn+Ag3Sn). 

In literature, in most of the cases, overlooking the complexity of the solidification curves, only the 

DSC heating curves have been reported and in very few studies the cooling curves have also been 

showed [29,40,42]. The small magnification of the graphs together with the scarce comments on 

them does not allow a deep comparison with the present results. However, the sharper peak 

identified in this work around 140°C in the DSC curves of the SnAg samples (Figs. 3b-4b), is fairly in 

agreement with the temperature solidification range of 150-110°C observed by Sopoušek et al. 

[29] and the value of 109.2°C for the solidification peak reported by Jiang et al. [42]. 

From the area under the DSC nanoparticle melting curves a quantitative evaluation of the melting 

enthalpy equal to 49±2 J/g was obtained, in comparison to the corresponding value of 60.2 J/g for 

the Ag-96.5Sn( mass%) bulk alloy [47]. 

 

3.2. SAC NPs 

Experimental investigations and reassessments of the Sn-Ag-Cu phase diagram established slightly 

different compositions and melting temperatures for the eutectic invariant reaction L (-Sn) + 

Ag3Sn+ Cu6Sn5, i.e. the Sn-3.24Ag-0.57Cu (mass.%) at 217.7 °C [48] and Sn-3.5Ag-0.9Cu (mass.%) at 

217.2 °C [2,49,50].  

In the present study four SAC samples with near eutectic composition have been prepared, as 

described in 2.1, using for all samples SnCl2 as Sn precursor and phenanthroline as surfactant. The 

synthesis of SAC_1 and SAC_2 has been performed in anhydrous methanol, whereas SAC_3 and 

SAC_4 have been prepared in deaerated MQ water. Besides, following the indications by Yung et 

al. [41], one portion of the as-prepared SAC_4 sample was treated with citric acid for 1h (sample 

termed as SAC_5) and another one for 18h (sample termed as SAC_6), with the aim to remove 

SnOx supposed to be formed on the NPs surface (Table 1).  

The XRD patterns of all as-prepared SAC samples are very similar showing the diffraction peaks of 

Ag3Sn, -Sn and Cu6Sn5 (hP4-NiAs); no tin oxide was identified. The peaks of Ag3Sn and -Sn were 

easily recognizable, whereas the small amount of Cu6Sn5 was more detectable in the sample 

pattern after DSC. Likewise the SnAg samples, after heat treatment the presence of the SnO phase 

was detected; for the SAC samples synthesized in MQ water, traces of SnO2 were also present. In 

figure 6 is inserted the XRD patterns of the as-synthesized sample SAC_2 together with the XRD 

patterns of this sample after DSC heating cycle. 
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The DSC analysis was performed with a scanning rate of 5°C/min in 20-300°C (SAC_1 and SAC_2 

first cycle) or 20-360°C (SAC_2 second cycle, and the rest of the samples) temperature range. 

The DSC curve obtained for SAC_1 evidenced that the sample was not exactly on the eutectic 

composition since, on heating, revealed two endothermic peaks: the invariant melting process of 

the ternary eutectic (212°C) and the liquidus temperature (226°C). For all the other samples, only 

one endothermic peak was detected on heating at an average temperature of 208°C; 

nevertheless, for the samples SAC_3, SAC_4 and SAC_5 a minimum value of 207°C was obtained. 

This effect corresponds to a melting temperature depression of about 10 °C in comparison with 

the melting temperature of the eutectic bulk alloy (see 3.2).  

Zou et al. [51] studied by DSC at different scanning rate the melting and solidification properties of 

the Sn3.0Ag0.5Cu (mass%) NPs smaller than 100 nm, obtaining an average melting point 

depression of 7°C for a scanning rate of 6°/min. For nanoparticles with the average diameter of 18 

nm, a melting point depression of 26.6 °C was measured by TG-DSC at a heating rate of 5°/min 

[44]. As an example, two heating cycle performed by DSC on the SAC_2 sample are shown in Fig. 7. 

In the first cycle (Fig.7a), after the endothermic peak assigned to the ternary invariant reaction, it 

is possible to recognize a small exothermic peak ascribed to the re-crystallization of the SnOx 

amorphous layer surrounding the particles (see 3.1). This small exothermic peak was not recorded 

in the second cycle thermogram (Fig.7b). The comparison of the XRD patterns before and after 

DSC confirms our results, and are in agreement with those reported by Koppes et al.[40] for Sn 

NPs. 

The DSC cooling curves for the SAC samples (Fig. 8) are comparable to those obtained and 

discussed in section 3.1 for the SnAg nanopowders (see, for instance, Fig. 4b), showing a series of 

fluctuating exothermic peaks between 190 and 90°C with a sharp peak around 150°C, that we 

assume corresponding to the solidification.  

Similar trend in the cooling curves was reported for SAC alloys [42,51], although the small 

magnification of the graphs does not allow a comprehensive discussion. Zou et al. [51] by DSC 

measurements observed a large (>88°) undercooling for SAC NPs, which results from the energy 

barrier for solid nucleation, and the value reported is fairly in agreement with the present results 

(approximately 67°C). 

On heating, an exothermic peak around 240°C (300°C, at the top of the peak) was recorded only 

for the samples SAC_5 and SAC_6 treated with citric acid, similarly to the prominent exothermic 

peak observed around 260°C by Roshanghias et al. [44]. We can assume that the addition of the 
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citric acid to the aqueous solution enhanced the thickness of the amorphous SnOx layer on the 

NPs surface, instead of removing it, as reported by Yung et al. [41]. Indeed, after DSC, the XRD 

patterns of citric acid treated samples, i.e. SAC_5 and SAC_6, show a higher intensity of the SnO 

peaks in comparison with XRD of untreated SAC samples.  

A quantitative evaluation of the SAC NPs melting enthalpy indicates a value of 50±2 J/g, in 

comparison with the value of 67.0 J/g  reported for the Sn3.0Ag0.5Cu (mass%) bulk alloy [52].  

The morphological aspect of the SAC_2 sample after two DSC heating cycles is shown in Fig. 9. At 

lower magnification, the SE signal (Fig.9a) shows micrometric spherical particles dusted with SnO 

flakes. At higher magnification, the BSE signal (Fig. 9b) allows to reveal in the bigger particles the 

typical SnAgCu ternary eutectic consisting of Ag3Sn plates and Cu6Sn5 rods in a (Sn) matrix, which 

is comparable with the morphology of the eutectic bulk SAC alloy (see Fig. 9c). 

 

3.2.3. Melting temperature depression: Theory vs. experiment 

The melting behaviour of eutectic SnAg and SAC nanoalloys has been investigated experimentally 

and theoretically. In both cases, the input data for calculations were taken from [3,53]. The 

experimental data for SnAg NPs obtained in the present work were compared with the melting 

curve predicted by the homogeneous melting model (HM model) [23] as well as the literature 

datasets [29,36,54-56], as shown in Fig. 10. A good agreement between analysed datasets and 

model predicted values can be observed.  

Concerning SAC nanoalloys the new experimental data indicate the melting temperature 

depression values (Fig. 11) that lie between the corresponding HM (curve 1) and CALPHAD (curve 

2) predicted values and exhibit a very good agreement with the data reported in [30,42,57]. The 

theoretical curve obtained by the CALPHAD method shows lower values compared to those 

calculated by the HM model (Fig. 11), as reported in [30]. Similar observations were found for 

SnAg [29] and AgCu NPs [31]. The melting temperature of investigated SnAg and SAC nanoalloys 

decreases drastically for particles with a size below 20 nm (Figs. 9 and 10). 

 

4. Conclusions 

SnAg and SnAgCu nanoparticles at the eutectic composition have been successfully synthesized by 

a low temperature chemical reduction method. The formation of the phases pertaining to the 

binary and ternary eutectics has been confirmed by XRD analysis. 
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The melting properties of the NPs were studied by a high sensitive DSC and a melting temperature 

depression of 7-10°C was observed for both systems. The melting enthalpies measured from the 

area under the DSC heating curves of the SnAg and SnAgCu NPs are very similar (49±2 and 50±2 

J/g. respectively); these values are lower than those reported in literature for the corresponding 

bulk alloys. 

After DSC analysis, micrometric spheres having eutectic aspect dusted with smaller tin oxide 

particles were obtained for all samples, likewise observed in our previous work for the Bi-Sn NPs. 

Considering that during the investigation of the Ag-Cu NPs [31] we did not observe this behaviour 

(the samples after heating inside the DSC turned into small ingots), we can conclude that the 

proneness of tin to oxidation inhibit the complete aggregation of the nanoparticles after the 

melting process. The peculiar aspect of the SnAg and SnAgCu DSC curves observed on cooling is 

related to this phenomenon. The formation of the SnOx layer around NPs could be detrimental for 

the employment of SnAg and SAC NPs in the joining technology. 

The new experimental data on the melting temperature depression of SnAg and SAC eutectic 

nanoalloys exhibit a very good agreement with the literature datasets and are comparable to the 

HM or/and CALPHAD predicted values. 
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Figures Captions 

Fig. 1 XRD patterns of the SA_8 sample “as-prepared” and after DSC analysis.  

Fig. 2 XRD pattern of the SA_11 sample “as-prepared” and after DSC analysis. 

Fig.3 DSC heating (a) and cooling (b) curves of the SA_8 sample. 

Fig. 4 DSC heating (a) and cooling (b) curves of the SA_11 sample. 

Fig. 5 Secondary electron (SE) (a) and Backscattered electron (BSE) (b) images of the SA_8 sample 

after DSC measurements.  

Fig. 6 XRD pattern of the SAC_2 sample “as-prepared” and after DSC analysis. 

Fig. 7 Sample SAC_2. DSC curves: first heating cycle (a) and second heating cycle (b). 

Fig. 8 Sample SAC_2. DSC curves: first cooling cycle (a) and second cooling cycle (b). 

Fig.9 SE (a) and BSE (b) images of the SAC_2 sample after DSC measurements. BSE (c) image of 

eutectic bulk SAC alloy: light gray Sn phase, together with Ag3Sn elongated plates, and Cu6Sn5 
blocky particles. 
  
Fig. 10 The melting temperature dependence of the SnAg eutectic nanoalloy as a function of 
particle size calculated by the HM model [23] together with the experimental data shown for a 
comparison: () present work, () [29], () [54], () [36], (+) [55], () [56]. (------) the melting 
temperature of the eutectic bulk alloy. 
 

Fig. 11 The melting temperature dependence of the SAC eutectic nanoalloy as a function of 
particle size calculated by the HM model [23] (curve 1) together with the experimental data shown 
for a comparison: () present work, () [30], () [44], () [57], () [42], () [52]. CALPHAD 
predicted values [30] (curve 2); (------) the melting temperature of the eutectic bulk alloy. 
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Highlights 

 SnAg and SnAgCu nanoparticles at the eutectic composition have been synthesized  

 A melting temperature depression of 7-10°C was determined for both systems by DSC 

 Melting enthalpy values of the NPs are lower than the corresponding bulk alloys 

 The role of tin oxidation on the aggregation of eutectic Sn-based NPs is presented  

 Experimental results are compared to the predicted values and available datasets  
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Table 1: SnAg (SA_#) and SAC (SAC_#) nanopowders synthesised in anhydrous methanol + 1,10 

phenanthroline (if not differently specified). 

Sample XRD analyses 
detected phases  

Melting 
temperature /°C 

 

Remarks 

As prepared After DSC 

SA_1 Ag3Sn + Sn  214  

SA_2 Ag3Sn + Sn  214  

SA_3 Ag3Sn + Sn Ag3Sn + Sn + SnO +(SnO2) 212  

SA_4 Ag3Sn + Sn Ag3Sn + Sn + SnO 214 
 

 

SA_5 Ag3Sn + Sn Ag3Sn + Sn + SnO 214 
 

 

SA_6 Ag3Sn + Sn Ag3Sn + Sn + SnO 216 
 

 

SA_7  
(a) 

Ag3Sn + Sn Ag3Sn + Sn + SnO 214  

SA_8 
 

Ag3Sn + Sn Ag3Sn + Sn + SnO 214 Fig. 1 (XRD) 
Fig. 3a e 3b (DSC) 

Fig.5 (SEM) 

SA_9 Ag3Sn + Sn Ag3Sn + Sn + SnO 215 
 

 

SA_10  
(a) 

Ag3Sn + Sn Ag3Sn + Sn + SnO + 
(SnO2) 

211 
 

 

SA_11  
(b) 

Ag3Sn + Sn Ag3Sn + Sn + SnO 211 
 

Fig. 2 (XRD) 
Fig. 4a e 4b (DSC) 

 

SAC_1 
(b) 

Ag3Sn + Sn + 
Cu6Sn5  

 212 (liquidus  at 
226) 

Off-stoichiometry 
(see text) 

SAC_2 
(b) 

Ag3Sn + Sn + 
Cu6Sn5  

 

Ag3Sn + Sn + Cu6Sn5 + 
SnO 

 

210, 1st heating 
cycle  

 

213, 2nd heating 
cycle 

Fig. 6 (XRD) 
Figs. 7 and 8 (DSC) 

Fig. 9 (FE-SEM) 

SAC_3 
(b) 

Ag3Sn + Sn + 
Cu6Sn5  

Ag3Sn + Sn + Cu6Sn5 + 
SnO +(SnO2) 

207 Synthesis 
performed in 
MilliQ-water 

SAC_4 
(b) 

Ag3Sn + Sn + 
Cu6Sn5  

Ag3Sn + Sn + Cu6Sn5+ SnO 
+ (SnO2) 

207 Synthesis 
performed in 
MilliQ-water 

SAC_5 Ag3Sn + Sn + 
Cu6Sn5  

Ag3Sn + Sn + Cu6Sn5  + 
SnO + (SnO2) 

207 NPs SAC_4 treated 
with Citric Acid for 

1h. 

SAC_6 Ag3Sn + Sn + 
Cu6Sn5 

Ag3Sn + Sn + Cu6Sn5+ SnO 
+ (SnO2) 

209 NPs SAC_4 treated 
with Citric Acid for 

18h, 
(a) Synthesis without 1,10 phenanthroline, (b) Tin precursor SnCl2 

Table
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