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Abstract—The temperature dependence of wettability (wetting 

angle, Θ (T)) for Ag-based melts on graphite and Al2O3 substrates is 

compared. Typical alloying effects are found, as the Ag host metal is 

gradually replaced by various metallic elements. The essence of 

alloying lies in the change of the electron/atom (e/a) ratio. This ratio 

is also manifested in the shift of wetting angles on the same substrate. 

Nevertheless, the effects are partially smeared by other 

(metallurgical) factors, like the interaction between the 

oxygenalloying elements and by the graphite substrate-oxygen 

interaction. In contrast, such effects are not pronounced in the case 

of Al2O3 substrates. As a consequence, Θ(T) exhibits an opposite 

trend in the case of two substrates. Crossovers of the Θ(T) curves 

were often found. The positions of crossovers depend on the 

chemical character and concentration of solute atoms. Segregation 

and epitaxial texture formation after solidification were also 

observed in certain alloy drops, especially in high concentration 

range. This phenomenon is not yet explained in every detail.  

  

Keywords—Contact angle, graphite,silver, soldering, solid 
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I. INTRODUCTION  

technologies are widely used in the vehicle industry [1]-[3].  

Ensuring good wetting conditions between the solder material 

and the metallic parts to be joined is of great importance in these 

processes [4]-[11]. The Ag based alloys are particularly 

promising in this respect especially, when the world-wide trends 

in the replacement of lead-thin based alloys are considered [12]-

[15].  

The temperature dependence Θ(∆T) was compared and the 

results were interpreted on the basis of classic alloying effects, 

i.e. based on the change in electron concentration (e/a), which is 

also reflected in the shape of the appropriate phase diagrams.   

II. EXPERIMENTAL CONDITIONS  

Alloys were prepared from high purity (4N) Ag and Sn, using 

induction melting in quartz crucible under inert (Ar) atmosphere. 

The graphite substrate was prepared from high purity, porosity 

free base material. The substrates were mechanically polished to 

Ra=0.23±0.005 µm, r=1.009±0.0005, then the surface roughness 

was determined  
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using a 3D laser profilometer (Rodenstock RM600 surface 

topography measurement system).  

The wetting experiments were performed in home-made 

equipment developed for sessile drop measurements. The 

graphite substrate and the alloy pieces were positioned into the 

middle of furnace at ambient conditions. The pressure was then 

reduced to 0.1 Pa at room temperature in the chamber. The 

vacuum was replaced by a 105 Pa 99.999 % Ar gas. This 

procedure was repeated 3 times. Subsequently, the temperature 

was raised to 1273 K using a heating rate of 4 K/s. Since only a 

small part of the gas chamber is heated, no pressure change could 

be detected in the chamber (105 Pa) during the measuring run, 

which was performed during the heating run at 1273, 1323, 1373, 

1423 and 1473 K respectively.  

The heating power has stopped around each measuring 

temperature. Two minutes holding time was applied before the 

measurement.   

The contact angle was determined by measuring directly the 

profile of the drop. Self-made automatic software in the Matlab 

environment is used for fixing and processing the data. Though 

the uncertainty of this software is below 1 degree, the total 

uncertainty of the measured values is higher: ±3°.  

At the end of the measuring process at 1473 K, the furnace was 

switched off and cooled slowly to the ambient temperature (the 

whole cooling time is around 40 minutes). Subsequently the 

furnace was opened and the solidified sample was removed.  

The vapour pressure of the sample components is different. 

Consequently, the preferential evaporation during the wetting 

angle measurements cannot be excluded.  

III. THE INVESTIGATED ALLOYS (METALLURGICAL 

CHARACTERIZATION)  

It is well known, that several correlations exist between the 

bulk physical properties and the shape of phase diagram in 

metallic systems. On the other hand it was also reported already 

in early papers that surface molar energy of liquid metals is in 

close connection with the heat of vaporization [16]. The 

correlation is similar with the melting point of the appropriate 

metals. It is also known that simple relation exists for the 

description of phase stability and the electron structure of simple 

alloys. The investigated alloys were selected on the basis of 

outline principles.  

SOLDERING is the most popular joint technique in 

microelectronic and optoelectronic industries which  
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An additional motivation in the alloy selection was the simple 

solidification mechanism, i.e. the simple phase relation which is 

developed during the solidification.  

All alloys (except the 10 at% Sb alloy) do form continuous 

series of solid solutions after solidification, i.e. only a single 

phase is formed from the molten state and no second phase 

precipitation occurs at low temperatures.  

  

 

Fig. 1 The range of terminal (α)-solid solutions in Ag-Cd, Ag-In, Ag- 

Sn and Ag-Sb systems [17]  

  

The shape of the appropriate phase diagrams (details from the 

Ag-rich sides) are collected in Fig. 1. The common feature is the 

tendency of solid solution formation at the Ag-rich sides during 

the solidification. The solidified alloys are not homogeneous 

however, in atomic scale, as the solute segregation occur. The 

degree of equilibrium segregation is reflected in the shape of the 

individual alloys. As the actual cooling rate is low, (see the 

experimental description) this segregation can be regarded as 

“equilibrium segregation”, so the concentration difference 

between the solid and the liquid difference does really represent 

the equilibrium distribution of the solute atoms in the solidified 

drop.   

On the other hand it is clear, that the stability range of these α 

solid solutions are in close connection with the mentioned degree 

of segregation, which reflects the degree of difference between 

chemical potential of solutes between the contacting phases at a 

given temperature. The solubility limit can be explained on the 

basis of „electron phase” concept. Accordingly, the stability 

range of these solid solutions is governed by average valence 

electron concentration at the Fermi level of Ag. The upper limit 

of this concentration is around (e/a ~1.36-1.59) for the stability 

limit of α-solid solution in Ag. One can understood therefore, that 

alloying (partial replacement of Ag by these elements in the 

sequence Cd→In→Sn→Sb leads to the narrowing of the α-phase 

region. The predictive power of this criterion is qualitatively 

supported by the well-known Hume-Rothary solubility rules in 

these alloys [18]. The appropriate changes in the bulk physical 

properties in solid state have been reported already in previous 

papers [19], [20].  

IV. RESULTS  

The wetting angle was measured in wide temperature range. 

The wetting angles are illustrated as a function of the melt 

overheating, (defined as ∆T=Tobs-Tliq, where Tobs is the 

experimentally measured temperature, Tliq is the liquidus 

temperature for the alloy at the investigated concentration). The 

favour of this illustration is obvious, as the slope of liquidus is 

very different (see Fig. 1 the phase diagrams).  

A. Ag-Cd, In, Sn, Sb System   

Comparing Figs. 2, 3 the first remarkable finding is the 

opposite temperature dependence of the Θ(T) slope obtained  

on the graphite and the Al2O3 substrates. It is also remarkable that 

the influence of the same solute atoms strongly depends on the 

melt superheat.  

The results are collected in Figs 2, 3.  

  

 

Fig. 2 Temperature dependence of the wetting angle of 5at% Ag-Cd,  

Ag-In, Ag-Sn, Ag-Sb and Ag liquids on graphite substrate   

  

  

Fig. 3 Temperature dependence of the wetting angle of 5at% Ag-Cd,  

Ag-In, Ag-Sn, Ag-Sb and Ag liquids on Al2O3 substrate   

  

As the phase-relations are very simple in these alloys (single 

phase nature of liquids and the solid solutions), one can suppose 

that the alloying induced by the electron concentration has a 

detectable impact not only in the stabilization of liquid state 

(melting point suppression) but also in the surface energy of the 

liquid drop. The magnitude of the wetting angle depends only 

indirectly on the total surface energy, which is composed from 

the drop/gas and the drop/substrate interface components [10].  

The Summary of Observations is the Following:   
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The slope of Θ(T) for the pure Ag is positive on graphite, and 

negative on the Al2O3 substrates. This indicates the decreasing 

wetting ability of graphite, and the increase of Al2O3 versus the 

melt superheat, i.e. the Ag/graphite interphase formation is 

energetically unfavourable in the same atmospheric 

circumstances, as the temperature increases (the interfacial 

energy increases) [16].  

The influence of alloying elements on Θ(T) is also opposite in 

the case of two substrates. The shift (at a given superheating) 

increases with the solute concentration, as it is expected from the 

residual resistivity measurements.  

Crossovers of the Θ(T) curves are often observed.   

An influence of Cd addition is exceptional: generally opposite 

to that found in the case of other substituent (Θ decreases 

compared to the pure Ag). The lowering tendency is also typical 

on Al2O3 substrates. This general observation probably arises 

from the intrinsic property of Cd metal (exceptional high vapour 

pressure) [21].  

This means that temperature dependence wetting ability is 

significantly modified by alloying elements. The existence of 

crossovers are probably associated with the different strengths of 

interactions between the Ag(Cd, In, Sn, Sb)-O in the melt, as it is 

expected from the Ellingham diagrams (Fig. 4).  

The lowering tendency of Θ due to Cd addition observed both 

on the graphite and Al2O3 substrate is seen also in the case of 

Al2O3 substrates. This hints to the favour of melt/substrate 

interphase formation at the expense of melt/gas surface 

formation, when the Cd atoms are present in the melt drop. As it 

was mentioned above, the origin of this extraordinary behaviour 

can be attributed to the large heat of vaporization of Cd. It was 

reported that surface tension of metallic melts at their melting 

points depends on the heat of vaporization [21].  

  

  

Fig. 4 Ellingham of the investigated systems [22]  

  

As it was mentioned, the behaviour of Cd solvent is 

exceptional in the investigated systems:   

Θ (T) usually decreases (especially at higher Cd content) 

which hints to increasing wettability due to the Cd addition. This 

tendency is particularly remarkable on the Al2O3 substrate. The 

wettability increase can be the indirect consequence of the high 

vapour pressure of Cd, the overwhelming majority of Cd 

exhausted from the liquid during the wetting experiments. 

Consequently on the reaction suppressed, the liquid/C interface 

formation is energetically favourable.  

B. Ag-Cu, Ga, Zn System  

The effect of alloying elements on (Θ(T) is also visible in Fig. 

5. While Θ is slightly increased due to the Zn and Cu replacement 

(the wetting ability decreases), the influence of Cu and Ga is 

opposite: Θ is lowered, hence the wetting ability increases nearly 

in the whole temperature range investigated. Another important 

feature of the curves is the different slope of their T-dependence. 

The highest is for the AgGa alloy, while the lowest is for Zn and 

Cu.  

  

  

Fig. 5 The wetting angle for pure Ag, Ag(Cu10), Ag(Zn10) and Ag  

(Ga10) melt drops versus the temperature on graphite substrate   

  

The existence of crossovers between Ag and Ag(Zn) as well as 

between Ag-Cu and Ag-Ga is also remarkable in the investigated 

systems. This means, that the wetting ability and its temperature 

dependence is significantly modified by the alloying elements in 

the Ag-based alloys. The temperature of the crossovers are not 

exactly the same, it is higher between the AgZn and pure Ag 

liquids. The existence of crossovers are probably are associated 

with the different shape of the appropriate phase diagrams, 

mainly due to the different concentration partioning between the 

liquidus and solidus curves. The Ag-Ga alloy exhibits the highest 

degree of partioning (Fig. 6). Another remarkable observation is, 

that (Θ (T) is nearly the same for the pure Ag and the Ag (Zn), 

which is probably also connected with the low degree of 

concentration partioning between the liquidus and solidus in the 

Ag(Zn) alloy, as well as the wide solubility range of Zn in the Ag 

(see Fig. 6).  
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Fig. 6 The concentration range of terminal (α)-solid solutions in 

AgCu, Ag-Zn and in Ag-Ga systems [17]  

V. CONCLUSION  

The temperature dependence of wetting angle is measured on 

graphite and Al2O3 substrates for various Ag-based melts, in 

which the composition is systematically changed by the 

controlled replacements of host metal by metallic substituent.  

Wetting conditions of the investigated alloy drops depend on 

several, often controversial factors. The resulting surfacetension 

vectors manifest itself in the equilibrium value of contact angle. 

The contact angle representing the wettability between the 

substrate material and the sessile drop decreases with increasing 

temperature for simple liquids, like in the case of pure Ag melts, 

when the chemical interaction is negligible (present 

investigations with pure Ag). On the other hand, when alloying 

elements are dissolved in the host metal, local (temperature 

dependent) local deviations may occur either around the free 

surface or in the substrate/melt interface layer.  

It was found, that the temperature dependence of the wetting 

angle is opposite for the two substrate materials in the pure Ag 

and the investigated solid solutions.  

As a consequence, crossovers exist between the individual Θ 

(T) curves as a function of melt overheating. This means that at 

least two opposite factors exist in the temperature dependence of 

wetting ability of these alloy melts, indicating that the induced 

bulk alloying changes are often smeared by other metallurgical 

effects; like substrate melt interaction.  
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