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The liquidus and solidus temperatures and enthalpy of fusion for Ag-Sn alloys are systematically measured within the whole 
composition range by differential scanning calorimetry (DSC). The measured enthalpy of fusion is related to Sn content by poly-
nomial functions, which exhibit one maximum value at 52 wt%Sn and two minimum values around 21 wt%Sn and 96.5 wt%Sn, 
respectively. The liquidus slope, the solidification temperature interval, the solute partition coefficient and the entropy of fusion 
are calculated on the basis of the measured results. The undercoolability of those liquid Ag-Sn alloys solidifying with primary (Ag) 
solid solution phase is stronger than the other alloys with the preferential nucleation of  and  intermetallic compounds. Morpho-
logical observations reveal that peritectic reactions can rarely be completed, and the peritectic microstructures are always com-
posed of both primary and peritectic phases. 
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In recent years, Ag-Sn alloys have aroused great scientific 
research interest because the Ag rich Ag-Sn alloys show 
excellent electronic conductivity and the Sn-rich Sn-Ag 
alloys are idea substitutes for lead-free solders [1–5]. Many 
investigations reveal that the thermodynamic properties of 
liquid alloys and the final solid microstructures affect their 
performance [6–13]. However, there are few reports on 
these subjects for Ag-Sn alloys, and therefore, efforts 
should be made to the thermal properties and solidification 
microstructures of different Ag-Sn alloys in order to explore 
and understand their physical properties. 

The present work focuses on the following three aspects. 
Firstly, the liquidus temperature and enthalpy of fusion for 
Ag-Sn alloys are fundamental thermodynamic parameters in 
determining other thermal properties. Although the enthalpy 
of fusion for binary alloys can be roughly estimated by 
Neumann-Kopp’s rule from the values of the two pure 
components, this method usually brings in large discrepancy. 
Hence, the enthalpy of fusion for Ag-Sn alloys versus 

composition should be measured experimentally. Secondly, 
the solidification microstructure is mainly undercooling- 
dependent, and hence, much work has been done to prevent 
the heterogeneous nucleation of liquid alloys by various 
denucleation techniques. One may neglect the fact that the 
undercoolability of liquid alloys also relies on the alloy 
composition, and different alloys may be undercooled by 
varying degrees even under the same external condition. 
From this point of view, it is essential to study the intrinsic 
undercoolability of binary Ag-Sn alloys with different 
compositions. Thirdly, for Ag-Sn alloys, there are two 
peritectic reactions and one eutectic transformation in the 
binary phase diagram. However, the growth morphologies 
of Ag-Sn peritectic and eutectic alloys are not well known 
and should be investigated.  

The differential scanning calorimetry (DSC) is an effi-
cient technique for quantitative thermal properties [14,15], 
which also provides the essential information on the liquid 
to solid phase transition characteristics [16]. In present work, 
the enthalpy of fusion for Ag-Sn alloys within the entire 
composition range is measured by DSC method. The un-
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dercoolability of liquid Ag-Sn alloys with different compo-
sitions is also studied. Meanwhile, the thermal characteris-
tics and the final solidification microstructures of typical 
peritectic and eutectic Ag-Sn alloys are investigated on the 
basis of DSC calorimetric analyses.  

1  Experimental procedure  

Nineteen Ag-Sn alloys with different compositions were 
investigated, which are listed in Table 1 and illustrated in 
the binary Ag-Sn phase diagram [17] shown in Figure 1. 
Each sample had a mass of about 150 mg and was prepared 

Table 1  Thermodynamic properties of Ag-Sn alloys measured by DSC 
method 

Alloy 
composition 

Liquidus 
temperature 

TL(K) 

Fusion enthalpy 
Hf (kJ mol−1) 

Fusion entropy 
Sf (J mol−1 K−1) 

Ag-2.5%Sn 1223 8.81352 7.20648 

Ag-5%Sn 1205 8.14955 6.76312 

Ag-10%Sn 1153 7.58853 6.58155 

Ag-14.2%Sn 1107 7.09429 6.40857 

Ag-21%Sn 997 6.22016 6.23887 

Ag-23%Sn 976 6.31741 6.45952 

Ag-25%Sn 960 6.48410 6.75427 

Ag-27%Sn 934 6.59270 7.05857 

Ag-32%Sn 888 7.75715 8.73553 

Ag-37%Sn 841 8.30077 9.87011 

Ag-42%Sn 807 8.78680 10.88823 

Ag-47%Sn 781 9.23046 11.81877 

Ag-52%Sn 756 9.53129 12.60753 

Ag-60%Sn 726 8.84006 12.17640 

Ag-65%Sn 700 8.57640 12.25200 

Ag-75%Sn 663 7.91837 11.94324 

Ag-80%Sn 630 7.60435 12.07039 

Ag-90%Sn 573 7.03490 12.27731 

Ag-96.5%Sn 494 6.83622 13.83849 

 

from high purity elements of Ag (99.999%) and Sn 
(99.999%) by laser melting under the protection of argon 
gas. The DSC experiments were carried out with a Netzsch 
DSC 404C differential scanning calorimeter. The calorime-
ter was calibrated with the melting points and the enthalpy 
of fusion for high purity In, Sn, Zn, Al, Ag, Au and Fe ele-
ments. The measuring accuracies of temperature and fusion 
of enthalpy are 1 K and 3% respectively, as verified by 
the measurements with pure Ag and Sn elements. Before 
each DSC experiment, the alloy specimen was placed in an 
Al2O3 crucible. The chamber was evacuated and then back-
filled with pure argon gas. The DSC thermal analyses were 
performed at different scan rates of 5 and 40 K/min, and the 
maximum heating temperatures were 100 K higher than the 
liquidus temperatures. Each specimen was heated, isother-
mally held at predetermined temperature, and then cooled at 
given scan rate for 2–3 cycles while kept in the DSC calo-
rimeter, and the DSC profiles obtained in the last cycle was 
applied for further analyses. After the DSC experiments, the 
alloy specimens were polished and etched with a solution of 
5 g FeCl3+1 mL HCl + 99 mL H2O, and were analyzed with 
an optical microscope. 

2  Results and discussion 

2.1  Liquidus and solidus temperatures, solidification 
temperature interval and solute partition coefficient 

The measured liquidus temperatures of the selected alloys 
are marked in the Ag-Sn phase diagram shown in Figure 1(a) 
and listed in Table 1. Clearly, all the measured values agree 
well with the published phase diagram [17], which verifies 
the accuracy of DSC measurement. The relationship be-
tween measured liquidus temperature TL and the Sn content 
C can be well fitted by the following three functions. If the 
Sn content ranges from 0–21wt%, where the (Ag) phase is 
the primary solid phase, 

 TL = 1236−4.93C−0.307C2.  (1) 

 

 

Figure 1  Selected compositions and measured results of Ag-Sn alloys. (a) Measured liquidus and solidus temperatures of selected alloys illustrated in the 
Ag-Sn phase diagram; (b) liquidus slope versus Sn content.
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In the Sn content range from 21wt% to 52wt%, in which 
the intermetallic compound  phase solidifies preferentially 
from the alloy melt, 

 TL = 1314−17.54C+0.131C2.  (2) 

Once the Sn content increases from 52wt% to 96.5wt%, 
where the intermetallic compound  phase is the primary 
solid phase:  

 TL = 1731−39.77C+0.551C2−2.81×10−3C3.   (3) 

Based on eqs. (1)–(3), the liquidus slope, defined as mL= 
−dTL/dC can be calculated. If the Sn content ranges from 0 
to 21wt%, the liquidus slope rises from 4.855 to 17.83 
K/wt%:  

 mL = 4.93+0.614C.  (4) 

In the Sn content range from 21wt% to 52wt%, the slope 
decreases from 11.605 to 4.01 K/wt%: 

 mL = 17.54−0.262C.  (5) 

When the Sn content elevates from 52wt% to 96.5wt%, it 
goes up from 5.33 to 12.16 K/wt%:  

 mL=39.77−1.102C+8.43×10−3C2.  (6) 

The solidus temperatures TS can also be obtained by the 
DSC experiments, which are marked in Figure 2(a) by the 
hollow circles. On the basis of these measured liquidus and 
solidus temperatures, the solidification temperature interval 
T0 of (Ag),  and  phases is calculated, and the relation-
ship between solidification temperature interval and alloy 
composition is plotted in Figure 2(a). If the Sn content is in 
the range from 0 to 14.12wt%, the solidification tempera-
ture interval for (Ag) phase is 

 T0 = 0.40251+10.96968C−0.22344C2. (7) 

Once the Sn content rises from to 23wt% to 52wt%, the 
solidification temperature interval for  phase versus com-
position is  

 T0 = 564.96627−17.73493C+0.13275C2. (8) 

Finally, if the Sn content locates between 52wt% and 
96.5wt%, the solidification temperature interval for  phase 
can be written as:  

T0 = 2492.29239−88.71705C+1.17811C2−5.45×10−3C3. (9) 

Furthermore, the solute content CL at liquidus tempera-
ture and Cs at solidus temperature for (Ag),  and  phases 
can be expressed by two functions, CL=1(TL) and Cs= 
2(Ts), respectively. Thus, the variation of solute partition 
coefficient ke=Cs/CL with temperature for each phase can be 
derived. As illustrated in Figure 3(b), in the Sn content 
range from 0 to 21wt%, the solute partition coefficient for 
(Ag) phase is 

ke =−212737.30422+1168.29219C−2.67104C2+3.25×10−3C3 

−2.22824×10−6C4+8.13053×10−10C5−1.2351×10−13C6. (10) 

When the composition is between 21wt% and 52wt%Sn, 
the solute partition coefficient of  phase is  

 ke = 15.50166−5.985×10−2C+7.7419×10−5C2 

 −3.24246×10−8C3.   (11) 

If the Sn content is larger than 52wt%, the solute distri-
bution of  phase is  

 ke = −1.58652+1.036×10−2C−1.9597×10−5C2 

 +1.26733×10−8C3.    (12) 

2.2  Enthalpy and entropy of fusion 

The enthalpy of fusion for Ag-Sn alloys versus Sn content 
in the whole composition range, covering all the heat ab-
sorption from solidus line to liquidus temperature, is deter-
mined by the solid-liquid transformation peaks during 
melting process at a scan rate of 5 K/min, as summarized in 
Table 1. According to Figures 1(a) and 3(a), the correlation  

 
 

 

Figure 2  Solidification temperature interval and solute partition coefficient of Ag-Sn alloys. (a) Measured solidification temperature interval; (b) solute 
partition coefficient for (Ag),  and  phases versus temperature. 



 Zhai W, et al.   Chin Sci Bull   March (2013) Vol.58 No.8 941 

 

Figure 3  Measured enthalpy and entropy of fusion for Ag-Sn alloys versus Sn content. (a) Enthalpy of fusion; (b) entropy of fusion. 

between enthalpy of fusion and composition is found to be 
closely related to the primary solid phase during the solidi-
fication of liquid Ag-Sn alloys. In the Sn content range from 
0 to 21 wt%, the (Ag) phase is the corresponding primary 
solid phase, and the enthalpy of fusion of Ag-Sn alloys in 
this range decreases monotonically with increasing Sn con-
tent: 

 Hf = 11.3−1.20119C+0.154343C2−8.92×10−3C3 

 +1.78134C4.  (13) 

When Sn content is in the range of 21wt%–52wt%, the 
intermetallic compound  phase solidifies preferentially 
from the liquid alloys. In this region, the enthalpy of fusion 
rises with the increase of Sn content and reaches a maxi-
mum value around 52wt%. The relationship between en-
thalpy of fusion and the Sn content can be written as: 

Hf = 29.88249−3.0211C+0.13449C2−2.44×10−3C3 

 +1.59593×10−5C4.    (14) 

As for the composition range from 52wt% to 96.5wt% 
Sn, the intermetallic compound  phase precipitates primar-
ily from the alloy melt, and the enthalpy of fusion experi-
ences monotonically decreasing with the increase of Sn 
content till 96.5wt%, which can be expressed as: 

 Hf = 14.96711−0.12845C+4.54699×10−4C2.   (15)  

The entropy of fusion for Ag-Sn alloys Sf can also be 
calculated directly from the measured enthalpy and liquidus 
temperature by:  

 Sf = Hf/TL.  (16) 

The calculated results on entropy of fusion versus com-
position are also presented in Table 1 and shown in Figure 
2(b). In the Sn range from 0 to 21wt%, the entropy of fusion 
decreases with the increase of Sn content, and can be ex-
pressed as: 

Sf = 9.12565−1.07759C+0.16992C2−1.003×10−2C3 

 +2.11749×10−4C4.   (17) 

If Sn content locates between 21wt% and 52wt%, the en-
tropy of fusion increases with the rise of Sn content, and 
their relationship can be written as: 

Sf = 7.82743−0.40294C+0.01926C2−1.87824×10−4C3. 
(18) 

Once the Sn content is larger than 96.5wt%, 

Sf =−9.61007+1.08715C−0.01735C2+8.89497×10−5C3. 

(19) 

2.3  Undercoolability of liquid Ag-Sn alloys 

The undercooling (T=TL−TS1) of different Ag-Sn alloys 
obtained in the DSC calorimeter at scan rates of 5 and 40 
K/min is measured. Here, TS1 is the initial solidification 
temperature of a specific Ag-Sn alloy upon cooling. Figure 
4(a) illustrates the undercooling distribution at a scan rate of 
5 K/min. The undercooling versus composition can be di-
vided into three regions, which are 0–21wt% Sn, 21wt%–  

 

 

Figure 4  Measured undercoolings of liquid Ag-Sn alloys versus Sn con-
tent at different scan rates. (a) 5 K/min; (b) 40 K/min.  
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52wt% Sn and 52wt%–96.5wt% Sn. In the first region, the 
(Ag) phase always solidifies primarily in all the alloys, and 
the undercooling decreases from 29 to 10 K with the in-
crease of Sn content. Then, the undercooling drops dramat-
ically to about 5–10 K in the alloys of the second region. As 
for these alloys, their solidification processes initiate with 
the nucleation of intermetallic compound  phase. In the 
third region, where the intermetallic  phase nucleates pref-
erentially from all the liquid alloys, the undercooling shows 
an increasing tendency from about 5 to 18 K with the in-
crease of Sn content. If the cooling rate goes up to 40 K/min, 
as presented in Figure 4(b), the undercooling distribution 
shows the same changing tendency as that at 5 K/min. 
These results suggest that the undercoolability achieved in 
the DSC experiments is strongly dependent on the primarily 
nucleating solid phases and follows the relationship below: 

 T(Ag)>T>T.  (20)  

The undercoolability of those liquid alloys solidifying 
with primary (Ag) solid solution phase is stronger than the 
other alloys with the preferential nucleation of intermetallic 
compounds  and  phases. Furthermore, it also needs to be 
mentioned that the undercooling level of all these alloys 
rises accordingly with the increase of cooling rate from 5 to 
40 K/min. This indicates that faster cooling rate facilitates 
the higher undercooling of liquid Ag-Sn alloys.  

2.4  DSC curves and microstructural features 

In order to present a comprehensive survey on the phase 
transition characteristics, the DSC curves and growth mor-
phologies for different types of Ag-Sn alloys are analyzed. 
Figure 5(a) and (b) show the DSC curves and solidified mi-
crostructure of peritectic Ag-14.12wt%Sn alloy. There are 
two endothermic events during its melting process. The first 
endothermic peak corresponds to the decomposition of solid 
peritectic  phase into liquid and (Ag) phases, while the 
second one relates to the melting of (Ag) phase. The 
peritectic and liquidus temperatures of this alloy are 997 
and 1107 K, respectively. During the cooling process, the 
primary (Ag) phase nucleates at 1095 K with a very sharp 
crystallization peak, and the following peritectic transition 
L+(Ag) at 995 K yields another relatively broad exo-
thermal peak. As shown in Figure 5(b), the solidified mi-
crostructure consists of both the primary (Ag) dendrites and 
the peritectic  phase, whose volume fractions are about 
30% and 70%, respectively. In fact, under equilibrium con-
dition, 100%  phase is expected to be obtained at the end 
of solidification process. However, since the peritectic 
transformation is mainly controlled by atomic interdiffusion 
and it is very slow, the peritectic reaction can only occur to 
a limited extent even under slow cooling condition during 
the DSC experiments. Consequently, the microstructure is  

 

 

Figure 5  Thermal and structural analyses of two peritectic Ag-Sn alloys. (a) DSC curves of Ag-14.12wt%Sn alloy; (b) microstructure of Ag-14.12wt%Sn 
alloy; (c)DSC curves of Ag-27wt%Sn alloy and (d) microstructure of Ag-27wt%Sn alloy. 
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composed of peritectic  phase and primarily precipitated 
(Ag) phase.  

The DSC profiles of peritectic Ag-27wt%Sn alloy are 
presented in Figure 5(c). There are also two endothermic 
and two exothermic peaks during heating and cooling pro-
cesses. The peritectic and liquidus temperatures of this 
peritectic alloy are 754 and 934 K. During cooling, the first 
exothermal peak at 928 K relates to the nucleation and 
growth of priamry  phase. The second exothermic event at 
746 K corresponds to the peritectic transition L+. As 
illustrated in Figure 5(d), the peritectic  phase grows into 
equiaxed grains. It is worthwhile to note that there still re-
mains some primary  dendrites, which distribute at the 
grain boundaries of peritectic  phase. This demonstrates 
again that the peritectic transformation can hardly be com-
pleted even under near-equilibrium condition. 

Figure 6(a) depicts the thermographs of Ag-60wt%Sn 
hypoeutectic alloy, whose eutectic and liquidus tempera-
tures are 494 and 726 K, respectively. During the heating 
process, the melting of (+Sn) eutectic structure yields a 
sharp endothermic peak whereas that of primary  phase 
produces a very board peak. In the cooling period, the pri-
mary  phase solidifies preferentially form the liquid alloy 
at 718 K, and it grows into long faceted plate, as shown in 
Figure 6(b). This differs with its nonfaceted growth mor-
phology in Ag-27wt%Sn alloy as the peritectic phase. When 
the temperature drops to 476 K, eutectic transformation 
L(+Sn) occurs. As presented in Figure 6(c), the eutectic 
structure is characterized by a small of amount of needle 
shaped  phase distributed in the eutectic (Sn) phase matrix. 
This is because the volume fraction of eutectic (Sn) phase is 
much higher than that of eutectic  phase, and regular la-
mellar eutectic structure can not form in this case.  

3  Conclusions 

In summary, the liquidus and solidus temperatures and en-
thalpy of fusion for binary Ag-Sn alloys in the whole com-
position range are determined by DSC method. The rela-
tionship between enthalpy of fusion and Sn content can be 
fitted by polynomial functions, which show one maximum 
value around 52wt%Sn and display two minimum values 
around 21 wt%Sn and 96.5 wt%Sn, respectively. The liqui-
dus slope, the solidification temperature interval, the solute 
partition coefficient and the entropy of fusion are calculated 
on the basis of the measured results. The undercoolability  
of liquid Ag-Sn alloys depends mainly on the primary solid 
phases, and shows an increasing tendency with the increase 
of cooling rate. The undercoolings of those liquid alloys 
solidifying with primary (Ag) solid solution phase are high-
er than the other alloys with the preferential nucleation of  
 and  intermetallic compounds. The morphological ob-
servation reveals that the primary  phase in Ag-60wt%Sn   

 

Figure 6  DSC thermograph and microstructures of hypoeutectic 
Ag-60%Sn alloy. (a) DSC curves; (b) growth morphology of primary  
phase; (c) microstructure of (Sn+) eutectic in Zone A marked in (b). 

hypoeutectic alloy grows into faceted plate, and the (+Sn) 
eutectic structure is characterized by needle shaped  phase 
distributed in the (Sn) matrix. The peritectic reactions can 
rarely be completed in the Ag-14.12wt%Sn and Ag- 
27wt%Sn peritectic alloys, and their solidification micro-
structures are composed of both primary and peritectic 
phases. 
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