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The phase separation and dendrite growth characteristics of ternary Fe-43.9%Sn- 
10%Ge and Cu-35.5%Pb-5%Ge monotectic alloys were studied systematically by 
the glass fluxing method under substantial undercooling conditions. The maximum 
undercoolings obtained in this work are 245 and 257 K, respectively, for these two 
alloys. All of the solidified samples exhibit serious macrosegregation, indicating 
that the homogenous alloy melt is separated into two liquid phases prior to rapid 
solidification. The solidification structures consist of four phases including α-Fe, 
(Sn), FeSn and FeSn2 in Fe-43.9%Sn-10%Ge ternary alloy, whereas only (Cu) and 
(Pb) solid solution phases in Cu-35.5%Pb-5%Ge alloy under different undercool-
ings. In the process of rapid monotectic solidification, α-Fe and (Cu) phases grow 
in a dendritic mode, and the transition “dendrite→monotectic cell” happens when 
alloy undercoolings become sufficiently large. The dendrite growth velocities of 
α-Fe and (Cu) phases are found to increase with undercooling according to an 
exponential relation.  

phase separation, dendrite growth, monotectic alloy, undercooling, macrosegregation 

The phase transition pattern and application performance of monotectic alloys have been inten-
sively investigated in the field of material physics in recent years[1―3]. Monotectic solidification 
involves the nucleation of liquid phase from the second liquid phase and the cooperative growth of 
solid and liquid phases, providing a complicate and interesting phase transition process, which is 
significant for the researches on crystal growth dynamics and phase separation mechanism[4,5]. On 
the other hand, the two solid solutions or intermetallic compounds formed after a monotectic so-
lidification are of different hardnesses, therefore the alloy of this kind will be well used for indus-
trial applications if the second phase distributes uniformly. However, the research on the montectic 
solidification is focused mainly on the binary monotectic alloys, and the investigation on the 
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crystallization of highly undercooled ternary monotectic alloys is still scarce. The introduction of a 
third element into a binary alloy influences the nucleation mechanisms and growth kinetics of 
solidified phases[6―8], and such an effect will become more obvious if the ternary alloy obtains 
large undercooling. Therefore, the crystallization and rapid growth of ternary monotectic alloys 
under high undercooling conditions are of importance in both theoretical investigation and prac-
tical application. As an efficient method to achieve large undercooling, the glass fluxing method is 
frequently used for investigating the rapid crystal growth[9―11].  

The rapid solidification of undercooled Fe-Sn-Ge and Cu-Pb-Ge alloys was realized by the glass 
fluxing method. The dendrite growth velocities of the primary α-Fe phase of Fe-Sn-Ge alloy and 
the primary (Cu) phase of Cu-Pb-Ge alloy were measured under different undercoolings. We dis-
cussed the effect of the adding of Ge on the crystal growth kinetics, and revealed the mechanism of 
the phase separation and the characteristic of monotectic transformation by analyzing solidification 
microstructures of the ternary monotectic alloys. 

1  Experimental procedure 

The compositions of Fe-Sn-Ge and Cu-Pb-Ge ternary monotectic alloys were determined by 
adding 5% and 10% Ge to Fe-Sn and Cu-Pb binary monotectic alloys. Each sample had the mass of 
1.0 g, and was prepared from pure Fe (99.99%), Sn (99.99%), Cu (99.99%), Pb (99.99%) and Ge 
(99.999%). The sample with a suitable mount of dehydrated B2O3 was contained in an alumina 
crucible with the size of φ 8×10×11 mm, melted by an induction heating equipment and then su-
perheated by 200―400 K for several minutes to ensure homogenization. After that the sample was 
cooled naturally by switching the power off. The process of heating and cooling was repeated for 3 
to 5 times. Its undercoolings were measured by a Yunan-Land NQ08/15C infrared pyrometer 
which was calibrated with a standard PtRh30-PtRh60 thermocouple, and the crystal growth ve-
locity during rapid solidification was measured by an infrared photodiode device.  

After experiments, the solidified samples were sectioned and polished. The solidification mi-
crostructures were analyzed by FEI Sirion 200 scanning electron microscope. The phase constitu-
tion and thermodynamic properties were determined with a Rigaku D/max2500 X-ray diffracto-
meter and a TA Q1000DSC differential scanning calorimetry analyzer, respectively.  

2  Results and discussion 

2.1  Phase separation and rapid solidification of the undercooled Fe-Sn-Ge monotectic al-
loys 

(i) Phase constitution analysis.  Fe-43.9%Sn-10%Ge monotectic alloy was undercooled to dif-
ferent levels by the glass fluxing method, and the maximum undercooling was 245 K. For lack of 
the ternary Fe-Sn-Ge phase diagram, differential scanning calorimetry (DSC) was performed to 
investigate the phase transition process. The sample used for the DSC analysis had a mass of 0.1 g 
and the heating rate was 10 K/min. The DSC heating curve is presented in Figure 1(a), in which 
four sharp peaks and a slight step along with the last intensive peak reveal that five phase transi-
tions take place.  

XRD analysis was performed to verify the phase constitution of Fe-43.9%Sn-10%Ge alloy. The 
samples undercooled to different levels are composed of solid solutions α-Fe, (Sn) and intermet- 
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Figure 1  Thermal analysis and X-ray diffraction of Fe-43.9%Sn-10%Ge alloy. (a) DSC thermogram; (b) XRD patterns. 

 
allic compounds FeSn, FeSn2, as shown in Figure 1(b). Based on Fe-Sn binary phase diagram[12,13], 
the first endothermic peak at 498 K in the DSC curve denotes the melting of (Sn), that is, (Sn) → L2, 
L2 is Sn-rich liquid. This is followed by two endothermic peaks in succession, denoting the de-
composion of FeSn2 at 786 K (FeSn2→FeSn+L2) and FeSn at 980 K (FeSn→ α-Fe+L2), respec-
tively. The last peak at 1370 K is correlated to the melting of α-Fe solid phase, that is, α-Fe + L2 → 
L1, L1 is Fe-rich liquid. The heat absorbed during this endothermic peak is nearly equal to the total 
amount heat absorbed during the other three endothermic peaks. The whole sample was molten 
totally after the four transitions. As temperature further increases, L1 and L2 mix to form ho-
mogenous liquid L, that is, L1 + L2 → L. This liquid phase transition needs small heat which leads 
to only a step occurring in the DSC curve. The liquidus surface temperature is determined to be 
1486 K, and the solidus surface temperature is 498 K. 

(ii) Characteristics of the rapidly solidified microstructures.  The typical solidification micro-
structures at various undercoolings are presented in Figure 2. The obvious separation of Fe-rich 
and Sn-rich layer indicates that homogeneous Fe-Sn-Ge melt separates into two liquid phases L1 
and L2 firstly when the temperature decreases. The obvious difference between the densities of Fe 
(7.86 g/cm3) and Sn (7.30 g/cm3) gives rise to the relative migrations of L1 and L2 droplets under 
gravity condition, as shown in Figure 3(b). High undercooling provides longer time for L2 droplets 
to gather and float towards the upper part, resulting in the phase separation going more sufficiently. 

When the samples are undercooled to a certain level, monotectic reaction (L1→α-Fe +L2) occurs. 
In the sample with small undercooling, α-Fe phase grows with a relatively slow velocity and forms 
large coarse dendrites in the lower part. In the upper part, residual L1 droplets form some Fe-rich 
monotectic spheres or small dendrites during the monotectic reaction, as shown in Figure 3(c). 
Figure 2(b) is an enlarged view of the marked part in (a). FeSn and FeSn2 phases as the products of 
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Figure 2  Solidification microstructures of Fe-43.9%Sn-10%Ge alloy at different undercoolings. (a) Microstructures at 91 K 
undercooling; (b) the enlarged view of region A; (c) microstructures at 215 K undercooling; (d) the enlarged view of region B. 
 

 
Figure 3  Schematics of solidification process. (a) Homogeneous liquid L; (b) phase separation L→L1+L2; (c) monotectic reac-
tion L1→α-Fe +L2; (d) peritectic reaction α-Fe +L2→FeSn; (e) peritectic reaction FeSn +L2→ FeSn2; (f) final solidification L2→ 
(Sn). 

 
subsequent peritectic reaction distribute around α-Fe phase, and their forming mechanisms are 
shown in Figure 3(d) and (e). When the temperature decreases further, L2 solidifies. The final mi-
crostructure of Fe-Sn-Ge alloy with small undercooling is characterized by interdendritic Sn-rich 
blocks and coarse α-Fe dendrites in the Fe-rich layer, and Fe-rich monotectic spheres and small 
dendrites in the Sn-rich layer. Comparatively, the alloy with large undercooling solidifies rapidly 
and monotectic cells form, as shown in Figure 2(c). Figure 2(d) is a local enlarged view of the 
growth front of a monotectic cell. A large amount of Sn-rich fine particles are distributed ho-
mogenously in the matrix of α-Fe phase. 
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(iii) Growth kinetics of α-Fe phase.  According to the DSC curve and XRD analysis, the re-
markable recalescence of Fe-43.9%Sn-10%Ge monotectic alloy during the solidification process is 
associated with the monotectic reaction L1→ α-Fe+L2. Figure 4 illustrates the relationship between 
the measured growth velocity of α-Fe dendrite and undercooling. Within the undercooling range 
20―245 K, the growth velocity of α-Fe dendrite increases from 1.16 to 224 mm/s. The dendrite 
growth velocity increases with the increase of undercooling, and their relationship satisfies the 
following exponential function: 

  (1) ( )23 1.59 104.62 10 e 1 .TV
−− × Δ= × −

 
Figure 4  Dendrite growth velocity of α-Fe phase versus undercooling. 

 

The measured and calculated dendrite growth velocities of Fe-48.8%Sn[1,14] are also presented in 
Figure 4. At the same undercooling level, the growth velocity of α-Fe dendrite in 
Fe-43.9%Sn-10%Ge ternary alloy is smaller than that in the Fe-48.8%Sn binary alloy, and the 
deviation is larger at higher undercooling. This is because dendrite growth in the monotectic alloy 
is always controlled by solute diffusion. The growth of α-Fe dendrite in Fe-Sn-Ge monotectic alloy 
is controlled by the solute diffusion of both Sn and Ge atoms, and the adding of Ge leads to the 
remarkable decrease of the dendrite growth velocity.  

(iv) Solute trapping effect.  The rapid dendrite growth at high undercooling gives rise to the 
solute trapping, which consequently influences the crystal structure. The XRD pattern of pure α-Fe 

is also presented in Figure 1(b)[12]. The peaks of α-Fe phase in the Fe-43.9%Sn-10%Ge shift to-
wards a smaller angle compared with that of pure α-Fe phase, which indicates that embedding of 
Ge and Sn atoms makes the crystal lattice of α-Fe expansion.  

The lattice parameter of α-Fe is calculated by measuring the diffraction angles based on Bragg’s 
Law, and the result is presented in Figure 5(a). It is clear that the lattice parameter of α-Fe is larger 
than that of pure α-Fe, which is 2.867 Å at room temperature[12]. α-Fe lattice parameter increases 
and then decreases as undercooling increases. For the purpose of interpreting the phenomenon, the 
solid solubility of α-Fe phase is analyzed. The contents of Ge and Sn in α-Fe phase are shown in 
Figure 5(b). The solid solubility of Sn shows an increasing tendency whereas Ge increases and then 
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decreases with the increase of undercooling; the latter is similar to the variation tendency of α-Fe 
lattice parameter. The lattice parameter of α-Fe solid solutions increases linearly with the Sn con-
tent increasing up to 12 wt.%Sn according to Vegard’s law[15]. Therefore, the decrease of α-Fe 
lattice parameter under a substantial undercooling condition is due to the decrease of Ge content. It 
indicates that both Ge and Sn atoms affect the α-Fe crystal lattice, but Ge atom takes the domi-
nating effect. 

 
Figure 5  Lattice parameter (a) and solid solubility (b) of α-Fe phase versus undercooling. 

 

2.2  Phase separation and rapid solidification of Cu-35.5%Pb-5%Ge ternary monotectic 
alloys 

(i) Determination of phase constitution.  The maximum undercooling of Cu-35.5%Pb-5%Ge 
ternary monotectic alloy is up to 257 K. For lack of the ternary Cu-Pb-Ge phase diagram, XRD 
analysis was performed to verify the phase constitution of the samples in order to further investi-
gate the phase transition process and microstructural formation mechanism, and the scan range is 
30―90°. The result is presented in Figure 6. It indicates that all the undercooled samples are  

 
Figure 6  XRD patterns of Cu-35.5%Pb-5%Ge alloy at different undercoolings. 
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composed of solid solutions (Cu) and (Pb). The phase constitution does not change with under-
cooling. 

(ii) Characteristics of microstructural morphology.  In the cooling process, the homogeneous 
Cu-35.5%Pb-5%Ge melt firstly separates into two liquid phases: L → L1+ L2, in which L1 is 
Cu-rich liquid phase and L2 is Pb-rich liquid phase. On account of the density difference between 
Pb (11.4 g/cm3) and Cu (8.96 g/cm3), the two liquid phases migrate relatively under gravity. Lighter 
L1 droplets float up to the sample top whereas heavier droplets sink to the sample accompanied 
with their cannibal growth. The larger the undercooling is, the longer the phase separation time is 
and the more thoroughly the liquid phase separation goes. It causes that the two segregation layers 
become more and more conspicuous. When the samples obtain a certain undercooling, monotectic 
reaction occurs, L1→ (Cu) +L2. Therefore, the obvious macrosegregation occurs in the micro-
strutures of undercooled Cu-35.5%Pb-5%Ge monotectic alloy.  

Figure 7 is the microstructures of Cu-rich part at different undercoolings. Under small under-
cooling conditions, (Cu) phase grows in a dendritic manner. With relatively slow growth velocities, 
very coarse (Cu) dendrites and interdendritic (Pb) blocks form in the upper part. Comparatively, 
large undercooling leads to a rapid solidification process and thus the uniform monotectic cells 
form. This microstructural transition is in agreement with that in the Fe-43.9%Sn-10%Ge alloy.  

 
Figure 7  Microstructures of Cu-rich part. (a) Low undercooling; (b) high undercooling. 

 

(iii) Growth kinetics of (Cu) phase.  Within the undercooling range of  90―257 K, the den-
drite growth velocity of (Cu) phase increases from 11 to 822 mm/s, and the results are shown in 
Figure 8. With the increase of undercooling, the dendrite growth velocity increases according to the 
following exponential function: 

  (2) ( )26 5.21 101.25 10 e 1 .TV
−− × Δ= × −

The growth velocity of (Cu) dendrite increases sharply at the undercooling value around 220 K. 
By analyzing the microstructure of undercooled alloys, we found that the “dendrite—monotectic 
cell” transition occurs around this undercooling. The cooperative growth of (Cu) and L2 phase at 
large undercoolings contributes to the structural morphology transition and the increase of growth 
velocity. 

3  Conclusions 

(1) Ternary Fe-43.9%Sn-10%Ge and Cu-35.5%Pb-5%Ge monotectic alloy were undercooled by 
amounting up to 245 and 257 K, respectively, with the glass fluxing method. XRD analyses reveal  
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Figure 8  Growth velocity of (Cu) phase versus undercooling of Cu-35.5%Pb-5%Ge alloy. 

 
that the microstructures of undercooled Fe-43.9%Sn-10%Ge alloy consist of four phases including 
α-Fe, (Sn), FeSn and FeSn2, whereas Cu-35.5%Pb-5%Ge alloy is only composed of (Cu) and (Pb) 
phases. 

(2) Remarkable macrosegregation was observed in both of the ternary Fe-Sn-Ge and Cu-Pb-Ge 
monotectic alloys and the two segregation layers become more and more conspicuous as under-
cooling increases. Meanwhile, the microstructures within both separated zones are effectively 
refined at large undercooling. Once undercooling is sufficiently large, the growth morphologies of 
α-Fe and (Cu) phases experience a transition from free dendrite to monotectic cell. 

(3) In the ternary Fe-43.9%Sn-10%Ge monotectic alloy, the dendrite growth velocity of α-Fe 
phase varies with undercooling according to the exponential relation V = 4.62×10−3(e0.0159ΔT−1). 
The adding of Ge element apparently reduces the growth velocity of α-Fe dendrites. On the other 
hand, the lattice parameter of α-Fe phase firstly increases and then decreases with the enhancement 
of undercooling, which is in agreement with the variation of Ge content inside α-Fe dendrites. 

(4) In the ternary Cu-35.5%Pb-5%Ge monotectic alloy, the dendrite growth velocity of (Cu) 
phase also displays an exponential relation with the variation of undercooling V = 
1.25×10−6(e0.0521ΔT−1). It is found that the cooperative growth of (Cu) phase and L2 phase at sub-
stantial undercoolings not only results in a structural morphology transition but also enhances the 
growth velocity of solid phase. 

The authors are grateful to Mr. Wan Xiaobo for his help with experiments and Mr. Dai Fuping, Zang Duyang and Wang Haipeng 
for helpful discussions.  
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