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Abstract: Peritectic reaction was studied by directional solidification of Cu−Ge alloys. A larger triple junction region of peritectic 
reaction was used to analyze the interface stability of the triple junction region during peritectic reaction. Under different growth 
conditions and compositions, different growth morphologies of triple junction region are presented. For the hypoperitectic 
Cu−13.5%Ge alloy, as the pulling velocity (v) increases from 2 to 5 μm/s, the morphological instability of the peritectic phase occurs 
during the peritectic reaction and the remelting interface of the primary phase is relatively stable. However, for the hyperperitectic 
Cu−15.6%Ge alloy with v=5 μm/s, the nonplanar remelting interface near the trijunction is presented. The morphological stabilities 
of the solidifying peritectic phase and the remelting primary phase are analyzed in terms of the constitutional undercooling criterion. 
Key words: peritectic reaction; Cu−Ge alloys; directional solidification; microstructure; constitutional undercooling 
                                                                                                             
 
 
1 Introduction 
 

Peritectic reaction can be found in many   
materials, such as Fe- and Cu-alloys, YBa2Cu3Oy 
superconductors and Nd–Fe–B magnetic materials [1−7]. 
It involves one solid phase reaction with a liquid phase 
on cooling to produce a second solid phase [1]. The 
morphology and volume fraction of peritectic two phases 
will directly influence mechanical and physical 
properties of the materials. Many studies on peritectic 
solidification have focused on the microstructure and 
phase selections, peritectic transformation kinetics, and 
formation of banded structure [1]. However, there is 
limited understanding of the process of peritectic 
reaction during directional solidification. And very little 
is known about the morphological stability of the two 
phases of the trijunction region during peritectic  
reaction. 

FREDRIKSSON and NYLÉN [8] studied the 
solidification mechanism of peritectic Cu−Sn and Al−Mn 
alloys. KERR and KURZ [1] reviewed various peritectic 
systems comprehensively. HILLERT [9] predicted the 

shape of triple junction region. SHA et al [10] proposed 
more detailed theory on peritectic reaction process. 
Peritectic reaction is characterized by the motion of triple 
phase junction of peritectic reaction. Solidification of the 
peritectic phase, remelting and resolidification of the 
primary phase will occur in the vicinity of the triple 
phase junction during peritectic reaction [1]. The missing 
part of the primary α-phase ahead of the triple phase 
junction proves the occurrence of the remelting of 
α-phase. The remelting interface does not contact with 
the triple phase junction [10−14]. Under the condition of 
the balance of surface tension, the re-solidification of 
α-phase forms near the triple phase junction, which 
contacts with the triple phase junction [9]. Although the 
phenomena have been presented, the solidifying 
peritectic phase and the remelting primary phase usually 
grow with a planar front because the acquired triple 
phase regions are very small [8−14]. By now, the 
morphological instabilities of the solidification and 
remelting phases near triple phase junction have not been 
observed. The models on the peritectic reactions do not 
consider the question of the interface stability of the 
phases. 
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In order to create a larger triple phase region to 
study the interface stability of the phases, systematic 
experiments were carried out in Cu−Ge peritectic system 
(see Fig. 1) [3]. Two features make the system rather 
unique for the observation of the triple phase region of 
the peritectic reaction. Firstly, the big density difference 
between the constituents (ρCu>ρGe) leads to the solute 
convection, which induces lateral macrosegregation of 
Ge and macroseparation of the two phases. Secondly, the 
big difference of concentration between the primary and 
the liquid phases induces a very big freezing range (120 
K for hypoperitectic alloys) such that peritectic reaction 
in this system is easily observable. This is likely the 
principal reason why it looks so long to find clear 
experimental evidences of the stabilities of remelting and 
solidification interfaces of triple phase region during 
peritectic reaction. 
 

 
Fig. 1 Phase diagram of peritectic Cu−Ge system [3] 
 

The main purpose of this work is to investigate the 
morphological stabilities of peritectic two phases during 
peritectic reaction. To reveal the morphological 
characteristics of the triple phase region, a 
macroseparation structure of the two phases is used to 
magnify the triple phase region. The different growth 
morphologies of the two phases at the triple phase region 
of peritectic reaction are observed in the macroseparation 
structure. The constitutional undercooling criterion is 
used to analyze the morphological stabilities of the 
solidifying peritectic phase and the remelting of the 
primary phase during peritectic reaction. 
 
2 Experimental 
 

Four master alloys with nominal compositions of 
13.5%, 14.5%, 15.5% and 16.5% Ge were prepared from 
99.99% purity copper and 99.99% purity germanium. 
The peritectic reaction α( α

PC =13.48% Ge) + L( LCP = 
19.5% Ge) →ζ( ζ

PC =14.4% Ge) occurs at 824 °C. The 
phase diagram for Cu−Ge system is shown in Fig. 1 [3]. 

The samples were solidified in an improved 
Bridgman-type furnace, which consisted of two heaters: 
primary heater I and secondary heater II (W tubes heated 
by resistance heating). The temperature gradient of the 
Cu−Ge sample can be regulated by changing the 
temperatures of the two heaters. The Cu−Ge samples 
were quenched in liquid metal cooling bath. Electrolytic 
deep etching technique was applied to differentiating the 
quenched solid/liquid boundaries. The electrolytic 
etching was performed at 293 K for 60 s in a solution 
consisting of 30% H2O and 70% H3PO4 (by volume). 
Microstructural observation of the quenched interface 
was made using an Olympus optical microscope. 
Steady-state temperature profiles during solidification 
were measured using a PtRh30- PtRh6 thermocouple 
inserted down the center of the samples. 
 
3 Results and discussion 
 
3.1 Microstructure 

Figures 2(a) and (b) show the longitudinal 
microstructures of the directionally solidified Cu−15.5% 
Ge alloys at G=25 K/mm. At v=15 μm/s, the dendritic α 
phase solidifies in front of the dendritic ζ phase, as 
shown in Fig. 2(a). As the velocity decreases to 3 μm/s, 
the α phase changes from dendritic to cellular, and the ζ 
phase changes from dendritic to near planar (Fig. 2(b)). 
In the present work, the composite structure consisting of 
both α and ζ in the whole is called conventional structure, 
as shown in Figs. 2(a) and (b). Figures 2(c) and (d) show 
the longitudinal microstructures of the directionally 
solidified Cu−13.5% Ge alloys at G=25 K/mm. At v=15 
μm/s, the conventional structure of the dendritic α and ζ 
is obtained again (Fig. 2(c)). As the velocity decreases to 
3 μm/s, a radial macroseparation structure of the two 
phases forms, as shown in Fig. 2(d). The structure that 
the primary α-phase locates in the center and is 
surrounded by the peritectic ζ-phase in the whole is 
called macroseparation structure (see Fig. 2(d)), which is 
used to analyze the interface stability of the triple phase 
region during the peritectic reaction. 

The macroseparation structure is mainly induced by 
the double-diffusive convection and the lateral 
temperature gradient. As the rejected Ge atoms are 
lighter than the Cu atoms, double diffusive convection 
forms at lower velocities [15]. Figure 3 shows the 
formation of macroseparation structure. The fluid flow 
directly pushes the Ge atoms from the center to the 
border of the crucible, which induces a lateral 
concentration gradient and a convex solid/liquid 
interface (Fig. 3(b)). Figure 4 shows the macrosegration 
of Ge in the macroseparation structure. When the 
dendrite spacing is smaller, the lateral concentration 
gradient along solid−liquid front will lead to peritectic  
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Fig. 2 Microstructures of longitudinal sections around solidification interface at G=25 K/mm: (a) v=15 μm/s, Cu−15.5%Ge; (b) v=  
3 μm/s, Cu−15.5%Ge; (c) v=15 μm/s, Cu−13.5%Ge; (d) v=3 μm/s, Cu−13.5%Ge 
 

 
Fig. 3 Schematic illustration of peritectic phase diagram (a) and formation (b) of macroseparation structure (Red arrows represent 
double diffusive convection and black arrows represent directions of solidification and remelting) 
 

 
Fig. 4 Composition profile in a macroseparation structure 
 
two phases separately growing along radial direction, as 
shown in Fig. 2(d). In the macroseparation structure, a 
lager triple junction region forms near the peritectic 

temperature TP (see Fig. 2(d)). At TP, the peritectic ζ 
phase grows along the solid/liquid (S/L) interface. Solute 
rejected by the ζ phase diffuses through the liquid to the 
α phase contributing to its remelting. In Fig. 2(d), the 
solidification interval of the remelting region (∆T0) is 
about 8 K, which is smaller than the whole solidification 
interval of the solidification region. 
 
3.2 Morphological evolution of triple junction region 

The conventional morphologies of the peritectic 
reaction regions is shown in Figs. 5(a) and (b), which are 
obtained in conventional structure. The peritectic 
reaction regions are so small that many morphological 
characteristics of the triple phase regions cannot be 
observed very distinctly after quenching. And the bumpy 
surface and solute enrichment among secondary dendrite 
arms also influence the observation of the morphologies 
of triple junction region. 
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However, in the macroseparation structure of the 

two phases, a larger triple phase region forms, as marked 
by the green arrows in Fig. 2(d). Figures 5(c−e) show the 
morphologies of the larger triple phase regions under 
different growth conditions. Accompanying the growth 
of the peritectic phase, the remelting phenomena of the 
primary α phase are clearly presented. At v=2 μm/s, the 
planar ζ phase grows along the α phase accompanied by 
remelting of the α phase, as shown in Fig. 5(c). The 
remelting interface exhibits a smooth parabolic shape. As 
the velocity increases to 5 μm/s, the ζ phase changes 
from planar to dendritic (see Figs. 5(c−e)). Figure 6 
shows the changes in interface morphology with growth 
velocity for the Cu−16.5%Ge alloy. At v=2 μm/s, the ζ 
phase still exhibits planar morphology (Fig. 6(a)). 
However, when the velocity reaches 5 μm/s, the ζ phase 
exhibits cellular or dendritic morphology and the 
nonplanar remelting interface near the trijunction is 
presented, as shown in Fig. 6(b). In Fig. 6, the thickness 
of the growing ζ phase and the remelting α phase 
significantly increases because of the increase of alloy 
composition. In addition, Figs. 5 and 6 show that the 

temperature difference of the ζ interface is below about 1 
K than that of the trijunction. 
 
4 Interface stability analysis of triple 

junction region 
 

Under different growth conditions, the growing ζ 
and remelting α phases exhibit different growth 
morphologies during migration of the triple junction 
regions. The most obvious characteristics in the 
morphologies of triple junction region are the formation 
of nonplanar α and ζ. 
 
4.1 Interface stability of growing ζ phase 

Under high pulling velocities, the instability of the 
growing (solidifying) ζ interface can be explained by 
constitutional undercooling theory. The driving force for 
the growth of solidification perturbations is expressed as: 
 

cLm GmG i−=φ                               (1) 
 
where imL  is the liquidus slope of the i phase and Gc is 
the concentration gradient in liquid at the phase interface. 

 
Fig. 5 Microstructures of triple junction regions 
at G=25 K/mm: (a) v=15 μm/s, Cu−15.5%Ge; 
(b) v=3 μm/s, Cu−15.5%Ge; (c) v=2 μm/s, 
Cu−14.5%Ge; (d) v=3 μm/s, Cu−14.5%Ge; (e) 
v=5 μm/s, Cu−14.5%Ge 
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Fig. 6 Morphologies of triple junction region for Cu−16.5%Ge 
alloys at G=25 K/mm: (a) v=2 μm/s; (b) v=5 μm/s 
 
This equation can be conceived to represent the degree of 
constitutional undercooling. 

Figure 7 shows the simplified schematic of the 
growing ζ and the remelting α, which gives the 
conditions leading to the instabilities of the growing ζ 
interface. The liquid phase contacting with the growing ζ 
phase is rich in solute Ge at ζ

LC  (Figs. 7(a−b)). As the ζ 
phase grows, the peritectic ζ phase rejects solute to the α 
interface and a solute boundary layer is built up from the 
ζ interface to the remelting α interface, as shown in   
Fig. 7(a). The equilibrium liquidus temperature of the ζ 
and α phases ( ζ

LT and α
LT , see Fig. 7(c)) is given by the 

phase diagram (see Fig. 7(b)). A perturbation at the 
growing ζ/liquid interface will grow into the liquid if φm 
is negative (see Fig. 7(c), GGm >cL

ζ ). 
Neglecting solid-state diffusion, the use of Fick’s 

first law of diffusion and the application of a mass 
balance of the solidifying ζ interface result in the 
following differential equation:  

)1()1( L
PLcL

0

L
L kvCkvCGD

x
CD

x
−≈−=−=

∂
∂

−
=

ζ   (2) 
 

Combining Eq. (1) and Eq. (2),  

L

L
P

m
)1(

D
kvCmG L −

−=
ζ

φ                       (3) 
 
where DL is the solute diffusion coefficient in the liquid; 

 

 

Fig. 7 Schematic illustration of instabilities of solidification 
interface at triple junction region of peritectic reaction: (a) Ge 
concentration in liquid phase at triple junction region; (b) 
Peritectic phase diagram; (c) Actual temperature and 
equilibrium liquidus temperatures of ζ and α (T, ζ

LT  and α
LT ) 

 
k is the partition coefficient (k=0.74); ζ

Lm  is the 
liquidus slope of ζ. 

When v=2 μm/s and G=25 K/mm, taking ζ
Lm =10 

K/%Ge (measured using the phase diagram) and 
DL=5×10−9 m2/s (determined by the plane front growth 
limit), the φm value is estimated as 
 

=
−

−=
L

L
PL

m
)1(

D
kvCmG

ζ
φ  

0K/mm  5K/mm  20K/mm  52 >=−  
 

When v=5 μm/s and G=25 K/mm, the φm value is 
estimated as 
 

=
−

−=
L

L
PL

m
)1(

D
kvCmG

ζ
φ  

0K/mm  25K/mm  05K/mm  52 <−=−  
 

Similar to directional solidification of single phase 
alloy, the morphological instability occurs under high 
growth velocities during the migration of the triple phase 
region. However, the morphological stability of ζ is 
irrelevant to initial alloy composition, as shown in    
Eq. (3). This is because during peritectic reaction, the ζ 
phase of concentration ζ

PC  will directly form at TP 
within the peritectic composition range of α

PC − LCP . 
Only the volume fraction of ζ is relevant to initial alloy 
composition. 
 
4.2 Interface stability analysis of remelting α phase 
4.2.1 Constitutional undercooling in remelting phase 

Similar to the analysis of constitutional 
undercooling theory, a solid region of constitutional 
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superheating is presented ahead of the remelting 
interface when the melting velocity v is greater than a 
critical value vCS  

)]1(/[ 0LS −> kCmGkDv α                        (4) 
 
where k is the solute segregation coefficient, DS is the 
solute diffusion coefficient in the solid, and α

Lm  is the 
liquidus slope of α. The melting process occurs at a 
negative temperature gradient (from high temperature to 
low temperature). In general, the solid solute diffusion 
coefficient at melting point ranges from 10−14 to 10−12 
m2/s, which is far less than the liquid solute diffusion 
coefficient (about 5×10−9 m2/s). Thus, the constitutional 
superheating theory predicts that a melting interface 
would be less stable than the solidifying interface. In 
addition, according to the stability theory of melting 
interface [16,17], the critical value vCS is only 0.2−0.5 
μm/s for G=25 K/mm and v=5 μm/s. 

However, Fig. 5(e) shows that the remelting 
interface is more stable under high pulling velocity. 
Different from the remelting process, the remelting of the 
primary phase during peritectic reaction occurs at a 
positive temperature gradient (from low temperature to 
high temperature). Figure 8 shows that the constitutional 
undercooling forms in the remelting solid-α front during 
peritectic reaction. The α phase of concentration α

SC  
firstly solidifies at higher temperature α

ST  (point B,  
Fig. 8(a)). And the remelting of the α phase occurs at 
lower temperature α

RT  (point A, Fig. 8(a)). However, at 
α
RT , the equilibrium composition of the remelting α 

interface α
RC  is higher than α

SC . Thus, during steady 
state peritectic reaction, solute diffusion from the liquid 
phase to the α phase occurs at the remelting interface and 
a concentration gradient is established in the solid (see 
Fig. 8(b)). The α-solidus temperature corresponding to 
the concentration field ( α

ST ) and the local temperature (T) 
in the solid is shown in Fig. 8(c). The α phase ahead of 
the remelting interface is constitutionally undercooled 
with respect to the α-solidus. 

The solute distribution in the boundary layer in the 
state region is given by the differential equation:  

0S
2
S

2

S =
∂
∂

+
∂
∂

x
Cv

x
CD                          (5) 

 
The boundary conditions for the initial transient are 

α
SS CC =  for lx Δ=  (The thickness of the A−B cross 

section (Fig. 8(a)) and α
RS CC =  for 0=x . The solute 

distribution is obtained 
 

α
αα

R
S

S

SR
S )exp(

)exp(1

)( Cx
D
v

l
D
v

CCC +−
Δ−−

−
=           (6) 

 
The concentration gradient at the remelting 

interface ( s
cG ) is given by 

 

 

Fig. 8 Formation of constitutional undercooling in remelting 
solid-α phase during peritectic reaction: (a) Remelting process 
of α phase; (b) Ge concentration in solid-α phase along A−B 
cross section; (c) Actual temperature and equilibrium solidus 
temperatures of α phase (T and α

ST ) 
 

⎥
⎦

⎤
⎢
⎣

⎡
Δ−−

−
=

∂
∂

=
= )exp(1

)(

S
S

SR

0

Ss
c

l
D
vD

vCC
x

CG
x

αα

          (7) 

 
The s

cS Gmα  can be calculated from 
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The value of )( SRS

ααα CCm −  is equal to the 
temperature interval lGT Δ=Δ 0 , 
 

lGTCCm Δ=Δ=− 0SRS )( ααα                     (9) 
 

Combining Eq. (1), Eq. (8) and Eq. (9),  
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S

S
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exp1
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Due to lvΔ / SD >0 and G>0, φm is always less than 

zero (φm<0). Thus, the constitutional undercooling in the 
remelting phase is always presented during the migration 
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of the triple phase region. The constitutional 
undercooling improves the stability of the remelting 
interface. Based on the above analysis, the remelting 
interface is more stable because of the constitutional 
undercooling in solid phase. 

In addition, linear stability analysis [16,17] pointed 
out that solute diffusion in the liquid phase also has a 
drastic stabilizing effect on the remelting interface. 
JABBAREH and ASSADI [18] found that low 
temperature gradient (G) and high cooling rate of the 
remelting interface (Gv) will lead to the morphological 
instability of the remelting interface. The morphological 
instability of the remelting interface can occur at high 
pulling velocities. Deeper analysis and systematic 
experimentation will further explain the morphological 
stability of the remelting interface under different growth 
velocities. 
4.2.2 Formation of nonplanar remelting α interface 

However, for the Cu−16.5%Ge alloy and v=5 μm/s, 
the nonplanar remelting interface of α near the trijunction 
is presented, as shown in Fig. 6(b). The remelting 
process is directly related to the solute diffusion of the 
trijunction region. Because the equilibrium composition 
of the ζ phase is higher than that of the α phase (14.4 and 
13.48), the growth of ζ will consume more solute that 
cannot be compensated by the remelting of α. In other 
words, the migration of the triple phase region will 
decrease the liquid composition of the triple phase region. 
Thus, the lateral diffusion of Ge from the interface of ζ  
to the trijunction region compensates the loss of Ge, as 
shown in Fig. 9(a). Lower pulling velocities ensure that 

there is sufficient time to contribute to the lateral 
diffusion of Ge and keep the stable migration of the 
trijunction region. When the pulling velocity is higher, 
the compensation of Ge cannot be prompted, which 
decreases the liquid concentration of the cellular-ζ and 
increases the tip temperature of the cellular-ζ. Thus, 
when the pulling velocity is higher, the tip of the 
cellular-ζ can contact with the remelting interface (e.g. 
points C and D in Fig. 8(b)). As the peritectic reaction 
progresses, the remelting cannot occur at the contact 
areas. Then the part of the α phase behind the points C 
and D is wrapped in the ζ phase (see Figs. 9(c) and (d)). 
In the case, the remelting process is unstable. 

Thus, when the thickness of the remelting phase (η) 
is much smaller than the diffusion length ( vD /L ), the 
remelting region is stable.  

L/ Dvη <<1                                (11) 
 

Namely, when the remelting phase is thicker and the 
pulling velocity is higher, nonplanar remelting α 
interface can form in the vicinity of the trijunction. In  
Fig. 5(c), the thickness of the remelting phase (η) is 
about 0.5×10−4 m and the pulling velocity (v) is 5×10−6 
m2/s. Then ηv/DL is in the order of 10−2−10−3, much 
smaller than 1. In the case, the remelting α interface is 
smooth. In Fig. 6(b), η is about 2.5×10−4 m and v is 
5×10−6 m2/s. Then ηv/DL is about 0.3. In the case, 
because the Ge atoms near the trijunction cannot be 
compensated timely, the tip of the cellular-ζ can contact 
with the remelting interface. Thus, the remelting α front 
is nonplanar. 

 

 

Fig. 9 Morphological schematic of triple phase region during peritectic reaction and diffusion of Cu and Ge atoms: (a) Planar ζ and α 
under lower pulling velocities; (b−d) Formation process of nonplanar remelting interface of α under higher pulling velocities 
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5 Conclusions 
 

1) A large triple junction region of peritectic 
reaction is obtained in directionally solidified Cu−Ge 
alloys. Under higher pulling velocity, the morphological 
instability of the peritectic phase forms during the 
peritectic reaction, but the remelting interface of the 
primary phase is relatively stable. 

2) The formation of the interface instability of the 
peritectic phase is because the liquid at and ahead of the 
solidifying interface is constitutionally undercooled with 
respect to the peritectic phase. Because the liquid 
composition of the triple junction is almost constant 
during the peritectic reaction, the morphological stability 
of ζ is irrelevant to initial alloy composition, which is 
mainly dependent on the growth conditions. 

3) Constitutionally undercooling in the solid 
primary phase improves the interface stability of the 
remelting primary phase. When the remelting phase is 
thicker and the pulling velocity is higher, the loss of Ge 
at the trijunction region cannot be timely compensated 
and nonplanar remelting α interface can form in the 
vicinity of the trijunction. 
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低速包晶反应三相区重熔与凝固界面的稳定性 
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摘  要：通过定向凝固实验，研究 Cu−Ge 合金中的包晶反应过程。大的包晶反应三相区被用于研究包晶反应期

间三相区界面的稳定性。在不同的生长条件和成分下，三相区呈现不同的生长形态。在 Cu−13.5%Ge 亚包晶合金

中，随着抽拉速率从 2 μm/s 提高到 5 μm/s，观察到了包晶相界面的失稳现象，而此时初生相的熔化界面相对稳

定。但在 Cu−15.6%Ge 过包晶合金中，当抽拉速率达到 5 μm/s 时，初生相重熔界面呈现非平面形态。基于成分

过冷理论，分析初生相重熔界面和包晶相凝固界面的形态稳定性。 
关键词：包晶反应；Cu−Ge 合金；定向凝固；组织；成分过冷 
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