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Abstract: The hexagonal to orthorhombic (HO) transformation from β-Ni3Sn2 (hexagonal) phase to α'-Ni3Sn2 
(orthorhombic) phase was confirmed in directionally solidified Sn−Ni peritectic alloys. It is shown that the 
remelting/resolidification process which is caused by both the temperature gradient zone melting (TGZM) and 
Gibbs−Thomson (G−T) effects can take place on secondary dendrites. Besides, the intersection angle between the 
primary dendrite stem and secondary branch (θ) is found to increase from π/3 to π/2 as the solidification proceeds. This 
is the morphological feature of the HO transformation, which can change the diffusion distance of the remelting/ 
resolidification process. Thus, a diffusion-based analytical model is established to describe this process through the 
specific surface area (SV) of dendrites. The theoretical prediction demonstrates that the remelting/resolidification 
process is restricted when the HO transformation occurs during peritectic solidification. In addition, the slope of the 
prediction curves is changed, indicating the variation of the local remelting/resolidification rates. 
Key words: directional solidification; dendritic solidification; peritectic microstructures; Gibbs−Thomson effect; 
temperature gradient zone melting; HO transformation 
                                                                                                             
 
 
1 Introduction 
 

The secondary dendrite arm is considered to be 
the most visually prominent feature of dendritic 
structures [1−7]. It has been confirmed in numerous 
works that different kinds of diffusion-controlled 
remelting/resolidification processes could take 
place on secondary dendrite arm in the mushy  
zone [8−20]. The most familiar one of these 
remelting/resolidification processes is coarsening 
process by Gibbs−Thomson (G−T) effect [8−11]. 
During dendritic solidification, the G−T effect   
can induce capillary-driven diffusion between 
neighboring secondary branches whose radii are 

different [8−11]. Thus, remelting/ resolidification 
processes on the thinner/thicker secondary dendrite 
arms can be witnessed, which can influence the 
following mechanical properties of structures [8,9]. 
In addition, there always exists a melt concentration 
gradient by imposed temperature gradient during 
directional solidification [12,13]. Thus, solute 
diffusion can also be induced by this melt 
concentration, and the remelting/resolidification 
process by this melt concentration occurs [14−16]. 
This process is always assumed to be controlled  
by the temperature gradient zone melting      
(TGZM) [17−19], and it is also called dendrite 
migration in some literatures [14−18]. 

Although the analyses on the remelting/ 
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resolidification process have been carried out in a 
number of studies discussed above, the role of the 
diffusionless phase transitions in this remelting/ 
resolidification process has long been neglected. 
During past decades, more attention has been paid 
on the diffusionless phase transitions [20−22]. 
Among them, the hexagonal–orthorhombic (HO) 
transformation [20,21] appears to be common in a 
series of alloy systems like Ti−Al−Nb alloy [22]. 
The only research which correlated the HO 
transformation with coarsening process confirmed 
the influence of the HO transformation [23]. 

In recent decades, the dendrite growth of many 
industrially important peritectic alloys featured by 
peritectic reaction L+α→β has been witnessed, like 
Fe−Ni, Ti−Al and Cu−Sn [24−26]. The restriction 
of the coarsening process by the G−T effect was 
confirmed during peritectic solidification [27]. 
Besides, the TGZM effect has been proven to not 
only reduce the interdendritic microsegregation [28] 
but also accelerate the remelting/resolidification 
process [29]. Thus, the previous analysis on 
dendrite growth during peritectic solidification has 
demonstrated its particularity originated from 
peritectic reaction. However, the influence of the 
HO transformation has less been analyzed during 
peritectic solidification. It has been confirmed  
that a HO transformation from β-Ni3Sn2 phase 
(hexagonal) to α'-Ni3Sn2 phase (orthorhombic) 
occurred during solidification of Sn−Ni peritectic 
system [30−32]. So, the occurrence of this HO 
transformation in Sn−Ni peritectic alloy should be 
clarified. Besides, the dendrite morphology can be 
changed if the HO transformation happens, which 
will lead to the variation of the diffusion distance 
for both effects. To better understand the diffusion- 
controlled remelting/resolidification process in 
peritectic system in the presence of the HO 
transformation, the present work aims to describe 
this process in a Sn−30at.%Ni peritectic alloy.  
The superiority of specific surface (SV) [8] as 
compared with other parameters such as λ2 in 
characterizing the dendritic structure has been 
confirmed [8,33−35]. Thus, remelting/resolidification 
process will be described through SV in this study. 

In the present work, the experimental 
observation on the morphology features of the 
TGZM effect, the G−T effect and the HO phase 
transformation will be given first. Then, the 
diffusion-controlled analytical theory on the 

remelting/resolidification process in consideration 
of the HO phase transformation will be proposed. 
After that, the influence of the HO phase 
transformation on this remelting/resolidification 
process in a Sn−Ni peritectic alloy will be clarified 
through the examination on both the theoretical 
prediction and experimental results. 
 
2 Experimental 
 

The as-cast Sn−30at.%Ni alloy was obtained 
through induction melting method using nickel and 
tin with purity of 99.9%. Then, the rods of 3 mm in 
diameter and 110 mm in length were cut from the 
ingot. The rod was firstly placed into a Al2O3 tube, 
and the temperature of the rod was raised to 
1150 °C. When the rod was completely melted, the 
sample was kept stationary in the Bridgman-type 
furnace for 30 min. After that, the directional 
growth of the rods was performed at different 
growth velocities: 5, 10, 20 and 40 μm/s. Finally, 
the tube was quenched into liquid Ga−In−Sn alloy 
when the growth distance was 50 mm. The 
temperature gradient close to the solid/liquid 
interface could be deduced from PtRh30−PtRh6 
temperature profiles, which was approximately 
42 K/mm. The samples were longitudinally 
sectioned, polished for further analysis by scanning 
electron microscopy (SEM (Quanta−200)). 

The surface area per unit volume SV was 
measured in different transverse sections of the rod 
by SV=S/V=Σl/ΣA [8]. Here, the total area of the 
dendrites in the transverse section S was obtained 
by successively polishing down through a dendrite 
and measuring the length of its peripheral contour l, 
in each step. The dendrite volume V was measured 
by V=ΣA·d, where A is the area of the dendrites on 
the transverse section and d is the polish depth. The 
values of l and A were measured using image 
analysis software Olycia 3.0. 
 
3 Results 
 

The Sn−30at.%Ni alloy experiences three 
reactions in equilibrium solidification [31]:      
(1) TL=960 °C: L→Ni3Sn2; (2) TP=798 °C: L + 
Ni3Sn2 → Ni3Sn4; (3) TE=231.15 °C, L → Ni3Sn4 + 
Sn. The typical dendrite morphology of the 
Sn−30at.%Ni alloy is shown in Fig. 1. According  
to the EDS result, the dark grey phase represents 
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Fig. 1 Microstructures of directionally solidified Sn−30at.%Ni peritectic alloys at quenched solid/liquid interface (a−c) 
and peritectic interface (d−f): (a, d) 5 μm/s; (b, e) 20 μm/s; (c, f) 40 μm/s 
 
the primary Ni3Sn2 phase, and the light grey one is 
the peritectic Ni3Sn4 phase. The white phase is the 
remaining liquid phase [28,33]. The different radii 
of the neighboring secondary dendrite arms can be 
found, indicating the existence of the G−T effect. 
Furthermore, the examination on Figs. 1(d−f) 
shows that peritectic Ni3Sn4 phase only encloses the 
higher edge of the secondary branch, which can be 
confirmed to be characteristic of the TGZM effect 
during peritectic solidification [15,29]. Thus, how 
can the TGZM and G−T effects influence the 
dendrite morphology should be illuminated. 

Besides, it is noteworthy from Fig. 1 that the 
intersection angle (θ) between the primary dendrite 
stem and secondary branch from it gradually 
increases from about π/3 to nearly π/2 as directional 
solidification proceeds. Although this phenomenon 
can be found in every growth velocity, it is most 
obvious at the lowest growth velocity of 5 μm/s in 
Fig. 1(a). Since the growth conditions of each 
controlled directional solidification experiment are 
steady, whether the variation of θ with solidification 

time occurs should be investigated. Owing to the 
reason that there exists no difference in the 
morphologies of the primary Ni3Sn2 and peritectic 
Ni3Sn4 phases, the interesting variation of θ cannot 
be related to peritectic reaction. Therefore, the 
possible reason for the variation of θ with 
solidification time should be attributed to the phase 
transformation of primary Ni3Sn2 phase. According 
to the available crystal structure data of this Ni3Sn2 
phase [30−32], Ni3Sn2 high-temperature phase has 
hexagonal structure, and Ni3Sn2 low-temperature 
phase has orthorhombic structure [32]. 

If the solid phase has a hexagonal structure, 
the secondary branch of it always has θ of π/3. In 
addition, θ is π/2 for a solid phase which has a 
orthorhombic structure. Thus, it can be concluded 
that the different structures of Ni3Sn2 phase at 
different positions (temperatures) can lead to the 
variation in θ. Furthermore, it should be noted that 
since the growth velocities in this work are not  
high, the peritectic transformation can be clearly 
observed. However, the peritectic solidification 
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might be obviously restricted in the case of higher 
cooling rates and/or deeper undercooling due to 
solute trapping, solute drag, etc. [27]. 

The remelting/resolidification processes by  
the capillary driven G−T effect [8−11] and the 
temperature gradient induced TGZM effect [14−20] 
have been confirmed to be closely related to the 
dendrite morphology. This indicates that this 
process is influenced by the morphology of 
secondary branch. The distance between the 
neighbouring secondary branches is the actual 
diffusion distance for both effects. The variation of 
θ with solidification time by the HO phase 
transformation can result in the change in both the 
morphology of secondary dendrite arm and the 
distance between neighbouring secondary branches. 
Thus, HO phase transformation undoubtedly  
plays important role in remelting/resolidification 
process.  
 
4 Discussion 
 
4.1 Analytical model 

The schematic representation of dendrite 
morphology is illustrated in Fig. 2, and the different 
radii at different local positions of dendrite structure 
are given. It can be found from Fig. 2 that five radii 
are mentioned here: the radius of the primary stem 
R1, the tip radius of secondary branch R2, the root 
radius of secondary branch Rroot, and the root radii 
of the concave necks, R3, and R4. In this work, the 
temperatures of the different parts of the dendrite 
structures are also given. The definitions of these 
temperatures in this work when θ equals to π/2 are  
 

 
Fig. 2 Schematic presentation of dendrite morphology to 
identify different radii at different local positions 

 

 
Fig. 3 Definitions of temperatures at different locations 
of secondary dendrite arms in the present work: (a) θ=π/2; 
(b) θ<π/2 
 
given in Fig. 3(a), and the definitions of these 
temperatures when θ is smaller than π/2 are shown 
in Fig. 3(b). If the HO transformation occurs, the 
situation is more complex. As shown in Fig. 3(b), 
T′1 and T2′′ are the temperatures at the back/front 
edges of the tip of thicker ones. 
 
4.2 Comparison between influence of TGZM and 

G−T effects 
Since both the TGZM and G−T effects play 

significant roles in the remelting/resolidification 
process, the relative importance between them 
should be illuminated first. By comparing with the 
previous coarsening models [8−11], a thinner 
secondary branch is assumed to be located between 
two thicker ones in Figs. 4−7. The intersection 
angle on this thinner secondary branch is defined to 
be smaller than π/2. This distribution of the thicker 
and thinner secondary branch is reasonable since 
the influences of these two effects on the thinner 
secondary branch are not always the same. The 
TGZM effect leads to the remelting/ resolidification  
 

 
Fig. 4 Illustration of comparison between influence of 
TGZM and G−T effects on remelting/resolidification 
process at tip of secondary dendrite arm in Stage I during 
directional solidification of peritectic alloy 
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Fig. 5 Illustration of comparison between influence of 
TGZM and G−T effects on remelting/resolidification 
process at tip of secondary dendrite arm in Stage II 
during directional solidification of peritectic alloy 
 

 
Fig. 6 Illustration of comparison between influence of 
TGZM and G−T effects on remelting/resolidification 
process at tip of secondary dendrite arm in Stage III 
during directional solidification of peritectic alloy 
 

 
Fig. 7 Illustration of comparison between influence of 
TGZM and G−T effects on remelting/resolidification 
process at tip of secondary dendrite arm in Stage IV 
during directional solidification of peritectic alloy 
 
process at the back/front edges. However, the 
remelting process induced by the G−T effect occurs 
at both the back and front edges of the thinner 
secondary branch. Thus, the proposed morphology 

is appropriate. Furthermore, the solute fluxes 
induced by both effects are assumed to be 
independent. 

Based on the experimental results, as shown in 
Figs. 4−7, the remelting/resolidification process 
consists of four stages. In Fig. 4, only primary α 
phase participates in Stage I above TP. From the 
A−A view in Fig. 4, the circles represent the tips of 
these secondary branches in their radial direction. 
The straight lines in Fig. 4 are the liquidus of α 
phase. Here, the black line (electronic version) 
shows the equilibrium liquidus line when the 
curvature undercooling is not taken into account. 
When the curvature undercooling [9] is taken into 
consideration, the red (blue) line is the liquidus line 
if the radius is R (R2). Figure 4 clearly shows that 
the melt difference ∆C by the TGZM effect is larger 
than that by the G−T effect at both TR1 and TR2. This 
indicates that the G−T effect is less important as 
compared with the TGZM effect on both edges. As 
a matter of fact, the real ∆C on the front edge is the 
difference between ∆C by both effects at TR1. 
Simultaneously, the real ∆C on the back edge is the 
sum of ∆C by both effects at TR2. Therefore, the real 
∆C at TR2 is larger than that at TR1. 

Stage II initiates when the temperature is 
below TP, and only peritectic β phase is considered 
in this stage. Figure 5 confirms that the melt 
difference ∆C by the G−T effect is still smaller than 
that by the TGZM effect at both TR1 and TR2. This 
indicates that the TGZM effect is more important 
than the G−T effect on both edges in Stage II. Since 
it has been confirmed [30] that the remelting 
velocity at TR2 was larger than the resolidification 
velocity at TR1, R2 gradually decreases. Furthermore, 
the β phase at TR2 should completely remelt first, 
and then as shown in Fig. 6, Stage III takes place. 
In this case, peritectic β phase appears at T2́́  and 
primary α phase appears at TR2. The dashed lines in 
Fig. 6 represent the liquidus lines of primary α 
phase below TP, and they are assumed to be the 
extension of the oblique straight lines above TP. As 
mentioned above, the remelting velocity at TR2 is 
larger than the resolidification velocity at TR1. 
Therefore, Stage III is finished when the β phase at 
T1́́  completely remelts. In this case, as displayed in 
Fig. 7, peritectic β phase appears at T1́́  and primary 
α phase appears at TR1. The whole remelting/ 
resolidification process is finished when this thinner 
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secondary branch finally disappears. 
 
4.3 Analytical model on tip radius of secondary 

arm 
4.3.1 Stage I 

As shown in Fig. 2, the undercooling due to 
curvature effect is [11]  

R
root 3 2

1 1 1T
R R R

Γ
  

Δ = − −  
   

              (1a) 
 
Thus, while the actual temperature at the root 

of the thinner secondary branch is lower than that in 
equilibrium condition, the actual temperature at the 
tip is higher than it. It can be obtained from Fig. 4:  

1,
1 l l

α Tα
αT T m C

R
Γ′′′′ = + −                    (1b) 

 
R1,

R1 l l
root 3 2

1 1 1α Tα
αT T m C

R R R
Γ
  

= + + − −  
   

   (1c) 

 
where Γ is the Gibbs−Thomson coefficient; l

αm  is 

the liquidus slope of primary α phase; 1,
l
α TC ′′  and 

1,
l

Rα TC are the melt concentrations at 1T ′′  and TR1, 
respectively. 

Since a temperature gradient is imposed on the 
interdendritic liquid layer, it can be obtained that:  

1 R1 RaT T GL′′ = +                            (2) 
 

where G is the temperature gradient during 
directional solidification. 

It can be obtained from Eqs. (1) and (2) that:  
1 1, , Ra

l l
root 3 2l l

1 1 1 1
Rα T α T

α
GLC C

R R R Rm mα
Γ′′   

− = − − − − −  
   

         (3) 
Based on Fick’s First Law, the solute diffusion 

flux between 1T ′′  and TR1 can be expressed as  
R1 1, ,

l l
1 L

Ra

α T α TC CJ D
L

′′−= =  

L
Ra

root 3 2l Ra

1 1 1 1
α
D GL

R R R Rm L
Γ
   

− − − − +   
     

 

         (4) 
where DL is the solute diffusion coefficient of melt. 
And for a small displacement dR2 at 1T ′′ , there is  

( )R1

R1

, 2
2 l

d1
d

α T
α

T

RJ C k
t

= −                   (5) 
 

J1=J2                                        (6) 

( )

( )

R1
R1

2 L
,

l l Ra

Ra
root 3 2

Ra a 2

d
d 1

1 1 1 1      

cos

α Tα
T α

R D
t m C k L

GL
R R R R

L L R R

Γ

θ

 = − ⋅ −
     − − − +    

      

 = + −


    
 (7) 

 
Similarly, at the back edge, there is 
 

( )

( )

R2
R2

2 L
,

l l Rb

Rb
root 3 2

Rb b 2

d
d 1

1 1 1 1      

cos

α Tα
T α

R D
t m C k L

GL
R R R R

L L R R

Γ

θ

 = − ⋅ −
     − − − −    

      

 = + −


  
  (8) 

 
where R1,

l
α TC and R 2,

l
α TC are melt concentrations at 

TR1 and TR2, respectively. The relation between 
R1,

l
α TC and R 2,

l
α TC is 

( )R1 R 2, ,
l l 2

l

2α T α T
α

GC C R
m

− = ⋅                  (9) 

R1 R 2

2 2 2

Stage I

d d d1
d 2 d dT T

R R R
t t t

 
= +  

 
           (10) 

 
The comparison between Eqs. (7a) and (8a) 

shows that the remelting velocity at TR2 is smaller 
than the resolidification velocity at TR1. This seems 
to be contradictory to the previous analysis in 
Section 4.2, and this can be attributed to the 
complex morphology of the secondary branch. 
Although the solute diffusion between neighbouring 
secondary dendrite can lead to remelting of the tip 
of the thinner secondary branch, the diffusion 
between the tip and root of the same secondary 
branch plays a more important role according to our 
analysis. As a matter of fact, Fig. 1 shows the 
gradual increase of the tip radius of the thinner 
secondary branch. Furthermore, it can also be found 
that the solute concentration difference ∆C by the 
G−T effect at the tip of secondary branch is smaller 
as compared with that at the root of secondary 
branch. This is consistent with the fact that the 
difference in radius between the tip of the thinner 
secondary branch and its neighboring thicker ones 
is smaller than that at the root of the thinner 
secondary branch. As illustrated in Eqs. (7a) and 
(8a), the dependence of R2 on the root radius Rroot 
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shows that the variation of R2 during the 
remelting/resolidification process should also be 
identified.  
4.3.2 Stage II 

As shown in Fig. 5, resolidification velocity at 
TR1 can be given as  

( )

( )

R1
R1

2 L
,

l l Ra

Ra
root 3 2

Ra a 2

d
d 1

1 1 1 1      

cos

T
T

R D
t m C k L

GL
R R R R

L L R R

ββ
β

Γ

θ

 = − ⋅ −
     − − − +    

      

 = + −


    
(11) 

 
The remelting velocity of β phase at TR2 can be 

given by  

( )

( )

R 2
R2

2 L
,

l l Rb

Rb
root 3 2

Rb b 2

d
d 1

1 1 1 1      

cos

T
T

R D
t m C k L

GL
R R R R

L L R R

ββ
β

Γ

θ

 = − ⋅ −
     − − − −    

      

 = + −


  
  (12) 

 
where lmβ  is the liquidus slope of peritectic β 
phase, R1,

l
TCβ and R 2,

l
TC β are the melt 

concentrations at TR1 and TR2, respectively. The 
relation between R1,

l
TCβ  and R 2,

l
TC β  is  

( )R1 R 2, ,
l l 2

l

2T T GC C R
m

β β
β− = ⋅                (13) 

R1 R 2

2 2 2

Stage II

d d d1
d 2 d dT T

R R R
t t t

 
= +  

 
           (14) 

 
Similar to Stage I, as the remelting velocity  

at TR2 is larger than the resolidification velocity at 
TR1, β phase previously formed at TR2 remelts 
completely, and then Stage III initiates. 
4.3.3 Stage III 

As exhibited in Fig. 6, it can be obtained that  

( )

( )

R1
R1

2 L
,

l l Ra

Ra
root 3 2

Ra a 2

d
d 1

1 1 1 1      

cos

T
T

R D
t m C k L

GL
R R R R

L L R R

ββ
β

Γ

θ

 = − ⋅ −
     − − − +    

      

 = + −



    

(15) 

where R1,
l

TCβ is the melt concentration at TR1. 
At TR2, one has  

2,
2 l l

TT T m C ββ
β

′′′′ = +                      (16a) 
 

R2,
R 2 l l

root 3 2

1 1 1 1α Tα
αT T m C

R R R R
Γ
  

= + + − − −  
   

 

              (16b) 
Since a temperature gradient is imposed on the 

interdendritic liquid layer, it can be obtained that  

R2 2 RbT T GL′′= +                        (16c) 
 
It can be obtained from Eqs. (16a) and (16c) 

that 
 

( )( )2 R2 R 2, , ,
l l l l LP l

l

1 [T α T α TαC C m m C C
m

β β
β

′′ − = − − +  

Rb
root 3 2

1 1 1 1 ]GL
R R R R

Γ
  

− − − −  
   

     (17) 

 
Similarly to Eq. (5), at the temperature ranging 

from TR2 to T2″, there is 
 

2 R2, ,
l l

L
Rb

T α TC CJ D
L

β ′′ −=                     (18) 
 
By applying a mass balance at the α/liquid 

interface, there is 

( )2 R2
R2 R 2

, ,
, l,l l 2

L l
Rb

d
d

T α T
α T T

α
C C RJ D C C

L t

β ′′ −
= = −  

               (19) 
From Eqs. (18) and (19), the remelting 

velocity of α phase at TR2 is  

( )

( )( )
( )

R 2
R 2

R 2

2 L
,

l l Rb

Rb
root 3 2

,
l l LP l

Rb b 2
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d 1
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α T
T α

α Tα

R D
t m C L k

GL
R R R R

m m C C

L L R R

β

β

Γ

θ
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 − − 
 = + −

   
  (20) 

 
The relation between R1,

l
TCβ in Eq. (15a) and 

R 2,
l
α TC  is 

 
R2 R1, , P R1 P R 2

l l
l l

α T T
α

T T T TC C
m m

β
β

− −− = − =  

( ) ( )P R1 2
l l l

1 1 2α α
GT T R

m m mβ

 
− − − ⋅ 

 
      (21) 
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R1 R 2

2 2 2

Stage III

d d d1
d 2 d dT T

R R R
t t t

 
= +  

 
          (22) 

 
4.3.3 Stage IV 

In this case, the resolidification velocity of 
peritectic β phase at TR1 in Stage IV is 

( )
( )( )
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The remelting velocity of β phase at TR2 is 
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Here, the relation between R1,

l
TCβ and R2,

l
TCβ

is
 ( )R1 R2, ,
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β β
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4.4 Dependence of θ on solidification time 

To better understand the influence of the HO 
phase transformation on remelting/resolidification 
process, the dependence of θ on solidification time 
is given in Fig. 8. Besides, according to above 
analysis, the dependence of cos θ on solidification 
time which is closely related to the remelting/ 
resolidification velocity is also presented in Fig. 9. 
Examination on Figs. 8 and 9 confirms the clear 
dependence of both θ and cos θ on solidification 
time at each growth velocity. Besides, the influence 
of the growth velocity on θ and cos θ can also be 
found. On the one hand, the initial value of the 
angle (θ0) in the vicinity of the tip of primary 
dendrite stem increases with increasing growth 
velocity: from 69° at 5 μm/s to 83° at 40 μm/s. On 
the other hand, the range of θ and cos θ gradually  

 

 
Fig. 8 Dependence of intersection angle (θ) on solidification time at different growth velocities: (a) 5 μm/s; (b) 10 μm/s; 
(c) 20 μm/s; (d) 40 μm/s 



Peng PENG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 1728−1740 1736
 

 
Fig. 9 Dependence of cos θ on solidification time at different growth velocities: (a) 5 μm/s; (b) 10 μm/s; (c) 20 μm/s;  
(d) 40 μm/s 
 
decreases as the growth velocity increases. The 
dependence of both θ and cos θ on the growth 
velocity can be attributed to the driving force of  
the HO phase transformation [21−26], which 
isaccelerated by the larger undercooling at larger 
growth velocity. Furthermore, the ever-changing 
image of θ throughout the directional solidification 
process is seen before it reaches π/2. Thus, it    
can be inferred from the expressions of the 
remelting/resolidification rates that the real 
remelting/resolidification process keeps varying as 
directional solidification proceeds. 
 
4.5 Influence of θ on remelting/resolidification 

process 
As discussed above, the secondary dendrite 

arms are not strictly perpendicular to the primary 
dendrite stems after the HO phase transformation. 
The variation of θ by the HO phase transformation 
definitely changes the diffusion distances of 
remelting/resolidification process by both the 
TGZM and G-T effects. Taking Stage I for example, 
according to Eq. (7b), the diffusion distance of the 
resolidification process on the front edge of the tip 

of the thinner secondary branch (LRa) increases with 
the increase of θ (π/3<θ<π/2). As a result, the 
resolidification rate gradually decreases. Similarly, 
it can be found through Eq. (8b) that the diffusion 
distance of the remelting process on the back edge 
(LRb) also increases simultaneously with the 
increase of θ, leading to the decrease of the 
remelting rate as directional solidification proceeds. 
In a word, the remelting/resolidification process is 
restricted if the HO phase transformation occurs 
during solidification. 

To better display the influence of the HO phase 
transformation on the remelting/resolidification 
process, the theoretical prediction through the 
present model in which the HO phase 
transformation is not taken into consideration 
(θ=π/2) is presented in Fig. 10. The calculation 
procedures have been shown in detail in a previous 
work [35]. The dependence of cos θ on 
solidification time is given through the polynomial 
approximation of experimental results. Besides, the 
present theoretical prediction when the HO   
phase transformation is considered is compared 
with the experimental measurement in Fig. 11. The 
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Fig. 10 Comparison between theoretical prediction in which HO phase transformation is not taken into consideration 
(θ=π/2) and experimental measurement at different growth velocities: (a) 5 μm/s; (b) 10 μm/s; (c) 20 μm/s; (d) 40 μm/s 
 

 
Fig. 11 Comparison between theoretical prediction in which HO phase transformation is taken into consideration (θ<π/2) 
and experimental measurement at different growth velocities: (a) 5 μm/s; (b) 10 μm/s; (c) 20 μm/s; (d) 40 μm/s 



Peng PENG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 1728−1740 1738

comparison between Figs.10 and 11 shows the 
gradual decrease of the remelting/resolidification 
rates during directional solidification. This means 
that the remelting/resolidification process is 
underestimated in previous researches [15,30] if the 
HO phase transformation is neglected. In addition, 
the present theoretical prediction also shows the 
gradual decrease of the slope of the prediction 
curves during solidification. This further confirms 
the restriction on this process in the presence of the 
HO transformation, proving the validity and 
reliability of the present model. 

Based on the analyses above, four different 
reasons are involved during the remelting/ 
resolidification process in Sn−Ni peritectic system: 
the G−T effect, TGZM effect, peritectic reaction 
and the HO phase transformation. Since their 
influences are different, even contradictory, their 
combined influences are more complex. Although 
the G−T effect is retarded during peritectic 
solidification, the combined influences of both 
effects and peritectic reaction in turn accelerate the 
coarsening process [30]. The influence of the HO 
phase transformation mainly lies in changing the 
morphology of secondary dendrite arm, thus 
altering the solute diffusion within liquid layers 
between secondary branches. 

 
5 Conclusions 
 

(1) The intersection angle between the primary 
dendrite stem and secondary branch (θ) is observed 
to increase from π/3 to π/2, which is confirmed to 
be the morphology feature of the HO phase 
transformation from β-Ni3Sn2 phase (hexagonal) to 
α'-Ni3Sn2 phase (orthorhombic). 

(2) A diffusion-based analytical model is 
established to describe remelting/resolidification 
process in the presence of the HO phase 
transformation. The theoretical prediction confirms 
that this process is restricted by the HO phase 
transformation during peritectic solidification since 
it can change the diffusion distance. 

(3) The present theoretical prediction shows 
that the slope of the prediction curves always 
changes since θ continues varying during the 
remelting/resolidification process. 
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六方−正方相变对定向凝固 Sn−Ni 包晶合金中 
扩散控制的枝晶演化的影响 

 
彭 鹏 1,2，赵弼洲 3，王甲泰 2，裴 兴 1，刘子杰 1，甘 露 1，李升渊 1 

 
1. 兰州大学 材料与能源学院，兰州 730000； 

2. 青海师范大学 物理与电子信息学院，西宁 753000； 

3. 甘肃省中医院，兰州 730000 

 
摘  要：在定向凝固 Sn−Ni 包晶合金中发现六方−正方相变，即自 β-Ni3Sn2 (六方)向 α'-Ni3Sn2 (正方)相的转变。研

究表明，二次枝晶臂上发生由温度梯度区域熔化(TGZM)与吉布斯−汤姆森(G−T)效应引起的重熔/再凝过程。此外，

一次枝晶干与二次分枝间夹角(θ)随凝固过程进行由 π/3 增至 π/2，这一现象为六方−正方转变的组织特征，并会改

变重熔/再凝过程中的扩散距离。因此，建立扩散控制唯象模型，重熔/再凝过程由枝晶的比表面积(SV)进行表征。

模型预测表明，包晶凝固过程中发生六方−正方相变后可抑制重熔/再凝过程。另外，预测曲线的斜率变化表明重

熔/再凝过程局域速率发生改变。 
关键词：定向凝固；枝晶凝固；包晶组织；吉布斯−汤姆森效应；温度梯度区域熔化；HO 相变 
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