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Abstract
The mold temperature of the downward continuous unidirectional solidification (CUS) cannot be controlled higher than the liquidus of
alloys to be cast. Therefore, the continuous casting speed becomes the main parameter for controlling the growth of columnar crystal
structure of the alloy. In this paper, the tin bronze alloy was prepared by the downward CUS process. The microstructure evolution of the
CUS tin bronze alloy at different continuous casting speeds was analysed. In order to further explain the columnar crystal evolution, a
relation between the growth rate of columnar crystal and the continuous casting speed during the CUS process was built. The results show
that the CUS tin bronze alloy mainly consists of columnar crystals and equiaxed crystals when the casting speed is low. As the continuous
casting speed increases, the equiaxed crystals begin to disappear. The diameter of the columnar crystal increases with the continuous
casting speed increasing and the number of columnar crystal decreases. The growth rate of columnar crystal increases with increasing of
the continuous casting speed during CUS tin bronze alloy process.
Keywords: Continuous unidirectional solidification, Tin bronze, Microstructure evolution, Continuous casting speed

1. Introduction
The continuous unidirectional solidification (CUS) process
was used to prepare the high performance metals or alloys with
columnar crystal or single crystal [1-4]. In order to obtaining the
single crystal and columnar crystal, the key processing is to
control the temperature gradient (GL) in liquid phase at the front
of solid–liquid interface and the growth rate (R) of crystal. In
general, it is facilitate for the growth of columnar crystal or single
crystal with the higher ratio of GL/R [5]. During CUS process, the
mold temperature needs to be heated above the liquidus
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temperature of the alloy so as to avoid the nucleation on the mold
wall [6-9]. Therefore, the solid–liquid interface of the alloy is
generally at the outer of the mold exit. However, for the
downward CUS process, if the solid–liquid interface moves out of
the mold exit, the molten metal may leak out of the mold, causing
the experimental preparation to fail. So the solid–liquid interface
is substantially maintained within the mold. In this case, the mold
temperature may be lower than the liquidus of the alloy. There
exist nuclei on the mold wall, and these nuclei furtherly develop
into equiaxed crystals, which destroy the integrity of single crystal
or columnar crystal. Therefore, in the case of mold temperature
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decreasing, it is necessary to control the growth rate (R) of crystal
for controlling the microstructure of the alloy.
On the other hand, Tin bronze alloys are widely used in
semiconductor lead frames, cable connector relays, junction boxes
and contact wires, etc[10-12]. During downward CUS tin bronze
alloy process, low continuous casting speed will leads to serious
exudation layer on the surface of the CUS tin bronze alloy [13]. In
this work, downward CUS process was used to prepare tin bronze
alloy. The mold temperature was controlled below the liquidus
temperature of tin bronze alloy and different continuous casting
speeds were chosen. The microstructure of the CUS tin bronze
alloys was observed. Furthermore, the relation between the
continuous casting speed and growth rate of columnar crystal was
discussed.

Table 2.
Experimental parameters for CUS tin bronze alloys
Melt
temperature
(°C)

Mold
temperature
(°C)

Continuous
casting speed
(mm/min)

1100

1050

4

Cooling
water
temperature
(°C)
25

1100

1050

8

25

1100

1050

12

25

Samples were cut from the CUS tin bronze alloys for optical
microscopy analysis. After polishing, the samples were etched by
ferric nitrate solution. The microstructure observation was
performed by using Nikon Coolpix 995 optical microscope.

2. Experimental
3. Results and Discussion
The material used for this experiment is tin bronze. The
composition of the alloy can be seen in Table 1. The liquidus
temperature of the alloy is about 1060 ℃.
Table 1.
Composition of tin bronze alloy
Element

Sn

Cu

Content (mass percentage)

3%

97%

The experiments were performed using the downward CUS
method. Figure 1 shows the the diagram of downward CUS. The
tin bronze alloy in the graphite crucible is melted by induction
heating. The molten alloy flows into the graphite mold, which
heated by the induction coil. Cooling water is provided at the exit
of the mold to cool of solidified alloy. Starting the traction wheel,
the alloy can be continuously pulled from the mold. Table 2 shows
the experimental parameters.

3.1. Microstructures of CUS tin bronze
Figure 2 shows the microstructure of CUS tin bronze alloys
under different continuous casting speeds. While the continuous
casting speed is 4 mm/min, the microstructure mainly consists of
columnar crystals and equiaxed crystals, as shown in Figure 2(a).
It can be found that there exist both the columnar crystals and the
equiaxed crystals and the integrity of columnar crystals is
destroyed by equiaxed crystals. On one hand, temperature
gradient between melt and solidified alloy is established due to
the intense cooling near the mold exit. Therefore, there exists a
heat flow parallel to the casting direction. The crystals grow in the
opposite direction of the temperature gradient to form columnar
crystals. On the other hand, since the temperature of the mold is
below the liquidus, crystals nucleate on the mold wall and grow
up, and drop in front of the solid–liquid interface induced by
thermal convection to form the equiaxed crystals.
While the continuous casting speed is increased to 8 mm/min,
it can be seen that there are four columnar crystals and the
equiaxed crystals disappear, as shown in Figure 2(b). The average
diameter of columnar crystal is about 900 μm. While the
continuous casting speed reaches to 12 mm/min, the average
diameter of columnar crystal is increase to about 1200 μm, as
shown in Figure 2(c). As the continuous casting speed increases,
the growth rate of the crystal begins to increase. During the
growth of the columnar crystals, the faster growing columnar
crystals gradually eliminate the slower growing ones. As a result,
the number of columnar crystals begins to decrease and the
diameter of the columnar crystals begins to increase.

Fig. 1. Simpliﬁed sketch of the CUS process
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Where, αs is thermal diffusivity of the solid crystal, ρs is density of
the solid crystal, v is the continuous casting speed, h is heat
transfer coefficient for heat loss to surrounding, cs is specific heat
of solid metal, T is temperature, T0 is ambient temperature, r is
radius of the alloy.
From the boundary conditions, while x=0, T=TS, and x=∞,
T=T0, the temperature of solidified alloy can be obtained from the
following equation:
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Where, TS is solidus temperature, Ks is thermal conductivity of
solid metal.
The temperature gradient (GS) of the solid at the liquid–solid
interface is

c)

 dT 
GS = 

 dx  x=0

(3)

Derivation of Equation 3 shows

Fig. 2. Microstructure of CUS tin bronze alloys with different
continuous casting speed, a) 4 mm/min, b) 8 mm/min, c) 12
mm/min.
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Similarly, the heat balance equation in the solid–liquid twophase region is

3.2. Relation between the continuous casting
speed and crystal growth rate
In order to establish the relation between the continuous
casting speed and the growth rate of columnar crystal, an analysis
and discussion of the heat transfer process in heated mold is
performed. The following assumptions are established:
1)
The influence of convection and radiation of the molten
metal on the mold temperature is not considered.
2)
The heat transfer from the system to the surroundings is
performed by solidified metal that forced cooling through
water spray.
3)
The temperature at the mold entrance stays the same.
The coordinate is selected at the solid–liquid interface, as
shown in Figure 1. Consider a cylindrical element in the solid
crystal dx in thickness, moving with the speeding of v (continuous
casting speed). The distance between the element and the solid–
liquid interface is kept constant. Then, the heat balance equation
of the moving element is written [14].
Heat change from conduction + Heat change from boundary
movement + Heat change from loss to surroundings = 0
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λ

(5)
Where, λ is thermal conductivity of alloy, ρL-S is density of the
alloy in solid–liquid two-phase region, cL-S is specific heat of
metal in solid–liquid two-phase region. Equation 5 can be
simpliﬁed as
 ∂ 2T ∂ 2T 
∂T
+ 2 −v
=
0
2
∂y 
∂x
 ∂x

λ

(6)

Because analysis of the above two-dimensional partial
differential equations is tedious, the heat transfer equation will be
calculated respectively in the axial and radial directions.
d 2T
dT
0
−v
=
dx 2
dx
d 2T
λ 2 =0
dy

λ

(7)
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Using T=T(x)T(y) to approximate the temperature, then
=
T T ( x) 2 +

TLl − (TL − TS ) x
T ( x)
rl

(8)

Where, TL is liquidus temperature, l is length of heated mold.
The temperature gradient of the liquid (GL) at the liquid–solid
interface is given by
 dT 
GL = 

 dx  x=0

(9)

4. Conclusions

Derivation of Equation 9 shows
 v

TL 


 TS − 
T
λ
r


S
GL =
(TL − TS ) 
− 

 v   rλ 
  exp  −  − 1

 λ 



(10)

Assuming that latent heat is released at x=0, the heat balance
at the solid–liquid interface during solidification is [11]
K S GS − K L GL =
ρ S HR

(11)

Where, KL is thermal conductivity of liquid metal, R is growth
rate of columnar crystal, H is heat of fusion. Substituting Equation
4 and Equation 10 into Equation 11, the growth rate of columnar
crystal R is given by

2
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v
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2h
− 
(TS − T0 ) 
 +

2α s
2α s  rK S
ρS H 




−
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too late to grow. Second, as the casting speed increases, liquid
metal with higher temperature in the crucible quickly flows
downward into the mold. Thus leading to the temperature of the
alloy in the mold is high, which inhibits the occurrence of
nucleation on the mold wall. Therefore, there is no equiaxed
crystal can be found in CUS tin bronze alloys with high speed of
8 mm/min and 12 mm/min. When the continuous casting speed is
further increased, the columnar crystal rapidly grows upwards.
However, the columnar crystal with slower growth rate is
gradually eliminated, thereby forming coarse columnar crystal.
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In summary, Tin bronze alloys were prepared by the downward
CUS process. With the continuous casting speed increase, columnar
crystals gradually replace equiaxed crystals as the main component
of the CUS tin bronze alloy. The diameter of the columnar crystals
also begins to increase when the continuous casting speed is further
increasing. The relation between the growth rate of columnar
crystals and the continuous casting speed is built.
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