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Influence of Cooling Rate on Solidification

Guangming Cao, Ruixiang Li, Shuang Zhang, Hao Wang, and Yuanxiang Zhang

Differential scanning calorimetry (DSC) and confocal scanning laser microscopy (CSLM) were used to
investigate the effects of different cooling rates on the solidification and segregation characteristics of Cu-
Ni-Si alloy. The microstructures were characterized by electron probe microanalysis and scanning electron
microscope. The effects of cooling rate on segregation degree, grain size, solidification temperature and
secondary dendrite spacing (4,) were analyzed, and the correlation function was established. The results
show that the characteristic temperature of DSC phase transformation is similar to the characteristic
temperature of CSLM in situ microstructure evolution. Increasing cooling rate can reduce segregation
degree and refine grains. The relationships between cooling rate and crystallization temperature (7, _, s)
and secondary dendrite spacing (4,) with cooling rate are as follows: 7Ty, _, s =176 X exp(— v/17.6) + 891
and A, = 63 x v~ 2%, respectively. The above relations were applied to predict the solidification
microstructure characteristics produced by twin-roll strip casting and ingot casting processes, and the
predicted results are in good agreement with the experimental values. The advantages of grain refinement
and segregation improvement and its optimization mechanism of twin-roll strip casting have been clarified.
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1. Introduction

As a high strength conductive material, Cu-Ni-Si has been
widely used in various electronic products such as lead frame
connection terminal and has a strong substitution effect on toxic
beryllium-copper alloy (Ref 1-3). However, the harsh applica-
tion environment has high requirements on the strength of the
alloy; therefore, high alloying becomes an effective method.
Besides, the segregation of the alloy under traditional casting is
serious, and the coarse grain size is inevitable. Studies show
that increasing cooling rate can effectively reduce segregation
and refine grain (Ref 4, 5). Fortunately, compared with IC,
TRSC has the characteristics of sub-rapid solidification (Ref 6).
Cao et al. (Ref 7) found that the solidification microstructure of
Cu-3.2Ni-0.75Si alloy could be refined by TRSC, and the
average grain size of the cast band was significantly refined.
Liu et al. (Ref 8) successfully prepared 17% Cr ferrite stainless
steel (FSS) as cast zone by TRSC under different melt
overheating conditions. The as-cast structure of FSS is
composed of fine equiaxed and columnar crystals. Daamen
et al. (Ref 9) also pointed out that TRSC is an option for
producing TWIP steel with competitive tensile strength com-
pared to TWIP steel obtained through conventional machining
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methods. Pande et al. (Ref 10) concluded through research that
primary dendrite arm and secondary dendrite spacing are
related to cooling rate. Jabbari Behnam et al. (Ref 11) proposed
that as cooling rate increases, the degree of undercooling
increases, while the diffusion rate decreases.

However, few studies can quantitatively characterize the
effect of cooling rate on the microstructure and characteristic
temperature of solidification. Wielgosz and Kargul (Ref 12)
used DSC to study the solid-liquid phase change of non-alloy
peritectic steel at high temperature, and the results showed that
the solid-phase line and liquidus temperature were in good
agreement with the numerical calculation results. Miao et al.
(Ref 13) proposed a CSLM solidification process for IN718
superalloy, which shows that this method has great potential for
studying the solidification process. Hechu et al. (Ref 14)
proposed a new method to explain the solidification behavior of
peritectic steel by combining DSC and CSLM. The results
show that the method can accurately control the solidification
parameters and cooling rate. In conclusion, DSC can detect the
solid—liquid phase change characteristics, and CSLM can
characterize the in situ structure evolution during the melting
and solidification of alloys at different speeds, which is an
important means to explore the effect of cooling rate on the
solidification process of alloys.

Compared with IC, TRSC has the characteristics of sub-
rapid solidification, which can refine grains and inhibit
segregation. However, in the process of IC or TRSC, the exact
cooling rate is not given, and the effect of cooling rate on the
inhibition of micro-segregation cannot be quantified. In this
study, DSC and CSLM methods were introduced into the
analysis of the solidification process of high alloyed copper
alloy, systematically studied the effect of cooling rate on
solidification microstructure, characteristic temperature and
segregation behavior of high alloyed Cu-Ni-Si alloy and
applied to TRSC and traditional casting process. By comparing
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the prediction and experimental data, the sub-rapid solidifica-
tion characteristics and casting advantages of TRSC were
analyzed theoretically. It provides theoretical guidance for
improving the solidification microstructure of alloy by control-
ling the cooling rate.

2. Experimental Materials and Methods

2.1 Material Preparation

The experimental materials were Cu-6Ni-1.4Si alloy pre-
pared by IC and TRSC process. The mass fractions of
components are: Ni: 6.0 £ 0.1%, Si: 1.4+ 0.05%,
O < 0.006%, and the rest were Cu. The alloy was melted in
the vacuum induction furnace, and the melting temperature is
1100 ~ 1300 °C, and the melting process lasts about 60 min
and then cast in the round iron mold where the casting
temperature is about 1150 °C. The mother alloy was remelted
in a vacuum furnace, and then the strip was cast on an equal-
diameter twin-roll strip caster at 1150 °C of casting tempera-
ture, where the 3-mm-thick and 110-mm-wide casting strip was
prepared, and the casting and rolling speed was set as 30 m/
min.

2.2 DSG and GSLM Experiments

DSC experiments were performed on a SETARAM
SETSYS Evolution S60/58507 synchronous thermal analyzer
test equipment. Specimens with 3 mm diameter and 3 mm
height were prepared from the cast strip (CS). The experimental
sample was placed in a corundum crucible of ®5 x 4 mm, and
the comparison sample was an empty corundum crucible. Then,
put them in the equipment together. After vacuuming, the
system was filled with argon and operated repeatedly for three
times. The sample was subjected to the following heating and
cooling cycles: room temperature — heating at 0.1 °C/s to
1150 °C — isothermal  holding at 1150 °C for
180 s — cooling at 0.1 °C/s to room temperature. In order
to accurately control the cooling rate, this experiment uses
high-purity helium as the cooling gas. To ensure the accuracy
of the experimental results, three groups of parallel experiments
were repeated.

CSLM experiments were performed on a VL2000DX-
SVF17SP & 15FTC CSLM instrument. Specimens with 5 mm
diameter and 3 mm height were prepared from the cast strip.
Before each experiment, the air in the chamber system was
evacuated, so argon was repeatedly filled three times to remove
as much air as possible. The specimen was subjected to heating
and cooling cycles as follows: room temperature — heating
at 8°C/s up to 1100 °C — heating at 2 °C/s up to
1150 °C — isothermal holding at 1150 °C for
3 min — cooling under different rates down to room tem-
perature. The cooling rates were 0.1, 1, 10 and 100 °C/s
,respectively, as shown in Fig. 1. In order to accurately control
the cooling rate, high-purity helium gas was used as the cooling
gas in this experiment. The experiments were carried out
through surface visualization of the specimens during heating
and cooling processes. Enough images were recorded at 1-15
frames per second according to the varied cooling rates. The
initial melting temperature and crystallization temperature were
determined according to the tissue observation in situ. Besides,
the IPP (Image pro plus) software was used to measure the
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Fig. 1 Routing of cooling processes in CSLM experiments

secondary dendrite spacing of ingot and strip solidification
structure.

2.3 Microstructural Analyses

All samples were metallographically prepared and then
etched with a solution of 8 g FeCl3 + 20mLHCI + 100mIH,O
for 10 s. Olympus optical microscopy (OM) was used to
observe microstructural features. Element segregation behavior
was observed in a JEOL JXA-8530F electron probe micro-
analyzer, and chemical compositions in dendrite arm and inter-
dendritic region were measured by energy diffraction spectrum
(EDS) and EPMA. The average value of 30 continuous points
was taken as the final experimental value to ensure the smooth
operation of the experiment. Also, map scanning with a step
size of 0.2 um was used to characterize the distribution of
alloying elements.

3. Experiment Results

3.1 DSC Experimental Curve and Solidification
Microstructure Analysis

DSC characterizes the occurrence of phase transition by heat
flow changes. Heat flow deviation from baseline indicates that
the solid-liquid phase transition begins to occur. During
melting, the alloy absorbs latent heat of phase transition, and
during solidification, the alloy releases latent heat of crystal-
lization, resulting in heat flow deviation from baseline and the
formation of heat flow peak (Ref 15). As shown in Fig. 2(a)
and (b), the curve deviated from the baseline at 1048 °C, and
the alloy began to melt, arrived peak at 1100 °C, indicating that
the alloy had completely melted. The same goes for solidifi-
cation. The initial melting temperature and final melting
temperature of the alloy are 1048 and 1100 °C, respectively.
The initial and final solidification temperatures are 1077 and
1057 °C, respectively.

Figure 2(c), (d), (e) and (f) shows the solidification structure
and energy spectrum analysis results of DSC experimental
samples. Figure 2(c) shows the metallographic microstructure
of DSC test sample. The solidification structure consists of
coarse dendrite structure, and the average secondary dendrite
spacing is about 110 um. Figure 2(d) shows the EPMA
morphology of the solidified structure, and obvious dendrite
grain boundaries can be observed. Enlarge partial view of point
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Fig. 2 Experimental curve obtained in DSC experiment and solidification structure and EDS result of DSC specimen. (a) Heating curve; (b)
cooling curve; (c) metallographic structure; (d) EPMA morphology; (e) enlarged partial view of point A; (f) B point energy spectrum results

A, obvious grain boundary segregation can be observed at the
grain boundaries, as shown in Fig. 2(e). As shown in Fig. 2(f),
the composition of point B was determined through EDS, and
the content of Ni, Si was large, intermetallic compounds were
formed at the grain boundary, and segregation was serious;
these phenomena are correspondent with Cheng et al. reported
(Ref 16).

3.2 In situ Microstructures Upon Cooling Process of CSLM

Figure 3 shows the in situ observation of the microstructure
evolution of Cu-6Ni-1.4Si alloy during melting and solidifica-
tion at the cooling rate of 10 °C/s. As can be seen from the
figure, when the sample is heated to 1091 °C, the surface of the
sample begins to melt, as shown in Fig. 3(b), the temperature
continues to rise, and the sample began to melt slowly. After

1276—Volume 33(3) February 2024

heated to 1150 °C, the sample melted completely, as shown in
Fig. 3(d). After holding for 180 s, the molten liquid alloy is
cooled at a cooling rate of 10 °C/s. When the liquid alloy is
supercooled below the melting point, solidification occurs. The
alloy begins to nucleate at 992 °C and this temperature is taken
as the crystallization temperature of the alloy. When the
temperature drops from 992 to 977 °C, the number of crystal
nuclei increases significantly and part of crystal nuclei grad-
ually grow up. When the temperature continues to decrease to
969 °C, crystal nuclei grow into dendrite structure, and the
residual liquid phase is separated in the dendrite interval, as
shown in Fig. 3(h). As the temperature was further reduced to
957 °C, the liquid phase was completely eliminated and the
alloy was completely solidified. The solidification structure of
the alloy presented a dendrite network structure, as shown in
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Fig. 3 CSLM in situ observation of melting and solidification process of alloy at cooling rate of 10 °C/s and correlation curve. (a) 1081 °C; (b)
1091 °C; (c) 1115 °C; (d) 992 °C; (e) 986 °C; (f) 977 °C; (g) 969 °C; (h) 957 °C; (i) 943 °C; (j) relationship curve between crystallization

temperature and cooling rate

Fig. 3(f). In the solidification process, there is residual liquid
phase in the early formed dendrite, which is the region where
segregation takes place. Phase transition sequence during
solidification: L - L+o — L+ o+ intermetal-
lic — o + intermetallic, where o means copper phase; L
represents liquid phase.

Figure 3(j) shows the corresponding crystallization temper-
atures under different cooling rates, namely the temperature of
initiation of nucleation. As can be seen from Fig. 3(j), the
crystallization temperature gradually decreases with the
increase of cooling rate. ExpDecl function is used to fit the
relationship between them (Ref 17), and the following expres-
sion is obtained:

TL — § =176 x exp (v/17.6) + 891 (Eq 1)

where 7L — S is the crystallization temperature, °C; v is
cooling rate, °C/s.

During the cooling process, the crystallization temperature
measured by DSC experiment is about 1077 °C. The crystal-
lization temperature calculated by Eq 1 of CSLM experiment at
0.1 °C/s was 1074 °C, which was basically consistent with the
crystallization temperature measured by DSC experiment. The
characteristic temperatures about different rates under heating
and cooling process are shown in Table 1.

3.3 Effect of Cooling Rate on the Solidification
Microstructures

Figure 4 is the metallographic photographs of solidification
structure under different cooling rates. It can be seen from the
figure that the solidified structure is composed of dendritic
structures with uniform size and then decreases with the
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increase of cooling rate. The secondary dendrite spacing of
solidification structure at different cooling rates was measured
by IPP software. Taking the metallographic specimens with
cooling rates of 0.1, 1, 10 and 100 °C/s as examples, the
average secondary dendrite arm spacings are 109.29, 61.02,
37.09 and 25.32 um, respectively.

Figure 4(e) shows the secondary dendrite spacing (SDAS, the
value of SDAS is also described as /, here) at different cooling
rates. It can be seen from the figure that with the increase of
cooling rate, /, decreases, and the decrease rate is first fast and
then slow. The transition temperature was about 10 °C/s. It is
widely accepted that the relationship between 4, and cooling rate
can be described as J, =K x v ". K and n are material
constants; v is the cooling rate. As summarized and listed in
Table 2, the values of these constants are variable for different
materials. Based on the expression discussed above, data fitting
analysis was performed on the relationship between 4, and v,
which K and n were 63 and 0.236. Therefore, the relationship
between /, and v was expressed as follows (Ref 18):

Jg = 63 x v 036 (Eq 2)

As indicated in Fig. 4, the average secondary dendrite
spacing is about 110 um. The cooling rate can be calculated by
Eq 2. And the cooling rate got from Eq 2 was used to calculate
the solidification temperature through Eq 1. The result is
correspondent with the temperature got from DSC experiment.

3.4 Effect of Cooling Rate on Distribution of Alloying
Elements

The cooling rate during solidification determines the
segregation degree of the alloy, and the segregation degree
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Table 1 Characteristic temperatures in the processes of DSC and CSLM experiments

Heating process

Cooling process

Experiments Rate, °C/s Ts _, 1, °C Rate, °C/s Ty, s °C
DSC 0.1 1048 0.1 1077
CSLM 2 1091 0.1 ~ 100 Ty s =176 x exp(— v/17.6) + 891

Ts _, 1 is the starting melting temperature, °C; Ty _, g is crystallization temperature, °C; v is cooling rate, °C/s

400pum

9
@ Experimental data
- = Fitting curve by Allometricl
7,=65xy 0215
= p
B q
= 9
R?=0.973
1 1 1 1 1 1
0 20 40 60 80 100

Cooling ra terC-s71

Fig. 4 Metallographic photographs of CSLM specimens at different cooling rates and correlation curve. (a) 0.1 °C/s; (b) 1 °C/s; (c) 10 °C/s;
(d) 100 °C/s; (e) relationship curve between secondary dendrite arm spacing and cooling rate in CSLM specimens

Table2 Values of K and n for different materials

Material Condition K, ym"s7" n References
Cu-6%Sn alloy Melt droplet experiment 27 0.31 (Ref 18)
Fe-Cr-Ni-Mo-N SASS DSC experiment 39 0.22 (Ref 17)
316L stainless steel Welding experiment 25 0.28 (Ref 19)
Cu-6Ni-1.4Si alloy CSLM experiment 63 0.236 This study

unusually determines the performance of the alloy. Therefore, it
is of great significance to study the distribution of alloying
elements in dendritic structures under different cooling rates.
The segregation degree of alloy elements can be expressed by
the dendritic segregation coefficient K, which is the ratio of the
content of alloy elements in the inter-dendritic region (IDR) and
the dendrite arm (DA) (Ref 17). The expression is as follows:

K = C][)R/CDA (Eq 3)

where K is segregation coefficient, the smaller | K-1 |, the
lighter segregation degree; CIDR is the mass fraction of alloy
elements in IDR, %; CDA is the mass fraction of alloy elements
in DA, %. The average contents of Cu, Ni and Si in IDR and
DA of CSLM samples at different cooling rates were deter-
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mined by EPMA, and the corresponding segregation coeffi-
cients were calculated. The results are shown in Table 3.

In order to further study the variation of segregation
coefficient of alloy elements in CSLM samples under different
cooling rates, the results in Table 3 are plotted as a diagram of
the relationship between segregation coefficient and cooling
rate, as shown in Fig. 5.

The diagram shows that the segregation coefficient of Cu is
less than 1, indicating that it is enriched in DA, and the
segregation coefficient of Ni and Si is greater than 1, indicating
that it is enriched in IDR. With the increase of cooling rate, the
segregation coefficient of Cu increases gradually, the segrega-
tion coefficient of Ni and Si decreases, and the absolute value
of the difference with the mean 1 decreases gradually,
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Table 3 Alloying element contents and their segregation
coefficients in part of the CSLM specimens obtained at
different cooling rates

v, °Cls 0.1 1 10 100
Cu Cior 19.24 22.38 29.3 58.61
Coa 91.09 89.65 88.43 91.2
K 0.21 0.25 0.33 0.64
Ni Cior 62.31 58.79 52.9 29.65
Coa 7.26 8.47 9.6 6.95
K 8.58 6.94 5.51 427
Si Cior 16.67 17.13 16.25 10.86
Coa 1.65 1.88 1.97 1.85
K 10.10 9.11 8.25 5.87

indicating that the degree of segregation decreases with the
increase of cooling rate (Ref 17).

Figure 6 is the degree of eclement segregation in the
solidification structure of CSLM samples at different cooling
rates, mainly the surface scanning diagram of Ni and Si
elements. It can be seen from the figure that with the increase of
cooling rate, the segregation degree of Ni and Si elements is
gradually reduced, which is corresponding to the calculation
results of Fig. 5.

4. Discussion

4.1 Characteristic Temperature upon Heating and Gooling

Table 1 shows the characteristic temperature of melting and
solidification process of Cu-6Ni-1.4Si alloy by DSC and
CSLM. During the heating process, the initial melting temper-
ature measured in DSC experiment was 1048 °C, and the
average initial melting temperature measured in CSLM exper-
iment was 1091 °C. There are two main reasons for the
differences in the above results. On the one hand, the heating
rate in DSC experiment was 0.1 °C/s. In CSLM experiment, it
was first heated to 1000 °C at the heating rate of 8 °C/s and
then 2 to 1150 °C. The faster the heating rate, the greater the
superheat, and the higher the transition temperature from solid
to liquid phase (Ref 20-23). On the other hand, the CSLM
experiment is based on the observed melting phenomenon in
the field of vision to determine the starting melting temperature.
Due to the limitations of the observation area, other areas may
have melted when the melting phenomenon is observed,
resulting in a certain deviation. In addition, it is difficult to
determine the exact starting and finishing points in CSLM
experiment, compared to the DSC experiment. The reason is
the promotion of phase transformation at the free surface
through the reliving of strain effect and enhanced diffusion
coefficient of solute elements.

Upon cooling process, crystallization temperature in DSC
experiment was measured to be about 1077 °C. In this CSLM
experiment, crystallization temperatures were as a function of
cooling rate, which was expressed as 7 _, s = 176 x exp(— v/
17.6) + 891. The crystallization temperature gradually de-
creases with the increase of cooling rate. It is well known that
cooling rate has a significant effect on the crystallization
temperature due to the liquid undercooling, which plays a
central role in determining the solidification microstructures as
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Fig. 5 Relationship between segregation coefficient of main
alloying elements and cooling rate

Perepezko and Wilde reported 20. Also, Wielgosz et al. (Ref
24) indicated that higher cooling rate increases supercooling
and further decreases solidification temperature.

4.2 Relationship Between Cooling Rate and Segregation

In order to establish a quantitative relationship between
segregation cooling rate and segregation degree to predict the
segregation degree of Cu-6Ni-1.4Si alloy at different cooling
rates, based on the Clyne—Kurz model and consider the effects
of multi-component, columnar dendrite structure, coarsening
and other factors, Brody and Flemings (Ref 25) proposed an
empirical formula for the relationship between cooling rate and
segregation:

p= 2a<l - exp<—1>) —exp (—2 l) (Eq 4)
o o
o =2(0g + o) (Eq 5)
Ki
w0 ="9 (Eq 6)
x=2 (Eq 7)
f = Tliq —v Tsol (Eq 8)

In order to calculate the anti-diffusion parameter f5, the
relationship between the segregation coefficient K and the
cooling rate v needs to be calculated. Combined with Fig. 5, the
data were fitted to obtain:

K; =3.65exp(—v/24.18) +5.93 (Eq 9)

K, = 3.89 exp(—v/15.58) + 4.96 (Eq 10)

where o is 0.1, Tliq is 1100 °C and Tsol is 1057 °C according
to Fig. 2. K| is the segregation of element Si; K, is the
segregation of element Ni, which can be obtained from Table 3.
f is back-diffusion parameter, « is Fourier number accounts for
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Fig. 6 Element segregation degree of CSLM samples at different cooling rates. (a) 0.1 °C/s; (b) 10 °C/s; (c) 100 °C/s

coarsening, o is Fourier number. x is the width of the nodal
area, which could be calculated by Eq 7 with Eq 2.

4.3 Application of This Research in IC and TRSC

The conclusions from DSC and CSLM experiments were
applied to research the solidification and segregation charac-
teristics in IC and TRSC. As shown in Fig. 7, the grain size of
ingot solidification structure is relatively large. The internal
grains show developed primary dendrite axis and secondary
dendrite arm, and the secondary dendrite spacing is about
80 um, and obvious segregation occurred. By contrast, the
grains of the cast strip are finer and the dendrites are more
dispersed.

From Fig. 7, the secondary dendrite spacing of ingot
solidification structure was measured by IPP software to be in
70-90 um, and the secondary dendrite spacing of strip solid-
ification structure is in 6-15 um. According to Eq 2, the cooling
rate at any solidification region for the studied alloy can be
calculated as long as 4, is given. The values of 4, in the ingot
and CS in Fig. 7 were measured and are listed in Table 4. And
the cooling rates were calculated as listed in Table 4. These
results are well consistent with the common cognition and the
results as Liu et al. reported (Ref 8).

The TSRC process is based on the sub-rapid solidification,
and the cooling rate is unable to reach the equilibrium
solidification condition, so the solidification process is still a
non-equilibrium crystallization process (Ref 26). However,
TSRC still provides its advantages. Figure 8 is the element
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plane scan of ingot and CS produced by IC and TRSC,
respectively. It can be seen from Fig. 8(a) that in the
solidification structure of the ingot, Ni and Si elements are
obviously enriched at the grain boundary of the dendrite.
Compared with Fig. 8(b), it can be found that with the increase
of cooling rate, the enrichment degree of Ni and Si elements at
the grain boundary is significantly weakened. The above
transformation is mainly due to the rapid cooling rate of TRSC,
which makes the solid-liquid interface move rapidly in the
process of melt solidification, and the local solidification time is
very short. At the same time, the diffusion coefficient is
reduced, and the solute retention phenomenon occurs when the
alloy element is not as fast as the diffusion has been ’
submerged ’ by the high-speed mobile interface, which greatly
reduces the degree of element segregation of the alloy (Ref 27).

Solute partition coefficients k in as-cast microstructures of
the ingot and CS were measured and compared to those in
CSLM experiments, as indicated by ingot and CS in Fig. 5.
Through the cooling rate information in Table 4, the anti-
diffusion parameter f§ of elements Ni and Si in different casting
processes was calculated through Eq. 4; the results show that
the 5 under IC process is 0.671, and the ff under TRSC is 0.056,
which proves that TRSC significantly improves segregation.
The values of k and f in ingot and CS conform to the law
obtained by CSLM experiments. Based on the above analyses,
the conclusions drawn from DSC and CSLM experiments are
reliable to predict the solidification and segregation character-
istics of the studies alloy.
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Fig. 7 Microstructure of ingot and casting strip. (a) Ingot; (b) cast strip

Table 4 Secondary dendrite spacing and cooling rate of 5. Conclusion
solidification structure of ingot and cast strip

A, um v, °C-s™!

Ingot 70 ~ 90 022 ~ 071 (1) In DSC experiment, the initial melting temperature of
Cast strip 6~ 15 9.2 x 10> ~ 6.5 x 10* Cu-6Ni-1.4Si alloy was 1048 °C, and the complete
melting temperature was 1100 °C. The initial solidifica-
tion temperature is 1077 °C, and the complete solidifica-
Moreover, when the copper liquid contacts the mold wall or tion temperature is 1057 °C. The solidification structure
the surface of the casting roller, these interfaces can be used as is coarse dendrite structure, and there is obvious element

the matrix of non-uniform nucleation to form the embryo. For segregation at the dendrite boundary.
non-uniform nucleation, it requires less nucleation work, and (2) During the heating process of CSLM experiment, the
under smaller undercooling conditions, non-uniform nucleation initial melting temperature of the alloy was about
has a large nucleation rate (Ref 28). Therefore, the solidification 1091 °C. In the cooling process of CSLM, the relation-
structure of the strip is finer under the TRSC. ship between the crystallization temperature (71 -, s)

Fig. 8 Elements scanning of ingot and strip microstructure. (a) Ingot; (b) cast strip
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and the secondary dendrite arm spacing (4,) with the
cooling rate is Ty _, g = 176 x exp(— v/17.6) + 891 and
Ay =63 x y 0236 respectively, which decrease with the
increase of cooling rate. In addition, the segregation de-
gree of alloy elements in dendritic structure also de-
creases with the increase of cooling rate.

(3) Compared with IC, TRSC can significantly refine grains
and reduce segregation, which can effectively improve
the casting performance of the alloy and provide a good
foundation for subsequent processing.
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