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Abstract: The performance of Cu-Fe alloy is related to the solidification structure, which is directly
determined by the microstructure evolution during solidification. The solidification sequence, solid—
liquid interface variation, and microstructural evolution of Cu-20wt%Fe alloy at three cooling rates
(0.3, 1.5, and 5.0 °C/s) were investigated. The results indicate that the remelting of primary y-Fe
dendrites was directly observed through the solidification experiment, and the partial y-Fe dendrite
was fragmented owing to remelting. The Fe phase morphology changed from the cellular structure
to the typical finer and longer dendrite structure with the cooling rate increasing. As the cooling rate
increased, the constitutional undercooling caused by the decrease in the Fe atom concentration and
the increase in the Cu atom concentration increased in the solidifying interface. There was a parabolic
relationship between the growth rate of the dendrite tip and time. Meanwhile, the growth of the
primary y-Fe phase was inhibited by the insulfficient diffusion of Fe and Cu at the solidification front,
which resulted in a decrease in the Fe phase volume fraction, and the Fe content in the Fe dendritic
phase decreased slightly.

Keywords: copper iron alloy; solidification; in situ observation; cooling rates

1. Introduction

Because of its potential as a high-strength and highly electric material, Cu-Fe alloys
have attracted the interest of many researchers [1-4]. It has the properties of both copper and
iron, exhibits the advantages of high strength, electrical conductivity, thermal conductivity,
and electromagnetic wave shielding, and can be used in many fields. Research on Cu-
Fe alloys has mainly been conducted in two directions: low Fe (<2.8 wt.%) and high Fe
(>5 wt.%) according to Fe contents. If the Fe content is less than 2.8 wt.%, the solid solution
is directly precipitated from the liquid phase when the alloy solidifies. This alloy is a typical
precipitation-strengthened alloy, such as C19400. If the Fe content is more than 5.0 wt.%,
v-Fe is first precipitated during solidification, and then the peritectic reaction occurs. The
microstructure of the alloy after solidification comprised of the Fe phase and the copper
matrix. Through the hot working and cold deformation, the Fe phase can be elongated
and become fibrous within the Cu matrix to obtain high-strength microcomposites with
good electrical conductivity [5]. The research shows that the tensile strength of the alloy
can reach 820-1578 MPa, and its electrical conductivity is between 31-64% ICAS [2,6-11].
The tensile strength and conductivity of Cu-10wt.% Fe alloy prepared by Wang et al. [1]
were 608 MPa and 57.5% IACS, respectively. By means of arc melting and a large cold
rolling deformation, Stepanov et al. [6] refined the average thickness of Fe fiber in Cu-14Fe
alloy structure to 30 nm, thus significantly improving the tensile strength of the alloy from
325 MPa to nearly 1 GPa, but the corresponding elongation decreased significantly.

Due to the low price and easy availability of iron raw material, it is considered that
increasing the content of Fe in binary Cu-Fe alloy is an economic and practical method
to improve its comprehensive properties. However, it is well known that Cu-Fe alloy
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is a typical metastable immiscible alloy system, which is characterized by a metastable
immiscible gap under the liquidus, and there is a huge trend of easy phase separation or
serious segregation during solidification. This results in difficulty to produce qualified
large-size ingots by the traditional casting method, especially the Cu-Fe ingots with high
Fe content (>10wt.%). The segregation of Fe (inhomogeneous Fe phase) causes the product
performance not to be improved. The realization of high-strength electrical conductivity
of Cu-Fe microcomposites is closely related to the following two aspects: the first is to
increase the Fe precipitation to ensure electrical conductivity. The second method is to
control the Fe phase in solidification structure. According to the strengthening principle of
microcomposites, the morphology, size, uniformity and volume fraction of the Fe phase
have an important influence on material properties [11-15], so controlling the solidification
process of alloy is needed to improve the solidification structure. Therefore, in order
to realize the large-scale preparation of Cu-Fe ingots with high Fe content (>10wt.%), it
is necessary to investigate the precipitation and growth process of the Fe phase in the
solidification process of Cu-Fe alloy with high Fe content.

Currently, research on the solidification process of Cu-Fe alloys is mostly focused
on the liquid-phase separation mechanism during solidification [16-19]. However, little
research has been conducted on the microstructural evolution of Cu-Fe alloys during
solidification, especially for Cu-Fe alloys with high Fe content. Fully understanding
the precipitation and growth evolution process will help to improve the Fe phase in
the solidification structure during the solidification of Cu-Fe alloys, improving the alloy
properties. The purpose of this study is to study the evolutionary behavior of Fe phase
during the solidification of Cu-20Fe alloy, and obtain more solidification information to
provide help for improving the solidification structure of the alloy. The high temperature
confocal laser scanning microscope (CLSM) is a new technology in recent years, which
can realize in situ observation of the solidification process of liquid metal. Therefore, in
situ observation techniques such as high temperature confocal laser scanning microscopy
(CLSM) were used to study the effect of the cooling rate on solidification. In addition,
some auxiliary experiments including differential scanning calorimetry (DSC), optical
microscopy (OM), and energy dispersive spectrometry (EDS) were also carried out to
comprehensively evaluate the evolution of the microstructure and morphology during the
solidification process.

2. Materials and Methods
2.1. Experimental Materials

The Cu-20wt.% Fe alloy was prepared by melting in a vacuum arc melting furnace;
the raw materials were oxygen-free copper (>99.99wt%) and pure iron (>99.86wt%). Pure
Fe and oxygen-free copper were placed in the smelting furnace according to the mass ratio.
After the alloy was completely melted (>1300 °C) and stirred for 2 min using an electric arc,
it rapidly solidified on a water-cooled copper chassis in the smelting furnace.

2.2. DSC Measurements

DSC experiments were performed using a NETZSCH DSC 404F3 analyzer. The
specimens with 5.22 mg were cut from the Cu-Fe alloy sample which were obtained from
the upper melting experiment. The sample was analyzed in a corundum crucible. For DSC
measurements, the samples were heated from 25 to 1450 °C at a constant rate of 20 °C/min
and then cooled to 25 °C with a cooling rate of 20 °C/min. The sampling rate during the
experiment was 200 times/min. The measuring range of the equipment is 5000 Mv. The
test temperature was 22 °C and the humidity was 59%. Purified argon gas (>99.999%) was
used as a protective atmosphere in the chamber to prevent the samples from interacting
with the atmosphere during DSC measurements.
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2.3. In Situ Observation

In the study, a confocal laser scanning microscope (CLSM, VL2000DX-SVF17SP,
LASERTEC Inc., Kanagawa, Japan) was used to simulate the solidification process of
Cu-20Fe alloys under different cooling rates. Detailed parameters of the equipment can
be found in the literature [20]. CSLM can offer advantageous real-time and continuous
observations of the solidification process at high temperatures. Specimens with 7.0 mm
diameter and 3.0 mm height were taken from the above melting sample. Before the CLSM
experiment, 600 mesh, 100 mesh and 1500 mesh abrasive paper were used to polish the
sample firstly (including the cylindrical surface of the sample), then the sample was put in
the alcohol solution, clearing it in the ultrasonic cleaner for 5 min, and last the sample was
taken out and blown dry. The sample after clearing was placed into high-purity alumina
crucibles. After the sample was put into the instrument, the experimental chamber was
vacuumed by the vacuum equipment. When the vacuum degree was less than 20 Pa,
high-purity argon (>99.99 pct) was injected into the vacuum chamber. After that, the
vacuumizing and inflating operations were repeated twice to eliminate the oxygen in the
experimental chamber as much as possible. The temperature regime of the sample in the
CLSM experiment is shown in Figure 1. Three solidification processes were performed in
the experiment. The specimen was heated from the room temperature to 1450 °C and held
for 2 min to be melted evenly. The liquid samples were subsequently cooled to 25 °C at
different rates. The cooling rates were 0.3, 1.5, and 5.0 °C/s, respectively. The real-time
videos and pictures were recorded during the solidification process.
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Figure 1. The temperature regime in the CLSM experiment.

2.4. Microstructure Studies

The samples after being solidified in the CLSM experiment were used to analyze the
microstructure. A solution of 10 g FeClz + 30 mL of HCI + 120 mL H,O was used to etch the
sample. The microstructural features were analyzed using an Olympus optical microscope
(OM). The dendrite arm spacing and the volume fraction of the Fe phase were measured
and calculated based on the micrographs. The measurement method of dendrite spacing
is the intercept method, which counts more than 15 grains under two fields of view (the
diameter of CLSM test sample is 7 mm, after melting test the samples became spherical
through solidified, the size and diameter become smaller, and the number of complete
fields of view was limited by the size). The chemical compositions of the dendrite arm were
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measured using an energy dispersive spectrometer (EDS) detector, which was attached
to the SEM.

3. Result and Discussion
3.1. Expected Solidification Process

The phase diagram of the Cu-Fe system is shown in Figure 2, where the metastable
miscibility gap is included. If solidification occurs below the miscibility gap boundary
when the undercooling is large enough, a liquid alloy separates into two liquids, L; (Fe) and
L,(Cu). If solidification occurs above the miscibility gap boundary, the primary y-Fe forms
first by liquid-solid transformation. Subsequently, the further cooling led to a peritectic
reaction at 1096 °C: y-Fe + L— ¢-Cu. The DSC curves of the experimental Cu-20Fe alloys
at the cooling rate of 20 °C/min was illustrated in Figure 3. As shown in Figure 3, the
temperature when the cooling curve deviates from the 1348 °C baseline is the liquidus
temperature, which indicates liquid—solid transformation begins. As the temperature de-
creases, two large exothermic peaks and one small absorption peak appears. The first peak
(1346.2 °C) was the thermal response of the latent heat release of crystallization, which can
be regarded as the formation of primary y-Fe dendrites in the liquid phase. The second
small absorption peak appeared at 1336.2 °C, which represents a remelting of y-Fe den-
drites (recalescence) that can be confirmed during the solidification of CLSM. Upon further
cooling, the third peak at 1084.9 °C indicates that the residual liquid phase undergoes
peritectic solidification with the primary y-Fe phase: y-Fe + L— e-Cu. Finally, the residual
liquid phase after the peritectic reaction directly precipitated into the e-Cu phase. In addi-
tion, owing to non-equilibrium solidification, the practical solidus temperature displayed
at each stage of the cooling process is lower than the equilibrium solidification temperature
(Figure 2). Before the peritectic solidification, the residual liquid phase is approximately
80% (fs<0.2) according to the phase diagram, and the mushy zone between liquidus and
solidus is close to 293 °C, which means that primary y-Fe has been in free motion for a long
time. In a practical casting process, the motion induced by the density difference between
v-Fe dendrites and the liquid phase leads to an uneven distribution of the Fe phase in the
casting structure.
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Figure 2. Phase diagram of Cu-Fe system.
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Figure 3. DSC curve at a cooling rate of 20 °C/min.

3.2. CLSM Observation

Figure 4 illustrates the nucleation and growth process of y-Fe observed by CLSM
during solidification at a cooling rate of 1.5 °C/s. The y-Fe solid phase first precipi-
tated and grew on the liquid surface when the temperature decreased to approximately
1325 °C. As the temperature decreased to 1302.1 °C, several leaf-like y-Fe dendrites
appeared and grew rapidly. Here, the solidification front of y-Fe dendrites started
to remelt at a temperature of 1267.0 °C. Simultaneously, a small number of primary
and secondary dendrites were fragmented due to remelting (Figure 3). The dendrite
fragmentation induced by remelting is an important information of Cu-Fe alloy. If the
dendrite is further interrupted by external force at the stage of remelting, this will lead
to the refinement of Fe phase in the solidification structure. The solidification process
of liquid alloy determines the final microstructure of the alloy. A certain amount of den-
drite fragments can increase the heterogeneous nucleation in the solidification process,
thus achieving the effect of refining the grain and improving the performance [21]. The
dendrite remelting observed in the CLSM experiment now results in the phenomenon
of dendrite breakage during the solidification process, which may be related to the
phenomenon of recalescence, resulting in the breakage of the weak position of the
dendrite. Wang et al. [22] conducted a study on the mechanism of dendrite fracture
of camper alloy (SCN-5wt.%) caused by the ultrasonic field. The research shows that
the ultrasonic field can cause dendrite fatigue fracture. Therefore, if an external force,
including ultrasonic and pulse, were applied to the dendrite remelting stage at this
time, it may increase the amount of dendrite fragments to refine the Fe phase in the
solidification structure.
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Figure 4. In situ observation of the microstructure evolution at the cooling rate of 1.5 °C/s:
(a) 1302.1 °C, (b) 1270.5 °C, (c) 1267.0 °C, (d) 1264.5 °C, (e) 1177.2 °C, (f) 1166.1 °C,
(g) 1105.7 °C, (h) 1046.6 °C, and (i) 1042.7 °C.

Upon further cooling to 1177.2 °C, a small number of needle dendrites were generated
at the solid-liquid interface and grew rapidly (Figure 4e—g). With a further decrease in
temperature, the area of the liquid phase decreased continuously, and a small number of in-
dependent liquid-phase areas were formed. Theoretically, the solidification would undergo
a peritectic reaction (y-Fe+L— e-Cu) at approximately 1096 °C, and then the remaining
liquid phase would be precipitated and solidified. However, morphological changes could
not be observed clearly because the undulating dendrite morphology affected the depth of
the field.

Figures 5 and 6 show the growth process of y-Fe dendrites of Cu-20Fe alloy when
the cooling rate is 0.3 °C/s and 5.0 °C/s, respectively. In this study, the sequence of the
liquid solidification at different cooling rates is similar to that observed at the cooling rate
of 1.5 °C/s, except y-Fe dendrite crystallization temperature, growth rate, and dendrite
remelting temperature. The crystallization temperature of the DSC test was measured
to be approximately 1348.0 °C. The crystallization temperatures at 0.3, 1.5 and 5.0 °C/s
in the CLSM experiment are about 1356.0 °C, 1304.0 °C and 1300.4 °C, respectively. The
remelting of y-Fe dendrites occurred near 1282.8 °C at the cooling rate of 0.3 °C/s, which
was lower than the remelting exothermic peak observed in the DSC experiment (the cooling
rate was 0.33 °C/s) at 1336.3 °C, and the remelting temperature and dendrite morphol-
ogy density were higher than 1.5 °C/s. The remelting of y-Fe dendrites occurred near
1216.1 °C at the cooling rate of 5.0 °C/s. It is well known that the liquid undercooling has
an important impact on the microstructure during solidification. The larger the cooling rate,
the lower the actual crystallization temperature, and the greater the undercooling. In the
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(a)

(a)

experiment, it can be seen that the crystallization temperature and remelting temperature
of y-Fe decrease continuously with the increase of cooling rate during the solidification
process, but the solidification process shown by CLSM is consistent with that shown by the
DSC curve in Figure 3.

Figure 5. y-Fe dendrite microstructure evolution during solidification at the cooling rate of 0.3°C/s:
(a), 1286.5 °C, (b) 1286.2 °C, (c) 1285.9 °C, (d) 1285.6 °C, (e) 1285.3 °C, and (f) 1282.8 °C.

# 30pm

Figure 6. y-Fe dendrite microstructure evolution during solidification at the cooling rate of 5.0 °C/s:
(a) 1285.4 °C, (b) 1188.1 °C, (c) 1172.7 °C, (d)1169.2 °C, (e) 1165.7 °C, and (f) 1153.9 °C.

The growth length and rate of the tip of the y-Fe dendrite were determined using
image analysis, as shown in Figure 7. The growth length of the y-Fe dendrite tip increased
by 198.28 um within 0~12.18 s (1286.5-1282.8 °C) at the cooling rate of 0.3 °C/s, and the
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growth length and rate have a parabolic relationship with time: L = 58.38 x 0 and
V =458 x t 034 respectively. The dendrite growth at the solid-liquid interface was con-
trolled by solute diffusion. The growth length and rate also exhibit a parabolic relationship
with time at a cooling rate of 1.5 °C/s, where L = 69.1 x 1987 and V = 69 x + 013, respec-
tively. When the cooling rate was 5.0 °C/s and the temperature was 1169.2~1156.2 °C,
there also is a parabola relationship between the growth length and rate of dendrite tip
and time, L = 41.84 x %% and v = 40.1 x t~028, respectively. This result illustrates that the
higher the cooling rate, the faster the dendrite tip speed. Comparing the result observed
in the CLSM experiment, the development degree of y-Fe dendrite during solidification
is significantly reduced with the increase of cooling rate in the observable temperature
range. The tertiary dendrites of y-Fe can be clearly seen during solidification at the cooling
rate of 0.3 and 1.5 °C/s, while only secondary dendrites can be seen at the cooling rate of
5.0 °C/s for the y-Fe dendrite. The change of the dendrite development degree also shows
the effect of cooling rate on the morphology of dendrite growth. When the cooling rate
increases, the local solidification time of the dendrite becomes shorter, and the coarsen-
ing time along the dendrite decreases, thus reducing the dendrite spacing and inhibiting
the nucleation and growth of the tertiary dendrite [23]. Figure 8 shows the relationship
between the growth rate of y-Fe dendrite tip and temperature. The results show that the
growth rate of dendrite tip decreases gradually with the decrease of temperature at three
cooling rates. It is different from the growth of dendrite under the forced growth conditions.
Under the condition of directional solidification, the crystal is forced to grow. There is
an exponential relationship between the solidification rate at the tip of the dendrite and
the undercooling. The greater the undercooling, the greater the growth rate [24]. Based
on the Wilson-Frenked model [25,26], the relationship between the dendrite growth rate
and the temperature (undercooling) is essentially determined by both thermodynamics
and kinetics. At the thermodynamics, it mainly shows the driving force of crystal growth,
expressed by Gibbs free energy, which increases with the decrease of temperature. At
the kinetics, it mainly shows the diffusion process of solute atoms. The diffusion ability
is characterized by the diffusion coefficient, and its value decreases with the decrease of
temperature. The growth rate of y-Fe dendrite was gradually decreased in the experiment
and was mutually influenced by the above-mentioned factors.
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Figure 7. Image analysis results of the y—Fe dendrite growing at 1286.5—1282.8 °C, 1273.1-1267.0 °C,
and 1224.6—1218.3 ° corresponding to the cooling rates of 0.3 °C/s, 1.5 °C/s and 5.0 °C/s: (a) the
growth length of the y—Fe dendrite with time; (b) the growth rate of the y—Fe dendrite with time.
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Figure 8. Image analysis results of the growth rate of the y-Fe dendrite with undercooling.

3.3. Solidification Microstructure

Figure 9 presents the microstructure images obtained at different cooling rates after the
CLSM observation. The notable obvious tendency is that the Fe phase («-Fe transformed
from y-Fe) morphology formed at high cooling rates is finer and longer than that formed at
low cooling rates, where the Fe phase shows a typical dendritic structure. In addition, the
volume fraction of the Fe phase decreased. The solidified morphology of the Fe phase is
mainly cellular, and there are few dendritic crystals at the cooling rate of 0.3 °C/s. When the
cooling rate increased to 1.5 °C/s, a typical dendritic structure was shown. Simultaneously,
the dendrite diameter in the as-cast microstructure decreased from approximately 29.4 um
at 0.3 °C/s to approximately 9.5 um at 1.5 °C/s. Along with the cooling rate increasing to
5 °C/s, the size of primary dendrite arms decreases to 4.5 um. It is worth noting that the
Fe phase is mainly cellular and there are few dendrites in the metallographic diagram at
the cooling rate of 0.3 °C/s (Figure 9a), which is slightly different from CLSM observation.
There are two possible reasons for this result: (1) Dendrite degradation occurs. In the
process of dendrite growth, the concentration is different near the dendrite arm with
different radius of curvature. The larger the radius of curvature, the greater the solute
concentration in the liquid phase near the dendrite. The existence of solute concentration
will promote solute diffusion at the front of the solid-liquid interface, making the fine
dendrite dissolved and the thick dendrite arm thickened [23,27]. In general, the longer
the time of the solid-liquid two-phase region during solidification, the more fully the
dendrite coarsening is carried out, and the dendrite degradation makes the Fe phase
in the solidification structure appear cellular at this time. (2) The peritectic reaction:
when the temperature decreases to 1096 °C, Cu-Fe alloy undergoes the peritectic reaction
(v-Fe + L— e-Cu); because the peritectic reaction needs to consume the primary precipitated
phase, the increase of solidification time will help the peritectic reaction to proceed more
thoroughly when the solidification rate is low, thus making the fine dendrites further
dissolve and degenerate.
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Figure 9. OM solidification microstructures under three different cooling rates: (a) 0.3 °C/s,
(b) 1.5°C/s, and (c) 5 °C/s.

Figure 10 shows the average volume fractions of the Fe phase in different samples.
The average volume fractions were analyzed by using Image-Pro Plus software. It can be
seen that the precipitation fraction of the Fe phase decreased with an increase in the cooling
rate. The average composition of the Fe dendritic phase was shown in Figure 11. The Fe
content slightly decreases in the Fe dendritic phase, and simultaneously, the content of Cu
increases with the increasing of cooling rates. This implies that the Fe content in the Cu
matrix increased as the cooling rate varied.
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Figure 10. Relation between cooling rates and Fe phase volume fraction: the constitutional undercooling.
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The average SDAS in the sample was measured (Table 1), indicating that the SDAS
decreased with increasing cooling rates. It is widely accepted that the dendrite arm spacing
is a function of the cooling rate. Secondary dendrite arm spacing SDAS (A;, pm) can be
described in the form of [28,29]: A, = k x C~1/3, where k is the alloy constant, and C is
the cooling rate. There is a linear relationship between A, and C~1/3, and the slope can be
calculated. Figure 12 shows the result of linear regression. The slope was calculated to be
approximately 47.16 um °C/min!/3. Thus, the prediction formula of secondary dendrite
spacing was established within the range of the cooling rate studied for Cu-20wt%£Fe:

Ay =9228 x C~1/3 (1)

Table 1. Mean values of SDAS measured in different cooling rate samples.

Cooling rate 0.3°C/s 1.5°C/s 5.0°C/s
Mean SDAS, pm 22.73 £ 4.5 14.30 £ 2.3 827 £21

28-— & CLSM observation
26 [ Fitting line

Slope=92.27653
R?=0.9954

Mean SDAS (um)
>
i

0.12 0.17 0.22 0.27 0.32
cm”

Figure 12. The result of linear regression.
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During the solidification process, the morphology of the solid-liquid interface is
related to the temperature field, solute diffusion field, and interface energy efficiency.
Solute diffusion plays an important role in dendrite growth. During the solidification of
Cu-Fe alloy, when the y-Fe phase is separated from the liquid phase, the Cu atoms will
be continuously discharged from the solid-liquid interface because Kocyy < 1. In order
to continue the growth of the y-Fe phase, Fe atoms in the distant liquid must diffuse to
the front of the solidifying interface, and simultaneously, the surplus Cu atoms need to
diffuse into the liquid at the solidifying interface. The insufficient diffusion of Fe and
Cu atoms at the front of the solidifying interface led to a concentration gradient at the
solid /liquid interface, as shown in Figure 13. For Cu-Fe alloys, the diffusion of Fe atoms to
the solid-liquid interface will form a Fe-rich solute layer at the front of the solid/liquid
interface, causing undercooling. The greater the cooling rate, the shorter the diffusion
time of the solute at the solidification interface, resulting in a larger concentration gradient
across the L/y-Fe interface.

y-Fe L
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Figure 13. Schematic of the near-equilibrium solidification.

Rutter and Tiller et al. [30] believed that constitution undercooling in the liquid phase
produced at the front of the solid-liquid interface can cause instability of the solidification
flat interface and form cellular, dendritic crystal structures.

— < —=Chp—— )

where Gy is the temperature gradient, v is the growth rate, m; is the slope of the liquid
line, ky is the solute redistribution coefficient, D; is the solute diffusion coefficient, and C
is the original alloy composition. It can be seen from Equation (2) that the constitutional
undercooling is mainly affected by the temperature gradient Dy, the dendritic growth rate
v, and the thickness of the diffusion layer dy. In the actual solidification process, the solute
distribution is affected by the cooling rate. This effect is expressed by the effective solute
distribution coefficient (k). The effective solute redistribution coefficient can be calculated
using Equation (3) based on the theory of Burton [31].

cs ko

keziz [ 7
Co Ko+ (1—koe DLV

®)
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where, Cs” is the solid concentration at the solid-iquid interface in the solid phase and dy
is the diffusion length scale. Cs™ can be obtained using Equation (4).

CH = keco(1— f) k=D 4)
If Cs"is equal to Cy, Equations (2) and (4) can be simplified as Equations (5) and (6) [31].

ke(1— f)e™D =1 ®)

GL miko

7 = mcoke, (6)

where fs* is the critical solid fraction, and k, is the effective solute redistribution coefficient.
The critical solid fraction (fs*) is the solidification fraction, and the (fs*)2 can be considered
as the proportion of the microstructure in the 2-D plane [24]. Thus, fs" is calculated using
the area ratio of the solidified structure, and then k. is obtained.

Assuming my, Dy, and Cy are constant in the experiment, the degree of constitutional
undercooling can be determined using G,/ (v-k.). The value of Gy and v can be obtained
by observation and analysis of in situ experiments. The determination method of the
temperature gradient is similar to that in [32]. Due to the fact that the size of the CLSM
experimental sample is small, assuming that the temperature change in the experimental
crucible is timely with cooling, the temperature at the front of the solid-liquid interface
is the measured temperature of the thermocouple in the crucible. Thus, the tempera-
ture gradient of the dendrite can be obtained according to the advancing distance of the
solid-liquid interface at different times. The Gy /(v-k.) values at different cooling rates
are shown in Figure 10. It can be observed that the Gy /(v-k.) value gradually increases
with an increasing cooling rate, which means that the degree of constitutional undercool-
ing increases with the cooling rate increasing. A larger constitutional undercooling can
enhance the disturbance force of the solid-liquid interface. Therefore, the complexity of
dendrite morphology increases as the constitutional undercooling increases [33]. When the
cooling rate increased from 0.3 °C/s to 1.5 °C/s, the cellular dendrites at the front of the
solidifying interface gradually transformed into a dendrite structure. The increased cooling
rate led to constitutional undercooling, the interface concentration gradient increased, the
solidification rate was accelerated, and the diffusion time was shortened, which led to the
delayed diffusion of Fe from the liquid to the solidifying interface. Finally, the growth of
the primary y-Fe phase is inhibited, resulting in a decrease in the volume fraction of the Fe
phase produced by precipitation.

4. Conclusions

Microstructural evolution of the y-Fe phase during solidification was studied in the
Cu-20wt%Fe alloy. The main conclusions are as follows:

1.  During the solidification process of the Cu-20Fe alloy, the remelting of primary -
Fe dendrites was directly observed by CLSM. Moreover, the y-Fe dendrites were
fragmented due to remelting, and thus, the grain structure of the Fe phase may be
improved by external forces within the remelting stage.

2. The morphology of y-Fe dendrites was significantly affected by the cooling rate. The
dendritic morphology of y-Fe on the interface changed from a cellular-like structure
to a typical finer and longer dendritic structure as the cooling rate increased from
0.3 °C/s to 5.0 °C/s. The growth rate of the y-Fe dendrite tip has a parabolic relation-
ship with time, v = 45.8 X =034 where the temperatures were between 1286.5 and
1282.8 °C at the cooling rate of 0.3 °C/s. The growth rate also exhibits a parabolic
relationship with time at cooling rates of 1.5 °C/s, where v = 69 X £7013 and 5.0 °C/s,
where v = 40.1 x +7 928, The dendrite tip growth rate at the solid-liquid interface
increased with the cooling rate.
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3. The volume fractions of the Fe phase in samples cooled at 0.3, 1.5, and 5.0 °C/s were
16.58, 11.13, and 5.32%, respectively, showing a gradual decrease with an increase in
the cooling rate. The prediction formula of SDAS for the Cu-20wt%Fe alloy within
the studied cooling rate range was established as Ay = 92.28 x C~1/3.

4. The degree of constitutional undercooling was calculated in combination with the
analysis of the sample data. The dendrite morphology becomes more complex as
the constitutional undercooling increases. Simultaneously, the growth of the primary
v-Fe phase was inhibited by insufficient diffusion of Fe and Cu at the solidification
front, resulting in a decrease in the volume fraction of the Fe phase in the samples.
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