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Abstract: Columnar to equiaxial crystal transition (CET) is an important technological feature in many casting
processes. This work investigated the CET during the solidification of Mg-Gd-Zn alloys by combining synchrotron
radiation in-situ imaging and phase-field method. Results show that the grain size, dendrite tip radius, and
secondary dendrite arm spacing (SDAS) all exponentially decrease with an increase in cooling rate (V). The
variation in the radius of the dendritic tip is similar to the prediction of the Hunt model, while the variation in the
SDAS is close to the Bouchard-Kirkaldy model. It is worth noting that the CET is promoted by a decrease in the
temperature gradient (G) and an increase in the cooling rate (V,). In both equiaxed and columnar crystal regions,
the dendrite tip growth rate and solid phase volume fraction increase with increasing G and V.. In addition, the
CET process has been predicted by simulation. The results are consistent with the predictions of the GTK model,
which is important for the in-depth study of the dendrite morphology in different crystallization regions. In the final
stage, the effects of different critical subcooling degrees and nucleation densities on the CET were explored. The
results show that increasing the critical nucleation supercooling degree can inhibit the generation of equiaxial
crystals, while increasing the nucleation density helps to promote the CET.
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Gd, Y, Ce, and Nd, can further improve the strength and
plastic processing capacity of the magnesium alloys.

1 Introduction

With the growing demand for lightweight materials Recently, Mg-Gd-Zn alloys with a close-packed

across various fields, magnesium alloys, called ‘green hexagonal structure have been widely used in aerospace
engineering materials in the 21st century’, are seeing and defense applications due to their high specific strength

wider applications due to their low density, high and excellent plasticity”™. However, poor corrosion

specific strength and stiffness, excellent electromagnetic resistance and low heat resistance limit the further

shielding performance, and outstanding vibration application of Mg-Gd-Zn alloys. The microstructures

damping capacity'"”. The rare-earth elements, such as formed during the solidification play an important role

in determining the final properties of alloys. So,

*Yong-biao Wang predicting and controlling the formation of solidification
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the simulation of the microstructure of lightweight alloys. alloy properties. There are two main solidification
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and uniform material properties”'”. Therefore, studying the
columnar-to-equiaxed transition (CET) mechanism in
magnesium alloys is of great significance to improve the alloy
properties and expand the application of the magnesium alloys.
Over the past decades, extensive studies have been
conducted to investigate the CET phenomenon in alloys.
Hunt et al."" proposed that equiaxial crystals can appear along
the columnar crystal front during the directional solidification
and predicted the time when all grains can be transformed
into equiaxial crystals. Sturz et al."”! found that the length
of the columnar crystal region decreased with the increase
of cooling rate in the CET experiments. Zaidat et al.!"’!
found that the CET phenomenon became more obvious with the
increase of the pulling speed when the temperature gradient was

1.1 studied the effects of nucleation

constant. Gdumann et a
undercooling and solute content on the grain structure transition.
The nucleation undercooling along the front of the columnar grain
boundary was the main factor causing the CET phenomenon.
However, above experiments lack real-time observation of
the CET phenomenon, and the solidification information
might be incomplete. The development of synchrotron
radiation technology compensates for the previous limitations
in real-time observation of solidification microstructures.
Mathiesen et al." observed similar results to those reported by
Géumann et al."” using the synchrotron radiation technology.
Kang et al."” found that the CET of the Al-20wt.%Cu alloy
was caused by fragmentation behavior and nucleated dendrites.
Recently, Garces et al.l'”
on the load partitioning evolution of Ti particles reinforced
magnesium metal matrix composite by in-situ synchrotron

radiation. Xin et al.'"” revealed the complete sequence of

studied the effect of temperature

phase transformations in the alloy and provided morphological
evidence for the transformation mechanisms.

With the rapid development of numerical methods, the
phase-field simulation has been widely used to study the CET.
Badillo et al.”” used the phase-field method to quantitatively
study the effects of temperature gradient, solidification rate,
nucleation spacing, nucleation undercooling, and anisotropic
strength on the CET of the Al-3wt.% Cu alloy. Li et al.*"
adopted the phase-field method to study the effects of cooling
rate on the CET and found that both the length of columnar
crystals and the size of equiaxed crystals increased with the
decrease of cooling rate. Viardin et al.” found that excessive
nucleation undercooling inhibited the formation of equiaxed
crystals at the interface front. Rétkai et al.”” obtained results
similar to Hunt’s model""
and solidification rate effects on the CET in Ag-Cu alloys.
Lenart et al.” predicted the range of CET under different
temperature gradients and solidification rates. Montiel et al.””

by analyzing temperature gradient

quantitatively predicted the effects of nucleating agent on the
CET phenomenon, and found that the length of columnar crystal
region increased with the increase of nucleation factor, which
was roughly the same as the GTK theory*. Raghavan et al.*"
studied the effect of heat transfer in electron beam additive
manufacturing on the grain morphology of IN718 and
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manipulated the relative number of voxels that lie in the columnar
or equiaxed region. Later, Nabavizadeh et al.”*” studied the CET
during the directional solidification of Inconel 718 alloy, found
that while the initial grain size did not affect the average grain
size of equiaxed growth, it significantly affected the primary
dendrite arm spacing (PDAS) of columnar growth.

Although these studies obtained good results, most of them
have focused on materials with a cubic crystal structure, and
systematic investigations into the CET in hexagonal systems
remain rare. Wang et al.” revealed the effects of cooling rate
on the CET of Mg-6wt.%Gd alloy, and they found that the
CET phenomenon was obvious when the cooling rate was
in the range of 0.5-1 K-s™', which provided a foundation for
further exploration on the CET mechanism. The dendrites
morphology under cubic or hexagonal systems were different
and the conditions of the CET were also not exactly the same.
Therefore, further study on CET is necessary.

In this work, the CET process of the Mg-15Gd-Zn (wt.%)
alloy was quantitatively studied by combining synchrotron
radiation in-situ imaging technology and phase-field
simulation. The results in this work were compared with other
theoretical models. The effects of cooling rate and temperature
gradient on dendrite growth in different crystal regions were
analyzed by using a phase field model, and each crystal
transition region was predicted. Finally, the results obtained
by investigating the effects of critical nucleation supercooling
and nucleation density on the CET provide useful guidance for
deepening the theoretical understanding of the CET in other
magnesium alloys. These research results not only help to
optimize the mechanical properties of the materials, but also
provide useful information to promote the development and
wide application of magnesium alloys.

2 Experimental method

The synchrotron radiation experiments were carried out in
Shanghai Light Source BL13W1 station. The raw materials
were pure Mg (purity 99.9wt.%), pure Zn (purity 99.9wt.%),
and Mg-25Gd (wt.%). The ingot was cut, ground, and
polished to prepare rectangular samples with the a length
of 7 mm, a width of 6 mm, and a height of 0.5 mm. Then,
the samples were put into a graphite sheet on the 0.12 mm
thick Al,0, ceramics. Finally, the samples were sealed by
high-temperature binder between two Al,O; ceramics. The
sample sealing diagram is shown in Fig. 1(a). The heating
furnace and the cooling system are shown in Fig. 1(b). First,
the interior of the furnace was evacuated to a vacuum and
filled with high-purity argon, an inert gas, to prevent the
sample from oxidizing during the heating process. Then, the
temperature was raised to 883 K for 5-10 min until the sample
melted, and finally cooled down at 1.5 K-min™. Inside the
furnace, two separate heating zones were configured, upper
and lower, which can be independently operated to create
temperature gradient. In addition, internal thermocouple
sensors can provide instant temperature feedback from each
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zone. A temperature logging system connected to a computer
records and stores the temperature data from the thermocouple
sensors in real time. When the X-ray penetrates the sample, the
charge coupled device (CCD) detector, capable of high-speed
reading and writing, receives the X-ray with phase information
to finish dynamic imaging. The X-ray energy was set to 20 keV,

@

Al,O; ceramics

\
Alloy slice —— \

Graphite sheet

Al,O; ceramics

u

the image capture interval was 0.5 s, and the distance from
the heating furnace to the CCD detector was kept at 0.5 m to
ensure the acquisition of high-resolution images. The specific
operating principle and process parameters were described in
Refs. [29, 30]. The secondary dendrite arm spacing (SDAS)
was directly measured by the Image Pro Plus.

® Furnace window

Cooling system

Heating furnace

Fig. 1: Schematic of Mg-15Gd-Zn (wt.%) sample (a) and vacuum furnace (b)

3 Phase-field model

Based on the phase-field model in Ref. [31], a two-dimensional
solidification model with random nucleation was established
for the Mg-15Gd-Zn (wt.%) alloy. The frozen temperature
approximation was used to determine the temperature distribution:

T(y)=1,+G(y-%1) (1)

where G is the temperature gradient in the y direction, 7, is
the initial temperature at the bottom of the simulated region,
and ¥, is the solidification rate, which is defined as the ratio
of the cooling rate (V) to the temperature gradient (G). The
dimensionless temperature is expressed as follows:

Y-t
lT

T=

@

where I =|m|(1-k)c,/(kG), k is the solute partition
coefficient and ¢, is the initial liquid concentration.

The order parameter ¢(r, ¢) continuously changes
from -1 in the liquid phase to 1 in the solid phase. The
concentration field ¢(r, 7) is represented by a supersaturated
field U={(2kc/cy)/[1+k-(1-k)h(9p))]-1}/(1-k), where

h(¢,)=-1+" (@+1) is an interpolation function varying

from -1 to 1P". To describe the dendrite morphology more
realistically, the anisotropy function was introduced. For
magnesium alloys with a close-packed hexagonal structure, the
equation is expressed as”:

as(¢—¢o)=1+£cos[6(¢—¢o)] 3)

where ¢ is the angle between the interface normal and the y

direction, a, is the anisotropic function, ¢ is the anisotropic

strength and ¢, is the angle between the dendrite preferred
growth direction and heat flow direction.

The governing equation of the phase field and supersaturated

field is as follows '
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where 7, = a,AW;/D, is the relaxation time, W, =d,1/a, is
the interface thickness, d, is the capillary length, A is the phase
field coupling coefficient, a,=0.8839, a,=0.6267. ]AT is the
antitrapping current, which maintains the local equilibrium of the

[1+k~(1-K)h(0)] ou :V{D 1-h(p)

solid-liquid interface by eliminating unphysical interface effects:

7=t _ - Vo
Jar = 2\/§VV0as(¢ ¢0)[1+(1 ki)U]ziat(p"|V¢i| (6)

1®% is introduced to

The heterogeneous nucleation mode
reproduce the CET process. The number of nuclei formed in
each time step was calculated as follows:

T 2TV (1-1)) )
where u, is a nucleation parameter related to nucleation
density N,, AT is the degree of undercooling, f; is the volume
fraction of the solid phase.
The probability of nucleation in liquid is defined as:
ON

P=r ®)
where N, is the number of unsolidified nodes. When the
nucleation probability P is greater than a random number between
0 and 1, nucleation randomly occurs. The physical parameters
of the Mg-15Gd-Zn (wt.%) alloy are listed in Table 15+
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Table 1: Material parameters that define Mg-15Gd-Zn (wt.%)

[34-36]

alloy’
Parameter Symbol Value Unit
Liquidus slope m 3.0 K- (wt.%)"
Initial solute concentration Co 15.0 wt. %
Solute partition coefficient k 0.35
Temperature gradient G 1-100 K:-mm™
Solutal diffusion coefficient D, 1,400 pm?s™
Gibbs-Thomson coefficient r 0.37 K-pm
Melting point of Mg T 883 K
Two-phase situation AH 2.35 Jkg”
Latent heat of fusion L 610 J-em®
Space step size dx 0.8
Time step size dt 0.025

4 Results and discussion

4.1 Comparison between experimental and
simulated results

Figure 2 shows the synchrotron imaging results and the phase field
simulation results of dendrite evolution in the Mg-15Gd-Zn (wt.%)
alloy under different cooling rates, with the G maintained at 4 K-mm™.
As shown in the Fig. 2, the a-Mg dendrite appears as a bright grain
structure, and the simulation results are in agreement with the
experimental observations. The grains start to nucleate on the inner
wall of the casting as the initial nucleation point. When V is low,
e.g., 0.025 K-s" in Figs. 2(al-a4), a small number of initial grains
nucleate, but a great number of secondary and tertiary dendrite arms
are generated from the developed primary trunks. As the solidification
proceeds, significant CET can be observed in the front of the columnar
crystals, and a number of ellipsoidal equiaxed crystals form, as
circled by the red ellipses in Fig. 2(a2). Figures 2(b1-b4) and (c1-c4)
show the dendrite growth process with ¥, of 0.05 K-s™ and 0.1 K-s™,
respectively. In comparison with Figs. 2(al-a4), the dendrite size
becomes smaller, but the number of grains increases. When V, reaches
0.25 K-s, the driving force for nucleation increases, and the grains are
easier to nucleate. The nucleated grains are also clearly observed in the
liquid phase at early solidification stage, as shown in Figs. 2(d1-d4).
The increase of the nucleation density inhibits the secondary dendrite
arms and makes the dendrites smaller. Moreover, some dendrites
nucleating at later solidification stage are blocked by the surrounding
mature dendrites, making them enter the coarsening stage once they
nucleate. The growth of columnar crystals is completely inhibited,
and all dendrites exist in the form of equiaxed crystals. Accordingly,
increasing the cooling rate is not only conducive to grain refinement
but also beneficial to inhibiting the growth of columnar crystals.

The grain size directly determines the mechanical properties of

the alloys. Eskin et al.””

conducted a series of casting tests regarding
Al-Cu alloys under different cooling rates, cooling conditions, and

copper concentrations. They found the relationship between the
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average grain size (D) and V, is: D= AV, where 4
is a constant™ ** and n is a growth factor, ranging
between 0.2 and 0.5. When n approaches 0.5, the effect
is optimal. A statistical analysis of the dendrite size
distribution was conducted. As shown in Fig. 3, the
grain size in the simulation is slightly larger than that
in the experiment, but they follow the same trend, that
is the grain size gradually decreases and then being
stabilized with the increase of the cooling rate. This is
because a slower cooling rate results in a lower degree
of subcooling, which in turn reduces the number of
nucleation sites. Consequently, the dendrites can fully
develop and grow to larger sizes. The simulation data are
fitted as D =52.247V,**", with n=0.475, which is very
close to 0.5.

By controlling the radius of the dendrite tip, the
morphology and size of the crystal can be altered, thereby
improving the scientific performance of the material.
There are currently a large number of experimental
results and theoretical models available for studying the
radius of dendritic tips, among which the representative
models are the Hunt model""), the Kurz model®™, and
the Trivedi model™”.

The mathematical expression of the Hunt model" is

B 27/D 0.5
R_[m(l—k)cov} ®

where y represents the Gibbs Thompson parameter.
Kurz et al. ' found that there is a relationship between
the dendrite tip radius R and the dendrite growth speed v:

) J/D 0.5
R_zn{—m(l_k)cov} (10)

as follows:

The model proposed by Trivedi et al. *? is shown as
follows:
0.5
R:{ 2kyDI, } an
m(1—-k)c,v

In order to compare the differences of dendrite tip
radius with the above models, the radius of the dendrite
tip under different cooling rates was systematically
analyzed, and the results are shown in Fig. 4. The
predictions of different methods are not the same, but they
have the same rule of change, which is that the radius
of the dendrite tip decreases with the increase of V..
When 7V, is low, the degree of subcooling decreases,
which in turn leads to slow growth of dendrites. In
this case, the diffusive expulsion of the solute is not
sufficient, resulting in larger dendrite tips. With the
increase of V,, the growth rate accelerates and the amount
of the discharged solute increases, reducing the dendrite
tip radius. By observing the experimental and simulated
results, it is found that both of them exhibit a similar
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Fig. 2: Evolution of dendrites in Mg-15Gd-Zn (wt.%) alloy at different cooling rates when ¢,=30 s:
(a1-a4) 0.025 K's™; (b1-b4) 0.05 K-s™; (c1-c4) 0.1 K's™; (d1-d4) 0.25 K-s™

500 T T T
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» Experiment
400 F —— D=52.247V,;%475 ]
3001 4
=
Q
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100 1
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Fig. 3: Variation curve of grain size (D) with cooling rate (V)

trend of variation to the Hunt, Kurz, and Trivedi models.
Further comparative analysis reveals that the simulated results
are more closely aligned with the Hunt model, but far from the
Kurz model. This is due to the fact that the Hunt model uses a
more accurate numerical integration of the heat flow equations
compared to the Kurz model. Combining the Hunt, Kurz,
and Trivedi model with the trends in Fig. 4, the mathematical
relation of the dendrite tip radius (R) changing with ¥, can be
expressed as the power function R =aV ™, where a and b are
constants. The expression of the function obtained by fitting
the simulated and experimental results is R=3.4V,*"".
Bouchard et al."*'"! established the Bouchard-Kirkaldy
model (BK theoretical model), which not only develops the

100 T T T T T
= Experiment
= Simulation
80 Vv A Huntmodel "
v Kurz model ¥
60 v Trivedi model %
00 ——R=3.4V 05 ]
=
v
¥ 40} 1
T v
20 :
. s

0.15 020 0.25 0.30

V, (K-s™)

0 1 1
0.00 0.05 0.10

Fig. 4: Variation of dendrite tip radius (R) with cooling
rate (V,) using different models

theoretical analysis of dendrite growth mechanisms from the
Trivedi-Somboonsuk model™” (TS theoretical model) but also
incorporates the concept from the Kattamis-Flemings model™!
(KF theoretical model) that solute redistribution influences
solidification microstructures, thereby enabling effective
prediction of the primary dendrite and SDAS (/,) of binary alloys.

The mathematical expression of the BK theoretical model is:

4o DY "
2 :2”2“{—c0(1-k)m(7) } (12)

where a, is the correction factor, o is the interface energy, £ is
the solute partition coefficient, AH is the heat of fusion, and D
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is the solute diffusion coefficient.
The functional form of the TS model is:

[8ypL 0.5
”‘2{—1%7; } (13)

where AT, =m(k—1)c,/k is the solidification temperature
range, v = GD/ kAT, represents the growth rate, L is a constant
that depends on the harmonic of perturbation.

The analytical expression of the KF model is:

2, =55(Mz,)" (14)

M= ;/Dln(c1 /co) (15)
m(l—k)(c'l"/co)

where t=AT/Gv is the solidification time, M is the coarsening
coefficient, and ¢ is the maximum liquid phase concentration.
Both predicted and experimental SDAS results for the
Mg-15Gd-Zn (wt.%) alloy at different cooling rates are shown
in Fig. 5. When V_ is low, the predicted SDAS result by the BK
theoretical model reaches 78 um, while that of the KF model is
46 um. As V, increases to 0.25 K-s', the experimental SDAS
decreases to 43 um, and the prediction value of the TS model
is 12 um. The SDAS changes exponentially with an increase in
V., although the predicted results vary with the adopted models.
When 7, is low, the SDAS is large. With the increase of V,
the SDAS decreases rapidly and then becomes stable. This is
because as V, increases, the number of nucleation increases,
the grain size decreases, and the SDAS are continuously
refined. By comparison with the BK theoretical model, TS
model, and the KF model, it can be observed the phase-field
simulation is closer to that predicted by the BK theoretical
model, but has a certain gap with those by the TS and KF
models until ¥,=0.1 K-s"'. When V, comes to 0.25 K's™, the
dendrite arm spacing of the hexagonal system is more compact
than the cubic system, and the results of the simulation are
larger than the other models. Combining the BK, TS, and KF
models with the trends in Fig. 5, the relationship between
the simulated SDAS and V, can be represented as a power
function, i.e., ,=aV,”, where a and b are constants. Fitting the
simulations and experiments yields the SDAS as a function of

V, as 1,=20.497,"".

100 T T T T T
= Experiment
= Simulation
80} 4 BK model™"!
4 v TS model"”
] * KF model™
Eeof § 25=20.49V;%3 |
(,) w
<D( 40 * ;
n . 1 L A
*
20f v N
v

0 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30
v, (Ks)

Fig. 5: Variation of SDAS with cooling rate using
different models
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4.2 Phase field simulation results for different
solidification parameters

As the temperature gradient G and cooling rate V, vary, the
dendritic morphology undergoes significant changes. Figure 6
shows the simulation results of the dendrite morphologies
under different solidification conditions, in which the x-axis
represents G, and the y-axis represents V.. The simulation area
is 600d,%1,500d,, the dimensionless diffusion coefficient is
3.0 and other dimensionless parameters are as follows: 7,=1,
W=4, =4, £=0.05, the space step dx=dy=0.8, and the time step
dr=0.025.

In the x-axis direction, the dendrite morphology is columnar
crystals at a large temperature gradient. With an decrease in
temperature gradient, the dendrite morphology changes and the
CET region becomes apparent. The number of equiaxed crystals
increases, eventually becoming the dominant structure. In the
y-axis direction, the increase of V, is conducive to the occurrence
of the CET phenomenon, which makes the number of equiaxed
crystals increase. When G=100 K-mm™, no equiaxed crystals
are observed and the growth velocity of the columnar crystals
increases with an increase in V.. When G=40 K-mm™',
the CET phenomenon appears only at V,=2.4 K-s"'. When G
decreases to 10 K-mm', a clear crystal transition phenomenon
is observed. With the increase of solidification velocity, the
columnar crystal zone is shrinking and the number of equiaxial
crystals is getting more and more, but the columnar crystals
will not completely disappear even when V,=2.4 K-s"'. Under
this condition, the length of columnar crystals is primarily
controlled by V, and is inversely proportional to V.. When G
reaches 4 K-mm™, a similar phenomenon is observed, but at a
high cooling rate, all columnar crystals become isometric. Such
a pattern has been found in many experimental and simulation
studies!' > ***, Keeping G at 1 K-mm, the nucleation density
is lower and the dendrite size is larger when V is lower. This
is due to the fact that the solutes released during the growth of
dendrites inhibit the nucleation of the grains, and there is more
space for dendrites to grow, therefore, the size of the dendrites
in the remaining liquid is significantly larger*’..

4.2.1 Effect of solidification parameters on equiaxed crystals

As can be seen in Fig. 6, the dendrites can be divided into three
regions based on their morphology: an equiaxial crystallization
region, a CET region, and a columnar crystallization region,
with variations in G and V. In the equiaxed crystal region, the
effects of G and ¥, on dendrite tip growth rate and solid volume
fraction were studied, and the results are shown in Fig. 7(a).
Taking G=3 K-mm™ as an example, the tip growth rate rapidly
increases with an increase in ¥, until it reaches 225 um-s™. The
increase in V, leads to greater undercooling of the dendritic
front. This provides the primary driving force for dendritic
growth, thereby accelerating the growth rate at the dendrite tip.
When ¥, remains constant, an increase in G leads to a larger
free energy difference. This provides a greater driving force,
accelerating the growth at the dendrite tip.

With the G maintains at G=1 K-mm, the effect of ¥, on the
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Fig. 7: Effect of cooling rate (V) and temperature gradient (G) on dendrite tip growth rate (V,;;) and solid phase
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varying with V, and G; (b) solid phase volume fraction

varying with V, under G=1 K-mm™; and (c) solid phase volume fraction varying with G under V,=1.4 K-s™

solid phase volume fraction was investigated. As shown in
Fig. 7(b), in the early stage of solidification, the solid phase
volume fraction sharply increases with an increase in ¥, but
gradually stabilizes in the late stage of solidification. As V,
increases, the subcooling degree increases. This leads to an
increase in the number of active nuclei, which in turn increases
the solid phase volume fraction. At late solidification stage, the
solid fraction tends to be steady because the undercooled melt
is almost exhausted.

When the ¥, maintains at ¥,=1.4 K's”, the effect of G on
the solid phase volume fraction was investigated. As shown in
Fig. 7(c), a similar trend of variation is observed: the solid
phase volume fraction rapidly increases with an increase in G
in the early stage of solidification and then gradually stabilizes
in the late stage of solidification. With the increase of G, the
number of active nuclei increases. This in turn leads to an
increase in the solid phase volume fraction.

4.2.2 Effect of solidification parameters on solute change
pattern in CET transition

As shown in Fig. 6, with in the CET transition region, a larger

V. leads to an earlier onset of dendritic transition; whereas a
higher G results in a delayed onset of dendritic transition. This
is because both V, and G affect the solute distribution in the
dendrite, which in turn has an effect on the crystalline transition.
Therefore, to deeply analyze the solute changes during the CET
process, the dendritic morphology corresponding to a cooling
rate ¥, of 1.2 K-s” and a temperature gradient G of 10 K-mm’'
was selected for detailed investigation, as shown in Fig. 8. A
detailed analysis of the variation of Gd element concentration (c)
along the blue axis in Fig. 8 was performed, and the results are
shown in Fig. 9.

~—

R\ M ke

Fig. 8: Simulation results of dendrite morphology with
V.=1.2 K-s" and G=10 K-mm"
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The area enclosed by the red ellipse in Fig. 9(al) represents
the equiaxed crystal region, while the other region represents the
columnar crystal region. The peaks and troughs correspond to
the interdendritic regions and the dendrite interiors, respectively.
Based on the illustration, it can be observed that different
regions exhibit different solute concentrations. Specifically, the
interiors of the dendrites have lower solute concentrations, while
the interdendritic regions show higher solute concentrations.
This is due to the fact that the rate of solute discharge within
the dendrites is higher than the rate of solute diffusion in the
interdendrite regions. As a result, the solute cannot diffuse
away efficiently, leading to its accumulation primarily in the
interdendritic regions. Therefore, the solute concentration in
the dendritic region is relatively high. Additionally, when
G=40 K-mm", as shown in Figs. 9(cl1-c3), the dendrites are
entirely columnar crystals, and the solute concentration in the
interdendritic regions decreases with an increase in V. This
is because, in this case, the influence of equiaxed crystals is
absent, and the growth of columnar crystals is not inhibited.
As a result, a relatively large solute diffusion zone forms at
the dendrite tip. As solidification progresses, the solute at the
tip undergoes sufficient diffusion, thus leading to a relatively
lower concentration at the tip of the dendrite.

It can be seen that a decrease in G leads to an increase in the
number of equiaxed grains when ¥ is constant. This is due to

the fact that the lower the G, the greater the initial subcooling.
As a result, the growth of dendrites is accelerated and the
number of equiaxed grains increases. Similarly, the number
of equiaxed grains increases with an increase in V,, because
increasing ¥, also results in the increase of initial subcooling.

The graph also shows that when the cooling rate maintains
constant, a decrease in temperature gradient leads to a
gradually decrease in the length of the columnar crystal region.
In the same way, when the temperature gradient remains
constant, an increase in the cooling rate leads to a gradual
reduction in the length of the columnar crystal region. This
suggests that lowering the temperature gradient or increasing
the cooling rate not only promotes the growth of equiaxed
grains, but also inhibits the growth of columnar crystals.
Therefore, it can be concluded that the transformation of
crystal morphology is primarily controlled by the temperature
gradient and cooling rate. Specifically, a higher cooling rate
results in the earlier appearance of this transition. The main
reason is that both increasing the cooling rate and decreasing
the temperature gradient can increase the initial subcooling.
The greater the subcooling, the greater the driving force for
dendrite growth and therefore the faster the dendrite growth.
This results in equiaxed grains starting to appear before the
columnar crystals are fully developed. This is similar to the
observations of Sturz et al''”,
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Fig. 9: Variation of Gd elemental concentration on the central axis of the red columnar crystal (bule line in Fig. 8)

at different cooling rates and temperature gradients in the crystal transition region: (a1-a3) G=4 K-mm™;

(b1-b3) G=10 K-mm™; (c1-c3) G=40 K-mm"
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4.2.3 Effect of solidification parameters on columnar
crystal

In order to deeply analyze the role of solidification parameters,
the effect of cooling rates and temperature gradients on the
growth of columnar crystals, separately, was investigated,
and the results are shown in Fig. 10. When G=1 K-mm',
the length of columnar crystals increases with the increase

(o))
o
o

(a)
—e—V=1.25Ks"
——V_=6.25 K's”

V=125K-s!
—v—V =25.0K-s"
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200 -
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of ¥, [Fig. 10(a)]. When keeping V,=1.25 K's™, the increase
of G promotes the growth of columnar crystals [Fig. 10(b)].
This is due to an increase in the cooling rate and temperature
gradient resulting in an increase in subcooling. The increase in
supercooling provides a stronger driving force that promotes
the growth rate of dendrites and ultimately increases the length
of columnar crystals.

Easo} (P)
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Fig. 10: Effect of cooling rate, as G=1 K-mm™ (a) and temperature gradient, as V,=1.25 K-s” (b) on the length

of columnar crystals

The primary dendrite arm spacing (PDAS) is one of the
important parameters affecting the alloy properties, such as fatigue
strength and creep resistance*” *). There are many studies on
PDAS, and the more mature ones are Nastac model™”, Huang
model™, Kurz-Fisher® model, and Trivedi model™”. The Nastac
model estimated the dendrite arm spacing through differential
thermal analysis (DTA). The Huang model, Kurz-Fisher model,
and Trivedi model further explained the change of PDAS (4,)
and growth rate (7},).

The Nastac model is:

A= IuPDASVPil/AGil ’ (16)

where pppas 1S @ constant.
Huang found the following relationship:
=abc? 17)
where a and b are constants related to the materials.
The Kurz-Fisher model is:

ﬂ'l _ 4.3ATn0.5(AD%7;€)0.25 Gfo.sVl:o.zs (18)

0
where AT, is the nucleation undercooling of the Mg-Gd-Zn
alloys, and AT is the temperature range of the equilibrium
solidification.
The Trivedi model is:

11 _ 2.83(LAT0kD1}/)0'25 Gfo.sVl:o.zs (19)

where L is the harmonic disturbance coefficient.

The simulations using the phase-field method and compared
the results with the Nastac, Huang, Kurz-Fisher, and Trivedi
models were performed, and the results are shown in Fig. 11.
Both the phase-field simulation and the other models show the
same trend, i.e., the PDAS decreases as V. increases. This is
because increasing the cooling rate will increase the degree of
subcooling, thereby enhancing the nucleation rate of the crystals
and thus leading to an increase in the number of columnar

400
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Fig. 11: Variation of PDAS with different cooling rates

crystals. As the number of columnar crystals increases, the
growth space of the dendrites becomes limited, leading to a
reduction in the spacing between primary dendrite arms. And
yet, there are differences between the models. As can be seen
from Fig. 11, the phase-field simulation results are closer to the
Nastac model, but there is a large deviation between them and
the Trivedi model. This discrepancy is mainly due to the fact
that the scaling constants of the Trivedi model are estimated
based on aluminum alloys.

4.2.4 Construction of crystallographic transition diagrams

Crystallographic transition diagrams are important guides in
our experiment. Therefore, phase field simulations were used to
create a crystallographic transition map. While, the prerequisite
for establishing the crystalline transition map is the accurate
prediction of the CET transition under different cooling rate and
temperature gradient conditions. In recent years, many researchers
have developed various CET prediction models. One of the most
common models is the GTK model proposed by Géumann et al'"*.
The GTK model is mainly used to study the effects of nucleation
subcooling, nucleation density, and solute content on crystal
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transformation. The model expression is as follows:

AT, | [ AnN, 1 20)
v 3in(1-f) n+l

p

where a and n are the material-related coefficients, &, is the
nucleation rate, and f'is the volume fraction of the equiaxed crystal.

Simulations using the phase-field method was conducted to
statistically analyze the dendritic morphology under different
cooling rates and temperature gradients in this work. As shown
in Fig. 12, the individual crystalline regions can be obtained. In
the GTK model, if the volume fraction of the equiaxed crystals
is less than 0.0066, the crystal transition does not occur, and the
dendrites are all columnar crystals. When the volume fraction
of the equiaxed grains is greater than 0.49, all grains exist in
the form of equiaxed grains. When comparing the simulation
results with the GTK model results, it can be found that the
phase-field method yields consistent results with the predictions
of the GTK model. Therefore, the present model with the
proposed nucleation model can reasonably predict different
solidification regimes.

4.3 Effect of nucleation on crystal transition

Critical undercooling and nucleation density influence nucleation
processes, which are crucial factors in crystal transformation.
Therefore, this study investigated the effects of critical
undercooling and nucleation density on crystal transformation.
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Fig. 12: Prediction results of CET region

4.3.1 Effect of critical nucleation undercooling on crystal
transition

Critical undercooling can determine the intermediate axial

M1 Nucleation is

nucleation in the front of columnar crystals
possible only when the liquid undercooling is greater or equal
to the critical nucleation undercooling. Figure 13 shows the
simulation results of the CET under different critical nucleation
undercooling degrees when G=40 K'mm™ and ¥,=250 pum-s™.
When the critical nucleation undercooling is 4 K, a large number
of equiaxed crystals begin to nucleate in the front of columnar
crystals in Fig. 13(a). When the critical undercooling increases
to 8 K, the equiaxed crystals disappear and the solidification
structure is mostly composed of columnar crystals.

The relationship between critical nucleation undercooling

and the number of grain nucleation is shown as'*:

In(N)=InB-aAT,’ 1)
47

V7o
solid-liquid interface, AS,, is the entropy of melting per unit

volume, d, represents the characteristic diameter of the size
distribution, and B is a constant.

Figure 14 shows the relationship between the nucleation
number and the critical nucleation undercooling. The data for
the nucleation undercooling between 4-6 K conform to the
relationship indicated by Eq. (21), i.e., a=-8.352 and InB=1.614.
However, the data deviation at nucleation undercooling of
6.5 K is relatively large. The main reason may be the sudden
increase of nucleation undercooling, which raises the required

where a =

, Vs represents the interfacial energy at the

nucleation energy for grains. As a result, the conditions
necessary to satisfy Eq. (21) are no longer met.

To study the concentration distribution under different
critical nucleation subcooling conditions, the same location was
analyzed, as shown in Fig. 3, which is randomly selected and
indicated by the solid yellow line. As shown in Fig. 15, the
concentration curve fluctuates drastically in the equiaxed crystal
region when the critical nucleation undercooling is 4 K in Fig. 15(a),
indicating that there are more nucleated grains in the front of
columnar crystals. With the increase of the critical nucleation
undercooling, the concentration curve becomes gentle, and
the length of columnar crystal increases [see Figs. 15(b-¢)].

Fig. 13: Simulation results of CET under different critical nucleation undercooling degrees with G=40 K-mm
and V,=250 pm-s™: (a) AT,=4 K; (b) AT,=4.5 K; (c) AT,=5.5 K; (d) AT,=6 K; () AT,=6.5 K; (f) AT,=8 K
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When the undercooling reaches 8 K [Fig. 15(f)], the fluctuation
of the concentration curve disappears, but the fluctuation of
concentration inside the columnar crystals becomes more
serious. The reason may be that an increase in the critical
nucleation undercooling is unfavorable for dendrite nucleation,
while the growth of columnar crystals remains unaffected
and proceeds at a relatively fast rate. This results in solute
enrichment between the secondary dendritic arms, leading to
fluctuations in the concentration profiles.

4.3.2 Effect of nucleation density on crystal transition

The nucleation density is related to the nuclei number. The
dendrite nucleation energy can be reduced by adding nucleating
agents, which increases the number of dendrite nucleation.
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Fig. 15: Concentration distribution along the yellow solid line in Fig. 13

The variation of nucleation density from 0 to 5.0 mm™ for
G=4 K-mm™ and V,=1.8 K-s" were investigated, and the results
are shown in Fig. 16. When the nucleation density is 0 mm~
in Fig. 16(a), no equiaxed crystal is formed at the tip of the
dendrite. When the nucleation density is 0.2 mm™ and 0.5 mm™
[Figs. 16(b) and (c)], only a few equiaxed crystals are formed at
the tip of dendrites. The dendrites are relatively coarse, and the
growth of columnar crystals is not completely inhibited. When
the nucleation density is increased to 1.0 mm™ and 2.0 mm~,
the nucleation of equiaxed crystal is promoted ahead of the
columnar crystals [Figs. 16(d) and (e)]. Further increasing
the nucleation density to 5.0 mm™ [Fig. 16(f)], a number of
equiaxed crystals nucleate in the liquid phase, resulting in finer
grain size, indicating that increasing the nucleation density can
promote the occurrence of CET.

The influence of nucleation density on CET position and
equiaxed crystal grain diameter are shown in Fig. 17. Both the
CET location and dendrite diameter decrease with an increase

in nucleation density. When the nucleation density is low, the
number of equiaxed crystals nucleated ahead of columnar
crystals is small, and the spacing between equiaxed crystals
is large. At this time, the competition between dendrites is
weak, which is conducive to the growth of columnar crystals.
With an increase in nucleation density, the number of equiaxed
crystals increases, which reduces the available growth space
for columnar crystals and inhibits their full development.

T a .
5 Conclusions

(1) As the cooling rate increases, the number of nuclei
rises and the grain size decreases. Likewise, increasing the
cooling rate leads to reductions in the dendrite tip radius and
secondary dendrite arm spacing. Simulation outcomes show
good quantitative agreement with experimental measurements
across a range of solidification conditions.

(2) In the equiaxed region, as the temperature gradient and
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Fig. 16: Effect of nucleation density on CET under G=4 K-mm™ and V,=1.8 K-s™: (a) N=0 mm?; (b) N=0.2 mm?,
(c) N=0.5 mm?; (d) N=1.0 mm?; (e) N=2.0 mm?; (f) N=5.0 mm™
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Fig. 17: Influence of nucleation density on CET position
and mean dendrite diameter

cooling rate increase, both the tip growth rate and solid phase
volume fraction increase. In the CET region, decreasing the
temperature gradient and increasing the cooling rate are both
favorable for the CET process. In the columnar region, increasing
the cooling rate decreases the primary dendrite arm spacing.

(3) As the critical nucleation undercooling increases, the equiaxed
crystals ahead of the columnar grain interface disappear, and the
columnar crystal region continues expanding. The relationship
between the critical nucleation undercooling A7, and the grain
nucleation number N is expressed as In(N)=1.614+8.352AT,", i.e.
AT, is proportional to N. With an increase in nucleation density,
the nucleation of equiaxed crystals ahead of the columnar crystal
interface is promoted, which inhibits the growth of columnar crystals.
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