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Abstract: A phase-field model of ternary Mg-Gd-Y magnesium alloy was developed by coupling with the thermodynamics of 

Mg-Gd-Y system and considering cooling rate for the first time. It was applied to simulate the solidification microstructure 

and concentration distribution of GW103 (Mg-1.69mol%Gd-1.32mol%Y) alloy at different cooling rates both in one-grain and 

multigrain simulation cases. Then GW103 alloys were prepared by gravity casting method and characterized to verify the 

model. Results give new understanding that the GW103 alloy exhibits thick six fold primary dendrite, a few protuberance-like 

secondary arms and even no higher-order arms, instead of developed dendrite. The ascending cooling rate results in refinement 

of microstructure of GW103, which exhibits smaller grain size, slimmer primary dendrite and less secondary arms in 

multigrain simulation case. Besides, higher cooling rate aggravates the solute enrichment and inhomogeneous distribution of 

Gd and Y in interdendritic area. The simulation and the experimental results are matched well. 
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The application of lightweight alloys has increased in the 

last decade for transportation purposes to reduce mass and 

energy consumption

[1]

. Magnesium alloys have attracted 

increasing attention in automotive industry owing to their 

low density, excellent castability and machinability

[2-4]

. The 

most widely applied magnesium alloys is Mg-Al system 

alloy

[2, 5]

, such as AZ91 alloy

[2, 6]

. Recently, magnesium al-

loys that contain heavy rare earth metals exhibit good per-

formance at room temperature as well as elevated tempera-

ture

[7-9]

, among which Mg-Gd-Y alloy is a potential alloy in 

the field of aerospace

[10-13]

. 

It is reported that cooling rate is a crucial parameter in 

influencing solidification microstructure of Mg-Gd-Y alloy, 

such as phase constitution, the fraction of secondary 

phase

[14, 15]

, grain size

[14]

 and segregation

[15]

, and thus de-

ciding the mechanical properties of casting

[14]

. Pang et al.

[14]

 

studied the influence of cooling rate on the microstructure 

of sand cast Mg-10Gd-3Y-0.5Zr alloy with the cooling rate 

varying from 0.7 to 3.61 K/s, and it is found that the aver-

age grain size of α-Mg reduced with the increase of cooing 

rate. Zhou et al.

[15]

 revealed that the increasing cooling rate 

contributed to the refinement of the grains, and the mor-

phology of primary phases varied from coarse to thin as the 

cooling rate increased. With the increase of cooling rates 

which were higher than a critical value, the segregation of 

solutes in the interdendritic area was reduced, due to the 

fact that the solid composition is close to the initial compo-

sition of alloy.  
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With the development of computer technology, using 

numerical simulation method

[16-22]

, such as cellular 

automaton (CA)

[18, 19]

 or phase-field (PF) method

[20-22]

, to 

understand and predict the characteristic of alloys during 

solidification process can effectively promote the research 

and application of cast magnesium alloys. Phase-field mod-

eling on the basis of solute diffusion, ordering potential and 

thermodynamic driving force is a powerful tool to simulate 

and study microstructure evolution during phase transfor-

mation

[23-31]

. Generally, the commercial magnesium alloys 

are based on multi-component systems, and thus the devel-

opment of a multi-component phase-field model coupled 

with the corresponding thermodynamics is necessary. A 

ternary phase-field model for Mg-Al-Sn alloy coupled with 

corresponding thermodynamics and pressure was estab-

lished in our previous work

[32]

, and the microsegregation 

and dendritic growth kinetics of Mg-Al-Sn alloy affected by 

pressure were investigated. Most investigations regarding 

the influence of cooling rate on the solidification micro-

structure of Mg-Gd-Y alloys were executed via experiments, 

while the phase-field model coupling the thermodynamics 

of Mg-Gd-Y alloy and taking cooling rate into considera-

tion has not been developed yet to make it possible to in-

vestigate the effects of cooling rate on dendritic growth ki-

netics of Mg-Gd-Y alloy in a numerical approach. 

In this work, a phase-field model describing solidifica-

tion microstructure of Mg-Gd-Y alloy was developed by 

coupling with the thermodynamics of Mg-Gd-Y alloy and 

taking cooling rate into consideration. Based on the model, 

one-grain and multigrain simulation cases were carried out 

to investigate the dendritic characteristics of GW103 

(Mg-1.69mol%Gd-1.32mol%Y) alloy at different cooling 

rates, and the influence of cooling rate on the morphology 

of dendrites, including primary dendrites and secondary 

arms, the grain size and concentration distribution were 

studied and analyzed. Furthermore, in order to verify the 

model, GW103 alloys solidified at different cooling rates 

were prepared by gravity casting method and the micro-

structure was characterized by optical microscope (OM) 

and scanning electron microscopy (SEM). The solute dis-

tribution was characterized by energy dispersive spec-

trometer (EDS). 

1  Phase-field Modeling and Experimental Method 

1.1  Phase-field model for ternary system 

In a system with (n+1) components, the free energy den-

sity ( f ) of m phase is illustrated as Eq.(1)

[24]

: 

f 

m

 = (c

1m

, c

2m

,···, c

nm

)                          (1) 

Where c

i

 is the concentration of ith solute (i=1, 2, …, n), 

m=L or S represents the liquid or solid phase, respectively. 

The governing equations of a multicomponent system are 

explicitly written as Eqs.(2) and (3) for phase field and 

concentration field respectively

[24]

: 

M

φ

 

−1 

(∂φ /∂t ) = ε

2 

∇

2

φ − wg′(φ)− h

p

′

(φ).  

[ f

 S 

− f

 L 

– ∑(c

iS 

− c

iL

)µ�

i 

]          (2) 

∂c

i 

/∂t = ∇ · [1 − h

d 

(φ) ] ∑D

ij

L

∇c

jL

+   

         ∇ · [ε (2w)

−0.5 

(c

iL 

− c

iS

) ] (∂φ /∂t) (∇φ /|∇φ | ) (3)

 

where φ is the order parameter which is defined as φ = 0, φ 

= 1 and 0 < φ < 1 in the bulk liquid, bulk liquid and the in-

terfacial region between them, respectively. c

iS

 and c

iL

 are 

the composition of solid and liquid of ith solute, respec-

tively. Eqs.(4) and (5) are equations for solving the gov-

erning equation of phase-field model, which means that the 

concentration c

i

 follows the mixture rule, as well as that c

iS

 

and c

iL

 follow the equal chemical potential condition at a 

given point in the interfacial region

[24, 33-35]

,  

c

i

 =h

r 

(φ) c

iS

 + [ 1 − h

r 

(φ) ] c

iL

                   (4) 

∂f 

S

/∂c

iS

=∂f 

L

/∂c

iL

 ≡ µ�

i

                          (5) 

Where µ�

i

 is the chemical potential, f 

S

 and f 

L

 are the free 

energy densities of solid and liquid phase. g(φ) is the dou-

ble-well potential which is expressed as g(φ) = φ 

2 

(1−φ)

2

. 

h(φ) distinguished by the subscripts p, r and d in Eqs.(2)~(4) 

are monotonous interpolation functions satisfying h(φ) = 0 

and h(φ)=1. In this paper, the interpolation functions are 

expressed by h

p 

(φ) = φ 

3 

(10 − 15φ + 6φ 

2

) and h

d 

(φ) = h

r 

(φ) 

=φ which satisfy the symmetry condition. The detailed rea-

sons for the choice of such function forms can be found in 

Ref.[24]. D

ij

L

 is the diffusivity in liquid phase which varies 

with temperature. The second term in the right-hand side of 

Eq.(3) is ‘anti-trapping’ (AT) current term. The AT current 

term prevents an abrupt chemical potential jump across the 

solid-liquid interface relevant to finite interface width in the 

phase-field model

[24, 36]

. w, ε, and M

φ

 in Eqs.(2) and (3) 

represent the height of the parabolic potential, the gradient 

energy coefficient and the phase field mobility, respectively, 

expressed as Eqs.(6)~(8)

[33, 37]

: 

ε = (6λσ/α)

0.5

                                 (6) 

w = 3ασ/λ                                    (7) 

M

φ

 

−1

 = ε

3

σ 

−1 

(2w)

−0.5 

[ ξ

1 

(c

1L

e

, c

1S

e

) /D

1i

L

 + ξ

2 

(c

2L

e

, c

2S

e

) /D

2i

L

 ]  

  (8 ) 

Where α is a constant depending on the definition of the 

interface thickness. α ≈ 2.94 when the interface region is 

defined as –λ < x < +λ. σ is interface energy, and 2λ is in-

terface width. The anisotropy is introduced into the inter-

face energy as Eq.(9) described

[38]

:  

σ(θ) = σ

0 

[ 1 + γ cos(ηθ) ]                       (9) 

Where σ

0

 is the isotropic interface energy and γ is the ani-

sotropy strength. η equals 6 for magnesium alloys, which is 

related to the sixfold crystal structure. θ is the angle be-

tween the horizontal direction and the normal of the inter-

face which points to the liquid. ξ

i

 is a function related to 

equilibrium composition of solid (c

iS

e

) and liquid (c

iL

e

). The 

definitions of parameters associated with the phase-field 

equations can be found in Refs.[24, 33-38] in detail.  

1.2  Cooling rate 

To investigate the influence of cooling rate on solidifica-
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tion microstructure of Mg-Gd-Y alloy, the temperature in 

the model was set as:  

T 

p

 = T 

p-1

 – R

cooling

∆t   p = 1, 2, …              (10) 

Where T 

p

 represents the temperature in current calculation 

step, T 

p-1

 represents the temperature in last calculation step, 

T

0 

denotes the initial simulation temperature when the cal-

culation step p = 1, R

cooling

 is cooling rate and ∆t is time step. 

Therefore, the phase-field model considering the influence 

of cooling rate for ternary magnesium alloy was developed. 

1.3 Thermodynamics 

The thermodynamic model in a multicomponent system 

can be described as

[39]

: 

G

m

 = ∑c

i

0

G

i

m

 + RT ∑c

i

lnc

i

 + G

m,ex

               (11) 

Where i =1, 2, 3 represent component Gd, Y and Mg for 

Mg-Gd-Y ternary system, respectively. G

m

 is the Gibbs free 

energy for solid phase (m=S) or liquid phase (m=L). 

0

G

i

m

 is 

the Gibbs free energy of pure component i. R is the gas 

constant. T is the temperature. The first term represents the 

contribution of pure components of the phase to the Gibbs 

free energy, the second term represents the ideal mixing 

contribution, and G

m,ex

 represents the Gibbs excess energy 

of mixing described as below: 

G

m,ex

=∑

2

i=1

∑

3

j=i+1

c

i

c

j

∑

n

υ=0

[

υ

L

m

ij

(c

i

−c

j

)

υ

]+c

1

c

2

c

3

L

ter

   (12)

 

Where 

v

L

ij

m

 and L

ter

 are the model parameters. In Mg-Gd-Y 

system, the Gibbs excess energy of mixing is expressed as 

follows where the formula unit is J/mol

[40]

. 

G

L,ex

 = c

Gd

 c

Mg

 [ (– 36681.3 + 16.2484T ) + (34233.8–  

10.7783T ) (c

Gd

 – c

Mg

) + (– 7352.9) (c

Gd

 –c

Mg

)

2

 ]+  

c

Gd

 c

Y

 (– 2014.5 + 1.0695T) + 

c

Mg

 c

Y

 [ (– 41194.9 + 17.5452T) +  

  (– 15779.0 + 4.7064T ) (c

Mg

 – c

Y

) ]        (13)  

G

S,ex

 = c

Gd

 c

Mg

 [ (– 33346.6 + 19.3451T ) + 13854.0× 

(c

Gd

 – c

Mg

)] + c

Gd

 c

Y

 ( 695.1 – 0.3209T )+  

c

Mg

 c

Y

 [ (– 26612.8 + 13.9461T) +                  

(– 2836.2) (c

Mg

 – c

Y

)]                   (14) 

The thermodynamic model of Mg-Gd-Y ternary alloy 

was coupled into the phase-field model to reflect the influ-

ence of thermodynamics on microstructure. f 

L

 and f 

S

 which 

are significant physical quantity of Eqs.(2)~(5) are written 

as Eq.(15) and (16) where V

m

 is the molar volume of 

GW103:  

f

 L

 = (∑c

iL

G

i

L

 + RT ∑c

iL

lnc

iL

 + G

L,ex 

)/V

m

    (15) 

f

 S

 = (∑c

iS

G

i

S

 + RT ∑c

iS

lnc

iS

 + G

S,ex 

)/V

m

     (16) 

1.4 Simulation parameters 

The microstructure of Mg-Gd-Y system, especially 

GW103 alloy (Mg-9.27wt%Gd-4.27wt%Y) was simulated 

and investigated in this work. The initial simulation tem-

perature was 867 K, with the initial undercooling of ∆T =29 

K. Table 1 gives the simulation parameters of GW103 alloy, 

where 1 and 2 represent the solute Gd and Y, respectively. 

Equilibrium solute concentration important to the initial 

conditions of the simulation varies with temperature, the 

values of which were calculated based on the thermody-

namic model of Mg-Gd-Y system by PANDAT� software. 

The liquid diffusion coefficient which varies with tempera-

ture was calculated by DICTRA� software. The values of 

equilibrium solute concentration and liquid diffusion coef-

ficient in solidification temperature interval are shown in 

Fig.1.  

1.5 Experimental method 

To verify the results of simulation, it is necessary to 

compare the microstructure and concentration distribution 

of GW103 alloy obtained by experiments and that by simu-

lation. In this work, several GW103 alloys solidified at dif-

ferent cooling rates were prepared by gravity casting me-

thod. GW103 alloys were prepared by pure Mg ingot, 

Mg-25wt%Gd ingot and Mg-25wt%Y ingot. The ingots  

 

Table 1  Parameters of GW103 alloy used in the simulation 

Parameters Value Ref. 

Initial composition, c

1

0

/mol% 1.69 - 

Initial composition, c

2

0

/mol% 1.32 - 

Grid size, ∆x/m 6.0×10

-7

 - 

Time step, ∆t/s 4.32×10

-5

 - 

Interface width, 2λ 4∆x [38] 

Anisotropy strength, γ 0.025 - 

Molar volume, V

m

 /m

3

·mol

-1

 1.36×10

-5

 [38] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Liquid diffusion coefficient (a) and equilibrium concentra-

tion (b) of Gd and Y in solidification temperature interval 

of GW103 
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were melted at 750~760 � with the protection of mixed 

gas (5% SF

6

 and 95% CO

2

). Then the GW103 melt was 

poured into a permanent mould to produce a step-shaped 

casting with different wall thickness. With the decrease of 

the wall thickness, the cooling rate of the GW103 alloy in-

creased. The actual composition of the alloys was 

Mg-9.27wt%Gd-4.27wt%Y. The detailed preparation me-

thod of GW103 can been found in our previous work in 

Ref.[41].  

The microstructure morphology during solidification at 

different cooling rates was characterized by optical micro-

scope (OM) and a Zeiss Merlin Compact scanning electron 

microscopy (SEM). The concentration distribution were 

characterized by an energy dispersive spectrometer (EDS) 

mounted on the SEM, the principle of which is to use the 

X-ray photon characteristic energy of different elements for 

component analysis. 

2  Results and Discussion 

2.1  Influence of cooling rate on microstructure and 

growth kinetics 

To investigate the e�ects of cooling rate on solidification 

microstructure, one-grain growth and multigrain growth 

were simulated based on the phase-field model coupled 

with the thermodynamic model of Mg-Gd-Y alloy and 

cooling rate. For one-grain simulation case, the grain 

growth is not influenced by adjacent grains, and dendrite 

develops freely. Fig.2 shows the dendritic morphology of 

GW103 alloy in one-grain simulation case at the same time 

(t=10000∆t) when dendrites grow at different cooling rates 

such as 0.0001, 0.0005 and 0.0007 K/∆t. In our previous 

research, it was found that Mg-Al-Sn alloy exhibited highly 

developed dendrite arms, clear secondary arms and 

three-order arms

[32]

. Compared with the dendrite of 

Mg-Al-Sn alloy we studied previously, the dendrite of 

GW103 alloy presents sixfold symmetry but does not ex-

hibit fully developed dendritic structure. The dendrite of 

GW103 alloy exhibits thicker primary dendrite, less secon-

dary arms and even no higher-order arms. The secondary 

arms of GW103 alloy are not apparent arms, but the small 

protuberances on the primary dendrite.  

Interface energy and liquid diffusion coefficient are sig- 

 

 

 

 

 

 

 

 

Fig.2  Morphologies of dendrite at 10000∆t under different cool-

ing rates: (a) 0.0001 K/∆t, (b) 0.0005 K/∆t , and (c) 0.0007 

K/∆t 

nificant factors which influence dendrite tip growth kinetics 

and interface stability, reflecting in the branching ability of 

primary dendrites. According to the LMK theory in 

Ref.[42], the radius of the dendrite tip ρ is proportional to 

the interface energy. The dendrite tip radius decreases with 

decreasing the interface energy, which promotes the inter-

face instability and makes for the tendency of side branch-

ing. Besides, Ref. [43] proposed an equation to describe the 

interface stability during casting solidification process:  

/ε ε

�

=–Γω

2

–G

T

ξ

T

+G

L

ξ

c

                        (17) 

Here, G

T

 is the conductivity weighted temperature gradient, 

G

L 

is the liquidus temperature gradient, and the quantity ξ

c

 

is of tiny value which is related to liquid diffusion coeffi-

cient of solute. The detailed definitions of quantities in 

Eq.(17) can be found in Ref.[43]. 

/ε ε

�

 is used to evaluate 

whether the perturbation at interface is stable or not, and 

the sign of 

/ε ε

�

 determines the interface stability. When 

/ε ε

�

<0, it represents that the interface is stable, which is not 

conductive to dendrite developing. The three terms in the 

right-hand side of Eq.(17) are determined by interface en-

ergy, temperature gradient and solute accumulation ahead 

of solid/liquid (S/L) interface, respectively. When the in-

terface energy is high, the first term contributes to the ten-

dency of 

/ε ε

�

<0. When the liquid solute diffusion coeffi-

cient is low, the solute accumulates heavily ahead of S/L 

interface, and the tiny value of G

L

ξ

c

 promotes the tendency 

of 

/ε ε

�

<0 due to the tiny value of ξ

c

. Therefore, the in-

creasing interface energy and the decreasing liquid solute 

diffusion coefficient together contribute to interfacial sta-

bility, consequently weakening side branching growth. The 

liquid diffusion coefficient of the main solute in the 

Mg-Gd-Y and Mg-Al-Sn alloy is on the order of 10

-11

 and 

10

-9

, respectively. The lower liquid diffusion coefficient of 

solute makes for the tendency of 

/ε ε

�

<0 and interface sta-

bility; therefore, the dendritic morphology of Mg-Gd-Y al-

loy is less developed than that of Mg-Al-Sn alloy. Besides, 

the solutes of Mg-Gd-Y alloy diffuse slower in the liquid 

and accumulate ahead of S/L interface, which increases the 

interface energy. Both of the high interface energy and good 

interface stability result in that the dendrites of GW103 al-

loy exhibit not fully developed morphology.  

With the increase of cooling rate, the dendrite is relatively 

more developed, with larger dendrite size, longer primary 

dendrite and more secondary arms. The variation of the 

cooling rate affects the driving force (∆f), a key factor of 

impacting microstructure evolution in the phase field model. 

In the one-grain phase field simulation of GW103, the initial 

temperature is 867 K, and when temperature descends at dif-

ferent rates, the undercooling in the melt increases at differ-

ent rates. When the cooling rate is 0.0001, 0.0005 and 0.0007 

K/∆t, the undercooling at t=10000∆t is 30, 34 and 36 K, re-

spectively. Higher cooling rate results in higher undercooling 

in the liquid, thus providing more driving force for dendrite  

a 

b 

c 
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Fig.3  Average tip growth velocity at different cooling rates 

 

growth, which is the reason for ascending tip growth velocity 

with cooling rate, as illustrated in Fig.3. The ascending tip 

growth velocity is the reason for larger dendrite size and 

longer primary dendrite. In addition, the S/L interface stabil-

ity decreases as tip growth velocity ascends. For a particular 

alloy, it was described in the LMK theory that vρ = constant 

in Ref.[42], and the dendrite tip radius (ρ) decreases with the 

increase of tip growth velocity (v). When ρ decreases to a 

point where the interface stability could not be kept, the pri-

mary dendrite would develop side branching or small protu-

berances to maintain it

[42]

, as shown in Fig.2c. 

For multi-grain simulation case, it is necessary to take 

nucleation rate into consideration. According to our previ-

ous work

[44]

, cooling rate has a great influence on nuclea-

tion rate. The increasing cooling rate will increase the un-

dercooling and provide more driving force for nucleation, 

resulting in more nuclei. When cooling rate is 0.0005 K/∆t 

and 0.0010 K/∆t, 9 and 25 grains are set in the simulation 

domain, respectively. Fig.4 displays the simulated micro-

structure when solidified at cooling rate of 0.0005 K/∆t and 

0.0010 K/∆t. Fig.5 presents the experimental results of so-

lidification microstructure at the corresponding cooling rate 

observed by OM and SEM. It can be seen that the micro-

structure consists of primary α-Mg dendrite, the dark area 

in SEM images, and eutectic in bright interdentritic area. 

The morphology of dendrite at the same cooling rate ob-

tained by simulation agrees with that by experiments, such 

as the barely developed dendrite, thick primary arms with 

sixfold symmetry and small protuberance-like secondary 

arms, which are exhibited clearly in the SEM images.  

The variation of cooling rate has a great influence on 

microstructure of GW103 alloy, such as grain size and den-

dritic morphology. Through comparing the microstructure 

at different cooling rates, the grain size at 0.0005 K/∆t and 

0.0010 K/∆t are about 85 and 55 µm, respectively. It illus-

trates that the increasing cooling rate makes for the micro-

structure refinement, presenting smaller grain size at higher 

cooling rate due to insufficient growth space, since the in-

creasing cooling rate leads to higher nucleation undercool-

ing and then more nuclei are formed. Another characteristic 

of dendrites growing at higher cooling rate is the un-

der-developed dendrites. It exhibits slimmer primary den-

drite and less secondary arms as shown in Fig.4b and Fig.5b. 

The liquid diffusion coefficient of Gd and Y are low, and 

the solutes accumulate ahead of the S/L interface, detailed 

illustration later. It reduces the liquidus temperature gradi-

ent G

L

 and then contributes to the tendency of 

/ε ε

�

< 0. As a 

consequence, the stability of interface is promoted, so the 

interface tends to remain planar and the protuberance-like 

secondary arms become less and even disappear. 

2.2  Influence of cooling rate on concentration dis-

tribution 

Since cooling rate influences tip growth velocity and nu-

cleation rate, it can be deduced that cooling rate will influ-

ence the concentration distribution of GW103 alloy. Fig.6 

shows the simulated concentration distribution of solute Gd 

and Y at different cooling rates. Fig.7 is the concentration 

distribution of Gd, Y and Mg by EDS. Comparing the con-

centration distribution at the same cooling rate, it is appar-

ent that Mg mainly distributes in the dendrite and little in 

interdendritic area; the distribution of solute Gd and Y are 

inhomogeneous which tend to aggregate in interdendritic 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Simulated microstructures at different cooling rates:  

(a) 0.0005 K/∆t and (b) 0.0010 K/∆t 
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Fig.5  OM (a, b) and SEM (c, d) images of solidification micro-

structures at different cooling rates: (a, c) 0.0005 K/∆t 

and (b, d) 0.0010 K/∆t 

 

area. The inhomogeneous distribution of solute Gd and Y 

can be illustrated more clearly by EDS element line scan-

ning as shown in Fig.8. A linear scanning path from point 

‘A’ to ‘E’ was generated, which went through two dendritic 

areas named ‘A’ and ‘E’, as well as three interdendritic ar-

eas named ‘B’, ‘C’ and ‘D’. The x-axis and y-axis of 

Fig.8b~8d represent relative position and peak intensity of 

the corresponding solute, respectively. The peak intensity 

qualitatively manifests the relative solute content to some 

degree. As shown in Fig.8c and 8d, it further demonstrates 

that solute Gd and Y are more likely to accumulate in in-

terdendritic area such as area B, C and D. Moreover, when 

compared with Y, the peaks of solute Gd are more apparent 

and the peak width is narrower at B, C and D. It illustrates 

that the interdendritic solute enrichment of Gd is severer 

than that of Y. The cooling rate affects the concentration dis-

tribution. Solute Gd and Y become more heavily enriched in 

interdendritic area with the increase of cooling rate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Simulated concentration distribution of solute Gd and Y at different cooling rates: (a, b) 0.0005 K/∆t and (c, d) 0.0010 K/∆t 

 

The solute segregation is significantly influenced by 

equilibrium partition coefficient k, an important physical 

quantity expressed as k = c

S
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/c

L
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. It reflects the solute redis-

tribution ability at S/L interface during the solidification 

process. If the solubility of an element in the solid is lower 

than that in the liquid, the solutes are rejected to the liquid 

near the S/L interface during solidification process, and the 

solutes accumulate in the later solidified liquid, resulting in 

solute enrichment in interdendritic areas. Fig.9 displays that 

k

Gd

 < k

Y

 in the solidification temperature interval. It means 

that the solute Gd more likely remains in liquid and den-

dritic edge than Y, where consequently Gd accumulates 

more heavily. k

Gd

 and k

Y

 were calculated based on the c

S

e

 

and c

L

e

 of Gd and Y shown in Fig.1b. In addition to lower 

equilibrium partition coefficient, as displayed in Fig.1a, the 

liquid diffusion coefficient of Gd is also much lower (about 

2 orders of magnitude) than that of Y, which likewise leads 

to its severer segregation. 
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Fig.7  SEM image of characterized region (a) and EDS element distribution (b~d) at high cooling rate: (b) Gd, (c) Y, and (d) Mg 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  SEM image (a) and EDS element line scanning (b~d): (b) Mg, (c) Gd, and (d) Y 

 

The solidification becomes more deviated from equilib-

rium with the increase of cooling rate. The concentration 

characteristics at higher cooling rate can be attributed to two 

factors, higher tip growth velocity and lower diffusion coef-

ficient. At higher cooling rate (0.0010 K/∆t), more solutes 

are rejected to the interface of solid and liquid phase due to 

the increased tip growth velocity. Besides, liquid diffusion 

coefficients of Gd and Y decrease with the decline of tem-

perature, and they are lower at higher cooling rate. Moreover, 

there is shorter solidification time under high cooling rate, 

resulting in less available time for solute diffusion. Therefore, 

the increasing cooling rate aggravates the solute enrichment 

and inhomogeneous distribution of solutes. 

 

 

 

 

 

 

 

 

 

 

  

 

Fig.9  Equilibrium partition coefficient of Gd and Y 
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3 Conclusions 

1) GW103 alloy does not exhibit fully developed den-

drite. Instead, it exhibits thick sixfold primary dendrite, a 

few protuberance-like secondary arms and even no high-

er-order arms, which is distinct from that of Mg-Al-Sn 

alloy we studied previously.  

2) In one-grain simulation case, the dendrite grows 

freely, and the high cooling rate promotes the growth of 

dendrite, resulting in increased tip growth velocity and 

relatively more developed dendrite, exhibiting larger 

dendrite size, longer primary dendrite and more secondary 

arms. In multigrain case, cooling rate has a great influence 

on grain size and dendritic morphology. Higher cooling rate 

results in smaller grain size, and attributes to more nuclei 

and insufficient growth space; as well as slimmer primary 

dendrite and less secondary arms due to solute accumula-

tion ahead of S/L interface. The multigrain simulation re-

sults are in good agreement with experiment results.  

3) Phase field simulation and experimental characteriza-

tion results show that solute Gd and Y distribute inho-

mogeneously. The solutes are more likely to aggregate in 

interdendritic area where Gd accumulates more heavily 

than Y, due to k

Gd

 < k

Y

 and D

Gd

L

<<D

Y

L

. The cooling rate 

makes a difference to the inhomogeneous distribution of 

solute Gd and Y. As cooling rate increases, the distribution 

of Gd and Y becomes more inhomogeneous and the solute 

enrichment in interdendritic area is much severer, owing to 

higher tip growth velocity and lower liquid diffusion co-

efficient of solutes. 
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