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Abstract: The solidification process and microstructure of ZL201 aluminum alloy auxiliary frame were simulated by Cellular 

Automation (CA) method, and the temperature field and microstructure simulation (CAFE) field were established. According 

to the solid and liquid phase lines of ZL201 aluminum alloy, six different nucleating surfaces were determined. The simulation 

results of temperature field show that the nucleation rate and growth rate can be controlled in the most suitable range by oil 

cooling. The nucleation rate is 1/276 s·cm

3

 and growth rate is 65.2 µm/s. The calculation results of thermodynamic phase 

diagram show that in the formation process of Al

3

Ti phase, it absorbs covalent electrons from surrounding aluminum atoms. 

With the increasing of titanium content, the precipitation temperature of Al

3

Ti increases. In addition, the content of Al

3

Ti has 

increased from 0.144 mol% to 0.698 mol%, and the effect of grain refinement becomes more and more obvious. Through the 

simulation of the microstructure of ZL201 aluminum alloy auxiliary frame, the corresponding <100> polar diagram and the 

experimental metallographic structure, it is shown that the change of Ti content has a significant impact on the grain 

refinement effect of ZL201 aluminum alloy auxiliary frame microstructure. With the increasing of titanium content, the new 

phase Al

3

Ti promotes grain refinement and composition uniformity. It can be seen from the simulated polar diagram of <100> 

that the increase of Ti content is conducive to the preferential orientation of grains, and the grain refinement is achieved by 

slowing down the competition among grains. The results of simulation are basically consistent with the metallographic 

structure obtained by experiment. 
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In recent years, the lightweight automobile has become 

the trend of development, which is an effective measure to 

deal with the energy and environmental problems caused by 

the rapid growth of car ownership

[1]

. The advantages of 

ZL201 aluminum alloy include low density, good formabil-

ity and excellent corrosion resistance, which has become an 

important way to realize automobile lightweight

[2]

. ZL201 

aluminum alloy has been widely used in automobile body, 

chassis and powertrain. In particular, it is applied to the 

auxiliary frame in the chassis

[3]

. Fig.1 shows that the auxil-

iary frame of U-shaped structure

[4]

. In order to realize the 

lightweight of auxiliary frame, the requirement of alumi-

num alloy casting is also raised

[5]

. It is mainly reflected in 

high forming precision, the microstructure of small size, 

uniform composition, and excellent macro performance. 

Simulation analysis is necessary to control the solidification 

process

[6]

. 

The solidification process is a very important stage in 

material processing and preparation. During the forming 

process, most metals and metal alloys have solidification 

processes

[7]

. The microstructure obtained by solidification 

process will directly affect the macro-properties of materi-

als

[8]

. The most essential factors determining the mechani-

cal properties of materials are the morphology, size, orien-

tation and distribution of the internal grains of castings

[9]

. 

Therefore, the change of solidification structure will have a 

great impact on the mechanical properties of castings, and 

the control of solidification structure is the key to obtain 
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high quality casting

[10]

. The solidification process involves 

a series of complex physical and chemical changes. The 

macroscopic properties show that the solidification is ac-

companied by heat transfer, mass transfer and flow

[11]

. The 

microscopic properties show that the solidification is a dy-

namic process of nucleation and growth

[12]

. Due to the 

complex influence between macro and micro, the theoreti-

cal study and mathematical analysis of solidified micro-

structure are very difficult

[13]

. In recent years, with the de-

velopment of experimental technology, the establishment of 

computer simulation model greatly reduces the problem 

involving time and production cycle

[14]

. The research me-

thod of microscopic simulation is mainly to the grain size 

and morphology of solidified microstructure are predicted 

by establishing the dynamic model of nucleation growth 

process

[7]

. Therefore, in the microstructure simulation of 

solidification process, it is not only necessary to calculate 

the macroscopic temperature field and now field, but also to 

simulate the grain nucleation and growth process

[15]

. The 

authors hold that the blending of different models and the 

coupling of models with macro-field simulation will be the 

future tendency for the simulation of microstructure during 

solidification

[16]

. In the study of microstructure simulation, 

Cellular Automation (CA) have simulated quantitatively the 

effect of supercooling degree and solute distribution on the 

solidification process. CA can describe the formation 

process of free dendrites and columnar crystals and the 

transformation process of columnar crystals and equiaxed 

crystals

[17]

.  

In this work, the cooling and solidification process of 

ZL201 aluminum alloy auxiliary frame were simulated by 

CA method Fig.1 is structural drawing of the auxiliary 

frame. The temperature field and CAFE field were estab-

lished. Firstly, the nucleation surface was determined by the 

temperature field, and then the influence of Ti content on 

microstructure was analyzed. When the content of Ti is  

0.45 mol% and 0.75 mol%, it plays an obvious role in grain 

refinement. Finally, combined with the microstructure of 

ZL201 aluminum alloy auxiliary frame and corresponding 

<100> orientation pole figure, the refinement effect of Ti 

was further verified. 

 

 

 

 

 

 

 

Fig.1  Structural drawing of the auxiliary frame 

1-steering bracket, 2-mount bracket, 3-steering engine, 4-shock 

absorber, 5-spring, 6-tire, 7-steering knuckle, 8-stabilizer rod, 

9-auxiliary frame, 10-stabilizer bar, 11-control arm 

1  Model Establishment and Parameters De-

termination 

1.1  Macroscopic and microscopic meshing models 

In the simulation process, surface mesh and volume mesh 

are divided. In addition, the generation of grid includes mac-

roscopic temperature field and microstructure simulation 

(CAFE)

[18]

. Equilateral triangle is used to divide the grid cells. 

The grid size of ZL201 auxiliary frame is 20 mm and the sam-

ple is 0.3 mm. In order to analyze thoroughly the microstruc-

ture affected by different Cu content, the nucleation surface 

was sampled and analyzed. The sample is a cylinder with a 

diameter of 5 mm and a height of 10 mm (as see in Fig.2).  

In order to accurately simulate the microstructure of 

grain growth and size, the grid needs to be continuously 

optimized. The particle of nucleation grows in subdivided 

mesh. The mesh division should not only ensure the number 

of nucleated particles in the mesh, but also ensure that the 

growth of grains cannot exceed the range of a cell.  

1.2  Calculation of various thermophysical parameters 

The ZL201 auxiliary frame was manufactured by 

low-pressure die casting (LPDC) method. The composition 

of alloy elements is shown in Table 1. We only changed the 

content of Cu in the three schemes. The cooling and solidi-

fication process of ZL201 auxiliary frame was simulated by 

CA method. The temperature of mold was set to 350 ºC, and 

the casting was 750 ºC. In the process of simulating mac-

roscopic temperature field and microstructure, the accuracy 

of thermophysical parameters would directly affect the re-

sults of calculation and simulation. In the model ZL201 

auxiliary frame, the solid phase fraction calculation of in-

tracellular grains is based on Scheil equation

[19]

. 
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m is liquid phase slope; c

0

 is alloy composition; Γ is 

Gibbs-Thompson parameter; D is liquid diffusion coefficient; k 

is equilibrium solute partition coefficient; α is the first level 

growth coefficient; β is the second level growth coefficient. The 

microstructure simulation required for the values of thermo-

physical parameters and growth coefficients are listed in Table 2. 

2 Simulation Result and Analysis 

2.1  Analysis of cooling and solidification process 

Setting the heat transfer coefficient between the casting and 

the mold as h=300. The temperature distribution of castings 

during solidification was analyzed under the three different 

conditions of oil cooling, air cooling and slow cooling. The 

cooling and solidification process of the temperature field dis-

tribution of ZL201 auxiliary frame is shown in Fig.3. 

The start time was calculated after the completion of filling. 

Initial temperature field was obtained by steady-state analysis at 

0.01 s. The initial temperature of the casting is 750 ºC. Contact-

ing between castings and molds results in a strong heat exchange. 

It makes the temperature of the inner surface part of the casting 

in contact with mold rise rapidly from 350 ºC to 720 ºC, and the 

temperature of most parts of the mold is still the initial tempera-

ture of 350 ºC. Section A is the first to reach the liquidus tem-

perature (652~660.2 ºC), and it begins to precipitate the solid 

phase at stage 1. In the stage 2, the temperature of the most parts 

of casting begins to drop. Since the cooling condition is superior, 

the temperature of the casting edge drops, and it has fallen to 

below 650 ºC. The results show that the most parts of liquid 

aluminum alloy begin to solidify, which accords with the basic 

physical process of heat conduction. When the process continues 

to stage 4, the casting center and section B are still the liquid, 

and other positions have dropped below the temperature of the 

solid phase line (540 ºC). At this time, the heat dissipation con-

ditions of the casting edge part is supreme. This stage completes 

the transformation from liquid state to solid state, and the phase 

transition zone begins to spread to the surface of the casting. 

When solidification reaches stage 6, the temperature of the cast-

ing center drops to 209 ºC, and the outside temperature drops to 

195 ºC. Since the internal and external temperature difference is 

less than 15 ºC, the rate of descent of the casting temperature 

becomes slow. The heat exchange process is basically complete 

until it cools to room temperature.  

2.2  Microstructure simulation analysis 

Fig.4, Fig.5 and Fig.6 show simulated microstructure of 

the ZL201 auxiliary frame with different Ti contents. The 

Ti contents are 0.15 mol%, 0.45 mol% and 0.75 mol%, re-

spectively. The microstructure was simulated in three dif-

ferent cooling modes. Cooling methods include water cool-

ing (FilmCo=10, T=25 ºC), oil cooling (FilmCo=1500, 

T=160 ºC) and slow cooling (FilmCo=500, T=25 ºC). Dif-

ferent colors represent grains of different orientations. Ac-

cording to the simulation results of the temperature field, a 

total of six nucleation surfaces were selected. In the actual 

production, mold wall, mold temperature, alloy composition, 

process and so on will affect the result of nucleation. It can 

be seen that the auxiliary frame casting is prepared by water 

cooling, and the structure uniformity is poor. The grain size 

of ZL201 aluminum alloy casting depends on nucleation 

rate and growth rate

[21]

. Grain refinement can only be 

achieved by increasing nucleation rate and decreasing 

growth rate. The cooling velocity of oil is the lowest in the 

three cooling methods. With the increase of the cooling rate, 

the nucleation rate and the growth rate of the crystal are 

faster, which accelerates the crystallization process. How-

ever, when the cooling velocity reaches a certain value, the 

crystallization process will slow down. This is because the 

diffusion ability of the atom is weakened. The nucleation 

rate and growth rate can be well controlled in the most 

suitable range by oil cooling. The nucleation rate is 1/276 

s·cm

3

 and growth rate is 65.2 µm/s. The microstructure 

models show that the final shape of the grains of the casting 

is dendritic at the thin wall (section C). It shows that the 

 

Table 1  Element composition of ZL201 auxiliary  

frame (mol%) 

Elementary 

composition 

Cu Mn Fe Ti Al 

1 

2 

3 

5.0 

5.0 

5.0 

0.8 

0.8 

0.8 

0.1 

0.1 

0.1 

0.15 

0.45 

0.75 

Bal. 

Bal. 

Bal. 

 

Table 2  Simulation thermophysical parameters of ZL201 auxiliary frame 

Elementary composition 

Parameter 

1 2 3 

Liquidus temperature, k

L

/K 

Solidus temperature, k

S

/K 

Gibbs-Thompson, Γ 

Coefficient of growth (α, β) 

 

Maximum nucleation density, n

max

 /m

3 

Average nucleation and sub-cooling, ∆T

n

/K 

Standard curvature sub-cooling, ∆T

∂

/K 

652.0 

548.3 

1�10

-7 

4.82�10

-7

(α) 

4.98�10

-6

(β) 

1�10

9

 

0.5 

0.1 

658.3 

550.6 

1�10

-7

 

4.75�10

-7

(α) 

3.74�10

-6

(β) 

1�10

9

 

0.5 

0.1 

660.2 

554.3 

1�10

-7

 

4.45�10

-7

(α) 

2.36�10

-6

(β) 

1�10

9

 

0.5 

0.1 



                          Chen Junyu et al. / Rare Metal Materials and Engineering, 2020, 49(9): 2966-2972                           2969 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Temperature field of the cooling and solidification stages of ZL201 auxiliary frame�

 

 

 

 

 

 

 

 

 

 

Fig.4  Simulated microstructure of ZL201 with 0.15 mol%Ti: (a) FilmCo=10, T=25 ºC; (b) FilmCo=1500, T=160 ºC; (c) FilmCo=500,  

T=25 ºC 

 

 

 

 

 

 

 

 

 

 

Fig.5  Simulated microstructure of ZL201 with 0.45 mol%Ti: (a) FilmCo=10, T=25 ºC; (b) FilmCo=1500, T=160 ºC; (c) FilmCo=500,  

T=25 ºC 

 

 

 

 

 

 

 

 

 

 

Fig.6  Simulated microstructure of ZL201 with 0.75 mol%Ti: (a) FilmCo=10, T=25 ºC; (b) FilmCo=1500, T=160 ºC; (c) FilmCo=500,  

T=25 ºC 
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grain growth trend is consistent with the direction of tem-

perature gradient at the section C. In addition, with the in-

crease of Ti content, the microstructure is more uniform and 

the grain is refined. The phase diagrams of the different Ti 

content were calculated by the principle of thermodynamics 

as shown in Fig.7. It predicts that when Ti content is 0.45 

mol% and 0.75 mol%, the new phase Al

3

Ti-Mn is found in 

the phase diagram. It predicates that the appearance of new 

phase Al

3

Ti-Mn is beneficial to improve the homogeneity of 

microstructure and refine grain.  

2.3  Thermodynamic phase diagram calculation 

At the beginning of solidification, a layer of tiny and 

randomly oriented equiaxed crystals is found at the bottom 

of the sample. As the solidification time continues, in other 

words, with the increase of the distance of sample nuclea-

tion surface, the number of grains decreases gradually at the 

cross section, and the grain size increases gradually. When 

the Ti content is more than 0.15mol%, the new phase 

Al

3

Ti-Mn is found in Fig.7. It results in more uniform mi-

crostructure and finer grain size. In Zl201 aluminum alloy, 

the crystal reaction of Al

3

Ti phase is as follows

[22]

: 

L+Al

3

Ti→α(Al)                               (4) 

Peritectic reaction can promote grain refinement. α-Al 

nucleation is promoted by the peritectic reaction between 

Al

3

Ti and liquid alloy. When Ti is added to ZL201 alumi-

num alloy, Al

3

Ti phase will be formed. Al and Al

3

Ti form a 

coherency relation. The α-Al can grow around Al

3

Ti-Mn. It 

indicates that during the formation of Al

3

Ti phase, it ab-

sorbs covalent electrons from surrounding Al atoms. At this 

time, Al

3

Ti is negatively charged, while surrounding Al is 

positively charged due to the loss of covalent electrons. 

Therefore, it is easier for Al to grow with Al

3

Ti as crystal 

nucleus, and the grain is further refined. According to the 

thermodynamic phase diagram, when the Ti content is  

0.15 mol%, the precipitation temperature of Al

3

Ti is 682 ºC. 

At this time, the effect of grain refinement is not obvious. 

The increase of Ti content increases the precipitation tem-

perature of Al

3

Ti. In addition, it also increases the Al

3

Ti 

content from 0.144 mol% to 0.698 mol%. The effect of 

grain refinement is more and more obvious. The addition of 

Mn promotes the reaction variable of Al

3

Ti peritectic reac-

tion and the solubility of titanium. As a result, the peritectic 

point is shifted to the low content of titanium, and the Mn 

can further refine grains.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  ZL201 phase diagrams with different Ti content calculated by the principle of thermodynamics: (a) ZL201-0.15 mol%Ti, 

(b) ZL201-0.45 mol%Ti, and (c) ZL201-0.75 mol%Ti 
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Fig.8  Simulating the microstructures of ZL201 aluminum alloy auxiliary frame and corresponding <100> orientation pole figure (a, c, e), 

and the metallographs at 100 mol% section (b, d, f): (a, b) 0.15 mol% Ti, (c, d) 0.45 mol% Ti, and (e, f ) 0.75 mol%Ti 

 

2.4  <100> orientated simulation analysis 

To further analyze the simulation results, Fig.8 shows 

that the nucleated surface is sampled, and it is a cylinder 

with a height of 10 mm and a diameter of 5 mm. Start at the 

bottom of the sample, the cross section are made at the 

bottom, the middle and the top of the sample. The grain 

growth simulation diagram of cross each section and the 

corresponding <100> orientation pole figure are shown in 

Fig.8. It can be seen that at the beginning of solidification, a 

layer of fine and randomly oriented equiaxed crystals is 

found at the bottom of the sample. As the temperature con-

tinues to drop, polarization appears in the grains and they 

begin to grow preferentially at two opposite directions. The 

phenomena are more obvious with the increase of Ti con-

tent. Because the growth of randomly oriented equiaxed 

crystals is more competitive at the bottom of the sample. As 

the sample continues to solidify, the number of grains on 

the cross section gradually decreases. When the Ti contents 

are 0.45mol% and 0.75mol%, competitive growth of grains 

becomes slow. Finally, the purpose of grain refinement is 

achieved

[23]

.  

The metallographic structure of ZL201 aluminum alloy 

auxiliary frame indicates that the grain size is the largest 

when Ti content is 0.15mol%, whose structure is dendritic 

crystal and whose shape is schistose. When Ti content contin-

ues to increase, the grains are obviously refined. The most are 

fine equiaxial crystals. In the solidification process, the growth 

of dendrites has a preferred orientation. Only those grains that 

are consistent with the direction of the temperature gradient 

will grow, while other grains that deviate from the direction 

of the temperature gradient will be gradually eliminated by 

the preferential orientation of grains in the growth process. 

In the solidification process of the casting of auxiliary 

frame, the temperature gradient is the largest and the heat 

dissipation is the fastest on the z-axis. It shows that the 

growth rate of grains is the highest, and the growth of 

grains is restricted by the adjacent grains. It makes them 

grow up as fast as possible and reach other grain fronts, 

which hinders the growth of other oriented grains. In this 

research, the results of simulation are consistent with this 

manuscript

[24,25]

. 

3  Conclusions 

1) The temperature fields indicate that during the solidi-

fication process, the temperature of the center of the casting 

is high, and the surrounding is relatively low. The boundary 

area in contact with the casting mold is the first to solidify. 

The temperature drops from the center to the outside in the 

ZL201 auxiliary frame casting. Through the oil cooling can 

well control nucleation rate and growth rate within the most 

a 

b 

c 

d 

e 

f 
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suitable range.  

2) The thermodynamic phase diagram indicates during 

the formation of Al

3

Ti phase, it absorbs covalent electrons 

from surrounding Al atoms. The increase of Ti content in-

creases the precipitation temperature of Al

3

Ti. In addition, 

it also increases the Al

3

Ti content from 0.144 mol% to 

0.698 mol%. The effect of grain refinement is more and 

more obvious. 

3) The microstructure simulation of ZL201 aluminum 

alloy auxiliary frame, corresponding <100> orientation pole 

figure and metallographic structure show that the change of 

Ti content has a significant effect on the microstructure of 

ZL201 auxiliary frame. The increase of Ti content is bene-

ficial to the preferred orientation of grains. The aim of grain 

refinement is achieved by slowing down the competitive 

growth of grains. 
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