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Abstract: The evolution of microstructures of ZL201 sub-frame during casting was investigated. The processes of casting and cooling

solidification were calculated by finite element and thermodynamic theory. The phase compositions were characterized by X-ray

diffraction (XRD), and the microstructures were detected by optical microscope (OM) and scanning electron microscopy (SEM). The
results show that the simulated results of casting and cooling process are consistent with the experiment. When the pressure is 0.4
MPa, the filling rate of ZL201 sub-frame is 98% and the filling time is 10 s. After heat treatment, the & phases (Al,Cu) dissolve into
the Al matrix, and form homogeneous solid solution, which increases the grain size.
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Recently, the development of lightweight automobiles has
received increasing attention. The rapid growth of car
ownership and lightweight automobiles provides an effective
measure to mitigate the associated energy and environmental
problems'. The advantages of the ZL201 aluminum alloy
include low density, and excellent corrosion resistance and
ductility™.

The ZL201 aluminum alloy has been widely used in the

Bl However, the

automobile body, chassis, and powertrain
poor fluidity of ZL201 increases the hot cracking tendency of
sub-frame casting!. The forming reasons for the poor
liquidity are multi-scale and multi-aspect in the foundry
technology, such as alloy composition, casting process, and
heat treatment”. He'” researched that La and Ce doping can
improve the fluidity of ZL205A aluminum alloys, and the
length of liquidity is increased by 530 mm compared to the
original one. Mousavi”' analyzed the effect of Sc addition on
the solidification behavior of 7108 aluminum alloy castings,
and observed that grain size, as well as cracking susceptibility,
decrease with increasing the amounts of scandium and that hot
cracking is completely eliminated when Sc addition content is

above 0.25wt%. In particular, Wei®™

adopted the finite element
method to study the mechanisms inducing hot cracking during

laser welding of 6xxx aluminum alloys, and accurately
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predicted the influencing factors of hot cracking in aluminum
alloy casting by simulation and calculation, which will
significantly reduce the test number and cycle, and increase
production efficiency. At present, the randomness of hot
cracking makes it impossible to achieve the desired standard
solely through experiments. Integrated computing has become
a new research in computational solution™.

In this work, the technological process of a ZL201 sub-
frame casting (Fig. 1) was investigated by finite element and
thermodynamic theory in the casting and solidification
process, and heat treatment. The simulation parameters
provide useful reference to optimize the property and
microstructure of the sub-frame.

1 Microstructure and Phase Diagrams Simulation

1.1 Meshing models

In order to calculate the microstructure simulation (CAFE)
and the temperature field, the surface mesh and volume mesh
were divided into nodes and grids with equilateral triangle
elements as shown in Fig.2. The mesh size of the ZL201 sub-
frame was 30 mm, and that of samples was 0.3 mm. The
cylinder samples were cast with a diameter of 15 mm and a
height of 10 mm. The nucleation site was sampled to
thoroughly analyze the effects of different alloy compositions
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1. steering bracket; 2. mount bracket; 3. steering engine; 4. shock absor-
ber; 5. spring; 6. tire; 7. steering knuckle; 8. stabilizer rod; 9. auxiliary
frame; 10. stabilizer bar; 11. control arm

Fig.1 Structure of a sub-frame
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Fig.2 Grids of ZL201 sub-frame casting

on microstructure. The nucleation particle grows in a
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 Thermophysical parameters

Using Procast software, both casting and heat treatment
processes of ZL201 sub-frame were simulated with the
composition of alloying elements in Table 1, the mold
temperature of 250 °C, the casting temperature of 750 °C and
TS. In the ZL201 sub-frame casting model, the solid phase
fraction was calculated by the Scheil equation for intracellular
grains, as shown in Eq.(1)".

C=h C (1A (M

Table1 Chemical composition of the ZL201 auxiliary frame
(Wto/o)

Cu Mn Ti Al
5.0 0.8 0.3 Bal.

where £, is the effective solute solidification coefficient, C, is
the initial composition, £, is the frequency, and C,is the solute
segregation of the solid phase. In the microstructure
simulation, the growth coefficient directly determines the
growth rate of dendrites. The coefficient of growth can be
expressed as Eq.(2) and Eq.(3)""".
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where m is the liquid phase slope, ¢, is the alloy composition,
I' is the Gibbs-Thompson parameter, D is the liquid diffusion
coefficient, k is the equilibrium solute partition coefficient, a
is the first level growth coefficient, and £ is the second level
growth coefficient. The values of the thermophysical
parameters and growth coefficients required for the
microstructure simulation are listed in Table 2.

The phase diagrams of the ZL201 aluminum alloy were
calculated by thermodynamic theory. The simultaneous
solution of the above equations was calculated to obtain a
series of simultaneous equations. From these equations, the
component with the lowest total Gibbs free energy was
obtained. According to the results, the cooling and
solidification curves and the phase diagrams of the Z1201
aluminum alloy system were drawn by thermodynamic
calculation?,

2 Experiment

The ZL201 sub-frame casting was prepared by the low
pressure casting under the pressure of 0.4 MPa, the casting
temperature of 750 °C and the casting time of 10 s. The impu-
rity elements include Fe, Si, and B, which are present in
concentrations less than 0.01wt%. The metal mold was made
from carbon steel C45. The cooling method was air cooling
(FilmCo=10, 7=25 °C). In TS5 heat treatment process, the solu-
tion temperature was 548 °C for 8 h, the quenching tempe-
rature was about 60 °C, and the aging temperature was 170 °C
for 7 h.

Sampling process and sites of sample sections for OM and
XRD are shown in Fig. 3. The microstructural sampling
process of the ZL201 aluminum alloy is as follows.

(1) As shown in Fig. 2, samples were taken from the
aluminum alloy castings. The sampling position of the casting
samples was inside the label of (1~3) and they were cut by a

Table 2 Simulation parameters for CAFE fields

Parameter Numerical value
Coefficient of heat conduction/W-(m*-K)™" ' 1050
Heat!" FilmCo=10, 7=25 °C
Hardening heat gate velocity/cm-s’ 0.24
Coefficient of growth («, f) a=4.45x107, p=3.74x10°

Maximum nucleation density (n,, )/m’ ¥ 1x10°
Average nucleation and sub-cooling (AT, )/K ™" 0.4
Standard curvature sub-cooling (AT,)/K ™ 0.1
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Pouring gate

Fig.3 Sketches of sub-frame casting (a) and sampling section (b)

metallographic sample cutter.

(2) The casting samples were ground with 180#, 400#,
800#, and 1200# grit sandpaper.

(3) The ground samples were polished on the polishing
machine at a speed of approximately 1000 r/min.

(4) The polished samples were cleaned with anhydrous
ethanol (99.99mol1%). The sample surface was corroded with
hydrofluoric acid (10mol% ) for 5~10 s. The observation
position of the microstructure is shown in Fig. 4.

3 Results and Discussion

3.1 Filling and solidification process

In the casting process, Fig.4a shows that the ZL201 sub-
frame casting is filled by a low pressure casting technology.
The casting time is 10 s, and the filling rate of ZL201 sub-
frame is 98%. Fig. 4b shows the process of cooling
solidification, and the temperature field is obtained by steady-
state analysis during 10~720 min. The initial temperature of
the casting is 750 °C. Contacting interface between castings
and molds results in a strong heat exchange, which makes the
surface temperature of the mold rise from 250 °C to 450 °C.
Section A is the first to reach the liquidus temperature at 652 °C.
Then, the temperature of the most parts of casting begins to
drop. The most of liquid aluminum alloy begins to solidify.
When the solidification time is 10 min, the casting center,
section B and pouring gate are still liquid, and the temperature
of other positions has dropped below the solid phase line,
which is induced by the supreme heat dissipation conditions
of the casting edge part. The transformation from liquid state
to solid state is within 10~60 min, and the phase transition
zone begins to spread to the surface of the casting. When
solidification time reaches 720 min, the temperature of the
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Fig.4 Processes of casting (a) and cooling solidification (b) for
Z1.201 sub-frame

casting drops to 20~66 °C. Because the internal and external
temperature difference is less than 15 °C, the cooling rate of
the casting temperature becomes slow. The heat exchange
process is basically completed until it is cooled to room
temperature.

3.2 Heat treatment

OM microstructures of ZL201
corresponding CAFE fields before and after heat treatment are

sub-frame and their

shown in Fig.5. Samples are from position 1, 2 and 3 in Fig.3.
Fig.6 shows SEM microstructures of ZL201 sub-frame casting
befor and after heat treatment. For the unheated samples, the
grain size is 16~18 um. With the heat treatment, the grain size
is 20~25 um. After solution treatment at 548 °C, the atomic
diffusion becomes easier, and the 6 phase (Al,Cu) dissolves
into the Al matrix in the ZL201, which forms homogeneous
solid solution and results in increase of grain size. After the
casting is cooled, the composition dissolves into Al matrix to
form a supersaturated solid solution, which can improve the
ductility and toughness of the sub-frame casting.

XRD patterns of ZL201 sub-frame casting are shown in
Fig. 7a. For the unheated treatment samples, the diffraction
peaks and 26 of Al are (111)-38.2°, (200)-45.4°, (220)-65.1°,
(311)-77.8° and (222)-82.7°. As shown in Fig.7b, the phase
composition of ZL201 aluminum alloy is calculated by
thermodynamic method. ZL201 is mainly composed of Al
ALTi, 6 and Al,,Cu,Mn, phases. The presence of other
impurity elements is considered, such as Al,Cu,Fe impurity
phase. Al-Cu-Mn ternary compound in the ZL201 alloy calcu-
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Fig.5 OM corrosion microstructures of ZL201 sub-frame and corresponding CAFE fields (insets) before (a) and after (b) heat treatment sample

(1, 2, 3 correspond to positions 1, 2, 3 in Fig.3)

Fig.6  SEM microstructures of ZL201 aluminum alloy sub-frame casting before (a) and after (b) heat treatment
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Fig.7 XRD patterns (a) and phase composition (b) obtained by thermodynamic method of Z1.201

lated by thermodynamics is Al,,Cu,Mn,, while the detection
result of XRD pattern is Al,;Cu,Mn,. According to the compa-
rison between unheated and heated treatment, the Al-Cu-Mn
phase disappears after heat treatment, the characteristic peak

of the 6 phase is reduced, and the characteristic peak strength
of Al matrix increases. @ phase (Al,Cu) dissolves into the Al
matrix in the ZL201, which forms homogeneous solid

solution. As a result, the grain size increases. After ZL201 sub-
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ZL201 aluminum alloy by finite element and thermodynamic 9
theory are consistent with the experiment. When the pressure
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2) After heat treatment, the 0 phases (Al,Cu) dissolve into
the Al matrix, and form homogeneous solid solution, which
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