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Abstract: The quenching processes of A357 aluminum alloy large complicated thin-wall workpieces were investigated by finite 
element method (FEM) simulation based on ABAQUS software. Heat transfer coefficients of different quenchants were accurately 
calculated by a traditional method of inverse heat transfer. The accurate heat transfer coefficients of different quenchants can ensure 
accuracy FEM results of temperature field of A357 alloy large complicated thin-wall workpieces during quenching. The quenchants 
of water, machine oil and 5%-UCON quenchant A were used. Quenching residual stress and distortion were investigated by 
considering the influence of quenchant and quenchant temperature. The maximum residual stress and distortion of quenched 
workpieces were predicted by using FEM simulation based on ABAQUS software. 
Key words: A357 aluminum alloy; complicated thin-wall workpieces; finite element method (FEM) simulation; residual stress; 
distortion 
                                                                                                             
 
 
1 Introduction 
 

A357 alloy (Al−7Si−0.6Mg) is an important alloy 
that is widely applied in commercial Al−Si−Mg cast 
alloys, particularly in the aerospace, automotive 
industries and other applications because of its excellent 
castability, good corrosion resistance and high specific 
strength in the heat treated condition [1−3]. The 
thin-walled workpieces (e.g. frame, thin-walled beam, 
and wall panel) from this alloy have a wide range of 
applications in the aerospace industries. The thin-walled 
workpieces are routinely heat treated to the T6 state to 
obtain adequate mechanical properties. The T6 heat 
treatment is made up of solution heat treatment, 
quenching and age hardening. Rapid cooling during 
quenching of A357 alloy can be helpful to inhibiting the 
formation of Mg−Si precipitates [4]. But residual stresses 
caused by rapid cooling often cause excessive distortion 
of workpieces and influence material’s mechanical 
properties such as stress corrosion and fatigue life [5−8]. 
Therefore, it is very necessary to investigate the residual 
stresses of A357 alloy parts after quenching. Numerical 

simulation of quenching process of workpieces has been 
widely studied since experimental investigation often 
leads to very high costs and spends a lot of time. 
Residual stresses of aluminum alloy workpieces during 
quenching are usually investigated by using FEM model 
[9−12] and experimental methods such as X-ray [13,14], 
hole drilling [15,16]. TODINOV [17] studied the 
influence of the martensitic start temperature and the 
martensitic transformation temperature interval on 
residual stresses from quenching. LI et al [18] simulated 
the quenching process by using FEM method, and then 
compared the experimental hardness with FEM results. 
The heat transfer coefficient is an important factor for 
quenching process of workpieces, so it must be taken 
into account for prediction of quenching residual stresses 
[19]. The inverse heat transfer method was widely 
adopted in the field of calculating the heat transfer 
coefficient of quenching medium [20,21]. Because this 
approach is a traditional method, a detailed description 
can not give information to calculate the heat transfer 
coefficient of quenching medium but can directly give 
the results of calculation. Water and machine oil are 
the quenchants most commonly used in the application 
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of industry production. UCON quenchant is an aqueous 
PAG (polyalkyene glycol) quenchant. UCON quenchant 
A (shorted as UCON A) is an effective quenching agent 
for aluminum alloys. The heat transfer coefficients of 
water, machine oil and UCON A are determined by their 
temperatures. Comparisons of different temperatures of 
different quenchants in quenching process of aluminum 
parts are of great usefulness to control residual stresses 
and distortion. Therefore, in order to calculate the 
quenching process and to predict the residual stress of 
quenching parts, the accurate calculation of heat transfer 
coefficient of different quenchants at different 
temperatures will be very valuable for this study. 

In this work, the study combining FEM analysis 
with experimental methods was performed to investigate 
the quenching process and to predict the residual stress 
of A357 alloy large complicated thin-wall workpieces. 
Cooling curves of Inconel 600 probe in different 
quenchants at different temperatures were obtained 
according to international standard ISO9950. Based on 
the cooling curves of probe, the heat transfer coefficients 
at different water temperatures were solved by an inverse 
heat transfer method. The accuracy of heat transfer 
coefficients is testified by comparison of the 
experimental temperature of probe inner point and the 
simulated data. The quenching process of A357 alloy 
large thin-wall workpieces and the distribution/ 
magnitude of residual stress of quenched thin-wall 
workpieces are simulated by using ABAQUS CAE 
software. Finally, the influence of quenchant and 
quenchant temperature on the residual stress and 
distortion of A357 quenched thin-wall workpieces are 
investigated by using FEM simulation method. 
 
2 Experimental 
 

The main chemical composition in mass fraction of 
commercial A357 aluminum alloy used in the present 
investigation is as follows: 6.83%Si, 0.51%Mg, 0.18%Ti, 
0.04%Cu, 0.03%Fe, 0.02%Be and Al balance. The 
quenchants used in this work are water, machine oil and 
5%-UCON A (volume fraction: φUCON-A=5% and φH2O= 
95%). According to international standard ISO9950, an 
instrument was manufactured to record the cooling 
curves and the cooling rate curves of quenchants.  
Figure 1 shows the schematic diagram of probe of this 
instrument used in this investigation. An Inconel alloy 
600 cylindrical probe (d12.5 mm×L60 mm) was heated 
to a temperature of 860 °C. Then, it was quenched in 
water, machine oil and 5%-UCON A, respectively. The 
temperatures of water were 25, 45, 60 and 80 °C, 
respectively. The temperatures of machine oil and 
5%-UCON A were 25, 45 and 60 °C, respectively. Table 
1 shows the quenchants and their temperatures used in 
this investigation. 

 

 

Fig. 1 Schematic diagram of probe (Unit: mm) 
 
Table 1 Quenchants used in this work 

Quenchant Temperature/°C 
Water 25, 45, 60, 80 

Machine oil 25, 45, 60 
5%-UCON A 25, 45, 60 

 
During the quenching process, the change of 

temperature in probe inner point (point A in Fig. 1) with 
time can be measured with measurement-recording 
system. After obtaining the temperature—time curve of 
inner point A, the temperature history and the heat flux of 
the probe outer point B can be calculated by the inverse 
heat transfer method. Then the heat transfer coefficients 
of different quenchants at different temperatures can be 
calculated by Newton’s law of cooling. 
 
3 FEM model of quenching process 
 
3.1 FEM model 

In this study, the finite element method is applied to 
simulating quenching process of A357 alloy       
large complicated thin-wall workpiece. Figure 2 shows 
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Fig. 2 Three-dimensional graphics, mesh generation and dimensions of A357 aluminum alloy large complicated thin-wall workpiece: 
(a) Three-dimensional graphics; (b) Schematic of thin-wall workpiece with dimensions (Unit: mm); (c) Simplification of model and 
mesh generation  
 
three-dimensional graphics, finite element mesh 
generation and dimensions of A357 alloy large 
complicated thin-wall workpiece. As can be shown in 
Fig. 2(a), the structural characteristics of the large 
complicated thin-wall workpiece is as follows: stiffening 
plates along radial and axial directions, two visual 
windows, four bosses along radial direction on the 
bottom side and four grooves on the top side. The 
schematic of thin-wall workpiece with dimensions is 
shown in Fig. 2(b). The wall thickness, the height, the 
diameter of bottom face and the cone angle of thin-wall 
workpiece are 8 mm, 700 mm, 600 mm and 3°, 
respectively. The shape of large complicated thin-wall 
workpiece was take into account, so quarter workpiece 
was adopted in this study. The simplification of model 
and mesh generation are shown in Fig. 2(c). The total 
numbers of nodes and elements of the simplified model 
are 53934 and 36767, respectively, as shown in Fig. 2(c). 
Type DC3D8 and C3D8R in ABAQUS were adopted in 
the simulations for heat transfer analysis and 
stress/deformation analysis, respectively. The yield 
strength at different temperatures for A357 alloy can be 
obtained from Refs. [22,23]. The material properties 
used in this study can be obtained from Refs. [24,25]. 
 
3.2 Mathematical model 

The heat conduction equation describes the 
distribution of heat in a given region over time. 
According to the Fourier model and the first law of 
thermodynamics, the equation can be described as  
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where ρ, c and λ denote density, constant pressure 
specific heat and heat conductivity, respectively; T and t 

are thermodynamic temperature and time, respectively; 
qv is the latent heat of phase transformation. Because the 
purpose of quenching A357 alloy is to inhibit the 
formation of Mg−Si precipitates, the value of qv is set to 
be zero. 

The initial condition is an initial value problem. In 
this work, initial condition is the initial temperature of 
quenching workpieces. The equation of initial condition 
at time t = 0 is as follows: 
 
T|t=0=T0(x,y,z)                                (2) 
 
where T0(x, y, z) is the initial temperature function. 

Boundary condition is the way of heat transfer 
between quenching workpieces and medium. It is given 
by 
 

)()()( cw
4

c
4

wscwk TThTThTThq −=−+−=         (3) 
 
where q, hk, hs and h are thermal flux, convection 
coefficient, radiation coefficient and total heat transfer 
coefficient, respectively; Tw and Tc are the temperature of 
boundary and the temperature of ambience, respectively. 
The temperature and strain fields were calculated by 
thermo-mechanical coupled simulation with ABAQUS 
software. The numerical simulations of stress and strain 
fields were carried out with the same finite element mesh 
used in the thermal analysis, except for the element type 
and different boundary conditions. Because the distortion 
of the quenched workpiece is very small, the heat 
produced by deformation is small in the quenching 
operation. So, the influence of the stress field on 
temperature field cannot be taken into account. Therefore, 
a sequential analysis of coupled thermal-stress was 
employed in this investigation. The mechanical analysis 
was carried out with the temperature history computed in 
the thermal analysis as the input information. Using a 
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small deformation theory, the total strain (ε) can be 
additively decomposed into five components as 
 

trthpe εεεεεε ++++= ΔV                    (4) 
 
where εe, εp , εth, ε△V and εtr are the elastic strain tensor, 
the plastic strain tensor, the thermal plastic strain tensor, 
the volumetric strain tensor and the transformation 
induced plastic strain tensor, respectively. 

Because the purpose of quenching A357 alloy is to 
limit the happening of phase transition, the value of εtr is 
set to zero. So, the strain increment can be given by 
 

e p th VΔΔ = Δ + Δ + Δ + Δε ε ε ε ε                 (5) 
 
where Δεe, Δεp, Δεth and ΔεΔV are elastic strain increment, 
plastic strain increment, thermal plastic strain increment 
and volumetric strain increment, respectively. 
 
3.3 Description of heat treatment process for FEM 

simulation 
The solution heat treatment and water quenching 

process of A357 alloy large complicated thin-wall 
workpiece are given in Fig. 3. This is a simulation of the 
heat treatment process, not a real experiment. The FEM 
simulation of quenching process in A357 alloy large 
complicated thin-wall work piece includes four thermal 
stages: heating to 540 °C, heating preservation, 
quenching transferring and quenching. As shown in Fig. 
3, the large complicated thin-wall workpiece was heated 
to 540 °C in a heating time of 3 h. Then, it was 
maintained at 540 °C for 10 h. After 15 s air quenching 
transfer time, it was immersed in water at a temperature 
of 60 °C until it was cooled down to a uniform 
temperature. Three quenchants were adopted in this work 
(shown in Table 1). 
 

 
Fig. 3 Schematic curve of heat treatment for A357 alloy large 
complicated thin-wall workpiece for FEM simulation 
 
4 Result and discussion 
 
4.1 Heat transfer coefficient calculation results 

The cooling curves and the cooling rate curves of 
water, machine oil and 5%-UCON A were obtained from 

experiments, as shown in Fig. 4. It is seen that the 
quenching rate largely depends on the quenchants and on 
their temperatures. The quenching rate decreases with 
increasing the water temperature. The quenching     
rate decreases with increasing the temperature of 
5%-UCON A. But the quenching rate changes very little  
 

 
Fig. 4 Cooling curves and cooling rate curves for different 
quenchants: (a) Water; (b) Machine oil; (c) 5%-UCON A 
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for different temperatures of machine oil. As shown in 
Fig. 4(a), for the high water temperature (80 °C), cooling 
rate curve shows a very different trend compared with 
the three lower temperatures (25, 45 and 60 °C). As 
shown in Figs. 4(a) and (c), the tendency of cooling rate 
curve for water and 5%-UCON-A are the same. For 
water and 5%-UCON A, it can be seen that the maximum 
cooling velocity and temperature of probe inner point 
corresponding to the maximum quenching rate both 
decrease with increasing quenchant temperature. While 
for machine oil, it is found that the maximum cooling 
velocity and temperature of probe inner point 
corresponding to the maximum quenching rate both 
change insignificantly as the machine oil temperature 
changes. 

A357 aluminum alloy should be quenched from the 
solution-treating temperature as rapidly as possible. It 
will minimize the precipitation phase in A357 alloy 
during cooling and the supersaturated solid solution 
phase will be retained. But at the same time, large 
distortion and large residual stress of A357 alloy parts 
will occur owing to fast quenching rate. Cooling rates 
during quenching are determined by heat transfer 
coefficients. In order to calculate and analyze the 
residual stress of workpieces during quenching operation, 
an accurate model for heat transfer coefficient should be 
found. The cooling curves and cooling rate curves for 
different quenchants (water, machine oil, 5%-UCON A) 
from experiments are the original data to calculate the 
heat transfer coefficients. Figure 5 shows the heat 
transfer coefficient values of three quenchants (water, 
machine oil, 5%-UCON A). As shown in Fig. 5, the heat 
transfer coefficient of machine oil is much smaller than 
the value of water or 5%-UCON A. The heat transfer 
coefficient is a function of the quenchant temperature. 
After obtaining the values of heat transfer coefficient, the 
authors import these values into the property module of 
Abaqus CAE software by using subroutine. Temperature 
at node in the core of probe (point A in Fig. 1) was 
calculated by using Abaqus software. With different 
quenchants in different temperature conditions, 
comparison of temperature of point A between 
experimental data and FEM simulation results are shown 
in Fig. 6. It can be seen that the FEM simulation results 
are very consistent with the experimental data. Therefore, 
heat transfer coefficient calculated by the present work 
can be adopted as an accurate thermal parameter for 
FEM simulation of quenching process of A357 alloy 
workpieces. 
 
4.2 FEM simulation results 

FEM simulations of quenching process in     
A357 alloy large complicated thin-wall workpiece were  

 

 
Fig. 5 Heat transfer coefficient of quenchants: (a) Water; (b) 
Machine oil; (c) 5%-UCON A 
 
submitted by using ABAQUS CAE software. In this part, 
water (temperature, 60 °C) was selected as the quenchant 
to describe and to investigate the quenching process of 
A357 alloy thin-wall workpiece. The heat transfer 
coefficient of water at 60 °C is shown in Fig. 5(a). The 
heat treatment history of A357 alloy thin-wall workpiece 
used in FEM simulations is shown in Fig. 3. 
4.2.1 Temperature field results 

Figure 7 shows temperature fields of A357 alloy 
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Fig. 7 Temperature fields of A357 aluminum alloy large complicated thin-wall part during heat treatment process: (a) At initial time 
of heat treatment; (b) After heating for 1270 s; (c) After heating for 10800 s; (d) At 15 s quenching transfer time; (e) At quenching 
time of 0.41 s; (f) At quenching time of 240 s 
 
large complicated thin-wall part during heat treatment 
process. Figures 7(a)−(c) show the temperature fields of 
thin-wall workpiece during heating process. Figure 7(d) 

shows temperature fields of thin-wall workpiece after  
15 s quenching transfer time. Figures 7(e) and (f) show 
temperature fields of the workpiece during quenching 

 
Fig. 6 Comparison between experimental 
data and FEM simulation results: (a) Water; 
(b) Machine oil; (c) 5%-UCON A 
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process. As shown in Fig. 7(b), the temperature of work 
piece along axial direction displays gradient distribution 
and the temperature of workpiece from top to bottom 
shows a gradually descend trend. After 15 s of quenching 
transfer time, the temperature of workpiece is reduced a 
little. The maximum and minimum temperatures in the 
workpiece are 536.5 and 532.3 °C, respectively     
(Fig. 7(d)), indicating that 15 s of quenching transfer 
time is acceptable for this workpiece quenching. As can 
be shown in Fig. 7(e), at the beginning of quenching, the 
temperature difference of large complicated thin-wall 
workpiece is very large. As can be seen in Fig. 7(f), after 
240 s of quenching time, the temperature difference of 
large complicated thin-wall workpiece is very small and 
at this time, the quenching process is considered  
finished state. From Part 4.1, an accurate solution for 
heat transfer coefficient of water at 60 °C is achieved, 
which can ensure the accuracy of FEM results of 

temperature field of A357 alloy large complicated 
thin-wall workpiece during quenching operation. 
4.2.2 Stress field results 

Figure 8 shows residual stresses of A357 alloy large 
complicated thin-wall workpiece after quenching. The 
six given components of residual stress include σx, σy, σz, 
τxy, τxz and τyz. 

As shown in Fig. 8 and Fig. 9(a), the values of 
normal stresses (σx, σy and σz) are higher than the values 
of shear stresses (τxy, τxz and τyz). For the maximum 
tensile residual normal stress, the value of normal stress 
σx is 170.7 MPa, which is higher than the other normal 
stresses σy and σz. The value of normal stress σz is 125.5 
MPa, and it is the smallest value compared with the 
normal stresses σx and σy. While for the maximum 
compressive residual normal stress, the value of normal 
stress σz is −130.3 MPa, which is lower than the other 
normal stresses σx and σy. The value of normal stress σx is  

 

 
Fig. 8 Residual stresses of A357 alloy large complicated thin-wall part after quenching: (a) σx; (b) σy; (c) σz; (d) τxy; (e) τxz; (f) τyz 
 

 
Fig. 9 Maximum residual stresses of six component stresses and three orthogonal principal stresses of A357 alloy large complicated 
thin-wall workpiece after quenching: (a) Six component stresses; (b) Three orthogonal principal stresses 
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−155.3 MPa, and it is the largest value compared with 
the normal stresses σy and σz. For the maximum tensile 
residual shear stress, the value of shear stress τyz is 51.5 
MPa, which is higher than the other shear stresses τxy and 
τxz. The value of shear stress τxz is 31.1 MPa, and it is the 
smallest value compared with the shear stresses τxy and 
τyz. While for the maximum compressive residual shear 
stress, the value of shear stress τxy is −70.4 MPa, which is 
higher than the other shear stresses τyz and τxz. The value 
of shear stress τxz is 41.8 MPa, and it is smaller compared 
with the shear stresses τxy and τyz. As shown in Fig. 9(b), 
for the maximum tensile residual stress, the first 
principal stress is 191.7 MPa, which is higher than the 
other principal stress. The third principal stress is 48.3 
MPa, and it is smaller compared with the first and second 
principal stress. While for the maximum compressive 
residual stress, the value of first principal stress is −33.3 
MPa, which is lower than the other principal stress. The 
third principal stress is −172.3 MPa, and it is larger 
compared with the first and second principal stress. As 
shown in Fig. 9(a), the maximum values of shear stresses 
(τxy, τxz and τyz) are much smaller than the maximum 
values of normal stresses (σx, σy and σz), So, the 
maximum values of normal stresses are researched. 
 
4.3 Influence of quenchants on quenching residual 

stress and distortion 
Water, machine oil and 5%-UCON A were selected 

as the quenchants to investigate the quenching residual 
stress and distortion of thin-wall workpieces. Figure 10 
shows the maximum tensile and compressive residual 
normal stresses of quenched A357 alloy large 
complicated thin-wall workpieces along x-, y-, and 
z-direction with different quenchants. As can be seen 
from Figs. 10(a) and (b), for the quenchants of water and 
5%-UCON A, the maximum tensile and compressive 
residual normal stresses of thin-wall workpieces along x- 
and y-direction decrease with increasing the quenchant 
temperature; for the quenchant of water, at lower water 
temperatures (≤60 °C), the maximum residual stresses 
decrease slightly with increasing the water temperature, 
but when the temperature is above 60 °C, the maximum 
residual stresses decrease obviously with increasing the 
water temperature. As can be seen from Fig. 10(c), for 
the quenchants of water and 5%-UCON A, the change of 
the maximum tensile residual normal stress of thin-wall 
workpieces along z-direction is not obvious with change 
of the temperature, but the maximum compressive 
residual normal stresses decrease with increasing the 
quenchant temperature. As can be seen from Fig. 10, 
with the quenchant of machine oil, the values of 
maximum residual normal stresses of thin-wall 
workpieces along x- and y-direction are smaller than the 

 

 
Fig. 10 Maximum residual stress of quenched A357 alloy large 
complicated thin-wall workpiece: (a) x-component; (b) y- 
component; (c) z-component 
 
values of other two quenchants (water and 5%-UCON A). 
And the value of maximum compressive residual normal 
stress along z-direction is also smaller than the values of 
other two quenchants. But the maximum tensile residual 
normal stress is almost the same among these three 
quenchants. 

Figure 11 shows the maximum distortion of 
quenched A357 alloy large complicated thin-wall 
workpieces along x-, y-, and z-direction with different 
quenchants under different temperature conditions.    
In Fig. 11, d1, d2, and d3

 denote x-, y- and z-component  
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Fig. 11 Maximum distortion of quenched A357 alloy large 
complicated thin-wall workpiece: (a) x-component; (b) y- 
component; (c) z-component 
 
quenching distortion of thin-wall part, respectively. As 
can be seen from Fig. 11, the maximum distortions of 
quenched thin-wall workpieces along x-, y-, and 
z-direction increase with increasing the quenchant 
temperature. Based on the theory of expanding when 
heated and contracting when cooled, the heating 
expansion value of workpiece is uniform due to the same 
heating process, but the shrinkage of workpieces is 
different due to different cooling capacities. The 
shrinkage value of thin-wall workpieces during 
quenching operation decreases with increasing the 
quenchant temperature. 

As shown in Fig. 10, compared with the water and 

5%-UCON A, the machine oil selected for quenching 
aluminum can decrease the residual stress and distortion 
of quenched A357 alloy large complicated thin-wall 
workpiece. But the quenching rate of machine oil is 
much smaller than that of the value of 5%-UCON A or 
water (shown in Fig. 4). The quenching rates of 
5%-UCON A and water are usually adopted in quenching 
aluminum alloys, but machine oil is not selected for 
quenching these alloys due to its lower quenching rate 
[26]. The quenching rates of these two quenchants (water 
and 5%-UCON A) in a certain temperature range are 
large enough not only to retain solute atoms in solution, 
but also to maintain a certain minimum number of vacant 
lattice sites to assist in promoting the low-temperature 
diffusion required for zone formation [26]. As can be 
seen from Fig. 10 and Fig. 11, with the quenchant of 
5%-UCON A, the maximum residual normal stress and 
distortion of quenched A357 alloy large complicated 
thin-wall workpiece are smaller than the values with the 
quenchant of water. 
 
5 Conclusions 
 

1) The quenching rate largely depends on the 
quenchants and on their temperatures. For quenchants of 
water and 5%-UCON A, the quenching rate decreases 
with increasing the quenchant temperature. But the 
quenching rate changes very little by varying the 
temperature of machine oil. 

2) Prediction of temperature fields of A357 alloy 
large complicated thin-wall workpieces after quenching 
by FEM simulation is credible because of accurate 
calculation for heat transfer coefficient of different 
quenchants under different temperature conditions. 

3) The maximum tensile and compressive residual 
stress of quenched large complicated thin-wall workpiece 
decrease with increasing the water temperature. While 
for the high water temperature (80 °C), the maximum 
tensile and compressive residual stress are much smaller 
than the values in the other temperatures (25, 45 and   
60 C°). 

4) Machine oil is not selected for quenching A357 
alloys due to its lower quenching rate. With the 
quenchant of 5%-UCON A, the maximum residual 
normal stress and distortion of quenched A357 alloy 
large complicated thin-wall workpiece are smaller than 
the values with the quenchant of water. 
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摘  要：基于 ABAQUS 软件，采用有限元模拟计算的方法对 A357 铝合金大型复杂薄壁构件的淬火过程进行研究。

通过采用传统的反传热方法，对不同淬火介质在不同温度下的换热系数进行精确求解。精确的换热系数确保对

A357 铝合金大型复杂薄壁构件淬火过程中温度场预测的准确性。采用 3 种淬火介质 (水、机油，5%-UCON 淬火

试剂 A)。通过综合考虑淬火介质及温度因素，对薄壁构件的残余应力及变形的分布和大小进行有限元预测，得到

构件淬火结束后的最大残余应力及变形。 

关键词：A357 铝合金；复杂薄壁构件；有限元模拟；残余应力；变形 
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