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1. Introduction 

 

Aluminum alloys of the 6063 type (Al-Mg-Si) 

have some advantageous properties that make them an 

excellent structural material choice for a number of appli-

cations in aerospace and construction [1]. The mechanical 

properties are improved by controlling the second phase 

precipitation, and 6××× alloys can be aged if cooling is 

performed at a proper cooling rate [2]. Gbenebor, et al. [3] 

studied the influence of water and air cooling coupled with 

inoculation on the mechanical properties of 6063 alumi-

num alloy through adding into Ni powder particles. The 

quench sensitivity of 6063 alloy has been investigated via 

constructing TTP curves and the critical temperature rang-

es from 300C to 400C with the nose temperature of 

about 360C [4].  

Aluminum extrusion is capable of producing long 

solid or hollow sections with very complex cross-section 

geometries. Cooling immediately after extrusion is critical 

for the nucleation of the high densities of strengthening 

particles in alloys, such as AlMgSi [2]. Because the hot 

extrusion temperature is high enough to keep Mg and Si to 

remain in solution before cooling, it is efficient to use an 

online cooling to room temperature followed by aging in 

order to obtain the full potential strength [5]. In spite of the 

water cooling or forced air cooling is generally used to 

rapid cooling, no medium is better than water especially 

because it is both cheap and easy. However, it is difficult to 

avoid the distortion and high residual stresses across the 

section and length due to variations in thickness and non-

uniform cooling during online quenching process. In order 

to describe the shape distortion due to non-uniform cooling, 

a rectangular plate and a simple section with two different 

thicknesses are used to investigate the distortion with water 

cooling from the top side and air cooling from the bottom 

side and different initial cooling rate [2,6-7]. The width 

ratio has a varying effect on the distortion, while the non-

uniformity ratio and the thickness and width of the section 

have an almost consistent effect. Furthermore, the method 

to reduce the residual stress and distortion in quenching 

process are investigated by some researchers [8-9] and the 

cold stretching and cyclic load has significant effect on the 

reduction of residual stress [10-12]. 

Appropriate modeling, using both physical and 

numerical methods is efficient to achieve a better cooling 

strategy. Nallathambi et al. [13] worked on mathematically 

formulating quenching process by means of a nonlinear 

finite element technique which included the coupling of 

thermal, metallurgical and mechanical fields. An enhanced 

quenching at the mass lumped regions and with a reduced 

quenching at the edges and corners, stresses and distortion 

can be minimized simultaneously. A complex thermo-

mechanical model formulated on the basis of J2-plasticity 

theory to simulate the quenching process of steel profiles is 

studied and the validity of the model is verified by compar-

ing the simulation results with experimental measurements 

[14]. Zabaras et al. [15] presents a FE procedure on the 

basis of solution of heat transfer and inelastic problems for 

calculation of temperature and stresses during cylinders 

quenching processes. Carlone et al. [16-17] developed a 

computational thermo-metallographic and thermal elasto-

plastic model to evaluate the transient stress, strain distri-

butions and the final phases and hardness distributions on 

the basis of JMAK model. A lot of researchers have also 

used FE software such as ABAQUS [2, 6, 8], FLUENT [9] 

to simulate and analyze the distortion and residual stress 

simple cross-section profiles such as plate with different 

thickness and bar during the online quenching process. As 

the commercial finite-element software, ANSYS has been 

used to analyze and optimize the quenching process with-

out considering of the movement of workpiece [18-19].  

In the present work, the 3D finite element method 

based on ANSYS is developed and used to simulate the 

online quenching processes. Firstly, the experiments and 

calculation for the temperature and displacement of a plate 

were carried out to verify the developed model. In addi-

tion, the program of heat transfer coefficient (HTC) at any 

time was developed and embedded into ANSYS in order to 

realize the movement of profile during online quenching. 

Then the temperature, stress and displacement of an actual 

complex cross-section profile from one plant in online 

quenching processes were investigated according to the 

simulated results. Finally, the influence of external stretch-

ing force on the reduction of distortion of profile was also 

investigated using simulation.  

 

2. FE modeling 

 

The material considered in this study was the 

6063 alloy. The physical and mechanical properties are 

actually temperature dependent, but they were assumed to 

be constant except expansion coefficient in this study. The 

physical and mechanical properties [20] are following as: 

density is 2700 kg/m
3
, conductivity is 2018 W/mK, specif-

ic heat is 900 J/kg℃, elastic modulus is 7000 MPa, Yield 

stress is 48 MPa, tangent modulus is 16.1 MPa and Poisson 

ratio is 0.33. Furthermore, the expansion coefficient is 

2.18e-5, 2.34e-5, 2.45e-5, 2.56e-5 and 2.67e-5 (1/℃) with 
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20, 100, 200, 300 and 400℃, respectively. 

The parameters used to simulate water cooling 

process and the sizes of profile cross-section are shown in 

Fig. 1, a. There are two cooling conditions including air 

cooling from exit position to quenching region and water 

cooling during online quenching of profiles. The length of 

air before quenching and water cooling region is set to 

300 m and 600 mm, respectively, according to the design 

of quenching line. The influence of extrusion process on 

the stress and distortions is ignored so that the stress and 

distortion before quenching is assumed as zero in the 

study. The temperature of profile at exit position is set as 

the uniform 490C. Both the water and ambient tempera-

ture is set to 20C, and the extrusion speed is 0.05 m/s. The 

mesh size had been considered of reducing large computa-

tional time and making reliable predictions so that three to 

four elements were used across the thickness (Fig. 1, b) in 

this study. There are total 243789 elements and 298587 

nodes in the meshed model. 

 

a 

 

b 

Fig. 1 Geometry size and mesh model: a - geometry 

section size; b - schematic of mesh model 

The 3D FE simulations were performed with the 

ANSYS software. The brick element 70 and 45 for thermal 

and structure analysis, respectively, were chosen to analyze 

coupled thermal-stress field. The transient temperature 

field T in the profiles is assumed to depend on the coordi-

nate , ,x y z  and time t  [21].  
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where T is the transient temperature of infinitesimal body, 

K;  is the material density, kg/m
3
;
  c  is the material spe-

cific heat, J/kg K; k is the material heat conductivity, 

W/(m K); t  is the time, s; q  is the inner heat resource, 

J/m
3
. 

The cooling intensity is characterized by the heat 

transfer coefficient (HTC). The HTC is highly temperature 

dependent and its variations are generally classified into 

four different regimes including film boiling, transition 

boiling, nucleate boiling and natural convection [6]. In the 

study, the HTC for water cooling is described as follows: 
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where ch  is heat transfer coefficient, W/(m
2
 K); wT is the 

surface temperature of profiles, C. 

For coupled thermal-structure analysis, higher 

stress occurred because of larger temperature change, 

which perhaps results in the plastic deformation during 

online quenching process. Suppose each load step is small-

er, the incremental stress-strain in the elastic region is: 

         =
T

D     , (3) 

where  D  is elastic matrix,   is the linear expansion 

coefficient and        
1

d
T

T
D dT  

   
 

. 

In the plastic region, the incremental-strain rela-

tion is written in [22]: 

 
          =

T Tep
D      

,    (4) 

where  
ep

D  is elastoplastic matrix;  
T

  is the incre-

mental plastic-strengthened temperature stress. 

The thermal-structure model for online quenching 

with water and air cooling was developed in ANSYS envi-

ronment which employs an iterative solver to solve tem-

perature and displacement. During online quenching, the 

profile moves and heat transfer boundary changes atany 

position and time. Therefore, the solution of transient tem-

perature with time and different boundary conditions was 

realized by developed programs. The flowchart of the cou-

pling methodology is shown in Fig. 2. 

In order to verify the FE model, the temperature 

and displacement of a plate during quenching is studied by 

numerical simulation and experiments. The experimental 

plate size is 1000 mm×50 mm×3 mm and the length of 

water cooling region is 800 mm. The experimental alumin-

ium alloy plate come from the cross-section extrusion in 

the extruding machine JY-800T. The plate is heated to 

490C and then quenched in the water cooling region. The 

number of elements along the thickness, width and length 

is 4, 25 and 100, respectively (Fig. 3, a). The top surface is 

water cooling but the bottom surface is still air cooling. 

The temperature and displacement is showed in Fig. 3, b. 

Where, point M and N lies to the top and bottom surface of  
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Fig. 2 Flowchart of the coupling methodology 
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Fig. 3 Plate mesh model, temperature and final displacement: a - FE mesh; b - temperature; c - Y-component of displace-

ment; d - experimental sample 

head of plate in the simulation, respectively (Fig. 3, a). The 

temperature at the center of head of plate at real time and 

displacement in thickness direction are also measured con-

tinuously by the ST20-A05 (Fig. 3, b). Where, Mx and Mn 

express maximum and minimum value of calculated results 

such as temperature (Fig. 4), displacement (Fig. 3, c and 

(Fig. 6, a), stress (Fig. 6, b) and so on. With the increment 

of quenching length, the temperature decreases but dis-

placement increases obviously (Fig. 3, c). The point M has 

the same temperature as point N due to less thickness of 

the plate. The calculated temperature and displacement are 

in good agreement with the measured value so that the FE 

model is reliable. 

 

3. Results and discussion 

 

The temperature distribution at different cooling 

time is shown in Fig. 4. The length of profile in quenching 

regions is about 100 mm at time 2 s. Because the thickness 

of left profiles (Fig. 1, a) is larger three times than right so 

that the maximum and minimum value of temperature is 

about 63.7C and 347.9C, respectively, which lies in the 

region of B and H points (Fig. 4, d). Furthermore, the dif-

ferent thickness leads to the order of temperature from high 

to low is left, top, bottom, middle and right. In spite of the 

profiles move into the quenching region, the heat transfer 

boundary of B point is air cooling due to lie in hollow side 

compared with that the A points. The temperature of inside 

of hollow profiles is higher than that of outside. The mini-

mum value of temperature is 24.4℃ and 20.7℃ at time 7 

and 12 s respectively. Therefore, the temperature and cool-

ing rate is satisfied with the requirements of online quench-

ing. 
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Fig. 4 Distribution of temperature with different time:  

a - t = 2 s; b - t = 7 s; c - t = 12.0 s; d - t = 12 s (iso-

metric sections) 

The temperature distribution along the typical 

paths (Fig. 4, d) is shown in Fig. 5, a. Where the path A is 

described by all of nodes with the same x and y coordi-

nates as nodes A and the node A is the final position of the 

path. It is found that the temperature distribution across the 

length is divided into two regions obviously due to air and 

water cooling process. The temperature decreases about 

10~40C from the exit position to quenching region. Fur-

thermore, the temperature decreases significantly at initial 

water cooling stage and then the cooling rate becomes 

slower during online quenching process. Finally, the tem-

perature of these typical point is cooled to about 20~80C. 
 

 
a 

 
b 

Fig. 5 Change of temperature: a - typical path; b - typical 

points and temperature difference 

The temperature of these typical points at the head 

cross-section of profile decreases greatly within 3.5 s 

(Fig. 5, b). The points F (Node 2982), G (Node 3069) and 

H (Node 2668) has the maximum cooling rate 200C/s and 

the temperature decreases faster than the other points. It is 

found obviously that the different thickness across section 

leads to the order cooling rate from points A, C, E, D to H. 

In spite of the temperature of B (Node 3482) points is 

higher than A (Node 2668) and the temperature difference 

become smaller after quenching. Furthermore, the tem-

perature difference between the points B and H increases at 

first then decreases and the value is less about 40C after 

quenching.  

The displacement and Mises equivalent stress 

when the head of profile moved out of quenching region is 

shown in Fig. 6. It can be seen from the Fig. 6, a that non-

uniform cooling rate results in distortion. Furthermore, the 

right side of profile has the larger deformation than left 

side leads to the head of profile bends obviously across the 

length. The maximum of total displacement is about 8 mm 

with length 600 mm so that the non-uniform deformation 

become more obviously with the increment of quenching 

length. All of the stress distributions are non-uniform sig-

nificantly because of non-uniform deformation. In addi-

tion, the maximum Mises equivalent stress is about 

57.2 MPa higher than yield stress results in plastic defor-

mation and residual stress (Fig. 6, b). 
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a 

 
b 

Fig. 6 Distribution of total displacements and Mises 

equivalent stress after quenching 

The temeprature difference among three typical 

points A, C and H is significantly and the x-component and 

y-component displacement distribution along the typical 

path A, C, H  is investigated  (Fig. 7).  The thickness diffe- 

 

a 

 

b 

Fig. 7 Displacement along typical path: a - X-component 

displacement; b - Y-component displacement 

rence across the width is larger than height leads to larger 

X-component displacement. Thickness difference leads to 

X-component and Y-component displacement along path 

C increase up to about 5.5 and 2.0 mm, respectively. How-

ever, for path H, the X-component and Y-component dis-

placement change up to 1mm and 0.3mm (in the interac-

tion region), and then increase to a final value 4.0 and 

2.2 mm in the opposite direction. In addition, the X-

component and Y-component displacement difference 

between points A and H increase up to a maximum value 

and then decrease to 2.2 and 1 mm, respectively, after 

quenching. According to the ΔH, m and ΔL, m, the total X-

component and Y-component displacement perhaps is 100 

and 30 mm, respectively, after finishing extrusion because 

the actual length of profiles is about 9-10 m. 

Fig. 8 shows the X, Y and Z-component stress 

distribution across the length. It is found obviously that the 

stress change complicately across the length during the 

quenching process. The x  along the path A and E incre-

ases up to a maximum value about 50 MPa and then decre- 
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Fig. 8 Stress distribution across typical paths: a - X-com-

ponent; b - Y-component; c - Z-component 
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c 

 
d 

Fig. 9 Displacement and equivalent stress under different 

nodal force: a - X-component displacement; b - Y-

component displacement; c - Z-component displace-

ment; d - Maximum Mises equivalent stress 

ase to a final value but the stress keeps unchanged along 

the other paths. The non-uniform deformation before and 

after quenching leads to the y  and z  distribution 

change complicately from 0.2 to 0.5 m across the length. 

The maximum vluae of tensile y  is about 50 MPa and 

lies in the left of profile (Fig. 1). It is obviously the z  

distribution along A and B, F and H is symmetry due to the 

balance effect of deformation. The slower cooling rate of B 

leads to less deformation compared with A 

andfasttemperature decrement results in the larger 

compressed stress -55 MPa in the right of profile. 

Furtheremore, there are resuidal stress x  and y  in the 

profile after quenching but the free deformation in the 

extrusion direction results in z  decreasing to zero. 

The non-uniform deformation as a result of 

different thickness and cooling boundary conditions has 

important effect on the distortion and fracture. Different 

intial cooling rate and mixed cooling methods were used to 

online quenching according to the thickness of profile in 

order to improve distortion and deformation. Based on the 

idea of cold rolling with tension, the head of profile was 

streched in the extrusion direction during online quenching. 

Fig. 9 shows the displacement and equivalent 

stress with external stretching force. The external tension is 

realized by applying the force to the cross-section nodes of  

head of profile. In the paper, the nodal force is set to 50, 

100 and 120 N. It can be seen that every component 

displacement is reduced significantly with nodal force 

100 N compared with no external tension. Furthermore, the 

equivalent stress is also reduced from 57.2 to 52.7 MPa 

with nodal force 50 N. The equivalent stress and 

displacement are reduced significantly with the external 

stretching force. However, the displacements of these 

typical points increase greatly in an opposite direction and 

the maximum X-component displacement of point A and C 

is about 60 mm when the nodal force is 120 N. It is also 

found from the Z-component displacement the profile is 

stretched compared with the initial size but the 

displacement should be less than zero because of cold 

shrinkage. Moreover, the equivalent stress increase up to 

75 MPa with the nodal force 120 N compared with that of 

50 N. Therefore, the suitable external tension is benefit to 

improve the distortion and avoid the fracture. 

 

4. Conclusions 

 
1. The temperature and displacement of a plate 

during quenching is studied by numerical simulation and 

experiments. The calculated temperature and displacement 

are in good agreement with the measured value and the 

developed FE model on the basis of the ANSYS is reliable. 

2. The temperature decreases significantly at ini-

tial water cooling stage and then becomes slower. After 

quenching, the maximum temperature of head of the pro-

file is less than about 80℃, which the cooling rate is satis-

fied with the requirements. More thickness results in tem-

perature decreasing more slowly and the temperature dif-

ference across the section increases up to a maximum val-

ue and then decreases to a final value.  

3. Non-uniform deformation is more obviously 

with the increment of quenching length. The maximum x-

component and y-component displacement is about 10mm 

and 3mm, respectively, one meter length of quenching. 

More complex cross-section and thickness difference result 

in larger tensile stress. 

4. The displacement and equivalent stress is re-

duced significantly with external stretching force during 

online quenching process. Lower stretching force has less 
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effect on the improvement of distortion but larger load will 

result in opposite plastic deformation and fracture.  
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Thermal-elastic-plastic finite element (FE) theory 
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processes of extrusion profiles was built through devel-

oped programs on the basis of ANSYS. The calculated 

temperature and displacement of a plate during water cool-

ing are in good agreement with the measured value and the 

FE model is reliable. Consequently, the temperature, dis-

placement and equivalent stress of a complex cross-section 

profile from a plant during online quenching process were 

investigated. Thickness and boundary conditions differ-

ence leads to the temperature difference across the section 

increases up to about 120C firstly and then decrease to 

less than 40C. For the complex cross-section profile, the 

non-uniform deformation is more obviously and the larger 

thermal stress is the main reason of plastic deformation, 

fracture generation and occurrence of higher residual 

stress. A method used external stretching force to improve 

the distortion was also proposed in quenching processes 

and the displacement and equivalent stress is reduced sig-

nificantly through external stretching force. However, 

larger external stretching force perhaps results in more 

serious distortion and fracture. 

 

Keywords: Aluminium profile, online quenching, finite 

element, temperature, displacement, external stretching 

force. 
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