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Abstract: The interfacial heat transfer coefficient between hot profile surface and cooling water was determined by
using inverse heat conduction model combined with end quenching experiment. Then, a Deform-3D thermo-mechanical
coupling model for simulating the on-line water quenching of extruded profile with unequal and large thicknesses was
developed. The temperature field, residual stress field and distortion of profile during quenching were investigated
systematically. The results show that heat transfer coefficient increases as water flow rate increases. The peak heat
transfer coefficient with higher water flow rates appears at lower interface temperatures. The temperature distribution
across the cross-section of profile during quenching is severe nonuniform and the maximum temperature difference is
300 °C at quenching time of 3.49 s. The temperature difference through the thickness of different parts of profile first
increases sharply to a maximum value, and then gradually decreases. The temperature gradient increases obviously with
the increase of thickness of parts. After quenching, there exist large residual stresses on the inner side of joints of profile
and the two ends of part with thickness of 10 mm. The profile presents a twisting-type distortion across the
cross-section under non-uniform cooling and the maximum twisting angle during quenching is 2.78°.

Key words: aluminum profile; unequal and large thicknesses; water quenching; heat transfer coefficient; thermo-
mechanical coupling model

construction, and thus the subsequent welding
process can be minimized [6,7]. In the predicable
future, extruded aluminum profiles will play a more
and more vital role in the application of aluminum
components [8—11]. Quenching for metal

1 Introduction

Aluminum alloys are widely applied in
the rail transportation, automotive, aerospace,

communication, construction and other industries
due to their low density, high specific strength, high
stiffness, good corrosion resistance and easy
recycling, etc [1—-5]. Extruded profiles with large
section  enable fabricated  classic
components to be replaced with an integral

several

components is a promising heat treatment method
to improve the performance of forming products
due to its ability of high heat removal rate [12,13].
Quenching aluminum profiles during extrusion
press outlet with subsequent aging can increase
their strength by 1.5-2 times compared to the as-
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extruded state. To satisfy the required mechanical
properties of profiles, the aluminum alloy billets are
usually extruded at a exit temperature above 500 °C
(approximately solution temperature), and then are
cooled in a cold medium. The quenching process is
generally carried out either by putting the
components into water or by spraying them with
fluids [14,15]. The on-line water quenching
after extrusion, compared with other quenching
techniques, has higher heat fluxes, heat
transfer efficiency and low energy consumption,
which is widely used in aluminum profile
quenching [16—18]. For the extruded profiles with a
large section, multiple nozzles need to be arranged
reasonably on the outer surface of profile in the
quenching system, and suitable water flow
velocities should be afforded. Otherwise, it maybe
leads to a non-uniform cooling and large residual
stress in quenched profiles. Good control for water
flow velocities will obtain better results of solid
solution treatment for extruded profiles and it will
be also helpful to control the profile distortion. It is
very important to predict the temperature evolution,
residual stress and distortion of profile during
on-line quenching process.

Due to the fact that the quenching process of
profile is a typical problem of thermo-mechanical
coupling, it is practically impossible to predict
accurately the quenching process by simply
using the theoretical analysis or experiment
methods. In this case, numerical simulation is of
investigating the on-line quenching
process and obtaining necessary physical quantities,
such as temperature, residual stress and
deformation [19—21]. In recent years, with the help
of numerical simulations, many researches have
been carried out with respect to the analyses of
temperature field, residual stress field and shape
distortion in quenching. YANG et al [22] simulated
the flow distribution in quench tank for heat
treatment of large complicated aluminum
components using Fluent computational fluid
dynamics software. The flow velocity and the
uniformity of flow field in two types of quench
tanks with or without agitation system were
calculated. WANG et al [23] analyzed the
temperature and stress distributions of a circular
pipe during on-line quenching process by using
finite element (FE) simulation combined with
experimental methods. YANG et al [24]

use in

investigated the quenching process of large
complicated thin-wall workpiece by FE simulation.
The maximum residual stress and distortion of
quenched workpiece under different quenchants and
quenching temperatures were predicted. NOWAK
et al [25] studied the influence of the technological
spray cooling parameters on the final profile
temperature and on the resulting mechanical
properties of EN AW-6082 aluminum profile.
BIKASS et al [26] revealed the distortion
mechanism due to non-uniform cooling in the
aluminum extrusion process. The effect of the
non-uniformity ratio, width ratio, thickness and
width of the section on the shape distortion were
studied. They also investigated the effect of the
initial cooling rate on the distortion mechanism due
to nonuniform cooling throughout the thickness
by introducing a parameter called “the front
width” [27]. EDELBAUER et al [28] developed an
Eulerian spray model for simulations of spray
quenching and cooling in water mist chambers. To
validate the model, measurements of the
temperature history at certain locations within a
quenched test geometry have been performed and
compared with the numerically predicted results.
FENG et al [29] developed a FE model to predict
the residual stress after quenching process by
quenching aluminum blocks with different
thicknesses into water and polyalkylene glycol
solution. The influences of block thickness and
quenchants on residual stresses were investigated.
Heat transfer coefficient is the most decisive factor
in influencing the quenching results, compared with
other data such as material properties, process
parameter and other conditions. In the FE model,
heat transfer coefficient needs to be used to
calculate the heat exchange between the hot profile
surface and quenchant. Therefore, in order to
accurately simulate the quenching process and
predict the temperature field of extruded profiles,
the quantitative determination of heat transfer
coefficient at different water flow rates will be very
valuable. GOLOVKO et al [30] identified the heat
transfer coefficients of 6082 aluminium alloy sheets
during spray cooling based on the measured surface
temperatures and by applying a lumped heat
capacitance method. GUO et al [31] investigated
the effect of water temperature and nozzle pressure
on the heat transfer coefficient during spray
quenching for 2024 aluminum alloy thin sheets.
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According to the above references, many
researches focused on the FE simulations of on-line
quenching process for aluminum alloy have been
carried out. However, the research objects were
mainly focused on the aluminum sheets or simple
profiles with thin thickness. Little research has been
reported on the water quenching process of
extruded profile with unequal and large thicknesses.
In this work, the study combining simulation
analysis with experimental method was performed
to investigate the water quenching of extruded
aluminum profile with a large section and unequal
thicknesses and to predict the temperature, residual
stress and distortion evolution. Cooling curves of
6082 aluminum alloy under different water flow
rates were obtained by end quenching experiment,
and the interfacial heat transfer coefficients between
the hot profile surface and cooling water were
identified by using inverse heat conduction method.
Using the identified heat transfer coefficient as the
thermal boundary condition, a three-dimensional
thermo-mechanical coupling model of water
quenching process for extruded profile was
established in the Deform-3D software platform.
The accuracy of FE model was validated by
the comparison of measured and simulated
temperatures on the outer surface of profile. The
temperature field, residual stress field and distortion
of profile during quenching were investigated and
analyzed systematically. This study will provide
effective theoretical guidance for revealing the heat
transfer behavior and the distortion mechanism in
water quenching of complex aluminum profile.

2 Identification of heat transfer coefficient
during water quenching

2.1 End quenching experiments

The heat transfer coefficient between the hot
profile surface and cooling water is an important
parameter for establishing the thermal boundary
conditions in numerical simulation of on-line water
quenching of extruded profile, which directly
affects the calculation accuracy of temperature
field, residual stress field and distortion of profile.
In this study, method in end quenching experiments
combined with inverse heat conduction was utilized
to determine the heat transfer coefficients at
different water flow rates. The material used in this
study was a commercial 6082 aluminum alloy. The

chemical composition is shown in Table 1. The
quenching samples were taken from a natural aging
extruded bar with a diameter of 32 mm. The
schematic diagram of end quenching set-up in the
experiment is shown in Fig. 1. It consists of water
spray quenching system, specimen and data
acquisition system. A tank containing cooling water
was placed in the bottom of the device. The cooling
water was pumped by a pump and water pipe. The
room temperature water used as a cooling medium
during the tests can be reused. A flowmeter and
control valve were installed in the middle of the
pump and nozzle in order to adjust the spray water
flow rate as needed. The nozzle shape was round
with a diameter of 10 mm and the distance from
the outlet of nozzle to the surface of sample was
80 mm.

Table 1 Chemical composition of 6082 aluminum alloy

(wt.%)

Si Mg Fe Cu
0.7-1.3 0.6-1.2 <0.5 <0.1
Mn Cr Zn Ti Al

0.4-1.0 <0.25 <0.2 <0.2 Bal.
— Temperature
Sample i; ; — acsq;sltsel;on
VAR
Thermocouple
Nozzle
Control __
valve O:
Flowmeter |
=== Computer

Pump L | -

Fig. 1 Schematic diagram of end quenching experimental

set-up

Cylindrical samples were used to equivalently
study the interaction between extruded profile and
cooling water during quenching. Figure 2 shows the
dimensions of quenching sample and the location of
thermocouples. All samples were machined into the
size of d30 mm x 125 mm. The surface roughness
of samples was 0.5 pm which was in accordance
with the actual surface roughness of the extruded
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Fig. 2 Schematic diagram of quenching sample and thermocouples layout (unit: mm)

profile. Aiming to measure the temperature
evolution, three K-type thermocouples labeled by
T1, T2 and T3 with the diameter of 3 mm were
centrally positioned on the lateral surface of each
sample. The distances between the quenching
surface and the three thermocouples are 3, 10 and
20 mm, respectively. A screw hole with a diameter
of 6 mm and depth of 15 mm was designed on the
upper surface of specimens to fix the sample. The
side surface of the samples was wrapped with an
asbestos layer tighten by aluminum foil, to ensure
that the water flow only contacts the bottom end of
the specimen. Thus, the heat transfer behavior
between the cooling water and sample can be
approximated as one-dimensional heat transfer. The
samples were heated to 500 °C and soaked for 3 h
in the electric resistance furnace, and then quickly
transferred to the operating position within 10 s. NI
USB 9213 data acquisition instrument was used to
collect temperature data at a rate of 100 Hz, which
consists of a 16 channel, 24 bit data acquisition
instrument with a sampling rate of 1200 samples
per second. The uncertainty of temperature
measurement is less than 0.25 °C for the K-type
thermocouple, while the uncertainty of the
placement of thermocouples is estimated to be
+0.2 mm. The interfacial heat transfer coefficient
between the samples and cooling water was
determined by using the inverse heat conduction
program based on the measured temperature data.

2.2 Inverse heat conduction model

There are many factors such as material
properties, quenching media, water flow rate and
surface roughness, which can influence the heat
transfer coefficient. Thus, quantitative identification
of the heat transfer coefficient through simple

mathematical model is still very difficult. In this
study, method in inverse heat conduction combined
with quenching experiment was used to determine
the heat transfer coefficient between the hot profile
surface and cooling water. As shown in Fig. 1, the
quenching process can be approximately considered
as an one-dimensional heat transfer, thus the
transient heat conduction equation can be defined as
follows:
2

Cppz—f =k Bx—q ey
where C,, p and k are the specific heat, density and
the thermal conductivity of sample; 7 is the
temperature sample; ¢ is the time.

The inverse heat conduction equations were
executed by adopting an iterative approach. To
ensure that the program can execute and satisfy the
required solution accuracy, optimization model and
convergence criterion were needed to establish. The
norm of difference between the measured and
calculated temperatures at each iteration was used
as the convergence criterion S(%4), which can be
written as follows [32]:

S(h)—%%: ! [Tm T°(h)}2+§ ! [h hOT 2)

i=1 j=1 G% / g k=1 013 £
where T7;"is the measured temperature changing
with time #(i=1,--*, N,) at the location of x,(j=1,*,
Nw); Tj (h) is the corresponding calculated
temperature; 4 is the unknown interfacial heat
transfer coefficient, h={hy, hy, ***, hy}, Ny is the
number of heat transfer coefficients required
solution; o7 is the error of measured temperature; oy
is the allowable maximum variation of / at each
iteration; and A4 is the hypothetical initial heat
transfer coefficient.
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To calculate the interfacial heat transfer
coefficient %, the minimum S(h)is required, thus
there is [33]

o5 i (_2) m c 2 0
'Zj:l = [T.A p (h)] Xy + - [h, hl ]

3)
where Xj; is the sensitivity coefficient, which can be
linearly expanded with the Taylor formula at the
heat transfer coefficient 7, :

_OT;(h) _ Ty by by + 8hyohy V=T (hyyee syl )
T om T Shy

“)

The oh; is the variation of #; at previous

iteration, which is used to calculate the sensitivity

coefficient Xj;. In the calculation process of

temperature field, the temperature of the next
iteration Z;(hv“) is also linearized, that is,

Ny

Ty () = T () + 2 X - Ay (5)

where the variation of heat transfer coefficient A%, is

calculated by the following equations:

Ny
2 h = ©

N ; X é‘
Ay = Z gk Tyl lk

i=1l j=1 O-T O-[

1
fi= ZZ T“‘—Ef(hV)]-Xw——z(h;—h?) (8)

i=] j=1 0 o]

(7

The reverse solution process of heat transfer
coefficient during quenching is described in detail
as follows.

(1) The temperature data of three locations
(T\—T;) inside the sample changing with time were
obtained by the end quenching experiments.

(2) Assume that the initial heat transfer
coefficient #” ={h’,h3,---,h } , and a maximum
iteration number of M was set. Before entering
some iteration, the advanced algorithm compared
the number of this iteration with the maximum
value.

(3) The temperature field 7 (#) of the sample
was calculated by numerical simulation.

(4) The sensitivity
calculated by Eq. (4).

(5) Through Egs. (6)—(8), the variation of heat
transfer coefficient is obtained. If |Ah/hyl<e, the
calculation is terminated, and the heat transfer

coefficient X;; was

coefficient is output, otherwise, the heat transfer
coefficient #;*' =k +Ah, , and the program is gone
to the third step.

During reverse operation process, it is
necessary to calculate (Ny+1)M times for the
forward solution of temperature fields, which
inevitably consumes a large amount of computing
time. Therefore, the one dimensional end quenching
experiments adopted in this study can shorten the
computation time of forward solution and improve
the efficiency of inverse operation. The transient
temperature field of samples during the end
quenching was solved by FE method. Figure 3
shows the calculation flow chart of inverse heat

conduction algorithm.

| Set known temperatures |

v
| Give initial guess of 4° |
]
‘ Calculate temperature field by simulation :

i

‘ Calculate sensitivity coefficient X, |

Calculate Ah,

& — Convergence toleran
t — Current time step;
I max— Total quenching time

| Output heat transfer coefficient |

End
Fig. 3 Calculation flow chart of inverse heat conduction
algorithm

2.3 Determination of heat transfer coefficients
Figure 4 shows the measured cooling curves at
the location of 10 mm from the sample surface with
different water flow rates. It is clear that the general
shape of the 5 sets of cooling curves is similar.
There are two stages in the cooling curves: rapid
decline stage and slow decline stage. The
temperatures decrease rapidly in the rapid decline
stage (0—20 s), then continue to decrease slowly. At
the initial 10s of quenching, the temperatures
decrease sharply due to the large difference of
interface temperature between the profile surface
and cooling water, and the 5 sets of cooling curves
are basically in coincidence. After quenching for
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10 s, the cooling rate increases obviously as water
flow rate increases. This can be attributed to that,
the cooling water is able to fill into micro-cavities
of sample surface deeply as the water flow rate
increases, thus the contact heat transfer area and
heat flux increase. After quenching for 20 s, the
cooling rates for the water flow rates of 0.30 and
0.40 m’/h are relatively small. However, the
temperature at the water flow rate more than
0.55 m*/h continues to drop until the time reaches
100 s, then keeps stable.

500 —— 0.30 m*h
0.40 m*/h
—— 0.55m’h
ey 2000 —— 0.70 m*h
g —— 1.00 m*h
5 300¢
=
2
g 2001
o
=
100+
0 L
0 20 40 60 80 100

Quenching time/s
Fig. 4 Cooling curves at location of 10 mm from sample
interface with different water flow rates

Figure 5 shows the variation of calculated heat
transfer coefficient with interface temperature at
different water flow rates. It can be seen that the
heat transfer coefficient and the interface
temperature were evidently non-linear relation. The
five curves present the similar tendency. The heat
transfer coefficient first increases linearly with the
decrease of interface temperature, then reaches the
peak value at the interface temperature of
108—180 °C due to both vigorous boiling and full
fluid contact. After reaching the peak value, heat
transfer coefficient decreases rapidly as the
interface temperature decreases. The heat transfer
coefficient increases with increasing water flow
rate. The peak heat transfer coefficient is
157074 kW/(m*-°C) at the water flow rate of
0.30m’/h and surface temperature 180 °C. In
addition, the peak heat transfer coefficient with
higher water flow rates appears at lower interface
temperatures. When the water flow rate increases to
1.00 m*/h, the peak heat transfer coefficient
increases to 34.795 kW/(m?-°C), increasing by
122.7% compared with that at 0.30 m’/h. The
interface temperature corresponding the peak heat

transfer coefficient drops to about 108 °C. Higher
water flow rate corresponds to greater total water
flow volume. The increase of total water flow
volume can mnot only increase the bubble
evaporation heat transfer, but also increase the
single-phase heat transfer. The greater single-phase
convection heat transfer is able to decrease the
decline of heat flux. Thus, the peak heat transfer
coefficient with higher water flow rates appears at
lower interface temperatures. It can be also seen
from Fig. 5 that the difference of heat transfer
coefficient when the water flow rate varies from
0.30 to 0.70 m*/h is larger than that when the spray
pressure varies from 0.70 to 1.00 m’/h. With the
increase of water flow rate, the cooling water can be
filled into micro-cavities deeply, and the heat
transfer area increases. However, the fluid surface
tension and entrapped air pressure, hindering the
fluid filling into the micro-cavities, also increase
with the increasing water flow rate. At low water
flow rate, each unit increment of water flow rate
will lead to the increase of the heat transfer area and
heat flux due to the smaller fluid surface tension
and entrapped air pressure. However, at high water
flow rate, each unit increment of water flow rate
causes less increase in the heat transfer area due to
the increasing fluid surface tension and entrapped
air pressure. Heat transfer coefficient is an
important thermal boundary condition for the
accurate simulation of heat transfer during water
quenching. Thus, the identified heat transfer
coefficient at different water flow rates provides a
theoretical basis for the determination of the heat
transfer boundary conditions in the numerical
simulations of the on-line quenching process of
extruded profile.

N
=)

—— 0.30 m*h

0.40 m3/h
—— 0.55m’h
—v— 0.70 m*/h
—— 1.00 m*/h

W
(=}
T

[
[=]
T

Nug

100 200 300 400 500
Temperature/°C

Fig. 5 Variation of calculated heat transfer coefficient

—_
(=]
T

Heat transfer coefficient/(kW-m™=2-°C™")

S

with interface temperature at different water flow rates
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3 Thermo-mechanical coupling model for
simulating water quenching

3.1 Quenching scheme description for extruded

profile

The research object in this study was a 6082
extruded profile with m-shaped section used in
urban rail traffic, which had a maximum width of
249 mm and height of 170 mm, as shown in Fig. 6.
In addition, the wall thicknesses of the three parts
of profile were severe non-uniform, and the
thicknesses were 6, 10 and 14 mm, respectively.
The water spray quenching experiments were
performed using a multi-nozzles spray cooling
system integrated into the 4000t extrusion press.
The extrusion process conditions and parameters
were selected to be similar to the real process in
plants. Table 2 shows the detailed conditions of the
extrusion process. Due to the high-quenching
sensitivity properties of 6082 alloy, the large
section dimension and wall thickness difference, the
required quenching method is able to provide
enough cooling strength for extruded profiles to
ensure better mechanical properties after aging and
minimum distortion of profiles. The cooling rate for
air quenching is low and the profile is prone to
distort, thus the water quenching is adopted for this
profile. Figure 7 shows the schematic configuration
of the spray cooling device and applied nozzle
positions. The cooling device was installed at a

distance of about 1000 mm from the front plate of
press. Multi-row spray nozzles were arranged on
the outer surface of profile in order to ensure
temperature uniformity over the profile cross-
section on leaving the spray cooling device. The
direction, distance, velocity of the nozzles can be
automatically controlled by the computer according
to the material, shape and dimension of the
extruded profiles. The shape of the actual nozzles in
quenching device was fan-shaped. In this study, the
water flow rates of all nozzles are 0.30 m’/h.

3.2 Thermo-mechanical coupling model
3.2.1 FE mesh modelling

The 3D  thermo-mechanical model for
simulating the on-line quenching of
aluminum extruded profile was established based
on the Deform-3D software using coupled thermal-
displacement analysis. Figure 8 shows the thermo-
mechanical coupling model of on-line water
quenching. In order to improve the simulation
accuracy and save computer source, the quenching
and non-quenching regions were allocated for
different mesh sizes. The model lengths in the
quenching box, near the die side and the puller side
are 1000, 2000, 100 mm, respectively. The
hexahedra element was adopted for meshing the
extruded profiles, the region in the quenching box
was meshed with higher element density and finer
elements. At least three nodes were assigned in the
thinnest position of cross section profile, and the
element size was about 1/2 of the minimum wall

water

fgg thickness of profile. However, in the non-quenching
10 region, the mesh size along the profile length
TN K=rs N/ was set to be about 20 mm. After meshing, the
B8 element size and quality need to meet the following
basic conditions: (1) the minimum element
- size >0.1 mm; (2) the length-to-width ratio of
= tri-prism element <12; (3) the minimum angle of
element >15°, the maximum angle of element
<165°; (4) Jacobian >0.7. The total numbers of
- e elements and nodes of the FE model were 35283
14 6 and 48610, respectively. By checking, the mesh
Fig. 6 Shape and dimensions of extruded aluminum quality of all elements meets the above
profile (unit: mm) requirements.
Table 2 Experimental extrusion parameters
Billet Billet Billet Extrusion Extrusion speed/  Extrusion stem/die Container
diameter/mm  length/mm temperature/°C  ratio (mm-s ") temperature/°C temperatrue/°C
305 500 480 12.5 8 430 430
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Extrusion press
e Extruded profile

L {____l___?

Quenching box

(a) Puller

Fig. 7 Experimental principle of on-line quenching
process for extruded profiles: (a) Schematic of water
quenching process; (b) Spraying water on outer surface
of profile

Extrusion
die

Extruded profile
Quenching box

Puller
Fig. 8 Thermo-mechanical model of on-line water

quenching process

3.2.2 Mathematical models

The heat conduction equation describes the
heat distribution over time at given regions. The
elastic—plastic material model was adopted in the
FE simulation. According to the Fourier model and
the first law of thermodynamics, the equation for
calculating the temperature distribution of extruded
profiles is described as

. or _ o ,or. o oI o

oT
o ax(/igﬂa(igﬂg(lgﬂqv 9)

where p, ¢ and 4 are the density of profile, specific
heat, and thermal conductivity, respectively; T and ¢
are temperature and time, respectively; ¢, is the
latent heat of phase transformation, and the value is
set to be zero due to the inhibition of secondary
phase Mg, Si precipitation during quenching.

For the coupled temperature—displacement
systems Deform-3D solves a system shown as
follows:

S e
K, K. |\AT R;
where Au and AT are corrections to the incremental
displacement and temperature, respectively; K,
K,r, K7, and K77 are the sub-matrices of the coupled
stiffness matrices; R, and R; are the thermal
residual vectors, respectively. These systems are
solved simultaneously using the Newton’s method.
The initial stress of extruded profiles was assumed
to be 0 MPa.
3.2.3 Boundary conditions

In the two ends of profile along the extrusion
direction, the mechanical boundary conditions
(constraints) were defined to represent the roles of
the extrusion die and puller. At the extrusion die
end, profile’s edge was fixed while at the puller
side, the profile was constrained only in the middle
part (see Fig. 8).

Generally, thermal boundary condition is
defined as

ka—Tzh(T—TO) (11)
on

where n is normal direction of the sprayed surface
of profile; A is the convection heat transfer
coefficient between the cooling medium and profile
surface; T and T are the temperature of profile
surface and medium temperature, respectively. In
this study, the water flow rates of all nozzles
arranged on the outer surface of profile are all
0.30 m’/h, thus the heat transfer coefficients A, 4,
and /3 on the outer surface of the three parts of
profile in the region of quenching box are identical
(see Fig. 7(b)). In FE simulation, the heat boundary
conditions between the profile surface and cooling
water were established respectively based on the
identified heat transfer coefficients by inverse heat
conduction method. Thus, the corresponding heat
transfer coefficient at the water flow rate of
0.30 m’/h was directly used as an input date of
thermal boundary condition. Besides, the
convection heat transfer coefficient between the
environment and profile surface was set to be
100 W/(m?*-°C).

The initial condition is an initial value
problem. In this study, initial condition is the exit
temperature of extruded profile from the extrusion
die. The equation of initial condition at time =0 is
described as

T|t:0 272)(%)’,2) (12)
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where Ty(x, y, z) is the initial temperature function.
Since the heat transfer along the extrusion direction
is very small, assuming that both end surfaces of
the profile are adiabatic. The extrusion exit
temperature of 500 °C was defined for the extruded
profile, which is regarded as a uniform temperature
field. The initial temperature of the cooling water
was 27 °C.

During water quenching, there are great
differences for the thermophysical parameters of
material such as thermal conductivity and specific
heat capacity at different temperatures. To improve
the simulation precision, it is necessary to be
accurately measured. Figure 9 shows the thermal
conductivity and specific heat capacity of 6082
aluminum alloy at different temperatures. It can be
seen that the thermal conductivity and specific heat
capacity increase with increasing temperature.
When the temperature is 500 °C, the thermal
conductivity and specific heat capacity increase by
9.71% and 22.55%, respectively relative to those at
room temperature.

192 _(a)

189+
186
183}
180+

177t

Thermal conductivity/(W-m™+°C™")

1741 ) ) ) ) )
0 100 200 300 400 500
Temperature/°C

0.25¢

024+

0.23¢

0.22r

0.21r

Specific heat capacity/(kJ-kg™'+°C™")

0.20

0 100 200 300 400 500
Temperature/°C

Fig. 9 Thermal conductivity and specific heat capacity

of 6082 aluminum alloy: (a) Thermal conductivity;

(b) Specific heat capacity

After FE modeling, the on-line water
quenching process of extruded profile was
simulated and the simulation time was about 12 h in
the ThinkStation C30 workstation. Then, a series of
simulated results such as the temperature field,
residual stress field and distortion of profile, can be
obtained. To validate the thermo-mechanical
coupling model and quantitatively reveal the
variation of physical quantity, locations of A1-C2
(see Fig. 10) at the centre positions of three parts of
profile with unequal thicknesses and locations of
D-I at the joint and the ends of three parts of profile
were selected to analyze.

3.3 Experimental verification

The temperature field is the basis of
calculating thermal stress and residual deformation
of extruded profiles during quenching, which is
easy to vrealize the real-time and on-site
measurement compared to the other physical
quantities. Thus, temperature field is used to
validate the reliability of the thermo-mechanical
coupling model. Extrusion experiment of aluminum
profile was carried out on the 4000 t extrusion press
and experimental conditions are presented in
Table 2. The exit temperature of extruded profile
was controlled at about 500 °C. When the billet
extruded through the die bearing, then was directly
taken into the on-line water quenching device
arranged in the exit of extrusion press. The
temperatures of the outer surface of extruded profile
at the locations of Al and C1 were measured using
the contactless infrared thermometers which are
respectively arranged at the locations of 0.25, 0.5
and 1 m from the entrance of the quenching device.
The corresponding quenching time for the
measured locations in the FE simulation is 2.5, 5
and 10s, respectively. Figure 11 shows the
comparison of the simulated and measured
temperatures at the locations of Al and Cl1. It is
clear that the trends of temperature curves of the
simulated and measured results in general are
consistent. The maximum relative errors of the
calculated and measured temperatures at the
locations of Al and C1 are 12% and 5.6%,
respectively. The slight difference is mainly due to
the poor repeatability of the experiment and
uncertainty. Some uncertainties existed in addition
to general differences between the FE simulation
and experiment. The cooling of the outer surface of
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Fig. 10 Locations on middle section of profile selected to
quantitatively investigate physical quantity of quenching
process
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Fig. 11 Comparison of simulated and measured
temperatures at locations of Al and C1
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extruded profile by the water spraying in the
simulated model is stable, while for the experiment,
the distribution of the water spraying varied at
every trial. The prediction error is well within the
range of that deemed to be accepted, which
indicates that the established thermo-mechanical
coupling model is accurate and can be used to
simulate the water quenching process of extruded
profiles.

4 FE analysis of water quenching process
for extruded profile

4.1 Temperature evolution

quenching

The variation of temperature field reflects the
heat transfer between the hot profile and cooling
water, which is also the theoretical basis for the
calculation of residual stress and distortion of
profile. To reveal the temperature evolution of
profile during quenching, the temperature field
results at the quenching time of 1, 2.5, 5, 7.5, 15
and 20 s were extracted to analyze. Figure 12 shows
the temperature distributions of profile during
quenching at different quenching time. It can be
seen that from Fig. 12(a), at the beginning of
quenching (1s), the temperature on the outer
surface of profile drops rapidly due to the severe
heat exchange with the cooling water. The minimum

during water
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Fig. 12 Temperature distributions of extruded profile in quenching box at different quenching time: (a) 1 s; (b) 2.5 s;
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temperature of profile is 452 °C, which is located
on the outer surface of the part with the thickness of
6 mm. However, the temperature of the inner
surface of the part with the thickness of 14 mm is
slightly deceased to 494 °C owing to the low heat
transfer with surrounding environment. As can be
shown in Fig. 12(b), after 2.5 s of quenching time,
the temperature distribution on the cross- section of
profile is extremely nonuniform. The maximum
temperature difference of profile reaches 261 °C.
The temperature in the part with thickness of 6 mm
decreases sharply to 200 °C, while that in the other
parts is high than 400 °C. As seen in Fig. 12(c),
after 5s of quenching time, the temperature
difference of profile is still very large and the
maximum value is 234.6 °C. As can be shown in
Fig. 12(d), at quenching time of 7.5 s, the cooling
rate in the part with thickness of 14 mm is
obviously increased, and the maximum temperature
is decreased to 150 °C. As can be seen in Fig. 12(e),
the maximum temperature difference of profile is
further reduced to 29.8 °C. After 20 s of quenching
(see Fig. 12(f)), the temperature difference of
profile is very small and at this time, the quenching
process is considered as a finished state.

In order to quantitatively analyze the
temperature evolution of three parts of profile with
different thicknesses during quenching, the cooling
curves of locations A1-C2 (see Fig. 10) on the
cross-section of profile were extracted, as shown in
Fig. 13. It is clear that the general trend in the data
is similar for all locations in that there is an initial
rapid drop in temperature at the initial quenching
stage, which is followed by a relatively slow rate of
decrease. Finally, the temperatures decrease to a
constant which is same as the cooling water
temperature of 27 °C. The cooling rates of locations
A1l and A2 are significantly larger than those at the
other locations. The lowest cooling rates are located
at the locations of Cl and C2 in the part with
thickness of 14 mm. The reason is that the locations
on the outer surface of profile not only dissipates
the heat away to the cooling water, but also absorbs
the heat from the surrounding. The absorbed heat
fluxes with large thicknesses are higher than those
with low thicknesses. This results in the slow
decreasing of temperature. In the later stage of
quenching (after about 15 s), the absorbed heat flux
in comparison with the heat loss with cooling water
can be negligible, thus the cooling rates of all

locations are basically identical. It can be also seen
from Fig. 13 that there exists obvious temperature
gradient through the thickness of the three parts of
profile. Figure 14 shows the variation of
temperature difference through the thickness in
different parts of profile during quenching. It is
clear that when cooling occurs through the
thickness, which is severe non-uniform for the three
parts of profile. The temperature difference through
the thickness first increases sharply to a maximum
value, and then decreases gradually. The quenching
time for the arrival of the maximum temperature
difference in the three parts of profile is 2.33, 3.43
and 3.35 s, respectively. Moreover, the temperature
gradient increases obviously with the increase of
part thickness. The maximum temperature
difference in the part with thickness of 14 mm is up
to 210 °C, which is 167.2 °C larger than that in
the part with thickness of 6 mm. Figure 15 shows
the maximum temperature difference across the

500
400  \
300 -

200

Temperature/°C

100 -

0 5 10 15 20 25
Quenching time/s

Fig. 13 Cooling curves of locations A1-C2 on cross-
section of profile during quenching

Temperature difference/°C

Quenching time/s

Fig. 14 Typical temperature difference through thickness
of three parts of profile during quenching
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Fig. 15 Maximum temperature difference across cross-
section of profile during quenching

cross-section of profile during quenching. It is clear
that the maximum temperature difference is 300 °C
at the quenching time of 3.49s. The large
temperature difference is mainly due to the
non-uniform cooling of different parts of profile
and higher cooling rate on the outer surface than
that on the inner surface.

4.2 Stress evolution during water quenching
During quenching, there exist transformation
and thermal stress in the interior of profile. The
former is caused by the non-uniformity of phase
transformation of the material, while the latter is
caused by the inconsistent shrinkage rate of
different parts of profile. Since the phase
transformation has almost no effect on aluminum
alloy, this study only considers the thermal stress
caused by the non-uniform cooling of profile.
Figure 16(a) shows the thermal stress evolution of
locations A1—C2 in the three parts with different
thicknesses during quenching process. It is clear
that the principal stresses of locations Al and A2 in
the part with the thickness of 6 mm are both tensile
stress. The principal stresses show a similar
tendency, that is, the tensile stress rapidly increases
to the peak value, then decreases to a lower one. In
addition, the stress magnitude of location Al is
large at the initial quenching stage, while lower at
the later stage of quenching than that of location
A2. For the part with the thicknesses of 10 mm, the
outer and inner surfaces before 4.53 s suffer tensile
and compressive stresses, respectively (see the
curves of locations B1 and B2). After quenching for
4.53 s, the stress state of inner surface is changed to

Principal stress/MPa

0 5 10 15 20 25
Quenching time/s
100

Principal stress/MPa

=100

0 5 IIO 15 2IO 2I5
Quenching time/s
Fig. 16 Thermal stress evolutions at different locations
during quenching: (a) Locations A1-C2; (b) Locations
D-1

tensile stress and the stress magnitude is larger than
that of the outer surface. The stress state for the part
with the thicknesses of 14 mm before 8.23 s is also
tensile—compressive stresses (see the curves of
locations C1 and C2). Moreover, the stress
magnitude and gradient along the thickness in the
region with the thicknesses of 14 mm is obviously
larger than that in the region with the thicknesses of
10 mm. This is mainly due to a higher temperature
gradient through the thickness in comparison with
the other two parts. Figure 16(b) shows the stress
evolution of locations DI at the ends of the three
parts and joints of profile. It can be seen that the
stresses of locations D and E at the ends of parts
with thicknesses of 6 and 14 mm are relatively low,
and the peak stresses during quenching are 33.5 and
27.7 MPa, respectively. The stress states of
locations H and I at the joints of profile are
compressive stress at the initial quenching stage,
and then are gradually changed to tensile stress. The
peak stress of location I (82.6 MPa) is larger than
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that of location H (59.2 MPa). However, for the
locations F and G, the tensile stress first increases
to a peak value, then decreases rapidly and
translates into the compressive stress. After
quenching for 5.5—6s, the compressive stress
reaches a peak value of about 100 MPa and keeps
constant. Figure 17 shows the residual stress

distribution of the extruded profiles after quenching.

It is clear that there exists a large residual stress on
the inner surface of joints of profile and the value is
60—95 MPa. This is mainly due to the fact that the
cooling rate on the inner surface of the joints is
much slower than that on the outer surface of joints,
resulting in large compressive stress on the outer
surface and large tensile stress in the centre and
inner of joints. In the ends of part with the thickness
of 10 mm, the residual stress is maximum with a
value of 102 MPa due to the maximum cooling rate.
However, the residual stress at the ends of parts
with thicknesses of 6 and 14 mm is relatively low,
and the stresses in most regions are lower than
30 MPa.

Effective stress/MPa
102 I
89.6
76.8
64.1 I
51.3
38.6
258
13.1

0.356

vz Min: 0.356
4} Max: 102

Fig. 17 Residual stress distribution of profile after

quenching

4.3 Distortion during water quenching

During quenching, the thermal stress exceeds
the yield strength of material at high temperatures,
which may cause plastic deformation of profile.
The distortion or profile surface cracks may occur
once plastic deformation accumulates to some
degree. Besides, the thermal and mechanical
properties of material such as the elastic modulus,
thermal expansion coefficient and yield strength,
vary as quenching temperature changes, leading to a
difference of deformation magnitude in each part of
profile due to the non-uniform cooling. Figure 18

shows the residual deformation of extruded profiles
after quenching for 25 s. It is clear that the profile
presents a twisting-type distortion across the
cross-section under non-uniform cooling. And
severe outward bowing in the two parts with
thicknesses of 6 and 14 mm is found. The
maximum displacement of 9.51 mm is located at
the end of part with the thickness of 6 mm.
Figure 19 shows the variation of twisting angle
during quenching. It can be seen that the twisting
angle increases first to peak value and then
decreases gradually, finally is maintained at 0.91°.
As previously mentioned, cooling gradients would
develop across the cross-section of profile during
quenching, as shown in Fig. 12. During quenching,
two stages occur in the history of the distortion due
to the non-uniform cooling through the thickness of
profile when cooling the profile from the outer
surfaces [9]. In the first stage, the longitudinal
contraction on the outer surfaces of three parts with
different thicknesses is faster and larger relative
to that on the inner surfaces and imposes an inward
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Fig. 18 Distortion type of profile during quenching
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Fig. 19 Twisting history of profile during quenching
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bowing of the cross-section. Then, as the outer
surface cools, its cooling rate decreases while the
cooling rate of the inner surface is still high because
its temperature is high. The bowing direction varies
and the part exhibits a outward bowing until the end
of the quenching process. Consequently, the
different type of bowing occurs in the different
parts of profile, and the bowing rate is faster for the
thin part than thick parts because it cools faster.
Thus, the different bowing value and rate introduce
twisting to the section. In addition, the distortion
value in the part with thickness of 6 mm is
obviously larger than that in the part with thickness
of 14 mm. This is because the thickness of part
plays a dual role in the outward bowing of the part.
The temperature gradient through the thickness of
part increases with the increasing thickness. Thus,
larger distortions would be expected. However, as
the thickness increases, the part becomes stiffer due
to the increasing moment of inertia. At a large
thickness, the role of the latter is more obvious.
Consequently, the resultant of these two effects
determines that the distortion of thin part is larger.

5 Conclusions

(1) Heat transfer coefficient first increases
linearly with the decrease of interface temperature,
then reaches peak value at the interface temperature
of 108—180 °C due to both vigorous boiling and full
fluid contact. After reaching the peak value, heat
transfer coefficient decreases rapidly as interface
temperature decreases. The heat transfer coefficient
increases with increasing water flow rate. The peak
heat transfer coefficient with the higher water flow
rate appears at lower interface temperature.

(2) The simulated temperatures on the outer
surface of profile during quenching are in good
agreement with the measured ones and the
maximum relative error is less than 12%, which
indicates that the established thermo-mechanical
coupling model is accurate and can be used to
simulate the on-line quenching process of extruded
profiles.

(3) The temperature distribution across the
cross-section of profile during quenching is severe
non-uniform and the temperature
difference is 300 °C at the quenching time of 3.49 s.
The temperature difference through the thickness of
different parts of profile first increases sharply to a

maximum

maximum value, and then decreases gradually. The
temperature gradient increases obviously with the
increasing thickness of parts.

(4) The principal stress in the part with the
thickness of 6 mm is tensile stress, while in the
parts with the thicknesses of 10 and 14 mm is
tensile—compressive stress. After quenching, there
exist large residual stresses at the inner side of
joints of profile and the two ends of part with
thickness of 10mm. The profile presents a
twisting-type distortion across the cross-section
under non-uniform cooling. The twisting angle
increases firstly to the peak value of 2.78° and then
decreases gradually, finally is maintained at 0.91°.
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