- s

£ Sl Science
ELSEVIER Press

Available online at www.sciencedirect.com

“e.° ScienceDirect

Trans. Nonferrous Met. Soc. China 24(2014) 2168—2173

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

Simulation of temperature and stress in
6061 aluminum alloy during online quenching process

Meng-jun WANG'?, Gang YANG, Chang-qing HUANG?, Bin CHEN'

1. Key Laboratory of Nonferrous Metal Materials Science and Engineering of Ministry of Education,
Central South University, Changsha 410083, China;
2. State Key Laboratory of High-performance & Complicated Manufacturing,
Central South University, Changsha 410083, China

Received 17 October 2013; accepted 17 April 2014

Abstract: The cooling curves of 6061 aluminum alloy were acquired through water quenching experiment. The heat transfer
coefficient was accurately calculated based on the cooling curves and the law of cooling. The online quenching process of complex
cross-section profile was dynamically simulated by the ABAQUS software. The results suggest that the heat transfer coefficient
changes during online quenching process. Different parts of the profile have different cooling velocity, and it was verified by water
quenching experiment. The maximum residual stress of the profile was predicted using FEM simulation based on ABAQUS software.
The relations between the temperature and stress were presented by analyzing the data of key points.
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1 Introduction

6061 aluminum alloy is widely used in the
production of large scale complex cross-sections
architecture profiles and industrial profiles due to its
characteristics of moderate intensity, nice plasticity,
favorable solderability and corrosion resistance [1,2].
The complex cross-section profile has a wide range of
application in the aerospace, train and hull structure. As
for variations in thickness, shape (especially asymmetric
structure) and the inability to cool inside the hollow
section, there is non-uniform cooling both across the
section and along the length of the section during the
online quenching process [3,4]. This non-uniform
cooling may lead to large temperature gradients, and
cause high residual stresses and thermally induce
distortions, such as warping and twisting [5—8]. This
may severely affect the property and the precision of the
products, and reduce the production. Therefore, it is very
necessary to investigate the residual stresses of 6061
alloy parts after quenching. In order to predict the
temperature and stress distributions of the complex
cross-section profile in the online quenching process,

ABAQUS/standard was applied to simulate the
performance of the profile [9-11]. YANG et al [12]
simulated the temperature field and residual stress of
large complicated thin-wall workpieces by finite element
method. LI et al [13] studied the temperature and stress
fields of Ti-alloy thin-well barrel during quenching
process. The heat transfer coefficient (HTC) is an
important factor for quenching process, so it must be
taken into account [14—16].

In this work, the study combining FEM with
experimental methods was performed to analyze the
temperature and stress distributions of a circular pipe of
6061 aluminum alloy. The cooling curves of 6061
aluminum alloy were obtained in water quenching.
Based on the cooling curves, the HTC curves were
solved. The temperature and stress distributions of a
circular pipe of 6061 aluminum alloy were simulated by
ABAQUS software, and the basis for preferable
quenching techniques was offered.

2 Experimental

2.1 Quench experiment
6061 aluminum alloy was used for quenching
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experiment to acquire heat transfer coefficient. Table 1
lists its chemical compositions. The shape and size of
sample are shown in Fig. 1. Holes 4 and B were installed
with thermocouple to get temperatures in the quenching

process. Recycling water of 25 °C was used as quenchant.

Figure 2 shows the corresponding cooling curves of
Points 4 and B.

Table 1 Chemical compositions of tested 6061 aluminum alloy

(mass fraction, %)

Si Mg Fe Cu Mn
0.62—0.67 0.95-1.00 <0.35 0.17-0.21 0.10-0.15
Cr Zn Ti Al

0.05-0.10 <0.05 0.02-0.05 Bal.

d50

500

400

300

200

Temperature/°C

100

L

0 50 100 150 200 250 300

Time/s
Fig. 2 Cooling curves of 6061 aluminum alloy in water
quenching

2.2 Calculation of HTC

Precise HTCs are the key boundary conditions in
simulating the quenching process, which was acquired
from the past research results [17].

The quenching sample fits one-dimensional heat
transfer model. Based on one-dimensional unsteady heat
conduction differential equation, the temperature of the
quenching surface can be defined as follows:

2
Ty (6)=2T; ()~ Ty () + 22

[LiE+A) =T ()] (1)
where Ty(f), Ti(f) and T,(¢f) are the temperatures of
quenching surface, the Points 4 and B, respectively;
Ti(¢t+A¢) refers to the temperature of Point 4 at moment

t+At; 4, p, C, are the thermal conductively, the mass
density and the specific heat capacity, respectively; Az
and Ax refer to the temperature and displacement change
amount.

Based on the Fourier law and Newton’s law of
cooling, the relationship between the quenching time ¢,
face temperature 7o(f) and HTC #,,(?) can be described as

¢ _, HO-L©

O T T M -1, ]

(2)

where T is the temperature before quenching; 7, is the
temperature of quenchant; ¢ is the internal heat source
density. According to the cooling curves, together with
Egs. (1) and (2), hy,—Tycurve can be got, as shown in Fig.
3.
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Fig. 3 HTC curves of 6061 aluminum alloy in quenching
surface

2.3 Numerical simulation

ABAQUS/standard  with coupled  thermal
displacement analysis was applied to simulate the
quenching process. Since the cooling along the length
axis was uniform, a 2D model was used to reduce the
computational time. The scale of the model was in
agreement with the real profile, as shown in Fig. 4. The
physical properties of the alloy were considered to be
constant in the models and listed in Table 2. The yield
stresses at different temperatures are listed in Table 3
[18]. Element type was CPE4T and mesh size was
properly selected. Reference Points A—H were also
defined to extract data for analyzing the process.

3 Results and discussion

3.1 Temperature distribution

The temperature distributions in the quenching
process at different time are shown in Fig. 5, from which,
the maximum cooling velocity occurs in external edge of
four ribs around the profile, while the joints of the
internal face and ribs have the slowest cooling velocity.
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(b)

Fig. 4 Profile (a) and its FEM model (b)

Table 2 Material parameters of 6061 aluminum alloy

Conductivity/ Density/ Specific heat capacity/ Expansion

(W-m’LK’ 1) (g-cmﬂ) (J'kgfl-Kfl) coefficient Elastic modulus/GPa Poisson ratio
180 2.7 896 107 40 0.35
Table 3 Yield stresses of 6061 aluminum alloy at different temperatures
Temperature/°C 24 100 150 200 260 316 371
Yield stress/MPa 276 262 214 105 34 19 12
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Fig. 5 Temperature distributions of profile model during quenching process at different time: (a) 0.5's; (b) I's; (¢) 2's; (d) 3 s;(e) 5 s;
H7s
As the temperature difference between the quenching temperature difference is prone to form residual stress,
medium and profile increases, the heat exchanges rapidly the heat induced stresses will concentrate in the rib, and
and the temperature drops sharply. The temperature the peak value appears within 2 s.
difference of the profile maintains 100 °C in the first 2 s Figure 6 shows the cooling curves of key Points

and then decreases apparently. Finally, the temperature of A—H of 6061 aluminum alloy profile at the water flow of
the entire profile tends to be uniform. As large 0.32 m’/h. Among the internal points A—D, the maximum
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cooling velocity appears in Points 4 and D, and the
cooling velocity of Point C is smaller than that of the
other three points. However, among the external Points
E-G, Point G has the maximum cooling velocity, and
point A has the smallest cooling velocity. It fits well with
the cooling law which reflects in the temperature
distributions of the profile model, as shown in Fig. 5.

3.2 Stress distribution
The stress distributions of the profile in different
quenching time are shown in Fig. 7. At the beginning,

the external walls of the pipe and ribs suffer tensile stress,
however, the internal walls are under compressive stress,
those stresses reverse as the temperature decreases. From
the stress contours, it can be seen that stress
concentration appears mainly in the joints of the pipe
wall and ribs. The maximum residual stress exists around
the joints of internal wall and ribs when the quenching
process is over.

To further illustrate the relations between the
temperature and the stress of the profile during the
quenching process, data of the key Points A—H are
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Fig. 6 Cooling curves of key Points A—H of 6061 aluminum alloy profile: (a) Internal Points A—D; (b) External Points E—G

Fig. 7 Stress distributions of profile model during quenching process at different time: (a) 0.1 s; (b) 0.5 s; (¢) 1 s; (d) 2 s; (e) 4 s;
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extracted. The temperature—stress curves are shown in
Fig. 8. Points A—D suffer compressive stress firstly and
then change to tensile stress. Finally, residual tensile
stresses exist after quenching. Points 4—D get to the peak
compressive stress before 500 °C. When Points B and C
get to the peak stress value, the corresponding
temperature is even higher than that of Points 4 and D,
while the peak stress values of Points 4 and D are larger
than that of Points B and C. The peak compressive
stresses of Points 4 and D in the initial stage are 1.5 and
1.3 MPa, respectively. And the residual tensile stresses
after quenching are 8.2 and 7.7 MPa, respectively. On the
contrary, stress states of Points E—H are tensile firstly,
then change to compressive stress. In the first place,
Points £ and G reach the peak stress values of 1.7 and
2.8 MPa, respectively. Finally, residual compressive
stresses reach 17.4 and 21.7 MPa, respectively.
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Fig. 8 Temperature—stress curves of key points during
quenching process: (a) Internal Points A—D; (b) External Points
E-G

4 Conclusions

1) The value of heat transfer coefficient is low at the
beginning of the quenching process, however, with the
temperature decreasing, it rises till the peak of 20
kW/(m*K) and then decreases.

2) The maximum cooling velocity appears in the
external edge of ribs around the profile, while the joints
of the internal surface and ribs have the slowest cooling
velocity. The temperature difference of the profile is
about 100 °C in the first 2 s, then decreases apparently.
And the temperature of entire profile tends to be uniform.
The cooling curves of key points fit well with the cooling
law which reflects in the temperature distributions of the
profile model.

3) The external walls of the pipe and ribs suffer
tensile stress firstly, while the internal walls are under
compressive stress, with the temperature decreasing, the
stresses reverse. The maximal residual compressive
stress and tensile stress in the quenching process are 28.7
and 21.7 MPa, respectively.
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