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Abstract. The purpose of this article is to better understand the behavior of the
residual stresses in aluminium alloy plates by using mathematical modelling.
Quenching of aluminium alloy plates causes an uneven temperature variation
in aluminum alloy plates, and elastic and elasto-plastic deformations occur in-
side the material. The latter causing the formation of deformations and resi-
dual stresses. The non-linear thermo-mechanical direct coupled analysis of the
quenching process for a 6061 aluminium alloy plate was achieved by using
ANSYS finite element software. The residual stresses due to solid thermal ef-
fects were determined by calculation of the Third principal stresses, the most
negative or compressive. The developed mathematical model offers a support
in the understanding the behavior of the residual stresses in aluminium alloy
plates and a better control of them.

1 Introduction

The solution heat treatment and quenching operation of aluminium alloys induces internal
stresses of tension and compression in the section of the plates due to heating in very high
temperature ranges, near the lower limit of the melting intervals of aluminum alloys, and
sudden cooling by water spraying on the upper and lower surfaces of the plates that determine
thermal gradients in the range of 50 - 100 řC/s.

One of the most important steps in the mathematical modeling of an industrial process
is to understand the process. In our case, in the initial quenching stage, there is a cooling of
the plate from the outside to the inside, which causes a contraction and strengthening of the
outer part of the plate, before the inner part, which causes internal compression stresses and
the balance of the external stresses. After a short period of time, of the order of seconds, the
inside of the plate begins to cool and contract. However, the contraction process is limited
by the already quenched outer layer of the plate, which causes internal tensile stresses and
which will be balanced by the external compression stresses [1]. The typical residual stresses
after quenching process follow an M-shaped profile [2].

In this work, the quenching process by water spraying was modeled, which offers the
advantage of time control as well as pressure regulation. The object of the mathematical
model was a 6061 aluminium alloy plate. Aluminium alloy 6061 is a medium to high strength
heat-treatable alloy. The magnesium and silicon are the major alloying elements of the 6061
aluminium alloy, which is one of the most common aluminum alloys for general-purpose us.
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Quenching is a multi-physics process which involves heat transfer, phase transformation
and stress evolution problems [3]. In the implemented mathematical model the structural
stress due to solid thermal effects was considered, and the phase transformations that occur
during quenching are not taken into account.

Numerous researches studies have been conducted in last decades to develop numerical
simulation methods for the prediction of the residual stresses of the material after quenching
[4].

The main challenge for this problem was to define the boundary conditions, respectively
the heat transfer coefficients on the plate surface during quenching.

Considering the data of the problem and the mathematical model developed in earlier
work [5] by using ANSYS Discovery AIM software, it was succeeded the prediction of the
residual stress after quenching for a 6061 aluminium alloy plate.

2 The mathematical model

The mathematical model developed and implemented using the ANSYS software is presented
in the a previous work [5].The object of the mathematical model was a 6061 aluminium alloy
plate with the dimensions 100 x 1500 x 3000 mm.

The properties of the 6061 aluminium alloy plate used as input data in the model were
taken from the academic literature [6] and standards [7], and some of them interpolated by
using the least square method [8].

By choosing the type of problem, ANSYS has already implemented the main equations
of the mathematical model, in our case the transient heat transfer problem [5]. In fact, one of
the most difficult parts in ANSYS is to define the boundary conditions of the studied problem.

The initial condition for the heat problem was:

T ini = 550oC, when t = 0s. (1)

The boundary condition for the heat transfer problem was defined as follows:

−nnn · (−k∇T ) = q(A, t) (2)

Where: k is the thermal conductivity of the aluminium alloy plate, T temperature and q
the heat flux coefficient dependent on the position of point A on the surface of the plate and
the time t.

For determination of the residual stresses on the studied aluminium alloy plate, the tem-
perature value resulted from the heat problem was used as the input data in the structural
problem.

Due to the assumption that the phase transition does not change during the quenching
process, the thermal strain depends in our study only on the temperature, T, the stress-free
initial temperature, T ini, and the thermal expansion vector, a:

εth = α(T − T ini) (3)

Also, the zero state is considered as the initial state since the rolling operation before the
quenching has minor effects on the residual stresses [9]. Thus, the strain consists only of
elastic (εel) and thermal (εth) contributions:

ε = εel + εth (4)

And the stress was related to the strain by:
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σ = Eε (5)

The bottom of the plate was fixed in the four corners (points) on the transversal direction
of the plate and free in the plane area.

3 Experimental

A part of the experiments were performed on the special equipment for the research of the
aluminium alloy quenching process (Figure 1 - 2) and provided with the latest technology
and commissioned in January 2019 into R&D Department of the ALRO plant in Romania.

Figure 1. The independent equipment for the research of aluminium alloy quenching process.

Figure 2. The independent equipment for the research of aluminium alloy quenching process 3D view.

The industrial tests were performed on 6061 aluminium alloy plates. The 6061 aluminium
alloy plates were obtained by hot rolling from a cast slab.

At t = 0 s, the plate was assumed to be entirely in the heat treatment area and the plate tem-
perature was assumed to be 550 řC, taking into consideration the temperature set points for
this treatment. The plate was assumed to come into direct contact with the cooling medium
after 1s. In our case the cooling medium was represented by demineralized water whose
temperature is automatically controlled and is usually in the range of 25 - 35 ř C.

The plates remain in the furnace for a certain period of time and at a certain temperature
depending on their thickness and the type of alloy. After this period, the furnace door practi-
cally opens and the plates exit from the furnace by the movement induced by the conveying
rollers directly in the quenching area.

After the quenching treatment, samples were cut at dimensions 300 mm x 300 mm for
determination of the residual stresses by the hole-drilling method. By this method the residual
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stress profiles is determined near the surface, on 1 mm depth. Induction of the internal stresses
during the drilling was avoided by utilization of a high-speed air turbine with 40 000 rpm.
Residual stresses were evaluated by Integral Method [10].

4 Results. Discussion
The mathematical was implemented using the commercial finite element package ANSYS
Discovery AIM 19.0. Considering that inside the material the residual stresses are different
from those on the outer surface, their representation was made on a quarter of the plate for a
better visualization (Figure 3).

Figure 3. The computational domain for residual stresses represented with yellow color.

The residual stresses on the surfaces of a quarter of the plate after the quenching process
are presented in Figure 4.

Figure 4. The residual stresses on the surfaces of a quarter of the 6061 aluminium alloy plate after the
quenching process numerical values.

During the quenching process different cooling takes place on the bottom vs the top of
the plate, also, a similar behavior is observed for the residual stresses with higher absolute
values recorded at the bottom of the plate (Figure 5).
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Figure 5. The residual stresses on the transversal section view of the 6061 aluminium alloy plate after
the quenching process numerical values. Different values were obtained on the bottom of the plate vs
the top of the plate.

From this figure can been seen that the residual stresses after quenching process follow
an M-shaped profile on the depth of the plate. The determined profile of the axial residual
stresses by using Integral Method is presented in Figure 6.

Figure 6. Non-uniform stress profile determined for 6061 aluminium plate after quenching process.

The values obtained for the residual stresses on the bottom surface of the plate were
similar to those obtained by using ANSYS software.
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5 Conclusions

The numerical results were obtained by developing and implementing a mathematical model
in ANSYS Discovery AIM 19.0 software.

The temperature of the transient heat transfer problem between the demineralized water
and the 6061 aluminium alloy plate was used as input data in the structural problem.

The residual stresses due to solid thermal effects for an aluminium plate were determined
by calculation of the Third principal stresses. The numerical results obtained for the residual
stress profile in the cross section of the aluminum alloy plate are in accordance with the
theory, following an M-shaped profile.

The numerical values for the residual stresses obtained on the bottom surface of the plate
were in the range of those obtained by using the Integral Method.

The possibility of performing simulations with different input data in the mathematical
model gives a better understanding and control of residual stresses in aluminum alloy plates.
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