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ment method. The results show that for asymmetric quenching between the
upper and lower surfaces, the through-thickness asymmetric quenching resi-

dual stress distribution lies between the two distributions corresponding to
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The surface and central stress magnitudes are equal to the average of the
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stress magnitudes corresponding to the two heat transfer coefficients. For
asymmetric quenching of a single surface, the surface stress distribution is the
same as the heat transfer coefficient distribution and the stress magnitude is
equal to the stress magnitude corresponding to the average value of the heat
transfer coefficients at each location. However, the center quench residual
stress distribution is approximately uniform and the stress magnitude is equal
to the average of the stress magnitudes corresponding to the maximum and
minimum heat transfer coefficients.
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1. Introduction

Al-Zn-Mg-Cu aluminum alloys are widely used in the aircraft industry because
of their high specific strength, specific stiffness and toughness, good machinabil-

ity and excellent corrosion resistance [1] [2] [3]. Solid solution heat treatment is
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a necessary procedure to obtain the desired mechanical properties in the pro-
duction process of Al-Zn-Mg-Cu aluminum alloys. However, the quenching
process generates huge residual stresses due to the large temperature gradient
during the quenching process, which is detrimental to the performance proper-
ties [4]. In addition, for industrial plates with large plate thicknesses, the condi-
tion of asymmetric quenching is unavoidable and the distribution of residual
stresses during quenching appears asymmetrical.

The quench residual stresses of aluminum alloys Al-Zn-Mg-Cu have been
studied both by experimental methods and numerical simulations [5]. Experi-
mental methods mainly include neutron diffraction [6] [7] [8], X-ray [9], bore-
hole drilling [10], layer stripping [11] etc. However, in previous studies, the
quenching process was generally set as homogeneous and possible asymmetric
quenching was ignored. Asymmetric quenching is versatile for industrial
large-sized plates due to the complex industrial quenching procedure. The heat
transfer conditions on the surface during the quenching process seem to be un-
even. In the spray quenching process, the nozzle distribution and quench direc-
tion in the quenching system can lead to asymmetric quenching [12].

In this paper, two strategies of asymmetric quenching in an Al-Zn-Mg-Cu
aluminum alloy plate were simulated using finite element method. The distribu-
tion of surface and central residual stresses and the magnitude of the two asym-
metric quenching strategies are discussed in detail. The relationship between re-
sidual stresses of asymmetric and uniform quenching is disclosed. In addition, a
finite element model of residual stress quenching has been verified by neutron

diffraction.

2. Neutron Diffraction Measurement

The material used in this study was a 27 mm thick Al-Zn-Mg-Cu hardened alu-
minium alloy plate with the composition (wt%) of Zn-7.99, Mg-1.90, Cu-2.20,
Zr-0.11, Fe-0.056, Si-0.0037, rest-Al. The plate had dimensions of 270 mm (RD,
rolling direction) x 81 mm (TD, transverse direction) x 27 mm (ND, normal di-
rection). Neutron diffraction measurements were performed on a neutron reac-
tor (CARR) and the Al {311} planes were chosen as the diffraction plane. The
measurement points were distributed in the normal direction from the centre of
the body to the centre point of the surface and four points with an equal interval

of 2 mm were measured.

3. Simulation

A sequential coupling of the temperature field and the stress field was applied in
this simulation work, which was carried out by the ANSYS software. First, the
temperature evolution and distribution were calculated through the boundary
conditions and the heat transfer coefficient. Then, the results of the thermal si-
mulation were used as initial conditions in the stress field simulation. Finally,

the stress field result was obtained. An elastoplastic model was used in the study
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and bilinear kinematic quenching was used to describe the strain quenching.

The material used in the simulation work was an Al-Zn-Mg-Cu aluminum al-
loy plate. The starting temperature of the quenching process was 475°C and it
was assumed that there was no stress in the plate at the beginning. The water
temperature was 20°C. The material properties of the Al-Zn-Mg-Cu aluminum
alloy used in the FEM analysis were obtained by experimental tests and are de-
scribed in ref. [13]. A 1/8 model of the plate was used to reduce the simulation
time by considering the symmetry characteristic of the plate. A 20-node 3-D
thermal element (SOLID90 in ANSYS) was used for the simulation of heat
transfer analysis and a 20-node 3-D structural element (SOLID186 in ANSYS)
was used for the stress-displacement analysis. In this paper, through thickness
means the path between the center points of the top and bottom surface; surface
transverse direction means the path from the center point on the surface to the
edge along the transverse direction; central transverse direction means the path

from the center point of the body to the edge along the transverse direction.

4. Results and Discussion

Heat transfer coefficient distribution. A series of average heat transfer coef-
ficients were used in this study to quantitatively simulate the asymmetric distri-
bution of heat transfer coefficients on the surfaces of the hardened plate. The
average heat transfer coefficients are 26,000 (20°C), 20,500 (40°C), 17,500 (60°C)
and 9500 (80°C) W-m ™K™', which are taken from the literature [13]. Two
asymmetric heat transfer coefficient distribution strategies were implemented in
this study to reveal the residual quenching stress distributions under the asym-
metric quenching process. One was the asymmetric heat transfer coefficient be-
tween the top and bottom surfaces with the uniform heat transfer coefficient on
each surface. The three pairs of 20°C & 40°C, 20°C & 60°C, 20°C & 80°C were
simulated in this part. The other was the asymmetric heat transfer coefficient on
the single surface while being centrosymmetric in the transverse direction. In
this type of quenching process, the heat transfer coefficient decreased linearly
from 26,000 W-m™*K™" at the centre line to 5000 W-m K™ at the edge (by linear
interpolation).

Verification of the finite element model by the neutron diffraction me-
thod. To illustrate the efficiency and accuracy of the finite element model, the
residual stress distribution across the thickness of the plate hardened at 20°C
was measured by the neutron diffraction method, and the experimental results
were compared with the simulation results. However, due to the limited testing
time of the neutron diffraction method, only a few points in the center of the
plate were measured, which was difficult to obtain by other methods. The com-
parison of the results is shown in Figure 1. It can be seen that the magnitude
and stress distribution of the simulation results are very similar to those of the
neutron diffraction results, both in the longitudinal and transverse components

of the hardening residual stress. Thus, the simulated quenching residual stress in
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Figure 1. The comparison of the experimental and simulation result of through-thickness
quenching residual stress distribution (a) longitudinal component; (b) transversal com-
ponent.

this study was applicable for the prediction of the asymmetric distribution of the
quenching residual stress.

Asymmetric heat transfer coefficient distribution within two surfaces.
Since the longitudinal and transverse components of the residual stresses are
almost identical in large plates [14] [15] [16], only the longitudinal and trans-
verse components of the stresses were analyzed. 20°C & 40°C, 20°C & 60°C and
20°C & 80°C through-thickness residual stress distributions under asymmetric
quenching of the top and bottom surfaces are shown in Figure 2. It can be seen
that the through-thickness residual stress distributions for asymmetric quench-
ing lie between the two distributions corresponding to the heat transfer coeffi-
cients on the top and bottom surfaces respectively.

Table 1 and Table 2 summarize the surface and central residual stresses for
the different asymmetric quenching conditions respectively. It can be concluded
that the stress magnitude for both surface and central stresses is equal to the av-
erage of the stress levels corresponding to the two surface heat transfer coeffi-
cients.

Asymmetric heat transfer coefficient distribution within a single surface.
Figure 3 shows the distribution of quench residual stresses for asymmetric heat
transfer coefficients within a single surface. Compressive stresses appear at the
surface, while tensile stresses appear at the center. The surface quenching resi-
dual stresses are asymmetrically distributed in the transverse direction and un-
iformly distributed in the rolling direction except for the edge regions. However,
the central quench residual stresses are relatively uniformly distributed.

Figure 4 shows the distribution of asymmetric heat transfer coefficients along
the transverse direction for surface quenched residual stresses. It can be seen
that the surface quenched residual stresses show an approximate distribution of
asymmetric heat transfer coefficients in the transverse direction. The stresses
decrease from 193.9 MPa at the centre to 13.3 MPa at the edges where there is a
linear decrease from the 20°C water quenched position to the 80°C water
quenched position. Furthermore, the magnitude of the stresses at each location

during asymmetric quenching is approximately equal to that of the stresses
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Figure 2. Through thickness quenching residual stress distributions. (a) 20°C & 40°C; (b) 20°C & 60°C; (¢) 20°C & 80°C.
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Figure 3. Asymmetric quenching residual stress distribution (a) surface; (b) center.
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Figure 4. Surface quenching residual stress distribution along the transverse direction.

Table 1. Surface residual stress of different asymmetric quenching condition (Unit: MPa).

Initial stress Average stress Stress (asymmetric)

-192.4

20°C & 40°C -173.2 —-178.3/-169.3
-153.0
-192.4

20°C & 60°C —-166.0 -170.5/-165.0
-139.6
-192.4

20°C & 80°C —-135.5 —145.7/-141.0
~78.6
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during uniform quenching. The quenching process can be assumed to be an ap-
proximately one-dimensional heat transfer process through the direction normal
to the surface region. Due to the rapid cooling of the surface region, the temper-
ature gradient difference between adjacent regions cannot be completely neutra-
lized. Therefore, the corresponding residual stress magnitudes can be stabilized
after cooling down. It can therefore be concluded that the surface hardening re-
sidual stresses for asymmetric quenching maintain the initial stress magnitude of
the heat transfer coefficient at each location along the transverse direction.
Figure 5 shows the distribution of residual stresses in the central quench
along the transverse asymmetric heat transfer coefficient. It can be seen that the
effect of asymmetric quenching on the central quench residual stresses is differ-
ent from the effect on the surface stresses. As shown in Figure 5, the central
quench residual stresses are almost identical at all locations for both 20°C water
quenching and 80°C water quenching (within the red line, the stress deviation is
less than 10 MPa). In addition, the stress magnitude for the 20°C water quench
is 120 MPa, while the stress magnitude at the quench edge with a heat transfer
coefficient of 5000 W-m ™K™' is 10 MPa. Based on the simulation results in Fig-
ure 5, the stress magnitude is approximately 65 MPa, which is exactly the aver-
age of the two extremes. It can be concluded that the central quench residual
stress distribution is approximately uniform and the stress level is equal to the
average of the stress levels corresponding to the maximum and minimum heat

transfer coefficients.
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Figure 5. Center quenching residual stress distribution along the transverse direction.

Table 2. Center residual stress of different asymmetric quenching condition (Unit: MPa).

Initial stress Average stress Stress (asymmetric)

120.3

20°C & 40°C 108.8 108.9
97.3
120.3

20°C & 60°C 101.2 101.4
82.0
120.3

20°C & 80°C 75.2 76.2
30.0
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5. Conclusions

When the top and bottom surfaces of the plate are in the asymmetric quenched
state, the through-thickness asymmetric quench residual stress distribution lies
between the two distributions corresponding to the heat transfer coefficients on
the top and bottom surfaces respectively. The surface and center stress magni-
tudes are equal to the average of the stress magnitudes corresponding to the heat
transfer coefficients of the two surfaces.

When the surface is quenched asymmetrically, the surface stress distribution
is the same as the heat transfer coefficient distribution and the stress magnitude
is equal to the stress magnitude corresponding to the average of the heat transfer
coefficients at each location. However, the central quenching residual stress dis-
tribution is approximately uniform and the stress magnitude is equal to the av-
erage of the stress magnitudes corresponding to the maximum and minimum

heat transfer coefficients.
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