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Abstract

The aim of this paper is the validation of a numerical model dedicated to the determination of
the residual stresses distribution induced by the heat treatment of AA 7075-T6 alloy.
Particularly an inverse method coupled with optimization algorithms was developed and
applied for determining the heat convection coefficients during quenching and tempering.
Layer removal method was used to verify experimentally the distribution of residual stresses.
This method was modeled and simulated using a developed Finite Element Model (FEM). As
the final goal is to predict part distortion during machining and after unclamping, the previous
simulation is a first step of modeling material removal. In addition, the contour method was
used to evaluate the effects of the temperature gradient on the distribution of residual stresses.
The comparison between the experimental and numerical results revealed that this approach
could predict the residual stresses distribution induced by heat treatment. The results also
prove that the prediction of the midline curvature distortion is possible.

Keywords Residual stresses, Part distortion, Heat treatment, Numerical simulation, AA 7075-
T6.

1. Introduction

Aluminum parts are widely used in many industrial sectors such as automotive, medical and
aerospace. Despite the massive use of this material, the reduction of part distortions is still a
big challenge for productive companies. In fact, the probability of not respecting tolerances due
to these distortions is 47%, such rework costs manufacturers up to 10 million USD annually
[1]. For example, the wasted materials and corrections related to distortions of the machined
parts costs over 290 Billion USD, based on a conducted study of Boeing Company regarding
the information on manufacturing of four different aeroplanes [2]. These distortions are due to
the redistribution of the residual stresses induced by material removal [3]. Improving residual
stresses comprehension permits the control of their distributions in the parts and reduce
distortions. According to Kog et al. [4], the main factor of the residual stresses is the quenching
during the heat treatment. The immersion of the warmed parts in the quenching fluid generates
a thermal gradient between the surface and the center of the parts, which conducts to
compressive and tensile residual stresses at the surface and the center of the parts
respectively [5].



Many numerical methods can be applied to simulate the residual stresses distribution. Cerutti
and Mocellin [3] used a polynomial function to represent the residual stresses distribution in
the simulated part. Although this method is based on experimental results residual stresses
results, it cannot represent the non-uniform distribution of the residual stresses due to the
thermal gradient effects. Jeanmart and Bouvaist [6] developed Ramberg-Osgood model to
simulate the quenching of AA 7075. Using this model, the thermomechanical problem is
assumed to be uncoupled, i.e. the thermal and mechanical calculations are computed
consecutively. This approach can control the complex phenomena involved during the heat
treatment process, which leads to a better representation of the residual stresses distribution.

The simulated residual stresses distribution can be validated using several experimental
techniques that can be classified into two groups: (1) the non-destructive methods such as X-
Ray diffraction [7—10], neutron diffraction [11, 12] and (2) the destructive methods such as the
contour method [13-17], the layer removal method [18, 19] and the hole-drilling method [21—
23]. The selection of the measurement technique depends on many factors such as the
geometry of the part, the number of components of the residual stress tensor to be measured,
the cost and availability of the measurement techniques [23]. In this work, a set of raw parts
was used to carry out the destructive tests. Moreover, the only interest is the global
deformations of the part. So, the first two destructive methods were performed.

Hospers and Vogelesang [18] proposed the layer removal method in 1975. This method can
be performed using inexpensive equipment setup and is relatively easy compared to other
methods. According to Richer-Trummer et al. [19], the layer can be removed using high speed
machining (HSM) due to the low influence on the distortion. This is due to the low effects of
the high rotational speed and feed which leads to low forces applied to the material [24].
According to Yang et al. [25] and Cerultti et al. [26], the main cause of the distortion is the
residual stresses generated by the manufacturing processes before machining.

The contour method can also be used to measure the residual stresses, which was first
introduced by Prime [14]. It is a powerful technique for mapping residual stresses in
engineering structures. This method is based on superposition principle introduced by
Bueckner [27]. Using the contour method, a two-dimensional (2D) map of the residual stresses
acting in a direction normal to the plane of interest can be investigated. Recently, a practice
guidance has been published by Hosseinzadeh et al. [15] to explain the different steps of this
method. Roy et al. [13] developed a Python package, which is an open-source computational
framework for residual stress analysis employing the contour method.

In this paper, an approach for predicting the residual stresses induced by heat treatment of
7075-T6 aluminum alloy plates is proposed. After a rapid presentation of the proposed
procedure in section 2, a model of the heat treatment of AA 7075-T6 alloy is developed
assuming the thermo-elastoplastic behavior of this material (section 3). Based on the inverse
method for determining the heat convection coefficients, the heat treatment model is able to
predict the non-uniform distribution of the residual stresses. Section 4 deals with the validation
of the simulated residual stresses distribution by using two experimental techniques: layer
removal and contour methods. A machining model was also developed considering the
residual stresses and the effect of machining sequence [28-29]. Before concluding the paper,
a discussion on the obtained results is proposed in section 5.

2. Proposed approach

AA 7075-T6, which is an aluminum alloy where zinc is the main alloying element, is used. This
alloy is widely employed in aircraft structural parts due to its excellent mechanical properties
such as the good ductility, weight, high strength, toughness, and good resistance to fatigue.
Its chemical composition is shown in Table 1.



Table 1 Chemical composition of 7075-T6 Al alloy

Element Al Zn Mg Cu Fe Si Mn Cr Ti
51- 2,1- 1,2- 0,18-
0 ) ) ) )
W% Base 6.1 29 20 0,5 0,4 0,3 0.28 0,2

The several steps of this approach are shown in Fig.1. The aluminum plates were heat-treated
to eliminate the previous residual stresses and to generate a new distribution. During the heat
treatment, instrumented plates with thermocouples were used to determinate the heat
exchange coefficients (section 3). The layer removal method was employed to validate the
residual stresses distribution (section 4.1). This method was modeled and simulated using
FEM and the results were compared to experimental ones (section4.2). In the other hand, the
induced residual stresses from the heat treatment were measured using the contour method
(section 4.3) and the results were compared to the simulation (section 5).
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Fig.1 Flowchart of the proposed approach for determining the RS.
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3. Heat treatment modeling

3.1. Heat treatment process
Quenching and tempering (T6 heat treatment) were applied over samples of 200 mm x 99 mm
x 40 mm using the protocol illustrated in Fig.2 [30]. For quenching, the parts were maintained
470 ° C for 3 hours. This phase before quenching, eliminates the previous residual stresses
[6]. During the sudden immersion in the water at 18 °C, an automatic water agitation system
was used in order to avoid the calefaction phenomenon. For tempering, the parts were kept at
137 °C for 12 hours and then cooled in the air.

uenching

Heat treatment

Tempering at 137 °C for 12 h

v

Air cooling at 20 °C

Tempering

Fig.2 Protocol of the heat treatment process

3.2. Experimental determination of heat exchange coefficients

During the heat treatment, a plate was instrumented with thermocouples to measure the
variation of temperature during heat treatments. The sample is a rectangular parallelepiped of
200 x 99 x 40 mm. Five holes with 1.2 mm diameter located at 1.6 mm below the surface and
in the center of the part were drilled by Electrical Discharge Machining (EDM) in different
locations in the plate as shown in Fig.3. K-type thermocouples were located at the bottom of
each hole. While holding the part in the furnace, all the thermocouples have reached the set
temperatures (470 °C during quenching and 137 °C during tempering). The effect of sheath
thickness and thermocouple response time were neglected.

100 R
¢'\f/‘*jP +©O A

Type K thermocouples
with 1 mm diameter
sheaths

Fig.3 Location of thermocouples in the AA 7075-T6 plate

After obtaining the temperature variation as a function of the time from the experiments,
numerical simulations under the same experimental conditions were performed using FORGE®
software. Using genetic algorithm, the thermal convection coefficients were determined by
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minimizing a mean square error cost function. The used genetic algorithm launches iteratively
numerical simulations in order to optimize these coefficients. The optimization process is
shown in Fig.4.
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Fig.4 Flowchart to determine the heat convection coefficients

3.3. Heat treatment simulation

3.3.1. Thermal calculations
Assuming that the thermal and mechanical problems are uncoupled [6], the thermal equations
governing the heat treatment problem can be written as:

oT
V(AVT) = pc,,g
Q=—-hAAT Ea.(1)

where 2 is the thermal conductivity, p is the density, C, is the specific heat, 0 is heat transfer,
h is the heat transfer coefficient, A is the surface area and AT = (T — T;) is the difference in
temperature between the solid surface Ty and the surrounding fluid T, . The needed
thermophysical properties i.e. specific heat, thermal conductivity and density are temperature
dependent (see Fig.5) and taken from the literature [6]. This data is difficult to find since they
are confidential for the suppliers of the materials. However, Pechiney [6] was the only source
of these thermo-dependent properties for the AA7075. The finite element method using
SYSWELD® software was used to solve this problem. The calculation of the thermal gradient
requires the use of small elements and time increments. The plate has been meshed with
31,920 hexahedral elements, refined on the edges (0.625 x 0.625 x 0.156 mm). The external
surfaces of the simulated part were submitted to 18°C during the quenching and to 20°C during
tempering.
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Fig.5 Thermal conductivity, specific heat and density in function of temperature for 7075 Al alloy

3.3.2. Mechanical calculations
During the mechanical calculations, the material is considered as isotropic and the rheological
behavior of the material is non-viscous as strain rate are here quite low. Finally, the same
mesh was used as in the thermal calculations. The constitutive equation is:

deitj =def; + deipj + 6;jdey, Eq.(2)

where deitj is the total strain increment, defj the elastic strain increment related to the stress

increment by the Hook’s low, de;, is the thermal strain increment related to the temperature
increment by the thermal expansion coefficient a,i.e. de;, = adT and §;; is the Kronecker's
delta symbol. The evolution of the thermal expansion coefficient is shown in Fig.6.
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Fig.6 Coefficient of thermal expansion in function of temperature for 7075 Al alloy

de}; is the plastic strain increment:
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where g, is the effective stress defined as o, = f SiiSij de? is the effective plastic strain
defined as def = /—ds” ds and S;; are the components of the stress deviation tensor.
Thermo-dependent isotropic hardening approximation was used to model the stress-strain

curve of the material. The thermo-dependent mechanical properties are shown in Fig.7 and
Fig.8, taken from the literature [6, 27].
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Fig.7 Young's modulus and yield stress in function of the temperature for 7075 Al alloy
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Fig.8 Hardening curves as function of temperature of 7075 Al alloy

The thermo-dependent mechanical properties were also taken from literature [6]. The effect of
the variability of these parameters due to the heterogeneity of the material, the position of the
studied part in the initial plate, the measurement errors on the residual stresses distribution will
be the aim of the next publication.



4. Experimental determination of the residual stresses

4.1. Layer removal method

The layer removal method was originally introduced by Treuting and Raed [31] in 1951. Itis a
destructive experimental method allowing to estimate the evolution of one component of the
residual stresses according of the thickness of a part. It is based on removing layers from a
sample and measuring the resulting distortion. Hospers and Vogelesang [18] used this method
on rolled sheet metal. Chemical etching was performed to remove the layers and then the
curvature of the sheet was measured. The average stress in the removed layer can be
calculated using Eq.(4) [18]. As described by Hospers and Volgelesang, after removing the
layer of At thickness from the part, which has initially t;_; thickness and r;_; curvature radius,
a new part thickness t; and curvature radius r; are obtained (see Fig.9). E is the Young
modulus, v is the Poisson ratio and agyy; is the averaged residual stress in the removed layer
in Y direction [18]. The main assumption of this approach it the homogeneity of stress
repartition in XY plane.
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Fig.9 Scheme of the removal layer method including the required variables

The layers were removed by machining in two steps: machining shoulders 19 mm width and 2
mm thick before each pass, then a planing step of 61 mm width and 2 mm thick allowing
removal of the entire layer as illustrated in Fig.10. In fact, for aluminum alloys, the layer
affected by machining is of the order of 200 um [32]. Compared to the removed layer (2 mm)
and the final thickness after machining (20 mm), the effects of machining on the distortion
results are negligible [24].
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Fig.10 Procedure for removing layers: planning operation

Due to the assumed symmetry of the residual stress compared to the mid-plane, removing the
material up to the half thickness should be sufficient [19]. Ten layers with 2 mm thickness were
in consequence removed. After each step, the part was released and the midline curvature of
the machined surface was measured with a Coordinate Measuring Machine (CMM).

4.2. Simulation of the removal layer method

After the simulation of the heat treatment on the aluminum plate, the removal layer method
was simulated using SYSWELD® software. Bulk removal modeling was adopted to predict the
distortion using an elastic model [33]. After removing the elements corresponding to the layer,
the residual stresses are balanced at the level of the machined surface. A model that takes
into account the distortions of the previous layers (sequence effects) and of the initial residual
stresses was developed. Ten simulations (corresponding to 10 removed layers) were carried
out with the same experimental methodology. First, a 2 mm thick shoulder step was made as
shown in Fig.11. Eight clamping points modeled by a pressure in the Z direction at the contact
surface of each support corresponding to a force of 20 KN was applied. Then, the planing step:
which consists of the machining of a 2 mm layer and 61 mm wide and finally unclamping.

The model was built with hexahedral elements of size 5 x 5 x 0.5 mm? refined on the clamping
zone (2.5 x 2.5 x 0.5 mm?). During clamping, the lower surface of the part was considered to
be encastred (the nodes were blocked in the three directions) with the eight clamping supports
on the upper surface which ensure the maintaining in position of the part. After unclamping,
and to ensure an isostatic maintenance of the part, a node N1 was blocked in the three
directions X,Y and Z, a node N2 was blocked in two directions X and Z, and a node N3 was
blocked in the Z direction as shown in Fig.11.

As two different meshes are used for heat treatment and for the removal layer method it is
necessary, before the first step of material removal, to project the simulated stress field
obtained from one mesh to another. To do this we use the approach proposed by Duranton et
al. [34].

After each layer, the curvatures were measured on the midline plane of the simulated parts in
the Y direction and subsequently the residual stresses were calculated using Eq.(4).



Fixed nodes during

Shoulders Clamping machining

Midline plane

p Boundery conditions after unclamping
Fig.11 Mesh and boundary conditions for the first removed layer

A similar simulation approach will be used to reproduce material removal during machining
and part deformation during the process. However, for the present approach, the material
removed corresponds exactly to one or more layers of finite elements, whereas during
machining the removal of material will no longer necessarily correspond to the layers of
elements.

4.3. Principle of the contour method

The contour method consists of 3 steps. Step A in Fig.12 presents the residual stresses
distribution along the thickness of the plate. The sample is cut into two parts during Step B,
which causes a relaxation of all the stresses present in the cut section. In step C, a linear
elastic finite element analysis (FEM) is used to apply surface deflections to a numerical fit of
the surface profile to recover the uncut shape. The plate was cut using wire EDM, 0.25 mm
wire diameter and 0.5 mm / min cutting speed were applied [15, 35]. The cut surfaces were
scanned using non-contact 3D scanner GOM, which uses a structured blue light technique.

Step B

40

99

Step C

Back to
original
position

Back to
original
position

Fig. 12 Schematic drawing illustrating the principle of the contour method for the residual stress
determination across the thickness of the plate in the direction normal to the cut section.
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As shown in Fig.13, the step C can be decomposed in 4 sub-steps. The first sub-step of this
computational framework is the alignment and averaging of the scanned surface profile data.
Then, a numerical surface fitting was done using a Python script [13] to smooth the data and
to impose the FEA boundary conditions (Sub-Step 2). After this, FEA preprocessing was
carried out, in which an elastic calculation was performed with 8-noded quadrilaterals mesh.
The boundary conditions were defined using an ABAQUS CEA script [13] (Sub-step 3). Finally,
the post-processing step (Sub-step 4), in which the residual stresses results at the nodes, can
be displayed.

Step 1: Alignment and Step 2: Surface
averaging fitting

Step 3 Step 4: Post-
Preprocessing processing

Fig.13 Contour Method process using Python script

5. Results and discussion

5.1. Heat treatment simulation

The results of the convection coefficient with water during quenching are shown in Fig.14. The
curve of the heat convection coefficient in function of the temperature highlights that there are
a physical phenomena of calefaction at the beginning of the quenching and then the forced
convection. During this procedure, the convection coefficient increases until reaching a
maximum value of h = 10 591 W.m=2.K? at T = 250 °C. Then, the convection coefficient starts
to decrease until it reaches a value of h = 3584 W.m2.K ! at T = 41 °C. The temperature at
near surface measured by the thermocouple T5 (Fig.3) was chosen as the reference
temperature for the optimization. A strategy was adapted by dividing the entire cooling period
in the water into 10 sub-periods. The goal is to optimize iteratively the sub-periods in order to
determine the set of coefficients.
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Fig.14 Evolution of the heat convection coefficient with water as a function of the temperature

Using these values of the heat convection coefficients in function of the temperature, a
guenching simulation of AA 7075-T6 part was performed. Fig.15 shows the simulated and
measured curves of the temperature measured by the two thermocouples T1 and T5 during
cooling for the ten sub-periods during the optimization.

A good agreement between experimental and simulated results is visible in Fig.15. The
evolution of the temperature during quenching is a key point for the residual stresses
generation. Therefore, the values of heat convection coefficient with water will be taken as
input data for the thermomechanical simulation of the heat treatment. The experimental results
show a sudden drop in temperature during the quenching process between 12 s to 13 s from
the beginning of the quenching which can be explained as follows. The calefaction
phenomenon is due to the vapor layer around the part, which slows down the cooling. At the
temperature between 150 °C and 100 °C, this layer disappears and then the part is in direct
contact with water. For this reason, cooling becomes fast until stabilization after only one
second [36].
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Fig.15 Simulated and measured cooling curves (thermal convection with water)

12



The same procedure was applied to determine the value of the heat convection coefficient with
air during the tempering. Given the slowness of the cooling during this procedure, one
coefficient of har= 6.33 W.m2.K* was obtained and used later for the heat treatment simulation.

5.2. Residual stresses results

5.2.1. Layer removal method

A comparison between the measured and simulated curvatures of the deformed parts was
performed after each pass. Fig.16 shows the midline curvature after the removal of the fifth
layer. This figure proves that the machining model is capable of predicting the distortion results
with an error of 9% between both curvatures. It also demonstrates that the simulated residual
stresses through the heat treatment are close to those in the real part. To determine the radius
of the curvature, a nonlinear curve fitting was applied. Based on these curvature values and
as explained in section 3.1, the residual stresses can be calculated.

0,4
0,35
0,3
0,25
0,2
0,15
01
0,05

——Simulated midline curvature

® Measured midline curvature

Midline displacements [mm)]

-100 -80 -60 -40 -20 0 20 40 60 80 100
Workpiece length [mm)]

Fig.16 Midline curvature after removing the fifth layer (1/2 of the total removed material)

Fig.17 shows the experimental and simulated residual stresses obtained with the layer
removal method. The results show the same trends for both cases. In fact, the residual
stresses are compressive up to 7 mm from the surface, and then tensile until the center of the
plate. At the surface, a stress of -165 + 10 MPa was measured, while a stress of -231 MPa
was simulated. For the first removed layer, the distortion is small which leads to a high value
of the curvatures radii. Based on Eq.(4), the small variation of the high curvature value results
in a large difference in the calculated residual stress, this explain the difference between the
measured and simulated residual stresses in the first layer. Although in terms of distortion, the
gap between the simulated and measured curvatures is 0.04 mm. A tensile stress of 87 MPa
was also measured at the center.
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Fig.17 Experimental and simulated residual stresses distributions in the part induced by heat
treatment using layer removal method

Based on this method, the average residual stresses of the entire removed layer can be
calculated. Nevertheless, after the heat treatment, the residual stress distribution into the part
is not uniform because of the temperature gradient during quenching. This phenomenon
cannot be investigated using this method since it measure only the residual stresses across
the depth of the part. For this reason, contour method was also performed.

5.2.2. Contour method

Using the contour method, the normal residual stress to the cut surface can be measured.
During the quenching operation, thermal gradients generate strain and stresses. Actually, the
guenched part can be divided into two zones: a surface zone and a core zone. At the beginning
of quenching, the surface zone cools faster than the core zone. In this case, the core will
prevent the deformation of the surface. The core is therefore in compression while the surface
is in tension. When the core is cooled down, it will be prevented from being strained by the
surface.

Fig.18 shows the residual stresses results in Y direction (ayy), obtained by the contour method
and by the heat treatment simulation. Fig.18 (a) shows the simulated residual stresses map
induced by heat treatment. This figure shows that the induced residual stress by heat treatment
is not uniform. In fact, the residual stresses are compressive until 8 mm from the surface and
then tensile until the center. It shows also that the induced residual stresses are symmetrical
compared to the middle plane since the same thermal boundary conditions were used on all
the surfaces of the simulated part. The results of the contour method show the same residual
stress distribution especially the thickness of the compressive layer as shown in Fig.18 (b). It
validates also the symmetrical simulated residual stresses distribution.
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Fig.18 Distribution of ayy residual stress in the cross section obtained by (a) numerical simulation of
heat treatment; (b) contour method

Fig.19 (a) shows that the results obtained by the contour method and those obtained by
numerical simulation are nearly similar. The profile at 25 mm from the surface in X direction
through the thickness of the part was investigated. Compressive stresses up to 8 mm from the
surface, then tensile stresses until the center of the plate. It shows also that the residual stress
profile is symmetrical compared to the middle plane. At the center of the part, a value of gyy=
182 MPa of tensile residual stresses were simulated compared to oyy= 155 MPa measured
using the contour method. At the surface, about gyy=-136 MPa compressive residual stresses
were simulated compared to ayy=-216 MPa measured. Fig.19 (b) presents the residual stress
profile at the midline of the cross section through the width of the plate. It demonstrates that
the heat treatment model represents well the real residual stresses distribution on the plates.
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Fig.19 Comparison of the residual stress profiles between the contour method and the simulation of
heat treatment; (a) The residual stress profile ayy at 25 mm from the surface in X direction through the
thickness of the part; (b) The residual stress profile ayy of the midline of the cross section through the

width of the plate

6. Conclusions

In this work, a thermomechanical model was developed to simulate the heat treatment process
of the AA 7075-T6 using SYSWELD® software. To build this model, heat treatments were
carried out with instrumented parts in order to determine the heat convection coefficients with
water and air using the inverse method (optimization algorithm).

To validate the residual stresses distribution after the heat treatment, two methods were
applied and discussed:

e The layer removal method: the experimental results were compared to the simulated
results calculated from the simulation of this method. A material removal model, which
takes into consideration the sequence and initial residual stresses effects, was
developed. The results show that the proposed model is capable of predicting part
distortions with an error of 9% compared to the measured results.

e Due to the effects of the thermal gradient, contour method was also performed and
experimental residual stresses results were compared to the simulated ones induced
by heat treatment. The results demonstrate that there is a good agreement between
the simulated and measured RS distributions.

This work presents a guideline to simulate and validate the residual stresses distribution
induced by heat treatment of AA 7075-T6 alloy. Based on this methodology, the heat treatment
and material removal models were validated using experimental results.

16



Based on the developed model all the components of the residual stresses can be predicted.
These residual stresses distribution will allow to predict distortion for more complex
geometries, such as those produced by machining in the aerospace sector.
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