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Abstract. The estimation of post-machining distortion of monolithic aeronautical parts induced
by the redistribution of the bulk residual stresses (RS) during machining is one of the major
challenges of aeronautical parts manufacturing. Since it is the main cause of thick parts post-
machining distortion, it is essential to know the state of the initial RS so that the machining strategy
can be modified to minimize distortion of each part. The problem is even more complex because
the RS field is not identical from one part to another. Considering an average stress field provides
satisfactory results only for parts with simple geometries and a highly repeatable manufacturing
process, which is rarely the case in an industrial setting. By simulating the steps of the production
of the laminated blank, the variability of RS field will be established. This variability can be used
to determine the distribution of the RS field of each part during machining.

Introduction

Several industrial sectors, including the automotive, medical, and aerospace industries, heavily
rely on aluminum alloy material due to its high strength and corrosion resistance [1, 2].
Aeronautical industries extensively use aluminum laminated blanks which are usually machined
in thick plates. To reach high mechanical properties, these blanks are subject to heat treatments
(i.e. quenching, tempering, etc.). Thus, they undergo plastic deformations and thermal gradients,
during the forming process, due to thermo-mechanical loads which generate in the blanks high
intensity residual stresses called also initial Residual Stresses (RS) [3, 4].

For manufacturers, reducing part distortions remains a major challenge even with the
widespread use of this material. During forming steps, blank rolled plates undergo heat treatments
and plastic deformations which generate RS in the blank.

The blanks are then subject to a machining process aiming to obtain the desired final part shape.
The loading applied during this process can also induce RS on the part surface called near-surface
RS [4, 5]. Compared to the initial RS, the near-surface RS can be neglected when working with
large thick aluminum alloy parts since the affected depth does not exceed a few hundred microns
from the top surface [6]. In industry, the main issue is not directly related to the near-surface RS
but rather to the distortion of the finished part [1, 7]. The redistribution of the initial RS owing to
material removal during machining is the main cause of post-machining distortions (after
unclamping). These distortions may cause the parts to be rejected or require additional conforming
operations, which could increase the cost of production [1, 2]. Since it is the main cause of thick
parts post-machining distortion, it is essential to know the state of the initial RS so that the
machining strategy can be modified to minimize distortion of each part.
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The RS profiles can be experimentally determined using destructive and non-destructive tests
[4, 8, 9] . Among these techniques, the most generally used are the X-ray diffraction, which is
more suitable for the surface; and the layer removal or by incremental drilling. The experimental
RS profiles are then used to develop Finite Element Models (FEM) which allows simulating
machining process and then to predict the machining distortion considering the redistribution of
the initial RS [10]. Numerical simulations have been widely used to simulate the RS field in
aeronautical parts, as experimental studies are often costly and time-consuming, and may require
sacrificing the part to carry out the measurements [11, 12].

The approach of the present work aims to establish a hybrid methodology to predict the
variability of the RS field induced in aluminum bulk blanks, due to the manufacturing history of
the blank. This enables controlling the machining strategy at each stage to reduce the final part
distortions. This approach is detailed in the section “Proposed methodology” and then the results
of the variability of the initial RS field are presented. This present paper focuses only on the first
part of the proposed approach which is the numerical simulations of the variability of the initial
RS field.

Proposed methodology

Part distortion is caused by the release and redistribution of the RS generated by forming and heat
treatments applied before machining. Improving initial RS field comprehension allows the
definition of a more effective machining strategy to reduce post-machining distortions. For this
purpose, we have implemented this methodology, wherein the preparation stage of this approach
consists of simulating the manufacturing process of the bulk of laminated blanks using Finite
Element Method (FEM). Numerical simulations under the same experimental conditions were
performed using Abaqus software. These simulations enable therefore to determine the variability
of the initial RS field induced by process variability. This part of the work will be carried out only
once since the applied manufacturing process that is being used is unchanged. Once quantified,
the initial RS will be used later in an Artificial Intelligence (AI) model. This Al model will be
applied to predict the RS field for each bulk blank. The estimated RS field will allow us to control
the machining strategy at all its stages in order to reduce the part distortions. After each machining
step, in-process distortion measurements will be taken and integrated in the developed machining
model to adjust the next machining step.

Concerning the blank manufacturing process, before quenching, the plates undergo a solution
heat treatment (a homogenization thermal cycle), as shown in Fig.1, in order to relieve the RS
induced by the plastic deformations during the rolling steps. It is assumed that the RS field is free
after the solution heat treatment.

During quenching process, thick aluminum blanks of 7010 alloys were submerged in a uniform
heat treatment solution which is supposed to remove the RS induced by lamination. The parts are
maintained at 470 ° C for many hours and then, they are subject to a sudden immersion in the water
at 20 °C which is a common quenching media for Al alloys. In this model, the material's behavior
is governed by a modified power law. The mechanical properties of the A17010-T7451 are thermo-
dependent and all parameters are confidential properties.

After quenching, the temperature distribution is inserted in a static analysis to release the RS.

A cold stretch or a detensioning by traction is then carried out in the range of 1,5% to 3% before

releasing the stresses at the last step.

We did not simulate tempering step due to huge simulation time of the coupled
thermomechanical simulation. The influence of the tempering stage on the RS field is very slight,
as the temperature rise is slow and fairly low, resulting no significant thermal gradient. There is
therefore no stress gradient due to expansion in this manufacturing stage. Thus, this stage has not
been simulated.
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Fig. 1 Forming and heat treatment process

Simulation setting

The final use case concerns large parts of aeronautic structure that are machined in long and thick
laminated blank of A17010 or A17050 Aluminum. The alloy A17010 which is of European origin
has properties similar to the American Grade 7050. For example, the blank can measure
approximately 3 m long, 1 m width, and 120 mm thickness. To carry out a simulation of a three
meters length part, the calculation time is oversized. Assuming an isotropic behavior of the
material, we have opted for a more effective model. The simulated part measures 800 mm long,
800mm width and 120mm thickness and we have considered the symmetric property of the part.
These dimensions are more than sufficient to avoid edge effect. The results shown in Fig. 2 (a)
clearly demonstrate the edge effect and that the stress field becomes stable at the center of the part.
This observation shows that the dimensions chosen for the model mean that it is not affected by
edge effects. A total of 76800 Smm-sized hexahedral components were used to mesh the plate.
The mesh type is “DC3D8” during heat transfer step and “C3D8R” during static ones.
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Fig. 2 (a) RS field (S11) after quenching and cold stretching stages with the nominal parameters
— (b) Boundary conditions

For the quenching step, heat transfer is modeled by assigning an initial temperature of 470°C
to the part. During cooling, the external surfaces of the part are subject to a convection-type
boundary condition, with an exchange coefficient h depending on the part temperature and a
constant bath temperature (see Table 1). The other surfaces have symmetrical boundary conditions,
implying no heat exchange on these surfaces. For the cold stretching step, the symmetry conditions
are maintained (Fig. 2b). On the end surface, a homogeneous displacement was imposed to obtain
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the desired elongation (see Table 1). Figure 2a shows an example of the RS field obtained after
stretching.

To simulate the effect of the heat treatments, it is conventional to separate the thermal
simulation from the mechanical simulation, in order to limit the resources required and save
calculation time [4, 13].

In this approach, the thermomechanical problem is assumed to be uncoupled: the thermal and
mechanical analysis are solved sequentially and consecutively. This assumption allows controlling
complex phenomena released during the heat treatment process, that leads to a better
representation of the RS distribution. The simulation steps can be summarized in four principal
tasks as shown in Fig. 3: initially, a non-linear heat transfer analysis is carried out, considering the
thermo-dependent mechanical parameters. Subsequently, a thermo-elastoplastic analysis using the
predicted temperature distributions, assuming an isotropic behavior of the material and considering
the temperature dependence of its mechanical properties.

evolution on cooling due to cooling

Quench Cold stretch
[ |
Step 1: Heat transfer : Step 2: Static Step 3: Static : Step 4: Static
. I : |
Thermal field | Calculation of RS |::> Traction | Unloading
| |
| ]

ODB file /

Fig. 3 Steps followed in the numerical simulation model

The variability of the manufacturing process parameters is the main cause of the initial RS
field’s variability. Three parameters are studied during these simulations as shown in the Table 1:

- The temperature of the quench bath: 20°C is the nominal temperature of the quench.

- The thermal convection coefficient with water h: several parameters affect the thermal
convection coefficient like the temperature of the water, its flow, etc. The thermal
convection coefficient used during these simulations is temperature dependent and taken
from the literature [14]. “h” referred in Table 1 is the nominal one of the simulations.

- The cold stretch or elongation range: in general, the plate is stretched by classical traction
between 1.5 and 3%.

In order to represent this variability, we carried out several numerical simulations combining

the different parameters. The results of these simulations will be discussed in the next section.

Table 1. Simulation plan of the process parameters variability

Process parameters Variability

Bath temperature 18°C 20°C 25°C 30°C —
Thermal convection coefficient h 1.5*h 2 *h 2.5*h 3*h
Cold stretch rate 1.5% 2% 2.5% 3% 3.5%

Results and discussion

During quenching, the cooling rate is not uniform from the surface to the core of the part, creating
a thermal gradient. The contraction of the part's core during cooling will therefore compress the
part's surface, as shown in Fig. 4. The RS fields depicted in Figures 4 to 8 correspond to the values
along the path illustrated in Fig. 2 (a).
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Fig. 4 Shape of half of the RS field along the half of the thickness of the rolled plate
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Fig. 5 Thermal convection coefficient’s influence on the RS field

The variability of the thermal convection coefficient has a significant impact on RS, as it
depends on various factors such as the quenching bath temperature, water flow rate, whether
convection is forced or natural, etc. This variability affects both the surface and the core of the
part, as shown in Fig. 5.

The quench bath temperature has little impact on the core of the part, resulting in an increase in
compression of a few MPa as the bath temperature decreases, from 192 MPa at 18 degrees to 184
MPa at 30 degrees. This influence remains limited to the core of the part and does not significantly
affect the stresses at the surface as shown in Fig. 6.
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During cold stretch, the elongation value has a significant influence on the distribution of the
stress field as shown in Fig. 8. Indeed, stretching results in a significant reduction of core stresses,
decreasing from 191 MPa before stretching to 20 MPa after a 3% stretch, as illustrated in Fig. 8.
Similarly, at the surface, compression stresses increase from -265 MPa before stretching to -31
MPa after a 3% stretch. Stress values and gradients after stretching are therefore lower, which will
greatly limit part deformation after machining. Thus, a well-controlled elongation value ensures a
predictable and consistent stress distribution within the material. This underscores the need for
meticulous control to minimize undesired stress field variations. A variation in elongation from
1.5% to 3.5%, as shown in Fig. 7, causes the surface stress to vary from approximately -120 MPa
to -20 MPa, an impressive reduction of 100 MPa.
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Fig. 6 Quenching bath temperature’s influence on the RS field
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Fig. 7 Effect of the elongation value on the RS field
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Fig. 8 RS field before and after elongation
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Sensitivity study
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Fig. 9 Parameters sensitivity analysis results

Based on this finite element model, we assessed the sensitivity of RS to process parameters
during the forming and heat treatment of the blank parts. The parameters sensitivity analysis is
illustrated in Fig. 9.
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This analysis reveals that the initial stress field of the part, encompassing both surface and core,
is exclusively influenced by the applied elongation value during the stretching step, and the thermal
convection coefficient of the quenching medium.

Depending on the deformation of the part obtained at the start of machining, it will be possible
to estimate the elongation value and the thermal convection value applied to the part and thus know
the stress field of the part during manufacture (with the future IA model). In this way, it will be
possible to modify the strategy at the end of the machining stage to minimize the final deformation
of the part.

Conclusions

In this work, a thermomechanical model was developed to simulate the manufacturing process of
aluminum alloy laminated blanks on Abaqus software. Several numerical simulations, combining
the different material parameters, have been carried out to determine the initial RS field’s
variability.

The results show that the variability of quenching temperature does not significantly influence
the final stress field. On the other hand, the stretching step plays a crucial role in stress distribution.
The thermal convection coefficient also influences the stress field, but to a much lesser extent.
This highlights the need for meticulous control for these parameters to reduce undesirable stress
variations.

Based on these results, variations in the RS field are now known as a function of operating
parameters. This will make it possible to predict the distribution of the RS field for each part during
machining, offering a proactive approach to prevent distortions.
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