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Abstract

Machined thin-walled airframe components frequently show geometrical distortions due to the alteration of initial bulk residual stresses (IBRS)
and machining-induced residual stresses (MIRS) in the final surface. Many authors have proposed numerical models to predict distortions of
machined thin-walled components considering the material removal sequence as well as the MIRS. The weight of the component and the boundary
conditions also significantly affect the part distortion measurement. Unfortunately, these effects have not been addressed in the literature. This
work aims to develop a simplified numerical model to predict geometrical distortions in thin-walled parts. This model does not simulate the
material removal process, and IBRS are directly assigned to the final part. The model includes the weight of the part, and an algorithm is proposed
to identify the contact points while measuring the part distortion automatically. To validate the model, an aluminum 7475-T7351 part was
machined, and geometrical distortions were measured in a coordinate measurement machine under different configurations. These measurement
configurations allowed us to address the effect of the weight and boundary conditions on geometrical distortions. The proposed model predicted
distortions with a deviation < 15% with respect to experiments and reduced the computational cost by approximately 10 times with respect to the
complete model.
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1. Introduction misalignment and tolerance problems [4], significantly
affecting the assembly process and generating pre-stresses that

Aircraft manufacturers compete to produce aircrafts with  can compromise the in-service behavior of structural

lower purchase and operation costs demanded by many airline
companies [1]. Beyond this context, thin-walled aeronautical
monolithic parts made of high strength aluminum alloys with
good forming properties enable the manufacturing of
lightweight aircraft with increased fuel efficiency [2]. These
thin-walled structures are usually obtained by high-speed
machining, removing up to 90% of the material from the
original plate [3]. Unfortunately, the final component has low
stiffness, and the machining process can generate geometric
distortions. Part distortion is identified as the form deviation of
the final component with respect to the designed part once it
has been unclamped [2]. These distortions can generate relevant

2212-8271 © 2025 The Authors. Published by Elsevier B.V.

components [5]. Although manufacturers meticulously define
the machining process to prevent this scenario, frequently out-
of-tolerance distortions which require post-processes are
generated, or even cause a rejection of the part. For example,
based on manufacturing information of four different aircrafts,
Boeing estimated that scrap and rework of machined
components with geometrical distortions cost the company over
290 million dollars [6].

The distortions of thin-walled monolithic aluminum
components are predominantly caused by the initial bulk
residual stresses of the material generated in the previous
processes (IBRS) and the machining-induced residual stresses
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(MIRS) [7,8]. It is widely accepted that IBRS greatly impact
machining distortion [9]. The distortion is caused by the
redistribution of the IBRS that remain within the part rather
than the removed material [10]. By contrast, the influence of
MIRS is only relevant when the magnitude of IBRS is low and
the wall thickness is < 5 mm [11, 12]. Therefore, the main
approach to minimize part distortion of monolithic aluminum
parts is to control the magnitude and distribution of IBRS and
MIRS [3].

Distortion prediction models that include the effect of IBRS
and MIRS can be employed to set-up machining strategies that
avoid or minimize undesired distortions. Finite element model
(FEM) is the most used approach for distortion simulation [9].
Some authors have proposed models that include the IBRS
within the initial workpiece and remove the machined material
by the element deletion method or including Boolean operation
[13-15]. Other authors have used similar approaches but adding
MIRS on the final machined surface [12,16] or alternatively
simulating the effect of thermal and mechanical loads induced
during cutting [17-19].

One of the main disadvantages of those FEM modelling
strategies is the high computation cost due to the high number
of elements required to model the initial workpiece and the part
every material removal step, and in some cases even remeshing.
This could be reduced if only the final component is modelled
[20], since the part distortion depends on the IBRS that remain
in the final part rather than the removed material [10]. Although
some authors claim that this simplification comes with an
accuracy penalty [9], this inaccuracy has not been addressed in
the revised literature.

Additionally, most published works validated the FEM
models using components much smaller than thin-walled
monolithic structures used in aircraft. In practice, the weight of
the component can compensate for the distortion of large
components. Furthermore, due to the complexity of the
distortion, it is difficult to anticipate the contact points when
placing on the coordinate measurement machine (CMM). To
the best of the authors knowledge, no published works have
included these factors in distortion prediction models.

This work aims to develop a simplified numerical model to
predict geometrical distortions in thin-walled parts. The
proposed model does not simulate the material removal
process, and IBRS are directly assigned to the final part. The
model includes the weight of the part, and an algorithm is
proposed to automatically identify the contact points while
measuring the part distortion. Firstly, the accuracy of the
simplified model was assessed by simulating three aluminum
7475-T7351 parts representative of aerostructure components,
and comparing to results obtained by the original model that
includes the initial part and machining steps. Finally, to validate
the model, one of the parts was machined, and geometrical
distortions were measured in a coordinate measurement
machine under different configurations.

2. Proposed model
The flow-diagram of the proposed model is shown in Fig. 1.

This model is based on the simulation strategy developed by
Denkena and Dreier [16], and we have added the effect of

weight and a novel strategy to define the boundary conditions
to identify contact points when measuring the distortion.
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Fig. 1. Flow-diagram of the proposed model.

Firstly, the dimensions of the initial workpiece are defined.
Then, the part geometry and its position and orientation within
the workpiece are defined. Although the simplified approach
does not model the initial workpiece, part position and
orientation are key parameters to correctly assign the
corresponding distribution of IBRS. Subsequently, mechanical
properties and density of the material are defined. It should be
clarified that the definition of machining sequence is not
necessary for the simplified model, but in case we want to use
the original modelling approach, this step should be included.
Then, boundary conditions are defined: i) IBRS considering the
position and orientation of the part, ii) body weight, iii) MIRS
on the final machined surfaces and iv) preliminary contact
points for distortion measurement. Finally, the part is meshed
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and simulation is launched. Note, that in case we want to apply
the original model, the original workpiece must also be
meshed. Finally, results are analyzed applying the proposed
strategy to identify the contact points of the part when
measuring the distortions. Simulations are repeated until the
condition for reaction forces (RF) is satisfied.

The approach for identifying correct contact points is
schematically shown in Fig. 2. As mentioned above,
preliminary contact points (a higher number than expected
contact points) are defined. After each simulation, RFs are
analyzed in all contact points. If RF < 0, the contact point is
removed since it means that the part must be pulled to retain at
that point. After n iterations, only contact points with
RF > 0 will remain, and part distortion will be measured.

First simulation

S

RF<0 RF>0 RF>0 RF<0
After n iterations
RF>0 RF>0
Fig. 2. Approach to identify contact points.

3. Material and experiments
3.1. Material

The specimens employed in this work were cut by abrasive
water jet assisted machining from a 40 mm thick aluminum
7475-T7351 plate. Table 1 shows the mechanical properties of
the raw material at room temperature in both rolling and
transverse direction determined in a previous work [21].
Table I shows the Young Modulus (E), yield stress (oy),
ultimate strength (o) and maximum elongation of the
aluminum 7475-T7351 plate. IBRS were characterized in the
previous work by the Slitting Method, and details can be found
in [21]. They varied from 20 to -35 MPa through the section in
the longitudinal direction and from 10 to -15 MPa in the
transverse direction. The density of the material is 2800 kg/ m®.

Table 1. Mechanical properties of Aluminum 7475-T7351 [21].

Rolling direction ~ Transverse direction

Young Modulus, E (GPa) 74.2 74
Yield stress, o, (MPa) 427 431
Ultimate strength, ¢, (MPa) 530 534
Maximum elongation, (%) 9.5 10.1

3.2. Validation of the simplified model

To experimentally validate the proposed model, the
geometry shown in Fig. 3a was designed. It should be noted
that the designed geometry had three regions of 50 mm long
with more material to intentionally exaggerate the effect of the

weight on distortions. Finally, part distortion was predicted
using the proposed simplified model. The commercial Abaqus
Standard software was employed. The part was meshed using
C3D8R type elements with a global nodal distance of 1 mm.
The mechanical properties, IBRS and density defined in section
3.1. were applied. The finishing milling conditions used in the
experiments were employed in our previous study [21]. These
conditions produced very low MIRS (below 50 MPa) within a
very thin layer (< 150 pum thick). For this reason, it was
assumed that their effect on final distortion would be minor,
and MIRS were not included in the simulation. Eight
preliminary contact points equally separated along the
longitudinal axis were defined, and final contact points were
determined in the simulations applying the approach
schematically shown in Fig. 2. Two simulations were done: 1)
without body weight and ii) with body weight.
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Fig. 3. Geometry of the workpieces to validate the simplified model:
a) case study, b) arc shaped part and c) straight part.

The proposed simplified model only models the final part
geometry considering the redistribution of IBRS within it. To
further test the accuracy of this simplification, two parts
representatives of airframe structures were simulated using the
complete and simplified model described in section 2. For this
comparison, the effect of MIRS was neglected since they are
applied to the final geometry and therefore their effect on
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distortions is the same for the complete and simplified models.
The geometry of the parts is shown in Fig. 3b and 3c
respectively. The parts were centered in the thickness of the
original workpiece: the flat face of both parts was positioned at
5 mm from the bottom of the original workpiece. Simulations
were conducted in commercial Abaqus Standard software,
using C3D10 type elements and an average element size of
4 mm, employing the material properties defined in section 3.1.

3.3. Machining experiment and distortion measurement

The geometry defined in Fig. 3a was machined to
experimentally validate the proposed model. The workpiece
(400100100 mm) was cut out from the aluminum
7475-T7351 plate, with the longest side aligned to the rolling
direction of the plate. The workpiece was slot milled in the
CNC Kondia B1050 machine. The machining sequence
consisted of three roughing steps with a depth of cut of
ap=12mm and the finishing step with @, = 1 mm. The
workpiece was clamped with three screws. The cutting speed
(ve), feed per tooth (f;), and type of cooling used in the
experiment are summarized in Table 2. The properties of the
uniKENAL 4302.60 tool of 20 mm diameter used in slot
milling operation are shown in Table 3.

The distortions of the machined workpiece were measured
in a Mitutoyo Crysta-Apex S 7106 CMM. To compare the
effect of weight on distortions the machined part was measured
using two different orientations as shown in Fig. 4. The main
distortion occurred on the z axis. The flat bottom face was in
contact with the CMM table to quantify the effect of weight
(gravity parallel to z axis) and a total of 20 lines were measured
on the machined pockets as can be seen in Fig. 4a. To minimize
the effect of weight on part distortion, the part was rotated 90°
(gravity perpendicular to z axis), and a total of 8 lines were
scanned on the longitudinal direction of the bottom face as
shown in Fig. 4b.

a)

............. e

Scanning direction

Fig. 4. Orientation of the workpiece on the CMM table and scanning direction
to a) consider the effect of weight on main distortion (z axis) and b) neglect it.

Table 2. Cutting conditions used in milling experiment.

Roughing Finishing
v, (m/min) 300 400
/> (mm/tooth) 0.2 0.2
a, (mm) 12 1
Coolant MQL MQL

Table 3. Properties of the uniKENAL 4302.60 tool.

Material Uncoated, WC-Co
Diameter (mm) 20

Cutting length (mm) 38

Nose radius (mm) 2.5

Cutting edges (qty) 3

4. Results and discussion
4.1. Numerical validation of the simplified model

Fig. 5 summarizes the simulation process, and the results
obtained with the original model and the simplified approach
for the three components.
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Fig. 5. Simulation process and predicted residual stress redistribution and
distortions using the complete and simplified model for the a) case study,
b) arc shaped part and c) straight part.
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The residual stress distribution (Sxx, residual stresses parallel
to the rolling direction) on the final geometry of the tested cases
is the same for the complete and simplified models as can be
seen in Fig. 5. Similarly, all models predicted the same
distortion and maximum deflection of the part: dmax = 0.16 mm
for the case study, dmax = 0.11 mm for the arc shaped part, and
Omax = 0.46 mm for the straight part. Therefore, this confirms
that the final redistribution of IBRS does not depend on the
removed material but on the part geometry and its position in
the initial plate [10].

These simulations were done using a Workstation with 8
core processors. The computational cost was significantly
reduced when using the simplified model compared to the
complete model. For the arc shaped part, it was 9 times lower,
and for the straight part 10 times lower. It can be concluded that
the simplified model does not compromise the accuracy of the
model and significantly reduces the computation cost.

4.2. Experimental results: effect of weight and validation of
the model

Fig. 6 compares the experimentally and numerically
measured distortions in the z axis of the machined part (see
Fig. 4 for reference) considering the effect of weight and
without it. As described in section 3.2 the part geometry was
designed to increase the effect of weight. The maximum
distortion was reduced from 0.4 mm to 0.14 mm when
considering the effect of weight on the experiments. Similarly,
the simplified model predicted a reduction from 0.45 mm to
0.16 mm. On average, both experiments and simulations found
a distortion reduction of 65%. It should be clarified that this
significant reduction cannot be generalized since the workpiece
was designed to exaggerate the effect of weight, and the effect
of MIRS was minimized by the selected cutting conditions.
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Nevertheless, these results evidence that part weight must be
included in distortion prediction models when measuring the
distortion, and this might be particularly relevant in large
components with low stiffness.

The simplified model and experiments measured the same
distortion shape as can be seen in Fig. 6. The central region of
the part was in contact with the CMM table when considering
the effect of weight on distortion. The simplified model was
defined with 8§ preliminary contact points equally spaced along
the x axis as described in section 3.2. The proposed model, after
several iterations, removes the preliminary contact points that
will not be in contact due to the residual stress distribution (see
Fig. 2). Since both experiments and simulations obtained the
same distortion shape, it can be concluded that the approach to
identify contact points when measuring the part distortion on
the CMM table is valid.

Regarding the accuracy of results, the simplified model
predicted the maximum distortion with an error of
approximately 15% in all cases. Multiple factors could have
contributed to these errors: i) IBRS were characterized in a
previous work [21] using a limited number of samples and ii)
the characterized profiles were considered uniform throughout
the entire aluminum 7475-T7351 plate. It is very likely that
IBRS vary throughout the plate; therefore, the uniformity
assumption applied in the numerical model can lead to errors.
It must be clarified that the current state of the art of residual
stress measurement technology does not allow us to measure
non-destructively the entire residual stress distribution of a
large component. Therefore, the error provided by this
assumption is within the acceptable range. The other possible
error source is the effect of MIRS. The magnitude and affected
layer were low for the applied finishing conditions, and their
influence on final distortion should have been minor.
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5. Conclusions

This work is aimed at developing a simplified numerical
model to predict geometrical distortions in thin-walled parts.
The main conclusions are:

e A simplified model that only considers the final
component geometry, its position, and orientation
within the initial workpiece accurately predicts the
effect of distortions on final distortion. This model also
confirms that the effect of IBRS depends on the
redistribution within the final component rather than the
relaxation of IBRS of the material removed during
machining. The simplified model can reduce 10 times
the computational cost required by the complete
simulation strategy that includes the original workpiece
and all machining strategies.

e The effect of weight on part distortion can be relevant
and this must be included in the FEM models to predict
part distortion. For the tested conditions, the weight
significantly reduced the distortion by 65%, but this
cannot be generalized since its effect depends on the part
material and geometry.

e The approach for identifying the real contact points
when measuring the distortion on the CMM table was
validated. This approach defines preliminary contact
points and removes non-valid ones by verifying the
reaction force.
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