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Abstract. In the machining of monolithic components, machining distortion is a severe issue. The presence of
initial residual stress is a major contributor to machining distortion. This paper proposes an approach to control
the machining distortion of long beam parts by optimizing the workpiece structure before the start of the finishing
stage, i.e. the transition structure. The first step is to establish a machining distortion analytical model for long
beam parts with an identical cross-section, which is based on reasonable assumptions such as material linear
elasticity and ignoring the influence of cutting heat. Then, an optimization model for the cross-section of the
transition structure is developed, with the objective function defined as the minimum difference between the
predicted distortion of the final part and the transition structure. Finally, a U-shaped beam is designed, followed
by numerical simulation and machining experiments for verification. The theoretical maximum distortion of the
optimized transition structure and the final part are − 0.174 and −0.1782 mm, respectively, with a relative error
of 2.9 %. The results of machining experiments and finite-element simulation demonstrate the effectiveness of
the proposed model.

1 Introduction

As the aerospace industry develops, monolithic aircraft parts
are commonly used in the design and manufacturing of new
aircraft. Up to 90 % of the blank material must be removed
during the machining of most monolithic components. A re-
curring problem with machining distortion can lead to un-
expected flaws and costly reworking (Akhtar et al., 2022;
Richter-Trummer et al., 2013).

Residual stress is one of the most significant contributors
to distortion. Many studies have been done on the relation-
ship between residual stress and machining distortion. Ac-
cording to Brinksmeier et al. (1982), residual stresses are cru-
cial to distortion. The static and dynamic strength, the mag-
netic and chemical characteristics, and the residual stresses
in the surface layers of a machined component can all re-
sult in deformations. The effects of equivalent bending stiff-
ness and residual stress on the dimensional stability of thin-
walled components were investigated by Gao et al. (2022).
The proposed machining deformation control approach for

the monolithic thin-walled parts is based on topological op-
timization and stress relief technology. Findings demonstrate
that the proposed technique clearly reduces the maximum
and average deformations of thin-walled structures. Huang et
al. (2022) used the equivalent bending strain energy theory to
develop a mathematical model of machining distortion. The
accuracy of the model and the relationship between the dis-
tortion and the initial stress state in the removed material are
demonstrated by finite-element simulation and machining re-
sults. By using the energy concept to assess machining dis-
tortion, Fan et al. (2020) established a quick prediction model
for machining distortion. From an energy perspective, the in-
fluence of elements of machining distortion, such as initial
residual stress fluctuation, part geometry, and part position,
were also investigated.

At the same time, machining distortion control is the sub-
ject of extensive research. A brand-new analytical predic-
tion model of machining distortion proposed by Wang et
al. (2021) is suitable for multi-frame components. According
to the theoretical findings, a corresponding reduction tech-
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nique for machining distortion was established. It is possi-
ble to significantly lessen the distortion for the two com-
ponents of milling by adjusting the processing conditions
and using a 48 % suspension of maize starch. The impact of
both types – the milling path method and the wall thickness
on the distortion – was originally investigated by Weber et
al. (2022). Then, the process parameters, the part topology
and the process strategy were determined to be the three pri-
mary categories for pre-control distortion techniques. Exper-
iments verify the simulation’s results. By using a simulation,
Liu et al. (2017) studied the turning and broaching processes
of a turbine disc. The findings of comparing three different
broaching techniques reveal that mortise broaching results
in the quickest energy loss and the least amount of distor-
tion and fluctuation. In the milling of thin-walled parts, Li
et al. (2015) investigated the effects of the depth of cut on
the redistribution of residual stress and distortion. The find-
ings show that residual stress and distortion can be effectively
reduced by regulating and adjusting cutting depth. A tech-
nique to address the machining distortion stability brought
on by the initial residual stress release during the machin-
ing process was put forth by Fan et al. (2021). The findings
demonstrate that the workpiece’s stored strain energy can
be sufficiently released in the initial stages of machining by
optimizing the material removal sequence. A nondestructive
approach to determine the intrinsic residual stress condition
was created by Casuso et al. (2020). The optimum machining
sequence among the choices that produce the same final part
is identified by modelling and simulating of various machin-
ing sequences of an aeronautical turbine component.

Many scholars have worked on the analysis and control
of initial residual stress-induced machining distortion. How-
ever, most designers are unconcerned about the design of the
transition structure in actual production. A part’s machin-
ing process can be divided into two (roughing and finishing)
or three (roughing, semi-finishing and finishing) stages. The
structure of the workpiece before the finishing stage, i.e. the
part’s transition structure, is also critical for the overall ma-
chining distortion process and final-part distortion control.
An optimal design method for the transition structure is in-
vestigated in this research. The machining process of the part
is analysed, and an optimization model of the transition struc-
ture is proposed. The purpose is to minimize the difference
between the transition structure’s expected distortion and the
final part’s expected distortion. The analysis model of ma-
chining distortion based on initial residual stress is first estab-
lished. The transition structure’s optimization model is then
established. Finally, a case study is implemented for valida-
tion. It is worth noting that machining-induced residual stress
was not considered in this study, since the effect of machin-
ing residual stress on the distortion of thick parts can be rea-
sonably ignored.

Figure 1. Schematic diagram of transition structure and final part.

Figure 2. Schematic diagram of distortion control based on transi-
tion structure design.

2 Machining distortion analysis model of long beam
parts

This paper takes the long beam part of identical sections as
the research object. The following reasonable assumptions
are adopted in this work for the machining distortion analysis
(Robinson et al., 2011): (1) disregard the impact of machin-
ing heat and temperature change on part distortion (Wang
et al., 2021); (2) disregard the parts’ kinetic energy change
during the machining process (Wang et al., 2019); (3) disre-
gard the effect of machining-induced residual stress on thick
aircraft monolithic parts made of easy-to-cut materials like
aluminium alloy (Yang et al., 2020).

Figure 1 shows the transition structure and the final part of
the machining process of a long beam-type part. Define the
blank section as a rectangular section and establish the coor-
dinate system for the section as shown in the figure. Let the
section length and width be B and H , respectively, and the
structure length be L. The red contour in the middle contains
the transition structure section and the blue contour contains
the part section. The variable y represents the distance from
the bottom surface. The distance between the centre of the
final part and the bottom surface is y1, and the distance be-
tween the centre of the transition structure and the bottom
surface is y2. The equivalent initial stress in the rolling di-
rection is defined as σeq. The maximum bending deflection
of the part is used to characterize the part distortion. The dis-
tortion of the transition structure based on the initial residual
stress and the distortion of the final part are wtransition and
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Figure 3. Schematic diagram of the optimization model.

wfinal, respectively.

wfinal =

∫
Aσeq(y)(y− y1)dAL2

8EIfinal
, (1)

wtransition =

∫
A1
σeq(y)(y− y2)dA1L

2

8EItransition
, (2)

where A is the area where the final part is located and A1
is the area where the transition structure is located. E is the
modulus of elasticity of the material. Ifinal is the moment of
inertia of the final-part cross-section, and Itransition is the mo-
ment of inertia of the transition structure cross-section.

3 Optimized design of transition structure

3.1 Methodology

As shown in Fig. 2, the structure of the workpiece before
the finishing stage is defined as the transition structure, and
it is critical for the overall machining distortion process and
final-part distortion control. The newly increased distortion
is defined as the difference in distortion before and after the
finishing stage (Wang et al., 2021; Fan et al., 2023). Based on
the aforementioned analysis, this paper proposes a new idea
to control the machining distortion by optimizing the design
of the transition structure: the transition structure is designed
so that its distortion is equal to the expected final-part distor-
tion. At this point in the machining process, loosening the
fixture, cutting off the existing distortion, and obtaining a
new datum can make the newly increased distortion at the
finishing stage almost zero.

Controlling machining distortion through optimal transi-
tion structure design includes creating an appropriate transi-
tion structure that matches the load and stiffness distribution,
forming the expected machining distortion and removing it
before the finishing stage. Establish the optimization model
with the expected distortion as the target, give the unit ma-
terial residual stress and other properties, minimize the dif-
ference between the transition structure’s distortion and the
final part’s distortion as the objective function, and constrain
the material amount to achieve the optimal design of the tran-
sition structure.

Figure 4. The algorithm flowchart.

Figure 5. The blank and part (unit: mm).

3.2 The optimization model of the transition structure

The research object of this paper is the long beam part of
identical section and its left–right symmetric structure; the
optimization design of the transition structure can be opti-
mized only for half of the cross-section, which will signif-
icantly improve the computational efficiency. As shown in
Fig. 3, the cross-section of the blank structure is discretized
into several units, and the length and width of each unit are
set as a and b, respectively. The blue area in the figure shows
the area where the final part is located. The total number of
units contained in the transition structure needs to be nomi-
nated before optimization, and its ratio to the total number of
units in the section is the volume retention ratio. The cross-
section along the thickness of the blank is divided into n lay-
ers. Since the initial residual stress of the blank is distributed
along the thickness direction, the initial residual stress con-
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Table 1. Mechanical properties of AA6061-T651 material.

Modulus of Yield Poisson’s Density
elasticity (GPa) strength (MPa) ratio (kg m−3)

68.9 240 0.33 2.75

Figure 6. Measurement of the strain.

tained in each cell in the same layer contributes equally to the
machining distortion. In the transition structure, the number
of units finally retained in layer i is defined as xi .

For the final part, its expected distortion wfinal can be cal-
culated according to Eq. (1). For the distortion of the transi-
tion structure in the optimization model, the detailed deriva-
tion process is as follows.

The distance between the centre of the transition structure
and the bottom surface can be expressed as follows:

y2 =

n∑
i=1

xi

∫ ∫
A(i)

ydxdy/
n∑
i=1

xiab, (3)

where Ai is the area where the ith cell is located.
The bending moment of the transition structure section can

be expressed as the algebraic sum of the equivalent residual
stresses in all units over the neutral axis moment.

M =

n∑
i=1

xi

∫ ∫
A(i)

σeq(y− y2)dxdy, (4)

where σeq is the equivalent residual stress distribution along
the thickness of the blank.

The moment of inertia of the transitional structure section
can be expressed as the algebraic sum of the quadratic prod-
uct of the area of each unit and the distance from each unit to
the neutral axis.

Itransition =

n∑
i=1

xi

∫ ∫
A(i)

(y− y2)2dxdy (5)

Combining Eqs. (2), (4) and (5), the distortion of the tran-
sition structure wtransitioncan be solved. Based on the above

Figure 7. The equivalent initial residual stress distribution.

analysis, the optimization model can be described as

minf = |wfinal−wtransition|

s.t.
n∑
i=1
xi =N1

xi ≤ xi+1, (1≤ i ≤ s)
xi ≥ xi+1, (t ≤ i ≤ n)
xi = 0 or B1, (t ≤ i ≤ n)
li ≤ xi ≤ ui, (i = 1,2. . .,n),

(6)

where 1≤ i ≤ n and N1 is the total number of disposable
units remaining, based on the volume removal ratio. Consid-
ering the actual machining situation, in the area below the
web, the entire layer is set to be retained or removed dur-
ing optimization design. Therefore, in the area below the
web(t ≤ i ≤ n), xi = 0 or B1, while in the area above the
web(1≤ i ≤ s), xi ≤ xi+1 is set to avoid units that are half
overhanging and observe the units below. In addition, in or-
der to prevent “empty” units in the optimized section pro-
file, it is necessary to manually set all units in each layer to
be contiguous, and the right side is adjacent to the final-part
sidewall. Besides, ui is the upper bound of xi and li is the
lower bound of xi .

3.3 Algorithm flow

Figure 4 depicts the algorithm flow proposed in this paper.
The following are the steps in the entire method:

1. The blank section is created and divided into several
equally sized units. The position of the part in the blank
is entered, and the initial residual stress distribution
curve inside the blank is introduced.

2. The predicted final-part distortion is calculated using
the machining distortion analysis model proposed in
this research. At the same time, the optimal design re-
gion is defined and relevant parameters are given.
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Figure 8. Schematic diagram of cross-sectional optimization.

Figure 9. Topology optimization convergence process.

3. Establish the optimization model for the transition
structure, define the objective function, perform a dis-
tortion analysis of the structure and calculate the initial
objective function value.

4. The iteration process begins. If the objective goal is
achieved, the optimization is terminated and the itera-
tion history and optimization result are output; other-
wise the optimization is iterated again.

4 Case study

4.1 The part geometry

A simplified U-shaped beam part is built as illustrated in
Fig. 5 to validate the proposed method in this study. The
blank is a pre-stretched aluminium alloy plate made from
AA6061-T651, and the part dimensions are shown in Fig. 5.
The material properties are listed in Table 1 (Fan et al., 2021).

The crack compliance method (Yang et al., 2019) was
used to determine the initial residual stress distribution. As

Table 2. Comparison of maximum distortion values of the transi-
tion structure and final part.

Analysis Simulation Experiment
(mm) (mm) (mm)

Transition structure −0.174 −0.17 −0.20
Final part −0.178 −0.167 −0.21

is shown in Fig. 6, an electrode made of 0.18 mm molybde-
num wire was used for crack making, and the specimen was
cut 1 mm along the thickness direction each time. A KD7016
static strain gauge with a precision of 5± 10−6ε was cho-
sen for strain measurement, and the corresponding strain was
recorded. Figure 7 depicts the calculated equivalent residual
stress distribution along the thickness direction of the blank.
The equivalent residual stress takes into account the effect
of transverse stress on bending distortion (Ye et al., 2020).
It is used in the topology optimization model and the finite-
element simulation that follows.

4.2 Optimization of the transition structure

As shown in Fig. 8, half of the blank cross-section was se-
lected for optimization. The position of the bottom surface of
the part with respect to the bottom surface of the blank was
set to be 8 mm. At this point, the predicted distortion of the fi-
nal part is−0.1782 mm. The entire blank cross-sectional area
is discretely divided into n= 110×30 rectangular units, each
with a size of 1 mm× 1 mm. In traditional machining process
design, the allowance after rough machining is generally se-
lected as 2 mm in the thickness and height direction (Yang
et al., 2019). Based on this, a volume retention ratio of 20 %
was chosen for this study.

Based on actual machining conditions, at least one layer
of units must be retained around the final part after rough
machining. This part of the units, like the final part, belongs
to the frozen area during optimization. After removing the
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Figure 10. The shape of the optimized transition structure.

Figure 11. The FEM process. (a) The FE model of the blank. (b) The simulation results of the transition structure. (c) The simulation results
of the final part.

units in the frozen area, a total of 164 units were used as op-
timization objects. Based on the actual machining, the diago-
nal area in the figure is selected as the design area. Based on
the limit of the total number of optimization units and com-
bined with the part structure, the optimization model of this

part can be expressed as follows:

minf = |− 0.1782−wtransition|

s.t.



10∑
i=1
xi = 164

xi ≤ xi+1(i = 1,2. . .,9)
x1 = 0 or 5≤ x1 ≤ 18
0≤ x2 ≤ 20
0≤ x3 ≤ 23
0≤ x4 ≤ 27
0≤ x5 ≤ 32
0≤ x6 ≤ 41
0≤ x7 ≤ 42
11≤ x8 ≤ 71
11≤ x9 ≤ 71
x10 = 0 or 76.

(7)
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Figure 12. Experiment setup.

Figure 13. Comparison of distortion results.

Here, the initial value of optimization is taken as x1 = 0, x2 =

11, x3 = 11, x4 = 11, x5 = 11, x6 = 11, x7 = 11, x8 = 11,
x9 = 11 and x10 = 76. The optimization calculation process
was performed using MATLAB 2022b software.

The optimization iteration process is shown in Fig. 9, and
the objective function f decreases as the number of iterations
increases. After 48 iterations, the algorithm converges. The
minimum value of the objective function f is 0.0046 mm,
and the corresponding distortion of the transition structure
wtransition is −0.1737 mm. The optimal solution is x1 = 0,
x2 = 6, x3 = 6, x4 = 6, x5 = 6, x6 = 16, x7 = 16, x8 = 16,
x9 = 16 and x10 = 1. The shape of the transition structure
corresponding to the optimal solution is shown in Fig. 10.

4.3 Finite-element simulation verification

The ABAQUS software was used to validate the proposed
methodology through finite-element method (FEM). The
simulation model’s material characteristics were defined in
accordance with Table 1. In the simulation, the material’s
properties were set to be homogeneous and isotropic. The
“birth and death” method was used to remove material in
FEM (Su et al., 2013; Arrazola et al., 2013). C3D8R is used
to mesh the blank, which has 19 358 cells and 386 626 nodes.
The boundary condition, which constrained the workpiece’s
rigid motion, was adopted as the 3–2–1 constraint condition.
The corresponding initial residual stresses were loaded into
the finite-element model. The transition structure’s simula-
tion results are displayed in Fig. 11b, while the final part’s
simulation results are displayed in Fig. 11c. It can be seen
from Fig. 10a that the initial residual stress added to the blank
is uniformly distributed along the thickness direction, and the
distortion trend of the transition structure and the final part is
completely consistent. According to the simulation results,
the transition structure’s distortion value is −0.17 mm. Like-
wise, the final-part distortion value is−0.167 mm. For the fi-
nal distortion of the part and the distortion value of the tran-
sition structure, the simulation results are highly consistent
with the theoretical calculation values, with relative errors of
4.6 % and 3.8 %, respectively.

4.4 Machining test

For further verification, machining experiments were carried
out. The experiments were carried out on a VC-3016G high-
speed vertical milling machine. A three-tooth carbide end
mill with a diameter of 12 mm was used for the machin-
ing experiment. The machining was carried out at high speed
with a spindle speed of 18 000 rpm, a feed of 7000 mm min−1

and a depth of cut of 2 mm. The machining process was
cooled by cutting fluid to minimize the effect of cutting heat
on the machining distortion. The clamping method is vise
clamping. The machining process is shown in Fig. 12a. The
corresponding transition structure was machined in the ex-
periment, and the maximum distortion of the transition struc-
ture of the part was measured using a micrometer, as shown
in Fig. 12b.

The part was re-clamped after the distortion of the tran-
sition structure was measured, and it was then machined to
the final-part shape. To verify the validity of the experimental
results, the machining tests were conducted three times with
identical clamping settings and cutting parameters for each
cut. The final distortion is determined as the average of the
measured values after three machining operations.

A MISTRAL coordinate measuring machine (CMM) with
0.005 mm precision was used to measure the final part’s con-
tour. As indicated in Fig. 12c, distortion is measured every
5 mm along the midline of the part’s bottom.
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The experimental distortion is compared to the finite-
element simulation and theoretical calculations in Fig. 13.
The distortion curves of the parts from theoretical analysis
and finite-element simulation are approximately smooth, as
shown in the figure. The largest distortion is found at 175 mm
in the midpoint of the theoretical analysis and finite-element
simulation results. It can be seen that the finite-element sim-
ulation value is highly consistent with the theoretical calcu-
lation value. The distortion value and distribution of the ac-
tual experimental measurement value are in good agreement
when compared to the first two; however, there is a little de-
viation at each measurement point. The comparison of max-
imum distortion values of the transition structure and final
part is shown in Table 2. The maximum experimental distor-
tion values of the transition structure and final part are−0.20
and −0.21 mm, respectively. The maximum distortion value
of the experiment is slightly larger than the theoretical cal-
culation value and simulation value. The transition structure
and final part have acceptable maximum relative errors of
24.6 % and 23.1 %, respectively, between theoretical calcula-
tion results and experimental results. Error generation is pri-
marily caused by three factors (Ye et al., 2020; Weber et al.,
2022; Huang et al., 2022): (1) the residual stress brought on
by machining is not considered; (2) the effects of clamping
and cutting load on machining distortion are not considered;
(3) a measurement error. The results of residual stress mea-
surements and CMM measurements are influenced by the in-
strument’s accuracy.

5 Conclusions

The optimization of the transition structure of long beam
parts is investigated in this study, which provides a new ap-
proach for the study of machining distortion control of aero-
nautic monolithic components. The following are some of
the conclusions that can be drawn.

1. An initial residual stress-based analytical model for ma-
chining distortion of long beam parts with identical
cross-sections is established. The idea of controlling the
machining distortion of long beam parts by optimizing
the workpiece structure before the start of the finishing
stage, i.e. the transition structure, is proposed.

2. An optimization model for the cross-section of the tran-
sition structure is developed, using the minimum differ-
ence between the expected distortion of the transition
structure and the final part as the design goal.

3. For verification, a simplified U-shaped beam is uti-
lized. The theoretical maximum distortion of the opti-
mized transition structure and the final part is −0.174
and −0.1782 mm, respectively, with a relative error of
2.9 %. The transition structure and final part have ac-
ceptable maximum relative errors of 24.6 % and 23.1 %,
respectively, between theoretical calculation results and

experimental results. The results of machining exper-
iments and finite-element simulation demonstrate the
correctness of the proposed model.
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