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Abstract
Machining distortion is a major issue in the machining of thin-walled monolithic components, which are now widely used in the
aerospace industry. The evolution of the stress field within the workpiece during machining (due to material removal and cutting
loads) is the main cause of global machining distortion for thin-walled parts. This paper presents a new modeling method for
machining distortion that can represent this stress evolution process. The finite element method (FEM) is used to model the material
removal and mechanical loads during roughing. Theoretical modeling is used to model the influence of finishing on stress
redistribution within surface material. Finally, FEM is used to calculate the machining distortion. This method can be implemented
on small servers and personal computers. An application case of a thin-walled component was considered. The simulation result
with the newmethod showed superior accuracy compared with traditional simulation method. The method presented could be used
to predict the machining distortion for parts, which would allow further improvement in machining techniques.
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1 Introduction

Monolithic components made of large-scale workblanks are
now widely used in modern airplanes. However, overcoming
the machining distortion of these thin-walled components has
become one of toughest challenges for aviation industry [1].

The relaxation, or redistribution, of the residual stress within
the workblank (due to the hot working and cold working pro-
cesses) is regarded as one of the most important causes of
machining distortion [2, 3]. The removal of material breaks
the initial self-equilibrating state of the internal stress field.
The redistribution of internal stress causes distortion. Garcia
et al. [4] studied the characteristics of machining distortion
caused by quenching residual stress. Wang [5] systematically
studied the formation and relief mechanism of the initial stress

within aluminum alloy plates. Robinson et al. [6] measured and
simulated the redistribution of residual stress and the distortion
caused by material removal. Machining is not just a material
removal process, it also involves cutting loads. Guo [7], and Rai
and Xirouchakis [8], built relatively comprehensive finite ele-
ment models to predict the machining distortion, which consid-
ered tool path and added cutting loads on the elements along
with element killing operation. Furthermore, machining is more
than just a material removal process with external loads, it also
causes severe plastic deformation. Additionally, it significantly
changes the stress distribution within the surface layer. This is
known as machining-induced residual stress (MIRS), which
can influence the performance of machined parts like fatigue
life, corrosion resistance, etc. [9, 10]. MIRS is also a source of
machining distortion for thin-walled components [11].
Consequently, MIRSmust be accounted for to precisely predict
the machining distortion of thin-walled components. Young
[12] used Legendre polynomials to represent the distribution
of MIRS for the prediction of machining distortion in thin-
walled parts. Huang [13] used MIRS distribution (measured
from one position) to simulate the machining distortion. It is a
simplification to assume that the distribution of MIRS is the
same at all machined surfaces. In fact, the residual stress would
not be uniform because of different machining parameters and
the non-uniform initial residual stress [14].
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Currently, it is not practical to test the overall residual stress
distribution for monolithic components. Progress has been made
using FEM analysis for the metal cutting process [15, 16].
However, it is time consuming and computationally expensive.
Consequently, it is not applicable for part-level machining simu-
lation. Alternatively, analytical prediction of MIRS is a feasible
approach. The main source of MIRS is the non-uniform plastic
deformation introduced by thermal and mechanical loads [17].
The theoretical prediction can be achieved by analyzing the
stress-strain field caused by the loading and releasing process
of cutting loads. Liang and Su [18] proposed a two-
dimensional theoretical algorithm for turning residual stress
based on rolling/sliding contact theory, mainly considering me-
chanical loads. Then, Su et al. [19] further consider thermal loads.
Huang et al. [20] and Huang et al. [21] optimized the relaxation
algorithm for the calculation of residual stress. Fergani et al. [22]
modeled the regeneration of residual stress in multi-pass milling.
Currently, theoretical models of MIRS are based on many sim-
plifications. However, theoretical models can achieve acceptable
accuracy and good efficiency when configured appropriately.

The generation of global machining distortion for thin-
walled components (excluding local deflection caused by cut-
ting forces) is determined by the evolution of the internal

stress field of the workpiece. This internal stress field is ini-
tially introduced by forming and the hot/cold working process.
It then evolves gradually during the machining process until
reaching a new self-equilibrating state. The internal stress field
evolves simultaneously with the strain field, which results in
machining distortion. This study proposes a new modeling
method of machining distortion based on analysis of the evo-
lution process of the internal stress field. It includes the bulk
stress evolution (caused by material removal and cutting
loads) and the MIRS within the surface layer.

2 Simulation method of stress evolution
and machining distortion

2.1 Simulation strategy for machining process
for thin-walled components

The proposed simulation method is shown in Fig. 1. The ini-
tial residual stress within the workblank is input. This initial
stress can be measured using the crack compliance method
[23] for the widely used pre-stretched aluminum alloy plates.
The residual stress measured along the thickness direction can
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be fitted with polynomials. The initial stress state for each
element in the finite element model can be calculated accord-
ing to its coordinates. A stress equilibrium analysis step is
added to achieve the balanced stress distribution. Finite ele-
ment simulation can be used to obtain the initial stress distri-
bution, especially for forged or casted workblanks [24, 25].
Simulation of the roughing process mainly reproduces the
material removal process (which significantly changes the
distribution of bulk residual stress), and the mechanical loads
(which can be in 102–103 N and may influence the global
stress redistribution). The influence of cutting heat and
MIRS is not considered for the roughing process for the fol-
lowing reasons: (1) cutting heat mainly influences the local
stress distribution near the cutting area; (2) during the
roughing process, the machined surface layer containing
MIRS would be removed by later cutting passes; (3)
thermomechanical coupling analysis is much more computa-
tionally expensive than mechanical analysis in FEM analysis.

The machined surface left by the last finishing pass con-
tains MIRS, the amplitude, and distribution gradient of which
are usually larger than that of the residual stress within bulk
material. This residual stress field will redistribute after ma-
chining when fixtures are removed. This contributes to the
machining distortion. Here, a theoretical modeling method is
applied. The residual stress field after the roughing process is

used as the initial stress state for the calculation of MIRS after
finishing. The stress data is then loaded into the finite element
model to calculate the final residual stress and machining dis-
tortion (after releasing all the clamps and constraints).

2.2 Simulation method for the roughing process

The roughing process can be represented with an element
removal process that follows a particular sequence and un-
dergoes cutting loads, as shown in Fig. 2. The element remov-
al operation can be achieved with the model change function
of ABAQUS. Mechanical loads are added on the nodes of
elements to be removed in each analysis step. The width of
cut (WOC) equal to the tool radius is frequently used in the
roughing process. WOC is equal to the diameter of the tool in
the entry cutting pass. For convenience, the length and width
of elements are suggested to be equal to the tool radius.
Cutting loads are added according to the feeding and rotation
direction of the tool, as shown in Fig. 3. Figure 3a–d represent
different feeding directions in machining where WOC is less
than or equal to the tool radius. Figure 3 e–h are for machining
where WOC is equal to the tool diameter.

The FEMmodel built for roughing simulation is referred to
as the roughing model (RM). The following operations are
performed on the RM: (1) loading of initial residual stress in
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workblank; (2) loading of clamping forces; (3) element killing
operation (following certain sequence according to the actual

tool path); and (4) loading of cutting forces on certain nodes
according to the actual tool path.
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2.3 Modeling method of the finishing process

For simulation of finishing, a FEMmodel of the final machined
part needs to be built and meshed. This is called the finishing
model (FM) in this paper. The size of elements along the depth
direction near the machined surface should be small enough
(normally in 100~101 μm) to represent the distribution gradient
of the MIRS. In this paper, this part of FM with small elements
is defined as fine mesh layer. The thickness of fine mesh layer

should be larger than the penetration depth of MIRS (normally
in 102 μm). The coordinates and stress state of each node in
RM, as well as the coordinates of nodes and connectivity data
of elements in FM, are output fromABAQUS under the control
of Python program. A fitting calculation is needed to map the
stress distribution from RM to FM.

The simplified methodology for the analysis of MIRS in
the web is shown in Fig. 4. The non-uniform uncut chip in
face milling is simplified as uniform, which is a simplification
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frequently used in FEM simulation of themilling process [26].
The end milling process can be simplified and analyzed with a
2D cutting model [27–29]. The axes x1, x2, and x3 represent
the cutting direction, axial direction, and feeding direction,
respectively. Subsequently, the residual stress state can be cal-
culated. A similar simplification method for the flank milling
process can be found in Su et al. [28].

The theoretical modeling strategy of residual stress calcula-
tion for FM is shown in Fig. 5. For each element in FM, the
coordinates of its central point are calculated, and its distance to
the surface is evaluated. If the element is in the fine mesh layer,
i.e., the element is near themachined surface, its stress state after
finishing process is calculated with the residual stress model
proposed by Su et al. [28]. It is worthy of notice that in theoret-
ical calculations, the thermo-elasto-plastic increment operation
starts from the stress state after roughing process rather than zero
stress state. If the element is not in the fine mesh layer, i.e., the
element would not be plastically influenced by the
thermomechanical cutting loads in finishing process, the stress

state of the element would remain the value after roughing.
Cutting fluid is usually used during the machining process.
According to Ma’s analysis [30], a temperature attenuation co-
efficient of 0.5 should be used in calculation of temperature at
the shear plane and the tool-workpiece contact surface, which
can approximately represent the influence of cutting fluid on
MIRS. MATLAB was used to implement the model.

2.4 Simulation of final residual stress and machining
distortion

Residual stress is the self-equilibrating “locked in” stresses
that exist in materials without external loads [31]. Thus, the
stress distribution after roughing and finishing simulation
(with restrictions unreleased) is just an intermediate state.
And a stress relaxation process is required to release the inter-
nal stress field to reach a self-equilibrating state. During this
process, the machining distortion gradually occurs and
reaches a steady state.

The calculated stress state can be loaded into the FM as a
predefined stress field in ABAQUS. Then, the stress release
process can be simulated with a static analysis step in
ABAQUS. This allowed the final residual stress distribution
and machining distortion to be calculated.

3 Application case of the simulation method

3.1 Design of the component and experiment

A thin-walled component is designed, as shown in Fig. 6a.
The dimensions of the component are 393 × 233 × 49 mm.
The thicknesses of ribs and webs are 3 mm. The workblank
is pre-stretched 7050-T7451 aluminum alloy with dimensions
415 × 325 × 50 mm. The workblank is clamped onto the
worktable with four clamping plates. Clamping slots are cut
on the workblank to avoid collision. Machining of the com-
ponent was performed using a DMG DMU 60 monoBLOCK
machining center.

The physical properties of 7050-T7451 are listed in
Table 1. The coefficients of its Johnson-Cook constitutive
equation are shown in Table 2 [32].

The initial residual stress within the workblank was mea-
sured with crack compliance method. The measurement spec-
imens (S1 and S2) and the workblank were cut from the same
pre-stretched aluminum alloy plate, as shown in Fig. 7a. The

(a) Design of the component.

Finished 
Part

Clamping 
Part

Clamping slots 
for undersurface

Clamping slots 
for upper surface

Rib

Web

(b) The Component after machining.

Fig. 6 Designed specimen for machining experiment and simulation. a
Design of the component, b the component after machining

Table 1 Physical properties of 7050-T7451 aluminum alloy

Density [kg/m3] Thermal conductivity
[W/(m K)]

Thermal expansion
coefficient [°C−1]

Specific heat
[J/(kg °C)]

Young’s Modulus [Pa] Poisson’s ratio

2830 157 2.35 × 10−5 860 7.03 × 1010 0.33
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data was processed with the software developed by Zhou et al.
[33]. The distribution of initial residual stress within the alu-
minum alloy plate is shown in Fig. 7b.

3.2 Machining and measuring experimental setup

Firstly, the clamping slots were machined for the workblank.
Then, a facing process was performed on the undersurface
using a relatively sharp three-tooth cutting tool (diameter of

10mm). The spindle speed was 10,000 rpm, the feeding speed
was 3000 mm/min, the WOC was 8 mm, and the depth of cut
(DOC) was 0.08 mm.

In the roughing process, a three-tooth milling tool, the di-
ameter of which is 20 mm, was used. The DOC was 3 mm.
The WOC was 20 mm in the entrance cut and 10 mm in the
later cutting process. The roughing of four cavities was per-
formed with a 1 mmmachining allowance (tool path shown in
Fig. 8). The cutting forces were measured for entrance cut and
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Table 2 Johnson-Cook coefficients of 7050-T7451 [32]

A [MPa] B [MPa] C n m ε̇0 [s
−1] Tr [°C] Tmelt [°C]

463.4 319.5 0.027 0.32 0.99 1 25 635
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normal cut with a Kistler 9257B dynamometer. The results are
shown in Table 3 where Ff, Fp, and Fa are the cutting forces in
feeding, peripheral, and axial directions, respectively.

In the finishing process, the spindle speed was
10,000 rpm and the feeding speed was 3000 mm/min.
For machining of the ribs, the WOC was 1 mm and the
DOC was 2 mm. For machining of the web, the WOC
was 8 mm and the DOC was 0.5 mm. The machining
was carried out layer by layer to maintain rigidity and
reduce local deflection of the thin ribs.

After machining, the workpiece was taken off the workta-
ble and the clamping part was removed with bench tools. The
component was left to stand to release internal stress and then
the profile of the undersurface was measured with a Zeiss
CONTURA coordinate measurement machine (CMM).

3.3 Simulation of the roughing process

The RM was built in ABAQUS, as shown in Fig. 9. The
dimensions of elements to be removed in roughing are set at
10 × 10 × 3 mm. The size of element along the thickness di-
rection is 1 mm for the thin ribs. Partition operations in
ABAQUS are performed to maintain the continuity of the
elements. Every element in RM is identified with six indices:
[X index of the partition] [Y index of the partition] [Z index of
the partition] [local X index of the element] [local Y index of
the element] [local Z index of the element].

The element removal sequence was planned according to
the tool path. In the simulation of the roughing process, ele-
ments in partitions [2][4][1], [2][6][1], [4][4][1], and [4][6][1]
were killed in sequence to form the cavities. Next, the ele-
ments in partitions [0][8][1], [1][8][1], [2][8][1], [3][8][1],
[4][8][1], [5][8][1], [6][8][1], [6][7][1], [6][6][1], [6][5][1],
[6][4][1], [6][3][1], [6][2][1], [5][2][1], [4][2][1], [3][2][1],
[2][2][1], [1][2][1], [0][2][1], [0][3][1], [0][4][1], [0][5][1],
[0][6][1], [0][7][1] were killed in sequence to form the ribs.
A total of 1.45 × 104 simulation steps were executed during
the roughing simulation in this application case. The simula-
tion requires approximately 8 GB RAM and the output data-
base for a single analysis step is 6–9 GB. This is within the
capabilities of mainstream small servers or higher specifica-
tion personal computers.

The coordinates and stress state of all the remaining nodes
were output as *.csv files from the roughing process simula-
tion (using Python scripts), as shown in Fig. 5.

3.4 Simulation of the finishing process

The same machining parameters and layer-by-layer machin-
ing technology were used in the machining of the ribs.
Consequently, the machining process is approximately sym-
metrical for both sides of the ribs. Contrastingly, different
machining parameters and tool paths were used for the upper
and lower surfaces during machining of the web. In this ap-
plication case, only MIRS on both sides of the web was

Cutting path Empty feeding path

Cutter lifting pointEntry point

Legend

(a) Top view of the tool path.

(b) Tool path planning for the component.

Fig. 8 Tool path planning for rough machining of the component. a Top
view of the tool path, b tool path planning for the component

Table 3 Cutting loads in roughing process

Process Spindle speed [rpm] Feeding speed [mm/min] DOC [mm] WOC [mm] Ff [N] Fp [N] Fa [N]

Entrance cut 10,000 6000 3 20 254.25 443.53 61.34

Normal cut 10 354.40 667.98 119.68
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considered for the finishing process to limit the scale of theo-
retical and FEM calculation.

FMwas built in the shape of the final component, as shown
in Fig. 10. The same meshing strategy with the RM (shown in
Fig. 9) was used for the main body of FM to facilitate the
mapping of residual stress fields from RM to FM. The meshes
were refined within 250 μm of the upper and lower surfaces of
the web and the length of element along the normal direction
of the surface, d, was set to 10 μm. Next, the coordinate

information of all nodes and the connectivity information of
all elements were output in *.csv files.

The residual stress state after the finishing process was
calculated for each element in the refined mesh area
(following the procedure shown in Fig. 5). The calculation
is based on the coordinates of the central point of each
element. The simulation strategy for the finishing process
is shown in Fig. 11. X and Y represent the global coordi-
nate system of the workpiece. x1 and x3 represent the local
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Fig. 10 Finite element model of the completed component
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coordinate system used for the residual stress calculation
in accordance with the analysis model shown in Fig. 4.

The calculated data were output in a *.csv file. Next, an
analysis step in ABAQUS was performed to calculate the

(a) For upper side.

(b) For lower side.

Fig. 11 Simulation strategy for
the finishing process. a For upper
surface of the web, b for lower
surface of the web

Fig. 12 Profile of undersurface
measured by CMM
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final distortion of the workpiece (using the *.csv file to
set the predefined stress state).

A reference case neglecting MIRS was also calculated,
which represents the conventional method for distortion sim-
ulation of the thin-walled parts. In the reference case, the stress
state after roughing simulation was used directly to simulate
final distortion.

4 Results of experiment and simulation

4.1 Machining distortion of the workpiece

The measured profile of the undersurface is shown in
Fig. 12. The deformation along X direction is convex.
The deformation along Y direction is concave. The de-
formation along X direction forms the main deformation
of the undersurface. Overall, the undersurface is saddle-
shaped and the distortion is approximately X and Y
symmetric. The planeness error is 175.2 μm.

4.2 FEM simulation results for the roughing process

Using the measured stress distribution of the aluminum alloy
plate (shown in Fig. 7b), the stress state of each element in the
RMwas calculated according to the Z coordinate of its center.
These stress data were loaded into ABAQUS as predefined
stress field, as shown in Fig. 13a. The balanced internal stress
distribution is shown in Fig. 13b. There is little change in
stress distribution within most inner part of the workblank.
However, the stress distribution near the boundary area chang-
es remarkably.

The internal stress field of the workpiece evolves with the
removal of work material, as shown in Fig. 14. The elements
in four cavities are removed cavity by cavity. During this
process, the internal stress field is inhomogeneous and asym-
metric. The internal stress field shows symmetry on comple-
tion of the roughing simulation. This is because of the sym-
metric initial stress distribution and symmetric structure.
Mechanical loads can influence the local stress distribution
near the cutting zone. However, this local effect has little in-
fluence on the final stress field.

σxx
[MPa]

Z

Y
X

(a) Predefined internalstress state.

σxx
[MPa]

Z

Y
X

(b) Balanced internalstress state.

Fig. 13 Distribution of internal
stress within workblank (normal
stress in X direction). a Predefined
internal stress state, b balanced
internal stress state
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4.3 Simulation of the finishing process and the final
distortion

After the roughing simulation, the stress field was output from
RM and mapped to FM (shown in Fig. 15).

The stress state for every element in the upper and
lower surface (up to 250 μm depth) of the web is cal-
culated according to its position and its stress state after
roughing, following the flow chart shown in Fig. 5. As

a reference, the calculated stress distribution with zero
initial stress is shown in Fig. 16.

The simulated machining distortion profiles are
shown in Fig. 17. In this study, the simulated profiles
of the undersurfaces for both calculation cases are con-
vex. The simulated profile along the X direction at the
central area shows the main distortion trend and agrees
with experimental results. Considering the simulation
accuracy of planeness, the more comprehensive
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(a) Stress field after 2500 analysis steps. (b) Stress field after 4900analysis steps.

Z
Y X

σxx [MPa] σxx [MPa]

Z
Y X

(c) Stress field after 7300 analysis steps. (d) Stress field after 9700 analysis steps.
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(e) Stress field after 12100 analysis steps. (f) Stress field after 14500 analysis steps.

Fig. 14 Representative simulation results for the roughing process
(normal stress in X direction). a Stress field after 2500 analysis steps, b
stress field after 4900 analysis steps, c stress field after 7300 analysis

steps, d stress field after 9700 analysis steps, e stress field after 12,100
analysis steps, f stress field after 14,500 analysis steps

3608 Int J Adv Manuf Technol (2019) 103:3597–3612



calculation case that considers MIRS achieves signifi-
cantly better accuracy with relative error of approxi-
mately 17%. The calculation case ignoring MIRS within
the machined surface has relative error of approximately
37%.

5 Discussion

5.1 On the proposed combined method

An analysis method for part-level machining distortion is pro-
posed. It combines FEM and theoretical calculation. FEM can

analyze the evolution of the stress field and distortion for
complicated structures. It can achieve good calculation effi-
ciency and accuracy within the linear-elastic range.
Simulation of the metal machining process with FEM is time
consuming and is not practical for part-level simulation. In
contrast, theoretical analysis can achieve good calculation ef-
ficiency in modeling MIRS. A combination of these two
methods can be used to reproduce the internal stress evolution
process due to mass material removal and machining loads.
This is a practical approach for part-level machining simula-
tion and distortion control (especially for large-scale and thin-
walled components). The new combined method proposed in
this paper showed better accuracy in predicting the planeness

Mises Stress
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Mises stress σxx σyy
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Normal Stress
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(a) For upper surface of the web. (b) For lower surface of the web.
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Fig. 15 Mapping results of the stress field (from RM to FM)

Fig. 16 Calculated MIRS distribution after finishing (without initial stress). a For upper surface of the web, b for lower surface of the web



error for the application considered. The results also indicate
that the redistribution of workblank residual stress is the main
source of machining distortion of the aluminum alloy thin-
walled components, which is in accordance with the research
of Yang et al. [34]. Finally, it is shown that the influence of
MIRS should not be neglected in simulations.

5.2 Simulation errors

The two main sources of error when applying this method are
discussed below:

(1) The error in measuring initial residual stress within the
workblank.

The crack compliance method was used to measure
residual stress distribution within the workblank. One
important assumption of this method is that the residual
stress only varies along thickness direction. However,
this is not workable at the border region of the alumi-
num plate. The length and width of the test specimen is
usually only 2–2.5 times its thickness for the

measurement of residual stress in the aluminum plate.
The non-uniform distribution of residual stress near the
border may influence the measuring accuracy. However,
this influence has not been fully studied.

The redistribution of residual stress within the workblank is
the main source of machining distortion. Hence, the accuracy
of the initial stress input is of crucial importance to the overall
analysis accuracy. The overall simulation accuracy of machin-
ing distortion might be further improved by either better mea-
suring technology that can scan the 3D stress distribution
within material, or by a complete FEM analysis of the forming
and pre-processing of the workblank.

(2) The error in theoretical modeling of machining-induced
residual stress.

2D analysis for MIRS was used to model the internal stress
evolution during the finishing process. The 2D simulation
cannot fully reveal the 3D stress and temperature field in the
milling process, which may cause errors. To the author’s
knowledge, there is still no mature 3D theoretical modeling
technology for the machining process and MIRS because of

Z
Y

X

Distortion-Z [μm]

(a) Simulation ignoring MIRS.

Z Y
X

Distortion-Z [μm]

(b) Simulation considering MIRS.

Fig. 17 Simulated final distortion
after machining. a Simulation
ignoring MIRS, b simulation
considering MIRS
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the complexity of the process. Further research is required on
this issue in the future.

A further challenge is to comprehensively understand and
model the material behavior during the machining process.
This involves non-uniform deformation with large strain, high
strain rate, and high temperature. The constitutive model and
many physical parameters of the material all vary under dif-
ferent conditions. At present, a simplified model and/or con-
stant values must be selected for theoretical modeling and
FEM analysis. Increased simulation accuracy depends largely
on the improvement of the material model.

6 Summary

A new simulation method for part-level machining distortion
is presented and applied to a test case. The following conclu-
sions were drawn:

(a) The combined FEM analysis and theoretical modeling
simulation method can be used to track the evolution of
the internal stress field during the machining process.
The method can be implemented on current mainstream
small servers or higher specification personal computers.

(b) The evolution of initial stress within the workblank due
to material removal is the main cause of machining dis-
tortion for thin-walled components, while MIRS cannot
be neglected in simulations.

(c) The material removal process and cutting loads must be
accounted for to accurately predict machining distortion.
In FEM analysis, the meshes should be configured to
represent the distribution gradient of stress.
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