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Abstract：In the process of machining aircraft monolithic components, the 

initial stress in the blank will cause machining deformation. Based on the 

energy method, an analytical mathematical model of machining deformation 

is presented in this paper. The key point is to transform the energy in the 

removed material into the deformation energy of the part after machining. 

The initial residual stress of 7050-T7451 aluminum alloy blank and single 

frame part are used as investigated case in the analytical model. For layer by 

layer machining, the deformation evolution is closely related to the tensile or 

compressive properties of the initial stress of removed material. Combined 

with the change of neutral axis position, The machining deformation is 

calculated by theoretical model. Then, FEM simulation is carried out to 

analyze the influence of stiffening ribs on machining deformation utilizing 

the semi-analytical model of equivalent bending stiffness. Furthermore, 

experiments are set up to verify the validity of the theory and FEM data. The 

results indicate that the deformation results of the experiment are consistent 

with that of theory and FEM model. Deformation is determined by energy of 

removed material. This paper provides a novel theoretical approaches for the 

further investigation of this issue.  

Keywords: Machining deformation; Residual stresses; Energy method; 

Equivalent bending stiffness; Aircraft monolithic components  

Corresponding Author: Xiaoming Huang, E-mail address: 

hxm2552@163.com 

 

 



1 Introduction 

With the rapid development of modern aviation industry, more and more aircraft 

monolithic components are applied in the big aircraft and fighter such as wing, girder 

and bulkhead in fuselage [1,2]. They have the advantage of lightening the weight of 

the airplane. Characteristics of aircraft monolithic components are large size, complex 

structure, and low stiffness because of the material removal rate of more than 93%., 

Aircraft monolithic components deformed easily after machining. Machining 

deformation of aircraft monolithic components resulted by the combined action of 

many factors, including blank residual stress, machining residual stress, components 

geometry clamping conditions, et al [3-5].  

Aluminum alloy is one of the most commonly used materials for aircraft 

monolithic components. For aviation aluminum alloy material, initial residual stress is 

formed after the process of the casting, hot rolling, quenching, pre-stretching, and 

aging. Previous research had shown that the proportion of the machining deformation 

caused by the initial residual stress is about 90% [6,7]. Zhang et al.'s research shown 

that aircraft monolithic components deformation were mainly affected by the removed 

material, and making the stress in blank symmetrically distributed was one of the 

ways to minimize the machining deformation [8]. Ye et al. [9] revealed the 

relationship between machining positions of initial residual stress in blank and 

components deformations. The authors machined C919 straight beam with step 

decrease iterative algorithm for minimizing the machining deformation. The results 

indicated that the optimization of machining position can decrease deformation about 

99.79% with step decrease iterative algorithm for the beam. 

Machining sequence is another main factor that influences the initial residual 

stress redistribution during the machining process. Cerutti et al. [10] studied the 

influence of the material removal sequence on the residual stress release in the 

machining deformation of aircraft monolithic components. The optimized machining 

sequence obtained a maximum deformation of 0.04mm compared with 0.5mm of 

conventional machining process case. Ding et al. [11] studied the machining sequence 



considering the initial residual stresses and component geometry. Six machining 

sequences were investigated in their paper. Hao et al. [12] proposed a dynamic 

machining process planning based on deformation monitoring data. Monitoring points 

were employed to optimize the machining sequence which was adaptively adjusted in 

each machining layer. Mikel et al.[13] proposed a novel methodology for the 

machining operation with optimized machining sequence. Aerospace turbine 

component deformation was reduced 72.6% by using the rebalanced machining 

sequence.  

In addition to the using of the redistribution of initial residual stress, the 

introduction of additional favorable stress is helpful to minimize the machining 

deformation. Lu et al. [14,15] invested the relationship between the position of 

introduced rolling residual stress and the reduction of machining deformation. The 

deformation correction key position of aviation beam was determined. The research 

results show that the maximum deformation decreases from 0.333mm to 0.06mm, and 

the deformation elimination rate reaches 82.0%. Yao et al. [16] applied the milling 

residual stress and shot peening residual stress to reduce machining deformation of 

large aeronautical blade. The maximum uneven residual stress reached 840 MPa at the 

depth of 30 μm. 

Geometry characteristics of aircraft monolithic components are also closely 

related to machining deformation. Denkena's research demonstrated that the 

machining deformation with different structures get varying bending law in the same 

machining conditions. The researchers argue that the components structures offer 

boundary constraints to the distribution of residual stresses. The machining 

deformation of single frame component was twice as much as that of a double sided 

frame component in experiments [17,18].  

Stiffness of monolithic components is varied with the machining. Li et al. [19] 

investigated the machining deformation of aircraft monolithic components by use of 

the equivalent bending stiffness model. The finite element methodand experiment 

results indicated that the machining deformation was sensitive to the stiffness of the 

component in the lengthwise direction, and it was not significantly influenced by the 



stiffness in width. Huang et al. [20,21] taken a long beam of a civilian airplane as the 

research case, and found the stiffness reduction ratio was 68.5% when the component 

was finished. The machining deformation was forecasted in utilizing of stiffness 

evolution and residual stress redistribution in their research. Sun [22] used the 

analytic approach to determine the stiffness weakest position of the parts. Minimized 

machining deformation was obtained by the harmonic response analysis method.  

There are many factors that cause the deformation of aircraft monolithic 

components. The initial residual stress is the main factor of causing machining 

deformation. In this paper, we present a view that the conversion of energy also can 

clarify this issue. It is different from the above methods based on redistribution of 

initial residual stress. Initial residual stress of the blanks is converted into external 

load when the materials are removed, which leads to the deformation of the aircraft 

monolithic components after machining. To our knowledge, the relationship between 

energy and machining deformation has not been reported.  

In this paper, the modeling process for machining deformation in the machining 

process is presented based on the energy method. A single frame part is taken as 

research project to establish the machining deformation prediction model in Section 2. 

The deformation of aircraft monolithic components is calculated using FEM in 

Section 3. The equivalent stiffness model is used in the FEM calculation process. The 

results are discussed combining with theory results. The theoretical model results are 

verified and compared with experiment results and FEM results in Section 4.  

2. Mechanism of machining deformation based on energy theory 

For aviation aluminum alloy blank, the initial residual stress holds the following 

equation because they are in equilibrium within the whole blank before the aircraft 

monolithic component is machined.  



                      (1) 

where ( )x zσ  is the initial stress in rolling direction distributed along the thickness 

direction, ( )y zσ  is the initial stress in transverse direction distributed along the 

thickness direction. x, y, z are the direction of rolling, transverse and thickness 

respectively. Ω  is the region of aviation aluminum alloy blank. When aircraft 

monolithic component is machined, initial residual stresses release gradually with the 

removal of the material. Equivalent loads in the rolling direction and the transverse 

direction can be obtained as [21]: 

                     (2)                 

where M is the region of the removed material.  

When aircraft monolithic component is machined, the residual stress 

redistributes. Usually, two dimensional (2D) model was used to analyze the 

mechanism of machining deformation [22]. According to the 2D model, the initial 

residual stress torque and additional torque in the machining process can be obtained. 

However, this analysis is only applicable to the 2D model and provide guidance for 

the follow-up research. It is not suitable for the actual 3D model of aircraft monolithic 

component. 

In this paper, it is assumed that the deformation energy of the components Ed 

equates to the energy Vε  stored in the removed material. When the cutting layer 
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material is removed, aircraft monolithic components will deform based on energy 

conservation relationship [23-25]. 
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∫                     (3)                  

Fig. 1 is an aircraft monolithic components made of 7050-T7451 aluminum alloy. 

To simplify the calculation, a single frame part is selected as the analytical model. 

The length, width and height of the single frame structure are set as 156mm, 50mm 

and 30mm respectively, as showed in Fig. 1. The thickness of the side wall and the 

bottom wall is 3mm.  
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Fig. 1 Aircraft monolithic component and single frame part 

The initial residual stress distribution of 7050-T7451 aluminum alloy blank was 

measured by crack compliance method, as shown in Fig. 2 [26].
 
The single frame part 

is located in the region of 0-30mm in the blank. The machining process is cutting the 

material layer by layer, i.e. removing, ①, ②... layers materials in turn. Initial residual 

stress curve of rolling direction is given by the Gaussian fitting, which is expressed as 

follows [27]:
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Fig. 2 Initial residual stress of aluminum alloy blank 

According to Hooke's law, the stress/strain energy can be expressed as the 

following formula (5) when the removed material thickness is z. 

                        (5)                          

Firstly, the absolute value of Vε  is calculated based on initial residual stress and 

removed material. Then, the deformation energy is determined to be positive or 

negative according to the compressive stress or tensile stress. This is because that the 

deformation energy applied to components will lead to deformation in the opposite 

direction for compressive stress and tensile stress. 

Fig. 3 is the flow chart of component deformation analysis. The position of the 

neutral axis moves down gradually during the machining process layer by layer as 

show in Fig. 2. When the stress of the removed material is tensile, and the region of 

the removed material layer is above the neutral axis, the component will bend upward. 

Instead, the component will bend downward if one of the factors is conversed. 
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Fig. 3 Flow chart of component deformation analysis 

The cross section of the single spacer is U-shaped, as shown in Fig. 2. The 

centroid position of the U-shaped section is the neutral axis position for the single 

frame component. The centroid position zc calculation formula is as following:  

            

(6)

                      

where A is the cross-sectional area, x1 is the wall thickness of the thin-wall parts, x2 is 

the width of the removed material layer, z1 is the depth of the removed material layer, 

and the distance between the neutral axis of the U-shaped section and bottom wall is 

neutral axis position zc.  

Utilizing the formula (6), the position change curve of the neutral axis in the 

machining process is obtained, as show in Fig. 4. It can be seen that in the initial stage, 

the neutral axis position linear decreases gradually with the material removal. When 

the removed material thickness is about 23.5mm, the neutral axis position reaches the 

lowest point. Subsequently, the neutral axis of the frame parts gradually rises with the 

material removing. In Fig. 4, the leaning dotted line indicates the change of cutting 
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position with material removing, i.e. z1 as shown in Fig. 2. The neutral axis position 

line intersects with the cutting position line at P point. Point P is located at 10.5mm 

where the machining position coincides with the neutral axis position. In the region I, 

the deformation energy of the material removed acts above the neutral axis; in the 

region II, the deformation energy of the material removed acts below the neutral axis. 
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Fig. 4 Position of the neutral axis in the machining process 

The energy Vε  of the removed material can be obtained from formula (3) (4) 

and (5). Fig. 5 shows the change law of effective deformation energy in rolling 

direction according to the above analysis. The distribution of initial residual stress of 

7050-T7451 aluminum alloy blank is shown by the pink dotted line in the Fig. 5. It 

can be concluded that the compressive stress is in the range of 0mm-2.48mm and 

12.73mm-27.18mm. The tensile stress is in the range of 2.48mm-12.73mm. So, the 

energy of removed material is divided into three parts, named I, II and III. These three 

regions correspond to the change tendency of energy. In the region I and III, the 

energy positive increases continuously. In the region II, the energy negative increase 

continuously. At the position of 2.48mm and 12.73mm, the compressive stress and 

tensile stress energy of removed material reach the maximum value of 12.1 J and -6.2 

J respectively. When the machining is completed, the deformation energy contained in 

the removed material is -1.2 J. 
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Fig. 5 Variation of effective energy of deformation in the machining process 

The component is deformed gradually as the material is removed. Assuming that 

the bending moment acting on both ends of the part is M. The relationship between 

deformation energy and moment and deforming angle is as the following: 

                          (7) 

where θ  is deforming angle as shows in Fig. 6. It is set up based on the theoretic of 

mechanics of materials as follows: 

                        (8) 

where E is the elastic modulus, I is the inertial moment of U section, and EI is the 

bending stiffness. 

 

Fig. 6 Schematic diagram of component deformation 

The maximum deformation ∆  can be obtained by moment area method as the 

following[28]: 

                        (9) 
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Based on the analyses above, deformation are obtained by computer 

programming. The change of the maximum deformation of the studied case is listed 

as shown in Fig. 7. The deformation law of component is consistent with that of strain 

energy. The component deformed upward as the removed material is from 0mm to 

12.73mm, and downward as the removed material is from 12.73mm to 27mm. The 

maximum deformation is 0.24mm when the component machining finished. The 

deformation is closely related to the distribution of initial residual stress as above 

explained. 

 

Fig. 7 Deformation of single frame part theory model 

This theoretical analysis can be used to explain the offset machining results in 

Ref [10].
 
The offset was chosen to minimize the machining deformation. The 

deformation of the aircraft part was achieved from a maximum of about 0.5mm to 

0.04mm for the case with the optimal offset 9.05mm in Ref [10].
 
An inversion in the 

curvature can be seen by application of an offset of around 9mm in the illustration of 

Fig. 7. It confirms the feasibility of the theoretical model of this paper. In Ref [10], the 

gradient of residual stresses on the upper surfaces region between 0mm to 10mm is 

large. This region should be avoided during machining as the reference suggested.  

The symmetry of stress distribution can also be used to explain the deformation 

results as studied in Ref [8]. The deformation obtained by integration will be 

minimized to zero when the energy of compressive stress is equal to the energy of 

tensile stress. In Ref [8], the deformation of T-shaped aircraft part decreased with 
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machining asymmetry.  

3 Deformation calculation of multiple frames component 

3.1 Machining deformation based on FEM 

Due to the large size and manufacturing cost of aircraft monolithic components, 

it is usually difficult to carry out full-size deformation experiments. FEM deformation 

analysis is considered to be an economical and effective method for machining 

deformation. Simulation of machining deformation is performed using FEM software 

ABAQUS. An aircraft monolithic component is designed based on the real 

components in Fig. 1. A total of 59,910 elements and 67,617 nodes are applied on the 

model with meshed C3D8R element. The 3-2-1 constraint principle was used for the 

boundary conditions. Technology of “element birth and death” is applied to simulate 

the material moving. The mechanical property of the material is listed in Table 1. 

 Table 1 Mechanical property of 7050-T7451 Al alloy 

E(GPa) µ  
tσ (MPa) 

sσ  (MPa)  
mρ (g/cm³) 

71.7  0.33 469  303  2.83  

Fig. 8 is the simplified FEM model and deformation after machining. The 

maximum deformation of the aircraft monolithic component is 0.42mm under the 

action of initial residual stress only in rolling direction. we can see that the component 

is concave deformation, and the maximum deformation position is located in the 

center of the component. The machining deformation is not completely symmetrical 

due to the influence of the stiffening ribs. 

FEM results of machining 

deformation (×200)

Designed component 

Deformation 

characteristic points

Stiffening ribs

30

400

1000

x
y
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Fig. 8 Structure and deformation of FEM model 

3.2 Machining deformation based on energy and equivalent stiffness Model 

According to the energy model in Section 2, machining deformation of single 

frame part is calculated where stiffness is defined as EI in formula (8). However, the 

effect of stiffening ribs for aircraft monolithic component as shown in Fig. 8 is not 

considered in the energy model of Section 2. Stiffening ribs will greatly improve the 

rigidity of the component. Machining deformations of thin-walled component with 

stiffening ribs can be obtained using the equivalent bending stiffness model [19,20]. 

Based on semi-analytical model of equivalent bending stiffness, the effect of 

stiffening rib layout is converted to equivalent thickness. A simply-supported 

component constraint is applied to the model. Uniform load F (1×10
-3

MPa) in z 

direction is applied to the upper surface. Then, a small linear deformation problem is 

solved by ABAQUS static analysis, and the maximum deformation Ddis is obtained. 

The equivalent thickness heqv and equivalent bending stiffness Deqv of the aircraft 

monolithic component can be obtained as: 

                           (10) 

                             (11) 

where L and W are the length and width of the component respectively. Taking the 

model of Fig. 8 as investigation case, the removed material is divided into 9 layers, 

each layer is 3mm. Then the material is removed layer by layer. The deformation is 

shown in Table 2 when the material is removed gradually. The equivalent thickness of 

aircraft monolithic component is obtained by formula (10). 

Table 2 The deformation when the material is removed 

Lays 1 2 3 4 5 6 7 8 9 

Ddis 

(10
-1

mm) 
0.55 0.86 1.17 1.53 1.92 2.31 2.65 2.89 3.43 

The stiffness of blank plate is calculated by formula (11), where heqv is the 

thickness of the blank plate without stiffening ribs. In Fig. 9, the cyan curve 

represents the change law of theoretical stiffness as the plate thickness decreases. It 
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decreased gradually as third power function of the thickness value of the blank. 

According to the above mentioned equivalent stiffness model and the data in 

Table 2, the stiffness of the component after removing each layer material can be 

calculated.  

In Fig. 9, the black symbol curve represents the change of equivalent bending 

stiffness. Equivalent stiffness decreased non-linearity with the material removing. Ddis 

is almost equivalent compared with theory stiffness of blank plate when the material 

removed at the upper region of 9 mm. However, the differences between them 

gradually became obvious after that. This is because of the effect of the stiffening ribs. 

The theoretical stiffness for 30mm thickness blank is 1.81×10
5
N/m. The equivalent 

stiffness of the finished component is obtained as 2.01×10
4
N/m. The stiffness 

decreased by 88.9%. 
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Fig. 9 Stiffness evolution during material removal 

Aircraft monolithic component machining deformation can be obtained using the 

energy model and equivalent bending stiffness model. For comparing, 11 deformation 

characteristic points along x direction are picked up as shown in Fig. 8. The 

deformation curve of these FEM characteristic points and energy model are listed in 

Fig. 10. It can be seen that the machining deformation law appeared downward 

bending in the middle and warped at both ends. The curves of theoretical results are 

symmetrical and the maximum value of deformation is 0.51mm. FEM results are 



smaller than the theory results. The maximal error was 17.6%, which is in the range of 

acceptable. 

0 200 400 600 800 1000
-6

-4

-2

0

 

D
ef

o
rm

at
io

n
 (

1
0
-1

m
m

)

Length of the aircraft monolithic component (mm)

  Energy model results       
   FEM results

 

Fig. 10 Deformation of aircraft monolithic component along x direction 

4 Verification of energy mode 

4.1 Experiment setup 

Experiments were performed on 7050-T7451 aluminium alloy blank of thickness 

60mm provided by Kaiser Aluminum & Chemical Corp., USA. The specimen is cut 

by wire electrical-discharge machining (WEDM) from blank based on the design of 

single frame part as shown in Fig. 1. WEDM produce less additional residual stress 

than traditional mechanical cutting, and its effect on the initial residual stress in the 

blank is ignored. 

MC1200 5-axis vertical machining centre is used for the machining work. The 

detailes of the experimental conditions are presented in Table 3. Distortion data are 

obtained by Hexagon MICRO-HITE 3D CMM (Hexagon Metrology (Qingdao) Co., 

Ltd.). The accuracy of this coordinate measuring machine is 4μm. In the experiment, 

the cutting depth is set as 3mm. The specimen is unloading clamped and deformation 

measured after each layer of cutting depth is removed. There are six characteristic 

lines with the equal distance of 10mm in the bottom of the specimen, and the average 

value is taken as analysis data to ensure the accuracy of the measurement. Machining 

and deformation measurement are shown in Fig. 11. 
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Fig. 11 Schematic diagram of experiment 

 

Table 3 The experimental conditions 

CNC MC1200 5-axis vertical machining centre 

Cutting tool Solid cemented carbide 

Machining 

state 
Wet, Down milling 

Machining 

parameters 

v= 628 m/min 

fz =0.06 mm 

ap =3 mm 

ae= 12 mm 

 

4.2 Results 

For comparison, the FEM model of machining deformation for the single frame 

part is established using the method described in Section 3. Fig. 12 shows that the 

maximum deformation evolution of the component by the energy model, experiment 

and FEM in the process of removing material. The purple line is the theory results of 

the energy model, the orange circular point is the FEM results, and the black line with 

square symbols is the experimental data.  

It is can be seen that the deformation law of the experiment results is consistent 

with the energy model and FEM results. Part shows up-bending deformation when the 

first two layers of material are removed. Then, it shows down-bending deformation 

when the last seven layers of material are removed. Deformation law depends on the 

initial residual stress distribution characteristics. This means that it is determined by 



the energy in the removed material as discussed in Section 2.  

The maximum deformation data of single frame part obtained by experiment are 

larger than that calculated by the energy model. However, it is lesser than the energy 

model results when the first two layers of material are removed. The final deformation 

is 0.38mm and 0.24mm in experiment and energy model results. The relative error 

between the experiment and theoretical data is about 36.8%. The experiment 

deformation is the coupling action of energy in rolling direction and transverse 

direction. Energy model results do not consider the effect of energy in transverse 

direction. The coupling effect of initial residual stress between different direction is 

not the focus of this paper. 

Deformation results of theoretical model and FEM are almost identical when the 

part acted under stress in rolling direction. However, the energy model is a more 

intuitive new view than computer numerical calculation. It may reduce the FEM 

calculation time cost in sometimes. 
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Fig. 12 Maximum deformation evolution during material removed 

 Fig. 13 shows the machining deformation of the single frame part by energy 

model, FEM and experimental data. They present bending deformation along the 

length direction. FEM data show good agreement with the analytical model results. 

The deformation curves obtained from the experimental data are larger than those 

obtained from FEM and theoretical data. The machining deformation of part is 

affected by many factors such as cutting heat, cutting force, cutting parameters and 



fixture layout. The influence of these factors on machining deformation is neglected 

in the energy model. This will lead to some errors between the experimental results 

and the numerical results. 
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 Fig.13 Deformation comparison between energy model, FEM and experiment results 

5  Conclusion 

In this paper, analytical model of the machining deformation evolution is 

established based on the energy method. FEM is used to study the machining 

deformation of aircraft monolithic components combining with the equivalent 

stiffness. Theory model and FEM results are validated by experiment. The most 

obvious finding can be drawn from this investigation: 

(1) The deformation energy of aircraft monolithic component equates to the 

energy in the removed material. The energy depends on the distribution and 

characteristics of the initial residual stress in the blank. Moreover, the position of the 

center axis of the structure will also affect the machining deformation. The turning 

point of the initial residual stress from compressive to tensile correspond to the 

turning points of the deformation energy. It determines the deformation type of 

aircraft monolithic component for lay by lay machining.  

(2) Equivalent stiffness of aircraft monolithic component decreased non-linearity 

with the removed material thickness. Machining deformation of it is calculated based 

on the energy theory and equivalent stiffness model. The theoretical results are 

consistent with the FEM results. Results shown that the machining deformation 

appeared downward bending in the middle and warped at both ends in rolling 



direction. This is confirmed by both theory, FEM and experiment results.  

(3) The energy analysis model proposed in this study has certain limitations, such 

as the coupling effects of normal residual stress in different directions and shear stress 

are ignored. However, it provides a reference for further research on machining 

deformation of aircraft monolithic component.  
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Figures

Figure 1

Aircraft monolithic component and single frame part



Figure 2

Initial residual stress of aluminum alloy blank



Figure 3

Flow chart of component deformation analysis



Figure 4

Position of the neutral axis in the machining process



Figure 5

Variation of effective energy of deformation in the machining process



Figure 6

Schematic diagram of component deformation

Figure 7

Deformation of single frame part theory model



Figure 8

Structure and deformation of FEM model



Figure 9

Stiffness evolution during material removal



Figure 10

Deformation of aircraft monolithic component along x direction



Figure 11

Schematic diagram of experiment



Figure 12

Maximum deformation evolution during material removed



Figure 13

Deformation comparison between energy model, FEM and experiment results


