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Abstract 

Thin-walled components have characteristics of high intensity and light mass and are used 

widely in aeronautical industry. NC milling is one of the most popular machining methods for 

the thin-walled components. Because of their poor rigidity, the deformation of the thin-walled 

workpieces caused by cutting force is a main factor that decreases the machining precision 

and increases aeronautical product cost. Based on the analyses of the machining deformation 

mechanism and basic machining deformation characteristics of the thin-walled workpieces, a 

NC milling deformation forecasting approach is presented based on CAD/CAM/FEA 

integration to forecast the machining deformation of the aeronautical thin-walled workpieces. 

Taking a typical workpiece for example, the proposed deformation forecast framework is 

validated by the analytic and experimental results. The straight side walls of aluminum 

LY12CZ workpieces are processed on a vertical machining center THA5656 and their errors 

are analyzed. Based on orthogonal tests, the deformation characters of the thin-walled 

workpieces are discussed under different cutting conditions. By the comparison of 

experimental results and FEA results, although there exist definite difference, their variation 

tendencies are similar on the whole. Thus, the FEA model is validated. The research can 

provide support for machining deformation control and machining simulation model 

verification. 

Keywords: Thin-walled workpiece; NC milling; Machining deformation; CAD/CAM/FEA; 

Aluminum alloy; Orthogonal test; Error analysis; Deformation Forecasting 

 

1. Introduction 

In their milling process, thin-walled workpieces are prone to deform under the action of 

cutting force because of their poor rigidity, residual stress release, etc. It affects the size, form 

and position accuracies of the workpieces badly. In order to assure the accuracies of the thin-

walled workpieces, it is necessary to study the deformation mechanism and characteristics of 

the thin-walled workpieces in numerical control (NC) machining. Effective deformation 

forecasting of the thin-walled workpieces is the precondition of effective deformation control 

measures. 

In actual machining of the aeronautical thin-walled workpiece, in order to compensate the 

deformation error in NC milling, a lot of trial cuts are usually adopted where machining 

parameters are improved iteratively to reduce machining deformation error. After the 

workpiece is milled, manual or mechanical deformation correction is needed. But this leads to 

stress concentration in the corrected aluminum alloy workpiece. Besides, because the 
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deformation correction depends greatly on human factor, its great blindness and randomness 

affect machining accuracy of the workpiece badly. 

With the development and application of CAD/CAM/CAE in manufacturing, deformation 

forecasting and control technologies based on Finite Element Analysis (FEA) provide 

effective approaches for systematically studying the machining deformation rules and control 

methods of the aeronautical thin-walled workpieces [1-6]. In the paper, CAD/CAM/FEA is 

used to study the machining deformation forecasting of the aeronautical thin-walled 

workpieces to assure production efficiency and machining accuracy. 

 

2. NC milling Deformation Forecasting of the Thin-walled Workpiece 

based on CAD/CAM/FEA Integration 

It needs a lot of data to study the machining deformation of aeronautical thin-walled 

workpiece. If the data are obtained completely through machining experiments, the costs are 

too expensive. In the paper, different professional CAD/CAM/FEA systems are integrated to 

study the NC milling deformation forecasting of the thin-walled workpiece [7], as shown in 

Figure 1. The flow of NC milling process simulation of the thin-walled workpiece is shown in 

Figure 2. 
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Figure 1. NC Milling Deformation Forecasting of the Thin-walled Workpiece 

After analyzing the thin-walled workpiece to be machined, the three-dimensional models 

of the workpiece and its blank are established using SolidWorks. Then, the NC programs are 

completed using Mastercam that are simulated using NC machining simulation system 

VERICUT. Besides, the machining models corresponding to each machining operation are 

generated and imported into SolidWorks using a data interface. Then, the deformation of the 

thin-walled workpiece is analyzed using Ansys under different machining conditions. 
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Figure 2. The Flow of NC Milling Process Simulation of the Thin-walled Workpiece 

3. Milling Test Scheme 

In recent years, machining deformation control technology has been gained extensive 

attention from domestic and foreign researchers. Due to the complexity of machining process 

itself, substantive further work is still needed. In the paper, the machining deformation of 

thin-walled workpieces is studied through milling tests. The rectangular straight side walls of 

aluminum alloy LY12CZ (hot rolled plate GB3193-82) workpieces are milled based on 

orthogonal tests to study the influence of cutting parameters on machining deformation in 

finishing machining. It can provide support for improving productivity and controlling 

machining deformation. And, the research can also be helpful to thin-walled workpiece 

process planning and cutting parameter selection. Accordingly, it is of great importance for 

improving the machining precision of the thin-walled workpieces. 
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3.1. Machine Tool, Tools, and Workpiece Material 

The machining test conditions are as follows. 

 The tools are Φ4 three-wing end milling cutter whose material is high-speed 

steel W18Cr4V. 

 The workpiece material is aluminum LY12CZ (hot rolled plate GB3193-82, 
b



=510 2
/ mmN , 

2.0
 =373 2

/ mmN , and HB130). 

 The machine tool adopts THA5656 vertical machining center. Conventional 

milling is adopted as the milling mode. THA5656 vertical machining center uses 

Japanese FANUC-0MC numerical control system and is controlled by CNC 

micro-computer. It possesses 4-axis coupled function. 

 The milling parameters are milling speed v , milling depth 
p

a , milling width 
e

a

, cutter diameter 
0

d , and feed amount f . 

 

3.2. Orthogonal Test Scheme 

The side walls of the workpieces are milled under different cutting conditions and the 

deformation is measured. In the paper, milling speed v , milling depth 
p

a , milling 

width 
e

a , and feed amount f  are mainly considered. The orthogonal tests are 

determined adopting four factors and three levels, as shown in Table 1.  The orthogonal 

table L9 (3
4
) is shown in Table 2. 

Table 1. Four Factors and Three Levels 

Factor 

Level 
v (r/min) f (mm/min) p

a (mm) e
a (mm) 

1 2000 100 5 0.3 

2 2500 150 7 0.2 

3 3000 200 10 0.1 

Table 2. Test Parameters 

Test v  f  p
a  e

a  

1 1(2000 r/min) 1(100mm/min) 1(5mm) 1(0.3mm) 

2 1(2000 r/min) 2(150 mm/min) 2(7mm) 2(0.2mm) 

3 1(2000 r/min) 3(200mm/min) 3(10mm) 3(0.1mm) 

4 2(2500r/min) 1(100mm/min) 2(7mm) 3(0.1mm) 

5 2(2500r/min) 2(150mm/min) 3(10mm) 1(0.3mm) 

6 2(2500r/min) 3(200mm/min) 1(5mm) 2(0.2mm) 

7 3(3000r/min) 1(100mm/min) 3(10mm) 2(0.2mm) 

8 3(3000r/min) 2(150mm/min) 1(5mm) 3(0.1mm) 

9 3(3000r/min) 3(200mm/min) 2(7mm) 1(0.3mm) 
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4. Milling Tests and Result Analysis 

4.1. Milling Tests 

According to the above test scheme, the workpiece side walls are machined to 1mm 

thick and multiple times of smoothing milling are executed to guarantee their shape 

accuracy, as shown in Figure 3. 

 

 

Figure 3. Rectangular Pocket Milling 

The finishing machining conditions are listed in Table 2. The dimensions of the side walls 

are L=40mm long, H=10mm high, and W=1mm thick. The suspending length o the three-

wing Φ4 end milling cutter is 14mm whose helical angle is 30. 

In order to study the deformation of the side walls, after the milling is finished, the 

deformation of the side walls is measured from above to below along Z axis at x1=10, x2=20, 

and x3=30 locations using a micrometer gauge before the workpiece is disassembled. Thus, 

the deformation of the milled side walls can be obtained. The distance between two 

measuring points is 1mm, as shown in Figure 4. 

 

Figure 4. Deformation Measuring Scheme 

4.2. Test Results and Analysis 

The test results of test 3, 5, and 7 are as follows. 
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In test 3( v =2000r/min, f =200mm/min, 
p

a =10mm, and 
e

a =0.1mm), the test results 

are shown in Table 3 and Figure 5. The deformation range is -0.024~0.001mm. The 

position of the largest deformation is at X2=20mm and measuring point 2 along Z-axis 

direction. 

Table 3. Deformation at x1, x2, and x3 in Test 3(mm) 

Measuring 

point 

Deformation at 

x1=10mm 

Deformation at 

x2=20mm 

Deformation at 

x3=30mm 

1 -0.002 0 -0.003 

2 -0.0025 0.001 -0.0035 

3 -0.010 -0.011 -0.010 

4 -0.012 -0.015 -0.011 

5 -0.016 -0.016 -0.016 

6 -0.021 -0.020 -0.022 

7 -0.024 -0.022 -0.022 

8 -0.024 -0.022 -0.022 

9 -0.022 -0.022 -0.021 

10 -0.020 -0.020 -0.020 

 

Figure 5. Deformation in Test 3 

In test 5( v =2500r/min, f =150mm/min, 
p

a =10mm, and 
e

a =0.3mm), the test results 

are shown in Table 4 and Figure 6. The deformation range is -0.045~0mm. The position 

of the largest deformation is at X2=20mm and measuring point 1 along Z-axis direction. 

In test 7( v =3000r/min, f =100mm/min, 
p

a =10mm, and 
e

a =0.2mm), the test results 

are shown in Table 5 and Fig.5. The deformation range is -0.028~0mm. The position of 

the largest deformation is at X2=20mm and measuring point 2 along Z-axis direction. 
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Table 4. Deformation at x1, x2, and x3 in test 5(mm) 

Measuring 

point 

Deformation at 

x1=10mm 

Deformation at 

x2=20mm 

Deformation at 

x3=30mm 

1 -0.010 0 -0.012 

2 -0.015 -0.005 -0.016 

3 -0.028 -0.022 -0.030 

4 -0.033 -0.030 -0.034 

5 -0.0336 -0.030 -0.0326 

6 -0.044 -0.040 -0.043 

7 -0.0416 -0.038 -0.040 

8 -0.042 -0.040 -0.041 

9 -0.041 -0.038 -0.040 

10 -0.037 -0.037 -0.037 

 

 

Figure 6. Deformation in Test 5 

As can be seen from the above results, the difference at the lower sections of X1, X2, 

and X3 locations is small, but the difference at the upper section of X1, X2, and X3 

locations is comparatively large. While the material is removed from the side walls of 

the workpieces, the rigidity of the upper section of the side wall at X1, X2, and X3 

locations decreases dramatically. As a result, the milling deformation of the side walls 

increases. Because the rigidity of the lower section of the side walls is comparatively 

stable, the deformation of the lower section is smaller than that of the upper section of 

the side walls. The deformation of the bottom section of the side walls is very small 

because the workpieces is machined on a large block of aluminum alloy plate in the 

tests. 
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Table 5. Deformation at x1, x2, and x3 in Test 7(mm) 

Measuring 

point 

Deformation at 

x1=10mm 

Deformation at 

x2=20mm 

Deformation at 

x3=30mm 

1 -0.0006 0 -0.001 

2 -0.0026 0.0002 -0.002 

3 -0.015 -0.012 -0.016 

4 -0.020 -0.016 -0.020 

5 -0.018 -0.015 -0.018 

6 -0.025 -0.022 -0.028 

7 -0.024 -0.022 -0.024 

8 -0.024 -0.022 -0.024 

9 -0.024 -0.022 -0.0236 

10 -0.022 -0.020 -0.022 

 
 

 

Figure 7. Deformation in Test 7 

5. Cutting Force Models 

The milling force is important for milling mechanism, cutter design, machine design, 

fixture design, and cutting parameter selection. The commonly used milling force 

models are as follows. 

(1) Kline average force model and its modification. 

The cutting force is related to cutting area. The whole cutting area is divided into 

tiny elements. After calculate the force on each tiny element, the distribution of the 

force on the cutting area is obtained. The total cutting force is equal to the sum of all 

the forces on the tiny elements as below. 
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Where, minus sign is used for down milling and plus sign is used for upmilling. 
X

F  

and 
Y

F  are the average force along X-axis and Y-axis of the machine respectively. 


N  

is the angle number of each tooth angle space. 
z

N  is the number of elements. 
f

N  is the 

number of cutter teeth. 
z

f  is the feed rate per cutter tooth. ),,( kji  is the space angle 

of the ith element on the kth cutter tooth when the cutter is at the jth angle position. The 

model can be applied to calculate the cutting force when the cutter is at any position 

under any cutting condition. 

Kline average force model takes many factors into account. But it is not very exact 

and its application is not wide. 

(2) Force model based on unit force. 

A great lot of researches show that it is a feasible approach to calculate cutting force 

based on unit force. The cutting force has relation to unit cutting force and cutting area. 

Literature [8] developed a universal machining system simulator that calculates cutting 

force according to empirical cutting force formula. It does not need a lot of cutting 

experiments. Based on the research of literature [8], literature [9] and [10] presented a 

milling force model suitable to milling deformation analysis of the thin-walled 

workpiece where a three-dimensional milling area is divided into tiny elements. The 

unit force components along X-axis, Y-axis and Z-axis are as follows. 
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In the FEA deformation of the thin-walled workpiece, the stress of a side wall is 

different from that of a web. Therefore, different cutting force is constructed for 

different region respectively. 
 ),,( kji  is a value between 0~40º. The three-dimensional force model is stable and 

accurate. But its experimental cost is expensive and amount of calculation is large. 

(3) Cutting force model based on multivariate linear regression analysis. 
In high speed milling, the main cutting parameters are cutting speed (or spindle speed), feed 

rate, cutting depth and cutting width. Literature [11] constructed a milling force model 

through 7050-T7451 machining experiments as below.  
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Where, k is a correction coefficient related to cutting fluid. Usually, k=0.5~0.8. 

Although this model is constructed for a given material, it can be applied to other 

homogeneous materials if k takes an appropriate value. In the paper, for LY12CZ 

milling, k takes a slightly small value. 
(4) Milling force model according to Mechanical Process Technic Handbook.   

Mechanical Process Technic Handbook [12] provides cutting force formulas for 

mechanical processing personnel. According to Mechanical Process Technic Handbook, 

the empirical equation of milling force under given cutting conditions is as follows. 

FZefp
kzdaaaF

86.0

0

86.072.00.1

63725.0



                         (5) 

Where, F  is circumferential component force. 
p

a  is milling depth. 
e

a  is milling 

width. 
f

a  is the feed rate per cutter tooth. z is the number of cuter teeth. 
0

d  is milling 

cutter diameter. 
FZ

k  is the coefficient of circumferential component force. 
FZ

k  is the 

correction factor of milling force whose value is 0.75~1.20. 
FZ

k  changes with milling 

conditions. Its value can be determined according to Mechanical Process Technic 

Handbook. 

Although there is the difference of machining objects and environmental factors, the 

construction of cutting force model is similar. Different cutting force model pays 

attention to different factors and their coefficients. All the four cutting force models for 

milling aluminum alloy LY12CZ are constructed. After analyzing the cutting force 

models in Matlab, the following conclusions are drawn. 

(1) According to the published literature, in the milling process of the thin-walled 

workpiece, although the cutting force fluctuates, it lies in a comparatively narrow 

range. That is, the cutting force varies with time, but its extent is not large. Besides, 

because multiple cutter teeth of the cutter participate in the milling process, the cutting 

force tends to be stable. In the paper, the emphasis is concentrated on the deformation 

because of low rigidity. Therefore, for the convenience of computation, the cutting 

force variation is ignored and the average force is taken as the cutting force. 

(2) Milling force model according to Mechanical Process Technic Handbook is used 

in the following FEA. The cutting force model can also be used to other material of 

approximative rigidity if the cutter parameters do not vary. If the cutter parameters 

change, the coefficients of the cutting force model should change too. 

The perfect machining accuracy requests the optimal selection of cut ting parameters. 

This is the further research topic. Besides, in the machining process of the thin-walled 

workpiece, cutting vibration, cutting heat and so on affect the cutting deformation too. 

 

6. Comparison of FEA Results and Experimental Results 

When processing the workpiece with milling depth 
p

a =10mm and milling width 
e

a

=0.1mm, compare the FEA results with experimental results at x1, x2 and x3. 

The FEA results are shown in Table 6 and the experimental results are  shown in 

Table 7. 
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Table 6. FEA Results 

Measuring point 
Deformation at 

x1=10mm 

Deformation at 

x2=20mm 

Deformation at 

x3=30mm 

1 -0.01329 -0.0191 -0.01249 

2 -0.01079 -0.01497 -0.01008 

3 -0.00901 -0.01213 -0.00816 

4 -0.00729 -0.00974 -0.00671 

5 -0.00589 -0.00756 -0.00514 

6 -0.00439 -0.00603 -0.00397 

7 -0.00309 -0.00419 -0.00272 

8 -0.00179 -0.00216 -0.00151 

9 -5.90E-04 -6.90E-04 -4.20E-04 

10 2.14E-04 1.07E-04 2.10E-04 

Table 7. Experimental Results 

Measuring point 
Deformation at 

x1=10mm 

Deformation at 

x2=20mm 

Deformation at 

x3=30mm 

1 -0.018 -0.02 -0.017 

2 -0.0175 -0.017 -0.0165 

3 -0.01 -0.015 -0.01 

4 -0.008 -0.01 -0.009 

5 -0.003 -0.004 -0.004 

6 0.002 0.002 0.002 

7 0.002 0.002 0.0015 

8 0.002 0.001 0.001 

9 0.001 0.001 0.001 

10 0.0002 0.0001 0.0002 

 

As shown in Figure 8, the maximal error at x3 between FEA results and experimental 

results is 0.00597mm. The tendency of deformation is identical. 

Considering that there is measuring error in fact, the difference between 

experimental results and FEA results is small. The following conclusion can be drawn. 

(1) After establishing the FEA model of the thin-walled workpiece in milling under 

different cutting conditions, the FEA model is verified by the deformation results of 

orthogonal tests under different cutting conditions. 

(2) By the comparison of experimental results and FEA results, although there is 

definite difference, their variation tendencies are similar on the whole. The definite 

difference between experimental results and FEA results is at a comparatively fixed 

interval. Whether such a difference is led by the cutter, residual stress, or other factors 

needs further researches. 
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Figure 8. Comparison of FEA Results and Experimatal Results 

7. Conclusions 

Aiming at the NC milling deformation forecasting of aeronautical thin-walled workpieces, 

an approach is presented based CAD/CAM/FEA integration. Taking a typical structure of the 

aeronautical thin-walled workpieces for example, the approach is used to forecast the 

deformation of the thin-walled workpiece under different machining conditions. 

Orthogonal tests are adopted to mill aluminum alloy LY12CZworkpieces under different 

cutting conditions. Then, the deformation of the milled side walls is measured and analyzed. 

The influence of different cutting parameters on deformation is discussed to improve 

productivity and control milling deformation. In order to study the deformation rule of thin-

walled workpieces in milling process, a lot of data are needed. If all these data are obtained 

by cutting experiments, it is too expensive. Therefore, cutting experiments should be 

integrated with computer simulation of machining processes. By the comparison of 

experimental results and FEA results, the FEA model is verified by the deformation results of 

orthogonal tests under different cutting conditions. The research of the paper lays the 

foundation for machining deformation forecasting and NC milling process simulation model 

verification. 
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