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Abstract. With the increasing application of curved thin-walled parts, the evaluation and control of curved 
surface residual stress in milling are becoming increasingly demanding. However, effects of milling 
parameters on distribution of residual stress remains a major challenge in the present aerospace research 
areas. In this paper, , impacts of milling parameters on curved surface residual stress have been  investigated 
in a series of residual stress experiments and simulations.  It is found that the residual stress can be lowered 
by increasing milling speed and tool radius within a reasonable range. The superposition of curved surface 
residual stress under two machining conditions have been analyzed  using the milling simulation model. It  
has been found  that the curved surface residual stress induced by the subsequent cutting will be 
superimposed on the curved surface residual stress induced by the previous cutting and that the superposition 
rates of residual stress induced by up milling are larger than down milling. 

1 Introduction 
With the rapid development of advanced manufacturing, 
the demand of curved thin-walled parts is steadily 
increasing. Undesirable residual tensile stress generated 
by milling shortens the fatigue life of parts. Thus, it is 
important to research on  impacts of milling parameters 
on distribution of residual stress induced by the milling 
of curved thin-walled parts. 

Nowadays many scientific workers have performed a 
large number of thorough studies of optimization 
methods of aluminum milling parameters. For example, 
Fan et al. [1] proposed that the residual stress increases 
with the decreasing   rounded cutting edge. Segawa et 
al. [2] designed a new tool geometry that can generate 
compressive residual stress on the machined surface. 
Experiments of Nasr et al. [3] show  that the rounded 
corner of the blade would increase the residual tensile 
stress of the workpiece surface. Jiang et al. [4] found that 
with the increase of cutter diameter, residual stress and 
deformation can be reduced and material removal rate 
can be improved. 

In terms of process parameters in plane milling, Fuh 
and Wu [5] proposed a numerical model to predict the 
residual stress of 2014-T6 alloy during milling. It is 
found that among the various machining parameters, the 
feed rate has the greatest influence on the residual stress. 
Arunachalam et al. [6] recommended the use of low 

cutting speed (150 m/min) and small cutting depth (0.05 
mm), which could help obtain compressive residual 
stress or minimum tensile residual stress. Li et al. [7] 
believed that a smaller residual tensile stress would be 
generated at a higher feed speed. Garcia Navas et al. [8] 
pointed out that the tensile residual stress of AISI 4340 
steel can be reduced under the condition of smaller feed 
and higher cutting speed. Li et al. [9] found that the use 
of larger cutting depth during rough machining and the 
use of varying cutting depths in different stages of 
finishing could reduce and optimize the deformation and 
residual stress effectively. Robinson et al. [10] studied 
the mechanism of residual stress redistribution after heat 
treatment of al 7449, and also discussed the influence of 
residual stress redistribution on the deformation of parts 
through the method of material removal layer by layer.  
Zeng et al. [11] studied the distribution law of residual 
stress in the micro-end milling process under a variety of 
cutting conditions by building a prediction model which 
could simulate the variation process of residual stress. 
Yang et al. [12] investigated the coupled distribution of 
initial and machining-induced residual stress, and found 
that the initial residual stress was superimposed on the 
machining-induced residual stress in the elastic 
deformation zone.  

In terms of surface residual stress, Guo and Barkey 
[13] revealed that the coupling of process parameters to 
the cutting force and temperature affected the residual 
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stress and deformation on curved surface. 
Mohammadpour et al. [14] found that the cutting speed 
and feed had important effects on the residual stress of 
the surface and subsurface after orthogonal cutting. 
Dong et al. [15] proposed a hybrid technique combining 
finite element method and statistical model. It is found 
that the surface residual stress changes from 
compression to tensile by increasing the cutting speed 
and feeding speed. Coto et al. [16]'s specific research on 
the effects of feeding and cutting speeds on the tensile 
residual stress demonstrated that the tensile residual 
stress increased with the accelerating feeding, while 
decreased with the accelerating cutting within a certain 
range. Masoudi et al. [17] found that the cutting force 
and temperature had direct effects on the curved surface 
residual stress and deformation of thin-walled parts. 
Singh and Agrawal [18] conducted an experimental 
study on the residual stress of the surface in deformation 
processing, and found that the residual stress of the 
surface significantly changed with the change of 
machining and forming parameters. Moreover, the 
curved residual stresses changed drastically with the 
machining and forming parameters. Nespor et al. [19] 
compared the residual stress state after processing 
ti-6al-4v with composite ball head milling method and 
orthogonal cutting method, and the results showed that 
only when the shape of workpiece and the subsurface 
deformation shape determined by tool motion were 
considered, the residual stress would be transferred to 
the subsurface. Jiang et al. [20] proposed a mathematical 
model between the curved surface maximum tensile 
residual stress and the Undeformed Chip Volume (UCV) 
(fz, R, ap and ae) of the ball end milling cutter. This 
mathematical model can quantify the influences of 
machining parameters on maximum tensile residual 
stress during the milling of Al2024 parts.  

The above finding can be considered as a 
supplementary evidence on the effects of milling 
parameters on residual stress, but few of them is 
involved with the effects of milling parameters on 
distribution of residual stress during the milling of 
Al7050 curved thin-walled parts. Based on the analysis 
and comparison above, the more concerned in this paper 
is the effects of milling parameters on curved surface 
residual stress and its superposition. 

2 Theoretical models 

In this section, the material model of the simulation and 
the elastic stress model of the cutting process have been 
discussed. 

2.1 Material model 

Johnson-Cook cutting constitutive equation. The cutting 
software of AdvantEdge uses the model of oblique 
cutting to predict the stress and thermal. Moreover, the 
cutting constitutive equation, i.e. Johnson-Cook [21], 

could be written in the stress-strain relationship as Eq. 
(1): 
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where σ is stress, ε is strain, T is deformation 
temperature, Troom is room temperature (20°C) , Tmelt 
is material melting temperature, A is material yield stress, 
B is strain hardening constant, C, n, m are coefficients of 
the material properties, all of them are usually obtained 
from the material tests or experiments. The coefficients 
of AL7050 are shown in Table 1. 

Table1. The coefficient of J-C constitutive equation 

Material 
A 

(MPa) 

B 

(MPa) 
c n m 

Al7050 402 328.6 0.007 0.26 1.3 

Material constitutive equations. The Power Law [22] 
is chosen as the material fracture damage constitutive 
equation as Eq. (2). 
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Where )( pg e is strain hardening, )(eΓ is strain rate 
sensitivity, and )(TΘ is thermal softening. While the strain 
hardening function )( pg e Eq. (3) and (4) for the power law 
are defined as: 

pcut
p

n

p

p
p ifg ee

e
eσe <








+= ,1)(

1

0
0

   (3) 

p

p

cut
p

n

p
cutp ifg ee
e
e

σe ≥









+= ,1)(

1

0
0

   (4) 

Where 0σ is the initial yield stress, pe is the plastic 
strain,

p
0e is the reference plastic strain, pcute is the cut off 

strain, and n is the strain hardening exponent. And the 
thermal softening function )(TΘ Eq. (5) and (6) for the 
power law are defined as: 
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Where 
0c , 1c , 2c , 3c , 4c , 5c  are coefficients for the 

polynomial fit, T is the temperature, cutT is the linear cut 
off temperature, and meltT the melting temperature. 
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2.2 Elastic stress model 

The elastic stress can be divided into mechanical stress 
and thermal stress. The simplified two dimensional 
mechanical-thermal model of the cutting process is 
shown in Fig. 1.      

 

Fig.1. Two dimensional mechanical-thermal model of 
the cutting process 

2.2.1 Mechanical stress 

The stress generated by mechanical loading can be 
given by Eq. (7), (8) and (9) [23]. 
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where normal force p(s) , and tangential force q(s) can 
be given by Eq. (10) and (11) [23]. 
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Where x and y represent the distances from the 
contact point to the interest point. Where s represents the 
integration variable. Where fx and fy are the forces in 
cutting and feeding directions, respectively. Where a is 
the half contact length that can be given by Eq. (12) [23]. 
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Where P, R and ER are the total normal force, the 
resultant radius of both the work-piece and the tool and 
the resultant elastic modulus respectively. These 
resultant values can be given by Eq. (13) [23]. 
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where Rt, Rw and Et are the nose radius of the tool, the 
radius of the work-piece and the elastic modulus of the 
tool respectively.  

2.2.2 Thermal stress 

The thermal stress components are given by Eq. (14), 
(15), (16) and (17) [24]. 
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Where Gxh, Gxv, Gyh, Gyv, Gxyh, and Gxyv are the 
plane strain Green’s functions. 

3 Simulation model and validation 

In this section, in order to verify the accuracy of 
simulation model, verification experiment and 
simulation were conducted with two schemes of 
machining parameters as shown in Table 2. 

3.1 Simulation model 

The milling process of ball end milling cutter and 
residual stress of work-piece can be simulated by the 
Third Wave AdvantEdge software as shown in Fig. 2. 

3.2 Comparison of residual stress between 
simulation and experiment 
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As shown in Fig. 3(a), the X ray stress detector 
TEC4000 is employed to measure the residual stress in 
the X and Y directions on machined surfaces. 

Fig. 3(b) shows that the residual stresses of 
simulation and experiment fit well. Because the errors of 
σxx and σyy are between 18Mpa and 31Mpa, and the 
error ratios are between 13% and 17%. 

Table 2. Simulation and experiment schemes 

Scheme 

Tool 

speed 

n 

(r/ 

min) 

Feed 

per 

tooth 

fz 

(mm/ 

tooth) 

depth 

of cut 

ap 

(mm) 

Cutting 

width 

ae 

(mm) 

Tool 

radius 

R 

(mm) 

1 8000 0.2 1 2 3 

2 12000 0.3 1.5 2 4 

 

 

(a) Chip generation 

 
(b) Residual stress generation 

Fig. 2. Simulation model 

 
(a) Residual stress detection 

(b) Maximum residual stress on machined surface 

Fig. 3. Residual stress detection and comparison of residual 

stress on machined surface 

4 Result and discussion 

4.1 The effects of milling parameters on residual 
stress 

Section 4.1 mainly focus on the impacts of the milling 
parameters(milling speed, cutting depth, feeding speed 
and tool radius) on the maximum tensile residual stress 
of work-piece. The simulation parameters setting and 
results are shown in Fig. 4. 

(1) The effect of milling speed on curved surface 
residual stress. It can be observed from Fig. 4(a) that 
with the increase of milling speed from 4000rpm to 
16000rpm, the maximum tensile residual stress in the X, 
Y and Z direction can be reduced by 26.7%, 24.5% and 
40.8%. 

(2) The effect of cutting depth on curved surface 
residual stress. Fig. 4(b) presents that with the 
enhancement of cutting depth from 0.5mm to 2mm, the 
maximum tensile residual stress in the X, Y and Z 
direction are increased by 19.8%, 40.6% and 23.3%. 

(3) The effect of feeding speed on curved surface 
residual stress. It can be observed from Fig. 4(c) that 
with the increase of feeding speed from 0.1mm/z to 
0.4mm/z, the maximum tensile residual stress in the X, Y 

Tool 

Work-piece Chip 

Work-piece 

Tool 

Chip 

TEC4000 

Curved surface milled 

by ball end cutter 
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and Z direction are enhanced by 22.5%, 28.6% and 
46.5%. 

(4) The effect of tool radius on curved surface 
residual stress. Fig. 4(d) demonstrates that with the 
enhancement of tool radius from 2.5mm to 5mm, the 
maximum tensile residual stress in the X, Y and Z 
direction can be declined by 24.2%, 24.9% and 27.3%. 

Therefore, the residual stress can be reduced by 
increasing milling speed and tool radius within a 
reasonable range. Conversely, the residual stress will be 
increased with the enhancement of cutting depth and 
feeding speed. 

 

(a) The effects of milling speed on residual stress 

 
(b) The effects of cutting depth on residual stress 

 

(c) The effects of feed per tooth on residual stress 

 
(d) The effects of tool radius on residual stress 

Fig. 4. The effects of milling parameters on residual stress 

4.2 Superposition of curved surface residual 
stress 

In Section 4.2, four machining conditions are used to 
analyze the superposition of residual stress. The 
machining conditions are the first cutting of down 
milling, the second cutting of down milling, the first 
cutting of up milling and the second cutting of up milling 
respectively, as shown in Fig. 5(a), (b), (c) and (d). The 
four machining conditions have been performed with the 
simulation model in Section 3.1, and the machining 
parameters of Scheme 1 in Table 1 is used in the 
simulations of this section. 

(1) The superposition of residual stress during 
down milling. It can be observed from Fig. 6(a) that the 
curved surface maximum tensile residual stress of down 
milling in the X, Y and Z direction are increased by 
27.4%, 40.4% and 21.8%. In addition, Fig. 6(b) presents 
that the curved surface minimum tensile residual stress 
of down milling in the X, Y and Z direction are enhanced 
by 38.6%, 47.3% and 32.8%. 

(2) The superposition of residual stress during up 
milling. It can be observed from Fig. 6(c) that the curved 
surface maximum tensile residual stress of up milling in 
the X, Y and Z direction are increased by 38.7%, 42.5% 
and 32.9%. Beside, Fig. 6(d) presents that the curved 
surface minimum tensile residual stress of up milling in 
the X, Y and Z direction are enhanced by 37.8%, 38.0% 
and 28.0%. 

Therefore, under the processing conditions of this 
section, the following conclusions can be drown: (i) the 
curved surface residual stress induced by the subsequent 
cutting will be superimposed on the curved surface 
residual stress induced by the previous cutting; (ii) the 
superposition rates of residual stress induced by up 
milling are bigger than down milling. (iii) the curved 
surface maximum and minimum tensile residual stress of 
up milling are mostly larger than down milling. 

ap=1.5mm; f=0.2mm/z; ae=3mm; R=4mm 

v=12000rpm; f=0.2mm/z; ae=3mm; R=4mm 

v=12000rpm; ap=1.5mm; f=0.2mm/z; ae=3mm 

v=12000rpm; ap=1.5mm; ae=3mm; R=4mm 
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(a) First cutting of down milling  

 
(b) Second cutting of down milling 

 

(c) First cutting of up milling 

 
(d) Second cutting of up milling 

Fig. 5. Machining conditions 

 
(a) Maximum residual stress of down milling 

 
(b) Minimum residual stress of down milling 

 

(c) Maximum residual stress of up milling 

 
(d) Minimum residual stress of up milling 

Fig.6. Curved surface residual stress superposition between 
first cutting and second cutting 
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5 Summary 

In this paper, a milling simulation model has been 
proposed and validated by comparing with the 
experimental data. Due to the application of the milling 
simulation model, important conclusions have been 
reached . First of all, it has been is found that by 
improving milling speed and tool radius within a 
reasonable range, the residual stress can be reduced, 
conversely, the residual stress  increases with the 
encreasing cutting depth and feeding speed. Secondly, it  
has been pointed out that the curved surface residual 
stress induced by the subsequent cutting will be 
superimposed on the curved surface residual stress 
induced by the previous cutting. Thirdly, the 
superposition rates of residual stress induced by up 
milling are larger than down milling. 
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