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Abstract
The distribution of residual stresses has a significant effect on fatigue life in milling process. In previous works, the predicted
model of residual stresses was focusing on orthogonal cutting, while milling residual stresses is seldom reported. An analytical
model for the generation of residual stresses induced by complex surface milling is proposed. Estimates of the mechanical
stresses induced by the milling process have been determined through contact mechanics and the geometric transformations
within the part. The temperature field of workpiece induced by milling is predicted by analytical model. Estimates of the residual
stresses were obtained using an elastic-plastic model and a relaxation procedure. The proposed model is validated with milling
experiments. This work can be further applied to improve surface integrity of workpieces by machining parameters optimization.
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1 Introduction

Residual stress is one of the important indicators in surface
integrity, which has a great impact on fatigue life of machined
workpiece. There were mainly three methods to predict resid-
ual stress in machining process: experimental method, finite
element method, and analytical method [1]. Li et al. [2] pro-
posed a 3D FEM method to predict milling residual stress
using 3D-AdvantEdge and validated by X-ray diffraction
method. Yang et al. [3] used a hybrid technique to predict
the milling residual stress combining the FEM model.
Denkena et al. [4] analyzed residual stress of the 5-axis mill-
ing, and explained the effect of mechanical stress and thermal
stress. Nespor et al. [5] compared the difference of residual
stress between ball-end milling and orthogonal cutting. Wang
et al. [6] proposed a FEM model and an empirical model for
ball-end milling residual stress prediction. In the previous lit-
eratures [2–6], the residual stress in milling mainly carried out
by FEM and experimental method, which are difficult to

analysis the effect of cutting parameters on residual stress in
theory.

As a result, efficient physical-based models for the predic-
tion of residual stress in the machined surface are desperately
needed.

The analytical model of residual stress in orthogonal cut-
ting can obtained by following steps: elastic loading, plastic
loading, and relaxation procedure, which are introduced in
detail by Ulutan et al. [7]. The loading stress is calculated with
a sliding/rolling contact model and the relaxation procedure is
following boundary conditions, while the loading stress is
calculated with a sliding/rolling contact model.

When the analytical model is used to predict the residual
stresses in milling, some researchers simplify the 3D milling
to 2D orthogonal cutting model supposed helix angle is zero.
Su et al. [8] predicted residual stresses in milling process using
analytical method. The loading stress calculated is used the
maximum pressure for simplification. Huang et al. [9] consid-
ered the sequential variable loading in flank milling and ob-
tained the mechanical stress at each tool rotation angle. Peng
at al. [10] predicted micro-milling residual stresses using an-
alytical method, considering the milling process characteris-
tics. Zhou et al. [11] developed an analytical model of helical
end milling residual stress. The analytical model of cutting
force is introduced by Zhou et al. [12], and the temperature
field calculated using moving line heat source by
Komanduri.R [13]. Fergani et al. [14] predicted residual stress

* Wenyu Yang
mewyang@hust.edu.cn

1 State Key Laboratory of Digital Manufacturing Equipment and
Technology, School of Mechanical Science and Engineering,
Huazhong University of Science and Technology, Wuhan 430074,
China

https://doi.org/10.1007/s00170-019-04219-7
The International Journal of Advanced Manufacturing Technology (2019) 105:565–577

/Published online: 11 August 2019

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-019-04219-7&domain=pdf
mailto:mewyang@hust.edu.cn


in multi-pass machining, and the previous toolpath effect is
considered. Comprised with orthogonal cutting, the mechani-
cal stress history is cyclic variation with tool rotation angle in
milling process, due to the chip thickness varied in milling
process. Zeng et al. [15] deduced the residual stress modeling
under micro-milling by analytic method considering milling
characteristics, such as varied chip thickness and tool rotation.
Wan et al. [16] predicted the milling residual stress with a
helical helix cutter, also the coordinate transformation is con-
sidered in milling process. The above literatures are mainly
focusing on three-axis milling process.

For five-axis machining, the cutting parameters are chang-
ing instantaneously and more complicated comprised with
three-axis milling. To solve this problem, the geometry and
kinematics analysis in 5-axis milling with torus-end mill is
developed in Section 2. In the previous works [8, 10, 11, 14,
16], the milling temperature field is calculated by the orthog-
onal cutting temperature model. However, these kinds of sim-
plification lead to errors between predictions and actual results
in milling process. In Section 3, an analytical model of milling
temperature field is developed based on Lin et al. [17]. In
Section 4, residual stresses in milling process are developed
based on the orthogonal cutting mechanics and contact me-
chanics. The experiment results and discussion are introduced
in Section 5. Finally, conclusions of this study are summarized
in Section 6.

2 Geometry and kinematics analysis in 5-axis
milling

2.1 Geometric model of torus-end mill

Geometry of torus-end mill and oblique cutting model is
shown in Fig. 1. In Fig. 1 a, the related parameters are defined
in the TCS (tool coordinates system) {OT − XTYTZT},D is the
diameter, r is the radius, r(z) is the cutting radius, OT is the
cutter tip center, nr is the spindle speed, i0 is the maximum
helix angle, and Nf is the cutter edge number.

The effective cutting radius of point P is the following:

r zð Þ ¼ D−r þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2− r−zð Þ2

q
ð1Þ

The helix angle of element P is the following:

i zð Þ ¼ cot
r zð Þ− D=2−rð Þð Þtani0

r

� �
ð2Þ

The radial lag angle ψ(z) and axial immersion angle κ(z) of
the point P are following:

ψ zð Þ ¼ z
r
tani zð Þ; 0≤z < r ð3Þ

κ zð Þ ¼ arccos
r−z
r

� �
; 0≤z < r ð4Þ

The radial immersion angle of point P on the jth cutting
edge is the following:

ϕ j zð Þ ¼ φþ j−1ð Þ2π =N f−ψ zð Þ ð5Þ

where φ is the rotation angle of the reference cutting edge.
As shown in Fig. 1 b, c, and d, the three cutting forces

{dFt, dFr, dFa} of the infinitesimal element at point P can be
derived from the oblique cutting model. In this model, the
related parameters and planes are defined in LCS (local coor-
dinate system) {P − X0Y0Z0}. Ps is the cutting plane, Pn is the
normal plane, and αn is the normal rake angle. The inclination
angle λs is measured in Ps and defined as:

λs ¼ tan−1 tani� sinκð Þ ð6Þ

In addition, the geometrical parameters associated to
oblique cutting and orthogonal cutting model are introduced
in detail by Zhou et al. [12]. The fundamental data can obtain-
ed in combinationwith Zhou et al. [12], such as the parameters
of shear velocity, shear angle, shear stress, and shear force.

2.2 Five-axis milling process geometry

There are three right-hand Cartesian coordinate systems to
describe the five-axis milling process, as shown in Fig. 2 a.
The first one is WCS (workpiece coordinate system) {OW −
XWYWZW}. The second coordinate system is FCN (local ma-
chining coordinate system) {OT − FCN}. F is the feed direc-
tion, N is the surface normal axis of workpiece, and C is
determined by F and N. The third coordinate system is the
TCS (tool coordinate system) {OT − XTYTZT}.

The representation of tool path in 5-axis milling is shown in
Fig. 2 b. Cutter location file contains a series cutter location
points, and each cutter location point is a component with
bottom center point OT, t, tool axis vector vt, and feed vector
at. At time t, OT, t and vt can be obtained with linear interpo-
lation method. The feed vector at is the following:

at ¼
WOT ;t−WOT ;t−Δt

‖WOT ;t−WOT ;t−Δt‖
ð7Þ

In Eq. (7), WOT, t and
WOT, t −Δt are the cutter location

vectors at time t and t −Δt in WCS, and tool rotation cycle
is Δt ¼ 60

nr
⋅ 1N.

The rotation matrix from tool coordinate system to work-
piece coordinate system at time t is as follows:

R ¼ WxT ;t;
WyT ;t;

WzT ;t
� � ð8Þ
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(d) Geometrical parameters associated to oblique machining (c) Oblique cutting geometry

(a) Torus end mill model

(b) Infinitesimal element of P

at elevation z

Fig. 1 Geometry of torus-end mill and oblique cutting model. a Torus-end mill model. b Infinitesimal element of P. c Oblique cutting geometry. d
Geometrical parameters associated to oblique machining at elevation z
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Fig. 2 Coordinate systems and tool path representation in 5-axis machining. a Three coordinate systems. b Tool path representation in milling

Int J Adv Manuf Technol (2019) 105:565–577 567



WxT ;t ¼
WyT ;t � vt

‖WyT ;t � vt‖
WyT ;t ¼ vt � at

‖vt � at‖
WzT ;t ¼ vt

‖vt‖

8>>>>>>><
>>>>>>>:

ð9Þ

In the CL (cutter location) file, each CL data contains 6
parameters (X, Y, Z, I, J,K), the (X, Y, Z) represent the CL point
coordinate and (I, J,K) represent tool orientation unit vector.
Lead and tilt angles can be calculated as:

lead ¼ arctan I ;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
J 2 þ K2

p� �
tilt ¼ arctan −J ;Kð Þ

ð10Þ

The relationship between FCN and TCS can be described
as follows:

X T

YT

ZT

2
4

3
5 ¼

1 0 0
0 cos tiltð Þ −sin tiltð Þ
0 sin tiltð Þ cos tiltð Þ

2
4

3
5 cos leadð Þ 0 sin leadð Þ

0 1 0
−sin leadð Þ 0 cos leadð Þ

2
4

3
5 F

C
N

2
4

3
5

ð11Þ

2.3 Determination of chip thickness

In order to determine whether the cutting edge is involved in
cutting, it is necessary to determine the cutting area of the tool
and the workpiece. In this paper, z-map method is used to
determinate cutter/workpiece engagement which is introduced
in detail by Zhu et al. [18].

Uncut chip thickness is the thickness of the material re-
moved instantaneously by the cutting edge in the normal di-
rection. The definition of chip thickness tc is given by Ozturk
and Budak [19]:

tc ¼ Ft⋅nt ð12Þ

As shown in Fig. 1 a, the unit outward normal vector n(z) at
point P is:

n zð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2− r−zð Þ2

q
⋅sinϕ j zð Þ

� �
=rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2− r−zð Þ2
q

⋅ϕ j zð Þ
� �

=r

r−zð Þ=r

0
BBBB@

1
CCCCA ð13Þ

The feed vector in WCS can be determined by the cutter
location vector of the cutting edge point P at time tand t −Δt:

W Ft ¼ WPT ;t−WPT ;t−Δt ð14Þ

The feed vector in TCS is the following:

Ft ¼ R−1� �W Ft ð15Þ

3 Prediction of workpiece temperature
variation

In this paper, each circular insert is considered sharp, and the
cutting tool is supposed to be rigid without deformation.
Temperature rise in workpiece caused by the heat sources
mainly has three zones: the primary shear zone (chip-work-
piece), the second deformation zone (tool-chip), and third de-
formation zone (tool-workpiece). Only the primary shear zone
heat source is considered to predict workpiece temperature
variation. In milling process, the tool is discretized the cutting
edge into infinitesimal element along tool axis and circular
insert number. In addition, cutting time of milling process is
discretized into a series of infinitesimal time intervals.

Figure 3 is a heat conduction model considering the heat
source of the main shear zone. Each cutting heat source is
discretized into rectangular heat source elements. The angle
between the shear zone heat source element and its mirror heat
source is 2ϕn.

The workpiece material is supposed to be isotropic and
viscoplastic-rigid, and its behavior is described by the
Johnson-Cook constitutive model [12]:

τ s ¼ 1ffiffiffi
3

p Aþ B
γffiffiffi
3

p
� �n	 


1þ Cln
γ̇
γ̇0

� �	 

1−

T−T r

Tm−T r

� �m	 

ð16Þ

Furthermore, the shear force dFs, which is proportional to
the shear stress τs, along with the normal force dNs can be
expressed as following [12]:

dFs ¼ τ s
dw⋅tc

cosλssinϕn

dN s ¼ −
tan ϕn−αnð Þ þ tanβcosηc½ �cosηs

1−tanβcosηctan ϕn−αnð Þ dFs

ð17Þ

where tc is the chip thickness that can obtained from Eq.(12),
dw is the width of cut, αn is the normal rank angle, β is the
friction angle, ηc is the chip flow angle, ηs is the shear flow
angle. Those parameters can be obtained based on Zhou et al.
[12] using oblique cutting model and orthogonal cutting
model.

For a cutting shear heat source element within each time
element, the heat flux density can be calculated by the follow-
ing:

qs; j τ ; zð Þ ¼ RwV sdFs; j τ ; zð Þ
tc=sinϕnð Þ dz=cosλs=sinκð Þ ð18Þ
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where dz/(sinκ × cos λs) and tc/ sin ϕn are the width and length
of elemental shear plane heat source, dFs,j(τ, z) is the shear

force, and Vs is the shear velocity. Those parameters can be
obtained based on Zhou et al. [12]. Rw is the heat partition
ratio into workpiece.

Rw is the heat partition into workpiece which has been
deduced by Shaw M [20]:

Rw ¼ 1−
1

1þ 1:328
ffiffiffiffiffiffiffiffiffi
awγ
vctc

r ð19Þ

where γsh is the shear strain, aw is the thermal diffusivity of
workpiece, vc is the cutting velocity, and γ is the shear strain.

When the cutting edge and cutting time are discretized, the
heat source element on the shear zone of each time element
can be regarded as a rectangular heat source. In an infinite heat
conducting medium, the length and width of the surface heat

Chip

n

V

ct

Tool(element P)

Shear plane

heat source

Image shear plane

heat source

Adiabatic

Adiabtic

View A

2 n

so

sio

Image shear plane

heat source

Shear plane

heat source

( )so

sio

View of detial B

workpiece

M

B

Chip

A
The element at axial

position z+dz

The element P at axial

position z

Partial enlargement view

Workpiece

Shear palne

Chip

Cutter

element

X

Z
Y

P

O

(a)

(b)

(c)

(d)

P

Zs

Xs

Zsi
Xsi

Zsi
Xsi

Ysi

Xs

Zs

Ys

(X ,Y ,Z )w w wM

2 n

Fig. 3 Heat transfer model and heat partition into workpiece

Workpiece

Tool

V

Chip

n

zz

xx

zx

B

A

Shear zone

sX

sZ

sO

(s)p

(s)q

(X ,Y ,Z )w w wM

Fig. 4 Stresses field in the shear zone

Table 1 Johnson-Cook parameters of NAB

A(MPa) B(MPa) C m n γ̇0 (1/s) Tm(K)

295 759.5 0.011 1.09 0.405 0.001 1311
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source areL andW, and its heat flux density value is qs,j. After
τ, the instantaneous rectangular heat source is heated, and the

temperature rise at the point M(x, y, z) caused by the heat
source is as follows:

θ ¼ qs; j
4cρ 4πατð Þ1=2

erf
xffiffiffiffiffiffiffiffi
4ατ

p
� �

−erf
x−Wffiffiffiffiffiffiffiffi
4ατ

p
� �	 


erf
yffiffiffiffiffiffiffiffi
4ατ

p
� �

−erf
y−Lffiffiffiffiffiffiffiffi
4ατ

p
� �	 


exp −
z2

4ατ

� �
ð20Þ

where α is the thermal diffusivity,ρ is the density, and c is the
specific heat capacity.

As is it known, the temperature can be obtain from Eq. (19)
in shear plane as shown in Fig. 3. The point M(Xw, Yw, Zw) in
WCS can be described in shear zone coordinate system and
image shear zone coordinate system by coordinate transfor-
mation. The transformation diagram of the coordinate system
in milling is following steps:

Step 1: M(Xw, Yw, Zw) in WCS, after a period of time t, in
TCS, can be described as:

X T; YT; ZTð Þ
¼ R−1 Xw−CLt 1ð Þ; Yw−CLt 2ð Þ; Zw−CLt 3ð Þð Þ ð21Þ

where CLt(1),CLt(2),CLt(3) represent the cutter tip location
coordinate at time t, respectively.

Step 2: Point M in LCS can be described as:

X 0; Y 0; Z0ð Þ
¼ R1

−1 X T−r zð Þsinϕ j; YT−r zð Þcosϕ j; ZT−z
� � ð22Þ

where R1 ¼
−cosϕ j −sinϕ jsinκ −sinϕ jcosκ
sinϕ j −cosϕ jsinκ −cosϕ jcosκ
0 cosκ −sinκ

2
4

3
5

Step 3: Point M in shear zone coordinate system {P −
XsYsZs} can be described as:

X s

Y s

Zs

8<
:

9=
; ¼

cosϕncosλs cosϕnsinλs −sinϕn

−sinλs cosλs 0
sinϕncosλs sinϕnsinλs cosϕn

0
@

1
A X 0

Y 0

Z0

8<
:

9=
;
ð23Þ

In combination with Eqs. (21), (22), and (23), the value of
(Xs, Ys, Zs) in shear zone coordinate system can obtained.

Step 4: PointM in image shear zone coordinate system {Osi

− XsiYsiZsi} can be described as:

X si

Y si

Zsi

8<
:

9=
; ¼

cos2ϕn 0 sin2ϕn

0 1 0
−sin2ϕn 0 cos2ϕn

2
4

3
5 Xs þ tc=sinϕn

Y s

Zs

8<
:

9=
;
ð24Þ

Table 2 Physical and mechanical properties of NAB

Property Elastic modulus
(GPa)

Plastic modulus
(GPa)

Poisson ratio Density
(kg/m3)

Specific heat
(J/kg/K)

Thermal conductivity
(W/m/K)

Coefficient of thermal expansion
(1/K)

Parameter 110 80 0.32 7530 419 41.9 1.62 × 10−5

Tool

Workpiece

(a) (b)

Fig. 5 a Milling experiment set-up. b X-ray stress analyzer

Table 3 Conditions of X-ray diffraction

Characteristic X-ray Crkβ

Diffraction plane <211>

Diffraction angle2θ 152°

Tube voltage 27 KV

Tube current 7 mA

Stress constantK − 180 MPa/°

Scanning angleψ (deg) 0, 15.5, 22.2, 27.6, 32.3, 36.7, 40.9, 45
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In combination with Eqs. (21), (22), (23), and (24), the
value of (Xsi, Ysi, Zsi) in shear zone coordinate system can
obtained.

The workpiece temperature rise dθ at time ts contributed by
shear plane heat source is following:

dθ τ ; zð Þ ¼ qs; j
4cwρw 4παw ts−τð Þð Þ1=2

erf
X s þ tccscϕnffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4αw ts−τð Þp
 !

−erf
X sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4αw ts−τð Þp
 !" #

erf
Y sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4αw ts−τð Þp
 !

−erf
Y s−dzsecλsffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4αw ts−τð Þp

 !" #
exp −

Z2
s

4αw ts−τð Þ
� �

ð25Þ
where αw,cw and ρw are the thermal diffusivity of heat con-
ductor, the specific heat capacity, and the density of work-
piece, respectively.

Similarly, the workpiece temperature rise dθi at time ts con-
tributed by image shear plane heat source is the following:

dθi τ ; zð Þ ¼ qs; j
4cwρw 4παw ts−τð Þð Þ1=2

erf
X si þ tccscϕnffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4αw ts−τð Þp
 !

−erf
X siffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4αw ts−τð Þp
 !" #

erf
Y siffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4αw ts−τð Þp
 !

−erf
Y si−dzsecλsffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4αw ts−τð Þp

 !" #
exp −

Z2
si

4αw ts−τð Þ
� �

ð26Þ

The temperature rise of a pointM(Xw, Yw, Zw) at time ts can
be obtained by integrating Eqs. (25) and (26):

T ¼ ∑N
j¼1∫

ap
0 ∫

ts
0 dθ τ ; zð Þdτdzþ ∑N

j¼1∫
ap
0 ∫

ts
0 dθi τ ; zð Þdτdz ð27Þ

where ap is the cutting depth.

ts is a definite value, and the temperature rise at the every
point of workpiece can be obtained.

4 Residual stresses model of milling process

4.1 Mechanical stress modeling

Using the idea of milling temperature model, discretize the
cutting edge into infinitesimal element and cutting time into
infinitesimal time interval, the stress field can be obtained in
any time.Milling process is oblique cutting process, and plane
strain hypothesis can be applied in normal plane shear zone.
Notice that in the experiment, both X-ray method and hole
drilling method are based on the assumption of plane stress.
As a point in complex surface, the stress in normal direction of
workpiece surface is approximate to zero, the stress is 2D
stress in corresponding tangent plane. The stress field can be
described in the local machining coordinate system and the
orthogonal cutting model of residual stress can be applied. σxx
is in feed direction and σyy is in cutting width direction. In
combination with Eqs. (11), (22), and (23), The transforma-
tion matrix Q of the shear zone coordinate system to the FCN
can be obtained.

As shown in Fig. 4, the stress components at point M(Xw,
Yw, Zw) caused by stress p(s) and q(s) in shear zone can be
obtained by rolling contact theory as the following [7]:

σxx ¼ −
2

π
∫0−AB

p sð Þ X s−sð Þ2Zs

X s−sð Þ2 þ Zs
2

h i2 ds− 2

π
∫0−AB

q sð Þ X s−sð Þ3

X s−sð Þ2 þ Zs
2

h i2 ds
σzz ¼ −

2

π
∫0−AB

p sð ÞZs
3

X s−sð Þ2 þ Zs
2

h i2 ds− 2

π
∫0−AB

q sð Þ Xs−sð ÞZs
2

X s−sð Þ2 þ Zs
2

h i2 ds
σxz ¼ −

2

π
∫0−AB

p sð Þ Xs−sð ÞZs
2

X s−sð Þ2 þ Zs
2

h i2 ds− 2

π
∫0−AB

q sð Þ X s−sð Þ2Zs

X s−sð Þ2 þ Zs
2

h i2 ds

8>>>>>>>>>>>><
>>>>>>>>>>>>:

ð28Þ

Assuming that the pressure distribution is uniform, the
shear pressure and normal pressure are calculated by the fol-
lowing formula [12]:

Table 4 Cutting conditions for milling (slot milling)

No. Lead
(deg)

Tilt
(deg)

Spindle speed
(rpm)

Feed (mm/
tooth)

Cutting depth
(mm)

1 0 0 2000 0.05 1

2 0 0 2000 0.1 1

3 0 0 2000 0.15 1

4 0 0 3000 0.1 1

5 5 0 2000 0.1 1

6 0 5 2000 0.1 1
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Fig. 6 a Cutting force. b
Temperature rise of point M
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p sð Þ ¼ tan ϕn−αnð Þ þ tanβcosηc½ �cosηs
1−tanβcosηctan ϕn−αnð Þ τ s

q sð Þ ¼ −τ s

8<
: ð29Þ

The integral length is determinated by the instantaneous
uncut chip thickness and the shear angle:

AB ¼ tc=sinϕn ð30Þ

[σs] is the stress field in shear zone coordinate system, and
[σw] is the stress field in FCN as follows:

σw½ � ¼ Q σs½ �QT ð31Þ

4.2 Residual stress modeling

Hybrid algorithm is used to calculate the residual stress. A
blending function Ψ is the following:

Ψ ¼ 1−exp −κ
3

2

h
G

� �
ð32Þ

where κ is an algorithm constant, h is the plastic modulus, and
G is the shear modulus.

Yield surface function F is the following:

F ¼ 1

2
Sij−aij
� �

Sij−aij
� �

−k2 ¼ 0 ð33Þ
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Fig. 8 Mechanical stress σxx varied with cutting time. a In one cycle. b In three cycles
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where k is the shear yield strength, Sij are deviatoric stresses,
and αij are back stresses.

The strain rates dεxx and dεyy are as follows:

dεxx ¼ 1

E
dσpl

xx−υ dσpl
yy þ dσel

zz

� �� �
þ αTdT þ 1

h
nxxdσpl

xx þ nyyσpl
yy þ nzzdσel

zz þ 2nxzdσel
xz

� �
nxx

¼ ψ
1

E
dσel

xx−υ dσpl
yy þ dσel

zz

� �� �
þ αTdT þ 1

h
nxxdσel

xx þ nyyσpl
yy þ nzzdσel

zz þ 2nxzdσel
xz

� �
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Fig. 9 Residual stresses results in feed direction a–f: Nos. 1–6
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dεyy ¼ 1

E
dσpl

yy−υ dσpl
xx þ dσel

zz

� �� �
þ αTdT

þ 1

h
nxxdσpl

xx þ nyyσpl
yy þ nzzdσel

zz þ 2nxzdσel
xz

� �
nyy

¼ 0 ð35Þ
where dσel

ij is the elastic stress increment, dσpl
ij is the plastic

stress, αT is the expansion thermal coefficient, E is the elas-
ticity modulus, υ is the Poisson ratio, dT is the temperature rise
increment, and nij is the component of unit normal in plastic
strain rate direction.

A relaxation procedure is introduced by Merwin and
Johnson [21]:

σr
xx ¼ f 1 zð Þ; σr

yy ¼ f 2 zð Þ; σr
zz ¼ τ rxz ¼ 0

εrzz ¼ f 3 zð Þ; εrxz ¼ f 4 zð Þ; εrxx ¼ εryy ¼ 0 ð36Þ

The increments of nonzero components are followed
byMsteps:

Δεrxx ¼
εrxx
M

; Δσr
zz ¼

σr
zz

M
; Δσr

xz ¼
σr
xz

M
; ΔT ¼ −

T r

M
ð37Þ

The stress increments dσxx and dσyy are the following
(elastic relaxation):

dσyy ¼
−Eυ

εrxx
M

− 1þ υð Þ υ
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M
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>>>>>>:
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The stress increments dσxx and dσyy are the following
(plastic relaxation):

dσyy ¼
−
υ
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5 Experimental results and discussion

5.1 Experiment set-up

The workpiece, nickel-aluminum bronze (NAB), is used
widely in marine equipment [12]. Table 1 is the Johnson-
Cook parameters of NAB. Physical and mechanical prop-
erties of NAB are specified in Table 2. In the experiment,
the torus cutter type is EMR-C20-4R20-160-2T, with 20-
mm diameters, 4-mm bottom radius, and 2 cutter num-
bers, and cutter install pitch angle is 12°. The circular
insert cutter type is Mitsubishi RPMT08T2MOE-JS-
VP15TF.

The milling experiments are set-up as shown in Fig. 5
a. After the milling process, the residual stresses was mea-
sured with an X-350A X-ray diffraction stress analyzer
shown in Fig. 5 b. The electro-polishing technique was
used in experiment. In order to avoid the influence of
initial residual stress, the initial residual stress is approx-
imately regarded as zero after annealing. The measure-
ment conditions are listed in Table 3.

Table 5 #1 and #2 propeller cutting parameters in finish milling stage (spindle speed(rpm), feed speed(mm/min), cutting depth (mm), cutting
width(mm))

Machining region #1 Suction surface #1 Pressure surface #2 Suction surface #2 Pressure surface

Coolant yes no no no

Spindle speed 2500 2500 2500 2500

Feed speed 800 800 800 600

Cutting depth 0.5 0.5 0.5 0.5

Cutting Width 0.25 0.25 0.25 0.25

(b)(a)

Fig. 10 a Block parts. b Finished product of CAD model
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5.2 Test 1: simple surface milling

Six groups of cutting parameters are designed in Table 4. The
workpiece is block with size 20 × 100 × 100 mm. The work-
piece coordinate system is established by taking the initial
position of cutter tip as the coordinate origin. The feed direc-
tion is the x direction, the normal direction is the z direction
perpendicular to the workpiece surface, and the step over di-
rection is the y direction. The pointM(xw = 10, y = 0, z = 0)of
residual stress with sub-surface is discussed.

Taking No. 2 as an example, the cutting force, temperature,
and mechanical stress varied with time are analyzed. Figure 6
is the simulation result of the cutting force and temperature
rise. In Fig. 6 a, FX, FY, are FZ are the cutting force in feed
direction, cutting width direction, and tool axis direction, re-
spectively. Figure 7 is the process of mechanical stress varied
with cutting time, σJ2 is the second invariant of stress, and σeq
is the equivalent stress when σJ2 < 170 MPa elastic deforma-
tion induced in milling process, and when σJ2 > 170 plastic
deformation induced .The value ofmechanical stress increases
first, then decreases, and then approaches to 0. To further
analyze the periodicity of mechanical stress, Fig. 8 describes
the variation of stress components σxx with cutting time. The
amplitude varies periodically in one cycle, but the amplitude
increases slightly with the increase of cutting time. The reason

is that as the distance between the cutter edge and theM point
decreases, so the stress value increases.

Figure 9 is the predicted and experiment results of residual
stress in feed direction with the depth of workpiece. The re-
sults show that the predicted results are consistent with the
experimental results. It can be seen that the surface residual
stress is compressive stress, and research the maximum am-
plitude in sub-surface first and decreases with the increase of
depth. Comparing the result in Fig. 9 b and c, the residual
stress increases when feed rate is increasing. Comparing the
result in Fig. 9 b and e, the lead angle has influence on the
residual stress. The reason is that the lead angle affects the
cutting force and cutting temperature, so the loading stress
variedwith the lead angle. Also, the tilt angle has the influence
on the residual stress shown in Fig. 9 b and f.

5.3 Test 2: complex surface milling

The marine propeller is a typical complex surface, which is
according to a certain type of controllable pitch propeller and
shown in Fig. 10. The workpiece is a block with size 200 ×
200 × 50mm. The main geometric parameters of the propeller
are the following: the diameter is 400 mm and the average
blade thickness is 5.16 mm.

The pressure surface and suction surface of the blade are
machined separately. After roughing, semi-finishing, and
finishing the pressure surface, the pressure surface is ma-
chined by reversing the blade along the axis 180°. Table 5 is
the machining parameters of #1 and #2 propeller in finish
milling stage. The milling mode is fixed contour milling in
finish milling stage.

Coordinate measuring machine is used in the experiment,
in order to ensure that the measuring point is the same as the
simulation point. Figure 11 is the propellers after milling pro-
cess, and selected five points (A, B, C, A1, B1) to measure
residual stress. Also, Fig. 11 only shows five points in #1
propeller, but both #1 and #2 selected the same coordinate
points.

The complex surface of workpiece is difficult to describe
with analytical expression. In conjunction with the NX8.5, a
series of coordinate points are placed on the workpiece sur-
face. These points are used to approximately describe theFig. 12 Results of residual stresses in point M

Fig. 11 #1 and #2 model
propellers after processing and
measured points
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workpiece surface. Z-map method is used to determine the
tool whether involved cutting in machining. In experiment,
the X-ray incident direction is parallel to surface normal di-
rection. The coordinate origin is the center of the blade radius.
Figure 12 is the results of residual stress of pointM(xw = 87.6,
yw = 164.0, zw = 4.26) in suction surface of #2 propeller. The
results show that the predicted results are consistent with the
experimental results.

Table 6 is the residual stress test results of the propeller
surface point along the feed direction (x direction) at surface.
Comparing the predicted results with the experimental results,
there is a certain error between the predicted results and the
experimental results, and the surface residual stress is com-
pressive stress. Residual stress values are different at different
points, because the material removal rate at each point is dif-
ferent, and the cutting force and cutting temperature are dif-
ferent. Comparing the results of residual stress of points A, B,
and C in #1 and #2 propellers, residual compressive stress is
more easily formed on the surface of the blade when the cool-
ant is added.When adding the coolant, the cutting temperature
of the surface will be reduced and the residual tensile stress
will be reduced. Comparing with the residual stress of points
A1 and B1 in #1 and #2 propellers, it can be seen that the
amplitude of residual compressive stress decreases with the
feed rate decreasing. The reason is that the cutting force and
cutting temperature become smaller when the feed speed is
smaller, and the compressive stress caused by the cutting force
is dominant.

6 Discussion

In the complex surface milling, the previous toolpath is not
considered in the study. The residual stress distribution in the
sub-surface is in 0.1-mm depth. So, after the semi-finishing
stage, the residual stress distribution in the sub-surface is in
0.1-mm depth. And at the finishing stage, the cutting depth is
0.5 mm. Material with residual stress in the previous stage is
removed, so the effect of residual stress in the semi-finishing
stage can ignore.

In the X-ray diffraction stress measurement, sin2ψ method
is used to determine the stress by scanning angle ψ and dif-
fraction angle 2θ. In the calculation, the ideal slope of sin2ψ
and 2θ is obtained by the least square method according to the
set value ψ and measured value 2θ.Then the fitting residual
error between each measured value 2θi and the ideal straight
line fitting value is the main source of the uncertainty of stress
measurement value. Also, the detail is introduced by Zhang
et al. [22].

7 Conclusion

An analytical model is proposed for the prediction of residual
stress in complex surface milling under different cutting con-
ditions. The following conclusions can be summarized:

Step 1: An analytical model for the prediction of milling
temperature field is presented. A new method con-
sidering the coordinate transformation in milling
process, which can obtain the temperature rise of
workpiece in five-axis milling.

Step 2: Mechanical stresses field is described in FCN with
coordinate transformation in five-axis machining.
The residual stresses model is proposed considering
mechanical stress and temperature field of
workpiece.

Step 3: The residual stress measurement based on X-ray was
analyzed and verified by experiment. The influence
of cutting parameters on residual stress is analyzed,
such as lead/tilt angle, feed rate, and spindle speed.
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