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Abstract: With the continuous improvement of the performance of modern aerospace aircraft, the
overall strength and lightweight control of aircraft has become a significant feature of modern
aerospace parts. With the wide application of thin-walled parts, the requirements for dimensional
accuracy and surface quality of workpieces are increasing. In this paper, a numerical model for
predicting surface topography of thin-walled parts after elastic deformation is proposed. In view of
the geometric characteristics in the cutting process, the cutting force model of thin-walled parts is
established, and the meshing relationship between the tool and the workpiece is studied. In addition,
the influence of workpiece deformation is considered based on the beam deformation model. Cutting
force is calculated based on deformed cutting thickness, and the next cutting—meshing relationship is
predicted. The model combines the radial deflection of the workpiece in the feed direction and the
changing meshing relationship of the tool-workpiece to determine the three-dimensional topography
of the workpiece. The error range between the experimental and the simulation results of surface
roughness is 7.45-13.09%, so the simulation three-dimensional morphology has good similarity.
The surface topography prediction model provides a fast solution for surface quality control in the
thin-walled parts” milling process.

Keywords: thin-walled parts; surface topography; chip thickness; machining deformation

1. Introduction

Aeronautical structural components are widely used in the new generation of aerospace
vehicles due to lightweight, high specific strength and compact space structure. There
are higher requirements for the efficient and high-precision manufacturing of aviation
structural parts because of the improvement of aircraft performance [1].

In order to ensure the parts’ quality and improve the machining efficiency, it is
necessary to carry out the simulation research of milling thin-walled parts, including the
prediction of milling force, size error, machining deformation and surface quality. Surface
quality (surface roughness) is one of the important indexes that affect the workpiece quality,
which is related to the wear resistance, fatigue strength and assembly relationship among
components [2]. With the improvement of computers’ computing ability, the research cost
of numerical simulation to predict surface roughness is lower, the efficiency is higher and
the phenomenon of poor economy of experimental methods will not occur. Predicting
the surface profiles of the workpiece surface in the cutting process is the key to improve
surface micro-topography. By analyzing the influencing factors of surface topography,
the surface-forming mechanism, milling force and workpiece deformation are discussed,
and the meshing mathematical model of the tool-workpiece is established. Through the
simulation of surface topography, the predicted surface roughness is obtained. Compared
with the experimental results, the simulation method has a high performance price ratio.

Materials 2021, 14, 7679. https:/ /doi.org/10.3390/mal4247679

https://www.mdpi.com/journal /materials


https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://doi.org/10.3390/ma14247679
https://doi.org/10.3390/ma14247679
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ma14247679
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma14247679?type=check_update&version=2

Materials 2021, 14, 7679

2 0f 24

Prediction and simulation of macroscopic milling surface topography is an active
research topic of many scholars. Based on the cutting parameters and tool geometry, a
general surface topography model is established. The model is improved by considering
the factors such as tool run-out, tool deflection, dynamic system and tool wear. Lee [3]
introduced an acceleration signal to establish a simulation model of the machined surface
in high-speed milling, which solved the problem that the influence of spindle vibration on
surface morphology was not considered in previous models. The cutting vibration is con-
verted into a polynomial to solve the discrete position coordinates in the feed direction, and
the prediction model of surface roughness is established [4,5]. Yang [6] used variable-pitch
end mills to predict the surface topography. In the prediction model of surface topography
considering plastic deformation in the side milling process, through experiments and
sensitivity analysis, it was found that tool deflection is the key factor affecting roughness.
The analytical models of surface morphology prediction were established by analyzing
tool vibration, calculating the geometric structure of face end mills’ blade and axial radial
run-out. Arizmendi [7] established a surface morphology prediction model considering
tool geometry and installation error. Since this model does not consider the influence of
cutting force on surface texture, the best application effect is face milling. The surface
topography of peripheral and face milling was modeled by numerical simulation, and the
simulation results are in good agreement with the experimental results [8§-10]. The ma-
chining time is discretized in the dynamic model, and the three-dimensional matrix of the
discrete points on the cutting edge at different times in the cutting process is recorded. The
geometry of the machined surface in the dynamic cutting process is constructed through
iterative calculation [10]. Yan [11] introduced tool vibration into milling dynamics, studied
the influence of process parameters on surface roughness and obtained the result that the
feed per tooth had the greatest influence on surface roughness during side milling, which
provided a basis for parameter optimization of surface roughness. Maruda [12] evaluated
the surface integrity of dry cutting and different lubrication cutting. Then, through the
experimental surface morphology parameters and hardening results, the MQCL + EP/AW
cooling method was selected to obtain uniform distribution of the valley value and peak
value. Zhang [13] established the prediction model of surface roughness by considering
the spindle speed and cutting parameters, and studied the spectrum with the 3D surface
roughness figure. The Gaussian regression model was used to predict surface roughness of
different machining parameters, and the accuracy rate was 84.3%. Chen [14] established
the dynamic cutting forces model by considering the regeneration effect of tool run-out and
axial drift, and proposed the surface topography simulation method based on the Z-map
model. According to the zero-order analysis method, the stable cutting lobe diagram
was obtained, and the surface roughness value near the resonance spindle speed and the
left side of the lobe diagram was better. When predicting the surface topography in the
dynamic milling system, relevant modal experiments were needed, which increased the
computational cost of surface topography prediction. Pimenov [15] analyzed the influ-
ence of a face milling cutter cutting on the surface of the workpiece and the variation of
the cutting component when in the relative position of the face milling cutter and the
workpiece. The surface roughness was obtained by analyzing the tool-workpiece position
relationship, milling dynamics and spindle speed, which provided a practical scheme for
actual machining. Wojciechowski [16] studied the surface roughness of the ball-end-mill
with different values of tool overhang. It was found that the surface roughness of a small
value of tool overhang was related to tool motion geometry and machining system error,
and the surface of a large value of tool overhang was related to cutting force and tool
dynamic deflection.

With the wide application of thin-walled parts in the field of modern aircraft, the
research on the surface topography of thin-walled parts has entered a new field. Due to the
low stiffness in the machining process of thin-walled parts, improving the quality of parts
(geometric precision, surface quality and assembly accuracy) has become a challenging
problem [17]. Experimental methods [18], analytical methods based on cutting mecha-



Materials 2021, 14, 7679

3o0f24

nism, tool differential geometry theory and the workpiece geometric structure analysis
method [19,20] in the process of surface morphology prediction were widely used. In
the 1980s, the prediction model of surface topography for thin-walled parts was estab-
lished [21], which was continuously improved and updated. The surface topography is
predicted by considering tool geometric tolerance, tool geometric accuracy and feed in
the cutting process [22]. The local stiffness change of thin-walled parts can maintain the
material removal rate and stability of cutting force by changing the feed [23]. Xie [24]
analyzed surface structure and tool path characteristics of the workpiece, and considered
the constraints of acceleration and impact. The smoothness model of thin-walled parts was
derived, the contour error was obtained and the surface roughness was evaluated.

When the dynamic deformation of thin-walled parts is obtained in advance, the
milling force is simplified as the input value. The vibration equation is solved by the
modal superposition method, the dynamic deformation equation and cutting trajectory
coordinates under the excitation of milling force are obtained and the surface roughness is
evaluated [2]. The tool geometry parameters are also prominent problems for milling vibra-
tion and surface topography of thin-walled parts. Cutting simulations and experimental
studies are carried out on various tool geometric structures. Tool design and process param-
eters’ optimization for thin-walled parts’ milling are of great significance [25]. Wang [26]
calculates the local coordinates of the instantaneous tool, and obtains the tool point cloud
by matrix transformation. The 3D surface topography is obtained according to the Boolean
operation among small envelope bodies of the contour component and small boundaries.
Zhang [27] established an accurate model of the instantaneous cutting thickness in the
5-axis side milling process, which was calculated through the linear iterative process and
provided an effective process method for improving machining accuracy and good surface
quality. Many new models for predicting surface morphology have been established, but
many methods have high computational costs and require the assistance of finite element
software. In the range of reasonable error, the numerical model with lower calculation
costs and faster calculation speed becomes a good solution.

In the establishment of a surface topography model, the above analysis method as-
sumes that the material removal area is a fixed value, and there is no comprehensive
analysis of the coupling relationship between force and deformation. In order to improve
the surface quality, many scholars have also studied the optimization of process parameters.
By changing spindle speed, feed, cutting depth and cutting method, the influence of process
parameters on surface topography is studied [28]. The adjustment and optimization of
milling parameters are more convenient in practical operation with the goal of efficient
removal of materials and good surface quality [29]. Therefore, intelligent algorithms are
introduced into the machining process. The genetic algorithm, particle swarm optimiza-
tion and other algorithms are used to optimize the process parameters to obtain the ideal
goal [30,31]. Yildiz [32] developed the cuckoo search algorithm (CS) for processing pa-
rameter optimization. By comparing the ant colony algorithm, immune algorithm, hybrid
particle swarm algorithm, etc., the effectiveness and stability of CS were proven. However,
intelligent algorithms require a large number of datasets for training, which increases the
computational cost of model prediction. At the same time, the actual processing conditions
are different, the factors affecting the surface quality will change and the prediction results
will also be biased. However, the factors affecting the surface topography are in a closed
loop, so it is necessary to analyze the coupling relationship of related factors.

In the actual processing of thin-walled parts, in order to ensure the processing effi-
ciency, the tools with good stiffness and large diameter are selected. The deformation is
concentrated on the workpiece, which changes the tool-workpiece contact relationship
and affects the accuracy of the surface topography. Therefore, an effective and fast surface
topography prediction model can provide theoretical support for improving the processing
quality.

In order to improve the prediction accuracy of surface topography in the milling
process for thin-walled parts, this paper proposes a surface topography prediction model
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considering the elastic deformation of thin-walled parts and the tool-workpiece contact
relationship. Through the basic cutting force model and characteristics of the cutting
contact relationship, the coupling expression of elastic deformation and milling force of
thin-walled parts is established. The instantaneous deformation matrix is obtained by the
iterative calculation method, and the boundary of the forming zone on the side milling
surface of thin-walled parts after deformation is redefined. The surface topography is
predicted by using the surface formation mechanism, instantaneous tool-workpiece contact
model and instantaneous workpiece deformation. The model is verified by comparing the
simulation prediction results with experimental results.

2. Force and Deformation Model
2.1. Basic Mechanical Model

The process and tool geometry parameters have an effect on the workpiece surface
profile at the intersection of each cutting edge and machined surface [29]. Accurate expres-
sion of the tool geometric mathematical model and cutting parameters is a prerequisite
for predicting the cutting force and deformation. Therefore, in the calculation process, the
milling tool is discretized along the axis direction, the axial cutting depth ap direction is
divided into j disks and each disk height is Az, as illustrated in Figure 1.

Cutting edge

Unfolded
cutter surface

ap

Figure 1. Discretization of an end milling tool.

The milling tool cylinder is discretized into m elements in the radial direction, and
AL, is the arc length of each unit, as follows:

D

ALij=—

@
where D is the tool diameter, and m is the number of segmentations. The relationship
among Az, AL and the helix angle B is as follows:

Az = DLid 2
“i ~ tan B @
The relationship among the length of a tool flute, Ae, of a single disk, Az and B is as
follows:

Aejj = — (3)
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Due to the rapid change of the tool position in the cutting process, the trajectory of the
cutting edge is a three-dimensional space curve. The discretization of the end milling tool
is necessary in the prediction of surface topography.

An effective cutting force calculation model is the basis of predicting the deformation
and surface topography thin-walled parts. Altintas and Budak established the mechanical
cutting force model with good adaptability and high calculation accuracy [33,34], which
well-describes the cutting physical process in the shear zone. This model is more versatile
and can be applied to face milling and side milling processes. The oblique cutting process
of the helical end milling tool is described as three vectors, of shear force component, Ft,
radial force component, Fr, and axial force component, Fa. In the model, the shear force
coefficients Ky, K;c and K,: and the edge force coefficients Ky, Ky, and K, are defined
according to the material properties. The tangential, radial and axial forces of the jth disk
with the ith edge are expressed as follows:

Kie,ij
Kre,i,j dzi,j (4)

dFy; Kic,ij
dFij | =8(@)| | Kicij |hij(@)dzi;+
dFoij ae,i,j

ac,i,j

. 1, if(Pst < gbi,ijdZTT < Pex
8(9) = { 0, otherwise. ®)

where ¢(¢) is a step function representing the cutting state of the current cutting disk, and
¢st and ¢,y are the entry angle and exit angle, respectively.
The cutting force coefficient is obtained by the cutting database [35], and its calculation

formula is:
T cos(By—y)+tan B tany sin By,

Kiji = =
fei] = singn /082 (Y +Bn—an ) +tan? iy sin? B,
K. . e T sin(B,—an)
C,L,] sin Py, cos B \/cosz(zp,, +Bn—an)+tan2 77 sin® B, (6)
K R cos(Bn—uy) tan f—tany sin B,
ac,i,j —

sin ¢y \/cos2 (Yn+PBn—ay)+tan? 5 sin’ B

where 75 is the shear stress at the shear plane, and ¢, and f,, are the normal shear and
friction angles, respectively.

Convert the tangential force, dF; ; j, radial force, dF, ; ;, and axial force, dF,; ;, to the
cutting force in the X, Y and Z directions, as:

T

[Fxijo Frijs Fzi) | = T(9)[Frijo Frijo Fasig] @)
sin(¢) —cos(¢p) O
T(9) = [ cos(¢)  sin(¢) O ] ®)
0 0 1
The total cutting force for all disks is calculated as:
Fx(¢) = ZFX,i,j(‘P)/FY<(P) = ZFY,i,j((P)rFZ((P) = Z,Fz,i,j(fl’) )
ij 1,] L]

2.2. Beam Deflection Model

Due to the weak rigidity of the thin-walled parts, the cutting force causes the work-
piece to deform. The purpose of simplifying the thin plate into the beam model is to
improve calculation accuracy and efficiency. In the calculation of workpiece deformation,
only the deformation generated by the cutting area is calculated, which will not affect
the properties of other positions of the workpiece. The geometric shape of thin-walled
parts changes significantly during the machining process, and the cross-section presents a
ladder-type contour. In the analysis, the workpiece is regarded as a fixed free beam, and
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the free end presents a ladder contour to describe the geometric changes of the workpiece
in the material removal process.

Figure 2 shows the cantilever beam geometric structure of the thin-walled parts with
one end fixed in the milling process. As the cutting process continues, the cutting area is
removed from the workpiece and the machined surface profile is gradually formed until

the ideal geometric shape is obtained. The deformation caused by the cutting force at the
free end is calculated by the Euler-Bernoulli theory [36].

Ideal cuttin
e Tool
Om, 1a ,a/ |
Z rT O TA
ll :‘F"f Fyin
] 0 1 Ti(a
&Y Elg:ur'/F*J_' (a)
R
1 - |
Fyij : HTF:-'.J'J
LI -
T
I I '
] 1
] ]
1 1
[] ]
\ \
Workpiece) = L.
] |
'
H
| [—
) Y
Fixture Fixture

Figure 2. Beam model of the workpiece [37].

The deformation at the free end is expressed as:

Sm(X) = 611(X1) +912(X2) (10)

where §;; (X1) is the unprocessed deflection variable and 7, (X>) is the processed deflection
variable.

The formula of beam deflection is expressed by the piecewise function:

FX5 FL1 X2  FLpyX?
S (X) = { 6N ~2EL T 2}5?1 . 0< X<y
m - — —
5L](L]) + P(X Ll) FLz(X Ll)

6L, s TO(L)(X—L1) Li<X<Li—Lp

(11)

2.3. Instantaneous Cutting Thickness Model

During the milling of thin-walled parts, the machining deformation changes the tool-
workpiece contact relationship. Instantaneous cutting thickness, h; ;, is changed by tool
instantaneous angle, ¢, and workpiece deformation, J,,;. In the 2D cutting model, the
cutting thickness is divided into two parts, h}» and /2, and the current position is judged
by the intersection of P and Q (P is the intersection of the micro-cutting unit and the
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unprocessed surface, and Q is the intersection of the micro-cutting unit and the machined
surface), as shown in Figure 3.

h}(gb):R (R ‘t’;n”"’f Vtan?(¢) +1 (1<j<n) (12)

hjz((p) =R-— \/(R2 + 2+ (5m]) +2(fcosp — by sin4))2 +2(f cosp — by simp) \/R2 — (fsing + y,j cos 4))2 (13)

where p = ¢+ (n—j)dp (1<j<n).

(1+1)th edge
ith edge ., trajectory
t1*a]cut0r \ / Part |

Part 2 VAN P

(1-1)th edge
trajectory

5 - nt . ::“\:'(7-01‘1(1)1606

Figure 3. 2D cutting thickness model.

The expression of discriminant points P and Q is:

p_ W (P> R-cos(¢pst) — f) (9
Q= cos|(6ujsing — f) + \/R2 — (Fsing + 6,5c089)?| (Q < R-cos(gsr) — f) -

when the Q point disappears in the cutting process, the micro-cutting unit moves out
of the workpiece, the last Q point is the exit angle and the Y direction coordinates of the Q
point are the residual height.

Through analyzing the contact relationship between the tool and the workpiece,
the coupling relationship between milling force, Fy, instantaneous cutting thickness and
workpiece deformation is calculated iteratively. The initial conditions need to be set before
the calculation begins: When the first cutting micro-element is rotated to (¢,,, + d¢), it is
assumed that the workpiece has no deflection deformation, therefore J,, = 0. At this time,
hij(¢en + d@) (j = 1) is obtained by Equation (12), and the milling force F; ;(¢en + d¢p)
(j = 1) can be obtained by bringing it into Equation (4). The milling force Fs ; j(¢en + d¢p)
(j = 1) generated by the tool acting on the workpiece is brought into Equation (11) to
calculate the workpiece deformation d,,; (j = 1). The deformation d,,,; (j = 1) is taken as a
known condition into the deformation calculation of the (j + 1)th cutting disk in the next
layer. The matrix expression about d,, ; is obtained by the above iterative calculation as:
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O j =

Oma ((Pl) 0 0 0 0 0 1
Om,1(¢2) Om2(¢1) 0 0 0 0
‘Sm,l (¢3) 5m,2 (4’2) 5m,3(4’1) 0 0 0
Sm1(Pn—2) Oma(Pn-3) Oma(Pn-a) O (j—2)(P1) 0 0
Om1(Pn-1) Om2(Pn—2) Oma(Pn-3) Om,(j—2)(92) O (j—1)(P1) 0
Om1(Pn)  Om2(Pn—1) Om3(Pn—2) Om,(j—2)(P3)  Omj—1)(P2)  Om,j(¢1) (16)
0 Sma2(Pn)  Oma(Pu-1) O (j—2)(Pa)  Op(j—1)(P3)  Om,j(¢2)
0 0 Om3(Pn) Om,(j—2)(P5)  Ou(j—1)(Pa)  Omj(¢3)
0 0 0 T 5m,(]—2)(¢n) 5m,(]’—1)(¢n71) 5m,j(¢n—2)
0 0 0 e 0 Om,(j—1)(Pn)  Omj(Pn—1)
0 0 0 e 0 0 (Sm,j (gbn) ]

3. Definition of Surface Topography

In the milling process of thin-walled parts, the cutting force is the main factor affecting
workpiece quality. The cutting force induces the deformation of thin-walled parts and
changes the tool-workpiece contact relationship, which will affect the geometric accuracy
and surface topography of the workpiece.

3.1. Machining Surface Forming

In the side milling process, due to the change of cutting force, the contact relationship
caused by the static deflection of the tool-workpiece is not constant along the axial cutting
depth. According to the cutting parameters, the tool geometry presents different surface
errors and surface roughness [37,38]. Therefore, the accurate establishment of the tool-
workpiece contact relationship is the key factor to predict milling force.

Different tool-workpiece contact relationships present different cutting force signal
shapes [39,40]. The effects of cutting parameters (a,, a,) and tool geometry parameters (D,
B) on Fy(¢) are defined. The radial angle, a.y, is calculated as a,:

Koy = GPox — Pt = acos(l —2-a,/D) (17)
The formula of the axial meshing angle, a5y, is defined by a,:
Wsw = 2-ap-tan(B)/D (18)

The key angles of tool-workpiece contact are defined by the radial meshing angle, &,
and axial meshing angle, ag:

01 = st (19)

02 = Pst + en (20)

03 = Pst + &g (21)

04 = st + Aswp + Aen (22)

61 and 0, represent the entry angle, ¢s;, and the exit angle, ¢y, at the bottom of a,, re-
spectively. Similarly, 85 and 6, represent the entry angle, ¢s;, and the exit angle, ¢y, at
the top of a,, respectively. The values of 61, 6, 65 and 6, depend on cutting parameters
(ae,ap) and tool geometric parameters (8, D), which can describe the shape of the cutting
force, Fy(¢). The value of a., and ag, corresponding to cutting parameters (ae,ap) will
have an obvious influence on Fy(¢). According to the comprehensive comparison of a.,
s and the corresponding key angle 6,,(m = 1,2,3,4), three shapes of the Fy(¢) curve can
be determined [40], as shown in Figure 4.
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g, 64+@® 0, 0,0; 0,04+D 0,0, 05 0,0,+@D

(b) ()

Figure 4. The waveform of the force signal for a single flute in a period. (a) Type I, (b) Type Il and (c) Type III [40].

In the formation of the machined surface, the key angle of tool rotation and the cutting
force, Fy(¢), are used to describe the area of surface formation. The boundary in the
surface-forming process is determined by the key angles 6, (surface-forming starting angle)
and 6, (surface-forming ending angle), as shown in Figure 5.

3.2. Surface Topography Model

In the process of peripheral milling, the machined surface is the working surface left
by the tool to remove the redundant material of the workpiece. The motion trajectories
of different cutting edges of the end mill are trochoid curves, which produce the surface
topography of grooves on the milling surface.

Without considering vibration, deflection and other issues, the grooves on the work-
piece surface are composed of cycloid arcs with the same length. The distance of each
groove is equal to the length of feed, fz, per tooth. In Figure 6, the tool riding process will
form a machined surface. In the peripheral milling process, the side face of the workpiece
is the most attractive, and the tool is in rotation and feed motion.
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Fy  — Suface generating force
<% Starting angle << Additional angles
=<Ending angle

*—

z

ot

*

g, 0,0; 0,04+

(@)

_________ Position 0. A Position 05

Feed direction

Cutting edge |

Surface generation
4 starting point G

| Additional point G~

Workpiece

Position 8. Position &5

Position 04

Position 0.

(b)

Figure 5. The key angle of surface generation. (a) The key angle selection of cutting force. (b) Display of key angles. The
contact relationship of the tool-workpiece affects the waveform of the force signal, which also affects the surface profile of
the workpiece. This correlation is applicable to any side milling process.
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Figure 6. The formation of the peripheral milling surface. (a) The formation of the side milling
surface. (b) 2D trajectory of the tool tooth.

Figure 6 shows the coordinate system of the workpiece in the milling process, and
the required trajectory for analysis depends on the geometric shape of the milling tool. X
is the feed direction, Y is the feed normal direction and Z is the spindle direction. In the
rotational motion, it can be seen that each disk is distributed along the spiral edge.



Materials 2021, 14, 7679

12 of 24

The tool has translational and harmonic motion along the X and Y directions [41], and
the trajectory of the ith cutting edge is calculated as follows:

Xy, fot+Bsin(s-t—2mi)
Yij | =| Boos(s-t—2) (23)
Zi,j Z

L]
where D is the tool diameter, f is the feed rate, ¢ is the milling processing time, S is the
spindle speed and 7 is the flute number of the tool.

In this paper, the surface topography of the sidewall in the milling process is taken as
the research objective. The rotary cutting edge is along the helix angle, 8, around the tool
cylinder. According to Equation (22), the theoretical cutting path in the Z direction of the
ith cutting edge is shown as follows:

. i 2Zjjtan(B)
Xi,; f-t+%sm<5~t—%—fT)
i | =D cos(S p— 2 W) (24)
Zi; z

ij
3.3. Define the Surface Generation Area

In the milling process, most of the time is spent in the material removal process, and
only a small part of the time is used to form the surface contour. From the cut-in to cut-out
process, the machined surface is formed when the flute rotates to the specified angle. It is
an important factor to accurately define the forming range of the machined surface in the
numerical calculation of surface topography and roughness.

In the side-milling surface generation process, there are residual materials on the
surface, and the residual material height and arc contour form the machined surface. The
distance between adjacent residual heights is equal to the feed per tooth, f, as shown in
Figure 7. When the tool rotates to 6, the first disk enters the surface generation area, where
the tooltip of the first disk intersects with the line L at G;. As the tool rotates the jth disk
in the sequence into the workpiece, the surface topography of the current layer begins to
form when the intersection G, between the jth disk and line L; appears. The G; coordinate
is expressed as:

G: = ] — 25
! [ Yi(4) R2— (f/2)? 25)
————— Ideal tool trajectory -—-=-- Actual tool trajectory
Ideal ae
i
Ideal remain height h A 4
- - i
r MQ Actual a¢’ Workpiece

Actual remain height hj

Figure 7. Surface topography formation area [38].

In the milling process of thin-walled parts, the actual surface trajectory deviates from
the theoretical trajectory due to the deformation of the workpiece. This is because point
Qj leaves the workpiece in advance, so the residual height of the workpiece surface is
higher than the theoretical residual height. The G; point is the starting point in the surface
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generation process. With the rotation of the tool, the cutting process is completed, and the
machined surface is formed when Gj and Qj coincide.

4. The Surface Topography Simulation
4.1. Surface Topography Simulation Model

After obtaining the tool geometry parameters and cutting parameters, the correspond-
ing coordinates of the ideal machined surface topography can be calculated. Due to the
flexible deformation of the workpiece, the ideal cutting trajectory remaining on the work-
piece surface deviates, which affects the machined surface topography. In order to improve
the surface quality of thin-walled parts, the coupling relationship model of force and
deformation is established, as well as the prediction model of milling surface topography
for thin-walled parts.

The actual trajectory model after deformation is as follows:

. i 2:Z;jtan(B)
Xi,j f‘t+%$lﬂ(5~t—%—fT> bx
Yij | =] Dcos (S .~ ZZLDM(/S)) + | dy (26)
Zij 7 0

ij
where dx and dy are the deformation under the force action.
By integrating the mechanical model of the milling process, the flexible deformation

model and the tool-workpiece contact model, the side-milling surface topography model
is established. The flowchart is shown in Figure 8.

Cutting Tool geometric Elastic Tool-workpiece Tooth
parameters parameters deformation contact model regeneration

!

Instantancous cutting
thickness of deformation

4

Ideal tool i

trajectory .
) ) Contact model |_ Instancous
of deformation cutting forces
'
Surface
formation area —X
Workpiece
] deformation

_— |

Actual surface
formation trajectory

| |
]
Y

Milling remain height and
machined surface topography

Figure 8. Milled surface topography model.

The tool geometry and cutting parameters are input to calculate the instantaneous
cutting thickness, cutting force and deformation. The deformation displacement of the
workpiece under the current force action is obtained through the force-deformation cou-
pling model. The actual milling trajectory is obtained by fusing the deformation into the
ideal trajectory.
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4.2. Simulation Model

In the milling process of thin-walled parts, the surface topography is predicted by
the superposition of the workpiece surface profile and the deformation calculated by the
cutting force. Figure 9 describes the calculation flowchart of milling topography for thin-
walled parts. In the simulation process, the actual cutting trajectory is obtained through
the tool-workpiece contact relationship after deformation, and the surface topography is
predicted.

_Input:
Cutting parameters
ap.ae,D, B
]
Computing of the cutter
engagement angle a

]
Intersection is the radius
~ ofdisc elements
Yes intersects with 2D chip

Ideal tool trajectory

Intersection Yes

Cutting ? No i
irough point A2

Computing h Computing h
of frist part of second part

| | Defining Surface

Forming area
Fi(®).6u(D)

Computing of j+1
entry trajectory
A

A

Intersection
1rough point G2

Output 2:
Ideal trajectory of
surface topography

Jjth out from
workpiece?

Output 1:
The 6w ofith
edge cutting

[

Trajectory of actual
surface contact point

l

Surface topography
profile data

Figure 9. The flowchart of milling surface topography simulation of thin-walled parts.

Due to the end milling tool having spiral edges, the instantaneous cutting thickness
and contact angle change at different axial heights. The tool is dispersed in the axial
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Rotary
dynamometer

direction to simulate the actual cutting process. According to the judgment points P and Q,
the instantaneous cutting thickness of each axial disk is calculated, and the instantaneous
tool-workpiece contact position is defined. The cutting force and workpiece deformation
at the current moment are calculated by instantaneous cutting thickness. The trajectory
points after the current deformation are recorded, and the G point is used to determine
whether the current cutter tooth enters the surface-forming area. The deformation and
ideal trajectory are combined to obtain the actual surface contact point.

According to the cycle path in the above process, the milling process is simulated to
obtain the three-dimensional coordinates of the actual cutting trajectory of each disk at
each time in the milling process of thin-walled parts. Finally, the data points of the surface
topography are obtained by Boolean operation for the trajectory of the axial disk and the
workpiece surface. The surface topography prediction model established in this paper
reduces the cost of the calculation process and improves the calculation efficiency under
the premise of ensuring the calculation accuracy.

5. Experimental Validation

The surface topography prediction model is verified by milling experiments of tita-
nium alloy TC4 thin-walled parts, which is a typical material in the aerospace field. The
surface roughness is measured under different cutting parameters, and the accuracy of the
prediction model is verified by experimental results.

5.1. Set-Up

Experiments are carried out on a three-axis CNC machine tool (Figure 10), and the
model is VDL-1000E. The spindle speed range is 40-8000 r/min, the cutting speed range is
1-10,000 mm/min and the repeat positioning accuracy is X: 0.007 mm, Y and Z: 0.006 mm.
In the cutting process, the rotary dynamometer (Kistler 5236B) and charge amplifier (5238B)
are used to acquire the cutting force signal in the milling process. The displacement sensor
(KEYENCE LKHO020) is used to collect the deformation of thin-walled parts. The white
light interferometer (CCI Map Taylor Hobson, Leicester, UK) is used to measure the surface
roughness of the workpiece. The tool is a cemented carbide end milling cutter with a
diameter of 10 mm, and the number of cutting edges is 4.

Data acquisition

Wireless
receiver

-

Cutter

|

Figure 10. Photograph of the milling system.

The material of the test specimens is TC4 titanium alloy and the elastic modulus, E, is
110 GPa. The geometric size of the workpiece is 200 x 200 x 8 mm, the fixture clamps the
workpiece and the extension length is 150 mm. Milling experiments are carried out with a



Materials 2021, 14, 7679

16 of 24

hard alloy flat-end tool with a 10 mm diameter and 4 teeth (Zhuzhou Cemented Carbide
Cutting Tool Company, Hunan, China, solid carbide end mills, model is VSM-4E-D10.0).

5.2. Experimental Validation

In the milling process of thin-walled parts, the milling force is the main factor to induce
workpiece deformation, part accuracy deviation and poor surface quality. The milling
force verification experiment is carried out using the experimental device in Section 5.1 to
verify the effectiveness of the established milling force prediction model. The milling force
experiment is carried out by the milling parameters in Table 1, and the simulation and
experimental results of the milling force X and Y directions in Figure 11 are obtained.

Table 1. Comparison of simulation and experimental results of deformation.

No Radial Cutting Axial Cutting Feed Per Spindle Speed, Prediction Measuring Error (%)
: Depth, a./mm Depth, a,/mm Tooth, f/mm S/rpm Results (um)  Results (um) °
1 0.4 6 0.08 1000 19.1 20.1 49
2 0.5 8 0.08 1000 19.8 21.3 7
3 0.6 6 0.08 1000 20.7 24.8 16.5

It can be seen from the results in Figure 11 that when the workpiece deformation is
introduced into the calculation of milling force, the maximum relative error of milling
force is 8.49-17.32%, and the error range is acceptable. The main factors that cause the
deviation between the simulation value and the experimental measurement value are:
the forced vibration of the cutting process produced by the cutting system, such as the
centrifugal force produced by the rotary motion of the spindle and the tool, the periodic
change of the cutting force caused by the inhomogeneity of the cutting process itself and
the inertial impact force produced by the moving parts will directly affect the cutting
force. The main cutting force causing workpiece deformation in the model is Fy, and
the influence of Fx on deformation is ignored. However, the consistency between the
predicted value and the experimental value is good, and the error range is acceptable,
which verifies the effectiveness of the milling force prediction model. Milling force and
workpiece deformation need to be measured at the same time. The measured deformation
value is compared with the predicted value, and the maximum deflection deformation
value is used as the evaluation index in the comparison process, as shown in Table 1.

The surface topography and surface roughness, Ra, of titanium alloy thin-walled parts
under different milling parameters are measured to verify the effectiveness of the model.
The elastic modulus, E, of the workpiece is 110 GPa. In order to improve the reliability
of the measurement results, six measurement positions are selected for each machined
surface, and each measurement point is implemented three times. The average value of
the measured results, Ra, is taken as the experimental result for comparison. Six groups of
experimental results are compared with simulation results, as shown in Table 2.
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Figure 11. Experimental and simulation comparison of milling force. (a) The 1st set of X-Force. (b) The 1st set of X-Force.
(c) The 4th set of X-Force. (d) The 4th set of X-Force. (e) The 6th set of X-Force. (f) The 6th set of X-Force.
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Table 2. Comparison of simulation and experimental results of surface roughness.
N Radial Cutting Axial Cutting Feed Per Spindle Prediction Measuring o
o. Speed, Results, Ra Results, Ra Error (%)
Depth, a./mm Depth, a,/mm Tooth, f/mm S/ (um) (um)
pm u 1
1 0.4 6 0.08 1000 0.3353 0.3792 13.09%
2 0.4 8 0.08 1000 0.4381 0.4602 5.04%
3 0.5 6 0.08 1000 0.3143 0.2902 —7.67%
4 0.5 8 0.08 1000 0.3358 0.3765 12.12%
5 0.6 6 0.08 1000 0.4812 0.5257 9.25%
6 0.6 8 0.08 1000 0.3627 0.4093 12.85%
From the results of Table 1, the accuracy of the prediction model is verified by mea-
sured results. The results’ consistency is good in the range of used parameters. The
maximum relative error between simulated and measured surface roughness is 13.09%,
and the average relative error is 7.45%. There are some differences among the results,
which may be caused by other factors (tool wear, cutting vibration and other factors).
Figure 12a shows the machined surface generated by the ideal tool path without
considering other factors, such as deformation, wear and vibration. Figure 12b shows the
first set (2, = 0.4, a, = 6 mm, f=0.08 mm, S = 1000 rpm) of parameter simulation results,
and it can be seen that the tool cutting-out trajectory has obvious deviation and the surface
residual height changes.
i “m
6 - 7 i iz
18- 6 o 6
36 2 2 6‘: 5
mm — 4 mm -
24 244 .
2 i ] 3
I.j_ P I.j: . ¥
40 32 24 16 08 ; ,g[g 2'4 L Ig 0 ‘Ig 2° ;

@) (b)

Figure 12. Comparison of simulation results (2, = 0.4, 4y = 6 mm, f = 0.08 mm, S = 1000 rpm). (a) The simulation surface

topography of the ideal tool path. (b) The first set of parameter simulation results.

A white light interferometer and super depth of field microscope are used to measure
the three-dimensional surface profile. Figure 13a,c,e,g show the measured results of the
three-dimensional surface topography of titanium alloy thin-walled parts, with the No. 1,
2, 3 and 4 milling parameters in Table 2, respectively. Figure 13b,d,fh show the simulation
results of the three-dimensional surface topography of titanium alloy thin-walled parts
with the No. 1, 2, 3 and 4 milling parameters in Table 2, respectively. In the comparison of
measurement and simulation images, it can be seen that the maximum residual height of
the parts is basically the same. It can be seen from Figure 13a,c,e,g that the deformation
causes the change of the contact relationship between the tool and the workpiece, which
makes the tool deviate from the ideal cutting-out position when it moves out of the
workpiece, and at the same time makes the topography of the cutting-out position present
a state of fluctuation. Therefore, the established surface topography prediction model can
well-predict the surface topography of the workpiece.
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Figure 13. Measured (a,c,e,g) and simulated (b,d,fh) surface topographies in Table 2. (a) The 1st set of measurement
topography. (b) The 1st set of simulation topography. (c) The 2nd set of measurement topography. (d) The 2nd set of
simulation topography. (e) The 3rd set of measurement topography. (f) The 3rd set of simulation topography. (g) The 4th set
of measurement topography. (h) The 4th set of simulation topography.

In Figure 13, the peak values of Figure 13a,b are 6.873 and 5.276 um, respectively, and
the error is 1.597 um, the peak values of Figure 13¢c,d are 7.014 and 5.963 pum, respectively,
and the difference is 1.051 um, the peak values of Figure 13e,f are 6.007 and 4.714 pm,
respectively, and the difference is 1.293 pm, and the peak values of Figure 13g,h are 6.656
and 5.317 um, respectively, and the difference is 1.339 um. Since titanium alloy is a difficult
to process material, its processing will lead to small residues attached to the workpiece
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surface, resulting in sudden changes in the measured values. Therefore, Ra is used as the
evaluation object in the evaluation process.

Due to the small measurement range of the white light interferometer, the deviation
phenomenon when the tool cuts out the workpiece cannot be fully described. Therefore, the
super depth of field microscope is used to observe the surface topography of the workpiece.
In Figure 13a,g, there are obvious strip traces, which may be caused by the small built-up
edge bonded on the cutting edge at this position or the micro-wear of the flank face.

In the ideal milling process, the trajectory formed when the tool moves out of the
workpiece in the z-axis direction is linear. The formation of a straight line is the set of points,
M, that each disk moves out of the workpiece position. In the milling process of thin-walled
parts, deformation causes the change of the tool-workpiece contact relationship. It can be
seen from Figure 7 that the disk moves out of the workpiece in advance, so that the actual
position of the tool moving out of the workpiece deviates from the ideal position. Figure 14
shows a comparison of the actual and simulated tool moving out of the workpiece of the
5th and 6th sets of cutting parameters in Table 2.

um
600

400

200

1200 1000 800 600 400 200 0

(b)

Figure 14. The tool moves out of the workpiece position in Table 2. (a) The 5th set of tools move out
of the workpiece position. (b) The 6th set of tools move out of the workpiece position.
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It is obvious from Figure 14 that the traces left by the tool on the workpiece sur-
face show a nonlinear shape, which is caused by the deformation that makes the actual
cutting trajectory deviate from the ideal trajectory. This phenomenon is consistent with
the prediction model established in this paper that changes the contact relationship via
deformation. In the dry cutting process, the tool flank will attach small residues. These
residues will change the residual height of the workpiece surface and randomly form
unpredictable surface mutations, which can be seen in Figure 14. However, the occurrence
of this situation is random, which does not affect the prediction ability of the model. By
comparing the simulation results with the measurement results, it can be seen that there is
a good similarity.

6. Conclusions

In this paper, a prediction model of surface topography considering cutting force and
deformation for side milling titanium alloy thin-walled parts was established. Based on
the contact relationship after cutting deformation, a new surface landform formation area
was calculated. Finally, the simulation results of the workpiece surface topography were
in good agreement with the measured results. The research contents of this paper are as
follows:

(1) Through the cutting force and the beam deformation model, the coupling calculation
relationship between force and deformation was established, which can calculate
the instantaneous deformation value of the workpiece (deformation value matrix).
The instantaneous cutting thickness after deformation was obtained, and the contact
relationship between the deformed tool and the workpiece was revealed, which
changed the residual height of the machined workpiece surface. The experimental
results showed that the error between the milling force prediction model and the
measured value was 8.49-17.32%, and the error between the predicted deformation
value and the measured deformation value was 7.45%.

(2) The cutting force was calculated according to the tool geometric and cutting parame-
ters. By obtaining the waveform of the force signal, the range of the surface contour
generation area and the key angles in the surface generation process were defined
as 0, 03 and 64. A new surface formation zone after deformation can be determined
by key angles and the deformation value. According to the tool trajectory, the start-
ing point G in the surface formation process was given, which provided judgment
conditions for the simulation calculation.

(3) The deformation was introduced into the ideal trajectory, and the deformed tool
trajectory was converted to the workpiece surface to form the final surface topography.
Through the established three-dimensional surface topography simulation algorithm
during the milling of thin-walled parts, the surface roughness, Ra, was obtained as
the evaluation index, and the experimental results were compared. The maximum
relative error of surface roughness, Ra, was 13.09%, and the average error was 7.45%.
The simulation results of surface topography had good similarity with the measured
results. This paper provides a reference for the prediction of surface topography and
the study of milling mechanisms in side milling of thin-walled parts.
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