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Abstract

The defects and rejections caused by the combined action of thrust force and cutting heat impede the wide application of carbon
fiber-reinforced plastic (CFRP). To study the cutting temperature of two kinds of tools in the orbital drilling of CFRPs, a cutting
force model and a heat transfer model were proposed in this research. The three-dimensional heat transfer equation in polar
coordinates was established to predict the temperature inside the workpiece and was solved with the finite difference approach.
The cutting edge on the bottom of the tool is the main cause of the thrust force, and due to the accumulation of cutting heat, the
processing temperature at the exit is higher. The results show that the predictions of the model coincide with the experimental data
and that the model can predict the temperature field inside the workpiece in the process of orbital drilling. The novel orbital
drilling and reaming tool can effectively reduce the processing temperature of orbital drilling.

Keywords Orbital drilling - Machining temperature - CFRP - Cutting tool - Temperature distribution model

Nomenclature Kitaer Kitae Force coefficients related to the milling
a, Screw pitch of the helical path part
e Eccentricity of the helical path I Radius of the milling part
d Diameter of the milling part 0, Angular position of the tool coordinates
fi Tangential feed rate to the workpiece coordinates
f Feed rate in the z-direction 0o Initial angular position in the tool
D Diameter of the peripheral cutting edges coordinates
F Cutting force of the ODR tool W Angular velocity of the orbital rotation
Fy Cutting force generated by the milling Angular position of the 1st cutting edge
part Yo Initial angular position of the 1st cutting
Fr Cutting force generated by the reaming edge
part N Number of cutting edges on the tool
Fp Cutting force generated by the peripheral ~ w Angular velocity of the spindle rotation
cutting edges De Angle between two adjacent cutting
ny Spindle rotation speed edges
ny, Orbital rotation speed Jj Jth cutting edge of the tool
Pej Angular position of the jth cutting edge
o1, 2) Angular position of the jth cutting edge
>d YongLu with a height of 7 at time ¢
luyong@hit.edu.cn ds Length of a cutting element
Linghao Kong dz Height of a cutting element
linghao8959@163.com Z Height of the cutting edge element
Dong Gao I} Helix angle of the end mill
gaodong @hit.edu.cn hip;, 2) Thickness of chip at an angle of ; and
1 height of z
School of Mechatronics Engineering, Harbin Institute of H Height of the reaming part
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R, Radius of the reaming part at a height of
z

deg,dF;f,ng? Cutting forces in the x-, y-, and z-
directions of a cutting edge element on
the reaming part in the cutter coordinates

F;f, F{If,FZf Cutting forces in the x-, y-, and z-

P ptP potP
FXJ"F}y"sz

t t t
F' F!, F!

w w w
FY FY, F!

directions of the reaming part in the cut-
ter coordinates

Cutting forces in the x-, y-, and z-
directions of the peripheral cutting edges
in the cutter coordinates

Cutting forces of the ODR tool in the x-,
y-, and z-directions in the tool
coordinates

Cutting force of the ODR tool in the x-,
y-, and z-directions in the workpiece
coordinates

Q'ﬁ(go) Heat generated on the shear plane in the
first deformation zone of a cutting
element

F Shearing force of a cutting element

Vg Shear velocity

Q.ﬁw Heat Q.ﬁ(go) transfer to the workpiece

K, Thermal diffusivity of the workpiece

O Shear angle

Yn Front rake angle

Q.gf(c,o) Heat generated due to friction in the third
deformation zone of a cutting element

Ffy) Force of the friction of a cutting element

Opiv Heat O,/ (¢) transfer to the workpiece

b Cutting width

Ly Length of the furrow area

AL A2, Az Heat conductivity of the CFRP in the x-,
y-, and z-directions

ruBZ Radius, angle and height of the node
position

T Temperature of the workpiece

To Ambient temperature

p Density of the workpiece

c Heat capacity of the workpiece

h Convective heat transfer coefficient

q(r,0,z, 1) Heat flux generated by the heat source

1 Introduction

With excellent mechanical and physical properties, such as
high strength and light weight, carbon fiber-reinforced plastic
(CFRP) has been widely applied in the aviation and aerospace
fields. Because the CFRP parts are structural components and
skins, a substantial number of rivets and bolts with high di-
mensional tolerance and surface quality need to be drilled in
these parts [1] for connections. However, unsatisfactory
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machining quality still restricts the reliability of CFRP parts.
CFRP is a laminated structure generally composed of carbon
fiber cloth and resin. Carbon fiber has high strength and high-
temperature resistance, while the resin is sensitive to temper-
ature. The elastic modulus and strength plummet when the
temperature exceeds the glass transition temperature (150—
250 °C) [2]. A CFRP workpiece has low thermal conductivity
and specific heat capacity, and heat accumulation during ma-
chining leads to an apparent temperature increase around the
cutting area. The insufficient interlaminar shear strength and
transverse tensile strength of CFRP are more influential with
the impact of the processing temperature [3]. Many severe
machining defects are generated due to this deficiency, such
as burring and fuzzing, fiber pull out, matrix cracking, and
delamination. In particular, delamination is judged to be the
most catastrophic defect because it leads to rapid declines in
the stiffness and carrying capacity of the mechanical compo-
nents. Thus, the study of the magnitude and distribution of
CFRP workpiece temperatures during processing should be
of great significance.

To improve the drilling quality of CFRP components, the
effects of the tool performance and cutting parameters on the
damage of CFRP holes have been widely studied in recent
decades. The effects of the drill types (twist drill [4—6], can-
dlestick drill [6, 7], step drill [8, 9], core drill [10, 11], etc.),
tool geometry (diameter [12, 13], point angle [14], and chisel
length [15]), and tool material [15, 16] on the machining qual-
ity were studied. Although drill bits with special structures can
achieve superior processing quality, sometimes high quality,
high efficiency, low cost, and other industry requirements are
still difficult to satisfy. Orbital drilling [17, 18], wobble mill-
ing [19, 20], vibration-assisted cutting [21], water jet cutting
[22], laser cutting [23], and EDM [24] have also been used to
improve the drilling quality of CFRP components. Among the
methods mentioned, orbital drilling has been widely adopted
in practice. In this method, the end mill rotates around the tool
axis, which is parallel to the hole axis, making a planetary
motion around the hole axis at the same time [25]. Orbital
drilling has many advantages over traditional drilling, includ-
ing a longer tool life, a lower cutting temperature, and a lower
thrust force that contribute to effectively reducing the possi-
bility of delamination [17, 26]. Based on the comprehensive
consideration of the machining quality, cost, and efficiency,
orbital drilling is the most promising machining method for
CFRP drilling. To further improve the quality of orbital dril-
ling, tilted helical milling [25], tilted orbital grinding [1], and
two-step techniques [27] have also been proposed.

To clarify the temperature field inside the workpiece and
the tool, the mechanisms of heat generation and heat distribu-
tion in the cutting process have been studied over a long time.
The cutting temperature in metal cutting was studied as early
as 1907, and Taylor and Fred [28] revealed the effect of cut-
ting speed on the cutting temperature and tool life. In early



Int J Adv Manuf Technol (2021) 115:3713-3729

3715

studies on cutting temperature, data were obtained mainly by
experimental measurements, such as thermocouple measure-
ments, infrared imaging, and thermocolor measurements.
These experimental measurements are not reusable, time con-
suming, and costly. Therefore, numerical and analytical
models have been proposed, widely considered, and used until
now. Based on the moving heat source model in the 1940s, a
prototype of the cutting temperature model was established.
After years of research, analytical models have the ability to
predict the magnitude and distribution of workpiece tempera-
tures and have been applied to many engineering fields. To
more accurately predict the cutting temperature, Komanduri
and Hou [29-31] studied the heat generated in the shear plane
and tool-chip interface in the cutting process and calculated
the temperature field distribution at the tool-chip interface. By
discretizing the cutting edge and the time history into micro-
elements, they simplified the tool movement, and then a mod-
el was established by Lin et al. [32] to predict the cutting
temperature of the workpiece during the end milling process
that took into consideration the wear of the flank face. The
accuracy of the model is higher than that of the analytical
model, and the prediction efficiency is higher than that of
the finite element method, which can be used to optimize the
cutting parameters. Based on the nonuniform heat distribution
ratio along the interface of the primary and second heat
sources, Huang and Liang [33] proposed a new model with
better matching and prediction accuracy for analyzing the cut-
ting temperature. With the development of calculation
methods and improvement in the calculation capacity, the
finite element method (FEM) has been widely used in the
calculation of cutting temperature [34-36]. The FEM is time
consuming, and the accuracy of the material’s constitutive
properties has a significant influence on the accuracy of the
prediction. In the 1960s, Dutt and Brewer [37] solved differ-
ential heat transfer equations with the finite difference method
and obtained an excellent prediction effect. With the enhance-
ment in computing power, the finite difference method can be
used to solve differential equations with high efficiency and
accuracy. Lazoglu and Altintas [38] presented a numerical
model that predicts the temperature fields in the tool and chip
in a time-varying milling process. Liu et al. [39, 40] solved a
three-dimensional heat transfer model describing the temper-
ature field of the workpiece during helical milling by the
Green function approach. Zhang et al. [41] took a large
number of exit temperatures of CFRP drilling obtained
by experimental measurement as the training object and
established a prediction model of CFRP drilling exit
temperature with a neural network.

Cutting temperatures in machining significantly impact the
tool life, size and shape tolerances, and residual stress in the
machined part. Several scholars have studied approaches for
reducing the cutting temperature. Through the application of
semiartificial thermocouples, Sun et al. [42] found that the

cutting temperature showed a similar upward trend with in-
creasing cutting parameters. To optimize the tool life, Sheng
et al. [43] proposed a modeling coupling equation of cutting
parameters based on the optimal cutting temperature. Wang
et al. [44] studied the relationship between the cutting param-
eters, cutting temperature, and cutting force in CFRP milling
with RSM and pointed out that cutting speed has a significant
influence on the cutting temperature. Research on the cutting
temperature in drilling thermoplastic polymers by Weinert
et al. [45] showed that a low cutting speed and high feeds
are helpful for realizing optimal tool temperature and for re-
ducing the heat impact zone. Guimaraes et al. [46] improved
the thermal conductivity of a tool by incorporating copper heat
sinks at a designated position in the tool. Sasahara et al. [47]
studied the effect of MQL on the cutting temperature in driven
rotary cutting, and the results showed that the rotation
of the tool and MQL can reduce the cutting temperature
and decrease tool wear. Most of the studies on reducing
the temperature of the machined area focus on the op-
timization of the cutting parameters, the use of im-
proved tools, and the use of coolants.

CFRP materials are far less widely used than metal mate-
rials, and most of the research on the cutting heat of CFRP is
conducted with experimental measurement methods, such as
the use of thermocouples [2], infrared imaging [41, 48, 49],
and fiber Bragg gratings [50]. The processing temperature has
an important influence on the quality of CFRP drilling.
However, the use of conventional cutting compounds has an
effect on the strength of the CFRP workpiece, while the usage
of cryogenic gas for cooling causes powdery chips to float in
the air, posing a threat to the environment and operator health.
Therefore, research on the temperature field distribution of
CFRP workpieces during processing and ways to reduce the
processing temperature are scarcely reported.

Orbital drilling is considered to be the most promising
method of CFRP drilling. In a previous study, utilizing an
orbital drilling and reaming (ODR) tool [51] can further im-
prove the processing quality, prolong the tool life, and reduce
the processing temperature without changing the processing
equipment of orbital drilling, which has good prospects for
application. To further study the machining performance of
an end mill and ODR tool, a numerical model revealing the
magnitude and distribution of workpiece temperatures that
considers the influence of convective heat transfer on the cut-
ting temperature is proposed in this paper. Taking the different
thermal diffusivities of CFRP in different directions into ac-
count, a three-dimensional, unsteady state, nonhomogeneous
partial differential heat transfer equation in polar coordinates
was established. The finite difference approach was used to
solve the heat transfer equation. The heat fluxes of the two
kinds of tools in processing were calculated. The temperature
changes inside the workpiece of the two kinds of cutting tools
during machining were calculated and compared with the
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experimental results. The experimental results were in good
agreement with the prediction model. This study verified that
the ODR tool in orbital drilling can reduce the cutting temper-
ature in machining. Section 2 presents the process of machin-
ing temperature prediction. The experimental instruments
and cutting parameters used in this research are recorded in
Section 3. The experimental results are analyzed in Section 4,
and the conclusion is drawn in the last section.

2 Machining temperature of the end mill
and ODR tool in orbital drilling

2.1 Processing with ODR tool

Orbital drilling (helical milling) is a hole processing technique
that involves eccentric milling with an end mill. The ODR tool
is a dedicated tool for orbital drilling, and the processing pre-
sents a novel material removal process that is different from
that of conventional orbital drilling (COD). Figure 1 shows an
ODR tool and hole processing with the ODR tool, where
Fig.1a is the ODR tool and Fig. 1b—d show the exit formation
of the ODR tool. The ODR tool consists of three parts: a
milling part with a diameter of d, peripheral cutting edges with
a diameter of D, and a reaming part with a varied diameter that
connects the peripheral cutting edges to the milling part. The
hole made by the milling part has a smaller diameter than the
requirement. The reaming part is used to expand the hole

Fig. 1 ODR tool and hole
processing with the ODR tool: a
ODR tool, b—d exit formation of
the ODR tool

made by the milling part. Taking the material at the exit as
an example, the tool moves along the axis of the tool, and the
milling part of the ODR tool touches the bottom of the work-
piece first, producing a hole with a diameter of d. Regarding
the impact of the combined effect of the spiral trajectory and
the reaming part, the size of the exit is expanded continuously,
and the size is enlarged to the required size until the reaming
part completely passes through the workpiece.

2.2 Temperature field prediction of the workpiece in
processing

2.2.1 Analysis of the cutting force in orbital drilling

To calculate the temperature distribution inside the workpiece,
the cutting force model of orbital drilling should be
established to calculate the heat generated in the cutting pro-
cess first. Owing to the shape of the ODR tool, the cutting
force of the ODR tool in orbital drilling is more com-
plicated than that of an end mill. Therefore, this paper
takes the ODR tool as an example to model the cutting
force of orbital drilling.

The ODR tool is composed of the milling part, the reaming
part, and the peripheral cutting edges, all of which participate
in cutting during machining. Therefore, the model includes
the influence of three parts on the cutting force, and the cutting
force can be formulated as

4 Milling part
Y/ | Reaming part
Peripheral

| cutting part

;"; lap k
CFRP \ \/j’—i = 7
laminate | ==
7R
" Dn ODR tool
7' 4
. <
+
<> <
_/ /
D+2e A
e
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F(t) :FM(I)+FR<t)+FP(t) (1)

The spindle rotation speed 7, is far greater than the orbital
rotation speed 7y, in orbital drilling. Therefore, the influence of
the milling part due to orbital rotation on the cutting force is
ignored. Assuming that the milling part only produces the
cutting force along the tool axis, this force can be expressed
by the cutting force coefficient, cutting width, and chip thick-
ness as

Fy = (KMachza + KMae)rt (2)

The modeling processes of the reaming part and peripheral
cutting edges are similar; the reaming part is taken as an ex-
ample. The cutter coordinates O.X;Y,Z; are established with the
center of the milling part as the origin, and the workpiece
coordinates O,,.X,,Y, Z, are established with the center of the
hole as the origin. The position of the tool and the cutting edge
is shown in Fig. 2a and can be calculated by Eq. (7).

0,(1) = 6o + wyt (3)
Pe1 = Po T Wit (4)
@, =2m/N (5)
P = P + (1), (6)

Fig. 2 Illustration of orbital y
drilling with the ODR tool: a the
tool coordinates and workpiece
coordinates, b the undeformed
chip geometry in orbital drilling
with the ODR tool, ¢ an
illustration of the cutting element, ?;

z-tanf3
R

QOj(l,Z) = Soej + (7)

The undeformed chip geometry in orbital drilling with the
ODR tool is shown in Fig. 2b and c. The tool contains N
cutting edges. The jth cutting edge of the reaming part is
divided into many tiny cutting edges, where each element
has a height of dz and a length of ds.

ds = dz/cosf3 (8)

The cutting edge element is taken as the origin, the move-
ment direction of the element is taken as the Y-axis, the direc-
tion pointing to the tool axis is taken as the X-axis, and the
vertical direction is taken as the Z-axis to establish the element
coordinates. Then, the tangential force (dF})), the radial force
(dF,; and the axial force (dF,;) of each cutting edge element
can be expressed as

dF; = K.ch; (<pj, z)dz + Kods
dF = Kyeh; (1,2 de + Kyedds 9)
: z) dz + K z.ds

]’

dFaj = Kachj ((p

and d the undeformed chip Vv
thickness 0

@ Springer



3718

Int J Adv Manuf Technol (2021) 115:3713-3729

where ¢; is the instantaneous immersion angle of the cut-
ting edge element, (¢, z) is the thickness of chip at an angle
of ¢; a height of z, and K, Ky, K, Kyoo Ky, and K, are the
cutting force coefficients calibrated by experiments. As illus-
trated in Fig. 2d, the edges move df along the y-axis in the tool
coordinates, and the thickness of the undeformed chip is re-
lated to the angle position of the cutting edge element. Then,
h{¢, z) can be calculated by Eq. (10).

hj(cpj,z) = \/(Rz~sing0j +df>2 + (Rz~cos<,0j-)2—RZ (10)

As Fig. 2b and ¢ show, the edges cut into the workpiece at
s and cut out at ,,.. Then, the function g(y)) is established to
estimate whether the cutting element involves processing.

(o) - {1

Then, Eq. (9) can be rewritten as,

@StSQDjSQOeX (11)
P < Py OF Yo < P

dF,; = g(%) (K,chj (gpj,z) dz + Kteds)
dFrj = g(sp]) (Krchj ((Pj, Z) dz + Kreds> (12)
dF . = g((pj) (Kachj ((pj,z) dz + Kaeds)

The element coordinates distributed on the surface of the
reaming part are transformed to the cutter coordinates
0X,Y,Z,, and the cutting force of a cutting edge element can
be obtained as

dF;f = —cos (goj) -dF ;—sin (gaj) -dF;
dF;f = sin (cpj> -dF ;;—cos (cpj) -dF,; (13)
dF = dF

The cutting force of the reaming part in the tool coordinates
can be calculated by integrating the element cutting force on
all cutting edges along the tool axis.

Fif = gl Iff (—cos (gp j> -dF ;—sin <<p j) -dF rj) dz

Fift = éf:l Ig (sin (goj) -dF ;—cos (gpj) 'dFy]‘) dz (14)

N
Ff=3 [y dF ydz
=

Through the modeling of the cutting force of the peripheral
cutting edges with the same method, the cutting force of the
ODR tool is expressed as follows:
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‘R P
Fo= gty
Fy:ij—Fij (15)
Fi= Py F Ry

The cutting force acting on the workpiece can be obtained
by transforming the cutting force in the cutter coordinates to
the that in the workpiece coordinates.

FY = F'-cosf, + F;-sinO,

F) = ffﬂ;-sine, + F;-cos@ (16)
w o __

F¥=F'

2.2.2 Modeling of the temperature distribution
of the workpiece

Heat generation and heat transformed in the workpiece The
heat generated in cutting mainly comes from three areas. In
this paper, the temperature variation close to the machined
area of the workpiece in CFRP orbital drilling is the focus;
moreover, the powder chip has less friction with the rake face.
Therefore, the effect of the tool-chip interface friction on the
workpiece is not taken into account. Only the influence of the
cutting heat from the primary and secondary heat sources on
the workpiece is considered in this paper.

The heat generated during machining is mainly caused by
the heat converted from cutting energy. The energy consump-
tion of a cutting element in the first deformation zone can be
calculated by Eq. (17). The shear velocity can be deduced
from the relationship between the cutting speed and tool an-
gles.

0s(p) = F(@)vs (17)

Vcosy
vy = —— 18
cos(6,) "
The heat generated on the shear plane is divided into two
parts. The part transferred to the workpiece can be calculated
with the method in Ref. [52],

Opw = C105 (19)

where C is the proportion of heat transferred to the work-
piece to that generated in the first deformation zone.
According to Shaw’s [53] research, this proportion can be
calculated by

1

1+ 1.328 /Kwa/vs,,j(w

C=1-

(20)
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where K,, is the thermal diffusivity of the workpiece and e , 5 5
is the strain in the chip, which can be expressed as ¢ = A or + A\ por + A 1aor + )3 ar
cot p, + tan (9, = V). or? Ty OF y? 06? 07?
The heat flux of a cutting element in the third deformation + ¢(F, B, 2o, 1)
zone can be expressed as 5
T
. = pe—- (25)
Oy(p) = Fr(p)V (21) !
The initial conditions are as follows:
The heat generated by the friction on the flank face is sim- T=T, (26)
ilar to that generated by the shear plane. The part transferred to
the workpiece can be expressed as The boundary conditions are as follows:
Oy = C20y - ) (27)
n

where C, is the ratio of the heat transfer to the workpiece to
the heat generated in the third deformation zone. According to
Ref. [54], this proportion can be calculated by

!
7K,
Cr=1-(1+——"— (23)
( 2hj(g0)Vln12—b>

wf

Then, the heat flux transferred to the workpiece generated
by a cutting element within one revolution can be expressed as
follows:

Gre = Z(IZT (g(w,») (C1Fs(o)vs + CzFf(SD)V))dSD (24)

Analysis of the heat transfer in the workpiece The heat trans-
fer in CFRP is relatively complex because the thermal
conductivities in different directions are different. The
short processing time and the heat accumulated in the
workpiece induce an unsteady state, which makes it
more difficult to predict the temperature of orbital dril-
ling in CFRP. Therefore, most models of the tempera-
ture field for milling or grinding are not suitable for
predicting the temperature field of orbital drilling on
CFRP. A three-dimensional, unsteady state heat transfer
equation considering convective heat transfer is
established in this paper. To obtain the variation in the
magnitude and distribution of workpiece temperatures,
the finite difference method is used to solve the heat
conduction equation. When the equation is solved with
the finite difference method, it is necessary to approxi-
mate the shape of the hole wall with nodes. The appli-
cation of polar coordinates in the calculation is condu-
cive to the accuracy of the mathematics and the reali-
zation of the model calculations. This is more consistent
with the physical process of heat diffusion. Therefore,
the heat transfer equation in polar coordinates, which is
used to calculate the temperature field distribution of
orbital drilling of CFRP, is presented in Egs. (25)-(27).

where g(r,,0,,z,f) is the heat flux generated by the heat
source. The heat conductivities in the x-, y-, and z-direc-
tions of unidirectional prepreg are different.
Multidirectional CFRP is studied in this paper to simplify
the calculation process, assuming that the heat conductiv-
ity of the workpiece in the y-direction is the same as that
in the x-direction. From Eqs. (25)—(27), the heat transfer
problem can be treated as a workpiece with different heat
conductivities in the horizontal and vertical directions be-
ing placed in an environment with temperature 7.
Approximations are made, as shown in Egs. (28) and
(29), to rewrite the partial differential equation in finite
difference form. The position of each node in the meshing
of the workpiece is shown in Fig. 3.

oT  T(i,j,k,t+1)-T(i,j, k1)

—= 28
ot At (28)
1er 1 o o

o 2rwAr(T(l+ 1,j,k)=T(i-1,,k))

*r o1 ) ) L o

=2 _(T(l + 17]7k) + T(1717J7k)727‘(l7]7k))

6r2 AVZ 29
L OT L k) £ TG 12T oK) 29)
n2 ot neag D b o2

T L 1 jok1) 4 T ok + 1)-2T(1, ), K)

5z = ag (Tl iJ, iJ,

It can be observed from Egs. (17) to (21) that the energy
consumption of a cutting element in the cutting process can be
calculated by the cutting force and cutting speed. The heat flux
produced by the element in steady cutting is a periodic func-
tion of the rotation angle. Therefore, the heat transfer process
of milling and grinding can be regarded as the heat transfer
process caused by a heat source with a fixed shape moving
along the tool path.

However, in orbital drilling, cutting heat is generated by
both the bottom edge and peripheral cutting edge, and the heat
transfer process is more complex when the tool moves along a
helical path. It is difficult to simulate the heat conduction
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Fig. 3 Diagram of the workpiece
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process of orbital drilling with a simple moving heat source,
and it is too difficult to obtain the solution.

The contact area between the ODR tool and the workpiece
during steady cutting is shown in Fig. 2b and c. Equation 10
shows that the influence of the cutting edge rotation angle on
the chip thickness is more significant than that of the tool
radius. According to Eq. (24), the heat flux generated by the
cutting element during processing is related to the rotation
angle () and the height (z) of the cutting element but not to

Fig. 4 A flow chart of the
temperature field calculation

the position of the tool. That is, the shape and heat distribution
of the heat source formed on the cutting tool remain constant.
Therefore, the heat transfer problem of orbital drilling can be
treated as a complex curved surface heat source moving along
a helical path in the workpiece, having the same shape as the
contact area between the tool and the workpiece. Heat transfer
occurs between the nodes inside the workpiece and the mov-
ing heat source. The material through which the heat source
passes is removed, assuming that the temperature of the nodes
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Table 1 Parameters of the tools and the workpiece

Feature Value
General end mill Tool diameter 8 mm
Carbides K20
Helix angle 30°
Coating No
Flutes 4
Rake angle of the end teeth and peripheral cutting edges 7°
Tool clearance of the end teeth and peripheral cutting edges 7°
ODR tool Diameter of the milling part 5.5 mm
Diameter of the peripheral cutting edges 8 mm
Radius of the arc of the ODR tool 10.625 mm
Height of the reaming part 5 mm
Carbide K20
Helix angle 30°
Coating No
Flutes 4
Rake angle of the milling part, reaming part and peripheral cutting edges 7°
Tool clearance of the milling part, reaming part, and peripheral cutting edges 7°
Workpiece Tensile strength 2400 MPa
Young’s modulus 160 GPa
Heat conductivity of the workpiece in the x-direction A\=4.18 W-(m-K) !
Heat conductivity of the workpiece in the y-direction Ao=4.18 W-(m-K) "'
Heat conductivity of the workpiece in the z-direction A3=0.76 W-(m-K) "'
Heat capacity of the workpiece =990 J-(kg'K) "'
Density of the workpiece p=1520 kg-m >
Convective heat transfer coefficient h=75 W-(m*-K)""

Fig. 5 The experimental setup in
the cutting force coefficient
identification experiment

E

Spindle
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Table2  The experimental parameters
Spindle Cutting Cutting Eccentricity Tangential feed Z-axis feed
speed (rpm) depth a,(mm) diameter (mm)  (mm) rate (mm/rev) rate (mm/rev)
Flank milling tests 1000 5 0.01, 0.02, 0.04, 0.08
Plunge milling tests 1000 2,3,4,5,6,7,8 0.01, 0.02, 0.04, 0.08
Cutting force verification experiment 1000 1 0.126 0.02
Temperature distribution I 1000 1 0.063 0.01
verification experiment 11 1500 0.5 1 0.063 0.005

that the heat source passes through becomes the ambient tem-
perature, and convects heat with the newly formed boundary.

The calculation process of the temperature field is shown in
Fig. 4.

3 Experimental work
3.1 Properties of the cutting tools and workpiece

To verify the usability of the cutting force model and the heat
transfer model, a series of cutting tests were carried out with
dedicated tools and general end mills. The workpiece was a

Fig. 6 a Experimental setup in
test 2 and b infrared image of the
workpiece. ¢ The workpiece in
the verification experiment of the
temperature distribution model

Al

Spindle

(a)

@ Springer

multidirectional CFRP plate made from 3-k plain unidirec-
tional prepreg with epoxy resin as the matrix material. After
compression molding and high-temperature curing, the work-
piece, which had two plies of woven prepreg as the top and
bottom and 36 unidirectional plies with a symmetrical layout
[0°, +45°, 90°, 45°] as the middleware, was cut into 90
mmx90 mmx5 mm pieces. The parameters of the tools and
the workpiece in the experiments are listed in Table 1.

3.2 Design of experiments

The cutting force coefficients were demarcated according to
the methods in Ref. [55]. The modeling process of the cutting

(©)
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Table 3  Cutting force coefficients

Reaming part Ktc Kte Krc Kre Kac Kae
636.00 3.74 73590 11.65 -134.99 0.76

Peripheral cutting edges K. Kye Kpre Kye Kpae Kpae
580.50 5.02 866.40 13.32 -220.38 -0.99
Konac Kinae

269.90xD, 16.93xD,

Milling part

force in orbital drilling is similar to that of milling, difference
in the cutting force model being that the cutting edge involved
in processing is more complex and that the cutting force needs
to be transformed into workpiece coordinates in the end.
According to Ref. [56], the cutting force coefficients of dif-
ferent parts in the tool were acquired. The cutting force coef-
ficients of the reaming part and the peripheral cutting edge can
be obtained in flank milling tests, and the coefficients of the
milling part in the ODR tool and end mill can be obtained in
plunge milling tests. The experiments were carried out on a

Fig. 7 Predictions and
experimental results: a
experimental results, b
predictions of the cutting force
model

13322714

6661354

Cutting force (N)

6661361

13322714

VM7032 CNC milling machine, and a Kistler 9257B
dynamometer and Kistler 5070 amplifier were used to
measure and record the cutting force. The experimental
setup is shown in Fig. 5. The experimental parameters
of the flank milling tests, plunge milling tests, and ver-
ification experiment are listed in Table 2.

To verify the validity of the temperature distribution model,
a verification experiment was carried out. To measure the
cutting temperature at the hole wall during machining, a
FLIR A320 Tempscreen thermal infrared imager and a
close-up lens 4x were used in the test. The experimental
setups are illustrated in Fig. 6. To facilitate thermal imaging
and to avoid the influence of uneven material thickness, semi-
circles with radii of 6 mm, 7 mm, 8 mm, and 9 mm around the
hole for predicting different material thicknesses were made
on the workpiece to verify the accuracy of the model in dif-
ferent cutting parameters. The cutting conditions are listed in
Table 2. To prevent chips from blocking the imaging, flowing
air was used to remove the chips, and all the experiments
adopted dry machining.

Fx

Cutting force (N)

@ Springer
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4 Results and discussion
4.1 Verification of the cutting force model

To predict the cutting force of orbital drilling with the ODR tool, a
cutting force coefficient identification experiment was carried out.
The coefficients of the cutting edges in the reaming part and the
peripheral cutting edges were identified with the method in Ref.
[57], and the coefficients of the cutting edges in the milling part
were identified with the method in Refs. [56, 58]. The average
cutting force in steady cutting was used to identify the cutting force
coefficient, and the coefficient of the ODR tool is listed in Table 3.
The end mill employed in this research had the same parameters as
the ODR tool, assuming that the end mill had the same cutting
force coefficient as the peripheral cutting edges and the edges on
the milling part of the ODR tool.

As can be observed in Table 3, the cutting force coefficients
Ky and K,,,. are negative, which means that the thrust force
generated by the cutting edges on the peripheral cutting edges of
an end mill and an ODR tool is directed upward. The cutting force
coefficient K. is negative, and K, is positive, which means that
the direction of the thrust force generated by the cutting edges of
the reaming part is affected by the cutting parameters. The thrust
force generated by the reaming part is positive when the tangential
feed per tooth is small. The thrust force gradually decreases to a
negative value with increasing tangential feed rate, and the direc-
tion changes. Therefore, the thrust force in orbital drilling is almost
completely produced by the edges at the bottom of the end mill
and the ODR tool. The magnitude of the thrust force is positively
correlated with the diameter of the cutting edges at the bottom. The
predictions of the cutting force model and the experimental results
of ODR are shown in Fig. 7.

As can be observed in Fig. 7a, at the beginning of machin-
ing, the thrust force soars to the maximum value, and the
cutting force in the x- and y-directions is affected by the plan-
etary motion of the tool, which changes periodically. The
cutting force increases gradually while the reaming part

Fig. 8 Heat fluxes of the
peripheral cutting edge and the
edge on the reaming part of two
kinds of tools

Heat fluxes

penetrates the workpiece, and the cutting force in the x- and
y-directions reach the maximum when the reaming part
completely enters the workpiece. The thrust force decreases
rapidly to zero when the milling part passes through the bot-
tom of the workpiece, and the cutting forces in the x- and y-
directions begin to decrease gradually. As presented in Fig.
7b, the predictions of the model are consistent with the exper-
imental results. The cutting force model can accurately predict
the magnitude and trend of the cutting force in the x-, y-, and
z-directions. However, the model cannot show that the thrust
force decreases with increasing machining depth, probably
due to workpiece deformation. The same prediction result is
obtained from orbital drilling with the end mill. The results
show that the model can be used to predict the cutting force of
the end mill and the ODR tool in orbital drilling.

4.2 Verification of the temperature distribution model

In the verification of the heat transfer model, first, the heat
fluxes generated by two kinds of cutting tools were calculated
under the experimental conditions (an eccentricity of 1 mm, a
tangential feed rate of vy = 0.063 mm/rev, a Z-axis feed rate of
v, = 0.01 mm/rev, and a tool rotational speed of 1000 rpm).

The heat generated by peripheral cutting edges and the edges of
the reaming part directly acts on the hole wall and has the most
apparent effect on the temperature. Therefore, the heat fluxes pro-
duced by the peripheral cutting edge and the edge on the reaming
part of the two kinds of tools are shown in Fig. 8. The heat fluxes
generated by a cutting edge of the end mill in a cycle, with the hole
wall formed at the top of the workpiece when the cutter first
contacts the workpiece as an example, are marked by a red line.
According to the cutting parameters, the materials composing the
hole wall are cut six times by the ODR tool, and the heat fluxes
and the action times are depicted in blue.

Figure 8 shows that the cutting edge of an end mill gener-
ates heat between 0° and 180° in a rotational period and that
the heat flux changes as a sine function due to the influence of

Heat fluxes of end mill
= Heat fluxes of ODR tool

0 05t t O
End mill

@ Springer

t 4t St

Act%})n time 3
ODR tool
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the chip thickness. In the first cutting revolution, the heat flux
generated by the cutting edge of the ODR tool exhibits the
same trend as that of the end mill, and the heat fluxes are lower
than that of the end mill due to the low cutting speed. The
maximum value of the heat flux increases in the 2nd to 6th
machining cycle due to the increase in the tool radius
and the change in the chip thickness. However, affected
by the undeformed chip geometry, the action time de-
creases gradually. The total heat flux generated by the
ODR cutter is less than that of the end mill, and the
ODR tool disperses the heat in multiple processing rev-
olutions and gradually acts on the workpiece, making

Fig. 9 Comparison of simulation 1007

full use of the heat dissipation process in each process-
ing revolution to reduce the temperature of the
workpiece.

In this paper, the calculated results of the heat transfer
model are compared with the experimental results measured
by an infrared thermal imager. The results are shown in Fig. 9.

The graphs in Fig. 9 show comparisons of the simulation
and experimental results for the machining temperature at dif-
ferent marked points on the ODR tool and the end mill. As
presented in Fig. 9, the ODR tool has lower cutting tempera-
tures at every marked point. Owing to the multiple expansions
by the reaming part, the processing revolutions of the ODR

1104
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tool at each point are much greater than those of the end mill,
and the temperature increase produced by each revolution of
ODR s significantly lower than that of the end mill. The
workpiece temperature accumulation of the end mill is much
more obvious than that of the ODR tool. As observed from
Fig. 9c and f, the highest cutting temperature appears at the
marked points near the bottom for both kinds of tools. The
comparison of the simulation and experimental results shows
that the temperature distribution model can predict the change
in the workpiece temperature field during machining.
However, as presented in Fig. 9a—f, there are no obvious dis-
tinctions among the maximum temperatures of the three
marked points, probably because the temperature distribution
model, which takes the heat flux generated by the tool during
steady cutting as the moving heat source, ignores the temper-
ature change of the tool in the machining process. The tem-
perature distribution model does not take the heat generated
after machining by the friction between the cutting edge and
the machined surface into account; therefore, the serrated tem-
perature fluctuations in the last stage are not presented in the

100 -
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2 80
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2
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654
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Fig. 10 Maximum processing temperature of the experimental results

and simulation results: a results for the ODR tool under cutting
condition I, b results for the end mill under cutting condition I, ¢ results

g

@ Springer

graphs in Fig. 9. The simulation results and the experimental
results show that the processing temperature of the marked
point near the bottom of the workpiece is the highest, and this
high processing temperature easily causes defects, which is
consistent with defects always being present at the hole exit.
Figure 10 shows the experimental and simulation results for
the sp3 temperature from two groups of tests for the ODR tool
and end mill at different material thicknesses.

As observed from Fig. 10, when processing with the same
cutting parameters, the cutting temperature of the end mill is
higher than that of ODR. The temperature of the material close
to the hole wall is the highest in the horizontal direction, and
the temperature of the marked point decreases gradually with
increasing material thickness. Therefore, the matrix near the
hole wall is prone to melting. As can be observed from Fig.
10a—d, the experimental results exhibit the same trend as the
simulation results. Although the temperature distribution
model cannot accurately predict the processing temperature,
the errors between the predicted results and the experimental
results are mostly less than 15%.
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5 Conclusion

In this paper, the cutting temperature of orbital drilling
in CFRP with two kinds of tools was studied. A numer-
ical model solved by the finite difference method was
used to predict the heat conduction process. The pro-
posed temperature distribution model is capable of
representing the changing temperature field inside the
workpiece. The following conclusions are made:

1. For end mill and ODR tools, the thrust force is generated
by the cutting edge at the bottom of the tool, and the thrust
force generated by the peripheral cutting edge and the
edge on the reaming part is directed upward in orbital
drilling.

2. The total heat generated by the ODR tool is lower than
that generated by the end mill, and the processing temper-
ature of the ODR tool is lower than that of the end mill.

3. The temperature distribution model can be utilized for
predicting the cutting temperature inside the workpiece
during orbital drilling of CFRP. The finite difference
method can be used to obtain the solutions of the heat
transfer equation, and errors in the result compared with
the experimental results are small.

4. During machining, the processing temperature near the
exit of the hole wall is higher than that near the entrance.
The temperature of the material near the hole wall inside
the workpiece is higher, and the temperature gradually
decreases with increasing distance.
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