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Abstract This paper presents a mechanistic model for micro-
drilling cutting forces that includes the cutting edge radius and
the minimum chip thickness size effects. The proposed model
considers three different cutting regions, i.e., ploughing-dom-
inant, transition, and shearing-dominant, based on these size
effects. Specific normal force and specific friction force coef-
ficients have been determined through model calibration using
micro-drilling experimental results. Model is validated with
micro-drilling experimental results of different cutting condi-
tions and of different machining environments. Comparisons
of model simulated and experimental results show that
ploughing force contributions are significant, especially at
low feed rates. The proposed model has also been applied to
characterize size effects in micro-drilling.

Keywords Micro-drilling - Specific cutting force - Tool edge
radius - Minimum chip thickness - Mechanistic model

Abbreviations

Ne Chip flow angle
© Chisel edge angle
Ne Chip flow angle
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Qe Effective rake angle

o, Effective rake angle in ploughing
Qs Effective rake angle in transition
ox Elemental radial distance

6F;,; Elemental lateral force

O0F,  Elemental radial force in x direction
0F,  Elemental radial force in y direction
0F¢  Elemental radial force in ¢ direction
0F,,  Elemental radial force in 7 direction

0F,,, Elemental thrust force

0F,  Elemental thrust force in z direction

o) Half-point angle

h Helix angle

i Inclination angles

t Limiting value of chip thickness for shearing
Le Minimum chip thickness

Qe Normal rake angle at chisel edge

Qay, Normal rake angle at major cutting edge

r Radial distance of drill

K, Specific normal force shearing

K, Specific friction force

Specific friction force in ploughing
Ky Specific friction force in shearing
Te Tool edge radius

A, Undeformed chip area

t Undeformed chip thickness

2w Web thickness

1 Introduction
Micro-holes are important micro-features of many industrial
components such as electromechanical system (MEMS),

printed circuit boards in electronics products, fuel injection
nozzles, filters, flow measuring devices, and cooling channels

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-016-8632-2&domain=pdf

242

Int J Adv Manuf Technol (2017) 88:241-254

in turbine blades [1]. In general, laser beam machining, ultra-
sonic machining, electrochemical machining (ECM), electro-
discharge machining (EDM), and micro-drilling are used to
produce micro-holes [2]. Among these methods, micro-
drilling is now gaining more acceptability because it has high
material removal rate compared to many nonconventional
micro-machining processes and wide applicability to most of
the engineering materials [3].

In mechanical micro-machining which includes micro-mill-
ing, micro-turning, and micro-drilling, undeformed chip thick-
ness is comparable to cutting tool edge radius [4]. In such con-
dition, effective rake angle during chip formation becomes high-
ly negative and specific cutting force of the mechanical micro-
machining increases [5]. It may also happen that chip formation
does not take place when the feed is below a minimum chip
thickness where material plastically deforms under the edge of
the tool, and the rest elastically recovers [6]. These characteristics
are commonly known as size effects in mechanical micro-
machining processes [7]. Klocke et al. [8] characterized the var-
ious size effects and their significant influences on the micro-
drilling of steel with the help of the experimental results and
successfully extended the conventional metal cutting formula
of Victor Kienzle in modeling of the micro-drilling feed forces.
Anand et al. [9] also analyzed the size effect phenomenon in
micro-drilling of carbon-reinforced fiber plastic. Specific feed
force and specific radial forces were shown to increase
nonlinearly with decrease of uncut chip thickness.

It is important to predict cutting forces in micro-machining as
the cutting forces are related to tool life, product quality, and
productivity. Therefore, several attempts have been reported to
predict the cutting forces with consideration of tool edge radius
effect in micro-machining using analytical method, finite ele-
ment method, and mechanistic modeling techniques, with most
of the contributions related to micro-milling process [10, 11].
Rao and Shunmugam [12] developed analytical force model
for the micro-end milling operation with consideration of the
material strengthening as well as the tool edge radius effects.
Lai et al. [13] proposed a finite element model for micro-scale
milling process considering tool edge radius and explained that
specific shear energy increases greatly due to ploughing when
the uncut chip thickness is smaller than minimum chip thickness.
Jun et al. [14] developed a mechanistic model of micro-end
milling forces, with consideration of the effects of ploughing,
elastic recovery, effective rake angle, and flank face rubbing.
Two different mechanistic models were used for shearing-
dominant and ploughing-dominant regimes due to tool edge
radius effect [15].

Contrary to many cutting force modeling attempts in micro-
milling, very few modeling works have been reported in the
area of micro-drilling so far. Hinds and Treanor [16] developed
finite element methods to analyze the stresses in micro-drilling
of printed circuit boards. However, they did not provide any
mathematical modeling for drilling forces. Gong et al. [17]
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developed a mechanistic model of micro-drilling in which cut-
ting forces were determined in terms of specific normal and
friction forces and their coefficients were determined from cut-
ting experiments. Tool run out, installation error, and tool grind-
ing errors were considered for modeling dynamic cutting forces.
However, tool edge radius effects were not considered.
Sambhav et al. [18] developed a slip line field-based analytical
cutting force model of micro-drilling with consideration of tool
edge radius effect and minimum chip thickness effects on major
cutting edge. Thrust force contribution from chisel edge was not
included in their analysis. Chisel edge of micro-drill not only
effectively contributes to rigidity and stability of tool during
micro-drilling but also contributes with large share of thrust
force which affects the tool life of slender micro-drill signifi-
cantly [8, 19]. Hence, it is essential to model the chisel edge
contribution of thrust force also. Zhang et al. [20] extended the
slip line field—based analytical model to include the contribution
of chisel edge to micro-drilling thrust force. Rahamathullah and
Shunmugam [21] developed a mechanistic model to predict
micro-drilling thrust and torque, considering material removal in
major cutting edges, chisel edge, and indentation zones. However,
their proposed mechanistic models did not consider tool edge
radius effects as large uncut chip thickness values were used.
This article presents a mechanistic micro-drilling force
model with consideration of tool edge radius and minimum
chip thickness. Tool edge radius mainly affects the effective
rake angle that varies according to undeformed chip thickness.
Effect of ploughing is also considered for undeformed chip
thickness lower than the minimum chip thickness. Three dif-
ferent cutting regions, viz., ploughing-dominant, transition,
and shearing-dominant, have been assumed for both major
cutting edge and chisel edge on the basis of uncut chip thick-
ness value. The proposed mechanistic model has been validat-
ed from experimental results of micro-drilling of austenitic
stainless steel using 0.5-mm-diameter tungsten carbide drills.
Comparisons of mechanistic model simulations with and
without tool edge radius effects have also been shown with
experimental results. The proposed model has also been used
to characterize the size effects in the micro-drilling process.

2 Model development

Figure la shows the pictorial view of a drill bit with feed
direction and reference frames used for developing mechanis-
tic model of the drilling process. The inertial frame (x, y, z) is a
fixed coordinate system and aligned with the dynamometer
coordinate system. The rotational reference frame (&, 7, z) axis
is attached to the drill body in which ¢ axis is in the direction
of the major cutting edge, the 7 axis is perpendicular to the
major cutting edge, and the z axis is along the drill axis as
shown in Fig. 1a. The instantaneous position of the rotational
frame of reference with respect to the inertial frame has also
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Fig. 1 Pictorial view of drill bit
showing a feed direction,
reference frames b sharp edge
assumption for conventional
drilling and ¢ round cutting edge
for micro-drilling

Feed direction

i
"

X

been shown in Fig. la by angular displacement due to the
rotation of the drill bit. Cutting forces in the mechanistic
model are generally defined in the rotational frame of
reference. For the calibration of the model, cutting forces of
rotational reference frame are transformed to the inertial frame
of reference where force measurements are performed.
Although geometrically drill bits are similar in both convention-
al and micro-drilling, the chip thickness is comparable to the
cutting tool edge radius in case of micro-drilling. Round cutting
edge is considered in micro-drilling (Fig. 1c) instead of sharp
cutting edge assumption of conventional drilling (Fig. 1b) for
the development of mechanistic cutting force model.

The basic cutting mechanism of micro-drilling is described
as the combination of oblique cutting on major cutting edge
and orthogonal cutting on chisel edge [22]. In mechanistic
modeling process, normal force (F,,) and friction force (/)
are assumed to be proportional to the undeformed chip area
[17] as given in Egs. (1) and (2):

F, = K,A, (1)
Fr=KAc (2)

where K, and K are the specific normal and frictional forces
and A, is the undeformed chip area. The cutting force, thrust
force, and lateral force are then related to friction and normal
forces through process kinematics and drill geometrical pa-
rameters. The basis for development of the new model in this
work is the oblique cutting model developed by Gong et al.
[17] for conventional drilling where tool edge radius effect
was neglected. Major cutting edge forces and chisel edge
forces with consideration of tool edge radius and minimum
chip thickness effects are described in the following section.

§
. ." .
oY Angular displacement
) Vg X

(X y Z) : The inertial reference frame

(Force measurement direction)

(¢ n z) : The rotational reference frame

(Cutting force direction)

Helix angle (h)

Sharp cutting edge
b

Major cutting edge
Chisel edge

K

Round cutting edge

Cc

Cutting forces without tool edge radius effects are also de-
scribed in the following sections.

2.1 Forces in major cutting edge
2.1.1 Cutting forces without tool edge radius effect

In conventional drilling model, cutting edge is considered as
sharp. The cutting action along the major cutting edge can be
interpreted as a series of oblique sections as shown in Fig. 2a.
The normal rake angle («v,,) and inclination angles (/) as shown
in Fig. 2b vary along radial distance (r) and are defined in
terms of drill geometry such as helix angle (%), half-point
angle (¢), and web thickness (2w) and shown in Egs. (3)
and (4), respectively [17]:

I Vr2—wtanh ! WCos® 3
o = 10 rsing—wcosgtanh an <~/r2—w2> 3)
i = sin”" (wsing/r) (4)

The undeformed chip thickness (f) can be obtained
from feed (f) and the point angle of the drill as given
in Eq. (5):

t=0.5fsing (5)

The width of cut in the plane whose normal is coincident
with the direction of the cutting velocity (V) depends on

@ Springer



244

Int J Adv Manuf Technol (2017) 88:241-254

Fig. 2 a Drill Geometry and b
cutting force components in

cutting edge [17] 1

a  Feed direction

Chisel edge angle (¢)

inclination angle, point angle, and elemental radial distance
(0x), and product with undeformed chip thickness gives the
elemental chip area (4A.) as shown in Eq. (6):

0A. = t0x cosi/sing (6)

Major cutting edge forces in conventional drilling process
can be shown in Fig. 2b. Major cutting edge is divided into
numbers of small elements which can be assumed as straight
cutting edges. Therefore, Stabler’s rule [23] can be valid here
and the chip flow angle (7,.) is equal to inclination angle (i) of a
particular element. The chip flow angle varies along the entire
cutting edge with the variation of the inclination angle. The
elemental cutting force (6F,,,) acts opposite to the velocity
direction. The elemental oblique cutting thrust force (6Fy,)
is normal to the plane that contains the velocity vector and
the cutting edge. The elemental lateral force (0F},,) is orthog-
onal to the cutting force and thrust force [17].

The magnitude of the elemental lateral force, cutting force,
and thrust force can be computed from the elemental normal
force and friction force from Egs. (7), (8), and (9), respectively:

0F 4 = OF r(cosn,sinisinc,— sin),.cosi)

+ 0 F,cosay,sini (7)

0F oy = 0F  (cosn,cosisine, + sinm,sini)

+ 0 F,cosa,cosi (8)

OF iy = 6 F rcosn.cosa,—d F,sina, 9)

where 6F/=K0A, and 6F,=K, 6A., and K, and K, are the
specific normal and frictional force, respectively.

2.1.2 Cutting force with tool edge radius and minimum chip
thickness effects

Jun et al. [14] considered three different cutting regions,
namely, ploughing-dominant, transition, and shearing-
dominant with consideration of tool edge radius effect and
minimum chip thickness effects for mechanistic modeling of

@ Springer

Half point angle (¢b)
Undeformed chip thickness (t)
r'd

b

Chip flow angle (,) Normal rake angle (ay,)

Inclination angle (i) <z
6F1q¢

A
Cutting velocity (V)

micro-milling. However, the elemental cutting force compo-
nents were computed assuming the cutting process as orthog-
onal cutting. Similarly, Klocke et al. [8] showed experimen-
tally that above three different cutting regions existed in
micro-drilling also. Three different cutting regions depending
on the undeformed chip thickness as shown in Fig. 3 are also
assumed in this model. However, elemental cutting forces are
computed considering oblique cutting in the major cutting
edge of the micro-drill. Ploughing effect dominates without
chip formation below the minimum chip thickness ¢,,.. When
chip thickness is above minimum chip thickness, chip forma-
tion will take place with ploughing effects. The effective rake
angle becomes negative and varies according to the unde-
formed chip thickness. This transition region exists till unde-
formed chip thickness equals to 7, where t,=r.(1 +sin ).
Above the transition region, i.e., when undeformed chip thick-
ness is above ¢, the cutting process is shearing-dominant and
effective rake angle becomes equal to the normal rake angle
(o).

Figure 4 shows the variation of normal rake angle with the
radial distance of the major cutting edge for a 0.5-mm-diam-
eter drill with geometrical parameters given in Table 1. It also
shows how the effective rake angle varies with undeformed
chip thickness in the major cutting edge. Vertical lines “ABC”
and “EF” illustrate how the values of the effective rake angle
can be obtained for different values of undeformed chip thick-
ness in two regions, i.e., one with positive normal rake angle
(t,>r,) and the another with negative normal rake angle
(ts <r e)-

Fig. 3 Tool edge radius effect on major cutting edge
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Fig. 4 Determination of effective rake angle in the major cutting edge

The cutting forces in ploughing, transition, and shearing
regions are given as follows.

Ploughing-dominant region (0<7<#,,) In this region, the
effective rake angle ( o) is constant along the major cutting
edge and it varies according to undeformed chip thickness.
The effective rake angle (cy,) in the ploughing region can be
obtained by Eq. (10) [4]. Ploughing force components in lat-
eral, cutting, and thrust directions can be determined by
Egs. (11), (12), and (13), respectively:

t_
= a,=sin"’ (_Q) (10)

Ve

§F 1 = OF 7, (cosn,sinisincy,~ sinm,cosi)
+ 6 F,pcoscy,sini (11)
§F qu = O F 1, (cosn,cosisiny, + sinn,sini)
+ 6 F,pcosay,cosi (12)
OF i = OF fpcosn,.cosa,—0 Fppsinay, (13)
where
0F 3, =Kp,0A., and 0F,, =K, 6A..
K., and K, are the specific normal and frictional force in
ploughing, respectively.

0A,, is the elemental undeformed chip area in plough-
dominant region.

Table 1 Geometrical

parameters of drill bits Drill diameter (<) 0.5 mm
Point angle (¢) 128°
Helix angle (1) 30°
Clearance angle (M) 10°
Web thickness (2w) 0.134 mm
Chisel edge angle (v) 128°
Tool edge radius (r,) 2.5 um

Transition region (z,,.<t<t, ) The effective rake angle de-
pends on uncut chip thickness also in the transition region, and
it is given by Eq. (14). The effective rake angle («) is highly
negative and remains constant along the major cutting edge.
Cutting force components in lateral, cutting, and thrust direc-
tions can be determined by Egs. (15), (16), and (17), respec-
tively:

s = @, =sin’' (—t_ re> (14)
re

0F 1y = 0 Fg(cosn,sinisinc,— sinm,cosi)

+ 0 F,sco8x,Sini (15)
0F oy = 0 F g (cosn,cosisina + sin,sini)

+ 0 F,,4c080t,COSI (16)
OF iy = 6 F 5081),c0805—0 F s8Ny (17)

where

0F s =K0A . and 0F =K, 0A.

K,s and K are the specific normal and frictional force in
shearing, respectively.

0A. 1s the elemental undeformed chip area in shearing.

Shearing-dominant region (>¢,) When uncut chip thickness
is above ¢, the effective rake angle is equal to the normal rake
angle of major cutting edge as shown in Eq. (18). Cutting
force components in lateral, cutting, and thrust directions in
shearing-dominant region can be determined by Egs. (19),
(20), and (21), respectively:

e = ay (18)
0F 14 = OFg(cosn,sinisinay,— sinm,cosi)
+ 0 F,scosa,sini (19)
0F oy = 0 F g (cosn,cosisiney, + sin, sini)
+ 0 F,co8x,c08E (20)
O0F iy = 6 F cosn coscy,—0 Fyesina, (21)
The elemental drilling cutting forces (dFy,,, dF,,, and dF),,)
obtained from above equations are then transformed into ele-
mental radial forces (0F and dF,) and thrust force (0F;) in

rotational coordinate frame as shown in Egs. (22), (23), and
(24), respectively [17]:

— cosvsing
0F¢=0Fp————
cosi

COSV cosvsing

+ §Fcutsinv - 5F]a[ (22)

cosi
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— sinysin cosvsinysin
6Fn = 6Fthu—v.¢ - 6FcquOSV*6F[utu
08I cosi
(23)
cosvsing cos¢
6Fz = 6Fth147.76 lat N (24)
08 cosi

where v=sin"'(w/r) is the angle between chisel edge length
and elemental radial distance with respect to cutting velocity
direction.

Total thrust and radial forces for major cutting edges can be
obtained by summing the respective forces at all elements for
both major cutting edges.

2.2 Foreces in chisel edge
2.2.1 Chisel edge cutting force without tool edge radius effect

The cutting process of the chisel edge (secondary cutting
edge) can be viewed as an orthogonal cutting process [17],
which means that the inclination angle and the lateral force at
the chisel edge are equal to zero. The orthogonal cutting action
along chisel edge with constant normal rake angle () that
can be computed from the point angle of the drill and the
chisel edge angle () is shown in Eq. (25) [17]:

o, = —tan"! (tan¢ cos(m—¢)) (25)

The undeformed chip thickness in chisel edge is deter-
mined by the following Eq. (26), where ., is the angle be-
tween cutting speed and feed speed [24]:

t =0.5fcosa, (26)

The thrust force and cutting force of an element on the
secondary cutting edge can be given by the following
Egs. (27) and (28), respectively. Cutting velocity direction,
cutting force directions, and angles in chisel edge are shown
in Fig. 5.

N

______________>

OF thu

Fig. 5 Cutting forces of chisel edge
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dFy, = 0 F ycoso—0 Fsina, (27)
OF oy = 6 F psinar, + 0 Fpcosa, (28)
where

OF=K0»A. and 0F, =K, 0A..

K, and K are the normal and frictional specific cutting
forces, respectively.

0A.. is the elemental undeformed chip area of chisel edge.

2.2.2 Cutting force with tool edge radius and minimum chip
thickness effect

Due to the limitations of the conventional grinding pro-
cesses, most of the cutting edges have finite edge radius
in the range of few micro-meters [3]. In micro-machin-
ing, the chip thickness is comparable to the cutting edge
radius and the cutting edge cannot be considered as
sharp edge. The same argument is also applicable for
chisel edge, and it is considered as round edge instead
of sharp edge assumed in conventional drilling [20].
Similar to major cutting edge, three different regions,
namely, ploughing region, transition region, and
shearing-dominant region, are considered in chisel edge
cutting force model in micro-drilling. However, elemen-
tal cutting force components in chisel edge are comput-
ed assuming the cutting process as orthogonal cutting.
The elemental cutting forces in ploughing, transition, and
shearing regions of the chisel edge are given as follows.

Ploughing-dominant region (0<#¢<z,.) Below minimum
chip thickness, ploughing action takes place without
chip removal. Effective rake angle in ploughing region
depends on the undeformed chip thickness and is given
by Eq. (10). Ploughing force components in thrust and
cutting directions can be determined by Egs. (29) and
(30), respectively:

O0F = 0F ppcosay,— 0 F ypsinay, (29)
8F o = 6 F ppsinay, + 0 Fpco80, (30)
where

0F,=K;0A,., and 6F,,=K,, 0A,,.

K, and K, are the normal and frictional specific cutting
forces, respectively.

0A,, is the elemental undeformed chip area in ploughing-
dominant region of chisel edge.
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Transition region (¢,,.<?<t, ) When undeformed chip thick-
ness is above minimum chip thickness, shearing will take
place with ploughing effect. Effective rake angle will vary
with the undeformed chip thickness till uncut chip thickness
reaches the limiting value #,. The effective rake angle in tran-
sition is given by Eq. (14). Cutting force components in thrust
and cutting directions in this region can be determined by
Egs. (31) and (32), respectively:

O0Fy = 0 Fpcosa,— 0 F ygsinay (31)
OF e = 0 Fgsinay + § F ygc0805 (32)
where

OF 3= KA and OF ;= K,,; 0A .

K, and K are the normal and frictional specific cutting
forces in shearing, respectively.

0A, 1s the elemental undeformed chip area in shearing in
chisel edge.

Shearing-dominant region (#>¢,) The third region is the
shearing-dominant where chip formation takes place with ef-
fective rake angle equal to the normal rake angle of the chisel
edge (Eq. (33)) as shown in Fig. 6. Cutting force components
in thrust and cutting velocity directions can be determined by
Egs. (34) and (35), respectively:

Qe = Q¢ (33)
OFy, = 0 Fcoso— 0 F ygsinay, (34)
OF i = 0 Fgsinay, + 0 F 5c080x, (35)

The elemental drilling cutting forces (dFy,, and dF.,;)
obtained from above equations are then transformed into

Fig. 6 Tool edge radius effect on
chisel edge

Chisel edge normal rake angle ()

elemental radial forces (0F; and 0F,) and thrust force
(0F,) in rotational coordinate frame and shown by
Egs. (36), (37), and (38), respectively [17]:

0F¢ = 6F cysing (36)
0F, = —0F cucosp (37)
5F, = 6F (38)

Many earlier research works on modeling of con-
ventional drilling [17, 22] and modeling of micro-
drilling [20, 21] considered that cutting phenomenon
acted on a part of the chisel edge and indentation phe-
nomenon occurs in the other part very close to the axis
of the drill. However, contribution of indentation zone
on cutting force was assumed to be negligible in a
mechanistic modeling for high-speed drilling [24]. It
has also been observed in this work that indentation
radius obtained from the conventional drilling formula-
tion [25] is very small as very small feed value (less
than 10 um/rev) has been considered in this work. The
maximum indentation radius can be obtained as
5.12 um at the larger feed value of 10 um using the
conventional formulation as mentioned in [25]. The
indentation radius is comparatively very less with re-
spect to total chisels edge length which is about
168 pum in 500-pum-diameter drill. The chisel edge is
also assumed as round edge which may take care of
the indentation radius effect in micro-drilling process.
The thrust force contribution of the indentation zone
using conventional approach can be shown to be very
small compared to the thrust force of the chisel edge.
Hence, indention zone phenomenon has not considered
in this work.

z Tool edge radius (r,)

@ Springer
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2.3 Total thrust force and specific thrust force

Total thrust force of micro-drilling is obtained by summation
of all elemental thrust force of major cutting edge and chisel
edge from Eq. (39):

FZTatal =2x Z(;FZ

chisel

+Y OF . (39)

major

Specific thrust force in drilling can be given by dividing
total thrust force by total chip area of major and chisel edges.
This can be obtained from the following Eq. (40):

F
Thspc _ ZTotal (40)

20A.

3 Experimental setup and model calibration

In order to calibrate the thrust force model, micro-drilling
experiments have been performed on austenitic stainless steel
(X5CrNil8-10) using 0.5-mm-diameter solid carbide drills.
The experimental setup is shown in Fig. 7. The experiments
have been conducted in a vertical CNC micro-machining cen-
ter (Model no: DT110, Mikrotools Pte. Ltd.) in which the
linear stage positional accuracy is £1 pm per 100 mm and
travel ranges are 200, 100, and 100 mm in three mutually
perpendicular directions, namely, X, Y, and Z, respectively.
The machine unit has high-speed spindle speed of up to 60,
000 rpm. A piezo electric dynamometer, Kistler Mini Dyn
9256C2, with minimum resolution of 0.002 N is used to mea-
sure cutting force components in micro-drilling. A Kistler
multi-channel charge amplifier type 5070A converts the
charge signals produced by the dynamometer to voltage

Fig. 7 Experimental setup for
micro-drilling of austenitic
stainless steel
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54800 10.0kV 9.3mm x200 SE(M)

Fig. 8 End view of 0.5-mm-diameter solid carbide drills

signals and sends to the data acquisition system. Cutting
forces data are acquired at a sampling rate of 7142 Hz.

The workpiece material, austenitic stainless steel
(X5CrNil8-10), is assumed as a homogeneous material in this
work. Standard two fluted solid carbide uncoated drills (0.5-
mm diameter) manufactured by Seco Tools Gmbh are used in
all the drilling experiments. A SEM image of a drill bit is
shown in Fig. 8. The major cutting edge length and chisel
edge lengths are also shown in this figure. The values of the
geometrical parameters of the micro-drill bit are shown in
Table 1.

Thrust force is calculated at low to high feed range (0.5, 1,
1.5,2,4, and 6 pm/rev) with three different maximum cutting
speeds as 15.7 m/min (10,000 rpm), 27.5 m/min (17,500 rpm),
and 39.2 m/min (25,000 rpm). Since the shearing effect is
dominant at high feed and ploughing effect is dominant at
low feed, high feed experimental thrust force data are used
for finding shearing-specific cutting coefficients and low feed
experimental thrust force data are used to determine ploughing
coefficients. The experimental results are shown in Table 2.

For calibration of the coefficients of specific normal and
frictional forces for ploughing and shearing regions, the error

Spindle

Micro drill

Austenitic stainless steel
(X5CrNil18-10)

Dynamometer
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Table 2 Experimental thrust
force SL Cutting speed Feed Undeformed Mean thrust
(tpm) (um/rev) chip thickness force
(um/rev) Q)

1 15.71 0.5 0.224 11.11

2 15.71 1.0 0.449 13.88

3 15.71 L5 0.673 16.89

4 15.71 2.0 0.898 17.17

5 15.71 4.0 1.796 18.20

6 15.71 6.0 2.694 20.44

7 27.50 0.5 0.224 16.06

8 27.50 1.0 0.449 16.16

9 27.50 1.5 0.673 16.92

10 27.50 2.0 0.898 16.67

11 27.50 4.0 1.796 22.36

12 27.50 6.0 2.694 26.27

13 39.28 0.5 0.224 18.28

14 39.28 1.0 0.449 16.84

15 39.28 1.5 0.673 18.27

16 39.28 2.0 0.898 19.51

17 39.28 4.0 1.796 26.92

18 39.28 6.0 2.694 35.15
between the experimental and model force data is minimized K (N / umz) = 0.019537 133y,0:09 (43)
via a nonlinear fitting using Matlab surface fitting tool,
“sftool” [15]. Regression equations for specific cutting forces
in ploughing and shearing with respect to uncut chip thickness Kj (N / ,umz) — 0.008557 02022 VC0'336 (44)

and cutting speed are given in Eqs. (41)—(44):

The mean thrust values at a cutting speed of 15.7 m/

Kop (N /Mm2> — 0.000627 645, 0814 (41)  min and at different feed rates are shown in Fig. 9. I't can
be observed that the proposed model can appropriately
predict the thrust force in the ploughing, transition, and

5 04405 0.00044 shearing regions. Although cutting force model without

Kpp (N/ pm ) = 0.04394r 7" v (42)  tool edge radius and minimum chip thickness can predict

Fig. 9 Comparison of 30, T I T T T T T
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Table 3 Comparison thrust force

prediction performances of model Sl no. Speed Feed Exp. Pre. thrust force (N) % deviation
with tool edge radius effect and (m/min) (um/rev) thrust force (N) ] ] ] ]
model without tool edge radius With Without With Without
effect for low feed (in ploughing tool edge tool edge tool edge tool edge
region)

1 15.71 0.5 11.11 12.07 5.85 8.64 47.34

2 15.71 0.75 11.77 12.63 7.23 7.74 38.57

3 15.71 1 13.88 13.83 8.40 0.45 39.48

4 15.71 1.25 14.7 15.31 9.43 5.49 35.82

5 15.71 1.75 16.39 15.72 11.22 6.03 31.54

Average absolute deviation (%) 5.67 38.55

well the thrust force in shear-dominant region, it is unable
to predict the forces in ploughing and transition regions.
Ploughing region is considered up to the minimum chip
thickness value which is assumed to be approximately 0.3
times of the tool edge radius [14, 26, 27]. In this work,
minimum chip thickness value was calculated to be
0.75 pum (for tool edge radius of 2.5 um), i.e., feed value
of approximately 1.75 pm/rev. The transition region exists
where force still increases nonlinearly with uncut chip
thickness close to the minimum chip thickness and up to
as high as two times the minimum chip thickness [14].
The ploughing-dominant, transition, and shear-dominant
regions can be clearly observed from the experimental
results as shown in Fig. 9. In the shearing-dominant re-
gion, i.e., for feed larger than approximately 4 pum/rev,
thrust force has a linear trend. In the ploughing-
dominant region, i.e., for feed less than approximately
1.75 um/rev corresponding to the minimum chip thick-
ness value of 0.75 wm, thrust force has also a linear trend
like that of shear-dominant region but it has higher slope.
However, in the transition region which connects the
ploughing and shearing regions, thrust force does not fol-
low any of the linear trends observed in other two regions
as there are combined effects of ploughing and shearing.
With increase of feed value, shearing effect dominates and
ploughing effect diminishes.

The deviations of predicted thrust forces (with and
without tool edge radius effect) with respect to experi-
mental thrust forces at low feed as well as high feed are
given in Table 3 and Table 4, respectively. It can be ob-
served that the percentage average absolute deviation of
the predicted thrust force without considering tool edge
radius model is higher (38.55 %) than that with tool edge
radius effect (5.67 %) at low feed as shown in Table 3.
The percentage average absolute deviation of the predict-
ed thrust force of the conventional model (without con-
sidering tool edge radius) only differs slightly from that of
the model with tool edge radius at high feed as shown in
Table 4. However, the conventional model, i.c., cutting
force model without tool edge radius effect, predicts the
values of thrust force closer to the experimental thrust
force in shear region in which undeformed chip thickness
is large enough compared to the cutting tool edge radius.
Therefore, tool edge radius effect is negligible and cutting
edge may be assumed as sharp cutting edge. Under this
condition, material is only removed by shearing process
and ploughing effect is negligible. On the other hand,
thrust force model with tool edge radius effect considers
the contribution of ploughing effect in cutting process
which is mainly applicable for the low feed and transition
region. However, consideration of tool edge radius in
shear region overestimates the cutting coefficients. Thus,

Table 4 Comparison thrust force

prediction performances of model Sl no. Speed Feed Exp. Pre. thrust force (N) % deviation
with tool edge radius effect and (m/min) (um/rev) thrust force (N) ] ] ] ]
model without tool edge radius With Without With Without
effect for high feed (transition and tooledge  tooledge  tooledge  tool edge
shearing regions)

1 15.71 25 17.21 16.13 13.48 9.72 21.67

2 15.71 3 17.72 16.93 14.79 7.11 16.53

3 15.71 4 18.2 18.98 17.13 7.02 5.87

4 15.71 5 19.33 19.54 19.18 1.89 0.73

5 15.71 6 20.44 21.35 21.03 8.19 2.92

6 15.71 7 21.29 22.62 22.73 11.97 6.76

Average absolute deviation (%) 7.65 9.08
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predicted thrust force by the proposed model is more with
respect to experimental thrust force in the shear region.

4 Model validation
4.1 Prediction of thrust force

The calibrated mechanistic model has been applied to predict
thrust force at new cutting conditions and validated with ex-
perimental results. The performance of the proposed model
which considered tool edge radius effects has also been com-
pared to that of the conventional mechanistic model without
tool edge radius [17]. Figure 10a—c shows the comparison of
the proposed model and the conventional mechanistic model
with experimental thrust forces at different feed values (1.5,
2.5, and 4 um/rev) at a new cutting speed of 23.5 m/min. The
first feed value (1.5 um/rev) is taken from ploughing-
dominant feed. The second is taken from transition region
feed (2.5 pm/rev) where ploughing and shearing together af-
fect the cutting process, and the third feed (2.5 pm/rev) is
taken from shearing-dominant feed. It can be observed that
predicted thrust force by the proposed model is close to the
experimental thrust force, whereas conventional mechanistic
model predicts very less thrust force for feed values in the
ploughing-dominant region as shown in Fig. 10a. However,
the difference of predicted thrust force by the conventional
model and the proposed model decreases for the feed selected
from the transition region where shearing takes place along
with ploughing effect as shown in Fig. 10b. Tool edge radius
effect is less at high feed due to shearing effect. Therefore, the
thrust force model with and without tool edge radius effect
show the same predicted value that is very close to the exper-
imental mean thrust force as shown in Fig. 10c. These results
show that conventional mechanistic model with sharp edge
tool may be still be applicable for high feed values where
shearing is pre-dominant and ploughing effect can be ignored.
However, for low feed values where uncut chip thickness is
comparable to tool edge radius, sharp edge tool modeling
approach is not adequate and the proposed model which con-
sidered size effects must be considered.

Experimental results from different experimental setups
[28] that had been carried out in KERN micro-machining
center (model no. HSPC 2522) have also been used for the
validation of the proposed model. The machine unit has high-
speed spindle speed of up to 50,000 rpm with a radial runout
of approximately 3 um. Experiments were performed on the
same workpiece material, i.e., austenitic stainless steel
(X5CrNil8-10) with the same drill type (0.5-mm-diameter
standard two fluted) and the same drill material (solid carbide
uncoated drills) used in the calibration test in the earlier ex-
perimental setup. Instead of dry drilling performed in earlier
setup, these experiments used mineral-oil-based coolant for
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Fig. 10 Comparison of prediction results in a ploughing region (feed
1.5 pm/rev), b transition region (feed 2.5 um/rev), and ¢ shearing
region (feed 4 um/rev)

effective cooling and removal of chips from the cutting area.
The proposed model with tool edge radius effects has been
applied to simulate the thrust force signals obtained at cutting
speed of 6 m/min and at low feed values of 0.5 and 1.5 um/rev
as shown in Fig. 11a, b, respectively. The figures show that the
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model can predict the mean thrust at these two cutting condi-
tions. The large fluctuations of the thrust force at these low
feed cutting conditions may be due to the size effects. Chip
removal does not take place in each rotation as uncut chip
thickness values are less than minimum chip thickness.
Thrust force is low as there is no chip removal and there is
only ploughing/rubbing between the tool and workpiece. In
the next rotation, accumulated chip thickness may be greater
than the minimum chip thickness and chip removal takes
place, and thus increase of thrust force can be observed. This
cycle repeats till the end of the cutting process and helical chip
is formed [29, 30]. However, this model takes care of only the
mean value of the thrust force signals. The predicted mean
thrust force values are in good agreement to the experimental
mean thrust force values in all the cutting conditions tested
here.

4.2 Prediction of specific thrust force or size effects

In micro-machining, specific cutting force is generally mea-
sured to determine the size affect. Size effect in micro-
machining earlier was characterized by nonlinear increase in
specific cutting force for decreased undeformed chip thickness
[5]. Specific cutting force in the feed direction as we call it
“specific thrust force” is determined by dividing mean thrust

Fig. 12 Variation of specific 160

(a) (b)

force by total chip area. The proposed mechanistic model has
been applied to predict specific thrust force to characterize the
size effects in micro-drilling of austenitic stainless steel.
Figure 12 compares the experimental and predicted specific
thrust forces for low to high feed values at two different cut-
ting speeds (6 and 15.7 m/min). Even though these two cutting
speeds have been selected from two different experimental
setups of two different laboratories, the trends of specific
thrust forces are same and their numerical values are also very
close to each other. This obviously validates the reproducibil-
ity of the size effect phenomenon in micro-drilling process.
Experimental and simulated specific thrust forces show good
agreement to each other. The small deviation of the predicted
specific thrust force values from the experimental results in
case of 6 m/min cutting speed can be observed. This may be
due the fact that selected cutting speed is outside the range of
cutting speeds applied to calibrate the model constant.
However, the trend of specific thrust force variation and its
predicted values at low speed condition are within acceptable
accuracy.

Figure 12 also shows how the specific cutting force in-
creases nonlinearly when the undeformed chip thickness is
equal or less than minimum chip thickness where the effective
rake angle is highly negative and ploughing effect dominates
in material removal process. Three cutting regions are
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separated based on the effective rake angle, and minimum
chip thickness effect as explained earlier can also be observed
from this figure. In the shear-dominant region, rate of change
of specific cutting force is small as observed in the figure. On
the other hand, the same increases in the transition region and
becomes very high in ploughing-dominant region. The figure
also shows that the model is able to capture the nonlinear
behavior and increase in specific thrust forces near the transi-
tion and plowing-dominant regions.

5 Conclusion

A mechanistic micro-drilling force model has been developed
with consideration of tool edge radius and minimum chip
thickness effects. The model is applied to predict thrust force
on a 500-pum tungsten carbide drill for drilling of austenite
stainless steel workpiece at various cutting conditions of two
different machining environments. The mechanistic model
has been calibrated and then validated by new experimental
data. From this work, the following conclusions can be drawn:

1. The forces of micro-drilling can be modeled by the pro-
posed mechanistic approach for the cases of both cutting
with chip formation and ploughing without chip formation.

2. The proposed model has shown good conformity with
experimental results for high uncut chip thickness to low
uncut chip thickness even lower than the minimum chip
thickness. The proposed model calibrated with data of one
cutting environment has been shown to work well with
prediction of cutting forces of micro-drilling experiments
conducted in different cutting environment.

3. Specific cutting force has also been determined experimen-
tally and predicted by the proposed mechanistic model.
The results show that the proposed model can be applicable
to characterize the size effects in micro-drilling process.

4. The proposed model has been limited to predict the mean
thrust and mean specific force values as the drill dynamics
has not been considered in this work. The future work
should aim to develop dynamic model for micro-drilling
considering the effects of drill vibration, drill run out, drill
wandering, and various other factors.
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