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Abstract
The chisel-edge axial rake angle has an important effect on the processing performance of helical point micro-drills. In
this research, the mathematical modeling for the spiral groove, helical flank, and cross-shaped chisel edge are conducted,
and then three types of helical point micro-drills, each having a thinned chisel edge with an unequal axial rake angle, are
designed and fabricated. Then, the finite element simulations and processing experiments of micro-drilling are per-
formed separately, and the thrust force, torque, chip morphology, tool wear, and micro-hole machining quality are
measured and evaluated. With the rise of the axial rake angle of the chisel edge, the curling degree of the chips and
the thrust force were found to decrease owing to the increase of the rake angle along the inner cutting edge. The angle
between the tool axis and chip axis was found to gradually decrease due to the reduction of the rake angle gradient along
the cutting edge. Additionally, the thickness and width of the uncut chip of the inner cutting edge were found to increase,
bringing about the rise in the torque. The wear degree of the micro-drills with a 0° axial rake angle (Type II) was the
smallest due to their medium thrust force and torque, and a better micro-hole entrance morphology and minimum
roundness were obtained. When drilling to the 30th hole, compared with the micro-drills with a − 10° axial rake angle
(Type I) and 10° axial rake angle (Type III), the chisel edge maximum wear width of Type II (δ = 0°) was respectively
reduced by 82.43% and 19.69%, and the micro-hole roundness respectively decreased by 26.7% and 11.33%. The thrust
force of Type I (δ = − 10°) was the largest, so it caused greater tool wear and poorer micro-hole quality. The larger torque
and lower rigidity of the inner cutting edge of Type III (δ = 10°) led to poorer drilling performance. Thus, helical point
micro-drills having the 0° chisel edge axial rake angle are suitable for drilling 304 austenitic stainless steel.
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1 Introduction

Micro-drills having a diameter within 0.5 mm have been
extensively used in many applications including precision

mechanical components and advanced electronic prod-
ucts, such as in the production of laser gyroscope, engine
fuel injector, micro-instrument structure, and thick multi-
layer PCB (printed circuit boards) [1–3]. Most micro-hole
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parts are made of difficult-to-machine materials including
titanium alloy, superalloy, austenitic stainless steel, and so
on. During the micro-hole drilling process, a large cutting
force and serious size effect occur, and chip removal can
be difficult, resulting in significant tool wear, fracture, and
failure [4–6]. The machining precision is thus hard to be
guaranteed.

Research shows that the machining performance of
micro-drills can be improved noticeably via the method of
chisel edge thinning. To discuss the influence of the length
of the thinned chisel edge on micro-drilling performance,
Guo et al. [7, 8] obtained a superior helical point micro-drill
with a distinct chisel edge length via simulation analysis
and drilling experiments. The optimized micro-drill
displayed a satisfactory drilling performance compared to
normal micro-drills. Nanbu et al. [9, 10] discussed the in-
fluence of the thinning of the axial rake angle on the drilling
force, and found that the thinning of planar point micro-
drills resulted in a reduction in drilling force. In terms of
drill life, the optimum axial rake angle was in a range of −
10° to 0°. Xiang et al. [11] proposed an effective method of
chisel edge regrinding for helical point micro-drills that
make the angle distribution along the chisel edge more rea-
sonable, then improves the machining performance of mi-
cro-drills. Wang et al. [12] utilized regular drill and thinned
drill to process through-holes on PCB, and found that

suitable chisel edge thinning can reduce the conglutination
phenomenon of chips on the major flank and the flank wear
of micro-drills. Lin et al. [13] proposed an accurate fabri-
cation method of twist drills via thinning based on the po-
sition and direction of the abrasive wheel. The drilling ex-
periment demonstrated that chisel edge thinning can im-
prove the phenomenon of large negative rake angle distri-
bution along the cutting edge and chisel edge.

As the diameter of the micro-drill is gradually re-
duced, the design and thinning of the chisel edge are
more difficult. At present, there is little theoretical guid-
ance for the chisel edge thinning of micro-drills. Some
researchers have put forward a helical point micro-drill,
and it has been confirmed that this drill exhibits better
drilling performance than planar and conical point drills
[14, 15]. However, few detailed investigations have been
conducted concerning the influence of the axial rake an-
gle on helical point micro-drills having thinned chisel
edge.

Finite element simulation technique is a mathematical
method for simulating real physical systems and uses fi-
nite unknowns to approximate an infinite unknown real
system [16, 17]. DEFORM 3D, a commercial implicit
finite element software, is widely applied in the machin-
ing field [18–20]. Thus, in the present research, the influ-
ence of the chisel edge axial rake angle on the drilling

Fig. 1 The model of the thinned
chisel edge

Fig. 2 Micro-drill geometry
structure
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performance of micro-drills was analyzed by finite ele-
ment simulations and micro-drilling experiments. The
3D models of micro-drills were built based on UG soft-
ware, and the DEFORM-3D was used to conduct the sim-
ulation analysis of the micro-drilling process. The micro-
drills were sharpened by the CNC tool grinder, and micro-

drilling experiments were conducted. The tool processing
performance was evaluated according to the chip mor-
phology, drilling force, drill bit wear, and micro-hole pro-
cessing quality. A helical point micro-drill having an op-
timal axial rake angle achieved via thinning is determined
by the research results.

Table 1 Structure parameters of
the micro-drill Tool name Type I Type II Type III

Axial rake angle δ (°) − 10 0 10

Tool diameter d (mm) 0.5 Web thickness 2t (mm) 0.125

Point angle 2ρ (°) 118 Helix angle β0 (°) 30

Margin width L0 (mm) 75 Chisel edge angle ψ (°) 55

Clearance radius r1 (mm) 0.2125 Chisel edge length l1 (μm) 42

Main cutting edge length l2(μm) 150

Fig. 3 Helical point micro-drills
with unequal axial rake angles

Int J Adv Manuf Technol (2020) 107:2137–2149 2139



2 Mathematical modeling for the helical point
micro-drill

2.1 Mathematical modeling for the helical flank

According to the basic model put forward in Liang et al.’s
work [21], the formula of the helical flank in the Od-XdYdZd
system is determined as Eq. (1):

F1 : Zdcosϕ−B
sinϕ
tanθ

þ X asinϕ þ
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In the above equation, Xa = Xd cos β − Yd sin β, Ya = Yd
cosβ +Xd sinβ, and B, H, ϕ, θ, and β are the grinding parame-
ters of the micro-drill flank. Thus, the mathematical equation of
tool helical flankF2(X′d,Y′d,Z′d) = 0will be accordingly acquired
by plugging X′d = − Xd, Y′d = − Yd, and Z′d = Zd into Eq. (1).

2.2 Mathematical modeling for the spiral groove

The relative spiral movement between the parallel abrasive
wheel and the tool generates the spiral groove of the micro-

drill. When the abrasive wheel is fixed, the tool moves spirally
along its axis, and the overlapping portion of the abrasive
wheel and the tool movement track generates the micro-drill
flute. In view of the spiral groove model established in Zhang
et al.’s work [22], the cutting track can be obtained as follows:
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Y Pm u; δð Þ

� �
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2
4

3
5 ð3Þ

Here, u and δ are defined as the position variables of any
pointN on the grinding wheel surface, r is the tool radius, β0 is
the helix angle, and ax and λ are the position variables of
abrasive wheel.

After calculating the numerical solution of the spiral
groove profile, the equation of the flute section contour can
be obtained via cubic spline interpolation. The micro-drill
flute surface is produced by the spiral movement of the
cross-section contour, and the spiral groove mathematical for-
mula of the micro-drill can be written as:

F3 :
X d ¼ wcosv− f H wð Þsinv
Y d ¼ wsinvþ f H wð Þcosv
Zd ¼ zc þ rv=tanβ0

8<
: ð4Þ

Here, w and v represent the shape variables to form the
spiral groove surface, zc stands for the z-coordinate value of
the outer corner C in the Od-XdYdZd system.

2.3 Mathematical modeling for the thinned chisel
edge

Since the chisel edge is produced by the intersecting line of the
helical flank F1 and F2, the mathematical formula of the chisel
edge L0 in the Od-XdYdZd system can be derived by the simul-
taneous use of the equations of F1 and F2.
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Figure 1 shows the model of the cross-shaped chisel edge.
The rake face F4, which is a plane, intersects with the chisel
edge and the main lip at point P (xp, yp, zp) and pointQ (xq, yq,
zq), respectively, and the inner cutting edge PQ is then

generated. With proper web thinning, the correct chisel edge
length l1 and main cutting edge length l2 can be determined.
The axial rake angle δ of the chisel edge stands for the angle
between the rake face F4 and the drill center axis. The

Fig. 4 Simulation model of the micro-drill and workpiece
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mathematical equation of the rank face F4(Xd, Yd, Zd) = 0 de-
rived using Eq. (4) is expressed as follows:

F4 : aX d þ bY d þ cZd þ d ¼ 0 ð6Þ

Here, the coefficients a, b, c, and d are decided by δ,
l1, and l2.

3 Simulation analysis of the micro-drilling
process

3.1 3D modeling for the helical point micro-drills
with unequal axial rake angles

To analyze the influence of the axial rake angle on the micro-
drills having thinned chisel edges, three types of helical point
micro-drills were designed, each of which has a thinned chisel

edge with an unequal axial rake angle. The tool structure pa-
rameters are presented in Fig. 2 and Table 1, respectively.

As presented in Fig. 3, the tool geometric models were built
with UG software. Based on the DEFORM-3D software, the
simulation model of micro-drilling was established and the
simulation analysis of the drilling process was completed, as
presented in Fig. 4. To improve the efficiency of finite element
simulation, a conical concave surface was set on the upper
surface of the workpiece model, so that the cutting edges of
the drill model can quickly participate in cutting during the
drilling simulation process. The meshes of the drill tip and the
workpiece to be cut were refined, and the specific micro-
drilling parameters in the simulation process were set accord-
ing to Table 2.

3.2 Chip morphology

Figures 5 and 6 respectively present the simulation results of
the chip morphologies produced by Type I (δ = −10°), Type II
(δ = 0°), and Type III (δ = 10°) when drilling to the hole depths
of 0.03 mm and 0.06 mm. The chip curl phenomenon for each
tool is obvious. When the drilling depth reaches 0.03 mm, the
side-curl and up-curl degrees of the chips gradually decrease
from Type I (δ = − 10°) to Type III (δ = 10°) (see Fig. 5).When
the micro-hole depth reaches 0.06 mm, the angle between the
chip axis and tool axis gradually reduces from Type I (δ = −
10°) to Type III (δ = 10°) (see Fig. 6).

In fact, both the chip flow direction and the gradient of the
chip flow speed on the separation line between the chip and
the tool have an effect on the side-curl of the chips. Among the
cutting geometry parameters of micro-drills, the lip inclination
angle λse and the rake angle γoe of the cutting edge are the

Fig. 6 Chip morphology of
micro-drilling process when
micro-hole depth is 0.06 mm

Table 2 Simulation parameters of micro-drilling

Parameters Values

Feed rate 0.02 mm/r

Rotational speed 14,000 r/min

Drill material Carbide containing 15% cobalt

Workpiece AISI 304

Friction type Shear

Friction value 0.7

Heat transfer coefficient 45

Separation Cockcroft-Latham
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main factors affecting the flow and deformation of the chips.
Since the start and end positions of the inner cutting edge of
the three micro-drills are the same, their lip inclination angles
are equal. Thus, only the rake angle is considered due to the
equivalent lip inclination angle. The chip flow speed can be
calculated based on the formula vchip = vcutting/Λh, where v-
cutting is the cutting speed and Λh is the chip deformation co-
efficient. In addition, the chip deformation coefficient Λh is
calculated using the equation Λh = cos(ϕ − γoe)/ sin ϕ and
ϕ = π/4 − (βf − γoe), where ϕ stands for the shear angle and
βf represents the friction angle. Consequently, the rake angle
γoe can make significant impacts on the chip deformation
degree and chip flow velocity. A larger rake angle γoe results
in a smaller chip deformation coefficient, ultimately leading to
larger chip flow velocity. The rise in the change gradient of the
rake angle creates a raise in the chip flow velocity gradient.

Referring to the calculation equation presented in Zhang
et al.’s work [22], the value of the dynamic rake angle γoe
changing with the tool radius under the condition of f =
0.02 mm/r is presented as Fig. 7, in which the drill tip radius
stands for the distance between a point on the cutting edge and
the drill center. The rake angle of inner cutting edge gradually
raises from Type I (δ = − 10°) to Type III (δ = 10°), resulting in
a smaller chip deformation coefficient. Therefore, the defor-
mation degree of the chips gradually decreases from Type I
(δ = − 10°) to Type III (δ = 10°). Figure 8 shows the simulation

results of the chip flow velocity produced by Type I (δ = −
10°), Type II (δ = 0°), and Type III (δ = 10°) at the drilling
depth of 0.03 mm. The rake angle gradient along the cutting
edge gradually decreases from Type I (δ = − 10°) to Type III
(δ = 10°). The rake angles between inner turning point of inner
cutting edge and outer turning point of main cutting edge for
Type I (δ = − 10°) and Type III (δ = 10°) are 19° and 14°,
respectively, resulting in a reduction of chip flow speed gra-
dient from Type I (δ = − 10°) to Type III (δ = 10°). Therefore,
the side-curl degree of the chips generated by Type I (δ = −
10°) is more obvious compared to that of Type II (δ = 0°), and
Type III (δ = 10°). As the drilling depth increases, the chips
flow toward the center of the micro-drills because of the seri-
ous side-curl phenomenon, and the chips are forced to up-curl
when they are blocked by the drill web. With the intensifica-
tion of the chip side-curl phenomenon, the degree of chip up-
curl increases. The up-curl and side-curl degrees of the chips
are gradually reduced from Type I (δ = − 10°) to Type III (δ =
10°), so the chips flow more violently toward the center of the
micro-drills. Therefore, the angle between the axes of the tool
and chip is gradually reduced from Type I (δ = − 10°) to Type
III (δ = 10°).

Consequently, with the rise of the chisel edge axial rake
angle, the side-curl and up-curl degrees of the chips gradually
decreases, as do the angle between the axes of tool and chip.

Fig. 8 Chip flow velocity of micro-drilling process when micro-hole depth is 0.03 mm

Fig. 9 Simulation results of drilling force

Fig. 7 Dynamic rake angle γoe changing with micro-drill radius
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Therefore, the chips will slide longer along the rake face, and
the chips are prone to wrap around the drill body, which re-
duces the chip removal performance of the micro-drills and
increases the friction between the rake face of the micro-drills
and the chips.

3.3 Thrust force and torque

Figure 9 shows the average values of thrust force and torque in
the drilling steady phase, and it is obvious that the thrust force
gradually decreases from Type I (δ = − 10°) to Type III (δ =
10°), while the torque rises from Type I (δ = − 10°) to Type III
(δ = 10°).

The axial rake angle of the thinned chisel edge affects the
thrust force and torque by having obvious effects on the rake
angle, thickness, and width of uncut chips. As the axial rake
angle raises, the dynamic rake angle γoe along the inner

cutting edge increases and chip deformation is reduced, lead-
ing to a decrease in the thrust force. Referring to the calcula-
tion method mentioned in Zhang et al.’s work [22], the calcu-
lated results of the thickness and width of uncut chips are
presented in Fig. 10. With the rise of the axial rake angle,
the thickness and width of the uncut chips of the inner cutting
edge increase, bringing about an increase in the torque during
the micro-drilling process. Furthermore, the angle between the
tool axis and chip axis is gradually reduced from Type I (δ = −
10°) to Type III (δ = 10°); thus, the chips slide along the micro-
drill rake face over a long range, and the friction between the
chip and micro-drill rake face increases. This also causes an
increase of torque.

4 Fabrication of helical point micro-drills
with unequal axial rake angles

The preparation of the helical point micro-drill with unequal
axial rake angles was completed by the Makino Seiki six-axis
CNC tool grinder, and the tool material is cemented carbide.

Fig. 10 Uncut chip thickness and
uncut chip width changing with
tool radius

Fig. 11 Six-axis CNC grinding machine Fig. 12 Installation layout of the grinding wheels
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The configuration of the grinding machine and the movement
of each axis is exhibited in Fig. 11, and Fig. 12 shows the
installation layout of the grinding wheels for tool grinding.
The grinding process of the helical flank is completed by the
parallel grinding wheel, while the single bevel grinding wheel
is used to grind the spiral groove and thinned chisel edge. Both
of the above grinding wheels are diamond grinding wheel
with the ceramic bond.

Fig. 13 Grinding experiment
result of micro-drills having
unequal axial rake angles

Fig. 14 Micro-drilling experiment setup

Table 3 Machining parameters for micro-drilling

Parameters Values

Hole depth h 1 mm

Micro-hole diameter d 0.5 mm

Spindle speed n 14,000 r/min

Feed rate f 7, 14, 21, 28 mm/min

Cutting fluid type Water-base cutting fluid

Workpiece material 304 austenitic stainless steel
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Three types of helical point micro-drills having thinned
chisel edge with different axial rake angles were respectively
fabricated, and the results of the sharpened micro-drills are
presented in Fig. 13. The drill flute length is 1.5 mm and the
other tool geometry parameters are the same as those in
Table 1.

5 Drilling performance of helical point
micro-drills with unequal axial rake angles

As presented in Fig. 14, the micro-drilling experiments were
completed by the DMG machining center to validate the pro-
cessing performance of micro-drills with unequal axial rake an-
gles. To obtain accurate experimental data, the drilling experi-

ments were repeated three times. The Kistler piezoelectric dy-
namometer was used to measure the drilling force, and the mean
value of thrust force during the stable drilling phase was ac-
quired by DynoWare software. The tool wear status and pro-
cessing quality of micro-holes were detected using the 3D laser
scanning microscope, and the measurement results were ana-
lyzed and calculated by VK Analyzer software. The specific
processing parameters used in the research are listed in Table 3.

5.1 Drilling force

Drilling experiments were conducted under respective feed
rates of f = 7, 14, 21, and 28 mm/min, and Fig. 15 shows the
mean drilling force during the stable drilling phase.
Obviously, the thrust force is found to be positively related
to feed speed. Under the condition of feed rate f = 28 mm/min,
Type I (δ = −10°), Type II (δ = 0°), and Type III (δ = 10°) have
thrust force values of 20.035 N, 18.24 N, and 14.765 N, re-
spectively. Thus, the thrust force is significantly reduced with
the raise of the axial rake angle. The curve of average drilling
force changing with micro-hole number is presented in
Fig. 16, from which it is evident that the drilling force rises
linearly as the increase of micro-hole number. Furthermore, it
is observed that Type III (δ = 10°) attains the minimum thrust
force as compared with Type I (δ = − 10°) and Type II (δ = 0°).
When machining to the 30th hole, the drilling force values of
Type I (δ = − 10°), Type II (δ = 0°), and Type III (δ = 10°) are
19.752 N, 19.06 N, and 13.706 N, respectively, and the dril-
ling force of Type III (δ = 10°) is respectively reduced by
30.61% and 28.1% as compared to Type I (δ = − 10°) and
Type II (δ = 0°). As the axial rank angle raises, the dynamic
rake angle γoe along the inner cutting edge increases while
chip deformation is reduced, bringing about a decrease in
the thrust force.

5.2 Tool wear

Micro-drilling tests were carried out under the feed rate f of
28 mm/min using three kinds of helical point micro-drills with
different axial rake angles. After drilling 30 holes, the micro-
drills were cleaned by the ultrasonic cleaner to dislodge the
debris such as chips attached to the tool surface. Then the wear
profiles of drill bit were observed and measured by a 3D laser
scanning microscope, as presented in Fig. 17. The wear of the
cutting edge and chisel edge are apparent on all micro-drills.
Type II (δ = 0°) exhibits the least tool wear as compared to
Type I (δ = − 10°) and Type III (δ = 10°). Moreover, the chip
adhesion occurs on the flank of Type I (δ = − 10°).

The wear band width of the micro-drill tip was measured to
conduct the quantitative analysis of tool wear degree, and the
measurement method is presented in Fig. 18. Figure 19 shows
the maximum wear width values of the cutting edge (VBmax)
and the chisel edge (Cmax) of the three tools. It can be observed

Fig. 16 Change of thrust force with the micro-hole number under feed
rate f = 28 mm/min

Fig. 15 Change of thrust force with the feed rate
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that the Cmax and VBmax values of Type II (δ = 0°) are the
smallest. The Cmax and VBmax values of Type III (δ = 10°)
are slightly greater than those of Type II (δ = 0°). Compared
with Type I (δ = − 10°) and Type III (δ = 10°), the maximum
wear width of the chisel edge of Type II (δ = 0°) is respectively
reduced by 82.43% and 19.69%, and the maximum wear
width of the main cutting edge is respectively reduced by
3.22% and 11.72%. Although the thrust force generated by
Type III (δ = 10°) is less than that generated by Type II (δ =
0°), the rake angle along the inner cutting edge of Type III (δ =
10°) is larger than that of Type II (δ = 0°); thus, the inner
cutting edge is sharper and easily broken. On the other hand,
Type III (δ = 10°) produces the smallest angle between the
axes of tool and chip, so the chips slide along the micro-drill
rake face over a long range and can easily wrap around the
drill. The torque generated by Type III (δ = 10°) is larger than
that generated by Type II (δ = 0°) according to the simulation
results, which also accelerates the wear and breaking of Type
III (δ = 10°). The Cmax value of Type I (δ = −10°) is signifi-
cantly larger than that of Type II (δ = 0°), and the VBmax value
of Type I (δ = − 10°) is slightly larger than that of Type II (δ =
0°). The workpiece material adheres to the flank of Type I (δ =
− 10°), so the Cmax value of Type I (δ = − 10°) is significantly
larger than those of Type II (δ = 0°) and Type III (δ = 10°). The
thrust force of Type I (δ = − 10°) is larger than that of the other
tools, so its cutting heat is also the highest; this increases the
possibility of tool bonding materials.

5.3 Micro-hole machining quality

The entrance morphology of micro-holes processed by Type I
(δ = − 10°), Type II (δ = 0°), and Type III (δ = 10°) under the
feed rate f of 28 mm/min is presented in Fig. 20. It can be seen
that the shape precision of the micro-hole entrance is getting
worse with the rise of the micro-hole number. Micro-holes
drilled by Type I (δ = − 10°) display good micro-hole machin-
ing quality before the 18th hole, and significant burrs and
breakages at the entrances from the 18th to the 30th holes.
Micro-holes drilled by Type II (δ = 0°) have good hole ma-
chining quality before the 27th hole, and significant burrs at
the micro-holes entrance from the 27th to the 30th holes.
Micro-holes drilled by Type III (δ = 10°) display good hole
machining quality before the 13th hole, and significant burrs
at the entrances from the 13th to the 30th holes. Therefore, the
micro-holes drilled by Type II (δ = 0°) have better entrance
morphologies compared with those drilled by Type I (δ = −
10°) and Type III (δ = 10°).

To quantitatively analyze the micro-hole machining
quality, the micro-hole roundness was measured through
the measurement method described as Fig. 21. The round-
ness error is defined as the difference between the incircle
radius R1 and the circumcircle radius R2. The roundness
values of the micro-holes machined by Type I (δ = − 10°),
Type II (δ = 0°), and Type III (δ = 10°) are presented in
Fig. 22, from which it is evident that the roundness is

Fig. 17 Microscope photograph of helical point micro-drills with unequal axial rake angles

Fig. 19 Measurement results of micro-drill wear

Cmax

VBmax

Cutting edge

Chisel edge

Fig. 18 Measurement method of wear band width
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(a) Partial micro-holes machined with Type I ( = -10°)

(b) Partial micro-holes machined with Type II ( = 0°)

(c) Partial micro-holes machined with Type III (   = 10°) δ

δ

δ

Fig. 20 Micro-hole entrance
topography produced by the
micro-drills with unequal axial
rake angles
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found to increase with the rise of the number of micro-
holes. It can be observed from Fig. 22 that the micro-
holes processed by Type II (δ = 0°) have the minimum
roundness as compared with Type I (δ = − 10°) and Type
III (δ = 10°). The roundness of the micro-holes drilled by
Type III (δ = 10°) is slightly larger than that of the micro-
holes machined by Type II (δ = 0°) due to the larger tool
wear. The roundness of micro-holes drilled by Type I (δ =
− 10°) has small values before the 10th hole, and signifi-
cantly increases from the 11th to the 30th holes due to the
flank bonding materials of the Type I (δ = − 10°). When
drilling to the 30th hole, Type I (δ = − 10°), Type II (δ =
0°), and Type III (δ = 10°) result in roundness values of
6.49 μm, 4.757 μm, and 5.365 μm, respectively.
Compared with Type I (δ = − 10°) and Type III (δ = 10°),
the micro-hole roundness error of Type II (δ = 0°) respec-
tively decreases by 26.7% and 11.33%.

With respect to chip morphology, the angle between the
axes of tool and chip gradually comes down with the rise of

the axial rake angle, and the chips are then prone to wrap
around the drill. The thrust force is significantly reduced, but
the torque increases with the rise of the axial rake angle. As for
the drill tip wear and micro-hole processing quality, the micro-
drills with a 0° axial rake angle have the minimum tool wear,
and the micro-holes drilled by this micro-drill display better
micro-hole quality. The thrust force for the micro-drills with a
− 10° axial rake angle is the largest, which results in greater
tool wear and poorer micro-hole quality. The larger torque and
lower rigidity of the inner cutting edge of the micro-drills with
the 10° axial rake angle lead to poorer drilling performance.
Thus, helical point micro-drills having the 0° chisel edge axial
rake angle are suitable for drilling 304 austenitic stainless
steel.

6 Conclusions

In this paper, through finite element simulations and micro-
drilling experiments, the effect of the axial rake angle by the
thinning of the chisel edge on the machining performance of
micro-drills was investigated, and the main conclusions below
can be drawn.

(1) With the rise of the chisel edge axial rake angle, the chip
deformation degree and thrust force decrease owing to
the increase of the rake angle along the inner cutting
edge; besides, the angle formed between tool axis and
chip axis gradually decreases owing to the reduction of
the rake angle gradient along the cutting edge; finally, the
thickness and width of the uncut chip of the inner cutting
edge increase, bringing about a rise in the torque.

(2) The smallest tool wear of micro-drills having a 0°
axial rake angle is obtained due to their medium thrust
force and torque; they also result in better micro-hole
entrance morphology and minimum roundness. When
drilling to the 30th hole, compared with Type I (δ = −
10°) and Type III (δ = 10°), the chisel edge maximum
wear width of Type II (δ = 0°) is respectively reduced
by 82.43% and 19.69%, and the micro-hole roundness
respectively decreases by 26.7% and 11.33%. The
thrust force for the micro-drills with a − 10° axial rake
angle is the largest, so it causes the larger drill tip
wear and poorer micro-hole processing quality. The
larger torque and lower rigidity of the inner cutting
edge of the micro-drills having a 10° axial rake angle
lead to poorer drilling performance.
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Fig. 21 Measurement method of roundness error
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