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ARTICLE INFO ABSTRACT

This paper presents an investigation of the effects of tool rake angle and nose radius on the surface quality of
ultraprecision diamond-turned porous silicon. The results showed that as rake angle decreases, the high-stress
field induced by the tool edge increases, causing microcracks to propagate extensively near the pore walls. As a
result, the ductile-machined areas shrank under a negative tool rake angle. On the other hand, brittle fracture
occurred around pores released cutting pressure significantly. These trends of rake angle effects are distinctly
different from those in the cutting of non-porous silicon. Finite element simulation of stress in the cutting area
agreed with the experimental results. The results also indicated that using a tool with a bigger nose radius
suppressed brittle fractures around the pore edge and improved surface quality. Raman spectroscopy of the
ductile-machined surfaces revealed that the amorphization of the subsurface layer became more significant
when decreasing tool rake angle or increasing tool nose radius. By choosing the optimal tool geometry, a high
quality surface can be achieved on porous silicon, which demonstrates the capability of the diamond turning
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process to fabricate high-precision components.

1. Introduction

With the introduction of porous structures in biomedical technology
over the past decades, porous materials have been the subject of an
increasing amount of interest and research effort in both academia and
industry. Nowadays, porous materials are the potential materials for
various medical and industrial applications where, in addition to re-
quirements for complex shapes, other characteristics such as porosity
and surface topography have a profound impact on their applications.
These special structures are produced in different base materials for a
wide variety of applications. Single crystal silicon is a very interesting
base-material for this purpose due to unique thermal and physical
properties [1]. Characteristics such as controllable pore sizes, the large
surface area within a small volume and its suitable dielectric property
with active surface chemistry [2] make porous silicon a very promising
material not only for optics but also for acoustics, medical therapy,
nutrition, diagnostics, energy conversion and, cosmetics. Moreover,
because of its high theoretical capacity and a high wide absorption
band and transmission, recently porous silicon has attracted more at-
tention in Li-ion batteries and solar cell applications respectively [3-8].

Regarding the uneven surface of porous silicon produced during the
anodization of a single-crystal silicon wafer, it is essential to be cut
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precisely into various shapes for different applications. During con-
ventional machining of porous parts, structural changes may take place
typical for porous materials only, such as variations in their state of the
interparticle contacts and density. As a result, choosing the best method
is a great challenge. It is expected that high-precision fabrication
technologies are able to meet these requirements.

There are increasing reports on precision turning of various porous
materials, such as porous silicon [9], titanium [10], and tungsten
[11,12]. In a previous study by the present authors, the possibility of
direct fabrication of precision surfaces using a single-crystal diamond
tool in turning porous silicon had been presented. The results indicated
that the presence of pores significantly changes the mechanism of
cutting in porous silicon compared to bulk silicon. The role of hydro-
static pressure on brittle fracture around pore was shown [9]. However,
up to date, the effects of changes in tool geometry on the stress field and
cutting mechanism as well as its influence on surface topography have
not been investigated yet.

In this paper, the effects of tool rake angle and tool nose radius on
the stress field induced by tool cutting edge and its influence on brittle
fracture around pores have been investigated. Experimental results
were then compared with finite element (FE) simulation and Raman
spectroscopy tests. The results of this work will assist establishing
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Fig. 1. Porous silicon workpiece.
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Fig. 2. Schematic diagram of the experimental setup.

process criteria in term of tool geometry for the ultraprecision cutting of
porous silicon functional products for various applications.

2. Experimental and simulation procedures
2.1. Workpiece material

Several samples of porous single crystal silicon with the same size of
20.0mm X 20.0mm and a thickness of 330 um were used as work-
pieces in this study (Fig. 1a). Porous silicon samples had 16 mm dia-
meter of porous zone with blind pores and 2.7 um average pore size
(Fig. 1b). The workpiece was bonded onto a holder (copper blank)
using a wax. The holder was then fixed onto an air-bearing spindle. The
anodic oxidation process was used to fabricate porous silicon from
single-crystal silicon (100) wafers.
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2.2. Experimental setup

In the present work, the experiments were conducted in the face
turning process using an ultraprecision lathe machine, NACHI ASP-15
(NACHI-FUJIKOSHI CORP). Fig. 2 shows a schematic diagram of the
experimental setup. The machine was equipped with two perpendicular
linear tables driven by servomotors and a spindle with the ultrapreci-
sion air-bearing. To prevent backlash movements, hydrostatic bearings,
driven by a friction drive, support machine rotary table. In addition, to
accurately position all tables, the laser hologram scales are used.

2.3. Cutting tool and cutting model
Single-crystal diamond tools (commercially available) with a nose

radius of 1.0 mm, rake and clearance angles of 0° and 6°, respectively,
were used in the experimental tests as the main tools. In order to
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Fig. 4. Tool holders for rake angle adjustment.

consider the effects of tool nose radius on surface, two other tools with
the nose radii of 0.5mm and 10.0 were applied. Fig. 3 shows the
schematic diagram of chip formation in the diamond turning process
with a round-nosed tool. The figure also shows an important parameter,

Table 1

FEM modeling parameters of the workpiece.
Parameters Value
Pressure-sensitivity coefficient 0.375
Hardness (GPa) 13.0
Tensile yield stress (GPa) 5.9
Fracture strain (%) 0.025
Fracture toughness (MPa/m) 1.2
Young’s modulus (GPa) 165
Thermal Conductivity (W/m ° C) 149
Heat Capacity, J/kg °C 712
Density, kg/m* 233
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the maximum undeformed chip thickness hy,,x, which is used to eval-
uate the cutting performance in ultraprecision turning. hpn,x can be
calculated using the following equation when f < +2Ra — a? [13,14].

hmae = R — \R? + f2 — 2f2Ra — @? )

Where R is tool nose radius, a is the depth of cut and f is tool feed rate.
When f > v2Ra — a?, however, hy,,, is equal to the depth of cut a.

To survey the influences of tool rake angle on the mechanism of
cutting, in addition to the original holder of the tool, three other tool
holders having various slopes were designed to enable rake angles of
-15°, -30° and —45°, as shown in Fig. 4. Thus, in all the tests, the same
diamond inserts with 0° rake angle were used. It is worth noting that
changing tool rake angle using angled tool holders will change the
clearance angle too. Usually for the same rake angle, a tool with a
bigger clearance angle results in a lower temperature rise in silicon
cutting and reduces the cutting force [15]. In this study, clearance angle
is increased with decreasing the rake angle. This will cause reduction of
temperature and cutting force, which is opposite to the effect of tool
rake angle. Moreover, in this study all experiments were conducted at a
low cutting speed to eliminate the effects of heat-induced material
softening.

2.4. Machining conditions

The circular concentric areas were cut on each sample at different
feed rates of 0.5, 2.0 and 5.0 um/rev with the depth of cut ranged from
1 to 4 um. The cutting speed was fixed on the low value of 12.0 m/min
to reduce its effects on material deformation in terms of heat-induced
material softening [16]. Regarding the machining conditions used in
this study, the maximum undeformed chip thickness h,,q, ranged ap-
proximately from 7 to 700 nm.

2.5. Measurement apparatus

In order to observe the sample surfaces a field-emission scanning
electron microscope (FE-SEM, Model JSM-7600F, JEOL) and a scan-
ning electron microscope (SEM, Model Inspect S50) were used. To
characterize the subsurface damage a Laser micro-Raman spectroscope,
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Fig. 5. SEM micrographs of machined surfaces of porous silicon at different maximum undeformed chip thicknesses: (al, a2, b1, b2, c1 and ¢2) hpq, = 30 nm, (a3, b3
and ¢3) hpex = 303 nm and tool rake angles: (al~3) a = 0°, (b1~3) a=—15", (c1~3) a=—45".

NRS-2100 (JASCO Corp., Japan), was used. In addition, to measure
cutting forces during the micro/nano-cutting tests a piezoelectric dy-
namometer (Kistler 9256C2) was fixed below the tool holder.

2.6. Finite element simulation

In this study, a finite element (FE) machining simulation program
produced by Third Wave Systems USA (AdvantEdge) was used to si-
mulate the deformation in the cutting area of porous silicon. FE simu-
lation can assist in the better understanding of the effect of rake angle
on the material removal mechanism. Simulations were conducted in
two-dimensional in orthogonal cutting. Thus, the undeformed chip
thickness was considered the same parameter as the depth of cut.
Machining conditions used in the simulation were the same as those
used in the experiments. The pressure-sensitive Drucker-Prager con-
stitutive model [17-19] was applied to establish the material property
model for silicon. The pertinent workpiece material properties are given
in Table 1.

3. Results and discussion

3.1. Surface topography

Fig. 5(al) shows the SEM micrograph of the machined surface of
porous silicon at a maximum undeformed chip thickness of 30 nm
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(f = 0.5um/rev and a = 2.0 um) using a tool with a zero rake angle a.
As shown in Fig. 5(a2), at a higher magnification, the surface was cut in
ductile mode, and minimum brittle fracture can be observed around
pores. Increasing undeformed chip thickness transits the cutting mode
from ductile to brittle on the area between pores, leading density and
magnitude of the microcracks to increase (Fig. 5(a3)).

Fig. 5(b1) and (b2) show the SEM micrograph of the machined
surface of porous silicon using a tool with a negative rake angle
(o= —15°). Although surface also cut mostly in ductile mode, there are
some areas around pore especially thin wall between the pores where
the microfracture occurred. The magnitude of brittle fracture under this
condition was also higher than those using a tool with a = 0°, as hyqx
increases (Fig. 5(b3)). Moreover, the surface was covered by chip par-
ticles due to the negative rake angle. As the rake angle reached —45°,
microfracture around pores was more significant, nevertheless, there
are some small areas between pores cut in the ductile mode as shown in
Fig. 5(c2).

It is well-known that there is a critical undeformed chip thickness in
the ductile cutting of silicon. During the machining of single crystal
silicon with less than this critical value, no cracks are generated and
cutting process is performed by plastic flow. However, when it exceeds,
there is a brittle-ductile transition, leading to generating the micro-
fractures [13,20,21].

The cutting of a brittle material in ductile-mode at room tempera-
ture has been explained by several authors based on hydrostatic
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Fig. 6. Schematic illustrations of cutting mechanisms near a pore at two dif-
ferent tool rake angles.

pressure area induced by tool cutting edge [22]. To cut brittle materials
in ductile mode, the high pressure is a prerequisite. Such a high com-
pressive stress state can be produced in cutting conditions with the
small undeformed chip. This high hydrostatic stress can help to close
cracks and prevent microcrack propagation as well [23].

Compared to the machining of single crystal silicon, in porous si-
licon case, brittle-mode cutting can be observed around pores even at a
low hyax, While ductile mode was mostly found in the areas among the
pores. An increase in hpg. intensifies the size of brittle fractures.
Previous studies by present authors have shown that this phenomenon
is due to the high-stress field that cannot be maintained around a pore.
The high-stress field propagates microcracks to reach the pore edge,
leaving fractures around pores [9]. However, the magnitude of the
high-stress region, which can be varied according to tool geometry as
well as its effects on the level of brittle fracture, have not been con-
sidered.

Tool rake angle significantly influences the magnitude and depth of
high-stress field. As schematically shown in Fig. 6(a), in the cutting
process using a tool with zero rake angle, high-stress area, induced by
the tool edge, initiates crack propagation, but it is too low to extend
towards the pore. It needs to be closer to the wall of the pore to cause a
brittle fracture. While applying a tool with a negative rake angle

Journal of Manufacturing Processes 37 (2019) 321-331

considerably induced larger and deeper high-stress region. This pro-
vides a condition for microcracks to propagate severely to reach the
wall of the pore, leading to a bigger part of silicon to be separated from
the pore edge (Fig. 6(b)).

Next, to investigate the effect of tool nose radius on the machined
surface, tool nose radii of 0.5 mm, 1.0 mm and 10 mm were considered
at the same machining condition. The result of SEM micrograph of
surface reveals a very smooth surface when using a tool with r = 10 mm
compared to the high level of microfracture using a tool with
r = 0.5mm (Fig. 7).

Fig. 8 shows a true scale schematic model for face turning with two
different tool nose radii. When using the tools with different nose radii
at the same machining condition, the important parameter of the
maximum undeformed chip thickness will be changed according to
nose radius. Increasing tool nose radius decreases hyqy, Which will re-
duce brittle fractures in the cutting region and consequently the chance
of the fracture damage replicating into the plane of the cut surface
(Fig. 3).

On the other hand, when the tool moves toward the pore edge, there
will be a significant side force component induced by tool feed force, as
shown in Fig. 9(a). As a result, the large brittle fractures can be ob-
served around the edge of the pore. Thus, a larger nose radius in the
tool can help to reduce this side force component and suppresses brittle
fractures (Fig. 9(b)).

Furthermore, a remarkable amount of thin chips cut in ductile-mode
are troweled by the rake face of the tool into the edge of pores de-
creasing pore diameter (Fig. 7(a)).

3.2. Raman spectroscopy

Laser micro-Raman tests were performed on every experimental test
to clarify the microstructure of the machined surface in porous silicon
samples. In single-crystal silicon (c-Si), the triple degenerate optical
phonons reveal in the first-order Raman spectrum at the Raman shift of
521 cm ™! while for its amorphous state (a-Si), reflecting optical band
peak at 470 cm ™! [24,25].

Fig. 10 shows the Raman spectrum of the surfaces machined at
hmax = 30 nm with four different tool rake angles (indicated as ductile-
mode cut areas in Fig. 5(a2), (b2), and (c2)). As shown in Fig. 10(a)
there is a characteristic Raman peak of ¢-Si at 521 cm ~ *, whereas the
intensity at other frequencies is negligibly low. This indicates that the
structural change in the single crystalline silicon under these conditions
was so insignificant that it cannot be detected by the present laser
Raman system. Although surface has been cut in ductile mode, just a
thin layer formed in an amorphous state and the subsurface layer was
mainly crystalline silicon. Usually, the a-Si layer depth increases with
the depth of the cut within ductile-mode cutting [20]. As rake angle
decreased the a-Si layer depth expands gradually and a broadband peak
centered at 470 cm ™! appears in Fig. 10c, indicating that the amor-
phization of the subsurface layer became more significant. This amor-
phous state reaches the maximum thickness within the laser penetra-
tion depth at —45° rake angle (Fig. 10d). Although, as rake angle
decreased, ductile-machined areas shrank in the porous silicon samples,
the magnitude of the subsurface layer transformed into an amorphous
state in these areas rose.

In addition to the a-Si layer thickness, dislocation density and
thickness of the dislocation layer may also change with tool rake angle.
Previous research revealed that decreasing tool rake angle to —45°
increased dislocation density to a maximum [20]. In single-crystal si-
licon, dislocations are usually oriented along the [1 1 0] directions.
Dislocations may occur in the ductile-mode cut area of porous silicon
under negative rake angles as well. Unfortunately, dislocations are not
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detectable by Raman spectroscopy in this study. For future works,
subsurface defects of the machined porous silicon will be further in-
vestigated using TEM observation.

The results also prove that although increasing tool nose radius to
10 mm decreased undeformed chip thickness to one third, the intensity
of the Raman peak of c-Si at 521 cm ™! clearly becomes lower (Fig. 11)
compared to those of 1.0 mm (Fig. 10(a)).

3.3. Finite element simulation of stress distribution

Fig. 12 shows pressure distributions during the material removal
using tools with four different rake angles. The ratio of the depth of cut
to tool cutting edge radius is 3:2. Maximum pressure was limited to
silicon hardness (H = 13 GPa), therefore, the red area is under com-
pressive stress more than silicon hardness, such a high-stress field is a
necessity to machine brittle materials by plastic flow. As FE simulation
reveals with decreasing rake angle, high-stress areas, induced by the
tool edge, increases that means expanding the amorphous state of
subsurface layer. The results of the Raman spectroscopy of the surface
already proved increasing amorphization in ductile-mode cut areas as
rake angle decreases.

Fig. 13 shows stress distributions obtained using the same tool and
under the same machining conditions of those in Fig. 12 as the tool
feeds towards a pore edge. In finite element simulations, the com-
pressive yield stress is set equal to the hardness of silicon (H) and tensile
yield is set to H/2.2 [26,27]. The results present that a tensile stress
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Fig. 10. Laser micro-Raman spectra of ductile-mode machined surface of
porous silicon using different tool rake angles: (a) a = 0°, (b) a=—15°, (c)
a=-30"and (d) a= —45" with R = 1.0 mm at f = 0.5 pum/rev, a = 2.0 pm.

field is generated just beneath the tool tip as the tool moves toward the
pore wall inducing microcrack propagation and consequently brittle
fractures [9]. As shown in Fig. 13(a), during cutting simulation with
zero rake angle this tensile stress is less than the tensile yield stress of
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Fig. 11. Laser micro-Raman spectra of the ductile-mode machined surface of
porous silicon using a tool with a = 0° and R = 10.0mm at f = 0.5 um/rev,
a = 2.0 um.

silicon being too low to cause brittle fractures. In contrast, in negative
rake angle, the stress distribution shows the larger area exceeded tensile
yield stress. Moreover, as the rake angle decreases, this stress exceeds
its yield limitation in the further distance before the tool can reach the
pore area. The FE simulation results agreed well with the experimental
results, indicating that microfractures around pores increase as rake
angle decreases.

3.4. Cutting pressure characteristics

Since the phase transformation of silicon during machining is re-
lated to the high contact pressure between the tool tip and the work-
piece, the machining pressure P induced by machining force was cal-
culated from the resultant force F, and the contact area A,
perpendicular to the resultant force as:

p=t

A, (2)

Where F, is derived from the measured principal force F, and thrust
force F, during the experimental tests and A, was calculated by the
following equations:

F=F+F 3
F A; ,
tany = —, tand = —, A, = A,cos(y —a— 9
'S E Ao b rcos(y ) @
. w4+ Y f
A; = [r(1 —sina)]| X | 2nR , tany) = —, tanw
= [r(1 = sina)] [”(360)] ="
_ y(2Ra — a?)
R-a) 5)
(see Fig. 3)

A, =(‘/;mR— JRE = X2 dx) +(fxa)
B (‘/;\/ZRa—a+f R— (RG] dx)
2
= [—%RZ(arcsin(%) + %sin(Zarcsin(%))) + Rx + Cl] + [fxa]
- [—le (arcsin(x - f) + lsin(Zarcsin(x - f))) +R(x—f)
2 R 2 R

+ Cz] s
(6)

(9]
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Where A, is an effective area of tool rake area during cutting pro-
cess, A, is derived from multiplication of effective tool cutting edge
radius (r) in the width of chip, A’, is the resultant area of A, and A,, A, is
area of A’ normal to resultant force, a is tool rake angle and v is angle
between F, and the horizontal direction. To calculate A, integral Eq. (6)
can be applied or simply multiplying feed rate f by the depth of cut a
(the error is less than 0.01%).

It is worth noting that tool wear has a profound impact on the tool
edge radius, and consequently, cutting force increases. In order to de-
crease the effects of tool wear on pressure results, every tool was used in
a very short cutting distance.

In calculating the contact area between the sample and the tool
during the cutting process, the porosity percentage of the workpiece
might be taken into account (30% porosity). As a result, the effective
contact area will be about 70% of the cross-sectional area of the normal
chip (Fig. 14).

Fig. 15 shows the machining pressures of porous silicon at three
feed rates using different rake angles ranged from 0° to —45°. The result
presents that the machining pressure decreases as feed rate increases.
Increase in h,,,, with feed rate leading to the machining forces increase,
but in the brittle area, the slope of the force increase is significantly
lower than that in the ductile area. The material removal in brittle-
mode requires smaller cutting forces and consequently less machining
pressure. Therefore, it is expected that machining pressure in the cut-
ting of porous silicon should be less than bulk silicon due to the brittle
fractures occurring around the pores [9,20]. Machining pressure more
than the hardness of silicon occurs at 0.5 um/rev with zero rake angle
indicating that almost entire surface had been cut in ductile mode.

The graph also reveals a very important characteristic of porous
silicon cutting that is a significant drop in pressure as rake angle de-
creases. This trend is completely different from those observed in the
machining of non-porous silicon [20]. This phenomenon can be con-
tributed to micofracture occurred around pores in the cutting of porous
silicon. As rake angle declines, more brittle fracture occurs around
pores that release pressure. However, the most pressure will be con-
centrated on the area between pore. The area between pore being far
from the pore wall will be cut in the severe ductile mode as Raman-
spectroscopy results have already shown (Fig. 10).

Next, the effect of the increase in tool nose radius on the machining
pressure was considered (Fig. 16). When using a tool with larger nose
radius, hq, Will be decreased, which causes the critical chip thickness
h. to move upward (Fig. 3), leading to higher the ductile cut region
[28]. The ductile material removal induces the higher cutting forces. In
addition, a decrease in h,,q, may also augment plowing effects, and
consequently cutting force increases [29]. Regarding almost same un-
deformed chip areas, cutting pressure rises in larger tool nose radius.

4. Conclusion

The effects of tool rake angle and nose radius on surface quality of
ultraprecision diamond-turned porous silicon were investigated ex-
perimentally. The following conclusions were drawn.

(1) Tool rake angle has a profound impact on brittle fracture around
pores. As rake angle decreases, the magnitude and depth of high-
stress region increases, causing microcracks to propagate around
pore walls.

(2) When using a tool with a bigger nose radius, the maximum un-
deformed chip thickness will be decreased, provided that other
conditions are the same, which will reduce brittle fractures in the
cutting region. Also, the side-force component is reduced, which
suppresses brittle fractures around the pore edge.

(3) Raman spectroscopy of surface showed that as tool rake angle de-
clines the amorphous silicon layer depth expands gradually in
ductile-mode cut areas.

(4) Different from the cutting of non-porous silicon, cutting pressure of
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330



M. Heidari et al.

Cutting direction

Diamond Tool &
‘b‘;}
///’/ O < - F ‘b&
| \(‘1{
B\ -~
3 « N Fe
= ~N
= O\ B ~
a
po '
| /o
Workpiece 7 \\,{;; Machined surface
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Fig. 16. Changes of cutting pressure with tool nose radius.

porous silicon is reduced as rake angle decreased. As rake angle
decreases, more brittle fracture occur around pores that release
pressure.
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