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Porous  silicon  is receiving  increasing  interest  from  a wide  range  of  scientific  and  technological  fields  due  to
its  excellent  material  properties.  In  this  study,  we  attempted  ultraprecision  surface  flattening  of  porous
silicon  by  diamond  turning  and investigated  the  fundamental  material  removal  mechanism.  Scanning
electron  microscopy  and  laser Raman  spectroscopy  of  the  machined  surface  showed  that  the  mechanisms
of material  deformation  and  phase  transformation  around  the  pores  were  greatly  different  from  those  of
bulk  single-crystal  silicon.  The  mechanism  of  cutting  was  strongly  dependent  on  the  direction  of cutting
with  respect  to  pore  edge  orientation.  Crack  propagation  was  dominant  near  specific  pore  edges  due
iamond turning
aterial removal mechanism

ubsurface damage
urface quality

to  the release  of  hydrostatic  pressure  that  was  essential  for ductile  machining.  Wax  was  used  as  an
infiltrant  to  coat  the workpiece  before  machining,  and  it was  found  that the wax  not  only  prevented
chips  from  entering  the pores,  but  also  contributed  to suppress  brittle  fractures  around  the  pores.  The
machined  surface  showed  a nanometric  surface  flatness  with  open  pores,  demonstrating  the  possibility
of fabricating  high-precision  porous  silicon  components  by diamond  turning.

© 2017  Elsevier  Inc.  All  rights  reserved.
. Introduction

Porous materials are a special class of engineering materials
hich are characterized by special properties such as high sur-

ace area, reduced volumetric density and increased permeability
1]. Silicon-based porous material is a very promising material due
o its excellent physical and thermal properties, and compatibility
ith silicon-based microelectronics [2]. Porous silicon is a suitable
ielectric material for its large surface area within a small volume,
ontrollable pore sizes and active surface chemistry [3]. These fea-
ures lead to interesting optical properties by mixing silicon with air
n effective medium approximation. On the other hand, chemical
nd biological substances, cells and molecules are able to pene-
rate to the pores to change the performance of the original system.
hese excellent characteristics are driving force behind research
nto different applications of porous silicon such as optical sensing
4] and biomedical applications [5–7]. Recently, porous silicon has
ttracted great attention because of its applications in Li-ion bat-
eries, owing to its high theoretical capacity. For example, a porous
ilicon electrode with Li22Si5 composition has a capacity of 4200

Ah/g, which is over 10 times that of an existing carbon anode

8,9]. Moreover, the application of porous silicon in solar cells is
apidly increasing as it has the capability of a wide absorption band
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E-mail address: yan@mech.keio.ac.jp (J. Yan).
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141-6359/© 2017 Elsevier Inc. All rights reserved.
and high transmission in a wavelength range from 700 to 1000 nm
[10–12].

Porous silicon is prepared by anodization of a single-crystal
silicon wafer, and needs to be manufactured into various shapes
for solar cells and biomedical applications. Normally, the anodized
porous silicon surface is uneven, which affects its performances in
specific applications [12], thus needs to be flattened precisely. Con-
ventionally, polishing has been used for smoothing a silicon wafer.
However, it cannot be used for porous silicon because pores would
be filled and closed by abrasives in the slurry during the polishing
process. Face milling and peripheral grinding which were used for
machining sintered titanium foams [13] are not suitable for porous
silicon machining in terms of surface quality.

, was  used in experiments. Fig. 3
Another alternative method is turning. There are a few reports

on turning of porous metal materials. For example, the effects of
tool geometry, tool material properties and machining parameters
on the porosity of porous tungsten had been investigated by Chen
et al. [14]. Schoop et al. [15] machined porous tungsten and tried
to control brittle microfracture to obtain a suitable surface poros-
ity. Pusavec [16] used a multi-objective optimization model based
on genetic algorithms to achieve the best machining performance
in cutting porous tungsten under cryogenic conditions by predict-

ing the optimal input cutting parameters. In addition, in a previous
study by the present authors, the possibility of turning porous car-
bon using a single-crystal diamond tool for direct fabrication of
precision air bearing surfaces has been demonstrated [17].
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Fig. 1. Photograph of experimental setup.

ool ge

t
i
d
w
s
p
r
fl

2

2

p
p
T
p
b
n
h
v
a

Fig. 2. T

However, to date, there is no available literature on the diamond
urning of porous silicon. Silicon is a highly brittle material, thus
ts machining mechanism will be distinctly different from that of
uctile metal materials. Especially, the micro pores in porous silicon
ill make the cutting process more complicated and difficult. In this

tudy, diamond turning experiments of porous silicon have been
erformed to investigate the fundamental mechanisms of material
emoval and surface formation in order to realize ultraprecision
attening of the porous silicon surface.

. Experimental procedures

.1. Machining apparatus

Face turning was performed using a three-axis control ultra-
recision machine, NACHI ASP-15 (NACHI-FUJIKOSHI CORP). A
hotograph of the main section of the machine is shown in Fig. 1.
he machine has an ultraprecision air-bearing spindle, two per-
endicular linear tables supported by high-stiffness hydrostatic
earings and driven by servomotors via hydrostatic screws with

egligible mechanical friction, and a rotary table supported by
ydrostatic bearings and driven by a friction drive in order to pre-
ent from backlash movements. Laser hologram scales are used to
ccurately position all of these tables. Under precise numerical con-
ometry.

trol, the linear tables can be moved at 1 nm per step and the rotary
table can be rotated with an angular resolution of 0.00001◦.

2.2. Diamond tool

A commercially available single-crystal diamond tool with a
nose radius of 0.5 mm,  rake and clearance angles of 0◦ and 6◦,
respectively, as shown in Fig. 2 shows a schematic model for
diamond turning with a round-nosed tool, where the maximum
undeformed chip thickness hmax is an important parameter to eval-
uate the cutting performance. hmax can be calculated from the tool
nose radius R, depth of cut a and tool feed rate f, using the following

equation when f <
√

2Ra − a2 [18,19].

hmax = R −
√

R2 + f 2 − 2f
√

2Ra − a2 (1)

When f ≥
√

2Ra − a2, however, hmax is equal to the depth of cut a.
In this study, machining parameters were selected to make unde-
formed chip thickness range from ductile mode to brittle mode
cutting for single crystal silicon.
2.3. Workpiece material

Two  types of porous workpieces were used. One type had a
thickness of 330 �m with blind pores and the other had a thick-
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Fig. 3. Cutting model for poro

ess of 260 �m with through pores. The workpiece size for both
ypes is 20.0 mm × 20.0 mm with a porous zone of 16 mm in diam-
ter and average pore size of 2.7 �m.  Fig. 4 shows a photograph of a
ample and an SEM micrograph of its surface. These porous silicon
amples had been fabricated by anodic oxidation of single-crystal
ilicon (100) wafers. In addition to porous silicon samples, single-
rystal silicon wafers (100) without pores were also machined in
his study for comparison.

.4. Machining conditions

Three circular areas, 1.5 mm in width for each, were cut on each
ample at feed rates of 0.2, 2.0 and 10.0 �m/rev, as schematically
hown in Fig. 5. Spindle rotation rate during cutting was fixed to
500 rpm, consequently the cutting speed changed from 0.27 to
.90 m/s. This range of cutting speed change is insufficient to cause
emarkable difference in cutting behavior in terms of cutting forces
nd heat-induced material softening [20]. The depth of cut was
anged from 1 to 5 �m,  and the actual depth of cut was  measured
rom the uncut shoulder.

When cutting a porous material, cutting chips are easy to enter
he pores, which might affect the surface function of the work-
iece. In this work, to prevent chips from entering pores, wax was
sed in the experiments as pore infiltrant. The wax had a softening
oint of 76 ◦C and adhesion strength of 40 kg/cm2. It was  melted and
hen coated on the porous silicon surface (the through-hole type)
o that it penetrated and filled completely the pores, as shown in

ig. 6. After machining, the wax was removed using ethanol and
cetone compounds. Prior to machining, the sample was  bonded
nto a copper blank using a heat-softened wax and then vacuum
hucked onto an air-bearing spindle.
con using a round-nosed tool.

2.5. Measurement apparatus

In order to evaluate the machined surface quality, a white light
interferometer was  used and the surface profile was analyzed by
the Talymap software (Taylor Hobson Ltd.). A scanning electron
microscope (SEM, Model Inspect S50) and a field-emission scan-
ning electron microscope (FE-SEM, Model JSM-7600F, JEOL) were
used to observe the sample surfaces and tool wear. A Laser micro-
Raman spectroscope, NRS-2100 (JASCO Corp., Japan), was  used to
characterize the subsurface damage. In addition, a piezoelectric
dynamometer (Kistler 9256C2) was  mounted below the tool to
measure micro-cutting forces during the cutting tests.

3. Results and discussion

3.1. Microfracture phenomena

Fig. 7a and b show SEM images of the machined surface of bulk
single-crystal silicon without pores. As undeformed chip thickness
was increased, the cutting mode transited from ductile to brittle.
Microfractures began to form at an undeformed chip thickness
between 248 nm to 532 nm,  and the density of the microcracks
increased with undeformed chip thickness. In contrast, Fig. 7c and
d show SEM images for machined porous silicon. In this case, brit-
tle mode machining is significant around pores while ductile mode
machining was only observed in the areas among the pores. The
size of brittle fractures increased with the increase of unreformed

chip thickness.

Fig. 8 compares the surfaces machined at undeformed chip
thickness of hmax = 122 and hmax = 532 nm at a higher magnifica-
tion. At hmax = 122 nm,  brittle fracture is mostly observed at pore
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Fig. 4. Porous silicon workpiece a) Overview photograph b) SEM micrograph of
anodization area.

Fig. 5. Schematic illustration of machined areas on workpiece.
Fig. 6. SEM micrographs of porous silicon cross sections showing pores before/after
wax coating a) Before wax coating b) After wax coating.

edges, while by increasing hmax to 523 nm,  the areas among pores
are also fractured.

It is well-known that there is a brittle-ductile transition in
chip formation during the cutting of brittle materials when the
undeformed chip thickness is reduced [18,20–23]. When unde-
formed chip thickness is less than the critical undeformed chip
thickness, no cracks are generated. When the undeformed chip
thickness is larger than the critical value, however, microfractures
are generated and the density of microfractures increases with the
undeformed chip thickness.

Ductile mode cutting of a brittle material is based on hydrostatic
pressure (compressive stress) which determines the extent of plas-
tic deformation prior to fracture [24,25]. This stress state exists in
the vicinity of cutting edge and is dependent on tool rake angle
and undeformed chip thickness. When undeformed chip thickness
becomes small enough, the entire cutting region will be under the

high compressive stress state, such a high hydrostatic pressure
becomes a prerequisite for machining brittle materials by plas-
tic flow at room temperature [26]. In addition, high hydrostatic
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ig. 7. SEM micrographs of machined surfaces of single-crystal silicon without por
max = 794 nm.

ressure can prevent microcrack propagation by closure of cracks
27].

Nevertheless, in a porous material, this kind of high hydrostatic
ressure state cannot be maintained around a pore. This causes
icrocracks to propagate, and as soon as these cracks reach the

ore walls, a part of silicon will be separated from the bulk, leav-
ng fractures. To further investigate the phenomenon of material
emoval mechanism, the edges of a pore were divided into four
roups according to the direction of cutting with respect to the
rientation of a rectangular pore, as schematically shown in Fig. 9.

As shown in Fig. 10a, the area indicated by “I” was  cut in a brittle
ode, while the area indicated by “IV” was cut in a ductile mode.

oth “II” and “III” areas were also cut in a brittle mode but less
everely in comparison with the “I” area. The size of brittle fracture
ecreases with tool feed rate (Fig. 10b). Fig. 10c and d show pores
aving oblique edges to the cutting direction.

As shown in Fig. 11a, the area “I” is significantly influenced by the
igh-pressure induced by cutting edge, providing a condition for
icrocracks to propagate severely to reach the wall of pore because

here is no resistance in the pore. When tool passes the pore, some
hips are carried away by the rake face of the tool and some other
hips would be pressed into the pore (Fig. 11b). As the tool reaches
he “IV” area, as shown in Fig. 11c, the mechanism of cutting would
e like that of a non-porous bulk material except that there is an

mpact from the tool to the pore edge.
The cutting mechanisms of the “II” and “III” areas involve brittle
ractures too, but the size of brittle fractures depends on the relative
osition between the tool and the pore. When the tool feeds toward
n edge of a pore, the tool feed-induced force has a significant side
orce component, as shown in Fig. 12a, which will lead to large brit-
 porous silicon at different undeformed chip thicknesses: (a, c) hmax = 12 nm, (b, d)

tle fractures around the pore edge. When the tool feeds over a pore,
however, the side force component is vanishingly small, as shown
in Fig. 12b, thus brittle fracture is greatly suppressed compared to
that in Fig. 12a. From this meaning, it is presumable that using a
tool with a larger nose radius can reduce the side force component.

SEM images of machined surface also indicated that as long as
undeformed chip thickness was less than 248 nm,  increasing depth
of cut led to significant accumulation of chips in pores. As shown in
Fig. 13, increasing depth of cut at the same feed rate results in higher
material removal rate and consequently increases chip volume, and
in turn, increased the chance for chips to enter pores.

3.2. Raman spectroscopy

It is known that for single-crystal silicon (c-Si), the triple degen-
erate optical phonons display in the first-order Raman spectrum
a sharp peak at the Raman shift of 521 cm−1 and for amorphous
silicon (a-Si), the first-order Raman spectrum reflects the phonon
density of states and presents an optical band peak at 470 cm−1

[28,29]. To verify the microstructure of machined porous silicon
surface, laser micro-Raman tests were performed on four areas of
pores.

In Fig. 14, curve (I) shows the Raman spectrum of the sur-
face machined at an undeformed chip thickness of 174 nm in “I”
area of a pore. There is a characteristic Raman peak of c-Si at
521 cm−1, whereas the intensity at other frequencies is negligibly

low. This indicates that the subsurface layer is mainly crystalline sil-
icon. Curves (II) and (III) show the Raman spectrum of the surface
machined in the “II” and “III” areas, respectively, where the inten-
sity of the Raman peak of c-Si at 521 cm−1 clearly becomes lower
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Fig. 8. Magnified SEM micrographs of machined surface of porous silicon at different undeformed chip thicknesses a) hmax = 122 nm b) hmax = 532 nm.

Fig. 9. Schematic illustrations of four areas of pore edges.
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F a = 2.0 �m);  (b) hmax = 17 nm (f = 0.2 �m/rev, a = 2.0 �m); (c) hmax = 122 nm (f = 2.0 �m/rev,
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Table 1
FEM modeling parameters.

Parameters Value

Pressure-sensitivity coefficient 0.375
Material constant (GPa) 8.125
Hardness (GPa) 13.0
ig. 10. Material removal behavior around pores: (a) hmax = 174 nm (f = 2.0 �m/rev, 

 = 1.0 �m);  (d) hmax = 12.6 nm (f = 0.2 �m/rev, a = 1.0 �m).

han that in (I). However, a broadband peak centered at 470 cm−1

ppears in (III), indicating that the subsurface layer has been par-
ially transformed into an amorphous state. Curve (IV) shows the
aman spectrum of “IV” area of a pore. The broadband peak at
70 cm−1 becomes more significant, whereas a small peak can still
e observed at 521 cm−1. This indicates that the subsurface layer
ithin the laser penetration depth has been mostly transformed

nto an amorphous state. This result is similar to that of machined
ulk single crystal [28].

Raman spectra of the cutting chips were also investigated.
ig. 15a is the Raman spectrum of chips produced under the feed
ate of 0.2 �m/rev, which shows a strong amorphous peak. In con-
rast, chips produced at a higher feed rate (f = 2.0 �m/rev) showed

 combination of completely amorphous, partially amorphous, as
ell as crystalline phases, as shown in Fig. 15b.

.3. Finite element simulation of stress distribution

To understand the change in cutting mechanisms around a pore,
he cutting-induced stress distributions at the “I” and “IV” areas
round a pore were investigated using AdvantEdge, a finite element
achining simulation program produced by Third Wave Systems
SA. The tool rake angle, relief angle and cutting speed used in the

imulation were the same as those used in the experiments. The
ressure-sensitive Drucker-Prager constitutive model [30–32] was
sed to establish the material property model for silicon. The main

odeling parameters are shown in Table 1.
Fig. 16 shows stress distributions in the “I” and “IV” areas of

 pore for an undeformed chip thickness of 532 nm.  As the tool
eaches the pore edge in the “I” area, as shown in Fig. 16a, a very
Tensile yield stress (GPa) 5.9
Young’s modulus (GPa) 165

large tensile stress area is formed beneath the tool tip and extending
towards the pore. This kind of tensile stress induces microcrack
propagation and results in brittle fractures [33,34]. In contrast, the
stress distribution in the “IV” area is similar to that of bulk material
cutting, where only an extremely small area beneath the tool tip is
under tensile stress while the other areas are under compressive
stress, as shown in Fig. 16b. There is a long area along the wall of
the pore showing tensile stress, but the tensile stress is too low to
cause brittle fractures. The simulation results agree well with the
experimental results in 3.1 section, indicating that brittle fractures
in the “I” area are more significant than those in the “IV” area.

3.4. Effects of wax infiltrant

In order to prevent chips from filling pores during machining,
wax was  used as infiltrant in the next experiments. As shown
in Fig. 17a, by using wax infiltrant and removing the wax  after

machining, chip-free pores were successfully obtained. Another
noteworthy phenomenon in Fig. 17a is that there is almost no brittle
fracture on the machined surface. Though the increase in unde-
formed chip thickness caused brittle fracture generation around
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Fig. 11. Schematic illustrations of cutting mec

ores (Fig. 17b–d), the brittle fractured areas are much smaller than
hat without wax infiltrant. In comparison to machining porous
ilicon without wax condition, using wax as infiltrant shows the
ignificant improvement in the quality of machined surface. The
se of wax as infiltrant might have two advantages. First, it pre-
ents chips from getting into pores. Second, wax  fully filling a pore

an help to resist hydrostatic pressure around the pore to some
xtent, preventing the propagation of cracks.
s near a pore a) I area b) Pore area c) IV area.

Fig. 18 shows four different fracture patterns around pores
observed at hmax = 25 nm.  There are no chips in “IV” area thanks
to the wax infiltrant. However, some chips are stuck on the “I” area
in Fig. 18b and d. This might be a result of chip embedding into the
wax inside the pores. Supported by the wax, the embedded chips
are further cut and deformed by the subsequent tool pass, thus

adhered onto the pore edges.
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ig. 12. Schematic illustrations of cutting mechanisms in II area and III area a) II
rea  b) III area.

.5. Effects of tool chipping

Fig. 19a is an SEM photograph of the tool edge after cutting of
orous silicon for a total cutting distance of 105 m.  The undeformed
hip thickness was changed from 12.6 nm (f = 0.2 �m/rev, a = 1 �m)
o 1163 nm (f = 10.0 �m/rev, a = 4 �m)  during this cutting distance.
n the figure, no obvious wear can be observed whereas a few

icro-chippings have occurred to the edge. The size of these micro-
hippings is approximately 1 �m.  As cutting distance increased,
oth the number and the size of the micro-chippings increased.
ig. 19b is an SEM photograph of the cutting edge after a total cut-
ing distance of 844m, where the size of micro-chippings ranged
rom 5 to 15 �m.

In ultraprecision cutting of bulk single-crystal silicon, there are
wo types of tool wear: micro-chippings and gradual wear [35].
he tool wear in ductile cutting is a stable and gradual process,
here a slight crater wear and a significant flank wear occur. How-

ver, under brittle cutting mode, micro-chippings occur to the edge,
hich are caused by micro impacts from the craters on workpiece

urface. Compared to bulk single-crystal silicon, the cutting mech-
nism of porous silicon involves numerous micro impacts from the
ore edges. Thus, micro-chippings aggravate gradually, leading to
igger edge chippings. This situation is similar to the fracture of

rittle-material tools in interrupted cutting or in the cutting of
aterials containing hard particles and inclusions [36,37].
Next, the effect of tool chipping on machined surface quality

as examined. As shown in Fig. 20, using a chipped tool as shown
Fig. 13. SEM micrograph of surfaces machined at f = 2.0 �m/rev and different depth
of  cuts a) a = 1 �m b) a = 4 �m.

in Fig. 19b led to obvious brittle fractures around pores even at a
very small undeformed chip thickness and even when using wax  as
infiltrant. As the size of tool micro-chippings (5–15 �m)  is distinctly
bigger than the depth of cut (1–5 �m),  the tool will have a highly
negative effective rake angle. In the cutting of non-porous silicon,
a negative rake angle helps to generate hydrostatic pressure which
makes brittle material deform in a plastic manner. In porous silicon
cutting, however, the higher the hydrostatic pressure is, the severer
the crack propagation around the pores when the high pressure is
released around a pore. In addition, a highly negative rake angle
pushes more chips inside the pores.

3.6. Cutting force characteristics
A comparison of cutting forces (principal forces) of bulk single-
crystal silicon and porous silicon is plotted in Fig. 21. In the Fig., “a”,
“b” and “c” indicate three stages of face turning: the stage of tool
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ig. 14. Laser micro-Raman spectra of I, II, III and IV areas machined at hmax = 174 nm
f  = 2.0 �m/rev, a = 2.0 �m).

Fig. 15. Laser micro-Raman spectra of chips in a pore a) 
eering 49 (2017) 262–277 271

approaching to workpiece, the steady cutting stage, and the stage of
tool detaching from workpiece, respectively. Fig. 21 indicates that
the magnitude of cutting force in machining of bulk single-crystal
silicon is higher than that of porous silicon. This result might be
attributed to two aspects: the low density of porous silicon, and
the significant brittle fractures occurring around the pores.

To further investigate the major factor reducing the cutting force
of porous silicon, the machining pressure induced by principal force
was calculated using the chip cross section model in Fig. 22. The
pressure was  calculated from the principal force F and the contact
area Ac perpendicular to the principal force F as

P = F

Ac
(2)

where F is derived from the experimentally measured principal
force, and Ac is calculated by the following integral equation:

Ac=

(∫ √
2Ra−a

f

2

R−
√

R2−x2dx

)
+ (f × a) −

(∫ √
2Ra−a+f

f

2

−
√

R2−(x−f )2dx

)
[ ( ( ) ( ( ))) ]
= − 1
2

R2 arcsin
x

R
+ 1

2
sin 2 arcsin

x

R
+Rx+C1 + [f × a] −[

− 1
2

R2

(
arcsin

(
x−f

R

)
+ 1

2
sin

(
2 arcsin

(
x−f

R

)))
+R (x−f ) +C2

]
(3)

f = 0.2 �m/rev, a = 1 �m b) f = 2.0 �m/rev, a = 1 �m.
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Fig. 16. Stress distribution in the I and IV areas a) I area b) IV area.
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When calculating the effective contact area between silicon and
iamond, the porosity of the porous silicon workpiece was esti-
ated by analyzing the SEM images of 10 different parts of the

orous silicon surface using the ImageJ software. The results indi-
ated that the surface porosity was approximately 30%. Therefore,
he effective contact area between silicon and diamond was 0.7
imes that of the cross sectional area of chip.

Table 2 shows the machining pressures in single-crystal silicon
nd porous silicon. The result reveals that the machining pressure
ecreases sharply with increasing tool feed rate. As the unde-
ormed chip thickness increases, the principal force increase, but
he slope of the force increase in the brittle region is remarkably
maller than that in the ductile region, because the brittle mate-
ial removal results in lower cutting forces and subsequently less
achining pressure [21,24]. From this meaning, it is presumable

hat the reduction of machining pressure in cutting porous silicon
as mainly caused by the brittle fractures occurring around the

ores.

It is also noted that using wax as infiltrant leads cutting force to
ncrease. This increase can be accounted for the cutting resistance
from the wax layer, which was about 30 �m thick above the porous
silicon surface. In Fig. 21, the cutting forces between the third and
fourth seconds were caused by the wax  layer only.

3.7. Surface flatness

Surface flatness was  measured in three-dimensional (3D) forms
in which the average arithmetical deviation of area was calculated
by using the TalyMap software. As the range of measurement of the
white light interferometer was  from −50 �m to 50 �m,  it was not
able to obtain data from the bottom of a pore. Thus, surface flatness
measurement was based on the data obtained from areas among
pores.

As shown in Fig. 23, the surface flatness of machined surface
using wax  infiltrant is better than that without wax and is almost
the same as that of a single-crystal silicon wafer (flatness ranging
from 8 to 13 nm)  when undeformed chip thickness is hmax < 25 nm.

Increasing undeformed chip thickness leads to worse surface flat-
ness. Cutting porous silicon without wax infiltrant results in surface
flatness between 80 nm to 180 nm.  The surface flatness increases
to ∼500 nm when a chipped tool is used for cutting.
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Fig. 17. SEM micrographs of surfaces machined using wax  as infiltrant at different undeformed chip thicknesses: (a) hmax = 12 nm; (b) hmax = 286 nm;  (c) hmax = 724 nm; (d)
hmax = 1446 nm.

Fig. 18. Behavior of cutting in various pore areas when using wax  (hmax = 25 nm).
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Table  2
Machining pressure.

Workpiece material f(�m/rev), a(�m) Ac ( × 10−12m2) F(N) P = F/Ac (GPa)

Single crystal silicon f = 2.0, a = 4 7.9993 0.2861 35.76
f  = 10.0, a = 4 39.9167 0.4364 10.93

Porous  silicon f = 2.0, a = 4 0.7 × 7.9993 0.0802 14.32
f  = 10.0, a = 4 0.7 × 39.9167 0.1362 4.87

F
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s
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g
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ig. 19. SEM photographs of the cutting edge, showing occurrence of micro-
hippings a) Cutting edge after cutting distance of 105 m b) Cutting edge after cutting
istance of 844 m.

Fig. 24 shows 3D surface topographies of porous silicon before
nd after diamond turning. By applying wax as infiltrant and using a
mall undeformed chip thickness (hmax < 25 nm), high surface flat-
ess is achieved. The surface flatness of the as-received porous
ilicon was 42 nm,  while the one after diamond turning was 13 nm.

. Conclusions

The fundamental material removal phenomena in diamond
urning of porous silicon under various conditions were investi-
ated experimentally. The following conclusions were drawn.

1) The mechanism of cutting porous silicon is significantly dif-
ferent from that of bulk silicon due to existence of pores. The
hydrostatic pressure induced by the cutting tool is released near

the edge of a pore, causing microfractures.

2) The mechanism of material removal is strongly dependent on
the direction of cutting with respect to the pore edge orienta-
tion. Three types of material removal behaviors were confirmed
Fig. 20. Machined surface of porous silicon using (a) a new tool and (b) a chipped
tool a) hmax = 19 nm b) hmax = 18 nm.

in various areas around a pore: severely fractured area, slightly
fractured area, and ductile-cut area.

(3) Raman spectroscopy showed that the material structures
of subsurface layers of the above three kinds of areas are
crystalline, partially amorphous, and completely amorphous,
respectively.

(4) Cutting porous silicon using wax as infiltrant not only prevents
chips from entering pores, but also shows significant improve-

ment in surface quality in terms of decreasing brittle fractures.

(5) Micro-chippings of cutting edge occur, the number of size of
which increases with total cutting distance. Tool chippings
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Fig. 21. Cutting force measurement results a) hmax = 248 nm (f = 2.0 �m/rev, a = 4 �m)  b) hmax = 1163 nm (f = 10.0 �m/rev, a = 4 �m).

Fig. 22. Schematic model for undeformed chip cross section.
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Fig. 23. Flatness of ma

Fig. 24. 3D surface topographies of original porous silicon and machined one a)
Original surface b) Machined surface.

[

[

[

[

[

chined surfaces.

cause a significant increase in micro fractures of silicon around
pores.

(6) The cutting force in machining of porous silicon is remarkably
lower than that of bulk single-crystal silicon due to the brittle
fractures around pores and the low density of porous silicon.

(7) The surface flatness of anodized porous silicon may  be
improved to the nanometric level by diamond turning.

The present study has demonstrated that by controlling cutting
parameters and using wax as pore infiltrant, it is possible to obtain
an extremely high surface flatness of porous silicon.
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