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Abstract

This paper presents an investigation of the effect of tool rake angle in single point
diamond turning (SPDT) of silicon using experimental and simulation
methods. Machining trials under the same cutting conditions were carried out using
three different rake angle tools. In order to delve further into the rake angle effect on
the output parameters including material removal, stresses, and crack formation, at
the onset of chip formation and steady-state conditions, a simulation study using
smoothed particle hydrodynamics (SPH) approach was performed. The simulations
results were incorporated and found in good agreement with experimental
observations. The results indicate that diamond tool wear rate and surface
generation mechanism significantly vary using different rake angle tools. The
continuance of compressive and shear deformation sequence at the chip incipient
stage governs the high-pressure phase transformation (HPPT) as a function of rake
angle and tool wear. The capability of diamond tool to maintain this sequence and
required hydrostatic pressure under worn conditions is highly influenced by a change
in rake angle. The proportional relationship of cutting forces magnitude and tool wear

also differs owing to disparate wear pattern which influence distribution of stresses



and uniform hydrostatic pressure under the tool cutting edge. This subsequently
influences structural phase transformation and therefore frictional resistance to
cutting. Mainly frictional groove wear was found dominant for all diamond tools in

machining of silicon.

Keywords: diamond turning, silicon, tool geometry, tool wear, chip formation

1. Introduction

Single crystal silicon is considered an ideal material in micro-photonics and weight-
sensitive infrared applications due to its low mass density, high refractive index and
low thermal expansion coefficient. High form precision and submicrometer surface
finish are the key requirements of silicon-based functional surfaces for these
applications. SPDT is an effective ultra-precision machining method to fabricate
products with high form accuracy and optical surface finish without the need for
subsequent polishing. SPDT of silicon is inherently a complex process that includes
chipping, brittle fracture, ductile deformation, chemical reaction and phase
transformation as a function of cutting parameters, materials orientation and tool
geometry. The rapid wear of diamond tool is also a critical aspect that influences the

surface integrity and operational cost of SPDT and need to be in limit and controlled.

A comprehensive understanding of coherence of silicon machining mode and tool
geometry is imperative to achieve cost-effective and efficient SPDT by realising
prolonged ductile mode machining at reduced tooling cost. The major reported work
in the past reveal the significance of high-pressure phase transformation (HPPT) as
a function of tool geometry which facilitates plastic deformation of silicon and
accordingly influence tool wear mechanism [1-3]. The change in material properties
of silicon as a function of HPPT significantly affects frictional resistance, chip
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formation and chemical affinity consequently influencing tool wear during machining.
Hence, there exist an interdependency of tool geometry and machining mechanism

of silicon which affects machining performance.

The previous studies reveal that by careful selection of cutting parameters and tool
geometry, ductile mode machining of silicon exploiting HPPT can be achieved [4-6].
From the tool geometry perspective, negative rake angle tools were found to
generate high hydrostatic pressure required for structural transformation of silicon
ensuing brittle to ductile transition (BDT). The increase of critical chip thickness was
also claimed to increase with an increase in negative rake angle of the tool. Blake
and Scattergood [5] performed SPDT of silicon and germanium using diamond tools
with rake angles of 0°, -10° and -30°. They observed an increase of critical chip
thickness from 0° to -10° rake and found a sharp increase in critical chip thickness at
-30° rake. Yan et al. [7] observed an increase of critical chip thickness from 0° to -40°
rake angle tools. Shibata et al. [8] conducted machining of silicon using -20° and -40°
rake diamond tools at 100 nm and 1um depth of cut. They found that rake angle
effect diminishes at a depth of cut of 100 nm and becomes prominent from 100 nm
to 1 um in all crystallographic orientations. Zang et al. [9] suggested the importance
of effective rake angle in association with cutting edge radius and depth of cut. Using
0° rake angle and -25° rake angle tools, they observed surface deterioration for an
effective rake angle of~-60° rake using -25° tool and surface finish of 1 nm using
lower negative effective rake angle. Diamond tools with negative rake angle are also
assumed to provide cutting edge strength against any chipping or abrasive damage
and consequently more control on an abrupt tool wear. Cutting edge sharpness of
diamond tools considerably affect surface roughness and, therefore, considered also

to be an important factor in achieving the optical surface quality of silicon.



Although negative rake angle is commonly agreed to be very important in achieving
BDT of silicon, a clear disagreement pertaining to rake angles for ductile mode
machining is found in the literature. In SPDT of silicon, diamond tools with
intermediate negative rake angle from -20° to -50° are considered ideal for ductile
mode machining. Positive rake angle tools are considered inefficient to produce
required hydrostatic pressure for HPPT of silicon whereas negative rake angles
greater than -50° are considered to cause obstruction in material removal. Although
ductile mode machining of silicon has been realized using neutral 0° rake angle tools
[10-12], intermediate rake angle, as well as extreme negative rake angles of -80°
and-85° [5, 8, 13], maintaining ductile mode machining for longer cutting distance
has not been considered in these studies. Also, a key factor to consider is the
capability of worn tools of different rake angle tools to maintain HPPT for longer
ductile mode machining. Therefore, there is a need to recognize an optimal rake
angle that could maintain HPPT-based longer ductile mode machining and at the

same time offer reduced tool wear.

In this paper, SPH-based numerical simulation study using Drucker-Prager (DP)
material constitutive model was conducted in conjunction with machining
experiments to investigate the effect of different rake angle tools. SPH method has
been successfully employed in the machining of various ductile materials [14-16].
However, simulations of machining of brittle materials using SPH method are very
few. Silicon, being one of the hardest and brittle materials never been simulated (in
the author’'s knowledge) for cutting process using SPH. The simulation model of
silicon using SPH method and constitutive DP model was proposed in this study to
better predict the pressure-dependent plastic behaviour and crack formation of the

material.



The first section of the paper describes the SPH formulation and its appropriateness
for the machining model in comparison with Lagrangian mesh-based approach. A
brief introduction of DP model was provided in the next section. The experimental
plan and numerical simulation model of SPDT using SPH approach were presented
in the following sections. The experimental and numerical simulation results were
then evaluated by analysing the cutting forces magnitude and trend, chip formation,

surface finish and tool wear.
2. Smoothed particle hydrodynamics formulation

SPH approach was first developed by Gingold and Monaghan in 1977 [17] for
astrophysics applications. SPH uses kernel approximation to approximate field
variables and properties in the domain as shown in Fig. 1. SPH approximate field
variables at any particle by classical summation of smoothing function values of
neighbouring particles within a sphere of influence. The length that defines the
sphere of influence is based on smoothing length and it is the maximum distance to

which the interaction can occur.

(oe]

f(x) = Z (r;’b) f W(X — Xp],h) — — — — (1)
b

j

Where f(x) is a scalar function and subscript b represents the neighbouring particle
of the particle a for which field variables need to be approximated. W is a smoothing
Kernel function with radius h, called smoothing length. m; and p, are mass and

densities of b particles. X,, is location of particle b with its valuef;.



Neighbouring particle Particle of interest

Fig. 1: SPH kernel approximation

Although Lagrangian mesh-based approach has been well researched in the FE
simulations of machining of ductile materials [18, 19], simulation of hard and brittle
materials such as silicon and silicon carbide using this approach is difficult and
becomes impractical when using higher negative rake angle tools. This is not only
because the pressure-dependent machining mechanism varies as a function of tool
geometry and machining conditions; but also the true critical parameter values of
physical and geometrical criteria for crack formation [20-22] along with pressure-
dependent brittle damage models are difficult to be identified. Also, due to the
negative rake angle of the tools, implementation of crack formation criteria along a
dedicated layer becomes impractical. Due to the mesh-less nature and suitable
particle connectivity, SPH offers continuous and discontinuous material removal due
to plastic deformation and brittle fracture respectively without any separation criteria.
The method presents a profound insight of variations in natural chip formation,
hydrostatic pressure and stress distribution in brittle materials as a function of tool
geometry and therefore, carries great significance. In comparison to the mesh-based
Lagrangian formulation, SPH approach was found less efficient in studying

processes with tensile instability or in small deformation processes [23].



Nevertheless, it has been found more expedient to study large deformation
processes (as in cutting processes) than Lagrangian mesh-based approach. SPH
approach has also been found to perform in an analogous manner to mesh-based
approach following sensitivity analysis of particle resolution, mass-scaling and better

in interface friction criteria [24].

In SPH method, all particles have a physical degree of freedom and each particle
movement is influenced by its neighbouring particles located within the sphere of
influence of radius r which is twice the smoothing length, 2h. The particles beyond
the area of influence do not contribute to the intrinsic property of cohesion on the
particle of interest. In SPH formulation, particles interact with each other based on
defined constitutive equations and friction criteria is based on the internal friction

between the particles instead of using theoretical friction parameters.
3. Drucker-Prager model

Drucker-Prager (DP) plasticity model has widely been implemented to simulate
deformation behaviour of pressure-dependent materials including concrete and rocks.
In pressure-dependent materials, a general trend is an increase in material strength
with increasing confining pressure. Silicon behaves as a ductile material under
specific higher hydrostatic stress zones. The strength of the silicon increases and the

material deforms plastically under loading conditions.

In the von Mises yield criterion, the second deviatoric stress tensor J2 is regarded
solely a material yielding criteria without considering first stress invariant /1. When
considering pressure-dependent materials, the vyielding sensitivity to hydrostatic
stress tensor has not taken into consideration in this criterion. In 1952, Drucker and
Prager [25] developed a yield criteria and incorporated the effect of hydrostatic
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stress for pressure sensitive materials. This pressure-dependent model is known as
Drucker-Prager model (also regarded as modified Mohr-Coulomb’s model or
extended von Mises model). Fig. 2 presents the DP yield surface which is the
function of pressure and J2 along with the Mohr-Coulomb model. The yield criterion

of DP model is described as:

f([l,]2)=0(11+\/E—d=0 ______ (2)

Mohr- Coulomb
model

; (a) o (b)

Fig. 2: Drucker-Prager model: (a) Mohr-coulomb and DP model in deviatoric plane (b) DP yield
surface

In eq. (2) /1and J: are the first and second stress invariants, d is material cohesion
and a is the hydrostatic-pressure sensitivity coefficient. The linear DP model can be

represented by three invariants of stress tensor [26] and described as
f=t—ptanf—-d=0 ————— (3)

where t and P are the deviatoric effective stress and equivalent pressure stress
respectively and tanfB represents the hydrostatic pressure-dependent yielding
sensitivity of material. The parameter 8 is known as friction angle which represents

the slope of the linear yield surface in meridional p-t stress plane.

4. Experimental Plan



The SPDT of silicon with high surface quality and minimal sub-surface damage is
only possible with stiff machine tools. In this research, machining trials were carried
out on an ultra-precision diamond turning machine — Nanotech 250 UPL (Moore
Nanotech system) which is equipped with air-bearing spindle offering low friction and

less heat generation and hydraulic motional slides of high stiffness.

Single crystal diamond tools in dodecahedral crystal orientation were used to
machine P-type silicon wafers of (111) crystal orientation. Fig. 3 shows the
machining setup and SEM image of negative rake round edge tool used in SPDT of
silicon. Three different negative rake angle tools were used in order to investigate

the effect of rake angle on surface generation mechanism of silicon.

Silicon

work-piece

Cutting edges as well as rake and flank faces of new diamond tools were carefully
examined under SEM for any prior damage. The selection of cutting parameters and
coolant was based on previous established research work of diamond turning of
silicon to attain high optical quality machining [27]. Large nose radius tools were
used as they provide strong edge geometry to withstand higher frictional resistance
and higher cutting forces. Critical depth of cut as well as critical feed rate for brittle to

ductile transition were also found to increase with increasing nose radius during



SPDT of brittle materials [28, 29].Table 1 presents tools and workpiece details and

machining conditions adopted in the experimental work.

Table 1: Experimental machining data and conditions
Silicon wafer Diamond tools Cutting parameters
Optical grade silicon, polished | Orientation = Dodecahedral Spindle speed =1200 rpm
Round Nose radius =5 mm feed rate = 1 pm/rev
Orientation =<111> +/-5° Cutting speed = 3-6.2 m/sec
Diameter = 100 mm Rake/Clearance angle: Depth of cut = 10 ym
Thickness =5 mm e Tool1=-25°/10° Coolant = Distilled water
Sample purity = 99.999% e Tool2=-30°/10°

e Tool3 =-40°/25°

Each silicon wafer was divided into two zones: facing and plunge zones. The facing
cuts were performed repeatedly with the same 10 ym depth of cut and 1 pm/rev
cross-feed until the onset of the brittle fracture. In the reiteration of facing cut, the

tool retraction radius for each following facing cut was reduced by 1 mm.

Cutting forces were monitored and recorded using a three-component Kistler
dynamometer 9256. An advanced data acquisition system with Dynoware software
was used to get the Fx, Fy and Fz forces. Surface roughness was measured using a
white light interferometry (Zygo Newview 5000) for each iteration of facing cuts. The
tools were monitored after machining under SEM for any induced wear or damage
caused by the machining trials. The cutting distance was calculated for each

diamond tool before the onset of brittle fracture to measure tool performance.

Confirmation trials were also performed using the same tool and workpiece
geometries, orientations and machining conditions. The methodology for monitoring
tool conditions, cutting forces and surface finish were the same adopted in the first

trial.
5. SPH Cutting Simulation Model
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In machining operations, concurrently occurring phenomena including material
removal, HPPT, stresses as well as crack nucleation and propagation, at the onset
of chip formation occur in an infinitesimal fraction of time and scale. It is nontrivial to
understand these output variables state and conditions as it significantly influences
tool geometry performance as well as tool wear. However, it is difficult to measure
and observe these output variables in experimental conditions. In this research,
SPH-based simulations of orthogonal cutting of silicon were carried out using finite

element (FE) software Abaqus to study these output variables.

In order to corroborate the rake angle effect observed during the experimental study,
SPH simulations of SPDT of silicon were performed under the same cutting
conditions using different rake angle tools. The tool was modelled with eight-noded
C3D8R elements using Lagrangian element-based mesh and was kept rigid due to
significantly high modulus of diamond compared to silicon. The workpiece was
modelled as a deformable part with PC3D particles to handle large deformation
during the cutting process. The workpiece dimensions were kept at (200x100x50)
Mm. The bottom of the workpiece was retained in all directions. In cutting simulation,
the tool moves with similar experimental cutting velocity in the negative x-direction.

Fig. 4 shows a cutting simulation model used in this study.
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Fig.4: SPH cutting simulation model of silicon

In order to examine the rake angle effect, cutting simulations were performed with
four different rake angle tools using the same cutting conditions adopted in
experiments. Although diamond tool with +5° rake angle was not used during the
experimental trials, it was included in the simulation study to provide the comparison
of chip formation and distribution of different stresses using positive and negative

rake angle tools. Table 2 shows the cutting parameters used in the simulation study.

Lagrangian
mesh-based
diamond tool

~

Table 2: Cutting parameters used in SPH simulation
Rake/clearance | Workpiece size | Cutting speed | Depth of cut
angle (Mm) (m/s) (Mm)
1 +5°/10°
2 -25°/10° 200x100x50 6.3 10
3 -30°/10°
4 -40°/10°

The Drucker-Prager (DP) constitutive material model was adopted in this study to
simulate the machining behaviour of silicon. The compressive yield strength of
silicon is higher compared to its tensile strength [30] which is an elementary criterion

of using DP model. Table 3 lists the material properties and DP model parameters of

silicon [31] used in SPH cutting simulation.
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Table 3: Material properties of silicon

Density, p 2330 kg/m?3
Elastic modulus, E 146 GPa
Poison’s ratio 0.27
Friction angle (B) 26°
Dilation angle (V) 20°

Flow stress ratio, k 0.82

6. Results and discussions

SPDT of silicon using three different rake angle tools was carried out until the onset
of brittle fracture. Fig. 5 shows the diamond turned silicon wafer with severe brittle
fracture appeared in a threefold symmetry pattern. Due to the high anisotropy of
single crystal silicon, machining mode is dependent on crystallographic orientation
based on the orientation of dislocation and slip system relative to cutting direction.
Therefore, in face turning of silicon with (111) orientation, threefold pattern of cloudy

surface has been reported frequently [28, 32].

Diameter = 100 mm
Thickness =5 mm

Severe
brittle

Fig.5: Brittle fracture in 3-fold pattern on silicon

The results of output parameters obtained using different rake angle tools were
recorded and discussed in the following sections. Tool rake angle is considered as a
determining factor of surface generation mechanism in SPDT of silicon. In order to
investigate the rake angle effect, cutting forces, stresses, hydrostatic pressure, chip

formation and tool wear were measured and analysed for different rake angles.
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6.1. Cutting forces

Cutting forces are considered as the most accredited indicator to characterise
material removal modes, frictional resistance to cutting, as well as tool wear. Cutting
forces were recorded in each facing cut for all rake angle tools. Although cutting
temperature has a significant effect on cutting forces magnitude as high cutting
temperature during machining results in softening of the material as well as change
of machining mode, cutting temperatures during SPDT of silicon were not recorded
high enough [33, 34] to cause any softening of material, and therefore shouldn’t

affect the cutting force magnitude significantly.
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Fig. 6: Thrust forces trend with cutting distance

Fig.6 presents average thrust forces recorded in trial 1 and trial 2 with respect to
cutting distance for different rake angle tools. In both the trials, diamond tools with -
25° rake angle attained the longest cutting distance before the onset of brittle

fracture followed by -40° rake tools. With the increasing cutting distance, tool wear
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develops which results in an increase of cutting forces. Cutting forces trend suggest
the maximum tool wear rate from 0-20 km and then gradual frictional wear for the
rest of the cutting distance. This phenomenon substantiates the understanding of
higher wear rate of sharp edges of new tools due to stress concentration in the
cutting-edge zone. For -30° rake angle, the tool achieved the least cutting
distance with the sharp rise of cutting forces. Similar cutting forces behaviour of -30°

rake tool was recorded during the confirmation trials.

Fig. 7 presents the tangential to thrust force ratio for the three different rake angle
tools. Although for the -30° rake tool, the thrust forces were found higher than
tangential forces, the relative magnitude of the tangential force is higher than the
other two tools. This explains the dominant cutting phenomenon with reduced

compressive stresses and hence early brittle fracture.
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Fig. 7: Force ratio trend with decreasing rake angle

Machining forces were measured in SPH cutting simulation of silicon using different
rake angle tools. Fig. 8 presents a comparison of experimental and simulation-based
mean thrust forces. A good correlation of forces can be seen for -25° and -40° rake
angle tool except -30° rake tool for which the percentage difference increased to 30%

between experimental and simulation values. This high difference could possibly be
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due to the resulting cutting force vector coincide or close enough to the preferred

direction of silicon crystal structure in (111) direction and require further investigation.
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Fig. 8: Comparison of Experimental and simulation cutting
forces

6.2. Stress distribution and chip formation

The mechanics of chip formation during machining can be better understood by
understanding the deformation conditions in the chip formation zones. Any change in
tool geometry significantly influences shear stresses, strain and temperature
distribution during chip formation. Fig. 9 presents the schematic of cutting process in

SPDT process.
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o = rake angle
B= flank angle
@_— Shear plane angle

tuc= uncut chip thickness
t= PSZ thickness

t = deformed chip thickness

V= Cutting velocity

Fig. 9: Schematic of chip formation in SPDT

The geometry of the primary shear zone (PSZ) is governed by the shear plane angle

(@) and the ratio of the length of PSZ (Lag) to its thickness (tp). Fig. 10 presents the

change of shear plane length and shear angle with the change of rake angle. With
the increase of shear zone area, the strength of the material increases and hence
increases in deformation energy. It can be noted that shear angle reduces with the
increase in negative rake angle from -25° to -40°. Although shear plane area and
shear strain magnitude increase with increasing negative rake angle tool, the length

of PSZ decrease from -25° to -30° and then increases for -40° tool.
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25° rake -30 rake

Increase in shear plane length

-40° rake

Fig. 10: Change of shear plane length and shear angle

Stresses and pressure distribution and chip formations were also investigated in
cutting simulation with different rake angle tools. Von Mises stresses were found to
increase beyond the theoretical yield strength of silicon for all negative rake angle
tools and continuous material removal observed throughout the cut. For the +5° rake
angle tool, although, at first contact, the maximum von Mises stress reached 10 GPa
at tool-chip interface in the primary deformation zone, material separation initiated by
a crack in front of tool tip propagating in the forward direction. Fig. 11 shows the
crack formation and surface damage on the removal of chip segment using positive

rake tool.
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Fig. 11: chip formation using +5° rake angle

Bending stresses develop at the bottom surface of the chip and broken chips can be
observed from the initiation to the concluding stage of chip separation. An average
hydrostatic static pressure of 4 GPa was recorded for +5° tool compared to negative
rake angle tools. The average hydrostatic pressure of 15 GPa, 14 GPa and 19 GPa
was recorded for -25°, -30°, and -40° tool respectively. Due to lack of required
hydrostatic pressure under the tool tip for +5° tool, chip separation occurs due to
developed cracks and result in discontinuous material removal. On the removal of
chip segment, surface ahead of the tool undergoes pitting damage under the cutting
depth. The direction of developed crack also defines the final machined surface as
any crack propagation angle towards the final machined surface result into brittle

damage.

Fig. 12 shows the von Mises stresses and the variation of chip formation for different
negative rake angle tools. An imperative aspect to notice was the variation of
stresses with an increase in negative rake angle. In general, an increase in stresses
is likely to be predicted with an increase of negative rake angle. Nevertheless, at
contact stage, von Mises stresses were found higher for -25° rake than -30° and -40°
rake tools. Since lower negative rake tools are likely to initiate chip formation along
with compressive stress at first contact with the workpiece surface, shear stresses
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remain dominant than compressive stresses. With the increasing negative rake,

compressive stresses surpass shear stresses at initial contact with the workpiece

surface.
S, Mises

5, Mises (Avg: 75%) .

(avg: 75%) +1.455e+04 8, Mises
+1.597e+04 +1.334e+04 (Avg: 75%)
+1.4642+04 +1.213e+4+04 +1.716e+04
+1.331e+04 110956404 +1.5736+04
+1.198e+04 19.708e403 +1.431e+04
+1.0656+04 HERAar e +1,2806+04
+9.325e+03 ‘ +1.146e+04
479966403 +7.285e403 +1.003e+04
+6.668e+03 +6.074e+03 +8,6056+03
15 2406403 +4.863e+03 +7.179e+03
+4.0126+03 +3,652e+03 +5.7546+403
+2.6838+03 +2.442e4+03 +4.328e+03
+1.355e+03 +1.231e+03 ﬁggggigg
+2.659e+01 +2.036e+01 +5.2016+01

o o o
25" rake (6ps) -25" rake (3ps) -25° rake (1.5us)
5, Mises S, Mises
S, Mises 7 %
; AV 5% ‘
(Avg: 75%) ; g+1 3;)ae+o4 (Avg471520/;ée+04
tl.528e+04 +1.19%e+04 +1.188e+04
L A01e0% +1.091e+04 +1.080e+04
lre a0 +3.621e+03 +8.729e403
+1.1476+04 18 735e403 +8.6556-+03
+1.020e+04 7 649e103 +7.581e+03
+8.925e+03 hosdenns gl T
e T iease +5.934e403
+6.2B4e+03 fedire0s 43506403
+5.1136403 whsloanns +3.2B66-+03
+32.843e+03 +3.305¢+03 425176403
+2.5728+03 heeloes 0o +1.130e+03
+1.3028+03 +1.133e+03 +6.3806+01
+3.110e+01 +4,722e+01
o o o
-30" rake (Bus) =30 rake (3us) -30 " rake (1.5us)
3, Mises 5, Mises
(Aavg: 75%) (Awg: 75%) S, Mises

+3.709e+04 o0 (Avg: 75%)

eI Hizierod
+2 4726404 Ti087erod
%21 00004 +9.2526+03
+1.6856e+04 +1.307e+04 e
+1.547e+04 +1.090e+04 +6.621e+03
+1.238e4+04 +8.725e+03 +5.306e+03
+3.296e+03 +6.551e+03 +3.991e+03
+6,208e+03 +4.377e+03 +2.675e+03
+3.120e+03 +2.203e+032 +1.361e+03
+3.248e+01 +2.850e+01 +4.630e+01

-40° rake (6ps) 40° rake (3ps) -40" rake (1.5us)

Fig.12: Von-Mises stresses (MPa) and chip formation for different rake angle tool from initial to
steady-state

At steady-state conditions, developed stresses for -40° rake tool significantly
increased than other two tools. This phenomenon attributed to the increase of yield
strength of silicon with increasing hydrostatic stress using higher negative rake angle
tools. However, for -30° rake angle, von Mises stresses at initial and steady-state
conditions were found lower than the -25° rake tool. This behaviour validates the

shortening of shear plane length using -30° tool in Fig. 10 which results in a
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decrease of von Mises stresses. The failure stresses can also influence by the
intensity and sequence of compressive and shear stress from incipient to steady-
state condition as a function of rake angle. Also, the type of chip formation ahead of
the tool contributes to the normal and shear stress distribution on the tool rake face

and cutting edge.

In SPDT of silicon, chip contour in secondary deformation zone (SDZ) also influence
by the unloading conditions. In machining, the unloading mainly transpires at
machined surface behind the tool edge as well reduce loading condition develop at
tool-chip interface in SDZ. This change affects machined surface and chip contour in
SDZ which can be observed in Fig. 12. For the -25° tool, the chip breaks into
segments and particles in SDZ. The severity of the disintegration into particle was
observed higher for -40° compared to -25° tool indicating high unloading effect. For -
30° tool, the chip remained continuous without breakage. In order to further

investigate this behaviour, pressure distribution study was performed.

6.3.Chip geometry

A good correlation of chip formation was found in experimental and SPH machining
studies of silicon. Fig.13 shows the SEM images of silicon chips collected in the first
facing cuts for the three rake angle tools. Chips were formed in the combination of
continuous, broken and powder form with different thickness. For -25° rake angle
tool, chips were mainly formed in combination of continuous and broken chips along
with dominant powder form. Smoother and longer ribbon type chips were observed
using -30° rake angle tool. Similar behaviour can be observed in SPH simulations
where for -30° tool, chips remain continuous in the SDZ. Whereas for -25° and -40°,

chips were found to break into particles due to unloading effect.
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For both -25° and -40° tools, although the chips were found in the combination of
ribbon, broken and powder form, the chip shapes were observed distorted using -40°
tool. The distortion could possibly due to the flow of chip under the tool with high

compressive stresses.

. ™~ 4
~Powder form

-40° rake tool

Fig.13: SEM images of silicon chips for different rake angle tools

Tool wear in SPDT of silicon has previously been attributed to the formation of SiC
and diamond-like carbon particles [12], or dynamic hard particles [35] scratching or
ploughing on the tool flank face forming groove wear. The chemical reaction of
diamond carbon and silicon at a high cutting temperature of 959K [34] in the
presence of oxygen may lead to the formation of silicon carbide. The formation of
SiC due to the silicon-carbon reaction is a significant factor to investigate as it affects

material removal mechanism and tool wear. Energy-dispersive X-ray spectroscopy
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(EDX) analysis was performed on all the chips collected during all facing cuts using
three different rake angle tools. Chips collected during both ductile machining and
brittle machining were analysed for the presence of SiC. No trace of SiC formation
detected in all the chips analysed during EDX analysis. Fig. 14 presents the EDX
spectrum of collected silicon chips in SPDT study. The presence of carbon in the

EDX analysis was determined as carbon contamination in the chamber.
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Fig. 14: EDX spectrum of silicon chips obtained in SPDT study

6.4. Tool wear

Tool wear study carried out using scanning electron microscopy (SEM) and diamond
tools were inspected for any initial damage prior to machining. The results were
evaluated by comparing before and after SEM measurements. Previous studies
suggest that abrasive, chemical and thermal wear mechanisms are the possible
wear in SPDT of silicon [11, 12, 36]. Typically multiple tool wear mechanisms can be
active but only one tool wear mechanism is dominant for a specific workpiece
material and for a certain cutting regime. In both the trials of this study, mainly
frictional groove wear at flank face was found dominant for all the tools. Tool wear

started at the cutting edge shifting the edge towards the rake face and making
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grooves on the flank side of the tools. This is due to maximum stress intensity and
maximum friction found at cutting edge and trailing flank surface. For the -25°
diamond tool, the pitting damage was also observed at the rake face of the tool in
both the trials. The pitting damage was found mainly due to chipping phenomenon.
For the other two tools, no crater wear was observed in both the trials. Fig. 15 shows
the SEM images of diamond tool indicating crater wear and flank wear of -25°

diamond tool.

“damag | o ;
trali'i'h'g'égge Pitting z::r;lgge in the Rake face

Rake face

-.flank face

Fig. 15: SEM image of flank and crater wear of -25° tool

Fig. 16 presents the frictional groove wear contour in all three tools appeared after
machining silicon. Uniform width of flank wear land was found in the middle of cutting
edge narrowing down in the form of the curve towards the edges. The flank wear
land width for -40° rake tool was recorded 3 ym much smaller than 6.5 ym and 7.5
um for  -30° and -25° rake angle tools respectively. This possibly due to the

clearance angle of 25° compared to 10° for the other two tools.
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Fig.16: Tool wear pattern for different rake angle tools in trial 1 and trial 2

A crack found to appear in the wear land area of -25° rake angle tool connecting
rake and flank faces of the tool. Although high thermal conductivity of diamond tool
and silicon along with coolant significantly contributes to reducing the cutting
temperature, with the increased frictional resistance due to wear, cutting temperature
may increase significantly. Diamond tools tend to undergo thermal cracking and
chemical wear at higher cutting temperatures. The crack appeared in the wear land
of -25° rake tool can possibly be the result of thermal cracking, rapid heating and

cooling, or fatigue in achieving the longest cutting distance.
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Fig. 17: Comparison of cutting tool wear resistance performance

While considering tool wear, a significant factor to consider is gradual tool
degradation as a function of cutting distance. Fig. 17 shows comparison of the
cutting tool wear resistance performance which is characterised as the ratio of tool
wear area to cutting distance. Although the least ratio for (-40°) rake found in
agreement with a previous study [37], which suggest less tool wear for large
negative rake tools, the results don't constitute a direct proportionality relationship of
decreasing tool wear with increasing negative rake angle. The tool with -30° rake

found to undergo the highest tool wear than -40° as a function of cutting distance.

It was also noted that although observing the least frictional wear rate, diamond tool
with -40° rake failed to maintain HPPT of silicon for longer cutting distance compared
to -25° rake tool. This validates the importance of an optimal negative rake in
machining brittle materials, where the worn tool can also machine in ductile regime

using proper rake angle tool.

The effect of gradual tool wear can also be evaluated in the form of increased

surface roughness of the machined surface. Fig. 18 presents the surface roughness
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variation with respect to cutting distance. With the increasing cutting distance, the
tool edge deteriorates and affects the machined surface. It can be noticed from the
cutting force plot that major wear for all rake tools transpired before 20 km of cutting
distance and then gradual frictional wear persisted for the remaining cutting distance.
It is also interesting to note that at similar tool wear area, the DBT point changes as
a function of rake angle. Due to the tool wear, insufficient hydrostatic stress level
along with stress disproportionality under the cutting edge result in DBT of the
material. Unlike -30° and -40° rake tools, -25° rake angle tool was found to generate

required hydrostatic pressure for HPPT of silicon even in worn conditions.
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Fig. 18: Surface roughness trend with respect to cutting distance

7. Conclusion
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The effect of tool rake angles was investigated in SPDT of silicon using experimental

and simulation methods. The performance of diamond tools was analysed based on

cutting forces, chip formation, surface roughness and tool wear studies. The analysis

of these studies leads to the following conclusions:

The mechanism of plastic deformation in SPDT of silicon reliant on pressure
induced continuous material removal using negative rake angle tools. The
material removal using positive rake tools procured in the form of cracks
rather than continuous chip removal and final machined surface quality is
dependent on crack direction.

Surface roughness deteriorates with the increase of tool wear. However
ductile mode machining can still be achieved with the worn tool provided the
required hydrostatic pressure is maintained for HPPT of silicon during
machining and this performance was found highly dependent on rake angles.
Diamond tool with -25° rake angle maintained the longest ductile mode
machining even undergoing higher frictional wear rate than -40° rake tool.

The effect of rapid or progressive wear of diamond tool on HPPT of silicon
varies for different rake angle tools. The tool with -30° rake angle was found to
undergo the highest frictional resistance while cutting (111) silicon wafer and
observed the shortest cutting distance than the other two tools. The relatively
high tangential forces in experiments and reduction in shear plane length and
lower von Mises stress in SPH simulation corroborate well for this behaviour.
No direct correlation can be formed for tool performance with increasing or

decreasing negative rake angle.
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