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Abstract

A non-rigid cutting mechanism has been developed for the fabrication of high-precision micro-grooves, based on
the work principle of the AFM mechanism used for nano-scale machining but in a large manufacturing area. This
paper will briefly describe the advantages of using this cutting mechanism for the machining of brittle materials,
particularly on glass. This system has allowed the fabrication of micro-scale grooves in ductile mode, without the
necessity of rigorous environmental conditions. Also, cutting experiments have been performed on glass spheres,
in which, by using a force feedback control system, grooves with constant cutting depth have been created.
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1. Introduction

The machining of hard and brittle materials, such
as glass, silicon, quartz, between others, is important
for their multiple applications in different industries,
such as optics, electronics, etc. However, it is also well
known that the machining of brittle materials under
conventional cutting conditions will induce fracture
rather than chip formation because of the large stress
concentrations in the cutting zone. The conditions that
allow the machining of brittle materials in ductile mode
have been investigated in several researches [1-4].
However, in most of the cases, plastic deformation can
only be achieved, before fracture occurs, when the
cutting depth is extremely small (under 200 [nm]).

In some other researches it has been shown the
possibility of ductile mode cutting in larger cutting
depths [5-6]. However, such techniques include the
application of external hydrostatic pressure or the use
of high temperatures during the cutting process. This
means that the machining must be performed under
certain environmental conditions to achieve such
results. However, in [7,8], a non-rigid cutting
mechanism was introduced for the machining of brittle
materials obtaining as result ductile mode cutting of
glass in micro-scale without the necessity of strict
environmental conditions.

In this paper, some of the advantages of using this
cutting mechanism for the machining of brittle
materials are presented, based on the results of
several cutting experiments.

2. Non-rigid cutting mechanism

The system described in [7], consists on a single-
crystal diamond tool mounted at the free edge of a
cantilever beam (Fig. 1). The operation principle of this
mechanism is based on the nano-cutting method using
an atomic force microscope (AFM) [9-11]. When the
tool and the workpiece make contact, the cantilever
beam exhibits a deformation that is measured by a
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displacement sensor. This information can be used to
apply a force feedback control (FFBC) system (Fig. 2)
which will be useful for the fabrication of micro-grooves
with constant cutting depth even on curved or inclined
surfaces.
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Fig. 1. Non-rigid cutting mechanism
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Fig. 2. Control principle of the cutting mechanism
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Several cutting experiments using this
mechanism has been performed in ductile materials,
such as metals like aluminium, brass, copper and
stainless steel [8,12] in order to determine the best
cutting conditions for this system. Also the fabrication
of micro-scale grooves with constant cutting depth on
inclined and curved surfaces was demonstrated when
the FFBC system was enabled. (Fig. 3) [8].
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Fig. 3. Micro-grooves fabrication in brass on an
inclined surface using the FFBC [10]

3. Cutting experiments on glass

This cutting mechanism has been used also for
the machining of brittle materials, specially, on
different kind of glasses. One of the most remarkable
results obtained during the machining of glass can be
observed in fig. 4. The cutting experiment was
performed in slide glass (crown glass), with a rake face
angle of 0° and a wedge angle (cutting angle of the
tool) of 90°. Based on previous experimental results
[7,8], cutting experiments on brittle materials must be
performed in low speed, preferably with a feed rate
under 10 mm/min. As it is possible to observe in the
image, the cutting process was completely done in
ductile mode, creating a continuous glass chip with a
length of more than 500 pum.

After obtaining these results, some cutting
experiments were performed on different kind of glass
and with surfaces with a positive inclination of 1
[um/mm] for cutting lengths of 5 [mm] without applying
the FFBC. The purpose of the experiments is to
observe when the material starts to fracture and
associate to its fracture toughness, and then
determine its critical cutting depth. Table 1 shows the
characteristics of the experiments performed, fig. 5

100 Guido Tosello, Hans Nergaard Hansen, Kornel Ehmann and Stefan Dimov (Eds.)

shows the micro-grooves fabricated using a scanning
electron microscope (SEM) and fig. 6 shows an
estimation of the normal cutting force exhibited during
the cutting experiments. It also can be observed that
in general, after applying 100 [mN] of normal force, the
material shows signs of brittle mode cutting, and under
60 mN of normal cutting force, the cutting will be
performed in ductile mode. The effect of the material
toughness can be observed in the cutting depth, which
will decrease as the material is harder to be machined.
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Fig. 4. Cutting in crown glass using a non-rigid cutting
mechanism. (Avg. cutting depth: 0.90 pm)

Table 1. Cutting conditions for experiments on
different brittle materials

Workpiece Tool
Crown, soda lime .
Material glass (SLG), Material Single crystal
fused silica diamond
Surf. Inc. 1 [um/mm] Tool shape V-shape
Start point | Outside material | Cut. angle 90 []
Feed rate 9 [mm/min] Rake angle 0[]
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Fig. 5. Cutting experiments on different glasses.
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Fig. 6. Normal force compared to cutting depth for the
cutting experiments on different glasses.



The experiments shows that ductile mode cutting for
brittle materials can be also achieved in micro-scale,
even though this is normally achieved in nano-scale.
For that reason, it is necessary to investigate the
phenomenon that is allowing us to obtain such results.
It is also important to consider that a non-rigid element
is used in this mechanism, therefore, the real cutting
depth is smaller compared to the cutting depth that
might be obtained using a conventional rigid tool
holder. This was discussed in more detail in [8,13]. A
calibration for each material is required to correlate
both parameters.

3.1. Stress intensity factor

The stress intensity factor, Kj, is a parameter used
in fracture mechanics to predict the stress state
("stress intensity") near the tip of a crack caused by a
remote load or residual stresses. According to [5],
when brittle materials are machined by a single point
tool, stress arises in the vicinity of the material near the
tool edge. This stress acts on micro cracks in the
material causing a large stress concentration on crack
tips. The stress concentration arises the propagation
of the micro cracks and results in the fracture of the
material. However, when a hydrostatic pressure P is
applied to the material, the stress o, and therefore the
stress intensity factor Ki, are decreased by action of
the external pressure, reducing as well the fracture of
the work material.

For this system, a similar analysis was performed.

The condition for crack propagation is expressed by eq.

1, where the K represents the stress intensity factor
ad the Kic is the fracture toughness of the material.

K > K¢ (M

Considering an infinite plate with uniform uniaxial
stresses and with a small crack in the centre with
length 2a, the Ki can be defined by eq. 2:

K, = ovm-a (2)

where ois the tensile stress acting on the micro-crack
and also represents the stress applied from the tool to
the workpiece. The stress can be defined by eq. 3,
where Fc represents the cutting force and Ac
represents the transversal area of cutting.

o= F/A; (3)

When the cutting experiments are performed
using a conventional cutting mechanism, a large
rigidity must be one of its characteristics, therefore, the
whole force component Fc is manly focused on the
workpiece. However, when the experiments are
performed using a non-rigid mechanism, the system
also exhibits a deformation caused by the force Fe,
which can be defined by eq. 4 (Fig. 7):

Fc=F¢+F;s 4)

where the F¢’ represents the cutting force dedicated
for the machining of the material, and the Fsrepresents
the force that causes the deformation on the non-rigid
mechanism.

Substituting egs. 3 and 4 in eq. 2, it is possible to
define egs. 5, 6, 7 and 8. Egq. 8 indicates that the real
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stress intensity factor K, when a non-rigid cutting
mechanism is used, is reduced by the action of the
deformation exhibited by the cantilever beam (Kj).
Therefore, this system may help in the machining of
brittle materials without the propagation of cracks.

K, = ((F¢ + Fs)/Ac)Wr - a (5)
K = (o' + o5V a (6)
K = K| + Ks @)
K| = K; — Ks 8)

Considering this explanation as true, it is also
possible to conclude that the tool wear and the
possibility of tool breakage will be also reduced when
the process is performed using the non-rigid
mechanism due to the stress absorbed by the
cantilever deformation, which implies a reduction in the
stress applied to the tool tip.
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Fig. 7. Force interactions during the cutting process
depending on the characteristics of the system

3.2. Finite element method (FEM) analysis
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Fig. 8. FEM stress analysis comparing a rigid body
and the non-rigid mechanism
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The previous explanation can be easily observed
by implementing a simple FEM stress analyses to the
model of the cutting mechanism. To make a
comparison, both, a solid body and the non-rigid
mechanism were analysed. The solid body can
replace the cantilever beam without affecting the
position of the tool and the measurement point. An
example of this analysis can be observed in figure (8).
The simulation was performed in order to achieve
similar results to real experiments, and both
mechanism were analysed simultaneously.

3.3. Experimental photoelastic analysis

An experimental stress analysis was proposed to
observe the stress field inside the material during the
cutting process and confirm that when the non-rigid
cutting mechanism is used, a reduction of the stress in
the cutting zone is observable. This analysis can be
applied to materials with the birefringence property.
When a ray of light is directed to a photoelastic
material subjected to stress, its electromagnetic wave
components are resolved along the principal stress
directions, and experience a change in the index of
refraction, or phase difference. These changes are
analysed by a polariscope, which provides the
information of the stress applied to the sample [14].

For this experimental analysis, a setup of a high-
speed camera, which will record the stresses exhibited
in the cutting zone, and a source of light with a
polarized filter was used. The  experiments  were
performed on flat surfaces without inclination, with a
wedge angle of 90° and a rake face angle of 0°, and
setting the appropriated cutting conditions for each
system to achieve similar results. The results for this
analysis can be observed in fig. 9, where it is possible
to see a big difference in the stress field generated
when the non-rigid mechanism and when the rigid
body are used. Also, when the non-rigid mechanism is
used, glass chip can be formed more easily.

Chip
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Fig. 9. Photoelastic stress analysis performed during
the machining of glass

4. Cutting experiments on glass spheres

Once it was determined that this cutting
mechanism helps in the fabrication of crack-free micro-
scale groove in glass, cutting experiments on glass
spheres were performed. Experiments on curved
surfaces in ductile materials were reported on [8]. To
achieve those results, it is necessary to implement the
FFBC system. In this case, it is recommended the use
of a -15° rake face angle. The result can be observed
in fig. 10, where the approximated cutting depth and
length of the grooves are 0.9 um and 0.5 mm
respectively.
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Fig. 10. Cutting experimenté on glass s;;heres
5. Conclusions

Based on the experimental results and the
analysis done, it is possible to conclude the following
points:

e  The non-rigid mechanism helps in the fabrication
of micro-scale grooves in glass in ductile mode.

* It was observed that the deformation of the
cantilever beam helps to reduce the stress intensity
factor, which may help to avoid the crack propagation.
* The FEM analysis and the photoelastic analysis
also indicates that the deformation of the cantilever
beam helps reducing the stress in the cutting zone.

* The experiments on glass spheres shown the
capacity of this cutting mechanism to create crack-free
micro-scale grooves and its capacity to implement a
FFBC system for the fabrication of grooves with
constant cutting depth.
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