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ABSTRACT

This paper aims to investigate the cutting behavior of optical glassy polymers in order
to identify the shape defects induced by the micro-machining processes.
Polycarbonate (PC), Allyl Diglycol Carbonate (CR39), and polythiourethane (MR7)
polymers are considered in this study to perform micro-machining experiments using
the orthogonal cutting configuration. The comparative analysis is carried out by
conducting the cutting experiments on hybrid samples that are composed of two types
of polymers (MR7-PC, CR39-PC, and MR7-CR39), and then comparing the
topographic state of the machined hybrid surfaces. Results show that PC is by far the
polymer that generates the most shape defects because of its high rate of spring-back.
This finding has been validated by nanoindentation experiments that reveal the highest
mechanical reaction of PC at the time of nanoindentation unloading. This study
demonstrates also that the measured thrust forces could be an indicator for predicting

the spring-back defects induced by micro-machining.
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1. Introduction

The manufacturing and development of glassy polymers for optical applications have
gained the interest of academia and industries for many decades to replace mineral
glasses. Indeed, despite their inherent advantages like high wear and abrasion
resistance, excellent optical properties, high durability, and acceptable cost, silicate
glasses show disadvantages such as high weight and brittleness, which can be
uncomfortable and possibly dangerous for customers [1]. Optical polymers can counter
these issues and have been introduced to the optical industry after the Second World
War through the Allyl Diglycol Carbonate (ADC) commonly known as CR39 [2]. CR39
is a transparent, thermosetting resin that combines an exceptional range of qualities
not available in all plastic materials [3]. From 1955, polycarbonate (PC), a very tough
thermoplastic polymer, started to be developed for optical application and it became
widely available by the late 1980s [2]. Then, the research progress led to the
development of polythiourethane (commonly known as MR7) in 1991 by the Mitsui
Company in Japan [4,5]. MR7 is a thermoset transparent polymer with a higher
refractive index of 1.67.

Optical applications such as spectacle lenses require shaping with very high precision
in order to properly match the visual needs of customers. Therefore, micro-machining
is mandatory in the manufacturing process of optical products to ensure micro-
accuracy in shape and dimensions. Micro-machining processes remain challenging
because they exhibit different issues such as the poor cutting contact stiffness leading
to a tool breakage [6], the difficulty of adding tool coating due to the significant increase
of the cutting edge radius [7], and the size effect [8]. The micro-machining process of
optical lenses is usually performed using the diamond turning technique to meet the

accuracy requirements [9—12]. However, if the process parameters are not adapted to



the work-material properties, micro-shape defects can be induced and, consequently,
the optical performances of the resulting lens may not meet the required optical
specifications, leading to its rejection. In micro-machining, micro-shape defects can
occur from many origins, among which one finds the spring-back of the work-material
that results from unfavorable cutting conditions when the depth of cut is below or up to
a minimum critical value that is called the minimum chip thickness [13,14]. This critical
minimum chip thickness depends mainly on the work-material properties, the cutting
edge radius, and the process parameters [15]. Indeed, it has been shown for steel and
soft polymers that plowing and elastic recovery occur instead of cutting if the uncut
chip thickness is less than the cutting edge radius [16,17].

In the case of glassy polymers, the polymer can be thermoplastic (such as PC) or
thermoset (such as CR39 and MRY7) which implies an important difference in the
thermomechanical properties of the work-material. Indeed, thermoplastic polymers are
mechanically sensitive to temperature and show ductile behavior at failure in the
vicinity of their glass transition temperature [18]. On the other side, the heavily
crosslinked networks of thermoset resins after polymerization make them less
sensitive to temperature and are usually characterized by a brittle behavior at failure
[18]. These differences could significantly modify the cutting behavior, the cutting
mechanisms, and the induced shape defects during micro-machining in the function of
the polymer type. Therefore, the parameterization of the machining process cannot be
the same for these three polymers and the micro-shape defects that could be induced
in each polymer must be quantified to be able to put them under control within the
industrial production line. The literature does not provide works dealing with the

quantification of the machining-induced shape defects of optical polymers, which



represents a lack of scientific data to develop a harmonized machining system suitable
for the manufacturing of different optical polymers used in the industry.

Hence, this paper proposes an experimental analysis that allows comparing the cutting
behavior of PC, CR39, and MR7 with a quantitative assessment of the machining-
induced micro-shape defects. Orthogonal cutting configuration is considered in this
study with a polycrystalline diamond (PCD) cutting insert. Cutting experiments are
conducted on three hybrid samples composed of two different polymers, and the
assessment of micro-shape defects is performed with topographic measurements of
the machined hybrid surfaces. Cutting and thrust forces have been measured to
assess the tool/material interactions depending on the cutting conditions. The chip
morphology has been investigated through the in-situ observation of chip formation
(using a fast camera) and microscopic analysis of the removed chips (using a scanning
electron microscope). To understand and discuss the difference in shape defects
between the three polymers, mechanical characterization is carried out at the
microscale with nanoindentation using atomic force microscopy (AFM). The

experimental approach is described in detail in the next section.

2. Experimental approach

2.1. Hybrid samples preparation

PC, CR39, and MR7 materials have been provided as semi-finished workpieces in the
form of thick disks (Figure 1(a)). Table 1 presents some physical properties of the
optical polymers considered in this study. Each semi-finished workpiece has been
milled to obtain rectangular samples with the dimensions of 80x10x3 mm. Hybrid
workpieces for orthogonal cutting experiments are obtained by gluing two different

polymer samples (Figure 1(b)) to get three different hybrid configurations for micro-
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machining experiments as shown in Figure 1(c): MR7-PC, CR39-PC, and MR7-CR39.
In each hybrid sample configuration, the polymer with the higher elastic modulus (from

Table 1) is considered as the reference material.

Table 1: Physical properties of the considered optical polymers [5,19—24]

Optcapoymer | Rfiscive | Eloste ek | el defecion | Slse vanslr
PC 1.59 2.27 142 — 148 150 — 151
CR39 1.5 3.7 84 89 -112
MR7 1.67 5.9 85 75 -150
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Figure 1: (a) Image of the provided semi-finished optical polymers, (b) Image of hybrid polymer samples used for
orthogonal cutting, (c) Schematic depiction of the three hybrid sample configurations



2.2. Orthogonal cutting setup

The orthogonal cutting configuration has been chosen to perform the machining
experiments. Orthogonal cutting is mainly used in scientific investigations because it
represents the local tool/material contact in the main conventional machining
processes. Orthogonal cutting involves the basic physical phenomena that occur
during a cutting operation. Moreover, it allows good discrimination of elementary
cutting mechanisms regardless of the influence of complex geometries and kinematics
of cutting tools in conventional machining processes. Cutting experiments are carried
out on a shaper machine (Model GSP — EL 136). As shown in Figure 2, the hybrid
workpiece is clamped manually in the machine bearing between two hardened steel
plates. Orthogonal cutting of the sample results from the relative motion between the
tool, fixed to the moving saddle, and the workpiece.

A piezoelectric dynamometer (Model Kistler — 9255B) is used to capture the force data
in the Cartesian coordinate system. The piezoelectric dynamometer has a sensitivity
of = -8 pC/N in the feed direction (cutting force direction) and = -3.7 pC/N in the normal
to the feed direction (thrust force direction). Data collection is performed via an
amplifier (Model Kistler — 5017 B1310) connected to a data acquisition card (Model
National Instruments — BNC-2110). Machining forces display is performed with a
LabVIEW data recorder program at a sampling rate of 5000 Hz. A high-speed camera
(FASTCAM SA5 CCD) was used for recording optical frames of in-situ chip formation

at an acquisition rate of 7,000 fps.
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Figure 2: Experimental setup for orthogonal cutting tests with a zoomed view of the active cutting zone

Polycrystalline diamond (PCD) inserts (model Sandvik TCMW16T304FLP-CD10) are
used in this study as cutting tools (Figure 2(b)). The choice of this kind of cutting insert
is motivated by its high sharpness compared to the other commercial cutting inserts
thanks to the PCD microstructure as shown in the SEM image of Figure 3(a). PCD

inserts have a rake angle of 0° and a clearance angle of 7°. The cutting edge radius of



the PCD insert has been calculated with an atomic force microscope (AFM) using
Tapping mode to obtain topographic measurements of the cutting edge curvature at
different locations on the cutting edge. Then, the radius of the curvature is calculated
by extracting different 2D profile sections from the 3D surface topography of Figure

3(b). The resulting cutting edge radius is found to be 3.23%%4 ym.

1.7 um
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Figure 3: (a) SEM image of the active zone of the PCD insert showing the cutting edge, (b) AFM topographic
measurement of the cutting edge curvature to calculate the cutting edge radius

2.3. Assessment method of machining-induced shape defects

The comparative analysis of the machining-induced shape defects has been carried
out by comparing the difference in height between the two machined surfaces of the
two materials present in the hybrid sample. Three values of cutting speed (8, 20, and
32 m/min) have been considered in this work from the available configurations of the
shaper machine. Small cutting depths (between 3 um and 23 ym) have been chosen
in orthogonal cutting experiments to respect the micro-machining configuration. The
shaper machine is equipped with an indicator instrument that has a precision level of
10 um. Therefore, to ensure accuracy at the considered range of cutting depths, the
relative effective depth of cut was measured directly from the hybrid machined surface
by keeping an initial surface zone on each reference material as shown in the example
of Figure 4. Indeed, the hybrid sample is first subjected to edge trimming on the whole

worksurface in order to have a flat surface tangent with the cutting edge (Figure 4(a)).



Then, the cutting tool is offset by 1 mm from the reference polymer before performing

the cutting operation (Figure 4(b)).

Figure 4: Example of the experimental cutting method with MR7/PC sample. (a) step 1: edge trimming of the
whole hybrid worksurface, (b) step 2: orthogonal cutting test with the keeping of an initial surface zone on the
reference polymer material

With this cutting configuration, the effective depth of cut relative to the reference
material can be determined by measuring the height difference between the initial
surface and the machined surface of the reference material. To this aim, topographic
measurements on the machined surfaces after performing each orthogonal cutting
experiment have been realized using an optical interferometer (model WYKO
3300NT). The stitching mode was used to cover the three characteristic zones of the
hybrid surface as shown in the example of Figure 5(a). Then, a 2D profile is extracted
from the topographic surface to determine the relative effective depth of cut (ap) and
the relative spring-back defect (Az) as shown in the example of Figure 5(b). At each
cutting experiment, five to six topographic measurements are carried out on the
resulting machined surface at different locations from the entry to the exit of the sample

length in order to verify the repeatability.
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Figure 5: Example of topographic measurements on machined surfaces with MR7/PC samples. (a) 3D view, and
(b) 2D view with the extraction of the profile for measuring the relative effective depth of cut (ap) and the relative
spring-back defect (4z)

2.4. Nanoindentation measurements

The nanoindentation technique has been widely used to measure the mechanical
properties of materials at the microscale [19,25,26]. In this study, the objective of
nanoindentation measurements is to investigate the mechanical reaction of each
optical polymer to the solicitation of the tip indenter for the purpose of understanding
and discussing the results of micro-machining experiments. To this aim, an atomic
force microscope (AFM - Dimension Edge™ - Bruker) has been used with a Berkovich
diamond tip indenter (Bruker DNISP-HS) that has a stainless-steel cantilever with a
spring constant of 450 N/m and tip radius of 40 nm. As shown in Figure 6(a), optical
polymers are embedded in epoxy resin and polished to have a nano-smoothed surface
for AFM scanning.

Nanoindentation involves the normal contact of an indenter on a worksurface and its
penetration in this surface to a specified load or depth [27] (Figure 6(b)). The load is
measured regarding the displacement into the worksurface to get the load—penetration
curve shown in Figure 6(c). In this study, the contact stiffness (“S” in Figure 6(c)), which

is the slope of the tangent line to the unloading curve at the maximum loading, is used
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to characterize the mechanical reaction of each optical polymer. With this
nanoindentation procedure, “S” represents the mechanical elastic reaction of the

indented material after the plastic deformation occurred during the indentation loading.
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Figure 6: (a) Schematic illustration of the experimental setup for nanoindentation measurements using atomic
force microscope, (b) Schematic illustration of the nanoindentation process showing the indentation depth, and (c)
Typical Loading/unloading curve obtained from nanoindentation

3. Results and discussion

3.1. Analysis of chip formation

Before analyzing the chip formation of hybrid polymer samples, an observation of the
chip morphology of each polymer separately was carried out to determine the intrinsic
cutting behavior of each material. Figure 7 shows the in-situ chip formation of PC,
CR39, and MR7 where the cutting speed has been fixed at 20 m/min and the depth of
cut has been set to 15 um. At this level of cutting depth, PC generates a continuous
and curled chip (Figure 7(a)), while CR39 shows a fragmentation of the chip that has

a form of debris (Figure 7(b)). In the case of MR7, the chip seems to be continuous.
11



However, the MR7 chip does not curl and remains in contact with the rake face (Figure

Figure 7: High-speed camera images showing the chip formation during the cutting of (a) PC, (b) CR39, and (c)
MR7

The chip formed by PC is well-known as a shear-flow type chip that is obtained by a
ductile chip formation process and is caused by plastic deformation of the material as
it passes through a shear plane at the primary shear zone [28]. The chip curling of PC
belongs to the important plastic deformation at the secondary shear zone, especially
because of the cutting-induced temperature since the mechanical properties of
thermoplastic polymers are highly sensitive to temperature as explained in section 1.
On the other hand, the thermoset origin of CR39 leads to a brittle chip formation
process and a high brittle breakage rate of the chip to form debris [28].

However, despite the thermoset origin of MR7, a continuous chip seems to be formed
without curling which is not conventional. Indeed, polythiourethane thermoset polymers
exhibit a ductile behavior due to their crystalline nature that results in superior
toughness, which is in sharp contrast to the brittleness of typical thermoset polymers
such as epoxy [29]. The chemical reason behind this behavior could be linked to the
fact that glassy polymers of low molar mass have little cohesive strength, leading to a
brittle behavior, while glassy polymers of high molar mass are characterized by long

chains that form a network due to their uncrossability and prevent brittle failure during
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large deformation [30]. The molar mass of polythiourethane is around 35000 g/mol
[31]. This value is highly greater than the molar mass value of CR39 which is around
274 g/mol [32] (near to the molar mass of epoxy which is around 392 g/mol [33]). This
could explain the ductile behavior of MR7 and the brittle behavior of CR39 (which is
similar to the well-known behavior of epoxy resin).

To a better understanding of the chip formation behavior, especially for MR7, Figure 8
shows microscopic images of the removed chips of PC, CR39, and MR7 obtained
using a scanning electron microscope (Model JEOL — 5510LV) with a low vacuum
mode. The three considered polymers reveal different morphologies on their removed
chips. The surface of the PC chip shows a smooth state with traces of surface plastic
deformation at the microscale (Figure 8(a)), which is the general case of thermoplastic
polymers. The microscopic observation of the fragmented chips of CR39 shows a neat
surface with micro-cracks that are a sign of a brittle failure during the chip formation
process (Figure 8(b)). In the case of MR7, Figure 8(c) reveals a segmented chip that
is formed with periodic waved-shape lamellae. This chip formation process is similar
to that shown in literature for titanium [34—37] and was attributed to the heterogeneous
plastic deformation that occurs at the microscale during the cutting process [38]. This
heterogeneous plastic flow is responsible for the lamellar structure of the chip, which
is explained by the variation in the deformation process that causes the creation of
concentrated shear bands [39].

As shown at the microscale in Figure 8(c), the lamellar structure generated in the MR7
chip induces damage in the form of micro-cracks between the periodic waved-shaped

lamellae. This damage weakens the structural integrity of the chip, preventing its curl.
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Figure 8: SEM images of the removed chips showing their microscopic morphology. (a) PC, (b) CR39, and (c)
MR7

In the case of hybrid polymer samples, Figure 9 shows that the discontinuous structure
of the CR39 chip does not affect the chip formation of the hybrid samples (Figure
9(b),(c)), while the presence of MR7 leads to reducing the chip curl of PC (Figure 9(a)).

It can be also noticed in Figure 9(a) a whitening of the MR7 chip compared to the PC

14



chip that remains transparent as the initial state shown in Figure 4. This is a sign of

damage in the MR7 chip due to the lamellar structure formation.

Figure 9: High-speed camera images showing the chip formation of hybrid samples during the cutting of (a) MR7-
PC, (b) CR39-PC, and (c) MR7-CR39

3.2. Analysis of micro-machining forces

Figure 10 shows the cutting forces (Fc) that were measured in the cutting feed
direction. For all the cutting configurations, the increase in the depth of cut leads to an
increase in the cutting force which is a well-known behavior. MR7-PC samples
generated the highest cutting forces, followed by MR7-CR39 and CR39-PC. The
difference is more relevant when approaching the highest values of cutting depths. No
significant effect is observed on cutting forces when increasing the cutting speed from
8 m/min to 32 m/min. Introducing MR7 on the hybrid samples contributes to an increase
in the cutting forces due to its higher elastic modulus compared to the other materials
(cf. Table 1). The contribution of MR7 to the cutting forces is more relevant with PC

since the chip remains continuous as shown in section 3.1.
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Figure 10: Cutting forces of hybrid polymer samples with (a) Vc = 8 m/min, (b) Vc = 20 m/min, and (c) Vc = 32
m/min

Figure 11 presents the thrust forces (Ft) that were measured perpendicularly to the
cutting feed direction. MR7-PC shows the highest values of thrust forces that decrease
with the increase of the cutting depth. The same behavior is noticed for the thrust force
of CR39-PC samples. However, the trust forces of MR7-CR39 are not affected by the
variation of the cutting depth at the considered range from 3 ym to 23 uym. A slight

increase in the thrust forces is observed when increasing the cutting speed.
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Figure 11: Thrust forces of hybrid polymer samples with (a) Vc = 8 m/min, (b) Vc = 20 m/min, and (c) Vc = 32

m/min

Figure 11 leads to the conclusion that introducing PC in hybrid samples contributes to

an important increase in thrust forces, particularly when approaching the lowest values

of cutting depth. This means that the normal mechanical reaction between the cutting

tool and the PC is intensified at low cutting depths. This behavior of PC could be due

to an elastic recovery when the depth of cut is below or up to the critical minimum chip

thickness as explained in section 1. This aspect is investigated in depth in the next

section.
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3.3. Analysis of the relative spring-back defects

Figure 12 presents the relative spring-back (Az) measured between the two machined
surfaces of the hybrid samples as described in section 2.3. It can be seen that the PC
generates the highest Az. The PC spring-back regarding MRY7 is higher than that
regarding CR39. However, Az of PC shows a significant decrease in the function of the
cutting depth. The CR39 spring-back regarding MR7 has the lowest values and is not
significantly affected by the depth of cut variation. Hence, at the highest values of
cutting depth (~ 17 — 20 um), the Az of the three hybrid samples become almost similar.
The increase in the cutting speed leads to a slight increase of Az for the three hybrid
samples.

Reducing the depth of cut increases significantly the PC spring-back regarding MR7
and CR39. Based on the results of Figure 12, at a relative depth of cut of ~ 5 ym, Az
of PC represents ~ 70% of the corresponding cutting depth in MR7, and ~ 55% of the
corresponding cutting depth in CR39. These results demonstrate that PC is
characterized by a high elastic recovery compared to MR7 and CR39, which is in total
agreement with the results of thrust forces shown in Figure 11 where introducing PC
in hybrid samples contributes to a significant increase in the thrust force, especially at
low cutting depths. Indeed, the increase in the thrust force during cutting means an
intensification of the normal mechanical reaction of the work-material against the
contact with the cutting tool, which could strongly be induced by the elastic recovery of
the work-material.

It can be concluded that the critical minimum chip thickness required for material
removal of PC is significantly higher than that of CR39 and MRY7. This behavior puts
the PC in unfavorable cutting conditions at an early stage in micro-machining, which

could strongly induce micro-shape defects in the case of superfinishing processes
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because the effectively removed thickness is different from the required thickness to
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Figure 12: Relative spring-back in hybrid polymer samples with (a) Vc = 8 m/min, (b) Vc = 20 m/min, and (c) Vc =
32 m/min

CR39 generates also a spring-back regarding MR7 which is between 1 ym and 1.5 ym
at the considered range of cutting depth. This indicates that MR7 has the lower critical
minimum chip thickness required for material removal. However, it is important to note
that MR7 could also show a relative spring-back if it has been compared with another
material that has a lower elastic recovery at this range of cutting depth. To validate the
hypothesis of the elastic recovery as the origin of the difference in cutting behavior
between the three polymers, the next section will address their mechanical reaction

with nanoindentation.
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3.4. Analysis of the mechanical response using AFM nanoindentation

Figure 13 shows the indentation traces performed on each optical polymer. It can be
seen that the three polymers do not have the same mechanical reaction during the
nanoindentation contact. Indeed, at similar indentation depths, the indentation traces
of the three polymers do not have similar sizes. PC shows the highest sizes and the
deepest indentation traces at the considered range of indentation depth. At low depths,
MR7 shows the smallest sizes of indentation traces due to its higher stiffness
compared to the other considered polymers. However, by increasing the depth up to 4
pum, the size of indentation traces becomes similar to that of PC. This indicates an
important plastic deformation of MR7 despite its thermoset origin, which is due to its
important chemical crosslinking chains induced by its higher molar mass as described
in section 3.1. CR39 generates the lowest sizes of indentation traces, especially at
high depths. Moreover, the indentation traces of CR39 are not as deep as those of
MR7 and PC because MR7 induces higher plasticity than CR39. This confirms the
origin of the continuous chip observed for MR7 in Figure 7.

It can be concluded from this analysis of indentation traces that PC generates the
highest plastic deformation even with small indentation depths, while the plastic
deformation of MR7 is activated by increasing the depth of indentation. CR39 shows
the lowest plasticity, which is in good agreement with the experimental observation of

chip formation in section 3.1.
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Figure 13: AFM scanning images of the indentation traces performed on (a) PC, (b) MR7, and (c) CR39. In each
image, the corresponding indentation depth is mentioned near each indentation trace

Figure 14 presents typical loading-unloading curves obtained from the nanoindentation
of PC, MR7, and CR39. Results of Figure 14 show that PC induces the highest
indentation force at all the considered range of the indentation depth. MR7 generates
the lowest force at low indentation depth (Figure 14(a),(b)). However, the increase in
indentation depth leads to a significant increase in the indentation force of MR7 to be
equal to or slightly higher than that of CR39 from 3 ym of indentation depth (Figure
14(c),(d)). It can also be noticed a change in the loading/unloading behavior in the
function of the indentation depth. At low applied depths, the loading force shows a
quasi-linear behavior in the function of the indentation depth after a slight non-linear
zone that corresponds to the tip engagement on the work-material. Then, the unloading
force curve deviates from the loading curve with a higher slope (“S” in Figure 6(c)) than
that of the loading curve (Figure 14(a)). When increasing the applied depth, the loading
and unloading curves reveal a non-linear behavior in the function of the indentation
depth, especially at the maximum applied depth of 4 um as shown in Figure 14(d).
Moreover, it can be observed that the increase of the applied depth leads to reducing
the deviation between the loading and the unloading curve by the decrease of the slope
of the unloading curves from the maximum force “S”. Reducing “S” could be associated

to a decrease of the reaction force from the work-material to the tip indenter generated
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by the elastic recovery after the plastic deformation during the nanoindentation
process. This phenomenon may be similar to that of material spring-back observed
during orthogonal cutting in the function of the depth of cut. Therefore, the unloading
slope “S” related to each glassy polymer is calculated in Figure 15(a) in the function of
the applied indentation depth. It can be seen in Figure 15(a) that “S” decreases with
the increase of the applied depth. PC induced the highest “S” at low applied indentation
depth compared to MR7 and CR39. The difference in “S” between the three polymers
decreases with the increase of the applied depth until becoming insignificant at Z = 4
pum. On the other hand, CR39 induces a higher “S” than MR7 and this difference is not

significantly affected by the variation of the indentation depth.
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Figure 14: Typical loading-unloading curves obtained from nanoindentation of PC, MR7, and CR39 with
indentation depths of (a) 1 um, (b) 2 um, (c) 3 um, and (d) 4 um.
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The results of Figure 15(a) are in good agreement with the experimental observation
of the relative spring-back defects induced by orthogonal cutting (section 3.3). Indeed,
Figure 15(b) presents the relative slope (AS) which is the difference between the
average “S” of two polymers. AS is then calculated as follows: ASmr7-pc) = S(pc) - S(MR7),
AS(cr3g-pc) = S(pc) - S(cr39), and ASMR7-CR39) = S(cr39) - S(Mr7). The results of Figure
15(b) have the same behavior as those presented in Figure 12 for the relative spring-
backs: the relative AS of MR7-PC shows the highest values, followed by the AS of
CR39-PC and both show a significant decrease when increasing the applied
indentation depth. Nevertheless, MR7-CR39 displays the lowest values of AS with no
significant effect of the applied indentation depth. The same behavior has been
identified in Figure 12 for the relative spring-back of MR7-PC, CR39-PC, and MR7-
CR39 hybrid polymer samples.

It can be concluded from the results of nanoindentation analysis that the spring-back
behaviors of PC, MR7, and CR39 due to elastic recovery are expressively different and
this could probably be the origin of the difference in the relative spring-back defects
induced by the micro-machining process.
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Figure 15: (a) Evolution of the slope “S” of the nanoindentation unloading curves from the maximum force, (b)
Evolution of the relative slope “AS” of the nanoindentation unloading curves
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4. Conclusions

In this paper, a comparative analysis has been conducted to identify the shape defects
induced by the micro-machining of optical polymers. The orthogonal cutting
configuration has been used to perform the cutting experiments on polycarbonate
(PC), Allyl Diglycol Carbonate (CR39), and polythiourethane (MR7) polymers with
microscale cutting depth values (from 3 pm to 23 ym). The comparative analysis has
been carried out by cutting hybrid samples that are composed of two polymers, and in
which one polymer is considered as a reference for the comparison of the surface
shape by an optical interferometer. Mechanical characterization at the microscale has
been also conducted using nanoindentation to compare the mechanical reaction of
each optical polymer and hence explain the cutting behavior. The following conclusions
can be drawn:

e PC generates a curled and continuous chip during orthogonal cutting due to its
thermoplastic origin (ductile failure), while CR39 produces a fragmented chip in the
form of debris due to its thermoset origin (brittle failure). Despite its thermoset
origin, MR7 generates a continuous chip because of its high plastic deformation
ability revealed by nanoindentation, which is due to its higher chemical molar mass
compared to conventional thermoset resins. However, the MR7 chip does not curl
due to the damage induced by its lamellar structure revealed by microscopic
observations.

e The present study reveals a correlation between the machining thrust forces and
the machining-induced shape defects in terms of material spring-back. MR7-PC
hybrid samples generate the highest thrust forces that decrease with the increase
of the cutting depth. CR39-PC hybrid samples have the same trend in thrust forces

with lower values than that of MR7-PC, while thrust forces of MR7-CR39 hybrid

24



samples show the lowest values without significant effect of the cutting depth. The
same thrust forces behavior is identified with the relative spring-back defects of the
three hybrid polymer samples. These results demonstrate that the thrust force
analysis could be an indicator for predicting the spring-back defects induced by
micro-machining.

e The difference in spring-back properties between PC, MR7, and CR39 has been
identified by the assessment of the slope of the nanoindentation unloading curves
from the maximum indentation force (“S”). MR7 induces the lowest values of “S”,
while PC generates the highest “S” values that decrease significantly with the
increase of the applied indentation depth to be near to those of MR7 and CR39.
Calculating the difference in the slopes (AS) for the couples MR7-PC, CR39-PC,
and MR7-CR39 allows for determining a similar behavior of AS to that of the relative
spring-back defects. This demonstrates that the spring-back properties of the
glassy polymers are probably the cause of the shape defects induced by micro-
machining.

The results of this paper should be considered when using micro-machining for the

industrial finishing of glassy polymers so the process parameters, such as cutting feed

and depth, can be adapted to avoid significant shape defects induced by the material

spring-back.
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