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Abstract

Silk fibroin has robust mechanical properties with superior biocompatibility and
biodegradability. Therefore, it has great potential as surgical sutures and scaffolds for
cartilage reconstruction. In addition, silk fibroin particles (hereinafter referred to as
silk particles) have shown significant capability as ideal drug carriers for anti-tumour
and intra-articular agents. However, most manufacturing methods for silk particles are
chemical-based or instrument-based, which requires chemical agents or costly
instruments. Some mechanical manufacturing techniques, such as ball milling and
bead milling, have been used to fabricate silk particles. However, the dimensional
consistency of the fabricated silk particles is often poor, not to mention the low
productivity of these techniques. More importantly, most manufacturing approaches
can only make spherical silk particles and lack the ability to fabricate particles with
helical or filamentous shapes and specified sizes that are believed to have better drug
delivery efficacy. Therefore, this thesis aims to develop a new low-cost, chemical-free
manufacturing process using diamond turning to obtain silk particles in the form of
cutting chips whose geometries can be tailored by processing parameters.

The machinability of silk fibroin in diamond turning was first investigated through
cutting experiments from the aspects of specific cutting force and chip morphology.
The ductile mode cutting of silk fibroin was achieved. Moreover, long helical silk
particles with a tunable radius of curvature were manufactured using a sharp point tool
with a feed rate of less than 2.5 pm/rev. The feed rate can be used to customise the
radius of curvature of helical particles. Long ribbon silk particles were also generated

using a round nose tool. The folding wavelength of the ribbon particles can be tailored
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by tuning the cutting speed and depth of cut. All experimental results demonstrated
the feasibility of manufacturing geometry-controllable silk particles using diamond
turning. A chip chart for diamond turning of silk fibroin was created, indicating that
the breakability of silk chips increases at a reduced feed rate and depth of cut. This
tendency is opposite to what is commonly observed on metallic materials due to the
soft but highly tough property of silk fibroin. Although short and discontinuous folded
particles were also manufactured, the dimensional consistency of the particles is
extremely low, demonstrating the low chip-breaking efficiency when simply changing
the processing parameters due to the ductility of silk fibroin.

The serrated chip formation mechanism in diamond turning of silk fibroin was then
studied using hybrid finite element and smoothed particle hydrodynamics (FE-SPH)
numerical simulations. The Cowper-Symonds material parameters for silk fibroin
were preliminarily determined to be p =7 and D = 1140 s™'. The specific cutting force
obtained by this model was 49.0% smaller than the experimental value. Nevertheless,
good prediction accuracy regarding chip morphology was achieved. The simulation
results revealed that the shear band formation was ascribed to the conjunction of two
parts of the plastic deformation localized at the cutting zone. Specifically, one part
propagates from the cutting edge to the free surface, while the other part initiates on
the free surface and propagates towards the cutting edge. The link between the serrated
chip formation and the hierarchical structure of silk fibroin was also revealed with the
aid of this hybrid FE-SPH model.

A high-frequency elliptical vibrator for diamond turning with tunable operational
frequency and amplitude was developed as a chip breaker to obtain filamentous silk

particles. The designed elliptical vibrator adopts a flexure-hinge structure that
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combines the leaf spring flexure hinge (LSFH) and the notch hinge prismatic joint
(NHPJ). This configuration can not only transmit and connect the reciprocating
displacements of the diamond tool but also offer an improved operational frequency.
The finite element analysis (FEA) results indicate that a decrease in the neck thickness
of the NHPJ can reduce the cross-axis coupling ratio. Meanwhile, a reduction in the
thickness of the LSFH can reduce the first natural frequency of this vibrator and change
the sequence of its vibrational mode shapes.

A series of performance evaluation tests was conducted on a prototype of the
designed elliptical vibrator. The test results show that this elliptical vibrator can
achieve a high-frequency and non-resonant working mode with an acceptable cross-
axis coupling ratio and thermal generation. Moreover, the elliptical tool trajectories
with different amplitudes were generated by tuning the operational frequency, input
voltage and phase angle. This elliptical vibrator can work at an operational frequency
of up to 5 kHz. Its vibration amplitude can reach 2 pm. Preliminary diamond turning
experiments were conducted on a copper workpiece to verify its chip-breaking
effectiveness.

Finally, the manufacturing of filamentous silk particles was studied through
elliptical vibration diamond turning experiments and hybrid FE-SPH numerical
simulations. The influence of processing parameters such as horizontal speed ratio
(HSR) and depth ratio on chip breakability was thoroughly studied in cutting
experiments and simulations. It was found that a large HSR and a small depth ratio
can help to achieve effective chip breaking and obtain filamentous silk particles due
to the reduced average tool velocity angle 6,. The simulation results show that a

decrease in the average tool velocity angle can decrease the ductility of silk fibroin and
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make the chip easy to break due to the reduced hydrostatic pressure and enhanced
shearing action of the diamond tool. The critical average tool velocity angle 6. was
confirmed to be 22.6° for elliptical vibration diamond turning of silk fibroin. The
average tool velocity angle should always be kept below this critical value to obtain

filamentous silk particles.
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Chapter 1

Introduction

1.1 Research background

Cancer is one of the leading causes of death worldwide, accounting for almost 10
million deaths in 2020, or nearly one in six deaths, according to data from the World
Health Organization [1]. The major reason for this high mortality rate lies in the
difficulty of delivering therapeutic agents only to the tumour sites without damaging
healthy tissues and organs [2]. After several decades of development, drug delivery
systems based on engineered particles have shown great promise in solving this
problem [3]. Among the numerous materials for manufacturing engineered particles,
silk fibroin is renowned for its excellent mechanical properties, biocompatibility and
biodegradability [4,5].

Silk fibroin is extracted from the Bombyx mori (B. mori) silkworm silk (see Figure
1.1) that mainly consists of two proteins: 70-80% fibroin and 20-30% sericin [6]. Not
only for cancer treatments, silk particles (sized from tens of nanometres to hundreds
of microns) have also shown significant potential as ideal carriers for intra-articular
agents [7]. Compared with free drugs, drug-loaded silk particles can improve the blood
residence time of drug molecules, thus dramatically increasing their pharmacokinetics

and cellular uptake [8].
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Figure 1.1 (a) B. mori silkworm and cocoons [9]; (b) silk filament that consists of

fibroin and sericin [10].

Silk particles are generally made using chemical processing methods, such as
desolvation [11] and salting out [12]. These production methods require chemical
agents that result in contamination of the environment and the potential degradation of
fibroin structures. Apart from chemical methods, instrument-based methods such as
electrospraying [13] and laminar jet break-up [14] have been extensively investigated.
However, these methods require expensive instruments and complicated operations
[15]. In addition, several mechanical techniques have been adopted, such as ball
milling [16] and bead milling [17]. But the productivity of these mechanical
manufacturing approaches is low, and the dimensional consistency of the fabricated
silk particles is often poor.

More importantly, most of the existing manufacturing approaches can only make
spherical silk particles, as shown in Figure 1.2. However, particles with helical [18] or
filamentous [19,20] shapes and specified sizes are believed to have better efficacy in
terms of targeting and immune clearance for drug delivery than their spherical

counterparts [21].



Figure 1.2 (a) Silk microspheres prepared by Imsombut et al. [22]; (b) silk

microspheres prepared by Baimark et al. [23].

In contrast to the previously mentioned methods, diamond turning is a low-cost and
chemical-free manufacturing approach in which different chip morphologies can be
obtained through changing processing parameters [24—26]. Therefore, this thesis will
investigate the feasibility of using diamond turning to manufacture silk particles (i.e.
cutting chips) with controllable geometries.

To the best of the author’s knowledge, diamond turning of silk fibroin has never
been attempted before, in which the chip formation mechanism is, therefore, a
knowledge gap. Silk fibroin has a hierarchical structure, and its beta-sheet crystallites
are embedded in the amorphous matrix [27]. The crystallites and amorphous matrix
have entirely different degrees of strength, stiffness and toughness, which will reduce
the machinability of silk fibroin.

An understanding of how this hierarchical structure influences the chip morphology
is pivotal to the success of process control to obtain silk particles with different

geometries.



It is very difficult to reveal the cutting mechanism using only the experimental
approach due to the restriction of in-situ experimental observation in diamond turning.
Numerical simulation has been widely used as an effective alternative to investigate
the underlying cutting mechanism, along with post-experimental cutting chip
characterizations. It is well known that an accurate constitutive description of the non-
linear dynamic behaviour of the machined material is essential for numerical
simulations, which is usually in the form of a set of material parameters in analytical
material models. However, there is no material model available that can fully describe
the damage behaviour in diamond turning of silk fibroin. This presented one research
challenge in the numerical simulation study that will be addressed in this research.

In order to manufacture filamentous silk particles, effective chip breaking is
required in diamond turning of silk fibroin. However, the efficiencies of chip breaking
through tuning processing parameters or using chip breakers are extremely low for
ductile materials. One solution to address this issue is to use elliptical vibration
diamond turning. But the use of a high-frequency non-resonant elliptical vibrator for
diamond turning is still rare, limiting its possibilities for chip control to obtain
filamentous silk particles. This is because of the unique tool/spindle configuration in
diamond turning and the low structural stiffness of existing vibrators. Moreover,
significant problems, such as the cross-axis coupling and the overheating of piezo
actuators, are usually encountered, which proposes serious design challenges for a
high-frequency non-resonant elliptical vibrator.

In addition, elliptical vibration diamond turning of silk fibroin has never been

conducted. A clear understanding of how the processing parameters affect chip



breakability presents another knowledge gap, which will be thoroughly studied in this

thesis.

1.2 Aim and objectives

This thesis aims to establish a new manufacturing approach to obtain silk particles
with different geometries using diamond turning. The principal objectives are as
follows:

(1) To evaluate the machinability of silk fibroin in diamond turning and to provide the
recommended processing parameters for manufacturing silk particles with
different geometries.

(2) To reveal the chip formation mechanism in diamond turning of silk fibroin through
cutting experiments and numerical simulations and to determine the influence of
the hierarchical structure of silk fibroin on chip formation.

(3) To develop a high-frequency non-resonant elliptical vibrator that can effectively
improve the chip-breaking efficiency.

(4) To achieve an in-depth understanding of how the processing parameters in
elliptical vibration diamond turning affect chip breakability of silk fibroin and to
present the optimal processing parameters for manufacturing filamentous silk

particles.

1.3 Thesis structure

The thesis is divided into eight chapters. The logical information flow is illustrated

in Figure 1.3.
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Figure 1.3 Flowchart of the thesis structure.

Chapter 1 explains the background, aim and objectives. The thesis structure is also
illustrated.

Chapter 2 reviews the chip morphology and chip breaking methods in diamond
turning, as well as the modelling and simulation of micro-cutting using SPH technique.
Thus, the research challenges and knowledge gaps can be identified.

Chapter 3 evaluates the machinability of silk fibroin in diamond turning with regard
to cutting force and chip morphology. Thus, the recommended processing parameters
for generating silk particles with different geometries are provided. The limitations of
controlling chip geometry by simply changing processing parameters in diamond
turning will also be discussed, which motivates the design of an elliptical vibrator for
chip breaking in Chapter 5.

Chapter 4 establishes a hybrid numerical model to investigate the chip formation



mechanism in diamond turning of silk fibroin, together with a determination of its
material parameters. The link between the chip formation mechanism and the
hierarchical structure of silk fibroin will also be revealed.

Chapter 5 concerns the development of a flexure-based non-resonant elliptical
vibrator for diamond turning to achieve the goal of high operational frequency.

Chapter 6 presents the experimental performance tests for the proposed elliptical
vibrator. Preliminary chip-breaking tests will be performed.

Chapter 7 reveals how the processing parameters in elliptical vibration diamond
turning affect the chip breakability of silk fibroin by means of numerical simulations
and experiments. The optimal processing parameters for manufacturing filamentous
silk particles are recommended.

Chapter 8 summarises the conclusions of this thesis and its contributions to

knowledge. Study limitations and future research recommendations are also provided.



Chapter 2

Literature review

2.1 Introduction

This chapter first reviews the influence of the geometries of silk particles in drug
delivery. After that, typical manufacturing methods of silk particles are summarised.
Then, the chip morphology and chip breaking methods in diamond turning are
reviewed. Previous attempts to study micro-cutting using SPH technique are presented.

Finally, the research challenges and knowledge gaps are identified.

2.2 Influence of geometries of silk particles in drug delivery

Silk particles have a high potential in drug delivery, whose geometries can be

modified accordingly based on the applications (see Figure 2.1).

Different size

Different shapes

Figure 2.1 Geometries of silk particles.

Most silk particles for drug carriers are spherical as this shape is easy to manufacture.

However, the sphere is not always the best geometry for drug delivery; indeed, shape



is emerging as a key factor dictating circulation time, biodistribution, cellular uptake
and intracellular trafficking [28]. The shape evolution of viruses and bacteria endows
them with exquisite capabilities to deliver their cargo and evade the immune system.
For example, inspired by the helical structure of tobacco mosaic virus that can escape
degradation, helical particles are expected to have a critical influence on next-
generation medicines [18,29]. The possible shape effects of natural filoviruses were
also investigated [19]. Geng et al. [30] found that filamentous particles remained in
the blood circulation for up to one week after injection, which is almost ten times
longer than their spherical counterparts. The obtained filomicelles delivered paclitaxel
and effectively shrank the human-derived tumours in mice. Petros and DeSimone [31]
pointed out that filamentous particles with dimensions of up to 18 pm were reported
to exhibit considerably longer circulation half-lives than even stealth liposomes.
Instead, the rigid spheroids were almost immediately cleared from the circulation.
The size of silk particles also has important effects on drug delivery. During
medicine formation, the smaller the particles, the higher proportion of the drug that
will have access to the aqueous phase, which leads to substantial loss of payload and
lower drug loading. In general, microparticles are unlikely to cross most biological
barriers, which must be delivered directly to the tissue of interest. For instance, silk
microparticles with diameters of 1-21.6 um were fabricated as carriers for intra-
articular drug delivery, which increased the sustained residence time in the joint space
[32]. On the contrary, nanoparticles can cross biological barriers due to their smaller
size, although smaller particles are more likely to aggregate. Overall, what size is
optimal and what barriers can be crossed is often a matter of your targets [33]. Size

also has a significant impact on drug retention time in tissues. Kohane et al. [34] argued



that microparticles remained where they were injected, whereas nanoparticles with the
same material and mass were already eliminated in the same time frame.

In summary, the shape and size of silk particles are two important parameters that
will greatly influence the performance of a drug delivery system. Therefore, research
and development of novel manufacturing approaches that are capable of accurately
tuning the geometry of particles are of great importance for the development of next-

generation medicines.

2.3 Manufacturing techniques for silk particles

So far, numerous methods have been developed for manufacturing silk particles. All
the methods can be divided into two categories: the top-down and the bottom-up,
which are summarised in Table 2.1.

Table 2.1 Manufacturing techniques for silk particles.

Particle

Categories Techniques Comments . .
dimensio

Cheap equipment; easy operation;

Top-down Ball[r1n61]l ling low dimensional consistency; 0.2-4 um
particle aggregation.
Top-down Bead[ lrr713111ng Easy operation; time-consuming.  0.3-7 pum
Electrospravin Tunable particle size; high
Bottom-up [l g] YME " dimensional consistency; costly  59-75 nm
equipment.
Bottom-u Laminar jet No organic solvent; large particle ~ 100-440
P break-up [14] dimension; costly equipment. pum
Desolvation Easy operation; chemical
Bottom-up (1] y presi ducs, 300 nm
Bottom-up Salting out [12] Easy to scale up; chemical 0.5-2 um

residues.
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In general, mechanical processes (e.g. ball milling [16] and bead milling [17]) are
required in the top-down method to downsize the raw materials, such as silk fibroin
fibre and regenerated silk fibroin, to become silk particles. However, the productivity
of these mechanical manufacturing approaches is low, and the dimensional
consistency of the fabricated silk particles is often poor. More importantly, it is not
easy to precisely control the geometry of silk particles.

The bottom-up methods can be classified into two categories: instrument-based and
chemical-based. They both have advantages in controlling particle size. However, the
former group often relies on expensive instruments and expertise. As for chemical-
based methods, chemical agents are usually required, which may potentially degrade
the fibroin structures and contaminate the environment.

Overall, most available manufacturing techniques can only produce spherical silk
particles. A low-cost and chemical-free manufacturing method for silk particles with
tunable geometry is rare and urgently needed. Diamond turning can potentially provide
an alternative solution to obtain geometry-controlled silk particles in the form of

cutting chips through tuning processing parameters.

2.4 Chip morphology and chip breaking in diamond turning

2.4.1 Mechanics of chip breaking

Chip formation initiates from the curling of the cutting chips, which is then
dramatically affected by a number of processing parameters such as cutting speed, feed
rate and depth of cut. Bradley Jared and Thomas Dow indicated that chip morphology

could be characterized using two parameters, namely chip flow angle and chip radius
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of curvature [35,36], which can be applied to characterize the chip breaking in
diamond turning [37].

Currently, two primary approaches are applied to investigate the underlying
mechanism of chip breaking. The first category focuses on the development of a
database based on the machining trials on chip breaking [38,39], which is time and
money consuming. On the other hand, the chip breaking can also be investigated by
material stress analysis which is mainly based on the numerical simulation analysis
and chip curvature analysis. FEA is the most commonly used numerical simulation
method to describe mechanics in chip breaking [40]. Still, it is not the optimal solution
to model material fracture and crack formation in chip breakage due to its mesh-based
nature.

In chip curvature analysis, the relationship between chip radius of curvature and
chip breaking is usually described by using Nakayama’s [41] and Li’s [42] chip-
breaking criteria theoretically, which will be considered in more detail as follows:
® Nakayama’s chip-breaking criterion

In Nakayama’s theory, chip strain &. is proportional to the ratio of chip thickness #.

and chip up-curl radius R.:

t
£o X —— 2-1)
Ry

Generally, the chip starts to form with an up-curl radius Ro. As the chip is
continuously formed, the chip radius is increased correspondingly. The chip usually
breaks when the actual chip strain ¢. is larger than chip tensile strain €. A preferred

chip breaking should happen before the chip gets tangled to protect the machined
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surface from scratching. At this moment, the chip radius of curvature reaches its

critical value R;. Therefore, the actual chip strain &. can be derived as:

1 1
e, = a,t, (R— _ R—L) (2-2)
0

where a. is the shape coefficient of the chip cross-section.
® [i’s chip-breaking criterion

In general, most metallic materials satisfy the theory of chip-breaking limits. The
chip will always break when the feed rate and depth of cut are higher than its critical
value. On the basis of this, Li proposed a semi-empirical chip-breaking criterion. The

critical feed rate f.- is given below:

Jer = (1 _i)sin'f_v'tc (2-3)
%\R, "R, 4.

where x, 1s the cutting edge angle, and d. is the depth of cut.

Likewise, the critical depth of cut d.- can be defined as follows:

eyRscosé, m
. (E - 1) R (d: = R.)

der = (57.3£bR5 cos o,
cos

(2-4)

— Ry (d. <R
aCRC ) CP(C< C)

where R; is the radius of curvature of side-curl chips. d. is a constant related to chip
cross-section. R, is the tool nose radius.

In short, it can be inferred that chip breaking can be achieved through changing
processing parameters. However, it is difficult to realise the effective chip breaking on
ductile materials by only adjusting processing parameters. Thus, chip breaking method

is required to produce filamentous silk particles in the form of discontinuous chips.
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2.4.2 Chip breaking method in diamond turning

Besides the use of changing processing parameters [35,36], a broad type of
strategies can be applied to precisely control the geometry of cutting chips, such as
using chip breakers [43,44], tool vibrations [45—47] and coolants (e.g. gas or fluid jets)
[39,48]. However, for ductile material, the chip breaker cannot generate discontinuous
chips in high efficiency [37]. The introduction of coolants brings difficulty in
collecting the chips as fluid jets will blow chips away, not to mention their
environmental contamination. Hence, this thesis will investigate the feasibility of

using elliptical vibration diamond turning to achieve effective chip breaking.

2.5 Existing designs for elliptical vibrators

Generally, elliptical vibrators can be classified into two types based on the
operational frequency mode: resonant mode and non-resonant mode. Resonant
elliptical vibrators can obtain ultrasonic operational frequency [49,50] and large
vibration amplitude over tens of micrometres [51] due to the high energy efficiency of
the resonant mode. Figure 2.2 illustrates two typical designs of resonant elliptical

vibrators.
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Figure 2.2 Resonant elliptical vibrators proposed by: (a) Moriwaki and Shamoto

[52]; (b) Suzuki [53].

However, resonant elliptical vibrators can only work under a fixed frequency (i.e.
resonant frequency) and vibration amplitude. They lack the ability to effectively tailor
the size of the discontinuous chips [54,55].

In contrast, both the operational frequency and vibration amplitude of non-resonant
elliptical vibrators could be adjusted [45]. Thus, they emerged to overcome the
problems of resonant vibrators. For non-resonant vibrators, vibrations are generally
applied directly [56] or through flexure hinges [57]. Figure 2.3 shows the

configurations of several existing non-resonant elliptical vibrators.
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Figure 2.3 Non-resonant elliptical vibrators proposed by: (a) Heamawatanachai and
Bamberg [58]; (b) Zhu et al. [59,60]; (c) Ahn et al. [61]; (d) Han et al. [62]; (e)

Negishi and Dow [46]; (f) Wang et al. [63].
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Heamawatanachai and Bamberg [58] developed a micro-cutting vibrator driven by
a piezo tube. Although it can generate elliptical tool trajectories with an amplitude of
up to 10 pum, its operational frequency can only reach 300 Hz. Zhu et al. [59,60]
developed an elliptical vibrator with a novel Z-shaped flexure hinge. This high-
stiffness configuration enables it to achieve an operational frequency of up to 500 Hz.
Ahn et al. [61] proposed a flexure-based non-resonant elliptical vibrator, which can be
operated at a frequency of 1 kHz. Han et al. [62] proposed a flexure-based vibrator for
diamond turning. The frequency sweep test revealed that this vibrator could obtain the
first natural frequency of up to 1.8 kHz. Negishi and Dow [46] developed a non-
resonant elliptical vibrator with which a high-frequency working mode at 4 kHz could
only be achieved with an additional cooling system, indicating the vital importance of
the thermal control of the high-frequency non-resonant elliptical vibrator. They also
developed another kind of non-resonant elliptical vibrator without the cooling system,
but it could only work at up to 400 Hz [64]. A non-resonant vibration cutting tool was
recently developed by Wang et al. [63] for surface texturing that claimed a working
bandwidth of up to 6 kHz based on the results of the frequency sweep test.
Nevertheless, it was specially designed for a three-linear-axis machine setup that is
incapable of diamond turning.

In summary, high-frequency (i.e. over 4 kHz) non-resonant elliptical vibrators for
diamond turning are still rare. This is not only due to the tool and spindle configuration
for diamond turning but also the low structural stiffness of existing vibrators,
especially in the direction perpendicular to the tool trajectory plane. High-frequency
vibration can easily trigger the twisting motion of the diamond tool in this direction,

which severely distorts the tool’s trajectory. In addition, high-frequency input signals
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require high power input for piezo actuators, leading to an increased heat generation.
However, the overheating of piezo actuators will worsen the machining performance
of the non-resonant elliptical vibrator and even cause a system failure. Thus, it is
another critical problem that must be overcome.

The existing non-resonant elliptical vibrators can only reach relatively low
operational frequency, which results in low machining efficiencies and hinders their
industrial applications. Moreover, in diamond turning, as the excessive cross-axis
coupling between two reciprocating displacements of the cutting tool can distort the
elliptical tool trajectory, it must be strictly limited, as excessive coupling will distort
the elliptical tool trajectory. Therefore, the dimensional parameters of a non-resonant
elliptical vibrator must be reasonably determined to strike a delicate balance between
operational frequency, vibration amplitude, coupling effect and heat generation.
Overall, the development of a high-frequency non-resonant elliptical vibrator for
diamond turning with an acceptable coupling ratio and heat generation is a complicated

and challenging task, which will be one of the research focuses of this thesis.

2.6 Control of chip geometry using elliptical tool vibration

Figure 2.4 illustrates the schematic of elliptical vibration diamond turning.
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Figure 2.4 Schematic of elliptical vibration diamond turning.

As a 2D machining technique, the tool trajectory generated by the elliptical vibrator
can be split into two displacements in the cutting and depth of cut directions, which

can be described as:

[y(t)] _ [bsasin(Zrtft) ] + [th] (2-5)

z(t)] ~ |bsin(2nft + @)

where y(¢) and z(¢) are tool displacements in the y- (cutting) and z- (depth of cut)
directions, respectively. a and b are tool path dimensions in the corresponding
direction. Therefore, the tool vibration amplitudes (peak-to-peak) in the cutting and
depth of cut direction are equal to 2a and 2b, respectively. fis the vibration frequency.
@ is the phase angle between two tool displacements. V,, is the nominal cutting speed
of the workpiece that equals nD;.sN. Dixs is the instantaneous cutting diameter, and N

is the spindle speed.
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A parameter, HSR, can be used to characterize the elliptical vibration diamond

turning process. It is defined as the ratio of V,, over the critical workpiece velocity Ve::

W _ W

HSR = =
Vcri ana

(2-6)

The tool trajectories between two successive vibration cycles will overlap when V,,
is smaller than V. (HSR <1). In this case, the diamond tool and workpiece will contact
intermittently, and thus the interrupted cutting can be achieved.

Figure 2.5 shows the chip formation principle in overlapping elliptical vibration
diamond turning. The tool cutting path can be simplified as a series of overlapping
ellipses, each one of which approximately represents a vibration cycle [45]. The

function of upfeed per cycle u is shown in the following equation:
Vv

u=— (2-7)
f

The nominal depth of cut d, is the vertical distance between the workpiece surface
and the deepest point that the diamond tool can reach. Depth ratio 7, is the ratio of the

nominal depth of cut d, and the tool path dimension b:

d
Ta = ?n (2-3)

It can be expected that the discontinuous chips can be generated when d,, is less than

the vertical dimension b (74 < 1). In order to accomplish the geometry control over the

silk chips, the discontinuous chip is of interest in this work.
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Figure 2.5 Chip formation principle in overlapping elliptical vibration diamond

turning.

Point O is the geometric centre of the elliptical tool trajectory. The ellipse function

of the current cut cycle is shown below:

2 2
y? z
?-I_ﬁ: 1 (2-9)

The equation for the previous cut cycle can be derived from Equation 2-9 with an

offset u in y-axis:

(v +u)? z?2
e (2-10)

From the geometry relationship illustrated in Figure 2.5, the chip length /. and

maximum chip thickness #, can be expressed below:
u
le = lyal +5 (2-11)

tm = |23| — |22 (2-12)
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Points p> and p4 align in the same horizontal line, whereas p> and ps align in the

same vertical line. Thus:

|z2| = |24 = b = dy (2-13)

(b —dy)?
|Y2|=|Y3|=ajl—Tn (2-14)

The expressions for chip length /. and maximum chip thickness #, can be converted

into the following format:

(b—-d,)> 1 -
lcza\/l—b—2+§u (2 15)
b—d,)?
2ub2\/1—(b—2") 12h? (2-16)
tm = (b_dn)2+ - —(b—dy)

a a?

In contrast, when V, is greater than V., (HSR > 1), the tool trajectory will not
overlap, as shown in Figure 2.6. However, intermittent cutting can still be achieved if
the nominal depth of cut d, is less than 2b. Under this circumstance, the maximum
chip length can reach the same value as upfeed per cycle u, and the maximum chip

thickness can reach up to 2b.
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Figure 2.6 Chip formation principle in non-overlapping elliptical vibration diamond

turning.

In summary, the chip length /. and the maximum chip thickness #, are deeply
influenced by tool path dimensions a, b and vibration frequency f, which can be used

to customise the chip geometry.

2.7 Numerical modelling of material fracture

Chip breakage often initiates with the material fracture on the free surface of the
cutting chips [65]. Therefore, the chip formation and chip-breaking processes
generally indicate the fracture and failure characteristics of the machined material [66].
Numerical modelling methods have been proven as a significant tool in understanding
the material fracture process. Most of them can be divided into two subsections, i.e.
mesh-based and meshless. The mesh-based methods for reproducing the initiation and
propagation of cracks mainly consist of two types: ‘Inter-Element Separation Model’
and ‘Arbitrary Crack-Path Model’ [67]. In the former one, the cracks initiate and

propagate along FE boundaries. This technique is simple and easy to manipulate but
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with low computational accuracy, as the crack paths do not always coincide with
element edges under practical conditions. Moreover, the ultra-fine mesh is usually
required.

In order to overcome the shortcoming of ‘Inter-Element Separation Models’,
‘Arbitrary Crack-Path Models’, remeshing and eXtended finite element method (FEM)
were proposed. However, the computing cost of remeshing is extremely high, as the
amount of remeshing required can be enormous in the case of dynamic crack growth.
eXtended FEM enables the cracks to pass through elements arbitrarily by introducing
local enrichment equations to the stress and strain fields, so remeshing is not required
during its evolution. However, a separate surface model is needed to track the crack
location and identify the nodes that require enrichment. But this process is complex
and costly.

The meshless method, such as SPH, does not require a fixed mesh grid to connect
discrete nodes and therefore gets rid of mesh entanglement issues when workpiece
material undergoes large deformations. Furthermore, meshless methods also
reproduce a more arbitrary and realistic crack path as no mesh lines, and thus pre-
defined directions are required for a crack to follow. The fracture algorithm used in
SPH formulation is straightforward; the particles are no longer connected when the
inter-particle distance becomes larger than the smoothing length. Hence, the SPH
scheme will be used to model and predict the chip formation and chip-breaking

processes in diamond turning of silk fibroin.

2.8 Modelling and simulation of micro-cutting using SPH

2.8.1 Theories of SPH formulation
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The conventional SPH formulation was initially proposed to solve astrophysics
problems. It has been widely used to investigate the underlying mechanism in various
fields of science and technology [68], such as the micro-cutting process. In most
circumstances, the dynamic problems governed by the partial differential equations
(PDEs) are quite difficult to be solved analytically. Many efforts have been taken to
get numerical solutions for PDEs. The problem domain of the PDEs is first discretized.
Next, SPH formulation is introduced to achieve an approximation for the values of the
field functions and their derivatives at any point in the problem domain. The PDEs are
then rewritten into ordinary differential equations (ODEs) in a discretized form with
time as the independent variable. This set of ODEs can then be solved following a
standard integration routine.

The SPH formulation can be applied to achieve the tasks mentioned above, which
mainly consists of two key steps: kernel approximation of the field functions and their
particle approximation.

In the first step, the kernel approximation is a manipulation of the integral
representation. The definition of the integral representation of the field function is

shown below:
f(x) = ff(x’) §(x —x') dx’ (2-17)
Q

where f(x) is an arbitrary field function of the position vector x. € is the integral
domain where vector x is located.

0(x) is a Dirac delta function:

1; (x=x")

0; (x #x") (2-18)

6(x—x") ={
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Equation 2-17 reveals that a field function can be written into an integral form. In
addition, the integral representation for f{x) is exact as long as f{x) is continuous in
integral domain Q.

Then, if a smoothing function (sometimes called kernel function) ¥ is employed to
replace the Dirac delta function. Equation 2-17 can be transformed into the following

format:

f(x) = ff(x') W(x —x',h) dx’ (2-19)

Q

where /£ is the smoothing length which determines the effective area of the
smoothing function W. The interaction between the central particle and its neighbours
will be ignored outside the effective area.

However, as the smoothing function /¥ is employed to approximate the Dirac delta
function, the integral representation in Equation 2-19 can only be an approximation
instead of an exact value. That is why this manipulation is called kernel approximation.

In this regard, Equation 2-19 should be revised as follows:

< fx) >= j FOOW(x — %, h) dx’ (2:20)
Q

where <f(x)> denotes the kernel approximation of f{x).
It should be noted that a smoothing function must satisfy several conditions. The

first one is given below:
jW(x —x',h)dx' =1 (2-21)
Q

The above equation refers to the normalization condition.

The second condition is named Delta function property:
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%lz_rféW(x—x,h)ch(x—x) (2-22)

Equation 2-22 shows that when the smoothing length / approaches 0, the smoothing
function can be regarded as a Dirac delta function.

The third one is the compact condition, which is given below:
W(x—x',h) =0; when |x —x'| > kh (2-23)

Constant x determines the effective area around x. The mathematical term for the
effective area is support domain, whose radius is usually x4. The value of constant x
varies from problem to problem.

For example, the smoothing function proposed by Monaghan and Lattanzio [69]
based on the cubic spline function is given in Figure 2.7.
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Figure 2.7 Cubic spline smoothing function.
As shown in Figure 2.7, a new variable 7 is introduced to simplify the expression of

the smoothing function, and it denotes the relative distance between two vectors:

P X . | (2:24)

Therefore, the expression for the smoothing function W can be rewritten into:
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2 1
——r?+=r% (0<sr<1)

3 2
Wx—x'h)=W(r,h) =a;x{ 1 2-25
0; (r=2)
aq 1s a normalization constant that depends on dimensions, which gives:
(L
h ) ( )
15
Ag = A 77‘[h2; (2D) (2-26)
3 3
\Eﬂh ; (3D)

Figure 2.7 shows that an increase in the relative distance between two position
vectors will monotonically decrease the value of the smoothing function. Besides, a
smoothing function must be smooth and even, also called the even function condition.
Therefore, any function that satisfies the above-mentioned conditions can be chosen
as a smoothing function.

Then, the integral representation for the derivative of the field function can be

obtained by substituting f{x) in Equation 2-20 with V-f{x):

<V-f(x) >= f [V f(xD]W(x—x', h) dx’ (2-27)
Q

It can be further converted into the following form based on Gauss’s theorem:

<V flx) >= j FOW(x = x', h) - ndS — f £(x)
5 2 (2-28)

VW (x —x',h) dx’
where X is the surface of the integral domain Q, and » is the unit vector normal to
the surface . From the above derivation, it is easy to conclude that the complicated
differential operation on the function f{x) has been migrated to similar procedures on

smoothing function W. In other words, the kernel approximation of the derivative of
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function f{x) is merely determined by the values of f{x) and the derivatives of
smoothing function W, simplifying the solution process significantly.

If the support domain is located within the integral domain, the surface integral in
Equation 2-28 should equal zero. Thus, in this case, Equation 2-28 can be simplified

as follow:

<V-f(x) >=— ff (x) - VW (x — x',h) dx’ (2-29)
Q

In SPH formulation, the system is divided into many particles carrying physical
quantities and material properties, so the next step is to achieve particle approximation.
The particle approximation is obtained by substituting the infinitesimal volume dx’
in kernel approximation with the finite volume of particle j (¥;) where dx’ is located.

The relationship between the volume of particle j and its mass () is shown below:
Vi=—2(G=12.,M) (2-30)
Pj
where p; denotes the density of each particle. M is the number of SPH particles inside

the support domain centred on particle ;.

Therefore, the function f{x) can be rewritten into:

M

f(x) = Z %f(xj)W(x —x;,h) (2-31)
—i Pj

j=1
At particle 7, the particle approximation of function f{x) can be accordingly obtained

by simply changing x into x::

M
< f(xy) >= Z%f(xj)wij
j=1"7
Wij = W(xi - Xj, h)

(2-32)

where W is the smoothing function for particles.
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The particle approximation for the derivative of function f{x) can be presented in

the same fashion:

M m]
<V-fx) >= _Z?f(xj)viwij
=P (2-33)
L
rij rij rij rij

where 7 is the distance between particle i and particle ;.

It is worth mentioning that several derivation steps and results were omitted. More
techniques for deriving SPH formulations can be found in available monographs
[70,71].

Since then, the codes of SPH formulation have been embedded in commercial
engineering software such as ANSYS/LS-DYNA and Abaqus/Explicit. Figure 2.8
illustrates the calculation cycle of SPH formulation in LS-DYNA [72].

Accelerations START Velocities & positions Smoothing length
LS-DYNA LS-DYNA SPH

A

A 4

Contact & l?oundary Neighbours searching
conditions SPH
LS-DYNA

A

A 4

Particle forces Pressure/energy/stress Density & strain rates
SPH LS-DYNA SPH

Figure 2.8 Calculation cycle of SPH formulation in LS-DYNA.

In addition, the use of pre-post processing software, such as LS-PrePost, also
accelerates the implementation of SPH algorithm in modelling and simulation of

micro-cutting.
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2.8.2 Corrected SPH formulation

It has been over a decade since the first application of conventional SPH formulation
to the modelling and simulation of high-speed metal cutting [73]. However,
researchers are still encountering several tough and common problems, such as
underestimation of the cutting force, chip thickness and chip curve [74—76]. Compared
with FE modelling, straight chips instead of curled ones were generated when using
conventional SPH formulation. This is due to the absence of neighbours for the
particles on the boundary. So the conventional SPH cannot correctly approximate on
the boundary where chip bending happens. Not only that, in such a mesh-free
numerical method, the particle distribution severely impacts its calculation accuracy
[77]. The squeeze between tool and workpiece will trigger a great disorder of particle
distribution, decreasing the accuracy and stability of the simulation. In conclusion,
although the conventional SPH method is suitable for modelling and simulation of the
micro-cutting process, corrected SPH algorithms are desperately needed to improve
its accuracy and stability. Many attempts have been made to overcome these defects
[78-83].

For instance, based on the efforts of Randles et al. [84] and Vila [85], LS-DYNA
developed a corrected SPH formulation. This correction is named renormalization or
renormalized SPH formulation [86]. After its adoption, a better prediction on the chip
curve can be observed compared with conventional SPH formulation [87]. In addition,
the evolution of chip morphology from continuous to discontinuous was also

accurately reproduced without defining the chip separation criterion.
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Another popular corrected algorithm named density correction has been employed
to correct the density field, using Moving Least Squares (MLS) formulation [81]. This
correction has already been applied to the simulation of interfacial flow [88]. Impact
surface erosion (usually treated as a micro-cutting process) was also studied using
MLS correction [89]. Note that MLS corrected formulation only modify the kernel
function and its gradient, so this correction can be conveniently manipulated without

changing the main structure of the SPH codes.

2.8.3 Hybrid FE-SPH formulation

In general, the calculation efficiency of SPH formulation is lower than FEM. In
addition, SPH formulation has inherent limitations in treating boundary conditions
compared with FEM. Thus, the hybrid FE-SPH formulation was proposed to combine
both advantages of SPH and FEM, and it has been applied to simulate a wide range of
dynamic problems [90,91], including the micro-cutting process [92—-94]. One of the
first hybrid formulations was developed by Attaway et al. [95]. A contact algorithm
was employed in this formulation, coupling SPH nodes with FE surfaces [96,97]. The
FE surface is the master surface, whereas the SPH nodes are the slave nodes. Thus this
coupling is also known as master-slave coupling [98]. The coupling contact algorithm
is available in LS-DYNA, and the flowchart of the coupling process is shown in Figure

2.9 [91].
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Figure 2.9 Flowchart of FE-SPH coupling process.

The modelling strategy used in this thesis is as follows. The cutting zone with a
large strain and strain rate is modelled using the SPH domain to address the issue of
large deformation. In contrast, the FE domains represent the cutting tool and the

remaining workpiece to decrease the model scale and shorten the computing time.

2.8.4 Material constitutive model

Material constitutive models are essential in SPH simulation of the micro-cutting
process, as they determine the dynamic behaviour of damaged material. Various

material models have been employed in the SPH method.

2.8.4.1 Johnson-Cook material model

Johnson-Cook model is widely used to describe the material properties of ductile
materials such as copper, aluminium and steel [99-101]. This constitutive model was

initially developed by Johnson and Cook [102] to describe the dependence of yield
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stress (oy) on effective plastic strain (), normalized effective plastic strain rate (&),")

and normalized temperature (7*) for ductile materials:
oy = [A + B(g,)"][1 + C In(, )] [1 — (TH™]

N (2-34)

where &, is the effective plastic strain rate. &, represents the reference strain rate. 7o
is the ambient temperature, and 77, is the material melting temperature. 7 is the actual
temperature. Johnson-Cook model has wide applications in predicting the yield
strength and failure process of ductile materials under large strains, high strain rates
and temperatures. The material parameter 4 is the initial yield stress at a low strain.
Parameter B is the strain hardening constant, and C reflects the strain rate effect. m and
n are constants related to material properties.

Olleak et al. [103] studied the influence of five sets of Johnson-Cook material
parameters on the SPH cutting simulation of AISI 316L stainless steel, based on
available literature [104—106]. The simulation results show that the selection of
material parameters can seriously impact the cutting force and the distribution of
residual stress. Similar research was conducted on titanium alloy Ti-6Al1-4V [107],
based on four groups of material parameters [108—111]. Hence, all the material

parameters should be determined prudently.
2.8.4.2 Johnson-Holmquist damage material model

Johnson-Holmgquist model is mainly used to model the damage behaviours of brittle

materials, such as ceramics and optical glass [112,113], under large pressures, shear
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strain and high strain rates. It is the revised version of Johnson-Holmquist model after
introducing Hugoniot Elastic Limit (HEL). The normalized effective stress o* is:

o' =o0"— Dd(ai* - af*)
0" =AP* +P)"(1+ Clné) (2-35)
o =B(P)™(1+ClIné™)

where o;* represents the normalized intact equivalent stress and o/* is the
normalized fracture stress. 4, B, C, m and n are material parameters. Dy is the material
damage parameter.

The general form of normalized stresses (6%, o;* and o7*) is shown below:
0" = 0/0ug (2-36)

where ¢ is the actual effective stress, and onrr denotes the effective stress in HEL.
Likewise, the normalized pressure is P*=P/Pugr, and P represents actual pressure.
Besides, Ppuer is the pressure in HEL. The normalized tensile hydrostatic pressure is
Pi*= Py/Pugr. P; s the maximum tensile hydrostatic pressure.

The normalized strain rate £*=¢/¢,. € is the actual strain rate. The reference strain
rate &, is generally 1.0 s\,

The definition of damage parameter Dy (0 < Dy < 1) is:

pe=Y%
‘ &f (2-37)
ef = D;(P*+ P,")P

where £7is the actual plastic strain. s]f is the plastic strain to fracture under actual

pressure P. D1 and D; are material parameters related to damage. The material is intact

when D, = 0, whereas the fracture occurs when D; = 1.

2.8.4.3 Cowper-Symonds material model
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Cowper-Symonds material model is a simple elastoplastic material model
considering the isotropic/kinematic hardening plasticity. The stress-strain curve of this

model consists of two linear stages (i.e. elastic stage and plastic stage) [114]:

do
E=E,a<ay

E = >
—_'O' O'
TAN e y

(2-38)

where £ is the Young’s modulus of the work material. o is the actual effective stress.
oy 1s the yield stress. Er4nis the tangent modulus which is the slope of the stress-strain
curve at the plastic stage. In general, the tangent modulus equals a few percentages of
the material’s Young’s modulus [115,116].

Moreover, Cowper-Symonds model scales the quasi-static yield stress by two

factors related to the dynamic strain rate [92,117]:

c\1/p
Oq = [1 + (%‘1) l (0s + BEp€q) (2-39)
E, = EranE/(E — Eran)

where gy is the dynamic yield stress and o is the static yield strength. e; and €4 are
the dynamic strain and strain rate, respectively. E), is the plastic hardening modulus. D
and p are a set of material parameters. Parameter p is dimensionless, while parameter
D has the same unit as strain rate. Parameter f is the material hardening parameter,
which can be used to manipulate isotropic, kinematic or a mix of isotropic and

kinematic hardening.
2.8.4.4 Other material models and equations

The selection of the constitutive model has a significant influence on simulation

accuracy. For example, the Johnson-Cook model has a good performance in low strain
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rate conditions [72], but it cannot handle dynamic problems such as angular impact
with a high strain rate in the order of 10° s'. Takaffoli and Papini [92] set the material
parameter C in Johnson-Cook model as zero and substituted it with Cowper-Symonds
model [118]. The performance of this modification was evaluated when modelling the
angular impact of A16061-T6. In this case, the angular impact was regarded as a pure
orthogonal micro-cutting process. The simulation results show that the Cowper-
Symonds model predicts the penetration depth, crater pile-up height, and rebound
velocity with higher accuracy than Johnson-Cook model does.

Calamaz et al. [119] made a similar modification to Johnson-Cook model when
modelling the machining process of titanium alloy Ti-6Al-4V. In this modified
formulation, a new method named Hyperbolic TANgent was introduced to consider
the effect of strain softening. The simulation results reveal that the chip formation and
strain distribution predicted using this new formulation are consistent with
experimental results. Niu et al. [120] expanded this new formulation to the simulation
of Ti-6Al-4V micro-cutting using SPH method, also demonstrating its high accuracy
compared with the conventional Johnson-Cook model.

Besides the models mentioned above, Puff hardening model [121] was introduced
to simulate the micro-cutting process of the fibre-reinforced composite. A numerical
model for orthogonal cutting of copper [122] was developed using Wilkins radial
return plasticity model [123]. The depth of cut was in hundreds of nanometres in this
work. The modelling of bone tissue was achieved using Hill’s anisotropic yield
criterion and progressive material degradation [124]. Crystal-plasticity constitutive
model based on Schmid law [125] was introduced to model crystal copper. Chen and

Kulasegaram [81] proposed a novel SPH methodology that combines penalty
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formulation with a bilinear interface cohesive law [126]. This method can handle the
fibre/particulate interface without material homogenization and has been applied to

simulate the debonding process within the particulate composites.

2.8.5 Particle density

As a numerical method, the selection of optimal solver parameters is of vital
importance for SPH formulation, which is also called sensitivity analysis. This is
because the solver parameters even have the same level of influence on the simulation
accuracy as the material constitutive models [127]. Several solver parameters, such as
smoothing length, mass-scaling, and particle density, are usually concerned in SPH
technique. Hence it has to be determined reasonably. Related research indicated that
particle density has a more significant effect on prediction accuracy for micro-cutting
than smoothing length and mass-scaling [127].

The total number of particles in an SPH model affects the computing time. But their
relationship is not a linear function. Instead, there is a MlogM relationship between
computation time and the total number of SPH particles M [128]. Heisel et al. [127]
investigated the influence of particle density (also called spacing or resolution in some
references) on the computing time and simulation error. The distance between each
neighbour particle is usually used to represent the particle density. A higher particle
density denotes a larger initial particle distance. They pointed out that a higher particle
density would decrease the computation time but increase the simulation error. Thus,
to seek the delicate balance between computing time and simulation accuracy, many
efforts have been made to conduct sensitivity analysis on particle density [92,129].

Takabi et al. [130] observed an opposite convergence trend in FE and SPH
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formulations. A finer FE mesh resulted in a higher cutting force, whereas a similar
phenomenon can only be observed under a coarse particle distribution for SPH method.
This is because, under a higher particle density, every particle represents a higher
volume of the workpiece. Therefore, a larger-size chip is accumulated, leading to a
higher cutting force. Rosswog et al. [131] argued that the cutting force has already
converged to a constant level when the particle resolution is not very high (8000
particles per cm?). It is worth mentioning that blindly increasing the number of SPH
particles will not help increase the simulation accuracy but bring about huge

computational costs.

2.8.6 Studies on cutting mechanics and mechanism

As shown in Figure 2.10, SPH method has made a good contribution to investigating
cutting mechanics and mechanisms in micro-cutting. For example, the chip formation
and its morphology, the material removal mechanism of brittle materials, especially
the initiation and propagation of cracks, and the effects of crystal anisotropy have been

studied with the aid of SPH method.

Chip formation
Chip morphology

Crystal anisotropy

|

Crack initiation
and
propagation

X <
Sl

Figure 2.10 Typical research topics in micro-cutting.
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2.8.6.1 Stress and strain distribution

As the fundamental variables in micro-cutting mechanics, stress, strain and strain
rate are needed to be identified for further research on cutting mechanisms. Compared
with FEM, especially Eulerian formulation, SPH method has a better performance in
predicting the distribution of residual stress in the machined surface [132-134]. For
example, Islam [135] argued that the stress and strain distribution predicted using SPH
method agrees well with the results from cutting experiments on 1100 aluminium
[136,137].

In most cases, the accumulation of residual stress on the machined surface can
shorten the operating life of the components, but residual stress is desirable in certain
situations. The effect of sequential cutting of oxygen-free copper was studied by Zhao
et al. [138]. In this study, the residual stress can be observed on the machined surface
after the first cut. After that, more curling and thinner chips were generated in the
second cut. The cutting force in the second cut is smaller than those in the first cut,
even with the same depth of cut. In this case, the residual stress induced by the first
cut has a positive effect because the advent of residual stress makes the material easier
to be peeled off. Due to the thermal softening effect, the micro-cutting becomes easier
with the assistance of the laser beam. Balbaa and Nasr [139] found the difference
between conventional and laser-assisted cutting. They pointed out that conventional
cutting would trigger tensile residual stresses. However, the laser beam induced the
compressive residual stresses, which resulted in a lower cutting force in the subsequent

machining process.

40



The formation of shear bands and shear-localized chips can be attributed to the
accumulation of shear stress in the cutting chips. With the aid of SPH technique, Xi et
al. [93] found that cracks can always initiate and propagate in the primary shearing
zone where maximum shear stress is localized in micro-cutting of Ti-6Al-4V alloy.
SPH technique also captured the shear stress within the cutting zone when machining
carbon steels 45R and 60R [107].

Besides ductile materials, the stress and strain distribution in grinding of the brittle
material (e.g. SiC) was studied with the aid of SPH simulation [140]. When the
indentation depth is smaller than 0.105 um, wave-like stress can be observed in the
workpiece surrounding the indenter, but no plastic strain is detected. The crack initiates,
and the plastic strains start to be observed after increasing the indentation depth. The
plastic strain can be observed on the workpiece surface and along the tips of the cracks.

This phenomenon is consistent with the experimental results [141-143].

2.8.6.2 Chip formation and chip morphology

Chip formation is a fundamental issue in micro-cutting, as it indicates the material
removal behaviours under specific cutting conditions and the interactions at the
tool/chip interface. SPH simulation is becoming an effective method to research the
mechanism of chip formation and its morphology in the micro-cutting process due to
its natural tool/workpiece separation and ability to handle large deformation. An SPH
numerical model was first developed by Limido et al. to investigate the chip formation
in high-speed micro-cutting of A16061-T6 and 4340 steel [144]. Figure 2.11 (a) shows

that this novel model successfully predicted and visualized the formation of continuous
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chips with up-curling. Both primary and secondary shear zones can be observed
despite the underestimated chip thickness.
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Figure 2.11 Simulated chips morphologies: (a) continuous chip [144]; (b) serrated
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chip [144]; (c¢) serrated chip [107].

In the simulation of micro-cutting of 4340 steel, the cyclic adiabatic shear band-
dominated serrated chip formation was also observed [144]. Moreover, it was found
that both cutting forces in tangential and normal directions obtained from SPH
simulation were about 10% and 30% smaller than the experimental values.

Inspired by this pioneering research, many researchers are trying to adopt SPH to
investigate micro-cutting of steel. A similar SPH simulation work for diamond turning
of 4340 steel was conducted [145]. The maximum shear stress and plastic strain were
observed at the primary deformation zone, where intense extrusion and material slip
took place. The chip formation process can be divided into three phases: elastic mode,
plastic mode and breaking separation mode, despite underestimating the chip radius of
curvature. Also, a sequential cutting model for multi-grain micro-cutting of armour
steel 4043 was developed [146]. Simulation results show that a heat-affected zone was

formed due to a large quantity of heat generated by crashing and extruding between
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the first two grains and the workpiece. The interferences phenomenon among three
grains in chip formation was observed. The chip generated by the third grain was
squeezed to fracture because of the material softening effect of the heat-affected zone.
For the same reason, the cutting force from the last grain was the smallest.

The formation of serrated chips is a typical phenomenon in the micro-cutting of
titanium-based materials. An SPH micro-cutting model for Ti-6Al-4V titanium alloy
with a new and worn tungsten carbide tool edge was constructed [107]. Figure 2.11 (c)
illustrates that serrated chips were successfully obtained. Nevertheless, the distance
between two adjacent shear bands in simulations is 20% shorter than those in
experiments.

Demiral [147] conducted the first investigation on the influence of vibration
parameters (e.g. frequency and amplitude) on chip morphology in vibration-assisted
cutting of titanium alloy. The simulation results reveal that the tool vibration can
significantly reduce the cutting force. Besides, due to the external energy applied to
the cutting tool, localized stress and temperature in the cutting area increased
significantly, thereby influencing the chip morphology. The chip curve is therefore
increased, and the chip thickness is decreased with the increase of vibration amplitude.
At the same time, the vibration amplitude has a much greater influence on chip
morphology than the frequency does.

In summary, chips with different shapes were predicted successfully in micro-
cutting of aluminium, steel and titanium alloy. The initiation and evolution mechanism
of the chip formation was revealed with the aid of SPH simulation. However, the
underestimation of chip thickness and chip radius of curvature is a common issue for

many SPH simulations. It might be due to the less of neighbour particles on the
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boundary of the workpiece and the distorted particle distribution on chips. As
discussed before, corrected SPH algorithms are desperately needed to improve the

prediction accuracy on chip morphology.

2.8.6.3 Material removal mechanism of brittle materials

In order to get high-quality machined surfaces without cracks, micro-cutting of
brittle materials should always take place in the ductile mode where the work material
is removed continuously. The maximum depth of cut under the ductile mode cutting
is usually called critical depth of cut. Thus, it is essential to determine the critical depth
of cut of brittle materials.

Duan et al. [148] conducted the hybrid FE-SPH simulation for the scratching
process of monocrystal SiC, which was simplified as a micro-cutting process. Three
material removal mode of SiC was illustrated through the simulation results: ductile
removal mode, ductile-brittle transition mode and brittle removal mode. SPH
simulation and experimental analysis were investigated by Liu et al. [149] to predict
the critical depth of cut of SiC. The three-mode material removal evolution was
observed from the simulation results with the continuous increase of depth of cut.
According to the crack evolution, surface roughness and the peak value of cutting force,
the critical depth of cut of ductile-brittle transition was determined to be 0.35 pm.

Similar work on K9 glass was carried out by Nam et al. [150]. The discontinuous
chips were obtained, and residual stress distribution was observed below the machined
surface. The model proposed in this literature aims to guide the selection of appropriate
processing parameters such as cutting speed and depth of cut to improve the machined

surface profile. The modelling and simulation for diamond turning of K9 glass were
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investigated by Guo et al. [151] to identify its critical depth of cut. The SPH simulation
results imply that the ductile mode cutting can be achieved once the depth of cut is

between 0.2 um and 0.3 pm.

2.8.6.4 Effect of crystal anisotropy

Crystal anisotropy has a critical influence on chip formation, machined surface
quality and cutting productivity because the work material has different mechanical
properties on different crystal orientations.

Anisotropic materials can be addressed by SPH technique after introducing
corresponding constitutive models. As mentioned before, the bone tissue was
modelled as a homogenized elastoplastic material with isotropic properties after
adopting Hill’s anisotropic yield criterion and progressive material degradation [124].
Its simulation results reveal that the cutting forces have a large dependency on
orientations. Higher cutting forces were observed in the direction that is perpendicular
to osteons compared with those in the parallel direction.

A similar study was carried out by Zahedi et al. on f.c.c. copper [94]. The orthogonal
micro-cutting process of f.c.c. copper was modelled using a crystal-plasticity material
model. Chips with different thicknesses were generated on (100), (101) and (111)
planes, illustrating the significant influence of crystal orientation on chip morphology.
At the same time, the cutting force on (101) plane was the largest among all these
three., Abolfazl et al. [152] developed an SPH model for vibration-assisted cutting of
f.c.c. single crystal, in which the tool vibration was treated as a displacement boundary
condition. The simulation results illustrated that the cutting force on (101) orientation

with a 30° cutting direction is the smallest.
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In summary, bone tissue, a typical composite material, has been successfully
modelled using a homogenization treatment [124]. Inspired by this work, a similar

treatment will be employed for silk fibroin to simplify its modelling process.

2.9 Summary of knowledge gaps and research challenges

Literature review studies reveal that silk particles with helical or filamentous shapes
and specified sizes are believed to have better efficacy for drug delivery than their
spherical counterparts. However, current manufacturing approaches are only
applicable to the production of spherical particles. In addition, most of them require
chemical agents or expensive instruments.

As demonstrated in the literature, controllable chip morphology and chip breaking
in diamond turning can be achieved by changing processing parameters. It provides a
promising low-cost and chemical-free manufacturing method to realise the scalable
production of silk particles with controlled geometry, potentially driving a novel
manufacturing paradigm shift of carriers for next-generation medicine.

However, diamond turning of silk fibroin has never been attempted. The underlying
chip formation mechanism in diamond turning of silk fibroin is a knowledge gap.
Especially, it remains unclear how the hierarchical structure of silk fibroin influences
its chip morphology, which is pivotal to the success of process control to obtain silk
particles.

Elliptical vibration diamond turning has been proven to be an effective method for
chip breaking, so it will be used to obtain filamentous silk particles. Designing and
developing a high-frequency non-resonant elliptical vibrator that can be used as a chip

breaker in diamond turning is still a technical bottleneck. Significant problems, such
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as low structural stiffness, severe cross-axis coupling and overheating of piezo
actuators, are needed to be overcome in the design process of a high-frequency non-
resonant elliptical vibrator.

SPH formulation can be adopted to predict the chip formation and chip-breaking
processes in diamond turning of silk fibroin due to its talent in handling material
fracture. However, the lack of an accurate material model that can fully describe the
damage behaviour of silk fibroin in diamond turning is also a research challenge.

In addition, to manufacture filamentous silk particles, a clear understanding of how
the processing parameters in elliptical vibration diamond turning of silk fibroin affect

its chip breakability presents another knowledge gap.
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Chapter 3

Evaluation of machinability in diamond turning of silk fibroin

3.1 Introduction

Until now, diamond turning of silk fibroin has never been attempted. As depicted
before, the silk fibroin has a hierarchical structure in which its beta-sheet crystallites
are embedded in the amorphous matrix. The difference in the mechanical properties of
the crystallites and amorphous matrix may reduce the machinability of silk fibroin.
Therefore, the machinability in diamond turning of silk fibroin is first investigated.

In the chapter, the silk fibroin solution is firstly prepared and then regenerated into
silk fibroin film (hereinafter referred to as silk film) for machining trials. The
machinability of silk fibroin is evaluated from the aspects of specific cutting force and
chip morphology. The processing parameters that can be used to control the geometry

of cutting chips as silk particles are recommended.

3.2 Cutting experiments

3.2.1 Silk fibroin solution preparation

The silk fibroin solution is required to be regenerated into films for diamond turning
experiments, which was made from B. mori cocoons based on the reported protocol
[153]. In brief, the cocoons were boiled for 1 hour in 25 mM Na,COs3. The degummed
silk was dissolved in 9.3 M LiBr at 60°C for 3 hours and then dialyzed against water

over 48 hours (molecular weight cut-off 3500 Da), yielding a 5-6% w/v silk fibroin
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solution. The silk solution was diluted to a working concentration of 4% w/v with

distilled water.
3.2.2 Preparation of silk film discs

After an overnight air-dry, silk films were regenerated using 5 ml of silk solutions
cast on a 70 mm diameter aluminium mould. This procedure was repeated three times
to form thicker semitransparent films. The formed amorphous water-soluble silk films
have 15.6 mg of silk fibroin per surface unit (cm?). The samples were kept in a dry
vacuum environment at 25°C and 60% relative humidity to avoid structural changes

before diamond turning trials. Figure 3.1 illustrates two silk film discs.

Silk films

Figure 3.1 Silk film samples on aluminium discs.

3.2.3 Experimental setup

A couple of diamond turning experiments were conducted on a three-axis diamond
turning machine. Figure 3.2 illustrates the experimental setup.

A silk disc was mounted on a vacuum chuck of the air spindle. A round nose tool
with a rake angle of 0°, a clearance angle of 15° and a nose radius of 0.2 mm was

installed on a tool holder to conduct overlapping and non-overlapping cutting trials.
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Another group of diamond turning experiments were performed using a 55° sharp

point tool with the same rake angle and clearance angle as the round nose tool. A three-

component dynamometer (9129AA, Kistler) was mounted underneath the tool holder

for measurement of cutting force. Before being collected by a data acquisition card

(USB-1608HS, Measurement Computing), the force signals were amplified with a

charge amplifier (5070A, Kistler). Furthermore, a scanning electron microscope (SEM)
(FEI Quanta 3D FEG) was used to observe the cutting chips.

, Diamond tool |
Vacuum chuck -~

Silk film | |

Cutting direction

Q "‘:.-‘. f p_— | )
Depth of cut direction | ) \ N

[— L e

Data acquisition card

Figure 3.2 Setup for diamond turning experiments.

3.2.4 Processing parameters and procedure

In diamond turning experiments, the dimension relationship between the depth of
cut and the nose radius of the diamond tool is illustrated in Figure 3.3 4. is the
undeformed chip cross-section area. R, is the tool nose radius, and d. is the depth of

cut. All the experiments fall into five sets, which are designated by Roman numerals
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I, II, III, IV and V in Table 3.1. Experiments of set I were performed to study the
effects of cutting speed and depth of cut on the specific cutting force and chip
morphology. The influences of feed rate and tool shapes (i.e. sharp-point tool and
round nose tool) on chip morphology were studied in experiments of sets II and III.
Moreover, experiments of sets IV and V were conducted to investigate the effect of
processing parameters (i.e. cutting speed, depth of cut and feed rate) on chip

morphology.

Tool feed rate

Rake face L .
Original surface

Figure 3.3 View normal to the rake face of a round nose tool in diamond turning

experiments.
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Table 3.1 Processing parameters chosen for diamond turning experiments.

Set Cutting mode Nose radius  Cutting speed Depth of cut Feed rate

(mm) (m/s) (um) (um/rev)
0.027; 0.054;
I Non-overlapping 0.2 0.108; 0.27; 1.5;2 150
0.81:1.35
II Overlapping 0.2 1.35 5 1;2.5;5
m  Shar-point N/A 1.35 5 1;2.5;5
cutting

IV Non-overlapping 0.5 0'023;207'054; I;1.5;2 150
\Y% Overlapping 0.5 1.35;2.7 1;1.5;2 2.5;5;20

Based on the relationship illustrated in Figure 3.3, while using the round nose tool,
it can be expected that overlapping cutting will be carried out when the feed rate is less
than 20 um/rev. Meanwhile, when the feed rate is 150 um/rev, the experiments will be
performed under non-overlapping cutting mode.

In non-overlapping cutting, the specific cutting force F were calculated on the basis
of equivalent cutting area to correlate with the simulation results in the following

chapters:

E
{ FSZA—(;

42 |
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where F. is the cutting force measured in experiments.

(-1

3.3 Results and discussion

3.3.1 Specific cutting force
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Figure 3.4 illustrates the specific cutting forces with different cutting speeds and
depths of cut in the experiments of set L. It can be demonstrated that the specific cutting
forces for 1.5 pm depth of cut are higher than those for 2 um, which is due to the size
effect of the removed chips. This phenomenon typically occurs when the dimension of
depth of cut is approaching the scale of the tool edge radius and therefore increases the
energy dissipation. Specifically, a smaller depth of cut will trigger higher shear stress
and strain rate. Hence the specific cutting force is increased. The results are consistent
with similar studies on copper [154], aluminium alloy [155] and polymethyl
methacrylate [156]. The specific cutting force can reach about 3700 pN/um? at the
cutting speed of 0.027 m/s, and then it decreases dramatically with an increase in the
cutting speed. One explanation of this mechanism is that a faster cutting speed will
cause more severe thermal softening [157]. However, the decline rate of the specific
cutting force begins to decrease when the cutting speed is over 0.27 m/s. It should be
due to the fact that with a further increase in cutting speed, a higher amount of heat
generated in the primary deformation zone is removed by the cutting chip. Thus the
thermal softening is counteracted. In more detail, when the cutting speed is 1.35 m/s,
the specific cutting force for 2 and 1.5 um depth of cut is 529.6 and 640.2 pN/pm?,

respectively.
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Figure 3.4 Relationship between specific cutting force, cutting speed and depth of

cut.

3.3.2 Chip morphology

The SEM images of the silk chips formed in the experiments of set [ with a cutting
speed of 1.35 m/s are illustrated in Figure 3.5.

The serrated chips were obtained under both depths of cut, where the shear strain
localization and chip segmentation can be identified. The back surfaces of the chips
are pretty smooth. The chip morphology can be further analyzed using the dimension
parameter such as shear band spacing, which will be discussed in Chapter 4 in more

detail.
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Figure 3.5 Chip morphology obtained in the experiments of set I with a cutting

speed of 1.35 m/s: (a) depth of cut d. = 2 um; (b) depth of cut d. = 1.5 pm.

In the experiments of set II, the ribbon particles with periodic folds were obtained,
whose schematic is shown in Figure 3.6. The folding wavelength Arand chip width w.
are two important dimensional parameters to characterize the morphology of ribbon
particles. The SEM images of the silk chips generated in this set of experiments are
displayed in Figure 3.7. Moreover, Figure 3.8 illustrates the SEM images of the silk

chips generated in set III using the sharp point tool.
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Figure 3.6 Schematic of ribbon particles with periodic folds.

Figure 3.7 Chip morphology obtained in the experiments of set II: (a) 1 pm/rev; (b)

2.5 um/rev; (¢) 5 pm/rev.
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Figure 3.8 Chip morphology obtained in the experiments of set III: (a) 1 um/rev; (b)

2.5 um/rev; (¢) 5 um/rev.

As shown in Figure 3.7, the chip width w. increases continuously with the increase
of feed rate. In addition, the helical chips with the tunable radius of curvature R are
found in Figure 3.8 (a) and (b). Figure 3.8 (c) illustrates that the helical chips become
snarled as the feed rate continuously grows. The chips develop a larger radius of
curvature as the feed rate increases, which is because a higher feed rate will increase
the chip cross-section and therefore increase the chip stiftness. Overall, a sharp point
tool under a lower feed rate (i.e. less than 2.5 um/rev) processing parameters is

preferred to generate helical silk particles.
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The SEM images of silk particles generated in the experiments of set IV with a depth
of cutof 1, 1.5 and 2 um are illustrated in Figure 3.9, 3.10 and 3.11, respectively. Long
ribbon particles with periodic folds can be identified in all three figures. Figure 3.12
displays the influence of cutting speed and depth of cut on folding wavelengths As. The

error bars represent the standard deviation in measurements.

160.7 umy N 1g600im A= 118.4 ym
e A W

/\? 148.2 um

AN'70.3 pm

300 pm

Figure 3.9 Chip morphology obtained in the experiments of set IV with a depth of

cut of 1 um: (a) 0.027 m/s; (b) 0.054 m/s; (c) 0.27 m/s.
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Figure 3.10 Chip morphology obtained in the experiments of set IV with a depth of

cut of 1.5 um: (a) 0.027 m/s; (b) 0.054 m/s; (¢) 0.27 m/s.
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Figure 3.11 Chip morphology in IV with a depth of cut of 2 um: (a) 0.027 m/s; (b)
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Figure 3.12 Folding wavelength of long ribbon particles obtained in the experiments

of set IV.
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It can be seen in Figure 3.12 that the folding wavelength As decreases with the
increase of cutting speed. As the cutting speed increases, the curling speed of the chip
tends to be lower than the chip generation speed. In this case, the chips will undergo a
larger deformation under the squeezing action of the cutting tool, thus leading to the
decrease of the folding wavelength. Meanwhile, as shown in Figure 3.12, a reduction
in the depth of cut will also trigger a smaller folding wavelength due to a smaller chip
cross-section.

The chip chart that maps the geometries of silk particles over a feed rate (um/rev)
and depth of cut (um) matrix is an effective tool for evaluating the machinability of
silk fibroin. Figure 3.13 illustrates the chip chart based on the experiments of set V
with a cutting speed of 2.7 m/s.

P AL 0. =583 i ?;3300 um
e

Depth of cut (um)

AW \'% $
T ;§ 5 N i w. =373 u
~

J 150 pm 1‘ 4 ";]1'(‘ = 3085 pm 200 pm

5
Feed rate (um/rev)
Figure 3.13 Chip chart showing morphologies of silk particles across a feed rate-

depth of cut matrix.
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As feed rate and depth of cut are reduced simultaneously, the silk particles undergo
a significant change from a long ribbon shape (Type C) to a long folded shape (Type
B). When the feed rate further decreases to 2.5 pm/rev, and the depth of cut reduces to
1 pum, short and discontinuous folded silk particles (Type A) can be obtained. This
means that the breakability of the silk chips increases at reducing feed rate and depth
of cut, which is fundamentally different from conventional metallic materials such as
1045 hardened steel [43] and 304 stainless steel [37]. Literature reveals that higher
feed rates and depths of cut are beneficial to breaking the steel chips. This difference
stems from the soft but highly tough characteristic of silk fibroin.

However, as shown in Figure 3.13, the dimensional consistency of short folded silk
particles (Type A) is extremely low, which indicates that it is hard to achieve effective
chip breaking on silk fibroin by simply changing processing parameters.

In addition, in order to further investigate the effect of cutting speed on the chip
breakability, the experiments of set V were carried out with a cutting speed of 1.35
m/s and a feed rate of 2.5 um/rev. The obtained chip morphology is illustrated in Figure

3.14.
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Figure 3.14 Chip morphology in set V with a cutting speed of 1.35 m/s and a feed
rate of 2.5 pm/rev: (a) depth of cut d. = 1 um; (b) depth of cut d. = 1.5 pm; (c) depth

of cut d. =2 pm.

It can be observed from Figure 3.14 that, at a lower cutting speed of 1.35m/s, long
folded particles (Type B) instead of short and discontinuous ones (Type A) were
manufactured in all machining trials under different depths of cut, despite a feed rate
of 2.5 um/rev. It is determined that low cutting speed creates continuous chips,
whereas high cutting speed increases the chip breakability of silk fibroin (see Figure

3.13). This phenomenon is consistent with similar research on steel [37,43].

3.4 Summary
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This chapter investigated the machinability of silk fibroin in diamond turning
through cutting experiments from the aspects of the specific cutting force and chip
morphology. The research results indicated that the ductile mode cutting of silk fibroin
was achieved. Long helical, ribbon, folded or even short and discontinuous silk
particles were successfully fabricated. The cutting experiments, therefore, verify the
feasibility of manufacturing silk particles with different geometries using diamond
turning. The conclusions can be drawn as follows:

(1) An increase in the cutting speed can reduce the specific cutting force as a result of
material softening. Meanwhile, a reduction in the depth of cut can increase the
specific cutting force due to the size effect.

(2) Long helical silk particles with a tunable radius of curvature R were manufactured
using a sharp point tool with a feed rate of less than 2.5 um/rev. A reduced feed
rate can decrease the radius of curvature of the helical particles. Long ribbon
particles were manufactured using a round nose tool. The folding wavelength Arof
the ribbon particles can be tailored by tuning the cutting speed and depth of cut.
An increase in the cutting speed and a reduction in the depth of cut can decrease
the folding wavelength.

(3) A chip chart for diamond turning of silk fibroin was created with three types of
particles (e.g. long ribbon, long folded and short folded). The chip chart shows that
the breakability of silk chips increases at a reduced feed rate and depth of cut. This
tendency is opposite to that commonly observed on metallic materials (e.g.
hardened and stainless steels) due to the soft but highly tough property of silk
fibroin. Short and discontinuous folded particles were also manufactured. A higher

cutting speed (i.e. over 2.7 m/s) is preferred for manufacturing this kind of particle.
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However, it is hard to increase the chip-breaking efficiency by simply changing the
processing parameters due to the ductile nature of silk fibroin. Therefore, elliptical
vibration diamond turning will be studied in the following chapters as an effective

chip breaking technique to obtain filamentous silk particles.
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Chapter 4

Investigation of chip formation mechanism in diamond turning of

silk fibroin

4.1 Introduction

This chapter establishes a hybrid FE-SPH orthogonal cutting model to investigate
the chip formation mechanism in diamond turning of silk fibroin. First, the material
parameters of silk fibroin in Cowper-Symonds material model are preliminarily
determined. Then, the effectiveness of the hybrid FE-SPH cutting model and the
determined material parameters of silk fibroin is verified. Finally, the formation
mechanism of shear bands and serrated chips in diamond turning of silk fibroin is
revealed for the first time. Its link with the hierarchical structure of silk fibroin is also

identified.

4.2 Hybrid FE-SPH modelling

4.2.1 Hybrid FE-SPH scheme

SPH method can easily handle the large-deformation processes because the
workpiece comprises a group of discrete particles that carry the material properties and
state variables. Therefore, the mesh tangling and distortion involving the large strain
rate and extreme loading can be avoided. Another advantage of SPH is the natural
chip/workpiece separation [73]. There is no need to introduce the chip separation
criterion (as required in Lagrangian approach) or a pre-defined cutting path to enable

the chip/workpiece separation. Unlike Eulerian approach, the free face generation is
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entirely manipulated by SPH technique [153]. Unfortunately, the SPH technique lacks
computational efficiency than FEM [158]. Therefore, a hybrid numerical model based
on FE and SPH schemes is adopted to simulate diamond turning of silk fibroin. The
mesh-free SPH technique is used in the large-deformation zone that is subject to
extreme strain and strain rate. The rest of the workpiece is modelled using the mesh-
based FEM to reduce the computing cost [94]. However, the default SPH formulation
cannot manage the accurate particle distributions on the boundaries for the lack of
neighbours [87]. Thus, the renormalized SPH formulation is employed in this model

to overcome this problem.

4.2.2 Static material parameters

The elastoplastic material model with isotropic/kinematic hardening plasticity was
employed to describe the dynamic behaviour of silk fibroin. The stress-strain curve of
this model consists of two linear stages (i.e. elastic stage and plastic stage) [114].
Diamond turning delivers a high strain rate in the order of 10 s! for a cutting speed
over 1 m/s [156]. Hence, Cowper-Symonds material model that scales the quasi-static
yield stress with a factor related to the effective strain rate was adopted [92,117].

According to the reference [6], Young’s modulus of the regenerated silk fibroin
ranges from 1 GPa to 6.5 GPa, and its tensile strength varies from 7 MPa to 100 MPa.
As a natural protein material produced by silkworms, the actual Young’s modulus and
tensile strength of silk fibroin differ from batch to batch. Thus, it is not easy to confirm
their uniform values that are applicable in all cases. Nevertheless, for ease of
manipulation, Young’s modulus was preliminarily selected as 5.2 GPa after

summarising the available references [159-161]. Likewise, the static yield stress was
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set as 70 MPa, which is 70% of the maximum tensile strength. E74v is the tangent
modulus which is the slope of the stress-strain curve at the plastic stage. In general,
the tangent modulus equals a few percentages of the material’s Young’s modulus
[115,116]. This ratio was currently chosen to be about 3.3%. In this work, the material
parameter f of Cowper-Symonds model was set as 0, considering the large shear
deformation in diamond turning [114]. In summary, the static material parameters of
silk fibroin are given in Table 4.1.

Table 4.1 Static material parameters of silk fibroin.

Parameters Values
Density (g/cm?) 1.4
Young’s modulus (GPa) 5.2
Poisson’s ratio 0.3
Static yield stress (MPa) 70

Tangent modulus (MPa) 172.4

4.2.3 Orthogonal cutting model for diamond turning

In this work, the non-overlapping diamond turning process of silk fibroin is assumed
to be an orthogonal cutting process. Moreover, the cutting experiments were carried
out at relatively low cutting speeds to minimize the thermal effects on the work
material. Thus, the temperature effects on the material properties were neglected to
simplify the theoretical treatment [162].

A 3D workpiece with the size of 30 pm % 20 pm x 1.6 pm was modelled in an
orthogonal cutting framework using LS-PrePost which is a superior pre/post processor
that is fulfilled by LS-DYNA. Figure 4.1 shows the proposed hybrid FE-SPH

numerical model.
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Figure 4.1 Hybrid FE-SPH numerical model for diamond turning.

The workpiece was split into two domains: one representing the SPH (24 um x 9.6
um X% 1.6 pm) domain and the rest representing the FE domain. The default eight-node
Lagrangian solid elements were used for the FE region of the cutting tool and
workpiece. Meanwhile, the renormalized formulation was employed for the SPH
domain. After the sensitivity analysis on the particle density, the total number of the
SPH particles was determined to be 101,321. The minimum mesh size for the
continuum FE domain was 0.4 pum. Two symmetry planes were deployed on the front
and back faces of the SPH domain to generate ghost particles for maintaining the
kernel compactness [163]. In addition, the fixed boundary condition was applied on
the left-hand and bottom faces of the workpiece. At the FE-SPH interface, the

Lagrangian meshes and SPH particles were coupled by a tied contact formulation. The
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good continuity of von Mises stress along paths through the tied interfaces verified the
effectiveness of this treatment. The stress changed continuously and smoothly without
any large-scale fluctuation.

The tool rake angle was 0°, and the clearance angle a was 15°, which were the same
as those in the experiments. The tool edge radius 7. was set at 60 nm, and the meshes
near which were refined for better computing accuracy. The density of the diamond
tool is 3.5 g/cm® with a Young’s modulus of 1050 GPa. The Poisson’s ratio of the
diamond tool is 0.1. Considering the limited computational resources, the time scaling
technique was applied to reduce the computing time, which has been proved as a
reasonable assumption [39]. Thus, the cutting speed was set to be 6.75 m/s, which was
five times higher than those in actual experiments. The termination time for all the
numerical simulations was 2.2 ps. The Coulomb friction law was introduced to

describe the tool/workpiece friction with a coefficient of 0.12 [158].

4.3 Determination of Cowper-Symonds material parameters

The Cowper-Symonds model was employed to describe the damage behaviour of
silk fibroin in diamond turning. There are two material parameters in Cowper-
Symonds equation, D and p, which artificially increase the yield strength under high
strain-rate loading. Therefore, the required cutting energy is increased. Considering
that there is no Cowper-Symonds material parameter available for silk fibroin yet, the
parameter p is preliminarily set as 5, 7 and 10, based on available settings [164—166].
The parameter D ranges from 0.1 to 6500. In this series of numerical simulations, the

depth of cut was 2 um.
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The simulated specific cutting forces with different Cowper-Symonds material
parameters are shown in Figure 4.2. It is easy to conclude that a smaller value of the
parameters p can drastically increase the specific cutting force. This is because a
smaller parameter p will lead to a higher scale factor for the yield limit, increasing the
critical stress and required cutting energy. However, it does not mean its value can be
decreased unreasonably, as the parameter p also significantly influences the chip

morphology.
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Figure 4.2 Simulated specific cutting forces with different material parameters.

The simulation results on chip morphology for various parameter p with fixed

parameter D at 1100 s are shown in Figure 4.3.
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Figure 4.3 Simulated chip morphology: (a) p = 10; (b) p =7; (c) p = 6.5; (d) p = 6;

(e)p=5.5and (f)p=5.

When the parameter p is higher than 6.5, the serrated chips with high shear
localization and segments are formed, which agrees well with the experiments.
However, as the parameter p decreases, the strain field in the chips evolves from shear-
localized to uniform. Moreover, the numerical instability of the simulation increases
significantly. For instance, the numerical simulations collapse without reaching the
termination when parameter p equals 6.5 and 5. At the same time, this instability
manifests as the drastic fluctuation of the specific cutting force. As shown in Figure
4.2, the specific cutting force’s fluctuation for the material with p =5 is much larger
than those with p = 7 and 10. Thus, in this study, parameter p is fixed at 7 to balance
the specific cutting force and chip morphology.

The parameter D has a similar impact on the cutting force as parameter p does.

Figure 4.2 also illustrates that the specific cutting force decreases with the increase of
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parameter D. This reduction is owing to a smaller scale factor for the yield strength,
although the decline effect of parameter D is not as significant as that of parameter p.
But, on the contrary, parameter D exerts a prominent influence on chip shape and
material cracking. The simulated chip morphology for various parameter D with

parameter p of 7 is illustrated in Figure 4.4.
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Figure 4.4 Simulated chip morphology: (a) D=1s"; (b) D=105s"; (c) D=500s";

(d)D=11405s"; (e) D=2000 s and (f) D =4500 s

The fractured block chips are generated when parameter D is relatively low (e.g.
less than 500 s™'), which indicates that a decrease in parameter D can increase the
brittleness of the material and accelerates its cracking process. This phenomenon is
contrary to the experimental results. As illustrated in Figure 4.4, the serrated chips with
shear localization were obtained in cutting trials. Furthermore, parameter D also
affects the chip morphology and shear band spacing, as the shear localization

phenomenon is weakened by increasing parameter D.
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In summary, the material with p =7 and D = 1140 s! can obtain a good prediction
in terms of shear band spacing and specific cutting force. Therefore, the Cowper-
Symonds material parameters for silk fibroin are characterized. The effectiveness of
the hybrid FE-SPH model will be discussed in the following section. The accuracy of

the determined Cowper-Symonds parameters will be evaluated as well.
4.4 Model evaluation and verification

To evaluate and verify the model established, the simulated chip morphology with

and without Cowper-Symonds material model are compared in Figure 4.5.
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Figure 4.5 Simulated chip morphology: (a) without Cowper-Symonds model (depth
of cut d. = 2 um); (b) without Cowper-Symonds model (depth of cut d. = 1.5 pm);
(c)p=7;D=1140s" (depth of cut d. =2 um); (d) p = 7; D = 1140 s™!' (depth of cut

de=1.5 um).
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The shear strain localization and chip segmentation on the free surfaces can be
identified in all the simulated chips, which is consistent with the experimental results
in Figure 3.5. The approximate shear band spacing in experiments with a depth of cut
of 2 um is 2.4 um. In addition, the measured shear band spacing with a depth of cut of
1.5 pm is about 2.1 um. However, the simulated shear band spacing without
introducing Cowper-Symonds model is much smaller than that in the experiments. In
such case, as shown in Figure 4.5 (a) and (b), the shear band spacings for a depth of
cut of 2 pm and 1.5 um are generally less than 1.8 um and 1.3 pm, respectively. In
contrast, with the aid of Cowper-Symonds model (p = 7; D = 1140 s™!), the shear band
spacing increases significantly. They approach higher than 2.1 um and 1.7 pum for a
depth of cut of 2 um and 1.5 pm, respectively, which is in good agreement with the
measured results.

After introducing Cowper-Symonds model, a better estimation of the specific
cutting force was achieved. Figure 4.6 compares the simulated (i.e. with and without

Cowper-Symonds model) and measured specific cutting forces.
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Figure 4.6 Simulated specific cutting forces comparisons.

For instance, when the depth of cut is 2 um, the specific cutting force obtained from
the numerical simulation without considering the strain rate effect is 107.5 pN/um?,
which is only one-fifth of the experimental result. A similar underestimation can also
be observed when the depth of cut is 1.5 um. However, when the determined Cowper-
Symonds parameters are adopted, namely p = 7 and D = 1140 s™, the specific cutting
force with the depth of cut of 2 pm reaches 305.1 uN/um?, which is 57.6% of the
experimental value. Moreover, when the depth of cut is 1.5 um, the specific cutting
force is 326.5 puN/um?, which is 51.0% of the measured result. The estimation
difference is because only the strain rate hardening effect is considered in this
numerical model, while the strain hardening and thermal effects are ignored. Overall,

the effectiveness of the established hybrid FE-SPH model and the accuracy of the
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determined Cowper-Symonds material parameters for silk fibroin are verified
considering the good prediction regarding the specific cutting force and chip
morphology. Therefore, in this chapter, all the simulations will be conducted using the
established hybrid FE-SPH model with the determined Cowper-Symonds material

parameters.

4.5 Serrated chip formation mechanism

4.5.1 von Mises stress and plastic strain

As an equivalent stress, von Mises stress can be applied to describe the evolution of
the inner stress of silk fibroin during the chip formation process. The simulated
evolution of von Mises stress and the distribution of effective plastic strain are shown
in Figure 4.7 and 4.8, respectively. The cutting speed was 6.75 m/s, and the depth of

cut was 2 pm.
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Figure 4.7 Evolution of von Mises stress (unit: MPa): (a) the beginning of a new
formation cycle of the chip segment; (b) the von Mises stress concentrates at the tool
tip and on the free surface; (c) the crack starts to initiate on the free surface; (d) the

crack grows; (e) a new chip segment is formed.
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Figure 4.8 Evolution of effective plastic strain: (a) the start of a new cycle of shear
band formation; (b) formation of the first part of the shear band; (c) formation of the
second part of the shear band and shear band propagation; (d) recognition of the

primary and secondary deformation zones; (¢) a new shear band is formed.

As shown in Figure 4.7 (a) and 4.8 (a), when the previous shear band is entirely
formed, a new shear band is initiated again as the cutting tool advances. Due to the
squeezing and shearing action of the cutting tool, von Mises stress concentrates at the
tool tip and free surface, as displayed in Figure 4.7 (b). Moreover, the stress contour
implies that the concentration of von Mises stress at the tool tip is higher than that on
the free surface. When the effective stress exceeds the elastic limit of the silk fibroin,
it causes plastic deformation to release the stress. As shown in Figure 4.8 (b), the
localized plastic deformation in the form of a shear band initiates in front of the tool

tip first and above the cutting edge. At the same time, the maximum effective stress
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decreases continuously. Afterwards, another plastic deformation zone forms on the
free surface in a relatively small area, as illustrated in Figure 4.8 (¢). With the advance
of the cutting tool, the first part of the shear band evolves from the cutting edge towards
the free surface, whereas the second part propagates from the free surface to the cutting
edge. Under the collective efforts of two independent shear bands, an integrated and
new shear band is formed by their conjunction.

Moreover, the chip segments are marked in Figure 4.7 (a) and 4.7 (e). A crack on
the free surface initiates once the material deformation exceeds the strain limit, and
then it propagates towards the tool tip. The chip segment is, therefore, generated. The
primary shear zone and secondary deformation zone can also be identified in Figure

4.8 (d) due to the severe material shearing and tool-chip friction.

4.5.2 Underlying mechanism

The formation mechanism of serrated chips in diamond turning of silk fibroin has
its roots in the unique hierarchical structure. As illustrated in Figure 4.9, silk fibroin is
a protein material that consists of two primary phases: the beta-sheet crystallites and
the amorphous matrix. The beta-sheet crystallite is composed of sandwich-structured
assemblies connected by interstrand hydrogen bonds (H-bonds) that primarily control

the mechanical properties of the silk fibroin [167].
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Figure 4.9 The hierarchical structure of silk fibroin.

In analogy to the initiation and propagation of dislocation in ductile metals, the
breaking of H-bonds has been recognised as the basic mechanism for failure in silk
fibroin [168]. After the initial rupture of H-bonds under high shear deformation, the
stick-slip motion occurs as the beta-sheet strand slides [169]. This fracture mechanism
has been verified with the aid of experiments and molecular dynamics simulations
[27,170]. Therefore, increasing slide motions enable the localized deformation and
formation of the shear bands, which results in the serrated chips.

In addition, the simulation results of the oscillation of the specific cutting force and
the contour of the effective plastic strain in the cutting process are illustrated in Figure

4.10. The simulation conditions are the same as those in Section 4.5.1.
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Figure 4.10 Simulated specific cutting force oscillation under a cutting speed of 6.75

m/s and a depth of cut of 2 um.

The shear deformation is extremely high in diamond turning of silk fibroin. Under
the high shear strain in the primary shear zone, a large number of H-bonds are ruptured
around the interfaces between beta-strands, thereby forming slip planes and further
leading to the interstrand slip motions. Subsequently, accompanying the formation of
shear bands, the accumulated slip motions are further developed into shear-governed
plastic deformation, which is the principal cause of the formation of serrated chips.
After the formation of the previous shear band, the material still undergoes heavy
shearing along the narrow primary shear zone, in which the shear band is continuously
elongated above the cutting edge. At the same time, the von Mises stress is
accumulated around the tool tip, and the elastic energy is stored. Consequently, the

cutting force increases and reaches its peak value. Accompanying the emergence and
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propagation of a new shear band, the localized plastic deformation releases the
accumulated elastic energy. Simultaneously, the cutting force decreases gradually and
reaches its lowest value in a single chip formation cycle until the new shear band is
completely formed. Afterwards, a new formation cycle for the next shear band and
chip segment starts.

In this work, the simulation can only run 2.2 ps due to the limitation of
computational power. As the sampling frequency of the data acquisition card for the
dynamometer is 250 kHz, it is impossible to compare the oscillation of the measured
and simulated specific cutting forces. Nevertheless, the good consistency of the chip
morphology obtained in experiments and simulations regarding the shear band spacing
S, as illustrated in Figure 3.5 and 4.10, can support the proposed serrated chip
formation mechanism as mentioned before. Moreover, as shown in Figure 4.11, the
lamellar structures on the free surface of the chip generated in the experiments of set I

(non-overlapping cutting) provide another evidence of shear localization.

Lamellae

Low shear
strain zone

30 pm

e

Figure 4.11 Lamellae on the free surface of a silk chip generated with a cutting

speed of 1.35 m/s and a depth of cut of 2 pm.
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Two areas can be distinguished in SEM images of the chip: a strain localized area
and a low deformed area. This plastic field distribution is correctly predicted using the

proposed hybrid FE-SPH numerical model.

4.6 Summary

This chapter investigated the serrated chip formation mechanism in diamond turning
of silk fibroin through the hybrid FE-SPH numerical simulations. The effectiveness of
the established cutting model and the accuracy of the characterized Cowper-Symonds
material parameters for silk fibroin are verified in terms of the specific cutting force
and chip morphology. The conclusions can be drawn as follows:

(1) The Cowper-Symonds material parameters for silk fibroin were preliminarily
determined to be p = 7; D = 1140 s’'. The strain rate sensitivity of the silk fibroin
was revealed from a diamond turning aspect. A dramatic increase in the predicted
specific cutting force can be observed after introducing Cowper-Symonds model.
The specific cutting force is three times higher than those without considering the
strain rate effect, despite a 49.0% underestimation compared with the experimental
value. Nevertheless, compared with the experiments, a good prediction accuracy
regarding the chip morphology was also achieved with this set of material
parameters.

(2) The proposed hybrid FE-SPH numerical model is able to reveal the formation
mechanism of the serrated chip in diamond turning of silk fibroin. The shear band
formation is formed through the conjunction of two parts. Specifically, one part
propagates from the cutting edge to the free surface, while the other part initiates

on the free surface and propagates towards the cutting edge. Furthermore, the chip
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segment is formed by the propagation of a microcrack from the free surface to the
tool tip.

(3) The serrated chip formation mechanism derives from the hierarchical structure of
silk fibroin. Under the high shear strain in diamond turning, the increasing number
of ruptured H-bonds enables the interfaces between beta-strands to become slip
planes. The accumulated interstrand slip motions further develop into shear bands,

which is the dominating cause for the formation of serrated chips.
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Chapter 5

Design of a high-frequency non-resonant elliptical vibrator for

diamond turning

5.1 Introduction

This chapter concerns designing a non-resonant elliptical vibrator for diamond
turning with a high operational frequency for chip breaking.

Firstly, the overall mechanical design of the elliptical vibrator is proposed through
mathematical and FE static modelling. A flexure-based design adopting the LSFH and
NHPJ is used to combine the reciprocating displacements of the diamond tool into an
elliptical trajectory. At the same time, the cross-axis coupling between the tool
displacements was mitigated.

Finally, FEA using the mapped meshing method will be performed to determine the
key dimensional parameters of the flexure hinges in achieving high operational
frequency. In particular, the effect of the neck thickness of NHPJ on the cross-axis
coupling and the effect of the thickness of LSFH on the sequence of the vibrational

mode shape for the designed elliptical vibrator will be quantitatively analyzed.

5.2 Development of non-resonant elliptical vibrator

5.2.1 Mechanical design

The design goal of this chapter is to design and develop a non-resonant elliptical
vibrator that can work at a high frequency of up to 5 kHz with an acceptable cross-axis

coupling ratio and thermal power. Figure 5.1 shows the schematic 3D model of the
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proposed design, which mainly includes a tool holder and a mounting base. Two high-
frequency reciprocating displacements are generated by two piezo actuators after
inputting sinusoidal signals with a certain phase angle. The piezo actuators are pre-
loaded by two round end screws mounted at the bottom. Moreover, low-capacitance
piezo actuators were chosen to get rid of overheating. As mentioned before, the low-
stiffness structure of the non-resonant elliptical vibrator limits its operational
frequency. In order to improve the structural stiffness of the vibrator and enlarge its
operational frequency, two NHPJs and two LSFHs with a cross-layout were adopted
in this work, as shown in Figure 5.1.

The NHPJ was designed based on the right circular notch hinges, guiding and
transmitting two perpendicular motions to the diamond tool as a high-precision
translational pair. More importantly, it can reduce the cross-axis coupling between the
two displacements, allowing the diamond tool to move independently in the y- and z-
directions. Figure 5.1 (a) illustrates that the tool cradle works as a holder for the
diamond tool and combines two high-frequency reciprocating motions to form an
elliptical trajectory. The slide guide on the back of the mounting base can easily adjust
the height of the vibrator, so various types of cutting inserts with different tool
geometries can be selected and replaced conveniently. The high carbon spring steel
65Mn (equivalent to AISI 1066 and BS 080A67) was chosen as the raw material due
to its high yield strength required for long service life under cyclic loading. The
mechanical properties of 65Mn are concluded as: density p = 7850 kg/m?, Young’s
modulus £ =210 GPa, Poisson’s ratio v =0.288. Figure 5.1 (b) shows that this vibrator

can be mounted on different diamond turning machines through the tool height
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adjustor and connecting base. Considering the space constraints of the diamond turning

machine, the overall dimension of this compact design is only 54 mmx46 mmx43 mm.

Elliptical g1
vibrator  hejght

adjustor

Figure 5.1 (a) Schematic 3D model of the designed non-resonant elliptical vibrator;

(b) assembly with a diamond turning machine.

A flowchart is shown in Figure 5.2 to clarify the design process for this non-resonant
elliptical vibrator. The whole process mainly consists of static modelling and the
determination of key dimensional parameters. After establishing the 3D mechanical
structural model of this vibrator, static modelling using the mapped meshing FEA and
mathematical method were both adopted. The thickness of LSFH and the neck
thickness of NHPJ were determined considering the effects of modal characteristics

and cross-axis coupling, respectively.
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Figure 5.2 Design flowchart for the proposed elliptical vibrator.

5.2.2 Mathematical and FE static modelling

Although the current non-resonant vibrators can control the tool trajectory precisely,
the operational frequencies are still significantly lower than their resonant counterparts
due to the low structural stiffness. To overcome this shortcoming and mitigate the
cross-axis coupling, static modelling using the mathematical method and mapped
meshing FEM was performed to guide the determination of key dimensional
parameters for the designed vibrator. As shown in Figure 5.3, radius R,, neck thickness
t» and width b; are three critical parameters for NHPJ to determine its structural

stiffness.
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(b)
Figure 5.3 Schematic and moving mechanism of the combination of LSFH and

NHPJ.

With the consideration of the width of the tool insert, the width b; was chosen to be
10 mm to increase the structural stiffness in the direction that is vertical to the tool
trajectory plane. The rotary stiffness K, of the right circular notch hinges of the NHPJ

is given by Weisbord and Paros [171]:

2Eb
K, = —2

£ 5
i n (5-1)
9t | R,

Based on the principle of virtual work, the following equation can be derived:
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1 1
E,D, = EKdDy2 + EKdDZ2 + AU, + AU,

(5-2)

where W, is the virtual work done by actuation forces F), and F-. D, and D: are linear
displacements of the hinges. AU; is the rotational energy of each NHPJ, and AUy is the

rotational energy of each notch hinge. Ky is the stiffness of LSFH [172]:

_4E b, 13 (5-3)
a— L13
where b, [ and L; are the width, thickness and length of LSFH, respectively.
The expression for AUris shown in the following equation:
1 2
AUf = EKaei ]
p, (=2 (5-4)
0. ~ —
L

where L is the distance between two notch hinges. 6, and 6. are angular
displacements of the hinges.

The LSFH and NHPJ have identical dimensions in both y- and z-directions, and the
actuation forces F) and F; are equal. Thus, the equivalent stiffness of the combination
of LSFH and NHPJ in both y- and z-directions can be derived based on Equation 5-3

and Equation 5-4:

4K,

i (5-5)

Keql = Kd +

Equation 5-5 can be used to estimate the equivalent stiffness of the combination of

LSFH and NHPJ.
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In addition to the mathematical method, static FE modelling was also conducted
using ANSYS 18.0. The bottom surface of the mounting base was set to be fixed
support, as shown in Figure 5.4. Since the cutting and thrust forces in elliptical
vibration diamond turning are usually in the order of 10! N [173,174], which are far

less than the actuation forces, so they are ignored in the analysis.

Fixed Support

Figure 5.4 FE model of the proposed vibrator using mapped meshing.

Currently, coarse tetrahedral meshes generated by the automatic meshing method
are usually used in previous work for modelling the elliptical vibrators [62,175].
Differently, in this work, more regular hexahedron meshes were generated with the aid
of the mapped meshing method to increase the modelling accuracy [176—178]. In the
following section, the mapped meshing FEA was employed to predict the cross-axis
coupling ratio and modal characteristics of the designed vibrator, thereby guiding the

determination of the key dimensional parameters.
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5.3 Determination of key dimensional parameters

5.3.1 Thickness of LSFH

As a critical dimensional parameter that significantly impacts the equivalent
stiffness, the thickness / of LSFH directly determines the modal characteristics of this
non-resonant elliptical vibrator, for example, the sequence and vibrational mode
shapes of its natural frequencies. In order to finally confirm the dimension of the
thickness of LSFH, FE modal analysis was carried out to identify the natural frequency
of the designed vibrator. The vibrational mode shapes of the first three natural
frequencies are shown in Figure 5.5. In mode shape A, the tool cradle moves along the
cutting direction (y-direction). In mode shape B, it moves along the z-direction
representing the movement in the depth of cut direction. As for mode shape C, as
shown in Figure 5.5 (c), the tool holder undergoes a twisting deformation, which is an
undesired mode shape. It is worth pointing out that the sequence of the mode shapes

might change with the thicknesses of LSFH.
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Figure 5.5 The first three vibrational mode shapes of the designed vibrator: (a) mode

shape A; (b) mode shape B; (c) mode shape C.

Generally, the first two mode shapes of the vibrator should be coincident with the
tool’s displacements in the cutting and depth of cut directions. The value of the
thickness / should be reasonably selected to make mode shapes A and B be the first
two modes of the designed vibrator. Moreover, as the vibration frequencies of the first
two modes determine the maximum operational frequency of the vibrator, its natural
frequency should be increased to achieve high operational bandwidth. Table 5.1
summarizes the simulation results of the FE modal analysis in terms of sequence and

frequencies (Hz) of the first three mode shapes at different thicknesses.
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Table 5.1 Simulation results of the FE modal analysis.

Thickness / (mm) Sequence and frequencies (Hz) of the first three mode shapes

1.6 C: 16000; A: 16608; B: 18277
1.5 C: 15947; A: 16103; B: 17382
1.4 A:15462; C: 15861; B: 16412
1.3 A: 14700; B: 15421; C: 15796
1.2 A: 13846; B: 14379; C: 15715

Mode shape C is the first mode shape when the thickness / is 1.6 mm. With the
continuous decrease in thickness, mode shapes A and B start to overpass mode shape
C gradually, thus becoming the first and the second mode shapes. Nevertheless, the
resonant frequency continuously decreases because a smaller thickness would reduce
the equivalent stiffness of LSFH, especially in the direction perpendicular to the tool
vibration plane. Finally, the thickness of LSFH was confirmed to be 1.3 mm to achieve

a higher operational frequency.

5.3.2 Neck thickness of NHPJ

As mentioned before, the cross-axis coupling of two cyclic displacements generated
by piezo actuators can have a negative effect on the transmission of the proposed
elliptical vibrator and its machining accuracy. Although the neck thickness of NHPJ
has less impact on modal characteristics, it has a vital influence on the cross-axis
coupling. In this work, the degree of the cross-axis coupling is described using the

coupling ratio C, whose definition is illustrated in Figure 5.6.
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Figure 5.6 Definition of the cross-axis coupling ratio: (a) Ci; (b) Ca.

The cross-axis coupling ratio Ci and C; are defined in the following equations:

Cl S A_y and CZ S E (5‘6)
d, d,

where Ay and Az are maximum parasitic displacements when the piezo actuator
along the z- or y-direction is actuated only. d, and d. are maximum output
displacements in the y- and z-directions when only one piezo actuator is actuated in
the corresponding direction.

The mapped meshing FEA was carried out to determine the neck thickness of NHPJ,
which aims to keep the coupling ratio to an acceptable level. In this analysis, the radius
of NHPJ was set to be 0.8 mm, considering the attainable machining accuracy when
fabricating the prototype. According to the dimensional range in previous research
[62,63,175], the value of neck thickness varies from 0.2 mm to 0.35 mm. The results

of the calculated cross-axis coupling ratio by the FEA are shown in Figure 5.7.
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Figure 5.7 Cross-axis coupling ratio under different neck thicknesses.

As the neck thickness of NHPJ continuously decreases, the coupling ratio slumps.
The coupling ratio in the cutting direction is two times higher than that in the depth of
cut direction. This can be attributed to the beak-shaped tool cradle, which will
deteriorate the coupling effect in the cutting direction. When the neck thickness is 0.2
mm, the coupling ratio in the cutting direction decreases to 4.93%. The dimension of
the neck thickness #, is finally confirmed as 0.2 mm, considering the attainable
machining accuracy. Several important dimensional parameters of the designed non-

resonant elliptical vibrator proposed in this thesis are given in Table 5.2.
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Table 5.2 Dimensional parameters of the designed elliptical vibrator.

Parameters Values (mm)
Radius R, (NHPJ) 0.8
Neck thickness ¢, (NHPJ) 0.2
Width b1 (NHPJ) 10
Length L (NHPJ) 4.4
Width b, (LSFH) 5
Thickness / (LSFH) 1.3
Length L; (LSFH) 5.5

The equivalent stiffness of the combination of LSFH and NHPJ in the z- and y-
directions are 52.1 N/um and 50.9 N/um, based on the results from the mapped
meshing FEA. The small stiffness difference in these two directions can be attributed
to the not fully symmetrical configuration of the tool cradle. From Equation 5-5, the
equivalent stiffness of the combination of LSFH and NHPJ was calculated as 56.1
N/um. The relative stiffness differences along the z- and y-directions are 7.13% and
9.27%, indicating a good consistency between the mathematical and the mapped

meshing FE models.

5.4 Fatigue analysis

Fatigue results from the weakening of materials caused by accumulated cracks,
especially under cyclic loading. Once a crack has initiated, every loading cycle will
grow the crack until a complete failure happens to the mechanical structure. In the
practical vibration machining process, the piezo actuators will be subjected to
harmonic loading, which easily leads to the failure of the vibrator. In order to ensure a
long service life, it is necessary to carry out a fatigue analysis for this vibrator.

According to available literature [179], the S-N curve of 65Mn is drawn in Figure 5.8.
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Figure 5.8 (a) S-N curve of 65Mn; (b) simulated distribution of the equivalent

alternating stress.

In the life and fatigue analysis, the widely-used Goodman mean stress line [180] is
chosen as the conservative model for 65Mn. From the simulation results in Figure 5.8
(b), it can be noted that when the elliptical vibrator is subjected to two cyclic actuation
forces of 150 N, the equivalent alternating stress mainly concentrates in the joint
between the tool holder and the flexure spring. The maximum value can reach 148.49
MPa, which is still far below the fatigue stress (over 700 MPa, see Figure 5.8) of 65Mn
even if the number of cycles is 1 million. Overall, from the above fatigue analysis, it
can be concluded that the proposed high-stiffness design can sufficiently ensure a long

service life of the proposed elliptical vibrator.

5.5 Simulation of elliptical tool trajectory

The FEA on harmonic response was carried out to predict the tool trajectories of the
non-resonant elliptical vibrator. Two external forces with different phase angles were

applied to the bottom of LSFH to simulate the actuation forces generated by piezo
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actuators in the cutting and depth of cut directions. Figure 5.9 presents the simulation
results for the elliptical tool trajectories under different phase angles and operational

frequencies. In this case, two fixed actuation forces of 150 N were applied.

(a) , A , (b)

45° 5kHz

[\

Cutting direction (um)
(e}

Cutting direction (um)
(e}

2t ( 2t
4 ' - : 4 ' - :
4 2 0 2 4 4 2 0 2 4
Depth of cut direction (xm) Depth of cut direction (um)

Figure 5.9 Simulated tool trajectories: (a) 500 Hz with various phase angles; (b) 1

kHz and 5 kHz (90° phase angle).

It can be observed that when the phase angle is 90°, the tool trajectory is a regular
ellipse. This trajectory tends to undergo an evident change with the phase angle until
finally distorting into a straight line with a phase angle of 0° or 180°. Moreover, if the
actuation force is kept constant, the amplitude will increase with the operational
frequency. The closer to the first natural frequency, the larger amplitude can be
obtained, namely the reason for pursuing a higher first natural frequency.

In summary, when two identical actuation forces of 150 N are applied, the
theoretical vibration amplitude of this elliptical vibrator can reach over 6 pum under an

operational frequency of 500 Hz.

5.6 Summary
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A flexure-based high-frequency elliptical vibrator with tunable operational
frequency and amplitude was developed in this chapter. The flexure-based design that
combines the LSFH and NHPJ can not only transmit and connect the reciprocating
displacements of the diamond tool but also offer an improved operational frequency.
The results of the FE static modelling indicate that a decrease in the neck thickness ¢,
of NHPJ can reduce the cross-axis coupling ratio, while a reduction in the thickness /
of LSFH can not only reduce the natural frequency of the designed vibrator but also
change the sequence of its vibrational mode shapes. Additionally, the simulation
results for the tool trajectory also reveal that the proposed vibrator is capable of

generating elliptical trajectories with tunable operational frequency and amplitude.
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Chapter 6

Performance evaluation test for the high-frequency non-resonant

elliptical vibrator

6.1 Introduction

This chapter presents the performance evaluation tests for the elliptical vibrator
developed in Chapter 5.

Firstly, the components for the designed elliptical vibrator are manufactured, and its
prototype is assembled. Then, a series of experiments are carried out to evaluate the
working performance of the designed elliptical vibrator regarding heat generation,
modal characteristics, coupling effect and tool trajectory. After that, the cutting
accuracy tests through surface texturing are conducted to verify the working stability
of the designed vibrator.

Finally, the preliminary machining trials on pure copper are performed to generate
discontinuous chips, demonstrating the chip-breaking effectiveness of this elliptical

vibrator.

6.2 Prototype assembling

A prototype of the developed elliptical vibrator was manufactured and assembled
based on the structural design in Chapter 5. The final assembly of the prototype is
shown in Figure 6.1. Two piezo actuators (PSt150, Piezomechanik) are used to
generate tool displacements. Before driving the piezo actuators, the high-frequency

signals with a certain phase angle are transmitted through the electrodes.
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Figure 6.1 Prototype assembly of the designed elliptical vibrator.
6.3 Experimental evaluation on working performance
6.3.1 Experimental setup

The working performance of the proposed elliptical vibrator was evaluated through
thermal, dynamic and tool trajectory tests, which will be discussed in the following
sections. The experimental setup is shown in Figure 6.2. Two excitation signals were
generated by a dual-channel function generator (TGF4042, Aim-TTi). In this process,
the low-voltage signals need to be amplified by the power amplifier (E01.A2,
Coremorrow) prior to driving the piezo actuators. The displacements of the diamond
tool in the cutting and depth of cut directions were captured by two capacitive sensors
(Lion Precision CPL190), whose bandwidth is 15 kHz. The measurement results were
collected and recorded by a data acquisition card (USB-1608HS, Measurement

Computing), and its sampling frequency is 250 kHz.
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Figure 6.2 Setup for performance evaluation tests.
6.3.2 Analysis of heat generation

Heat and temperature management is a crucial problem and has to be concerned in
the first place, as overheating interferes with the performance and reliability of the
piezo actuator. A long-term operation under high temperature can even damage the

actuator. The heat generation power P, of each actuator is expressed as follows:

1
Pu = 5 KUZCyf (6-1)

where U and f are the peak-to-peak voltage and the frequency of input harmonic
signal, respectively. C, is the capacitance of the piezo actuator, which is 1.8 pF. K is
the proportion of the average power consumption converted into heat. Negishi et al.

[1, 2] reported that 22% of the electrical power flowing through the actuator was lost
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to heat based on the experimental results. In this work, K is chosen as 0.25, considering
the extreme condition.

Due to the limited drive capability of the power amplifier, there is a strong negative
correlation between the highest operational frequency and the input voltage. Several
tests were carried out to investigate the relationships between the highest operational
frequency, the heat generation power and the input voltage. The testing results are

illustrated in Figure 6.3.

12 T T T 3

——— Highest operational frequency
——@— Heat generation power

2.25

0.75

Highest operational frequency (kHz)
n
Heat generation power (W)

0 . : : 0
12 42 72 102 132

Input voltage (V)
Figure 6.3 Highest operational frequency and heat generation power under different

input voltages.

The peak-to-peak voltage of the input signals varies from 12V to 132V instead of
150V to protect the piezo stacks from overstretching. With the increase of input
voltage, the heat generation power of the actuators increases and reaches its maximum
value when the voltage is 132 V. At this moment, the heat generation power is only

2.74 W, which is competent under an air-cooled working condition.

6.3.3 Experimental modal test
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In order to investigate the dynamic response and determine the operational
frequency range of the developed vibrator, a series of experimental modal tests were
carried out using an impact hammer (PCB Piezotronics 086C03) and several

accelerometers (PCB Piezotronics 333B50). The testing results are illustrated in Figure

6.4.
b
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Figure 6.4 (a) Experimental modal tests; (b) frequency response of the designed

elliptical vibrator with swept excitation in the cutting direction.

As shown in Figure 6.4 (a), the frequency response of the designed vibrator in the
depth of cut and cutting directions are in good agreement in the frequency ranges of
below 5 kHz and above 6 kHz, except for two close response peaks at 5.1 kHz and 5.5
kHz. This phenomenon indicates that the first natural frequency of the developed
vibrator in the cutting direction is most likely within this frequency range.

To verify this assumption, the frequency sweep tests were conducted. The input
voltage for the piezo actuator in the cutting direction was 12 V. The frequency swept
from 0 to 10 kHz with an interval of 100 Hz. The amplitude-frequency response is

illustrated in Figure 6.4 (b). After comparing Figure 6.4 (a) and (b), it can be found
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that the frequency response obtained from the frequency sweep tests is in good
agreement with those of the impact hammer modal test. It, therefore, indicates that the
first natural frequency of the designed vibrator is 5.2 kHz in the cutting direction.
However, its first natural frequency in the depth of cut direction is 8.5 kHz. This
difference should be attributed to the imperfect and complicated contact between the
actuators, tool holder and mounting base, which seriously decreases the first natural
frequency in the cutting direction. It is also worth mentioning that the natural
frequency obtained from the FEA is nearly twice higher than those from experiments.
In addition to the reason mentioned above, manufacturing errors of the proposed
vibrator is another reason for this gap. Nevertheless, the upper limit of the operational
frequency for the designed elliptical vibrator was selected as 5 kHz (slightly below its
first natural frequency), which is still higher than its non-resonant counterparts in the

field of diamond turning.

6.3.4 Evaluation of coupling effect

Two sinusoidal input signals of 500 Hz for both piezo actuators were used to
perform the coupling tests at the same voltage of 132 V. Please note that only one
actuator was activated in each test, while the other has no input signal. Figure 6.5
compares the displacements of the proposed non-resonant elliptical vibrator in the

cutting and depth of cut directions.
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Figure 6.5 Experimental results of the cross-axis coupling: (a) depth of cut direction;

(b) cutting direction.

As shown in Figure 6.5 (a), when the actuator along the depth of cut direction was
actuated only, the maximum parasitic displacement in the cutting direction was 0.08
pm. In comparison, the maximum displacement in the depth of cut direction was 1.70
um. Likewise, the results in Figure 6.5 (b) illustrate that when the piezo actuator along
the cutting direction was solely driven, the maximum parasitic displacement in the
depth of cut direction was 0.20 um, while the maximum displacement in the cutting
direction was 2.05 um. According to Equation 5-6, it can be calculated that the cross-
axis coupling ratios C1 and C> are 4.71% and 9.76%, respectively. The actual cross-
axis coupling ratio is twice the results obtained from FEA, but it is very close to the
simulation results with a neck thickness of 0.3 mm (see Figure 5.7). The manufacturing
error of the developed vibrator should be the major source of the difference.
Nevertheless, the cross-axis coupling ratio of the developed vibrator is still at an

acceptable level.
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6.3.5 Tests on elliptical tool trajectory

Two sinusoidal excitation signals with different phase angles were applied to the
piezo actuators. The voltage varied from 24 V to 132 V. Based on the operational
frequency range, the tests were carried out with the frequency ranging from 500 Hz to
5 kHz. Notably, due to the limited drive capability of the power amplifier, the voltage
of the input signal needs to be tuned according to its input frequency. The
displacements of the designed elliptical vibrator in the cutting and depth of cut
directions under different input signals were collected and combined. The elliptical
tool trajectories of the vibrator under different operational conditions were obtained

and shown in Figure 6.6.
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Figure 6.6 Elliptical tool trajectories under different operational conditions: (a) 500
Hz at 132 V; (b) 1 kHz at 96 V; (c) 1.5 kHz at 72 V; (d) 2.5 kHz at 48 V; (e) 4 kHz at

30V; (f)SkHzat24 V.
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Figure 6.6 shows that with the decrease of the input voltage, the tool path dimension
b reduced from 1.05 pm to 200 nm. The tool trajectory evolved from a straight line to
a regular ellipse with the changing of phase angle. A similar trend appeared under all
operational frequencies. Moreover, it can be observed in Figure 6.7 that the
relationships between the input voltage and tool path dimensions a and b

approximately satisfy two linear functions.

1.1

=== Too0l| path dimension b
===@===Too0l path dimension a

0.88

o
oy
N

0.44 1

Dimension (pm)

022F

24 51 78 105 132
Input voltage (V)

Figure 6.7 Relationship between the input voltage and tool path dimension.
The fitting equations are shown below:

a = 0.0063U — 0.0218 (6-2)

b = 0.0083U — 0.0641 (6-3)

where U is the peak-to-peak input voltage (unit: V). a and b are the tool path
dimensions (unit: um) in the cutting and depth of cut direction, respectively. Equation
6-2 and 6-3 can be used to estimate the tool path dimensions according to the input

voltages.
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Overall, the experimental results approve that a regular elliptical trajectory of the

designed vibrator can always be generated under a high frequency of up to 5 kHz.

6.4 Cutting accuracy tests through surface texturing

6.4.1 Principle of surface texturing

The cutting accuracy of the developed elliptical vibrator was evaluated through
surface texturing tests. The textured surface can be generated with the aid of tool
vibrations. For example, as shown in Figure 6.8, the micro-dimple structures will be
obtained when the nominal depth of cut d, is greater than the tool path dimension b
and the HSR is higher than 1. The height /44 of the dimple arrays is equal to the
vibration amplitude of the diamond tool in the depth of cut direction, while the

wavelength Ay is equivalent to the upfeed per cycle u.

Diamond Nominal cutting
tool direction
—
ha
hy
Workpiece Tool trajectory

Figure 6.8 Formation principle of the micro-dimple structures.

6.4.2 Cutting conditions

Different operational conditions were employed in the tests, and the detailed
parameters are listed in Table 6.1. The nose radius of the diamond tool is 0.5 mm. The

tool feed per revolution and spindle speed were set to be 5 mm/min and 30 rev/min,
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respectively. The depth of cut was chosen to be 3 um, thereby ensuring that the
nominal depth of cut d, is larger than the tool path dimension b. After the calculation,
the HSR is also greater than 1 in this case. Therefore, as described above, the micro-
dimple structures will be manufactured.

Table 6.1 Operational conditions in the machining trials.

Experiment Operational frequency (Hz); . .
No. input voltage (V) Cutting diameter (mm)
1 500; 132 20-26
2 1000; 96 13-19

As shown in Figure 6.9, two concentric annuli on the workpiece represent these two

machining areas.

Exp. 2

Figure 6.9 Textured surfaces on the copper workpiece.

Two small square areas on the machined surface were selected for measurement by
a white light interferometer (Zygo CP300). The distances between the centres of the
measurement areas and the workpiece’s centre of rotation are 11.1 mm and 7.6 mm,
respectively. These two distances are used to estimate the designed values of the

wavelength of the machined microstructures in measurement areas.
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6.4.3 Results and discussion

Figure 6.10 shows the machined micro-dimple arrays generated under the

operational frequencies of 500 Hz (Exp. 1) and 1000 Hz (Exp. 2).

Figure 6.10 Microphotographs and 3D surface topographies of the machined

structures: (a) Exp. 1; (b) Exp. 2.

The roughness of the machined surfaces is measured after applying a high-pass filter
with a cut-off frequency of 177 Hz to eliminate waviness and form components. The
surface roughness Ra is 46 nm and 66 nm in Exp. 1 and Exp. 2, respectively. The
sectional profiles of the machined structures are illustrated in Figure 6.11. The
comparison of the wavelengths and heights between the designed and machined

microstructures along measurement lines is shown in Table 6.2.
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Figure 6.11 Sectional profiles of the machined structures: (a) Exp. 1; (b) Exp. 2.

The measured wavelengths of the machined microstructures agree well with the
designed values in both machining trials with errors of -0.86% and -1.26%,
demonstrating the excellent frequency stability of the designed vibrator. The measured
heights of the machined microstructures are 2.27 pum and 1.34 um with errors of 0.17
pm and -0.16 pm. The difference is less than 10.67%, showing a good cutting accuracy
of the designed elliptical vibrator.

Table 6.2 Dimensional errors of the machined microstructures.

Experiment Designed values  Measured values

No. Dimensions (um) (um) Errors (%)
. Wavelength 69.7 69.1 -0.86%
Height 2.1 2.27 8.10%
5 Wavelength 239 23.6 -1.26%
Height 1.5 1.34 -10.67%

6.5 Preliminary chip-breaking tests

6.5.1 Experimental setup and cutting conditions
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The on-machine effectiveness of the proposed non-resonant elliptical vibrator
regarding chip breaking was evaluated through elliptical vibration diamond turning
experiments. The machining trials were conducted on pure copper. The experimental
setup is shown in Figure 6.12. The nose radius of the diamond tool is 0.5 mm. The
operational frequency was 500 Hz, and the input voltage was set to be 132 V with a
phase angle of 100 degrees. The machining process was captured by a digital
microscope (AM4113T, Dino-Lite).

Digital microscope

Vacuum chuck

Workpiece

Elliptical vibrator |

Figure 6.12 Setup for chip-breaking tests on the copper workpiece.

Different cutting conditions were employed, and the detailed parameters are listed
in Table 6.3.

Table 6.3 Operational conditions in chip-breaking tests on copper.

Nominal depth of cut ~ Cutting diameter

Experiment No. HSR
P (um) (mm)
1.5 24 0.05;0.1; 0.5
4 0.5 20 0.05;0.1; 0.5

6.5.2 Results and discussion
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Figure 6.13 illustrates the in-situ chip morphology in Exp. 3 captured by the USB
digital microscope. As the nominal depth of cut d, (1.5 pm) is greater than the tool
path dimension b (about 1 um), the continuous chips were formed in all three tests
despite the values of HSR. Differently, with the increase of HSR, the chip morphology
evolves from ribbon chip to snarled chip.

Ribbon chip '(b) Ribbon chip ™

Figure 6.13 Chip morphology in Exp. 3: (a) HSR = 0.05; (b) HSR = 0.1; (c) HSR =

0.5.

The images of the generated continuous chips were captured by an SEM (S3700-N,

Hitachi), as illustrated in Figure 6.14.
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30 pm Tool cycle segments 15 pm

Figure 6.14 SEM images of the continuous chips formed in Exp. 3 (HSR = 0.05).

It can be observed that regularly distributed thin tool cycle segments were formed
on the continuous chip, which derives from the intermittent tool/workpiece contact in
elliptical vibration diamond turning. This kind of continuous chip is separated on the
segments but remains connected at the centre where the maximum chip thickness is

reached. The formation principle of the tool cycle segments is shown in Figure 6.15.

Tool cycle <
segments Continuous chip

Diamond tool /

.
A
’

H '
\ A ;’ dn
\s~ b L’
=SSN | | oL Y

AN T~

- Textured surface Current cut cycle
#
. Tool upfeed
y Workpiece

Figure 6.15 Formation principle of tool cycle segments in elliptical vibration

diamond turning.
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In elliptical vibration diamond turning, due to the periodic vibration of the diamond
tool, both the depth of cut and chip thickness are reduced, leading to the intermittent
tool/workpiece contact. As a result, discontinuous characteristics are generated on the
back surface of the continuous chip with the formation of tool cycle segments.

When the nominal depth of cut d, is reduced to 0.5 um (i.e. smaller than b), as shown
in Figure 6.16, no ribbon or snarled chips were generated in Exp. 4. Instead,
discontinuous chips piled up in front of the tool tip, whose SEM images are illustrated
in Figure 6.17. The evident transformation of chip geometry from continuous chips to
discontinuous chips verified the effectiveness of this vibrator in enhancing chip-

breaking efficiency.

I

Discontinuous chips

I
A
if

Figure 6.16 Chip morphology in Exp. 4: (a) HSR = 0.05; (b) HSR = 0.1; (c) HSR =

0.5.

119



42.5 pm

we=39.3 um

Figure 6.17 SEM images of the discontinuous chips formed in Exp. 4 with an HSR

of 0.5.

6.6 Benchmarking with other work

The comparison of the key performance indicators of the proposed vibrator with

other published work is shown in Table 6.4.

Table 6.4 Comparison of the key performance indicators with other published work.

. Lietal. Han et al. Wang et al.
Features This work [181] 162] [63]
Operational frequency
(kHz) 5 2.5 1.8 6
Vibration amplitude ) 25 24 16
(um)
Equivalentstiffness 50 9. 55 1 o 25 0.4; 1.5
(N/um)
Machined materials Pure N/A 6061A1 Aluminium
copper alloy
If applicable to Yes Yes Yes No

diamond turning

In summary, the prototype of the elliptical vibrator can work at a high operational
frequency of up to 5 kHz. Although higher operational frequency has been achieved
by Wang et al. [63], it is not applicable to diamond turning. The equivalent stiffness at

the tool tip reaches 50.9 N/um in the cutting direction and 52.1 N/um in the depth of
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cut direction. The vibration amplitudes can only reach over 2 um, which is relatively
lower than existing designs. The reason for this shortcoming is complicated. First,
compared with existing configurations, the high-stiffness property of this vibrator
increases its operational frequency but inevitably sacrifices the amplitude outputs. In
addition, as mentioned in Section 6.3.4, the dimensional error within the
manufacturing process can increase the actual structural stiffness of the designed
vibrator. This can severely reduce the effective displacements of piezo actuators. High-
performance piezo actuators with high stiffness and high free stroke can be applied in

the future to improve this situation.

6.7 Summary

After prototyping the proposed non-resonant elliptical vibrator, a series of
experiments, including on-machine elliptical vibration diamond turning trials, were
conducted to evaluate its working performance. The conclusions can be drawn as
follows:

(1) The systematic experimental evaluation of the proposed vibrator demonstrated that
it could achieve a high-frequency and non-resonant working mode with an
acceptable cross-axis coupling ratio and thermal generation. Moreover, the
elliptical tool trajectory with different amplitudes can be conveniently generated
by tuning the operational frequency, input voltage and phase angle.

(2) The prototype of the designed elliptical vibrator can work at an operational
frequency of up to 5 kHz, which is higher than its non-resonant counterparts in the
field of diamond turning. Its vibration amplitude can reach over 2 um, although the

high-frequency and high-amplitude working modes cannot be achieved
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simultaneously due to the limitation of the drive capability of the current power
amplifier.

(3) The cutting accuracy of the designed elliptical vibrator was verified by generating
complex micro-dimple structures with tunable wavelength and height on pure
copper, a common ductile material. Furthermore, the wavelength and height errors
of less than 1.26% and 10.67% were demonstrated in the machining trials, showing
an excellent frequency and amplitude stability of this vibrator.

(4) Discontinuous copper chips were manufactured with the aid of this vibrator,

thereby verifying its chip-breaking effectiveness on ductile material.
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Chapter 7

Manufacturing of filamentous silk particles using elliptical vibration

diamond turning

7.1 Introduction

This chapter will thoroughly study the machining mechanism and performance of
using elliptical vibration diamond turning to manufacture filamentous silk particles.

A hybrid FE-SPH numerical model for elliptical vibration diamond turning of silk
fibroin is developed. The model is evaluated and validated by experimental results
from the aspects of specific cutting force and chip morphology (i.e. shear band
spacing). After that, conventional diamond turning (i.e. without tool vibration) and
elliptical vibration diamond turning are compared using this numerical model to study
the effects of frequency and amplitude of the tool vibration on cutting force, chip
formation and residual stress in the machined surface.

Moreover, the effect of processing parameters such as depth ratio and HSR on chip
breakability in elliptical vibration diamond turning of silk fibroin is investigated. They
both affect the chip breakability through changing the average tool velocity angle 6.
Based on the simulation and experimental results, the critical average tool velocity
angle 6. for manufacturing filamentous silk particles is confirmed. The mechanism of
how the average tool velocity angle will influence the chip breakability is also revealed

in this chapter.

7.2 Hybrid FE-SPH modelling
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7.2.1 Orthogonal cutting model for elliptical vibration diamond turning

In this chapter, elliptical vibration diamond turning is assumed to be an orthogonal
cutting process. The simplicity and theoretical treatment of the model are the same as
those in Chapter 4.

A 3D workpiece with the size of 15 pm % 15 pm x 0.5 pm was modelled in an
orthogonal cutting framework using LS-PrePost. Figure 7.1 shows the hybrid FE-SPH

numerical model established in this chapter.

Cutting tool
(FE)

Elliptical tool

Symmetry vibration

.......

Workpiece
(SPH)

Workpiece
(FE)
15

RS
0.5

Figure 7.1 Hybrid FE-SPH numerical model for elliptical vibration diamond turning.
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The workpiece was divided into two domains: one representing the SPH domain
(9.5 pm x 7 um x 0.5 um) using the renormalized formulation and the rest representing
the FE domain. The FE region was discretized using eight-node Lagrangian solid
elements. The particle density of the SPH domain was decreased to be 0.1 pm. Thus,
the number of SPH particles over the chip thickness was increased. The total number
of SPH particles approached 40,896. The mesh size for the continuum FE domain was
0.25 pm. Besides, two symmetry planes were imposed on the front and back faces of
the SPH domain, which was the same as those in Chapter 4.

Furthermore, the fixed boundary conditions were applied on the bottom and left-
hand faces of the workpiece. At the FE-SPH interface, the Lagrangian meshes and SPH
particles were coupled by a tied contact formulation whose effectiveness has been
verified in previous research [125]. The tool rake angle was 0°, while the clearance
angle a was 15°. The tool edge radius 7. was 60 nm. At the same time, the mesh around
the tool tip was sufficiently refined to increase the model accuracy. The coefficient of
Coulomb friction between the tool and workpiece was 0.12 [158]. The time scaling
technique was not adopted in this chapter. The material parameters for the diamond
tool and the silk fibroin workpiece are listed in Table 7.1.

Table 7.1 Material parameters in the orthogonal cutting model.

Material parameters Silk fibroin Diamond tool

Density (g/cm?) 1.4 3.5

Young’s modulus (GPa) 5.2 1050
Poisson’s ratio 0.3 0.1

Static yield stress (MPa) 70 N/A
Tangent modulus (MPa) 172.4 N/A

Cowper-Symonds parameter p 7 N/A

Cowper-Symonds parameter D (s!) 1140 N/A

125



7.2.2 Simulation conditions

The diamond tool in the numerical model oscillates periodically in the cutting and
depth of cut directions to reproduce the elliptical tool trajectories in elliptical vibration
diamond turning. The phase angle between the two directions was 90°. The tool
displacements in the y- (cutting) and z- (depth of cut) directions are given in the

following equations:

{y(t) = acos(2rft) —V,t —a -
z(t) = —bsin(2nft) (7-1)

where a and b are the tool path dimensions in corresponding directions. f is the
vibration frequency. V., is the nominal cutting speed of the workpiece. Typical
variations of the velocity and displacement of the cutting tool in conventional diamond
turning and elliptical vibration diamond turning are illustrated in Figure 7.2. The
identical nominal cutting speed of 0.2 m/s was employed in both models to make them
comparable. In such cases, the vibration amplitude of the tool in the cutting and depth
of cut directions was 2 um, while the frequency was 40 kHz. The linear and elliptical
motions of the cutting tool were implemented as a boundary condition of the
orthogonal model. The biggest difference between the conventional and elliptical
vibration diamond turning processes is that the tool permanently contacts the
workpiece in the conventional process, while the tool/workpiece contact becomes

intermitted after employing the elliptical vibration.
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Figure 7.2 Typical variations of tool velocity and displacement: (a) velocity in
conventional diamond turning; (b) displacement in conventional diamond turning; (c)
velocity in elliptical vibration diamond turning; (d) displacement in elliptical

vibration diamond turning.
7.2.3 Model evaluation and verification

In order to evaluate and verify the orthogonal cutting model established in this

chapter, a series of simulations were conducted for conventional diamond turning of
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silk fibroin with a cutting speed of 1.35 m/s and different depths of cut. The simulated

chip morphology is illustrated in Figure 7.3.

( a) Effective Plastic Strain (b) Effective Plastic Strain
4.755e+00 5.000e+00
4.280e+00 :I 4.500e+00 :I
- 3.804e+00 _| 4.000e+00 _|
_ S=1.8 m  3.329e+00 _ 3.500e+00 _

b 2.853e+00 _ 3.000e+00 _
2.378e+00 _ 2.500e+00 _
1.902e+00 _| 2.000e+00 _|
1.427e+00 _ 'S =2.3 um 1:500e+00_

9.510e-01 1.000e+00

4.755e-01 ] 5.000e-01 :I
0.000e+00 0.000e+00 _|

Figure 7.3 Simulated chip morphology: (a) depth of cut d. = 1.5 um; (b) depth of cut

de=2 um.

The chip segmentation and shear localization on the free surface can be observed in
both simulated chips, engaging with the measured results shown in Figure 3.5. The
approximate shear band spacing S in experiments with a depth of cut of 2 pm is 2.4
um. In addition, for a depth of cut of 1.5 um, the measured shear band spacing S is
about 2.1 um. As shown in Figure 7.3, the shear band spacing reaches 1.8 um and 2.3
um for a depth of cut of 1.5 um and 2 um, respectively, which agrees well with the
measured values.

In addition, a good estimation of the specific cutting force was also achieved with
the aid of this model. Figure 7.4 compares the simulated and measured specific cutting

forces.
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Figure 7.4 Simulated and experimental specific cutting forces comparisons.

The specific cutting force with a depth of cut of 2 um reaches 300.2 pN/um?, which
is 56.7% of the experimental value. Moreover, when the depth of cut is 1.5 um, the
specific cutting force obtained from the numerical simulation is 314.8 uN/um?, which
1S 49.2% of the measured result. Thus, the effectiveness of the numerical model
established in this chapter is verified considering the good prediction regarding the

specific cutting force and chip morphology.
7.3 Comparison between conventional and elliptical vibration diamond turning
7.3.1 Effect of vibration frequency

In order to investigate the effect of vibration frequency on elliptical vibration
diamond turning of silk fibroin, three levels of magnitudes (i.e. 20 kHz, 30 kHz and

40 kHz) were adopted in the simulation studies considering the constriction of
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available computational power. The tool path dimensions a and b were set to 1 pm and
remained unchanged. The cutting simulations were conducted under the same nominal
cutting speed for both conventional and elliptical vibration diamond turning processes.
The nominal depth of cut employed in these two processes was identical and equal to
the tool path dimension b (depth ratio 4 = 1). Therefore, the simulation data of
conventional diamond turning can be used as a benchmark for the elliptical vibration
process. It is worth mentioning that although different frequencies were used in the
cases, all the simulations ran in the same time length. Moreover, the simulated cutting
forces were normalized in the x-direction for ease of comparison. Figure 7.5 illustrates
the signatures of the unit cutting force, while the average values of the signatures are

shown in Figure 7.6.

640
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Figure 7.5 The signatures of the unit cutting force for conventional diamond turning

and elliptical vibration diamond turning under various vibration frequencies.
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Figure 7.6 The average values of the unit cutting force for conventional diamond

turning and elliptical vibration diamond turning under various vibration frequencies.

As shown in Figure 7.5, the peak values of the unit cutting force are almost at the
same level in all simulation cases, while the average values reduce continuously when
the frequency is increased from 20 kHz to 40 kHz. A reduction of 58.6% in unit cutting
force compared to conventional diamond turning can be observed for 20 kHz. A further
increase of vibration frequency to 30 kHz and 40 kHz results in an average reduction

of 65.6% and 74.5%, respectively, which is due to the extension of tool/workpiece

separation.

Figure 7.7 presents the distribution of von Mises stress, effective plastic strain and
hydrostatic pressure for conventional diamond turning. Figure 7.8 illustrates the

distribution of von Mises stress for elliptical vibration diamond turning with various

frequencies.
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Figure 7.7 The distribution of: (a) von Mises stress (unit: MPa); (b) effective plastic

strain; (c) hydrostatic pressure (unit: MPa) in conventional diamond turning.
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Figure 7.8 The distribution of von Mises stress in elliptical vibration diamond
turning with a fixed vibration amplitude of 2 um and different frequencies: (a) 20

kHz; (b) 30 kHz; (c) 40 kHz.

The reduction in unit cutting force for elliptical vibration diamond turning also leads
to a decrease in residual stress of the machined surface compared to conventional
diamond turning. The maximum value of the residual stress and the depth of the
residual stress field for conventional diamond turning are greater than those with the
elliptical vibration. Not only that, as shown in Figure 7.8, an increase in the magnitude
of vibration frequency brings about a higher maximum residual stress and a deeper
residual stress field due to the larger number of tool impacts onto the workpiece per

second. Figure 7.7 (b) shows that the predicted shear band spacing S for conventional
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diamond turning with a depth of cut of 1 um is only 1.4 um. The spacing S is smaller
than those with a depth of cut of 1.5 pym and 2 pum, as displayed in Figure 4.5, which
agrees well with expectations, as the band spacing is positively correlated with the
depth of cut [182]. Besides, a large area of compressive hydrostatic pressure in the
cutting chip and in front of the tool rake face can be spotted in Figure 7.7 (c). It is
considered that the ductility of a damaging material is strongly influenced by external
pressures [183]. In more detail, a tensile hydrostatic pressure will decrease the ductility,
making the chips break in an easy fashion. In contrast, the compressive hydrostatic
pressure can increase the ductility of the work material and therefore postpone its
fracture and failure, which decreases the chip breaking tendency. This is an important
reason why the chip-breaking efficiency in conventional diamond turning is relatively
low.

Moreover, the chip morphologies regarding chip radius of curvature R are
significantly different for diamond turning with and without the elliptical vibration. As
illustrated in Figure 7.7 (a), the simulated radius of curvature for conventional diamond
turning is 2.6 um, which is higher than those after applying the elliptical vibration. At
the same time, Figure 7.7 shows that a further increase in the frequency reduces the
radius of curvature. The elliptical vibro-impact of the tool is one possible reason for
this change, which results in the energy concentration at the cutting zone. Thus the
curling degree of the chip is increased. As noted in previous research [37], a decrease
in the radius of curvature helps break the chip. Moreover, as shown in Figure 7.8 (c),
a fracture in the cutting chip was formed in the simulation case with a frequency of 40
kHz, showing that the chip breaking might occur more efficiently under a high

frequency. This assumption will be verified later through experimental investigations.
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7.3.2 Effect of vibration amplitude

Four levels of tool path dimension b (i.e. 0.5 pm, 0.75 um, 1 um and 1.5 um) were
chosen for analysis to study the effect of vibration amplitude on elliptical vibration
diamond turning. Thus, the vibration amplitudes were equal to 1 pm, 1.5 um, 2 ym
and 3 pm, respectively. Note that the nominal depth of cut was set identically to the
tool path dimension b in all simulation cases; thus the depth ratio remained fixed at 1.
The simulations were conducted with the same vibration frequency of 20 kHz. The

same nominal cutting speed of 0.05 m/s was employed in all cases for comparison.
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Figure 7.9 The signatures of the unit cutting force for elliptical vibration diamond

turning with various vibration amplitudes.
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Figure 7.10 The average values of the unit cutting force for elliptical vibration

diamond turning with various vibration amplitudes.

The growth in the vibration amplitude increases the unit cutting force. This increase
is attributed to the growth in nominal depth of cut, and thus larger volume of the silk
fibroin is removed. At the same time, the deformation rate is increased with increasing
amplitude, which results in the strain rate hardening of the material. Therefore, the unit
cutting force is increased according to Equation 2-39.

Figure 7.11 illustrates the chip morphology for elliptical vibration diamond turning

with a fixed vibration frequency of 20 kHz and different vibration amplitudes.
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Figure 7.11 The distribution of effective plastic strain and von Mises stress (unit:
MPa) in elliptical vibration diamond turning with a fixed vibration frequency of 20

kHz and different amplitudes: (a) 1 um; (b) 3 um.

The results show that the vibration amplitude significantly influences the chip
morphology in elliptical vibration diamond turning. An increase in the amplitude
increases the chip radius of curvature R as the result of the growth in chip thickness
and thus the chip stiffness. On the other hand, a higher residual stress and a larger
depth of residual stress field can be identified in the machined surface with a greater
vibration amplitude. This is because the diamond tool wedged deeper into the silk
fibroin, leading to a higher deformation rate, strain rate and effective stress. The

residual stress in the machined surface is thus increased.
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7.4 Parametric study on chip breaking in elliptical vibration diamond turning

7.4.1 Unique characteristics in elliptical vibration diamond turning

The tool velocity angle is fixed in the conventional process, while it varies with time
along the tool’s trajectory in elliptical vibration diamond turning. Figure 7.12 is a
schematic to illustrate the tool velocity angle @ in elliptical vibration diamond turning.
It has been given that tool velocity angle can significantly affect the ductile-brittle
transition of the work material [184]. It can, therefore, be expected that the chip-

breaking behaviour will be simultaneously influenced.

o -
- -
o® e

9]71([,\"

Nominal cutting
Workpiece direction

Figure 7.12 Schematic illustration of the tool velocity angle in elliptical vibration

diamond turning.

The transient tool velocity angle 6(¢) is defined as the angle of the transient tool

velocity vector v relative to the y-axis:

v (1)
vy (t)

O(t) =tan™?! (7-2)
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where v,(¢) and v.(¢) are the components of the tool velocity vector on the y- and z-
axis, respectively. Note that only the processing condition nominal depth of cut d, less
than tool path dimension b (i.e. depth ratio 4 < 1) is of interest in this chapter for
effective chip breaking. A neutral rake angle tool is adopted for simplification.

As shown in Figure 7.12, Guax is the maximum tool velocity angle which is the
velocity angle when the tool/workpiece engagement is ended. 6, is the average tool

velocity angle, which can be derived as:

d 1
6, = -1, _
tan ( : oa Td)2> (7-3)

In the actual elliptical vibration diamond turning, an increase in the HSR will
increase the actual tool path dimension a, as the tool trajectory will be stretched out
horizontally. Thus, based on Equation 7-3, the average tool velocity angle is
significantly impacted by the depth ratio »s and HSR.

Therefore, to study the effect of tool velocity angle on chip-breaking behaviour in
elliptical vibration diamond turning of silk fibroin, three levels of HSR (0.1, 0.3 and
0.9) and three levels of depth ratio (0.4, 0.5 and 0.7) were analysed with the aid of the
FE-SPH numerical model. A vibration frequency of 20 kHz was chosen for all

simulation cases. The tool path dimensions a and b were set to 1 pm.

7.4.2 Effect of HSR

Some researchers have pointed out that, in elliptical vibration diamond turning, tool
velocity angle can significantly affect the hydrostatic pressure and shear stress on work
materials and chips [184,185]. Thus, to study the effect of HSR, the hydrostatic

pressure distribution under different values of HSR at the moment that the
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tool/workpiece engagement is ended and the moment that the tool withdraws from the
chip is shown in Figure 7.13. In addition, the distribution of von Mises stress with the
change of HSR when the tool stops engaging with the workpiece is illustrated in Figure

7.14.
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Figure 7.13 Distribution of hydrostatic pressure (unit: MPa) in elliptical vibration
diamond turning with different values of HSR: (a) HSR = 0.1 (6., = 27.3°); (b) HSR =

0.3 (6 =23.0°); (c) HSR = 0.9 (0, = 15.5°).
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Figure 7.14 Distribution of von Mises stress (unit: MPa) in elliptical vibration
diamond turning with different values of HSR: (a) HSR = 0.1 (6, = 27.3°); (b) HSR =

0.3 (6 = 23.0°); (c) HSR = 0.9 (6, = 15.5°).

The depth ratio was fixed at 0.5, which means the nominal depth of cut was 0.5 um
in all cases. The same scale of the colour legend is used in each figure to monitor the
pressure and stress changes. Figure 7.13 shows that when the HSR is increased from
0.1 to 0.9, the average tool velocity angle is therefore decreased from 27.3° to 15.5°.
During this process, high (compressive) hydrostatic pressure was first generated in
front of the tool rake face and below the tool edge when the HSR was 0.1. With a
further increase in HSR, the value of hydrostatic pressure drops and evolves into
tensile hydrostatic pressure. The ductility of the silk fibroin is decreased as a

consequence, contributing to crack initiating and thus chip breaking. The
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discontinuous chip was generated when the HSR reached 0.9, as shown in Figure 7.13
(c). The generated chip is thin at the front and thick at the back, following the expected
geometry of discontinuous chips in elliptical vibration diamond turning. The excellent
prediction of the chip geometry is attributed to the natural material flow reproduced
by SPH technique.

As for von Mises stress, Figure 7.14 (a) shows that there is no clear shear stress
concentration in front of the tool rake face with an HSR of 0.1. The shear stress is
continuously concentrated and thus forming a shear deformation zone in the chip with
the increase of HSR. This is because greater HSR results in smaller tool velocity angle,
so the extrusion and shearing action of the diamond tool is enhanced. As shown in
Figure 7.14 (c), with the advance of the diamond tool and shear strain accumulation, a
crack in the chip is initiated and propagates along the narrow shear deformation zone.

After that, effective chip breaking is achieved.

7.4.3 Effect of depth ratio

The distribution of hydrostatic pressure under different values of depth ratio is
shown in Figure 7.15. Likewise, two moments are of interest: the moment the tool ends
the engagement with the workpiece and the moment the tool withdraws from the chip.
Figure 7.16 illustrates the distribution of von Mises stress when the tool/workpiece
engagement is ended. The HSR was fixed at 0.4. The colour legend with the same

scale is adopted in each figure for observation of pressure and stress changes.
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Figure 7.16 Distribution of von Mises stress (unit: MPa) in elliptical vibration
diamond turning with different values of depth ratio: 74 = 0.7 (6. = 25.6°); (b) ra =

0.5 (0. =21.3°); (c) ra= 0.4 (6, = 18.9°).

As displayed in Figure 7.15, when the depth ratio is decreased from 0.7 to 0.4, the
average tool velocity angle is decreased from 25.6° to 18.9° correspondingly. At the
same time, the value of the hydrostatic pressure in front of the tool rake face changes
from nearly neutral to negative (compressive), as illustrated in Figure 7.15 (a) and (b),
which can decrease the ductility of silk fibroin. According to previous studies
[186,187], the work materials with higher ductility tend to generate larger burrs. As a
result, a larger burr is formed with a depth ratio of 0.5 compared to those with a depth

of 0.4.
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Figure 7.16 (a) shows that a small shear stress area is formed in front of the tool
rake face with a depth ratio of 0.7. The shear stress and strain are further accumulated
with the decrease of depth ratio, forming a shear deformation zone in the chip.
Moreover, the enhanced shearing action of the diamond tool in elliptical vibration
diamond turning with a smaller average tool velocity angle also helps suppress the burr
formation. Figure 7.16 (b) displays that the silk chip starts to break, and thus
discontinuous chip is generated when the depth ratio approaches 0.5 or less after the
crack initiation and propagation.

Therefore, it can be concluded that, with a decrease in the average tool velocity
angle 6, effective chip breaking in elliptical vibration diamond turning of silk fibroin
is achieved through the joint efforts between the ductility weakening of silk fibroin
and the strengthened shearing action of the diamond tool. Based on the simulation
results, the critical tool velocity angle . for chip breaking lies between 21.3° and 23.0°,
whose specific value needs to be confirmed with the aid of experimental investigation

in the following section.

7.5 Manufacturing of filamentous silk particles

7.5.1 Manufacturing setup and manufacturing conditions

A couple of manufacturing trials were conducted on a diamond turning machine
using the proposed elliptical vibrator in order to obtain filamentous silk particles.

Figure 7.17 shows the manufacturing setup.
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Figure 7.17 Setup for manufacturing filamentous silk particles.

A silk film workpiece was mounted on a vacuum chuck of the air spindle. A round
nose tool with a nose radius of 0.2 mm, a rake angle of 0° and a clearance angle of 15°
was adopted. The cutting force measurement was accomplished using a three-
component dynamometer (9129AA, Kistler) mounted underneath the tool holder. A
data acquisition card (USB-1608HS, Measurement Computing) was used for force
data collection. Furthermore, the observation of silk chips was taken on an SEM
(S3700-N, Hitachi).

The processing parameters for four sets of machining trials designated in A, B, C
and D are shown in Table 7.2. In this experiment, two vibration frequencies of 100
Hz and 500 Hz were employed. The tool path dimensions a and b were approximately
0.75 um and 1 pm, respectively. Thus, the depth ratio was 0.5 in the experiments of
sets A and B, whereas it was chosen as 0.7 in set C. The feed rate was set to be 150

um/rev in all experiments for non-overlapping cutting.
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Table 7.2 Processing parameters for conventional and elliptical vibration diamond
turning experiments.

Set Cutting mode fre:uisrrit}i]o(lﬁz) HSR Ngrfncill;ftl(srelgth
A Elliptical vibration 100 0. 10(7) 3(;_8'5 ; 0.5

B Conventional N/A N/A 0.5

C Elliptical vibration 100 0.3; 0.9 0.7

D Elliptical vibration 500 0.9 0.5

7.5.2 Experimental results and discussions

Conventional diamond turning experiments (set B) were conducted under the same
nominal cutting speed (i.e. 424.1 pm/s) as those in set A under an HSR of 0.9. The

measured cutting forces in these two experiments are compared in Figure 7.18.
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Figure 7.18 Comparison of conventional diamond turning (d. = 0.5 pm) and
elliptical vibration diamond turning ( /= 100 Hz; HSR = 0.9; d, = 0.5 um) on cutting

force variations.
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The peak cutting force for elliptical vibration diamond turning was slightly higher
than that in conventional diamond turning due to the vibration of the diamond tool.
However, the average cutting force was reduced by 53.9% in comparison with
conventional diamond turning because of the intermittent tool/workpiece contact after
applying the elliptical vibration. This phenomenon is consistent with the simulation
results.

Figure 7.19, 7.20 and 7.21 illustrate the chip morphologies obtained in the
experiments of sets A, C and D, respectively. The corresponding figure title gives the

average tool velocity angles under specific processing parameters.
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40.5 pm

Figure 7.19 Chip morphology obtained in the experiments of set A: (a) HSR = 0.1
(02 =34.5°); (b) HSR = 0.3 (6. =29.5°); (c) HSR = 0.5 (6, = 25.6°); (d) HSR = 0.7

(0 =22.6°); () HSR = 0.9 (6, = 20.3°).
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As shown in Figure 7.19, the marks of vibration can be identified on the back surface
of the silk chips. In the experiments of set A, the average tool velocity angle dropped
gradually from 29.5° to 20.3°, as an increase in the HSR will decrease the average tool
velocity angle. At the same time, the chip geometry changed from continuous to semi-
continuous with the reduction of the average tool velocity angle. It became
discontinuous when the average tool velocity angle approached 22.6°. In other words,
the chip breakability was increased, which agrees well with the simulated trends in
Section 7.4.

Thus, according to the chip morphology displayed in Figure 7.19, it can be inferred
that the critical average tool velocity angle 6. ranges from 22.6° to 25.6°. Considering
both simulation and experimental results, the critical average tool velocity angle 6. is
finally determined as 22.6°. The average tool velocity angle should always be kept less
than the critical value in order to achieve effective chip breaking in elliptical vibration
diamond turning of silk fibroin. Moreover, despite slight particle aggregation, the

filamentous silk particles were manufactured with an HSR of 0.9 (6, = 20.3°).
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Figure 7.20 Chip morphology obtained in the experiments of set C: (a) HSR = 0.3

(0 = 35.0°); (b) HSR = 0.9 (4, = 24.0°).

Figure 7.21 Chip morphology obtained in the experiments of set D: HSR = 0.9 (6, =

20.3°).

Figure 7.20 shows the chip morphology obtained with a nominal depth of cut of 0.7
um (74 = 0.7). In these cases, the average tool velocity angle reaches 35.0° when the

HSR is 0.3. When HSR approaches 0.9, continuous chips are still generated with the
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marks of vibration on the back surfaces, as the average tool velocity angle (6. = 24.0°)
is still larger than the critical value for effective chip breaking (6. = 22.6°).
Compared with the obtained silk particles shown in Figure 7.19 (e), although under
the same average tool velocity angle 6, more loose and separate filamentous silk
particles were manufactured in Figure 7.21, showing that the silk chip breaks in an
easier way. This can be attributed to the fact that high-frequency vibrations help the

dispersion of silk particles, thus diminishing particle aggregation.

7.6 Summary

This chapter investigated the chip-breaking mechanism in elliptical vibration
diamond turning of silk fibroin through machining experiments and hybrid FE-SPH
numerical simulations. The filamentous silk particles were manufactured with
effective chip breaking. The conclusions can be drawn as follows:

(1) The simulation results show that the cutting chip morphology is significantly
influenced by the vibration frequency and amplitude in elliptical vibration diamond
turning. The radius of curvature of the cutting chip decreases with the increase of
vibration frequency and decrease of vibration amplitude.

(2) The chip breakage can be controlled by processing parameters such as HSR and
depth ratio. Effective chip breaking can be accomplished under a large HSR and a
small depth ratio due to the reduced average tool velocity angle 8,. A decrease in
the average tool velocity angle will decrease the ductility of silk fibroin due to the
reduced hydrostatic pressure and the enhanced shearing action of the diamond tool.
Chip breakability in elliptical vibration diamond turning of silk fibroin is increased

under the combined effects of hydrostatic pressure and shearing action. The critical
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average tool velocity angle 0. for effective chip breaking is confirmed to be 22.6°,
based on the experimental and simulation results. In order to obtain filamentous
silk particles, the average tool velocity angle should always be kept below this
critical value.

(3) A high-frequency tool vibration can suppress particle aggregation, which can be

used to disperse agglomerated silk particles.
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Chapter 8

Conclusions and future work

8.1 Conclusions

Silk fibroin is a sustainable and eco-friendly biomaterial with remarkable
mechanical properties and biocompatibility that can meet the requirements of drug
delivery and tissue regeneration. This thesis aimed to develop a manufacturing
approach to obtain silk particles in the form of cutting chips with different geometries
by using diamond turning. A high-frequency non-resonant elliptical vibrator was
developed to achieve effective chip breaking for manufacturing filamentous silk
particles. A hybrid FE-SPH numerical model was established to study the serrated chip
formation mechanism in diamond turning and the chip-breaking mechanism in
elliptical vibration diamond turning. Additionally, the Cowper-Symonds material
parameters of silk fibroin were determined. Long helical, long ribbon and short folded
silk particles were obtained, while filamentous silk particles were successfully
manufactured with the aid of the developed elliptical vibrator.

The conclusions of this thesis are as follows:

(1) It is feasible to manufacture silk particles in the form of cutting chips with different
geometries using diamond turning, in which the ductile mode cutting of silk fibroin
can be achieved. Long helical particles were manufactured using a sharp point tool
with a feed rate of less than 2.5 um/rev. The radius of curvature of the helical silk
particles can be tailored by tuning the feed rate. Long ribbon particles were

generated using a round nose tool with a customised folding wavelength that could
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be tailored by changing the cutting speed and depth of cut. Short and discontinuous
folded particles can also be manufactured despite low dimensional consistency and
particle aggregation.

(2) Chip morphology, especially shear band spacing S, in diamond turning of silk
fibroin can be predicted with reasonable accuracy using the hybrid FE-SPH model
established in this thesis. The shear band is formed through the conjunction of two
parts: one part propagates from the cutting edge to the free surface, and the other
part initiates on the free surface and propagates towards the cutting edge. Moreover,
the chip segment is formed by the propagation of a microcrack from the free
surface to the tool tip. The serrated chip formation mechanism derives from the
hierarchical structure of silk fibroin. Under the high shear strain in diamond turning,
the increasing number of ruptured H-bonds enables the interfaces between beta-
strands to become slip planes. The accumulated interstrand slip motions further
develop into shear bands, which is the dominant cause of the formation of serrated
chips.

(3) The high-stiffness LSFH and NHPJ structures will allow the designed elliptical
vibrator to work at an operational frequency of up to 5 kHz for diamond turning,
which is higher than its non-resonant counterparts. Its vibration amplitude can
reach over 2 um, although the high-frequency and high-amplitude working modes
cannot be achieved simultaneously due to the limitations of the drive capability of
the current power amplifier. The developed elliptical vibrator can be used to
machine structured surfaces and break cutting chips. The wavelength and height of
the surface structures can be changed by adjusting the vibration frequency and

amplitude of the vibrator with errors of less than 1.26% and 10.67%, respectively.
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More importantly, discontinuous copper chips can be manufactured using this
elliptical vibrator, thus verifying its chip-breaking effectiveness on ductile material.
(4) Elliptical vibration diamond turning can effectively break silk chips and obtain
filamentous silk particles. Effective chip breaking can be accomplished under a
large HSR and a small depth ratio due to the reduced average tool velocity angle
O.. A reduction in the average tool velocity angle will decrease the ductility of silk
fibroin because of the reduced hydrostatic pressure and the enhanced shearing
action of the diamond tool, making the chip easy to break. The critical average tool
velocity angle 6. for chip breaking is confirmed to be 22.6°. The average tool
velocity angle should always be kept below this critical value to manufacture
filamentous silk particles. In addition, high-frequency tool vibration can suppress
the aggregation of silk cutting chips, which can be used to disperse agglomerated

silk particles.

8.2 Contributions to knowledge

The contributions to knowledge in this thesis lie in the following:

(1) Simply adjusting the processing parameters in diamond turning is ineffective for
manufacturing discontinuous silk particles. Unlike common ductile materials such
as aluminium and steel, the breakability of silk fibroin increases at a reduced feed
rate and depth of cut due to its soft but highly tough nature. Although short and
discontinuous folded silk particles were generated, the chip-breaking efficiency
was extremely low. Particle aggregation with low dimensional consistency can be

observed due to the ductility of silk fibroin.
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(2) A new hybrid FE-SPH numerical model was proposed, and the Cowper-Symonds
material parameters of silk fibroin were preliminarily determined. It has been
approved that this model can reproduce the formation of serrated chips.

(3) The formation mechanism of the serrated chip in diamond turning of silk fibroin
was identified. The serrated chip formation mechanism derives from the
hierarchical structure of silk fibroin. The detailed chip formation mechanism has
been described in Conclusion 2.

(4) HSR and depth ratio will significantly affect chip breakability in elliptical vibration
diamond turning of silk fibroin by changing the average tool velocity angle. The

chip-breaking mechanism for this process was also revealed (see Conclusion 4).

8.3 Limitations and future work

This thesis provides a solid foundation for manufacturing silk particles with
different geometries using diamond turning. More ideas for future work to further
improve the current research are as follows:

(1) Although the prototype of the elliptical vibrator can work at a frequency of 5 kHz
and its vibration amplitude can reach 2 um, the high-frequency and high-amplitude
working modes cannot be reached simultaneously. A power amplifier with a higher
drive capability and piezo actuators with larger stokes can be employed in the
future to increase its vibration amplitude, enlarging the attainable geometries of
silk particles.

(2) Currently, open-loop control is used to drive the designed elliptical vibrator.

Closed-loop control should be developed to further improve tool positioning
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accuracy. Thus, silk nanoparticles with high dimensional consistency can be
manufactured using this chemical-free manufacturing approach.

(3) The temperature effects and strain hardening were neglected in material modelling
for silk fibroin, which is one of the reasons for the underestimation of cutting force
in the simulation. In addition, high viscoelasticity is another excellent mechanical
property of silk fibroin, but it is also ignored in the current model. Future work
could focus on the development of a material model that takes temperature, strain
hardening and viscoelasticity effects into account to further improve the accuracy
of the hybrid FE-SPH model.

(4) Residual stress in silk cutting chips might deteriorate the mechanical properties of
silk particles. However, the measurement of residual stress has not yet been
conducted due to the availability of measuring equipment. Further work is needed
to develop an effective approach for measuring residual stress in silk particles.

(5) The collection of particles is another crucial issue that needs to be addressed in the
future for the practical application of manufactured silk particles. One potential
solution is to use the electrostatic adsorption approach, as silk particles are
negatively charged. In addition, in vitro and in vivo testing of the drug delivery

performance of these silk particles can be performed in the future.
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