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The world is experiencing a growing demand for miniaturised products. Micro-milling, using
carbide micro tools has the potential for direct, economical manufacture of micro parts from a wide
range of workpiece materials. However, in previous studies several critical issues have been
identified that preclude the direct application of macro machining knowledge in the micro domain
through simple dimensional analysis. The research presented in this thesis focused on some of the
areas that require development of the scientific knowledge base to enable determining improved
microscale cutting performance.

In the mechanical micro machining of coarse grained materials, the programmed undeformed chip
thickness can be lower than the length scale of the workpiece grains. Moreover, when the
microstructure of such materials is composed of more than one phase, the micro cutting process can
be undertaken at a length scale where this heterogeneity has to be considered. Driven by this
challenge, the material microstructure “size effect” on micro-machinability of coarse grain steel
materials was investigated in this PhD. In this regard, a predominantly single phase ferritic
workpiece steel material and another workpiece material with near balanced ferrite/pearlite volume
fractions was studied over a range of feedrates. The results suggested that for micro machined parts,
differential elastic recovery between phases leads to higher surface roughness when the surface
quality of micro machined multiphase phase material is compared to that of single phase material.
On the other hand, for single phase predominantly ferritic materials, reducing burr size and tool wear
are major challenges.

In micro machining the so called “size effect” has been identified as critical in defining the process
performance. However, an extensive literature search had indicated that there was no clear reported
evidence on the effect of process variables on driving this size effect phenomenon. It is often
assumed in literature that the un-deformed chip thickness was the main factor driving the size effect.
This limit manufactures to only altering the feedrate to try and influence size effect. To explore the
significance of a range of inputs variables and specifically, cutting variables on the size effect, micro
cutting tests were conducted on Inconel 718 nickel alloy. Taguchi methodology along with signal
processing techniques were applied to micro milling acoustic emission signals to identify
frequency/energy bands and hence size effect specific process mechanism. The dominant cutting
parameters for size effect characteristics were determined by analysis of variance. These findings
show that despite most literature focussing on chip thickness as the dominant parameter on size
effect, the cutting velocity is a dominant factor on size effect related process performance. This
suggests that manipulating the cutting speed can also be a very effective strategy in optimising
surface finish in micro machining and in breaking the lower limit of micro machining.

In micro machining the lower limit of the process window is set by the minimum chip thickness.
Identifying this limit is thus important for establishing the process window. Process windows are
valuable guidelines for industrial selection of cutting conditions. Additionally, understanding factors
that influence the value of minimum chip thickness is even more important for progressing micro
machining capability to the nano-scale machining regime. For this reason, in this PhD study,
acoustic emission signatures emanating from microscale milling of six different workpiece materials
were characterised to identify the rubbing mode and this enabled the identification of the threshold
conditions for occurrence of minimum chip thickness. The minimum chip thickness predicted by this
novel approach compares reasonably well to the values that exist in published literature.
Additionally, the decomposition of raw acoustic signal allowed the determination of energy levels
corresponding to deformation mechanisms.

The PhD work provides significant and new knowledge on the utility and importance of acoustic
emission signals in characterising chip formation in micro machining. A novel method for
determining the minimum chip thickness was developed, micro machining chip formation
mechanisms were identified and the machinability of coarse grained multiphase material is
presented.
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Chanter 1

INTRODUCTION

1.1 Background

Mechanical micromachining is an emerging field that has shown potential to produce
intricate three dimensional features with acceptable dimensional accuracy, cost
effectiveness and in-process quality control [1, 2]. These attributes command an ever-
increasing attention to the process driven by megatrends in miniaturisation of components,
features and devices [1, 3-6]. It also enables manufacture of individual components in a
rapid and cost effective manner [7]. Recently, a comparative study of different micro
manufacturing process was carried out, which includes assessment based not only on
geometrical features but also on process cost [8]. The technical-economic analysis shows
that quality of micro end-milling process is closer to that obtained by lithography, in
comparison with the other micromechanical processes. In addition to that, it has potential
to overcome the challenges posed to lithographic processes at the micron and sub-micron

scale.

Mechanical cutting, according to Chae et al [1] is important in bridging the macro and
nano/micro domains for functional components, especially for complex micro systems.
The main challenge concerning mechanical micromachining is the material removal
mechanism whereby well established laws from the macro-machining domain may not be
directly translated into the micro domain [9-11]. The differences are due to changes in the

underlying physical phenomenon of “size effect” associated with tool edge radius,
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Chapter 1

workpiece non-homogeneity with respect to the tool/cut size, negative rake angles and
workpiece material minimum chip thickness effects. These affect chip-formation process,
cutting forces, vibrations and process stability, and the generation and subsequent quality
of the resulting machined surface.

The role of workpiece grain sizes is imperative in micro machining. Simoneau et al
suggested that the cutting domain could be moved between macro-, meso- and micro-scale
by altering grain sizes of the workpiece material [12]. Interfacial interaction at the grain
level affects the machined surface topography. The information provided in the literature
suggested that surface roughness varies between the grains of material and is influenced by
the tool edge radius, microstructure phases, minimum chip thickness effects [11],
crystallographic orientation [13], material elastic recovery and phase dependent elastic-
plastic anisotropy [14]. Weule et al reported by utilising different heat treated AISI 1045
steel that variation in material property from one grain to the next influenced the resulting
surface finish [15]. In another study researcher asserted that plastic strain mismatch, grain
orientation relative to cutting edge and large energy absorption in harder phases cause
surface defects on multiphase steel [16, 17]. For stable micro cutting, hard, homogenous
and small grain sizes are the prerequisite [18]. However, if the workpiece material cannot
be freely changed, it is essential to formulate conditions that will enable micro machining

to be commercially viable.

The low ratio of undeformed chip thickness to tool edge radius leads to ploughing, poor
edge definition and burrs [10, 15, 19-22], this impedes the attainment of good finishing
surface and hinders functional compliance. Post processing of micro components is
extremely difficult or on higher cost [23, 24]. The application of conventional deburring
techniques may introduce dimensional error and residual stresses in the components.
Therefore, suppression of burr development commands special research interest in

correlation with cutting conditions and material properties.

Size effects in materials involved in aerospace and biomedical applications are of
particular interest since both these fields rely heavily on the use of micro-features.
Mechanical micro machining of such difficult to cut materials, Inconel 718 an example, is
recognised as a major challenge to manufacturing [2]. However, micro milling has the

potential to create required surfaces on nickel based micro components [22, 25].
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Minimum chip thickness phenomenon involved in chip formation process significantly
differentiates micro machining from of its macro counterpart. The major limiting factor on
achievable accuracy in micro machining is primarily attributable to the ploughing process.
The chip formation during micro machining is retarded when the process operates below
the minimum chip thickness. The minimum chip thickness of each grain is critical to
determine its chip forming condition [26]. The most favourable undeformed chip thickness
relative to tool edge radius that can result in best surface finish usually occurs at minimum
chip thickness [27]. Therefore it can be an indicator of transitions in the cutting

mechanisms (from rubbing to shearing mode) and to monitor the cutting process.

In micro cutting, acoustic signals are generated mainly through the micro structural
features of the workpiece material, such as grain boundaries, micro cracks and inclusions
[28]. The review of literature indicates that there are no applications of acoustic emission

(AE) technique in micro machining process for detection of chip formation mechanisms.

1.2 Aim and Objectives

The aim of this research was to investigate and characterise the size effect phenomenon in

micro milling process. The specific objectives set for this PhD were as follows:

= To critical review published literature and establish the body of existing knowledge
and knowledge gaps in relation to size effect in micro machining.

= To investigate the influence of workpiece microstructure and hence properties by

studying the machinability of single and multi phase material.

= To investigate and define the dominance of key process variables on size effect in

micro machining.
= To investigate and exploit acoustic emission signals for
i. Detection of micro machining chip formation mechanisms

ii. Evaluating the minimum chip thickness and chip formation angle in micro

milling process.

23



Chapter 1

1.3 Thesis Outline

This thesis is organised into eight chapters based on the research carried out during the
course of this PhD.The thesis is based on the alternate PhD format which appends research

papers to a literature review and then suppliments this with conclusions.

Chapter 1 Introduction

This chapter introduces the background and scope of this research, presents a critical
overview of knowledge and identifies the research gaps. Based on these, it lays down the

aim and objectives of the PhD.

Chapter 2 Literature Review

This chapter aims to provide a synopsis of past and on-going research relating to micro
mechanical machining. The literature review is particularly focused on size effect related
issues of tool edge radius as well as workpiece material microstructure effects in micro
mechanical machining. Furthermore, the use of acoustic emission and signal processing

techniques employed by other researchers is also discussed in this chapter.
Chapter 3 Experimental Procedure

This chapter presents a brief description of the equipment, workpiece materials and cutting
tools used in this study. A concise step by step procedure of how the cutting tests were
planned and executed, along with acoustic emission signals post processing technique
applied to monitor deformation modes involved in micro machining. In addition,
methodology used to measure tool edge radius, surface roughness, sub surface damage,

burr formation and tool wear are also documented.

Chapter4 A Comparative Study of Material Phase Effects on Micro-Machinability of
Multiphase Materials

The focus of the research presented in this chapter is to study the machinability of two
different kind of steel materials that would enable the elucidation of the effect of phase
property variability on the mechanics and performance of the micro milling process.
Therefore, pilot experimental investigation of micro-machinability of nearly single-phase
(AISI 1005 steel) and multi-phase (AISI 1045 steel) microstructure materials were

undertaken using tungsten carbide micro-end mills. Form the resulting data the effects of
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workpiece microstructure, undeformed chip thickness and tool edge radius on the resulting

workpiece quality (burr formation and surface roughness) and tool wear was established.

Chapter 5 Identification of Factors that Dominates “Size Effect” in Micro Machining

Despite formidable challenges as far as machining of nickel base alloy is concerned, the
superior thermo mechanical properties makes them attractive for aerospace applications.
This was done to expand the scope of micromachining to include Inconel 718 alloy
particularly useful for industrial and research usage. This work was important to underpin
industrial prospects at Manchester. This chapter presents the use of Taguchi’s methodology
alongside acoustic signals to evaluate the contributions of the different process parameters
towards size effect. This study therefore quantified the effects of machining parameters
namely, cutting velocity, undeformed chip thickness to tool edge radius ratio, depth of cut
on acoustic emissions, surface finish and burr formation. Acoustic emission signals
produced during these trials were also analysed with different signal processing techniques.
It showed the limitations posed by Fourier transformation and proposes the way forward to
use wavelet transformation techniques. Finally, decomposed frequency bands obtained
from wavelet transformation was analysed statistically. From the resulting data new
evidence in support of mechanisms responsible for the size effect was discovered based on
their energy contribution in the AE signals.

Chapter 6  Chip Formation in Micro-Scale Milling and Correlation with Acoustic

Emission Signal

In this chapter the effects of different workpiece materials on chip formation and
associated mechanisms in micro cutting were investigated. The Wavelet Transformation
technique was used to decompose acoustic emission (AE) signals generated from
orthogonal micro milling of different workpiece materials. The analysis of frequency bands
originating from wvarious microstructure activities and their link with deformation

mechanisms is one novel contribution of this chapter.

Chapter 7 Estimation of Minimum Chip Thickness in Micro Milling using Acoustic

Emission

In this chapter an indirect technique to estimate the minimum chip thickness value is
presented. The acoustic emission generated from the orthogonal micro milling process was
employed to estimate the threshold conditions. Since milling operation is by default an

intermittent cutting process, the minimum chip thickness effects involved in here tend to
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have a greater variability in the process as compared to continuous cutting process. The
repeated loading and unloading of the cutting edge serves to identify rubbing signature due
to interactions taking place between the workpiece and tool contact zone in the initial arc
of contact. This inherent characteristic was exploited to identify AE; s rubbing signature in
successive tool rotations. The minimum chip thickness predicted by this new and novel

approach compares reasonably well with values that exist in published literature.

Chapter 8  Conclusions and Recommendations for Future Work

This chapter summarises the major conclusions made during the course of this research. It
also makes suggestions regarding future research that can be undertaken based on the

findings reported in this thesis.
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LITERATURE REVIEW

2.1 Introduction

The high demand of miniaturised components coupled with geometric and material range
limitation of traditional lithographic techniques has generated strong interest in mechanical
micro machining. In this respect, the capabilities of downscaled versions of traditional
machining processes have gained momentum to achieve requirements of aerospace,
automotive, biomedical, communications, electronics, environmental, optical and military
industries [1, 3]. With the maturity of these high-tech processes, it was expected to develop
micro systems that would enhance heath care, quality of life and economic growth in
applications like micro channels for lab-on-chips, shape memory alloys, medical devices,
micro actuators, sensors and fluidic graphite channels for fuel cells. Due to the complex
nature of machining process, previous researchers have come to the conclusion that it is
often not possible to scale down processes, and these limitations lead to the so called size

effect.

Micro engineering can be defined as the branch of engineering that deals with development
and manufacture of products, whose functional features or at least one dimension is in the
order of microns [3]. However, there is no universally agreed distinction between macro
and micro-scale machining. Masuzawa suggested in the international academy of
production engineering (CIRP) review paper that the range of micro machining varied

according to contemporary level of conventional technologies, person perspective,
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machining method, type of product or material [29]. Table 2.1 provides summary of the

proposed definition available in the reviewed literature.

Table 2.1 Proposed definition for micro machining

Researcher(s) Year Definition
Masuzawa and 1997 | Undeformed chip thickness ranges from 0.1 to 200
Tonshoff [30] pUm

T. Masuzawa [29] 2000 | Range of micro cutting varied according to era,
person view point, machining method, type of
product and material

Liu et al [31] 2004 | Undeformed chip thickness is comparable to tool
edge radius
Chaeetal [1] 2006 | A creation of miniature components and devices

with features size varied from tens of microns to a

few millimetres

Dornfeld et al [2] 2006 | Mechanical cutting with geometrically defined

cutting edges and tool engagement less than 1 mm

in feed

Simoneau et al [32] | 2006 | Undeformed chip thickness is less than the average

grain size of the smallest grain type in the material

microstructure

Aramcharoen et al 2008 | Tool diameter falls in range of 1 to 999 um or if
[33] undeformed chip thickness is comparable to tool

edge radius or material grain size

Masuzawa and Tonshoff acknowledged that the word micro machining literary means the
cutting of dimensions between 1 to 999 um [30]. Other researchers also proposed that
creation of features or material removal in sub millimetre range falls within micro cutting
domain [1, 2] while the meso domain was in the 1 to 10 mm range [34]. Another aspect
that has to be considered is the importance of tool edge radius. The assumption of perfectly
sharp cutting edge is not valid in micromachining. The radius of cutting edge becomes
significant compared to the thickness of the material to be removed. In such a situation the

effective rake angle is negative and the material can be removed through extrusion.

When grain size is comparable to the undeformed chip thickness, the cutting edge tries to
fracture a single grain of a workpiece material. This influences cutting forces, chip
formation and quality of machined surface. Furthermore, when undeformed chip thickness
is less than grain size of the smallest phase, it is important to consider material
heterogeneity because elastic and plastic deformation of each material phase present in the

material microstructure becomes more critical. Simoneau et al introduced this idea in
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micro-scale machining [32]. However, the effect of tool edge radius was not considered.
Aromcharoen et al definition covers the fragile nature of micro tools and the size effect in

material removal [33].

2.2 Size effect in micro machining

Size effect in manufacturing of metallic components are deviations from extrapolated
values of process characteristics which occur, when reducing or increasing all relevant
length dimensions of the workpiece, tool and/ or process parameter(s) [35]. The size effect
occurs as the ratio of decisive features which cannot be kept constant according to process
requirements. It is also emphasised in the definition that size effects are of somewhat
surprising in nature at the first glance, as they occur despite the fact that length relationship
between all geometric features are held constant.

In machining, size effect is mainly related to the effects of small ratio of the undeformed
chip thickness to the tool edge radius for which the assumptions of tool edge sharpness as
well as workpiece material homogeneity and isotropic nature cannot be valid. Previous
authors [1, 2, 31, 36, 37] reviewed the research carried out for mechanical micro
machining and identified areas that could aid in process improvement. Several critical
factors associated with micro domain cutting were highlighted which requires paradigm
shift from macro machining. Some of these factors include:

e Specific cutting energy increases in a non-linear fashion when machining is
performed at undeformed chip thickness smaller than the tool edge radius.
Moreover, microstructure of the workpiece material has also been declared for the
size effect phenomenon observed in the specific cutting energy.

e A minimum chip thickness effect sets the lower limit of feasible process window
for a given workpiece and tool combination.

e Noticeable discrepancy between theoretical and measured surface roughness
produced at low feeds typical in micro cutting process.

e Detrimental effects of ploughing process on component quality factors in terms of
surface finish and burr size.

e Inherent fragility of micro tools and effects of noise factors like variations in

temperature, vibrations, pressure, humidity and other environmental variables.
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2.2.1 Specific cutting energy

The size effect is typically characterised in machining as a non-linear increase in specific

cutting energy (or specific cutting force) with decrease in undeformed chip thickness. The

specific cutting energy is used to measure the amount of effort needed to remove a unit

amount of material. The higher consumption of specific cutting energy means that

machinability of the material should be more difficult than expected in removing smaller

amounts of material. Experimental observations associated with this phenomenon for

different materials under different cutting conditions have been reported in literature. Most

of the drivers/ mechanisms offered for the extra energy requirement are presented in table

2.2.
Table 2.2 Reported research on size effect
Researchers Process, Cutting Uncut chip Tool Potential cause of
Workpiece Speed thickness edge size effect
material (m/min) (um) radius
(Hm)
Backer et al Turning, 137 50 to 300 - Strain hardening, decreasing
[38] SAE 1112 the number of defects in
Milling, 1630 51013 - microstructure
SAE 1112
Nakayama and | Milling, Brass 0.1 2to42 3to4 Subsurface plastic flow
Tamura [39]
Larsen-Basse - 6.1 to 249 25 to 2500 - Strain rate increases at the
& Oxley [40] Low carbon primary shear zone
steel
Kopalinsky and -, 420 10 to 200 - Reduced thermal softening
Oxley [41] Steel effect
Furukawa and Planning, 6 0.5t010 - Initiation point is influenced by
Moronuki [42] PMMA/ combination of material
CaF,/ property, tool edge sharpness
Germanium and chip aspect ratio
Lucca et al Plunge cutting, 6-108 0.025t020 | 0.10to Tool edge radius
[43] OFHC Cu 0.30
Lucca and Seo Fly cutting, 7.6 0.01to 20 0.25 Negative effective rake angle
[44] Te-Cu
Ng et al [45] Turning, 10,150 0.01to2 0.065 to
Al-7075 0.100
Liu and Orthogonal 10,200 0.5t0 10 0.065to | Strain gradient plasticity effects
Melkote [46] Cutting , 0.100 at low undeformed chip
Al-5083 thickness
Filiz et al [10] Milling, 40,80, 0.75,1.5, ~2 Material softening is less
OFHC Cu 120 3,6 dominant than strain rate
hardening at higher speeds
Subbiah et al Orthogonal 150 15 to 105 12510 Ductile tearing
[47] Cutting, 75
Al2024-T3
Wu and Liu Orthogonal 15.7 to 1to 10 16 Flow stress increases as uncut
[48] Cutting, 141.3 chip thickness decreases. The
AISI 1045 flow stresses are sensitive to
steel strain rate.

Means no data provided in the publication

30




Chapter 2

It can be seen from the table that the reported research work was undertaken over a limited
cutting velocity range and the material thickness removed was in the sub-micron length
scale. With respect to investigated workpiece materials, difficult to cut materials (Ni, Ti
based alloys) have not been reported.

2.2.1.1 Material strengthening effect

Becker et al [38] were concerned with the apparent material strengthening when material
removal took place below 0.7 um. They attributed this phenomenon to reduction in the
availability of movable dislocations and the cutting force has to overcome the large atomic
bonding force within crystals. Fig. 2.1 shows the relationship between the specific cutting
energy consumption of SAE 1112 steel for three major machining processes along with
Taniguchi [49], a more comprehensive trend which includes tensile test data. These trends
suggest that decreasing undeformed chip thickness causes work-hardening of material
surface. Shaw [50] described size effects as originating from the short range
inhomogeneities present in all commercial engineering metals.
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Fig. 2.1 Variation in specific cutting energy for three major machining processes

([38] [49])

Larsen-Basse and Oxley [40] explained the cause of size effect in machining in terms of
the strain rate sensitivity of the workpiece material. Their reasoning was based on
empirical data drawn from the experiments on plain carbon steel. The cutting velocity was
varied from 6.1 to 249 m/min over a range of undeformed chip thickness (25-2500 pum).

They concluded that the maximum shear strain rate within the primary shear zone is
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inversely proportional to the uncut chip thickness. For most metals an increase in strain
rate increases the flow stress with the strain-rate sensitivity of flow stress increasing
rapidly in the range applicable to machining process (>10%s). Thus, this could be the

reason for the increase in specific cutting energy with reduction in uncut chip thickness.

In later work, Kopalinsky and Oxley [41] found a decrease in the shear plane angle due to
decrease in the tool-chip temperature. This, they stated, leads to increase in shear strength
of the workpiece material which can be responsible for increase in specific cutting force.
However, they acknowledged that the temperature effect does not explain size effect
observed at undeformed chip thickness less than 50um. Fang attributed the size effect
phenomenon to the material constitutive behaviour of varying shear flow stress with uncut

chip thickness inline with a slip line model [51].

Liu and Melkote [46] incorporated strain gradient concept into the flow stress equations to
simulate orthogonal micro-machining process in their finite element model. Strain-gradient
plasticity suggests that when deformation is large and is constrained spatially to a narrow
region, the stress not only depends on strain at a point but also on the strains in the region
surrounding that point. The model was able to capture the size effect in specific cutting
energy for Al5083-H116 aluminium alloy as shown in Fig.2.2. The study concluded that
strain gradient strengthening contributes significantly to the size effect at low cutting speed
and small uncut chip thickness (<10 um). Additionally, they found that temperature
dependence of flow stress plays a dominant role in causing size effect at relatively high
cutting speeds (>200 m/min) and large uncut chip thickness (>20 um). This latter size
effect is caused by material strengthening due to a drop in the secondary shear zone

temperature with decrease in undeformed chip thickness.
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Fig. 2.2 Importance of incorporating strain gradient in explaining size effect
(adapted from [46])

32



Chapter 2

In later work [52], the researchers analysed the data available in literature and suggested
that, for a given speed, the occurrence of nonlinear increase in the specific cutting energy
at an uncut chip thickness comparable to tool edge radius is not often the case. However,
the criticism one would make is the validity of comparing experimental data from different
cutting conditions. Furthermore, they asserted that under conditions where the strain
gradient effect is dominant, the nonlinear increase in specific cutting energy occurs at
microstructural length scale of the material. Likewise, analysis of the data also suggested
that increasing the cutting speed produces a noticeable change in the uncut chip thickness

value at which the increase in nonlinearity of specific cutting energy begins.

Lai et al [53] developed a model to predict cutting forces and minimum undeformed chip
thickness in micro milling, which incorporates size effect considering the effects of strain
gradient, micro cutter edge radius and minimum chip thickness. The proposed model was
reported to account for material strengthening behaviour which is regarded as main factors
for the occurrence of size effect. Also, ploughing effects causes increase in specific shear
energy when machining was undertaken at undeformed chip thickness smaller than the

minimum chip thickness.

Filiz et al [10] showed specific energy dependence on cutting speed with decrease in the
undeformed chip thickness (Fig. 2.3). Hence, suggested that at micro scale cutting, the
effect of thermal softening of the workpiece is less dominant than the effect of strain rate

hardening. Thus the apparent strength of the material increases.
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Fig. 2.3 Specific energies for average in-plane forces R (adapted from [10])
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Furukawa and Moronuki [42] observed the initiation of size effect in the cutting force at
the undeformed chip thickness of 3 microns. The point of nonlinearity is influenced by a
combination of factors such as work material property, cutting edge sharpness and aspect
ratio of the chip.

2.2.1.2 Subsurface plastic deformation

Nakayama and Tamura [39] carried out investigations at very low cutting velocity to avoid
temperature and strain rate effects. They suggested that the energy expended in plastic flow
in subsurface layer is not proportional to change in uncut chip thickness. The blunting of
the cutting edge and decrease in shear angle due to highly negative effective rake angle
could increase the specific cutting energy which contributes to the size effect phenomenon.
The main cause of the subsurface plastic flow was recognised as an extension of shear
zone below the machined surface at small undeformed chip thickness. Shimada et al also
offered similar explanation based on molecular dynamics simulations [54]. They showed
that depth of the deformed layer around the cutting edge radius is difficult to reduce to the
level less than the size of tool edge radius. Moriwaki et al [55] asserted that depth of the
damaged layer beneath a surface finished by diamond cutting becomes about 10 times the
edge radius of the tool. These results indicate that the effect of pervious pass in the newly
generated surface layer influences the specific cutting energy when micro cutting is
performed at very small undeformed chip thicknesses or with multiple passes.

2.2.1.3 Tool edge radius effect

The specific energy and fraction of energy going into the work are useful concepts relative
to the energy considerations in cutting and grinding [56]. In cutting and coarse grinding
(large chips) 90 percent of energy is carried away by the chips while in dry fine grinding
(small chips) 80 percent of the energy is shifted to the workpiece. The extra plastic flow
linked with a finite edge radius accounted for the decrease in the thermal flux into the chip
at very small undeformed chip thickness. The presence of edge radius is said to cause
ploughing ahead of the tool tip. Albrecht was among the earliest investigators to suggest
the pushing of the material in front of the edge radius predominantly into the chip and

some into the workpiece [57]. Kim and Kim showed analytically that in macro-machining,
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shear takes place along the shear plane, and in micromachining, the shear takes place

around the cutting edge [58].

Lucca et al [43] reported the effect of tool edge radius on force and energies consumed.
They noticed that the specific cutting energy required to machine at very low chip
thickness could not be explained by the energy required for shearing and for overcoming
friction on the rake face of the tool. The dominance of ploughing under these conditions
was used to explain the increase in specific cutting energy. Lucca et al experimentally
studied the role of the effective rake angle. It was found that the thrust force is a dominant
component below certain undeformed chip thickness and cutting is mainly due to
ploughing process [44]. In another study, Lucca and co workers suggested that the tool
edge condition has a significant effect on the resulting forces at small ratio of the
undeformed chip thickness to the tool edge radius [59].

Komanduri et al [60] carried out molecular dynamics simulation studies by varying the
tool edge radius (3.62-21.72 nm) and depths of cut (0.362-2.172 nm) maintaining the depth
of cut to tool edge ratio constant (0.1, 0.2, and 0.3). Variations of the cutting and thrust
forces, the force ratio, the specific energy, and the sub-surface deformation with the tool
geometry and depths of cut were investigated and found significant. Another study
reported that in nano scale cutting of copper, approximately 43 percent of the total energy
was dissipated under a tool during plastic deformation process which was significantly
larger than macro scale machining [61].

2.2.1.4 Ductile fracture

Evidence from multiple experiments showed that fracture initiates chip formation and
further growth depends on the combination of the mechanical properties of workpiece
material, tool geometry and cutting regime used [62]. However, the energy required to
create these new surfaces was calculated to be negligible compared to shearing and friction
in earlier studies [63]. The argument for occurrence of the facture at the tool tip in
continuous cutting and a possible mechanism is discussed in the literature which is as

follows.

There will always be a finite radius of curvature no matter how carefully a tool may be
ground. If a metal cut consists of a number of plates then shear the surface might be

expected as shown in Fig. 2.4. The rake angle associated with plate 1 is very small and
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hence the corresponding shear angle is also expected to be small. The chip from plate 1
would bend toward the tool by plate 2. The shear angle would increase for subsequent
plates inasmuch as the rake angles associated with them increase. This variation in shear
angle would occur up to point A beyond which the rake angle should remain constant. As a
consequence, chips 1, 2, 3 and 4 would be of different lengths. In practice, the metal cut
does not consist of separate plate and chips cannot be different lengths. Hence, the chip in
the vicinity of the tool face must deform plastically in tension. The region subjected to
tension will extend to tension up to point A. The tensile field of stress that is developed as
a result of the curvature of the tool point can thus produce the crack necessary in the
development of the new surface. The material beyond point A is subjected to large
compressive stresses, and the crack will be quenched upon reaching this region in case of

continuous cutting.
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Fig.2.4 Stack of plates cut with tool having finite radius of curvature at its tip
(adapted from [63])

The concept of material separation via ductile fracture for the generation of new machined
surface has its roots mainly from observing cross-sectional areas of the chip formed.
Subbiah and Melkote [47] showed fracture zones in the chip roots during micro machining
of aluminium alloy (Al 2024-T3) with finite edge radius tool. Atkins [64] theory suggests
that the energy associated with chip separation is nearly corresponding to the material
fracture toughness value. Based upon this observation, it was suggested that the energy
expended during the creation of a new surface can not be neglected. This implies that its

contribution in the specific energy increases at low undeformed chip thickness. Therefore,
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energy consumed in new surface initiation by means of ductile fracture can be attributed to

the probable cause of size effect.

2.2.2 Material heterogeneity

In micro-scale machining, material grain size for tool and workpiece comes into play,
rendering each tool-workpiece combination unique. The average grain size of generally
used engineering materials is between 100 nm to 100 um. In addition to that, at present the
achievable cutting radius (1~2 pum) is limited by tool grinding technology and carbide grain
size (0.4-0.7 um). The feature size of the micro-machined component is normally of a
similar order, thus the role of material microstructure is ingrained in the micro-cutting

process.

Bissacco et al stated that limited scalability of material grain size and tool edge radius
manifest size effect at the micro-scale [9]. Moronuki et al suggested that polycrystalline
material must be treated as discrete and heterogeneous at this level [65]. This is due to the
undeformed chip thickness commonly employed in mechanical micro machining lies
within the grain size of the material microstructure. The material microstructure regions
(phases) with very different hardness and ductility have dimensions of the relevant tool
sizes or unit of material being removed and hence causes inconsistency in machining

conditions.

2.2.3 Minimum chip thickness effect

The first step in establishing a lower limit of mechanical micro machining is the prior
knowledge of minimum chip thickness for a given tool and workpiece material. The
minimum chip thickness is defined as a minimum undeformed chip thickness that can be
removed stably from a work surface for a given cutting edge radius [66]. Thus, it can be

seen as a measure of extreme accuracy attainable for a given set of parameters.

From the understanding of minimum chip thickness concept, it can be stated that when
undeformed chip thickness is less than the minimum chip thickness, no material removal in
the form of chip occurs and either rubbing or burnishing takes place [67]. The chip starts to
form through ploughing coupled with an elastic deformation when material accumulated

from non cutting passes exceeds the value of minimum chip thickness. Material is removed
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completely in the form of a chip when the undeformed chip thickness is considerably
greater than the minimum chip thickness. Thus, the less rigid the tool, the higher is the
ratio of cutting edge radius to feed per tooth and the more is the accumulation of workpiece

material as the tool advances.

Weule et al emphasised a strong contribution of material properties on the minimum chip
thickness [15]. Previous researchers have also suggested knowledge of minimum chip
thickness while selecting suitable machining parameters can help to reduce surface
roughness [11, 15], subsurface microstructure modification and tool wear while reducing
burr size [68]. It also proves useful to reduce fluctuations in cutting forces [69] and

therefore improves process stability.

Even in macro scale machining, research was directed to investigate factors that affect or
retard chip formation process. Komanduri [70] experimentally determined the transition
from ploughing regime to cutting regime in tuning of mild steel. When cutting is
performed with negative rake angle tool, the flow of material on the tool face was said to
be in two directions, some under the flank face and some up the rake face to form a chip,
with a stagnation point, as shown in Fig.2.5. Based on the rake angle of cutting tools, no
chips were reported to be formed at -55° rake angle while they were shown to have formed
at -75° rake angle. Abdelmoneim and Scrutton reported that in milling of free-cutting brass
and fine-grained zinc with very dull tool whose rake angle was more than -76° retarded the

chip formation process [71].
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Fig. 2.5 Flow of material on the tool face with a high effective negative rake angle
(adapted from [70])
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L’vov evaluated the minimum chip thickness, by considering the theory of metal rolling, to
be 29.3% of the tool edge radius [72]. Basuray et al [73] analytically and experimentally
evaluated that minimum undeformed chip thickness is dependent on the sharpness of the
tool edge radius. The experimental results showed that the minimum chip thickness ranges
from 11 to 17 percent of the tool edge radius when cutting lead, aluminium and mild steel

with high speed steel tools having exaggerated tool edge radii varying from 0.6 to 1.5 mm.

Shimada et al [54] used molecular dynamic simulations to predict the ultimate achievable
accuracy using 5 to 10 nm edge radii diamond tools. In their study, the estimated minimum
chip thickness obtained with 5 nm tool edge radius was at the same for both copper and
aluminium workpieces. However, with larger cutting edge radius, the ratio of minimum
chip thickness to edge radius was twice large for aluminium as that in copper cutting. The
tool-work interface friction and / or resistivity to plastic deformation of work materials
were the possible factors influencing the difference in minimum chip thickness. The
analysis showed that minimum chip thickness in micro cutting can be expected to be about

5 to 10 percent of the radius of practical fine cutting edge.

Yuan et al [74] found that the frictional characteristics at chip-tool interface play an
important role on the ratio of the minimum chip thickness to tool edge radius. The
theoretical analysis supported the previously reported research where the ratio ranges from
25 to 38 percent when cutting steel with high speed steel or carbide tools. Furthermore, the
authors suggested that tool sharpness strongly influence the machined surface integrity in

terms of surface roughness, micro hardness, residual stress and the dislocation density.

Volger et al [11] used a customised finite element code to determine the minimum chip
thickness of hard and soft phases of the steel. The reported values are in range of 14 to 25
percent and 29 to 43 percent of edge radius for pearlite and ferrite phases, respectively.
The softer ferrite phase exhibit relatively higher value that indicates ploughing is more

predominant when machining ferrite than pearlite owing to increased ductility.

Kim et al reported that unlike macro milling, effective feed/ tooth is not equal to the
indented value in case of micro milling [67]. The deviation was due to the relatively small
bending stiffness of the micro tool causing it to deflect easily and material accumulation in
the non cutting passes when the feed per tooth was less than minimum chip thickness. In

another study [75] an indirect technique to estimate minimum chip thickness by using
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cutting force measurement was developed. The cutting was performed on brass workpiece

material with carbide tool. The value was found about 22 to 25 percent of tool edge radius.

Son et al [27] considered the influence of friction between the workpiece materials
(Aluminium, Brass and Copper) and the diamond tool. They developed an analytical
expression of the minimum chip thickness (hy), depending on the tool edge radius (re¢) and

friction angle (4 i.e. tangential force/normal force between the tool and uncut workpiece).

—rl1-cog Z_2
hm_r{l cos(4 Zﬂ (2.1)

The experimental validation of the model was done on a shaper machine and the minimum

chip thickness values were reported between 18 to 24 percent of the tool edge radius.

Liu et al [76] presented an analytical slip line model to estimate minimum chip thickness
based on thermo mechanical states of the machined material (cutting temperature, strain,
strain rate). The transition criterion in the model from ploughing domain to shearing
domain was analogous to that of scratch test. In experimental validations, minimum chip
thickness to tool edge radius was about 38 to 40 percent for Al 6084-T6 and 24 to 35
percent for AISI 1040 steel. Furthermore, model simulations were performed for two types
of carbon steels (AISI 1018 and AISI 1040) and Al6082-T6. They pointed out that cutting
velocity, thermal softening, strain hardening and tool edge radius had compounded
influence on the minimum chip thickness. For AISI 1040 steel, increase in cutting speed
and tool edge radius led to an increase in the minimum chip thickness. An increase in the
carbon composition also had the same result. This was attributed to the predominance of
softening on stain hardening effects. Steel being then more ductile due to rise in cutting
temperature, chips were formed less easily. This result suggests that relatively low cutting
speed is preferable for carbon steels to avoid intermittent chip formation at low chip loads.
However, in the case of Al6082-T6 the minimum chip thickness remained the same with
variations in cutting speed and tool edge radius. This they put down to softening and strain

hardening effects counteracting each other.

The knowledge gained from the previous work can be summarised as most of the
researchers have used cutting forces as an elementary characteristic to estimate minimum
chip thickness. The value of minimum chip thickness typically ranges from 5 to 43 percent
of the tool edge radius. The variation in these values was found to be predominantly driven
by workpiece material and tool combination as well as tool rigidity. The relative sharpness
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of tool edge radius to magnitude of material being removed is crucial in determining the
minimum chip thickness. Cutting operations can be scaled down (lower minimum chip
thickness) when sharper cutting edge tool such as diamond are used. It suggests that
advances in tool manufacturing that leads towards sharper tool edges and less fragility can
improve the lower limit of mechanical micro machining. Furthermore, workpiece thermo
mechanical properties, tool-work interface friction and cutting speed effects are also

important to consider for the minimum chip thickness phenomenon.

2.2.4 Elastic plastic deformation

When cutting is performed below minimum chip thickness, large forces are produced
between the tool and workpiece leading to tool deflection and machining of sloped walls
that are intended to be vertical. Additionally due to elastic recovery, the machined surface
may be several micrometers above the location where cutting edge of the tool passed [5].
Therefore, knowledge of material properties will be useful to select the appropriate cutting

conditions to produce micro machined parts with greater dimensional accuracy.

In this regard, Jardret et al claimed that the proportion of the plastic deformation increases
with Young’s modulus to hardness ratio [77]. In a related study, Nakayama [78] stated that
high value of the hardness to elastic modulus ratio means larger elastic recovery of the
material. It was also suggested that 0.45 percent carbon steel will elastically recover more
in its hardened state as compared to annealed state. Taniyama et al [79] carried out a
scratch test on JIS S25C steel (Fig 2.6), in order to investigate the influence of
heterogeneity of the workpiece material in the micro deformation process. The scratch
grooves obtained on different phases were observed and compared under a field emission

scanning electron microscope.
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Fig. 2.6 Cross sectional profile of scratch groove (adapted from [79])
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The work clearly showed that the scratch groove on pearlite was smaller than on ferrite.
This implies that pearlite had experienced a higher elastic recovery than ferrite. The
authors credited this occurrence to the presence of lamellar cementite in pearlite, which is
ten times harder than ferrite. Moreover, they discovered that when scratching pearlite,

plastic flow was concentrated in the lamellar ferrite rather than lamellar cementite.

2.2.5 Chip formation

The fundamental understanding of micro cutting and its response to process variables can
be realised by studying the deformation mechanisms and how it can be manipulated and
eventually controlled [80]. Workpiece material state, purity, crystallographic orientation,
temperature and atmospheric conditions, cutting geometry and machining parameters and
surface conditions of the materials were reported as the primary variables influencing

plastic deformation.

In the case of polycrystalline materials, the micro cutting process was characterised by
lamellae formation that are separated by shear fronts [81]. The lamellae are aligned
perpendicular to chip flow direction and slide up on the rake face of the tool as the cutting
action proceeds, irrespective of grain orientation. The thickness of the chip differs
depending on the crystallographic orientation due to change in shear angle. The thickness
also changes when the cutting tool passes through the grain boundary. Ueda et al found
similar chip structure when micro cutting an amorphous metal. They found the chip

lamellae occurred due to periodic localisation of shear bands [82].

In micro chip formation where uncut chip thickness approaches the edge radius, the
effective rake angle becomes highly negative, leading to a change in the chip flow angle
and shear angle [83]. Ohbuchi and Obikawa [84] observed a stable built-up edge for tools
with high negative rake angle. The size of the dead metal under the tool depends on the
chip thickness and effective rake angle as shown in Fig. 2.7. The cutting ratio becomes
small as the ratio of tool edge radius to undeformed chip thickness increases [85]. It means
that relative thickness of the deformed chip to the actual chip increases with a decrease in

uncut chip thickness when the tool edge radius remains unchanged.
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Stagnant

Fig. 2.7 Chip formation with different rake angles. Cutting conditions: workpiece,
0.45%C carbon steel (S45C); tool, cutting speed, 10m/s;
(@) 70 um feed/tooth, -20° rake angle (b) 40 um feed/tooth, -30° rake angle [84].

Moriwaki et al [55] reported that the crystallographic orientation affects the chip formation
process at undeformed chip thickness in the order of microns. However, it was not
influential when undeformed chip thickness was reduced to submicron level. This was
attributed to the presence of a damaged layer beneath the machined surface leading to a
constant shear angle and which plays a dominant role as compared to crystallographic
orientation. It is this damaged layer that is being machined when the depth of cut is kept to

sub micron levels.

Simoneau et al [32] simulated chip formation process of normalised AISI 1045 steel. They
assigned different hardness values to phases present in the microstructure of the steel and
explained the chip formation and surface defects in micro-scale cutting. The results from
the analysis and verified by experimental observation showed that microstructure phases
alter the plastic deformation process. The chip morphology changed from continuous to a
quasi-shear-extrusion type, when undeformed chip thickness moved below the smallest
grain phase of material microstructure. Additionally, softer ferrite phase was ejected as a
large plume at the chip free surface. In a latter work [12], they demonstrated a link between
material microstructure and chip formation at macro, meso and micro-scale cutting of AISI

1045 steel. It was found that plastic strain increases as the scale of the cutting decreases.

The contact length between the chip and rake face is an important parameter that
influences frictional force and cutting temperature. In the ultra precision diamond cutting
of copper at 3 um undeformed chip thickness, it was found that the contact length reaches
about 50 times the undeformed chip thickness and further increases with smaller chip loads
[55]. This peculiar increase in contact length complicates micro chip formation process. On

the other hand, the nominal shear angle decreases. The chips bend and buckle as they pass
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over the rake face. Lack of the chip control often led to coarse machined surface, poor
machining accuracy and problems coupled with chip removal from the machining zone
[86].

Some of the studies on chip formation suggest that due to small chip loads the cutting zone
temperature at micro scale is lower as compared to the conventional cutting. Moriwaki and
co-workers [85, 87] cited previous studies and reported that cutting temperature in the ultra
precision diamond cutting of copper reached to a level of 150 to 350 °C. In the case of
extreme machining accuracy requirements, they suggested that the effect of cutting heat
cannot be neglected. Thermal expansion of the tool and workpiece were identified as
responsible for tolerance deviations up to 0.5 to 1 um for new and worn tools, respectively.
Dhanorker and Ozol [34] numerically simulated the cutting zone temperatures to be around
60 °C for Al 2024-T6 and around 150 °C for AISI 4340 steel in micro milling. The FEM
simulations were carried out for the cutting condition of 80 m/min cutting speed and 10 um
feed/ tooth using 635 pum tool diameter having tool edge radius of 3 um. However, a
contrasting observation was reported by Komanduri [70] whereby signs of re-
crystallisation was shown in medium carbon steel chip obtained at -75 ° rake angle, 10 um
depth of cut and 182 m/min cutting velocity. This suggests high temperature in the region

of plastic deformation with high negative rake angle.

Komaduri and Brown compiled different types of chips produced in non homogeneous
cutting namely wavy, segmented and discontinuous chips [88]. The wavy chip is generated
by a cyclic variation of the chip thickness due to an oscillation of the shear angle. The
segments of the discontinuous chip are completely separated by fractured surfaces.
Meanwhile, a distinction between the segmented chip and the shear chip is difficult to

draw and normally they are both classified as segmented chips [89].

flow chip wavy chip segmented or shear chip discontinuous chip

’

- G

workpiece

workpiece

workpiece

workpiece

homogeneous chip

non homogeneous chip

Fig. 2.8 Classification of chip (adapted from [89])
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Tonshoff et al [89] summarised different theories and observations for chip formation in
hardened steel. Generally, flow chips were observed when chip thickness was less than 20
pm, due to high compressive stress and high temperatures near the tool edge radius leading
to plastic deformation of the material. When the chip thickness exceeds 20 um, a portion of
chip thickness above the workpiece free subsurface is not plastically deformed and instead
transition from flow chip to segmented chip occurs. It was due to periodic fracture initiated
at free surface of the workpiece where minimal compressive stresses exists [90] or
thermoplastic instability occurs along a line, extending from the tool tip and propagates
upwards to the free surface [91] favourably at high strain rates. Increasing feedrate and
cutting speed were reported to have identical effect on the shear localised chip [92]. In
practice cutting speed tends to have a greater influence on chip morphology for a given
workpiece material. Cutting speed can be varied over a much larger range than undeformed
chip thickness (working range of feedrate is sometime limited by the requirements of
machined surface quality, machine tools and other factors). Barry et al [93] reported that
the formation of saw-tooth is a fundamental characteristic of the machining of titanium
alloys under conventional cutting conditions. However, lowering the cutting speed and/or
undeformed chip thickness (less than 20 um) results in transition from periodic to
aperiodic saw-tooth chip formation. On further reduction in undeformed chip thickness to

few microns (for 15 to 180 m/min cutting speeds range) continuous chips were observed.

Komanduri and VVon Turkovich reported the formation of segmented chips in machining of
titanium alloys at very low cutting speed (3.84 m/min) [94]. It was observed that plastic
deformation in the primary zone is not uniform and intense thin shear occurs between chip
segments due to poor heat dissipation properties of titanium alloys. Komanduri and
Schroeder noted a thermoplastic instability leading to adiabatic shear in the chip formation
process of Inconel 718 which was very similar to the mechanisms reported for titanium as
well as hardened AISI 4340 steels, when machining at higher cutting speeds [95]. Barry et
al [93] elaborated on this and presented two distinct mechanisms for catastrophic shear
failure when machining Ti-6Al-4V at 80 pum undeformed chip thickness. Under high
cutting velocity (180 m/min), material failure was attributed to ductile fracture due to
increase in ductility as a result of thermal softening. However, it was also noted that the
upper region of primary shear zone (segment tip) was sheared off due to cleavage. Under
low cutting velocity (15 m/min), failure was said to have occurred due to cleavage.
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2.2.6 Surface generation

The objective to create ultra-smooth functional surfaces with exponential accuracy and
quality for micro components is the motivating factor behind research into surface
generation in micro-scale machining. Moreover, because ratio of surface area to volume
increases as devices and their features are miniaturized; more attention should be given to
surface generation and phenomena that influence the surface character [31]. In this respect,
better understanding of the effect of individual grains of a material microstructure and
mechanisms that govern surface making in micro-scale aids in development of the broadly

applicable micro-features/parts.

Several researchers reported dominant influence of chip thickness on surface roughness in
micro machining [11, 15]. Bissacco et al [9] strengthened this observation by analysing
SEM images at the last part of tool engagement arc in a downscaled milling process. They
found formation of waves of plastically deformed material in the feed direction below a
critical ratio of the chip thickness to cutting edge radius which supported the occurrence of
size effect. These results indicate that the scaling of undeformed chip thickness to the tool

diameter triggers the cutting edge radius influence on the process.

Vogler et al. [11] investigated the surface generation process in the micro-end milling of
both single-phase and multiphase workpiece materials and found that “size effect”
influences the surface generation process in several ways. The surface roughness values for
the slots micro-milled in multiphase ductile iron workpieces were larger than that for the
single phase material over the examined range of cutting conditions. For single-phase
materials, edge radius of the cutting tool plays an important role in the surface generation
process through the minimum chip thickness. For multiphase materials, the surface
roughness was Fig 2.9 a combination of three separate factors i.e. a geometric effect, a
minimum chip thickness effect, and a burr formation at the grain boundaries effect. In

addition, to that it was found that large tool edge radius produces rougher surfaces.
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Fig. 2.9 Effects of minimum chip thickness and burr formation on multiphase surface
roughness (adapted from [11])

The authors also studied the role of the phase boundaries by examining the slot floor using
SEM as shown in Fig. 2.10. The surfaces in the case of single phase materials (Fig. 2.10(a,
b)) were relatively smooth, with no indication of any grain size effects. However, for
multiphase materials, SEM images (Fig. 2.10(c,d)) clearly signified some miniature burrs
formed at distances that were comparable to the spacing between grain boundaries (white
lines in the Figure 2.10(c,d)). One possible explanation for this behaviour as given was that
the chip-formation process becomes interrupted as a cutting tool exits a phase at the grain
boundary and subsequently a burr forms.

Fig. 2.10 SEM image of slot floor for (a) pearlite, (b) ferrite,
(c) ferritic DI, and (d) pearlitic DI [11]
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In order to test this hypothesis, chips were collected and examined using an SEM as shown
in Fig. 2.11. The single phase material chips (Fig. 2.11(a, b)) appeared continuous, while
the multiphase ductile iron chips (Fig. 2.11(c, d)) were highly fragmented, indicating the
discontinuous/interrupted nature of the chip formation process.

Fig. 2.11 SEM images of chips for (a) pearlite, (b) ferrite,
(c) ferritic DI, and (d) pearlitic DI [11]

Weule et al [15] performed micro fly cutting/ end milling tests on different heat treated
steel materials with a carbide tool. The experimental results revealed that variation in
material property from one grain to another influences the resulting surface finish.
Moreover, a saw tooth surface profile was detected with laser-based topography measuring
device. Therefore, they stated that minimum chip thickness is probably responsible for
determining achievable surface quality. They further highlighted that higher cutting

velocities leads to better surface finish.

Son et al reported that the best surface finish and minimum residual stresses occurred at
minimum chip thickness for aluminium, brass and copper workpiece materials and
observed that this was associated with continuous chips when cutting with 1 mm width

diamond square grooving tool [27].

Nakayama [78] recommended that improvements in the surface quality at this level can be
achieved by usage of high precision machines and designing of more rigid setup as well as
avoidance of built-up edge formation. In addition they proposed that the latter can be
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avoided by (i) selecting non-adhesive materials for the tool and work material, (ii)
maintaining a sharp cutting edge, (iii) machining at very high cutting speeds, (iv) using a
high rake angle (>30°) and (v) machining at cutting temperature above the re-
crystallisation temperature of the work material.

The cutting mode is another important factor found to have influence the machined surface
finish. Takacs et al [19] and Min et al [96] in their experimental investigations established
that up-milling exhibits much worse surface quality than down milling. Moreover, Schmidt
and Tritschler [20] described similar findings in machining heat treated AISI H11 tool steel
having different hardness values (42 and 52 HRC). They further showed that surface
roughness depends on the workpiece material hardness, feedrate and measurement location

within the area of machined surface.

Simoneau et al [17] considered the plastic dissipation energy in material microstructure
using a heterogeneous FE cutting model. They suggested that plastic strain mismatch in
multiphase microstructure AISI 1045 steel inflicts dimples on machined surface.
Furthermore, in their later work, researchers suggested that reduction in the dimple size is
possibly by grain refinement as well as appropriate grain orientation during machining
(normal to shear plane) and more specifically by proper selection of undeformed chip

thickness relative to material microstructure grain size [16].

Dornfeld et al stated that a single material may produce a ductile-like cutting mode in one
grain and brittle-like cutting in another. [2]. To and co-workers reported that machining
single crystal aluminium workpiece material along (100) plane yields best surface finish
compared to cutting along (110) and (111) planes [97]. Zhou and Ngoi showed that for
single crystal f.c.c. materials, intrinsic plastic behaviour of individual crystals had more
dominant effect on surface roughness compared to crystallographic cutting direction [13].

Moriwaki et al [55] found that surface roughness is not affected by crystallographic
orientation below cutting depth of 0.1 micrometers in machining of polycrystalline copper
as the surface is not generated at the grain boundaries. Furthermore, decrease in surface
roughness was also attributed to the formation of amorphous-like damaged layer due to
burnishing effect induced by cutting edge at the 0.1um undeformed chip thickness. It was
also suggested that the effect of crystallographic orientation could be alleviated by

selecting chip load ten times larger than the grain size of the material [42].
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Liu et al [98] developed surface generation models to describe the sidewall and floor
surface topography generated from the deterministic and stochastic components identified
as influencing the machined surface roughness in micro-endmilling. These are grouped
together in Fig. 2.12.

Deterministic components Stochastic components

Kinematics
Elastic plastic deformation
Feedrate ) o
Tool Geometry Microstructure effect, Minimum
chip thickness effect,
Built-up edge, Plastic side flow
Machined Micro-burr formation

Surface
Dynamics

Tool/workpiece vibration Uncertainty of edge
Process stability geometry
Cutting mechanisms

Fig. 2.12 Deterministic and stochastic components influencing machined surface

The surface-generation models for sidewall and floor surfaces consist of deterministic and
stochastic elements. In the sidewall surface-generation model, the deterministic model
characterises the surface topography generated from the relative motion between the major
cutting edge and the workpiece material. The model incorporates the effects of process
kinematics, dynamics, tool edge serration, and process faults (e.g., tool tip runout). The
stochastic model predicts the increased surface roughness generated from ploughing due to
the significant tool edge radius effect. In the floor surface-generation model, the
deterministic model characterises the three-dimensional surface topography over the entire
floor surface and considers the effects of the minimum chip thickness, the elastic recovery,
and the transverse vibration. The variation of the ploughing amount across swept arc of the
cutter due to the varying chip load conditions is considered in the stochastic model. These
models were experimentally validated in micro milling (partial & full immersion tests) of
aluminium Al 6061-T6 [99].
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2.2.7 Burr formation

Burr formation and eradication is one of the biggest challenges in micro milling. Nano
range surface finish is important and achievable but the challenge is how to reduce burr
size. Burrs can be described as plastically deformed material beyond the edge of the
workpiece. They can produce detrimental effect in handling machined micro-parts and can

interfere with subsequent assembly operations.

Gillespie highlighted that suppression of burr development is most desirable in micro
machining because conventional post processing could cause dimensional discrepancies
and residual stresses in miniature precision parts. Moreover, edge finishing could often
constitute 30 percent of the cost to produce a part [23]. Generally, there are three burr
formation mechanisms namely; lateral deformation, chip bending and chip tearing. Four
basic types of burrs were defined as Poisson, tear, rollover and cut-off burrs [100]. The
formation of burrs progress through stages of initiation, initial development, pivoting point,
and final development [101]. Lee and Dornfeld [102] categorised different burr types along
the length of a slot as shown in Fig. 2.13. Lateral bulging and plastic deformation

facilitates the formation of top burrs [100].
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Fig. 2.13 Categorization of burr types [102]
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Burr formation depends mainly on the workpiece material ductility, cutter geometry,
cutting parameters (mainly chip load), tool wear and shape of workpiece [103]. In terms of
burr control Nakayama and Arai [104] proposed that in macro-scale machining the size of
the sideward burr could be minimised by decreasing the undeformed chip thickness and
reducing shear strain of the chip. It is noted here that in micromachining, decreasing chip
thickness only helps reduce burr size when machining at undeformed chip thickness
greater than the tool edge radius. Otherwise ploughing effects would promote relatively
larger burr size. Turning the direction of cutting force towards the workpiece and
strengthening the workpiece edge was proposed to be useful in this regard [104]. Material
properties also influence burr formation. In general, it was suggested that the workpiece

materials with a higher ductility produce larger burr size [105].

Burr formation is driven by the size effect, with a larger tool edge radius leading to larger
burrs [10, 102, 105]. The enlargement in the tool edge radius which occurs due to tool
wear decreases the ratio of undeformed chip thickness to cutting edge radius; this means
that effective rake angle becomes more negative. Material ahead of the tool is pushed
/compressed and deformed plastically into a burr. Cutting modes in slot milling also
generates different burr size. Filiz et al reported larger size of burr in down milling as
compared to up milling [10]. Fang and Liu suggested that once the workpiece material and
other process parameter are specified, the undeformed chip thickness will determine burr
size [21].

2.2.8 Micro tool

An important factor in micro machining processes is the cutting tool. A decreasing tool
diameter leads to increasing deviation in tool geometry like tool edge radius, rake angle
and clearance angle from the tool design due to difficulty in controlling dimensional
tolerance. The imprecise control and irregularity in micro tools manufacturing often
downplay the advantages of ultra precision process control, state of the art machine tools
and fine tuning of process parameters [2].The performance of miniature end mills was
reported to be greatly influenced by minor vibrations and excessive forces, which can be
detrimental to the life of tools and control of component tolerances [1]. Another size effect
was reported as the tool deflection [35]. It is also necessary to gain an understanding of the
mechanism of wear considering the micro tool, dimensions and their consequent influence

on micro machining process. Changes at the cutting edges of micro tools can create large
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increase in the stress at the shaft and cause tool breakage. Moreover, increased cutting

forces due to tool wear create tool deflections and geometrical inaccuracy in micro parts.

Chae et al [1] stated that very little work has been done on micro machining with carbide
tools and its wear on the micro level. Despite their extensive use in ultra precision
machining, diamond tools are of limited use as far as ferrous materials are concerned due
to their high chemical affinity between the materials and excessive wear. Micro tools are
consequently usually made of tungsten carbide. In order to improve wear resistance, very
small grain size WC (<600nm) is used. For this purpose cobalt is used as a binder; lower

cobalt content increases the hardness of the tool but also its brittleness.

Filiz et al [10] stated that the WC grains at the cutting edges are held by only a few facets,
resulting in a weaker attachment. Therefore, at uncut chip thicknesses smaller than the WC
grain size (0.4-0.7 um) these weakly attached grains individually support the stresses due
to the cutting and/or ploughing action. This causes individual grains of WC to dislodge
from the softer Co binder. As a result, the dominant wear mechanism is the attrition wear
in its most basic form. In addition, they encountered higher specific energy and high-
negative effective rake angles during the indentation and suggested that this could be

responsible for rapid wear at low undeformed chip thickness.

Aramcharoen et al recommended to use TiN, TiAIN, TiCN, CrN and CrTiAIN coated tools
which assist in reducing cutting edge chipping and edge radius enlargement of ultra-fine
grain carbide end mills as compared to uncoated tools [33]. Essentially coated tools have
larger cutting radius when compared with the uncoated tools. However, coated tools slow
down the wear rate and maintain a favourable feed to edge radius ratio compared to

uncoated tools.

2.2.9 Cutting forces

It has been reported that in micromachining the use of cutting force models developed for
macro scale cutting do not enable accurate predictions owing to their inability to account
for the tool edge radius effects, negative rake angle ploughing and springback phenomenon
[31, 58, 106]. Additionally, multiphase material microstructure effects account for 35
percent of the energy observed in the cutting force signal [107] and sub-harmonic response
of the tooth passing frequency below minimum chip thickness also influences cutting

forces [31]. Furukawa and Moronuki noted that the cutting forces varied as the tool passes
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through microstructure grain boundaries of the workpiece material [42]. Due to these
factors performance of micro milling is unstable, which in turn affects tool life and

component quality.

During the transition from ploughing region to shearing region in the micro milling of
brass, a key finding from the study by Kim et al was the identification of a local maximum
in the radial thrust force in the vicinity of minimum chip thickness [75]. Volger et al. [69]
developed a cutting force model for the micro-end milling process which catered for the
minimum chip thickness concept. The model predicted that the forces were more sensitive
when machining ferrite than pearlite. The increased ductility of the ferrite phase increases

the ploughing forces.

2.3 Machinability of ductile materials

The term machinability is used to rate ease of machining with which a material can be cut.

Common criteria for comparison include [108]:
i. Surface finish: The surface achieved under specified conditions.

ii. Limiting rate of removal: The maximum rate at which the material can be machined

for a standard tool life.

iii. Tool life: The amount of material removed by the tool under standardised cutting
conditions, before the tool performance becomes unacceptable or the tool is worn by

standard amount.
iv. Cutting force: The force acting on the tool or power consumed.

v. Chip shape: The chip shape as it influenced the clearance of the chips from the tool

under standardised conditions.

The basic machinability of a material depends on its chemical and physical properties,
grain structure and compatibility with tool material [63]. Machined materials may be

grouped as
i. Easy-machining materials (aluminium and copper alloys)
ii. Ordinary wrought steels and cast irons

iii. Difficult to machine materials
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Fig 2.14 presents the true stress-strain characteristic of some ferrous and non ferrous
alloys. It shows that heat treatment and alloy elements appreciably altered the physical
properties and fracture characteristic of the materials. As far as steels are concerned,
carbon content greatly affects its machinability. For high carbon steel (0.8 percent C or
higher), carbides anchored in the material microstructure lead to excessive, abrasive tool
wear. On the other end of the spectrum, a low carbon steel (C < 0.3 percent), should be
machined as hard as possible to avoid excessive plastic deformation. Furthermore, steel has
a relatively strong tendency to form BUE below 31 m/min cutting velocity which restricts

achievable surface finish and frequently leads to tool edge chipping.
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Fig. 2.14 Stress strain curves of some ferrous and non ferrous materials (adapted from
[109])

Titanium and other aerospace alloys are regarded as not economical to machine at cutting
speed higher than 60 m/min with carbide tools, owing to high chemical reactivity of
titanium with most materials and hence rapid tool wear [94]. Besides that low thermal
conductivity and low modulus of elasticity of titanium alloys are other main reasons of
their poor machinability. The cutting edge abrades early due to accumulated heat near the

cutting edge of the tool due to its low thermal conductivity [110]. Likewise, the low
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modulus of elasticity was described as the main cause of chatter especially in finish
machining, as titanium defects nearly twice compared to carbon steel. The greater
springback behind the cutting edge resulted in premature flank wear, vibration and high
cutting temperature. In conjunction with aforementioned properties, high strength at
elevated temperatures resists plastic deformation of metal in the shear zone. Thin serrated
chips create high stresses at tool edges. Moreover, its reactivity with tool materials during
machining leads to adhesion and chemical reaction thus promoting tool degradation and
poor surface finish.

The relationship between cutting velocity and thermal load for a given workpiece material
takes the form (from Shaw [63]):

v, - of 22)

Where V. is the cutting velocity, k is the thermal conductivity, p is the density, c is the
specific heat and u is the specific energy of the workpiece material. In light of the
aforementioned equation, the difference in the cutting temperatures between stainless steel
and AISI 1113 steel was attributed to their specific energies. However, the still greater
cutting temperatures for titanium alloys can not be explained in terms of specific energy
alone. In fact the higher cutting temperatures for titanium alloys were attributed to the very
low kp c value.

Machining of nickel base alloys is also described as difficult to machine in order to meet
production and quality requirements. They exhibit high temperature strength, tendency to
work harden and potential reactivity with tool material. Moreover, presence of hard
abrasive particles in the microstructure during machining poses serious challenges for the
industry [111, 112]. The normal stresses on the cutting tool were measured to be twice as
high for nickel alloy compared to machining steel at the same cutting speed. The combined
effect of these factors affects the tool life and surface integrity of the machined

components.

2.3.1 Overview of micro mechanical machining from a material perspective

The past decade has also witnessed a marked shift in the research quest, nonferrous
materials that are more easily machined with diamond tools being replaced by those with

enhanced material properties. Therefore, a lot of work was focused on the micro
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machinability of comparatively hard and difficult to cut materials. These investigations
suggested that micro milling offers good potential for manufacturing complex micro
components [4, 15, 19, 20]. It is well known that hard, homogeneity and small grain size
are the basic characteristics of workpiece materials with respect to achieve a good surface
finish in micro machining. In another view, Popov et al demonstrated that mechanically
modified grain structures are preferred over conventionally processed materials because of
grain refinement and reduction in material structural anisotropy [113]. Beside grain
refinement, mode of cutting, uncut chip thickness and minimum chip thickness effects are
other critical factors influencing the capability to meet desirable surface finish and
geometric shape in micromachining [10, 19, 20, 96].

The carbide tools are preferred choice to mill ferrous materials as carbide end mills provide
good fracture toughness especially when ultra fine grain carbides are used for tool shanks.
Most of the research in micro milling of non ferrous, ferrous and difficult to cut materials
using carbide tools have been summarised in table 2.3. The tool diameters varied from 150
pm to 1000 um. The cutting speeds used in these investigations are typically very low (<1
m/s). Moreover, the maximum undeformed chip thickness is less than 20 pum due to limited

strength of micro tools.

Table 2.3 Micro milling investigation using carbide tools

Researchers | Cutting | Chipload | Tool Carbide | Workpeice Major findings
velocity | (um/tooth) | edge Tool material
(m/min) radius | diameter

(um) (um)

Tool life increases with

REhman et al, 25_75 137 _ 1000 Copper Iarger depth Of Cut.

[114]

Metallurgical and
mechanical grain
Popov et al, Aluminum structure modifications
[113] 15 7 - 150 5083 prowde_d means for
improving surface
integrity and quality of
the micro machined parts.

Tools were more prone to
wear at low feedrates.
Cutting modes in slotting
generates different burr
size. Down milling
produced larger wavy
type burrs while up
milling formed smaller
ragged type burrs.

Filizetal , 40, 80, 0.75, 1.5, - 254 Copper
[10] 120 3.0,6.0 (OFHC)

(a) Non ferrous materials
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Researchers

Cutting
velocity
(m/min)

Chip load
(um/tooth)

Tool

edge
radius

(pm)

Carbide
Tool
diameter

(m)

Workpeice
material

Major findings

Weule et al,
[15]

5-420

(Fly
cutting)

100

15
(micro
milling)

300

SAE 1045 (25 to
62HRC), SAE H13
(Milling only)

For stable machining,
hard, homogeneous and
no internal stress
materials are the
prerequisites. Low
undeformed chip
thickness produced
rougher surfaces.

Takacs et al,
[19]

30

0.1-8

1-2

150,
300,
400,
600

Tempered grade
steel(42CrMo4),
Carbon steel
(Ck45)Up to 2h
tempered
(30,40,51,59 HRC),
With out
tempered(62HRC)

CK45 steel tempered at
450°C produced
optimum surface
quality. Higher burr
formed at down milling
side where as up-
milling generated
rougher surface.

Vogler et al ,
[11]

191.5

0.25,0.5,
1,23

2,5

508

Pearlite, Ferrite,
Ferrite Ductile
Iron, Pearlitic

Ductile Iron

The effect of minimum
chip thickness on
machined surface
roughness for micro
milling is due to a
combination of the
cutting edge radius,
workpiece
microstructure/phase
and feed per tooth.
Miniature burrs formed
along the grain
boundaries of
multiphase phase
material contribute to
rougher surface.

Schmidt and
Tritschler,
[20]

30,60,
75,90

100,500

AISI H11
(42, 56 HRC)

Finest and equidistantly
distributed carbon steels
or harder materials are
preferred choice for
micro machining.
Strong tendency of
producing large burrs in
down milling was
observed in the entire
cutting range. Higher
cutting velocity was
advantageous to
minimise burrs.

Bissacco et
al, [4]

30

1,3,6,15

1-4

200

Hardened steel
(58 HRC)

Highly homogenous
and small grain size
material is preferred.

Minetal,
[96]

20

0.25, 0.5,
1,15,2,3

0.5-1

254

304 stainless steel,
Al 6061-T6511

Down milling showed
better surface quality
and dimensional
accuracy than up
milling. The error form
size of vertical wall
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from deflecting of
cutting tool increased
with higher depth of
cut.

Hardened H13 tool

TiN, TiCN, TiAIN, CrN
and CrTiAIN coatings
induced less edge

Aramcharoen 47 5 2.25 500 steel chlpplng and edge
et al, [33] radius wear as
(45 HRC)
compared to uncoated
ultra-fine grain carbide
end mills.
Burr formation
appeared inevitable in
micromachining.
Aram;:r:];roen Hardened H13 tool mgggggzg%mth
: 85 | 028-28 | 14 900 steel . P
Mativenga (45 HRC) thickness equal to the
[115] edge radius gave best
surface finish and
reasonably low burr
size.
(b) Ferrous materials
Researchers | Cutting | Chip load Tool Carbide Workpeice Major findings
velocity | (um/tooth) | edge Tool material
(m/min) radius | diameter
(Hm) (Lm)
The high ductility of NiTi in
combination with the strong
- adhesion tendency made
. NiTi shape . .
Weinert and 33 12 20 i 400 memor micro material removal very
Petzoldt [22] ’ y difficult. Usage of minimum
alloy X : . .
quantity lubricant is essential
to attain acceptable
micromachining results.
Single An adequate tool life and
crystal surface quality was achieved
Klocke et al, 50 15 - 800 nickel based | with minimum quantity
[25] L
alloy Rene | lubrication as compared to an
N5 emulsion cooling system.

(c) Difficult to cut materials

Note: “-“means value is not reported in literature.

2.4 Machining process monitoring

Several techniques have been used for monitoring machining process to improve accuracy

and productivity. These approaches depend on various signals, such as cutting force

signals, vibration signals, spindle motor current signals, acoustic emission signals. Among

those techniques, the uses of force sensors and accelerometers have more potential for

macro scale machining processes. However, they are inadequate for monitoring micro
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machining processes due to their low signal to noise ratio. The sensitivity and ratio of
signal to noise of AE sensors are relatively superior when compared to the other sensing
techniques. Since AE signals propagate at high frequencies, the environmental noise in the
audible range can easily be eliminated. Hence, acoustic sensing techniques are particularly

well suited to monitor and control micro scale machining with a high degree of confidence.

2.4.1 Acoustic emission during metal cutting

Acoustic emission (AE) is a sound and ultrasound phenomenon of low amplitude and high
frequency arising from elastic wave radiations in materials undergoing deformation and
fracture processes [116]. The emission spectra are load and materials depended with
deforming load. The rapid release of strain energy from localised source within a material
generates a spectrum over a frequency range 0 Hz to several MHz. These waves or
frequencies are infrasonic, sonic and ultrasonic and transient in nature. The human ear can
detect sonic frequency bandwidth (20 Hz to 20 kHz). An experienced machine tool
operator can easily distinguish between a sharp, a semi-dull and a dull tool by simply
listening to the sound generated during the machining process. The frequencies over 20
kHz falls in ultrasonic range which are triggered by internal rearrangement of
microstructural activities [28]. This range has shorter wavelengths which in turn provide
reliable and detectable information to characterise the material deformation mode. On the
other end of the spectrum, the lowest frequencies are known as the infrasonic range. These
frequencies normally employed to observe geological phenomena such as earthquakes.

In metal cutting, elastic and plastic deformations, internal and external friction in contact
zones, chip fracture and tool wear are taking place simultaneously. Thus, when material is
subjected to compression, stresses build up while material is within its elastic limit.
Beyond its strength limit, the stored strain energy is released in the form of an acoustic
emission event. AE signals can take two distinctive types of forms depending upon the
mechanism that resulted in the elastic waves during machining process. If the signal
consists of pulses that can be distinguishable in time domain, then the emission is called
burst emission, which is usually associated with the chip breakage during or after
formation or tool fracture. If resolution of individual pulses is not detectable, then the
emission is of continuous type, which is related to plastic deformation of workpiece
material in the three deformation zones [117, 118], as

= Plastic deformation of the workpiece material in the primary deformation zone,
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= Plastic deformation and sliding friction in the secondary deformation zone,

= Sliding friction in the tertiary zone, and

= Collision, entanglement and breakage of chips
However, in the case of milling, periodic interruption of cutting process due to tool
entrance and exit from the workpiece material acts as an additional AE source. During
precision metal cutting operations at very low depth of cuts, it is well accepted that
workpiece microstructure features are the main AE source [28]. Since these sources
incorporate the basic mechanisms of the micro cutting process (see Fig. 2.15), AE
phenomenon appears to be an ideal for process analysis and monitoring. Additionally, AE
frequencies are significantly higher than those corresponding to machine tool vibration and

ambient noise, which can be easily removed by using a high-pass filter.

undeformed

chip thickness Flank face

lastic
Workpiece recovery
i

microvoids, inclusions, 1ertiary
microcracks deformation zone

Fig. 2.15 AE generation in metal cutting

Uehara [119] reported that the amplitude of AE signals from the cutting tool is reduced
during AE transfer from the tool to the workpiece possibly by damping or reflection at the
primary interface. As a result, by monitoring the AE signal from workpiece side, the
primary and tertiary deformation zones can be regarded as most accessible sources of AE
generation in micro milling. In ultra precision cutting, Carpenter et al [120] suggested that
the tertiary deformation zone becomes more significant source of AE due to the increased

energy spent on sliding friction between the tool flank face and newly machined surface.

In literature it is suggested that, dynamic AE signal collected at the sensor contains many
frequencies due to the several AE producing sources being active at the cutting zones [28].

Thus, the intensity of these different frequency bands can be used for inferring the
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dominant sources of AE in the micro machining process. Fig. 2.16 shows dominant
frequency range according to the material removal length scale and signal source
mechanisms. It is clear from Fig. 2.16 that AE signals are better suited to characterising
machining at very low length scales typically in the nm range as encountered in
micro/nano scale machining. Again one could postulate from the graph that decomposing
the AE signal into the frequency domain will enable identification of dislocation

mechanics, inter-granular micro fracture, cleavage and shearing material machining modes.

il
7 dislocation
10 mechanics
intergranular
6 :
10 microfracture cutting mechanics
inclusions ignal
]
) microfracture <hearing
2 ) microvoids
§ 10 clastic fracture
= low frequency
H disturbance signal _
m 3
2 10 ¥ plastic vield
10 AF sensing area fatigug
1 )
10 load cell sensing arca
3 -2 -1 0 1 ==
10 10 10 10 10 10

material removal lengthscale (um)

Fig. 2.16 AE source mechanisms (adapted from [28])

In relation to the cutting zones, the primary deformation zone is the largest AE source and
generates in excess of 75 percent of the total AE signal [121]. Brittle and ductile fracture
(as shown in Fig. 2.16) may occur in the deformation of ductile materials that can emit AE
from the primary shear zone depending on the type of material to be machined and
operating conditions. In metal cutting, Shaw proposed that ductile materials deformed as a
result of nucleation, growth and coalescence of microscopic voids (micro crack initiation)
that originated at inclusions and second phase particles separation [122]. However, due to
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compressive plastic deformation, the micro cracks experience closure effectively
postponing crack propagation until conditions are reached where plastic deformation does
not occur. The cleavage (transgranular) often called brittle fracture, may occur in
deformation of ductile materials such as mild steel [62]. The propagating crack in the
carbide phase can initiate cleavage fracture in the adjacent ferrite phase subjected to high
intensity of local stress and insufficient time available for stress relaxation. The ductile
fracture can take place in intergranular manner, where the grain boundaries are the fracture
path within the material. Most of the metals undergo the transition from transgranular
fracture to intergranular fracture at temperatures greater than 0.5 to 0.7 times of the melting
temperature. The application of AE signal can be useful to establish quantitative
relationship between spectra of AE signal and the physical processes which cause
emissions to occur, such as plastic deformation, void generation and collapse, crushing of

inclusions, crack propagation and fracture.

A A b dhh
*OOJ, VYot

(b) Cleavage
{a) Void coalescence and fracture
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2R 2R 2R

{c) imtergranuiar fracture

Fig. 2.17 Micro-mechanisms of fracture in metals ([123])

2.4.1.1 AE sensitivity to machining parameters

Previous work established the relationship between the primary machining parameters and
the level of acoustic emission emitted. The power of the AE signal was reported to be
proportional to the cutting power [116, 121, 124]. Some studies suggested that AE signal
should increase with material shear strength, cutting velocity, feedrate, width of cut and

rake angle [121, 124]. Lan and Dornfeld showed that AE; s is less sensitive to the width of
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cut [125]. Regarding dependence of AE signal on feedrate, some experimental results
showed that AE signal decreases with increase in feedrate [118], whereas, other
investigators have observed that it remains more or less unaffected by variation in the
feedrate [118, 125]. All published experimental results led to the conclusion that AE signal
is strongly dependent on the strain rate [116, 118], and since strain rate is directly
dependent on cutting velocity, a strong relationship was observed between AE signal and
cutting velocity [118, 121, 124]. However, in micro-domain cutting the issues related to
size effect limit the direct application of these investigations (the effect of tertiary

deformation zone was not considered).

The sliding friction between tool flank face and machined surface is a significant aspect to
consider especially in precision machining. This effect on AE generation has been
incorporated in the models developed for diamond turning [126] and peripheral milling
[127] operations. The predicted AE,ns level from the diamond turning model matched
reasonably with experimental data except below 3um depths of cut [126]. The
experimental results of peripheral milling on Al 7075 showed linear positive sensitivity to
spindle speed, feedrate, axial depth of cut and radial depth of cut, however, the dominant
effect on AE signal of the considered process parameters were masked due to interrelated

effects on the effective shear angle and mean frictional angle [127].

2.4.1.2 AE signal processing

Acoustic emissions occur over a wide frequency range but typically from 100 kHz to 1
MHz [128]. However, due to complex and multiple originating AE sources in cutting
process, signals experience changes through multiple reflections at interfaces and
scattering by micro-structural defects and refraction when there is a medium change along
the travel path from the source to the sensor. Moreover, contribution of the sensor
sensitivity (AE activity whose frequency content is closer to the resonance of the sensor
will have increased amplification) and measuring system (waves whose frequency is
outside of the range of a band-pass filter will not be detected) may also be taken into
account. All these factors significantly alter the waveform by phase change, amplitude
attenuation and wave repetitions [129]. Thus, AE signal are intricate and random in their
final waveform and using them to characterise a source could be difficult. Despite these
difficulties, acoustic signals carry insight of the source event. Teti et al [130] provided an

up-to-date comprehensive survey of sensor technologies, signal processing, and decision
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making strategies for process monitoring. They reported that AE signal analysed in
frequency and time domain was successfully employed to monitor tool wear, chip form,
process state, surface integrity and white layer formation as well as smearing and plucking.
Some of the important AE parameters are listed in table 2.4 which are used in data

processing for extracting features.

Table 2.4 Acoustic emission parameters and information about the source event

Feature extraction Parameter Interpretation
average value,
amplitude, effective Intensity of source event
value (RMS)
ring down count or number of times AE, signal
pulse rate crosses the threshold level
Time domain oulse width percentage of times AE, signal

remains above the threshold level

number of times AEms signal
exceeds preset thresholds per second
percentage of time AEqs signal
remains above each threshold
Frequency domain Frequency spectrum Nature of source event
Energy distribution of source event
Time-frequency as function of time

domain The intensities of source frequency
wavelet spectrum bands

burst rate

burst width

Spectrogram

The most useful information about the process was extracted by analysing power spectral
density in conventional machining process [131, 132]. The frequency spectrum shows the
dominancy and contribution of each frequency to the total power. In these investigations,
the power spectral density of AE signals was computed using Fourier transform-based
methods. However, the Fourier transform-based methods are good for analysing long
periodic signals but not for AE signals which have both continuous and transient
components [133]. Moreover, it fails to retain the information related to their occurrence in
time. Chen et al [134] demonstrated a wavelet transformation technique, a more
sophisticated approach to monitoring ultra-precision machining process by analysing the
time-frequency spectrum of the AE signal for patterns corresponding to the process
characteristics of interest. The distribution of frequencies in the time-frequency domain
provides valuable insight of the process.
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2.5 Summary

It is suggested from the literature survey that:

For multi-phase material, it was suggested that plastic strain mismatch and higher
absorption of energy at harder phase influences surface dimple formation. Solutions
proposed were (i) grain refinement (ii) appropriate grain orientation (iii) selection
of undeformed chip thickness relative to material grain structure. Other than few
works in the reviewed literature, there is a lack of systematic approach to select
undeformed chip thickness in view of the established importance of material grain
size and microstructure phases in micro cutting process. Additional scientific
examinations are needed in this regard to ascertain and embrace the material related
size effects on surface generation process especially for multiphase and large

grained microstructures.

There is a suggestion in literature that when multi-phase materials are micro
machined, “burrs” are formed at the grain boundaries. Consequently discontinuous
chips are formed. These features (burrs) compromise surface roughness. Hence a

new concept for burr is introduced.

It is proposed that for single crystal materials machining along some
crystallographic orientation direction yield better surface finish. The issue to be
identified here is whether these crystals are not disturbed by previous cutting
passes. If not, how to identify them accurately in industrial machining of
multiphase materials. Other authors reported no influence of crystallographic

direction below certain depths of cut.

There is need to expand the knowledge of minimum chip thickness of the materials
used in manufacturing of micro components as it determines the achievable surface
finish. Moreover, subsurface damage is also a vital research issue due to increased

ploughing in micro domain cutting.

The minimum chip thickness is encountered in micro milling operations owing to
the variation in chip load as predicted by the chip density function. The strong
dependency of the minimum chip thickness on the workpiece material and tool
geometry complicates this evaluation. Simple edge radius measurement for a tool
would not be sufficient to determine the minimum chip thickness. Molecular

dynamics simulation is more appropriate to nano-scale cutting as it gives only a

66



Chapter 2

local representation of the material characteristics. The microstructure-level finite
element simulation needs an experimentally characterised constitutive model of the
material. Therefore, it is not suitable to be applied for a wide range of material.
Moreover, accurate measurement of sudden change in thrust force is by itself a
challenge due to bandwidth limitation of force sensors. Thus, it would be
interesting to exploit relatively superior in process acoustic emission signal, to

evaluate the minimum chip thickness phenomenon.

During the course of survey, surprisingly almost negligible work has been found
with regards to the micromachining of titanium and nickel based materials despite
the fact that these materials are widely used in bio-medical and aerospace
applications. New studies dealing with such materials would widen the scope of
micro mechanical cutting applications and further enhance understanding and
ability to tackle the complicated governing cutting mechanism present at the micro-

scale.
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EXPERIMENTAL PROCEDURE

3.1 State of the Art Equipment

In the field of micro machining, portable micro-factories are considered superior when
compared to high speed machining centres due to their better performance benefits like
positional accuracy and resolution. Some researchers cautioned that micro-factories may

not be able to produce micro-features on conventional workpieces.

3.1.1 Machine tool

The cutting tests for this study were performed on the Agie Charmilles MIKRON HSM
400 high speed milling centre. This is a Heidenhain iTNC 530 numerically controlled
machine and operates in the range of 60-42000 rpm. A photograph of the machine is
shown in the figure 3.1. The static radial runout of spindle-collet-tool system was
measured in the clamped state before each cutting trial. The radial runout was estimated
from the runout gauge measurements to be 1.6 um in average, with a standard deviation
of 0.76 pm. Considering the focus and usage of Mikron HSM 400 in the presented
work, feed is a relatively positional attribute and less systematic errors in the machine

will propagate through and hence unlikely affect relative tool pass comparison.
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Fig. 3.1 MIKRON HSM 400 high speed milling machine

3.1.2 Hitachi scanning electron microscope (SEM)

The measurement uncertainty normally relates to the instrument used to quantify the
output. In this study the measurements are made on nano scale resolution instruments to
a well established repeatable output. The Hitachi S-3400N SEM, shown in Fig. 3.2, has
a resolution of 4 nm and 3 nm at low voltage and high voltage respectively. An
accelerating voltage can be set up to 30 kV. The electron source is tungsten filament
cathode. The SEM is capable of functioning with secondary electron (SE) detector as
well as back scatter electron (BSE) detector. This SEM was used to capture images of
cutting tools, machined surfaces, and chip morphologies in addition to the estimation of
tool edge radius, sub surface deformation and deformed chip thickness.

Fig. 3.2 Hitachi S-3400N SEM at the University of Manchester
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3.1.3 WYKO® NT-1100 white light interferometer

The Wyko NT1100, shown in Fig 3.3, is a white light vertical scanning interferometer
used for characterisation of surface texture. It is a three dimensional, non contact,
surface profile measurement device. The Wyko’s magnification capability ranges from
2.5 to 100 times, with a combination of objective (5.0X, 50X) and field-of -view (0.5X,
1.0X, 2.0X) lenses. The vertical resolution is 1 nm. The three dimensional surface
image is attained through the fringes produced by the optical path difference between
the reference and reflected beam. The Veeco Vision32® software was used to measure

the surface roughness and burr width of the machined slots.

Fig. 3.3 Wyko NT1100 at Laser Processing Research Centre (LPRC)

3.1.4 MTS Nano Indenter® XP

An MTS Nano Indenter® XP as shown in Fig. 3.4 provides an opportunity to record the
indenter penetration depth under the applied force throughout the testing cycle,
therefore, capable of measuring both the plastic and elastic deformation of the material
under test. Displacement resolution is less than 0.02 nm and load resolution is 50 nN
(5.1 mg). Berkovich diamond pyramid (tetrahedral) type indenter was used. Maximum
indentation depth and positioning accuracy are 2.5 um and 1.5 pm, respectively. In this
technique, indentation is performed for a chosen depth and then removed, the data
measured in unloading was used to determine nano hardness, elastic modulus, elastic

recovery and sub surface microstructure modification. In particular the location of

70



Chapter 3

indentation point was viewed in a microscope to ensure that the distance from the
sample edge as well as spacing between each indent should be about 2.5 times the

indenter size to avoid the influence of the deformation.

Fig. 3.4. Nano-indenter XP at the University of Manchester Material Science Centre

3.1.5 Acoustic emission sensing system

A Kistler 5125B121 Piezotron® acoustic emission (AE) sensor was used to measure the
acoustic signals in this study. The captured signals passed through a Kistler 5125B AE-
Piezotron® coupler and then recorded to a Nicolet technologies Sigma 30 digital
memory oscilloscope. The images of the acoustic emission sensing system are shown in
Fig. 3.5.

The AE sensor with built in impedance converter provides a low-impedance voltage
signal at the output and allows for measuring acoustic signals over a broad frequency
range (100-900 kHz). Being small in size it can be easily mounted with M6 bolt near the
source of emission and captures the signal optimally. The AE sensor protected hose is
connected directly to the leak-tight terminal in the AE-Piezotron® coupler. The coupler
processes the high frequency output signals. Gain, filters and integration time constant
of the built in RMS converter are designed as plug in modules, which permits, in situ,
the best possible adaptation to the particular monitoring function concerned. The gain
can be set with a jumper either to 1x (20dB) or 10x (40dB). The high pass and low pass
filters cut off frequency are freely selectable between 10 kHz to 1 MHz. The integration

time constant of the RMS converter can be selected from 0.12, 1.2 and 12 ms.

Nicolet technologies Sigma 30 is a 4 channel, 200 ksample/sec memory per channel, 5
MHz bandwidth and 12 bit digital memory oscilloscope. It offers signal acquisition,
analysis capabilities and connectivity in one portable 10.4 inch touch screen windows
2000 based workstation.
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Fig. 3.5 Acoustic emission sensing system

3.2 Measurement methods
The methodologies used to measure cutting edge radius, surface roughness, burr size,
and tool wear are discussed below. Moreover, strategy used to evaluate sub surface

microstructure modification as well as chip form is also presented.

3.2.1 Tool edge radius measurement
The mechanical micro domain cutting trials were performed with carbide tools.
Commercially available tools from Fraisa® Ltd and Dixi Polytool® Ltd were used. Some

of the tools geometries used in these investigations are shown in Fig. 3.6.

Fig. 3.6 Tool bottom views
(@) Fraisa (800 um) (b) Dixi (500 um) (c) Dixi (2mm) in diameters

The tool sharpness influences the material removal mechanisms. As highlighted in
literature review, when a tool with a small edge radius is chosen in conjunction with

large undeformed chip thickness that would effectively eliminate the edge roundness
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effects until tool wear increases and the cutting edge radius of the tool is of the same
order of the magnitude as the undeformed chip thickness. The values of tool edge radius
employed in this research for new tools ranged from 0.5 pum to 2 pum. The measurement
of the tool edge radius was performed by placing best fitted circle to the tool edge radius
(intersection of the tool rake face and flank face). An example of the SEM image of tool

bottom view which was used to estimate the tool edge radius is shown in Fig 3.7.

10.0kV 4.2mm x10.0k SE

Fig. 3.7 Measurement of tool edge radius

3.2.2 Surface roughness measurement

The surface roughness of the micro milled slots was measured with a Wyko NT11000
optical profiler (white light interferometer). Each slot was sampled at the beginning,
middle and end of the slot in the feed direction. Fig 3.8 shows the typical Wyko scan of
a portion of the slot. The data obtained from these images was used to calculate average

surface roughness (Ra) and then plotted.
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3.2.3 Burr size measurement

Veeco

Surface Statistics:
Ra: 285.39 nm
Rq: 370.42 nm
Rz

Rt: 14.66 um

Set-up Parameters:
Size: 736 3 480
Sampling: 1.65 um

Processed Options:
Terms Removed:

Tilt

Filtering:

None

Mag: 51X
Mode: VSI

Surface Data

Fig. 3.8 Surface roughness measurement

Top burr width in both up and down milling was measured from Wyko scans. The

examples of the images used to measure the top burrs width for the two kind of steel are

shown in Fig 3.9. When slot milling was used, one side of the slot experienced up-

milling and the other side experienced down-milling. It can be seen from the figure that

near the edges of the slot (blue profile) there are dull black uneven protrusions. These

protrusions are burrs produced during the micro-milling process. The other dull black

marks away from the edge of the profile are machining marks (therefore they can be

neglected).
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Fig. 3.9 Wyko scans to estimate burr width of ferrous workpieces
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Burr root thickness was evaluated from cross sectional images of the slot using back
scatter electron (BSE) microscopy. An example of down milled side of a nickel based

alloy slot is shown in Fig 3.10.

Burrroot _—¥

thickness

8.00kV 6.3mm x750 BSECOMP

Fig. 3.10 Down milled side burr root thickness measurement

3.2.4 Tool wear measurement

The inspection of micro tool was carried out on an SEM to determine maximum flank
wear. Tool wear progression on the flank face was compared and measured from
magnified images taken near to the cutting edge of coated and uncoated tools before and
after machining. Typical micrographs with such a flank wear on the used tools are
shown for bottom cross-sectional images (Fig. 3.11). As wear progresses coatings were
abraded from the flank face and tungsten carbide substrate was exposed, depending
upon the cutting conditions employed. Additionally, a wear land is also visible on

uncoated tool used.

Fig. 3.11 Micrographs showing maximum flank wear
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3.2.5 Subsurface microstructure measurement

For subsurface microstructure examination, the micro slots were sectioned and
embedded in conductive hot mounted phenolic resin. Considering the very small
subsurface deformed zone, all samples were carefully ground and polished on Presi
Mechatec 334 with an individual load of 20 N and 10 N, respectively. Final polishing
was carried out on a suede cloth with colloidal silica suspension to obtain high quality
surface which is prerequisite for back scatter electron microscopy (BSE). All subsurface
microstructure assessment was carried out on a Hitachi 3400 scanning electron
microscope. BSE images were taken at 10 kV accelerating voltage and 5mm working
depth.

In order to evaluate mechanical properties of machined subsurface zone, array of nano-
indentation was performed at 0.5 pm indentation depth. An example of nano-
indentation marks on down milled side of the investigated ferrous materials is shown in
BSE image (Fig 3.12). The depth below the wall surface for the initial point of
indentation was specified by positioning the indenter approximately 10 pum away the
wall surface to avoid effects of mould material in the measured data. The deformed

layer was characterised nano hardness values towards the machined surface.

Fig. 3.12 Slot down-milled side (a) AISI 1005 (b) AISI 1045

3.2.6 Micro chips characterisation

Chip form classification based on workpiece materials and process parameters is
another area where fundamental information on the dominant cutting mechanism can be

obtained. Therefore, micro chips produced were collected and imaged in an optical as
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well as scanning electron microscope at each undeformed chip thickness during
orthogonal milling experiments. In the case of higher chip load, the chips formed from
the shearing of the workpiece are much larger in size, easier to handle and exhibit more
strength than the chip produced at the undeformed chip thickness below tool edge
radius. The chips collected within lower range were powdery in nature and breaks easily
upon contact.

The chips were clamped in clamp mounting with its side profile under observing with
magnified lens. Due to fragility of the chip, it was impossible to ensure the
orthogonality of the side of the chip. However, necessary care was taken to ensure that
the error can be minimised. Then, MetPrep® hot and cold mounting materials were used
to prepare chip samples moulds. The samples were ground and polished on Presi®
Mechatec 334 polishing machine. Grinding was carried out with grit sizes of 600 and
1200 for a very short period considering the fragility of the chips. Polishing was done
with 9, 6 and 1 um finishing slurry. Array of nano-indents were carried out in the area

of interest to evaluate the extent of plastic deformation.

3.3 Experimental setup

The cutting tests were conducted in dry conditions on Mikron 400. Fig. 3.13 depicts
experimental setups used to perform test on ferrous and Inconel 718 workpieces. Detail
description of the setup can be found in the relevant sections of the chapters. In both

setups, tools were clamped with constant overhang in order to eliminate potential source

of error caused by the deflection and vibrations during the cutting experiments.

_Micro tool
— Workpiece

AE sensor -
4

(b)

Fig.3.13 Experimental setup for (a) Ferrous workpieces (b) Inconel 718
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3.4 Experimental procedure

A standard work procedure was followed as mentioned below to obtain consistent

results throughout the experimental work.

In order to obtain unified results, the workpiece material used came from the
same stock. Before experiments, a clean up cut was performed on each
workpiece using a fresh tool to minimise subsurface damage and remove
residuals of previous operations. Since the machined surfaces would have to be
examined under the scanning electron microscope, the maximum dimension of

each specimen was limited to 25 mm.

Prior to each cutting test cutting tools were observed and imaged on the SEM.
All tools taken from the single batch and for nearly similar edge radius for each
experimental plan in order to reduce variability in the process. The tool was then
mounted and brought into contact with the workpiece to define the datum

position and then moved to a start position 1mm away from the datum.

The undeformed chip thickness were spanning across the tool edge radius as
well as the workpiece material average grain size of a smaller phase type. Tool
diameter was larger than the grain size and radius of cutting edge is smaller than
it. This approach was adopted to create micro slots on selected workpiece

materials to embrace factors influencing the so called term “size effect”.

The experimental conditions derived from respective experimental design such
as cutting speed, feed and depth of cut were set on the MIKRON 400 HSM.

Machining centre was run idly for 25 to 30 minutes, while micro-tool was hold

in high speed spindle to compensate for thermal elongation of the tool.

Before commencement of slotting, in order to ensure an axial depth of cut was
set accurately, the tool was positioned 15 pum above the probed height of the
workpiece. A short pass was taken with the tool while monitoring the AE sensor
for signs of contact between the tool and workpiece. Moreover, tool marks were
also visualised on the workpiece. This process was repeated, each time
incrementally stepping the tool down 5 pum. Once contact height had been
established. The surface datum point was recorded and used as a reference
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height for depth of cut (a,) during tests with that particular tool. The process was

repeated again after a tool change.

e The AE data acquisition system was turned ON, acoustic emission filtered
(AEw) and root mean square (AE, ) signals were captured at regular intervals
after full engagement of the tool, for each experimental condition.

e The tool was removed at specific periods of the cutting trial and then cleaned
using an ultrasonic cleaner with cleaning solvent before flank face and cutting
edge radius were observed and imaged under the SEM. The tool was then
mounted back on the machine to continue the machining for the next interval,

according to the experimental plan.

e The micro chips produced were also collected and imaged using optical and
scanning electron microscopes. The machined surface generated was
subsequently characterised with a white light interferometer (Wyko) as well as
imaged with the SEM.

e Micro slotting tests were repeated twice, wherever deemed necessary a third test

was undertaken so that repeatability of results could be confirmed.

3.5 Acoustic emission signal processing

The AE filtered signal and AE, s were processed using Matlab® software to study
variations with the changes in process parameters, namely workpiece material,

undeformed chip thickness and cutting speed.

A sample of MatLab® commands used for analysis of the AE signals is given in
Appendix A. Moreover, a brief description of the discrete wavelet transformation is also

documented in Appendix B.
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A COMPARATIVE STUDY OF MATERIAL
PHASE EFFECTS ON MICRO-
MACHINABILITY OF MULTIPHASE
MATERIALS

Abstract

In the mechanical micro machining of multiphase materials, the cutting process is
undertaken at a length scale where material heterogeneity has to be considered. This has
led to increasing interest in optimising the process parameters for micro machining of
such materials. In this study the micro-machinability of two steels, a predominantly
ferrite material (AISI 1005) and a near balanced ferrite/pearlite microstructure (AISI
1045) was studied. Workpiece sample deformation properties were characterised by
nano-indentation testing. Additionally, metallographic grain size evaluation was
undertaken for the workpiece microstructures. Surface roughness, workpiece
microstructure and burr size for micro machined parts as well as tool wear were
examined over a range of feedrates. The results suggest that for micro machined parts,
differential elastic recovery between phases leads to higher surface roughness when the
surface quality of micro machined multiphase phase material is compared to that of
single phase material. On the other hand, for single phase predominantly ferritic
materials, reducing burr size and tool wear are major challenges. Thus, the chapter
elucidates on material property effects on surface and workpiece edge quality during

micro-milling.

Keywords: Micro-milling; Microstructure effect; Size effect
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4.1 Introduction
4.1.1 Micro machining

Micro-mechanical machining offers great potential for manufacturing complex micro
components [1, 2, 4, 15, 20]. The technology can be described as the process of
removing material from a workpiece in the form of chips typically in the micron or sub-
micron length scale. For some coarse grained material, this chip formation can take
place at a length scale smaller or comparable to the individual grains of a material
microstructure [32]. Hence, polycrystalline material must be treated as discrete and
heterogeneous at this level [65]. Taking into account the challenges met in micro
machining, ultra fine grain, hard and high homogeneous workpiece materials are
considered ideal for manufacturing micro components [4, 14, 15]. Simoneau et al
suggested that the cutting domain could be moved between macro-, meso- and micro-
scale by altering grain sizes of the workpiece material [12]. Thus, it becomes desirable
to develop a deeper understanding of the fundamental mechanisms associated with the

material microstructure behaviour under different cutting conditions.

The presented work is a continuation of a previous work regarding multiphase material
microstructure effect in micro milling [68]. The already published paper focussed on the
micro milling of one coarse grained workpiece material AISI 1045 steel. This new paper
extends the research work and reports on the micro machinability of single compared to
multiphase ferrous workpiece materials. The presented results elucidates on the
interaction between cutting parameters and workpiece material properties as driven by

microstructure phases.

4.1.2 Material microstructure effect on surface generation in micro machining

The ratio of surface area to volume increases as devices and their features are
miniaturized. For this reason, more attention should be given to surface generation and
phenomena that affect the surface character. At micro-scale it was reported that the tool-
workpiece material interaction strongly influences the machined surface topography [9].
This was evident from Weule et al who reported that variation in material property from
one grain to the next influenced the resulting surface finish [15]. This surface roughness
varies between the grains of material and is influenced by the tool edge radius,

microstructure phases, minimum chip thickness effects [11], crystallographic
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orientation [13], material elastic recovery and phase dependent elastic-plastic anisotropy
[14]. Furthermore, for single crystal f.c.c. materials, intrinsic plastic behaviour of
individual crystals was reported to have more dominant effect on surface roughness
compared to with crystallographic cutting direction [13]. Plastic strain mismatch, grain
orientation relative to cutting edge and large energy absorption in harder phases cause

surface defects on the multiphase microstructure of AISI 1045 steel [16, 17].

Son et al reported the best surface finish occurred at the minimum chip thickness for
aluminium, brass and copper workpiece materials and observed that this was associated
with the formation of continuous chips [27]. The dominant influence of chip thickness
on surface roughness in micromachining was reported in literature [11, 15, 135]. It was
suggested the effect of crystallographic orientation on surface roughness could be
alleviated by selecting chip load ten times larger than the grain size of the specific
material [42]. Moreover, improvement in the surface integrity and quality of micro
machined parts can also be achieved through metallurgical and mechanical grain
structure modifications [113]. However, this is not always desirable since modifying a
material’s microstructure changes its properties and can affect functional performance.

This case is more critical if micro features are on a large component.

4.1.3 Burrs in micromachining

Burr formation is a critical factor in micromachining since it affects the capability to
meet desirable tolerance and geometry definition [15, 19, 20]. Gillespie highlighted that
minimization of burr size is most desirable as conventional de-burring process could
cause dimensional imperfections and residual stresses in miniature precision parts.
Moreover, post-processing for burr removal could often constitute 30% of the cost to
produce a part [23]. There are three generally accepted burr formation mechanisms
namely; lateral deformation, chip bending and chip tearing. Four basic types of burrs
were defined as Poisson, tear, rollover and cut-off burrs [100]. The formation of burrs
progress through stages of initiation, initial development, pivoting point, and final

development [101].

In terms of burr control Nakayama and Arai [104] proposed that in macro-scale
machining the size of the sideward burr could be minimised by decreasing the

undeformed chip thickness and reducing shear strain of the chip. It is noted here that in
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micromachining, decreasing chip thickness only helps reduce burr size when machining
at undeformed chip thickness greater than the tool edge radius. Otherwise ploughing
effects would promote relatively larger burr size. Turning the direction of cutting force
towards the workpiece and strengthening the workpiece edge was proposed to be useful
in this regard [104]. Material properties also influence burr formation. In general, it was
suggested that the workpiece materials with a higher ductility produce larger burr size
[105].

Burr formation is driven by the size effect, with a larger tool edge radius leading to
larger burrs [10, 102, 105]. Cutting modes in slot milling also generates different burr
size. Filiz et al reported larger size of burr in down milling as compared to up milling
[10].Fang and Liu suggested that once the workpiece material and other process
parameter are specified, the undeformed chip thickness will determine burr height [21].
The enlargement in the tool edge radius which occurs due to tool wear decreases the
ratio of undeformed chip thickness to cutting edge radius; this means that effective rake
angle becomes more negative. Material ahead of the tool is pushed /compressed and
deformed plastically into a burr.

4.1.4 Research motivation

From the reviewed literature, it is clear that, the machinability of micro parts would be
favourable if all parts were made from single phase materials with a very fine
microstructure and preferably low ductility. However, in practice micro components are

manufactured from typical engineering materials that contain multiphase structures.

In building a scientific base for machining such materials it was decided to select two
phase materials one dominated by a single phase and the other with an almost balanced
volume fraction. Studying the machinability of these materials would enable the
elucidation of the effect of phase properties on surface roughness, subsurface

microstructure change in the micro machining process.
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4.2 Experimental details and evaluations
4.2.1 Material metallographic grain size measurement

The selected workpiece materials were AISI 1005 and 1045 steel alloy. AISI 1005 steel
Is 99% ferrite content while 1045 steel can be considered as representing balanced
volume fractions of ferrite and pearlite. The microstructure of these materials is shown
in Fig. 4.1. The grain size of AISI 1005 steel was evaluated according to BS EN
1ISO643:2003 [136] and found to be on average 67um. For AISI 1045 steel the grain
size was determined by the linear intercept method. In Fig. 4.1, the white surface is the
ferrite phase and its average grain intercept length was 7 um. The black regions are the

pearlite phase with 52 um average grain intercept length.

AISI 1005

Fig. 4.1 Workpiece microstructure (a) AISI 1005 steel (b) AISI 1045 steel

4.2.2 Material characterisation using instrumented indentation testing

An MTS-XP indentation system was used for material characterisation. Each test was
performed ten times on 3 different samples of each workpiece material. Indentation
depth was varied from 0.2 to 2 um. A standard Berkovich indenter was used because it
induces plasticity at very low loads. The load and indenter displacement were recorded
simultaneously during the entire loading and unloading process. Hence, the process was
capable of measuring both the plastic and elastic deformation of the materials under test
[137]. Table 4.1 shows the average elastic modulus and nano-hardness data computed
from the unloading data and their standard deviation. It is clear that the variability
between measurements is very low. However, comparing workpieces, for a single phase
material there is low variability compared to the multi-phase AISI 1045 steel. This can
be attributed to the different properties of ferrite and pearlite. The data shows that AlSI
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1045 steel is relatively harder than AISI 1005 steel. The hardness behaviour of a
material is normally related to its resistance to plastic deformation. Therefore, it can be

expected that AISI 1005 steel, being of lower hardness will plastically deform more.

Table 4.1 Mechanical properties variation as a function of nano- indentation depth

Nano- AISI 1005 Steel AISI 1045 Steel
i tati - -
mdgenp?hlon Nano-hardness Elastic Modulus Nano-hardness Elastic Modulus
(Hm)
Average Standard Average Standard Average Standard Average Standard
deviation deviation deviation deviation
(G Pa) (G Pa) (G Pa) (G Pa)
0.2 2.65 0.18 231.75 30.9 3.53 0.81 220.8 16.5
0.5 2.43 0.37 233.05 14.3 3.49 0.32 241.5 9.64
1 2.20 0.34 236.36 10.01 2.89 0.40 238.08 17.08
2 2.15 0.24 241.83 17.7 2.66 0.48 244.01 21.21

In scratch testing of polymers and metals, Jardret et al [77] noted that the proportion of
the plastic deformation increases with an increase of the Young’s modulus to hardness
ratio. Using this assumption it can be inferred from Fig. 4.2a that AISI 1005 steel will
plastically deform more compared to 1045 steel. On the other hand, Nakayama [78]
attributed larger elastic recovery to a high ratio of the hardness to elastic modulus. In
order to quantify the elastic recovery of the investigated materials, displacement into the
surface was analysed. The percentage of elastic recovery was calculated by taking the
difference between maximum indentation depth when fully loaded and residual
indentation depth after unloading. The results are shown in Fig. 4.2b. It is evident from
the graph that AISI 1045 steel has a higher elastic recovery compared to AISI 1005
steel. The elastic recovery increases with a reduction in indentation depth. This validates
the use of hardness to elastic modulus ratio in predicting elastic deformation. Thus it is
clear from the nano-indentation testing that pearlite and ferrite have differential
deformation patterns and a ferrite structure is expected to show deeper plastic

deformation.
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Fig. 4.2 Comparison of (a) elastic modulus/hardness ratio (b) percentage elastic
recovery for workpiece specimens

4.2.3 Experimental details and cutting parameters

To study the deformation and machining performance micro milling tests were under
taken. The cutting tools used were flat end mills (Fraisa M5712080) with a diameter of
800 um. These were manufactured from fine grain tungsten carbide and coated with
TiAIN. The cutting edges had a rake angle of 6° and a helix angle of 25°. A tool
diameter of 800 um was selected since this falls within the 1 to 999 um size range
common for micro milling. Additionally, the higher end of the microscale tool diameter
range was ideal in order to minimise the chance of tool edge breakage and hence focus
on workpiece related machinability aspects. Prior to the cutting tests, each micro-end
mill was imaged using a scanning electron microscope (SEM) and the average radii of
the cutting edges were estimated from the SEM and found to be in the range of 1 to 2

microns.
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The work presented here contributes to a theme of sustainable manufacture where the
idea is to investigate the potential for dry or near dry machining. Dry machining can
bring environmental and health safety benefits. Environmental regulations are expected
to tighten up with regards to the use of machining coolants and lubricants [138].
Moreover, coolant mists and coolant coated chips need appropriate disposal. For these
reasons, micro slotting tests were performed dry on a Mikron HSM 400 milling centre.
The static radial runout of spindle-collet-tool system was measured in the clamped state
before each cutting trial. The radial runout was estimated from the runout gauge

measurements to be 1.6 um in average, with a standard deviation of 0.76 pum.

The cutting parameters used are shown in Table 4.2. The range of maximum
undeformed chip thickness (i.e. feed per tooth in slotting) was selected to cover values
either side of the tool edge radius. This enabled the study of both negative and positive
effective rake angles. Micro-milled slots having a 20 mm length of cut were made at
each feedrate. The condition of each tool was observed before machining and re-
inspected at stages during the cutting tests. The cutting trials were repeated twice for

each experimental run.

Table 4.2 Process parameters

Spindle speed (rpm) 30000

Chip Load (um/tooth) 0.02,0.2,0.5, 1.0, 2.0, 5.0, 10.0, 15.0
Axial depth of cut (um) 75

Tool Diameter (um) 800

4.3 Micro milling results and discussions
4.3.1 Surface roughness

The surface topography on the floor of the micro-milled slots, for both workpiece
materials, was analysed using a Wyko NT11000 optical profiler (white light
interferometer) and Hitachi S-3400 SEM (scanning electron microscope). Surface
roughness was measured in twelve different positions across the length of the slot. The
Wyko NT1100 surface profiler uses vertical scanning interferometry (VSI) mode at
2.5% magnification, full resolution and 1x scan speed. The area sampled by the Wyko
was 2.429 by 1.848 mm, with a picture resolution of 736 by 480, which yielded 3.3
microns/pixel. The resolution in Z axis was 1 nm. The average surface roughness (as

well as the scatter in the measured values) was plotted against the corresponding
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maximum undeformed chip thickness, as shown in Fig. 4.3. The data shows that the
surface roughness is significantly lower than the grain size. This presents the possibility
of grain polishing or facture as an integral part of the mechanics of micro machining for
both workpiece materials.

0.48 - —a— AISI 1005 steel —s— AISI1045 steel
0.38 A
€
=
< 0.28 1
14
0.18 A
0.08 T T T 1
0.01 0.1 1 10 100
Maximum undeformed chip thickness (um)

Fig. 4.3 Surface roughness

The overall relationship between the surface roughness and maximum undeformed chip
thickness is nonlinear for both workpiece materials. For 0.02 pm/ tooth maximum
undeformed chip thickness, a substantially high surface roughness and highest scatter
was recorded for AISI 1045 steel compared to AISI 1005. This can be attributed to the
differences in elastic recovery of ferrite and pearlite as evident by the higher elastic
recovery for AISI 1045 in Fig. 4.2. The result suggests that micro machining of a single
phase material minimises the differential elastic recovery that would be found in multi-

phase materials and hence improves surface finish.

In multiphase material the value of minimum chip thickness is lower for a harder phase
than a softer phase [11]. This variation in minimum chip thickness causes transition in
cutting from one phase to another, affecting surface finish of machined parts. In this
respect, the AISI 1045 steel surface topography was examined after machining at 0.02
pum/tooth undeformed chip thickness (about 3% of edge radius). Fig. 4.4(a) shows the
image measured from Wyko optical profiler with a 0.32 microns /pixel resolution. Fig
4.4(b) is the 2D surface profile corresponding to a horizontal black line marked in the

Fig 4.4(a). First, the dark and light regions correlate well with the average intercept
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length of the pearlite and ferrite phases. These were identified from Fig 4.4(a) and then
the extracted surface profile for e.g. Fig 4.4(b)) was analysed across those areas. It
shows concave and convex forms (differential elastic recovery) on the pearlite and
ferrite grains respectively with cutting discontinuity across grain boundaries. This

analysis was repeatable at different positions of the machined surface.
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Fig. 4.4 Micro milled slot base for AISI 1045 steel generated at 0.02 pum/tooth

When machining at an undeformed chip thickness much smaller than the tool edge
radius, the effective rake angle becomes highly negative and material spring-back
effects need to be considered. In Fig. 4.3, as undeformed chip thickness is increased and
approaches the tool edge radius, the rake angle becomes less negative and the increase
in surface roughness due to material spring-back effect is reduced. The best surface
finish was achieved at feed per tooth of 1.0 um/tooth for both workpiece materials. This

feed per tooth is comparable to the tool edge radius and located at the lower end of the
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tool edge radius values for the tools used. This suggests that in process planning for

these workpiece materials, knowledge of the tool edge radius is important.

Again in Fig. 4.3, as the feed per tooth increases beyond the tool edge radius, the
difference in surface roughness value, between the two materials, appears more
pronounced at 2 um/tooth undeformed chip thickness. It is noted that at 2 pum/tooth
undeformed chip thickness, this length scale is shorter than the average width of the
ferrite phase. Thus, one possible explanation for surface roughness trends observed
could be due to the discontinuity (see Fig. 4.5) in cutting process across the grain
boundary and the formation of a comparatively thicker miniature burr on the grain
boundary of AISI 1045 steel. Formation of grain boundary burs was also reported by
Volger et al [11]. Moreover, Fig. 4.3 shows that the surface roughness does not
significantly increase as the feedrate is increased from 2 to 10 microns as expected. A
possible explanation is that at the lower feedrate (2 microns) the formation of burrs at
the grain boundaries is more pronounced than at higher feedrates. This has the effect of
masking the traditional increase in surface roughness expected when using higher
feedrates. However, at higher feedrates the conventional trend of increasing roughness
with increasing feedrate as encountered in macro-scale machining also holds for micro

cutting for the signal phase ferritic steel.

Fig. 4.5 Magnified area of AISI 1045 slot floor machined at 2um/tooth

The surface generated was studied at feeds per tooth below minimum chip thickness
(0.02 pm/tooth), within the vicinity of the minimum chip thickness (0.2 pm/tooth),
comparable to (1 pm/tooth) and above the tool edge radius (10 pum/tooth). These cases
are presented for both materials in Fig. 4.6. The minimum chip thickness has been
reported in literature for various workpiece materials [11, 73, 76]. Generally, images for
AISI 1005 steel clearly show smoother surface appearance compared to AISI 1045
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steel. However, AISI 1005 steel shows a smeared pattern which could be attributable to
higher plastic deformation at 0.02 um/ tooth. At a feed per tooth of 0.2 um material
microstructure effects dominates the surface texture of AISI 1045 workpiece material.
Additionally, burr formation can be observed on the image of AISI 1045 steel machined
at 1 pm/tooth undeformed chip thickness. Above the tool edge radius feed marks

dominate the surface form.
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4.3.2 Subsurface microstructure modification
To investigate subsurface deformation and microstructure change, each slot was

sectioned and then set in a conductive acrylic hot resin in order to reduce edge rounding
during polishing. Scanning electron microscopy and nano hardness testing was
performed at the two sides and centre of the slots. Fig. 4.7 shows the material side flow
and grain structure for micro machined slots. In AISI 1005 steel, at lowest feedrate the
thickness of material being pushed out (extruded) to form a burr is of comparable
magnitude to the grain size of the material. For all cases tested AISI 1045 steel
demonstrated better edge definition geometry than AISI 1005. Thus, AISI 1005 with a
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lower hardness and higher plastic deformation (as discussed before) generates larger
burrs compared to AISI 1045.
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Fig. 4.7 Subsurface micro-structural modification and material side flow

To characterise the machined surface, nano-indentation was performed. An indentation
depth of 0.5 um was selected and a series of tests were carried out at a minimum
distance (~10 pm) from the edge of the slot to avoid lateral push away of the material.
These results are based on repeating measurements with identical process parameters on
both workpiece materials. The tests were performed on sectioned pieces taken before
the end of second slots. Further measurements revealed similar trends; therefore the
results can be seen as quantitatively significant. The nano-hardness and elastic modulus
of the modified surface layer at the centre of the slot is shown in Fig. 4.8. Each dot on
the graph represents the average value and the bars represent the standard error of the
mechanical properties measured from five points on the slot floor. Fig. 4.8(a) shows that
AISI 1045 steel exhibit work hardening during the chip formation process when
compared to AISI 1005 steel. The AISI 1045 steel produces harder surface than bulk
material in the ploughing zone. While, micro machining of AISI 1005 steel induces no

noticeable change in hardness for most investigated feed per tooth. The former can be
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attributable to higher wear land (will be discussed in section 4.2.4) which contributed to
higher tertiary zone temperatures and hence promoting surface modification. It is also
worth mentioning here that elastic modulus substantially decreases for both workpieces
at the feedrates less than 20% of the tool edge radius (Fig 4.8 (b)).
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Fig. 4.8 Slot floor subsurface layer properties
(a) Nano-hardness (b) Elastic modulus

Fig. 4.9 shows the nano-indentation marks on the down milling side of the slot for both
workpiece materials machined at 0.02 um/ tooth. The depth below the wall surface for
the initial point of indentation was specified by positioning the indenter approximately
10 um below the wall surface. The indentations then followed an automated process
until 15 nano- indentations had been carried out in the form of 3 x 5 arrays for both
sides. The indents were 10 um apart from each other; this provided 3 indents placed

parallel at the same distance from the respective wall surface. After performing the
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array of indents, BSE images were taken in the indented area to ensure the position of

indents for all cases.

Fig. 4.9 Slot down-milled side (a) AISI 1005 (b) AISI 1045

Figs. 4.10 and 4.11 show in-depth nano-hardness profiles across up-milled and down-
milled sides of the slot machined at four different feedrates on AISI 1045 and AlSI
1005 steel respectively. The most noticeable increase in hardness was recorded in the
subsurface region at the down milling side of the slot wall at the lowest undeformed
chip thickness for the both workpiece materials. The results demonstrate that mode of
milling imparts differential change in the properties of machined surfaces. When
machining below the critical undeformed chip thickness, applying the 0.37 and 0.32
standard deviation from Table 1 to the results after machining in Fig. 4.10 and 4.11 does
not mask the distinct trends for the two workpiece materials. Moreover, it is clear from
Figure 4.9 that the depth of deformed zone can be in the order of 40 microns. These
results imply that the micro machining process modifies the properties of the workpiece

material in regions of plastic deformations.
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Fig. 4.10 AISI 1045 steel nano-hardness in-depth profiles generated at
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At lowest undeformed chip thickness, the value of nano-hardness correlates well with
the flank wear. The results suggests that a sharp tool (without or with small wear)
induced no appreciable change in nano-hardness. While a worn tool results in surface

modification and increase in hardness.

4.3.3 Burr formation

There is no common approach in terms of measuring curled 3D burr shape, especially in
the micro domain. What emerges from the past literature is that the burr shapes can be
qualitatively compared according to the shape [10, 102] or quantitatively measured in
terms of burr width [33, 115] and burr height [139]. Both burr height and width do not
reflect the fact that the burr could be curled. However, in terms of component
functionality, use and assembly burr height and width are relevant measures. In the
available techniques, measurement of burr width was chosen to quantify the burrs
formed at the top of the slot since this is a parameter that could be more accurately
measured by the WKkyo. Focussing the microscope on the apparent top of the burr is
difficult with the optical instrument.

The top burr width in both up and down milling was measured from Wyko scans. The
variation of the burr width as a function of maximum undeformed chip thickness is
shown in Figs. 4.12 and 4.13 for the both workpiece materials. The error bars of the
figures were obtained using the standard error calculated from fifteen measurements.
Over the entire range of feedrates investigated AISI 1005 steel produced larger burr on
the down milling side compared to AISI 1045 steel. This can be attributable to the
higher ductility of AISI 1005. This also reveals that the size effect strongly affects the
variation in burr width. As chip load decreased for both up and down milling the size of
burr increased. At 0.02 um (less than 5 percent of the tool edge radius) the undeformed
chip thickness is lower than the minimum chip thickness for these materials. At this
point the slotting operation forces the tool into the material and the burr size is very
high on the down milling side. This appears to suggest that this cutting condition forces
deformed material to exit from the down milling side.

It was noted that, when the feed per tooth was lower than the tool edge radius, the tool
wear (discussed later in section 4.2.4) considerably leads to increased top burr size,
especially on the down milling side. Interestingly for the up milling side, the effect of

tool wear on burr generation is less dominant at these feedrates. The differences in the
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burr size between the two milling modes may be due to the burr formation mechanisms

and vibration.
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Fig. 4.13 Burr size in up-milling

4.3.4 Tool wear

Cutting tool deterioration is a major factor affecting the economics of micro mechanical
machining process, the effect of material microstructure on the progression of tool wear
can effectively identify economically viable workpiece selection for manufacturing
ferrous components. Again in the brief literature review, no unified approach for
tracking the condition of micro tools is available. The change in tool diameter [10], edge
radius roundness [24] and flank wear measurement from the bottom view of the

endmills [33], were the criterion that researches have identified for the evaluation of

97



Chapter 4

tool wear in micro domain. Moreover, for steels it was evident that trends for flank wear
at the bottom cutting edge, edge chipping, cutting edge radius enlargement and
percentage tool diameter reduction a positively correlated [140]. It is therefore
reasonable to monitor any one of these parameters to assess tool performance in terms
of tool life. The tool bottom face is directly in contact with slot floor surface, affecting

the surface finish. Therefore, this parameter was adopted in this research.

In contrast to the flat end mills used here, ball nose micro cutters could be considered to
increase the cutting edge strength. However, it was noted that in developing technology
for ultimately machining inclined slots, ball nose micro tools suffer from push off and

deflection and this affects tool life. Thus this study was based on the flat end mills.

Tool wear progression was observed by taking SEM images before and after machining.
Some images of the used cutting edges are shown in Fig. 4.14, corresponding to a
material removal of 1.2 mm?®. It is clear from these images that cutting tools used for
machining AISI 1045 experienced more uniform and abrasive wear while those used for

machining AISI 1005 have flank faces characterised by plastic deformation.

fz= 0.02 um/tooth 8.1 | fz= 15 um/tooth

f=0.02 um/tooth W f= 15 um/tooth

(b) After machining AISI 1005 Steel

Fig. 4.14 Material deformation effects on the tool cutting edges
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Fig. 4.15 shows a comparison of maximum flank wear land measured on both flutes,
from the bottom view of the micro end mill after completion of slots. A relatively
higher degree of flank wear was observed when machining the softer AISI 1005
material in line with the higher plastic deformation. For both workpiece materials the
reduction in the flank wear as the feedrate increased is consistent with reduced

ploughing effects.
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Fig. 4.15 Flank wear comparison

4.4 Conclusions

The work presented in this chapter compared material phase effects, in micro milling
over a range of undeformed chip thickness spanning the tool edge radius and grain sizes
of two selected workpiece materials. For this range, surface finish, microstructure
change, burr formation and tool wear were investigated for the two kinds of steel. Some

of the significant findings from this study can be summarized as follows:

» The results show that in terms of surface finish the machinability of AISI 1045
steel compared to AISI 1005 steel is more challenging due to cutting

discontinuities and formation of grain boundary burrs.

= The challenge in machining AISI 1005 relates to edge profile definition as

driven by burr size growth.
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= The best surface finish was obtained at feedrates closer to the tool edge radius
for both workpiece materials. This suggests that generation of the best surface

finish was more sensitive to tool edge radius than material grain size.

= AISI 1045 steel which was predicted to exhibit a higher elastic recovery also had
a higher surface roughness compared to AISI 1005. Thus it is possible that in
AISI 1045 alloy steel, differential elastic recovery between the phases

compromises surface finish.

= For AISI 1005 alloy steel, higher plastic deformation as predicted by nano
indentation tests promotes relatively larger burrs in the down milling mode

compared to micro machining of AISI 1045 steel.

»= At undeformed chip thickness lower than the tool edge radius, burr size
increases with reduced feedrates.

= The micro milling process increases the nano hardness of the workpiece material
in the down milling mode. This property modification as driven by milling mode

is differential on milled surface profiles.

= The results suggest that nano indentation measurements can be used to provide a
qualitative relative assessment of micro machinability for different workpiece

materials and hence, reduce the cost and time of technology development.
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IDENTIFICATION OF FACTORS THAT
DOMINATES “SIZE EFFECT” IN MICRO
MACHINING

Abstract

In micro machining the so called “size effect” is identified as critical in defining process
performance. Size effects refers to the phenomenon whereby the reduction of the
undeformed chip thickness to levels below the cutting edge radius, or gain size of the
workpiece material begins to influence workpiece material deformation mechanisms,
chip formation and flow. However, there is no clear agreement on factors that drive this
size effect phenomenon. To explore the significance of cutting variables on the size
effect, micro milling tests were conducted on Inconel 718 nickel alloy using 500 pum
diameter carbide end mill. The experimental design was based on an L9 Taguchi
orthogonal array. Fast Fourier transform (FFT) and wavelet transform (WT) were
applied to acoustic emission (AE) signals to identify frequency/energy bands and hence
size effect specific process mechanism. The dominant cutting parameters for size effect
characteristics were determined by analysis of variance (ANOVA). These findings show
that despite most literature focussing on chip thickness as the dominant parameter on
size effect, the cutting velocity is also a dominant factor. This suggests that
manipulating the cutting speed is also an effective strategy in reducing burr thickness,

optimising surface finish and in breaking the lower limit of micro machining.

Keywords:  Micro milling, Size effect, Inconel 718 alloy, Taguchi methods
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5.1 Introduction
5.1.1 Size effect in micromachining

In micro machining the “size effect” modifies the mechanism of material removal
compared to conventional (macro-scale) machining [1, 2, 31, 35]. This can arise
because the thickness of material to be removed is of the same order of magnitude as the
tool edge radius or grain size of the workpiece material. The size effect is typically
characterised in machining by a non-linear increase in the energy consumed per unit
volume of material removed as the undeformed chip thickness decreases. Experimental
observation of this unbounded increase in specific energy in machining of ferrous and
non-ferrous materials has been reported. With respect to investigated workpiece
materials, difficult to cut materials (Ni, Ti based alloys) have not been reported. Most of
the reported research work was undertaken over a limited cutting velocity range and the
material thickness removed was in the sub-micron length scale. For a selected cutting
speed, the size effect was attributed to tool edge radius effect [43, 44, 58, 141], material
microstructure effect i.e. dislocation density/ availability [38, 50], material
strengthening effect due to strain, strain rate, strain gradient [10, 40, 41, 46, 48, 142],

subsurface plastic deformation [39], and material separation effect [47].

5.1.2 Machinability of nickel alloys

Nickel-based alloys are extensively used in aerospace components because of their high
specific strength (strength to weight ratio) which is maintained over a wide temperature
range. Approximately, half of the total materials used for a gas turbine engine are nickel
alloys [112]. The most widely used nickel alloy, Inconel 718 accounts for as much as 45
per cent of wrought nickel based alloy production and 25 per cent of cast nickel based
products [143]. However, nickel based alloys pose a serious machinability challenge to
the industry due to their work hardening, high temperature strength, low thermal
conductivity and hard abrasive particles [112]. Moreover, a high adhesion tendency
with the tool material, leads to galling and welding of chips on the work piece surface

and short tool life.

Most recently, Klocke et al [25] presented an assessment of feasibility of micro milling
process on single crystal nickel based super-alloy (Rene” N5). All cutting tests were

performed at fixed cutting velocity (50 m/min) and chip load (15 pum/ tooth) using 800
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pum diameter micro-end mills. In another study, Weinert and Petzoldt [22] demonstrated
micro-milling as an alternative production process for NiTi shape memory alloy micro-
parts. This was done for a narrow cutting range using 400 um diameter micro tool. The
selected cutting velocity was 33 m/min while chip load was varied from 12 to 20 pum/
tooth.

5.1.3 Acoustic Emission (AE) signal in micro milling process

Acoustic emission (AE) refers to the elastic stress waves emitted as a result of the rapid
release of strain energy within a material due to rearrangement of its internal structure
[124]. In machining, deformation can be considered to be the main AE producing
source [144]. This implies that AE from machining processes such as turning, grinding
and milling represent the unique characteristics of the mechanics of each process. A
milling operation is a discontinuous cutting process with varying chip load performed
by multiple cutting teeth. AE associated with this process consists of continuous and
transient signals. The continuous AE signals stem from plastic deformation of
workpiece material in the primary shear zone, at the chip/tool interface (secondary shear
zone) and at the tool flank/workpiece surface interface (tertiary shear zone). While the
transient signals are associated with pulse shock loading, such as initiation or breakage
of chips or by tool fracture. However, in microscale milling for chip thickness at or
below few microns in length, AE generation is attributed to the interaction of the tool
edge radius with the micro-structural features of the workpiece material [28].

Uehara and Kanda [119] reported that the amplitude of an AE signal from the cutting
tool is reduced during AE transfer from the tool to the workpiece possibly by damping
or reflection at the primary interface. As a result, by monitoring the AE signal from the
workpiece side, the primary and tertiary deformation zones can be regarded as most
accessible sources of AE generation in micro milling. In ultra precision cutting,
Carpenter et al demonstrated that the tertiary deformation zone becomes a more
significant source of AE due to the increased energy spent on sliding friction between
the tool flank face and newly machined surface [120].

In literature it is suggested that, sporadic AE signal collected at the sensor contains
many frequencies due to the several AE producing sources being active at the cutting
zones [28]. Thus, the frequency of these different frequency bands can be used for

identifying the dominant sources of AE in the micro machining process. Fig. 5.1 shows
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identified frequency range according to the material removal length scale and signal
source mechanisms. It is also clear from Fig. 5.1 that AE signals are better suited to
characterising machining at very low length scales typically in the nanometre range as
encountered close to the minimum chip thickness in micro machining. Again it can be
inferred from Fig 5.1 that decomposing the AE signal into the frequency domain will
enable identification of cutting mechanisms such as dislocation mechanics, inter-

granular micro fracture, cleavage and shearing material machining modes.
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Fig. 5.1 AE signal source mechanisms (adapted from Lee at al [28])

In relation to the cutting zones, it is reported that the primary deformation zone, is the
largest AE source and generates in excess of 75% of the total AE signal [121]. Brittle
and ductile fracture (as shown in Fig. 5.2) may occur in the deformation of ductile
materials that can emit AE from the primary shear zone depending on the type of
material being machined and the operating conditions. It is well known that brittle
fracture occur in a transgranular (cleavage) manner while ductile fracture takes place in

intergranular manner where the grain boundaries are the fracture path within the
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material [62]. Most of the metals undergo a transition from transgranular fracture to
intergranular fracture when deformation occurs at temperatures greater than 0.5 to 0.7

times that of the melting temperature. Details of these fracture mechanisms are covered

elsewhere [123].
b 48
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Fig. 5.2 Micro-mechanisms of fracture in metals [123]

In a case of continuous chip formation, Shaw proposed that ductile materials deformed
as a result of nucleation, growth and coalescence of microscopic voids (micro crack
initiation) that originated at inclusions and from second phase particle separation [122].
However, due to compressive plastic deformation, the micro cracks experience closure
and this effectively postpones crack propagation until conditions are reached where
plastic deformation does not occur. Barry and Byrne [145] observed a lamellae form as
a result of cleavage during the non-overlapping cutting of a low alloy steel of 45.6 HRC
with cutting speed of 100 m/min and for a depth of cut slightly greater than the

minimum chip thickness during continuous chip formation.

With respect to a saw tooth formation, Komanduri and Schroeder noted thermoplastic
instability leading to adiabatic shear in the chip formation process of Inconel 718 which
was very similar to the mechanisms reported for titanium as well as hardened AISI 4340
steels, when machining at higher cutting speeds [95]. Furthermore, Barry et al [93]
elaborated on this and presented two distinct mechanisms for catastrophic shear failure
when machining Ti-6Al-4 V at 80 pum undeformed chip thickness. Under high cutting
velocity (180 m/min), material failure was attributed to ductile fracture due to increase
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in ductility as a result of thermal softening. However, it was also noted that the upper
region of the primary shear zone (segment tip) sheared off due to cleavage. Under low
cutting velocity (15 m/min), failure was said to have occurred due to cleavage. Zhou et
al argued in favour of the material losing plasticity at high cutting speeds [146]. This
observation is also in conformance with stress-strain curves reported for various

temperatures for Inconel 718 alloy [95].

5.1.4 Research motivation

Under micro cutting conditions, tool edge radius [43, 44], chip load [39], cutting speed
[41] and chip aspect ratio [42] have been reported as some factors which affect the
starting point of the nonlinearity in specific cutting energy. Additionally, chip thickness
influences increase in surface roughness [11, 15], burr formation [24, 147] and rate of
tool wear. The relative contribution and dominance of cutting factors on size effect have
recently been experimentally explored for hardened tool steel [148]. However, the
application of acoustic emission signals to identify process mechanisms and hence
clarify the dominance of cutting variables on the size effect has rarely been reported.
Neither is there any related work focussed on nickel alloys. The motivation for this
study was to assess the dominant factors in the control of plastic deformation in micro-
scale cutting. Understanding the size effect dominant process parameters should enable
the manipulation of the minimum chip thickness (e.g. lowering minimum chip
thickness) and creating flexibility for generation of optimum conditions for best surface

roughness.

5.2 Experimental details
5.2.1 Experimental setup

Micromachining tests were conducted on a wrought Inconel 718 nickel alloy workpiece
material that was annealed by heating for one hour at 954 to 982 °C followed by cooling
in air. The tests were conducted on a Mikron 400 high speed machining centre. All
cutting tests were performed under dry conditions, which provided the opportunity to
capture AE signals without coolant noise. Acoustic emission was measured with a
Kistler Pieztron® acoustic emission sensor (8152B121) and the signal was amplified and

filtered using an Kistler AE-Pieztron® coupler (5125B). The Inconel 718 workpiece
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material, measuring 30 x 35 x 2.2 mm, was mounted on the top of an AISI 1045 steel
fixture. The sensor was bolted on to the fixture as close as possible to the cutting zone
to minimise the signal loss and achieve good signal to noise ratio. Additionally, the
sensor was located at a constant distance from the slot being machined in each trial.
Furthermore, to maintain good propagation from the workpiece to the sensor, a film of
grease was used as a couplant. Slots of 5 mm in length were machined in each trial to
minimize the effect of tool wear on the measured data. Tests were replicated twice to
estimate error variance. The static runout of spindle-collect tool system was less than 1

fm.

5.2.2 Workpiece material characterisation

A polished sample of the Inconel 718 was etched with waterless Kalling’s reagent and
examined under a high resolution Polyvar® optical microscope to measure the average
grain size. The grains were uni-axed and of 16 micron average diameter. Table 5.1
provides detailed information on chemical composition of the workpiece material. The
mechanical properties were measured in terms of nano-hardness to be 3.4 GPa at 0.5
pum indentation depth and elastic modulus was 221GPa. The measurements were taken

using an MTS instruments model XP nano-indenter.

Table 5.1 Chemical properties of Inconel 718 alloy in percent

Other

Ni Cr Fe Mo Nb + Ta Ti Al
traces
52.5 19 18.5 3 5.13 0.9 0.5 0.47

5.2.3 Micro end mill

Fine grain tungsten carbide tools manufactured by Dixi Polytool Ltd were used. These
tools were available coated in TiAIN coating and in uncoated form. The tools were flat
end mills, two-fluted, 500 pum in diameter with a 30° helix angle. New tools were used
for each run. Scanning electron microscopy (SEM) was used to estimate tool edge
radius. The average measured tool edge radii of coated and uncoated micro tools were
found to be 2 pym and 1.7 um with standard deviation of 0.46 um and 0.53 pm,
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respectively. In addition to cutting variables, the tool coating was selected as a factor
because the frictional condition at tool workpiece interface influences the minimum

chip thickness and resultant surface quality.

5.2.4 Acoustic emission (AE) measurement

The raw AE signal was bandpass filtered (50 kHz to 1 MHz) and then sent through a
preamplifier at a gain 40dB to a data acquisition system. The AE,ns data was also
acquired, from the band pass-filtered analogue signal with a root mean square (RMS)
time constant of 0.12 ms. The filtered and AE, s histories were recorded on a Nicolet
technologies Sigma 30 digital memory oscilloscope at a sampling rate of 2 MHz. To
retain sufficient amount of information sampling data length of 128,000 and 64,000

points were chosen for cutting velocities of 10, 25 and 40 m/min respectively.

5.2.5 Surface roughness and burr size measurements

A Wyko NT1100 surface profiler, which is a vertical scanning interferometry (VSI) at
10.2x magnification, full resolution and 1x scan speed was used to measure surface
roughness. The area sampled by the Wyko was 607 by 462 um, with a picture resolution
of 736 by 480, which yielded 0.825 um/pixel. The resolution in Z was 1 nm.
Additionally, back scatter electron (BSE) microscope images were used to measure burr

root thickness.

5.3 Research methodology
5.3.1 Signal processing technique

In relation to process monitoring approaches, a wide range of signal processing
techniques such as fast Fourier transformations (FFT) [69], short time Fourier
transformations (STFT) [131] and wavelet transformation (WT) [134] have been
reported. These methods were mainly employed in monitoring ultra precision
machining. However, these methodologies have rarely been studied especially in micro
mechanical machining.

AE signals in micro milling are composed of continuous and spontaneously released

transient elastic waves and have highly complex time and frequency characteristics. Due
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to the stochastic nature of AE signals, the application of classical methods such as
Fourier transform can give precise frequency information in a particular time setup
which is very useful in identifying periodic phenomena and gauging their strength
[133]. However, results do not adequately describe the transient features in terms of
frequency resolution (they do not have the time component that represents when the
particular event happened during the micro milling process). Although the STFT can be
used to satisfy the problem of representing when a particular phenomenon occurred for
such non-stationary signals, it suffers from the fact that the problem of resolution
depends on appropriate length of the desired segment of the signal, which is needed for
distinguishing the transient features .The main difference between FT and STFT is the
window function (FT applied to a small section of the signal at a time). The window
width is the key parameter in STFT that determines the spectral resolution and time
localisation (a compromise between frequency and time domains is inevitable in

choosing a window width).

Wavelet Transformation (WT) was carried out to overcome preset resolution deficiency
of the STFT [130]. Essentially, it is a combination of time-frequency domain that makes
it more promising approach for analysing highly variable AE patterns as present in the
application considered here i.e. it adapts the length of the time window to various
frequency bands present in the analysed signal. The high frequency components are
evaluated in a short duration window to identify burst and distinct signal changes. Long

duration windows are applied to track slow signal changes in low frequency bands.

The main feature of wavelet analysis is to extract information from the original signal
by decomposing it into a series of approximations (lower frequency) and Details (higher
frequency) distributed over different frequency bandwidths. In this analysis, discrete
wavelet transformation (DWT) algorithm of MATLAB® wavelet toolbox was used to
decompose the signal into five levels. The DWT divides the original AE signal into
lower frequency and higher frequency bands. The lower frequency band serves as input
signal for the next decomposition level; the information of the higher frequency signal
is coded into detail coefficient of the signal. These coefficients represent degree of
similarity between wavelet function and signal pattern. The total energy of the
considered signal is preserved in this transformation. Therefore, band energy can be
computed by integrating square of decomposed signal corresponding to particular

frequency band with respect to time [149].
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One way to study the effects of the process variables on the AE spectrum is to track
signal power changes at different frequencies bandwidths. In 5.4.1 section of the
chapter, the application of these signal processing techniques will be presented to
identify dominant AE source mechanisms and the cutting state.

5.3.2 Taguchi method

Taguchi’s experimental design was employed to find out the dominant contributing
factors in size effect [150]. As evident from the reviewed literature, the size effect
dominates the cutting mechanism in the ploughing zone. However, it is not clear what
parameters significantly influence the extent of marked increase in specific AE energy,
surface roughness and burr formation. In this context, the variables chosen for this study
were, cutting velocity (V.), ratio of undeformed chip thickness to cutting edge radius
(f/re), axial depth of cut (ap) and tool coating. The HSM cutting speeds guideline
produced by Schulz and Moriwaki [151] was used to select cutting speed range so as to

cover the conventional, transition and high speed regions.

Table 5.2 shows the summary of factors and levels set for the Lo (3*) array. The main
factors yielded seven degrees of freedom. The interaction effects between the process

parameters were not considered here.

Table 5.2 Factors and their levels

Factors Level 1 Level 2 Level 3
. . . 10 25 40
Cutting Velocity (V) m/min (Conventional range) | (Transition range) (HSM range)
The ratio of undeformed chip thickness 0.4 0.6 0.8
(f,) to cutting edge radius (re) (f,/re)
Axial depth of cut (a,)um 30 60 90
Tool coating (t_c) TIAIN uncoated -

An Lo (3%) OA was constructed using dummy-level or pseudo-level technique. The tool
coating factor level 1 (low) was repeated in place of level 3 (high) to the fourth (three-
level) column of the array. The effect of the factor assigned to a column created this
way will remain uncorrelated with all other factor effects because of the proportional
frequencies criterion [150]. In the Taguchi method, repetitions are conducted to access

the effect of noise on the outcome. In this study, the aim is to minimise specific AE
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energy, surface roughness and burr size. Thus, “smaller the better” was selected as a
strategy to determine the factor effect. In addition to “larger the better” was chosen to

differentiate cutting parameter effects on different energy bands.

5.4 Results and discussions

Table 5.3 presents the cutting trial and partial data collected against the characteristics
of interest on repeated run (output function). For accuracy, all outcomes were measured
at two identical locations and averages of those values were used in the analysis. The
data shows that size effect indicators (e.g. increases in specific energy, surface

roughness or burr root thickness) intensify with decreasing undeformed chip thickness.

Table 5.3 Dummy-level technique on the Lo (3*) array and measured outputs

Trial Column Specific Surface Burr root
2AE energy3 roughness thickness
Ve ! (V inte rated/um ) X ( m) ( m)
m/min) | 7% | q@m) | 9 "10° ! !
obs.1 obs.2 obs.1 obs.2 obs.1 obs.2
t1 10 04 | 30 TiAIN 11 9.1 0.069 | 0.093 8.6 13.4
t2 10 0.6 | 60 | uncoated 4.0 4.0 0.094 | 0.091 6.3 3.9
t3 10 08| 90 TiAIN 1.9 2.5 0.102 | 0.159 8.2 11.9
t4 25 04 | 60 TiAIN 69 59 0.104 | 0.078 6.3 9.3
t5 25 0.6 90 TiAIN 17 14 0.104 0.087 5.2 7.3
t6 25 0.8 | 30 | uncoated 32 29 0.121 | 0.098 7.3 6.5
t7 40 0.4 | 90 | uncoated 530 1600 0.126 | 0.145 8.3 7.5
t8 40 06 | 30 TiAIN 80 280 0.109 | 0.100 4.6 5.2
t9 40 08 | 60 TiAIN 67 140 0.167 | 0.151 3.3 6.0

5.4.1 AE signal spectral analysis

AE signals were collected on each investigated level. Some are shown with their
respective AE,ms and power spectral density in Figs. 5.3 to 5.5 (all calculations were
done using MATLAB®). The comparison between Figs. 3a, 4a and 5a clearly shows
that cutting speed and chip load affects the three generated AE signals. The amplitude
of the AE signals increases from peaks of 1.5, to 3 and 10V at 10, 25 and 40 m/min and
depths of cut of 30, 60 and 90 microns respectively for f,/re of 0.4. The AE signals at
higher cutting speeds are consistently higher than lower speeds for both coated and
uncoated tools at different undeformed chip thickness. The increase in AE signal with

cutting speed has been observed in conventional milling operations [117]. This reflects
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the strong dependence of AE signal on strain rate. Moreover, it also indicates the
variations in AE amplitude with each tool rotation, which could be due to the
differences in tool edge radius for the two flutes, radial runout, workpiece grain sizes,

burr formation, chip detachment and source mechanisms between these conditions.

Typical trend of the AE, s voltage of two flutes cutting during each cycle are shown in
Figs. 5.3b, 5.4b and 5.5b. These trends show the high sensitivity of AE signal to the
deformation and contact processes taking place during micro milling process. However,
AE signatures do not exhibit the one-per-revolution periodicity expected from the
kinematics of the process. Initially there is a peak, due to the impact and rubbing action
at tool engagement and then the signal falls to a lower level during actual chip
formation before the tool disengagement. A higher level of AE activity within the
entrance (initial 60° of the tool rotation) and exit (last 30° of the tool rotation) for each
cutting flute is seen in most of the cases. This reflects less severe tool-work contact
conditions during tool exit (down milling mode) than entry (up milling mode). In
general, these peaks can be associated with low cutting and high rubbing actions.
However, the cyclic variations with the tool rotation were more distinct as cutting

velocity increased.

The trend indicates that micro cutting process undergoes two distinct stages in any one
of the cycle which is analogues to cyclic force variation. It suggests that up to more than
half way stage of the cycle, the tool and workpiece interact elastically, and the elastic
strain energy in both work material and cutting edge increase to its maximum. Hence,
induced strain rate will decrease due to the build up of elastic strain energy causing
reduction in AE activity. In the latter stage of the cycle, due to formation of shear bands,
the accumulated elastic stain energy is released. Therefore, sudden increase in induced
strain rate will boost up the AE;ns. Thus, AE,ms cyclic characteristics can be
attributable to the formation of elastic strain induced shear bands and generation of saw

tooth chips.

Figs. 5.3c, 5.4c and 5.5¢ shows the results of power spectrum density (PSD) of the
example cases. In these graphs an increased level of activity approximately
corresponding to a frequency of 125 kHz is indicated. Moreover, an increasing trend in
the frequency’s amplitudes with cutting velocity is visible. Energy concentration has
been reported in macro-scale machining, centred around 125 kHz and 150 kHz, and

varies with workpiece material and cutting conditions [131]. Moreover, these
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frequencies corresponds to cleavage / micro-fracture (refer to Fig. 1). It is interesting to
note that the amplitude increases at the higher cutting velocities. This suggests that less

plastic flow is generated at higher cutting speed. In other words, the material removal

mechanism is shifted from the “ductile mode” to the “brittle mode”.
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Fig. 5.3 AE signal trends at V. = 10 m/min; f,/re = 0.4; a, = 30um; coated.
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Fig. 5.5 AE signal trends at V. = 40 m/min, f,/re = 0.4, 3, = 90 um, coated

5.4.1.1 Energy analysis

The methodology described in section 5.3.1 was applied to analyse the AE signal
obtained in each level of the array. The signals were decomposed to 5 levels with db3
wavelet. According to the wavelet decomposition method, the acquired AE signals
(sampled at 2 MHz) were decomposed into the detail signals (D1-D5) and
approximation signals (A5). Here, A5 belongs to the frequency bandwidth [0-32.25
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kHz], and D1, D2, D3, D4 and D5 correspond to the frequency bandwidths [500-1000
kHz], [250-500 kHz], [125-250 kHz], [62.5-125 kHz], and [32.25-62.5 kHZz],
respectively. Taking an AE signal measured in trial 9 as an example, as shown in Fig.
5.6, in order to pinpoint the exact location of AE occurrences, wavelet coefficients of
each scale of all the signals were reconstructed in the time domain. The signal voltage
amplitudes in D3 and D4 (higher magnitudes of 4) are found to be dominant in the total
AE spectrum as shown in the figure. Signal energies in other four frequency bands were

comparatively small.

AE Signal
5005

D1

D2
co Wow =0 =0

D3
L -~

abscissa : time (sec), ordinate: amplitude (V)
Fig. 5.6 Wavelet decomposition at V¢ =40 m/min, f,/re = 0.4, a, = 90 pm,
uncoated

The band energy contribution of all decomposition levels in the respective total energy
of each trial was plotted in Fig. 5.7 along with an enlarged view of D1 as energies
monitored at this level were very weak. The D1 frequency band trend line indicates that
the tendency of intergranular fracture decreases with increasing strain rate. It is also
evident from the Fig. 5.7 that about 85 percent of the signal energy is distributed over
D3 and D4 energy bands (frequency range is 62.5 kHz to 250 kHz in all investigated
cutting trials). The magnitudes of energy contribution in D3 and D5 bandwidths
generally have opposing trend with increase in cutting speed. Dominant frequency

(measured from power spectral density) borders on upper and lower ends of D3 and D4
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bandwidths respectively. Thus the increasing trend in the D3 bandwidth can be
attributable to higher cleavage frequency due to increase in cutting speed. Moreover, the
proportion of D3 also increase at lowest level of f,/r. ratio (trial no. t1, t4 and t7) at each
investigated level of cutting velocity and this supports increase in cleavage/ micro
fracture frequency as undeformed chip thickness decreases. The contribution of D4

bandwidth remains the same in the investigated cutting range.
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Fig. 5.7 Energy distribution in AE signal

5.4.2 Statistical analysis of factor dominance

Analysis of variance (ANOVA) was conducted to assess the significance of each
process parameters on the micro machining process. The largest value of variance (F-
ratio) represented the most influential factor on the output function. An F-ratio
corresponding to 95 percent confidence level in evaluation of process parameters were
considered significant if the measured values is higher than critical values Foos117 =
(4.45) and Fo 5217 = (3.59) for 1 and 2 degree of freedom, respectively. Moreover, the
residual due to random variations in the cutting tests, as shown in the tables, can be
treated as the amount of variance likely to occur if none of the factors had any effect on

the outcome.
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5.4.2.1 Specific acoustic emission (AE) energy

Table 5.4 presented the ANOVA for specific cutting energy (which is the integrated

voltage of AE filtered per tool rotation signal normalised by the material removed). The

contribution ratio of the cutting velocity (25 %) and frictional condition (12 %) were

statistically significant factors in these trials which affect the specific AE energy. This

reflects the strong influence of strain rate in chip formation and relative velocity of

rubbing interfaces on the AE signal generated during micro milling process.

Table 5.4 ANOVA for specific AE energy

Mean Result

Degree of | Sum  of | sum  of Contribution interpretation
Source freedom square square F-ratio ratio %
Ve 2 7.5E-07 | 3.7E-07 5.93 25 significant
fIr, 2 4.3E-07 | 2.1E-07 3.41 12 not significant
a, 2 3.6E-07 | 1.8E-07 2.84 9 not significant
tc 1 3.8E-07 | 3.8E-07 6.00 12 significant
Residual 10 6.3E-07 | 6.3E-08 42
Total 17 2.5E-06 100

5.4.2.2 Surface roughness

Table 5.5 summarises the results of ANOVA on surface roughness. It shows that cutting

velocity and ratio of undeformed chip thickness to cutting edge radius have significant

effect on the surface roughness, accounting for 29 and 28 % of the total variability.

Whereas, depth of cut and tool coating do not present statistical significance as the

obtained value is less than the critical value in this case.

Table 5.5 ANOVA for surface finish

Mean Result

Degree of | Sum of | sum  of Contribution interpretation
Source freedom square square F-ratio ratio %
Ve 2 45E-03 | 2.2E-03 7.31 29 significant
f./re 2 4.4E-03 | 2.2E-03 7.19 28 significant
a, 2 1.6E-03 | 7.9E-04 2.55 7 not significant
tc 1 1.6E-05 | 1.6E-05 0.05 not significant
Residual 10 9.1E+04 9.1E+03 36
Total 17 6.5E+05 100

Magnified images of slot floor machined at f,/r. = 0.4 were taken using non-contact

optical profiler Wyko® NT 11000 as shown in Fig. 8 (a). While the tool grain size is
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around 0.4 microns it is possible that the minor cutting edge on the base of the tool will
re-machine the slot floor, thereby refining the surface cusps. Additionally due to the
random location of irregular grains on the cutting tool it is possible to generate Ra
values lower than the gain size of the cutting tool.

Notch-like marks lined up periodically along the tool rotation which can be seen on the
slot floor. These marks are prominent for the higher cutting velocity of 40 m/min. At
lower cutting velocity the AE, s variation profiles are generally smooth. The distance
between two consecutive notch-like marks for V¢ = 40 m/min (19.1058 pum measured
from extracted 2D profile across the slot as shown in Fig. 5.8 (b)) are also comparable
with AE,ns cycle arc length (refer to Fig 5.8(b)). This also indicates that AE,ns has

potential for online monitoring of the micro part surface finish.

Ra 51.98 nm Ra 52.86 nm Ra 68.62 nm

Vc 10 m/min Vc 25 m/min Ve 40 m/min
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Fig. 5.8 (a) Topographical surface profile maps for f,/r. = 0.4 at cutting speeds of 10,
25 and 40m/min
(b) Sectional profile across slot width for 40m/min sample.

5.4.2.3 Burr formation

More uniform and relatively larger burrs were observed on the down-milled side of all
the slots. The cross sections of the slots were embedded in the resin, polished and

viewed under the SEM to measure down-milled side burr root thickness, considering the
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worst case scenario. From table 5.6, it can be seen that the cutting velocity and ratio of
undeformed chip thickness to cutting edge radius were the most important parameters in

controlling the burr root thickness at 17 % and 26 % respectively.

Table 5.6 ANOVA for down-milled burr root thickness

Mean Result

Degree of | Sum of | sum  of Contribution interpretation
Source freedom square square F-ratio ratio %
V. 2 2.6E+01 | 1.3E+01 3.98 17 significant
F,Ire 2 3.6E+01 | 1.8E+01 5.61 26 significant
ap 2 1.6E+01 | 8.0E+00 247 8 not significant
tc 1 2.7E+00 | 2.7E+00 0.82 not significant
Residual 10 3.2E+01 | 3.2E+00 48
Total 17 1.1E+02 100

From the above analysis it can be inferred that cutting velocity and ratio of undeformed
chip thickness to cutting edge radius influences process mechanism, burr root size and
surface roughness. These factors are good indicators of the size effect in micro
machining. At low undeformed chip thickness, due to ploughing effect the tool takes
longer to start cutting. Whereas as at high values of feed/tooth the cutting action begins

earlier, as a consequence the ploughing effect is reduced.

Fig. 5.9 shows BSE subsurface microstructure images of up-milled and down-milled
side root of the same slot at each level of lowest feed/tooth. The nano-hardness in depth
profile was taken at 0.5 um indentation depth. The nano-indentation marks on the edge
of the slots have been ignored to avoid the effects of lateral push of workpiece material
into the resin. It should be noted that on the up-milled side in the ploughing mode (with
subsequent microstructure change) the cut starts with zero undeformed chip thickness
regardless of the cutting velocity. Similarly, at down-milled side, the undeformed chip
thickness is always zero at exit, there is likely to be subsurface plastic deformation
which eventually leads to burr formation. Interestingly, nano-hardness measurements

exposed different patterns on both sides of the slots.

A relatively harder and brittle wall surface (Fig. 5.9) was observed at the entrance side
(up-milled side). The harder surface also results in thin burrs being formed at the top of
the up-milling side. Since the brittle material is being deformed into burrs, it breaks off

more easily as compared with more ductile material available on the down milled side.
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This explains the results obtained for the down-milled side, where thicker burrs were

formed.
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5.4.2.4 Energy bands and micro milling mechanism

In order to perform standardised comparison of the AE energy band measured at
different cutting conditions, the calculated energy bands were normalised with respect

to unit of material removed.

From Table 5.7, it can be recognised that all investigated factors present statistical

significance on the D1 energy band (500-1000 kHz). Therefore, higher energy band can
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be used to evaluate size effect. The increase in AE high frequency component to

decrease in undeformed chip thickness has been observed in ultra precision machining

[134]. This reflects the influence of inter-granular micro facture as well as sliding or

rubbing interface (tertiary deformation zone) on the high frequency range AE signal

generated during micro machining. These results demonstrated that the lower limit of

the feasible process window can be monitored by analysing high frequency energy

spectrum.
Table 5.7 ANOVA for D1 energy band

Degree Mean Result

of Sum of | sum of Contribution | interpretation
Source freedom | square | square | F-ratio | ratio %
V. 2 3.6E-12 | 1.8E-12 | 8.30 26 significant
flre 2 24E-12 | 1.2E-12 | 5.40 16 significant
a 2 2.0E-12 | 9.9E-13 | 4.53 12 significant
tc 1 2.2E-12 | 2.2E-12 | 10.25 16 significant
Residual 10 2.2E-12 | 2.2E-13 30
Total 17 1.2E-11 100

Table 5.8 shows that the contributions of the all factors were statistically significant at

95 % confidence level for D3. This suggests that low undeformed chip thickness in

combination with high cutting speed support segmented formation of chips.

Table 5.8 ANOVA for D3 energy band

Degree Mean Result

of Sum of | sum of Contribution | interpretation
Source freedom | square square F-ratio ratio %
V., 2 1.8E-07 | 8.8E-08 6.60 23 significant
f.ire 2 1.2E-07 | 5.9E-08 4.44 14 significant
a, 2 1.0E-07 | 5.1E-08 3.83 12 significant
tc 1 1.1E-07 | 1.1E-07 8.05 15 significant
Residual 10 1.3E-07 | 1.3E-08 36
Total 17 6.4E-07 100

From table 5.9, it can be inferred that cutting velocity was the only factor which

encompass statistical and physical significance on the D5 energy band.
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Table 5.9 ANOVA for D5 energy band

Degree Mean Result
of Sum of sum of Contribution | interpretation
Source freedom | square square F-ratio ratio %

V. 2 5.7E-10 | 2.9E-10 6.73 43 significant
filre 2 6.3E-11 | 3.1E-11 0.74 not significant
a, 2 45E-11 | 2.2E-11 0.53 not significant
tc 1 3.3E-11 | 3.3E-11 0.77 not significant
Residual 10 4.2E-10 | 4.2E-11 57
Total 17 1.1E-09 100

5.5 Optimum process parameters and confirmation tests

Signal to noise ratio (SNR) corresponding to each trial for AE specific energy, surface
roughness, and burr root thickness was calculated to reveal optimum process
parameters. It may be mentioned that SNR analysis takes into consideration the mean
value at a given level as well as its repeatability in terms of standard deviation from the
mean level. The evaluated optimal micro milling process settings for the selected
outcomes are shown in Table 5.10 (additional information not contained in the chapter
is given in Appendix C). The optimal condition to obtain best surface finish occurs at
0.6 (fyre), which can be attributed to the fact that below this threshold value, effects of
minimum chip thickness are dominant, while above this level, feed marks assume
dominance. This also shows that size effect is promoted when increasing cutting
velocity or decreasing f,/r. ratio as evident from maximise specific AE energy settings.

In Taguchi analysis, a confirmation test is prerequisite to validate the minimisation or
maximisation of the outcomes resulting from the optimisation process. Therefore, three
confirmation tests were carried out for each response against the levels of their
respective optimal process parameters to ensure repeatability. A summary of the cutting
conditions and experimental results are given in Table 5.10. It is apparent form the
presented data that the optimal conditions yields best results (better than the initial tests
reported in Table 5.2) for their respective objective function. Furthermore, the best
process performance in terms of surface roughness and burr formation are not

essentially obtained at the same cutting conditions.

123



Chapter 5

Table 5.10 Experimental results at optimal points

Obijective Optimal process parameters Experimental results
function
(Vo) (ffre) | (ap) Tool Ra (um) Burr root Specific
(m/min) (um) coating thickness AE energy
(llm) (Vzintegrated/ Hms)
x10*
Ave. | error | Ave. | error | Ave. error
Minimise
surface 25 0.6 30 coated 0.08 | 0.004 | 2.45 | 0.37 1.75 0.85
roughness
Minimise
burr root 40 0.6 60 uncoated | 0.14 | 0.013 | 2.23 | 0.27 1.53 0.28
thickness
Maximise
Sp%g'c 40 04 | 30 | uncoated | 0.12 | 0035|327 | 022 | 383 | 092
energy

5.6 Conclusions

The specific energy, burr root thickness and surface roughness of micro machined

parts can be used as relevant measures of the size effect in micro machining.

The wavelet transformation has a good resolution to extract energy bands related

to the deformation mechanisms involved in the micro milling process.

High frequency bandwidths in the AE signal as well as burr root thickness can be

exploited to identify size effect phenomenon.

More than 50 % of the AE signal was composed of micro-fracture frequency
(approximately 125 kHz) in micro machining of inconel 718 at all cutting speeds.
Therefore it can be considered as a dominant mechanism of material removal in

micro-machining of such materials.

The analysis of variance showed that the micro milling process is highly sensitive
to residual effects. However, at 95 % confidence level, cutting velocity was found
to be dominant parameter in for reducing the specific energy or improving surface

finish.

The ratio of feed per tooth to edge radius was the dominant parameter in reducing

the burr root thickness.
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. Decomposition of the AE signals showed that the cutting velocity is the most
significant cutting variable for the intensity of different micro machining

mechanism.

. The study suggests that other than the ratio of feed per tooth to tool edge radius,
the cutting velocity is another dominant control factor for influencing the size
effect or process mechanism. This information is important for optimising the

process or for breaking the lower limit of the micro machining process.
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CHIP  FORMATION IN MICRO-SCALE
MILLING AND CORRELATION WITH
ACOUSTIC EMISSION SIGNAL

Abstract

This work investigated the effects of different workpiece materials on chip formation
and associated mechanisms in micro cutting. The Wavelet Transformation technique
was used to decompose acoustic emission (AE) signals generated from orthogonal
micro milling of different workpiece materials. This allowed studying energy levels
corresponding to deformation mechanisms. Resulting chip forms were characterised.
The results indicated that the computed energies of decomposed frequency bands can be
positivity correlated with chip morphology. The work provides significant and new
knowledge on the utility and importance of AE signals in characterising chip formation
in micro machining. Understanding chip formation mechanisms is important in

managing the size effect in micro machining.
Keywords: Micro cutting, Acoustic emission, Chip morphology

6.1 Introduction

In macro scale machining, various methods have been used for the prediction of chip
form. Examples are variation in cutting force, radiation from chips and acoustic
emission (AE) [152]. Among the established techniques, AE monitoring has proven to
have an advantage over other techniques as the AE generation is directly originating

from plastic deformation or fracture in the cutting process [93, 118, 153].
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A mechanism of saw tooth chip formation and discontinuous chip formation were
identified by Uehara and Kanda based on AE signal analysis [119]. Dornfeld and co-
workers suggested that the application of AE in micro-scale machining is even more
useful as the source of AE is linked to material microstructure activities (inter-granular

micro fracture, inclusions bursting, voids shearing or micro fracture) [28].

Typically micromachining is defined as a process of material removal that employs one
or more geometrically defined cutting edges to produce features less than 999 um [2]. In
a situation where undeformed chip thickness is very low, material microstructure effect
comes into play since in one instance grains may be pressed into the workpiece
material, under the so called “minimum chip thickness phenomenon” [66], while some

might be formed into a chip.

Surprisingly with few exceptions [126, 134], little attention has been paid to the
application of AE for detection of chip formation modes in micro machining. In
literature, strong experimental evidence of formation of shear bands in micro cutting has
been reported [80, 82]. It has also been realised that variation in workpiece material
considerably affect the deformation mechanisms in shear zones. In one study, the
spacing of the shear fronts appeared greater in face-centered cubic materials as
compared to body-centered cubic materials [80]. Simoneau et al suggested that
continuous chip formation eventually give way to quasi-shear-extrusion chips as the
uncut chip thickness becomes less than the average grain size of the smallest grain type
in a medium carbon steel [32]. Material induced vibration was observed in micro
cutting of single crystal aluminium where the variations in crystallographic orientation
led to variations in cutting force [154]. Surface finish is influenced by the formation of
shear bands [155] and cutting under the minimum chip thickness which increases
rubbing between the tool and workpiece interface, compromising surface quality [9,
147].

Acoustic emission emanates from rapid release of elastic strain energy within a material
under stress which radiates from the source to the surface of the work material [116].
The AE signals are composed of burst and continuous events. Burst AE is a qualitative
description of the shorter, rapid rise time and high frequency signals produced by the
individual events occurring within the material. Whereas, continuous AE is related to
sustained, longer rise time and low frequency events of time-overlapping signals. In

machining, both types of emission take place, with continuous AE signals generated
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from primary, secondary and tertiary deformation zones and burst type occurring during

chip breaking and tool chipping.

According to Shaw, at the micro scale, the chip formation mechanisms in ductile
materials are essentially dominated by voids formation, crack propagation and
rewelding [122]. When segmented chips are produced, combinations of void shearing
and micro fracture activities occur as the chip segment pile up to its maximum thickness
and this is then followed by partial or complete fracture. Komanduri and Brown stated
four types of serrated chips in machining of metallic materials, namely (a) wavy chips,
(b) catastrophic shear chip, (c) segmented chips and (d) discontinuous chips [88].

The literature review above shows that acoustic emission signals have been very
important in inferring chip formation mechanisms in macro-scale cutting. However,
little work has been undertaken to characterise the micro-scale cutting process. The
focus of this work was on studying chip formation in micromachining and its
correlation to AE activity. This was illustrated by investigating a range of workpiece

materials.

6.2 Research methodology

In previous studies, by exploiting signal processing using various forms of wavelet
transformation, aspects of machining were characterised and used for process
diagnostics such as defining of machined surfaces form [156], chip form monitoring
[157], cutting modes classification [134, 158], micro tool wear [159]. In this chapter,
MATLAB® discrete wavelet transformation (DWT) algorithm was applied to split an
AE signal into a low frequency component called the approximation (A) and high
frequency component called the detail (D). The measured Detail acoustic AE energy
was decomposed into five different frequency bandwidths with 3db wavelet of D1 [500-
1000 kHz], D2 [250-500 kHz], D3 [125-250 kHz], D4 [62.5-125 kHz] and D5 [32.25-
62.5 kHz]. The low frequency approximation signal was A5 with a range of 0 to 32.25
kHz.

The decomposition for each of the AE signals gives five D frequency band components
which correspond to their source/mechanisms as shown in Fig. 1 [28]. Figure 6.1 aligns
D1, D2, and D3 to intergranular micro fracture, inclusions, cleavage/micro fracture,

respectively. Whereas, shearing micro voids are shown to occur in D4 and D5
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frequencies. On each level, frequency band energy was computed and its relative
contribution in the AE signal was obtained to correlate with observed chip forms. The
total energy is preserved during this transformation [149]. AE signals were measured
and chips were collected at similar interval for each investigated undeformed chip
thickness. Thus, as a result chip forms were classified on the basis of the dominant
frequency band present in the AE signal for a given workpiece material. Moreover, in
order to interpret the material microstructure effect during chip formation, strain

hardening severity was also evaluated from longitudinal chip section nano-hardness

measurements.
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Fig. 6.1 AE source mechanisms (adapted from [28])

6.3 Micro milling experiments

Micro end milling tests were undertaken on a Mikron 400 HSM centre. Fig. 6.2 shows
the setup for the experiment. Micro cutting was performed by using commercially
available single straight flute uncoated end mills (Dixi-7060). The tool geometry and

cutter engagement were selected so as to mimic orthogonal cutting. A single flute tool
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with zero helix angle was used in an end milling operation. The height to thickness of
the workpiece was controlled so that the bottom of the tool was cutting in free space
which enabled only the straight part of the cutting edge to be engaged in orthogonal
cutting mode. For each experiment a new cutting edge was used. Since tool edge radius
is critical in controlling cutting modes in micromachining. The edge radius was
measured for a batch of tools and found to be approximately 0.5 + 0.13 pum. Up-milling
was used and hence the chip load increased from zero to a maximum. The maximum
undeformed chip thickness was varied from 0.02 to 10 pum in order to capture the
characteristics of AE during different stages of the cutting process i.e. rubbing,
ploughing and shearing. The lower value of 0.02 um is 4 % of the tool edge radius and
hence expected to fall within the minimum chip thickness regime as reported in
literature [11, 27, 54, 76]. All the experiments were conducted in dry conditions. Six
different workpiece materials were considered. The details of the cutting condition are

shown in Table 6.1.

Table 6.1 Cutting parameters

Tool Carbide, 1 tooth, 2mm and 6 mm diameter
Workpiece material Cu Al 6082- | AISI 1005 AISI 1045 | Ti-6Al- Inconel
(OFHC) T6 steel steel 4v 718
Cutting velocity (m/min) 94.2 94.2 94.2 94.2 50 25
Maximum undeformed chip 0.02,0.1,05, 2,10
thickness (um)
Axial depth of cut (mm) 1
Radial width of cut Half of the tool diameter
Mode of milling Up-milling under dry condition
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In micro domain machining, the material removal length scale is in the order of
workpiece material grain size or tool edge radius, rendering each tool-workpiece
combination unique. Keeping this in view, the grain size of different phases present in
the workpiece materials was evaluated from optical micrographs shown in Fig. 6.3 and
the linear intercept method was employed [136]. Additionally, an MTS nano- indenter®
was used for the workpiece material characterisation. The average grain size, nano-
hardness, elastic modulus measurements at 0.5 um indentation depth and E/H ratio as a
measure of tendency to plastic deformation of the test materials are given in Table 6.2.

Al16082-T6

Fig. 6.3 Workpieces microstructure

Table 6.2 Workpiece material characterisation

AISI .
. . Al 6082- AISI 1045 Ti-6Al- Inconel
Workpiece material Cu (OFHC) T6 1005 steel v 718
steel
5¢g FeCls,
Etchant used to reveal 10g HCl, Barker’s . . Kroll’s Kallings
- Nital Nital
microstructure 90 ml reagent reagent reagent
Methanol
Microstructure phases Ferrite Pearlite | Ferrite
Average grain size 135 ) 70 52 7 12 16
(pm)
Nano-hardness
(H in GPa) 1.4 1.2 2.4 35 3.8 3.4
Elastic modulus
(E in GPa) 127.2 73.5 233.1 2415 134.0 221.0
E/H ratio 92.8 61.7 97.1 69.0 35.3 65.0
- means micrograph does not reveal grain size
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The E/H ratio of the workpieces display appreciable difference. The preliminary
assumption can be made that AISI 1005 steel have a highest tendency to plastic

deformation while Ti-6Al-4V fall at the lowest end as indicated in Table 2.

AE signals were sampled at 2MHz sampling rate covering a time span of about 0.64 ms
using an AE sensor (Kistler 8152B121). The raw AE signal was pre-processed by an
AE coupler (Kistler 5125) using bandpass filtered, 50 kHz to 1 MHz and then sent
through a preamplifier at a gain of 20 dB to a data acquisition system. The acquired AE
signals were recorded to Nicolet technologies Sigma 30 digital memory oscilloscope.

6.4 Results and discussions

Some of the interesting features of the material dependent chip formation at investigated
feedrates are presented and discussed in this section.

6.4.1 Chip morphology

The examination of chip forms and types is an important index to understand metal
removal in machining. Moreover, problems with surface finish, workpiece accuracy and

tool life can be contributed by changes in the chip formation process.

6.4.1.1 Chip morphology below tool edge radius

At 0.02 pum/tooth, the selected undeformed chip thickness was less than the reported
minimum chip thickness for different materials [11, 27, 76] , the chips produced were
much smaller than would be expected for a swept angle of 90° and radial width of cut
(ae¢) of 3 mm as shown in Fig. 6.4. At highly negative effective rake angle, it appears
likely that the chip formation mechanism was closer to that in grinding. Moreover, the
results obtained from previous research advocate a close similarity of grinding and
micro machining for highly negative effective rake angle tools [70]. Figure 6.4 also
shows a very dark colour for Ti-6Al-4V chips, suggesting that the burnishing effect on
the chips. This is promoted by the high reactivity of titanium alloys and the high
temperature that occur owing to poor thermal conductivity. The sparking and igniting of
chips has already been attributed to high interface temperatures by previous researchers

[160]. However, the titanium chips do not appear to be as small as other materials. The
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images of titanium chips shown in Figure 6.5 appear to depict an agglomeration of
multiple chips through welding. High cutting temperature and material build up could
be drivers for the bonding. This supports findings by Barry et al [93] who reported a
transition from periodic chips above 20 um feed/tooth to a-periodic saw-tooth chip
below this feed and finally continuous type chips when the chip load was in the order of

a few microns.

- Cu(OFHC) - © [N AI6082-T6

1mm
r—

\

AISI 1045 Steel

TR

.v 6 £y = ks i

Ti-6AI-4V L inconel 718 4 -

Fig. 6.4 Material dependent chip morphologies at 0.02 um feed/tooth
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Fig. 6.5 Rewelding of titanium alloy chip at 0.02 um feed/tooth

Energy dispersive X-ray spectroscopy line scans across the free surface of the titanium
alloy chip were carried out on a Philips XL30 FEGSEM. The line scan data were
processed to determine the empirical atomic constituents of Titanium (Ti), Aluminium
(Al) and Vanadium (V) as shown in Fig 6.6. This revealed heavy presence of nitrogen
on the chip. In addition, there was also a sizeable presence of carbon in the chip while
the presence of other prospective environment derived reactants like oxygen was found
to be negligible. The data show significant transfer of atmospheric nitrogen into the
chip. The nitrogen could not originate from the tool since the cutting tool was not
coated. The carbon found in the chip could have its source in the tool material, namely
tungsten carbide or from carbon dioxide in air, or both. The ratio of the compositions
recorded on the chip is closer to the compositions for TiNgg to TiNy; [161] and hence
suggesting the possibility of the reaction occurring. The high temperature typically
experienced in machining titanium alloys could be favourable for reactions to occur.
Since titanium is reactive and miscible with tool materials, traces of tungsten and cobalt
were observed in the chips.
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mass percent/ atomic mass

Data point across the line A-A

(b)
Fig. 6.6 Distribution of elements across line A-A (chip flow direction) on the free
surface of Ti-6Al-4V generated at 0.02 um feed/tooth (a) scanning line A-A on chip
(b) Normalised element population

The chips for 0.1 um/ tooth chip load were closer in form to the ones at 0.02 um/ tooth
since both are in the vicinity of the minimum chip thickness as reported in literature.

For the above reason the chips at 0.1 um/ tooth are not shown in the results.

Fig. 6.7 shows the chips for different material produced at 0.5 um undeformed chip
thickness. The irregular size of the chips provide some evidence that the material will
only be cut during the fraction of tool pass when sufficient material is accumulated

above the minimum chip thickness.
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Fig. 6.7 Material dependent chip morphologies at 0.5 pum feed/tooth

The experimental evaluation of the chip size at lower un-deformed chip thickness is
challenging. The chips collected from machining trials at 0.5 um undeformed chip
thickness ranged dramatically in size and shape. Furthermore, due to chip segmentation

it was difficult to determine where each segment originally came from.

To get a crude estimate of the chip size at 0.5 um chip load, micro chip samples were
prepared in MetPrep® Di-hard cold mounting resin. The micro chips of copper and AlSI
1005 steel workpieces could not accurately be positioned due to a smaller size and
hence they were excluded from this analysis. The samples were ground and polished on
Presi® Mechatec 334 polishing machine. Grinding was carried out with grit sizes of 600
and 1200 for a very short period considering the fragility of the chips. Polishing was
done with 9, 6 and 1 pum finishing slurry. The optical images of examined chips are

shown in Fig. 6.8. The comparison of these images reveals that titanium produces

136



Chapter 6

thinner chips. The precise quantification of the chip size is affected by the fact that the

orientation of the chip is difficult to ascertain.

25um
Al 6082-T6 —— | AISI 1045 Steel

Inconel 718 Ti-6Al-4V

Fig. 6.8 Typical chip side views at 0.5 um maximum undeformed chip thickness

The chip thickness 10 pum undeformed chip thickness can be estimated from Figure
6.11.

6.4.1.2 Chip morphology above tool edge radius

At higher feedrate 2 and 10 pm/tooth, chip forms were dimensionally similar to what
would be usual in shearing dominated process except for discontinuous copper chips as
shown in Figs. 6.9 and 6.10 respectively. Cutting parameters, workpiece material, heat
flux, contact phenomenon and tool-work frictional characteristics are some of the

critical parameters which will determine the chip form.
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Fig. 6.9 Material dependent chip morphologies at 2 um feed/tooth
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Fig. 6.10 Material dependent chip morphologies at 10 um feed/tooth

The chip cross sections obtained from orthogonal milling tests at 10 um maximum
undeformed chip thickness were examined. Direct comparison of the deformed chip
thickness SEM images (Fig. 6.11) clearly shows that the workpiece material has a
significant effect on chip types. The periodic undulations along the periphery of the free

surface of the chips can be commonly observed in all micrographs.

In terms of chip types at an undeformed chip thickness much higher than tool edge
radius, copper showed discontinuous chips. The aluminium workpiece material
exhibited wavy chips with no evidence of shear localisation. The chip thickness
variation was quite diverse for ferrous materials at the same cutting speed. The chip
thickness of the AISI 1045 steel was found to be more uniform and considerably lower
than the maximum segment thickness of AISI 1005 steel. The higher segmentation of
AISI 1005 steel was characterised by large strains leading to micro crack formation in
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the shear zone and stick-slip friction on the tool face [88]. The comparison of these two
types of steel chips suggests that altering the material microstructure phases can
significantly reduce chip segmentation. Inconel 718 alloy showed segmented chips at 25
m/min cutting velocity. The deformed chip segment shows close resemblance to the
macro-scale machining of the workpiece material alloy at approximately six times
higher cutting speed (> 150 m/min) [95]. This suggests that the intensity of elevated
temperature in micro domain cutting. The workpiece of titanium alloy yielded shear
localised chips at cutting velocity of 50 m/min, in conformance with the earlier research
[94].

Al 6082-T6

AISI 1005 Steel

10.0kV 5.5mm x100 BSECOMP

Ti-6Al-4V

8.00kV 5.4mm x120 BSECOMP 400um § 8.00kV 5.3mm x3.50k BSECOMP 10.0um

Fig. 6.11 Material dependent chip types at 10 pm maximum undeformed chip

thickness

In order to investigate the presence of high and low plastic deformation zones in the

chip section of each workpiece material, nano-hardness measurements were carried out

140



Chapter 6

at 0.5 um indentation depth as shown in Fig. 6.12. The measured nano-hardness values
were greater than the initial hardness of their respective bulk material. The results
indicated that copper (OFHC), aluminium alloy (Al6082-T6), single phase steel (AlSI
1005 steel) and inconel 718 alloy chip section nano-hardness profiles were more
uniform than dual phase steel (AISI 1045 steel) and titanium alloy (Ti-6Al-4V). In the
latter cases the inhomogeneous plastic flow inside the chip due to microstructure phases
distribution for AISI 1045 steel or formation of very narrow shear localised zones for
titanium are likely to be responsible for the variation in nano-hardness. While in former
workpiece materials the consistent distribution of nano-hardness indicates a
homogenous plastic flow. However, increase in chip segmentation in Inconel 718
followed by AISI 1005 steel and Al6082-T6 shows a compromise between decreases in
the strength of the work material due to localised temperature rise and an increased

strength as a result of work hardening.
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Fig.6.12  Nano hardness (Hcnip in G Pa) distribution in chip cross section of
(a) Cu (OFHC) (b) Al 6082-t6 (c) AISI 1005 steel (d) AISI 1045 steel
(e) Ti-6Al-4V (f) Inconel 718
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For further confirmation of the role of workpiece material, the difference in nano-
hardness measurements of the chip and initial hardness of the bulk material was
normalised by dividing it with the initial hardness of the bulk material, and used as a
measure of work hardening severity. Figure 6.13 summarises the influence of workpiece
material on the work hardening severity owing to micro machining at 10 um/ tooth
undeformed chip thickness. The most worked hardened chips were for Inconel 718
followed by the AISI 1005 steel, AISI 1045 steel, Cu (OFHC), Al6082-T6 and Ti-6Al-
4V. This in a way could be a league table of the micro machinability challenge that will
be introduced by the size effect. In micro machining if the workpiece material modified
surface layers work hardens this means that the selected undeformed chip thickness will
be critical as chip thickness smaller than the width of the work hardened zone will be

associated with cutting of harder material.

The degree of chip hardening when compared for the two steel types is consistent with
the previous research [162] and Table 6.2. However, when comparing all the workpiece
materials tested, the measure of tendency to plastic deformation as reported by
Nakayama [78] (E/H ratio as shown in Table 6.2) is not robust for all engineering

materials for the assessment of their relative machinability.

Work hardening severity (H chip - H bulk) / H chip 0.54
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Cu (OFHC) Al6082-T6 AISI 1005 AISI 1045 Ti-6AF4V Inconel 718

Steel Steel

Fig. 6.13 Work hardening severity for different materials

Although there was obvious differences between the chips obtained from the micro
cutting of different materials, characterisation of AE signal was made to better identify

the cutting mechanisms.

142



Chapter 6

6.4.2 Acoustic emission in micro cutting

These results are based on three to six repeated measurements on all workpiece material
with identical process parameters. The error bars shown in the figures were obtained
from standard error calculated from the measured data. When error bars are not visible,

they are hidden by the marker size on the plot.
6.4.2.1 AE and chip formation

Typical contribution of AE decomposed frequency bands during the micro machining of
different workpieces at 10 pm maximum undeformed chip thickness is presented in Fig.
6.14. Up to 85 percent of the AE energy is accounted for by D3 and D4 frequency
bands. This supports the results in Figure 6.11 for copper, AISI 1005 steel and Inconel
718 alloy where segmentation was associated with periodic fracture. In contrast, higher
contribution of D4 for aluminium and titanium workpieces indicated that fracture does
not seem to be a dominant phenomenon. The contribution of both frequency bands was
evenly balanced for multi phase AISI 1045 steel. Thus, a direct association between the
chip deformation mechanisms of the different workpiece material with their respective
decomposed AE energy bands is proposed.

Percent energy ratio

Fig. 6.14 AE Energy distribution for different workpiece material
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The energy contribution of D3 and D4 frequency bands in AE signal at 1 mm radial
width of cut and feed per tooth ranging from 0.02 to 10 um are shown in Fig. 6.15. The
investigated workpiece materials were divided into two groups. Fig. 6.15 (a) shows the
input of D4 and D3 frequency bands in AE signals for copper, aluminium and Ti-6Al-
4V workpiece material. The trends suggest that the contribution of D4 frequency band
was higher than that of the D3 frequency band for discontinuous, transitional and shear
localised chips. However, Fig. 6.15 (b) depicts that the involvement of D4 frequency
band in AE signal decreases at low undeformed chip thickness for single and multiphase
steel as well as nickel base alloy. This proposes that the proportion of fractures
increases at the lower end of the feed range which can be attributable to decrease in
fracture toughness at low undeformed chip thickness [163]. Also, Davis et al [164]
observed a marked decrease in chip segment spacing with decreasing uncut chip
thickness. These results reveal that the materials having a higher work hardening
severity were more prone to fracture at micro scale machining conditions. Moreover, it
also suggests the benchmarking of these two energy bands can be used to assess the
cutting state of a particular workpiece material.

80
D3=125-250 kHz ; D4 = 62.5-125 kHz
=
g T N P
S 60 e S o e
g ® TN ~o
g /’4-5\‘\ —’\’\ ——::-:§
© = -7 T -
> 40 = - s
=) “ 35t S
B g % /r =
GC.) = o = 2
g 20 =
_
o D3_Cu(OFHC) D3_Al 6082-T6 —— D3_Ti-6Al-4V
- © —D4_Cu(OFHC) — 2 -D4_Al6082-T6 — * —D4_Ti-6Al-4V
0 ; .
0.01 0.1 1 10
Maximum undeformed chip thickness (um)
(a)

144



Chapter 6

80
D3 =125-250 kHz ; D4 = 62.5-125 kHz
<
2
S 60 - 4
Tz — q-- =< %
] s g S X< &
= . . z Sy =~ >< “
5 . — — 17Tt
g — === = =
> 40 7 T = R ——
QL_, P %7 - = 7,* - --
c s, s
S & -’ 7 -, P 4
c L - =T
3 20 e
s e D3_AISI 1005steel = B - D4_AISI 1005 steel
o * D3_AISI 1045steel = ¢ = D4_AISI 1045 steel
0 —>— D3_Inconel 718 = % = D4_Inconel718
0.01 0.1 1 10
Maximum undeformed chip thickness (um)

(b)
Fig. 6.15 D3 and D4 frequency bandwidths percent energy contribution at different
maximum undeformed chip thickness for (a) Non ferrous materials and titanium alloy

(b) Ferrous materials and nickel alloy

The chips were examined in a back scatter electron (BSE) microscopy mode and results
are shown in Fig. 6.16. The comparison of lamellae on the free surface of the chip
reveals that the thickness of the sticking region was decreased by lowering the
undeformed chip thickness. The pitch is also not constant across the width for all
workpiece material indicative of the inhomogeneous strain distribution in the chip.
Moreover, sliding interface (by comparing solid line arrow mark with a dotted line
arrow for given workpiece) appeared to be increasing with decreasing undeformed chip
thickness for copper, AISI 1005 steel and Inconel 718. The increase in the thinner
section of the chip caused the lamellae to disintegrate in more work hardened materials
at low undeformed chip thickness as can be clearly seen in Fig. 6.16. As already
reported by Komanduri and Turkovich [94] for titanium alloys there is intimate contact
between the newly formed chip and the tool rake face, therefore sticking would be the
dominant phenomenon in the contact region. As a result, chips do not breakup even at

the lowest undeformed chip thickness investigated.
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Fig. 6.16 Typical lamellae on the free surface of micro chips produced at different
undeformed chip thickness in row (top to bottom) (a) Cu (OFHC) (b) Al 6082-T6
(c) AISI 1005 steel (d) AISI 1045 steel (e) Inconel 718 () Ti-6Al-4V
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The sticking and sliding region were distinguished from examination of the chip
underside contact phenomenon tracks. Fig. 6.17 show the stick slip tracks of Inconel
718 alloy and AISI 1005 steel attributable to their inherent tendency to adhere on the
tool rake face. Close examination reveals that pile up stage of the chip segment
corresponds to the sticking region and the stage of sudden return of plastic zone towards
the tool corresponds to the sliding region. This phenomenon of stick-slip friction on the
rake face leading to relaxation oscillations resulting in chip segmentation was similar to
AISI 1015 steel as observed by Komanduri and Brown [88]. From these tracks sticking
and sliding was quantified for different workpiece materials as shown in Fig. 6.18. The
trends showed that sliding contact increases at low undeformed chip thickness. This
information is important in defining contact schemes in Finite Element (FE) simulation

of the micro machining process.

Fig. 6.17 Stick-slip tracks on underside of chip at 10 um maximum undeformed

chip thickness
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Fig. 6.18 Variation in stick-slip interface at different uncut chip thickness
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6.4.2.2 Specific AE energy

Figure 6.19 shows the relationship between specific AE energy (activity) and maximum
undeformed chip thickness for a radial width of cut of 1 and 3 um for all workpiece
materials. The illustrated specific AE energy is the integrated voltage of AE filtered
signal normalised by the volume of material removed. The value was largest when
machining approaches the lowest investigated maximum undeformed chip thickness.
The influence of the cutting edge radius becomes significant with decreasing
undeformed chip thickness, since a larger portion of the undeformed chip thickness will
be machined with a negative effective rake angle. Furthermore, workpiece material
shear flow stress increases at low undeformed chip thickness [32]. These trends are in
agreement with earlier research by Dornfeld and co-workers [134], who reported that
AE root mean square signals could be positively correlated with associated change in
energy dissipation in shear zones. The AE signal represent the phenomenon of transient
elastic-wave generation due to a rapid release of strain energy caused by a structural
alteration in a solid material while specific cutting energy is the shear energy per unit
volume. The correlation is reasonable because the two represent the process mechanism
and its associated energy. The findings support confirm the relationship available in
literature that specific cutting energy increases when the undeformed chip thickness
approaches tool edge radius or below [39, 44]. Difference in the magnitude of both
curves is attributable to the increase in ratio of undeformed chip thickness to width of
cut. However, a more steady and identical state is reached above tool edge radius in

which hardly any further increase can be observed for all workpieces in the both cases.

The energy level of AE signal was reported to be dependent on strain rates of shear
deformation, yield strength of workpiece material and volume of deformation zone
[165]. Similar to the previous research, this research also showed that the AE energy of
difficult to machine materials (inconel 718 and single phase steel) falls on the higher
end of the spectrum and is dominated by micro-fracture instead of shearing. The effect
of materials’ microstructure on the specific AE and micro machining process appears to
be evident through the mechanism of chip formation. The higher consumption of
specific AE energy means that machinability of these materials should be more difficult
than expected for removing smaller amounts of material. The results also showed that
material having a higher work hardening index were associated with dominant fracture

mechanisms for chip formation. This confirms the utility of analysing AE energy bands
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to predict the mechanics of the chip formation process for micromachining of different

workpiece materials.
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Fig. 6.19 Relationship between specific AE energy
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6.5 Conclusions

Study of chip morphologies in combination with signal processing technique revealed
the feasibility of acoustic emission as a technique for material dependent chip form
detection in micro cutting. On the basis of results obtained the following conclusions

were drawn:

¢ In the micro cutting process, the ratio between unit of material removed and size
of tool edge radius controls the resultant chip morphology for specific workpiece
materials. Formation of chips through shear mechanism was evident at
feed/tooth equal to and above the tool edge radius.

e In most cases, the material microstructure dependent chip cross sections at the
upper limit of the investigated range were quite similar to those reported in
macro cutting. This suggests that the cutting modes are driven by the size of the

tool edge radius in micro mechanical machining.

e Decomposed AE energy bands (using wavelet transformation) can be used to
identify micro fracture and shearing micro voids micromachining chip formation

mechanisms.

e Specific AE energy (activity) increases as the ratio of the undeformed chip

thickness to width of cut increases.

e Stick-slip friction at the tool chip interface has been identified from chips
generated in micro machining. The sticking interface of the segment was found

to decrease with reduced chip thickness.

e Nano-hardness measurements show that the chip body is at higher hardness
compared to the bulk material and hence the extent of plastic deformation
permeates the whole chip. This full permeation of plastic deformation is usually

not the case in macro scale machining.

e The pearlite phase is reported to be responsible for control of chip segmentation
in ferrous materials. However, the results for non ferrous and difficult to cut
materials indicate that material microstructure is not the only consideration in

chip segmentation. In micromachining intense deformation in a narrow region in
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the primary deformation zone and/or formation of stick slip region on tool rake
face are factors which assist in shear localisation for titanium alloys. This also
influences material pile-up and resistance to deformation and leading to

formation of cyclic chip segments for single phase steel, Inconel and copper
alloy.

¢ In microscale machining materials with a higher work hardening severity for the

chip were associated with dominant micro fracture chip formation mechanisms.
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ESTIMATION OF MINIMUM CHIP
THICKNESS IN MICRO MILLING USING
ACOUSTIC EMISSION

Abstract: In micro machining, determination of minimum chip thickness is of
paramount importance as features having dimensions below this threshold can not be
produced by the process. This study proposes a methodology to determine the value of
minimum chip thickness by analysing acoustic emission (AE) signals generated in
orthogonal machining experiments conducted in micro milling. Cutting trials were
performed on workpiece materials ranging from nonferrous (copper and aluminium),
ferrous (single and multiphase steel) to difficult-to-cut (titanium and nickel) alloys. The
characteristics of AE; s signals and chip morphology were studied for conditions when
the tool was rubbing the workpiece. This provided a foundation to contrast AE signals
captured at higher feedrates. This study enabled the identification of threshold
conditions for occurrence of minimum chip thickness. The values of minimum chip
thickness predicted by this new approach compares reasonably well with published

literature.

Keywords: Minimum chip thickness, Acoustic emission, Micro cutting
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7.1 Introduction

The minimum chip thickness can be defined as the minimum undeformed chip
thickness below which micro machining operations do not produce chips (lower limit of
micromachining) [66]. This sets the lower limit of the feasible process window in micro
milling operations. When the tool cuts from zero chip thickness to maximum chip
thickness, in each cutting pass, elastic deformations are induced on the workpiece until
the tool reaches a certain threshold i.e. minimum chip thickness (hereafter, hpyiy). In a
situation where undeformed chip thickness starts to exceed the hnyi, the chip begins to
form. Material is removed completely in the form of a chip when the undeformed chip
thickness is considerably greater than the cutting edge radius of the tool, the actual rake
angle of the tool starts taking effect. Fig. 7.1 illustrates the basic concept of micro-scale
cutting [166].

Removed )
material Chip
Elastic h

recovery _4

Removed
material

{a ki < Bpsin (B) Bt = Hoin (€ k= P

Fig. 7.1 Mechanics of micro-scale cutting (adapted from[166])

The minimum chip thickness is influenced by workpiece deformation. Knowing the
material deformation properties is important for selecting suitable machining parameters
and for predicting process performance [15]. The thickness of material removed should
be chosen to be above the minimum chip thickness threshold to help reduce cutting
forces [69], tool wear, surface roughness [11, 15], burr formation [24, 147], and
simultaneously improve process stability. It is also scientifically very interesting to
quantify the lower limit of the technology and hence identify challenges for pushing
process boundaries. This motivated previous researchers to estimate the minimum chip
thickness of different tool-workpiece combinations. Table 7.1 presents a summary of

research work that covers the determination of minimum chip thickness.
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Table 7.1 Previous research on minimum chip thickness effect

Researcher(s) Workpiece Tool Tool edge | Estimated Methodology
Material Material radius Nimin
(re)
Ikawa et al [66] | Electroplated | Diamond not 10 % of r, | Using hypothetical atomistic
copper specified cutting model in face turning
Shimada et al Copper, Diamond | 5-10nm |5 to 10% of Molecular Dynamics
[54] Aluminium e Simulation
Yuan et al [74] Electro- Diamond 0.3 um 33% of r, Theoretical analysis
polished
Al-alloy
Son et al [27] Al, Brass, Diamond 0.5 um 18 t0 24% Analytical model
Cu (OFHC) of re
Volger et al Ferrite 29 t0 43% Microstructure-level Finite
[11] of r, Element Modelling
Pearlite 14 to 25%
ofr,
Kimetal [75] Brass Carbide 3 um 22 10 25% Indirect technique by using
of re cutting force measurement
Liu et al [76] Al 6082-T6 Carbide 1-4um | 38t040 % | Analytical slip-line plasticity
of r, model
1040 carbon 24t035%
steel ofr,
Lai et al [53] Cu (OFCH) Carbide 2 um 25% of r, [Strain gradient plasticity and
modified Johnson-cook approach

The reported literature revealed that the estimation of hpi, is mainly based on numerical
predictions. The change in the hy,;, for various work materials was attributed to variation
in coefficient of friction between the tool-workpiece material and material behaviour in
plastic deformation zones [54, 76]. Taking into account all the results reviewed, hy;, for
machining of different workpiece-tool combination was predicted to occur at
undeformed chip thickness of 5 to 43 percent of the tool edge radius. Moreover, the
comparison of the results for diamond to those of carbide tools showed that cutting
operations can be scaled down (lower minimum chip thickness) when relatively sharp
cutting tools are used. From Table 7.1, it can be inferred that the minimum chip
thickness has not been defined for hard materials like tool steel or difficult-to-cut

materials such as nickel or titanium base alloys.

There has also been research interest in experimental indirect determination
characterisation of the mechanics of machining. Atkins and co-workers analysed cutting
forces in the initial stages of orthogonal cutting before chip formation is fully
established [167]. The fracture toughness information was used to predict the transition

between cutting and rubbing [168]. Indirect methodology to estimate hmi, by Kim et al
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[75] was based on cutting force measurement. When the thrust force was higher than the
cutting force, rubbing was assumed to be the contact mode otherwise the process would
be in the cutting mode. The cutting forces are usually greater than thrust force in the
cutting regime. However, the accurate measurement of very small cutting forces is
challenging as noise can give a false cutting force signal [1]. Therefore, the

experimental determination of hni, in micro milling remains an open research challenge.

AE signals have a significant advantage over force sensory systems, as they are
independent of the complexity of tool path [169]. Moreover, an ability to detect micro
scale deformation mechanisms within a relatively “noisy” micro cutting background
[28] makes it more attractive. The AE signals have high sensitivity to tool-workpiece-
chip interface activity and deformation in the cutting process. This has encouraged the
use of AE signals as a basic tool for cutting mode classification [126, 158], chip form
detection [119, 170] and tool condition monitoring. Despite the favourable sensitivity of
AE signals to characterising the machining process there are also some challenges. One
limitation is the non-transferability of the system from one type of machining operation
to another. It is necessary to re-calibrate the AE signal for a different machine tool or
process. Margot and co-workers identified problems with the use of AE sensors when
the signal traversed a ball bearing (rotary device) [171]. Thus in the application of AE
sensors motion and vibration interference has to be considered in the interpretation of

signals.

The purpose of this study was to exploit acoustic emission (AE) signal in characterising

micro machining mechanisms and hence hpin.

7.2 Experimental plan
7.2.1 Micro milling tests

Micro milling tests were conducted for detection of cutting modes. All tests were
performed in dry cutting mode. The microstructures of six workpiece materials are
shown in Fig. 7.2. Single straight flute uncoated end mills (Dixi-7060) were used in
micro milling tests. Tool diameters of 2 mm and 6 mm diameter were selected to
minimise tool deflection. The relatively small bending stiffness of the micro tools
causes it to deflect easily. Prior to each cutting trial, the tools were examined under a

scanning electron microscope (SEM). Fig. 7.3 (a) shows the image of the edge of a
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fresh tool along with a magnified base view of the tool. This was used to estimate the
cutting edge radius. Fig. 7.3 (b) shows the SEM image of the worn edge. The cutting
parameters range is shown in Table 7.2.

L e
1.00mrr

flank wear

30.2mm x300 SE 1 mm x17 S 3.00mm

(b) Flank wear land for a used tool

Fig. 7.3 Single tooth tool
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Table 7.2 Cutting parameters

Workpiece material Cu Al 6082- | AISI 1005 | AISI 1045 | Ti-6Al-4V | Inconel

(OFHC) T6 steel steel 718
Average grain size (um) 143 - 70 10 12 16
Cutting velocity (m/min) 94.2 94.2 94.2 94.2 50 25
Average tool edge radius 0.40 0.44 0.67 0.84 0.33 0.55
and standard deviation + * * * + +
(um) 0.11 0.20 0.42 0.52 0.07 0.12
Maximum undeformed
chip thickness (um) 0.02,0.5,2,10
Axial depth of cut (mm) 1
Radial width of cut Half of the tool diameter (i.e 1 and 3 mm)
Length of cut (mm) 3 mm for 0.5, 2, 10 pm/tooth

1 mm for 0.02 pum/tooth

Mode of milling Up-milling under dry condition

The experimental setup used on a Mikron 400 HSM centre is shown in Fig. 7.4. A
single flute tool with zero helix angle was used in an end milling operation. The tool
was engaged with the workpiece in a way to mimic orthogonal cutting. The height to
thickness of the work piece was controlled so that the bottom of the tool was cutting in
free space which enabled only the straight part of the cutting edge to be engaged. The
AE sensor was mounted on the top surface, located at the centre of the Workpiece. The

workpiece dimensions were 80 mm long and 70 mm wide.

In up milling mode, the maximum chip thickness occurs at the exit of cut and would
theoretically be equal to the feed per tooth since the swept angle was kept constant at
90°. The depth of cut was set at 1 mm. This depth of cut was reported to provide plane
strain conditions and reduce the possibility of side spread of material [70]. The axial
depth of cut (a,) and radial width of cut (ac) were set larger than the average grain sizes
of the workpiece material. The cutting process was not localised on one material phase
and hence it is difficult to distinguish the effect of material phases on the AE signal. The
cutting velocity was kept constant for the 2 mm and 6 mm diameter tool by adjusting
the spindle speed. Fresh cutting edges were used for each new test. For 0.5, 2 and 10 pum
maximum undeformed chip thicknesses, the length of cut was maintained at 3 mm in
each trial to keep the edge radius closer to that measured before machining. At 0.02 pum/
tooth, cutting length was limited to 1 mm. For this case which was mainly rubbing the
shorter time and the signal was sufficient to characterise the process and avoid

excessive wear.
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Fig. 7.4 Experimental set up

7.2.2 AE signal acquisition

The AE signal was monitored when the feed per tooth was below (0.02 pum/tooth),
comparable (0.5 pum/tooth) and above the tool edge radius (2 and 10 pum/tooth). The AE
signal was acquired using a Kistler 8152B121 AE sensor as illustrated in Fig. 7.5. The
signal was delivered to a Kistler 5125B coupler where it was gain amplified, band pass
filtered at 0.5 to 1MHz and output as an AE filtered signal and AE, s signal. These two
outputs were recorded through two channels on a Nicolet technologies Sigma 30 digital
memory oscilloscope at a sampling rate of 2 MHz. The AE, s data were acquired, with
a root mean square (r.m.s) time constant of 0.12 ms. The integration time constant was
carefully selected in order to extract burst events. Jemielniak suggested that the
integration time constant should be 10 times shorter than the typical burst duration,
which is approximately 2 ms [172]. The AE signals were sampled as shown in Table 7.3

for different workpiece materials.

158



Chapter 7

AE i BandpassFilter AFE ;
Source i | 05-1MHz | 7] Filtered |} |
i Gain i D‘;?f‘.ﬂ .
o AF Coupler ! Acquisition
W P Xl x10 W | System
AF i .18 i |
S ensor i Time constant= 3 AF;m.s :
! 0.12msg i
Fig 7.5 Signal measurement chain
Table 7.3 Acoustic emission sampling
Sampling rate 2 MHz
for workpiece Cu (OFHC); Al 6082-T6; Ti-6Al-4V Inconel 718
material AISI 1005 steel; AlISI 1045
steel
fqr tool 2 mm 6 mm 2 mm 6 mm 2 mm 6 mm
diameter
Data length 64000 128000 128000 256000 256000 256000
Data points /rev 8000 24000 15072 45215 30143 90430
Data points /
effective cutting 2000 6000 3768 11304 7536 22608
period (S¢)
Data points /deg 22.22 66.67 41.87 125.6 83.73 251.2
Total spindle 8 5.33 8.49 5.66 8.49 283
revolutions
Time span (s) 0.032 0.064 0.064 0.128 0.128 0.128

7.3 Research methodology

The literature reviewed revealed that when a tool starts to cut due to a finite edge radius,
tensile stresses exists which gives way to crack initiation and propagation [63].
Recently, Subbiah and Melkote showed fracture zones leading to material separation in
the chip roots of Al 2024-T3 at 0.67, 1 and 1.33 undeformed chip thicknesses to tool
edge ratios [47]. The aim of this study was to use AE signals to characterise the

transient events occurring within the primary shear zone which signifies chip initiation.

AE, ns signals represent the enveloped curve of both continuous (lower amplitude and
low frequency signal generally associated with plastic deformation) and burst (high
amplitude and high frequency signal generally associated with fracture) events
occurring during the cutting process. During a complete revolution of a single tooth
tool, cutting events clearly show the AE, s pattern as presented in the time domain plot.

A flowchart of the approach used to extract the AE; myswept COrresponding to the tool
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engagement over the swept angle is shown in Fig. 7.6. This is extracted from the time
series data AE;mgrev. In Figure 7.6, the top raw graphs represent the raw AE, s signal
data in the time domain. The views in the middle represent the data for subsequent tool
engagements corresponding only to the swept angle of cut i.e. 90 degrees. In the final
step (bottom image of Figure 7.6) the AE, s signals from the selected tool engagements
are referenced to a common origin in time. A method to follow the transition from
rubbing to cutting for each cutting pass was developed. This consists of the following

steps,

(i) In order to identify the effective cutting time (t;) of the flute within each tool
revolution, the number of data points for effective cutting period (S;) was
calculated using the Eq. (7.1), where fs is sampling frequency and N is spindle
revolutions per minute.

_ ., x60

S = 7.1
° Nx4 (7.1)

(if) To extract AE, s, Select a constant lowest non-zero value on the Y-ordinate as the
start of tool engagement. This approximates a common signal origin. Then, extract
the AE,ns for the same interval of S; in a number of cutting passes “n”. It is
assumed that the time required to complete the cutting action does not

significantly change for subsequent tool rotations.

(iii) Display on a common graph and reference point, the extracted AE,nsto construct

plots that represents the growth of AE, s over the swept angle.

When the tool enters into the workpiece, before initiation of chips, a relatively weak
signal can be expected where friction at tool-workpiece interface was reported to be the
dominant source of AE [120]. The low signal region (and overlapping parts of the
curve) in the AE, s of the initial part of subsequent tool rotations can be considered as a
signature for the rubbing. After this point, aperiodic change in AE, s can be attributable
to ductile tearing (generate burst component of AE signal) in the shear zone. One
apparent question that can be raised is if the interface zone has a built-up edge (BUE) or
not. BUE usually occurs over a region on the rake face much higher than the
undeformed chip thickness. Therefore, in the initial contact, a sudden increase in AE;

value due to burst type signal can be linked to chip initiation. This was used for defining
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the minimum chip thickness threshold. Below this value the micro machining process is

not capable of producing features on micro components.
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Fig. 7.6 Data handling in extracting AE;m s signal characteristics

In a prior study [173], the authors demonstrated the effectiveness of this method to
determine the hni, of multiphase steel. The presented methodology is now extended to
estimate hpin encountered in micro-milling of non-ferrous, ferrous and difficult to cut

alloys for the cutting conditions in Table 7.2.

7.4 Results and discussions
7.4.1 AE signals in the rubbing dominated region

Fig. 7.7 shows the AE, s signals produced when machining at 0.02 um/tooth maximum
undeformed chip thickness for a fresh tool. The workpiece used in the generation of
particular signal is mentioned directly on that graph. In these cases, the fraction of feed

per tooth to the tool edge radius is much lower than the reported value of minimum chip
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thickness for various workpiece materials. Hence, the rubbing mode should take place.
At the beginning of tool rotation the signal is weak and characteristic of the rubbing
process. However the signal then significantly increases. The subsequent increase of the
AE signal after a period of heat generation by friction could coincide with material
extrusion mechanisms and is in line with observations made by Liu and Dornfeld [126]
in the diamond turning operation. Differences when comparing workpiece materials in
the signal attributed to the extrusion duration may be influenced by material tempering
due to thermal cycles from the pervious tool rotations [174].

For Aluminium and titanium based alloys, considerable low magnitude of AE,ms was
observed. It is interesting to note that these materials have a relatively low elastic
modulus compared to other workpiece materials [170]. The low modulus of elasticity of
titanium is a driver for vibration during machining [110]. It is possible that this low
modulus of elasticity introduces period contact relief and this affects the build up of
AE,ms signal. It is also evident that at higher feed the AE magnitudes increase and as

expected the cutting process becomes more stable.

The magnitude of AE,ns also indicates that the deformation mechanism of the
investigated workpiece materials becomes complicated due to the effect of roundness of
the tool edge [39, 44]. As the undeformed chip thickness decreases well below the tool
edge radius, where an effective negative rake angle is established, this shifts the cutting

mechanism to a more energy intense mode.

In machining of mild steel, Komanduri [70] experimentally determined a critical rake
angle of -76° beyond which the machining process retards chip formation. The
computed effective negative rake angles in these trials were ranging form -70° to -77°.
Highly fragmented chips were collected that can be seen from the SEM images
embedded in their respective AE, s graphs of different workpiece materials. The sizes
of the chips do not correspond to the width of cut. The observed intermittency in the
chip form can be linked to relatively large tool edge radius to undeformed formed chip
thickness, being lower than minimum chip thickness and therefore resulting in lack of

material removal in each cutting pass.
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Fig. 7.7 AE;nsand chip morphology generated at 0.02 um/tooth

The use of AE spectrogram was shown to be effective for monitoring macro scale
milling [131]. In the current chapter, Short-time Fourier transformation (STFT) with a
Hamming window (length 256-samples; overlapping-90%) was used to construct a
spectrogram of AE signals over a sampling length of 0.064 seconds. Fig. 7.8 contains
AE STFT plots of the investigated workpiece materials. This presents variations in the
frequency pattern of AE signal with respect to the moments when cutting action takes
place. During active tool-workpiece engagement, titanium alloy showed less deviation,
whereas noticeable fluctuation in intensity of predominant frequency bands along the
number of tool passes was observed in the rest of workpiece materials. The non-
stationary periodicity of the frequency bands demonstrate the nonlinear characteristics
of actual engagement below hpi, and hence discontinuity in chip formation process.
Since sliding or rubbing effects tend to generate AE signals in the high frequency range
[134], the random peaks can also be observed in these spectrograms during each cutting

pass for most cases.
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The comparison of the spectrograms reveals that predominant frequency bandwidths are
very sensitive to the selection of workpiece material. The dominant period of the
frequency bands generally increases with tool rotation. When cutting nonferrous
materials, (90-115 kHz) and (200-250 kHz) were the major frequency bands that reach
significant amplitude. A relatively wider dominant spectrum was occupied by the
ferrous materials and titanium based alloy, but energy was mainly concentrated in (90-
125 kHz) frequency bands. The mapping of indentified frequency bands to chip
formation mechanism was based on the work by Dornfeld and co-workers [28]. The
shearing micro voids and cleavage micro fracture were identified as originating source
of frequencies of the order 70-250 kHz. An unexpected result from spectrogram
analysis is the detection of discrete predominant frequency bands allied with inter-
granular micro fracture (500-1000 kHz), inclusions bursting (250-500 kHz) and
cleavage micro fracture (125-250 kHz) for Inconel 718 alloy (Figure 7.8e). The
irregular occurrences of these bands indicate that cutting commenced when the material
accumulated from previous passes exceeds the hpyin. In addition to that short burst of
energy in the peak bands was observed beyond the swept angle. The events which were
clearly distinguishable from the cutting and/or rubbing phase can be linked to formation

of burrs.
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Fig. 7.8 AE STFT plots generated at 0.02 um/tooth

Fig. 7.9 shows the variations in the residual stress on the machined surface measured by
means of a PROTO-IXRD portable residual stress diffractometer. The size of collimator
defining the beam area was 1 mm by 1 mm. The details of the equipment settings are
shown in table 7.4. The sin2 y technique was applied to compute the residual stresses.
Residual stresses were measured on machined surfaces at two different locations for
each sample. In the case of Inconel 718, tensile stresses were observed. The tensile
stress increased with increasing undeformed chip thickness. However, for the rest of the
workpieces comparatively higher compressive residual stresses were measured. The
compressive residual stresses decreased for higher chip thickness. This provides
evidence that material at low undeformed chip thickness is subjected to larger plastic
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deformation. The presented analysis and evidence provides a foundation to establish a
predictive method for the occurrence of hyin by comparing AE signatures at higher

undeformed chip thicknesses.

Table 7.4 Proto-1XRD settings

Cu Al-6082- AISI 1005 AISI 1045 Ti-6Al- Inconel
(OFHC) t6 Steel Steel 4V 718
Radiation tube Mn Ka CuKa Cr Ko CrKa Cu Ko Mn Ka
Filter - Ni - - Ni -
Operating voltage
(KV) 20 25 20 20 25 20
Operating current
(MA) 4 5 4 4 5 4
Bragg angle(20) 152° 137° 156° 156° 140° 152°
Exposure time (sec) 2 2 1 1 10 1
Number of exposure 20 20 10 10 10 10
Maximum undeformed chip thickness (um)
0.01 0.1 1
450 Al16082-T6 CU(OFHC) i
< 300 t——AISI1005steel--—8—AlStH1045 steel-
o
S 150 Ti-6Al-4V —%—Inconel 718 /
[75]
2 o
@
= -150
E
S -300 -
=2
-450 =
-600

Fig. 7.9 Variations in residual stresses

7.4.2 AE signal in shearing dominated region

In prior investigation [173], it was reported that AE signal produced in ploughing
dominated zone was influenced by the thermal activation associated with the tool-
workpiece interaction in the tertiary deformation zones. Therefore, higher feedrates
were chosen to present positive rake angle in the chip formation process. The
investigations were carried out when h/re = 1, 4 and 20 i.e 0.5, 2 and 10 pm/tooth
respectively. At these undeformed chip thicknesses, chips were undoubtedly formed for
the most part of active tool workpiece engagement, which may not be assumed for the

first case.
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Fig. 7.10 shows the AE, s signatures as a function of tool rotation generated at 0.5
pum/tooth undeformed chip thickness for the investigated workpiece materials. The
trends depict lower AE amplitude as compared to 0.02 um feed/tooth (for a prolonged
length of cut). This shows that extruding and ploughing mechanisms are reduced at

undeformed chip thickness comparable to the tool edge radius.

In subsequent cutting passes, Fig. 7.10 shows that the identified rubbing signature does
not coincide with each other. A characteristic variation in the rubbing traces is notable
in each experiment at this undeformed chip thickness. The observed phenomenon could
be explained from the understanding of minimum chip thickness concept, where
material is accumulated from previous noncutting passes until it exceeds the minimum
chip thickness value to form a chip [67]. Therefore, the upper limit of rotation angle in

the transition range was used to estimate minimum chip thickness.

Once the minimum chip thickness is exceeded, a chip forms and the intensity of AE; s
increases. A relatively higher slope can be observed in all cases, increasing with tool
rotation angle. It is proposed in literature that the AE energy rate can be evaluated as a
square for the AE, s signal [126]. Since the r.m.s signal increases with tool rotation and
hence chip thickness the AE energy rate will follow the same trend. The AE signal
relates to activity in the three deformation zones. In the cases shown here since the
maximum chip thickness is comparable to the tool edge radius then the mechanics of
the process concentrates on the flank face. In this case, the AE, s signal picks up the

chip formation/deformation, the chip-tool and workpiece-tool contact events.
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Fig. 7.10 AE;mnsgenerated at 0.5 pum/tooth

Fig. 7.11 shows the examples of the wall surfaces produced at 0.5 pum/ tooth. The
images were taken with an optical microscope. The cusp features and welded chips on
the machined surfaces are marked on the respective images. The variations in the
identified AE;ms rubbing signature can also be attributed to the interfering of these

features with the tool at the beginning of the cut.

Fig. 7.11 Machined wall surface generated at 0.5 pum/tooth o
(a) Al 6082-T6 (b) Cu (OFHC) (c) Inconel 718

Fig. 7.12 shows the AE, s trends observed at 2 um feed/tooth. The identified rubbing
zone relatively decreases and the variation become increasingly less frequent as
minimum chip thickness effects relatively reduce at higher feedrates, eventually leading
to repeatable values. It also indicates that despite the 4-fold increase in undeformed chip
thickness, the AE intensity does not increase in the same distinctive way. In most cases,
a slight increase in AE signal was observed. A plausible explanation is that at the lower
feed/tooth (comparable or less than tool edge radius) the contribution from the sliding
interfaces was more pronounced than at higher feed/tooth (more than tool edge radius).
When monitoring the AE signal from workpiece, at the investigated h/re ratio, the AE
generated from tool actual rake face (secondary shear zone / sliding friction) is not

accessible [119]. This has the effect of masking the increase in AE; s expected when
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using higher undeformed chip thickness. This also indicates the partial dependence of

AE amplitudes on the thickness of the primary deformation zone.

2 T T T T T T
—revl —rev2 orev3 —--revd ——-revd
_F revd o — g 7l
= transition point occurs around N T s
2.l ~2 5° of the tool roation ___, emsszamecl i i
= B ST revs
(1] J— : e R
< L P S
i (e rev3 7
e rev2
| reV1 | | | | | | |
%O 10° 20° 30° 40° 50° 60° 70° 80° a0°
Tool rotation in degrees
(a) Cu (OFHC)
15 T T T T T
P
— transition point cccurs around 77 '
< 1f ~4.6° of the tool roation .75~ 7
(D_ fr"‘“i":’
£ = T revs
2 05) e ]
b 3
i eV ——-revl revz —rev3 ——revd —revh
| I'eV1 | | | | | |
%O 10° 20° 30° 40° 50° 60° 70° 80° g0°
Tool rotation in degrees
(b) Al 6082-T6
4 T T T T T
revs
—revl —rev2 —rev3d —revd —revb
T rev2
= o ) revd
o transition point occurs around
£ 2+ ~8.6° of the tool roation
m
< -
= | | 1 1 1 1
%O 10° 20° 30° 40° 50° 60° 70° 80° a0°
Tool rotation in degrees
(c) AISI 1005 steel
6 T T T T T
B revi T e—TevS
— transition point occurs .
2 4r around ~4° ST N
g of the teol rotation = 7"
Li i revd _ /"‘ |
<L 2 £ reu? rev3
—-revl—rev2---rev3—revd revh
0 =7 | | | | | | |
Q° 10° 20° 30° 40° 50° 60° 70° 80° 80°

Tool rotation in degrees

(d) AISI 1045 steel

172



Chapter 7

5 T T T T T T T
—revl ——-rev2 - rev3 —revd - - -revh {
4+
> i .
~ 3F transition point occurs around
= ~3.6° of the tool roation .=
L‘a 2 B i L 8
< revs
1 L _
0 i - | | | | | |
0° 10° 20° 30° 40° 50° 60° 70° 80° Q0

Tool rotation in degrees

(e) Inconel 718

6 T T T T T T
transition point occurs around P
. ~4.9° of the tool roation [ -t
= 4F )
» o
£
w oL i
<2
_ revl ——-rev2 —rev3 ——revd —revo
0 7. revi | ! ! L I I 7
0° 10° 20° 30° 40° 50° 60° 70° 80° Q0°
Tool rotation in degrees
(f) Ti-6Al-4V

Fig. 7.12 AE;msgenerated at 2 um/tooth

For examination of chip thickness at 2 um/ tooth, the micro chips samples of the
investigated workpieces were prepared in MetPrep® Di-hard cold mounting resin. The
samples were ground and polished on Presi® Mechatec 334 polishing machine.
Grinding was carried out with grit sizes of 600 and 1200 for very short period
considering the fragility of the chips. Polishing was done with 6 and 3 pum finishing

slurries.

Fig. 7.13 shows typical chip thicknesses formed at 2 um/ tooth maximum undeformed
chip thickness. The shear fronts formation are hallmarks of micro chips since this type
of chips were discovered during micromachining of crystalline materials [80] as well as
amorphous materials [82]. The influences of workpiece microstructure and stick-slip on
the rake face can be regarded as critical factors that affect final chip form. The Al-6082-
T6 exhibited wavy chips. In sticking regions, the chip thickness was found to be
increased appreciably for copper, AISI 1005 steel and Inconel 718. The encounter of
ferrite and pearlite structures at an instant of tool rotation was thought to be responsible
for variation in the deformed chip thickness for AISI 1045 steel. Ti-6Al-4V revealed an

aperiodic saw-tooth chip characterised by the presence of irregular lamellae on the free
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surface. This is in agreement with the consensus that with low values of undeformed
chip thickness, saw-tooth formation is suppressed and an aperiodic chip forms [93].
From these images, it would be safely concluded that burst component generated in AE
signal due to crack initiation and propagation from the free surface of the chip can

account for waviness in the AE, s signature per tool rotation.

Cu (OFHC)

Ti 6AI-4V

Fig. 7.13 Typical chip thickness variation at 2 pm feed/tooth

Fig. 7.14 shows that AE; s when undeformed chip thickness is much larger than the
tool edge radius. The identified rubbing signatures shifted near to the origin of the
graphs. It suggests that actual engagement is the same as feed per tooth. Hence, any
material engaged with the tooth should be completely removed from the workpiece at
higher undeformed chip thickness to tool edge radius ratio. The low AE; s amplitude
compared to previous cases indicates that contribution of tool and workpiece interface
in the AE generation is continuously decreasing at higher h/r, ratios. Again, it may be
mentioned here the effect of the rake face on AE generation can not be accurately

judged in the existing experimental setup.
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From the comparison of AE, s trends observed at 0.5, 2, 10 um maximum undeformed
chip thickness suggested that once the transition from rubbing to chip formation occurs,
the AE;ns gradually increases regardless of h/r.. However, under certain condition,
AEms remains constant after approximately 25° of initial tool-workpiece engagement
for copper, AlISI 1005 steel and Inconel 718 workpiece materials (Fig. 7.14 (a, c and e)).
In contrast, a nearly linear relationship exists between AE; s and tool position angle for
Al 6082-T6, AlISI 1045 and Ti-6Al-4V workpiece materials as shown in Fig. 7.14 (b, d
and f)) at the same chip load of 10 pm/tooth.

The chip thickness variations along the tool position angle can possibly address this
anomalous relationship between AE, s and chip thickness. Fig. 7.15 shows the typical
variation in the deformed chip thickness for two kind of ferrous material and titanium
alloys. These chips were mounted in hot resin, polished and photographed under
scanning electron microscopy. Fig. 7.15 (a) shows that the thickness of periodic pile up
in each chip segment of AISI 1005 steel remains the same after a certain position angle

and a crack initiated at free surface propagates partway of chip thickness. However, in
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the initial arc of contact shear fronts extended across the thin chip thickness. AE signals
are presumably less attenuated and hence increases proportionally during this period.
Fig. 7.15 b and c shows gradual increase in chip thickness along the width of cut for
AISI 1045 and Ti-6Al-4V, respectively. These are in line with their respective AE, s

trends.

Fig. 7.15 Typical chip thickness variation at 10 um feed/ tooth in micro milling of
(@) AISI 1005 steel (b) AISI 1045 steel (c) Ti-6Al-4V alloy

The exact tool cutting edge position is difficult to ascertain at the beginning of the tool
engagement process. However, it is suggested that this in the initial 200 ps of tool
contact the signal is lost in the noise [126]. The referencing of the signal as done in this
procedure may help isolate the initial beyond zero burnishing period. In order to
estimate the possible range of minimum chip thickness for selected workpiece

materials, the identified rubbing signature at the certain position of tool rotation (¢) in

the investigated feeds per tooth (f,) were put into the eq. (7.2) developed for classical
milling process [175]. The undeformed chip thickness (h) varies according to the

relationship

h=f,sing (7.2)
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The computed range of the results are summarised in Table 7.5. Then the estimated
minimum chip thicknesses were compared with the corresponding tool edge radius to
access the validity of this approach. The normalised values were in agreement with the
minimum chip thickness values available for different workpiece material shown in
Table 7.1. Note that the estimated values associated with different undeformed chip
thickness were found to be comparable. Thus the resulting relationship indicates that
tool edge radius is crucial in defining the threshold value regardless of the undeformed

chip thickness.

Table 7.5 Estimated minimum chip thicknesses from AE signals

Cu(OFHC) | AI6082- | AISI1005 | AISI1045 | 1 g n v/ | Inconel 718
T6 steel steel
Eﬁ“?ﬂ;" 0.06t00.1 |01t00.16 | 0.2t0023 | 0.07t00.13 | 0.08t00.1 | 0.1t00.17
m
fin e i 111018 | 231039 | 31tod2 | 20t036 | 19t028 | 181026
percentage

7.5 Boundary Conditions for Successful Implementation of this Methodology

In order to obtain the most accurate and reliable results, the following measures were

identified as important:

i. During the course of research it was found that the location of AE sensor and its
sensitivity should be optimised to control the strength of AE signal and hence

circumvent the loss of useful information.

ii. After each cutting test, a new cutting edge was used to avoid possible deviation in
the measured AE signal due to tool wear. To test this premise, cutting was
performed with a worn tool (0.2 mm maximum flank wear) at 0.02 pum/ tooth on
ferrous workpiece materials. Fig. 7.16 shows the outcome of those trials.
Considerably lower magnitude of AE, s signal can be observed as compared to
that for a new tool. Hence, by ignoring the cutting edge condition prior to cutting,
information inferred from the AE signals can be misleading. Also, the sub-surface
images in the Fig. 7.16 demonstrate an obvious correlation of microstructure
modification with the corresponding tool wear. The decrease in AE signature as a
function of microstructure change was attributed to the increase in damping rate of

the tool/ workpiece system [174]. These results show that raw AE signal can be
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used to monitor the influence of the micro cutting on the subsurface

microstructure of the workpiece.
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Fig. 7.16 Material microstructure damping effect on AE; nssignature at 0.02 um chip

load in micro milling of (a) AISI 1005 steel (b) AISI 1045 steel

At times entrance or exit conditions of the tool cutting passes produce slight
aberrations in the AE; s signals. Fig. 7.17 shows examples of such cases where
the variations in AE;ns signal can be seen in non-active cutting time for
aluminium and copper workpiece materials generated at 10 pum/ tooth. The images
of aluminium chips welded on the previously machined surface and copper
rollover burrs produced at exits of the cut were also inserted in their respective
graphs. In Fig. 7.17 (a) dotted circle indicates the interference of chips with the
tool edge radius, causing earlier rise in the AE;ns signature. Whereas, dotted
circles in Fig. 7.17 (b) discern the disturbance of AE, s signal in five successive
rotations due to continuous engagement of relatively large burrs with the tool after
the active cutting pass. Thus, it is impossible to select a constant Y-ordinate at the

start of every engagement.
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Fig. 7.17 Material microstructure damping effect on AE, s signature at 10 um chip

load in micro milling of (a) Al 6082-T6 (b) Cu (OFHC)

iv. Always extract the identified AE;ns rubbing signature in the successive tool

rotation in order to keep time information intact. An undeformed chip thickness to

tool edge radius in the order of four was found to be more practical to get

consistent values. Thus the repeatability and finer calibration of the results, is

enhanced by the use of a feed per tooth that is higher than the tool edge radius.
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7.6 Conclusions

The present study proposed an indirect methodology for the estimation of minimum
chip thickness in micro milling operation. It is based on acoustic emission emanating in

micro machining. The significant findings can be summarised as

e Comparing the AE spectrogram for a tool engaged below the minimum chip
thickness and that cutting in a shear dominated zone can help define the signal
characteristics that correlate with the onset of minimum chip thickness in

milling.

e The value of minimum chip thickness estimated from the identified rubbing
AEms signature during micro milling process falls within the range reported in
literature. It should, however, be emphasized that most literature derived the
minimum chip thickness from modelling rather than experimental investigations.
The potential of using the new approach to improve the accuracy of prediction

or calibrate numerical models is an interesting area.

¢ In general, the implementation of this methodology will be challenging for those
materials whose chips have higher tendency to adhere on the machined surface

or produce thicker burrs at the exit of the cut.

e Increase in the compressive residual stress on the surface layer was observed

with decrease in the undeformed chip thickness.

e AE has potential to provide real-time process monitoring that can shed light on

machined subsurface micro-structural change.

e The minimum chip thickness was found to occur at 11 to 18 percent, 18 to 26
percent, 19 to 28 percent, 20 to 36 percent, 31 to 42 percent, and 23 to 39
percent of the tool edge radius, for a Cu (OFHC), Inconel 718, Ti-6Al-4V, AISI
1045 steel, AISI 1005 steel and Al 6082-T6 respectively.

e The results as stated above were tested on a stand alone machine tool in cutting
ductile materials. In implementing the minimum chip thickness AE evaluation

technique, it is important to identify the susceptibility of the signal to attenuation
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and high operational background noise. Signal interference may compromise the
ability to relate the resultant AE signature to the chip formation mechanism. The
application of the technique in ductile mode cutting is not reported in this
chapter.
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CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE RESEARCH

8.1 Conclusions

The fundamental difference between the macro milling and micro milling arises due to
the scale of operation. In this respect, the primary focus of the research was to
investigate the tool edge radius and workpiece material microstructure size effects in
micro milling when cutting was performed with carbide tools. To achieve this, a
combination of experimental, statistical and signal processing techniques were

employed.

During this course, some interesting and important results were discovered that can be

useful in the advancement of knowledge in the field of micro machining. These include:

e  Based on the findings on AISI 1005 and AISI 1045 steel, it may be
suggested that surface generated with single phase ferritic materials are
easier to predict and control as compared to multi-phase material due to
combined effects of differential elastic recovery between the phases and
micro burr formation at grain boundaries. However, the challenge in
machining signal phase ferritic material relates to edge profile definition as

driven by burr size growth.
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Reflecting on all the results on surface roughness, it can be concluded that
for very short machining times, micromachining (of large grained structure)
in the ploughing mode (undeformed chip thickness less than tool edge
radius) gives best surface finish. Therefore, stringent surface finish
requirements can then be met by machining at undeformed chip thickness
closer to the edge radius to obtain good surface finish at relatively small burr
size provided that frequent tool changeovers are undertaken to mitigate the

effects of rapid wear.

The best surface finish was obtained at feedrates closer to the tool edge
radius for both workpiece materials. This suggests that generation of the best
surface finish was more sensitive to tool edge radius than material grain size
effects. Thus information on tool edge radius should be available to

micromachining process planners.

Increase in the nano-hardness was observed in the vicinity of machined
regions. This property modification as driven by milling mode is differential

on milled surface profiles.

In slotting operation the up milled side experienced small burrs as compared
to down milled side. The information gained can be utilised in tool path
planning for micro machined components. Final passes can be done in up

milling mode.

The specific energy, burr root thickness and surface roughness of micro
machined parts can be used as relevant measures of the size effect in micro

machining.

Other than the ratio of feed per tooth to tool edge radius, the cutting velocity
is another dominant control factor for influencing the size effect or process
mechanism. This information is important for optimising the process or for

breaking the lower limit of the micro machining process.

It was found that manipulating the cutting velocity would be an effective
way to manage size effect in the micro domain machining. Micro tools used
for finishing operations can be run at high cutting speeds to reduce burr size

but ensuring that the tool is changed early before significant tool wear.
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However, this also needs to be balanced with compromise in surface

roughness.

Exploiting decomposed AE energy bands enabled identification of dominant
chip formation mechanisms in micromachining. The workpiece materials
with a higher work hardening severity were associated with dominant micro

fracture chip formation mechanisms in the ploughing dominated mode.

In micro cutting the tool on engagement initially experiences friction and
rubbing and this is associated with a relatively weak AE signal this prevails
until chip formation sets in which produces a burst in AE signal. Thus
overlapping AE signals for subsequent tool engagements enables the
identification of minimum chip thickness as the point where the initially

weak AE signal experiences a burst and grows significantly.

8.2 Recommendations

The current research opens up new avenues for further research that can be undertaken

in light of the conclusions reached here. The identified potential areas are outlined

below:

Wavelet decomposition of the acoustic emission signals has proved to be a
useful tool towards systematic analysis of tool workpiece interactions at low
undeformed chip thickness and smaller depth of cut. Conclusions and results
from this research present a strong case to expand this approach to other
difficult to cut materials, advanced composite materials and shape memory

alloys to apprehend micro scale deformation mechanisms.

During the course of present research, Taguchi methodology yielded
information about the contribution ratios of main process variables on the
selected outcomes. It would thus be logical research to employ suitable
arrays to capture the contribution ratios of interaction effects of the factors

that influence “size effect” phenomenon.

Further research may be carried out towards the development of minimum
chip thickness maps that can be exploited in selecting cutting speeds and
feedrates for high precision components. The effect of frictional conditions
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on the minimum chip thickness should also be investigated for a wider range

tool coatings and cutting conditions.

The in-depth profile measurement of residual stresses can be handy to assess
the actual fatigue life of the micro components. This aspect can also
elucidate the link between service life and different micro structural and

mechanical properties of machined subsurface region.
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Sample MatLab Commands

Text

Description

filterdata=load('CH1#00001_01h.TXT");
Fs=2000000;

Tp=1/Fs;
tm=linspace(Tp,0.064,128000);

plot(tm,filterdata)

AE signal variation with
respect to time

Q = fft(filterdata,2048);
Pyy = Q.*conj(Q)/2048;
f =2000000/2048*(0:1015);

plot(f,Pyy(1:1016))

axis([0 5e+5 0 70]);
xlabel('Frequency (MHz)")
title('Power spectral density")

FFT computation

spectrogram(filterdata,256,250,256,Fs,"yaxis')

spectrogram analysis

rms=load('CH2#00001_02h.TXT"); %
plot(tm,rms)

degree=linspace(0.015,90,6000);
revl = rms(17890:23890);

rev2 = rms(41900:47900);

rev3 = rms(66140:72140);

rev4 = rms(89891:95890);

revs = rms(114001:120000);

set(0,'DefaultAxesColorOrder',[0 0 0],...
'DefaultAxesLineStyleOrder','-|-.|--|:")
plot(degree,revl,degree,rev2,degree,rev3,degree,rev4,
degree,revs)

legend('rev 1','rev 2''rev 3','rev 4','rev 5',5)

plot(degree,revl,degree,rev2,degree,rev3,degree,rev4,
degree,revs)

AE s overlapped plot
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Appendix A

s=load('CH1#00001_01h.TXT");
|_s=length(s);
[C,L]=wavedec(s,5,'db3");
cA5=appcoef(C,L,'db3",5);
cD5=detcoef(C,L,5);
cD4=detcoef(C,L,4);
cD3=detcoef(C,L,3);
cD2=detcoef(C,L,2);
cD1=detcoef(C,L,1);
Ab=wrcoef(‘a',C,L,'db3',5);
D1=wrcoef('d',C,L,'db3',1);
D2=wrcoef('d',C,L,'db3",2);
D3=wrcoef('d',C,L,'db3",3);
D4=wrcoef('d',C,L,'db3",4);
D5=wrcoef('d',C,L,'db3",5);
Fs=2000000;

Tp=1/Fs;
tm=linspace(Tp,0.032,64000);
d1=D1.*D1,

d2=D2.*D2;

d3=D3.*D3;

d4=D4.*D4;

d5=D5.*D5;

ab=Ab.*Ab;
energy_d1=trapz(tm,dl);
energy_d2= trapz(tm,d2);
energy_d3= trapz(tm,d3);
energy_d4= trapz(tm,d4);
energy_d5= trapz(tm,d5);
energy_a5= trapz(tm,ab);
Sig=s.*s;

energy = trapz(tm,Sig);

G.Tot=energy_dl+energy d2+energy d3+energy d4
+

energy_d5+energy a5

Energy calculations
using discrete wavelet
transformation algorithm
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Wavelet transformation technique

The wavelet transformation provides the time-frequency representation of a signal. This
technique is of particular interest where time interval of a particular spectral component
occurring at any instant is needed. The main feature of wavelet analysis is that it breaks
up the signal into smaller components with high-short and low-long frequency
components to extract the exact occurrence of phenomenon from start or finish. A
detailed theory of the discrete wavelet transform can be found in [176].

In the presented research, discrete wavelet transformation (DWT) algorithm of
MATLAB® wavelet toolbox was used to decompose the signal into a series of
approximations (A;) and Details (D;) frequency bands as shown in Fig. B1. The AE
signal was decomposed into five levels (i =1, 2...5), each corresponding with a certain
frequency band. The mapping of these frequency bands to chip formation mechanism
was based on the work by Dornfeld and co-workers [28]. Frequency bandwidths D1, D2
and D3 align with intergranular micro fracture, inclusion bursting and cleavage/micro
fracture respectively. Whereas D4 and D5 corresponds to shearing micro voids events.
The present investigation was motivated by the expectation that AE feature of micro
milling can be extracted more accurately by using DWT. This study ultimately provides

fundamental understanding of micro deformation mechanisms.

[ AE Signal (IMHz) ]

E (500-1000 kH2) | LA (0-500 kR ]
—

[ [ A2(0-250kH?) |

[ D2 (250500 kHz) |  —

1 A3 (0-125 kHz)
[ D3 (125-250 kHz) ] L|—]

A4 (0-62.5 kHz)
| D4(625-125kHy) |

[D5 (32.25-62.5 kHZ)] [A5 (0-32I..I25 kHZ)]

Fig. B1 Wavelet decomposition of a signal
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Evaluation of key process variables

The definition of dominant parameters for the size effect is important in developing
machinability data. It is the dominant process inputs that can be utilised to manipulate
the cutting conditions. Moreover without knowing the dominant process parameters,
industry has no knowledge of critical variables to control. This is particularly the case in
micro machining of nickel based super alloys where mechanical micro machining is still
in the rudimentary phase. Therefore, the present research evaluated key process
variables for micro milling of Inconel 718 based on Taguchi analysis.

Taguchi proposed a transformation method to convert replication data into a single
value of measure. Signal to noise ratio (SNR) is the transformation that determines the
variation in the quality of the output. Three types of SNRs can be used depending on the
type of characteristics being present. They include smaller-the-better (SB), nominal-is-
best (NB) and larger-the-better (LB). The selection of appropriate SNR depends on the
output function that is being evaluated. In this study, the aim is to minimise specific AE
energy, surface roughness and burr size. Thus, SB was selected as a strategy to
determine the factor effect. In addition to that LB was chosen to differentiate cutting
parameter effects on different energy bands. The effect of each cutting parameter on the
SNR at various levels can be separated out because the experimental design is

orthogonal. The equations for the SNRsg and SNR, g characteristics are

2V

}
> — 2

SNRg; =-10 Ioglo{
SNR,; =-10 Ioglo{

S|l S|

Where n (value of n is 2 in this case) is the number of tests and y; is the data collected in

a trial of an output function.
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Appendix B

Fig. C1 shows the factor effects in minimising specific AE energy (which is the
integrated voltage of AE filtered per tool rotation signal normalised by the material
removed). The optimal micro milling process settings were found to be 10 m/min (\Vc),

0.8 (fz/re), 60 um (ap) using coated tools.

Ve fz/re
110 95
2 90
=
© 90
8] 85
2
2
70 ; L 80 ] ;
o 10 25 40 04 06 08
= ap tool coating
c 91 92
2
w
89 1 88
87 I 1 I 84 L 1
30 60 90 coated uncoated

Fig. C1 Factor effect on specific AE energy

The process parameters response on surface roughness is shown in Fig. C2. The SNR
plot reveals that the optimal condition to obtain best surface finish occurs at 25 m/min

(Vce), 0.6 (fz/re), 30 um (ap) using coated tools.

Ve fz/re

82 g T T 82 :

791 B‘—d\ 4 79 @’,—\
L2 76 : ‘ ‘ 76 : : L
= 10 25 40 04 06 08
; ap tool coating
2
o
c B 1 793
T 79+ 1
g 79
2
wn 78 L L L L L

30 60 90 coated uncoated

Fig. C2 Factor effect on surface finish

Fig. C3 shows that in order to minimise down-milled burr root thickness the optimum
machining parameters should be set at 40 m/min (V¢), 0.6 (fyre), 60 um (a,) using
uncoated tools.

206




Appendix B
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Fig. C3 Factor effect on down-milled burr root thickness

In order to perform standardised comparison of the AE energy band measured at

different cutting conditions, the calculated energy bands were normalised with respect

to unit of material removed. Fig. C4 shows the optimum level at 40 m/min (V) 0.4

(fzre), 30 um (ap) using uncoated tools in maximising D1 energy band.
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Fig. C4 Factor effect on D1 energy band

Fig. C5 depicts the optimum level at 40 m/min (V;), 0.4 (fyre), 30 um (&) using coated

tools in maximising D3 energy band (125-250 kHz).

-80

-100

-120

-96

Signal to noise ratio

-98

-100

Ve

10 25 40
ap

30 60 90

-80

-95

-110

-90

-975

-105

fz/re

¥

04 086 08

tool coating

/

coated uncoated

Fig. C5 Factor effect on D3 energy band
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Appendix B

The optimum level (refer to Fig. C6) in maximising D5 energy band (32.25-62.5 kHz)

was at 40 m/min (V¢), 0.4 (fyre), 30 um (ap) using uncoated tools.
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Fig. C6 Factor effect on D5 energy band
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