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Abstract

Abstract

Single point diamond turning (SPDT) is a cutting technique which can produce

optical-quality components with submicron form accuracy and surface roughness

within a few tens of nanometers with the use of mono-crystal diamond tools. The

mechanism in ultra-precision cutting is different from conventional cutting as the depth

of cut in ultra-precision cutting lies in the sub-micrometric to a few tens of micrometric

region, which is smaller than the average grain diameter of the work materials. It is 100

times smaller than the depth of cut used in conventional cutting, so the material

behavior plays an important role on the dimensional accuracy and stability of the

machined surface. Most previous research on the effect of metallurgical properties on

SPDT was mainly focused on crystalline materials, and little attention has been paid to

the cutting mechanics and surface generation of diamond turned amorphous metals.

Therefore, a systematic study of the machinability and surface integrity in ultra-

precision diamond cutting of bulk metallic glasses (BMGs) was been conducted though

experimental and theoretical analysis.

The machinability of a material is well-known for being affected by the cutting

conditions, cutting tools and material properties. The main contributions of the

theoretical and experimental studies described in this report are shown below:
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(1) The cutting characteristics of BMGs in single point diamond cutting were

studied by experimental investigation. The obtained results showed that the machined

surface roughness is sensitive to the cutting speed and depth of cut. A finer surface can

be obtained by employing a small depth of cut and slow cutting speed in the diamond

cutting process. The built-up material formed on the tool edge was observed after

diamond cutting BMG, and continuous serrated chips were formed. In contrast with

conventional machining of BMG, as reported in the literature, the amorphous

microstructure remained unchanged after the diamond turning process.

(2) The shear band morphology has been investigated under various cutting speeds

for exploring the effects of cutting speed on the surface generation in the micro-cutting

process. This study investigates the formation of multiple shear bands in the micro-

cutting of zirconium-based bulk metallic glass in where classic models have not been

studied. A series of slip-steps were observed in various cutting directions which were

significantly affected by cutting speed. Electron microscopy studies further confirmed

the mechanism of the formation of nanocrystals with the formation of shear bands

within the primary deformation zone (PDZ) in the micro-cutting process under various

cutting speeds.

(3) Experimental and theoretical investigations into chip formation in diamond

cutting of BMG were successfully conducted. The generation of twinned-serrated chips
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(TSCs) in ultra-precision micro-cutting (UPMC) of BMG was studied. The intrinsic

cause was due to BMG exhibiting a strongly adiabatic effect, which was confirmed by

a proposed finite element model. A series of UPMC tests have been carried out to verify

the results of simulation, revealing the effect of rake angle on the BMG cutting process.

The simulation and experimental results of chip formation proved that the adiabatic

effect is the key factor leading to serrated chips in the UPMC of BMG. In addition, a

comparison of the simulation and experimental results under different tool rake angles

showed that the serrated chips and cutting force are sensitive to the rake angle of the

tool.

The originality and significance of this study can be summarized as (i) providing

a comprehensive understanding of the cutting characteristic in SPDT of BMG; (i1) the

mechanism of multiple shear bands formation and propagation in SPDT of BMG is

revealed by the experimental analysis; (ii1) finite element analysis (FEA) modelling of

the chip formation in SPDT of BMG is realized for the first time, revealing the

mechanism of generating twinned-serrated chips in SPDT of BMG.



Publication arising from this study

Publication arising from this study

Journal papers

1. Chau,S.Y., To, S., Wu, H., & Sun Z., Twinned-serrated chip formation with minor
shear bands in ultra-precision micro-cutting of bulk metallic glasss. The
International Journal of Advanced Manufacturing Technology, Vol. 107, pp.4437—
4448 (2020).

2. Chau, S.Y., To, S., Wang, H., Yip, W.S., Chan, K.C. & Cheung, C.F. Effect of
cutting speed on surface integrity and chip formation in micro-cutting of Zr-based
bulk metallic glass. The International Journal of Advanced Manufacturing

Technology (Under review).

Conference paper

1. Chau, S.Y., To, S., Chan, K.C. & Cheung, C.F. Cutting characteristics of
zirconium based bulk metallic glasses in ultra-precision diamond turning. In
Proceedings of the 4th International Conference on Nanomanufacturing,

NanoMan 2014, Bremen, Germany



Acknowledgements

Acknowledgements

I would like to express my special gratitude to my chief supervisor, Prof. Sandy
To, for her inspirational and valuable advice on my research. My most sincere thanks
are also extended to my co-supervisors Prof. K.C. Chan and Prof. C.F. Cheung for their
support and encouragement. I would like to thank Dr. C.Y. Chan for his constant

guidance.

I would like to thank Dr. Victor Wang for all the inspiring discussions with him
about detail guiding on the data collection method and analysis direction. My thanks
also include all the staff in the Advanced Optics Manufacturing Centre (AOMC) and
State Key Laboratory in Ultra-precision Machining Technology, The Hong Kong
Polytechnic University.

Finally, I would like to send my thanks to my father, mother, sister and friends for

their support, understanding, patience, encouragement and love.



Table of contents

Table of contents

Y o1 o Tt APPSO PR PPN
ACKNOWIEAGEMENTS...cciiiiiiee ittt e e s e e e s e e e e sbeaeeeennaaeeeeen \"
Table Of CONTENTS ..ttt et e e e eas Vi
[ o) i = (U =TSP RO X
LiSt OF TADIES ... s XV
[ o) =Tl 0T o 1Y o SR RPPPRN XVI
Chapter 1 INTrOAUCLION ......eouveriiiiieiieieeie et 1
1.1 IMOTIVATION et e e s e e e 1
1.2 ReSEArch 0bjJECIVES ..ccccueiiee e e 3

1.3 Organization of the thesis........ccccivieiiii i 5
Chapter 2 LIterature TEVIEW ......ccevveeirieieiieeeiieeeriteeesiteesiteesieeesneeesseeesareessaneessaneessnnes 7
2.1 Background of bulk metallic glasses......cccviiiiiecciiiieieeieeeeecccreeee e, 7

2.1.1 Deformation behavior of bulk metallic glasses.........ccocceeeriuiernveennnee. 12

2.1.2 Free volume model .........ccooeiiiiiiiiiieeeeeeeeeee e 13
2.1.3 Shear transformation model...........cccooeeriiiniiniienee 16

2.1.4 Strain rate and temperature effect on deformation behavior............... 17

2.1.5 Machining amorphous metal ........ccccovvvveeieiiiiiiciiiieeeee e 19
2.2 Background of ultra-precision machining .......ccccevveeeeeeeeieciiiiereeee e e, 20

\



Table of contents

2.2.1 Work materials in single point diamond turning.........ccccccevevveeeinnen. 23
2.2.2 Mechanics in micro-machining........cccceveeriiieeeincieee e 23
2.2.3 Surface quality in single point diamond turning .........cccccevevveeennnen. 26
2.2.4 Tool wear mechanisms and tool life.......c.ccceovieeiiiiiniiinieee, 28
2.2.5 Investigation of shear band and chip formation .........ccccccevvieeennneen. 31
2.3 Modelling and simulation techniques for machining...........cccccceevevveeennneee. 34
2.3.1 Slip-line field modelling of machining .......cccccceveviieieicieeiccciee e, 34
2.3.2 Molecular dynamics simulation of machining..........ccccccceevvivieeennnnen. 35
2.3.3 Finite element Modelling........cccvuveeieiiiiiiiciee e 37
2.4 Limitation of current theories and models..........ccoccueeriiiiniieiniiiiniieiees 39
B R Y U a1 o 1 Y2 40

Chapter 3 Machinability of bulk metallic glasses in ultra-precision diamond cutting 41

70 A o o o [¥ ot o o PP OU VRO 41
3.2 EXPerimental SEUP.....coocciiiieeiee ettt e e e e e e e e 42
3.3 Characterization method..........cccooeriiiiii e 45
3.4 Characterization of the crystal structure in diamond cutting BMG ............. 46
3.5 Surface roughness and surface teXtUre .........coeevvvveeeeeeeeiecirieeeee e, 47

3.5.1 Effect of spindle speed........cceveviiiiiiiiiiiiiiieieeeeeeee e 47

3.5.2 Effect of feed rate........ccooveerieiiieniieeeeeeeee e 50

Vil



Table of contents

3.5.3 Effect of depth of CUt ...c.eovuiiiiiiiiiiciceeeeen 52
3.5.4 Cutting force and thrust fOrce .........coooeeriiirieeniiiiiieeeeeeeeeee e 54
3.5.5 Summarized findings in surface generation............cccceevevverivereennennne. 56
3.6 TOOI Wear iINVESTIZAatioN ........uiii it 58
3.7 SUIMIMIAIY cettttitttteteietttetetetttetetete et ettt ettt et et et ettt et eess st sese st ee st eeeesenennnennensnnnnes 61

Chapter 4 Shear band morphology and nanocrystallization in micro-cutting of Zr-based

(o101 0 1=1 = | ol =4 - 11 SRR 63
4.1 INTrOAUCTION ..ttt ettt st e s eesanee s 63
4.2 Experimental ProCeAUIreS ........uviiiiiie it e e 66
4.3 Results and diSCUSSION ......ueiiiiiiiiiieeiieeeie ettt 69
B4 CONCIUSIONS ...ttt 85

Chapter 5 Twinned-serrated chip formation with minor shear bands in ultra-precision

micro-cutting of bulk Metallic 8lass .......ccccvvveeieiii i 88
5.1 INErOAUCTION ...t 88

5.2 EXPerimental SEUP......cocccuiieeiee ettt e et e e e e e e 91

5.3 FEM in UPMUC Of BIMGe......coiiiiiiiiiieiiieeiiee ettt e s e e 94

5.4 Description of the Johnson-Cook material model........ccccccvvveveeiieeiiiinnnnnenn. 96

5.5 Determination of the Johnson-Cook model parameters ........ccc.cccoeeuvrneeen. 97

5.5.1 Determination of the parameters A, Band n.....cccccceeveevvevccineeennnennn. 98

VI



Table of contents

5.3.2 Determination of the parameter C.......ccccooovvviiiviiiieiiiciee e, 99

5.5.3 Determination of the parameter m......ccccoccveeiiviiiiiiiiie e, 99

5.6 Determination of the Johnson-Cook damage model parameters.............. 100

5.7 Determination of the thermal-mechanical behavior of BMG in UPMC......101

5.6 Twinned-serrated chip formation........cccccoevciiiiiiniiiee e 103

5.7 Material removal mechanism..........ccceviiiriiiiiiieieeeeeee e 110

5.8 CONCIUSIONS ...ttt ettt ettt e st e e e e as 117
Chapter 6 Conclusions and future Work ..........cccoeecveeeieiiiiei e 110
6.1 OVerall CONIUSIONS......ciiiiiiiiiii it 110

6.2 Suggestions for future research .......cccccevvvciiee e e 113
RETEIENCES. ...t 115



List of figures

List of figures
Figure 2.1 Graphical illustrations of the internal boundaries in crystalline and
amorphous atomic structures (Daniel, 2019).......cccceeviriiniininiiniciinieneceee, 12
Figure 2.2 Illustration of (a)the creation of free volume by individual atomic jump; (b)
the activation energy for atoms to jump forward and backward are provided by
the thermal fluctuation; (c) the activation energy for atoms to jump along stress
direction with by applying external shear stress (Spaepen, 1977) ......cccceeeuuenee. 15

Figure 2.3 Graphical illustration on deformation mechanism in shear transformation

Figure 2.4 Effect of (a) the temperature on the uniaxial stress-strain behavior under
constant strain rate at 1x107! s7!; (b) the strain rate on the uniaxial stress-strain
behavior at transition temperature (643K) for Zr412Ti13.8Cul2sNijoBexss ........ 18

Figure 2.5 Micrographs of the morphology of the machine surface of the BMGs and

crystalline alloys using cermet tool tip (Fujita et al., 2005) ......cccceevcveerrveernnnenn. 20
Figure 2.6 Dimensional tolerance for three groups of machining processes............... 22
Figure2.7 Merchant’s circle of orthogonal cutting (Shaw, 1954)........cccocvvveviiiinennns 25

Figure 2.8 Orthogonal cutting of polycrystalline material in SPDT (Cheung and Lee,



List of figures

Figure 2.9 Factors affecting nano-surface generation in SPDT (Cheung et al. 2000)

............................................................................................................................ 28
Figure 2.10 Types 0f t00] WEAT ........cccuiriiiiiiiiiiirieecece e 30
Figure 2.11 Evolution of equivalent elastic Strain .........c.cccccevveveeneeiieneenenicneeeee. 33
Figure 2.12 Eight special case of Fang’s slip-line model (Fang, 2003a)..................... 35
Figure 2.13 MDS of nanometric cutting (Komanduri et al., 2000) .........cccceceervenenee. 36
Figure 3.1 EXperimental SEt UP .....cceevveriereeiienieniieieeieseee sttt 45

Figure 3.2 XRD phase ID test results for Zr-based BMG specimens before and after

dIaMONA TUININE. c..eveiiieieeiteriee et 46

Figure 3.3 Effect of spindle speed on arithmetic roughness for tool nose radii of 0.4mm

and 1.5mm (Depth of cut at 1 um and feed rate at Smm/min) ........c.cccceveeneenee. 50

Figure 3.4 Effect of feed rate on arithmetic roughness for tool nose radii 0.4mm and

1.5mm (Depth of cut at 1 pm and spindle speed at 1000 rpm) ..........ccovuveennneee. 52

Figure 3.5 Effect of depth of cut on arithmetic roughness for tool nose radii 0.4mm and

1.5mm (Spindle speed at 1000 rpm and feed rate at Smm/min) .........cccceeeueeee 54

Figure 3.6 Optical microscope image with 20X magnification with optimum cutting

[670) 0T LU () OSSOSO PR R 57
Figure 3.7 Surface profile data captured by WyKO .....c.coevviviiiiiiiiiiiiiiieeceee 58
Figure 3.8 SEM image for diamond tool with tool nose radii 1.5mm..........cccceeenneeee 59

Xl



List of figures

Figure 3.9 SEM image of Apex KC1.5mNEI tool after machining the BMG materials

Figure 3.10 Result of SEM index test for the BUE ..........cccoooiniiiiiiniiiiceeeee, 60

Figure 3.11 Graphical illustration of built-up material formation at tool edge in diamond

CULLITIE 1ttt ettt b et st b e bt et b e et st s bt e bt et e s b e e b e e s e sbe e beennes 61

Figure 4.1 Experimental setup for (a) the straight cutting tests and (b) preparing the

cross-section specimens of PDZ by FIB .......cccooiiiiiiiiiniiiicececeee, 69

Figure 4.2 SEM micrograph of chip morphology in micro-cutting (a) Zr-based BMG

and (b) cold-rolled brass with a diamond tool at a rake angle of 0° (Wang et al.,

Figure 4.3. SEM images for primary deformation zone in straight cutting Zr-based

BMG with cutting speed at (a) 50 mm/min, (b) 100 mm/min and (c)400mm/min.

Figure 4.4. Variation of the inter-step spacing as a function of distance from the tool in

straight cutting Zr-based BMG with cutting speed at (a) 50 mm/min, (b) 100

mm/min and (€)400MM/MNIN. c..eeeriuiririiiieniie e s 73

Figure 4.5 Surface topologies of Zr-based BMG after straight cutting (site E) in cutting

speed ()50 mm/min, (b) 100 mm/min and (c) 400 mm/min.........cccceecveerrveenns 77

Xl



List of figures

Figure 4.6 AFM images of machined surface of Zr-based BMG after straight cutting
(site E) in cutting speed at (2)50 mm/min and (b) 400 mm/min .........c.cceeuueeee. 78
Figure 4.7 XTEM image of primary deformation zone in (a) sample 1 and (b) sample

2; (c) HRTEM image and SAD patterns of the shear bands formed in sample 1

Figure 4.8 Graphical illustration of formation and propagation of shear band in
microcutting Zr-based BMG. (al) and (a2): The formation and propagation of
primary shear bands at initial stage. (b1) and (b2): The formation and propagation
of secondary shear bands at final stage. Note that for (al) and (b1): cutting speed
50 mm/min, and for (a2) and (b2): cutting speed 400 mm/min ...........ccceeeueeeee. 85

Figure 5.1 Characterization of as-cast ZrssCuzoAlioNis bulk metallic glass by XRD..93

Figure 5.2 Tests of UPMC for BMGi.....cc.coiiiiiiiiiiieeeeeeeeeeceeeeesee e 93

Figure 5.3 Orthogonal FEM in UPMC of BMGi.....c.coooiiiiiiiiiiceceeeeeecee 95

Figure 5.4 Simulation results on the formation of twinned serrated chip with the change
of stress and temperature in shear bands of BMG (UPMC: Rake angle 0 °, cutting
speed 100 MIM/MNIN) c.vitiriiiiiiiieriee e re e s sre e e sareessaree s 106

Figure 5.6 Change of stress and temperature at element A, B and C in the adiabatic

shear band during the formation of one serrated chip ........ccccovvveeviieinieennneen. 109

Xl



List of figures

Figure 5.7 (a) Simulation result and (b) experiment result on the cutting forces under
cutting condition at tool rake angle at 0 *, cutting speed at 100 mm/min, and depth
OF CUL OF TN 1 110
Figure 5.8 The formation mechanism of the spiral chips. ........cccccvveeviiiinieniniennne 112
Figure 5.9 Comparison of chips between experiment and simulation in ultra-precision
turning of BMG at different rake angles: (a) 5, (b) 0", (¢)-10", (d) -25°, with

cutting condition at a cutting speed of 100 mm/min, and depth of cut of 7um

Figure 5.10 Evaluation model of the extent for the serrated chip of BMG ............... 116
Figure 5.11. The SEM image of the chip formation with tool rake angle in -10° under
cutting conditions in (a) the cutting speed at 200 mm/min and depth of cut in 7pm;
(b) the cutting speed 400 mm/min and depth of cut in 7um; (c¢) the cutting speed

at 100 mm/min and cutting depths at 1 [m .......cccceeviiiiniiiiniiiieeceeeee, 116

XV



List of tables

List of tables

Table 1 Summarizes the key properties of some common types of BMG summarizes

the key properties of some common types of BMGS........ccccoeeveeeciiienciieeciieee. 11
Table 2 Comparison between conventional and ultra-precision machining............. 22
Table 3 Mechanical and physical properties of WOrkpiece..........ceevvvevvieerreeerveens 43
Table 4  Cutting CONAIIONS ....cc.eevueeiiriiriieieeice ettt 44

Table 5 CFR and surface roughness result in various cutting parameters on tool nose

TAAIL OF Q. AIMMIM1. e e e et e e e e e e e e e e e e aaeeeeeeeeaaaaaaeens 55

Table 6 CFR and surface roughness result in various cutting parameters on tool nose

1adil OF T.5IMM it 56
Table 7 Cutting parameters of orthogonal micro-cutting..........cccceceeveevvenieneenennns 69
Table 8 Summary of shear bands transformation distance and interval ................... 76

Table 9 Physical properties of bulk metallic glass at room temperature (300K)......92

Table 10 Cutting parameters of UPMOC .........cccccoiiiiiiiiniiiiiiiecicneececece e 94
Table 11 Johnson-Cook material constitutive model parameters of BMG................ 100
Table 12 Johnson-Cook damage model parameters of BMG ..........ccccocoeviiieniennenne. 101

Table 13 Effect of rake angle on cutting force and the pitch of the serrated chip ..... 115

XV



List of acronyms

List of acronyms
AFM = Atomic force microscopy
BMG = Bulk metallic glass
BUE = Built up edge
CFR = Cutting force ratio
FEA = Finite element analysis
FEM = Finite element modeling
FFT = Fast Fourier transform
HRTEM = High-resolution transmission electron microscopy
MDS = Molecular Dynamics Simulation
PDZ = Primary deformation zone
SAD = Selected area diffraction
SLR = Supercooled liquid region
SEM = Scanning electron microscopy
SPDT = Single point diamond turning
TSCs = Twinned-serrated chips
UPMC = Ultra-precision micro-cutting
XTEM = Cross-sectional transmission electron microscopy

XRD = X-ray diffraction

XVI



Chapter 1 Introduction

Chapter 1 Introduction

1.1 Motivation

Ultra-precision diamond cutting can be defined as a cutting technique which
produces optical- quality components with submicron form accuracy and surface
roughness to within a few tens of nanometers with the use of mono-crystal diamond
tools. The technique is based on a high degree of tool profile duplication and relative
tool work motion (Taniguchi, 1983). It makes use of a mono-crystalline diamond
cutting tool which possesses nano-metric edge sharpness, form reproducibility in the
sub-micrometer range and wear resistance. Ultra-precision machining (UPM)
technology is commonly used in the manufacture of high tolerance components and
parts for particular systems in a number of advanced scientific and aerospace
applications. In addition, the demands for high tolerance products has increased in the
market, so the demands for UPM technology will be further increased.

The theories for conventional machining cannot be directly applied in the study of
ultra-precision machining. The mechanism in ultra-precision cutting is different from
conventional cutting as the depth of cut in ultra-precision cutting lies in the sub-
micrometric to a few tens of micrometric region which is smaller than the average grain

diameter of the work materials. Compared to conventional cutting with a depth of cut
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of hundreds of micrometres, the material behavior plays an important role on the

dimensional accuracy and stability of the machined surface.

Several earlier studies on the effect of metallurgical properties on the cutting

mechanics and surface integrity focused on the shear bands formation, surface

generation and micro-cutting force (Lee et al., 2000; Cheung et al., 2003). It has been

reported that the crystallographic effects on surface generation in single point diamond

turning have been investigated by micro-cutting single crystals (Lee et al., 2000; Liang

et al., 1994). The non-random distribution of the crystalline material has significant

predictable effects on the surface generation. However, there have been few studies on

the cutting mechanics and surface generation of diamond turning amorphous metals.

An amorphous metal also known as a metallic glass, and is a metal alloy with a non-

ordered atomic structure, so that metallic glasses are non-crystalline metals. The non-

crystalline structure leads to stronger mechanical properties because there are no

internal boundaries that can create weak regions or break points. As a result, all theories

related to dislocation motion in describing atomic behavior are not applicable for

metallic glasses.

Metallic glasses are widely applied into different fields in engineering due to

outstanding mechanical properties, superior corrosion resistance and excellent

biocompatibility (Martienssen and Warlimont, 2005). In addition, the glass nature
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provides a supercooled liquid region which leads brittle-to-ductile transition behavior
at high temperature during machining (Chen, 1968). The brittle-to-ductile transition
behavior means that the plasticity will increase with temperature increase. Therefore, it
is important to complete and integrate the study of the cutting mechanics in ultra-
precision machining by developing a theory and model for the material removal
behavior in ultra-precision diamond cutting of amorphous metals though experimental
and physical analysis.

In this research, the machinability in the SPDT of BMG is studied from the
viewpoint of surface generation, shear bands and chip formation. In addition, the
nanocrystallization of metallic glasses under diamond cutting conditions has been
observed by a high-resolution transmission electron microscopy (HRTEM) study. The
effect of tool rake angle on chip formation in diamond cutting BMG was explored

through an experimental and simulation approach.

1.2 Research objectives
The research aims to investigate the machinability and surface integrity of bulk
metallic glass in ultra-precision diamond cutting with the following aims:
i.  To study the cutting characteristic of BMGs in ultra-precision diamond

turning.
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il.

1il.

For investigating the cutting characteristic of BMG in SPDT, a series of

experiments would be conducted in this study. The effect of machined

surface quality, diamond tool wear and the microstructure changes on the

bulk metallic glasses in diamond turning under different cutting parameter

would be investigated in this study.

To study the shear band morphology and nanocrystallization in diamond

cutting of bulk metallic glass.

For understanding the material removal mechanics and crystallographic

effect in diamond cutting of BMG, the morphological feature of the primary

deformation zone and the effect on the machined surface roughness in the

diamond cutting of Zr-based BMG is investigated experimentally through

the orthogonal cutting process, and the crystallographic change induced by

the micro-cutting process is characterized through a HRTEM study.

To investigate the effect of machining parameters on chip formation and

material removal mechanism in diamond cutting of bulk metallic glass.

This study focuses on an experimental and theoretical investigation into chip

formation in UPMC of BMG. A series of UPMC tests have been carried out

to verify the results of simulation and reveal the effect of rake angle on the

cutting process of BMG.
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1.3 Organization of the thesis

This report is presented in five chapters. A brief introduction on the motivation
and objectives is described in chapter 1. In chapter 2, an in-depth literature review is
conducted on the background of BMGs, the deformation behavior of amorphous metals,
an overview of ultra-precision machining, and various machining theories with
particular emphasis on the machining at SPDT process are addressed.

Chapter 3 reports on the machinability of BMG under various cutting parameters
in SPDT. The experimental investigation in term of surface roughness, cutting force,
diamond tool wear and the crystallographic effect are given in this chapter.

Chapter 4 reports the morphological features of the PDZ in diamond cutting BMGs.
The multi-shear bands and nanocrystals occur in the PDZ which is unusual in cutting
crystal material. Further, the effect of cutting speed on shear band formation in
diamond cutting BMG is reported in this chapter.

Chapter 5 reports the effect of the tool rake angle on chip formation in diamond
cutting of bulk metallic glass. Finite element simulation is used to demonstrate and
analyze the chip formation in the diamond cutting of BMG. A comparison of simulation
and experimental results under different tool rake angles is reported in this chapter,
showing that the serrated chips and cutting force are sensitive to the tool rake angle.

Chapter 6 discusses the conclusions to the research work in this thesis. The
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contributions of the work to the existing ultra-precision machining area are discussed

in this chapter. In addition, future work on the built-up edge (BUE) formation

mechanism is proposed.
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Chapter 2 Literature review

Bulk metallic glass is a novel engineering material developed in the last 50 years,
and an in-depth review on the material properties of BMG is given in this chapter. The
mechanism, theory and shear banding in single point diamond turning is also discussed
in this chapter. In addition, reviews on the modelling and simulation of the machining
process have conducted. A short summary on existing research gaps is given at the

end of the chapter.

2.1 Background of bulk metallic glasses

For a very long time, metallic materials were commonly considered crystalline with
atoms regularly arranged in a periodic way. Pol Duwez and his coworkers (1960) firstly
discovered a mixture of silicon and gold alloy with an amorphous structure. A rapid
solidification processing method was used by Pol Duwez in the discovery of metallic
glasses and the cooling rate was about 10° — 10° K/s. This rapid cooling rate caused the
melt to kinetically bypass the crystallization stage through limited atomic mobility,
thereby freezing the system into a meta-stable configuration with no long-range order.

To fulfill the requirement of a high cooling rate, the sample had to be extremely

thin. At the beginning, the thickness was less than 0.1 mm. To make metallic glasses
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more applicable, a larger size was needed which means that the cooling rate is expected

to be lower. Metallic glass Pd4oNisP20 with a minimum dimension over 6um was

fabricated by Kui et al. (1984) with a cooling rate of only 1K/s. It has been accepted

that metallic glasses with any dimensional size larger than 1mm are called bulk metallic

glasses (Suryanarayana and Inoue, 2011). The maximum achievable diameter of the

BMGs in the latest fabrication technology is 80mm, the diameter of a Pd-Cu-Ni-P

system (Inoue et al., 2011).  Although Pd — based BMGs have excellent glass forming

ability, the high cost of Pd inhibits wide utilization. A breakthrough was made in the

late 80s when Inoue and Masumoto (1989) made a LassAlsNizgo BMG rod, 1.2mm in

diameter. In recent decades, more and more BMGs without noble metals have been

fabricated, such as Zr —based (Zhang et al., 1991; Peker and Johnson, 1993), La — based

(Inoue et al., 1990; Inoue et al., 1993), Mg — based (Inoue et al., 1992), Ni — based (Yi

et al., 2000a; Yi et al., 2000b ;Choi et al., 2003), Gd — based (L1 et al., 2005), Fe — based

(Shen et al., 2002), Ti — based (Kim et al., 2003; He et al., 2002) and Cu — based BMGs

(Kim et al., 2002; Kim at al., 2003 ;Wang et al., 2003). A summary of the properties

and applications of BMGs is shown in table 1.

A lot of attention has been paid to BMGs due to their outstanding properties

compared to the conventional materials, for example, physical properties, corrosion

behavior, mechanical behavior and magnetic properties.
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For physical properties, it has been well accepted that the densities of BMGs made

from rapid cooling processing are about 2% - 3% less than those of their crystalline

counterparts (Chen, 1980). The coefficient of thermal expansion of BMGs is usually

larger than that of the pure metal on which they are based, except for the Cu — based

BMGs (Martienssen and Warlimont, 2005). Because of the disordered structure, the

electrical resistivity of BMGs is about two orders of magnitude higher than their

crystalline counterparts (Suryanarayana and Inoue, 2011).

The corrosion resistance behavior of BMGs pays an important role in engineering

applications, especially when the working environment is hostile, for example, under

high temperatures, and in oxidizing and corrosive atmospheres. The corrosion

resistance of BMGs is generally better than that of their counterparts. The corrosion

behavior is mainly affected by two factors, composition and environment. Among those

different types of BMGs, Mg — based BMGs may suffer the most from corrosion while

Ti—based and Zr — based BMGs exhibit very high corrosion resistance (Suryanarayana

and Inoue 2011).

Due to the amorphous structure, no dislocation will exist in BMGs. As a result, the

strength of BMGs is much higher than that of their counterparts. In most cases, the

strength of BMGs can exceed 1 GPa and the typical elongation at yielding is around

2%. For [(Feo.6C00.4)0.75B0.2S10.05]osNbs metallic glass, the yield strength can reach as
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high as 4.1 GPa. In contrast, the yield strength of some common materials is much

lower, for example, the yield strengths of 300M steel and Ti-6Al-4V are about 1.6GPa

and 1GPa respectively (Inoue et al., 2003). However, differing from crystals, BMGs

usually exhibit a relatively low ductility.

The magnetic properties of BMGs are important for many industrial applications.

One of the most important applications is for transformer core laminations. Recently,

magnetic refrigeration has also attracted a lot of attention due to its promising

characteristics (Warburg, 1881; Gschneidner, 2005). Gd — based BMGs have already

been used for low temperature refrigeration. Current research has focused on

investigating the magnetocaloric effect and refrigeration capacity of Fe — based and Gd

— based BMGs. Since the Fe — based and Gd — based BMGs consist of a large glass-

forming ability and near room temperature magnetocaloric effect which provides a

candidate for use as s near room temperature magnetic refrigerant.

The outstanding properties of BMGs mentioned above show that BMGs are the ideal

materials to achieve a better performance than that of the conventional materials. These

outstanding mechanical properties of BMGs provide great potential for the ultra-

precision machining industry, for example, the excellent strength properties in Zr-based

BMGs can be used to fabricate precision optical lens mould inserts to enhance the

working life.

10
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Table 1 Summarizes the key properties of some common types of BMG summarizes

the key properties of some common types of BMGs

BMGs

Properties

Examples

Zr — based BMGs

Excellent mechanical properties
such as high strength, large elastic
elongation limit and large glass

forming ability

Zr634Ni162Cuis4Als
(Strength=1.7GPa, Elastic rate=2%)

La — based BMGs

Low glass transition temperature,
high thermal stability, large glass
forming ability

Las2Al14(Cus/sAgie)1a(Ni12Co12)10(G
lass transition temperature=418K,

Supercooled region=73K)

Mg — based BMGs

Good mechanical properties,
biocompatibility, biodegradation
property, poor corrosion

resistance

MgssCuassGdi1Agas(Yield
strength=1.7GPa, Hardness=330Hv)

Ni — based BMGs

High wear resistance under rolling
— wear conditions, high corrosion

resistance and high hardness

(NigNbs)99.8Sbo 2(Passive in HCI,
Hardness=810Hv)

Gd — based BMGs

Large magnetocaloric effect,
expensive, large glass forming
ability, large coercivity, low Curie

temperature

GdssNizsAlxo(Refrigeration
capacity=640J/kg under 5T, Curie
temperature=78K)

Fe —based BMGs

Brittle, inexpensive, good
corrosion resistance, high
permeability, low coercivity, small
magnetocaloric effect, high Curie

temperature

Fe70BsCsSi3AlsGaxP1o Glassy ribbon
(Refrigeration capacity=74J/kg under
1.5T, Curie temperature=488K

Ti — based BMGs

high hardness, low density,
excellent biocompatibility and

corrosion resistance

Tis3Zr25Nb7CusBe 9(Hardness=420H
v)

Cu — based BMGs

High corrosion resistance and

excellent mechanical properties

(Cuo.6Hf0.25Ti0.15)90Nb1o(Passive in
acid and chloride-ion-containing
solutions, Yield strength=2073MPa)

11
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2.1.1 Deformation behavior of bulk metallic glasses

Bulk metallic glasses have unique superior properties over their crystalline
counterparts due to the non-order of the atomic structure. BMGs are stronger because
they do not include internal boundaries causing weak regions or break points, as shown
in figure 2.1. Therefore, all theories to describe the dislocation motion behavior are
inapplicable in BMGs due to the absence of the long-range order of atomic arrangement.
Plastic deformation in bulk metallic glasses can be described by the ideas of free
volume and shear transformation, proposed by Spaepen (1977) and Argon (1979) based

on the atomic motion.

Crystalline Atomic Structure  Amorphous Atomic Structure

\

Figure 2.1 Graphical illustrations of the internal boundaries in crystalline and

amorphous atomic structures (Daniel, 2019)

12
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2.1.2 Free volume model

In the free volume model (Spaepen, 1977), it is assumed that the macroscopic flow

in an amorphous metal occurs as the sum of individual atomic jumps, as illustrated in

figure 2.2(a.) The total volume of the metallic glasses is the sum of the atoms of various

sizes and “holes”. The free volume concept is related to the “holes”, which play an

important role in a diffusive arrangement of the atoms. In order for an atom to jump, an

open volume is required in nearest neighbor environment (holes) which can provide

sufficient space to contain the jumped atom. So, the feasibility of the atomic jumps is

dependent on the size of the atom and adjacent “hole”. In order to create an atom jump,

sufficient energy is required to overcome the activation energy. If there is no external

stress applied, the number of atoms that jump across the activation barrier is the same

in the forward and backward directions, since the energy for a jump is provided by the

thermal fluctuation, as shown in Figure 2.2(b). This is the basic microscopic mechanism

for diffusion. When an external stress is applied, i.e. a shear stress is applied, the atomic

jumps are biased along with the stress applied direction since the activation energy for

jumping along the stress direction is lower (shown in figure 2.2(c)), and the direction

of the atomic jumps moves forward to the stress direction. This flow can describe the

shear flow in amorphous metal.

13
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The free volume can be related to one or more than one atom, when more than one
atomic jump from the original site to its nearest neighbor cage occurs, and the
accumulated motion will lead to a shear flow (Elliott,1984). Turnbull and Cohen (1964)
developed a free volume theory, which can calculate the fraction of potential jump sites.
According to Cohen and Turnbull’s theory (Turnbull and Cohen ,1964), the probability

to find a free volume between v and v + dv is given by:

p(v)dv = L exp (— ﬂ) dv (2-1)
vf vf

where 7 is a geometrical factor between 1 and 0.5; vr is the average free volume per
atom; and v is the critical value of the free volume which is large enough to
accommodate an atom and is able to achieve an atomic jump.

The shear flow rate can be expressed as follows (Spaepen, 1977):

y = 2AfJexp(— M;*)sinh Eoyexp (L) (2-2)

v

where Afis the fraction of the sample volume in which potential jump sites can be found,
Q is the atomic volume, k is the Boltzmann constant, / is the Debye frequency
(frequency of atomic vibration), T is the absolute temperature, AG™ is the activation
energy, and t is the applied stress. The excess free volume can be created by the external
shear stress (1) that squeezes an atom with the effective hard-sphere size of the atom
(v"), into an adjacent “hole” which was a smaller volume (v). When the applied stress

14
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provides energy higher than the activation energy (AG™), motion can occur. The

dilatation and decreases the viscosity in the shear band are expected due to the larger

amount of free volume induced by the shear stress, which leads to strain softening and

strong shear localization. The free volume concept has been further verified by the

observation by Dehey and his coworkers (Dehey et. al., 1997). A large strain softening

in Pd4oNisP20 has been observed under the deformation below its glass transition

temperature. Dehey and his coworkers applied the differential scanning calorimetry

(DSC) technique to measure the free volume, and the measurement revealed that the

strain softening is caused by the creation of additional free volume during deformation.

(a)
g _ ‘
(b) o
g CIFFUSION
I\
I " Cintanca
(c) I
| ug® : FLOW
.ﬁi:'"-“a-' r E ac™ e 88
4G+ TA N ’
W Dia anca
T

Figure 2.2 Illustration of (a)the creation of free volume by individual atomic jump; (b)

the activation energy for atoms to jump forward and backward are provided by the

thermal fluctuation; (c) the activation energy for atoms to jump along stress direction

with by applying external shear stress (Spaepen, 1977)
15
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2.1.3 Shear transformation model

In 1979, Argon proposed another model to describe the plastic deformation
mechanism of metallic glasses. This is based on an atomic-analog bubble-raft model,
which explains the shear transformation as the spontaneous and cooperative
reorganization of a local cluster of randomly close-packed atoms, as illustrated in figure
2.3. The shear transformation zone is a local cluster of atoms that undergoes an inelastic
shear distortion from a low activated configuration to a higher activated energy
configuration, hence the stress and strain can be redistribution around the shear
transformation zone (Argon, 1979). According to the model, local shear transformation
can lead the strain softening due to the local dilatation by the shear transformation.

The quantitative expression for the strain rate, according to the theory is as follow:
.o _ Aﬂ) . TY0R0
Y = aoVyYo exp( P sinh (—kT ) (2.3)

where g is the volume fraction of potential shear transformation zones, vyis the
natural frequency of the shear transformation zones, y, and 2, are the shear strains
and the volume of an individual shear transformation zone, AF, is the activation

barrier for the shear transformation zone and it can expressed as:

7—-5v 2(1+v)

1 To
[30(1—1;) 9(1-v)

24 - _To 2 -
B* + - (TYo (2-4)

AFO =

16
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where u(T) is the temperature-dependent shear modulus, v is Poisson’s ratio of the

glass, 7, is the shear resistance of a shear transformation zone, f is the dilatancy

factor.

~

Figure 2.3 Graphical illustration on deformation mechanism in shear transformation

zone

2.1.4 Strain rate and temperature effect on deformation behavior

Generally, the deformation of BMGs can be divided into two different modes,
homogeneous and inhomogeneous deformation (Spaepen, 1977). Inhomogeneous
deformation occurs at high stresses and low temperatures, where the strain localizes in
multiple shear bands. On the contrary, homogeneous deformation usually takes place at
low stresses and low temperatures within the glass transition temperature (Tg) and the
onset temperature of crystallization (Tx), especially in the supercooled liquid region
(SLR). In these conditions, the deformation of BMGs often behaves in a viscous manner

and exhibits significant plasticity under external loading. More researchers focus on
17
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this homogeneous deformation characteristic because it enables net shaping and the
forming of complex-shaped properties for BMGs (Nieh and Wadsworth, 2006). In the
present study, a Zr-based BMG was chosen for the investigation of deformation
behavior in the supercooled liquid region so as to explore the deformation mechanism
of BMG in the SLR. Lu and his coworkers (2003) investigated the effect of temperature
and strain rate on the uniaxial stress-strain behavior of Zrs12Ti13.8Cul2 5sNijoBex bulk
metallic glass. The results of the deformation behavior of the Zr-based BMG is highly
related to the strain rate and working temperature (shown in figure 2.4). The yield stress
in uniaxial compression testing is reduced significantly when the working temperature

rises to the range between glass transition temperature and crystallization temperature.

2000
1.0x10" " 5 —0— 295K
— o 32x10°¢" 1750 ¢
—o0— 5.0x10°%s” F
—o0— 2.0x10™s" 1500:
$1250°
=3
«» 1000
3
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A A
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Strain Strain
(a) (b)

Figure 2.4 Effect of (a) the temperature on the uniaxial stress-strain behavior under
constant strain rate at 1x10! s°!; (b) the strain rate on the uniaxial stress-strain behavior
at transition temperature (643K) for Zr412Ti138Cul2sNijoBeaz s
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2.1.5 Machining amorphous metal

Ueda et al (1992) investigated the chip formation mechanism in the micro-cutting
of a Fe7sB13Si9 amorphous metal through SEM observation and rigid-plastic finite
element modeling (FEM) simulation. The homogenous deformation structure was
confirmed by the existence of typical lamellar structure chips during the micro-cutting
of a Fe7sB13Si9 amorphous metal, and the lamella spacing was increased proportionally
to the increase depth of cut. However, the study did not investigate the surface generated
during the micro-cutting of an amorphous metal.

Bakkal (2004c) used a near-infrared spectrometer to capture the light emission
from the tool-chip interfaces during machining Zrs1.25Ti13.75Cu12.5Be22.5Niio BMG. The
light emission is associated with the adiabatic flash temperatures in the range of 2400K-
2700K. The BMG chips were oxidized and crystalized in the outside layer during high
speed cutting due to the light emission during machining. It can be avoided by low
speed cutting.

The influences of tool material, nose radius, depth of cut and cutting speed on the
cutting characteristics of the ZrssCuisNijoAlio and Pd4oCusoNiioP20 BMGs were studied
by Fujita et al. (2005). The study showed that the principal cutting force of BMGs is

due to the cutting speed and is independent of the material’s strength. The surface

19
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roughness achievement of both Zr-based and Pd-BMGs was about 0.2 pm (shown in

figure 2.5).

(a) Zr-based BMG 25 im (b) Pd-based BMG 25 Aim
V=150m*min’! V=80m=min’!

(c) Brass 25 um. (d) Steel
V=150m=min’! V=150m=*min-!

25 um
Figure 2.5 Micrographs of the morphology of the machine surface of the BMGs and

crystalline alloys using cermet tool tip (Fujita et al., 2005)

2.2 Background of ultra-precision machining

Ultra-precision machining has a higher achieved tolerance compared with the
traditional conventional and precision machining (shown in figure 2.6) (Trent and

Wright, 2000). The technique is based on a high degree of tool profile duplication and

20



Chapter 2 Literature review

relative tool work motion (Taniguchi, 1983). Ultra-precision machining technology is

commonly used in the manufacture of high tolerance components and parts for various

systems in a number of advanced scientific and aerospace applications. In addition, the

demands for high tolerance products are increasing in the market, so the demands for

UPM technology will also increase.

Single Point Diamond Turning was firstly introduced in the 1960s and is one of the

key technologies in the category of ultra-precision machining for super finished

components. It makes use of a mono-crystalline diamond cutting tool which possesses

nano-metric edge sharpness, form reproducibility in the sub-micrometer range and wear

resistance. Compared to conventional machining processes, the depth of cut in SPDT

is in the range of micrometers to sub-micrometers. This enables SPDT technology to

produce components which can achieve a micrometre to sub-micrometre form accuracy

and a nanometer range surface roughness. A comparison of conventional and ultra-

precision machining is given in table 2 (Cheung et al., 2003). It can be seen that the

machining accuracy of UPM is about 100 times better than that of conventional

machining, and the surface roughness is about 1000 times smaller.
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Ultra-precision Machining

Figure 2.6 Dimensional tolerance for three groups of machining processes

Table 2 Comparison between conventional and ultra-precision machining

Ultra-precision machining

Type of process Conventional machining
Rough cut | Finish cut Rough cut Finish cut
Feed rate 0.1-1 0.01-0.05 0.01-0.05 0.005-0.001
{mm/rev)
Spindle 100-300 200-300 1000-2000 2000-3000
speed(r/min)
Cul?i_ng Depth of cut | 0.1 mm-1 | 0.01 mm- 10 um-50 lpm-5 pm
conditions mm 0.1 mm um
Tooling High speed steel tool Single crystal diamond tool
Carbide tool Industrial diamond tool
Ceramic tool
Industrial diamond tool
Machining | Roughness 10 pm-= | pm=10 0.02 pm- Less than
part 100 pm um 0.03 pm (20 0.01 pm
nm-30 nm) { 10 nm)
Machining Form | mm- 0.01 mm- | | pm-2 pm 0.3 pm-
quality accuracy 0.5 mm 0.05 mm 0.5 pm
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2.2.1 Work materials in single point diamond turning

The material properties play an important role in the material removal process, and
only a few materials with good machinability in SPDT can achieve a nano-metric
surface finish (Evans, 1991; Fukukawa and Moronuki, 1988; Okuda et al., 1989). The
machinability is defined by the difficulty with which the metal can be machined to an
acceptable surface finish with lower tool wear rate (Degarmo et al., 2003). In fact, only
non-ferrous work materials like aluminium, copper, nickel copper alloy and acrylic
plastic material can be directly machined to optical quality, as excessive chemical tool
wear occurs in the machining of ferrous alloys due to the chemical reactions between
the carbon of the diamond tool and the iron of the workpiece. The machinability of a
material in ultra-precision diamond turning can be assessed by the achievable surface

roughness, tool wear rate and chip formation.

2.2.2 Mechanics in micro-machining

The mechanics in micro-cutting are different than in traditional conventional
cutting due to the depth of cut in micro-cutting being 100 times less than in conventional
cutting. Merchant (1945) developed fundamental cutting theory, and most research
work on the mechanics in micro-cutting are based on the assumptions made by

Merchant (Ueda et al., 1986; Okuda et al., 1997). The assumptions made in Merchant’s

23



Chapter 2 Literature review

analysis are (Burnbam, 1976):
i.  The tool tip is shaped and no rubbing or plowing exists;
ii.  The deformation lies in the cutting direction and normal to the machined surface,
and no side flow occurs in the deformation component;
iii.  The shear stresses are uniformly distributed on the shear plane;
iv.  The magnitude of the resultant force (Fr) on the shear plane and the rake face
are equal and in opposite directions, hence the moment can be ignored.

In Merchant’s analysis, Merchant’s Circle, as shown in figure 2.7, is used to define
the force components in orthogonal cutting and its geometric relationship between the
tool and shear plane. The shear angle (¢) can be determined by equation 2.5 which is a
function of the tool rake angle (o)) and friction angle (B). The friction angle can be

calculated by equation 2.6;
s 1
¢=,-—5B-a) (2.5)

-1 (Ft+Fm tan a)

B = tan (2.6)

Fn—Ftana

where ¢ is the shear angle, a is the tool rake angle, 3 is the friction angle, F; is the

thrust force, F,, is the main cutting force.
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Figure2.7 Merchant’s circle of orthogonal cutting (Shaw, 1954)

d : Depth of cut
D: Average grain
diameter

Chip

Cutting edge

Figure 2.8 Orthogonal cutting of polycrystalline material in SPDT (Cheung and Lee,

2000)
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Anisotropic materials properties are involved in the micro-cutting process as the
depth of cut used in micro-cutting is smaller than the average grain size, as shown in
figure 2.8, and the grain orientation near each grain being cut is different when the tool
passes over the material surface. The quality of the surface finish for the machined
surface is highly dependent on the workpiece material properties in SPDT. A number
of studies revealed that the effect of crystallographic orientation on surface roughness,
cutting force, shear angle and chip formation (Cheung et al., 2002; Lee and Zhou, 1993;
To et al.,1997). Therefore, the effect of the material microstructure cannot be neglected

in the micro-cutting process.

2.2.3 Surface quality in single point diamond turning

The surface quality plays an important role in the functional performance of optical
products. Different studies have been performed to investigate the factors influencing
the surface generation in micro-cutting processes. Surface generation is one of the
important factors in the machinability of a specific material. Sata et al. (1985) indicated
through fast fourier transform (FFT) analysis that the machined surface quality is
influenced by the feed rate, tool geometry, swelling effect of different materials,
rotational error of the spindle and the relative displacement between the tool and the

workpiece by vibration. Furthermore, Mitsui et al. (1978) argued that the effect of the
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tool-work vibration on the surface finishing was equivalent to the whole amplitude of

vibration. This argument was questioned using experimental results which showed a

finer surface than a whole amplitude is often obtained in SPDT (Tai et al., 1979).

Cheung et al. (2000) investigated the factors affecting surface generation in ultra-

precision machining, and divided these factors into two categories: material and process

factors, as shown as figure 2.9. The research work showed that the peak-to-valley height

and arithmetic roughness would decrease with the increasing spindle speed used in

diamond cutting. The effect of cutting parameters on the theoretical roughness can be

determined through equation 2.7 in SPDT (Cheung and Lee, 2000]. The previous

reviews show that the most important factor affecting the surface roughness is the

cutting speed. The feed rate and spindle speed are directly related to the cutting speed

during SPDT, and a higher cutting speed will induce a higher cutting temperature which

may affect the material swelling effect, due to the BMG’s superplastic deformation

property under a higher temperature.

0.032f2
rV2

The Mean surface Roughness (Ra)= 2.7)

where fis feed rate, V is spindle speed and r is tool nose radius
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Figure 2.9 Factors affecting nano-surface generation in SPDT (Cheung et al. 2000)

2.2.4 Tool wear mechanisms and tool life

Tool wear is defined as a process of gradual tool failure in a regular cutting process.

Tool wear is a time dependent process, and the wear increases with operation time in

cutting. The occurrence of tool wear in a cutting process will lead a several effects on

the cutting force and cutting temperature, which will lower the surface finishing and

the decrease the dimensional accuracy. So studying the tool wear mechanics was being

a major area for determining the material’s machinability. The four types of tool wear

are illustrated in figure 2.10, and the types of tool wear can be distinguished as follows:

1. Flank wear. It occurs on the tool flank as a result of friction between the
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ii.

iii.

1v.

machined surface of the workpiece and the tool flank. The cutting forces

increase significantly with flank wear. If the amount of flank wear exceeds

some critical value, the excessive cutting force may cause tool failure

Crater wear. A concave section on the tool face is formed by the action of the

chip sliding on the surface. Crater wear affects the mechanics of the process,

increasing the actual rake angle of the cutting tool and consequently making

cutting easier. At the same time, the crater wear weakens the tool wedge and

increases the possibility of tool breakage.

Edge wear. It occurs on the tool corner, and can be considered as a part of the

wear and respectively flank wear since there is no distinguishing boundary

between the corner wear and flank wear land. We consider corner wear as a

separate wear type because of its importance in precision machining.

Built-up edge. It forms on the rake face of the cutting tool. The built-up edge

is a semi stable body of the workpiece materials, which usually overhangs

the cutting edge and periodically fractures away and adheres to the machined

surface and chip.
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~— cutling tool
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Built-up edge /

warkpiece
Flank wear

Figure 2.10 Types of tool wear

The factors that affect the rate of tool wear are the cutting condition, tool geometry
and properties of the work material. Of these parameters, cutting speed is the most
important factor affecting tool wear. A rapid increase in the rate of tool wear occurs
under a higher cutting speed, because the rate of tool wear strongly depends on the
cutting temperature.

The method for monitoring the tool wear can be divided into two categories: direct
and indirect approach.

For the direct method, it is related to image capturing and comparing. The method
involves using an industrial camera or optical microscope to capture the image of the
tool profile without disassembling the cutting tool from the original process position,
so the captured images can be analyzed by digital processing. If the tool wear exists,
the area of the tool will be deceased, so the tool wear can be determined by comparing
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the number of pixel reduction for the tool in the captured image.

The indirect method allows monitoring of the tool wear status online without
stopping the machining process. This method captures the signal generated in the
cutting process, including cutting force signals, current consuming, acoustic emission,
vibration etc. to reflect the cutting tool status. Many signal processing methods have
been developed to process the captured signal to reflect the cutting tool status. For
example, Fourier transform, singular spectrum analysis, wavelets transform. These
processing methods can be classified into two categories: the first is the signal
decomposing method, and it is usually used to decompose the signals to particular sub-
signals and then find the sub-signal which is related to the diamond tool wear. The
second method is the FFT, which transforms the signal into the frequency domain and

finds the feature frequency which is thought to be related to the diamond tool wear.

2.2.5 Investigation of shear band and chip formation

Shear band and chip formation investigations are the core aspects in studying the
cutting mechanism. In the micro-cutting process, there is rich experimental evidence
that shows the fluctuation in cutting force is caused by variation of the chip thickness
and shear angle of the work material (Black, 1971; Satao et al., 1978). The formation

of the shear bands and the shear direction are some of the major factors that affect the
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surface integrity in SPDT.

Research work on investigating the shear band and chip formation in cutting is

focused on the modelling of the cutting process and the formation of shear bands

through developing material constitutive equations which are applied in FEM to

improve the simulation results of the chip morphology.

In earlier work, Recht (1964; 1985) proposed a model for the adiabatic shear

theory of saw-tooth chip formation to explain the dynamic plastic deformation of

materials under the thermo-instability condition. This study considered the shear bands

arising in cutting with the material properties. The assumption made in this model was

that thermoplastic instability occurs and extends the tool tip up towards the free surface.

However, the model could not explain why the shear bands could be initiated at the free

surface

A slip-line model for machining with a round-edge was been developed by Fang

(2003a, 2003b). In the model, a set of analytical equations were used to predict the

thickness and shear strain rate in the primary shear zone. The model need the

assumption of orthogonal cutting with continuous chips and a rigid plastic material

under plane-strain compression. The limitation for the model was that it didn’t consider

the effect of the elastic strain stored in the material during cutting.

In order to explain the shear band initiation, propagation and forming during
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cutting by considering the material behavior, Wand et al. (2010) proposed a model for
the elastic strain induced shear bands in the micro-cutting process. The FEM model
suggested that the shear bands were initiated in a region around the tool tip and were
then propagated outwards to the free edge of the chip. Figure 2.11 shows the simulation
results on the elastic strain inducted shear bands in the micro-cutting process. However,
the model was limited to ductile materials and the initial stage of the shear band, and

didn’t consider the propagation of the elastic strain during the cutting process.
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Figure 2.11 Evolution of equivalent elastic strain

Muhammad and his co-workers (2013) proposed a model to predict the critical
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underformed chip thickness for ductile-brittle transition in the nano-machining of brittle
materials. The model predicts the chip thickness for ultra-precision machining of silicon
under different tool geometries and process parameters in terms of the specific energy
in the process. The model is limited to brittle materials and ignores the material

deformation behavior due to the machining temperature.

2.3 Modelling and simulation techniques for machining

2.3.1 Slip-line field modelling of machining

The stresses and forces during the material deformation can be studied using slip-
line field modeling; the working principle for the model is in analyzing the maximum
shear stress during cutting. So, slip-line field models are always applied to metal cutting
processes for investigating the plastic deformation. One of the assumptions is that rigid-
plasticity is adopted in various slip-line field models of the machining process, where
the elastic behavior is not taken into consideration. The model assumed that the plane
strain is perfectly plastic and there is constant friction shear stress, etc. (Fang 2003a,
2003b; Fang and Dewhurst, 2005; Toropov and Ko, 2003) As explained by Fang
(2003a), the well-received Merchant’s model (Merchant 1945a) based on cutting forces
can be derived from Fang’s model. The eight special cases mentioned are shown in

figure 2.12.
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Figure 2.12 Eight special case of Fang’s slip-line model (Fang, 2003a)

2.3.2 Molecular dynamics simulation of machining

Molecular dynamics simulation (MDS) is a computer simulation method which
demonstrates the interaction between atoms and molecules over a period of time by
approximations of known physics. MDS has been applied in the modelling and

simulation of nano-indentation testing, scratching testing and nano-machining, etc
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(Tresoff, 1986; Lin and Huang, 2004; Fang et al., 2005, 2007; Shimada et al., 1993;

Inamura et al., 1997). In addition, MDS has succeeded in simulating tool wear in the

nano-cutting process (Konmanduri et al., 1998; Komanduri et al., 2000). A graphical

illustration for simulating the nano-cutting process is shown in figure 2.13.

Rake angle —#

Direction of cutting

Clearance
angle
Depth of Cut
4
@® - Boundary aloms
@ - Peripheral atoms
Q - Moving atoms Y

Figure 2.13 MDS of nanometric cutting (Komanduri et al., 2000)

The MDS model can define the anisotropy of a single crystal material as an

intrinsic property during simulation of nano-cutting. The MDS is a more appropriate

method simulate to the micro-, meso- and macro- scales than the finite element method.

Although these simulation works require huge calculations, the model had been
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successfully adapted to a deformation layer of less than tens of nanometres due to the
high computation intensity. Fang et al. (2007) developed a model for uncut chip
thicknesses smaller than 3mm, with a time step of 39 fs. A constraint for MDS is that
the results are difficult to verify, because the depth of cut used in the micro-cutting

process is much higher than the uncut chip thickness used in MDS.

2.3.3 Finite element modelling

The first finite element model was developed by Zienkiewicz (1971) and Kakino
(1971) and used to study chip formation and simulate the loading of a tool against a
pre-formed chip without modelling large-volume flows of the work material. The model
ignored the friction between the chip and tool, effect on the strain rate and temperature
are ignored. Five year later, Shirakashi and Usui (1976) proposed a model to consider
extra factors in the simulation. They developed an iterative approach in changing the
shape of the preform until the simulated plastic flow was consistent with the designated
shape. The model also included the realistic tool-chip friction conditions, a temperature
calculation and material flow stress variations with strain etc. In 1984, Iwata et al.
proposed a steady state rigid-plastic model within a Eulerian framework to determine
the material and frictional properties in the orthogonal cutting process.

For chip formation simulation, a remeshing software to adapt both the rigid-plastic
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(Sekhon and Chenot, 1993; Ceretti et al., 1996) and elastic-plastic (Marusich and Ortiz,

1995) has been developed. In addition, the arbitrary lagrangian-eulerian (ALE) methods

in which the mesh is neither fixed in space nor in the workpiece, are implemented in

the commercial FEM software, such as ABAQUS, DEFORM, etc. The ALE methods

have been adopted by many researchers, such as Rakotomolala et al. (1993).

The constitutive equations are the equations to determine the simulation results

and the related factors that can be considered in the models to achieve a better

simulation results. Analysis for the thermal-stress is required when the stress

distribution is a function of the temperature distribution. A number of finite element

studies (Liu and Melkote, 2004; Kim et al., 1999; Guo, 2004; Shi and Liu, 2004) used

the empirical flow stress equations in combining strain hardening, strain-rate effects

and thermal softening - the most popular model to combine above factors is that of

Johnson and Cook (1985). In addition, based on the notion of geometrically necessary

dislocations in dislocation mechanics, strain gradient plasticity theories have been

proposed where the strain gradient dependence of the flow stress is introduced into the

material constitutive model (Fleck et al., 1994; Fleck and Hutchinson, 1993; Gao et al.,

1999; Acharya and Bassani, 2000).
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2.4 Limitation of current theories and models

Many theoretical and experimental studies have focused on the surface generation

and the formation of shear bands in the micro-cutting of crystalline or diamond

machinable materials. Recent research on the surface integrity in single point diamond

turning focused on the crystallographic effect. So far, limit research has been applied to

amorphous metal alloys in ultra-precision machining for the study of machinability,

surface integrity, and cutting mechanic. The material removal behavior in the

supercooled liquid region has not been investigated in previous research work. The

characterization of the microstructure change due to the micro-cutting process has not

been addressed in the literature. In addition, models for the shear bands and prediction

of shear angles focus on crystalized materials and ignore the shear transformation in

the primary deformation zone.

Due to insufficient understanding of the cutting mechanics and shear bands in the

precision cutting of metal glasses, more work will be done on studying the cutting

mechanics and surface integrity in the diamond cutting of BMGs through theoretical

and experimental analyses. Studies on the shear band and chip formation mechanism in

diamond cutting of BMGs, with various cutting parameters, are required to investigate

the material removal behavior of BMG in the micro-cutting process.
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2.5 Summary

A review of the research background of bulk metallic glasses, the deformation
behavior of BMG, ultra-precision machining, surface generation, tool wear, shear bands
and chip formation is given in this chapter. Two classical models for describing the
plastics deformation behavior of bulk metallic glasses have been reviewed, which are
free volume model and shear transformation modal. The modeling techniques on micro-
cutting process have been reviewed, including the slip-line field modeling, molecular
dynamics simulation, and finite element method. The advantages and constraints of
each modeling method have been discussed.

The limitations of existing research have been identified through an in-depth
literature study. The limitations of current theories are summarized as: (i) there has been
limited research work on the cutting characteristic of amorphous alloys with various
cutting parameters; (ii) the shear band formation an propagation in the micro-cutting of
amorphous alloys has not been fully covered by the classic model in ultra-precision
diamond cutting; (iii) limited work on modelling the chip formation in the micro-cutting
of amorphous alloys; (iv) the microstructure change due to the micro-machining of

BMGs has not been recognized.

40



Chapter 3 Machinability of bulk metallic glasses in ultra-precision diamond cutting

Chapter 3 Machinability of bulk metallic glasses in ultra-

precision diamond cutting

3.1 Introduction

Bulk metallic glasses are alloys possessing an “amorphous” atomic structure,
which results in the absence of crystallites, grain boundaries and dislocations. The
amorphous structure provides unique properties including superior mechanical strain
and hardness, excellent corrosion and wear resistance, which leads a potentially wide
range of functional and high precision applications. Although metallic glasses are
suitable for making precise micro-components by micro injection molding due to
macroscopically homogenous and superplastic deformation ability (viscous flow) in the
super-cooled liquid region (temperature in the range of the glass transition temperature,
Tx, to the crystallization temperature, Tg) (Yu and et al.,2012), the micro-forming
method cannot handle high complex-shape geometries and the metallic glasses cannot
fully fill deep-cavity shapes during molding process due to the capillary force effect
(Kumar and Tang, 2009). Ultra-precision diamond cutting can complement the
limitation on the micro-forming process based on the capability of arbitrary shape
forming, high form accuracy and ultra-fine surface finishing.

The machinability of bulk metallic glasses was investigated by Bakkal et al.
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(2004; 2005) in the macro-machining process. Light emission occurred in the
machining process with a high cutting temperature of about 2500K, which induced
oxidation and crystallization on the chips, and tool wear. This phenomenon occurs in
the machining experiments, the bulk metallic glass can be characterized as a different-
to-cut material due to the unique mechanical properties, high elastic modulus, high
strength and low thermal conductivity. Although the machinability of bulk metallic
glasses was studied, the machining characteristic is still not clear in micro-machining
due to the material properties on the macro scale being much different than on the micro
scale. The proposed study experimentally addressed the machinability of Zr-based bulk
metallic glass with the composite ZrssCu3zoAlioNis in single point diamond cutting. Zr-
based bulk metallic glasses are promising amorphous alloys with superior mechanical
properties and high glass forming ability, and can be used in high level precision
components.  The proposed investigation included the machined surface quality,
cutting force, diamond tool wear and the microstructure changes on the bulk metallic

glasses by micro-machining.

3.2 Experimental setup

The bulk metallic glass workpieces were round bars of ZrssCuzoAlioNis alloy, Smm

in diameter, fabricated using the extrusion method in an arc-melting furnace with
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copper mold suction casting under a high purity argon atmosphere. The mechanical and
physical properties of the material as shown in table 3

The face turning experiments were carried out on a Nanotech 350FG (4-axisultra-
precision diamond turning machine). Four variables were controlled in the turning
experiment were: (1) two tool nose radii (0.4 mm and 1.5 mm) with -5° rake angle. (2)
four spindle speeds (4000 rpm, 3000 rpm, 2000 rpm and 1000 rpm), (3) three depths of
cut (1 pm, 2 ym, 3 um and 4 um) and (4) four feed rates (1 mm/min, 5 mm/min,
10mm/min and 15 mm/min). The experimental parameters for studying the effect of
cutting conditions on surface generation are shown in table 4. In total, 18 cutting tests
were conducted, using the cooling oil Clairsol 330. The experimental set up is shown

in figure 3.1.

Table 3 Mechanical and physical properties of workpiece

) Yield Stress ~ Thermal Conductivity
Material ot T (K) Tx (K)
(MPa) (Wm™K™)

Zrs55CuzoAlioNis 1860 5.02 663 716
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Table 4 Cutting conditions

Depth of Cut | Spindle Speed Feed Rate Tool Nose Radii | Rake Angle
(um) (rpm) (mm/min) (mm) ©)
Spindle Speed
1000
2000
1 5
3000
4000
Feed Rate
15 1.5 0.4 -5
1 1000 10
1
Depth of Cut
2
3 1000 5
4
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Figure 3.1 Experimental set up

3.3 Characterization method

The arithmetic mean surface roughness (Ra) of each machined surface was

measured by an optical profiling system (Wyko NT8000). The diamond tool was

examined by scanning electron microscopy (Hitachi Tabletop Microscope TM3000). A

Kistller 9252A piezoelectric force transducer mounted under the tool holder was used

to capture the cutting force (F.) and thrust force (F;) in the cutting process. The crystal

structure of the cast and diamond turned BMG specimens were characterized by an X-

ray Diffraction (RigakuSmart Lab). The phase ID testing was conducted by an X-ray

diffraction (XRD) with nick-filtered CuKa.
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3.4 Characterization of the crystal structure in diamond cutting

BMG

The XRD phase ID test results are shown in figure 3.2, the red broadened and
obtuse diffraction peak of the XRD phase ID test result shows the amorphous structure
for the cast Zr-based BMG, and the blue peak shows that the amorphous microstructure
remains unchanged after diamond turning. This indicates two possibilities: one is that
the cutting temperature did not reached to Tx during the diamond cutting process, and
the other is that the cutting temperature could not be transited from the cutting edge to

the sub-surface layer of the machined surface due to the low thermal conductivity of

BMG.
200 |
- Zr55Cu30A110Ni5 (Before Diamond Turning) s
B o) | Zr55Cu30AI10Ni5 (After Diamond Turning) e
g -
2
E .

2-theta (deg)

Figure 3.2 XRD phase ID test results for Zr-based BMG specimens before and after

diamond turning
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3.5 Surface roughness and surface texture

Under the cutting process in theoretical condition, the surface roughness profile
is formed by the repetition of the tool tip profile at intervals of feed per revolution,
which is determined by the spindle speed and feed rate. The theoretical relation between
the surface average roughness R, and cutting conditions can be expressed as follows

(Cheung and Lee, 2000):

0.032f2
rv2

The Mean Surface Roughness (Ra)=

(3.1)

where f is the feed rate and r is the tool nose radius. In general, this theoretical
equation cannot estimate the R, value accurately due to the material factors, for example,
the deformation mechanics and material recovery of the workpiece. The results in the
surface generation can be divided into 4 parts; the effect of the spindle speed, feed rate,

depth of cut on surface roughness and cutting force analysis.

3.5.1 Effect of spindle speed

The effect of spindle speed on the arithmetic roughness for different tool nose
radii is shown in figure 3.3. The arithmetic roughness values shown in figure 3.3 to 3.5
were the average value of three specimens. In figure 3.3, it was found that the arithmetic

roughness increases with increasing spindle speed. When the spindle speed increased
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from 1000 rpm to 4000 rpm for the tool nose radii in 1.5 mm, the R, value increased

from 7.5 nm to 26.3 nm. The experimental results show that the roughness of BMG is

sensitive to the spindle speed, a different trend to the predicted surface roughness by

equation 3.1. The discrepancy between the predicted and measured roughness can be

explained by the material swelling effect, built-up edge (BUE) on diamond tool and

crack formation at high cutting speed.

An adiabatic system occurs in the shear deformation zone due to the lower thermal

conductivity of Zr-based BMGs (5.02 W/mK). The temperature increases due to the

plastic deformation within the shear deformation zone, the temperate rise at the shear

band have been estimated as ranging from less than 0.1 Kelvin to a few thousand Kelvin

(Bengus et al., 1993). Based on the molecular dynamic simulation conducted by Zhu

and his coworkers (2014), the temperature in nanoscale cutting of the Zr-50Cuzo metallic

glasses can reach to 600-700 K which is higher than the glass transition temperature of

the workpiece material. The higher spindle speed will induce a higher temperature due

to the higher rate of plastic work, which leads to a thermal softening effect on the BMGs.

A supercooled liquid region exists when the working temperature is raised to the BMG’s

glass transition temperature, which increases the plasticity of the BMG and the swelling

occurred. The material swelling distorted the tool mark formed on the machined surface.

As a result, the machined surface roughness value increases with increasing the spindle
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speed due to the swelling effect.

As the cutting temperature increased with increasing the spindle speed. The

workpiece became softer when the cutting temperature is rasies to the glasses transition

temperature, the workpiece were adhered on the cutting tool and formed BUE. The

BUE on diamond tool was adverse for the surface quality.

Besides, the effect of strain rate on the compressive failure strength was reported

to decrease with increasing strain rate (Li et al., 2003). The literature reported that the

plasticity of BMG enhanced by the formation of disordered multiple shear bands in the

process of quasi-static uniaxial compression testing (Liu et al., 2005). However, the

higher spindle speed inhibited the initiation and propagation of shear bands, and the

sufficient time for releasing the built-up stress is not sufficient. The high rate of load

led the crack formation in the micro-cutting BMG due to the inhomogeneous

deformation. As a result, the R, value increased with increasing the spindle speed due

to the crack formation.
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Figure 3.3 Effect of spindle speed on arithmetic roughness for tool nose radii of 0.4mm

and 1.5mm (Depth of cut at 1 pm and feed rate at Smm/min)

3.5.2 Effect of feed rate

The effects of feed rate on the arithmetic roughness for different tool nose radii

are shown in figure 3.4. The R, values are found to increase from 8.0 nm to 25.1 nm

when increasing the feed rate from 10 mm/min to 15 mm/min in the tool nose radii in

1.5 mm. The experimental result shows a similar trend between the measured roughness

and the predicted surface roughness by equation 3.1 that the R, value decreases with

increasing feed rate from 10 mm/min to 15 mm/min. A large variation in Ra values
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being found when applying tool nose radii in 1.5 mm at a feed rate of 15 mm/min. The

thermal softening occurred in the micro-cutting of BMG due to the low thermal

conductivity. The cutting temperature increased with increasing the feed rate, material

swelling occurred when the cutting temperature raised to glass transition temperature.

Therefore, the tool mark formed on the machined surface shown an irregular pattern

which resulted a large variation in R, value in a feed rate of 15 mm/min.

There is a large variation in the R, value being found at a feed rate in Imm/min.

The BUE formed on the cutting tool induced additional surface roughness to the

machined surface at the low feed rate. The BUE damaged the machined surface by

scratching. The contact area between the tooltip and workpiece increased by reducing

the feed rate under constant spindle speed due to the tool path. Therefore, the chance

for the BUE scratch the machined surface at a lower feed rate is higher than in a higher

feed rate, so the R, value is high at feed rate in Imm/min. There is a larger discrepancy

on the Ra value between the tool nose radii in 0.4 mm and 1.5 mm. Since the BUE

area formed on the diamond tool increases with increasing tool nose radii. As a result,

the R. value increased with increasing the tool nose radii at feed rate in 1 mm/min.
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Figure 3.4 Effect of feed rate on arithmetic roughness for tool nose radii 0.4mm and

1.5mm (Depth of cut at 1 pm and spindle speed at 1000 rpm)

3.5.3 Effect of depth of cut

Figure 3.5 shows the effect of depth of cut on the surface roughness for different
tool nose radii. The surface roughness increases when increasing the depth of cut from
I um to 3 um. The Ra values are found to increase from 7.6 nm to 35.1 nm when
increasing the depth of cut from 1 pm to 3 pum in the tool nose radii in 1.5 mm. The
effect of depth of cut on the surface roughness are significant by increasing the depth

of cut from 1 pm to 3 um when the tool nose radii in 1.5 mm. As mentioned in the
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previous section, swelling effects occur more readily during cutting due to the lower

thermal conductivity of the Zr-based BMG. A greater depth of cut will lead to a higher

temperature in cutting which leads to a thermal softening effect on the BMGs. So the

surface roughness increases by increasing the depth of cut in the range of 1 pm to 3 pm

due to the swelling.

The Ra value reduced when the depth of cut increased from 3 um to 4 um. The

cutting edge was not being considered as a sharp edge due to the small depth of cut

applied in the micro-cutting process, and the tool edge radii are comparable in size to

the uncut chip thickness. The actual effective rake angle became negative in the micro-

cutting process (Fang, 2003b). An elastic-plastic deformation of the workpiece and the

elastic recovery at the clearance face occurred in the micro-cutting process. As the

elastic limit of BMGs is 10 times larger than the crystallize metal, the elastic recovery

behind the cutting edge enhanced the swelling effect in the depth of cut from1 um to 3

pm. When the depth of cut increased from 3 pm to 4 um, the effect of the elastic

recovery on the tool mark formed on the machined surface was minimized. As a result,

the Ra value reduced in the depth of cut at 4 pm.
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Figure 3.5 Effect of depth of cut on arithmetic roughness for tool nose radii 0.4mm

and 1.5mm (Spindle speed at 1000 rpm and feed rate at Smm/min)

3.5.4 Cutting force and thrust force

Tables 5 and 6 show the results of the cutting force and thrust force in various
cutting conditions. The experimental results show the cutting forces for a tool nose
radius of 1.5 mm are larger than for a tool nose radius of 0.4 mm. Also, a finer surface
is associated with a lower cutting force.

The cutting force in SPDT of BMG is increased by increasing the spindle speed
and depth of cut. The cutting force ratio (CFR) is used to study the relative magnitude

of the force components for different cutting parameters. The CFR results show that
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there is no significant correlation between cutting force, thrust force and the surface
roughness. There is a high variation of CFR on the cutting parameters at a spindle speed
of 1000 rpm, feed rate of 10 mm/min, 1 pum depth of cut and 0.4 mm tool nose radius,
but the CFR at the same cutting condition for a 1.5 mm tool nose radius is low,
providing evidence that the variation is not caused by the change in cutting conditions,

and is possibly due to a material defect.

Table 5 CFR and surface roughness result in various cutting parameters on tool nose

radii of 0.4mm

T

106 5 3.7 145.64 324.32 2.23
2060 5 71 153.18 42695 215
S0 5 226 400.84 637.65 1.55
S0 5 255 435.30 942 .00 216
pLE L 15 16.6 513.34 108278 2.11
pLE L 10 10.1 440,23 9302.48 21.13
pLE L 1 15.4 44335 755.64 1.70
— 10e0n 5 13.5 450.92 927.11 2.06
— BLLEL] 5 13.3 601.34 1238.48 206
— 10N 5 9.4 692.88 1455.98 210
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Table 6 CFR and surface roughness result in various cutting parameters on tool nose

radii of 1.5mm

e

Depth of Cut Spindle 5peed Feed Rate Cutting Thrust
[rpm) [mm,/min) Rafom] Force (mN) Force (mM) CER fEtfEe]
— 1000 5 75 260.15 356.28 1.37
— 2000 5 9.5 455.49 50D2.38 1.10
— 3000 5 120 T71.65 F07.20 0.92
— 4000 5 6.3 F57.20 763.43 101
— 1000 15 28 7 B9 70 896.839 1.47
— 1000 10 27 553.14 965.43 161
— 1000 1 ac g 974 58 1105.07 1.13
— 1000 5 346 F04.00 457.60 0.65
_ 1000 5 453 409.72 511.40 1.25
— 1000 5 110 997 .85 1185.30 119

3.5.5 Summarized findings in surface generation

The results show that the surface roughness is sensitive to the depth of cut and
spindle speed due to the swelling effect and BUE formed. This is because the
temperature in the cutting zone is increased by increasing the depth of cut and cutting
speed in diamond turning. The high working temperature leads to a thermal softening
effect on the BMGs, and the softening will increase the plasticity of the BMG. So the
swelling effect becomes serious at high cutting temperatures. In addition, the softening

effect will increase the area between the work material and tool, and the BUE formed

56



Chapter 3 Machinability of bulk metallic glasses in ultra-precision diamond cutting

on the tool will damage the machine surface.

The atomic structure for the machined BMG is still amorphous, and the best

surface roughness achievement in SPDT BMG is 7.5 nm, under the optimum cutting

parameters, with a feed rate in Smm/min, spindle speed 1000 rpm and depth of cut of 1

pum. An optical microscope image for the optimum cutting condition is shown in figure

3.6. Figure 3.7 shows the surface profile for the machined BMG surface under the

optimum cutting parameters. Based on the calculation for the theoretical roughness, the

surface height is 0.0021 um, but the machined surface height is 0.03 pm which is near

10 times higher than the calculated value. A swelling mark was found from the figure

3.7.

100 um

e

Figure 3.6 Optical microscope image with 20X magnification with optimum cutting

condition
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Figure 3.7 Surface profile data captured by Wyko

3.6 Tool wear investigation

Tool wear was evaluated in the diamond turning of BMG materials and the

important findings are summarized as follows. First, the chips generated in diamond

cutting can be welded to the cutting edge of the diamond tool during the material

removal process. Figure 3.8 shows a scanning electron microscopy (SEM) image for

the diamond tool which machined the BMG with a string of BMG chips welded to the

tool tip after turning. The SEM micrograph of the diamond tool, with tool nose radii of

1.5 mm used after machining BMG, is shown in figure 3.9. The welded chips can be

observed not only around the tool nose region and cutting edge, which are key areas in

the material removal process in the secondary and tertiary deformation zones, but also

in the cutting edge adjacent to the tool tip, an area not in physical contact with the
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workpiece. The SEM index test result is shown in figure 3.10, which illustrates the

built-up material on the cutting edge, and matches with the machined BMG composites.

It confirms that the BUE is not caused by the specific elements in the BMG alloy, so

the BUE cannot be reduced by changing the BMG composition.

Figure 3.11 is a graphical illustration of the built-up material formation at the

tool edge in diamond cutting. As mentioned in the previous section, the increased

cutting speed and depth of cut result in an increased temperature at the cutting zone.

The BUE formed due to the high cutting temperature leads to super-plasticity in the

BMG, and the contact between the BMG and tool tip is increased in the supercooled

liquid region.

TM3000_0913 2012M12/03 10:37 N D3.6 x600 100 um

Figure 3.8 SEM image for diamond tool with tool nose radii 1.5mm
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SO

TM3000_0910 201211203 10:17 N D4.7 x100 1 mm

Figure 3.9 SEM image of Apex KC1.5mNETI tool after machining the BMG materials

0s | 15 2 x5 3 35 g 45 -] 5% E BS
1 Sl 4300 cb8 Curpdr: 20T (158 o) >

Figure 3.10 Result of SEM index test for the BUE
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@Cutting Direction

Build-up Edge Formed due to
the High Temperature at the
Cutting Zone

Low Thermal Conductivity in

BMG (5.02 W/mk) Superplasticity at the

Supercooled Liquid Region

BMG Workpiece

Figure 3.11 Graphical illustration of built-up material formation at tool edge in diamond

cutting

3.7 Summary

The cutting characteristics of BMGs in the micro-cutting have been investigated
in this chapter, including the microstructure change due to the machining, effect of the
cutting parameters on the surface generation, and tool wear investigation. According to
the XRD results, the atomic structure for the machined BMG is still amorphous in the
diamond turning experiment.

The study on the effect on the cutting parameters on the surface generation have

shown that the surface roughness is sensitive to the depth of cut and spindle speed due
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to the swelling effect and built-up edge formed. Heat generation is believed to be

achieved by the work done in plastic deformation and friction force. More heat energy

is generated by increasing the depth of cut and cutting speed in diamond turning, and

the temperature at the cutting zone is increased by the adiabatic system due to the low

thermal conductivity of the BMGs. The high working temperature leads to a thermal

softening effect on the BMGs, and the softening will increase the plasticity of the BMG.

So the swelling effect becomes serious at high cutting temperatures. Besides, a built-up

material formed on the diamond tool due to the thermal softening effecting in micro-

cutting BMG, the SEM index test show that the compositions of the built-up material

formed on the diamond tool match with the workpiece material. The built-up edge

damage the machined surface because it increases the contact area between the work

material and tool.

In addition, the best surface roughness achievement in SPDT BMG is 7.5 nm,

under the optimum cutting parameters, with a feed rate of 5 mm/min, spindle speed

1000 rpm and depth of cut of 1 um.

62



Chapter 4 Shear band morphology and nanocrystallization in micro-cutting of bulk

metallic glass

Chapter 4 Shear band morphology and nanocrystallization

in micro-cutting of Zr-based bulk metallic glass

4.1 Introduction

Material behavior plays an important role in achieving stringent dimensional
accuracy and stability of the machined surface due to the micrometer range of cut
depths. There have been numerous studies of the cutting mechanism of single point
diamond turning of non-ferrous materials, such as copper (Moriwaki, and Okuda, 1989),
aluminum (Sugano and Takeuchi, 1987) and silicon (Nakasuji et al., 1990). Other than
non-ferrous materials, bulk metallic glass has also been the subject of much research
due to its excellent mechanical properties compared with traditional metals (Inoue,
2000). Bulk metallic glasses are alloys with an “amorphous” atomic structure, which
results in the absence of crystallites, grain boundaries and dislocations (Sun and Wang,
2015; Ding et al., 2014; Shen et al., 2017). The amorphous structure provides unique
properties including superior mechanical strain and hardness, excellent corrosion and
wear resistance (Bakkal et al., 2004a), which lead to a potentially wide range of
functional and high precision applications. However, BMG is a difficult to machine

material due to its low thermal conductivity and high strength (Bakkal et al., 2004b).
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Some research works have been done for studying the machining mechanisms of BMGs

to improve its machinability.

Bakkal et al. (2004c) reported that the cutting temperature in macro-machining Zr-

based BMG can reacted to 2400-2700 K, which induced oxidation and crystallization

of Zr-based bulk metallic glass. The unique lamellar chips were found in machining of

bulk metallic glass. The lamellar chip formation is the integral results of the self-

sustained limit-cycle phenomenon in stress, free volume and temperature in the primary

shear zone (Jiang and Dai, 2009). Chen et al. (2017) reported the nano-crystallization

phenomenon appeared at the machined surface in the micro-cutting of BMG, and, a

mirror surface could not be achieved easily due to its viscous flow, the optimum surface

roughness was reported as 100 nm.

The plastic deformation of amorphous alloys is generated due to the formation of

highly localized shear bands in micro-cutting, which is induced by the serrated plastic

flow (Chen, 1973). The initiation and the propagation of shear bands in Zr-based BMG

under quasi-static and dynamic loading in compression have been investigated in depth

(Liu et al., 2005). In addition, the effect of strain rate on the compressive failure strength

was reported to decrease with an increase of strain rate (Li et al., 2003). It was reported

in the literature that the plasticity of BMG is enhanced by the formation of multiple
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shear bands in the process of quasi-static uniaxial compression testing (Liu et al., 2005).

However, the nature of initiation and propagation of the shear bands of BMG under

complex loading and boundary conditions during micro-cutting remain unclear. In

addition, the presence of multiple shear bands in micro-cutting cannot be explained by

the classical single-shear plane model for the micro-cutting of BMG.

The previous research on the microscopic material removal mechanisms in SPDT

mostly focuses on the metallurgical properties and the machinability of crystalline

materials, with little attention to the cutting mechanics of diamond turning amorphous

metals such as BMG. However, the cutting characteristics in the micro-cutting of BMG

have been studied. The study indicates that the surface roughness of a machined surface

is sensitive to cutting speed therefore a relatively smooth surface can be obtained with

low cutting speed, but no satisfactory explanation has been provided for this

phenomenon (Chau et al., 2014). The nature of initiation and propagation of the

multiple shear bands of BMG under complex loading and boundary conditions during

micro-cutting remain unclear. The effect of the cutting speeds on the shear bands

formation and propagation mechanisms in the micro-cutting of BMG have not been

fully understood. To address the above issues, the morphological features of the primary

deformation zone and their effects on surface roughness in the diamond cutting of Zr-
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based BMG are investigated experimentally, and the crystallographic changes induced
by the micro-cutting process at three different speeds are characterized through the

study of high-resolution transmission electron microscopy in this study.

4.2 Experimental procedures

The material used for the experiment was ZrssCuzoNisAlip amorphous alloy.
Round bars of ZrssCuzoAlioNis ingots Smm in diameter and 70mm in length were
prepared in arc melting furnace with copper mold under a high purity argon atmosphere.
The amorphous nature of the fabricated BMG was verified by X-ray diffraction
(RigakuSmartLab) with Cu-Ka radiation. The orthogonal micro-cutting tests of BMG
were performed on a 4-axis ultra-precision machining system (Moore Nanotech 350FG,
USA). The experimental setup is shown in figure 4.1a. The round bars of the BMG
ingots were polished into a rectangular prism with 60 mm (length) x 1 mm (wide) x 4
mm (thick), and was mounted on a specially designed fixture for the micro-cutting. A
monocrystal diamond tool with a 2-mm flat cutting edge, zero rake angle and 10°
clearance angle was used in the straight cutting experiments. The tool moved in the Z
direction with constant cutting speeds of 50 mm/min, 100 mm/min and 400 mm/min.
The depth of cut was set at 7 um, which allows a clear observation of shear bands

formation in primary deformation zone in micro-cutting the BMG by SEM based on
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the size of the deformation area. The cutting parameters are listed in table 7.

In the orthogonal micro-cutting test, the workpiece moved in the Z direction and

the single point diamond tool was fixed in location. The diamond tool was quick-

stopped at the center of the workpiece during orthogonal cutting; the chip was formed

and remained attached to the workpiece surface after the tool retreated in the reverse

cutting direction. The acceleration and deceleration of the machine tools is very crucial

for the quick stop experiments. In the experiments, the experiment setup (Moore

Nanotech 350) is working in fast move mode, the maximum allowable acceleration will

be imposed on the slides. Although it is hard to exactly estimate the accurate

acceleration and deceleration in the experiments, the sudden stop of the feeding slide

can be indirectly validated by the experiment results of quick stop experiments, which

might be attributed to the relative small cutting speed in the experiments.

These experiments were performed in a dry cutting condition to protect the chip

morphology. In order to obtain the shear bands in the primary deformation zone after

the micro-cutting, pre-machining was conducted on the surface parallel and

perpendicular to the cutting direction by SPDT, which were labelled in figure 4.1a.

The serrated chips remained on the machined surface after the cutting process

and were observed by scanning electron microscopy (Hitachi Electron Microscope

67



Chapter 4 Shear band morphology and nanocrystallization in micro-cutting of bulk

metallic glass

TM3000) along the normal direction of the side surface in order to examine the shear
bands in the primary deformation zone and the chip morphology. 3D micrographs of
the PDZ and machined surface at two different cutting speeds were further examined
by an atomic force microscope (Park Systems XE-70 AFM). In addition, the surface
roughness of the machined surface was determined by a 3D optical surface profiler
(Zygo Nexview™). A field emission electron microscope (Jeol JEM-2100F STEM)
was employed to investigate the microstructure changes in PDZ after the micro-cutting
process. As figure 4.1b shown, the cross-section specimens of PDZ in the depth
direction perpendicular to the machined surface were prepared by a focused ion beam
(Quanta 200 3D DualBeam FIB) with surface coating protection by a sputter coater

(Bal-tec SCD 005) using tungsten, with a thickness of 2 um.

{ Spindle Pre-Machined Surface
; / - Fixture / Chip

f / Cutting
. " Direction

Y| (- Depth of Cut
Workpiece - i
. Cutting Direction
Tool Holder Diamond
Tool /
Diamond Tool
Workpiece
Force Sensor

(a)
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TEM specimen prepared
by focus ion beam (FIB)
NN

Surface coating using L]
tungsten (2 pm thickness)

-~ £

Primary deformation zone

BMG specimen

(b)
Figure 4.1 Experimental setup for (a) the straight cutting tests and (b) preparing the

cross-section specimens of PDZ by FIB

Table 7 Cutting parameters of orthogonal micro-cutting

Parameters Values
Cutting speed (mm/min) 50, 100, 400
Depth of cut (um) 7

Tool type Diamond tool
Rake angle of tool (°) 0

Clearance angle of tool (°) 10

Cutting environment Drying cutting

4.3 Results and discussion

Figure 4.2(a) shows a scanning electron microscope micrograph of a

continuous serrated chip generated in the straight cutting of the Zr-based BMG with the
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diamond tool at 0° under a dry cutting condition. A series of slip-steps due to shear

banding emerges along the cutting direction in the PDZ in micro-cutting BMG. The

chip morphology in micro-cutting BMG is different from that appearing in crystalline

metals, while the slip-steps cannot be obtained in micro-cutting crystalline metal, as

shown in figure 4.2b (Wang et al., 2010). This formation and propagation of shear bands

inside the PDZ generally cannot be obtained in machining crystalline materials. The

formation of slip-steps revealed that the plastic deformation is highly localized within

the PDZ in micro-cutting BMG. The plastic deformation behavior is fundamentally

different between metallic glasses and crystalline materials due to the lack of long range

order in metallic glasses. According to the free volume model developed by Spaepen

(1977), when an external stress is applied and exceeds the activation energy for atomic

jumping, the atoms jump into neighboring holes along the stress direction and create a

free volume. With further atomic jumping, atomic flow and plastics flow in amorphous

metals occurs. The increase in stress during micro-cutting promotes slip-steps and

accommodates the plastic deformation in the cutting direction. When the accumulated

stress reacts or excesses the yield stress of the work material, it will induce shear bands

with a shear angle of 32°. The shear bands are either initiated at the free surface of the

cutting specimen and then propagate to the cutting edge of the tool or are initiated at
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the cutting edge of the tool and then propagate to the free surface in the PDZ, as shown

in the enlarged view (yellow square) in figure 4.3 (a). The experimental results indicate

that the amorphous alloy experiences deformation behavior in the micro-cutting process.

(a)

Cutting Direction  se—fm-

Figure 4.2 SEM micrograph of chip morphology in micro-cutting (a) Zr-based BMG

and (b) cold-rolled brass with a diamond tool at a rake angle of 0° (Wang et al., 2010)
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Figure 4.3. SEM images for primary deformation zone in straight cutting Zr-based

BMG with cutting speed at (a) 50 mm/min, (b) 100 mm/min and (c)400 mm/min.
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Figure 4.4. Variation of the inter-step spacing as a function of distance from the tool
in straight cutting Zr-based BMG with cutting speed at (a) 50 mm/min, (b) 100

mm/min and (¢)400 mm/min.
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To observe the influences of cutting speed on surface roughness and the chip

morphologies, the depth of cut was set at 7 um, with cutting speeds of 50, 100 and 400

mm/min accordingly. Figure 4.3 shows the morphologies of the PDZ (site D) of the

specimen after diamond cutting at the three different cutting speeds. The corresponding

chip morphologies and formation of multiple slip-steps at different cutting speeds are

visible in the SEM images. Serrated chips were observed at the three different cutting

speeds, and the length of the slip-steps in the PDZ and the area of PDZ are shown in

table 8. Figure 4.4 illustrates the inter-band spacing for the slip-steps formed in the PDZ

as a function of the distance from the cutting tool tip at cutting speeds of 50 mm/min,

100 mm/min and 400 mm/min. For the test at a cutting speed of 50 mm/min,

100mm/min, the inter-step spacing increased when the distance between the tool tip

and that inter-step spacing increased. The lowest value of the distance of the inter-step

spacing in cutting speed of 50 mm/min was 0.3 pm and increased to 0.9um over a

distance of 15.6 um. For the test at a cutting speed of 100 mm/min, the lowest value of

the inter-step spacing was 0.4 um and increased to 1.2 um over a distance of 14.9 pm.

For the test at a cutting speed of 400 mm/min, the inter-spacing showed considerable

scatter which was consistent with the irregular shapes of the shear band formation.

Furthermore, for sample 1, there was a linearly increase in spacing with an increase of
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the distance from the tool tip. It was similar to the observation reported by Xie et al.

(2008), in which the inter-spacing of the shear bands in Zrs1 Ti14Cui2.5NijoBezn.s BMG

under Vickers indentation was proportional to the distance from the tip. This result

indicates that the formation of primary shear bands in a micro-cutting process is similar

to that in the other indentation processes, in which the primary shear bands are firstly

initiated at the region around the tool tip and then accommodate the plastic deformation

in the cutting direction and appear as slip-steps in PDZ. On the contrary, for sample 3,

irregular shapes and scatter spacing of the slip-steps were generated, illustrating the

inhabitations of growth and propagation of the slip-steps within a short period by the

local stress. However, the present work showed that the total length and the area of PDZ

increased significantly by decreasing the cutting speed.

The enlarged view of the PDZ in figure 4.3(a) shows that the slip-steps are

parallel to each other and fully developed with no intersect, at a cutting speed of 50

mm/min. Most of the slip-steps remain parallel to each other and fully developed when

there are few irregular slip-steps can be found at a cutting speed of 100 mm/min. When

the cutting speed increased from 100 mm/min to 400 mm/min, more irregular slip-steps

can be found in PDZ, the slip-steps develop rapidly and irregularly within the PDZ due

to the severe plastic deformation. At a low cutting speed, there is sufficient time for the
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shear bands to release the built-up stresses and avoid crack formation. In contrast, the
built-up stresses do not have sufficient time to relax at relativity high cutting speed,
which leads to crack formation and a brittle fracture mode. Figure 4.5 shows the surface
topologies and surface roughness of the machined surface. The arithmetic roughness of
the machined surface was examined by the 3D optical surface profiler, as shown in
table 8. The arithmetic roughness value, Ra, is the arithmetic average of the absolute
values of the profile height deviations from the mean line, recorded within the
evaluation length, and can expressed as equation 4.1. The Ra values were 13 nm, 25nm
and 47 nm at cutting speeds of 50, 100 and 400 mm/min respectively. The Ra. values

were increased with increasing the cutting speed.

Ry = (1/L) [,y — ymldL (4.1)

where L = evaluation length,y = the profile height and ym is the height of the mean line.

Table 8 Summary of shear bands transformation distance and interval

Cutting  Arithmetic Length of primary  Area of primary

Sample } , Number of
speed roughness  deformtion zone  deformtion zone .
ID . 5 slip-steps
(mm/min) R, (hm) (um) (um?)
50 15 15.6 127.3 28
2 100 25 14.9 113.6 23
3 400 43 10.8 95.8 23

76



Chapter 4 Shear band morphology and nanocrystallization in micro-cutting of bulk

metallic glass

Figure 4.5 Surface topologies of Zr-based BMG after straight cutting (site E) in

cutting speed (2)50 mm/min, (b) 100 mm/min and (c) 400 mm/min
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Figure 4.6 AFM images of machined surface of Zr-based BMG after straight cutting

(site E) in cutting speed at (a)50 mm/min and (b) 400 mm/min

In order to compare the effect of different cutting speeds on the machined
surface, the machined surface of the higher and lower cutting speeds (400 mm/min and
50 mm/min) in this study are examined by an Atomic Force Microscopy (AFM). The
scan range was set at 30umx30um, and the result is shown in figure 4.6. The AFM
images in figure 4.6(b) show the morphologies of the machined surface, in which some
scratches were found on the machined surface due to the crack formation. The cross-

sectional profiles show that the maximum peak to valley height value of sample 1 is
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about 23nm while maximum peak to valley height value of sample 3 is over 35 nm. The

AFM results show that the depth and the period of the grooves in the diamond-turned

BMG sample 1 were more regular than those in sample 3. The high loading rate in the

micro-cutting process cannot provide sufficient time for the slip steps nucleation and

propagation, and the plastic strain cannot be released by the formation of slip step, the

number of slip steps and the total length of the PDZ is decreased by increasing cutting

speed. Irregular slip-steps can be found in PDZ due to the severe plastic deformation in

higher cutting speed. The irregular shapes and scatter spacing of the slip-steps in cutting

speed at 400mm/min inhibit the shear band propagation in PDZ, which generate a non-

linear shear bad propagation in micro-cutting BMG. This non-linear shear band

propagation leads to an irregular geometry shape which extends from the primary

deformation zone to the area under the tool tip. An irregular and unpredictable profile

of the machined surface resulted in the high-speed micro-cutting. The results suggest

that the periodic grooves on the machined surface are associated with the serrated chips

with regular slip-steps spacing, the formation of regular shear bands supporting the

redistribution of the plastic strain and the prevention of crack formation.

The microstructural feature at the PDZ was analyzed by TEM. Figure 4.7 (a) and

(b) show the cross-sectional transmission electron microscopy (XTEM) images and
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selected area diffraction (SAD) patterns of the PDZ in sample 1 and sample 3

respectively. A homogenous maze contrast was observed, and no crystalline structure

could be seen in figure 4.7(a). In figure 4.7(b), the XTEM image and the SAD pattern

revealed that there were precipitations of nanocrystalline particles randomly distributed

within the PDZ with an average size in a range of 10-15 nm. In contrast, figure 4.7(c)

shows the HRTEM image of machined sample 1 containing shear bands (region 1),

where the PDZ (region 2) and the SAD patterns indicate that the nanocrystals only grow

inside the shear bands at low cutting speed, with an average size of 3-4 nm.

The local heating accompanies the severe localization of plastic flow into shear

bands in the Zr-based metallic glass during deformation, which generates a temperature

change from 278 K to more than 1273 K (Thurnheer et al., 2016). According to the

molecular dynamic simulation, an increase of temperature in the shear bands of CuZr

metallic glass is correlated positively with strain rate under tensile loading (Tang et al.,

2018). However, the molecular dynamic simulation results showed that the cutting

temperature of Zr-s0Cuzo metallic glasses can reach to 600-700K in the nanoscale

cutting process (Zhu et al., 2014). During the deformation process, the temperature was

raised by localized adiabatic heating inside the shear bands, playing a crucial role in the

nanocrystallization process (Lewandowski and Greer, 2006; Kim et al., 2002). The
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temperature of the PDZ in the micro-cutting BMG could reach or exceed the transition

temperature (Tg) due to the low thermal conductivity of the ZrssCu3zoNisAlio BMG,

while the T of the ZrssCu3zoNisAlio BMG was 673 K (Vaillant et al., 2002). Thus, the

nanocrystallization process can occur at the PDZ in the micro-cutting process.

The results show the mechanism of the formation of nanocrystalline particles with

the propagation of primary and secondary shear bands within the PDZ in a micro-

cutting process under various cutting speeds. Figure 4.8 shows a graphical illustration

of the above-mentioned mechanism. It is noticeable that the shear band initiation and

propagation of the micro-cutting process are highly related to the cutting speed. In the

initial stage, a part of local stress would be released by the formation of slip-steps along

the cutting direction (figure 4.8(al) and (bl)). Once the remaining local stress

accumulated to the yield point, then the shear band would be initialized and propagated

in the PDZ. The results from the SEM images indicate that a relatively low speed in

micro-cutting would benefit in regard to the formation of shear bands, because of the

slight increase in the local stress at relatively low cutting speeds in micro-cutting, the

local stress could be released by the full development of the slip-steps before the shear

bands was initiated. At a lower cutting speed in micro-cutting BMG, it provided

sufficient time to nucleate new slip steps from the tool tip to cutting direction, and the
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fully developed slip steps could be observed at a larger PDZ area. The shear bands were

rapidly initiated to accommodate the large inelastic strain due to a high rate of energy

input. The number of slip steps and the PDZ area was relatively smaller in high speed

cutting since the slip-steps in PDZ cannot be fully developed before the shear band

initialed. With increase of cutting speed, the time is reduced for conducting the heat

generated by cutting, and the temperature in the PDZ rises rapidly. The high rate of

loading inhibits the formation of slip-steps which generate more heat and thereby raise

the temperature in the PDZ due to the low thermal conductivity of BMG. The presence

of nanocrystals outside the shear bands at higher cutting speed indicated that the large

shear strain at high rate loading affects the amorphous matrix. Hence, the machining-

induced nanocrystallization process is influenced by the cutting speed in micro-cutting

BMGs.

By the precipitation of nanocrystals outside the shear bands at high speed cutting,

the propagation of the shear band is suppressed by the nanocrystaline particles. Then, a

new shear band would be initiated at an area near the previous corresponding shear

bands. As illustrated in figure 4.8(b2), repeating the process during cutting process, the

shear bands are propagated in a non-linear way due to the random distribution of

nanocrystaline particles in the PDZ. This non-linear shear band propagation leads to an
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irregular and unpredictable profile of the machined surface in high-speed micro-cutting,

as shown in figure 4.6(b).

Furthermore, the elastic strain energy in the cutting direction can be absorbed by

the formation of slip-steps at low cutting speed. Conversely, the high load rate does not

provide sufficient time for the formation of slip-steps; thus, the elastic strain energy in

the PDZ leads to material recovery in the region between the tool tip and material.

Multiple intersecting residual shear bands in the form of wrinkles and microcracks can

be observed on the machined surface in high-speed cutting, as shown in figure 4.6(b),

which was a result of the high elastic energy stored in the PDZ. Therefore, a smoother

surface with regular grooving can be obtained at a low cutting speed. This result also

implies that the high loading rate in micro-cutting a BMG enhances the formation of

nanocrystals on the machined BMG surface.
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Figure 4.7 XTEM image of primary deformation zone in (a) sample 1 and (b) sample

2; (c) HRTEM image and SAD patterns of the shear bands formed in sample 1
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Figure 4.8 Graphical illustration of formation and propagation of shear band in

microcutting Zr-based BMG. (al) and (a2): The formation and propagation of primary

shear bands at initial stage. (b1) and (b2): The formation and propagation of secondary

shear bands at final stage. Note that for (al) and (b1): cutting speed 50 mm/min, and

for (a2) and (b2): cutting speed 400 mm/min

4.4 Conclusions

This study investigated the formation of multiple shear bands in the micro-

cutting of a Zr-based BMG at two cutting speeds. Firstly, continuous serrated chips

appear in straight cutting the Zr-based BMG with a diamond tool. When observing the
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serrated chips, a series of slip-steps could be seen in the cutting direction at the PDZ

and within the serration, while the slip-steps cannot be obtained in micro-cutting

crystalline metal. The effects of the cutting speeds on the shear bands formation and

propagation mechanisms in the micro-cutting of BMG have been observed. The

observations shown the formation and propagation of shear bands in micro-cutting

BMG are influenced by cutting speed, a higher cutting speed inhibits the growth and

propagation of shear bands in the primary deformation zone.

Secondly, the effects of shear bands formation and propagation on the machined

surface quality have been studied. A finer machined surface is associated with the

serrated chips with regular slip-steps spacing, the formation of regular shear bands

supports the redistribution of the plastic strain and the prevention of crack formation.

The TEM examination in the primary deformation under various cutting

conditions revealed that the micro-cutting-induced nanocrystallization occurred in

micro-cutting of BMG. Nanocrystalline practices were found inside the shear band at a

cutting speed of 50 mm/min, while nanocrystals were seen outside the shear bands at a

cutting speed of 400 mm/min. These results indicated that the formation of the

nanocrystal in the micro-cutting process is influenced by the cutting speed.

The mechanism of the formation and propagation of shear bands in micro-cutting
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Zr-based BMG under various cutting speed was proposed. The high load rate inhibited
the formation of the shear bands. The propagation of the shear bands was suppressed
by the nanocrystalline practices in the PDZ. The interaction between the shear bands
propagation and the formation of nanocrystalline practices can affect the surface
generation in the micro-cutting of BMG. The non-linear propagation of the secondary

shear band leads an irregular and unpredictable profile of the machined surface.
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Chapter 5 Twinned-serrated chip formation with minor
shear bands in ultra-precision micro-cutting of bulk metallic

glass
5.1 Introduction

Bulk metallic glass exhibits of excellent performance, such as high strength and
hardness, large elastic limit and superior resistance to wear and corrosion, as compared
with traditional metals (Bakkal et al., 2004a). Due to its unique physical, chemical, and
mechanical properties, it has received intensive and increasing interest. Machining is a
commonly employed cost-effective process for generating a required shape, however,
BMG is a difficult to machine material due to its low heat conductivity and high
strength (Bakkal et al., 200b), which limit its applications.

To improve its machinability, research work has been carried out to study its
machining mechanisms. Huang and Yan (2016) studied crystallization behavior at the
workpiece surface layer of a Zr-based BMG during micro-electrical discharge
machining, using X-ray diffractometer and laser micro-Raman spectroscopy. The
surface crystallization layer was effectively removed by subsequent grinding using a

sintered polycrystalline diamond. The combined machining process is a promising
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method to fabricate micro-features on the BMG surfaces. Bakkal et al. (2004c)

suggested that machining induced oxidation and crystallization of Zr-based bulk

metallic glass, since the cutting temperature was very high, up to 2400-2700 K.

Additionally, Jiang and Dai (2009) found that unique lamellar chips were formed in the

machining of bulk metallic glass. The lamellar structures generated during chip

formation are the combined results from the self-sustained limit-cycle phenomena in

stress, free volume and temperature in the primary shear zone. Fujita (2005a) suggested

that the slipping off generation mechanism of the lamellar chips was the reason for the

excellent machinability in the turning of Zr-based BMG. However, Bakkal (2004a)

proposed that the cyclic shear band formation would aggravate surface quality. In

addition, the drilling performance of BMGs has been studied extensively, and Zhu et al.

(2013) observed the serrated chip formation in drilling a Zr-based BMG. They found

that the nano-crystals present in the drilling of Zr-based BMGs facilitated the chip

serration formation. Bakkal (2005b) reported that drilling BMGs at high speed would

yield a light emission and severe tool wear during chip formation. More importantly, it

was found that there was a feasible spindle speed and feed rate for efficient of drilling

BMGs. The serrated chip formation was s key characteristics in drilling BMGs.

Furthermore, ultra-precision micro-cutting has been well established for the
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precision fabrication in mass production, providing sub-micrometric form accuracy and

nanometric surface roughness (Zhang et al, 2015). As a potential material, much more

attention has been initially paid to UPMC of BMG. Chen (2017) reported nano-

crystallization and serrated chip formation of the BMG were frequently formed in

UPMC. A mirror surface could not easily be achieved due to its viscous flow, and the

lowest achievable surface roughness was only 100 nm. Han (2015) suggested that the

serrated chips formation in the UPMC of BMG was due to the inhomogeneous localized

maximum shear stress in nano-scratching.

As discussed above, current research work on machining of BMG reveals that the

machined surface of BMG is usually characterized by crystallization and its chips are

uniquely serrated in nature. Chip formation is an important indicator for surface quality

and tool wear in machining (Huang and Yan, 2016). However, the intrinsic serrated chip

formation mechanisms are not fully understood. Motivated by this, in this research, a

series of orthogonal cutting tests were carried out to study the unique chip formation in

UPMC of BMG. The chip morphologies were observed by a scanning electron

microscope and the cutting forces were measured by a cutting force measurement

system. In addition, the effects of tool rake angle on chip formation were determined.

Furthermore, finite element modelling was employed for the orthogonal UPMC
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simulation to reveal its intrinsic mechanisms, since it is a powerful tool which used to
study complex cutting mechanisms (Chen et al., 2013; Ozel, 2006; Mahnama and

Movahhedy, 2010).

5.2 Experimental setup

The material bulk metallic glass, ZrssCuzoAlioNis, was used in this study. Round
bars of ZrssCuzoAlioNis ingots Smm in diameter and 70mm in length were prepared in
arc melting furnace with a copper mould. The amorphous structure of as-cast Zr-based
BMG was characterized by X-ray diffraction (RigakuSmartLab), using CuKa radiation,
as shown in figure 5.1. The physical properties of the bulk metallic glass
(Zrs5CuzoAlioNis) are listed in table 9, and effect of the temperature on the physical
properties shown in table 9 are neglected in this study. The orthogonal UPMC tests of
BMG were performed on a 4-axis ultra-precision machine Moore 350FG. Details
experimental setup of the orthogonal UPMC are shown in figure 5.2. The round bars of
the BMG ingots were polished into a rectangular prism with dimensions 60 mm (length)
x 1 mm (wide) x 4 mm (thick), and the workpiece was mounted on a fixture for ultra-
precision machining. In the UPMC test, the workpiece moved in the Z direction and the

single point diamond tool was fixed. To measure cutting forces, a Kistler 9252A force
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transducer was mounted between the tool shank and the tool fixture, with a pre-loaded

force to sense the cutting forces. The signals of the cutting forces were recorded using

a Tektronix TDS 774A digitizing oscilloscope after being pre-amplified by a charge

amplifier. The sampling frequency was set at 1 MHz. And the chips' morphologies were

observed by the scanning electron microscopy (Hitachi TM3000). The detailed cutting

parameters are listed in table 10. The radius of the diamond tool, measured by an atomic

force microscope, was 20 nm.

Table 9 Physical properties of bulk metallic glass at room temperature (300K)

Properties Values
Density (kg/m?) 8620
Hardness (HRC) 46
Elastic modulus (GPa) 85
Thermal conductivity (W/mK) 5.02
Specific heat capacity (Jmol'K™) 26.5
Poisson’s ratio 0.376
Linear thermal expansion (10°/°C) 6.5
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Figure 5.1 Characterization of as-cast ZrssCuzoAl1oNis bulk metallic glass by XRD
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Figure 5.2 Tests of UPMC for BMG
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Table 10 Cutting parameters of UPMC

Parameters Values
Cutting speed (mm/min) 100

Depth of cut (um) 7

Tool type Diamond tool
Rake angle of tool (°) 5,0,-10, -25
Clearance angle of tool (°) 10

Cutting environment Drying cutting

5.3 FEM in UPMC of BMG

To identify the material soft behavior due to the adiabatic effect in UPMC of BMG,

FEM was employed to obtain information on the chip formation. In this study, the

software ABAQUS 6.12 was used to simulate the orthogonal UPMC of BMG. To reflect

the adiabatic effect in UPMC, the analysis step "Dynamic, Explicit, adiabatic" was

selected in the software. The orthogonal FEM for the UPMC of BMG is shown in

figure5.3. In the simulation, the part dimension was 90 pm x 30 um, and the part was

meshed with 24,800 elements, of bilinear quadrangular form with reduced integration

and hourglass control: CPE4R. In order to improve the accuracy, the mesh in the cutting

layer was refined. The tool was set as a rigid-body with 1200 elements. The boundary
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conditions are shown in figure 5.3, the cutting tool is considered as fixed in x and y
directions. The workpiece material is fixed at y direction and it is moved against the
tool by applying a constant cutting velocity.

The FEM simulation in this study were performed on a desktop computer with 4-
core Central Processing Unit (CPU), Intel® Core™ i7-5775C processor, 64GB Random
Access Memory (RAM), and a Graphics Processing Unit (GPU), NVIDIA GeForce GT
730 GPU. Each cutting parameters were undergoing the FEM simulation in one times.

It took approximately 72 hours for each model.

Refined mesh @ CPE4R Diamond tool
Size: 15 nm x 15 nm

Velocity
—_—

Figure 5.3 Orthogonal FEM in UPMC of BMG
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5.4 Description of the Johnson-Cook material model

The Johnson-Cook constitutive model (Johnson and Cook, 1983) describes the
flow stress of a material by considering the effects of strain hardening, strain-rate and
thermal softening. This plasticity model is suitable in FEM simulation of materials at
high strain rates and the cutting process. The Johnson-Cook model is found effective
in modeling the cutting force, temperature and chip morphology in machining process
(Vijay Sekar and Pradeep Kumar, 2011). In this study, the Johnson-Cook material law
was adopted in the simulation of UPMC for BMG, and it was employed to study the
phenomenon of BMG under the conditions of the large deformation, high strain rate
and high temperature

The Johnson-Cook material model was the following equation:

6. = [A+B(eDH)"[1+ Cln&|[1— T*™)] (5.1)

18

where o is the equivalent stress, and ¢ is the equivalent plastic strain. " =

Eref
. . . . .«  T-T .
the relative equivalent plastic strain rate. T* = ——<L is the homologous temperature,
m~lref
T is the melting temperature., and &..r and T,.; are the reference strain rate and the
reference deformation temperature. A, B, C, n and m are material constants. A is the

yield stress of the material under reference conditions, B is the strain hardening constant,
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n is the strain hardening coefficient, C is the strengthening coefficient of strain rate, and
m is the thermal softening coefficient.

The equation is used to describe the relationship between the stress and strain of
the material under quasi-static loading. The part [1 + Cln €*] in the equation is used
to represent the effect of strain rate hardening, the coefficient C is an amplification
factor. The part [1 — T*™] in the equation is used to describe the effect of thermal
softening, where m is a reduction coefficient for the stress. The Johnson-Cook material
model is material constitutive equation based on the experimental results.

The coefficient A, B, C, n and m in equation (5.1) can be determined by combining
the quasi-static tests with the split Hopkinson pressure bar tests over a wide range of

strain rates and temperatures.

5.5 Determination of the Johnson-Cook model parameters

The Johnson-Cook parameters of the Zr-based BMG were determined based on
the deformation behavior of ZrssCuzoAlioNis over a range of strain rates and
temperature. Yin (2013) conducted a series of uniaxial compression experiments to
determine the stress-strain relationship for ZrssCusoAli1oNis, with different temperature

values at constant strain rate, and different strain rates under constant temperature. In
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the current study, the reference strain rate, &..¢, and the reference temperature, Ty.cf,

were taken as 1x107 s™! and 300 K respectively.

5.5.1 Determination of the parameters A, B and n

First, the parameters 4, B and n can be determined by ignoring the strain rate
hardening and thermal softening effect. So the equation (5.1) can be simplified to the

following:

o, = [A+ B(eD)"] (5.2)

Equation (5.2) represents the yield strength at room temperature and the strain rate
of 1/s. The stress-strain curve under quasi-static tests was used to establish the yield
stress (a) of the Zr-based BMG, where g, = A. The second step for determining the

parameters is changing equation (5.2) to a logarithmic form, as:

In (6, — 05) = [InB + ninel] (5.3)

By substituting the flow stress and strain values at the reference strain rate, 1x10°
3571, and the reference temperature, 300K, into equation (5.3), the material constants A,
B and n were determined as 1702 MPa, 1381 MPa and 0.82 respectively based on the

linear relationship between In(oc — A) and Ine.
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5.3.2 Determination of the parameter C
For determining material constant C, equation (5.1) can be given as the following
at the deformation condition, T = Tyer and € = &, :

Ze _1=Clné¢ (5.4)

Oq

where o, isthestressat T = Tyof , € = € and C is the undetermined constant.
By substituting the stress values at three strain rates, 1x102, 1x10 and 1x10, at
constant temperature, T = Ty.r, into equation (5.4), the material constant C was

determined as 0.032 using curve fitting.

5.5.3 Determination of the parameter m

For determining the material constant m, Equation (1) can be described as the

following, at a constant strain rate, &€ = €.:

e =1 —m (5.5)

Op

By processing equation (9) in a logarithm transformation, equation (5.5) is modified as

follows:
In(1 —2) = m InT* (5.6)
Op

where o0y, isthestressat T =T, and & = ..
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By substituting the stress values at three temperature, 678K, 698K and 718K, at
constant strain rate, € = &..r, into equation (5.6), the material constant m was
determined as 6.88 using curve fitting. The Johnson-Cook parameters of BMG are

listed in table 11.

Table 11 Johnson-Cook material constitutive model parameters of BMG

A(MPa) B (MPa) n C M Ter(K) T (K)

1702 1381 0.82 0.032  6.88 300 932

5.6 Determination of the Johnson-Cook damage model parameters

To simulate the chip separation from the workpiece in UPMC, the Johnson-Cook
failure model (Johnson and Cook, 1985) was applied. The Johnson-Cook failure model
is based on the hypothesis that fracture occurs when the value of the plastic strain at the
element integration point reaches a critical value. The failure is assumed to occur when
the damage parameter D exceeds 1. The Johnson-Cook failure model can be written as

follows:

& = [Dl + D, exp <D3 (Z—m)ﬂ [1+ Dyin(,")][1+ DsT"] (5.7)

100



Chapter 5 Twinned-serrated chip formation with minor shear bands in ultra-precision

micro-cutting of bulk metallic glass

where & is the equivalent strain at failure, D1 to Ds are the damage model constants,

. . . S 3 ép . .
Oy 1s the mean stress, g, is the equivalent stress, and &, = o I8 the relative
ref

equivalent plastic strain rate.

The damage parameter D is defined based on the cumulative law as follows:
D=y (5.8)
ef

where Ae is the accumulated increment of the equivalent plastic strain. The value of

JC damage parameters used for the present study are specified in table 12.

Table 12 Johnson-Cook damage model parameters of BMG

D1 D2 Ds Da4 Ds

-0.09 2.5 -0.5 0.002 2

5.7 Determination of the thermal-mechanical behavior of BMG in

UPMC

To reflect the real thermal-mechanical behavior of BMG in UPMC, a scientific

thermal-mechanical model needs to be established. The heat in the shear band zone
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generated by the deformation of BMG cannot be transferred effectively due to the low
heat conductivity and high strain rate in UPMC, so, an adiabatic model was established
in the simulation. Adiabatic thermal-stress analysis is typically used to simulate high
strain rate processes involving large amounts of inelastic strain, where the heating of
the material caused by its deformation is an important effect because of temperature-
dependent material properties. An increase in temperature is calculated directly at the
material integration points according to an increase in the adiabatic thermal energy
caused by inelastic deformation; temperature is not a degree of freedom in the
simulation. No allowance is made for heat conduction in an adiabatic analysis. In the

adiabatic analysis, plastic straining gives rise to a heat flux per unit volume of:

rPl =po &Pt (5.9)

where P! is the heat flux that is added into the thermal energy balance, 7 is the
user-specified inelastic heat fraction, o is the stress, and €Pl is the rate of plastic

straining.

The heat equation solved at each integration point is

pc(6)9=r"" (5.10)

where p is the material density and c(8) is the specific heat.
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A realistic reflection of the coupling contact features between the tool and chip
interface can guarantee the simulation accuracy. The modified Coulomb friction model
was been used in the simulation and the average value of the friction coefficient was

set to be 0.2.

5.6 Twinned-serrated chip formation

Figure 5.4 shows the evolution process of the twinned shear in one serrated chip,
with the stress and temperature of the primary shear band in the UPMC of BMG. In
figure 5.4a, the stress and temperature of the primary shear band began to increase due
to the material deformation in the shear zone. As shown in figure 5.4b, the heat of
deformation cannot be transferred effectively and the temperature in the adiabatic shear
band reached a peak under the feed movement of the tool, so the chip began to flow
because of the material thermal softening effect, and the stress in the adiabatic shear
band fell rapidly. The stress in the shear band is much less than outside, while the
temperature shear band is much higher than outside. At the same time, a serrated chip
began to form. An interesting phenomenon was observed and the twinned minor shear
appeared in figure 5.4c. Subsequantly, the twinned minor shear zone blended together

with the first serrated chip due to the compression stress in the cutting direction through
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the tool. Then the second cycle of serrated chip began to form.
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Figure 5.4 Simulation results on the formation of twinned serrated chip with the change
of stress and temperature in shear bands of BMG (UPMC: Rake angle 0 *, cutting speed

100 mm/min)
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To reveal the change of stress and temperature at the shear band in UPMC of BMG,

the points A, B and C in the primary adiabatic shear band, and the points D and E in

the twinned shear band were examined. The locations of the five points are shown in

figure 5.5. Figure 5.6 shows the changes in stress and temperature at the five points A,

B, C, D and E during the formation of one serrated chip. It can be clearly seen that there

are three stages in the formation cycle of one serrated chip: Elastic deformation, plastic

deformation and shear-fracture. During the three stages, the stress and temperature of

the five points in the shear band began to increase, then the stress reached a peak and

the material began to soften and flow. Locations A, B and C in the primary shear band

began to shear first, then the stress decreased rapidly and the temperature reached a

peak. Whereafter, D and E began to shear and twinned shear occurred, then the

temperature at D, E reached peaks, and the whole cycle of the serrated chip finished.

From the change tendency of the stress and temperature at the five points, it fully proved

that twinned shear in one cycle of each serrated chip existed.

The primary cutting force curve of BMG in the simulation and experiment are

shown in figure 5.6, where it can be seen clearly that the cutting force fluctuates with

the formation of the serrated chips. Differing from the common cutting forces featuring

orderly separated zigzag shapes observed in diamond cutting of other materials, the
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cutting forces shown in figure 5.7 are characterized by the twinned minor shear

phenomenon in each cycle of serrated chip formation, which indicates a different

material removal mechanism. Specifically, in the diamond cutting of BMG, each zigzag

cycle includes two separate crests, namely a big crest followed by a small one, which

indicates that each chip formation for BMG has a two-step cutting behavior.

Cutting Direction Cutting Direction
e e
Adiabatic shear band
N\
N N . N \A\ \
Do Diamond tool N Diamond tool
\ \
<= NCA
Twinned shear/i \\B\\
E \ Tool moves forward \ N

A

@

\\ C

Workpiece Workpiece

Twinned minor shear appeared Adiabatic shear band formed

Figure 5.5 Equivalent points in the formation of one serrated chip
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Figure 5.6 Change of stress and temperature at element A, B and C in the adiabatic

shear band during the formation of one serrated chip
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Figure 5.7 (a) Simulation result and (b) experiment result on the cutting forces under
cutting condition at tool rake angle at 0 °, cutting speed at 100 mm/min, and depth of

cut of 7um

5.7 Material removal mechanism

To further determined the unique material removal process in the diamond cutting
of BMG, the chip formation process was also observed and simulated, as shown in
figure 5.9. Figure 5.9 shows the generated and simulated serrated chip morphologies in
diamond cutting of BMG under different rake angles. It should be noted that the original
chip formed in the diamond cutting test was a continuous curled chip. Since the cutting
distance in the test was relatively long compared to the simulation, the long continuous
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curled chip rolled up as a spiral. When the chip length increased, the outer curvature of
the spiral decreased in the zoom-in view. As a result, the magnified view of the chip
near the primary deformation zone in SEM appeared straightened, as shown in figure
5.8. referring to figure 5.9, the chips of BMG feature the twinned shear band, namely a
big zigzag followed by a small one, which explains the twinned minor shear
phenomenon shown in figure 5.7. A good consistency between the experimental and
simulated results also validates the simulation as well reflecting the chip formation
process. From the simulated heat distribution results, serrated chips are caused by the
adiabatic effect due to the low heat conductivity. Both the experimental and simulation
results indicate that a second shearing process is generated in the chip formation process,
which cause a small zigzag shape following the big one and leads to the cutting force
fluctuations during each serrated chip formation cycle.

In addition, figure 5.9 shows that the serrated chip very clearly under rake angles
of 07, -10" and 25", while the serrated chip is inconspicuous at a rake angle of 5° . It
can be inferred that a negative rake angle will increase the serration level of the chips.
In addition, from figure 5.9, it can also be seen that a twinned minor shear phenomenon
exists in the cycle of each serrated chip. The larger the negative rake angle, the more

obvious the twinned shear and the serration level of the chips can be observed.

111



Chapter 5 Twinned-serrated chip formation with minor shear bands in ultra-precision

micro-cutting of bulk metallic glass

Therefore, the results of chip comparison proved that the extent of serrated chip is very

sensitive to the rake angle.

— e o c—

Continuous curled chip

Workpiece

Figure 5.8 The formation mechanism of the spiral chips.
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Twinned B
shear

(dI) Chip of test (d2) Chip of simulation
Figure 5.9 Comparison of chips between experiment and simulation in ultra-precision
turning of BMG at different rake angles: (a) 5, (b) 0", (c)-10", (d) -25 ", with cutting

condition at a cutting speed of 100 mm/min, and depth of cut of 7um

Figure 5.10 is the evaluation model of the extent of the serrated chip of BMG. Table
13 shows the effects of rake angle on the main cutting force and the pitch of the serrated
chip in simulations and tests of BMG. The simulation results agree with the experiment
results very well. From table 13, the average value and amplitude of the cutting force
increased when the tool rake angle changed from positive to negative, and the pitch of
the serrated chip also has the same characteristic. So, the results proved that a negative
rake angle will increase the extent of the serration.

In addition to the cutting speed at 100 mm/min, the experiment results adopted
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different cutting speeds at 200 and 400 mm/min. Similar twinned-serrated chips were

also observed at 200 and 400 mm/min using the -10° tool rake angle, as shown in figure

5.11 (a) and (b), which indicates that the chip formation mechanism can mostly be

attributed to inherent material the properties. A lower cutting depth at 1 um was also

adopted in the experiments to observe the chip formation, as shown in figure 5.11 (c).

In this case, even though the chips are characterized as snatchy shape compared with

the larger cutting depths, the twinned chips can also be clearly observed. Based on the

simulation results, the serrated chips are mostly caused by the adiabatic effect due to

the low heat conductivity.

Table 13 Effect of rake angle on cutting force and the pitch of the serrated chip

Pitch Average cutting force Amplitude of the cutting force
Rake angle  Simulation Test Simulation Test Simulation Test
5 2.35um 2.64pum 20.1IN 24.91IN 8.81N 7.26N
0 3.32um 3.56um 237N 27.22N 15.93N 11.87N
-10 6.17um 6.81um 27.3N 34.09N 16.24N 12.18N
-25 7.05pum 7.33um 32.6N 38.59N 17.06N 13.23N
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Figure 5.10 Evaluation model of the extent for the serrated chip of BMG

Figure 5.11. The SEM image of the chip formation with tool rake angle in -10° under

cutting conditions in (a) the cutting speed at 200 mm/min and depth of cut in 7um; (b)
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the cutting speed 400 mm/min and depth of cut in 7um; (c) the cutting speed at 100

mm/min and cutting depths at 1 um

5.8 Conclusions

To investigate the cutting mechanisms of serrated chip formation in ultra-precision

micro-cutting of bulk metallic glass, a series of UPMC tests was carried out and the

cutting process was simulated by the finite element method. The unique twinned-

serrated chip formation process in the diamond cutting of BMG was first observed and

simulated, and its effects on the chip formation and cutting force oscillations were also

analyzed in order to learn the to determine the material removal mechanism of BMG.

The changes of temperature and stress in the cutting zone were examined based on an

adiabatic model for calculating the temperatures in the shear band according to the

increase of the adiabatic thermal energy caused by the inelastic deformation.

The material removal process of BMG is characterized as a twinned minor shear

phenomenon in each cycle of each serrated chip formation. The primary shear band is

formed mostly due to the material thermal softening effect, and the stress in the

adiabatic shear band falls rapidly. The twinned minor shear zone blends together with

the primary serrated chip due to the compression in cutting direction through the tool.
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The proposed adiabatic model can well simulate the chip formation process of BMG,

and verifies that the chip formation includes three separate stages: namely elastic

deformation, plastic deformation and shear-fracture. Each stage occurs along with the

change of temperature and stress.

Serrated chips are caused by the adiabatic effect due to the low heat conductivity.

Both the experimental and simulation results indicate that a second shearing process is

generated in the chip formation process, which results in a small zigzag shape,

following the big one, and leads to cutting force fluctuations during each serrated chip

formation cycle.

The average value and amplitude of the cutting force increases when the tool rake

angle is changed from positive to negative, and the pitch of the serrated chip also has

the same effect. So, the results proved that a negative rake angle will increase the extent

of the serration.
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Chapter 6 Conclusions and future work
6.1 Overall conlusions

An theoretical and experimental investigation into the factors affecting the surface
roughness in ultra-precision diamond turning was conducted.It was found that the
surface roughness of SPDT BMGs was affected by both material and process factors.
In general, the process of cutting Zr-based BMGs can improve the surface quality by
reducing the spindle speed and applying a critical depth of cut. This is because the
process factors affect the material factors due to the glass properties of BMG, and a
high cutting speed and depth of cut will lead to an increased swelling effect of the
machined workpiece surface and built-up edge on the diamond tool. The cutting
temperature can react to the glass transition temperature of BMGs due to the low
thermal conductivity of BMGs. An adiabatic system occurs between the cutting edge
and workpiece surface, which lead to BUE formation on the diamond tool and increased
swelling effect of the machined surface due to the glass properties of BMGs. The BUE
will damage the machined surface. The mechanics involved in the forming of the BUE
in machining BMG are proposed.

To investigate the effect of the cutting speed on the multiple shear bands formation
and the machining induced crystallization effect in the micro-cutting BMG. Straight

cutting experiments of a Zr-based BMG were conducted, and continuous serrated chip
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were observed at different cutting speeds. A series of slip-steps were found in the

primary deformation zone and within the serrations in the diamond cutting of BMGs,

and the shear bands propagation mechanism was influenced by the cutting speed. The

observations of the influence of the cutting speed on the formation and propagation of

shear bands suggested that a higher cutting speed can inhibit the growth and

propagation of shear bands. Micro-cutting-induced nanocrystallization occurred

through the TEM investigation. Micro-cutting at high cutting speed contributed to the

formation of much more substantial nanocrystals dispersing in the entire PDZ in

comparison to that at low speed cutting, as the low-speed cutting process only induced

nanocrystals within the shear bands. A finer machined surface can be obtained when

the shear bands in the PDZ are fully developed, since it helps to release the built-up

stress and avoided cracks forming. It provided evidence that the surface integrity of

BMGs in diamond cutting is sensitive to the cutting speed due to the formation of

nanocrystals and shear bands.

To investigate the material removal mechanisms of the serrated chip formation in

micro-cutting cutting of BMGs, a series of UPMC tests were carried out and the cutting

process simulated by the finite element method. The unique twinned-serrated chip

formation process in diamond cutting of BMG was first observed and simulated, and

its effects on the chip formation and cutting force oscillations were also analyzed in
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order to learn the to determine the material removal mechanism of BMGs. The primary

shear band in the PDZ is mostly formed due to the material thermal softening effect and

the stress in the adiabatic shear band falls rapidly. The twinned minor shear zone blends

together with the primary serrated chip due to the compression in cutting direction

through the tool. In addition, both the experimental and simulation results revealed a

small zigzag shape, following the big one, in the chip formation process is caused by

the formation of secondary shear band, which leads to cutting force fluctuations during

each serrated chip formation cycle. The average cutting force and the pitch of the

serrated chip increased when the tool rake angle decreased from positive to negative.

This result indicates that the extent of the serrations can be increased by applying a

negative tool rake angle during the micro-cutting of BMGs.

In response to the limitations of the existing research on cutting mechanics of bulk

metallic glasses in the field of ultra-precision machining, this research study has

contributed to the understanding on the cutting mechanics of SPDT BMGs in that (i)

revealing the surface generation under particular cutting conditions, which providing a

comprehensive understanding of the cutting characteristic in SPDT of BMGs; (ii) a new

insight into the mechanism of shear band formation and propagation in SPDT, by firstly

revealing the multiple shear bands formation and the interaction between the primary

and secondary shear bands in the primary deformation zone in the micro-cutting of
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BMG:s; (iii) revealing the micro-machining-induced nanocrystallization and their effect
on the surface generation in the SPDT of BMGs; (iv) FEA modelling of the chip
formation in SPDT of BMGs is realized for the first time, revealing the mechanism of
generating twinned-serrated chips in SPDT of BMG, the simulation and experimental
results indicate that negative rake angle is a more favorable condition for generating

twinned-serrated chips in SPDT of BMGs.

6.2 Suggestions for future research

In this thesis, a theoretical and experimental framework is established for the
analysis the cutting mechanic in SPDT of bulk metallic glasses, which takes into
consideration the surface generation, microstructure change of BMGs and chip
formation. Novel experimental and modelling techniques are proposed to study the
cutting mechanics and chip formation in the micro-cutting of BMGs. Based on the
findings from the present study, there are some suggestions for future research as below:

(1) The effect of cutting speed on the multiple shear bands formation and

propagation in the micro-cutting of BMGs are revealed. Future work can be
employing a high-speed camera in the micro-cutting experiments under different
cutting conditions, which can characterize deformation behavior in terms of the

evolution of shear bands localized in the primary deformation zone. This will further
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information for the material removal mechanism of BMGs in the micro-cutting

process.

(i1)) Future work can be conducted on the micro-machining of BMGs with the

applying the tool-tip vibration-assisted technique to reduce the formation of built-up

material on cutting tool. According to the experimental results and proposed theory in

this thesis, the built-up edge formed on the tool and the swelling on the machined

surface is caused by the adiabatic system between the workpiece surface and the tool-

tip. The temperature in the cutting zone can be reduced by effective cooling. The

imposed tool-tip vibration will help to reduce the cutting temperature by reducing the

contact time between the workpiece and cutting tool, which can increase the cooling

time and the amount of cooling agent get into the cutting zone.
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