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Preface

Diamond offers many advantages over other wide-bandgap materials such as
silicon carbide (SiC), gallium nitride (GaN), and others. Noticeable among these
advantages is the method of fabrication. Fabrication costs of diamond-based
electronics have decreased due to the advent of chemical vapour deposition (CVD).
Other advantages include large Young’s modulus and hardness values, which makes
diamond ideal for protective coating applications. Diamond tools are used exten-
sively in mining and construction engineering. Moreover, due to the extremely

low coefficient of friction, diamond is used as a solid lubricant in outer space. Its
superior mechanical properties, as well as high thermal conductivity, make diamond
the best candidate for thermal management in extreme environments like outer
space. Diamond is also radiation-hard; therefore, it is used as a high-energy particle
detector in extreme physics experiments like fusion and fission.

The transparency of diamond across the wide electromagnetic wave spectrum
makes it a material of choice for high-power laser windows, microwave power
transmission gyrotron windows, and more. It is electrically insulating with high
breakdown voltage and low dielectric constant. Doping diamond with boron or
phosphorous makes it a useful semiconductor. Its chemical stability also makes it
ideal for highly aggressive environments. The most striking property of diamond-
based electrochemical sensors is diamond’s high overpotential for hydrogen and
oxygen evolution. There are also reports of capturing CO, greenhouse gas with
diamond material by using the artificial photosynthesis principle. Due to its inert-
ness in the biological environment, there have been attempts at using diamonds in
the fabrication of neurons and other biological sensors. Nanocrystalline diamond’s
field electron emission properties allow the material to be used in cold cathode tube
engineering applications. It has the highest sound velocity and thus it is the material
of choice for surface acoustic wave (SAW) devices.

In recent years, much effort has been made in exploiting diamond’s different
vacancy defect centers for quantum applications. This book examines the properties
of diamond and its numerous potential applications.

Awadesh Mallik
IMO-IMOMEC,
Hasselt University,
Diepenbeek, Belgium
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Chapter1

Introductory Chapter: Engineering
Applications of Diamond

Awadesh Kumar Mallik

1. Introduction

Science is the knowledge of the existing laws and principles, whereas, engineer-
ing is the application of such scientific knowledge in building/designing/creating
something useful for the humans, and such engineered tools/devices/processes
are collectively known as technology. Knowledge about diamond materials is in
existence since its early discovery along the river beds or in the mines, as early as
from the 4th century BC (Figure1). It was the hardest known stone which were
“artfully” cut and polished to shine so beautifully that lured the kings and queens
over centuries [1]. The cutting and polishing technology of these rarely found stones
was popularly used to make jewellery. The diamond dust particles that are generated
during jewellery stone making or the small sized stones from mines which can not be
used in jewellery making, are always used as abrasives. Because of its extreme hard-
ness, it was used for engraving other stones or grinding other materials. However,
the industrial use of diamond in cutting tools has become possible with the advent
of high-pressure high-temperature (HPHT) diamonds in the late 20th Century [2].
The rarity of mined diamonds made them precious and was unaffordable for the
average income people. A new process called chemical vapour deposition (CVD) [3]
has made it possible now to grow gem quality diamonds for the affordable jewel-
lery application [4]. There is another method where oxygen deficient TNT/RDX

DIAMONDS - TIMELINES@

LAB-GROWNS FROM MINES
. gthl CFI_'n(tjy ry BCT_ 1§t;_Centu(rjy AD:
: nly India supplied diamond to
* 1954 — HPHT diamond was the world from alluvial river bed
discovered by GE, USA deposits and mines
+ 1982 - Present-day CVD diamond | « 15t Century - Flemish jeweller
RIFOCESS”"S was discovered at Lodewyk van Bercken discovered
IMS, Japan diamond polishing “scaif” in
+ 1990s- UHasselt, Belgium CVD Antwerp, Belgium
diamond research activity * 1725 - Brazil mine discovery
iitiated 1870 - South Africa diamond
+ 2018 — De Beers started selling fie|d5_staortled fica clamon
lab-grown CVD diamond
jewellery * 1888 — De Beers was founded
+ March, 2020 - celebrated 25 * 20" Century — De Beers
Iglgssbelt dltamoné:l wcl;rl}sho monopoly in mining diamonds
Wiis L= G BRI ronajf . pqst Century - Russia, Botswana,
Imkdown in Belgium. x"‘ Australia major mining countries

Figure 1.
A brief timeline with vespect to the different milestones in diamond material history.
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Engineering Applications of Diamond

explosive is detonated to create diamond nanoparticles (Figure 2). These detonation
nanodiamonds (DND) [5] are now extensively used as nucleation seeds for the CVD
growth of diamond. However, the detonation process (neither ultrasonic cavitation
[6] nor microplasma processing [7]) can not make gemstone quality (Figure 3)
larger diamond crystals, whereas, HPHT can make gemstones, but they are limited
in size [8] and of inferior quality diamond with defects or foreign inclusion [9].
Beauty lies in the eyes of the beholder. For the millennium generation, diamond
jewellery is losing its charm and attraction. Other than aesthetic value, because of
the stone’s other exceptional material properties [10], like thermal conductivity,
optical transparency over wide electromagnetic spectrum, velocity of sound waves,
tensile strength, doping conductivity etc., diamond can also be used for the greater

DIAMONDS- SOURCES@

LAB-GROWNS FROM MINES
v'4, Billions of years ago, under high
pressure and temperature,

diamond formed from carbon,
present 90 mile deep inside earth’s
surface

3. DND TEM image

Figure 2.
Four different sources of diamond. (images are from GIA and Adamas websites).
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v Sustainable future

v Environment friendly chemical
process

¥ Low cost and easy to make

v'Diamond mine closes down over
time (India)
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¥ Ethical practices
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Figure 3.
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clarity, color, carat and cut.

A relative evaluation of the laboratory grown with their mined source of the material.
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benefits of the human society [11, 12], like making faster and smaller future elec-
tronics, quantum computers, high power lasers, nuclear energy, capturing carbon
for reducing its footprint in the environment [13], medical devices for patients [14]
or even water purification [15] for a better standard of living (Table 1). This chapter
lists some of the engineering applications where the scientific knowledge of the
diamond material property has been used to build/design/create something useful

for the people on earth.
Property Value Application
Hardness* [16] 100 GPa Grinding abrasive,
Young’s Modulus* 1100 GPa . Cutting tool [17, 18], X
Tribology [19-21], mechanical
Poisson’s ratio 01 applications [22]
Co-efficients of friction 0.1

Wear resistance* 10”7 mm*/N-m

Thermal conductivity at 2000 W/m-K Heat spreader [23], High
300 K* temperature application [24, 25]
Thermal expansion 0.8x10 °/K

co-efficient at 300 K

Specific heat at 20 °C 0.502J/g-K

Debye temperature® 1860 + 10 K Acoustic devices [26, 27]
Sound velocity* 17,500 m/s

Density 3515 g/cm’

Atomic Density* 177 x 10% cm™

Bandgap 5.45eV Power electronics packaging
Electrical resistivity 10 10 * Q-cm [28-301
Breakdown Voltage* 10’ V/m

Doped [31-33] 107-10* Q-m Electronic sensors, devices

semiconductor resistivity

[34-36]

Negative electron affinity

—1.5 eV (H-terminated)

Electron field emitter [37]

IR to UV optical
transparency

UV cut off @ 225 nm & absorptions
at 2.5-6.5 pm with theoretical 71%
transmission

Absorption co-efficient

<0.10 cm™ at 10 pm

Refractive index

238 @ 10 pm, 241 @ 500 nm

Photonics [38, 39], Power
transmission windows [40],
Jewellery [41], Quantum
computing [42-44]

Photoluminescence Nitrogen NV, silicon SiV vacancy
centres
Corrosion resistant Chemically inert to acids Electrodes in electro-chemical
cells [45]
Biocompatible Inert to biological cells [46] Medical devices [14]
Radiation hard 43 eV atomic displacement energy Nuclear detector [47, 48],
Nuclear battery Encapsulation of radio-isotopes instruments [49], Betavoltaics

power supply [50]

Extreme conditions

Graphitisation at T > 700 °C inan
oxygen containing, and 1500 °C in
an inert atmosphere

High pressure cell anvils [51, 52]

Table 1.

Diamond property and their engineering applications (* highest among all materials).
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2. Mechanical engineering

The oldest (engineering) application of diamond has been cutting and polishing.
Diamond is the hardest and the strongest materials with highly covalent C-C bond-
ing. It is strong along certain crystallographic planes, in certain directions, due to
variable packing density of carbon atoms. Present day scientific knowledge about the
diamond crystal structure, chemistry and its other material property was developed
much later, than the art of making diamond jewellery was mastered by the ancient
craftsmen since the middle ages. Geologists developed the Mohs scale of hardness as
shown in Figure 4 on the basis of the relative hardness between different minerals.

However, much later on when the modern-day science started to develop,
scientist found that the indentation hardness values in GPa [53] is the highest for
diamond materials. Figure 5 compares the GPa hardness of different engineering
materials. It can be found that hardened steel has only 7 GPa of hardness whereas,
diamond has as high as 115 GPa. However, depending on the various factors like, the
amount of defects present inside like dislocations, foreign elements, single or poly-
crystalline diamond, CVD or HPHT grown, crystallographic planes and directions,
the hardness values can vary from 25-100 GPa. Due to such high hardness value, it
has been used as grinding, lapping and polishing material in the form of slurries,
paste, impregnated metallic disc or paper as shown in Figure 6.

Diamond carbon atoms are arranged in two inter-penetrating FCC crystal lattice
of a diamond cubic structure where the covalent bond length is 0.154 nm with tetra-
hedral angle of 109.5° between them. The highly covalent nature (deep and symmetric
potential well) of the C-C bond makes diamond’s Young’s modulus tensile strength
and the thermal expansion co-efficient, the highest among all the solid materials. The
high molecular weight polyethylene polymer which are used for protective armour
application has the least tensile strength (about 1 GPa) in the Figure 7. The woods
(11 GPa) that are used to build houses, or the human teeth enamel (55 GPa) for break-
ing food and even the structural steel material (200 GPa) have much less stiffness or
flexibility i.e. the ability to resist deformation than diamond (>1200 GPa).

~ Diamond 10
D
e | Corundum 9 Masonary Drill Bit (8.5)
cl @ — /
r Topaz 8
e |
a Y
s = N\NE
n | Ortholclase 6 ANY
| & | o
o Apatite £ & = | Knife / Glass plate (5.5)
? " Fluorite @ 4 =
d ’ = Copper Penny (3.5)
n Calcite 3 ]
e
¥ L Gypsum 2 : _‘(/ Finger nail (2.5)
Talc 1
Figure 4.

Mobhs scale of hardness of different materials.
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Diamond - hardest material to scientists
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Figure 6.
Diamond abrasive application.

Due to its extreme hardness and strength, it has been traditionally used as
cutting tools [54] in machining application as shown in Figure 8. Polycrystalline
diamond cutting tools of different shapes and sizes are shown. They are used for
the processing of natural stones starting from the block extraction in quarries
through the intermediate steps of production to the final step of polishing the final
product. Diamond tools are extensively used in the construction industry for the
cutting and drilling of the concretes, asphalt and other materials. The traditional
use of diamond has been for polishing glass, ceramics and the other hard metals,
as already described before. Various types of metal bonded or pre-alloyed (cobalt)
powders are mixed with synthetic diamond powder by hot pressing or sintering for
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Figure 8.
Diamond cutting tools application.

the abrasive industry. It has been shown by the researchers (Figure 8) that a double-
layer diamond coating with micro (MCD) and nanocrystalline diamond (NCD)
grains on the top of traditional Co cemented WC cutting tools not only increases
the tool life but also it enhances the cutting efficiency. Such coated tools can be
recycled time and again after recoating with diamond, once the top coating is worn
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out. Diamond is the best protective solution for the coating service industry. Wear
is the major cause of economic loss due to the energy that is lost in overcoming the
mechanical friction within the moving mechanical assemblies. Diamond tribology
[55, 56] is an important engineering application.

3. Electrical engineering

When current passes through electronic circuits, it heats up the devices, which
even sometimes lead up to the device failures. Future generation devices will be
smaller and faster, therefore there will be more current passing through per unit
area of electronic circuits that will heat up the devices enormously. For efficient
working of our devices, this heat needs to be thrown out of the electronic circuits,
and diamond does this job the best, being the material with highest thermal
conductivity (Figure 9). Moore’s law earlier predicted that every 2 years the size
of the electronics will be reduced by half. Diamond can only keep the pace of the
Moore’s law with time. Direct contact of diamond with electronic chips will pass the
heat away from the circuits and thereby making the current to flow easily within
your device for smooth operations (Figure 10). There are commercial suppliers,
like Element Six, of such CVD diamond heat spreaders. If we compare the cooling
capacity of different coolants, it is observed that diamond is five times more effec-
tive than commonly used Cu in electrical engineering. Polycrystalline diamond is
alloyed/mixed with Cu/Ag/Ti metal powders and then sintered together for making
composites for electronic packaging application [57, 58]. Therefore, engineers are
designing future technologies like 5G/7G, radars for space or military communica-
tion with the integration of diamond in their electronic circuits. The scanning elec-
tron micrograph in Figure 9 shows one such CVD grown polycrystalline diamond
plate like microstructure suitable for heat spreading applications.

CVD DIAMOND COOLING CAPACITIES COMPARISON

WATER

e Diamond crystal
CVD diamond plate-like atomic structure
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Figure 9.
A velative comparison of the thermal conductivity of different materials.
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4. Energy/power engineering

As we know from our high school physics that the energy level difference
between the conduction band and valence band divides materials into a. insulator -
with large differences, b. semiconductor - with small differences and c. metal - with
overlapping of the bands. Materials like GaN (3.44 eV), SiC (2.36 eV) and Diamond
(5.45 eV) have large values of band gaps and they are known as wide band gap mate-
rials. They are used in high power high temp. high freq. energy engineering applica-
tions. In order to keep pace with the Moore’s law, Si is running out of gas. It is getting
replaced by wide band gap materials for high power density applications (Figure
10). Compare to other wide band gap materials, diamond is with the highest band
gap, also has the best electron-hole mobility (1945 and 2285 cm / V. s), critical break-
down voltage and the best value of the thermal expansion co-efficient. However, it
is intrinsically insulator at room temperature and will become semiconductor only
by suitable doping. Boron doping has made it possible to produce acceptor levels
suitable for room temperature conductivity (metallic to superconductor [59, 60]
based on doping concentration and temperature); but phosphorous doped n-type
diamond has deep electron donor levels (0.46 eV) which only become active at high
temperatures. Nitrogen also could not dope diamond to produce n-type conductiv-
ity, rather it produces NV centre defects [38] - suitable for opto-electronic engineer-
ing or quantum computer engineering. Absence of suitable n-type dopant atom for
diamond, has so far limited the future prospect of diamond based electronic devices.
It can only be used as single electrode - but not as transistors.

5. Computer engineering

In a maze puzzle, in order to find out “the only way out of the confinement”, one
has to explore all the different possible routes, one at a time, in order to look for the
“single” viable solution - which is time consuming. Classical computing would take

10
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long time to find a solution by trial and error, on the basis of its binary states of “0”
and “1”. Quantum mechanics gives wave particle duality i.e., quantum entities or
qubits can be present simultaneously at more than one location, therefore, if qubit
tries to find the way out of a maze puzzle, due to its entanglement and superposition
characteristic of different states at the same time, it will be possible to find/compute
the solution of maze puzzle much faster and in efficient manner. In other words, if
an electron is asked to find the way out of a maze, due to its quantum nature, it will
visit all the routes inside the maze simultaneously and will return with the correct
maze path solution within no time! Quantum computing based on qubit has many
advantages over classical computing. It can process much bigger amount of data at
much less amount of time. In today’s world of artificial intelligence and machine
learning with increasing amount of data, the classical computing is reaching its limit
of computational power. Therefore, there is greater need of increasing the compu-
tational power of today’s computers. And the solution lies in quantum computers.
The search for qubits started in 1980s and there are trapped ions, quantum dots

or cryogenic superconductor-based quantum information processing, however,
diamond advantageously offers a nitrogen vacancy NV centre based solid state room
temperature qubit [61, 62]. First ever continuous-wave (CW) room-temperature
solid-state maser using the NV defect in diamond was reported in 2018 [63]. There
are numerous large and small start-up companies, supported by national and
international government agencies [64], who are devoting research effort in coming
up with a viable diamond-based quantum computer in the coming decade or so.

6. Chemical engineering

Boron doped diamond electrodes are used for many electrochemistry-based
applications [65] like sensing, environmental, electrosynthesis, electrocatalysis for
energy and devices. Chemo-mechanical polishing [66] by diamond slurries uses the
combined effect of chemical reaction in addition to the mechanical abrasion of hard
surfaces for polishing application.

7. Sonic/acoustic engineering

IDT metallic lines are patterned onto SAW devices. Sound velocity divided by
the IDT internal spacing gives the frequency of such devices, which can be used
as pressure and temperature sensors under extreme heat and pressure conditions
of internal combustion engine for auto-mobile industry. The frequency of SAW
devices can be enhanced by the use of diamond substrate material [67] with high
sound velocity. Diamond being the material with the highest acoustic wave velocity
is ideal for different sonic applications, like tweeter domes [68].

8. Opto-electronics engineering

Nitrogen vacancy (NV) centre [69] defect inside diamond crystal lattice has
room temperature quantum spin states which interacts with presence of an external
magnetic field. Higher the external magnetic field higher is their interaction. The
energy which is required to flip the NV centre spin state would also become higher.
This energy of interaction can be probed by electron paramagnetic resonance
spectroscopy (EPR) — when input microwave energy/frequency (E = hv) matches
with the interaction energy, input microwave energy flips then NV centre spin state

11
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and thereby the intensity of fluorescence drops which is detected by optical micro-
scope. Thus, the resonance frequency provides a direct and quantitative measure-
ment of the local external magnetic field. NV centre magnetometer has been so
far explored for jam-less GPS navigation by interacting with the earth’s magnetic
field (Lockheed Martin is developing), surface scanning probes to magnetically
characterise semiconductors, oxides and other materials, spintronics, nanoscale
thermometry, marker for living cells etc.

HPHT or CVD diamond optical lenses [70] are used for wide range of spec-
trum from infrared to UV windows for their unique optical properties, chemical,
mechanical and thermal stability under extreme conditions of high-power optical
beams. They can be used as visible intraocular lens, X-ray refractive lens [71] and
even for spectrometers.

9. Bioengineering

Artificial retina based on silicon chips was earlier coated with ultra nanocrys-
talline diamond (UNCD) for eye environment fluid protective application [72].
Nowadays diamond electrode [73] is even tried for electrical stimulation of retinal
prosthetic implants [74]. Diamond surfaces have been functionalised [75] for vari-
ous applications [76, 77] like biomarker, bio-chip using electrochemical reactions.
Microwave plasma CVD grown single crystal diamonds [78] is also used as dosim-
eter detector in radiotherapy treatments for cancer [79].

10. Environmental engineering

Diamond coatings have been developed by many companies to treat industrial
waste water and also to disinfect freshwater without use of any chemicals. The
boron doped diamond electrodes oxidise the organic pollutant into CO, or destroys
the dirt and disinfect the germs that are present in the water. Recently a European
project titled “DIACAT” has used the same boron doped diamond for direct photo-
catalytic conversion of CO, into fine chemicals and fuels under visible light [80].

11. Nuclear engineering

Diamond has the best mechanical properties alongwith high thermal conduc-
tivity [81] and very low dielectric loss tangent [82], which make them the only
material that can be used as power transmission windows in the gyrotrons used for
fusion reactors [25]. Synthetic diamond detector designed for small field dosimetry
is used as a dosimeter for synchrotron microbeam and minibeam radiotherapy to
ensure highly localised and precise dose delivery [83]. Betavoltaics are converting
the beta particle (high energy electrons) decay of the radioactive material into
the electric current of a semiconductor material (electron-hole pair generation by
ionisation), that lasts for the half-life time period of the radioactive material itself.
Researchers at Bristol, UK, [84] have separated C14 radio-isotope from the nuclear
power plant waste material to form diamond out of them, which can be used as
a nuclear battery to power low-capacity device application for space, military or
medical, like hearing aid in human body for their entire lifetime. But safety is still
the main concern for its actual use.

These are some (Figure 11), among the many, engineering applications of dia-
mond that are available and/or under testing, for better technologies of the future.
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Few important engineering applications of diamond.
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Abstract

In modern-day quantum metrology, quantum sensors are widely employed to
detect weak magnetic fields or nanoscale signals. Quantum devices, exploiting quan-
tum coherence, are inevitably connected to physical constants and can achieve accu-
racy, repeatability, and precision approaching fundamental limits. As a result, these
sensors have shown utility in a wide range of research domains spanning both science
and technology. A rapidly emerging quantum sensing platform employs atomic-scale
defects in crystals. In particular, magnetometry using nitrogen-vacancy (NV) color
centers in diamond has garnered increasing interest. NV systems possess a combina-
tion of remarkable properties, optical addressability, long coherence times, and bio-
compatibility. Sensors based on NV centers excel in spatial resolution and magnetic
sensitivity. These diamond-based sensors promise comparable combination of high
spatial resolution and magnetic sensitivity without cryogenic operation. The above
properties of NV magnetometers promise increasingly integrated quantum measure-
ment technology, as a result, they have been extensively developed with various
protocols and find use in numerous applications spanning materials characterization,
nuclear magnetic resonance (NMR), condensed matter physics, paleomagnetism,
neuroscience and living systems biology, and industrial vector magnetometry. In this
chapter, NV centers are explored for magnetic sensing in a number of contexts. In
general, we introduce novel regimes for magnetic-field probes with NV ensembles.
Specifically, NV centers are developed for sensitive magnetometers for applications
where microwaves (MWs) are prohibitively invasive and operations need to be
carried out under zero ambient magnetic field. The primary goal of our discussion is
to improve the utility of these NV center-based magnetometers.

Keywords: NV center, novel magnetometry
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1. Introduction
1.1 Microwave-free magnetometry

The negatively-charged NV center in diamond, an atomic-scale defect consisting
of a substitutional nitrogen adjacent to a vacancy in the diamond lattice, has
emerged as a unique nanoscale sensor with numerous interesting applications in the
past years and has been extensively explored which yields various technological
breakthroughs. It can be used, based on employing electron spin resonance (ESR)
techniques, to detect magnetic fields [1], temperature [2, 3], electric fields [4],
strain [5], rotation [6, 7], and other fundamental physical quantity, for example,
quantum geometrical phases [8]. In particular, the NV center in diamond has been
proved to be a successful magnetic-field sensor by using the technique optically-
detected magnetic resonance (ODMR) [9], for both with single and ensembles of
NV centers [1, 10, 11]. The ODMR sensing protocols are typically realized by
polarizing the NV electron spin with green light and manipulating the spin state
with MW fields. An optical readout step involves either detection of NV-
photoluminescence (PL) [1] or absorption of 1042 nm radiation resonant with the
singlet transition [12-15]. When the applied MW fields are resonant with the split-
ting of the magnetic sublevels in the ground state of the NV-center, the transfer of
spin populations results in an observable change in PL or absorption.

The use of strong MW fields is not desirable in certain cases that it can produce
interference in the measurement environment which is detrimental to the sensing
protocol and therefore limits the applications of an NV-based sensors. An example
is, in the context of magnetic induction tomography, the detection of eddy currents
in conductive materials [16-18], which is later demonstrated in the publication
[19], where the application of MW to the diamond will be heavily affected by the
presence of a conductive structure under investigation. Another example is imaging
the pattern of conductive, magnetic structures [20].

There have been, in the literature, several demonstrations of MW-free, and all-
optical, diamond-based magnetic measurement, which are implemented initially
with single NV centers [21-23], and recently with NV ensembles [20]. These pro-
tocols have been realized by exploiting either the properties of the NV-center’s PL or
their decoherence properties at certain external magnetic fields. In particular, one of
the main approaches exploits the properties of the NV-center PL in the strong
magnetic-field regime for all-optical magnetic field mapping. The basic operating
principle resides on the fact that under the application of a strong magnetic field
(much stronger than any strain field within the diamond crystal), the transverse
magnetic-field components induce mixing of the NV-center spin states. Note that this
spin-mixing leads to modifications of the NV spin dynamics under optical illumina-
tion, yielding a reduction of the ODMR contrast, which eventually hampers ODMR-
based magnetometric protocols. However, this reduction in contrast is accompanied
by an overall reduction of the NV-center PL, which can be exploited in an all-optical
magnetic-field sensing and imaging protocol. So far, these protocols remain either
qualitative, requiring complicated setups to achieve high spatial resolution, or lack
high magnetic-field sensitivities and bandwidth.

An alternative approach exploits the decoherence properties of the NV-center.
The presence of high off-axis magnetic fields increases the amount of spin mixing and
results in a reduction of the longitudinal spin relaxation time (Ty) [24]. This tech-
nique has been used to image weak fluctuating magnetic fields and to characterize
spin noise in ferromagnetic materials. More recently, an all-optical, MW-free, spin-
relaxation contrast magnetometer for the imaging of thin magnetic films, with a
temporal and spatial resolution of 20 ms and 440 nm, respectively, was realized [20].

24



Novel Magnetic-Sensing Modalities with Nitrogen-Vacancy Centers in Diamond
DOI: http://dx.doi.org/10.5772/intechopen.95267

Recently, it has been demonstrated the principles of a sensitive MW-free mag-
netometer by exploiting the properties of the ground-state level anticrossing of the
NV center in diamond. In particular, a ~102.4 mT background magnetic field
causes degeneracy and mixing (anticrossing) of ground-state Zeeman sublevels,
which is observable as a drop in the fluorescence signal. Changes in the external
magnetic field will perturb the anti-crossing condition and, thus, result in a
photoluminescence signal that can be monitored and used for magnetic-field mea-
surement. This type of magnetometer offers technical and logistical advantages in
bio-imaging and conductive-material sensing. Finally, the MW-free technique is
deployed to perform eddy current detection. The method exhibits a combination of
high spatial resolution and high sensitivity. As an example of application, detection
of eddy-current induced magnetic field on metal samples, by implementing a
cross-relaxation, microwave-free, magnetic detection scheme, is demonstrated.
Compared to existing technologies, the demonstrated method exhibits higher,
sub-millimeter spatial resolution.

A schematic of the experimental setup is shown in Figure 1. The diamond is
placed within a custom-made electromagnet (Figure 1(a)) and can be rotated
around the z-axis. The electromagnet can be rotated around the y-axis and also
moved with a motorized 3D translation stage to align the magnetic field with the
respect to the diamond. Therefore, with all the degrees of freedom, the position of

HWP+PBS

Figure 1.

Schematic of the experimental setup. The diamond is placed within a custom-made electromagnet and can be
rotated around the z-axis. The electromagnet can be moved with a computer-controlled 3D translation stage to
align the magnetic field with respect to the diamond. The laser light propagates through an acousto-optical
modulator, part of which is monitored on a photodetector (PD). The signal is used as a monitor/measurement
signal to a PID contvoller to stabilize the beam power. The beam is focused with a 40 mm focal-length lens into
the diamond after the acousto-optic modulator (AOM). The photoluminescence is collected with a 30 mm focal-
length lens (numerical aperture ~ 0.5) and focused onto a PD. The PD signal is sent to the lock-in amplifier
(LIA). Figure adopted from Ref. [25].
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diamond can be centralized in the magnet and the alignment of the [25] NV-axis to
the magnetic field can be optimized.

To apply small modulation of the magnetic field, a secondary coil is wound
around the diamond mount. An oscillating field B,, is produced by the coil which is
also used as the local oscillator for the LIA.

The NV centers in diamond are optically spin-polarized with 532 nm laser light.
Before the diamond, the light is sent trough an acousto-optical modulator to enable
power modulation. Part of the laser light is split-off and measured on a photodiode
(PD). The signal is input into a feedback controller to stabilize the beam power.
After the AOM, the beam is focused with a lens into the diamond. The red/near-
infrared NV-PL is collected with a 30 mm focal-length lens, which is then separated
from the green transmission with a dichroic mirror and a notch-band optical filter
for the green pump light before it’s being focused onto a PD. The readout signal is
demodulated by the LIA at the modulating frequency or measured at DC.

The magnetic field was scanned from 0 mT to more than 110 mT after initial
alignment and calibration of the magnet, and the PL was monitored. It shows the
measured PL measured as a function of the applied external magnetic field in
Figure 2(a) and the corresponding LIA signal in Figure 2(b). The modulation
frequency of the field was 100 kHz, the modulation amplitude was about 0.1 mT.

Both plots contain several features previously discussed in the literature. The
initial gradual decrease in PL is associated with a reduction in emission of the non-
aligned NV centers due to spin-mixing [27]. The observed features around 51.4 mT,
correspond to cross-relaxation events between the NV center and single substitu-
tional nitrogen (P1) centers [27-29]. Several additional features are visible. They
can be associated with cross-relaxation events with either the nuclear spins of
nearby P1 centers [27-29] or nuclear spins of 1BC atoms. For details, readers can
refer to Wickenbrock et al. [25] and Ivady et al. [30].
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Figure 2.
(a) NV-PL as a function of the applied magnetic field normalized to the PL at 80 mT. (b) Derivative signal of
(a) as given by the in-phase output (X) of the LIA. Figure adopted from Ref. [26].
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Around the ground-state level anticrossing (GSLAC) feature, the derivative
fluorescence signal as detected in the properly phased LIA X-output depends line-
arly on the magnetic field and can therefore be used for precise magnetic-field
measurements. To subtract the coefficient for translating the LIA output signal
into magnetic field value, the data within the near-linear region around the
zero-crossing point are fitted with a straight line. Then the background magnetic
field is set to the magnitude corresponds to the zero-crossing point where the
magnetometer is maximally sensitive to external magnetic fields. At this field, the
setup is insensitive to magnetic field variations and the data can be used to under-
stand the technical noise level of the magnetometer. The noise floor is flat and
around 6 nT/v/Hz [25] (Figure 3).

We now discuss an application of the presented MW-free sensing technique,
that is the detection of magnetic fields generated by eddy currents in conductive
materials. Eddy currents are induced in conductive objects when an oscillating or
pulsed magnetic field is applied. These currents in turn produce a magnetic field in
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Figure 3.

Magnetometer noise characterization. (a) Calibration data and linear fitting of the GSLAC feature around
102.4 mT. (b) Magnetic sensing validation by applying a square-wave magnetic-field. (c) Noise floor of the
magnetometer: Magnetically sensitive configuration with pump laser light not stabilized (green) and stabilized
(red), configuration of magnetically insensitive with pump laser light stabilized (blue) and electronic noise
without the pump light stabilization (black). Figures adopted from Ref. [25].
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(a), (c) Lock-in phase and lock-in R amplitude for a PCB containing fifteen aluminum dots imaged with
eddy-current (b) photograph of the PCB with the corresponding length of 1 mm noted for scale. Figures adopted
from Ref. [27].

response. A measurement of this field provides means to detect the eddy currents
[18]. The induced field depends on the material’s properties and shape, as well as
the skin depth for the applied alternating field [19]. This has been demonstrated
with vapor-cell magnetometers [18] and is a standard technique in industry with
inductive coils. The detection of eddy currents with coils is an established tech-
nique. The benefits of using NV centers could be the high spatial resolution and the
possibility to investigate highly conductive materials since the magnetometer can
sense oscillating fields down to DC.

The eddy-current detection should be realized without MWs, since, because of
the proximity to conducting materials, the amplitude and phase of the MWs are
affected and therefore the magnetometric performance would be deteriorated. For
this reason, the work was carried out with a MW-free NV magnetometer. As shown
in Figure 2, the photoluminescence of NVs changes as the applied magnetic field
increases. All the features in the plot, including the initial gradual decrease (at fields
from zero to ~25 mT), the NV-P1 feature, the NV-NV interaction feature and the
GSLAC, can be utilized to probe magnetic fields. As investigated in Ref. [19], the
initial gradual decrease of the NV PL is the most robust to misalignment between
the applied magnetic field and the preferential NV axis among those features.
Therefore, it is chosen to perform eddy current detection.

One of the advantages of NV-based sensors is their spatial resolution. For eddy-
current imaging, for a constant conductivity, the smaller a material is, the smaller
the amplitude of the secondary field it produces. As a test of spatial resolution,
fifteen 1 mm-diameter 35 ym thick aluminum disks are imaged. The LIA amplitude
and phase affected by these disks, as response of the NV-based magnetic field
sensor, is shown in Figure 4. The overall pattern formed by the metal disks and
non-magnetic materials between them, which are both on the scale of sub-
millimeter, are clearly visible.

2. Microwave-free vector magnetometry
Sensitive vector magnetometers are exploited in applications including magnetic

navigation [31], magnetic anomaly detection [32], current and position sensing
[32], and measuring biological magnetic fields [33, 34]. Several versatile
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magnetometry platforms have emerged over the past decades, such as Hall probes,
flux-gate, tunneling-magnetoresistance [35], SQUID based magnetometry [36] and
vapor-cell-based magnetometry [37, 38]. Particularly compelling are sensors based
on negatively charged NV centers in single-crystal diamond, providing high-
sensitivity magnetic sensing and high-resolution imaging [15, 39, 40]. There is
growing interest in magnetic-field sensors with high spatial resolution, for example
to study biological processes or the composition of materials. NV magnetometry
allows measuring magnetic fields at microscopic scales and/or at ambient tempera-
ture, providing new tools for probing various phenomena including semiconductor
materials [41] and metallic compounds [42], magnetism in condensed matter sys-
tems [43], and elucidating spin order in magnetic materials [44].

To date, vector magnetometers based on NV diamond have been realized by
interrogating ensembles of NV centers along multiple orientations [45, 46] or rely-
ing on a hybrid quantum platform involving a NV center probe and a nuclear-spin
qubit at particular positions [47]. These techniques, however, are all based on
ODMR technique that needs to apply microwaves simultaneously or sequentially
[45, 46, 48]. The requirement of microwave control brings the possibility of spuri-
ous harmonics within the measurement and hinders applications in areas where the
application of microwaves is prohibitively invasive and where it is inherently diffi-
cult to achieve such control. Although NV magnetometers have been implemented
as vector magnetic probes at room temperature, it has remained challenging to
achieve vector capability under cryogenic temperatures (less than 4 K) due to
difficulties with thermal management. Heat dissipation from microwave wires is
unavoidable and causes temperature variations, restricting the sensors for numer-
ous innovative applications [49].

The work Zheng et al. [50] proposes and demonstrates a protocol that enables
vectorial measurement of magnetic fields by interrogating an ensemble of NV
centers aligned along only a single crystallographic axis at the GSLAC. By applying
two orthogonal alternating fields, parallel and perpendicular to the chosen axis, the
presented technique offers simultaneous and direct readout of full vector magnetic
information, free from systematic errors during reconstruction. In contrast to
existing approaches, this protocol does not employ microwave fields. Thus it is
possible to extend NV-based vector magnetic sensing techniques to cryogenic
temperatures.

The proposed vector magnetic sensing protocol is based on optical detection of
the GSLAC of NV center in diamond. It was first proposed and demonstrated for
scalar magentometry in Wickenbrock ez al. [25]. However, both the longitudinal
and transverse magnetic fields can lead to a change in the photoluminescence signal
at the GSLAC. While the response to the direction of the transverse component is
non-trivial [51, 52], achieving vectorial sensing of magnetic fields with a single NV
center or an ensembles along a single crystallographic axis faces a number of
significant challenges.

The NV center has a spin-triplet ground state (S = 1), which can be optically
polarized to |m; = 0) and read out owing to a spin-dependent intersystem crossing
into intermediate singlet states. At zero field, the |m, = +1) states are (nearly)
degenerate; however, these states lie higher in energy than the |m; = 0) state due to
spin—spin interaction. This is the zero-field splitting Dy, and corresponds to a
frequency difference of 2.87 GHz. Because of Zeeman effect, a subset of NV
centers’ magnetic sublevels experience a complex GSLAC at an field B, ~102.4 mT
[25, 53]. The energy levels, including the coupling to the intrinsic nuclear spin of
nitrogen (I=1), of the NV center are shown in Figure 5(a).

Figure 5(b) shows the photoluminescence spectrum as a function of the exter-
nal magnetic field. The GSLAC appears as a remarkably sharp feature around 102.4
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mT, zoomed-in in the inset. In the inset, the visible satellite features can be attrib-
uted to cross-relaxation with the nearby spin bath [13, 25, 27, 28]. The |m, = 0) and
|m; = —1) magnetic-sublevel can be coupled/mixed by transverse fields and there-
fore the profile of the GSLAC feature are affected which changes the contrast and
amplitude. Figure 5(c) shows the traces of the GSLAC feature for several transverse
fields in the range of £0.06 mT. The amplitudes of the GSLAC feature as a function
of transverse field is indicated by the trace-colored dots and connected with the
black line. In summary, the GSLAC contrast exhibits a relatively narrow (FWHM =
38 uT) magnetic-resonance feature as a function of transverse magnetic field cen-
tered around zero transverse field.

To adapt a scalar magnetometer for vector measurement, it is typical to apply
orthogonal fields modulated at various frequencies. Thus it is possible to determine
the components along each direction by individually demodulating the signal [38].
The authors propose a method to realize vector-field sensing in the x-y plane using a
transverse field rotating around the z-axis with just one frequency.

To gain an intuitive understanding, the PL lineshape is approximated as a
function of transverse magnetic fields with a 2-D Lorentzian centered around
B, = B, = 0, Figure 6(a) (i). With a transverse field applied that is rotating around
z, the PL signal will be reduced but remains unmodulated, indicated by the red
curve in Figure 6(a) (ii). In the presence of an additional static transverse field,
the PL signal shows a modulation at the rotation frequency with a minimum when
the rotating field points in the same direction as the field under interrogation and
a maximum when both are antiparallel, shown in Figure 6(a) (iii), (iv) and (v).
The difference between the PL signals with (red curve) and without (blue curve)
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Figure 5.

(a) The NV ground-state energy level scheme as a function of the applied axial field. Depending on the degree of
mixing, the energy levels either cross or do not cross, shown in detail in the inset. (b) the spectrum of
photoluminescence signal as a function of external magnetic field, normalized to their respective signals at 80
mT. a detailed view around the GSLAC trace is shown in the inset. Other features ave explained in the
references [28, 29]. (c) Pl traces around the GSLAC under various transverse fields. The amplitude of the
contrast extracted from the curves is shown as a two-dimensional plot in a plane, indicated by solid dots in
corvesponding trace colors. Figures adopted from Ref. [53].
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applied transverse field is shown in Figure 6(b). This is then demodulated by a LIA
which delivers the information of both the amplitude and the angle of the magnetic
field to be measured, as shown in Figure 6(c). The reference phase of the LIA was
set so that a magnetic field along the x-axis corresponds to phase zero (and negative
amplitude). The LIA output shows a maximum value at 0° when applying a field
along x-axis, shown in Figure 6(c). An applied field in any other direction leads to
an oscillating PL signal with a corresponding phase. Therefore, the phase output of
the LIA is the angle between the transverse field to be measured and the defined x
and y axes.

All Cartesian magnetic-field components can be directly read out in real time
with equal sensitivity in all directions, with the above mentioned x and y plus the
previously demonstrated longitudinal magnetic field measurement [25]. Note here,
that the coordinate axes in the x-y plane is set by the reference phase of the LIA for
the transverse-field signal demodulation while the phase for z-axis demodulation is
tuned to maximize the amplitude of the response signal.

The experimental setup is based on Figure 1 and extended with three pairs of
orthogonal Helmholtz coils wound on a 3D printed mount. Sinusoidal signals for
field modulations in the longitudinal and transverse directions and references for
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Figure 6.

ng;aiple of the vectorial magnetic-field sensing. (a) Simulated photoluminescence signals as a function of
transverse field. The trajectories of PL signals superimposed on the 2-D Lorentzian contrast function are
indicated with red curves. Figures i) to v), correspond to the following cases: i) no modulated fields and no bias
fields, ii) with modulated fields but no bias fields (the time-averaged PL drops), iii) with modulated fields and
bias field along y, iv) with modulated fields and bias field along x, v) with modulated fields and bias field in
x-y plane, respectively. (b) the subtraction of photoluminescence signals with/without presence (red curve/blue
curve) of a bias field. (c) Simulated analog photoluminescence signals as a function of the angle of the
modulated field vefevenced to the x-axis for transverse fields, flipped by 180° corresponding to (a) and (b).
Figures adopted from Ref. [53].
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the demodulation by two LIAs are provided by a two-channel function generator.
One of the signals is split into two with one of them further passing through a phase
shifter. These two signals are applied to two pairs of the Helmholtz coils with the
same frequency but 90-degree-shifted relative phase (along the x and y axes). The
Helmholtz coil pairs for the field modulation can also be used to calibrate the
response to AC and DC magnetic fields B = (By, B,, B;). The applied fields, in the
range of +4 uT along each direction, are calibrated by flux gate magnetometers and
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Demonstration of full vector sensing capability. (a) Trajectory of the detected magnetic fields using the
microwave-free vector magnetometer. The green curve indicates the 3D applied field and the brown curve is the
projection on x-y, x-3, y-z planes. The vectors of the measured fields ave indicated by ved arrows. (b) the
decomposed Cartesian components of both the measured (ved civcles) and applied (green points) magnetic
fields. The applied field follows a parametric curve (black dashed lines) with B, = +/|B|* — Bz* cos (2at) uT,
B, =/ |B|* — Bz* sin (2at) uT and B, = 6.82t — 3.41uT. (c) the altitude angle (between B and the z-axis)
0 = arccos (B;/|B|) (yellow dots) and the agimuth angle (between the projection of B in the x-y plane and the
Xx-axis) ¢ = arctan (By /Bx) = 2nt (blue dots) for each measured point. In the experiment, the altitude angle 6
decreases in time from 180° to o° and the azimuth angle ¢ increases from o° to 360°. Figures adopted from

Ref. [53].
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consistent with a priori calculations from the known coil geometry and the applied
currents.

As a demonstration of full-vector sensing capacity, a set of static magnetic field
vectors, whose trajectories were designed along a 3D a spiral curve on a sphere, was
applied and measured. Figure 7(a) shows the spiral curve and the corresponding
amplitudes are displayed in Figure 7(b). The component in z direction is |B| cos 6,
where |B| is the magnitude of the applied magnetic field vectors and 8 is the altitude
angle (between the magnetic field to be measured and the z-axis). The B, and B, are
|B| sin 6 cos ¢ and |B| sin € sin ¢, respectively, where ¢ is the azimuth angle (between
the projection of B in the x-y plane and the x-axis). Figure 7(b) shows the
corresponding values of B, and B,. The measured field components in x and y
directions show good agreement with the amplitudes determined by a priori
calculations. The trajectory was measured multiple times and the angles were
reconstructed every time, shown in Figure 7(c) with the statistical error.

With the basic protocol established, this simultaneous vector magnetometry
method should be extendable to single-NV probes. Single NV centers in diamond
have been exploited to detect fluctuating magnetic fields (used as scalar relaxometry
magnetometers) without microwaves [53, 54] as they share the spin dynamics near
the GSLAC investigated above and in literature [53]. Both techniques, the present
GSLAC-based vector magnetometry and relaxometry magnetometry, rely on moni-
toring the photoluminescence signal when the NVs are precisely turned to/near the
GSLAC. Since they are operated with similar apparatus, the experimental setup for
the latter can be extended for vector magnetic sensing by adding a set of 3D Helm-
holtz coil pairs and two LIAs. As there are no technical barriers for implementing the
protocol onto a single NV center, it appears realistic to achieve nanoscale vector
magnetometry applicable in a broad range of temperatures.

3. Zero-field magnetometry

Negatively charged NV centers in diamond have garnered wide interest as
magnetometers [1, 10, 15, 25, 51, 55], with diverse applications ranging from elec-
tron spin resonance and biophysics to material science [56-62]. However, typical
operation of an NV magnetometer requires an applied bias magnetic field to
nonambiguously resolve magnetically sensitive features in the level structure. Due
to the Zeeman effect, the bias field lifts degeneracy among the NV ground-state
magnetic sublevels, allowing microwave transitions between spin states to be
addressed individually [11]. Such a bias field can be detrimental for applications
where it could perturb the system under examination, such as measurements in
magnetically shielded environments and in magnetic susceptometry [63].

Elimination of the need for a bias field would extend the dynamic range of NV-based
magnetic sensors to zero field. Zero-field NV magnetometry opens up new application
avenues, and makes these versatile, solid-state sensors competitive with other magnetic
field probes such as SQUIDs and alkali-vapor magnetometers [64, 65], because, despite
the lower sensitivity of NVs, they offer additional benefits due to high spatial resolution
and small sensor size, capability of being operated over large ranges of pressure and
temperature, and wide bandwidth [1]. The relative simplicity of NVs magnetometers
can readily complement existing sensors in applications such as tracking field fluctua-
tions in experimental searches for electric dipole moments [66], zero- and ultra low-
field NMR [67, 68], and magnetoencelography or magnetocardiography [26, 69].

Magnetically sensitive microwave transitions within NV centers can be probed
using the ODMR technique. At zero field, however, these transitions overlap, and
shift equally with opposite sign in response to magnetic fields. Therefore, NV
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ensembles have been considered unusable as zero-field magnetometers [1], except
in certain cases, for detecting ac fields in the presence of applied microwaves [70].

A schematic of the experimental apparatus is described in Zheng et al. [71]. The
ODMR traces around zero field are taken by sweeping the frequency of linear
microwaves under a range of magnetic field values around zero. The ODMR
acquired spectra are presented in Figure 8(a), which show transitions originating
from all crystal orientations, with hyperfine structure resolved for nuclear spinI = 1.
These transitions are shown in detail at specific field values in Figure 8(b), includ-
ing at zero field, where 12 transitions overlap and merge into four distinct features.

The authors employ circularly-polarized microwaves to drive a single electron
spin transition out of the feature composed of overlapping resonances. This single
transition, due to Zeeman effect, has a linear dependence on the external magnetic
field. The circular microwaves are generated by two, 200-um wires separated by a
distance 4 = 4.5 mm, printed on a circuit board that follows the design of Ref. [72].
The diamond is placed above the board with 4/2 distance. Each wire carries a MW
signal split from the same source, with one passed through a variable phase shifter.
This design and arrangement yield orthogonal oscillating magnetic fields to the
(111)-oriented NV centers in the diamond sample, which is verified with the high
contrast between ODMR traces at certain field with 6 or 6~ circularly-polarized
microwaves (Figure 9(a)). The microwave field can be varied between linear and
circular (Figure 9(b)).

Figure 9 shows the efficacy of the circular MW polarizing. In particular,
Figure 9(b) and (c) demonstrate a relative suppression of 6 and 6~ transitions to
below 1% of the maximum contrast, respectively. Previously overlapping transi-
tions are thus isolated, removing the symmetric dependence as a function of the
field to be measured.

It is demonstrated with a 250 pT/+/Hz noise floor for the above NV-based zero-
field magnetometer. The device employs NV ensemble in diamond with a well-
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Figure 8.

(a) ODMR spectra with linearly polarized MWs as a function of the axial magnetic field, with transitions
originating from all crystal-axis orientations. Those transitions corresponding to NVs oriented along the
divection of the applied field are labeled (|ms, mr)) and overlaid with the calculated transitions. The transitions
that ave not labeled are assigned to NV centers that are not oviented along the (111) divection. These features
overlap because they experience a common relative angle with the applied field. (b) ODMR traces for selected
values of B;. The central transitions are split at near zevo field. The higher-energy peak at ~ 2872 MHz are the
transitions |m; = o,m; = —1) — |m; = +1,m; = —1) and |m; = o,m; = +1) — m; = —1,m; = +1). The
lower-energy peak at ~ 2868 MHz corresponds to the transitions |m, = o,m; = +1) — |m, = +1,m; = +1)
and \m; = o,m; = —1) — |m; = —1,m; = —1). Figures adopted from Ref. [71].
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Ref. [71].
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resolved ground-state hyperfine structure, and uses circular microwaves to selec-
tively excite transitions between the magnetic sublevels, in the absence of such
selectivity, yield ODMR signals that are first-order magnetically insensitive at near
zero field. This device can find use in applications where a bias field is undesirable
and extends the dynamic range of NV magnetometry to cover existing zero-field
technologies such as SQUIDs and alkali-vapor magnetometers. Further improve-
ments in the present technique will result in sensitivities that are beneficial for NMR
at zero and ultra-low fields and, with further miniaturization, these zero-field
diamond sensors can be useful in biomagnetic applications such as magnetocar-
diography and magnetoencelography.

4, Outlook

This chapter focuses on a number of novel magnetic sensing techniques with NV
centers in diamond. In Section 2, a novel method for a microwave-free magnetom-
eter based on the GSLAC, together with its utilization to achieve eddy-current
imaging, is described. In addition, approaches to improve the sensitivity of the
MW-free magnetometers and a different detection method-cavity-enhanced
singlet-absorption measurement are discussed. In Section 3, we introduce a vector
magnetometer based on the GSLAC microwave-free magnetic sensing technique,
which enables simultaneous measurement of all Cartesian components of a mag-
netic field. In Section 4, we presented a magnetometric prototype based on ODMR
which is realized with circularly polarized MWs. This magnetometer operates at
zero ambient field and thus extends magnetic sensing dynamic range and opens up
new application avenues. All the above magnetometers are realized in continuous-
wave mode and can be potentially operated with pulse sequences.

This chapter advances in ultra-sensitive, high-bandwidth magnetometry with
NV ensembles. Significant work remains to bring each to its full potential. Advances
will most likely be driven by both improved pulse sequences and better materials.
Additionally, the performance can be further improved with approaches such as
increasing the photon collection efficiency, extending NV spin coherence times,
increasing readout fidelity, and suppressing common-mode noise by differential
detection and so on.

The ability to detect magnetic field patterns with high magnetic sensitivity and
spatial resolution could prove a useful characterization tool in a number of fields. In
particular, NV magnetometers can be used for non-invasively magnetically imaging
biomagnetic systems (e.g., neurons, cardiac cells, and magnetic organs used for
navigation) using microwave-free probes, vectorial stray-field imaging of magnetic
structures, and detecting nuclear magnetic resonance of chemically exchanging
systems at zero field [73]. The presented techniques are potentially applicable to
single NV center probes, which would facilitate extraction of magnetic information
with nanoscale spatial resolution and would boost numerous applications.

Additional information

This chapter is based on the PhD Thesis of Huijie Zheng.
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Chapter 3

Unique Surface Modifications on
Diamond Thin Films

Vadali Venkata Satya Siva Srikanth

Abstract

Diamond thin films are touted to be excellent in surface-sensitive sensing,
electro-mechanical systems, and electrochemical applications. However, these
applications often entail patterned active surfaces and subtle chemical surface
modifications. But due to diamond’s intrinsic hardness and chemical inertness,
surface patterning (using micro-machining and ion etching) and chemical surface
modifications, respectively, are very difficult. In the case of surface patterning, it is
even more challenging to obtain patterns during synthesis. In this chapter, the direct
patterning of sub-wavelength features on diamond thin film surface using a femto-
second laser, rapid thermal annealing as a means to prepare the diamond thin film
surface as an efficient direct charge transfer SERS substrate (in metal/insulator/
semiconductor (MIS) configuration), and implantation of “N* ions into the surface
and sub-surface regions for enhancing the electrical conductivity of diamond thin
film to a certain depth (in MIS configuration) will be discussed encompassing the
processing strategies and different post-processing characteristics.

Keywords: diamond, thin films, surface patterning, rapid thermal annealing,
ion implantation

1. Introduction

Scientists working on diamonds realized long back that the unsurpassed
properties of a diamond could be tapped for many applications only when synthe-
sized in thin-film form. Since then, chemical vapor deposition (CVD) [1, 2] has
been the most generally used technique to synthesize various diamond thin films
for multiple applications. CVD of diamond involves the low-pressure growth of a
thin film of a network of tetrahedrally bonded carbon atoms (on a diamond-seeds
pre-treated substrate) from a suitable gas phase. CVD of diamond thin films typi-
cally involves activation of the appropriate gas mixtures (for example, a mixture
of H, and CH, under low pressure activated by microwave energy), gas-phase
reactions (leading to the formation of diamond forming gas species), diffusion of
the diamond forming gas species onto the substrate and formation of a non-volatile
thin layer of tetrahedrally bonded carbon atoms network. By controlling the CVD
process parameters (namely substrate pre-treatment, substrate temperature,
reaction pressure, and gas mixture composition), diamond thin films with a variety
of grains, namely epitaxial, highly oriented, polycrystalline, and nanocrystalline
grains, can be obtained. When diamond forming gas species reach the substrate’s
surface, adhere to it, and settle quickly into possible equilibrium positions before
any structural defects form on the thin film growth front, a single crystalline

47 IntechOpen



Engineering Applications of Diamond

diamond thin film is obtained. On the contrary, when the diamond forming gas
species do not quickly settle into stable equilibrium positions upon their arrival at
the substrate’s surface, nanocrystalline diamond film is obtained.

With the extraordinary and diverse properties that diamond thin films pos-
sess, they have a wide range of application potential [3, 4]. However, to realize the
complete application potential of diamond thin films, their surface modification is
inevitable, especially in surface-sensitive sensing, electro-mechanical systems, and
electrochemical applications. Any surface modification process typically modifies
a selected diamond thin film’s surface by bringing physical, chemical, or biologi-
cal characteristics different from those found on the surface of the as-deposited
diamond film. Methods such as plasma and ion etching, colloidal crystal templating
method, selective area CVD, molding, traditional lithography are available to obtain
patterned diamond surfaces. Single crystal, as well as polycrystalline diamond
surfaces, were exploited to fabricate cantilevers, whiskers, tips, and gratings.

In this chapter, unique surface modifications, namely the direct patterning of
sub-wavelength features on the surface of a diamond thin film using a femtosecond
laser [5, 6], rapid thermal annealing (RTA) as a means to prepare the surface of a
diamond thin film as an efficient direct charge transfer surface-enhanced Raman
scattering (SERS) substrate [5, 7], and implantation of N* jons into the surface
and sub-surface regions of a diamond thin film to enhance its surface electrical
conductivity [8] will be discussed. The surface of a typical polycrystalline diamond
thin film (deposited on Si substrate using CVD) will be considered as the surface to
be modified. The discussion will encompass the modification method and post-
modification characteristics of modified diamond thin films.

2. Direct surface patterning using femtosecond laser

Irradiation with a femtosecond (fs) laser beam has been touted as a better
technique for surface patterning (through ablation) of ultra-hard materials. In this
context, the single-crystal diamond surface has been micromachined or patterned
by irradiating the surface with high-energy fs-laser pulses. Surfaces of polycrys-
talline diamond thin films have also been patterned using fs-laser irradiation. In
this section, direct surface patterning on polycrystalline diamond thin film using
polarization-controlled surface plasmon (SP)-fs laser coupling mechanism will be
explained [5, 6]. The polycrystalline diamond film considered here was grown on Si
(100) substrate using microwave plasma-enhanced CVD for 6 h at a substrate tem-
perature of 700°C and gas pressure of 25 Torr. Less than 1% of methane (CH,) in
hydrogen (H,) was used as the reaction gas mixture. Before the thin film deposition,
the Si substrate was scratched manually against a thick quartz plate with a synthetic
polycrystalline diamond paste (~1 pm) in between. After diamond seeding, the
residue was removed by ultrasonically cleaning the substrate with acetone, followed
by cleaning with ethanol, then dried in air at room temperature.

The schematic of the experimental setup used for the direct fs-laser patterning
on the diamond thin film surface under ambient conditions is shown in Figure 1.
Ti:Sapphire oscillator-amplifier system operating at a wavelength (1) of ~800 nm
and delivering 110 fs, 1 m] output energy pulses at a repetition rate of 1 kHz was
used to irradiate the considered diamond thin film surface. The fs-laser pulses
are linearly polarized. The laser pulse energy was adjusted to 200-500 nJ using
neutral density (ND) filters and a combination of half-wave plate and polarizer.
The laser beam was focused onto the diamond thin film surface using an objective
with a numerical aperture of 0.4, and patterning was performed transversely to
the laser propagation direction. The laser spot size on the surface was ~2.4 pm.
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Figure 1.
Schematic of fs-laser direct writing experimental setup [5].

Computer-controlled translational stages were used to translate the sample in x,
y, and z directions. A CCD camera with high magnification was used to control
the sample surface’s focal depth and monitor the patterning process. Transverse
patterning geometry (in which the stage is translated perpendicular to the laser
beam propagation direction) was used to pattern the surface. Transverse pat-
terning geometry was preferred over longitudinal patterning geometry because
it provides much greater flexibility and allows to write patterned structures of
arbitrary length.

Plane-view scanning electron micrographs of the as-deposited and fs-laser
irradiated diamond thin film surfaces are shown in Figure 2(a)-(h). The surface of
the as-deposited thin film (Figure 2(a)) is constituted by polycrystalline diamond
grains. Figure 2(b)-(d) show the low and high magnification plane-view SE micro-
graphs of periodic features induced on the thin film surface with linearly polarized
fs laser pulses having a pulse energy 380 nJ. An overview of the fs-laser irradiated
region is shown in Figure 2(b). Depending on the laser polarization, morphological
and topographical changes are observed in the central area of the irradiated region.
Irrespective of the scanning direction, linear periodic ripples perpendicular to the
laser polarization and nearly circular ripple features are induced due to linear and
circularly polarized light irradiation, respectively. The energy threshold for generat-
ing periodic surface features is 200 nJ in the present case. The energy threshold
may vary depending on the quality of the diamond thin film considered for surface
patterning. The laser-induced periodic surface features have a periodicity of
~180 nm (4.4 times < the free-space A of the laser and 1.85 times < the ) of the laser
in diamond). The width of the fringes is ~80 nm, and the orientations of the fringes
are perpendicular to the laser polarization.
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Figure 2.

Plgne—view scanning electron micrographs of as-deposited and fs-laser irradiated polycrystalline diamond thin
film surface under different experimental conditions: (a) morphology of as-deposited film; (b), (c), (4), (e),
and (f) periodic surface features (vipples) obtained using linearly polarized laser pulses having a pulse energy
of 380 nJ; (g) and (h) near-circular surface features obtained using civcularly polarized laser pulses having

a pulse energy of 410 nJ. The polarization and the scanning directions ave indicated by the solid and dotted
arrows, respectively. In all the above cases, the film surface was moved at ~100 pm/sec w.rt. to the irradiating
fs-laser. (Reprinted with permission from Kuntumalla et al. [6]).

Similar results obtained in parallel and perpendicular scanning (w.r.t. laser
polarization) unambiguously show that the scanning direction does not influence
the morphology and orientation of the surface features. If the laser polarization
direction is flipped by 90° using a half-wave plate in the optical path, the direction
of the periodic surface features also flipped by 90°, as shown in Figure 2(e) and (f).
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Figure 3.

Surface topography (obtained using atomic force microscopy) of fs-laser irradiated diamond thin film surfaces.
(a) Represents features obtained using linear polarized light, while (b) represents features obtained using
circularly polarized light. (Reprinted with permission from Kuntumalla et al. [6]).

Irradiation of the thin film surface with circularly polarized fs-laser resulted in
nearly circular surface features with lateral sizes in the range ~ 100-200 nm, as
shown in Figure 2(g) and (h). Raman scattering analysis showed that the fs-laser
irradiation had only caused minimal graphitization on the patterned diamond film
surface [6]. Similarly, X-ray diffraction analysis showed the crystallinity of the
patterned surface was intact. RMS roughness values of laser irradiated surfaces
constituting linear (Figure 3(a)) and circular (Figure 2(b)) surface features were
in the range 42-46 nm. This acceptable increase in RMS roughness from the original
value of ~30 nm is an important characteristic that is often looked for during surface
fabrication methods like the one presented here.

Here, the spatial period (A) of the surface ripples formed by the interference of
laser with surface plasmons (SPs) is expressed as Eq. (1)

P 1)

i + sinf
AS

where A and A, are the wavelengths of incident laser and SPs, respectively. 0 is
the incident angle of the fs-laser. A, can be obtained from the dispersion Eq. (2)
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for metal/dielectric interface. Here, &’ is the imaginary part of permittivity, and
g4 is the dielectric constant of the dielectric material (here air since the experiments
are carried out in ambient conditions). Here, the laser is incident normally (i.e.,
0 = 0°) on the diamond thin film surface and the dielectric constant of air is 1(i.e.,
gq = 1). Therefore, the period can be expressed as Eq. (3)

A=2, :/1[1+l,j 3)
&

Eqgs. (1)-(3) are considered here because it is widely accepted that a semi-
conductor or dielectric (or even metallic) surface such as the diamond thin film
surface, when irradiated by ultrashort pulse laser such as fs-laser with damage
threshold fluence, will be under highly excited state and behaves like metal surface.
When irradiated with fs-laser pulse energy in the range 200-500 nJ, the diamond
surface here acts like a metallic liquid carbon fulfilling the metallic state condition,
i.e., ¢ < —1. In this state, the formation of SPs is facilitated. Once SPs are formed,
they undergo interference with the laser light leading to the formation of deep-
subwavelength ripples (A/)A = ~0.22 as experimentally obtained). As the thin film
surface is translated, the already formed periodicity favors nonlinear absorption
of laser energy at an identical spatial distribution, allowing the periodicity to be
maintained. The formation of near-circular periodic surface features (as shown
in Figure 2(g) and (h)) is plausibly due to the axisymmetric distribution of the
electric field vector of the circularly polarized laser.

3. RTA to prepare direct charge transfer SERS surface

Surface-enhanced Raman scattering (SERS) based analytical bio-sensing
requires stable, durable, and reusable SERS active surfaces. However, the typical
SERS surfaces do not have long-term stability, mainly owing to the instability of
metal nanostructures deposited on SERS surfaces or due to the intrinsic nature of
the SERS surfaces themselves. In this context, a modified diamond thin film surface
can be touted as an excellent SERS surface owing to its inherent properties, namely
electronic and mechanical properties, chemical stability/inertness, and biocom-
patibility. Typically SERS activity of diamond surfaces is achieved by depositing
suitable metal nanoclusters on their surfaces. The SERS activity in such cases is
explained in terms of the electromagnetic enhancement mechanism [5, 7]. In the
electromagnetic enhancement mechanism, there is a charge transfer from the Fermi
level of the metal nanoclusters to the lowest unoccupied molecular orbital (LUMO)
of the adsorbed analyte molecules on the SERS surface. The charge transfer changes
the effective polarizability of the adsorbed analyte molecules, resulting in the
observed SERS activity.

In this section, the diamond thin film surface modified using rapid thermal
annealing (RTA) (i.e., without any metal nanostructures on the diamond thin film
surface) will be elucidated as a direct charge transfer resonance-based SERS surface
[7]. The diamond thin film considered in the previous section is also considered
here for elucidation. The diamond thin film surface was rapidly thermal annealed at
1000°C (heating rate is 40°C/sec, soaking time is 30 sec, and cooling time is 5 min
to reach room temperature) under N, atmosphere. The heating chamber used for
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RTA is shown in Figure 4. The chamber consists of a quartz window with halogen
lamps as infrared heat sources. The diamond thin film (with its surface facing the
halogen lamps) was placed on the bedplate, fixed on an aluminum base plate. Since
the heating source was on the top of the film’s surface, any changes would start at
the diamond thin film surface.

RTA changed the diamond film surface morphology from having sharp features
with defined boundaries (Figure 2(a)) to a sponge-like surface without any well-
defined boundaries. The cross-sectional scanning electron micrograph (Figure 5)
shows that the sponge-like feature is 100 nm thick, and there is no change in the dia-
mond morphology below the sponge-like layer. Figure 6(a) shows a plane-view scan-
ning electron micrograph of the diamond film surface after RTA. It can be observed
from Figure 6(a) that the annealed diamond film surface has an interconnected
wire-like surface morphology, which is entirely different from the original morphology.

Further modifications were not made to the thermally annealed diamond thin
film surface (test surface) before testing its SERS activity. Rhodamine6G (R6G)
fluorescent dye molecules were used as the probe to understand the SERS activity.
R6G molecules exhibit a large Raman scattering cross-section and have been used as
probe molecules in SERS-based bio-sensing studies. 10 ml of 5510~ M Rhodamine
(R) 6G aqueous solution was dropped onto the test surface and was allowed to

Lamp furnace
Chamber Quartzwindow

Baseplate /

Bedplate
Wafer

Figure 4.
Rapid thermal annealing chamber [5].

Figures.
Cross-sectional view scanning electron micrograph of thermally annealed diamond thin film shown in
Figure 2(a) [5].
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Figure 6.

(a) High magnification plane-view scanning electron micrograph of the thermally annealed diamond thin film
surface. Inset: Morphology of as-deposited diamond film (b) Raman spectra obtained from the test surface and
R6G (5x10° M) adsorbed on the test surface. (Reprinted with permission from Kuntumalla et al. [7]).

dry naturally. Room temperature SERS activity of R6G molecules adsorbed on the
test surface was recorded using a 514.5 nm laser. When R6G molecules are excited
with a visible laser, they show molecular resonance Raman scattering in addition
to the SERS effect that comes from the surface plasmon excitation. SERS signals
are collected in backscattering geometry in the spectral range 50-2000 cm ™" with
a spectral resolution of 1 cm ™. Figure 6(b) shows Raman spectra obtained from
the test surface and R6G adsorbed on the test surface. The Raman spectrum of the
test surface shows two broad bands at 1348 and 1600 cm ™" correspond to polycrys-
talline- and nanocrystalline- graphite, respectively. The observation of graphite
Raman bands confirms phase change from diamond to graphite due to RTA. SERS
spectrum of R6G adsorbed on the test surface shows bands at 624, 772, 1502, and
1649 cm ™" corresponding to R6G in addition to the above-mentioned graphite bands.
The observation of strong SERS bands corresponding to very low concentration
R6G molecules is a consequence of the charge transfer resonance process because
there is no involvement of metal nanoclusters. It is important to note that Raman
bands could not be detected when the same concentration of R6G molecules was
adsorbed directly on the as-deposited diamond thin film surface. In the case of the
as-deposited diamond thin film surface, the energy gap between the Fermi level of
diamond surface (111) (=4.97 eV) (or — 5.3 eV for (100) surface) and the LUMO
(=3.40 eV) of R6G molecule is about 1.57 eV (or 1.9 eV), which is closer to 2.41 eV,
the energy of the incident laser. Hence signal enhancement should take place
through the charge transfer resonance process. However, the as-deposited diamond
thin film surface did not show SERS activity. In other words, even though the
energy of the incident laser is higher than that of the energy gap between the Fermi
level of diamond and LUMO of R6G, there is no charge transfer from diamond
surface states to R6G molecule. In diamond, the carbon atoms are bonded in sp3
hybridization (c-bond). The heavily lopsided configuration of the sp’ orbital allows
a substantial overlap and a strong covalent bond (bonding electrons are tightly
bound to the nuclei of the bonding carbon atoms) when the atom combines with
the sp’ orbital of another carbon atom. The thermally annealed diamond thin film
surface is constituted by substantial amounts of graphitic-like sp” bonded carbon.
In sp2 bonded structure, three of four valence electrons of carbon are covalently
bonded (c-bond) while the fourth is free. Such delocalized electrons participate
in n-bond formation between carbon atoms and can traverse between them. In the
thermally annealed diamond thin film surface, the amount of sp2 bonded carbon
is considerably larger when compared with the as-deposited diamond thin film
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surface. Therefore, in the thermally annealed diamond thin film, an enormous
number of delocalized electrons are available to interact with the R6G molecule
when the laser falls on R6G adsorbed test surface. This results in SERS activity
thermally annealed diamond thin film. To further confirm, a typical diamond-like
carbon (DLC) thin film surface was also tested (in similar lines to the thermally
annealed diamond thin film surface), owing to its constitution by a considerable
amount of sp> bonded carbon. DLC thin film also showed excellent SERS activity,
proving that the thermally annealed diamond thin film surface is an excellent direct
charge transfer resonance SERS surface. Additionally, due to the Metal (100 nm of a
graphitic layer)-Insulator (diamond)-Semiconductor (Si substrate) (MIS) structure
(Figure 5), it is easier to develop bio-sensing devices.

4."N* ions implantation to prepare an electrically conductive surface

Polycrystalline diamond thin films deposited on doped Si substrates can be
made suitable for the fabrication of robust MIS type devices when the near-surface
regions are made electrically conductivity. In addition to the RTA presented in the
previous section, implantation of N* ions into the surface and sub-surface regions
of a typical polycrystalline diamond thin film can be another way of achieving MIS
structure. The polycrystalline diamond thin film (named F1) used in the previous
two sections is again considered for the implantation of N* ions. The diamond thin
film surface is implanted with 100 keV "*N* ions with fluences of 1E16 and 1E17
ions/cm” (the samples are referred to as F2 and F3, respectively). Implantation
experiments are carried out at room temperature by maintaining a constant beam
current of 10 pA under pressure < 10~ mbar.

XRD patterns of as-deposited and N* ions’ implanted diamond thin films are
shown in Figure 7. The reflections corresponding to (111), (220), and (400) crystal
planes in diamond are observed at 26 = ~45.9, ~75.2, and ~ 91.4°, respectively, in all
the samples implying that the crystallinity of the diamond thin films after implan-
tation is intact. Moreover, no other reflections corresponding to any different
crystalline phase were observed post-implantation, suggesting that the implanta-
tion did not convert diamond into any new phase. The diffraction peak broadening
post-implantation is negligible, indicating that the implantation has not affected the

(11n) F1
Substrate
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Figure 7.
X-ray diffractograms of (a) F1, (b) F2 and (c) F3. (Reprinted with permission from Bommidi et al. [8]).
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grain size in the diamond films. Figure 8 shows the plane-view scanning electron
micrographs, which depict the typical randomly oriented diamond grains of F1 and
N* ions’ implanted diamond films (F2 and F3). However, in the case of F2 and F3,
the grain edges appeared to be rounded-off most plausibly due to the selective sput-
tering effect of the N* ion beam on the grain boundary regions, which are primarily
graphitic (sp® carbon) in nature.

To further understand the phase stability of diamond and the presence of any
other phases in small quantities, the Raman spectra of all the samples are recorded
and shown in Figure 9. F1 exhibited the characteristic zone center phonon in
diamond at ~1333 cm™ and graphitic band (G band, stretching mode of planar
sp’ C at the grain boundaries) at ~1500 cm™, which are typical for diamond films.
The spectra of F2 and F3 indicated a change in the bonding environment in the
implanted films. The peak fitted spectra are shown in Figure 9(d-f). It is observed
that the position, relative intensity, and bandwidth of diamond band, D band
(1350 cm™, breathing mode of planar sp” C at the grain boundaries), and G band
are different in F1, F2, and F3, indicating differences in phase content in these
samples. Diamond, and D and G Raman bands in the case of F2 and F3 are slightly
red-shifted compared to that in F1, indicating that implantation has induced
in-plane tensile stresses and formation of sp’ clusters and amorphous carbon in
the diamond grain boundaries, respectively. Rutherford backscattering spectra
(Figure 10) of all the samples are recorded to understand implantation depth. In F2
and F3, both C and N peaks are observed in the corresponding spectra. The width
of N peak is ~75 nm which is close to the calculated (Stopping and Range of Ions in
Matter (SRIM) software-based) depth of 88 nm for N atoms in diamond.

Figure 8.
Plane-view scanning electron micrographs (at different magnifications) of (a ¢&'b) F1, (c € d) F2 and (e &'f)
F3. (Reprinted with permission from Bommidi et al. [8]).
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Figure 9.

Raman spectra of (a) F1, (b) F2 and (c) F3 and the corvesponding best fitted spectra in (d), (e) and (f),
respectively. (Reprinted with permission from Bommidi et al. [8]).
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Figure 10.
Rutherford backscattering spectra of F2 and F3 in comparison to F1. (Reprinted with permission from
Bommidi et al. [8]).

A local thermal spike (local temperature rise to a great degree) might have taken
place in ion-irradiated diamond films [9]. As a consequence, graphitic content
might have formed in F2 and F3. The combined effect of induced graphitization
along the diamond grain boundaries and N atom incorporation is expected to
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IV characteristics of (a) F2 in comparison to F1 and (b) F3 in comparison to F1. (Reprinted with permission
from Bommidi et al. [8]).

enhance electrical conductivity significantly. As expected, the I-V characteristics
(Figure 11) of F2 and F3 in comparison to F1 indicate a considerable increase in
the electrical conductivity in them. At 5V, the current values in F1, F2, and F3 are
44 nA, 3 pA, and 140 pA, respectively.

5. Conclusions

In this chapter, three unique surface modifications on a typical polycrystalline
diamond thin film have been explained. The first modification has been direct pat-
terning of deep sub-wavelength periodic features on the diamond thin film surface
using linearly or circularly polarized fs-laser irradiation. It has also been shown
that the surface features are perpendicular to the laser polarization. In other words,
it has been demonstrated that laser polarization can be used to control the surface
feature formation. The results discussed in Section 2 manifested that the interfer-
ence of laser with surface plasmons is responsible for forming the surface features
without any considerable changes in phase and crystallinity of the diamond thin
film surface. Further studies should be taken up to control the shape and size of sur-
face features by controlling different laser parameters such as energy, scan speed,
polarization, etc. In Section 3, RTA was used to easily modify the top 100 nm of a
polycrystalline diamond thin film surface into a surface with a considerable amount
of sp” carbon, facilitating an excellent metal-free SERS activity as a consequence of
the direct charge transfer resonance process. Moreover, RTA helped in fabricating
an MIS-type structure with ease. SERS-based sensing study should be taken up
to detect bio-molecules in real-time with an MIS-type biosensor. In Section 4, the
N* ion beam was used to alter the sp” bonded carbon networks and incorporate N
atoms into the surface and sub-surface regions in the typical polycrystalline dia-
mond films. Consequently, the electrical conductivity of the diamond thin film was
enhanced in several orders compared to the as-deposited film. By controlling the
fluence of the ion beam, electrical conductivity can be controlled to a certain depth
of the diamond thin film without considerable changes in the morphology and
phase of diamond in the film. N* ion beam implantation also helped in fabricating
an MIS-type structure with ease. Moreover, this method can be useful, especially
when large-area diamond thin films have to be modified to make their surfaces
electrically conductive.
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Chapter 4

Laser Treatment CVD Diamond
Coated Punch for Ultra-Fine
Piercing of Metallic Sheets

Tatsuhiko Aizawa, Tadahiko Inonarva, Tomoaki Yoshino,
Tomomi Shivatori and Yohei Suzuki

Abstract

CVD-diamond coated special tools have been widely utilized to prolong their
tool life in practical production lines. WC (Co) punch for fine piercing of metallic
sheets required for high wear-toughness to be free from chipping and damages and
for high product quality to punch out the holes with sufficient dimensional accu-
racy. The laser trimming process was developed to reduce the surface roughness of
diamond coating down to submicron level and to adjust its diamond layer dimen-
sions with a sharp punch edge for accurate piercing. The pulsed laser irradiation was
employed to demonstrate that micro-groove was accurately formed into the dia-
mond coating. Less deterioration in the worked diamond film by this laser treat-
ment was proved by the Raman spectroscopy. The femtosecond laser trimming was
proposed to sharpen the punch edge down to 2 pm and to form the nano-textured
punch side surfaces with the LIPSS (Laser Induced Periodic Surface Structuring)-
period of 300 nm. Fine piercing experiments were performed to demonstrate that
punch life was significantly extended to continuous punching in more than 10,000
shots and that mirror-shining hole surfaces were attained in every shot by regularly
coining the nanotextures. The sharp punch edge with homogeneous edge profile
was responsible for reduction of the induced damages into work sheet by piercing.
The punch life was extended by the ejection mechanism of debris particles through
the nanotextures on the punch side surface. The present laser treatment was useful
in trimming and nanostructuring the complex-shaped punch edge for industrial
application.

Keywords: CVD diamond coated WC (Co) tools, laser adjustment, laser trimming,
punch edge sharpening, punch nano-structuring, ultrafine piercing,
AISI316L sheets, debris particle ejection

1. Introduction

The CVD (Chemical Vapor Deposition)-diamond coating as well as the PCD
(Poly-Crystalline Diamond)-chip have been widely utilized as a protective layer of
special tools to prolong their life [1]. In addition to their application to cutting tools,
the sintered diamond dies were employed as a tool in the metal forming [2]. In
particular, the CVD-diamond coated tools become a standard procedure to cut the
CFRP (Carbon Fiber reinforced plastic) members [3], to make deep drawing of
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stainless steel sheets to cups [4] and to precisely punch out the high strength copper
alloy plates [5]. During those manufacturing processes, the diamond coating is
usually damaged and chipped so that the tool substrates have to be recycled by
removing away or ashing the used coatings before being wasted as an industrial dust.

Let us remember that WC (Co) and silicon were only utilized as a substrate for
hot-filament CVD processes to have thick, uniform diamond layer. In particular,
the cobalt content in WC (Co) substrate is optimally selected for proper nucleation
and growth of diamond coating in practice. In order to improve the material effi-
ciency in the coming circular economy, these used DLC- and diamond-coated
cutting tools and forming dies must be recycled to reuse the original WC (Co)
substrate for higher cost-competitiveness. In this circulation of WC (Co) substrates
[6], the perfect removal or ashing of diamond film and metallic buffer layers with
minimum damage to tool geometry is an essential process to reuse the WC (Co) as
illustrated in Figure 1. RF (Radio-Frequency) — DC (Direct Current) plasma ashing
process was developed to make perfect removal of the used DLC coatings without
significant damages to substrates and to reuse the as-ashed WC (Co) substrate for
recoating [7-12]. As pointed in [13], the oxygen ion density in those ashing pro-
cesses must be intensified enough to remove the used CVD-diamond coating with
sufficiently high removal rate. This high density plasma ashing method has proper
capacity to remove the diamond films even on the rake surfaces of cutting tool
blades with less blade edge loss than 1 pm [14-16]. Hence, as a challenging issue in
Figure 1 for circulation economy of WC (Co) tool substrates, the CVD-diamond
coated tools must be shaped to have high capability for cutting and shearing in
practical operations and to improve the total WC (Co) efficiency.

As-coated diamond film has a rough surface due to its three dimensional crys-
talline growth; the maximum surface roughness must be reduced down to the
tolerance in the industrial applications, less than 0.5 pm. Its geometrical profile is
never adaptive to the precise stamping tools; its surfaces must be trimmed to have
accurate dimensions as a tool for fine cutting, shearing and piercing within the
deviation of 1 pm. In addition, the diamond-coated tools and dies must have sharp
edges enough to preserve the highly burnished surfaces of products. Furthermore,
their lives must be elongated by reducing the adhesion of work material debris.

Laser Post-treatment
/Microtexturing
[Trimming + Nanostructuring

Dry machining of CFRP for
aircrafts and automotives

Dry stamping of electrical
steel sheets

Complete ashing of

used diamond coating
CVD-Diamond

Re-Coating

Figure 1.
A circular economy of WC (Co) tools by the precise treatments of diamond coatings.
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In the present chapter, among the laser processings [17, 18], the laser treatment
of CVD-diamond coated tools is proposed to geometrically adjust their diamond
coating profile, to trim their surfaces and sharpen their edges and to form the
nanostructured micro-grooves for in situ ejection of debris particles during piercing
process. Since the first world-wide notice on the importance of wear debris [19],

a role of debris particles on the tribological performance in metal forming has been
studied both in academic and industries. In particular, fine debris fragments
induced the fretting wear in metal forming; how to eject those debris particles still
becomes an issue of nuisance [20]. Hence, this laser nanostructuring technique is

a powerful approach to prolong the fine piercing punch life and to control the
piercing process for both ductile and brittle work sheets.

Furthermore, this laser nanostructuring provides a method to design and fabri-
cate the engineered surfaces to mechanical elements such as the channel, the orifice
and the heat sink. If their inner and outer surfaces have an appropriate nanostruc-
ture, these structured surfaces are expected to work as an engineered surface with
higher wettability, more hydrophobicity and larger overall heat penetration. In the
case of the orifice, the leak flow of gasoline through the orifice walls is minimized
by their hydrophobicity of nanotextured surface [21, 22]. A nanotextured heat sink
has a capacity to significantly improve the heat transfer coefficient, especially the
boiling water heat transfer capacity [23, 24]. In particular, the AISI316L orifice plate
is a target for the present fine piercing by the nanostructured surface to improve its
surface property control.

A CVD-diamond coated WC (Co) specimen is first employed to demonstrate
that the pulsed laser adjustment is effective to shape the diamond coated tools and
to make microtexturing to diamond films without significant damage to the dia-
mond structure. Next, the femtosecond laser micro-machining is employed to trim
a diamond-coated piercing punch. This laser trimming enables to reduce the
roughness of as-coated diamond films and to sharpen the punch edge width down
to 2 pym. Furthermore, the nanotextures with the period of 300 nm are formed from
the edge to the specified length on the punch side surfaces, simultaneously with
trimming. Finally, the micro-stamping system is utilized to describe the piercing
behavior of AISI316L austenitic stainless steel and amorphous steel sheets with the
use of this laser trimmed punch. When using the WC (Co) punch with the sharp-
ened edge, its piercing of AISI316L sheets partially induced a fractured hole surface;
the burnished surface area ratio was limited by 70 to 80% of their whole pierced
hole surface [25]. In addition to fine piercing performance with full burnished area
ratio, the nanotextures on the punch side surface is concurrently transcribed onto
the AISI316L holes together with this trimming. Due to this imprinting of the laser-
trimmed punch surface with nanostructures, a mirror-shining hole surface is fabri-
cated also to have a periodic nanotexture. An amorphous electrical steel sheet is also
employed to investigate the piercing performance of brittle work materials [26].
The sharp edge profile and the nanostructured punch side surface have influence to
reduce the damaged width and to improve the product quality. SEM (Scanning
Electron Microscopy) and WIS (White Interference Spectroscopy) analyses are
utilized to describe this formation of nanostructures into diamond-coated punch
and their duplication onto the product surface.

2. Laser treatment of CVD-diamond coated tools
Two types of laser treatment system are proposed to make geometric

adjustment of CVD diamond coated punch with the use of pulsed laser irradiation
and to trim the punch edge and make nanostructuring onto the side surface
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of punch with the use of femtosecond lasers. These two laser treatments are
illustrated in Figure 2.

2.1 Geometric adjustment by excimer laser irradiation

As-CVD-coated diamond film with the thickness of 20 pm has a surface rough-
ness of 3 to 5 pm. A sizing treatment [27, 28] process is necessary to reduce the
surface roughness within tolerance for tooling in metal forming and to fit the
surface profile of punch into tailored geometry for fine piercing and embossing.
The pulsed laser irradiation process is employed to remove the unnecessary surface
parts of CVD-diamond film through a series of shots in order that the whole surface
profile should be fine enough to satisfy the designed CAD (Computer Aided
Design) data of tools.

Figure 2a illustrates an experimental set-up for this sizing treatment. As-coated
punch was fixed into a jig, which was located on the X-Y stage. With the use of this
stage and Z-positioning controller, the work area on the punch surface was located

(a)

Laser Beam

Optical
Masking
Z—axis
X-Y axis
Control
Laser beam
control-1 : (b)
Rotation @

WC (Co)-punch __Laser beam
control-2

Diamond coating

Laser beam
control-1

Figure 2.
Two types of laser treatments for the diamond coated tools for fine and ultrafine piercing. (a) Geometric
adjustment by pulsed laser irradiation, and (b) trimming by femtosecond laser machining.
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for laser irradiation. After the pulsed irradiation, this work area was relocated for
next irradiation. The number of pulses was directly controlled to correspond to each
feeding depth for removal of diamond coating. A laser spot area was also controlled
by optical masking; e.g., one segment on the mask became a transparent window
for the pulsed laser beam to irradiate this segmented surface area of work. In this
process, the removed thickness of CVD coating by single shot via laser abrasion was
optimally determined to be around 0.1 pm by controlling the power profile of laser
beams. The original laser beam was modified by the optical masking technique to
focus only onto the segment of 250 pm x 125 pm. In the following experiments, the
diamond coated punch was controlled to move stepwise in the X axis by 250 pm to
form a rectangular micro-groove onto the diamond coating with the width of

125 pm.

2.2 Trimming and nanotexturing by femtosecond laser irradiation

The femtosecond laser micromachining is suitable to trimming and
nanotexturing the CVD-diamond coated WC (Co) punches [29-31] for ultrafine
piercing of metallic sheets [29-32]. Figure 2b depicts the standard setup for this
laser trimming and nanotexturing. The side surface was first trimmed by utilizing
the laser beam control-1. The punch head was secondly processed by using the
control-2. The laser beam was moved from the center to the end of the punch head.
The fluence was also held constant at 0.265 J/cm”. During this two-step procedure
in the experiment, the end of the punch was held in a jig to be rotated with a
constant velocity by o = 7.2 degrees/s. The galvanometer was utilized to distribute
the laser beam as tailored by CAM (Computer Aided Machining) data for the
trimming operation. The capacity of present femtosecond laser machining system is
stated in the following. The wavelength of the femtosecond laser was 515 nm, the
pulse width was 200 fs, and the pulse repetition rate was 400 kHz. The maximum
average power was 40 W, and the maximum pulse energy was 50 pJ. The working
stage was 300 mm x 300 mm. A work material with sized 280 mm x 150 mm was
placed on the X- and Y-axes controlled stage in Figure 2b. The single-shot power
was estimated to be 0.25 GW. High-powered irradiation of 200 fs was used to drive
the well-defined ablation into the targeted materials.

The laser nanostructuring method stands on the LIPSS (Laser Induced Periodic
Surface Structuring) performance [33, 34]. The directional nanotexture was in situ
formed together with the laser trimming during the femtosecond laser machining
process with a skew angle against the beam scanning direction. In the following
experiments, the fluence was constant with 0.6 J/cm?. The laser machining track
overlapped the working range 20 times by rotating the work. The LIPSS-ripple
period was controllable by the laser fluence, pulse width, and so forth for femto-
second laser nanotexturing. In fact, LIPSS using high and low spatial frequencies
with very different periods can be produced via the same laser setup, depending on
the process conditions. This LIPSS-ripple period was estimated to be 250 nm in the
present trimming conditions. To be discussed later, this LIPSS period as well as the
nanostructuring alignment are controllable by the laser processing conditions dur-
ing the optical polarization and transformation processes.

3. Micro-grooving of diamond-coated tools by pulsed laser irradiation
An excimer laser machining system (LIPS-Works, Co., Ltd.) was employed to

make pulse laser irradiation of CVD-diamond coated rectangular punch. A micro-
groove was formed onto the diamond coating to describe the dimensional accuracy
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Figure 3.
Micro-grooved diamond coating by the pulsed laser machining. (a) a micro-groove with the width of 125 mm
with low and high magnifications, and (b) its surface depth profiles along the X- and Y-axes.

in sizing treatment of diamond coated punch. Raman spectroscopy was employed to
characterize the diamond film before and after this micro-grooving process.

3.1 Micro-grooving of diamond-coated tool substrate

The excimer laser was employed to make micro-grooving onto the CVD-
diamond coating. In each pulsed laser irradiation, the area of 250 pm x 125 pm x
0.1 pm was stepwise removed by a single shot. After multi-shot irradiation, the
punch was relocated to move in the X axis by 250 pm to continue this laser
ablation process till the end of punch width. The number of laser pulse shots is
constant by 50.

Figure 3a depicts the laser-machined track of CVD-diamond coating. Without
damages to the un-irradiated surface, only a single micro-groove with the width of
125 pm is accurately cut-in by the present laser machining. This linear removal of
coating takes place only with positioning control of specimens without any change
in the laser irradiation conditions. The feeding depth is controlled by the number of
shots independently from the above spatial control. This results in precise profiling
of CVD-coated tool surface geometry in the suitable manner to tooling design. The
laser-microscope (Laser-tech, SD 100; Tokyo, Japan) was utilized to measure the
surface roughness distributions both in the longitudinal and the lateral directions of
linear track. Figure 3b depicts the micro-groove surface depth profiles in the X- and
Y-axes, respectively. Its average depth is 3.8 pm, and a deep valley is seen at either
edge of micro-groove. This might be because the laser energy profile is intensified at
the edge of masking window. The maximum roughness in the longitudinal direction
at the bottom of micro-groove is only 0.8 pm. This proves that this sizing process by
pulsed laser irradiation accurately adjusts the punch edge profile as demanded by
the engineering CAD.

4. Raman spectroscopy on the laser treatment effect on diamond

Raman spectroscopy (Renishaw, Co., Ltd.) was utilized to characterize the effect
of the laser adjustment to the microstructure of CVD diamond. Figure 4 compares
the Raman spectra and their deconvoluted profiles before and after laser adjust-
ment. As-coated diamond is characterized by the graphite disordered D peak at
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Figure 4.

Comparison of Raman spectra before and after the pulsed laser post-treatment. (a) Raman spectra before
treatment, and (b) Raman spectra after treatment.
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Charvacterization on the laser-processed diamond coatings with comparison to unprocessed film. (a)
Distribution of Ag and Ap on the micro-grooved surface with comparison to the average Ag and Ap outside of
the microgrooves, and (b) distribution of peak area ratio for G- and D-peaks on the micro-grooved surface with
comparison to the average peak area ratios outside of the microgrooves.

1340 cm ', the crystalline G peak at 1580 cm ™' and sp3 diamond peak at 1320 cm ™.

This reveals that CVD-coated diamond film consists of the nano-structured matrix
of sp3 - sp2 binding-state carbon and the sp3-rich surface structure. After pulsed
laser adjustment, this surface diamond D-peak disappears in Figure 4b. The same
broad graphitic D and G peaks are deconvoluted from the measured spectra in
Figure 4a and b. Remember that amorphous carbon films are also characterized by
these D and G peak pair [10] and that carbon dusts are only detected by low
intensity Raman spectra with much broadness [11]. Although the near-surface of
diamond coating is affected by laser irradiation, its depth might be characterized by
the diamond D-peak as well as these graphitic D and G peak pair [35]. No essential
deterioration occurs in this sizing process of the diamond coating. The surface layer
with characteristic sp3 nanostructure is only ablazed during irradiation.

The quality profile of processed diamond coating is investigated by analyzing
these graphitic D- and G-peak distributions in the longitudinal direction of micro-
groove. Figure 5a depicts the Raman shift distributions; the graphitic D-peak
Raman shift increases to the higher wave number from the center to both ends. As
shown in Figure 5b, the graphitic D-peak area ratio is nearly constant and higher
than 65%. In particular, the measured D-peak area ratio at the micro-groove bottom

69



Engineering Applications of Diamond

is always higher than that on the original diamond film. This also proves that the
surface of sized diamond coating by the pulse laser irradiation has no significant
deviation in quality of coating materials.

5. Femtosecond laser trimming of diamond-coated tools

Femtosecond laser irradiation system was utilized to trim the as-coated diamond
film surfaces, to sharpen the punch edge and to make nanostructuring on the side
surface of cylindrical punch. SEM with various magnifications was used to make
microstructure analysis on these nanostructures. The white light interferometry
was also employed to characterize them.

5.1 Trimming and nanostructuring

A CVD-diamond coated WC (Co) punch with the diameter of 2.00 mm was
prepared for the present laser trimming and nanostructuring. As shown in
Figure 6a, the original head and side surfaces of as-coated diamond film are rough
by the polycrystalline diamond growth during CVD; e.g., its maximum surface
roughness reaches to 5 pm. The punch edge curvature also becomes dull as an
intersection of rough head and side surfaces.

Figure 6b shows the laser-trimmed punch profile after surface cleaning. The
maximum roughness of punch head is reduced down to 0.5 pm on the measured
surface profile. Both head and side surfaces are laser-trimmed so that the punch
edge is considered to be sharpened as an intersection of two surfaces.

Figure 6.
Comparison of SEM image before and after laser treatment. (a) As-coated head and side surfaces with a dull
edge, and (b) laser-trimmed head and side surfaces with a sharpened edge.
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a)

Figure 7.
Comparison of punch edge curvature before and after laser treatment. (a) before laser trimming, and
(b) after laser trimming.
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Figure 8.

SEM and LM images on the laser treated side surface from the punch edge. (a) SEM image on the laser-trimmed
head and side surfaces of punch in low magnification, (b) LM image around the punch edge, and (c) SEM
image across the punch edge in high magnification. A nanostructure was formed to have a regular alignment
with its period of 300 nm.

Figure 7 compares the punch edge curvature radius before and after laser trim-
ming. As-coated edge curvature radius (R) is 12.5 um; this large R is reduced down
to 2.75 pm by this trimming. This improvement proves that femtosecond laser
trimming is effective to sharpen the punch edge width down to 2 pm.

5.2 Controllability of nanostructures

The femtosecond laser trimming process accompanies with nano-structuring on
the trimmed surfaces. When laser-trimming the diamond coating, LIPSS takes place
to form the intrinsic nano-textures with the LIPSS-period to the optical interaction
between the laser beam scattered by the rough diamond surface and the incident
laser beam. SEM was utilized to describe this simultaneous nano-structuring with
trimming process in the above. Figure 8a shows the SEM image of head and side
surfaces of punch. The punch edge width (WFg) is also measured by LM (Laser
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Microscopy) in Figure 8b. W = 2 pm just in correspondence to R = 2.75 pm in
Figure 7b. Figure 8c depicts the change of microstructure from the punch head to
its side surface across its edge. The trimmed head surface changes to the nanostruc-
tured surface just across the edge. This nanostructure consists of the regularly
aligned nano-grooves with the LIPSS period of 300 nm. This measured pitch is
corresponding to the estimated LIPSS period of 250 nm when using the above
femtosecond laser processing conditions.

White light interferometry (WLI) was utilized as a nondestructive evaluation
method for diagnosis of nanotextures on the trimmed punch surface profile. This
WLI is usually utilized to measure the geometric angulation of polished and buffed
die surfaces with relatively little curvature radius. In this measurement, a trimmed
diamond-coated punch with the diameter of 2.00 mm has a curvature with influ-
ence on the interferometric measurement on the spatial period of nanotextured
ripples on the trimmed surface. Figure 9a shows this local surface profile in this X-
axis or in the lateral direction of punch surface, which was analyzed by the algorism
of DEAP (Detection of Envelope and Absolute Phase) [36]. This profile gradually
deviates from the center line; the nanotextures are formed on the trimmed punch
surface with the skewed angle in the axial direction. The measured spatial period of
nanotextures (Apunch) is 900 nm, and, their average height reaches to 300 nm.

Let us consider the difference in the spatial period of nanostructures, between
the measured Apynch of 900 nm in Figure 9a and the LIPSS-period of 300 nm in
Figure 8c. In the detection of fine spatial peaks in the large area with the curvature
by WLI, the neighboring peaks to a main peak are easily enveloped into a single
signal by the DEAP algorism. Then, the WLI-measured period becomes three times
more than the actual ripple period of 300 nm. In other words, the curvature effect
to the measured profile of peaks cannot be sufficiently eliminated in the present
measurement.
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Figure 9.

White light interferometry of the nano-structured diamond-coated punch as well as the imprinted nanotextures
onto the hole surface together with the piercing process of AISI316L sheets. (a) Nano-structure on the diamond
coating, and (b) imprinted nanotextures on the pierced hole surface.
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Figure 10.
Effect of the threading depth (d) in the laser trimming process on the nanostructures formed on the punch side
surface. (a) d = 1.8 ym, (b) d = 2.4 ym, and (c) d = 3.6 um.

In the present trimming of the diamond coating on the cylindrical punch, the
scattering laser on the coating is skewed by the local curvature on the trimmed
diamond surface so that every nanotextured ripple is formed in the axial direction
with a skewed angle. This nanotexturing process with trimming the cylindrical
diamond coating is mainly governed by this local curvature of cylindrical punch as
well as the original roughness of diamond coating.

As pointed out in [33, 34], the laser processing parameters also have influence
on this LIPSS or nanotexturing onto the laser-trimmed surface. Among them, the
laser pulse width has a direct influence on the ripple-period while the fluence of
laser beam affects the LIPSS-profile more than the LIPSS-period. In particular, the
depth of nanostructure is incrementally increased by increasing the number of
pulses or by increasing the fluence. This laser beam fluence was varied to investi-
gate the effect of irradiation fluence on the depth of nanostructures. Figure 10
compares the SEM images on the nanotextures on each trimmed surface among
three punches. Although the peak-to-valley ratio of nanotextures increases with d,
the unidirectional formation of nanotextures with a skewed angle is common to
three punches. The measured LIPSS-period is also common to three cases; e.g.,
Apunch = 300 nm. The similar nanotexturing profile are simultaneously machined
onto the diamond coating with trimming; its depth is mainly determined by the
fluence.

6. Ultra-fine piercing of stainless steel sheets by laser-treated punch

AISI316L austenitic stainless steel sheets with the thickness of 0.2 mm were
utilized for fine piercing experiments with the use of the treated CVD-coated WC
(Co) punch. SEM and white light interferometry were also employed to character-
ize the quality of pierced products.

6.1 Fine piercing system

Figure 11a depicts a piercing experimental set up where the stroke is controlla-
ble in every 1 pm. The relationship between the piercing load and the punch stroke
is monitored during this piercing process. The laser trimmed diamond-coated WC
(Co) punch with a diameter of 2.000 mm was fixed into an upper die in the cassette
die-set for the piercing experiment. The WC (Co) core die with an inner diameter
0f 2.008 mm was also placed into the lower die. The load cell was embedded into the
lower die set to monitor the applied load in every stoke. As illustrated in Figure 11b,
the narrow clearance between the punch and die is controlled by the nano-metric
PZT X-Y stage to preserve the coaxial position of punch to die.
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Figure 11.
Aluminum-flamed fine stamping system with high stiffness in the die set and flexible stamping structure. (a) Overview
on the CNC mini-stamping with the maximum loading capacity of 10 kN, and (b) illustration of the die set.

Figure 12.

Comparison of the optical-microscopic image on the pierced AISI316L hole surfaces when using two punches. The
edge curvature in both punches is nearly the same as 2 ym. (a) Pierced hole surface by the normal WC (Co) punch
with the sharpened edge, and (b) pierced hole surface by the laser-treated diamond-coated WC (Co) punch.

6.2 Product qualification

The WC (Co) punch with the sharpened edge was also used as a reference punch
for comparison of pierced hole surface to the present approach. Figure 12 compares
the sheared surfaces by piercing process with the use of WC (Co) punch and
trimmed diamond coated one after 100 shots in continuous.

As depicted in Figure 12a, AISI316L sheet was punch out with full burnished
surface area ratio even when using the WC (Co) normal punch with the sharpened
edge. This fully sheared surface had lots of scratches since the side surface rough-
ness of WC (Co) punch was transcribed onto the hole surface during the piercing
process. When using the trimmed diamond-coated punch, the pierced hole also has
no fractured surfaces in Figure 12b. In addition, this surface has a mirror-shining
surface condition with tiny scratches only on its top. The length of nanostructured
side surface from the punch edge is 200 pm and equal to the sheet thickness.
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Irregular texture between the nano-textured and non-textured side surfaces
induced these scratch markings. The essential difference in the pierced surface
condition comes from the shearing process by the punch with and without the
nanotextures on its side surface from its edge.

Let us analyze the pierced hole surface condition by the nanostructured punch
from the multi-dimensional view. As shown in Figure 13, SEM observation is made
from the lowest magnification to the highest one. As seen in Figure 13a and b, the
pierced surface looks smooth without any scratches just in correspondence to the
optical-microscopic observation in Figure 12b. With increasing the magnification,
this smooth surface is found to have nano-stripes as shown in Figure 13c to 13e.
This reveals that nanostructures with the period of 300 nm on the diamond coated
punch are imprinted onto the pierced hole surface as nano-stripes. Figure 13f
proves this imprinting of nanostructures to product surface together with piercing
the AISI316L sheet.

WLI is also utilized to make nondestructive analysis on the imprinted
nanotextures in Figure 13f. Figure 9b depicts the pierced hole surface profile. In
correspondence to nano-stripes in Figure 13f, nano-textures are detected on the
hole surface. The DEAP alogorism in WLI also biased the measurement of
nanotextures on the pierced hole by its local curvature to provide Apgle = 900 nm in
Figure 9b. Since Apynch = Anotle = 900 nm by WLI in Figure 9, the nanostuctures on
the punch side surface is simultaneously imprinted onto the hole surface together
with piercing the hole.

In the algorithm of DEAP, the effects of large curvatures on the interferometric
measurements are difficult to avoid when analyzing nanotextured periods on the
punch and pierced hole surfaces. The nanotextures on the punch and hole surfaces
were over-estimated to have larger periods by this curvature effect in the WLI and
DEAP analysis.

6.3 Ejection of debris particles

The debris particles splash in the air, easily deposit on the die surfaces and often
lock the further steps in cutting and piercing the work materials. In particular, when

2019/12/10 NL DB4 x100 1mm ™ 2019/12/10 WL DEE 600 100 pm| 2019/12/10 NL D65 20k 30 pm|

2019/12/10 NL D66 x50k 20pm | 2019/12/10 NL D& xitk 10 pm| 2019/12/10 NL D66 x20k 3.0 pm|

Figure 13.
SEM image on the pierced AISI316L hole surface by using the laser treated diamond-coated WC (Co) punch
with varying the magnifications from (a) to (f).
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fine piercing the work in the narrow clearance, they deposit on the punch head and
side surfaces under high static pressure. This deposition increases the friction and
wear in piercing, and damages to the tools. In the lubricated conditions, those
particles are trapped into the lubricating oils and ejected to outside of cutting and
stamping processes together with liquid lubricants. However, in the case of dry
piercing of works, there are no ways to pocket the splashing particles and push out
them from the piercing front on the interface between punch and work to its end.
Those residual debris particles adhere to the punch surface and lock the piercing
process at the risk of severe damage to punch edge and surfaces. Hence, how to trap
those debris particles and to eject them out of the piercing system becomes an issue
to promote the production quality in fine piercing.

The nanotextures formed on the punch side surface are expected to be working
as a nano-groove to trap and eject these debris particles from the vicinity of punch
edge to the length of punch. After continuously piercing the AISI316L sheets in a
thousand shots, the punch surface was precisely analyzed by SEM. Figure 14
depicts the punch head and side surfaces with varying the magnification in SEM
observation. As seen in Figure 14a, no adhesion of debris particles is detected on
both surfaces. With increasing the magnification in SEM, the iron-rich debris par-
ticles of AISI316L are trapped into the nano-grooves on the side surface as shown in
Figure 14b and c. As depicted in Figure 14c, most of nano-grooves trap the debris
away from the punch edge by 8 pm.

The nanotextures were formed from the punch edge to the length of 0.2 mm
along the punch axis. Consider that this punch is pierced into the AISI316L sheet,
and the sheared debris fragments by the sharp punch edge are infiltrated into these
nanotextures. As seen in Figure 14, less amount of particles is trapped at the
vicinity of punch edge but a lot of particles are lodged into them even far from the
edge by 100 pm. This suggests that the trapped debris particles are transferred from
the punch edge to the punch length during the piercing process. In order to dem-
onstrate this transfer process, the whole punch surface is precisely analyzed along
the length of punch. Figure 15 depicts how the debris particles are trapped and
transferred to the punch length (L).

As stated before, little debris fragments are trapped at the vicinity of the punch
edge. They fill into the nanostructured grooves; e.g., at L = 8 pm from the edge,
most of grooves are stacked by them. To be interested, they overlapped the groove
and form an agglomerate of debris fragments at L = 15 pm. Each nano-groove first
traps a debris fragment and is gradually packed by debris with increasing the
number of shots in piercing. Once the amount of debris exceeds the trapping
capacity to fully pack the fragments with the length of 2 pm for each nano-groove,
the debris fragments agglomerate to a platelet. These platelets are only seen around
L = 15 pm. Since no platelets were seen for L > 15 pm, they delaminate from
nanostructured punch surface and transfer to further length of punch.

500 pm _ i 1aum

Figure 14.
SEM image on the laser-treated diamond-coated punch near the sharpened edge. (a) Lowest magnification,
(b) lower magnification, and (c) higher magnification.
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Punch edge —- Along the punch length

Figure 15.
Fine SEM image on the laser-treated diamond-coated punch from the sharpened punch edge to the end of
post-treated zone.

Figure 16.
Ejection model to capture, velease and transfer the debris particles from the piercing front to the outside.

Let us consider this ejection mechanism of debris particles in dry piercing. Due
to precise SEM analysis on the nano-textured punch surface after continuous pierc-
ing in 1000 shots, various steps in this mechanism are described as shown in
Figure 16.

At the step-1, the AISI316L debris particles are trapped into a single nano-
groove. This first trapping of debris occurs on the contact interface of nanostruc-
tured punch surface and AISI316L work under high static pressure during every
shot in piercing. With increasing the number of shots, the probability also increases
for the debris particles to be trapped into two adjacent nano-grooves in the setp-2.
In further continuous piercing, each trapped debris agglomerates on a couple of
nano-grooves in the step-3. When the size of agglomerates exceeds the critical
volume of 5 pm?, they delaminate by themselves and dislodge to be pushed down
into the punch length during the shearing process in piercing. At the step-4, the
nano-groove becomes vacant enough to trap new debris particles in further piercing
process. This ejection mechanism of debris particles during the piercing is effective
to be free from their locking to clearance and to continue the fine piercing process
with high product quality.
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7. Discussion

CVD-diamond, polycrystalline and single-crystal diamonds have intrinsic hard-
ness ranging from 5000 HV to 10000 HV, controllable electric resistivity by doping
from 100 GQ-m to semi-conductivity, high thermal conductivities around 2200 W/
(m-K), and high thermal stability. In its industrial applications to piercing punches
and dies, their laser adjustment and surface treatment is indispensable to make full
use of these properties.

The original roughness of bare diamond coating by its tetragonal crystal growth
is in the order of 3 to 5 pm. As demonstrated in Figure 3, its maximum roughness
can be lowered to be less than 0.8 pm even by the multi-pulse laser irradiation. A
microgroove with the length of 10 mm, the width of 125 pm and the depth of 3.8 pm
is accurately cut into the diamond film. This proves that the tailored geometry for
fine piercing punch is shaped onto the diamond coating within the tolerance of
submicron meter.

When using the femtosecond laser-treatment, the surface roughness is much
reduced as shown in Figure 6 through the laser beam control in Figure 2b. This
suggests that the punch edge as an intersection of its head and side surfaces can be
sharpened by trimming these two surfaces and reducing their surface roughness.
Figure 7 proves that the punch edge sharpening is driven by this surface trimming
processes in Figure 2b. The most preferable merit to this femtosecond laser
treatment is a simultaneous nano-structuring on the punch side surface together
with the laser trimming process. As depicted in Figure 8, this nanostructuring by
LIPSS commences just from the punch edge to the length on its side surface. The
period of induced nanostructures is dependent on the laser pulse width, the fluence
and the laser beam control in addition to the diamond film surface roughness. Their
depth into the diamond is mainly controlled by the fluence in laser trimming, as
shown in Figure 10. The direction of nanostructures is also tunable by the optical
control.

In addition to the skew angled nanostructures in Figures 8c and 10, each nano-
structure by LIPSS can be formed in the circumferential and longitudinal directions,

Surface

Figure 17.

Controllability of the laser-induced nanostructures onto the side surface of CVD diamond-coated punches. (a-c)
A longitudinal alignment of nanostructures on the trimmed punch with varying the magnification in SEM, and
(d-f) a civcumferential alignment of nanostructures on the trimmed punch with varying the magnification in
SEM.
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respectively, by the polarization technique [37]. Figure 17 depicts two typical
nanostructure alignments onto the diamond-coated punch side surface. SEM images
in Figure 17a to 17c with varying the magnification, depict the longitudinally
aligned nano-grooves along the punch length. Figure 17d to 17f show the SEM
images on the circumferentially aligned nano-grooves with varying the magnifica-
tion. The direction of nanostructures as well as their LIPSS periods are modified by
this polarization control. In particular, when controlling the formation of
nanogrooves in the circumferential direction, the LIPSS-ripples have smaller period
of 100 nm than 300 nm for the nanogrooves formed in the longitudinal direction.

This control of nanogroove directions has direct influence on the piercing
behavior. As introduced in [38], the sharpened punch edge behaves as a blade to cut
into the work at the beginning of the piercing process as illustrated in Figure 18.
The droop is formed by elastoplastic deformation of work at the indentation of
punch, and the sheared work surface is generated by the contact of work to punch
side surface before final fracture. In the nanostructured punches, each LIPSS-
formed nanostructure works as a blade to advance the shearing process in piercing.

When using the nanostructured punch in Figure 17a to 17c, the straight nano-
grooves are imprinted onto the pierced hole surface to have the LIPSS-period of
300 nm. During this piercing process, the debris fragments are easily driven to the
length of punch. On the other hand, when using the nanostructured punch in
Figure 17d to 17f, the finer nano-grooves with the LIPSS period of 100 nm are
formed in the circumferential directions on the pierced hole surface. Every debris
particle is stacked in each nano-groove during piercing. These ejection processes
with dependence on the nanostructure alignment have an importance role to pre-
serve the high quality piercing of work and prolong the punch life without damages
by debris particles.

Let us reconsider the effect of debris particle fragmentation to the piercing
process. How to deal with the debris particles is an essential issue in mechanical
machining and metal forming. As proposed in [22, 39, 40], the micro-dimples on
the rake surface of cutting tools work as a micro-reservoir to stock the debris
particles. In case of end-milling of aluminum alloys, the machined chips stack to

h
Figure 18.

Schematic view on the cross-section of pierced hole in the AISI316L work by punching. A droop was formed by
the initial indentation of punch; then, the burnished and fracture surfaces are formed by this shearing process of
ductile work.

Droop

Burnished surface
by shearing

Fractured surface
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these dimples so that the adhesion wear of debris to cutting tools is saved to prolong
the cutting tool life. In the metal forming under lubricating oils, the debris particles
are included into these lubricating oils and ejected together to outside of forming
system. When using this micro-dimple technique, a lubricating oil is indispensable
to house and drive the debris particles into the micro-dimples. In case of the dry
machining and metal forming, how to trap and eject them out of the working space
becomes an issue to prevent the tools and dies from severe damage and to be free
from the shortage of their lives. Nano-structuring to cutting and metal forming
tools proves a method for trapping and ejecting the debris fragments to outside of
the cutting and forming systems together with the movement of tools.

How to preserve the product quality, becomes another issue to be solved by
tooling appropriately. Although this problem is not so severe in cutting and
machining, a product quality assurance during the metal forming is an essential
issue for die and punch design. The product surface quality in piercing depends on
the shearing process on the interface between punch surface and work and on the
flow stress of work materials. During the piercing process, the initial contact inter-
face starts at the punch edge; the strain concentration at the sharp edge drives the
shearing process of work materials. Let us consider how the punch edge profile in
the edge width influences on the piercing process.

Two types of punch are prepared for piercing the amorphous electrical steel
sheets with the thickness of 25 pm. As shown in Figure 19, one is a WC (Co) punch
with the sharpened edge width of 2 pm and another is a laser-trimmed diamond-
coated punch also with the edge width of 2 pm. The difference in the geometric
topology between two punch edges is noticed as an edge profile morphology. The
WC (Co) punch has a diffusing edge profile as seen in Figure 18a to 18c while the
laser trimmed diamond-coated punch has a homogenous edge profile as shown in
Figure 18d to 18f. A brittle amorphous electrical steel sheet is employed to describe
the effect of two edge profiles to its piercing behavior.

4

.

\.’

10pm i 5.0pm

Figure 19.

Comparison of SEM images with different magnifications between two fine piercing punches with the same edge
width of 2 mm . (a—c) WC (Co) punch with the sharpened edge width of 2 mm, and (d—f) diamond coated
WC (Co) punch with the laser trimmed edge width of 2 mm.
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Figure 20.

Damaging process induced into the work sheet by the piercing process from (a) to (c). (a) Formation of a droop
with circumferential cracks, generated by the initial indentation of punch to work, (b) formation of
circumferential wrinkles, induced by the compressive stress in the radial divection, and (c) formation of
civcumferential cracks by perforation of a hole.

Figure 21.

Micro-damages induced into the amorphous electrical steel sheet by the piercing process. A-gone is a droop with
the circumferential cracks at the stage of punch indentation. B-zone is a wrinkle with peaks and valleys where
the short surface cracks are seen on the peaks. C-zone includes the long surface cracks in the circumferential
direction. (a) When using the WC (Co) punch, and (b) when using the diamond-coated punch.

First in the punching process as depicted in Figure 20, a brittle material begins
to make elastic shear deformation by initial indentation of a punch edge into it. This
bending deformation by indentation of the punch edge, results in the formation of
droop with surface cracks in the circumferential direction or in 6-axis. In further
indentation of punch, the compressive stress is induced in the radial direction to
push back the work material in shearing. Under this compressive stress state, the
wrinkling occurs in 6-axis. When punching out, the tensile stress is applied to the
work so that the circumferential cracks are generated in the work surface.

Figure 21 compares the pierced hole surface by two punches with the different
edge profile. When using the sharpened WC (Co) punch, the droop, the wrinkling,
and the circumferential cracking are all seen on the pierced sheet surface as A-zone,
B-zone and C-zone, respectively in Figure 21a. On the other hand, the droop and
the circumferential cracking are measured in Figure 21b when using the nano-
structured diamond-coated punch. No circumferential wrinkling takes place in the
latter. In addition, the circumferential cracking only occurs at the vicinity of hole
surface. This difference does not come from the sharp edge width but from the
homogeneous edge profile. As seen in Figure 19, the edge profile of sharpened WC
(Co) punch is diffusing so that the circumferential distortion could be easily
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induced by the compressive stress at the contact of convex punch edge parts to the
work. In the case of the nanostructured punch with homogeneous edge profile, the
brittle work sheet is sheared without the wrinkling in the circumferential direction.
This difference in the piercing behavior suggests that nano-structured punch has
possibility to reduce the induced defects by controlling the structure of nano-
grooves such as the direction of nanostructures and their LIPSS-period and depth.
The direction of nanogrooves is optimized to reduce the cracking damage; e.g., the
longitudinal nanostructuring is recommended to reduce the A- and C-damage
widths and to eject the generated debris fragments. The nanostructure depth of 3 to
5 pm is necessary to stimulate the plastic flow of ductile work around the edge
profile and to improve the punch life. The LIPSS-period is designed to reduce the
A-damage width as well as the piercing stress.

Let us be back to how to imprint the nanostructures by stamping as shown
Figure 11. In case of the piercing process, the pierced hole surface is macroscopi-
cally smooth with metallic shining and microscopically has nanotextures on it. In
case of the embossing and coining processes, the tailored nanotextured surfaces are
directly imprinted onto various mechanical parts and tools. Nontraditional design
on the micro—/nano-textures leads to development of new mechanical elements in
application.

In fine piercing operations, most of piercing punches and dies have complex
shaped heads and core-cavities with the accurate dimension, respectively. Let us
evaluate on the application of the present laser trimming method to fabricate those
complex-shaped punches and dies. A cross-lettered WC (Co) punch was employed
for femtosecond laser trimming, as shown in Figure 22a. The laser-machining path
schedule was optimized to make homogeneous machining the whole punch side
surfaces around the cross-lettered head. Figure 22b shows the SEM image on the
vicinity of punch edge with high magnification. The side surface was trimmed and
nanostructured to have the LIPSS-period of 300 nm in the similar skewed angle as
seen in Figure 8c. This demonstrates that the complexed shaped punches and dies
are laser-trimmed to sharpen their edges and to form the nano-structures on their
surfaces by the present laser-treatment.

In addition to the CVD diamond coatings, this simultaneous laser trimming with
nanostructuring is successfully applied to the ceramic coated dies such as CrN,
AICrN and DLC as well as the nitrided and carburized tools. Those nanostructured

Focusing

Figure 22.

Laser trimming of the complex shaped, diamond-coated WC (Co) punch for fine piercing. (a) Overview of the
cross-lettered punch, and (b) nanostructured side surface of punch across its edge. The nanotextures arve wavy in
nature.
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dies and tools work in metal forming to accurately yield the engineered surfaces
onto the metallic products with higher cost-performance.

8. Conclusion

A circular economy stands on the sustainable manufacturing with high material
efficiency, less emission of wastes and long-life tooling. The CVD diamond coated
WC (Co) tooling grows up as a reliable method. The used diamond film was
perfectly ashed with less damage to WC (Co) substrate. The tailored WC (Co)
substrate is recycled as a tool after recoating the diamond films. Through the laser-
treatment of recoated diamond layer, high qualification of products is put into
practice together with prolongation of tool life. The laser-treatment provides a
reliable method to resize the rough shape of as-coated diamond film into tailored
geometry for punch and die in metal forming. No significant damages are generated
through this processing. In particular, the femtosecond laser-treatment plays a role
to adjust the as-coated diamond punch as a tool for ultra-fine piercing of stainless
steel and amorphous electrical steel sheets at first. In second, the nano-textured
surfaces are accommodated to punches and dies. In third, the laser-trimmed punch
and die lives are prolonged with sufficient cost-competitiveness.

This laser treatment is characterized by the simultaneous edge-sharpening with
nanostructuring. Especially, the laser-trimmed punch has a homogeneously sharp-
ened edge with its width less than 2 pm. It has also a nano-structured side surface
with the tailored LIPSS-period. In the fine piercing process, this nanostructure plays a
double role. The pierced hole surface quality is improved from a fine surface with
fully burnished area ratio to the hole surface to an ultrafine surface with mirror-
polished condition. The generated debris fragments are ejected from the piercing
front to the length of punch through this nanostructured groove. The affected zone
width by piercing the ductile work is reduced by tailoring this nanostructures on the
piercing punch. Since this zone of work experiences the plastic straining and strain
recovery from plastic to elastic states, the reduction of its width improves the quality
of products. In case of Fe-Si alloyed electrical steels, this reduction decreases the iron
loss in the motor core and increases the product reliability as connector and sensing
devices. In the similar manner, the damaged zone width of brittle amorphous sheets
is also much reduced by this ultrafine piercing to lower the iron loss.

The imprinting method of nanostructures onto the product surface can be widely
utilized to prepare for the engineered surfaces onto various products in application.
Nanoscopic angulation onto the micro-textured product surfaces is useful to modify
the original hydrophilic metallic surface to super-hydrophobic one. The critical heat
flux of heat sink is enhanced by controlling the bubble nucleation at the imprinted
micro-/nano-structure surfaces. The regularly aligned micro-/nano-structures surface
work as an anti-bacteria part to prevent the human handling from infection. The
tailored micro-/nano- textures on the medical tools assist a doctor to pick up and hold
the targeting cells and organic parts. Through the imprinting process to dies and
tools, various engineered surfaces are tailored and yielded onto the products.
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Abstract

Diamond-like carbon (DLC) coatings are amorphous carbon material which
exhibits typical properties of diamond such as hardness and low coefficient of
friction, characterized based on the sp’ bonded carbon and structure. The propor-
tion of sp’ (graphetically) and sp’ (diamond-like) determines the properties of the
DLC. This coating can be applied to automobile engine component in an attempt
to provide energy efficiency by reducing friction and wear. However, DLC coatings
are faced with issues of thermal instability caused by increasing temperature in
the combustion engine of a vehicle. Therefore, it became necessary to seek ways
of improving this coating to meetup with all tribological requirements that will be
able to resist transformational change of the coating as the temperature increases.
This chapter discusses the need for diamond-like carbon coatings for automobile
engine applications, due to their ultra-low friction coefficient (<0.1) and excellent
wear resistance (wear rate ~7 x 107/ m’/N.m). The importance of DLC coatings
deposited using PECVD technique, their mechanical and tribological properties
at conditions similar to automobile engines would also be discussed. Non-metallic
(hydrogen, boron, nitrogen, phosphorus, fluorine and sulfur) or metals (copper,
nickel, tungsten, titanium, molybdenum, silicon, chromium and niobium) has
been used to improve the thermal stability of DLC coatings. Recently, incorporation
of Ag nanoparticles, TiO, nanoparticles, WO; nanoparticles and MoOj; nanoparti-
cles into DLC has been used. The novel fabrication of diamond-like carbon coatings
incorporated nanoparticles (WO3;/MoOj3) using PECVD for automobile applications
has shown an improvement in the adhesion properties of the DLC coatings. DLC
coatings had a critical load of 25 N, while after incorporating with WO;/MoO;
nanoparticles had critical load at 32 N and 39 N respectively.

Keywords: automobile, diamond-like carbon, nanoparticles, PECVD, tribological

1. Introduction
In an attempt by the automobile industry to cut down on the consumption of

fuel in the combustion engine of automobile vehicle, it is important to note that
reduction in friction and wear plays an important role in reducing the energy
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consumed and ensuring energy efficiency. It has been reported by Holmberg et al.
[1] that approximately 11.5% energy is required to overcome friction in a combus-
tion engine of a passenger car as seen in Figure 1 [1]. To reduce the energy required
to overcome friction in a combustion engine of a passenger car it is necessary to
provide coatings that possess very low coefficient of friction and has high resistance
against wear. DLC coatings have been known for their low coefficient of friction
and excellence tribological properties in automobile engine parts application [1].
The hardness of DLC coatings range from 5 to 40 GPa, low friction coefficient value
(<0.1) and high wear resistance (~3 x 10™* m*/N.m) [2]. Although these properties
may vary, depending on deposition technique such as Physical Vapor Deposition
(PVD) and Chemical Vapor Deposition (CVD) which are the two (2) main classes
of deposition techniques used [3]. PECVD provides durable DLC coatings, making
them important for coating automobile engine parts to withstand harsh operational
conditions [4].

The major problem that may possibly arise during the application of DLC
coatings on automobile engine parts at operating conditions is thermal instability.
The operating temperature in usually 80 to 200°C, at this temperature the hardness
reduces due to transformation of sp> carbon to sp” carbon, leading to a softer DLC
which may easily delaminate and wear out [4, 5]. To improve the thermal stabil-
ity doping (non-metal/metals) of DLC coatings has been used. Non-metals such
as hydrogen, nitrogen, silicon, fluorine and sulfur, and metals such as tungsten,
titanium, aluminum, chromium and molybdenum has been used to dope DLC
films in an attempt to improve the DLC film [4, 5]. This has improved mechanical
and tribological properties of DLC coatings by increasing the sp3 carbon bond.
However, the internal residual stress in the DLC coatings becomes very high above
1 GPa, causing poor adhesion to metallic substrate. The internal residual stress is as
aresult of interfacial and structural mismatch between the DLC coating and doped
element. In attempt to solve this problem annealing has been used to reduce the
residual stress in the DLC and improve the thermal stability of DLC coatings up to
500°C [6].

Recently, the incorporation of nanoparticles into DLC has been used by first
dispersing the nanoparticles into hexane or isopropanol, thereafter, introducing the
dispersed nanoparticles into the reactor chamber through the nanoparticle inlet,
this deposition method has been described by some authors in literature [7-13].
These nanoparticles which have been used includes Ag [7], TiO, [8-10], WO,

[11, 12] and MoO; [13]. In this chapter the use of diamond-like carbon coatings
for automobile engine applications, due to their ultra-low friction coefficient and
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Figure 1.
Breakdown of passenger car energy consumption [1].
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excellent wear resistance will be discussed. PECVD deposition technique for DLC
coatings, mechanical and tribological properties at conditions similar to automobile
engines would also be discussed. Discussion of the thermal stability of DLC coatings
and the improvement of the DLC by non-metallic/metallic doping would be made.
Lastly, the need to develop novel DLC coatings that can improve thermal stability by
incorporating nanoparticles and future DLC coatings.

2. Diamond-like carbon coatings

Diamond-like carbon coatings are amorphous carbon material that exhibit
some of the typical properties of diamond and are characterized based on the con-
tent of sp’ bonded carbon and structure [14, 15]. DLCs are usually deposited using
precursors of carbon such as ethane (C,Hg), methane (CH,), acetylene (C,H,),
iso-butane (C4Hyp), propane (C3Hg), benzene (CgHg), and n-butane (C4Hyo) [16].
DLC coatings has the potential to be used on automobile part’s interface due to
ultra-low friction. Yasuda et al. [17] has used DLC coatings on automobile part and
their work showed reduction in friction for PECVD DLC coatings. According to
Louda [18] the use of thin coatings in automotive parts brings about eco-friendly
environments and economic savings.

2.1 Types of diamond-like carbon coatings

Diamond-like carbon (DLC) coatings varies in mechanical, physical and
tribological properties depending on their type. DLC coatings are used in auto-
motive engines due to their ultra-low friction, increase durability, and chemi-
cally inert nature. The proportion of sp” (graphetically) and sp’ (diamond-like)
determines the properties they possess. Although, such properties can usually
be influenced by adding non-metals (hydrogen, nitrogen, silicon, fluorine and
sulfur) or metals (tungsten, titanium, aluminum, chromium and molybdenum)
as shown in Figure 2 [4, 5].

2.2 Deposition of DLC film with plasma enhanced chemical vapor deposition

Plasma enhanced chemical vapor deposition (PECVD) is the recently used tech-
nique to develop DLCs that are able to reach into the interior of the phase diagram
[19] as represented in Figure 3. The ternary diagram majorly consists of differing
ratios of sp” and sp’ bonded carbon with differing levels of hydrogen. The ratio of
these three components can be varied to provide a range of different properties.

|  Classification of DLC coatings |
I

1

I ] [
Hydrogenated | | Non-hydrogenated I |Metal-doped| | Nonmetal-doped

Figure 2.
Classification of DLC coatings [5].
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Figure 3.
Ternary phase diagram for various forms of diamond-like carbon [5, 21].

Sp” bonding is typical graphite, having a carbon molecule with one double bond

to a second carbon atom or to another atom and two single bonds to another atom,
leading to planar configuration. While, sp’ bonded carbon atoms have three single
bonds leading to a tetrahedral configuration. Coating names are often abbrevi-
ated to ta-C (tetrahedral amorphous carbon) for coatings with very high (almost
exclusively) sp® content, a-C (amorphous carbon) for coatings with high sp®
content, between 40 and 80%, and a-C:H (amorphous carbon—hydrogenated) for
samples with a greater amount of hydrogen, often coupled with an increase in sp
[19]. PECVD technique is based on glow discharge processes supplying hydrogen
gases such as acetylene (C;H,), with a negatively biased substrate working at radio
frequencies (13.56 MHZ) or mid frequencies (10 to 100 KHZ). It is important to
note that DLC coatings can be deposited at low substrate temperatures (<200°C).
High power of ion acceleration (100 KHZ - 13.56 MHZ), the low cost of equipment
and growth of films are the advantages when using PECVD technique [20]. Radio
frequency is the most common source of discharge for PECVD deposition [21].
However, some researchers found that using the PECVD technique with DC source
pulsed, provides better results in terms of adherence, low friction coefficient,
relatively reduced internal stress, high hardness and lower production cost when
compared to RF-PECVD techniques [22].

PECVD deposition technique is based on the growth of DLC films using cold
plasma, which is characterized by a lack of thermodynamic equilibrium, the ion
temperature is lower than the electron temperature. Thus, the kinetic energy (asa
result of the temperature) of electrons is much higher than that of ions. The plasma,
has a degree ionization in which the gas consists mainly of neutral species excited.
The deposition chamber in the PECVD reactor has two electrodes of different areas.
The cathode (smallest area) is connected to a current source (Pulsed DC or radio
frequency), and the potential difference is applied to it, or polarization voltage.
The anode (biggest area) is made up of the walls of the chamber, or by a plate
parallel to the cathode, and is grounded. A representation schematic can be seen in
Figure 4. Before deposition begins, evacuation from the chamber is carried out, a
gas is introduced and becomes the medium in the discharge which is initiated and
sustained through the current source [22]. The electrons acquire and lose energy
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Schematic for pulsed-DC PECVD with nanoparticle inoculation chamber.

quickly in a sequence of collisions, until they acquire enough energy to ionize
(decouple) the gas molecules and produce secondary electrons by impact reactions.
As plasma stabilization takes place, electrons are lost in the walls and in electrodes,
and the flow is maintained through reactions with secondary electrons and the
impact of positive ions on the electrodes. During the stable phase of the plasma,

the number of electrons generated and lost is in balance and its stability is directly
related to pressure, which influences the free path medium. Plasma being generated
by a process of collisions between electrons free accelerated by the electric field and
the atoms/molecules of the atmosphere precursor, the basic deposition mechanism
involves the creation of species reactive substances such as electrons, ions, mole-
cules, neutral and ionized radicals, causing new ionizations. These reactive species,
activated by the discharge, tend to interact with the surface, chemically adsorbing
and forming film [22].

The PECVD technique from a pulsed DC source consists of a discharge in low
pressure plasma using a pulsed switched source for the plasma generation [23, 24].
Through this technique, different films type (a-C: H and ta-C: H) can be obtained.
The structure of the films obtained is composed of the sp” hybridization clusters
inter-connected by carbons with sp® hybridization. Several mechanisms are involved
in the deposition of films a-C: H, and the strong dependence on the properties of
a-C: H films deposited by PECVD with the polarization voltage (bias-voltage) and
the bombardment ions, indicate that the latter have a fundamental role in the depo-
sition of films [25], which makes it necessary to description of the physical process
of ionic sub-implantation.

2.3 Application of DLC coatings on automobile engine components
Using DLC as coatings for automobile engine parts can assist to reduce friction
and wear, which cannot be achieved by the use of lubricants alone, ensuring an

improvement in engine performance and transmission components [26]. Lawes
etal. [4] reported diamond-like carbon coatings to have assisted in reduction of
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fuel consumption (total annual global fuel consumption reduced from 631,109

to 400,109 1/a.) in automobile engines by reducing friction loss due to its self-
lubricating properties, chemical stability and weight reduction. The excellent
tribological properties (low friction, wear resistance, corrosion resistance, high
hardness and chemical stability) of DLC, since their discovery in 1971 has made
them widely used in the automotive industry. Different types of DLC films vary
in mechanical, physical and tribological properties which is usually determined
by their sp3 and sp2 contents in the DLC coating [27, 28]. The mechanical and
tribological properties have been analyzed by nano-indentation, scratch, wear and
friction testing of an instrumented cam-tappet testing rig to study the tribological
properties of DLC coatings for engine applications [15, 16, 29]. Success has been
recorded over recent years with the application of DLC coatings to a number of
automotive engine components (piston, tappet, camshaft, piston rings, gudgeon
pin, valve stem and head, and rocker arm) [4, 16]. DLC coatings applied to
automobile parts possess thickness ranging between 1 and 4 pm [4]. DLC coat-
ings in engines needs careful selection of required surface finishing, mechanical
properties, and tribological behavior of the coatings with engine oils [4]. The
coatings hardness and stiffness are needed to determine the wear resistance of
coatings, while friction is controlled by hardness, topography of the surface and
tribo-chemical interactions of the dopants with the DLC coatings [4].

2.4 Tribological and mechanical properties of DLC films

High hardness, wear resistance and low friction coefficient are significant for
tribological-mechanical properties of the DLC, for a wide range of applications
in tribo-systems [30]. Different types of industries (aerospace, automobile, bio-
medical, mechanical and electronics) have used DLC films, with the intension of
increasing the useful life of components and performance of mechanical systems.
It can be used as a solid lubricant in environments in which liquid lubrications are
not needed, such as in the space environment, food industries and clean environ-
ments, conditions of contact with high mechanical loading. Thus, the investigation
of the correlation between specific tribological properties of the DLC and working
conditions, such as contact pressure, sliding speed, rolling condition, lubrication
condition, are very important, and can provide useful information that can aid in
predicting tribological behavior of DLC coatings applied to certain machine
elements [30].

2.4.1 Adhesion

Adherence is work necessary to separate atoms or molecules at the interface
[30]. DLC films are usually faces difficulty with adhesion, due to the high internal
compressive stress, accompanies with the growth of the films. This directly inter-
feres with the adhesion between film and metallic substrate, causing detachment of
the film [31]. The total tension of the films after the formation and deposition cor-
responds to a sum of stress effects thermal and intrinsic tension. The thermal stress
arises from the difference between the coefficient of thermal expansion of both film
and substrate materials, while the intrinsic stress is attributed to the cumulative
effect of failures that appear internally in the film during the formation processes
[32]. Several methods have been used to decrease internal tension and increase the
adhesion of the DLC film on metallic substrates. One of these methods consists
of insertion of doping elements such as Ti, Cr, W, N, B and Si, to avoid diffusion
of carbon into the metallic substrate, the doping elements form carbides, reduc-
ing the total tension in the doped films of DLC [33]. The deposition of DLC films
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with silicon interlayers using the PECVD Pulsed DC technique has been found to
improve adhesion with low coefficient of friction, and lower internal stress which is
as aresult of interfacial and structural mismatch between the coating and the sub-
strate [21]. Several techniques are used in an attempt to measure film adhesion such
as scratch tests or sclerometry (scratch test), scraping test, bending test, impact,
cavitation and Rockwell impression [34]. Figure 5 displays a schematic representa-
tion of the scratch test, and the tracks obtained in a test with constant load and with
progressive load. The test of sclerometry is a semi-quantitative method that consists
of streaking the sample using an indenter, usually diamond. This test allows the
determination of properties such as hardness, roughness and specific energy [35].

2.4.2 Wear resistance

Wear is the progressive loss of material from a solid body due to mechanical
action (contact and movement of a solid body against a solid, liquid or gaseous
body) [36, 37]. In analyzing the wear resistance of DLC films, the hardness of the
film or the surface is the first correlation to be made (wear coefficient is inversely
proportional to hardness) [36, 37]. The hardness of the film is dependent on the
structure and will be higher, with higher concentration of the sp’ bonds. The wear
on DLC coatings is due to two mechanisms namely: friction wear, (related to surface
roughness); and wear through transfer of layers through the formation of a tribo-
film (transfer layer) induced by contact pressure, which is responsible for decreas-
ing the friction coefficient [20]. The hardness and roughness of the substrate are
also factors that affect the wear of the DLC. On low hardness substrates, high plastic
deformations occur, so that the film becomes fragile, causing it to break. Schematic
of wear configuration (a) pin on disk (b) ball on disk is shown in Figure 6.

2.5 Effect of annealing temperature on the thermal stability of DLC coatings

DLC coatings are commonly known for their high internal stresses, which affects
their tribological properties and thermal stability. Annealing is mostly used to
reduce the internal stress in DLC coatings. Annealing up to 800°C for ta-C is possible
and reduces internal stress to an insignificant value (Figure 7), while annealing a-C
above 500°C reduces the thermal stability. During annealing a cluster of sp* bonded
carbon atoms will occur, which does not affect the sp3 content [38, 39]. This may
change some of the physical properties, such as optical gap, electrical resistivity, and
reduce the compressive stress [38]. At higher temperatures graphitization (sp’ to

Load
4

Scratch Direction —>

Figure 5.
Schematic vepresentation of the scratch test.
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Schematic of wear configuration (a) pin on disk (b) ball on disk.
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Figure7.
Relative internal stress against annealing temperature for ta-C coatings [6].

sp’ transformation) begins, leading to a softer coating which will easily delaminate.
Different amorphous DLC films deposited by different deposition methods possess
different sp’ fraction at different graphitization temperature [40].

It has been reported that ta-C hardness does not reduce until about 600°C under
vacuum condition [41]. The thin film thickness (nm) remain stable under vacuum
condition till 400°C having little graphitization [42]. An investigation of thin
films (1.5 nm) revealed changes in the Raman peak position and ID/IG of samples
annealed at 300°C for 60 minutes are not due to graphitization. Ta-C film annealed
at 300°C has more sp” clustering and no reduction in sp’ content [40]. The starting
temperature of oxidation for a-C and ta-C films varied based on structure and the
oxidation behavior is strongly affected by the sp’ content, for a-C and ta-C films
[43]. DLC has been known in the past for their poor thermal stability above 500°C,
where sp’ (diamond-like) structure begins to transform to sp® (graphitic-like)
structure, thereby making the coatings softer. At about the same temperature the
loss of coating thickness is above 100 nm, this implies a reduction in coating thick-
ness as the temperature increases. Normally, breakdown and structural collapse of
DLC coatings occurs at high temperature above 500°C, which may be attributed to
breaking of C—H bonds. Leading to the C—C networks becoming more graphite-like
to facilitate the formation of volatile C—O and metal oxide phases. Micro-wear of
DLC film occurs as the annealing temperature increases above 200°C, as a result of
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mechanical stress and thermal degradation of DLC as reported by Lee et al. [44].
Whenever there is a transformation to sp” the mechanical strength degrades signifi-
cantly, which consequently leads to critical failure or engine parts malfunction.

2.6 Modified DLC films by incorporation of additional elements

Modified or doped DLC films according to VDI 2840 standard [45] are denoted as
a-C:H:X where X represents non-metallic elements, while, a-C:H:Me where Me repre-
sents metallic elements. Until recently, the incorporation of various nanoparticles into
DLC has been also used to improve the adhesion properties of DLC by producing nano-
clusters that are carbides. In the mid-1970s and 1980s various researchers reported
silicon containing a-C:H:Si films deposited using glow discharge decomposition of
silane (SiH,) and hydrocarbon gases (acetylene and methane) and also using d.c.
magnetron sputtering [5]. Generally, both a-C:H:X and a-C:H:Me improve mechanical
and tribological properties of coatings due to reduction in the residual stress. Increasing
the non-metallic or metallic contents in a-C:H, increases the temperature at which
structural transformation will occur for films deposited using r.f. PECVD by increas-
ing the sp’ bonded carbon stabilizing the carbon network, leading to a reduction in
graphitization. Hardness and friction coefficients remained nearly constant even after
annealing at 500°C in air, whereas, a-C:H coatings failed at 400°C [5].

2.6.1 Metal and non-metal doped DLC coatings for automobile application

Metal-doped DLC (Me-DLC) coatings usually exhibit higher thermal stability
than non-doped DLC up to 500°C, which was revealed by X-ray diffraction, trans-
mission electron microscopy, and Raman spectroscopy. Annealing temperature
above 500°C, losing high amount of hydrogen from the Me-DLC coatings, caus-
ing breakdown and structural collapse of the coatings at high temperature [46].
Non-doped DLC coating has low resistance to wear in lubricating oils containing
Molybdenum Dithiocarbamates (MoDTC), this is because of the decomposition and
chemical reactivity leading to the formation of oxides and nano-crystallites [47].
Si-doped DLC coating produces anti-wear film, which is usually stronger when the
lubricant contains additives. Raman spectroscopy was used to analyze the tribo-
chemical activity of the DLC coatings lubricants with additives. DLC coatings has
been used for gear teeth with a coating thickness (1 pm) and deposition temperature
(200°C), needing no additional surface finishing [48, 49]. The appropriate method
to determine thermal stability of DLC at high temperature is the use of tribological
testing equipment such as an Optimol SRV® v4 device which will determine the
wear rates and coefficient of friction at high temperature range. Raman spectros-
copy, X-ray Photoelectron Spectroscopy (XPS), and nano-scratch experiments can
further be used to investigate the mechanism that affect the thermal stability of
DLC during their use in internal combustion engines. It is important to note that the
Optimol SRV® v4 device can operate between 25 and 900°C.

DLC doped with non-metals (hydrogen, boron, nitrogen, phosphorus, fluorine
and sulfur) or metals (copper, nickel, tungsten, titanium, molybdenum, silicon,
chromium and niobium) [50] has brought improvement in the thermal stability of
DLC coated engine parts. The use of silicon to doped DLC comprising amorphous
nano-composites can enhance the thermal stability of DLC. However, a reduction
in film thickness occurs at high annealing temperature. Metal-doped DLC creates
a two-dimensional array of metallic nano-crystalline clusters and metallic carbides
precipitates embedded in an amorphous carbon matrix and reduces surface ten-
sion. The use of metal doped DLC helps in stabilizing DLC at high temperatures
by delaying graphitization when metallic carbides precipitates are formed [51].
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Tungsten and Molybdenum are most commonly used DLC dopant for coating
automobile engine parts for improving thermal stability.

2.6.1.1 Tungsten and molybdenum doped DLC coatings

Tungsten and molybdenum have been reported to have been used to doped DLC
films in order to reduce friction and wear rate during high temperature [52, 53]. It is
important to note the both tungsten and molybdenum will form carbide precipitates
when doped with diamond-like carbon coatings [51, 53]. A study of the tribological
behavior of DLC-W on Aluminum alloy has been carried out under lubricated condi-
tion showed low COF (0.11) and wear rate (0.51 x 10 mm>/Nm), which was due to
the presence of tungsten disulphide (WS,) [54]. DLC-W has been observed to pos-
sess variation of resistance against strain sensitivity which was due to deformation of
metallic nano-size clusters when a strain is applied enabling its application as a smart
material [55]. WC, is the general chemical composition in which tungsten carbide
can exist in DLC doped with tungsten [56]. DLC-W also plays an important role in
multi-layer DLC composites by reduction of residual stress and improving adhesion
to metallic substrate [57]. It has been noted that DLC-W exhibit tribo-chemical
interaction when in contact with lubricants which improves wear resistance and
ultra-low friction [16, 51]. The tribological behavior for both room temperature and
high temperature (120 and 150) °C were compared for DLC-W [57, 58]. Evaristo et
al. [58] observed the presence of tribo-layer on the contact body consisting mainly of
W-C, C and W-O acting against the surface of the coatings. However, when dealing
with lubricants WS, is likely to be formed which serves as tribo-film.

Mo doping of DLC increases the sp® carbon content leading to a decrease in the
hardness and elastic modulus of DLC-Mo coatings compared with DLC coatings
[59]. MoC nanoparticles embedded in the cross-linked amorphous carbon matrix
was responsible for the reduction of loss in hardness and elastic modulus [59]. An
increase in Mo content increases the surface roughness and decreases the residual
stress of the DLC coatings [60]. 3.8% at Mo was reported as the optimum amount
for improved mechanical properties [49, 61]. The tribological and mechanical prop-
erties of tungsten or molybdenum containing DLC coatings have high hardness,
high elasticity and low surface energy, which causes a high hardness to elasticity
ratio (H/E) and a low surface energy to hardness ratio (S/H) [52]. Consequently,
leading to better adhesion properties, high wear resistance, low friction coefficient
and low residual stress of the DLC-W and DLC-Mo [53, 62, 63]. Tribological
properties of DLC coatings sometimes maybe affected by adhesion promoter
(interlayer), substrate roughness, hydrogen incorporation and coating deposition
parameters such as bias voltage (750v), etching, current (1.5A), precursor gas
(C2H2/CH4/SiH4/Ar), pressure (2.3 mTorr), time (2 hours) and substrate tem-
perature (200°C) [2]. Service condition such as temperature, sliding speed, load,
relative humidity, counter surface and lubrication affects the tribology of DLC-
coated parts. As the temperature in the combustion engine increases above 200°C
the DLC coatings begin to undergo transformational changes from sp’ carbon bond
to sp” carbon bond, making the DLC coating softer to resist hardness and wear,
therefore increasing the COF. Although there has been success in the application of
DLC coatings for mass production of engine components [48].

3. Present and future DLC coatings

Generally, the DLCs coatings thickness is very important to aid in resistance
against wear, which further affects the coating life span. All coatings will eventually
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wear out due to their exposure to harsh working conditions. Erdemir [64] men-
tioned that the next generation of hard coatings that can generate their own tribo-
films (catalytic coating) in a self-healing or continuous manner will be a big step.
If engine blocks can be made from lighter materials the efficiency can be improved,
coatings can play a major role in enabling such to work out. The ability to self-
generate a DLC film in situ during engine operation is possible [64].

3.1 Nanoparticles incorporated DLC coatings

Metal ion can be incorporated into DLC coatings in a controlled manner for
relevant laboratory experimental study and industrial use [65]. This also means
that metallic nanoparticles can also be incorporated into DLC films, uniform
dispersion of nanoparticles into the DLC film is of significant importance [7, 66].
Hexane and isopropanol solution have recently reported to be used to dissolve
nanoparticles for DLC incorporation [8]. Using this technique, it is possible to
achieve various types of DLCs incorporated with different nanoparticles for
different applications ranging from biomedical, electronics, mechanical and
automobile engine. TiO, nanoparticles incorporated DLC has been reported to
increase bacteria activity interaction on DLC surfaces. While, Ag nanoparticles
incorporated DLC is known for the increase in wear resistance it provides for DLC
[8]. Tungsten trioxide nanocrystalline-containing DLC (WO;/DLC) has been
deposited using one-step electrodeposition technique at atmospheric pressure,
which was fabricated for electrical and wetting properties application. The
technique makes use of an electrolytic system, a negative electrode (silicon wafer
substrate) and positive electrode (platinum plate). The distance between the two
electrodes was about 8 mm. Analytical pure methanol (99.5%) was used as carbon
source and the concentration of tungsten carbonyl which used as an incorporated
reagent was 0.2 mg/ml. The films deposition was carried out under an applied
voltage of 1200 V and ambient temperature of 55 + 2°C for 8 h [11]. Recently,
tungsten trioxide (WO;) and molybdenum trioxide (MoOj;) nanoparticles (DLC
nanocomposite coatings) has been incorporated into DLC by first uniformly dis-
persing these nanoparticles into isopropanol solution and incorporated into DLC
coatings deposited on a tappet valve (metallic substrate) deposition parameters
for DLC-MoO; and DLC-WO; coatings is shown in Table 1 [12, 13]. This tungsten
trioxide (WO;) and molybdenum trioxide (MoOj;) nanoparticles incorporated
DLC coatings (DLC-WO;3;/DLC-Mo0O;) has showed improved adhesion and tri-
bological properties having a COF of 0.075 and 0.070 for DLC-WO;/DLC-MoOs
respectively [12, 13]. These coatings with its excellence adhesion and tribological
properties is a novel fabricated diamond-like carbon coatings incorporated with
nanoparticles using PECVD for automobile applications. The schematic is repre-
sented in Figure 8 below.

Precursor Pressure Time Flow rates Bias

(Torr) (min) (sccm) (V)

Ar 23x10° 30 8 600

Ar + SiH, 41x107 20 35 700

Ar + GH, 33x10°? 5 10 700

Ar + GH, + MoO3/WO; nanoparticles 36x107 55 10 700
Table 1.

Processing parameters for deposition of DLC-MoO3 and DLC-WO3.
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Nanoparticles

Figure 8.
Schematic of DLC incorporated nanoparticles (DLC nanocomposite coatings).

Figure 9.
SEM images of scratch track (a)-(a1) DLC-MoO; (b)-(b1) DLC-WO;.

Nanoparticles (WO; or MoO;) with a higher specific surface would adsorb
great amount of cation ions. Under the effect of high electric field, the migration
of the cation ions toward to the cathodic substrate with the abundance of electron
occurred, resulting in the growth of nc-WOj; or nc-MoO; doped nanocomposite
film. Figure 9 shows the scratch track of DLC-MoO; and DLC-WO; coatings.
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mCH;" + n(WO5/MoOQ;) + me™ — nc- (WO;3/Mo0O;) doped DLC nanocomposite
film.

3.2 Self-healing DLC

The coating with the ability of self-healing itself could be the solution for
extending the life of engine components and subsystems. Researchers at the
Argonne National Laboratory have developed a self-renewing hard and slick coating
for metal parts that has the potential to revolutionize friction and wear protec-
tion [64]. The nanocomposite coating uses metal alloys including copper, nickel,
palladium and platinum, which are catalytically active at the temperatures at which
coatings are used in engines [64]. Structurally, the tribo-film formed during the
use of the coatings is similar to diamond-like carbon, which already provides lower
friction than industry-standard tribo-film. The DLC coatings interaction with oil
molecules makes the DLC film to adhere to metallic substrate. However, in this new
technology, when the tribo-film is worn away the catalyst is re-exposed to the lubri-
cant, kick-starting catalysis and developing new layers of tribo-film. Ali Erdemir
[64] mention that it might enable additives engine lubricants to provide not only the
fluid film, but also the solid boundary film lubrication in a self-healing manner.

4. Conclusion

In this chapter the need for DLC coatings for automobile engine applications
has been discussed, the importance of using PECVD technique to deposit DLC
coatings has been discussed, together with their mechanical and tribological
properties. The thermal stability of DLC coatings was also discussed and with
improvement with non-metallic/metallic doping of DLC coatings. Discussion on
the recent incorporation of Ag, TiO,, WO; and MoO; nanoparticles into DLC. The
novel fabrication of diamond-like carbon coatings incorporated nanoparticles
(WO5/Mo0s3) using PECVD for automobile applications has shown an improve-
ment in the adhesion properties of the DLC coatings, which will in turn improve
the wear resistance of the DLC-WOQO;/DLC-MoO; coatings.
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