Study of nitrocarburizing plasmas using advanced
spectroscopic diagnostics

Inauguraldissertation

zur
Erlangung des akathischen Grades
doctor rerum naturalium (Dr. remat.)
an derMathenatisch-Naturwissenschaftlichen Fakultat
der

Universitat Greifswald

vorgelegt von
Alexander Puth
geboren am 0IMai 1991
in Aschaffenburg.
Greifswald, derD8. Juni2020



Dekan: Prof. Dr. Gerald Kerth

1. Gutachter: Prof. Dr. Jirgen Ro6pcke

2. Gutachter: Prof. Dr. Holger Kersten

Tag der Promotion: 30.10.2020



Study of nitrocarburizing plasmas using advanced spectroscopic
diagnostics

Contents I

Abstract \Y
Introduction \
List of symbols and abbreviations Vi

1 Nitriding and nitrocarburizing

1.1 Definition and basic description 1
1.2 Methods and comparison 2
References 4

2 Plasmanitrocarburizing

2.1 Definition of the plasma state 5
2.2 Conventional plasnmtrocarburizing 6
2.3 Active screen plasnmatrocarburizing 8
References 9
3 Plasma diagnostics
3.1 Introduction into molecular spectroscopy 11
3.2 Laser absorption spectroscopy 13
3.2.1 Leaekal diode laser sources 14
3.2.2 Quantum cascade laser sources 15
3.3 Fourieftransform spectroscopy 16
3.4 Frequency comb absorption spectroscopy 18
3.4.1 Frequency comb laser sources 18
3.4.2 Detection systems 20
References 23

4 Investigation at an industrialscale ASPN reactor using an AS made &FC

4.1 Study of plasmahemical processes as functions of the total gas flow and pressure

4.1.1 Introduction 25
4.1.2 Experimental 27
4.1.3Results and discussion 29
4.1.4 Summary and conclusion 34

References 35



4.2 Influenceof Hx-N2 gas compositionnstructureandpropertieof expande@ustenite

4.2.1 Introduction 37
4.2.2 Materials and methods 38
4.2.3 Results 41
4.2.4 Discussion 46
4.2.5 Conclusions 48
References 49

4.3 Effects of admixed oxygesontaining species in ASPNC processes

4.3.1 Introduction 51
4.3.2 Experimental 51
4.3.3 Resultsind discussion 52
4.3.4 Summary and conclusions 57
References 59

5 Investigation at a laboratory-scale ASPN reactor using an AS made of CFC

5.1 Introduction 61
5.2 Experimental 63
5.3 Results and discussion 66
5.4 Summary and conclusions 73

References 75

6 Application of a FC for investigation of a laboratory-scale ASPN reactor
using an AS made of CFC

6.1 Introduction 77
6.2 Experimental 78
6.3 Methods 79
6.4 Results and discussion 81
6.4.1 General remarks 81
6.4.2 Rotational and translational temperatures 82
6.4.3 Concentrations 85
6.5 Summary and conclusions 86
References 88

7 Investigation of chemically similarplasma processes to PN

7.1 Introduction 89



7.2 Experiment 90

7.2.1 Experimental arrangement 90

7.2.2 Optical arrangement 91

7.3 Applied methods 93

7.3.1 Determination of atomic and molecular densities via OES 93

7.3.2 Laser absorption spectroscopy 94

7.4 Results and discussion 95

7.4.1Temperatureneasurements 95

7.4.2 Species densities 96
7.5 Plasma chemistry and kinetics 100
7.6 Conclusions 103
References 104
8 Summary, conclusions, and outlook 107
Declaration 109
Curriculum Vitae 110
Peerreviewed publications 111
Contributions to conferences and workshops 112
Acknowledgments 114

Appendix



Abstract

Theactive screen plasma nitrocarburizing (ASPNC) technology is acft#te-art plasmeassisted heat
treatment for improving surface hardness and wear resistance of metallic workipssess on
thermahemical diffusionIn comparison to conventional plaa nitrocarburizing, the use of an active
screen (AS) improves thermal homogeiratythe workloadand reduces soot formation. Further it can
serve as a chemical source for the plasma processes, e.g. by use of an AS madefilfreardioforced
carbon.This compilation of studies investigates the plasimamical composition of industriaand
laboratoryscale ASPNC plasmas, predominantly usimgitu laser absorption spectroscopy with lead
salt tuneable diode lasers, exteroality quantum cascade lasers, and a frequency comb. In this way
the temperatures and concentrations of the dominant stable molecular species HCSHNEB:H,

and CO, as welks of less prevelant species, were recorded as functions of e.g. the pressure, the applied
plasma power, the total feed gas flamd its compositionAdditionally, the diagnostics were applied to

a chemically similar plasmassisted process for diamondgadsition.

Resulting from this thesis are new insights itfie practical application of an AS made of CFC, the
plasmachemistry involving hydrogen, nitrogen, and carbon, and the particular role of CO as an indicator
for reactor contaminatio.he effect othe feed gas composition on the resulting nitregeal carbon
expanded austenite layavas proverby combination oin-situlaser absorption spectroscopy with post
treatment surface diagnosti€sirthermore this worknarks the first use of frequency cbispectroscopy

with subnominally resolved Michelson interferometry for investigation of a-pwessure molecular
discharge. This way the rotational bands of multiple species were simultaneously measured, resulting in
temperature information at a precisiaitherto not reached in the field of nitrocarburizing plasmas.



Introduction

The subject of this thesis is the plasam@mical analysis of nitrocarburizing plasmas with a solid carbon
supply. Starting withchapter 1, the process of nitriding and nitrbeaizing is presented with a
particular focus on the treatment of austenitic stainless steels. After a short introduction into the
characteristics of this group of steeddyasic introduction to the effects of interstitially solved nitrogen
and carbon on thsurface characteristics ggven. The chapter concludes with a short presentation of
different methods of achieving nitrogeand carborexpanded layers.

Subsequentlychapter 2 focuss on the process of plasmmitrocarburizing,first by introducing the
plasma statavith regard to low temperaturdc plasmas and plaspsarface interactions. Then the
process of plasmassisted nitrocarburizing is described, with typicalustrial scale in mind. This
includes the active screen plasma nitrocarburizing technology as a modern innovation in the field.

As the fundamentals for molecular spectroscopy, the molecular rovibrational band structure and
energetic transitions are intrazkd in chapter 3, plasma diagnostics. Further, laser sources used in this
thesis are discussed, concluding with the frequency comb. As a novel laser source, unique characteristics
and detection schemes are discussed for the frequency comb in detail.

In chapter 4, an extensive study at an industsizdle active screen nitrocarburizing reactor is presented
in three sections. The first sectidascribes a plasndiagnostic investigation of plasma processes as a
function of the total gas flow and pressure. téixe second section is a combination studineditu
plasma diagnostics amdksitu material analysis to gain insights into the effects of the plasma condition
on the treatment results. The chapter concludes with a pidisigraostic study of the effeav$ oxygen
containing admixtures on the plasiti@emical composition, as well as their effect oncitiecentrations

of present species for the duration of a nitrocarburizing treatment.

Chapter 5 is a plasrdiagnostic study a laboratoryscale reactoit establishes the concentrations of

a larger variety of species than the previous industdale reactor, as functions of the applied power,
pressure, and gas mixture. Of particular note is the determination of the carbon consumption rate by
production rée of carborcontaining species, which was verified with measurement of the macroscopic
weight loss of the carbon active screen.

A follow-up study is presentéal chapter 6, by application of a frequency comb to measure the rotational
and translational temperatures of multiple bands of the dominant molecular reaction producisig;H

HCN, and NH at the saméaboratoryscalereactor.This way, a number of assiptions required in
chapter 5, as well as the measured concentrations, were confirmed. However, more importantly this
experimental study serves as a proof of concept for the application of the frequency comb for plasma
studies of nitrocarburizing plasmamsparticular and nothermal plasmas in general.

One example of a plasma application of interest for frequency comb absorption spectiescopy
microwave plasmassisted chemical vapour depositiofi nanarystalline diamond films with
admixture of small amunts of nitrogen, a study thereof presented in chaptenfiis study, conducted
with conventional externadavity quantum cascade lasers daddsalt tuneable diode lasers, the
increased complexity of the plasroemistry with admixed nitrogen is deuanted.

In chapter 8 the content of the thesisibsequenthsummarized. This includes unified conclusions
concerning theperformance of an active screen made of caftime reinforced carbomoth forthe
industriat and laboratoryscale reactors preged in chapter 4 and 5. The proven effect of the plasma
chemical composition on the resulting nitrocarburized laigensted.A short summary concerns the

topic of temperature determination in plasmas, the benefit of frequency comb based spectroscopy
therin, and the potential usefulness in applications such as chemical vapour deposition. The thesis
closes with an outlook on ongoing progress in the research group related to plasma nitrocarburizing.



List of symbols and abbreviations

Table 1 List otonstants

Symbol Name Valuein Sl units
h Planck constant 6. 626JA 10
G Vacuum permittivity 8. 85 AAA/ D
ks Boltzmann constant 1. 3806°8K!A 10
Me Electronmass 9.10938A103% kg
e Elementary charge 1.60219%% A 10
c Speed of light 2.997%2s'A 10
Na Avogadros constant 6.022A10%
e Eul erds number 2.71828
! Pi, mathematical constant 3.14159
Table 2 List osymbols
Symbol Physical guantity Unit
p Pressure mbar
P Plasma power W
Pas, Pscreen Plasma power ahe active screen W
Pgias Plasma poweatthe biased workload w
Rc Conversion efficiency molecules 3
Re Fragmentation efficiency molecules 3
S Absorption line strength cntY/(molecule crf)
Tgas Gas temperature K
Trot Rotational temperature K
Tuib Vibrational temperature K
Te Electron temperature K
Tset Set temperature K
o Degree of dissociation %
frep Repetition rate frequency Hz or cmt
fo Carrier envelope offset frequency Hz or cmt
s Nominal resolution of a FTS Hz or cmt
m Optical path difference m
o Wavelength nm
3 Wavenumber cnrt
Ne Electron density cnr?
[X] Absolute @nsity of species X cnm®
0 x Gas flow of precursor X sccm or slh
0 Total Total introduced gas flow sccm or slh
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Table 3 List of acronyms arabbreviations

Abbreviation  Meaning

AS Active screen

ASPN Active screen plasma nitriding

ASPNC Active screen plasma nitrocarburizing

CCD Chargecoupled device

CPN Conventional plasma nitriding

cw Continous wave

dc Direct current

DFG Differencefrequency generation

EC-QCL Externalcavity quantum cascade laser
EC-QCLAS Externalcavity quantum cascade laser absorption spectroscopy
FC Frequency comb

FTIR Fouriertransform infrared spectroscopy

FTS Fouriertransform spectrometer

GDOES Glow discharge optical emission spectroscopy
ILS Instrumental line shape

IRLAS Infrared laser absorption spectroscopy

IRMA Infrared multitcomponent acquisition system
MCT Mercury cadmium telluride

MPC Multipass cell

MPO Multipass optic

MW-PACVD Microwaveplasma assisted chemical vapor deposition
NALM Non-linear amplifying optical loop mirror

OES Optical emission spectroscopy

OPD Optical path difference

OPO Optical parametrioscillator

PLANIMOR Plasma nitriding monitoring reactor

TDL Tunable diodéaser

TDLAS Tunable diode laser absorption spectroscopy
XRD X-ray diffraction
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1 Nitriding and nitrocarburizing

1.1 Definition and basic description

Iron, often in the alloyed form called steelthe® most widely used metal. In 2017, 1.69 billion tons of
raw steel were produced globally, with the US Geological Survey projecting an increase to 1.8 billions
in 2018.This widespread application of steel in every aspect of life is due to the vereapibeties of
different steel mixtures, while at the same time often being more affordable than alternative materials

[1].

Steels rich in chromium typically are considered as part of the family of stainless steels, which due to
their high corrosion resistaa often are valued in specialized applications. Within this family, five
subgroups can be identified:

1 Martensitic alloys

91 Ferritic alloys

1 Austenitic alloys

1 Duplex alloys

1 Precipitationhardening alloys

To reduce the complexity, this thesis solely focusesmustenitic stainless steels, representing the largest
subgroup by production volume. They are identified by possessing a pucefaced cubic (fcc) lattice
structur e, a | -phase. tHHawlevere like the other stainless steels, their chastcter
corrosion resistance is derived from their high chromium content. Chromium forms an impermeable
chromium oxide layer adherent to the alloy substrate, if in contact with an egggéaining
environment. Thughe layer is considered sdiéaling, ifscratches or cracks are considered. However,

for this process to take place the precipitation of chromium within the mdtasial be avoidedSince
precipitation takes placbove a material specific temperature threshold, a too high temperature during
processing can result in a chromium depletion of the matrix and thus render the work piece prone to
corrosion [2].

While stainless steels have a characteristically high resistance towards corrosion, their range of
applications may be limited e.g. due ttma low resistance to abrasion and erosion, or their low surface
hardnessWell-established methaaf hardening by diffusive introduction of atomic nitrogen, carbon,

or both into the surfacaretypically used to increase the tribological properties afkvpieces and thus
increase their range of application. These processes are called nitriding, carburizing, and
nitrocarburizing, respectively.

The atomic nitrogen or carbon occupy interstitial positions within the fcc crystal structure, thus
increasing thdattice parameter. For that reason, compressive stress is introduced, resulting in an
enhancement of mechanical, tribological, and fatigue properties [3]. In fact, the lattice expansion can be
diagnosed using-ray diffraction spectroscopy (XRD) as firgported by Ichii in 1986 [4 6]. Figure

1.1 shows the XRD patterns of AlSI 316 steel samples, with one plasmanitrided (PN) at 400 °C (670 K)
for 15 hours, another plasmacarburized (PC) at 400 °C (670 K) for 10 hours, and one untreated control.
The twomarked features of untreated samples correspond to the (111) and (200) orientation of the
o-phase and appear shifted to lower diffraction angles for the carburized and nitrided sample. A smaller
angle corresponds to a larger lattice parameter of the @ssetvucture. Ichii named the newly
discovered phase-ghase; accordingly, the corresponding features of the plasmanitrided and
plasmacarburized samples were labellgtl &d %2, and $1 and 32, respectively. Nowadays, as the
s-phase does not describéliatinctive crystallographic phase, the terms carlmomitrogenrexpanded
austenite are more common [8].

Eventually expanded austenite can be defined a:
crystalline structure with strong nitride and/or carbédleying elements such as chromium and with
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large amounts of nitrogen and/or carbon in solid solution. The base of the alloy can be iron, cobalt, or
nickel .o [2] However, there is still aerpandedmense
austenitewithin the scientific community [9 12].

Comparing nitriding and carburizing, figurkl already shows a less pronounced shift to lower
diffraction angles in the case of carburizing, hence a reduced lattice expansion compared with nitriding.
This agrees with the observation, that nitriding results in harder surfaces. Furthermore, the carbon
expanded austenite layer is observed at greater diffusion depth than the rettpgeded austenite.

Thus the combination treatment, introducing both cadsowell as nitrogen atoms into the work piece,
typically results into a gradual change of hardness and a large diffusion zone considered beneficial for
most applications. Figur&.2 shows an etched cross section of a plasmanitrocarburize 3288l
sample.As both expanded austenite layers are more resistant to corrosion than the unaffected bulk
material, they appear light grey. Between the tywmes of expanded austeniteslight change of hue

can be distinguished due to the different chemical reactifibpth

Sy

PC 400 °C/10 h)

PN 400 °C/15h .
A Untreated

30 35 40 45 50 55 60 65 70 75 80 85 90
20, degree

Figure 1.1 XRD patterns of plasmanitrided (PN Figure 1.2 Etched crossectionof a plasmanitre

plasmacarburized (PC), and untreated AB36 carburized AISI 316L sample. The diffusion z«

samples. The marked features of the untre: (in light grey) is divided into a nitrogerand

sampl e c or r e glpasen Wodified carbondominated ghase, as indicatec

from: [7] Conditions: t=5h, T= 730K, p = 3 mbar,
Pas= 5 kW, Pgias = 1.25kW, u = 38, +s
38slh N + 4 slh CH,. [13]

1.2 Methods and comparison

Within more than 100 years of research, the surface engineering community has developed a multitude
of different techniques to optime the result from nitriding, carburizing, and nitrocarburizing. This
includes the development of specialized steel mixtures,goe postreatment procedures as well as
reactor designs based on different principles of operafiome reactor designs atitkir principles of
operation will be presented in this short overview, focused on nitrigiilj. mostmethodscan alsde

applied to carburior nitrocarburiz, with only minor changes.

Moderngasnitriding is relatively close to the first implementations, in that the workload is exposed to

a nitrogenrcontaining gas mixture at a high temperature [14]. The pressure is typically at 1 atmosphere,

with the tightly controlled reactor temperature both providiregrttal dissociation of the precursors as

well as thermohemicaldiffusion at the surface of the workload. However, the chromium oxide layer
presents a challenge, since it limits the diffusion of atomic nitrogen into the material. Conventionally

this layer s removed pr¢ r eat ment , with methods such as fAé dr
chemical reduction in an appropriate atmosphere;
with corresponding effort in resources and handling. Modern agpesanstead include additional steps

in the treatment and admixtures to chemically remove the barrier to diffusion, with some of the
depassivation methods based on the presence of HCMHef{X5 1 19].
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Alternatively, plasma nitriding solves the problerby sputtering of the chromium oxide layer, thus
removing it by ion bombardment. The process, which in some sources is also called ion nitriding, is
conventionally conducted in a pulsed dc discharge maintained at low mbar pressure between the anodic
reactorwall and the cathodic work piece. With a constant flow of nitreg@mtaining precursor gas,
reactive species are generated by the plasma, which are in turn able to diffuse into théngddscha
workload. While this method of nitriding is requiring maguipment, such as a pulsed power supply

and vacuum pumps, it is consuming less precursor gas and energy, compared with gas nitriding. As
such, it is considered more environmental friendly. Even though it has found industrial applications,
thermal inhomogeeity at the workload and resulting inhomogeneity of treatment progress along the
diffusion interface is still a problem. Accordingly, the treatment of samples of different geometries is
complicated and requires manual labour for precise placement obtkeigces within the reactor.

Consequently, further development resulted irettteve screen plasmaitriding technology. It differs

from conventional plasmaitriding by introducing an additional cathode into the reactor design. This
active screen (AS}¥ placed between the now only weakly biased workload and the anodic reactor wall.
As the reactive species and thermal radiation are generated by thmhighed plasma between the AS

and the reactor wall, the cathodic bias applied to the work pieceeaaglilated to only account for the
sputtering of the chromium oxide layer. However, this approach further complicates the electrical
infrastructure of the reactor design and thus reduces the appeal for a broad industrial application.

Furthermore, alternake ionisationbased nitriding techniques have been reported, using-radio
frequency or laser induced plasmas,-i@ams or higipower pulses to achieve the nitriding effect.
However, apart from laboratory applications these methods have found littléndustrial use as of
yet.

At last, table 1.1 shows a comparison of stainless steel nitriding (N), carburizing (C), and
nitrocarburizing (NC) methods in terms of their process parameters [2].

Table1.1 Comparison of stainless steel nitriding, carburizingg anitrocarburizing methods in terms
of their process parameterspurcedrom [2].

Characteristic Gaseous Conventional plasma Active screen plasma
TemperaturgK] 70071 720 62071 720 62071 720
Treatment duratioffh] | 47 22 51 20 51 20
Potential[V] - 40071 1000 40071 100
HardnesqHV] N: 1200 N: 13001 1500 11007 1300

C: 800 C: 700i 1000

NC: 1350 NC: 1500
Layer thicknesfum] N: 17 (35h) N: 27 20 271 20

C: 15(22h) C: 571 40

NC: 10 (9 h)
Used gases NHs, N2, Ho, GHo N: N, H N: N2, Hz

CN: Ny, Hp, CHy

Gas pressurgmbar] 1013 17 10 17 10
Consumables cost Medium Low Medium




[1]
[2]
(3]
[4]
[5]
[6]
[7]
(8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19
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2 Plasmanitrocarburizing

2.1 Definition of the plasma state

This chapter serves to define the plasma state and introduce key parameters of &g@lasorg.plasma
properties required for comprehension of this thesis will be given. For a deeper understanding and
derivation of the formulas, references are provided.

In the simplest possible terms, a plasma is an ionized gas that shows collectiveuredravis quasi
neutral, i.e. is neutral if contained charges are integrated over sufficiently large volumes. Firstly, a
plasma will only show collective behaviour once a sufficient level of ionization is provided. Therefore,
the degree of ionizatioa is defined as:

N — (2.1)

with the electron densitg. andn, being the density of the neutral species. Secondly, a characteristic
length scale for the quaseutrality of gplasma, called Debye lengdh, can been derived as:

20
= :) ’

2.2)

wherely is the vacuum permittivityks is the Boltzmann constari is the electron temperature, and e
is the elementary charge [1]. Implicitly equation (2.2) assumes that the local permitibéty be
approximated with the vacuum permittivity and the electron mobility is much larger than the ion
mobility, both of which hold true for a large range of applications. While the condition of- quasi
neutrality relates the electron density and the ion densfyall speciesk with a charge oZx acording

to:

¢ BOIp M, (2.3)

the temperatures of electrons, ionic species, and neutral species can vary greatly. This allows to
differentiate thermal and nehermal plasmas, by whether not the plasma is in a thermal equilibrium
between all present species. Plasmas observed in this work atkenmal plasmas; accordingly,
differences between temperatures of different species have to be taken into account.

When laboratory and indugt discharges are concerned, the border regions of the plasma with a surface
differ in their characteristics from the plasma bulk. The region is called thehshéatt further
distinction drawn between the sheaind the preshdaf2]. As electrons coltie with the wall, their

charge is removed from the plasma, decreasing the local plasma potential until the potential of the wall
has been matched at the interface. Positive ions, relatively immobile compared to electrons due to their
high mass, maintain i potential and thermal electrons are trapped by the potential well. At this point
figure 2.1 illustrates the distribution of electron and ion densities as well as the potential near a wall. In
the shedt, the condition of quasieutrality described by eqtion (2.3) is broken, as it possesses a net
positive charge. Furthermore, figure 2.1 shows the pragshelaich is a zone of quaseutrality defined

by its decrease of charge carrier density and plasma potential. Typically, thessticpteshehtrange

up to several Debye lengths from the surface.

In this work, the plasmaurface interactions are of importance. For example, plagn@ing reactors
are often based on a lepvessure dc discharge, where the Townsend breakdown mechanism applies.
The resiting threshold condition for a setustaining dc discharge can be given as:

rOAGPIX p p (2.4)

whereo is the secondary electron emission coefficient of the catHddethe Townsend ionization

coefficient, andl the distance between the electrode. Her8li/a function of the electric field strength

E and gas properties, andf the surface material and structure, e.g. roughness. Thus, consideration of
5



gas and surface properties beconezessary. This includes erosion of the cathode through ion
bombardment or heabr chemicallyinduced processes.

Furthermore, in particular at low pressures in molecular discharges, pthsmmical reactions
involving the surface become relevant. Thigigddition to any catalytic effect the surface may have
for the process chemistry.

Plasma Presheath

)

Sheath edge

Figure 23 Distribution of electron and ior
densities (upper part) and potential (lower pa
in the shedt and the preshehtnear the wall.
Modified from [2].

2.2 Conventional plasmanitrocarburizing

Nowadays, conventional plasmanocarburizing (CPNC) reactors in sizes ranging from about 0.035 to
32m?in volume are commonly available in industry [3, 4, 5]. Figure 2.2 shows a schematiteside

of a CPNC reactor in operation at a few mbar of pressure with the cathodic glow region of the discharge
marked in purple. The reactor wall represents the grdiadode of the discharge and has to facilitate

gas and electrical throughput, as well as ease of access to the workload between treatments. Furthermore,
a window is often incorporated for visual confirmation of a full plasma coverage at the workload [7].
The process gas is typically f&dthrough a gas shower positioned opposite to the connection of the
vacuum pump, to allow for a complete circulation of the reactor volume.

As current industrstandard, a pulsenodulated negative voltage is applied to therkload, thus
forming the cathode of the discharge. In this way, the temperature at the workload can be controlled
with the additional parameter of the pulse deygle. Furthermore, the risk of arcing is reduced. Chapter

1 already underlined the imponize of temperature for the theraemicaldiffusive process and the
phase stability; accordingly, the workload temperature is typically measured with e.g. thermocouples
and used for regulation of the discharge power. With respect to temperature controlheaters can

be installed into the reactor wall and allow for an additional parameter for temperature control. Reactors
of this type are called warwall reactors.

However, applying a high cathodic potential to too narrow geometries or even cornelgasdaan
cause an enhancement of the electrical field, resulting in high localized currents and thus an increase in
temperature. This effect, known as edge effect, results in erosion rings due to nitride formation [9].

Figure 2.3 shows the placement oé tiworkload designated for plasmérocarburizing. Firstly, the
samples are distributed with large distances between them, to avoid thermal hotspots caused by the
hollow cathode effect. This effect, caused by the overlap of cathodic glow regions, gehigtates
energy electrons and additional phataization, resulting in high local currents and thus local

6



hotspotd2]. Secondly, conical support points elevate the workload. This way, the discharge can cover
the whole surface area of the work piece andacdrburize it homogenously. Currently, the time,
manpower, and experience necessary for manual placement of the work pieces are still a limiting factor
for the widespread application of plasnigocarburizing.
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2.3 Active screen plasmanitrocarburizing

Figure 2.4 shows the main technological innovation of the active screen (AS) pisyoarburizing
technology, as in the schematic sidew anadditional cathode can be seen. This AS is placed between

the cathodic workload and the grounded reactor wall. Two cathodic glow seams are depicted, one
covering the AS, the second covering the work pieces. As only a small dc bias voltage is applied to the
workload, the plasma power at the work pieces is lower and serves to sputter the chromium oxide layer.
It is also referred to as bias plasma. Heat and reactive species are provided by the more powerful pulsed
dc discharge at the AS, alternatively calle8 plasma. This principle is known as nitriding in the
afterglow, as the work pieces are positioned within the flowing afterglow of the AS plasma.

The use of an AS eliminates or reduces some of the problems associated with a strong cathodic voltage
at the vorkload, such as arcing and thermal inhomogeneity. However, for industrial nitrocarburizing of
most steels, a bias to the workload is still required for a sufficient treatment result [9]. This is one of the
major limits for a wider application of this taablogy, as even a loywower bias plasma causes a large
requirement of manual placing of the work pieces.

Finally, the ASPNC technology not only decouples heat production from the controlled sputtering of
the workload surface, but also introduces a new niahtiterface into the reactor. One mechanism
assumed responsible for nitriding in CPNC and ASPNC reactors was the sputtering of iron, which in
turn formiron nitride in the plasma, reabsorb on the diffusion interface, and thus introduce atomic
nitrogen br the thermoghemical diffusion process [6]. However, a recent study conducted by Hubbard
et al. showed that, the influence of this mechanism on the total atomic nitrogen introduced is not
significant [10]. Other groups investigated-aitoys to the stdeAS, e.g. aluminium and silver, to
produce antimicrobial surfaces on the workload [12, 13].

In order to substitute carbamontaining gaseous admixtures to the feed gas, an AS can serve as a plasma
chemical source of carbon in the process, as first proposed by Lettaliand first realised by Crespi

et al.for a different plasmassisted process [14, 15]. The first use as an AS in an ASPNC process was
reported in 2017 by Burlacogt al. and Hamanret al, in joint investigations of industrialand
laboratoryscale reactors [16, 17]. Furthermore, the authors reported drastically increased concentrations
of HCN and GH. resulting from the use of a CFC AS as a substitute for a steel AS withdDhixure.
Already in the early 1990s, the highly reactive HCN molecule was linked with beneficial diffusion
conditions [18, 19]. In addition, recent patents related tot@mperature gas nitriding propose the
admixture of GH; or other carboitontaining compaunds, which form HCN or may form HCN in a
nitrogenricontaining environment [20 23]. Accordingly, Burlacowet al.identified the concentrations

of HCN as a control parameter for the carburizing potential of the nitrocarburizing process for ASPNC
with a CFCAS [24].
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3 Plasmadiagnostics

Diagnostics can be classifiedimsituandexsitu, invasive and neinvasive, and furthermore qualified

by their resolution, e.g. in spatial or temporal aspéetsitu measurements are such, which probe the
conditions of the process in its locality. Invasive measurements are such, which may affect the
measurement result by disturbance of the process. With respects to their application, additional concerns
need to be addssed, e.g. the avoidance of sources of uncertainty and the relevance of the gathered
information.

As the plasma state covers a wide range of variables, a large set of methods and techniques have been
developed to address them [1]. However, this thedibgviestricted to the diagnostics applied to plasma
nitrocarburizing and will further detail those applied within the framework of this thesis.

Previous diagnostic effort on nitrocarburizing plasmas was basedh-situ optical emission
spectroscopy (OB3S0 measure relative concentrations and temperatures of electronically exited atomic
and molecular species{Z7]. To a lesser degreexsitumass spectroscopy and particle energy analysis
were applied, providing relative concentrations and kineticgge®iof atomic and molecular species

[871 11]. In addition, some studies conductaesituinvasive probe measurements to gather information
on the electron energy distribution function and the plasma poter2ial3L Eventually starting in

2012, in-situ and exsitu laser absorption spectroscopic (LAS) studies were publishetiding
absolute concentrations and temperatures of molecular specigs1471 23].

3.1Introduction into molecular spectroscopy

Molecules are composite particles, formecakgctronically bound atoms. Similar to atoms, the complex
system of states that describe a molecule can be given by the notation of quantum numbers. Some of the
guantum numbers are associated with classical concepts, such as the electronic, vibrational, an
rotational quantum numbers. However, the application of the classical viewpoint on aspects of the
guantum numbers, in particular on interactions of molecules with photons, is limited. Therefore, this
introduction will be focused on energetic aspects.

Figure 3.1 depicts a simple scheme of energetic levels associated with the molecular states, with
indicated transitions due to photabsorption. Two electrical states A (upper half) and B (lower half)
are shown with five vibrational states (long horizonita¢$) each. Furthermore, each vibrational level
has several rotational sublevels (short horizontal lines). The transitions are differentiated between
electronic transitions, if the electronic quantum number is changed, and rovibrational transitions, if the
electronic quantum numbers remains unaffected. Furthermore, the change of the rotational quantum
numberd relates to the classification as, B-, or Rbranch of the rovibrational transition:dPanch
transitions decrease the valuelpf-branch transitins maintain the value df and Rbranch transitions
increase the value df The energetic difference between the lower level enet@nd the upper level
energyE' corresponds to the wavelength of the absorbed photon according to

2 o0 QO Ceee . (3.1)

Therein,a-is the wavelengths is the wavenumber, anfdis the frequency of the absorbed photon.
Furthermore the Planck constérdind the speed of ligltare used. Equation (3.1) is also valid for the
emission of a photon.
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Assuming a populatioN; in an upper energy level state 2 and a populatioim a lower energy level
state 1 exist, the photénduced transition between the two populations can be facilitated in three ways:

1 Spontaneous emissigrdescribed by

— 0 (3.2)
9 Stimulated absorption, described by
— 0 BD_D (3.3)
9 Stimulated emission described by
— 6 B_D (34)

Equations (3.2 3.4) introduce the Einstein coefficienfg:, Bio, andBy: for spontaneous emission,
stimulated absorption, and stimulated emission, respectively. Furthermaoradititeon density ( is-)
used for stimulated interactions. In this way, the number of tranditignin the infinitesimal timeframe

dtis determined. Besides the presented photduced transitions, other processes such as quenching
and collisional extation may have an influence on the population density distribution in
nitrocarburizing conditions26]. However, they will not be discussed within this thesis.

The correlation between the Einstein coefficients can be given as

-390 0 —0 (3.5)
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with g» andg; being the multiplicities of degeneracy of state 2 and 1, respectively. Accordingly, the
definition of the spectral line intensity of a rovibrational transifpased by the HITRAN database can
be introduced as

Y O . (3.6)

la denotes the terredl isotopic abundance of the moleculethe rotatonal temperature, an@ the
temperaturelependent total internal partition suv]. The spectral line intensity is often referred to
as the line strength.

3.2Laser absorption spectroscopy

This thesis is in large part based on scientific insights gathered with LAS in thafraigd. Firstly,

the term laser is assumed to be common knowledge with its wide ranging applications in science,
industry, and everyday lifén that topic, the workimfundamental principles of operation, e.g. state
inversion and stimulated emission, and lists of available types of lasers can be found in physics
textbooks.

In LAS measurements, a laser of intenitst a wavenumber afis passing a sample volume efigth

L. The loss of intensity follows an exponential decay described by the Be#yert law, wherein the
line strengthS; is a cross section for absorption of a molecule with an absolute concentraiit n

the sample. Finally, by integration alofgtdistancé and the wavenumber range, an integral form can
be derived:

i1-Q Y®»a (3.7)

The lefthand side of the equation is called the integrated absorbance. Furthermore, the matue of
line-averaged along the beam, thus limiting spatial resolution in one direction.

Given the above facts, figure 3.2 illustrates the application of equation (3.7) with the simulated
absorption spectrum of GHat room temperature and 1 mbar of pressure. Dndrchnt feature has a
centre wavelength af= 1356.597 cm.

Furthermore, the inset of figure 3.2 shows the simulated transmittance at different pressres

20, and 100 mbar. The integral of the normalized intensity, sometimes refetrgdhteconcept of
equivalent widthis pressure invariant, although a broadening of the line profile with increasing pressure
can be observe@§]. This effect is caused by the frequency of collisions increasing due to an increased
gas pressure, thus called prassor collisional broadening. Additionally, the gas temperature causes a
broadening of the natural linewidth, often referred to as Doppler broadening. Those two main
broadening mechanisms are typically associated with a Gaussian distribution for ther Daggalening

and a Lorentzian distribution for the pressure broadening, resulting in a Voigt profile as the convolution
of both. Howevermodels that are more sophisticagdst for specialized researc®9[i  31].

The spectral range of LAS is a limitifigctor to the type and number of molecules, as well as the states
of said molecules that can be probed. Conventional laser sources used in this thesis will be presented in
the followingsections
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3.2.1Lead-salt laser sources

Lead salts, such as PbS, PbTe, and PbSe, aieoselucting materials of the W1 group, with
applications in infrared detectors and diode lasers. For the production of laser radiation, a layered
structure as shown in figure 3aBis used. Therein the phetamitting leadsalt home or heterostructure

is embedded between two oppositely doped claddings, one of which can be the substrate.-The state
inversion is provided by electronic pumping, by applying a voltage between the two indicated contacts.
Furthermore, the laser cavity is showifigure 3.3b), formed by the reflectivity; andr. of the polished

front and back crystal facet. The outcoupled emission is indicated in figus. B example of a
packaged leadalt tuneable diode laser (TDL) is depicted in figure 3.4 with sicrsxtale. Thaliode in

figure 3.3is a black crystal mounted between the grey ceramic and grey wire in figure 3.4.

substrate

. = heterostructure
active layer -

stripe contact  emission

Figure 3.3 Schematic of a leaadlt laser (a) and Figure 3.4 Photographof a packaged tuneabl
a schematic of the laser resonator formed by leadsalt diode laser with a metric scale. Tl
two polished facets (b). The reflectivities of 1 diode ismounted between a grey wire and a g
cawuty mirrors r; and r, and the cavity length | ceramic, locatedapproximately m the centre of
are indicatedModified from B2]. the figure.

Concerning laser diodes based on more common semiconductor materials eVtigeollip, such as
GaAs, the band shape of lesalts results in a dramatic reduction of the-radfiative recombination of
carriers via the Augeeffect [32]. As the effect scales with the inverse of the band gap and thus with the
wavelength of the emitted radiation, lesalt lasers can maintain a populatiomersion at lower
wavenumbers, rendering them uniquely viable below 1008 &wor thatmatter, figure 3.5 shows the
maximum temperatures of continuewave (cw) operation for IW| laser diodes as well as some other
solid-state laser types, as a function of the wavenumber of the emitted radiation.
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Concerning their operation, leadlt TDLs ae able to cover up to 100 cnby variation of their
operational temperature and laser current. Tuning, typically by application of a voltage ramp, can span
up to 1 cmmt, which enables the measurement of absorption lines at atmospheric pressure.
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g -+ quantum casc.
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Figure 3.5 Comparison of maximum temperaturecafoperation of double heterostructure (HD)
homostructure (H) type I laser sources with type N and quantum cascade lasers as a func
of wavenumber. Some laser sources weamnufacturedby the Frauenheir Institute for Physica
Measurement Techniques (IPM) or Laser Componentsp@oyn(LC). Published in 19933).

Besides the low operational temperature indicated by figure 3.5s#dtdiode lasers only permit low

power emission up to a few mW. Moreotke emitted radiation is often multimodal, thus the power
output is further reduced once a single mode has been selected by use of e.g. a grating. In the years since
the publication of figure 3.5, developments in research and industry have resultedharid cascade

lasers (ICL) and quantum cascade lasers (QCL) that cover large parts of the shown wavenumber range.
For example, commercially available externality quantum cascade lasers (RCL) operated at

room temperature nowadays provide up to sdvieundred mW of singlenode cw radiation with
combined coverage from 1000 to 3000'di84].

In this thesis, the infrared multbmponent acquisition system (IRMA) was used as a logistical and
optical framework for up to four individual TDLs, providingyogenic cooling, control of the laser
parameters, combining and shaping of the radiation, and acquisition of the signal. The system is
described in detail elsewher@s].

3.2.2Quantum cascade laser sources

With further research into the basttuctureof materials and improved control of nm layer deposition

in laboratory and industrial applications, more complex heterostructures became viable. This
development, sometimes referred to as band structure engineering as the band structure of the
heterostruture can be precisely managed, resulted in the quantum cascade laser3@&CL) [

Figure 3.6 shows the conduction band energy diagram of the periodically repeating layered structure
during operation3@]. In the active region, the moduli squared wave fumstiof three electronic states

are shown. An energetic electron is injected from the ground state of a neighbouring region, described
as digitally graded alloy within the figure, into the excited state 3 of the first quantum well of the active
zone. The @ctron relaxes to the excited state 2 while tunnelling through the potential barrier into the
second well. A third relaxation into the lowest state 1 associated with a second tunnelling process
completes the process by preventing thermalization betweenZXsiand 3, as with any thrésvel

system in laser theory. Continuing, the electron passes to the next digitally graded alloy, from where it
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can be injected into the next active zone, thus enabling the cascade. However, for the propagation from
one activezone to another the energy of level 1 needs to be higher than the excited state 3 of the
succeeding active zone. This is provided by applying a voltage perpendicular to the layer plane. The
laser cavity is formed by the polished facets of the heterostaydh similarity to TDLSs.

lens

| 5
3 ﬁ- 4 | Fabry Pérot
5 QCL chip .
hv E::
) Bragg grating on
Distance top of the QCL chip lens
1 l = |
~ 4 L Distributed Feedback
QCL chip .
Grating angle
i i determines
Active Digitally emission
. lens lens
region graded alloy l /" wavelength
°X N
A External Cavity
Quasi-Littrow configuration

Figure 3.6 Conduction band energy diagram of Figure 3.7 Overview oQCL configurationsThe
QCL. Two active regions are shown, once v laser output is to the righErom [37].

the moduli squared wave functions of the relev

energetic statesThe photoremitting transition

is indicated A voltage is appliedo generate the

staircase shape. Fron3f).

Even though the QCL can be tailored to a specific wavelength by control of the layer thickness within
the stack and thew power of its emission ranges in the hundreds of mW, it is limited in the tuneable
range to about 10 chand the emission can be multimodal due to its resonator design. For that reason
alternative resonator designs were developed, the three most common of which are depicted in
figure 3.7. The distributed feedback QCL (DKBCL) integrates a Bragg grating irttee waveguide of

the heterostructure, thus selecting a single wavelength to be emitted. Accordingly, the radiation is mono
modal albeit limited tuneable. Alternatively, an external cavity can be formed by a vaniabbel

grating, which couples the ratian back into the gain zone. This externaliity QCL (EGQCL) allows

for a wavelength selection during opésat and is presented in figure 3ir7 a simplified Littrow
configures. Tuning ranges of more than 100'@re common for E@QCL devices.

Regarding the commercially available EQCLs used in this thesis, three options of tuning are available:

1 Coarse tuning using a stepping motor
1 Low-frequency tuning using a piestectric actuator
1 High-frequency tuning using current modulation

The presented EQCLAS data was acquired in spectral windows of about 1 width by tuning the
piezcoelectric actuator with a sinusoidal function at 80 Hz frequency. Additional adjustments, by
application of an offset to the driving signal, shifted the window. Furthermordéhé shift to other
spectral regions of interest, the manufactaadibrated stepping motor was used.

3.3 Fourier-transform spectroscopy

Fouriertransform infrared spectroscopy (FTIR) is a brbadd absorption technique that offers multi
component dection with a seltalibrated wavenumber axis. Figure 3.8 schematically shows a
Michelson interferometer, upon which many interferometers are based3gpoi peam is emitted by

the source and split into two arms by the beamsplitter. Two mirrors, oreaivie and one fixed, revert

the propagation and are adjusted for maximum overlap between the reflexions of both arms, resulting
in an interference recorded by the detector. Finally, the interferogram, i.e. the interference signal as a
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function of the optial path difference (OPDp is measured. The second overlap of both reflexions is
directed towards the source and ignored in many applications. Typically, a frecpi@iitiyed cw laser
with a corresponding detector is arranged in a parallel setup thsirggme mirrors, as a reference for
calibration of the OPD.

Fixed Mirror
F j
|
Y L Movable
TTTTTTTooooooimooooopoooo == Mirror
F
- < Gl . 4M «—
> < . 5> < —
Source ! Direction of

Travel

Beamsplitter ** |
i

Detector

Figure 3.8 Schematic of a Michelson interferometer, with the median ray (solid line) and tl
extremes of the collimated beam (daslek). The two arms armarkedby an F ancan M for the
fixed and the moveable mirror, respectivélyom [38].

For conventional FTIR spectroscopy incoherent continuum sources, e.g. globar sources are used. Then
the detected interferogram( cpi) be expressed as

ow . 6 RIOII WA, (3.8)

whereB ( & Yhe wavenumbedependent intensity, i.e. spectrum of the soud& [Analytically the
spectrum can be derived with the Fourier transform as

6’ . CwATOIWw. (3.9)

With regard to application, most Fourier transforms are performed by the fast Fourier transform (FFT)
routine, with the acquired interferogrdm( logjng limited in both range and sampling re88][ The
spectrum is given by

6’ O0AADH& L , (3.10)

with A being an instrumentation factor, which can be omitted by normalization in absorption
spectroscopyd9. The sampling ratk is commonly linked to the wavelengdkes of the reérence laser
according to

R — (3.11)

whereq is an integer, to accommodate the Nyquist theorem. Finally, the maximumg@R> a

limiting factor to the resolution of the speattiudue to truncation of the infinite integral shown in
equation (3.9). Assuming a boxcar profile of the acquired data, the resulting instrumental lineshape (ILS)
functiongis has the form of

o o] o0—
"Q R . (3.12)
2 —

Therebysg is the centre frequency of the ILS functid@9]. The latter fraction corresponds to the sinc
of the argument of the sinus function. This ILS function limits the resolution of a FTIR sesulting
in a spectromet er 6qpax[38aChi n al resolution of 1/
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Regarding the use of FTIR in low pressure plasma applications, the increase of the maximum OPD will
decrease the nominal resolution but on the other hand increase the acquisiti¢totithet reason,

FTIR measurements in plasma nitrocarburizing are limited to qualitative overview spectra, in one
reported studgxsitu[12].

3.4 Frequency comb spectroscopy

Frequency comb spectroscopy, also referred to as direct frequencyspentloscopy or broaohnd
spectroscopy with frequency combs, is a group of recently developed laser spectroscopic techniques
based on frequency comb (FC) laser sources. It typically implies spectroscopy over a broad spectral
bandwidth f1]. The followingwill shortly introduce the FC and its basic principle of operation, provide
information on the FC source used for this thesis, and give an overview of possible schemes of detection.
Finally, direct frequency comb absorption spectroscopy using a Micheltsnfierometer with sub
nominal resolution will be presented.

3.4.1 Frequency comb laser sources

A FC is defined by its spectrum of phasgherent evenly spaced narrow laser lingg. [Figure3.9

depicts the time and frequency domain of radiation echitiethe FC. In the time domain, the comb
emits a train of pulses, which can differ in their respective pslaifiebetween the carrier wave and the
envelope of the pulse trains. Properties in the time domain are reflected in frequency domain. The
distancebetween comb modes corresponds to the repetition rate of the faylshe pulse duration is
inversely correlated to the spectral bandwidth of the FC, and the-ghiftsp ceis linked to the carrier
envelopeoffset frequency, according to 39:

Q. —"Q (3.13)
With control offep and cg, the centre wavelength of then-th mode is precisely determined by

800 Q. (3.14)
(a) (b)
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Figure 3.9 Schematic representation of the FC emission in time (a) and frequency (b) dome
indicatedphaseshift between the carrier wave (blue) and the envelope of the pulse trains (bl
increasing by ce per pulse Theindividual comb modes are coloured. Modified fras][

The described characteristics can be produced using different technological approaches, resulting in FCs
with differences in spectral coverage and repetitionfrgtf39). In a nonexhaustive listPicqué and

Hénsch group the approaches into femtosecond lag@r$ B4], semiconductor lasersA}, 46,
microresonatebased Kerr combgif i 49], difference frequency generation (DFGP[i 52], optical
parametric oscillators (OPO»J], and electreoptic modulators (EOM) $4]. Thereof, the approach

using moddocked fibrebased femtosecond lasers in the fislared region is described as mature,

since commercial FCs are available with this technology.
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With regard to this thesis, a metiekedfibre-based femtosecond FC at a centre wavelength of 1560

is combined with a stabilized laser at 100 to produce a FC at a centre wavelength of 3ii4r
3211cm? with the DFG process. The comb including the DFG unit was manufactured by Menlo
Systens [BY].

The used FC is based on the Figure9 geometry, schematically drawn in figure 3.10 and only briefly
described herebp]. The laser cavity is composed of a linear section and dimesr amplifying optical

loop mirror (NALM). Radiation from a pumigser (1) is coupled into the NALM, maintaining the state
inversion inside the active fibre section (2). This describes a section of the NALM doped with elements
such as ytterbium (Yb), erbium (Er), thulium (Th), or holmium (Ho), in such a way to meet the
requirements to generate and amplify laser radiation [30]. Next, a dampening element (3) limits the
intensity of the laser within the cavity and further a -neciprocal phasshift optical element (4)
stabilizes the carrieenvelope offset of the FC. Thadiation is then coupled (5) into the linear cavity
section, that can be partially free space and is terminated by a planar mirror (M) on a
translationaktage(6) moving coaxial to the linear cavity section. This way, the total length of the cavity

is cantrolled and accordingly the frequency of the eigenmodes of the cavity, which in turn correspond
to the repetition rate of the FC and the roundtrip time of the laser pulse. The pulsed radiation can then
be extracted by the coupling element (Burther praessing using nelinear optical fibres and
amplification result in two FC spectra centred around 1040 andrif6Rith identical repetition rate
frepand carrierenvelope offset. Finally, both signals are temporally and spatially overlapped in a DFG
crystal, whereby the difference frequency signal is generated at aroundr@lB&cause both input
signals possess an identical cargervelope offsety, the difference frequency signal has no offset.
Furthermore, the repetition rdtg, is equal for althree signals.

Figure 3.10 Schematic of the Figure9E ca
laser (1) maintains state inversion in the active fibre section (2), resulting in laser radiation li
by a loss element (3). The phasteft is controlled by a nomeciprocal phaseshift optical elemen
(4) and the loop is closed by an optical coupler (5). At the end of the linear cavity section, a
mirror (M) is placed, that can be moved with a translational element{&®.FC radiation can bt
coupled out of the resonator by (5). Modified frdsf)][

Figure 3.11 a) shows the emitted spectrum of the FC between 2700 anch850®asured with a
Michelson interferometeat a repetition ratd., of 250 MHz. Present absoiph features are due to
atmospheric water content with an absorption length of about 4 m. Subfigure b) details two lig@s of H
at circa 3030 crh The spectral distance between the sampling points i8/2&0or 0.008339 cm
Finally, subfigure c) depictsinges that can be observed throughout the spectrum, caused by the DFG
crystal.
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34.2 Detection schemes

To gain an advantage from the characteristics of a FC, a detection scheme should be capable to resolve
single comb lines41]. This way, the wavenumber axis can be calibrated using thedefatied comb
spectrum and the data wiultiple measurements at different FC parameters can be combined to further
increase the resolution, a process called interleaving. Furthermore, the broadband emission of a FC
benefits detection schemes that simultaneously measure the full spectraFigmge3.12 shows three

such detection schemes. In figure 3.12 a) after passing the interrogated sample the FC emission is
directed on a dispersive element, such as a grating or a virtually imaged phased array (VIPA) etalon.
The spectral components are pa@ on a detector, e.g. a CCD chip. Next, in subfigure b) a Michelson
interferometer is used to analyse the disturbed FC emission, in analogy to using the FC as a source for
a FTIR. Finally, subfigure c) shows the digalmb approach, whereby one comb irdgates the sample

and subsequently beats with an undisturbed reference comb at a slightly deviating repetition rate. From
the functional principles this approach is very similar to the FTIR, with the benefit of no moveable parts
involved in the setup. Hoswer, the lock of the second comb to the primary in terms of their repetition
rates and phases to provide coherence between both over the measurement time of minutes or hours has
proven a challengesf]. Furthermore, as the measured tidemain interferogam is also truncated,
dualcomb spectroscopy has an identical ILS function as the Michelson interferometer, given in
equation(3.12.

To reduce the influence of the ILS function on the recorded spectra, the OPD of the Michelson
interferometer or thequivalent delay in the duabmb interferometer can be chosen considerably large,
resulting in long acquisition times for both detection schemes, an example thereof shown in figure 3.13
for a duaicomb interferometery7]. There the amplitude of the comled ILS halfway between two
individual comb lines is approximately 10 % of the maximum amplitude. Furthermore, the FWHM of
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the comb lines is given as 3.5 Hz, which is negligible compared with the observed instrumental
broadening of some GHz.

An alternative way to reduce the influence of the ILS was first presented by Masletwakin 2016
and detailed by Rutkowslat al.in 2018 B8, 59]. Figure 3.14 illustrates the benefit of matching the
maximum OPDnax, Or the length of the recorded interferograothe repetition ratée, of the FC to
gain subnominal resolution. The welkfined comb spectrum is shown as an equidistant pattern of Dirac
t-functions, with a single mode at the origin attenuated by e.g. a molecular absorption feature. Within
the figure two cases are distinguished: Subfigure a) shows a mismatch, with the nominal resolution of a
conventional spectrometer

Q v Q. (3.15)
The ILS of the attenuated comb mode is ploiteé dashed line and the superposition of the ILS
functions of all individual comb modes is represented by a solid line and named ILS sum. This ILS sum
is locally disturbed by the absorption feature and sampled at the frequency of the nominal resolution
"Q (solid points). Due to the mismatch between the nominal resolutiofiegritie sampling of the
ILS sum results in a ringing, centred on the absorption feature.

Subfigure b) displays the matched case. With the-@mrssings of the ILS of the reded comb mode
coinciding with the position of the neighbouring comb modes, the amplitude of each mode is reflected
by a precisely matched sampling at the comb mode frequencies.

The technical realization of this approach uses daser at a stabilized walengthaws for length
calibration. This way, to achieve a match between the FC and FTS frequency scales, a number of points

6 1 E0HG—— (3.16)

are recorded to both sides of the siAglest atqp= 0. Thereby g is the integer number of sampling
points perawr. Figure 4.15 shows a single interferogram of 4 MS recorded with a sampling speed of
1 MS s?, symmetrically measured around the siAgleg. Two insets are present, the first shows the
centre region of the interferogram (red) with side features of the dingdt. The second focuses on the
dominant feature of the singhurst around 1.899 MS. For noiseduction, several measurements can
beaveraged either before or after the FFT operation is applied to the interferogram.

Rutkowski further details the effect of finite precision in matchifg].[ Since the truncated
interferogram has an integer number of sampling points, the nominal resdftiocan only be
matched discretely thx, Furthermore, the carrier envelope offset frequdnogeds to be taken into
account when matching.

The presented method to effectivly cancel the ILS for a FC setup results in high quality data across the
recorded broadband spectrum of easily several hundred wavenumbers. This way, the simultaneous
measurement of the full range allows for a comprehensive quantitative study of -plaesmiaal
conditions, involving several species and their translationalatimal, and rotational temperatures.

While this is also possible using traditional techniques such as tuning seve@CECor FTIR
spectrocospy using globars, the use of the novel FC sources considerably reduces aquisition times and
experimental complety, which in turn benefits in particular the investigation of plasmas and the
reliability of the gathered data.

An experimental study of a nitrocarburizing plasma with a FC emitting 3@ & 350 cm® and
recorded using a Michelson interferometer igsgnted in chapter 6. The measured background
spectrum, including lines due to atmospheric absorption, kneedy presented in figure 3.11
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4 Investigation at an industrialscale ASPN reactor using an AS
made of CFC

In the following, experimental studies conducted at an industtele ASPN reactor using an AS made
of CFC will be presented. The first section is based on the 2020 publication @ftRilitind focusses

on the dependencies on different total gas flaues and pressure values oe filasmachemical
environment I]. The second section is based on the 2019 publication of Bafktewith the focus on
correlating material diagnostic results to the plasimamical condition as dependent on the mixing ratio
of hydrogen to nitrogen #N- in the feed gas [2]. A final third section presents currently unpublished
data on the effect of adn@d oxygercontaining species£and CQ.

4.1 Study of plasmachemical processes as functions of the total gas
flow and pressure

4.1.1 Introduction

In the field of thermal treatments of materials nitriding and carburizing, and the combination of both,
called nitrocarburizing, are standard practices to improve the wear and corrosion resistance of steel
components. The basic mechanism for this improvement is the diffusion of nitrogen, carbon, or both
respectively at temperatures of up to 823 K into thecktstructure of the material, which typically
expands and thus forms expanded austenite or thalleal sphase. Due to the expansion the material

is locally hardened, generating hardness profiles that correspond to the diffusion depth from the
interface.The benefit of the combination treatment of nitrocarburizing is a smoother transition of
hardness and thus typically a higher kiisdring capacitj3]. While the diffusion mechanism can also

be achieved using gas or salt bed reactors, the use of plaspsarburizing (PNC) has the advantage

of a lower environmental impact at a reduced processing[#iinén part, this is due to an-process
activation of the diffusion interface by removal of the oxide layer. However, current industrial
implementationsf the PNC technology still are limited in their variation of the carburizing potential as
the carbon content within the process is regulated using cadmtaining admixtures to the feed gas.

This can lead to oversaturation of the process atmosphéue; itausing soot production and generation

of cementite in the compound layj&f. So far, process control in industrial applications is based on the
operatordés empirical experience. Already in 1997
of a general nitriding process control with process control for plasma nitrocarburizing being far out of
reach[6].

Current industrial applications of plasraasisted nitrocarburizing are commonly conducted by
conventional plasma nitrocarburizing (CPNC)eiin the workload is negatively biased relative to the
grounded reactor walls. At a few mbar of pressure, a pulsed dc glow discharge is maintained, producing
reactive species from the feed gas of N,, and carboitontaining species. The plasma heats the
workload to a temperature between 673 and 823 K, thus enabling diffusion processes to take place.
However, depending on the workload geometry the temperature distribution may not be homogenous
and therefore causes uneven treatment progress,-ttadlsdedge effec{7]. The plasma may as well
sputter the workload surface, requiring pmeatment polishing.

These drawbacks have led to the development of the active screen plasma nitrocarburizing (ASPNC)
technology. In this approach, the glow dischargdasaqul at an intermediate steel screen, called active
screen (AS), which surrounds the workload and allows a gas flow to pass from the plasma region to the
workload providing the reactive species required for the hardening process. Even though forlindustria

! Published asPuth A, Kusyn L, Pipa AV, Burlacov |, Dalke A, Hamann S, van Helden J H, Biermann
H, and Ropcke J 20Z@asma Sources Sdiechnol.29 035001
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scale reactors a secondary plasma directly at the workload is still required to achieve a reasonable
nitrocarburizing response, the secondary plasma is operated at a fraction of the power of the AS plasma.
Consequently, thermal inhomogeneity and sputteaire reducef8 i 10].

Several studies and proposals already discussed admixtures to the feed gas to affect the process
conditions and treatment resulfsl i 13]. However, with the AS being introduced as a cathode in a
reactive plasma, it can be sputtered and thus serves as an additional solid chemical source. To investigate
the mechanism of nitriding with an ASPNC reactor, Hublmrdl. studied the mass transfieom an

AS made of steel to the workload and found that sputtered material does not contribute to the nitriding
of the substratg8]. Independent on this study, other groups investigateallogs to the AS, such as
aluminium and silver, to produce e.gtiaricrobial surfaces, again via the mass transfer from AS to the
workload[14, 15].A different approach is the substitution of steel as screen material with a solid made

of carbon, such as graphite or carfitme-reinforced carbon (CFC). The use of aidalarbon source

has been first proposed by Lebremnal. and realised by Crespt al.for CNy deposition on a polymer
substratd16, 17]. The application for ASPNC has then been reported by Burlecalzand Hamann

et al.in 2017, for industrialand bBboratoryscale reactors respectivdli8, 19].In both works it has

been found that an AS made of CFC affects the process atmosphere most drastically in the
concentrations of HCN and.B8; which increased by a factor of 30 and 70 respectively compared with

1% admixture of Chlin the H-N. feed gas typical for ASPNC processes using a steel AS. This is of
particular interest since beneficial diffusion conditions created by the highly reactive HCN molecule
were first reported in the early 199@§, 21].In alater study, Burlacoet al.identified the concentration

of HCN as a control parameter for the carburizing potential of the nitrocarburizing pi22ess

To monitor the concentrations and temperatures of HCN and further specidgafrasive in-situ
diagnostics are required. In the past spectroscopic methods such as optical emission spectroscopy (OES),
Fourier transform spectroscopy in the infrared (FTIR), and laser absorption spectroscopy (LAS) have
been used for this purpo§Es, 19]. Thereof, LAS is gemplary due to the high quality quantitative
information and high sensitivity it offers. Depending on the selected laser source, different species are
available for detection. In previous studies lead salt diode lasers (TDL) have been used to measure the
transient CHradical as well as CO, GOC:H., and GHs [23]. Within the early 2000s, externahvity

guantum cascade lasers CL) became commercially available and found widespread application.
While technologically limited in their achievable spektemge, they tuned over a much broader range

than TDLs and this way allows a nesamultaneous mukspecies detection. In the study of ASPN
processes, both types of sources were extensively used in combination with OES and other spectroscopic
techniquesThis way 14 species were detected within the plasma process, and as mentioned before
partially linked with the treatment behavidary, 19, 22, 23.

Some of these measurements were conducted at the labeedteyplasma nitriding monitoring reactor
(PLANIMOR) [25]. This reactor was specifically constructed to simulate the plasmmical
conditions present in an industrstale plasma nitriding process, while simultaneously offering
improved access for diagnostics, including spatially resolved LAS nerasats of the afterglow
region. A comparative study between PLANIMOR and an industdale reactor has proven the general
similarities in respect to the plasmahemical behaviour of both typg6]. Consequently, the plasma
chemical similarities also areflected in the nitriding treatment of samples in both systems, resulting
in a comparable thickness of the compound layer.

Recently, the results of investigations on plasma processes using an AS made from CFC in PLANIMOR
have been publishd@4]. In this study the concentrations, temperatures, and conversion efficiencies of
nine molecular species were measured as functions of the plasma power at the AS, the pressure, and the
nitrogen fraction in the feed gas. Additionally the carbon mass flow fhem\S and the efficiency of

the carbon mass flow in relation to the applied power were presented. The present study is a continuation
of the former and investigating the plasma processes of an AS in an inekcsil@ASPNC reactor. To

find the influene of process pressure and feed gas flow, a constant temperature is maintained inside the
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reactor while the concentrations and temperatures of HCN, 8H:;, CH,, and CO were measured
using ECGQCLAS and TDLAS.

The current study focuses on the production rate of the five molecular species, their dependence on the
gas flowrate and finally the scalability of the concept for an AS made of carbon materials. Further
observations concern the sole detected oxygenaning species CO as a measure of contamination

with oxygen, since previous studies by Burlaeb\al. pointed out the importance of contamination in
industriatscale reactorgR?2].

4.1.2 Experimental

A crosscut schematic of the industrialale reactor wht the LAS setup including three lasers sources is
shown in figure 4.1. As indicated by the presence of two flipping mirrors the laser sourcealayeeamb

and cannot be used simultaneously. Furthermore, two Daylight Solutions exterital quantum
cas@ade lasers (EQCL), labelled as QCL | and QCL II, provide medep free spectral ranges of

3 =13457 1400 cmt and3; = 17707 1850 cmt, respectively{27]. In addition, the infrared muki
component acquisition system (IRMA) has been used, which cesltimee lead salt tuneable diode
laser (TDL) sources to a single acquisition sysigsh Table 4.1 presents a list of detected species and
their respective spectral positions, line strengths and limits of detection, whereby the superscript Q and
T desigrate the measurement with anXCL or a TDL sourcgrespectively. The reference and etalon
spectra of the EQCLs were measured simultaneously using a tbhemnel setup. For the TDL
sources, they were measured separately.

detector

O

model probe
(floating)

active screen
(cathodic)

reactor wall

1m (grounded)

......... QCL 1

{ QCL1I

/N TDL
a) 7))

Figure 4.1 a) Schemattop view of the experimental setup and b) photograph of the open reactor (left
background), QCLs (right), and IRMA (left foreground). Both QCL and the TDL absorption
spectrometer share the same beam path and detector. The beam path passes througkothe reac
including the plasma at the AS made of CFC depicted in pink. A scale of the absorption length is given.

The shared beam path enters and exits the reactor through two KBr windows at a distance of 1 m, which
is assumed identical to the length of abdorptA model sample composed from 26 equidistant punched
discs is placed in the centre of the reactor, aligned to the beam path. It serves to simulate the influence
of a workload for nitrocarburizing and can be biased for this purpose. Finally, a litpoigeni cooled
HgCdTe detector positioned at the focus of areafs parabolic generates an analogue signal for data
acquisition.

The reactor itself has a cylindrical volume of approximately?lama diameter of 1 m. It contains the

AS made of CFC with diameter of 0.8 m and a height of 0.75 m. Besides the top plate, the screen is
composed of circular sections made of CFC each
radial depth, distanced 20 mm in height between each section. The thicktres€BC base material

is 5 mm. All components includethe AS weighed approximately 30 kg.
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Table 4.1 Species, spectral positions, and line strengths, at room temperature, used for infrared LAS
measurements and their estimated limits of detection.aBee $ource for the given spectral position is
denoted with a Q for an EQCL and a T for TDL sources. Data taken from the HITRAN datdR2&ke

Species Spectral position  Absorption line strength  Limit of detection Ref.
[cm] [cmY/( moleculecm?)] [molecules cm]
CH/@ 1356.4868 1.78440%° 2A 08 [30]
CH,@ 1356.5974 1.19040%° 2A 0" [30]
NHz@ 1388.0552 2.72640% 2R 0% [31]
NH5@ 1767.5181 6.090402 2A 0" [31]
CoHA@ 1356.8305 5.899402% 5A0“ [32]
CHQ 1356.8881 8.920402 2A 0" [32]
HCN®@ 1356.9389 4.636402° 4A 0 [33]
HCN®@ 1388.3225 3.59240%? 1A0 [34]
caom 2150.3409 1.84040% 2A 0 [35]
com 2150.8560 1.82640%° 2A%0 [35]

For plasma generation a pulsed dc power supply with a maximum poWRer b kW at a frequency

of f= 1 kHz and a duty cycle of 60 % is connected with the AS. The steel reactor wall is grounded and
the model probe is on a floating potential. During the measurement, the system regulated the power at
the AS between 6.0 and 8.5 kW to maintain a stabledgeature offse:= 773 K, measured with a thermal

probe integrated in the model probe. The plasma power at the AS as a function of the total gas flow for
different pressures is shown in figure 4.2. At the lower limit of the pressure range, the discharge was
stable, reflected by a reduced power consumption.
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Figure 4.2 Plasma power at the active scregg Figure4.3 EGQCL absorption spectrum of GH
at different pressures measured as a functior HCN, and GH, around 1356.7 cth Conditions:
the total gas flow. Conditions: #N, = 1:1, HxN,; = 1: bty = 80 slh, Fet = 773 K,
Tset= 773 K. Lines are guides of eye. p = 3 mbar.

The precursor composition is controlled by mass flow controllers. In turn, theyéséslled into the

reactor via a showerhead integrated into the reactor top. This w&,Hind Ar were introduced, the

latter only during starting process of the reactor to provide a stable plasma until the chosen treatment
temperature was reached. Thatahass flow varied from o = 107 100 slh, at a mixing ratio 49N>

of 1:1. The pumping system is connected to the bottom of the reactor, including a butterfly valve
allowing the control of gas pressure in the range®fLi 4 mbar.

An EC-QCL absorgbn spectrum in the spectral range near 1356.7with specified absorption lines
assigned to CKHHHCN, and GH: recorded with EEQCLAS is shown in figure 4.3. The conditions were
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as follows:U rora = 40 slh H + 40 sIh N, Tset= 773 K,Pgias= 0 W, p = 3 mbar. For the determination

of the temperature, line profile analysis has been used to obtain the translational temperature, associated
with Doppler broadening. The laser linewidth, determined at a room temperature reference, has been
taken into accounWe calculated concentrations with Béambert law using temperature dependent

line information from the HITRAN databag29] and derived mole fractions with the ideal gas law. The
production rat&production,iOf & Speciesis given by

i S o) , 4.1)

whereasimoe,iis the mole fraction of the speciesndu Total is the total gas flow through the reactor with
the unit slh. We assume that the plasthamical reactions are in a steady state equilibrium. The rate of
production has the unit of slh. The carbon mass flevis given by

B i g, (4.2)

with rerducion,ibeing the production rate of specias slh,Nc; being the number of carbon atoms within
species and the sum including all species in the process. The carbonlmasaé natively the unit of

slh, which is converted to mgtlusing the atomic mass of carbon and the ideal gas law to better relate
it with the macroscopic mass of the AS. Finally, the carbon consumption effigteaty given by

o -, (4.3)

whereadl ¢ is the carbon mass flow in mgtlandP is the plasma power at the AS. Accordindyc
has the units of mghw1. Additionally, the overall conversioX of a speciesis given by

o 228 (4.4)

with n; being the concentration of speciesneanwhileN;; is a proportionality factor for correlation of

the resulting speciggo the feed gaspeciesi. The right hand side of the equation chain is equivalent

to equation (4.2) with the consideration that the feed gas species are diatomic molecules. The
concentrations given inthe unit of crv.

4.1.3 Results and discussion

Due to the temperatadependence of the absorption line strength, the temperature has been determined
for the available species using line profile analysis. For the transitions of the available species HCN,
CH,, CO, NH;, and GH- the line profiles correspond to the set precesmperature ofset= 773 K.

Apart from that a thermal equilibrium between rotational and translational temperatures is assumed.
Even if the rotational temperatures are not directly available in this studfenencg36] comparable

values for the process temperature measured at the model probe and for the rotational temperature
measured in the plasma at the steel screen have been found. However, it should be noted that LAS is a
line-of-sight method allowing only linaveiaged results and as such does not allow any spatially
resolved information in the used geometry. Thus, the active plasma zone at the carbon screen may have
a higher temperature or even no thermal equilibrium at all.

Using the line strengths for 773 K, tladsolute concentrations of the detected species have been
determined. To demonstrate the chronological order of measurement, the absolute concentration of HCN

at different gas flows measured as a function of pressure is presented in figure 4.4. Thamesure

were conducted at a set gas flow, varying the pressure until moving on to a new set gas flow starting
with a total flow of 10 slh. As the pressure increases, the concentration of HCN increases linear within
the margin of ecnmdimcade of thelowast gas ftow. Orl theMdthed hand increasing

the total flow decr eas e s®*ctrhaecthepmssurecon4 mbart At lower f r o m
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pressures, the decrease is less pronounced, and in some low pressure and high tetaegtads no
stable discharge was achieved.

In figure 4.5, the concentration of HCN is shown at different gas pressures as a function of the residence
time with a logarithmic saxis. With increasing residence time, a monotonous increase of the
concentrabn of HCN can be seen at every pressure, typically with a steeper increase at higher pressure.
Due to the high reactor volume, the residence time ranges in the minutes. Since the concentration of
HCN is dependent on the resident time even at high vafuke cesidence time, one has to assume that
surface reactions are contributing to the production of HCN. Similar increases were observed for the
concentrations of £1,, CH,, and CO, with only the concentration of Néecreasing with residence

time. Accordngly, for the generation of all detected species surface processes aregtigible.

Subsequent figures present the mole fractions in dependence on the total gas flow. Accordingly, figure
4.6 a)i e) shows mole fractions of HCNld;, CH,, CO, and NHmeasured as a function of the total

gas flow for different pressures. As the total gas flow increases the mole fractions of HGNCE,,

and CO decrease. Concerning HCN anHLCthe respective mole fractions share very similar trends.
Accordingly the r#os of the two mole fractions, which is equal to the ratios of the two concentrations
can be approximately given @&H2);JHCN] & 0. 17 at all gas flow settir
as the mole fraction of Cidecrease by a factor of 2 betwedntal flow of 10 and 100 slh. However,

the mole fraction of ClHreaches a plateau at 60 slh of total gas flow. Furthermore, the mole fraction of
CO decreases by approximately a factor of 10 within the same range of the total gas flow, from 5.5 to
0.5 %. h that relation, only NElis an outlier of the five species, its mole fraction increasing linear with

the total gas flow by a factor of 2 over the full range of the total gas flow. The mole fractions of HCN,
C.H2, and CO indicate only a weak or no depemgean pressure, while those of €ahd NH; show a

clear dependency on pressure. The mole fractions of both species increase with growing pressure.
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Figure 4.4 Concentration oHCN at different Figure 4.5 Concentration ¢iCN at different gas
total gas flows measured as a function of the pressures measured as a function of the resid:
pressure. Conditions: #N, = 1:1, Teee= 773 K. time. Conditions:Hx:N, = 1:1, Tset = 773 K.
Curves are guides of eye. Curves are guides of eye.

For further analysis of the data, the production rates at stationary conditions of each molecular species
were determined by applying equation (4.1). The production rates of HCN shdfdC different
pressures measured as a function of the total gas flow are shown in figure 4.7 a) and b) respectively.
While both are independent on the pressure and increase with the total flow, the slopes decreases with
higher total gas flow values. For the productiaterof CH in figure 4.7 c) a nearly linear increase with

the gas flowrate can be identified, while the production rate of sivbwn in figure 4.7 d), increases

over proportionally with the gas flow. However, the production rate of CO, as shown in4igueg,
decreases with the total gas flow with the exception of the lowest gas flow setting. It is independent on
pressure. Since we supply no oxygmmtaining species, the two available sources for CO formation

can be wall attachment and leakage, with wall attachment contribution typically decreasing with
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time. Figure 4.8 shows the production rate of CO as a function of time of measurement. The
measurement was taken in two sessions, the first session concluded after circa 9 h and the second session
began at 25 h as indicated by the break in the time axis. During the break, no plasma was active, the
total gas flow was stopped and the reactor chamber was actively evacuated. From data point to data
point the pressure was changed, the stepwise incredise tital gas flow is indicated in green. With

the exception of the lowest total gas flow setting, the production rate of CO decreases linear from 0.6 to
0.4 slh during the active time of the plasma. Even the break has little influence on the trendateslind

by the good continuity of two linear fitit A before andit B after the break. Therefore, the most likely
oxygen source is the contamination of the reactor wall and the active screen with-caggening

species. With CFC being a highly porommaterial, this assumption is well founded. The observed
dependency of the production rate of CO on the total gas flow, as shown in figure 4.7 e), should therefore
be interpreted as a dependency on the active time of the plasma. Since the measurendemé proce
created a direct correlation between the active time of the plasma and the total gas flow, deriving a pure
dependency of the production rate of CO on the total gas flow is impossible.

Focusing again on the intentionally admixed feed gas, in figurthd.8onversions of hydrogeX,

and nitrogenXyz, are shown at different pressures measured as functions of the total gas flow, as
determined by equation 4 assuming that only the detected species and the feed gas species are present
in the reactor. Whé measurements at PLANIMOR have shown that other species are created, such as
C:N2 or CN, their concentrations are negligif24]. The higher set of curves corresponds to the
conversion of hydrogen and the lower set to the conversion of nitrogen. Boftceeves in figure 4.9

decay from 62 to 45 % and from 35 to 25 % respectively, while at the same time showing no dependency
on the pressure. Figure 4.9 also allows to calculate the mole fractions of hydrogen and nitrogen
according to

£ Eo— (4.5)

with nmote,i beiNg the mole fraction of specie®©ne can see the decrease of the mole fraction of the most
abundant species HCN with increasing total gas flow being reflected in asletreonversion of both
hydrogen and nitrogen. This is only partially compensated by an increased mole fraction, of NH
resulting in a larger mole fraction of both hydrogen and nitrogen at high total gas flow compared with a
low total gas flow. In order t@xplain this trend the third constituent of HCN, i.e. carbon, was
investigated.

The detected species can be separated in cadrgaining species, such as HCNHg; CO, and Chl

and carbotfree NH. Consequently, the carbon mass flow is determined img wesjuation (4.2), as

shown in figure 4.10 a) for different pressures measured as a function of total gas flow. The carbon mass
flow reflects the consumption rate of the CFC cathode of finite mass, as previously shown at
PLANIMOR [24]. It can be assumetidt no carboftontaining species of noteworthy concentrations
remained undetected. Since HCN is the most abundant eeonbsining species, the trends of the
carbon mass flow are similar to those of the absolute production rate of HCN, so increasiing with

total gas flow but being independent on the pressure. The slope of the carbon mass flow in dependency
on the total gas flow decreases at high values of total gas flow, indicating a limit to the release of carbon.

Such a limit to the release of carboayrexplain the trends of the production rates as seen in figure 4.7.

At low total gas flow settings, the release of carbon is sufficient to create large amounts of carbon
containing species. In turn, these cadgontaining species bind a large fractiontbé available
hydrogen and nitrogen, leading to lowered concentrations af A$ithe total gas flow increases, the
release of carbon can only scale weaker than linear. This limits the production rates etoathiming
species, thus e.g. the mole fian of HCN is reduced. Accordingly, the conversions of the feed gas
species are lowered and higher amounts of hydrogen and nitrogen are available for the formation of
NHs. Finally, the mole fraction of NiHincreases, as observed in figure 4.6 d). Theymtioh rate of
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CO is the only outlier of the carbaontaining species, due to its dependence on oxygen concentration,
which is not intentionally admixed.
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Figure 4.6 Mole fractions of afiCN, b) C;H,, Figure 4.7 Production rates of #CN, b) CoHo,

c) CH4, d) NHs, and e) CO at different gas ¢) CHs, d) NHs3, and e€) CO at different gas
pressures measured as a function of the total pressures measured as a function of the total
flow. Conditions: H:N2 = 1:1, Tset = 773 K. flow. Conditions: H:N, = 1:1, Tset = 773 K.
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3 mbar in PLANIMOR is added with a x as comparigdt]. Curves are guides of eye.

Using equation (4.2), the carbon consumption efficidagyhas been calculated and found to range
between 0.13 and 1.9 mg W1, as presented in figure 4.b). The trends oEcc strongly correlate

with the trends of the total carbon mass flow, as the power only slightly varies for different gas flows
and different pressures. For comparison we can again refer to investigations on the laboattory
PLANIMOR [24] where for a pressune = 3 mbar and a feed gas mixtud:N, = 1:1 the carbon
consumption efficiency ranged between 0.7 and 0.9-h\yyhdepending on the power at the AS.

Taking the cross section of both reactor designs into account to compare flow speeds, the mass flow of
PLANIMOR of 20 sccm corresponds to a flow of 24 slh in the industrial scale reactor. The closest
measured value of gas flow is 20 slh with a carbon eopsion efficiency ofEcc = 0.6 £ 0.07 mg h

W1, being in quite goodgreementConsidering previously established differences in tempessack

levels ofcontamination a small mismatch can be expected.
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4.1.4 Summary andconclusiors

In the currenin-situ spectroscopic study, an industrsalale plasma nitrocarburizing process with an
active screen made of carbfibre-reinforced carbon was investigated using TDL and@CL sources

in the midinfrared. This way the absolute concentrations of;,,G&H,, HCN, CO, and NH were
monitored in dependence on the total gas flow of the feed gas and the gas pressure in the reactor. To
approximate common industrial conditions the plasma power at the active screen was regulated to
maintain a steady temperatdig:= 773 K. The translational temperatures of the five molecular species
were found to agree with the set temperature.

The plasmachemical environment was strongly influenced by reaction products, which accounted for
50 to 30 % of the mole fraction at low ahajh total gas flow, respectively. Furthermore, the mole
fraction of GH,, HCN, and CO were found to be independent on the pressure, while fanGiNIH;

the mole fractions increased with the pressure. Since all the concentrations of all detected species
increased monotonously with the residence time, surface reactions should play a role in the production
of the five species. HCN was the most abundant umredgseaction product, ranging in the tens of percent

in mole fraction and followed by, and NH;, both in the high percent of mole fraction range. Since

a stable plasmehemical equilibrium was assumed, the production rates could be derived from the
corcentrations of the species. This allowed to distinguish CO from the other species, since its production
rate is the only one to drop with the increase of flow. Further investigation then highlighted the linear
decay of the CO production rate with the pexging active time of the plasma. The release of adsorbed
oxygercontaining species from the large surface area of the carbon cathode during the plasma process
is the likely source for oxygen in the formation of the CO molecule. The influence of the exygen
contamination of the reactor was unigue to the CO molecule and made conclusions about the
dependency of its production rate on the total gas flow impossible.

However, for the production rates of the remaining four molecular species dependencies ahgas tot
flow trends could be established. The dominating production rate is of HCN with up to 18 slh, followed
up by the production rate of NHwhich increased from 0.25 to 7 slh with increasing total gas flow.
While the production rates of all oxygéme species increase monotonously with the total gas flow,
only for NHs; the production rate scales over proportionally. In addition, it shows the highest relative
increase over the given range. For sCHlinear scaling was observed. However, HCN anH.C
production rates flatten with higher total gas flows. This is mirrored in the carbon consumption rate also
flattening with higher total gas flows, indicating a limit to the amount of carbon released by the active
screen. The largest value for the carbon comtiom rate in this experiment was approximately
Ocal2g it which for an active screen with a mass of 30 kg allows for 2500 h of treatment time,
assuming ideal circumstances. However, with the current data a reduction of screen size is considered
for future measurement campaigns.
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4.2 Influenceof H>-N2>gas compositioron structure and properties of
expandedaustenite?

4.2.1 Introduction

Low temperature plasma assisted thermochemical diffusion treatments like plasma nitriding (PN)

[171 4], plasma carburizing (PC) J57] and plasma nitrocarburizing (PNC)1[80] are- besides well

established commeially available gaseous processes [Litldustrially applied to austenitic stainless

steels. The use of these technologies meets the requirements of high surface hardness and improved
wear behaviour without deteriorating the excellent corrosion resestahaustenitic stainless steels.

Being independent on the applied method, the steel surface incorporates nitrogen or/and carbon forming

a diffusion | ayer termed as fAexpanded alaysrt enit e
structure consigtig of nitrogerexpanded austenitgy on top of a carboexpanded austenitg: is

generated. Such a duplex layer combines the high hardngsbeaifg characteristic for PN layers and

the smooth hardness gradient @f at the layeicore interface being typical for PC layers. For
conventional PNC the generation of these advantageous layer properties is only possiblefinedi|

but very constricted process windows especially regarding the approvable amount ctoathoring

gases [14, 15]. In the absence of an established process control of-pésésted nitrocarburizing
processes the standard method is the control of the mass flow of the-canbt@ning gases, e.qg.

methane (Ck), based on traditional recipes enbi ned wi th the operatorods e:
for a low percentage of addition of carbloearing gases, the risk of soot production is high. Besides the

gas composition, the temperature control of the process has a great influence since tiedexpan
austenite is metastable [16/]. If a technologyspecific threshold temperature is exceeded the
precipitation of chromium nitrides and/or carbides occurs within the expanded austenite [10]. The
resulting undesired depletion of chromium in solid soluih austenite impairs the corrosion resistance

[8]. Therefore, a precise temperature control is essential [18]. In the conventional DC systems mentioned
at the beginning, the plasma discharge is located directly at the components to be treated pgreviding
active species as well as heating up the components. Temperature limitations often arise due to common
problems likethe edge effectthe hollow cathode effect amnon-homogenous temperature distribution
especially in case of components with differgabmetries [19, 20].

The active screen plasma nitriding (ASPN) technology has been developed to overcome the limitations
of conventional plasma processes by relocating the glow discharge from the workload to an additionally
introduced separate metal mesfieen, the active screen (AS), which surrounds the worktable and the
componentstobetreated[l12 2] . Thi s approach is sometimes ref
where energetic neutrals rather than charged species are responsible fadthe aitd/or carburizing

effect 2371 25]. Highly reactive gas species are produced ilAB@lasma [26, 27]. However, a weak

bias directly applied to the components to be treated is essential for large induatdaASPN systems

to achieve a reasonabihitriding response [25, 28]. This results in a second glow discharge directly at
the workload with a typically lower plasma power. Recently, an additional technological advantage of
the AS technology was reported by Burlacov andwookers for the activescreen plasma
nitrocarburizing (ASPNC) technology [29, 30]. By adding different levels of cactbataining gases

to the H-N; plasma the specific contribution of the plasma discharge at the AS responsible for the
control of the carburizing potential wadentified. In particular, steels with higher Cr content
demonstrated a significant nitriding/nitrocarburizing effect even without applicatiarbiafs, i.e. at
floating potential. In early studies, Lebrun already reported on the importance of higtilyergaseous
products generated in the-N. plasma with admixtures of even a few percentage of [BH. The

volatile and thermally stable Ghhdicals generated in the plasma were found to be responsible for the
beneficial effect of CH. Advanced plasmaiagnostics methods applied during ASPN and ASPNC

2 Published as: Dalke A, Burlacov I, HamanrP8th A, Bocker J, Spies H, Ropcke J, and Biermann
H 2019Surf. Coat. TechnoB571060i 1068
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processes confirm the presence of highly reacti@ M bindings in the reaction gas of-N. plasmas
admixed with CH or CG; [32]. In case of gaseous carboontainingprecursors, the production of
reactive species results from the dissociation reactions betweBip, BInd carbofbearing gases. These
chemical reactions exhibit a very low reaction constant, and thus, the admixture of@amtzning
gases nheeds to bmited to avoid soot production or even not reproducible process results [33]. The use
of an ASmade of graphite as a solid cartsmurcefor the deposition of CN layers on polymer substrates
was proposed by Crespi andworkers [34]. In industriacalenitriding devices current studies proved
the feasibility of using solid carbon sources like carfibre reinforced carbon (CFC) for conventional
PNC and for ASPNC using a CFAS [3571 37], respectively. In a laboratescale reactor, Hamarat

al. [38] have shown the very high reactivity of a CAS compared to a steel screen. As a major result,
thenet productiorrate of detectable highly reactive gases, in particular HCN aldgl @as 30 and 70
times higher for the CF@S than for the steel screen, restively. Diagnostic investigations of the
resulting process gas atmosphere of an ASPNC process usingASGF@/ed the correlation between
H2-N2 precursor gas composition and resulting kind of reactive species and their concexitratien
laboratoryscale plasma nitriding monitoring reactor PLANIMOR [39].

In this work, the advantage of using a carda@hfor plasma nitrocarburizing of AISI 316L austenitic
stainless steel was verified in an industsadle ASPNC unit. The effect of the variation of titeogen

content from @ to 100% nitrogen in the KNz precursor gas composition on the expanded austenite
layer properties, i.e. structure, thickness, hardness, and phase composition was investigated.
Additionally, for comparable HN, precursor gas eopositions the achievements obtained in the
laboratoryscale reactors [38, 39] have been verified by perforrimirgtu monitoring of the reaction

gas by means of infrared laser absorption spectroscopy (IRLAS). Thus, a correlation between reaction
gas composition, i.e. reactive gas species, and resulting layer formation and properties should provide a
deeper understandimd the AS plasma nitrocarburizing process, and in turn predictability of treatment
results.

4.2.2 Materials and methods

A representative austenitic stainless steel grade AISI 316L (wt.%: C0.05, Cr16.98, Ni11.39, M01.92,
Mn1.54, Si0.33 and Fe balance)smased for the investigation. Specimens of 20 mm in diameter and
5 mm in thickness were machined from a commercial cylindrical bar. All samples were wet ground up
to 1000 SiC paper grid, cleaned with ethanol in an ultrasonic bath and dried in hot do ASENC.

The ASPNC experiments were performed in an industdale pulsed DC plasma system (15 kW
mainpower supply working at 1 kHz 6% duty cycle, worktable diameterng@= 0.70 m, reactor volume

V: =1 m?). A separate Magpuls generator supplie@gative bias to the worktable and samples (up to
1.2 kW bias power supply working at 10 kHz 50% duty cycle) AAmade of CFC with 800 mm in
diameter and 750 mm in height was placed in the centre of the reactor surrounding the wiigkiiead (

1 d)). Theprocess started by evacuating the reactor in 10 min down to a base pressure of 0.3 mbar.
Subsequently, a hydrogamgon gas mixture was introduced into the recipient and the main power
supply was turned on to run the plasma at the @BMeating up the wdétable, model proheand
specimen, respectively. After reaching a sample temperat@&ef, measured with a thermocouple,

a sputtercleaning step at 0.6 kW bias power was set for 45 min heating up the sampR&Kto
Subsequently, the gas exchanga hydrogennitrogen atmosphere was conducted, and the bias power
was gradually increased up to a constant set point of 1.25 kW. The nitrogen content withi¥Nthe H
precursor gas varied betweefdup to 100% N by changing the flow rates of the gasesntaining a

total constant flow rate of 8lh. At the end of the process, the recipient was evacuated and cooled down
to room temperature under vacuum conditions.

In a first benchmark experiment, the measurement of the reaction gas, which is thgresadess gas
composition inside the AS reactor, i.e. detection of molecular gas species and their absolute
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concentrations, was conducted as a function of thilHrecursor gas composition. The experiment

was done alse:= 773K andp = 3 mbar applyinga bias power at the workload Bfias = 1.25kW and
Psias = 0 KW, respectively. For this purpose two extercavity quantum cascade lasers (RCL) and

the tuneable diode laser (TDL) based infrared rudthponent acquisition system (IRMA [32]) were

combhed into a single IRLAS setup. The single beam path passed the reactor diagonally
t he

features. The temperature®f3 Kwas chosen in order to compamehe resus obtained at a laboratory
seup [39]. Tabled.2compiles the spectral positions, line strenggimsl the estimated limits of detection

(figure4.11 b)). This allows forlind nt egr at ed monitoring of

t

ar

of the molecular species used for the IRLAS measurements in the present study. The spectral positions

and the identification of the absorption lines of the monitored molecular plasma components have been
performed usig welkdocumented reference gas spectra and an etalon of known free spectral range [40].
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Figure 4.11 Schematic of the experimental setup in a) side and bietepECQCLS and the IRM/

setup are denoted as QCL I, QCL II, and TDL, respectivelycantbined on a single beam path.

In a second test series, the ASPNC treatments of samples made of austenitic stainless <
perfomed in order to generate therohemically modified surface layers. Therefore, defingdNK
precursor gas compositionghich were verified out of to the plasma diagnostics benchr
experiment, were applied. Differing from the temperature of the benchmark experiment, the /
treatments of AISI 316lwere conductedat Tse:= 733 K in order to prevent an unwanted C
precipitation [16]. The treatment duration was kept constant ¥ h at a working pressure (
p =3 mbar. The treatment temperature and duration were selected according to common
carburizing treatmergonditions because the presence of hydrocarbons in the process gas wa:

observed in preliminary tests. The-N, precursor gas composition was varied starting fré¥n i

content to increasing Natios. It must be mentioned that an addition &6 & slh) of argon to the
H>-N2 plasma was required to stabilize the discharge for gas compositions with higiturhe
fractions (73 7 100% H,). Further details concerning the experimental conditions afider

electrical parameters are summarizethbbie 4.3,
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Table 4.2 Species, spectral positions, and line strengths at room temperature, used for
measurements and respective estimated limits of detection using a combined TANASCLAS?
spectrometer at the ASPNC reactGoncentrations of species not shown in figure 4.12 were b
their detection limit.

Species Spectral position  Absorption line strength  Limit of detection Ref.
[cm] [cm™Y/( moleculecm?)] [molecules cm]
CHz(™ 606.1203 4.547A01° 2A 02 [41, 42]
CH/@ 1356.4868 1.78440%° 2A0% [40]
CH/@ 1356.5974 1.19040%° 2A 08 [40]
NH5@ 1388.0552 2.72640% 2A0% [40]
NHz@ 1767.5181 6.090402 2A 08 [40]
CHQ 1356.8305 5.89A022 S5A0H [40]
CoHQ 1356.8881 8.920402 2A 0" [40]
HCN®@ 1356.9389 4.63640% 4A 0% [40Q]
HCN®@ 1388.3225 3.5924022 1A0 [40]
CoHAD 2993.8362 3.85040% 4R0 [40]
CoHe™ 2993.4710 1.496402 2A 012 [40]
CoND 21506668 1.13A0% 1A08 [43]

Table 43 ASPNC process parameteifgedgas composition and electrical draw for AS and k
generator. Conditions: k=460 °C,t =5 h, p = 4 mbar.

N fraction Feed gases [slh] AS parameters Bias parameters

[%] Ho N2 Ar UasV]  las[Al  PaslW]  UsiadV] leifA]  PeiasW]
0 80 0 4 254 21.8 5537 597 2.1 1265
10 72 8 4 281 17.6 4945 654 1.9 1249
25 60 20 4 282 16.2 4568 662 1.9 1248
50 40 40 O 282 16.3 4596 686 1.8 1249
75 20 60 O 280 16.3 4564 673 2.0 1252
90 8 72 0 268 15.8 4234 611 2.0 1253
100 0 0 0 318 11.6 3688 588 2.1 1255

All treated steel samples were analysed by glow discharge optical emission spectroscopy (GDOES) on
a LECO SDP 750 spectrometer. The calibration MJHitrix method was used as a standard
quantification procedure for the determination of concentration dpmifiles. Crosssections of
specimens were metallographically polished and chemically etched with Beraha Il etchant in order to
examine the microstructure and to assess the generated layer thickness by using a Carl Zeiss Neophot
30 equipped with a JVC TKC1381CCDcamera and the Image C/AAnalysis software.
Microhardness depth profile measurements were conducted at a LEG@GB equipped with a

Knoop micro indenter applying a load of 10 g. The phases present in the nitrocarburized layers were
analysed byX-ray diffraction (XRD) with a SEIFER-FPM URD6 (SEIFERTFPM) diffractometer
operating atJ = 40 kV and = 30 mA. A conventionadl-2q BraggBrentano symmetric configuration

with CoKa (/ =1.78897A) radiation was used applying a Bragg angle scanningmgrigom 20° to

150° at a scan rate of 0.01°/min. The Co anode ensures a high penetration depth up to ~15 pm at the
highest diffraction angldp obtaina high amount of information from the nitrocarburized layer.
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4.2.3 Results
Process gas monitoringsing IRLAS

Figure4.12 shows the concentrations of HICN, NH;, and GH» determined by IRLAS as a function

of the H-N2 precursor gas mixture, with a bias power at the workload of (a) 1.25 kW and (b) 0 kWw.
Both experiments wereonducted in separate nseaement campaignMeasurement of the spectral
position of GH2 was not possible for the biased case, due to unavailability of the laser source at the
time. However, since ¢H, was already detected in various tests in a laboratmale reactor exhibiting
concentratioaas high a®f CHs, the existence of £1> was expected in an industrstale reactor as

well, and successfully proven for AS experiments condlaithout bias power (figure 2 b)38, 39]
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Figure 4.12 Concentrations of GHHCN, NH, and GH, measured as functions of the nitrog
fraction in the H-N, feed gas mixture with an applied bias power of g)sP 1.25 kW and
b) Peias= 0 kW. Conditions: det= 773 K, p = 3 mbar. Closed symbols in a) correspond to tre:
samples of AISI 316L.

By analysing the development of the molecular concentrationsgtion of bias, a similar behaviour

of the monitored reaction products GHCN, and NH has been found both for the biasédure 2 a))

and nonbiased casdifure 2 b)), respectively. Due to this, for comparablgM ratios in the feed gas

the resulting reaction gas composition and the existing gas species, respectively, are assumed similar for
both test configurations and the results of the-lniased experiment can also be used for interpretation.

For a pure hydrogeprecursor gas @ N;) or at a strong hydrogen excess in the feed gas, respectively,
the detected reaction products are dominated by hydrocarbaran@I&H.. This is in good agreement

to earlier experiments at a laborategale reactor, in which GHnd GH; were shown to be the most
abundant hydrocarbons, withH; at least by a factor of 5,,8¢ at least by a factor of 10 smaller than
CH, [39]. The hydrocarbon species ¢ahd GH,, respectively, decrease with an increase of nitrogen
in the feed gadith increasing nitrogen conterhe concentration of CHs continuously decreasing

by at least two orders of magnitude. In contrasH,Cemains nearly constamp to 75 % nitrogen
fraction in the precursor gas, sharply dropping by a factor of 50 W®@#6 nitrogen is admixed.

In case of KN, precursor gas mixtures containing of at lea%b Bitrogen, HCN and NHare the
dominantreaction products as previously shown in a laborasogfe reactor [38, 39]. The admixture
of up to 10% nitrogen leads ta jump of the HCN concentration by a factor of nearly 10, and of the
NHs concentration by a factor of 15, respectively. Being independent on the applied bias, for nitrogen
fractions of 106 to 95% the curves of HCN show maximal values 6f 3-10"° cm. In principle, the
development of the N&concentration is similar for nitrogen fractions betwee®d8nd90 %, both
for the biased and the ndmased mode. In both cases, maximalsNbBincentrations are measured for
nitrogen fractions between 88 and75% N, i.e. 8-10* cn1® for the biased, and 1.5-%&m? for the
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nonbiased conditionExceeding 736 nitrogen in the feed gas yields an abrupt decrease of the NH
concentration both for biased and Huiased process conditions.

For a pure nitrogen precunsgas (1006 N;) or at a strong nitrogen excess in the feed gas the detected

concentrations of the reaction products drop altogether. Only the detection of HCNY{XnT®) and
CzH2 (1-10" cm®) was possible.

Contrary to the steep drop of the concatibn of NH; at 80% nitrogen, the concentration otk
remains at high values for nitrogen fractions betweeto&hd 98%. Comparing the behaviour of the
HCN and the NElconcentratioaas functios of the nitrogen fraction in the feed gas it can be seen that
the concentration ratio of Ntand HCN isclose toconstant for all BN ratios. Contrary to this, the
ratio of CH, to GH> concentrations monotonously drops with an increase of the nitrageiofr in the
feed gas, only failing to do so at the previously mentioned extreme feed gas compositions.

Nitride layer structure and properties of nitrocarburized AISI 316L

Figure4.13 shows the concentration depth profiles of nitrogen and carbon mé#iasurface area after

applying ASPNC using a CFC screen under variation of thi Hbrecursor gas composition given in
table4.2.
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Figure 4.13 GDOES concentration depth profiles rofrogen (solid line, left axis)and of
carbon(dashed line, rightaxis) in the expanded layer measured in the samples treated
variation of the Mfraction, given in percentage of the total#l, concentration.

The application of a purezrecursor gas (% N.) results in the generation of a single careapanded
austenite layegc. The maximum carbon concentration obtained irgtt@yer reaches 8t%. The slight

nitrogen content detected near the surface is attributed to reactor contamination already reported by
Burlacov et al. [33].

The addition of nitrogerotthe H-N; precursor gas leads to the formation of a gialcture. Generally,
the structure of nitrogeexpanded and carbaxpanded austenite layers generated by means of ASPNC
applying anAS made of CFC exhibits a composition being typical for nitrbgezed layers on
austenitic stainless steels [8]. The careapanded layex is located underneath the nitrogexpanded

layergy. This distribution results due to the modification of the activity of carbon and nitrogen with their
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respective concentiah in the layer [18]. According to this, nitrogen significantly enhances the activity
of carbon ingy resulting in an uphill diffusion of C already reported by Kucetaal. [44]. With
increasing M content up to 506 in the H-N, precursor gas, the diffusion depth of nitrogen increases
continuously without changing the thickness of the ca@anded layer. The maximal diffusion depth
of both nitrogen and carbon is reached forfidctions between 5% up to 90% N in the N-H:
precursor gas mixture. For these conditions a total layer thickness of ahoutréSults. In the above
mentioned range of Naddition, the nitrogeexpanded layer is successively enriched with nitrogen
accompanied by the reduction of the carbon uptakdendual layer. Notably, the highest nitrogen
enrichment of they layer near the surfageelds a value of about 4at.% obtained after the treatment
with 90% N, in the N-H; precursor gas. This value exceeds the one reported by Christiansen [45] for
gaseous nitriding of AISI 316L austenitic Bibess steel, specifying 38% as the maximum nitrogen
concentration dissolved in the octahedral sites of the austenitlatfice. Since the maximum of
38at.% N sets the upper limit for what is possible ihcenogeneous stref®e nitrogen expanded
austenite foil, the concentration of nitrogdetected by means of GDOES originates elsewhere due to
other effects, i.e. formation of additional phases near the surface.

The changeover of the precursor gas from.eHNmixture to pure nibgen (100 N;) shows a
significant impact both on the electrical discharge by a strong reduction of the plasma power (see
table4.3) and on the resulting total layer thickness. Remarkably, the thicknessgflélyer obtained

after the treatment in aupe nitrogen atmosphere is only one third of that generated in a high nitrogen
low hydrogen precursor gas mixture @0\ + 10% H,), and simultaneously, the carbon concentration
within the carborexpanded layeg: increases.

10 pm

10pm | /) 100% N,

Figure 4.14 Crossectional lightoptical micrographs of the expanded austenite layer of sele
specimens treated different Wactions, given in percentage of the totaj+MN. concentration.
Etchant: Berah Il reagent.

Light optical micrographs of crosectionsfrom samples treated at different-N> precursor gas
mixtures are depicted figure4.14. The expanded austenite | ayer
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different etching reactivity compared to the sulistrdhe duplex structure of the expanded austenite
layer consisting of nitrogeexpandedy and carborexpandedy: layer becomes visible after etching
with Beraha Il reagent. In case of a pure piecursor gasfiure 4.14 a)) the singleg: layer is
obsenable. In contrast, by applying:N\H2 precursor gas mixtures the typical dpalase layer is formed
and the two expanded layegsandg: are separately visibldéigure 4.14 b) 1 f)). The thickness of each
layer depends strongly on the precursor gas cotiposind is consistent with the value estimated from
GDOES analysis, c.figure4.13. No CrN precipitations are visible in the modified layer except at some
grain boundaries in the case of flkactions exceeding 5% in the feed gadigure4.14 ¢) i f)).

Figure4.15 shows the evolution of thickness of both ¢hendg: layer as well as the entire thickness
of the expanded layegy+ o) as a function of the Nraction in the N-H, precursor gas. The thickness
values are estimatash basisof the GDOESprofiles figure 4.13) andof light optical measurement
(figure 4.14). By analysinghe GDOESprofiles, the thickness of the nitrogerpanded layegy is
defined at the depth were nitrogen and carbon concentrations are equal, which is arbaidel The
thickness of the entire expanded layrr{ ) is defined at a carbon threshold concentration of 2 @t.%
The difference of these two values gives the thickness of the caxpamded layey:.
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Figure 4.15 Thickness of nitrogenx p a nnd Figure 4.16 Microhardness depth pres
carbone x p an d e dc, &nd \emtire slayetr measured in the nitrocarburized layers as
t hi c kvh ®as guncbons of the Nraction, function of N fraction, given in percentage of t
given in percentage of the total »HN» total H-+N; concentration.

concentration. Measured by cross section (of

and GDOES profiles (closed symbols).

Microhardnesglepth profiles measured on crastions of samples treated at selectgftadtions in

the N-H. precursor gas are shownfigure 4.16. The resulting hardness profile depends on thEl:N

ratio of the precursor gas composition. For the condition of a pure hydrogen feed gas, in the carbon
expanded layeg: a value of about 600 HK 0.01 is measured and a smooth hardness gradient to the
substrate is generated typical feature of carburized layers on austenitic stainless stéeV][5A
nitrogen fraction in the NH> precursor gas of 5% to 90% correlatesvith an increase in hardness
valuesin the range of 1250 1350 HK 0.01. The sample treated in 280N, exhibits a thin expanded

layer and a sufficient hardness of 800 HK 0.01. This hardness increase is abohigd@r compared

to the condition of usig only hydrogen as precursor gas, which can be explained with the simultaneous
incorporation of both carbon and nitrogen into the austenite solid solution. Moreover, the thickness of
the hardened cases is in good agreement with the diffusion proffigsi@f4.13 and the microstructure
presented ifigure 4.14.

The diffractograms of the base material as well as the modified layers obtained after the treatments with
different H>-N> ratios of the precursor gas are showrfigure 4.17. Although the Xray dffraction
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analysis was performed fog2angles ranging between 20° and 150°, only the diffraction peaks obtained
between 43° and 62° are shown for clarity. For the untreated AISI 316L austenitic substrate two strong
peaks are obtained, corresponding to d¢111) andg(200). The variation of the Xay diffraction
patterns withH2-N; ratio of the precursor gas mixture can be seen clearly. For a pure hydrogen precursor
gas, i.e. without nitrogen addition, diffraction peaks similar to the ones obtainedefantieated
substrate are measured. However, compared with the pattern of the substrate austenite, the two
corresponding diffraction peaks from the treated specimen are shifted to lower angles, indicating
expansion of the initial austenitic fcc lattice.€Be peaks are attributed to the formation of carbon
expanded austenitg due to the enrichment of the nesarrface region with carbon clearly visildhethe
GDOES profile infigure 4.13. By adding nitrogen to the hydrogen precursor gas thedaifying

main peaks remain visible for alloM, ratios of the precursor gas mixtures appliedf their
characteristics change dependence of Ntontent. For a low nitrogen fraction of ¥N; the detected

peaks are further shifted to lower angles and get coewtly broadened, indicating the increasing
expansion of the austenite lattice and the presence of new phases. Since -aacarimitnogerrich
atmosphere iggiven austenite expands for two reasons, the incorporation of carbon and the
incorporation of itrogen. These two different species lead to different expansion degrees being visible
as peak splitting. With increasing lftaction in the precursor gas, the expanded austenite peaks are
characterized by asymmetric broadening to the right side, corgiggaio the high angle side of the
peak. This effect is related to the increasing nitrogen concentration over the information depth of the
probing Xrays, c.f. GDOES profiles ifigure 4.13. The higher expansibility for the (200irection
compared toth€¢l11}d i recti on typically results from the
modulus where ko < Ei111[46]. This is directly related to the occurrence of compressive stresses in the
expanded austenite layer being constrained by the substratee,Hbr anisotropy leads to hkl
dependent peak shifts. However, further increase of nitrogen concentration ipthgidcursor gas
results in an increased diffusion depth in the austenite both of carbon and of nitrogen, as visible in the
GDOES profilesshown infigure4.13. As a consequence, the expansion due to carbon exceeds the
penetration depth of the-Mays for a N fraction higher than 500l.%, and only the reflection of
nitrogenexpanded austenitg is measurable. For nitrogen fractions excegd% N, a small peak

near 7= 48° is likely related t@-carbonitride phase precipitated in the nitrogeh zone close to the
surface [47]. This peak has been detected on specimens treated with aitbgeacursor gas mixtures
exceeding 796 N,. However, in the case of such high nitrogen contents peaks related to the presence
of CrN were not clearly measured.

ASPNC treatment using a pure nitrogen precursor gas results in a lower lattice expansion, indicated by
the two characteristic peaks. Moregveeparated peaks related to nitroggpanded austenitg and
carbonexpanded austenitg are detected again, because the entire thickness of the expanded layers did
not exceed the penetration depth of theal(s.
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Figure 4.17 Xray diffraction patterns of the nitrogerand carborexpanded austenite fc
samples treated under different Kractions, given in percentage of the totabHN>
concentrationUntreated control in redBaselineffsetfor clearity.

3.2.4 Discussion

The use of aAS made of CFC enables tle-situ generation of highly reactive gases, in particular
unsaturated hydrocarbons, directly in the reactor chamber because of the interddtidf pfasma

and carbon material [38, 39]. This phenomenon is generally denotdtkiescal sputtering, which
results in a much higher generation rate of volatile products compared to physical spi48jriAg
characteristic signature of chemical sputtering is the very low threshold ion energy for initiating the
productionof chemical pecies being only a few eV compared to about 100 eV in case of physical
sputtering. The interactions between carbon targets and energetic particles, e.g. ions or neutral atoms,
has been in the focus of fusion research for a long timé&3P9A detailed mdel describing the
mechanism of chemical sputtering was proposed by Hopf and JacobHé83bycarboncarbon bonds

get broken by impinging particles and are subsequently passivated by reactive hydrogen forming volatile
hydrocarbons. Subsequently, the togarbons diffuse to the surface and desorb. The main reaction
products resulting due to the interactioradfydrogen plasma and carbon surface, e.g. &id higher
hydrocarbons @y with x 02, were systematicaliyvestigatedy further research groujs0].

The admixture of other reactive gases to the hydrogen plasma, for example nitrogen, increases the
complexity of the reaction products, and the formation of new volatile species, e.qg. HCAAIBN-,
caused by chemical sputtering was reportdd [53].

Recently, a method of gaseous nitrocarburizing of stainless steels in the atmosphere of unsaturated
hydrocarbons and Clompounds has been patented [54]. The reported reactive gaseous species
produced through thermal pyrolysis of complex orgarmenpounds include free radicals and/or
compounds containing both C and N, e.g. HCN. The effectiveness of this process relies on the specific
feature of these gaseous compounds both to activate pasdesate the steel surface and to provide
simultaneouslyitrogen and carbon for surface hardening [11].

Combining the abovedescribed findings facilitates the interpretation of the outcome of the presented
spectroscopic investigation and stainless steel surface modification.
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The results of the TDLAS experimisrperformed in an industrigkcale ASPNC system align with those

obtained in the laboratory reactor examining the influencel.eN, precursor gas composition on

resulting reaction gas composition [39]. In case of thermochemical diffusion treatments, the
understanding of the interaction between reactiyv
optimal process results.

In said previous investigations the hydrocarbon concentrations showed similar behaviour, seitidCH
C:H> being most abundafB8, 39]. In our present investigation, a hydrogen fraction in the feed gas in
excess of 906 leads to hydrocarbon concentrations considerably higher compared to HCN and NH
The carbon uptake into the stainless steel surface controls the layer structure causingexparited
austeniteg: only (figure 4.14 a)), and theg:i layer predominates the layer thickness within the -dual
layer structure in case of such low nitrogeacfions figure 4.5), respectively.

Increasing the nitrogen fraction in the precursor gas up & 20 95% N, HCN and NH are most
abundant with their maximal valu@s concentration aaround 50% of nitrogen fraction, sekgure

4.12. The nitrocarbuzing treatment using a precursor gas composition of eqgdidb ktaction produced

an expanded layer structure consisting of both-delleloped nitrogeexpanded and carbaxpanded
austenite sublayersidure 4.14 c). A further increase othe nitrogenfraction in the precursor gas

of 50% up to 90% N; strongly decreased the thickness of the casbqranded layer, whereas both the
nitrogen concentratiom and the thickness of the nitrogerpanded layer increasefijres4.13 and

4.15, respectively. It is interesting to note that for a precursor gas mixture with a nitrogen content of
90 % to 95% N the resulting reaction gas is dominated by HCN spac#@stainingalmost 30% from

its maximum whereas the concentration of Neétopped to one tenth @k highest level. The outcome

of such a HCNrich reaction gas is a high nitrogen supersaturation of the niteqgended austenite
(figure 4.13) possibly causing the precipitation of additional phases on top ajtlaer, e.g. iron
nitrides or carboniides. An indication for this assumption is the peak at 48° in the XRD pattern at a
content of 9®% nitrogen in the precursor gdiy(re 4.17). From this result, one caleducehat HCN
contributes mostly to the nitrogen uptake on the austenitic surface rather than NH

With increasing nitrogen fraction in the precursor gas the concensatidnydrocarbons (CHand
C.H2) weremonotonouslyeduced, which in turis reflected irthe reduction in thickness of the carbon
expanded layeffigure 4.15.

A reaction gas resulting from a precursor gas with pure nitrogen (13Ddifférs considerably from

that obtained by adding few percent of hydrogen. The presence of hydrogen irdhesqnr gas is
essential for generating-8-N species. With no admixture of hydrogen, the HCN concentration drops
drastically by almost two orders of magnitude from its previous valudi@gee 2 a)), and is probably
sourced solely by residual hydrogesmmaining inside the carbakS. Pardanauet al.reported an H

release from plasmdeposited hydrogenated amorphous carbon films at a temperature °@ FEH).

Thus this effect is assumed to occur in the case of c&Bas well especially due to the expmental
sequence starting with pure hydrogen precursor gas. In a pure nitrogen precursor gas the cocentration
of most other species, in particular of hydrocarboreelelow thér detection limis. The anomalous
structure of the expanded layer prodiliceith pure nitrogen precursor gas could be explained by a
change of sputtering mode from chemical sputtering, where hydrogen is contributing, back to physical
sputtering performed by nitrogen ions and energetic particles without the participation ajemydro
Nevertheless, in a model reactor applying pure nitrogen plasma a low concentratidp sgecies was
spectroscopically registered that could be contributing to both the nitrogen and carbon uptake into the
steel surfac¢39]. However, in the industai-scale ASPNC reactor the presence of such a gas species
has not been verified yet.

The concept of solid carbonsource applied to thAS technology has been proven to work in the
industriatscale ASPNC system. A technological advantage of the applicationA§tmade of carbon
is the avoidance of the use of external gaseous cémanng precursors. Moreover, a smooth variation
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of the mtio of the N-H; precursor gases consideralfluences the composition of the generated
reaction gas, which in turn determines the rate of the uptake reactions in the steel surface both for
nitrogen and for carbon. In particular, a relation betweeraheentrations of HCN and hydrocarbons

(CHs and GHy) in the resulting reaction gas was found to be important and representative to control the
structure and properties of the expanded austenite layer obtained after nitrocarburizing.

Finally, a relation btween the concentration of HCN and the concentrations of major hydrocarbons in
the reaction gas, such as £ihd GHo, could have a control function over the structure of the modified
layer on austenitic stainless steel. A detailed study of the intarangohanism of any certain species
with the metallic surface under such conditions will be a focus of further investigations.

4.2.5 Conclusions

A novel plasmaassisted method based on the active screen technology using-tarbarinforced
carbon(CFC) as active screen material instead of conventional steel has been applied in an industrial
scale AS system for thermochemical surface treatment of austenitic stainless steel AISI 316L. A new
concept of the use of a solidrbonsource for generating r@action gas consisting predominantly of
unsaturated hydrocarbons, e.g. Gihd GH2, HCN, and NH has been realized. The results of the
conducted spectroscopic investigations in the industdale ASPNC reactor confirmed those obtained

in spectroscopistudies performed in a laboratesgale setup. The current study demonstrated that the
interaction of a CFE\S in a B-N2 plasma results in a reaction gas that provided significant structural
modifications in nitrocarburized layers of austenitic stainkg®l. The development of nitrogen
expanded and carbaxpanded austenite sublayers was verified. A variation of it Nrecursor gas
composition in a wide range allowed a development of the expanded layer with a defined structure. A
monaphase carboexpanded layer was produced using pure hydrogen precursor gas, whereas a
predominant structure of nitrog@xpanded austenite was generatesing a precursor gas with

907 95% nitrogen fraction.

An advantage of the nitrocarburizing treatment over the pitiieing or carburizing treatment is the
possibility to design a required case hardness gradient usinglay@vastructure of the expanded layer

(gv and @) with a superposition of their concentrations and therefore of their hardness profiles. A
variaion of process parameters, in particular the composition of $ié, ldrecursor gas, can be used

for effective control of the expanded layer structure.

The composition of the generated reaction gas was monitosatl by laser absorption spectroscopy

in the infrared (IRLAS). Externatavity quantum cascade lasers (RCL) as well as tuneable diode

lasers (TDL) were used to monitor spectral positions associated with transitions, a8k HCN,

and NH. A relation of the concentrations of HCN and of lg@hrbons, e.g.Crand GH», measured in

the reaction gas for differentMH, precursor gas compositions correlates with the structural changes of
the steel emphasizing the importance of the HCN species for nitrogen uptake in the austenitic steel. Both
advanced spectroscopic methods can thus be used for the purpose of process control.
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4.3 Effects of admixed oxygefontaining species in ASPNC processes

4.3.1 Introduction

As chapters 4.1 and 4.2 have shown, the use of an AS made ae8HE in high concentrations of
carboncontaining species and concerning the nitrocarburizing treatment a high carburizing potential. In
order to control the level of carburizing, the admixture of oxyg@maining species to the feed gas was
investigate, in particular @ and CQ. While CQ is an established admixture in industrial ASPNC

[171 3], the use of molecular oxygen was previously reserved foitpaiment oxidation of an initially
plasma nitrocarburized workload {35]. The weltknown affinity of oxygen to hydrogen, carbon, and
nitrogen can result in a large number of stable oxidative products, sue®a€® and Cg and some
nitrogen oxides, RDy. Accordingly, the underlying plasma chemistry is rather complex, with pfasma
kinetic models tymally excluding at least one of the four mentioned elemeritsl[§. By use of Qor

CO; in an ASPNC process, the first expected effect was a reduction in the concentrations of the
hydrocarbons and HCN, allowing for partial control of the carburizingrgat. Secondly, an increased
consumption of the solid carbon AS was expected, resulting in increased concentrations of C@ and CO
and presenting a considerable drawback for any practical application of this setup. Finally, the time
independent effect ofleakage and timdependent effect of wallttachment of oxygeoontaining
species was expected to be lessened.

In this set of experiments, the effects of both,@@d Q admixtures on the plaspdnemical condition

of an ASPNC process were investigated. M/Hraction of the oxygewontaining admixture was
stepwise increased from 0 to 10 % of the total gas flow, the fraction of nitrogen was correspondingly
decreased from 90 to 80 % to maintain a constant hydrogen fraction of 10 % in the constant total gas
flow of 80 slh. The concentrations of the seven observed molecular spegi€3HEHHCN, NH;, CO,

CO,, and HO were measured and respective production rates derived. Finally, this results in an analysis
of e.g. carbon consumption rate as function ofothggenrcontaining admixed fraction.

In a separate set of experiments, the development in time of concentrations were investigated for the full
treatment time of 8 h typical for nitrocarburizing treatments, with and without admixture of 6 % oxygen
in the tdal gas flow. As well in an ASPNC process with strong nitrogen excess, the exygen
contamination of the reactor was studied by the trend in time of the CO concentration and compared
with trend in a nitrocarburizing treatment with substantiah@mixture.

4.3.2 Experimental

Descriptions of the reactor and the laser spectroscopic setup are given in sections 4.1.2 and 4.2.2. The
process temperature, measured with a thermocouple placed at the sample workload, was maintained at
Tset= 773 K for all experimentadettings, at a stable AS plasma power of 7.1 kW and no use of bias.
Further, the pressupeand the total gas flow o Were set to 3 mbar and 80 slh, respectively.

In table 4.4 a list of detected species and with their spectral positions, line srangdthimits of
detection are compiled. The superscript Q or T designate a measurement withQE8LEC a TDL
source, respectively. If multiple transitions were available for a single species, the concentration with
the lowest relative error was assumedbé representative for the species.

An ASPNC treatment of material samples and concurrent-dependent LAS measurement was
conducted for both an admixture of 6 % i@lative to the total flow and no admixture. For the initial
heating of the reactor, gtirogen flow ofti 1> = 30 slhand an argon flow aii »- = 10 slhwere set in

3 Parts of this chapter amstendedto be published in the futuror a list of contributinguthors, see
Puth A, Kusyn L, Pipa AV, Burlacov |, Dalke A, Hamann S, van Helden J H, Biermann H, and Répcke
J 2020Plasma Sources Sci. Techn2®035001.
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combination with a pressure of 1.5 mbar and a stepwise increased AS plasma power until the treatment
temperature offyear = 813 K was reached. Next the argon flow was stopped, eittier the oxygen
containing gas mixturdi(z = 8 slh, G n2 = 67.2slh, andi o2 = 4.8 slh) or the oxygerfree gas mixture

(U w2 = 8slhandl nz = 72 slh) being selected. After some minutes, a bias was applied to the workload,
with the bias power stabilizead 0.9 kW, resulting in a plasma power at the AS of 6.3 kW. The treatment
concluded after 8 h, at which point the power and gas supply were switched of, resulting in vacuum
conditions during cooling. Finally, the two treated samples of pure iron and 42CsMel were
extracted and metallographically analysed. At a later point in time, the comparative treatment
experiments were repeated with no LAS monitoring, to treat 31CrMoV9 and X38CHU®téel
samples.

Table 44 Species, spectral positions, and lirieeagths, at room temperature, used for infrared LAS
measurements and their estimated limits of detection. The laser source for the given spectral position is
denoted with a Q for an EQCL and a T for TDL sources. Data taken from the HITRAN datdlidke

Species Spectral position  Absorption line strength  Limit of detection Ref.
[cm™] [cmY/( moleculecm?)] [molecules cm]
CH/@ 1356.4868 1.78480% 2R 03 [12]
CH,@ 1356.5974 1.19040%° 2A0% [12]
NH;©@ 1388.0552 2.72680% 2R 04 [13
NH3@ 1767.5181 6.090402! 2A 03 [13
H,O0@ 1387.9337 8.76402% 5A0H [11]
H,0@ 1388.3483 9.84310% 2A0° [14]
H.0@ 1781.9619 1.167402 140 [14]
CoHA @ 1356.8305 5.899402 5A 0 [15]
CoHQ 1356.8881 8.920402 2A 0" [15]
HCN®@ 1356.9389 4.63640% 4A 0% [16]
HCN®@ 1388.3225 3.5928022 1A0% [17]
caom 2150.3409 1.84040% 2A 0 [18]
cam 2150.8560 1.826407° 2A%0 [18]
CO" 606.2771 2.71340% 5A 03 [19]

4 .3.3 Results and discussion

In accordance with the results from chapter 4.1, the temperature as determined by spectroscopic means
was found to be in good agreement with the set temperBturer 73 K and thus used for determination

of absolute concentrations. The resulting coltaxaraged concentrations of the species, @:H-,

HCN, NHs, CO, CQ, and HO measured as functions of the oxygemtaining fraction of the total gas

flow for a) O and b) CQ are shown in figure 4.18. The admixed level gb@d CQ are indicated with

dashed grey lines in their respective subfigures.

The trends of all species are comparable between the admixturamd GQ, with most of them either
monotonously ineasing or decreasing in concentration. Except #® Bihd CGQ, in subfigure b) the
concentrations of all species are identical for the initial condition of no admixed ezggtaining
precursor. This deviation of both species can assumed to be duetatisacal outlier, as the
concentration values are at the limit of detection for both molecules. For the initially predominant
molecule HCN, the addition of oxygen to the plasthamical environment in both forms leads to a
linear decrease of about 30%dancentration of HCN. An identical trend at lower absolute values of
concentrations can be found inHG. This results in their ratio of concentratidi#CN]/[ C.H] being
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approximately 5.6, independent on the admixture and the level of admi&uameerning Chl trends

are hard to establish, due to its concentration remaining at its limit of detection for Joatidl GQ
admixture. The oxygenontaining species CO, GOand HO increase linearly with the fraction of
oxygenbearing precursor. In ca®f HO, the concentrations between both admixtures are agreeing
well. However, for CO as well as for GQhe slope of the increasing trend is higher by approximately

a factor of two with admixture of GOFinally, due to the strong linear increase & tixide species,

CO is the predominant measured species at admixture fractions higher than 4 % to the total feed gas
fraction. This results in a maximum mole fraction of CO of 20 % at 10 % admixture-of CO
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Figure 4.18 Concentrations of:8;, CHs, HCN, NH, CO, CQ, and HO measured as functions
the a) Q and b) CQ fraction in the total feed gas mixture. The concentration of admixed ox
containing gas is indicated in dashed grey liésnditions: Tset= 773K, p = 3 mbar, Rs= 7.1kW,
U2 =8 S|h, Un2 = (72'I' 67.2)S|h; a) odF (0 T 48)S|h andb) Ucoz2= (O T 48) slh.
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Figure 4.19 Contributions @tomic oxygen of CO, GCH.0, and their sum normalized to the oxyc
introduced via admixture of a)-@nd b) CQ, indicated as 100 %. Conditions: See figure 4.18.

As can be derived from figure 4.18 b) and 4.19 b), the degree of dissociation isf &@bout 74 %.

By accounting for the number of oxygen atoms, figure 4.19 was prepared to show the relative

contributions of CO, Cg&) and HO, normalized to the 100 % of introduced oxygen atoms. In both cases,

the oxygercontribution of CO alone exceetle admixed oxygen content for levels of admixture up to

3 % of total gas flow. This is due to leakage and contamination of the reactor. Again, for both cases, the

fraction of oxygen stored in CO molecules monotonously drops, while the fraction st&@€&d amd

H>O molecules remain constant, in consideration of the indicated margins of error. In particular on figure

4.19 b) at high levels of GGadmixture, the sum contribution of all oxide species account for more

oxygen than introduced to the processhd margin of error is ignored. Since the influence of leakage

should be negligible at this high levels of admixture, a valid if unlikely explanation can be a faulty
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calibration of the C@mass flow controller, admixing approximately 25 % more, @@n irtended.
Similarly for the admixture of @as shown in figure 4.19 a), the sum contribution of all oxide species
account for noticeably less, if still well within the margin of error, than the introduced oxygen. This can
be explained in multiple ways, elgndetected oxide species such as nitrogen oxidesdissaciated
oxygen in the feed gas, or a faulty calibration of themass flow controller. As the sum contribution

of detected oxide species drop below 75 % of introduced oxygen, the most likelyagiplas the
decreasing degree of dissociation efaDhigher levels of admixture thereof.

The carbon mass flowc and the carbon consumption efficiert€ye, as previously established in e.qg.
references [19, 20], are of particular interest due taliffierence in carbon content introduced between

the two admixed species@nd CQ. Furthermore, the carbon mass flow serves as a measure of weight
loss of the AS made of CFC and thus service time of the reactor part. Figure 4.20 presents the carbon
mass llance and the carbon consumption efficiency as functions of admixture phaji®) CQin

% of the total gas flow, considering the concentrations of catbotaining species detected within the
reactor. Both increase linearly with the admixed fractadnoxygencontaining feed gas from
approximately 5 to 7 gh The slope of increase is in good agreement between both admixed species,
as indicated by the linear fits presented in figure 4.20, with an offset between both fits being smaller
than the indiidual margins of error. An overall lower carbon mass flow compared with the value of
(11+ 1) g ht measured for the feed gas ratidfN, = 1:1 at a total flow raté = 80 slh in reference

[20], validates results obtained in a laboratscgle reator for the dependency of the carbon mass flow

on the feed gas composition published in [19].

Figure 4.20 additionally shows the carbon mass fliay([ CH,], [C:H2], [HCN]) due to the production

of the oxygeHree species CiH CH;, and HCN. Thiscontribution to the total carbon mass flow is
linearly decreasing from 4 to about 3 g With increasing admixture of Oor CQ.. Furthermore, an

offset is noticeable between both curves, albeit again below the margin of error of the respective
measuremest The higher oxidative impact of the admixture aefc@n be seen by the resulting higher
overall carbon mass flow while simultaneous lower carbon mass flow 9f@Hp, and HCN when ©

is admixed.
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Figure 4.20Car b on ma s @eft dxik) ang coriespondingcarbon consumption efficienc
Ecc (right axis) for all species (upper curves) and for oxyfree species (lower curves)easured
as functions of the admixture of oxygmntaining species {red) and CO; (blue) in % of the tota
gas flow. Corresponding linear fits are coloured like the respective species. Conditions
figure 4.18.

Finally, figure 4.21 shows the contributions of atomic hydrogen fixed in the produced and detected
molecular species GHCH», NHz, H,O, and HCN, as well aall accounted for hydrogen normalized

to the total number of hydrogen atoms introduced via the feed gas, measured as functions of the fraction
of the oxygercontaining admixture. Overall, for both admixture speciesa@ CQ, the produced
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species accourfor 70 % of the available hydrogen. Since Niaintains a stable concentration
independent on admixture conditions, the amount of hydrogen boungiinkereases by the amount

of hydrogen released in the reducing concentrations of GH>, and HCN with mcreasing fraction of
admixture. The unaccounted for fraction of hydrogen of 30 % can be attributed to undetected species
such as atomic and molecular hydrogen, and others.
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Figure 4.21 Contributions of atomic hydrogen of £K:H,, NHs, HO, HCN and their sun
normalized to the hydrogen introduced in the feed gas, measured as functions)@tbe b) CG
admixture in % of the total feed gas floWhe fedin hydrogen is indicated in a grey dashed lii
Conditions: See figure 4.18.

With regards to the stability of the process, tidependent measurements of the concentrations g§f CH

C2H2, HCN, NHs, CO, CQ, and HO are shown in figure 4.22 for a) no admixture and b) 6 % admixture

of O.. Albeit the process temperature has increased by 50 K, the measured concentrations match the
values shown in figure 4.18 a) with only minor increases irctimeentrations of Nkl CO, CQ, and

H.O at elevated temperature. With progressing treatment time and in both admixture conditions, the
concentrations of most species remain constant. In subfigure a), all species deviate from this at the last
measurement fat, with NHs increasing, while HCN, &1,, CO, and Chldecrease. This behaviour is

due to a brief instability of the power supply. An instantaneous doubling in the concentrationinf CO
subfigure b) is related to a failure of the cryogenic cooling, tffgdhe laser diode used for €O
detection and resulting in a worse sigt@hoise ratio, thus much increased error of measurement.
Beside those externally caused deviations, only the decrease fid¥ ® 910" cm® of the
concentration of CO with nadmixture of Q can be identified as a temporal trend. Figure 4.23 shows

the fit of an exponential decay with offset to the concentration curve of CO, excluding the last
measurement point.
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Figure 4.23 Concentration of CO as a function of time during sample treafittedtwithan offset
exponential decay. The results of the fit are given in the inset table. Condgemfigure 4.22.

From the fit shown in figure 4.23, the base concentration of CO dfd?4n? and the decay constant

of 2.23 h, equivalent to a hdlfe of 1.54 h. As no oxygen is introduced to the plasma process, two
sources are to be considered to supply oxygen to form CO: desorption of -@oydaiming species,

such as @and RO, from surfaes inside the reactor vessel and leakage of atmosphentcCthe

vessel. In a previous publication, the function of walls as sources of oxygen was observed to be
dependent on an active discharge, with no release under vacuum conditions; howevee#isecprod

not be fitted with a model [20]. As figure 4.23 shows, the decay constant is on the same time scale as
the treatment process, indicating the high surface area of the AS made of CFC. On the other hand, the
process is to be neglected if sopercem of oxygencontaining species are admixed, as figure 4.19
shows. Next, the base concentration of CO can be correlated to a condtakaQe of 0.12 slh or 2

sccm. Considering a typical atmospheric composition, a total leak of 0.57 slh in flow rale can
assumed. The Qeakage is considerably smaller than the CO production rate reported in [20], ranging
from 0.6 to 0.4lh. This is due to the previous study not differentiating between the two sources of
oxygen, as well as the factor of 2 betweerafid CO in atomic oxygen content.
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4.3.4Summary and @nclusions

Two sets of systematic measurements of the concentrations.pfOgH4, HCN, NH;, CO, CQ, and

H20 as functions of the time and the feed gas admixture of GO, were conducted in andustriat

scale active screen nitrocarburizing reactor equipped with an active screen made officegbon
reinforced carbon. This was achieved using two different laser sources, egtibajuantum cascade

lasers and leadalt tuneable diode lasers,evpted in the infrared spectral region to monitor the
temperaturgof the molecular species and the absorbance of select associated transitions. In agreement
with previously published studies [20, 21], the determined temperatures matched the temperature
measured with a thermocouple at a model probe within the reactor volume.

The admixture of @or COs to the feed gas resulted in decreases in the concentratiogtd.air@ HCN

and increases in the concentrations of CO,,@0d HO, in all cases linear witthe admixed fraction
relative to the total feed gas flow. For the concentrations of &id NH;, no such dependency was
noted. Comparing between both admixed species, with increasing admixture thie@0Oncentrations

of CO and CQ were strongly increased. Furthermore, the initial values of concentration at 0 %
admixture validated the values reported in [20].

By accounting for the number of introduced atoms, mass balances were established. This way, for high
levels of admixture a @eeasing fraction of the supplied oxygen was bound in CO, with the contributions
of CO; and HO increasing. However, most accounted for oxygen was found in the form of CO.

Next concerning the practical matter of the carbon massifigwa linear increasaithe mass flow with
increasing levels of admixture was observed. As the concentrations of HCNHwdieCrease, the net
gain in carbon mass flow can be ascribed to the increase in concentrations of CQ.a@dlZ®inor
differences between both admixsgecies were discerned, with, @dmixture resulting in slightly
decreased carbon mass flow by production #f:@Gnd HCN while simultaneously the overall carbon
mass flow was increased.

Finally, by accounting for the hydrogen introduced by th&&ttionof 10 % of the total feed gas flow,

a degree of dissociation for hydrogen was found to be constant at 70 %, by measurement of the
concentrations of the reaction products as functions of the admixed esygtining fraction.
Consequently, the increasedoncentration of kD is balanced for the number of hydrogen atoms with

the decrease in concentrations @Hgand HCN.

From a plasma&hemical viewpoint, the drawback of an increased carbon mass flow with increasing
levels of oxygercontaining admixturesutweighs the benefits of lowered concentrations #f.Gnd

HCN and thus lowered carburizing potential. In particular, for plasma nitrocarburizing of stainless steels,
the production of LD may adversely affect the reaction balance of the reduction ofv@GHOHCN, as

in this reaction KO is formed [22]. However, the thermochemical diffusion process at the workload
surface needs to be considered too, which requirestngasinent surface diagnostics. In preliminary
results not shown in this study, tadmixture of oxygestontaining species prevented the formation of
unwanted iron carbides and beneficially affected the nitrocarburizing results in someQtetis

topic, a manuscript is pending.

In a second set of measurements, tdapendencies of ¢hconcentrations were studied with admixture

of 6 % G of the total flow and no admixture. The measured concentrations matched well with the values
recorded in the previous set of measurements and remained stable for the treatment duration of 8 h, aside
from the concentration of CO with no admixture. There an exponential decay was observed, from which
the oxygen leak rate of 2 sccm was derived. Furthermore, the decay was found to occur on the same
time scale than the process time, which can be explaindukhyigh surface area of the active screen

made of carboffibre reinforced carbon. In a previous study, the decay was shown to only progress with
plasma activity [20], accordingly the adsorbed oxygen can be assumed to require an activation energy
to be retased. Finally, oxygeoontaining gas pockets within the solid carbon active screen can be
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excluded as major sources of oxygen, as the carbon mass flow, thus the abrasion rate, remains constant
and in consequence, oxygen released this way would presiinagsin additional leakage.

The now proven stability of the plasmbemical conditions for the treatment duration is an important
validation for previous measurements and their application to metallographical investigations.
Furthermore, it is an impontastep towards process control of industsiele nitrocarburizing plasmas.
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5 Investigation at alaboratory-scale ASPN reactor using an AS
made of CFC

5.1 Introduction

Conventional plasma nitrocarburizing (CPNC) is a widely used technology for the thermochemical
treatment of plain carbon and low alloy steels with the focus on the improvement efftdrenance of
components for a higher fatigue strength as well as for increased wear and corrosion ressstistes.

by pulsed dc discharges, plasma nitriding and plasma nitrocarburizing have been employed as surface
engineering methods to enhance tidigical properties of metal surfaces for several decades. In a variety

of applications, the conventional plasma nitriding technique (CPN) has become an industrial standard
approach for surface hardening and surface modificatioit B]. These methods areased on
thermochemical diffusion processes. In the CPN case, the metallic components to be treated act as a
cathode for the used discharges, in general, drivenziH:Need gas mixtures. In case of plasma
nitrocarburizing small admixtures of carboantaining precursor gases, e.g.@@d/or CH, are added

to the feed [6]. The physiechemical mechanism of CPN is governed by the interaction of excited
atomic and molecal species with the metallic surfaces of the components heated to an appropriate
temperatureHowever, limitations of the CPN technology concerning the variation of the carburizing
potential of the process atmosphere have to be pointed out. For the @Rbldgg, the control of the

mass flow of the carbeoontaining gases is typically based on empirisiived recipes combined with

the operatorods experience, with l|little regard toc
low percentage of ddition of carborcontaining gases the risk of soot production and cementite
precipitation in the compound layer is high [1].

Already about two decades ago, the basic principle of a modified plasma assisted nitriding technique,
the active screen plasmaériding (ASPN), has been developed to overcome the limitations of CPN by
relocating the glow discharge region from the metallic components to an additionally introduced
separate active screen (AS) made of construction steel. This screen surroundskibadwtrus
avoiding detrimental hollow cathode and arcing effects. The AS plasma ensures (i) a radiation controlled
excellent temperature homogeneity of the metallic workload, and (ii) the generation of highly reactive
gas species from the precursor gasas large industriagcale ASPN systems, a weak bias voltage
applied to the componentsd surfaces, i s essenti .
case a visible secondary plasma forms around the workload, this is referred to as piashbia. In

recent years, the ASPN technology has demonstrated its growing commercial potential as well as an
increasing scientific interest j711].

Recently the importance of added-atoys to the screen material, normally made of steel, for the
treament result, e.cqaluminiumor silver, has become tloentreof interest [12, 13]. In addition, it was
found, that the nitriding efficiency could be increased by small amounts of hydrocarbons pHhe N
plasma [14]. Already in 2000, a solid graphitegtgr directly located in the plasma volume, has been
proposed as alternative to gaseous caduaoriaining precursors with sputtering processes asir@eso

for reactive species [15ln particular, present in the gas phase-saturated HC-N compounds can

cause a remarkable intensification of nitrocarburizing processes while simultaneously destroying the
impeding passive layer on stainless steel surfaces [16].

For several years, in particular, in fusion research and in plaased deposition processes afch
carbon and carbenitrogen layers the interaction phenomena between the plasma and@ambaining
surfaces have been in the centre of interést [23]. In 2011, Crespét al. proposed the use of &5

4 Published asPuth A, Hamann S, Kusyn L, Burlacov |, Dalke A, SpiesIHBiermann H, and
Ropcke J 201®lasma Sources Sci. Techrdr.075017
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made of graphite for the deposition of CN le/en polymer substrates. As a main process, physical
sputtering was found to provide carboontainingspecies to the plasma for the synthesis of CN [24].

The use of carbenontainingfeed gases, e.g. Glnd CQ, has led to a growing complexity of the
ASPN processes, in turn requiring appropriate diagnostic techniquesntNaive in-situ plasma
diagnostics methods provide information about the fundamental mechanisms of advanced plasma
nitrocarburizing. In particular, the quantitative monitoring of absolute concentrations of relevant
molecular species and their respective temperaturessggport a better understanding of these
technological plasmas.

Laser absorption spectroscopy in the sniilared spectral range (IRLAS) combined with Fourier
transfom infrared (FTIR) spectroscopgpmplemented by optical emission spectroscopy (OES) and
Langmuir probe diagnostics have been proven to be versatile techniques for gaining insight into physical
and chemical plasma phenomena. Although frequently used for studies of molecular discharges in a
wide spectral range, FTIR spectroscopy is generallyffiogntly sensitive for monitoring transient
species in plasmas. In contrast nowadays, IRLAS using different radiation scuiteas leadsalt
tuneable diode (TDLs), quantum cascade (QCas)l interband cascade lasers (ICLs), is well suited

for the neasurement of absolute concentrations of a wide variety of molecular species in ground and
excited states.

Already in 2012, tuneable diode laser absorption spectroscopy (TDLAS) has been used to monitor the
concentration of Nkldepending on the 4N ratio of the feed gas mixture in an industrggiale reactor

[25]. In a subsequent spectroscopic study based on TDLAS and FTIR spectroscopy, the conventional
and theAS nitriding approaches have been investigated and compared usingr Gy as gaseous
carbon pecursors [26]. Varying the discharge conditions, the evolution of the concentrations of the
methyl radical and of eight stable molecular species were monitored and the degree of dissociation of
the carborcontaining precursors was determined. OES providedotational temperature of molecular
nitrogen [26]. Timeresolved Langmuir probe measurements combined with OES allowed insight into
general processes of the ASPN approach [27]. Recently, the interplay between the plasma at the biased
metallic componets and the screen plasma was investigated in the same ASPN reactor, leading to a
better understanding of nitrocarburizing phenomena [28].

In 2011 quantum cascade laser absorption spectroscopy (QCLAS) was first used ferezsdives
study of industrial N processes involving admixture of BE29, 30]. The investigation benefited
from the wide spectral range accessible with exteragity quantum cascade lasers (RCL), thus
allowing for mult-component detection. In turn, EQCLs became the statdé-the-art source for a
number of applications including ASPN plasmas [31, 32].

Recently, in an industrigcale reactor, a combined approach based on IRLAS and bias power
management has been proposed for process control of the active screen plasma nitigarbur
(ASPNC) technology [33]. While the bias power applied to the components was found to enable a
dynamic control in uptake of nitrogen and carbon on the treated surfaces, the concentration of HCN
measured directly in the plasma volume is a parameteeaarburizing potential of the discharge [33].

In the same reactor system, the use of an AS made of efiibbemeinforced carbon (CFC) compared

to a conventionally used steel screen led to a significant improvement of treatment results for different
treated types of alloyed steel [34].

Advanced diagnostics approaches, such as OES and IRLAS, have been suffering from limitations of the
construction principles of the used plasma reactors. An optical path is required for the implementation
of in-situ IRLAS. Therefore, cylindrical ASPN reactors have to provide a-difagight through the

reactor walls and the AS. Furthermore, as a matter of principle of measurement, concentrations of
molecules can only be determined by IRLAS as colimegrated values. Localeviations from the
average along the lingf-sight cannot be discerned.
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In 2015, to overcome these specific diagnostic limitations inherent to the construction of indoateial

ASPN reactors, a novel type of laboratspale reactor has been desigf#&t. For detailed studying

of complex processes, the plasma nitriding monitoring reactor, PLANIMOR, is characterized by a linear
internal electrode configuration combined with separate diagnostic observation possibilities. This model
reactor is characted by different distinct plasma regions and specific transitions between them, as
() at the AS, (ii) at the sample holder, and (iii) in the intermediate space. These three regions can be
observed and studied separately and spatially resolved. The gelasrabchemical similarities of
PLANIMOR and the industriascale ASPN reactor have previously been reported [32]. Recently, in
H>-N2 plasmas at PLANIMOR, spectroscopic investigations have been performed to compare two
different screen electrodes: (i) arbon screen without the usage of any additional gaseous €arbon
containing precursors, and (ii) a screen made of steel combined with smalti@kttures [35]. Based

on QCLAS the evolution of the concentrations of four stable molecular specigsHSN, CH,, and

C.H2, were monitored. Significant differences were found in the concentrations of HCN2Hpd C
which are 30 and 70 times higher with use of the CFC screen compared to the steel screen, respectively.
Additionally, the emission characteristics tietAS plasmas, studied by OES, showed remarkable
differences in the intensity of the CN-Q)) band [35].

In the present study, a more detailed spectroscopic investigation of mthemécal aspects in
nitrocarburizing processes using an AS made of CFMées performed in PLANIMOR. Combining
TDLAS and EGQCLAS the evolution of the concentrations of the methyl radical and of eight stable
species, Ch HCN, NH;, CO, GHz, G:Ha, C:Hg, and GN2, have been monitored. Oobjectivewas to

study the dependenciekconcentrations (i) on power and (i) on theM ratio in the feed gas mixture.

In addition, values of the temperature of different molecular species have been determined. Based on
the measured concentrations the carbonsumption rate of the used Afs calculated, both as a
function ofpower and of feed gas mixture.

5.2 Experimental

The schematic topiew of the experimental arrangement at PLANIMOR combined with QCLAS and
TDLAS spectrometers is shown in figure 5.1. The reactor is only briefbgribed here with further

details in references IBand [&]. PLANIMOR predominantly consists of a borosilicate glass tube with

a length of 40 cm and an inner diameter of 10 cm. The centre section of 16 cm in length is expanded to
an inner diameter of3lcm with two perpendicular flanges providing a diagnostic path for an optical
White cell with 38 cm in length [36]. The plane of the White cell is parallel to the screen and the sample
holder. These are in turn located on two opposing hollow stainledsglimders, which are moveable
coaxially to the glass vessel. The feed gas is introduced via the cylinder further containing the grounded
anode and the meshed electrode, i.e. the AS made of CFC. At the opposite cylinder, sg4 figgine

part, the leated sample holder is mounted and the pumping system is connected.

As power supply for the AS plasma a generator at a frequerfcy dfkHz at a 60 % duty cycle has
been used. The average values of the voltage and currenhweeeanges dlscreen= 1907 250 V and

Iscreen= 1707 430 mA, respectively. Therefore, the power of the screen plasma could be varied in the
range ofPscreen= 307 150 W.

The H-N, feed gas mixture and the total gas flow were controlled by two independent mass flow
controllers Finally the pumping system, consisting of a butterfly valve and a turbomolecularywasp,
maintainingthe gas pressuid a set value ithe range op= 11 5 mbar.

For the IRLAS measuremenis PLANIMOR, a combined TDLAS and EQCLAS spectrometer
conssting of the IRMA system [37] and an HQCL (Daylight solutions) setup has been used [35, 38].
The IRLAS spectrometer covers the fingerprint region for the species given in table 5.1. For
simultaneously recording of spectra, the spectrometer consiststluie@ channel configuration,
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including measurement, reference gas, and etalon channels. Based on an optical multipath cell of White
cell type leading to an optical lengthlof 1.9 m inside the reactor an increased sensitivity for species

of down to 1@ molecules cmi could be ensured, see table 5.1. The infrared beam of the measurement
channel directed via KBr windows into the multipath cell is finally focused on a digtrioen cooled
HgCdTe infrared detector, see figure 5.1.

Table 5.1 compiles thesad spectral positions, line strengths, and estimated limits of detections of the
molecular species sampled by the IRLAS measurements of the present study. The spectral positions and
the identification of the absorption lines of the monitored moleculanm@acomponents have been
performed using wellocumented reference gas spectra and an etalon of known free spectral range [39].

In figure 5.2 QCLAS and TDLAS absorption spectra ofsCHCN, and GH. in the spectral range near
1356.7 criit and of CO and &\ in the spectral range near 2150.6'cmespectively, are presented. The
conditions were the following, total gas flofrom=10 sccm H + 10 sccm N plasma power
Pscreen= 55 W, and pressurp = 3 mbar. The inset of figure 5.2 b) shows an absorpaatufe of CH

at 606.1 cr for the same conditions, except the plasma powBggf= 93 W.

White cell-_, ==
| sample holder
: with ceramic heater
grounded
anode puEs
as inlet :
¢ = N vacuum
3 pump
carbon/L plasma region
screen :
White cell—— [= detector
—_—
E L.
Q (}‘fllpplng
i mlrror

Figure 5.1 Schematic tepiew of the experimental arrangement at PLANIMOR combined
QCLAS and TDLAS spectrometers. The plane of the White paihitel to the screen and the samy
holder. (Here depicted asotated by 90° for better illustration
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Figure 5.2 a) QCLAS transmittance spectrum of,GHCN, and GH; in the spectral range nee
1356.7cni* and b) TDLAS transmittance spectrum of CO andl,Gn the spectral range nee
2150.6cm?, bot h using an AS maw=1l0 scEm HCH 10 .sccnC i |1
Pscreen= 55 W, p = 3 mbar. The inset shows the -Gf3absorption line of Cklat 606.1 en' at
Pscreen= 93 W.

Table 5.1 Species, spectral positions, and line strengths at room temperature, used for the IRLAS
measurements and the respective estimated limits of detection using a combined"TBhAS
EC-QCLAS@ spectrometer in PLANIMOR.

Species Spectral position Absorption line strength Limit of detection Ref.
[cm™] [cm™Y/( moleculecm?)] [molecules cm
CH/@ 1356.5974 1.190402° 1A083 [39]
HCN®@ 1356.9389 4.63640% 2A0% [39]
HCN®@ 1388.3225 3.5040% 5A 03 [39]
NH;©@ 1388.0552 2.72610% 1404 [39]
cam 2150.3409 1.84040% 1A04 [39]
com 2150.8560 1.82640%° 1A0 [39]
CoHeM 2993.4710 3.850402° 1A 0“2 [39]
CoHAM 2993.8362 1.496402 2403 [39]
CoHQ 1356.8881 8.920402* 140" [39]
CH;™ 606.1203 4 5474010 1A0'2 [40,41]
CoND 2150.6668 1.1340%° 5A0% [42]

For further insight into the plasma chemical conversion, the measured concentrations were used to
calculate absolute conversion efficiencies to the monitored reaptioducts. These values are
normalized on the plasma power.

Analogous to references [43] and [44] the conversion efficidRgyis expressed as:
Y g _— (5.1)

with Nmoiecuiesthe concentration of the monitored molecular reaction product in molecufes gmithe
total gas flow rate in sccm,the pressure in mbar, aRd the plasma power in W.
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5.3 Results and discussion

Along the axis of the optical measurements, determined by the position of the White cell in PLANIMOR,
the plasma in front of the carbon screen and the surrounding volume are characterized by considerable
gradients of the gas temperatiigs In the plasmaulk, the gas temperature can reach relatively high
values,as indicated by shelived species such as ions and radicale glass walls of the reactor, in
particular, the side arms of the White cell, although not actively cooled, are maintained close t
temperature.

In previous studies of nitriding plasmas, the gas temperature was derived from the optical emissions of
the N and N* bands [26, 28, 45]. In an industHdsdale ASPN reactor, it was shown that the rotational
temperature of the plasma of the metallic screen, determined frorg"t(@ band of the first negative
system, corresponds to the process temperature meastiredratallic components [26, 28]. Recently,

for PLANIMOR a similar dependency of this temperature on the plasma power at the AS has been
reported, at slightly lower absolute values than in the industak reactor [32]. Independent on the
screen matéal of steel or carbon, the temperature was found to increase from 650 to 900 K with the
plasma power [35].

Since the rotational temperatures factor into the line strengths and thus the determination of absolute
concentrations, spatial thermal inhomoggnaiteds to be taken into account. Three different methods
have been applied

® using an EAQCL the intensity ratio of two HCN absorption lines was studied to determine
the rotational temperature of this molecule,
(i) by TDLAS the intensity ratio of two CO lines was used for calculating the rotational

temperature of CO, and
(iii) based on TDL measurements the line profile of the3)(Be of CH has been analysed to
derive the gas temperature of this radical.

The resultdave beemomplementedvith therotational temperature dfie No* (0-0) bandfrom [35].

In figure 5.3 the temperatures of the stable species, HCN and CO, of the methyl radical, and'of the N
ions depending on the plasma power at theFA&ses are shown. The discharge was maintained in a gas
flow of Frora= 20 sccm, at a feed gas composition aH¥= 1:1, and a pressure pf= 3 mbar.

Deviations between the curves corresponding to the four different approaches validate the requirement
to corsider spatial temperature inhomogeneity. A threefold sectioning of the visible discharge zone
located at the AS, a flowing afterglow zone placed in the downstream region of the discharge, and a
volume of gas at both ends of the White cell is proposed.rdcagly, OES predominantly samples the
visibly emitting discharge zone, with LAS sampling occurring through all three zones.

The rotational temperature of the'Mholecule was found to range between 650 and 900 K followed by
the methyl radical with tempertaes between 400 and 800 K both increasing with power [35]. The
temperature values of theNons indicate that the emissianiginatesfrom the hot region inside the
plasma bulk. Further, GHs predominantly produced in the plasma zone, but duelifeitme of a few

ms, it can diffuse to a certain extent into the colder regions. This behaviour is reflected in the lower
averaged temperature of about 200 K compared:toliNs of note that both transient species show a
comparable relative dependence. a strong increase with power.

Both stable molecules, HCN and CO, are characterized by considerably lower temperatures. The
temperature of HCN shows only a slight increase with power betwd@rarsd 400 K, while the
temperature of CO increases upD K at values oPscreen= 106 W.At a high plasma power applied
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to the plasma screen, the difference in temperatures of both stable species exceeds the margin of error.
The higher temperature of CO can be attributed to the formation by sputterinaf bgroxygen.

Concerning the determination of absolute densities, thermal equilibration between translational and
rotational degrees of freedom is assumed.

While the determined temperatures of CO and @idre further used for the determination of their
respectiveconcentrations, the temperature of HCN wakerpreted to be representative for the
temperatures of all stable species with the exception of CO. As the only deteatenhidi and further

only oxygencontaining molecule, CO is assumed to be @nbduced by sputtering of solid carbon by
oxygen. Contrary to this, the production pathways of other stable species can be assumed to be related
spatially and chemically, resulting in thermalisation.

The concentrations of8,, CHs, HCN, NH;, CO, GHs, ard CHs and the related mole fraction of these
molecules depending on the plasma power of the screen for a gas flow raseaildf N and 10sccm

of Hy are shown in figures 5.4 a) and b), respectively. It can be seen, that the concentrations ohall carbo
containing molecules increase, while that ofadHows a maximum for a screen plasma poR&fees
between 40 and 6@/. The reason for the decreasing concentration for plasma powers higher than
Pscreen= 60 W is the thermal dissociation of Nidue to he increasing gas temperature in the volume of
and around the plasma zone, which can be seen in the temperaturesmaf &f CH being sgnificantly

higher than 67X.
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Figure 5.3 Temperatures of stable species, HCN and CO, of the radicahi@Hof the ion N
measured as functions of the plasma power at the £&nPFTo = 20 sccm, MH, = 1:1,
p = 3 mbar. Ticn and Teo are derived from the rotational temperatures of HCN and GO, from

line profile analysis of Ckj and™Y fromthe rotational temperature of the-() band of the FNS c
N," (from [35]).
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Figure 5.4 a) Concentrations and b) mole fractions ¢ CCHs, HCN, NH, CO, GHg, and CH as
functions of the plasma power at the active screggfPF o = 20 sccm, MH2 = 1:1, p= 3 mbar.

The concentrations of the carboantaining reaction products increases with the power of the screen
plasma. While Ckh CH, C:Hs, HCN, and CHare the reaction products of the-N, feeding gas with

the solid carbon of the screen, CO is formed due to both the contamination of the reactor walls and of
the carbon screen with oxygen and the leakage of the reactor leading to a noticeable amadnrhef O

gas phase. In the plasma at gtreen, molecular oxygen is dissociated and thus able to form CO by
chemical sputtering. Furthermore, for the formation of the hydrocarbons and HCN, chemical sputtering
of the solid carbon is assumed as the main process [35].

As shownin figures 5.4 a)rd b), HCN and Nklare the most abundant reaction products, followed by
CHa, GH,, and CO. The mole fraction of HCN reaches up to 13 % of the whole gas mixture, that of
NHsis up to 5 %, and the amounts of £B:H», and CO are up to 0.7, 0.3, and 0.2 &spectively (see
figure 5.4 b)). That of &s is up to 0.04 % and the mole fraction of £3tdn be found in the ppm range.

For the N-H, mixing ratios of 1:3 and 3:1 the concentration€gf,, CHi, HCN, NH;, CO, GHs, C:Ha4,

C2N2, and CH, measured as functions of the plasma power at the screen, are shown in figures 5.5 a) and
b). Similar to the case of thé,-H. ratio of 1:1the concentration of NHhas a maximum at around
Pscreen= 60 W and that of the carbon containing reaction prodacteases, except that of C@hile

the concentration of CO increases continually for théiNratio of 1:1 (see figure 5.4 a)), it behaves

more independently on the plasma power for the ratios of 1:3 and 3:1 (see figures 5.5 a) and b)). This
further indcates that the production of CO is caused by the oxygen contamination and leakage of the
reactor. Independent on the used feeding gas mixtures the concentration of CO is bat&and

280" cns,

It can be seen that the concentration otMHhighe by a factor of 2 with a hydrogen admixture of%85
comparing to the hydrogen admixture of 25 %. At the identical conditions, the concentration of HCN is
20 % higher.
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Figure 5.5 Concentrations of:H,, C;Hs, CHs, HCN, NH, CO, GHs, C:N2, and CH measured as
functiors of the plasma power at the active carbon screen.a&)N= 1:3 and b) 3:1, p= 3 mbar.

Comparing the usage of the twa-N2 gas mixtures (figures 5.5 a) and b)), it can be seen thatv@si
observed nearly over the whole rangettod plasma power in the case of the higher admixture of
hydrogen, only, while the concentration ofNz was close to the detection limit. The latter was well
measureable in the case of the higher amount of nitrogen being four times higher comparing to the lower
amount of nitrogen. It has to be noted that the concentratiogN\aff@ the N::H. ratio of 1:1should be

in a range of higher thafD** cn® and lower than 80 cn?, so in between of thexN, concentrations

shown in figures 5.5 a) and b). However, for the series of measurements atHheaho of 1:1 the
signatto-noise ratio was insufficign

Further differences of the concentrations shown in figures 5.5 a) and 5.5 b) can be seen in the
hydrocarbons. On the one hand, the concentrations §f@GH,, and GHs is higher with 78% H, than

with 25 % H in the feeding gas mixture. The reasonhie surplus of b which is available for the
chemical sputtering of carbon in the plasma from the solid surface of the AS leading to a higher net
production rate of hydrocarbons. On the other hand, the ratio betwegrC£EH and GHs changes

with the feeling gas mixing ratio. While the concentration ratio ofs@HAd GHs is around 10 for the

higher amount of Hin the feeding gas, it increases up to 20 for the lowearddtent. Furthermore, the
concentration of €., being the half of that of CHor 75% H,, reaches comparable values to the,CH
concentration when the admixture of iH the feeding gas is decreased down to 25 %.

The conversion efficienciesf CoH,, C:Ha, CHs, HCN, NH;, CO, GHes, &:N2, and CH for the three

N2-H; ratios of 1:3, 1:1, and 3:1 are shown in figures 5.6 a), b), and c), respectively. It can be seen, that
the conversion efficiency of HCN shows a similar behaviour depending on the plasma power. It
increases for plasma powers upPRgQ.en=45W and remais constant for higher power values. The
conversion efficiency of Nkdecreases with the plasma power nearly by a half an order of magnitude
for all mixing ratios. The maximum values of the conversion efficiencies afaEl HCN are reached

for the feedinggas mixture of MH, = 1:1 (see figure 5.4 a) and 5.5a), b)).
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Figure 5.6Conversion efficiencies,cRof GH2, CH4, CHs, HCN, NH, CO, GHs, &Ny, and CH as
functions of the plasma power at the active carbon screen. Conditiong:Hy N1:3, b) 1:1, and
c) 3:1, p= 3 mbar.

Also for the stable hydrocarbons, €&hd GH,, the conversion efficiency shows a similar behaviour.

For both molecules, a decrease in dependence on the plasma power can be found, whereby the ratio of
both valuess changing with the NH- feeding gas ratio. The conversion efficiency of;:@ttreases by

a factor of three with the plasma power.

While the conversion efficiency of,8s increases slightly with the plasma power for the feeding gas
mixture of N:H, = 1:3 (see figure 5.6 a)), it is close to constant for theHb ratio of 1:1 (see
figure 5.6 b)) and decreases by a factor of neasly for No:H, = 3:1 (see figure 5.6 c)).

Due to the strong changes in the chemistry for the three diffepdrt Mitios of 1:3 1:1, and 3:1, also

the dependencies of the concentrations of the molecular reaction products were measured for 90 % and
10 % hydrogen in the feeding gas mixture. In figure 5.7 the concentrati@si9fCH:, HCN, NH;,

CO, GHs, GHs, GNz, and CH depending on the gas mixture for a screen plasma power of
Pscreen= 93W and a pressure @f= 3mbar are shown. As it has been found in a previous work for a
screen plasma power Bicreen= 33 W, maxima in the concentrations of HCN and\fdn be seerof

a nitrogen content around 50 [35]. The concentrations of the hydrocarbon species increase with the
amount of hydrogen (with a lower amount of nitrogen) in the gas mixture, whereas the CH
concentration is lower than that oM for the lowest amoundf H, and exceeds it at 26 hydrogen

(75 % nitrogen) in the feed gasccordingly, GH: is the final hydrocarbon product when there is a lack
of Hz in the gas mixture.
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Noticeably,the concentration ratio of GHand CH remainsnearly constant with the admixture of

nitrogen.

Due to the contamination and the leakage of the reactor, the concentration of CO is independent on the
feeding gas mixture as previously mentioned. Furthermtbessoncentration of €N, decreases with

the decreasing amount of.N

Due to the fact, that the relatively high concentrations of the carbwtaining reaction products is

caused by the erosion of the solid carbon screen due to sputtering processes and the reaction of the
feeding gas with carbon, the determined moleculacentrations can be used to calculate this carbon
consumption rateCc, of the screen, i.e. the mass of carbon, consumed by the aabi@mning

products, per time unit. As it is shown in figures 5.8 a) and b), the carbon consumption rate is in a range
of Cc =57 96 mg ht and depends strongly on the plasma power. It should be mentioned, that the
molecular concentrations of the reaction products have also been measured using different working
pressures. The result is a similar mole fraction for all detespecies independent on the pressure (not
shown). The sole exception is the mole fraction of the @Hical, which is decreasing with pressure
because of increasing collision rates in the gas phase.
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Figure 5.8 Carbon consumption rate_c, asfunctiors of the plasma power at the active screen a
a feed gas mixtureNH, = 1:1 for different pressures and b) at a pressure p = 3 mbar for diffe

feed gas mixtures.
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Finally, as presented ifigure 5.8 a), this pressure independent mole fraction ofdahgon containing
main reaction products leads to a carbon consumption of the screen material, which is independent on
the pressure,sawell.

A strong influence of the carbon consumption can be found for the mixing ratio of the feeding gas, as it
can be sen in figure 5.8 b). For all NH> gas mixturec increases strongly with the plasma power.
While the carbon consumption is only up to 40 mddr a mixing ratio of N:H. = 9:1 it increases up

to 53 mg h for N2:H. = 3:1 and has a maximum of up to 96 mygfar No:H, = 1:1. With a higher
amount of hydrogen it decreases with values up to 70 hfigrta N-H: ratio of 1:3 and up to 55 mgth

for N2:Hz = 1:9. In reference to figure 5.7, it should be clear that theegabdf the carbon consumption

are dominated by the HCN concentration for high amounts of nitrogen while the concentrations of CH
and GH; become a more noticeable fraction for the highecdhtent in the gas mixture. This leads to

the fact that the carlpomass flow is similar for the MH. ratios of 3:1 and 1:9 for the highest plasma
power.

The carbon consumption rate depends strongly on the size and the surface of the AS, which correlates
with the plasma power as well. These values can be used tatakhd carbon consumption efficiency,

Ecc, i.e. the consumption of carbon normalized on the plasma power, to simplify any comparison
between different reactors. The carbon consumption effici&eydepending on the plasma power for

five different N-H. ratios is shown in figure 5.9. In contrast to the carbon consumption itself, which
just increases with the power, it can be seen that the power dependence of the efficiency differs for the
different mixing ratios of BMand H. While the carbon consumptiefficiency increases with the power

for nitrogen amounts of 90 % and 75 %, it stays nearly constant for a mixing ratid-Haf=N1:1 for

plasma powers higher than 35 W. For a content of nitrogen of 25 % the carbon consumption efficiency
increases stronglbetween 16 and 35 W and seems to decrease slightly for plasma powers higher than
68 W. A decrease with the plasma power can be found for a gas mixing rati¢lefNL: 9.
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Figure 5.9 Carbon consumption efficiées Ecc, at p= 3 mbar measured &sinctiors of the power

at the AS for different NH, gas mixtures.

Nevertheless, as it has been found for the carbon consumption, the highest efficiency is reached for a
mixing ratio of Ni:H, = 1:1 with up to 0.9 mg-hw followed by those for the NH; ratios of 1:3 and

1:9 (see figuré.9). For the highest plasma power, the carbon consumption efficiency:foy N3:1

reaches nearly the same value of that faHN= 1:9, but both differ nearly by a factor w¥o for the

lowest plasma power. The lowest value€ed are obtained for the highest content of nitrogen in the

gas mixture, i.e. a NH ratio of 9:1.

Additionally to the measurements of the concentrations of the carbon containing reaction products, the
weight of the carbon screen was measured with the help of a micro balance resulting in a value of

72



m = 30.5 g before the installation in PLANIMOR. After an operation time of approximately 60 hours of
the screen plasma for several set of measurements aeudiftemditions, a weight loss of about 8,9
including some losses by mechanical damages due to mounting and dismounting, was determined,
corresponding to an average carbon consumption of the carbon screen of about'65 mg h

5.4 Summary andconclusions

In the present study, in the laborategale plasma nitriding monitoring reactor (PLANIMOR) pulsed

dc Ne-Hz plasmas with the usage of an active screen made of carbon were investigated using a combined
approach of quantum cascade laser absorption spemiyoQCLAS) and tuneable diode laser
absorption spectroscopy (TDLAS). Under variation of the parameter plasma power, gas mixture, and
pressure the evolution of the concentrations of eight stable molecular speGe§;HCHa4, C:Hs,

NHs, HCN, GN2, andCO, and of the Cktadical could be monitored usiimgsituQCLAS and TDLAS.

Besides the determination of concentrations, the used infrared laser absorption spectroscopy (IRLAS)
allowed the determination of the temperatures of some of the detected leml&tsing the line ratio
method enabled the determination of the rotational temperature of CO and HCN. By analysing the
Doppler broadening of the absorption line profile of the; @dical the gas temperature of this radical
could be determined.

With theincreasing plasma power at the active screen a linear increase of the determined temperatures
could be found. While the rotational temperature of HCN increased from 350 to 400 K that of CO
increased up to 500 K with the plasma power. The gas temperatihe ©F radical ranged between

400 and 800 K being approximately 200 K lower than the rotational temperatugé atbiined by

OES in a previous study [35]. Regarding these results, a strong spatial inhomogeneity of teraperature
in the observed plasnahemical processes in PLANIMOR could be shown being the main differences

to those in an industriacale active screen plasma nitrocarburizing (ASPNC) reactor [32].

The most abundant reaction products of the conversion of Hie féed gas with the solid carbon of
the active screen are HCN and NHhe concentrations of the carboontaining reaction products
increases with the plasma power and that of N&l’e a maximum for the power of the screen plasma
betweerPsceen= 40 W and60 W. All of them show a similar behaviour for different-N, mixing ratios

of the feed gas. Th&oleexception with no direct correlation to the plasma power is the concentration
of CO, which is the only detected molecule being formed as a result cbtit@mination and of the
leakage of the reactor.

With the increase of the amount of N the gas mixture, it has been found, that the concentrations of
HCN and NH have a maximum at an admixture of around 50 % 0fNrthermore, the concentration

of C:N2 increases by one order of magnitude with thedhtent while that of the hydrocarbons, £H
CHs, G:H2, and GHs, decreases strongly with the decreased amount of hydrogen.

The determined molecular concentrations have been used to calculate thecoahonption which
was found to be up to 96 mg hesulting in a carbon consumption efficiency of di@h* W, Both
calculated quantities are strongly depending on the feeding gas mixture with a maximum-tds a N
ratio of 1:1 and are independent orgsure.

Although the evolution of the concentrations of nine molecular species could be measured depending
on a variety of parameters, this work can be considered as a further and, nevertheless, early step to reveal
the plasma chemistry in ASPNC procesgssg an active screen electrode made of carbon. Further
studies will be necessary, in particular, the adaption of the obtained results to the irskEEIAISPNC
processes and the effect on the treatment of different kinds of steels. In the ditkesemat pegions, an
improved spatial resolution, not provided by the IRLAS measurements, would be very helpful for further
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insights in fundamental phenomen&dditional investigations into the temperature distributions of
involved species should furthermaealuce the amount of assumptions made in that topic of discussion.
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6 Application of a FC for investigation of a ldboratory-scale ASPN
reactor using an AS made of CF€

6.1 Introduction

The determination of temperatures of the detected molecular species is a key challenge in LAS applied
to plasmas, as on the one hand, a thermal equilibrium cannot be generally aasdroedhe other

hand, the line strength of a transition is dependent on the rotational temperature. In section 4, for the
case of an industrialcale ASPNC process, several studies found a thermal equilibrium between species
and the sample temperature s@&d with a thermocouple at the centre of the reactor vessel [1, 2].
However, for the laboratorgcale PLANIMOR, a deviation of the temperature of CO and HCN
molecules was found [3]. Accordingly, due to small overall plasma volume and linear principle of
construction of PLANIMOR, a close study of the temperatures is required. For the determination of the
rotational temperature of a vibrational band of a single species, two or more transitions of this species
are plotted in the natural logarithm of theimppdation density as a function of the lower level energy

and subsequently linearly fitted. This method is called the Boltzmann plot, whereby the rotational
temperature is then derived from the slope of the linear fit.

Conducting this study with conventidiaser sources, such as lesalt TDLs and EEQCLs, typically

results in a low number of transitions, requiring considerable amounts of measurement time for a single
species, with a large effort required to identify the spectral positions. However, bffaif€ source,

a seltcalibrated broadband spectrum can be measured, thus reducing the measurement time and
allowing for precise identifications. In chapter 3.4, a general introduction to FC sources, their principles
of operation, characteristics, ancpipable detection schemes were provided.

In the present chapter, the interrogated plasma is maintainechizar3 at a mixed feed gas flow of
10sccm H and 10sccm N, and a fixed plasma power between 26 and\W2&oplied to an AS made

of CFC. As meansfdnterrogation, a FC with a spectral coverage between 2750 andc8450as
combined with a Michelson interferometer and recorded using a balanced detector. The resulting
interferograms were matched to the repetition fat@f the FC to counteract theuncationrinduced

ILS, a method described in general terms in section 3.4.2. Furthermore, by a process called interleaving,
multiple broadband spectra with different sampled frequencies were combined, to further enhance the
resolution. Finally, individularansitions were fitted with Gaussian profiles.

This way, hundreds of transitions were detected and assigned to the molecular speadLELHs,

HCN, and NH, and their respective rovibrational bands. Subsequently, the rotational temperatures were
determined by the Boltzmann plot method. In addition, the translational temperatures of each band were
derived from the translational temperatures determined by line profile analysis of the individual
transitions. Furthermore, the concentrations of alcigsewere determined and compared with the
values published in [3].

5 This chapter is intended for a future publication. Contributing authors include: Puth A, Lang N, Maslowski P,
Nishiyama A, Kowzan Mpreira P W P jr., Klose S, Ropcke J, and van Helden J H.
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6.2 Experimental

In figure 6.1, the experimental setup is schematically shown with the FC source and the |laboad¢ory
PLANIMOR on the left and the Michelson interferometer on the right. The emission of the FC is coupled
into a singlemode midinfrared optical fibore maal of ZrF4 via an aspheric fibre coupler arwlipled

out using an OAP. The optical fibres were used to reduce atmospheric absorption and improve the
stability of the alignment. After passing the MPO of PLANIMOR and thus interrogating the afterglow
region ofthe discharge, the emission is again transferred with an optical fibre to the Michelson
interferometer. The collimated beam is split with a beamsplitter (BS), resulting in a reflected beam
(R beam) and a transmitted beam (T beam). Both arms of the motedter end in retroreflectors, which

are mounted baeto-back on a moving stage, providing an OPD four times the travel distance of the
stage. Interference is ensured by spatial overlap of the returning beams, and is recorded on both arms
with a MCT balaced detector. Before a measurement set, the balancing of the detector is calibrated
according to the manufactureré6s instructions.
propagation parallel to the FC emission is given, with a vertical displateih&Bmm. However, for

the reference laser only the interference of a single interferometer arm is recorded and the respective
detector is omitted from the schematic in fig@ré for clarity. Sampling is synchronized with the zero
crossings of the sino&al interference signal of the frequerstabilized reference wavelength

et = 632.99 nm.

- L —— MCT balanced
4 FC detector
/lu optical fibers / ___________ RR*+ TT
=] | G ra
i | BS
H ] Se— - - » ———
sample holder ( " & 1 —d N (.k
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Figure 6.1 Schematic teyew of the experimental arrangement at PLANIMOR combined with
source (left top) and a Michelson interferometer (right). Both tkected (R beam) and tt
transmitted (T beam) arms of the interferometer and their combinations are marked. The Hel
is used as a sampling reference of the interferometer and propagates parallel to the FC emiss
a vertical displacement of I8m. The corresponding optical detector is not depicted. The Whit
is rotated by 90° for illustrative purposes.
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The comb source used in this study is a rodked fibrebased femtosecond FC already presented in
small detail in section 3.4.1. It has output power of approximately 1@0V, attenuated with an angled
linear polarizer placed before the first fibre. This way the power at the balanced detector is kept below
the level of saturation of hW. The spectral coverage of the FC ranges from 273@%0 crrt and is

shown in figure 3.11. Due to the DFG process generating the FC at 3114 nm from two combsiat 1040
and 1560 nm, respectively, the carigrvelope offsely has a fixed value of zero. Thus, for interleaving,

the repetition ratde, Of the FC is varied in order to sample different frequencies, according to
equation(6.1):

M cun(UEDP XU U i nh ph ¢h o (6.1

Concerning the travel of the moving stage, a distance of 0.4 m is set to guarantee a travelofistance
0.3m at a constant speed of 120 mM Synchronization between the moving stage and the start of
measurement is achieved using a light barrier. Consequently, the interferograms are measured
approximately symmetrically around the centre burst. Measemes are taken with a sampling rate of
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2MS st at a travel speed of 120 mm sf the moving stage, for a total of 4 MS. During the return of
the stage, no sampling takes place. For averaging, 50 interferograms are collected per measurement
condition, intotal requiring 7 minutes per repetition rate and plasma setting.

Extensive descriptions of PLANIMOR can be found in references [4, 5] and cbabtarthis thesis.

For the interrogated plasma, a gas flow of 10 scerand 10 sccm pat a reactor prease of 3 mbar is
maintained. The plasma power at the AS made of CFC is stabiliRad 026, 46, 91, or 128/. With

use of a MPO of White type, an absorption length of 1.90 m is reached, passing the afterglow of the
discharge.

6.3 Methods

Table 6.1 presents a set of parameter values used as initials for the matching procepsetlhe
number of samples per reference wavelepgtimtroduced in equation (3.16) and the refractive ingdex
for humid air ater and 3.35um. Equation (3L6) is reproduced in equation (6.1) and determines the
number of elementd, remaining in a matched interferogram after truncation [8]:

0 1¢€6 zn%— 5 (6.1)
In order to account fovavelengthdependent atmospheric effects the equation further reads:

6 1éompg—0o"" (6.2)

However, this fails to take into account changes in humidity affectinggfreective indices. Therefore,

an interval of discrete values centred\Mis assumed, with each corresponding to a truncation process.
Next, the absolute of a FFT is applied to each resulting truncated interferogram, in turn resulting in
multiple spectraBy fitting to isolated, lowpressure absorbance features of the plasma, tabulated in
table 6.2, the beshatched case is manually determined on basis of the lowest residuals of the fits.

Table 6.1 Values used for the matching process.

Parameter Value Reference
q 2
aer[NM] 632.99091788 Datasheet
N(eer) 1.000272452 [6]
n(3.35 um) 1.000267118744879 [7]

Table 6.2 Spectral positions and associated species of transitions used for determination of the best
matched case. Data taken from the HITRislitabase [9].

Species Spectral position [cm?] Reference
CHs 2927.076189 [10]
CHs 3028.752260 [11]
CHs 3113.707320 [11]
CHs 3113.711931 [11]
HCN 3206.935939 [12]
HCN 3300.927340 [13]
HCN 3300.973687 [13]

Due to concerns of the losigrm stability of the transmission signal, determination of the absorbance
spectrum by relating the transmission spectra of the plasma in measurement condition and of the vacuum
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background condition was not considered. Accotginthe alternative approach of defining a local
background by polynomial fitting of transitidree spectral ranges was used to piecewise assemble the
interleaved absorbance spectrum from the transmission spectrum of each repetition rate. If not stated
otherwise, presented spectra are interleaved.

However, a unique challenge lays in large number of transitions contained in the spectral range and
subsequent handling of large quantities in information. Extracts of the HITRAN database for all isotopes
of thespecies Ckl CH,, G:H4, GHe, CO,, Hp, H.CO, HO, HCN, NH;, NO, NO, NG, OH, and @

were referenced from a script to identify fitted absorption features within the spectral range of 2700 to
3500 cm. Final association of the fit parameters
selection. Furthermore, the baseline definition required for the Gaussian fit was applied to the spectra
of the four plasma power settings simultaneously, reduttiegtime requiredfor analysis.After
inspection, ach individual fit was saved, as well as a list of fit parameters on basis of the HITRAN
extracts.

For determination of the rotational temperatures, the populations of staittssconsideration of their
statistical weight of the lower level' were plotted as a function of their lower level endeyThe
populations are derived from:

g (6.3)

with the numerator beinghe integral absorbance of theansition in cmt, as introduced in
equation(3.7), andL being the length of absorption in cm. Further, the cross section

” _O_OE ’ (64)

whereg' is the upper statistical weigh#; is the Einstein coefficient of the transitignn s*, and the
wavenumber of the transitiag in cn®. Finally, the data of a vibrational band is plotted this way and
subsequently fitted with a linear model, whereby the rotational tempeiladuéthe vibrational band
is determined by:

Y — (6.5)

with m being the slope of the fit in cm akglbeing the Boltzmann constant in éid* with a value of
0.6950356.

With the rotational temperatigethe line strengths of everyieasured transition were determined by
application of equation (6.6) [9]:

YUY Y Y 9

©
©

; (6)6

whereQ is the total internal partition sum, available in tabularised form from the HITRAN database.
Furthermore, the Planck constérdnd Boltzmann constakg are used.
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6.4 Results and discussion

6.4.1 General remarks

An overview absorbancgpectrum of a nitrocarburizing plasma in PLANIMOR with a flow of 10 sccm

H, and 10 sccm H a pressure of 3 mbar, and a plasma power of 128 W applied to an AS made of CFC
is shown in figure 6.2. Additionally presented are simulations of ChH,, C;Hs, HCN, and NH at a
rotational temperature of 350 K, manually matched to the amplitude of their corresponding features and
plotted negatively for clarity [9, 14]. Incidentally, t2+33 combination band of HCN, with the
corresponding band head at 2805.585 cisinot included in the HITRAN database and was identified

by use of Jgrgensen and Makial.[13, 15].

Absorbance features with an amplitude exceeding 0.7 are not considered in the determination of
temperatures and concentrations, due to concerns thieononlinearity of the detector and the applied
fit model at high values of absorbance.
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Figure 6.2 Absorbance spectrum of a nitrocarburizing plasma in PLANIMOR and simulatit
CHa, GH2, GHe, HCN, and NH at 350 K plotted negatively. Condition&:rom = 10 sccm H +
10sccm N, p = 3 mbar, Rs= 130 W, CFCAS in use.
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Figure 6.3 Deviations of fit centre wavenumbi Figure 6.4 Absorbance spectrum includi

to corresponding database values as a functio atmospheric HO and CH lines, as well as low

the spectral position of AC**N. Margins of error pressure CHl lines. Inset is a zootim with the
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The statistical standard deviation is given in g1 resulting in only the lowpressure absorbance «

dashed lines. Conditions: see figure 6.2. CHa., shown with three Gaussian fits. Conditiol
see figure 6.2.
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With use of four different repetition rates at approximately 250 MHz or 0.008339tbmaverage
distance between sampled frequencies is 62.5 MHz, equivalent to 0.00268bhisncan be assumed
asthe uncertainty of the determined centre wavelength for fitted transitions. To evaluate the quality of
the xaxis calibration, figure 6.3 plot¢ deviations of determined centre wavenumbers from the
corresponding values as to the HITRAN database, as a function of the spectral position of all 273 fitted
transitions of FPCN at a plasma power of 130 W. The error margins, the sum of the spestiation

and the uncertainty of ¥&n! of the values given by HITRAN, are only depicted foréfghtoutliers

for clarity.

A great majority of fits agree with the HITRAN values, with no clear trend of the outliers. Possible
explanations for outliersra low signaito-noise ratios and neidentified underlying line profiles of
other transitions.

Furthermore, even with the use of optical fibres, the beam path still included approximately 4 m of
absorption length at atmospheric conditions, resulting liangty pressure broadened absorption
features of predominantly .8 and CH. In some spectral regions, this prevents the analysis of
transitions at plasma conditions, due to distortion or signal loss. Figure 6.4 presents the spectral range
around 3086 crhy with broad features of CHand HO at atmospheric conditions and narrow features

of CH, originating from the interrogated afterglow volume. As the inset shows, by assuming the
atmospheric feature as part of a baseline, fitting of thegi@ssure transiins can still be possible. Inset

and main plot share the same axis labelling.

6.4.2 Rotational and translational temperatures

For the determination of rotational and translational temperatures, the observed transitions require
association to their respigve vibrational band based on the HITRAN database [9]. Table 6.3 lists the
number of recorded lines grouped for their respective bands and isotopic species. Further, the ranges of
the lower level energy of the transitioBsand the minimum lower leveinergy are given. References

to the database contributions are omitted, due to the large number of lines involved.

As can be seen in table 6.3, fol*&f“N only a limited number of transitions originating in the ground
state are available, with more groustdte transitions available for both isotopé¥¥N and H?C**N.

This is due to line saturation of transitions at small values of the lower level energy. Accordingly, in
figure 6.5 a) a gap can be observed in lower level energies between 0 and $00Micimis not seen

in the hot band originating in 0110 presented in figure 6.5 b). The red lines in figure 6.5 are linear fits
including all available transitions, with the blue curve in figure 6.5 a) excluding the eight transitions
with the highest lowelevel energy, marked in the plot with a cyan rectangle. Indicated margins of error
consider the uncertainties reported in the HITRAN database, the margins of error in the resulting
rotational temperaturéko: are based onthe® c er t ai n t glineardit amd maggihs obefror t h
in the translational temperatuf® on the standard deviations of the individual temperatures as
determined by line profile analysis of each transition.

The difference of 35 K in temperature shows the significant infleentransitions originating in higher

energy states, resulting in an overall higher rotational temperature. In case of figure 6.5 b), the same
observation can be made, as the linear fit underestimates the state populations at the extremes of the
availabke lower level energy range, while simultaneously overestimating the middle, albeit generally
matching within the margins of error.
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Table 6.3 Number of recorded lines, their vibrational band assignment, ranges of lower level energy
E", and minimum lowelevel energy for the respective isotopic species. ldentification based on the
HITRAN database [9].

Species Vibr ational quantum Number Range of Minimum
number assignments of lines E" [cm] E" [cm]
001 000 +u Y 43 27 1166 0
120, 1 010110+u Y 000 A 45 27 1166 0
e 010 211 u Y 9 626i 971 0
others 15
0010 1F2 Y O 249 07 1252 0
ey 0101 1F2 Y 0 28 311 1594 0
4 0200 1E Y 8 293i 1994 0
others 10
1000 Y 00O 22 01 2915 0
H12caa 1110 Y 011 137 721i 2685 715
1200 Y 020 42 141471 2614 1411
1220 Y 022 72 14351 2805 1435
HYC¥N 1000 Y 000 46 07 1251 0
H?CIN 1000 Y 00O 29 371 1083 0
1000 00 OA2 Y 57 1971 884 0
1000 00 OA1l Y 56 071 884 0
0010 10 1E ' 29 1037 954 0
0010 10 1E 36 607 1008 0
YNH3 0002 02 2E 29 1971 592 0
0002 02 2E ' 34 07 856 0
0002 00 O0A2 VY 12 191 790 0
0002 00 OA1 Y 19 457 1170 0
others 1
48F = HCN (1000 0000)] 481 = THCN(11100110)]
Linear fit Linear fit
46| Lin fit excl. 8 pts | 46| 1
44t 1 —44r 1
20 20
= =
\542 . \542 8
40FT., = (462 £ 13) K : 40 .
T =(#27+14)K T,=(442+7) K
38 T, = (519 £ 64) K 38 T, = (475+£95) K
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Lower level energy [cm™'] Lower level energy [cm™']

Figure 6.5 Boltzmann plot for the a) 100

H'?CYN, with fulkrange linear fits (red) and a limitedange linear fit (blue). Resulting rotation:
and translational temperaturesagei v e n.  C oo d 10tsdcro k+s10 scam N, p = 3 mbarr,
Pas= 130 W, CFCAS in use.

In order to gain insight on the rotational temperature of HCN ground state transitions, the two isotopes

HBCMN and H?C®N are studied, with the assumption ofheermal equilibrium between the three

isotopes of HCN. Due to the lower terrestrial abundance of 1.1 and 0.4 %, respectively, the overall

absorbance is reduced [9]. Figure 6.6 shows the Boltzmann plot fé#Gif¥and b) H°CN ground

state transitionsvith linear fits and corresponding temperatures. The temperatures derived from both

Boltzmann plots agree well, both in rotational and translational temperatures. However, in particular the
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rotational temperatures are approximately 100 K lower than tinespmnding rotational temperature of
H?CN, shown in figure 6.5 a). This difference can be explained by the lower level energy of the
sampled transitions. For the predominant isotope, nearly all transitions originating in the ground state
have a lowerdvel energy in excess of 1000-¢nn contrast to the two heavier isotopes, where the lower
level energy of interrogated transitions at most reaches 1250 cm

= H'BCN(1000—0000) | = HC'’N(1000—0000)
43t . . 43471, . .
Linear fit Linear fit
42 . 42 .
@4] - . @4] .
= =
Z40} 1 E40} .
39t 1 391 1
38 =70+ 12)K 1 38 Floe = (349 £20) K |
17 Tn =(@11£70)K - T, = (465 £ 130) K
0 250 500 750 1000 1250 0 250 500 750 1000
Lower level energy [cm™'] Lower level energy [cm™']
Figure 6.6 Boltzmann plot f or “CYNendb)HCHN, nd

corresponding linear fits (red). Conditions: see figure 6.5.

As the population at elevated lower level energy is overrepresented in figure 6.5 a), the resulting
rotational temperature fails to account for the large bulk of the overall popwatmmer level energies

smaller than 1000 cfa Accordingly, rotational temperatures resulting from the less prevalent isotopes
H3C¥N and H?CN are assumed to be representative of the rotational temperature of vibrational
transitions originating in thground state of HCN. This results in figure 6.7, comparing rotational and

translational temperatures of different bands of the HCN isotopes at 130 W plasma power at the AS.

o translational ® translational
650 m  rotational 550¢F = rotational
£ 600} M 500}
i i ]
£ S00F | ! S 400}
£450 g 4
5 . e 350¢F s
— 400 -
300
350} ' .
, 250
300 0000\ 0000\ \m m\ Q’nﬁ\ QQQm Qﬁgmgg@gm gaﬁsgg 0022 QQQm
Qoo N A0 nQQ 10 N \4& aﬁk\ \QQ o O \Q
Y\\BC}\\\ o \5\4\\ Y\C\AK\ Y\C\“\ Y\C\AK\ WO " Qc Ao AW s
Figure 6.7 Rotational and translation: Figure 6.8 Rotational and translation:

temperatures for vibrational bands diCN temperatures for vibrational bands originating
isotopes. Conditions: see figure 6.5 the ground state of C{1CGH,, HCN, and NH.
Conditions: see figure 6.5

In the first place, the increased rotational temperature of the hot bands of HCN, originating in the 0110,
0200, and 0220 vibrational state, in comparison to the ground state transitions can be noted.
Quantitatively, the ground states thermalize around BG6the rotational temperature of the band
originating in the 0110 state is 442 K, and the two remaining hot bands can be approximated at 500 K.
This trend can be correlated to the minimum lower level energy of the respective bands given in
table6.3. A similar increase can be seen in the translational temperature, however due to the strongly
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increased margins of error compared to those of the rotational temperature, clear conclusions cannot be
drawn.

Figure 6.8 shows a comparison of the temperatures gfrttund state transitions of GHZ;H», HCN,

and NH. Concerning the rotational temperatures, a thermal equilibrium between the presented species
has been reached at approximately 360 K, while the average of the translational temperatures is slightly
highe at 380 K. Again, the increased margins of error of the translational temperatures are observed,
resulting in an agreement between determined rotational and translational temperatures, with a
significantly lower uncertainty of the values of rotational penaturesAs the rotational temperatures

are derived from the integrated absorbance, they are less sensitive to broadening mechanisms such as
the instrumental broadening or a low sampling of the line profile.

Finally, figure 6.9 presents the rotationatnperatures of ground state bands as functions of the plasma
power applied to the AS. This includes rotational temperatures f@GH., HCN, and NH, as well as

the average of the ground state rotational temperatures (brown curve) and the rotatiarakteenpf

HCN as determined in Puét al.[3]. Comparing the two curves, a good agreement can be found at low
values of plasma power. Both near linearly increase with increasing power at the AS, with a slight
difference in slope and offsawith the avesige of the ground state rotational temperatures increasing
from 310 K at 25 W plasma power to 380 K at 1300¥ particular interest is the close agreement of

the rotational temperature of#€*“N as determined in this study (red solid dot) with the teatpes

curve previously published, since the temperature of this isotope diverges from the group of other
rotational temperatures of ground states at plasma powers in excess of 50 W.

'JE

N
]
f==]

200F e HCN(vD) = NH; (v]) -
o HCBN(vl) & C,H,(v3)
ook = HPCN (v) o C,H, (v2+vd+vs) ]

Rotational temperature [K]

CH, (v3)
0 [Puth 2018] avg. T, (GS)
0 20 40 60 80 100 120
P screen [W]

Figure 6.9 Rotational temperatures of bands originating in the gresaig of CH, C;H,, H*CN,
H™CMN, HC™N, and NH as functions of the plasma power applied to the AS. Two curves in
the rotational temperature determined in Puth et al. (grey) and the average of the groun
rotational temperature (brown), ith their respective uncertainties (dashed lines)[3]. Conditic
U totar = 10 sccm K+ 10 sccm N, p = 3 mbar, CFGAS in use.

6.4.3 Concentrations

For the determination of the absolute concentrations of, CH,, HCN, and NH, the average
rotational temperatures of the ground state transitions as shown in figure 6.9 were used. With
equation(6.6), the absolute concentrations of £HB:H,, H2C!N, and NH were determined for the

four measurement conditions at a plasma power at the AS of 26, 4609128, and are presented

in figure 6.10as functions of the plasma powdihe pointed lines arB-splines ofthe concentrations
published in Puttet al. measured using LAS with EQCLs [3], whereas the solid data points are
measurements of the curretiidy. For CH, C:H», and in particular HCN a good agreement between
both measurements can be seen. However, farthdHagreement is restricted to low values of plasma
powers, with the concentrations measured in this study reaching a plateau in conoeatt#6'° cn?.
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For the equivalent curve measured with-@CL sources, a maximum concentration Af08 cm® at
approximately 40 W plasma power with decreasing concentrations was reported, with decreasing values
for both lower and higher values of applied power. On the other hand, this discrepancy is only just above
the combined margins of error, with the cortcation of NH at 93 W measured with a FC being
approximately 30 % higher than the same concentration being measured u€p@ EC

e
— "
£
5,
710" -QCLi’-,- - “[CH,} - - [C,H,} - - -[HCNF - - - [NH,] ]
O : 4 2Hy 3
= FC: A [CH,| ¥ [CH,] ® [HCN| m [NH,]
o)
£ P
104F A v
s 2 . . . .
0 20 40 60 80 100 120

Pscreen [W]
Figure 6.10 Concentrations of GHZ;H,, H**C*N, and NH, as functions of the plasma power at |
AS, determined with LAS using EJICL sources (dotted lines) and a FC source (solid points)
Rotational temperatures are reported in figure 6.9 for bdho n d I t +top=N1O sccmikl +
10sccm N, p = 3 mbar,CFC-AS in use.

6.5 Summary and conclusions

In the present study, a frequency comb between 2750 and 34%@asnuised to investigate a laboratory

scale nitrocarburizing plasma in a:N» gas flow at 3 mbar with a solid carbon source, previously
studied using LAS with EQCL and TDLAS sources [3]. An average sampling point distance of
0.002085 cm for the spectral range was achieved by interleaving of four spectra at different repetition
rates, each an average of 50 single measurements. This way, 1028 transitions were fitted to Gaussian
line profiles and identified. By plotting the natural logarithm of the weighted population of each
transition of a vibrational band as a function of ttamsitions lower level energy, the Boltzmann plot
method, rotational temperatures of the respective vibrational band were determined with a high level of
precision. For the hot bands of HCN, the rotational temperatures were found to be (442 + 7) K and
(500 25) K at a plasma power of 130 W. Further, the method failed to produce authentic temperature
values for the ground state of HCN, as saturation effects limited the access to only transitions of a high
lower level energy. However, the rotational tempeestiof H*CN and HC®N were established as
approximately 360 K at 130 W applied plasma power, thus in thermal equilibrium with the rotational
temperatures of bands originating in the ground states af CHi,, and NH. Concerning the
translational tempetares of each band, in all but one case they were found to be elevated compared to
the corresponding values of rotational temperature, with typically a -mookased uncertainty.
Comparing the rotational temperatures of ground state bands as deternimiedSviising a FC source

for applied plasma powers 26, 46, 91and128W with the rotational temperature of HCN reported in
Puthet al.[3], a good agreement was found. Concerning the absolute concentrations as determined by
both approaches, the conaaibns of CH, CH;, and HCN match, with slightly lower values
determined from the comb spectra. However, a maximum in concentrationzcitNH W plasma

power could not be confirmed, with a plausible explanation for the deviation in trend being titiercond

of the reactor between the two studies.

The large amount of information contained within the interrogated spectral range presents a unique
challenge, as for this particular experiment hundreds of lines require manual fitting and proper
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management ahe acquired data. As the detected molecular species are common products of plasma
chemistry involving nitrogen, hydrogen, and carbon at low pressure, similar experiments e.g. in the field
of plasmaassisted diamond deposition, are expected to returnramechparable in complexity to the
present one. However, further progress in automation of spectral analysis is expected.

In comparison to established methods of temperature determination, as presented in chapters 4 and 5,
the information on rotational teweratures is at least by a factor of 2 more precise and much more
comprehensive. In turn, the assumption of a thermal equilibrium between rotational and translational
temperatures can be checked, as well as the assumption of a thermal equilibrium betested d
species. Both assumptions applied for the QCLAS and IRLAS study shown in chapter 5, are confirmed
by the present study, which also serves as a fmeobncept of comb spectroscopy applied to plasma
processes.
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7 Investigation of chemically similar plasma processes to R©¥

7.1 Introduction

The unique set of chemical and physipabperties of diamond makes it an excellent candidate for
mechanical, electrical, optical, thermand biomedical applicationgl]. Recently, newtypes of
microwave plasmassisted chemical vapo deposition (MPACVD) reactorsoperating on a
H2/CH4J/CO; gas mixture at low pressure were designed to allow Jarge nanocrystalline diamond
(NCD) film synthesis at bbw substrate temperatur2 3]. Among these new technologiegistribued
antenna array (DAA) microwave system composed ofdasburce planar matrix was designed in order
to achieve NCD films at a substrate temperafigrdow asl00°C on 4inch waferslts efficiency for
NCD growth on conventional (silicon) and unconven&ib substrates such as silicon nitride,
AIN/ZnO/IDTs/LiNbOs multilayered structures and titanium implahtss been demonstratptli 6].
However, suclalow temperaturgrocesds associated with very low growth rate of only a few tens
of nanometer per hour (nmth[7]. This hindersthe synthesis of thick NCD films, which significantly
reduces theotentialof low temperaturendlarge areaNCD layersdeposited at low temperatufar
industrial applicationdt is worth to emphasize the fact thhelow growth rate is still one of the main
barriers fortheindustrialapplicationof chemical vapaor deposited (CVD) diamonid8].

To overcome this drawback, the addition of nitrogethifeed gas can be consideréuieed, in the
lastdecadesit has been found that the addition of nitrogenmits to increase the growth rateddn
improve the poly and nanorystalline diamond CVD processes in several waygmergence o
<100> textureji) improvement of the film purity andi) n-type doping of the film[9 1 14]. Recent
studies have demonstrated a significant increase of the growtafidteD films synthesized at low
temperature it2/CH4/CO./N; feed gaswhile maintaining a satisfactory purtys|.

In this paperwe focus on the study of the chemistfyH,/CH4/CO,/N,-fed plasmaignited in a DAA
reactorin order togainfurtherinsights into the NCD deposition proceRgsults of investigations carried
outover wide pressure and nitrogen flow rangés in-situ optical emission spectroscopy (OES) in the
visible andlaserabsorptbn spectroscopyL@AS) in the midinfrared spectral rangare presented-or
the latter one, two different radiation soureeseutilized. Firstly, tunable diode lasers (TDL) on lead
salt basis were used, integrated within the infrared multicomponentsigui{IRMA) system[16].
Secondly externaicavity quantum cascade lasers complemented the spectral range of IRM2Q]
providing amodehop free tuning range afpproximatelyl00 cm* [17, 21, 22].

The experimenten themicrowave discharge have beamnducted with the following aims:
(i) identification of nitrogercontaining species which are produced ingétgas mixture,

(ii) characterization of the gas temperature of the various species in the prapandicularnitrogen
containing species,

(iii) determination ofheconcentrationef measured speci@s dependence on process parameters

(iv) discussion of chemical processes occuriimghe gas phasand possible reactions at surfaces
leading to the generation of molecuéesl of the role ohitrogencontaining species iimneNCD growth
process

Usingtunable diode laser absorption spectroscGMLAS) the concentratiaof CH; and CO vere
monitoredand quantum cascade laser absorption spectrosQpiyAS) enabled the monitoring of the
concetrations of the precursor, CkH and of the reaction products,,H3, NHs, and HCN.
SimultaneouslyOES was used to obtain information about the temperafititgin the active discharge

6 Authored by Dekkar D, Puth A, Bisceglia E, Moreira P W P jr., Pipa A V, Lombardi G, Répcke J, van Helden J H,
and Bénédic F 2020, submitteddoPhysD: Appl. Phys.
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zoneand its degree of dissociatiand thereforethe concentratiaof atomicand moleculahydrogen.

The conversion rates tiie feed gaspecies to the molecular reaction prodwetse alsadetermined.

The results presented below are arranged in three parts: temperature measurements, densities obtained
and discussionkaut plasma chemistry and kinetics.

7.2 Experiment
7.2.1Experimental arrangement

The experimental arrangement of BAA CVD reactor for depositing NCD films is shown in figure

7.1 together with the optical diagnostics. The DAA reactor consists of Idatgqaasma sources
arranged in a 4x4 matrix operated by a 6 kW microwave generator at 2.45 GHz. With the applied
microwave power, localized discharges are sustained around each individual source. The discharges
merge into a homogeneous plasma, which egén the molybdenum substrate holder (with a diameter

of 10 cm) located 15 cm below the microwave sources in the centre of thetoessst the influence

of the wafer surface on the measured concentratibhs reactor is connected to four gas lines,
supplying methane, molecular hydrogen, carbon dioxide, and nitrogen. Further details of the design and
operating principles of the reactor can be found elsewWB&re4].

The effects of nitrogen addition were studied for a pressure rapge@B5 to 0.55 mbar and a nitrogen
fraction replacing the kifeed gasbetween 0 and 6 % of the total gas fldwe admixture of CHs and
CO; to the H gaswere chosen to be 2.6 % and 1 Béspectively. The total gas flow rate was
U ol = 50 sSCCM.

6 kW
MW generator OES 1
tical
:I gas inlet op l‘?:re
MCT detector 5 \—‘%“
N P ]
IRMA I 4 > = =
/ — :
4 multi pass optics 6 cm @

. R i
Sz Y () P ibre
$vr-Q0
= RGCletalon | beam splitter
(5) @ ,\' substgite holder OES 2

» cm

> = -

flip mirror
EC-QCL
i mirror
EC-QCL

Figure 7.1 Experimental arrangement of the DAA microwave reactor combined with the
spectrometerconsisting of the IRMA system and two-@CLS and the two OES spectrometers.

90



7.2.2 Optical arrangement

The OES and LAS measurements were performagdultaneously. The windows for optical
investigationaveresituatedabout 10cm below the microwave sourceshich typically corresponds to
the position of the substrate when growing diamond films,thaaslallowed to dbserve the discharge
volumeabove the substrate, igs typical for a DAA reactof25].

Two spectrometers were used for recordipgtical emission spectra. A compact Avantes
Avaspee2048L spectrometer was used to obtain overview spectra in the spectral range of
&= 25071 850nm. Complementy measurements wearried outusing an Acton SpectraPro 2500i
monochromatom combination withan Andor iStar DH734.8F03 iCCD camerdor identification of

the spectra using a grating of 6@8oovesmnt!. Edge filters with cubff wavelengths of 320 nm and

530 nm, respectively, were applied to separate the diffraction orders. Additionally,speeih
windowshave been recordedhigh-resolution with a grating &400 grooves mrh namely the spectral
ranges containinthe Hyand H lines of the Balmer series and the2XQ molecular hydrgen band of

the FulchetU s y. fnthesmcases, calibrations were conducted using a tungsten band lamp.

The light was guidedfom the reactoto the spectrometers loptical fibres. The entrance aperture of
each fibre vasplaced irthefocal point of a quartz lens (25 mm diameter) to select a collimated emission
from the reactorf-igure?.2 depicts an example of an optical emission spectrum of the MW plaisma

a H/CH4/CO,/N, feedgas mixture with identified spectral featumdsa variety of H lines, the H, Hs,

and H lines of the Balmer series and nitrogen containing spesieti a<CN, NH, and N. The inset
shows five H lines of the Fulchetd (2i 2) Q band recordedt high-resolution which were usetbr the
determination of the gas temperature and the dexjréissociation of hydrogen.

9 L 8k Ql Q3 E ch o
|—|8 ';6 I 7
B 7LE ] -
= fE ”
| & Qs -
42\6 =2t Q4 4
- p— l l
8 4 622 624 626 -
- Wavelength [nm] H,
] -~ ] P
T CN | Hp T
0.6 "
0.3
0

300 400 500 600 700 800
Wavelength [nm]

Figure 7.2 Optical emission spectrum with identified spectral features of the MW plasme
H2-N2-CH4-CO; gas mixture measured with the Avantes Avasp@8L spectrometer. Condition:
p= 0.35 mbar, P = 3 kWFa = 50 sccm, N admixture: 1 sccm, CHadmixture: 1.3 sccm
CO; admixture: 0.5 sccm. The inset shows a higgolution spectrum, recorded with the Act
SpectraPro 2500i, of the spectral range between 621 and 627 nm with the lfivestbf the (2) Q
transitions of the Fulchetd band used for determining the
In addition to the OES setup, two different types of lasers were us#tefoAS diagnostics. Firstly,
two EGQCLs (Daylight Solutions, MHR2104701 and MHF41048) were combined on a single beam
path, with a beam splitter providing a secondary channel for reference and etalonfepedisalute
spectral calibration Secondly the IRMA system had no such separate reference chanaelit
incorporates up to four TDLs with their required infrastructure thimlhas beerpresented in detail
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elsewherg16]. While the use of flippig mirrorscould not be avoided to couple all diagnostics with the
reactor thein-situ spectra were recorded in series for the differesgriaources.

The various laser beams are shaped using a focal mirror and enter the multipass cell (MPC) of the type
White cell, which replaces the optical windows of the reactor, 10 cm below the microwave sources. The
optical plane of the White cell is parallel to the substrate. With 20 passes an absorption lengtmof 10.4

is achievedT he plane of th&Vhite cell beingparallel to the plasma sourga®vides a spatial resolution

of the AS measurements lowtean 1.2 cm in height and lower than 4 cm in width, definethe mirror
sizes.The probed volume, schematically shown in figit&, diagonally crosses the reacthus

provides maximum possible absorption length in the plasma zone. After leaving the reactor, the beam
is focused on a liquiitrogen cooled HgCATEMCT) infrared detectofEG& G JUDSON, bandwidth

1 MHz) by an offaxis parabolic.

In the absorption sperd, afringing with an amplitude of up to 10 % of the total signal strength was
observed and eliminated in pgsbcessing of the data, see figt8. In this figure, an example of a
raw and posprocessed EQCL absorption spectrum together with a Gaarssit of the absorption
features to determine the temperature is shdwa.spectral positions of the molecular ground state and
hot bandransitionsprobed in the present studye given irtable7.1.
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Figure 7.3 EGQCL absorption spectrum of GHHCN, and GH, measured in a HN»-CHs-CO,
microwave plasma. Conditions: p = 0.45 mbar, P = 3 ¥ = 50 sccm, Nadmixture: 0.5 sccm
CH, admixture: 1.3 sccm, G@dmixture: 0.5 sccm. Upper paraw transmissiorspectrum lower
part: postprocesse@dbsobancespectrum with reduced fringe level and fitted line profiles.
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Table 7.1 Species, spectral positionknestrengths at room temperature, lower level energaes]
gquantum numberassignments of thdransitions used for determination of temperatures and
concentrationsThe superscript Q denotes use of an@CL, T of a TDL.

Species Spectral S[cm?2ecm'  E NjNj"™Y[ Vibr. quantum Rot. quantum  Ref.
pos [cm'Y]  mol. Y num. asgmt. num. asgmt.

CH4@ 1356.487 1. 7 8% A 470.805 00011F2 0000 1A1 10F22i 9F12 [34]

1356.597 1. 19 A 470.799 0001 1FZ 0000 1A1  10E 1i 9E 1

CH@ 1356.855 1. 30 A 155289 000110+i 00000+g R 1le [35,

1356.888 8. 92% A 766.808 00021121 000101g R1le 36]

CHs™ 606.120 4. 54% A 186.011 32Y ground Q(@3,3) [37]

com 2150.856 1.82WA 3845 1i0 R1 [38]

NH5©@ 1388.055 2. 72%A 1541.87 000101 1ET 14 14 aE'A2"i  [39
0000 00 0A2" 15 15 aA1"A2'

HCN®@ 1356.709 1. 30% A 1115818 0310i 0110 P16f [40,

1388.182 4. 62% A 106.417 0200i 0000 P8 41]

H,0@ 1387.934 3. 05% A 2004.815 020i 010 432i 321 [42]

7.3 Applied methods

7.3.1Determination of atomic and molecular hydrogen densities via OES

The concentrations of atomic and molecular hydrogen were estimated from the alatjsseciation

of hydrogen, measured by OES. The underlying method was developed by Lavrowenidkexs in

2006 [26, 27]. Therein the relative intensities of the atomic (HHs) transitionsand the molecular

(2-2) Q1 hydrogen line aresed, which are inferred the framework of the soalledcorona collisiona
radiative modethat includes electron impact excitation and spontaneous emission. As a simplification,
the fine structure components of the atomic hydrogen lines are accounitetivfo limiting cases:

Case 1: The excited hydrogen atoms are not perturbed by the medium during spontaneous emission.

Case 2: The population densities over the fine structure sublevels of the excited hydrogen atoms take
the form of a Boltzmann distribion.

In the present work, the results obtained by both mutually exclusive cases agree within a factor of
Thus, an averaged value between the two cases was used as an estimate and the margin of error increased
accordingly.

As a result the methqgarovides the density ratio of atomic and molecular hydr¢ggiH] [26, 27].
The degree of dissociatidh defined as the ratio of dissociated molec{itesdissto the total amount of
hydrogen moleculeldd;]+[H2]diss Can be expressed as

0 j J . (7.1)

To determine the total amount of hydrogen molecules introduced to the reactor, one has to assume that
the influence of the plasma chemistry on the hydrogen concentration can be neglectednéia;imer
using the ideal gas law arntget molar fraction of hydrogen in the feed gas , , one can write:

0 0 ® 5 O>— (7.2)

wherekg is the Boltzmann constanp is the pressure in the react@ndTy is thegas temperature
Substituting[H2]+[H2]4iss in equation T.1) by the expressior/), and taking into account that the
density of the dissociated molecules is a half of the atomic den€ity, "0j ¢, the atomic
hydrogen densitiesan be expressed as:
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0 ¢ 5 O— . (7.3)

The product of the total molecular density and the fraction of thalissociated molecules gives the
densityof molecular hydrogen in ghreactor:

O p O j O— (7.4)

The gas temperatuii®, required for determination oH]/[H] as well as for equationg 8, 7.4), was
determined from the Fulch&l -2) D band, see inset in figufe2, by the method suggested[28]
and further developed [2971 31].

7.3.2 Laser absorption spectroscopy

The concentrations of the precursor gas, @l of the reaction products HCO, GH,, HCN, and
NHs were determined by LAS using the Béembert law:

LaE— Q' & HOYY s R (75)

where lo( 3and I 3are the wavenumber dependent laser intensities measured without and with
absorbing mediay; is the density of speciesL is the absorption lengtls(To, i) is the line strength of

the selected absorption line of spedies the rotational temperatulie,;. Further information can be

found in the HITRAN database?. For the plasma investigated here, an equiliribetween the
translational and the rotational temperature was assumed [33]. The gas temperature was determined for
every individual species from the Doppler broadening of the absorption lines. The contribution of the
instrumental profile was estimatedavthe spectrum of a reference gas cell at room temperature.
Figures7.3 and7.4 present exampsof evaluated spectrfor QCLAS.

Figure 7.4Example fit of an absorption line of HCN at 1388.182'¢or the determination of thi
translational temperature and the absolute concentration in-&+CHs-CO, microwave plasma
Conditions: p = 0.45 mbar, P = 3 kW5ta = 50 sccm, N admixture: 0.5 sccm, CHadmixture:
1.3sccm, CQ admixture: 0.5 sccm. aRaw absorption spectrum, b) fringeduced absorptior
spectrum with a Gaussian fit and its residual.

94




































