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ABSTRACT

Plasma nitriding by using a Mather-type plasma focus device is a technique
that is not very well explored but it can be used to increase the surface hardness of low
carbon steel and to enhance its wear resistance for application as a cutting and
machining tool. A column of hot and dense plasma made out of nitrogen ions
bombarded on the target surface creates a nitride layer by embedding nitrogen ions on

the target surface. It results in modified surface hardness and structure.

In this thesis, a study on the nitriding effects of a 3 kJ Mather-type dense plasma
focus (DPF) device in a low-pressure nitrogen atmosphere is carried out using the INTI
International University plasma focus machine. Experiments were repeated multiple
times by keeping nitrogen gas pressure constant at 0.5, 1, 1.5 and 2 Torr and placing
properly cut and polished low carbon steel samples at fixed distances of 40, 60, 80,
100 and 120 mm from anode. It was found that if the INTI International University
plasma focus machine is to be used for material hardening, the best results will be
obtained at 1 Torr with the target placed at a distance of 40 mm from the anode. It
correlates with the prediction made by Lee Model Code which predicts the production
of highest energy beam at Nitrogen pressure of 1 Torr in numerical experiments of an
earlier study by A. Singh [62]. The central region where the ion beam was concentrated

was the region where the hardness was most noticeably improved.

The dense plasma focus device delivered a surface texture of overlapping
dimples on the surface of the target. This surface texture can be employed as a base
for the application of lubricant in the making of a textured cutting tool for the purpose
of dry machining. One of the hardened (nitrided) sample was tested on an aluminium
work piece. Cutting was easy and there was no visual indication of aluminium sticking
to the rake face of the tool which are prominent indicators of improved hardness and

effectiveness of surface patterns produced by DPF during the nitriding process.

Results from our experiments conclude that the DPF machine can be utilized
for localized surface nitriding with an additional advantage of surface patterning. The
best hardening can be achieved at nitrogen gas pressure of 1 Torr when the sample is
placed at 40mm from the anode. Such a hardened steel has great potential as an

efficient cutting and machining tool.
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CHAPTER 1
INTRODUCTION

1.1 Background

The dense plasma focus (DPF) device was developed by J.W. Mather and N.V.
Filippov in the early 1960s. The device is an unconventional plasma device that is
able to generate, accelerate and pinch plasma for the production of X-rays, neutrons,
relativistic electrons and energetic ion beams [1]. Plasma focus can be utilized in

surface modification through ion implantation.

In this research, the surface hardness of low carbon steel will be modified by
a nitriding process using different pressures of nitrogen gas in a plasma focus device.
Nitriding is a process used to harden steel. The act of nitriding deposits nitrides onto

the steel surface which then displays a higher hardness than before.

Steel is a very common production material and is used in many applications
where it is subjected to stress, such as in cutting tools or mechanical moving parts.
This will cause the surface of the steel to undergo wear in such an environment. Thus,

surface modification is required to improve hardness and wear resistance.

Many methods of surface modification have been around for centuries. The
desire to make steel implements stronger and harder has led mankind to search for
various methods to achieve this objective. One of the earliest methods involved the
delivering of hammer blows onto steel, in a process known as peening, until the steel
surface becomes harder. Today the methods have become much more varied and they

include nitriding, carburizing, boriding and various forms of heat treatment.

About a century ago, it was discovered that when steel was heated with
ammonia, nitrogen atoms from the ammonia dissolve in the steel surface and formed
a hard compound layer. This was the beginning of the gas nitriding surface treatment
practice. Later methods to deliver the nitrogen to the steel surface would involve salt

baths and glow discharge plasma methods.



The use of the plasma focus device to conduct nitriding is still in its infancy.
In this study, a 3kJ Mather type plasma focus device operating with nitrogen gas in
its chamber will be used to modify the surface of steel substrate. The surface hardness
of the treated steel will then be determined by using the Micro Vickers hardness tester.
There is a possibility that the use of the plasma focus device in nitriding may yield
some benefit that is unavailable in other nitriding methods and this research attempts

to explore such a possibility.

1.2 Problem Statement

Low carbon steel has a high demand in the manufacturing industry due to cost
effectiveness, high strength, good formability and thermal conductivity. This steel is
easy to manufacture and is therefore very much cheaper than the more exotic specialty
steel alloys. Unlike a lot of other steel alloys, low carbon steel is readily available ex-

stock in most hardware stores due to its relatively low cost.

Although available in plentiful supply, low carbon steel is not suitable for
usage as a tool due to insufficient hardness. A method is needed to be found for it to

be suitably hardened for a more robust usage.

Plasma nitriding by using a Mather-type plasma focus device is a technique
that is not very well explored but it can be used to increase the surface hardness of
low carbon steel. A column of hot and dense plasma made out of nitrogen ions
bombarded on the surface of low carbon steel will deposit a thin layer of nitrides on
the steel and improve its surface hardness. The nitrided layer is very much harder than

the bulk material and occurs only at the material surface.

The performance of plasma nitriding is highly dependent on the nitrogen gas
pressure, distance of substrate from anode and number of shots applied. It is hoped
that with this study, the optimal conditions for nitriding with a plasma focus device

can be found.



1.3  Objectives of the Research

This research focuses on the nitriding of low carbon steel, which is a novel
idea because low carbon steel is difficult to nitride and cannot be effectively nitrided
by gas and salt bath nitriding methods. The objectives of this research include the

following:

e Determine the variation of surface hardness caused by different nitrogen
pressure in the plasma focus device.

e Determine the optimal firing distance to achieve maximum hardness.

e Determine the hardness distribution on the substrate after surface
modification by the plasma focus device.

e Determine if there is a characteristic of the ion beam that affects the surface

hardness the most.

1.4  Scope of the Research

This research was conducted to study the increase in surface hardness of low
carbon steel with 3kJ Mather-type plasma focus device only. The effect of different
plasma focus devices may well differ from the results presented here as different
devices will generate different ion beams of different intensities and therefore the
optimal operating parameters for other devices may differ from the results presented

here.

The method employed is limited to the altering of the surface hardness of low
carbon steel through nitriding with nitrogen gas only without recourse to the use of
other extra nitride forming elements apart from those already present in the base metal.
This study is designed to focus on the surface hardness values and not the thickness

of the nitrided layer before and after surface modification.

The parameters of gas pressure in the chamber and firing distances from the
anode to the target are included in this research. Also included in this research is the

study on the extent in surface area where hardness improvement occurs.



The comparison of actual surface hardness results with the results from the
numerical experiments with the Lee Model Code is carried out to correlate the results
from the actual hardness improvement with the ion beam analysis of numerical

experiments.

1.5  Thesis Organization

Chapter 1 of this report is the background of the topic regarding the use of
nitriding in industry. The problem statement, objectives and scope of research are

discussed.

In Chapter 2, the review of literatures is summarized. The more popular
methods of nitriding are discussed here. Some plasma theory and the application of
the dense plasma focus device are included. The material under investigation, low
carbon steel, is also mentioned. This chapter also discusses the use of the Lee Model

Code for modelling the dense plasma focus device.

Chapter 3 is about the methodology to carry out experiment on plasma
nitriding. The procedures for preparation of low carbon steel pieces are described. The

procedures to carry out plasma nitriding are explained.

Chapter 4 contains the results obtained during the experiment as well as the
discussion on the results. The results and data that have been obtained are analysed
and then presented in the form of tables, graphs and figures to clearly show the main

outcome of the experiment.

In Chapter 5, a conclusion for the important outcome of this thesis will be
summarized. The conclusion is based on the objectives that are set in Chapter 1. The
suggestions and recommendations for future directions of investigation are also

proposed in this chapter.



CHAPTER 2

LITERATURE REVIEW

2.1  Nitriding Technology

The nitriding process is a surface hardening heat treatment process where
nitrogen ions are diffused into the substrate surface to form nitrides in combination
with different alloying elements of the substrate thus forming compound layers that
have high wear resistance properties (Bernal [2]). Nitrogen is very soluble in steel.
Steel can have several phases such as austenite, pearlite, martensite among others. The
nitriding process of steel does not require a phase change from the steel being treated.
Thus, for the steel undergoing nitriding, there is an improvement in desirable
properties, such as wear resistance, but without any dimensional change, which is
good from the point of view of dimensional integrity.

Nitriding of steel is usually practised in the industry to enhance the surface
properties of steel surfaces. By employing nitriding, the properties of the nitrided steel
will have the following properties:

e High surface hardness and wear strength.

e High resistance to tempering and high-temperature hardness.
e High fatigue strength and low fatigue notch sensitivity.

e Improved corrosion resistance for non-stainless steel.

e High dimensional stability compared to other heat treatment processes.

There are several methods for nitriding as explained in the following sections.

2.1.1 Gas Nitriding
Ammonia is fed into a closed chamber where the substrate to be nitrided is
placed and heated to a temperature of about 510°C. The process time may vary
according the application and the desired depth of the nitride layer. The ammonia
dissociates according to the following chemical equation:
2NH3 —N> + 3H»
The dissociation of ammonia allows nitrogen to be present and thus can be

absorbed by steel as shown in Figure 2.1.
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Figure 2.1 Absorption of N2 by Steel. Source: Bernal [2]
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2.1.2  Salt Bath Nitriding
Liquid nitriding (nitriding in a molten salt bath) employs the same temperature range
as gas nitriding, that is, around 510 to 580 °C. The substrate to be treated is immersed
into a molten, nitrogen-bearing, fused-salt bath containing either cyanides or cyanates.
The principle of decomposition of the salt at elevated temperatures results in the
liberation of nitrogen within the salt [2].

4NaCNO —_— 2NaCN + Na,COs + CO + 2N

It is this nitrogen that will diffuse into the steel surface to form nitrides.

2.1.3 Glow Nitriding

Glow nitriding is also categorized as plasma nitriding. The process uses a
plasma discharge of a gas due to exposure of electrical potential that enables the filling
gas (nitrogen) to ionize and glow. The substrate is connected as the cathode and the
furnace walls as the anode.

A voltage in the range of 500 to 1000 volts is applied between the metal part
and the chamber wall, resulting in the formation of a plasma through which positive
nitrogen ions are accelerated against the negative-biased part to be treated [3]. This

ionic bombardment heats the piece to the treatment temperature, cleans the surface by



sputtering, and provides active nitrogen species for the nitriding process. This process
must be carried out in a vacuum to increase the mean free path of the accelerated

particles. The pressure used in glow nitriding is normally between 100 to 1000 Pa.
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Figure 2.2 Glow nitriding process. Source: Totten & Liang, 2004 [4]

Glow nitriding uses the principle of ions sputtering to achieve successful
plasma nitriding. The excited nitrogen will react with the sputtered iron atoms to form

iron nitride (FeN) and cause deposition of a thin layer film on the surface of substrate.



The FeN phase may decompose into Fe;N, FesN and FesN phase due to the
bombardment of energetic ion (see Fig 2.2).
This method of nitriding is very common although it does have some shortfall

with components with complex geometries and parts with holes.

2.1.4 Dense plasma focus nitriding

The use of the dense plasma focus device for nitriding operations has been
largely unexplored. There is very little literature regarding this topic. Nevertheless,
some researchers have recently ventured into this area. Borthakur [5] Shafiq [6] and
Al-Hawat [7] have done some work on the surface modification of steel using the
plasma focus device and they have been able to obtain an increase in surface hardness.
This thesis will build on their work and try to investigate the operating conditions for

the plasma focus device to obtain the optimal hardness.

2.2 Surface texturing

Surface texturing as a form of surface modification has gained recognition in
recent years as a means of improving the performance of cutting tools. Dry machining,
without the use of metalworking fluids, is slowly being considered as a viable
production approach in industry. Traditionally, the use of metalworking fluids to
reduce friction in machining has the benefit of lengthening tool life. During the
machining process, heat is generated at the tool-chip interface causing a substantial
rise in temperature. This rise in temperature results in greater wear of the tool. Thus
cutting fluids are employed to control the temperature and flush away wear debris.

The use of cutting fluids come with a large economic and ecological burden
according to G. Singh [8]. In addition, Park [9] added that cutting fluids pollute the
environment and also pose a threat to the operator’s health. Metalworking fluids can
cause adverse health effects through skin contact with contaminated materials, spray,
or mist and through inhalation from breathing the metalworking fluid mist. The safe
disposal of metalworking fluids (Demirbas [10]) is another issue that needs to be
addressed properly in order not to cause pollution in the environment. It is for this

reason that the use of cutting fluids is being reviewed (Benedicto [11]) and dry



machining is now being contemplated in order to reduce environmental pollution and
health hazards.

Due to the friction between the tool and the work piece, dry machining reduces
tool life because of the high heat it generates. Thus, in order to maintain a long tool
life without resorting to cutting fluids, new approaches to tool design are required.
One approach that has been found to work is to apply micro-texturing to the rake face
of the tool thus resulting in a tool having a micro-grooved or micro-dimpled texture.
According to Gajrani [12], dry machining with a surface textured tool makes it a
viable alternative to the use of cutting fluids.

In the machining of aluminium products, aluminium chips have a tendency to
severely adhere to the surface of the cutting tool often leading to tool failure.
Aluminium is a soft and is also an easy to machine material but it has a tendency to
form a built up edge. Sugihara [13], Rathod [14] and Obikawa [15] found that micro-
textured surfaces on the tool improves the anti-adhesive property. To enhance the
effectiveness of the textured cutting tool, solid lubricants can be further applied at the

chip-tool interface.
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Figure 2.3 Types of surface texture. Source Obikawa [15]



The process for producing a textured tool usually involves the making of the
hard tool first and then impressing the surface texture on the tool later. This surface
texturing process can be done by pulsed laser (Liu [16] and Sasi [17]), electrochemical
machining (Chen[18]), electro discharge machining (Koshy [19]) or even by means
of a simple mechanical micro indentation. Tribological testing by Sedlacek [20])
showed that there is an influence of the geometry of the surface texture on tool
performance. Koshy[19] has proposed that the surface texture of overlapping craters
is better than arrayed grooves.

A textured tool is required to have both hardness and texture. The dense
plasma focus machine is a source of highly energetic ions. At the same time, the ion
beam produces a texture on the surface of the tool due to the high energy with which
it impinges onto the tool. The presence of micro textures on the tool surface can reduce
the contact length of chip sliding over the tool which in turn reduces sliding friction
(Arulkirubakaran [21]). Reduction in contact length leads to less material adhesion
resulting in an improved tool life (Kummel [22]). Textured tools are normally used
with a lubricant(usually solid) such as molybdenum disulphide (Deng [23]) or calcium
difluoride (Sharma [24]). The use of textured tools is not just limited to flat surfaced
tools. They have been found to be effective on the curved surfaces of drills as well
(Niketh [25]).

This study attempts to take a look in the possibility of the DPF machine in

producing a textured tool from low carbon steel for the machining of aluminium.

2.3 Dense plasma focus
2.3.1 Definition of plasma

Plasma is widely known as the “fourth state of matter”, after the other three
fundamental states of matter which are more commonly recognized — solid, liquid and
gas. Plasma is a highly ionized gas. It consists of positively charged ions, electrons
and some other neutrals, such as atoms and molecules that are not electrically charged
(Wiesemann [26]).

Unlike solid, liquid and gaseous states, plasmas exist in the environment with

sufficient energy condition for producing a large number of ionization processes of

10



atoms. The ionization processes can be generally categorized as photoionization
process by an intense source of ultraviolet (UV) radiation, or as collisional ionization
by highly energized electrons.

Impact ionization is the dominant process in the gas discharge processes, due
to the sufficient impact collisions between energized electrons and gas atoms. On the
other hand, photoionization process comes into place when the plasma densities are
low but the environment is enriched with dense UV photons. The latter case is more

commonly seen in space plasmas.

Collisional ionization process: e+A - At + 2e

Photoionization process: hv+A - At +e

The ionization energy of neutral atoms ranges from 3 eV to 25 eV. In order to produce
sufficient ionization energy to produce steady state plasmas, a high temperature is
required to supply large amount of thermal energy for atoms to get ionized by
collisions, while photoionized plasmas require short wavelength UV radiation to
sustain the plasma state and resist the recombination processes.

The reciprocal processes of collisional ionization and photoionization process
are also known as three-body recombination and two-body recombination process

(Piel [27]).

Three-body recombination: At +2e > A+e

Two-body recombination: At +e—- A

In neutral gas, the gas particles interact with each other by mean of collision. In most
occasions, gas particles move in a straight line independently of other atoms or
molecules, and the van der Waals force comes into effect only in close proximity.
However, in plasma, the long-range force, the Coulomb force, plays a dominant role
in the interaction between charged particles. As a result, each plasma particle
simultaneously interacts with other multiple charged particles. When plasma is
exposed to an external stimulus, plasma shows collective behaviour, which resembles

the cooperative response of many plasma particles, to that stimulus.
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2.3.2 The Dense Plasma Focus Device

The plasma pinching phenomena in dense plasma focus (DPF) device was first
discovered in the early 1960’s. Its primary function was to produce neutron sources
of high intensity, and in turn develop DPF device into plasma fusion device. The DPF
device is implemented as a source of intense neutrons, high energetic ions, relativistic
electrons and X-ray emission of high abundance [1].

The Mather-type DPF device is a structure of coaxial electrode plasma
focusing machine that utilizes very high current pulse discharge and compresses the
ionized plasma to an extent of high density and temperature (Rawat [28]). The

structure of the DPF is as shown in Figure 2.4 .
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Figure 2.4 The structure of the DPF device. Source: Rawat [28]

The detailed stages of the plasma focusing at different times (Lee & Saw [29])

are illustrated in Figure 2.5.



Figure 2.5 Operation Stages of DPF device. Source: Lee & Saw [29]

The description of the stages in Figure 2.5 are described in Table 1.

Table 1 Detailed Various Stages of Plasma Focusing

Stages

Operations Involved

Capacitor bank is charged to high voltages within range
10 kV to 30 kV. As the control switch is triggered, the
high amount of electrical energy is transferred from the
capacitor bank to the region across the electrode
assembly. Thus, a well-defined plasma sheath is
initiated near the closed end of electrode assembly.

This stage is also known as axial acceleration phase, at
which the current sheath is driven by Lorentz force (due
to the interaction between current sheath and magnetic
field produced by itself). As a result, the current sheath
accelerates towards the open end of electrode assembly
at approximately 4 to 6 cm/ps.

The current sheath reaches the open end of anode and
starts to change its acceleration direction.

This is the radial compression phase, at which the
current sheath is accelerating towards the anode axis
radially at approximately 2 to 2.5 times of the speed in
axial acceleration phase.

The plasma columns are pinched and disrupted due to
m = 0 (sausage instability) and m = 1 (kink instability)
modes. The m = 0 mode instabilities accelerate ions of
filling gas towards the surface of specimen-to-be-
treated and electrons towards the anode (Rawat [28])
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2.3.3 Lee Model Code

The Lee Model Code also known as Radiative Dense Plasma Focus
Computation Package (RADPF) is a tool implemented by Professor Sing Lee in 1984
used to compute the properties of the plasma focus. This implementation helps the
researcher to simulate the dense focus properties including the plasma focus
dynamics, thermodynamics, and radiation. The code which took into account the five
phases was successfully used to simulate and assist numerical experiment with several
machines. Professor Sing Lee stated that his methodology for the 5-phase model
includes axial phase, radial inward shock phase, radial reflected shock phase, pinch
phase and expanded column phase (Saw, Lee, Rawat, & Lee [30] and Lee 2014 [31]).
The 5-phase model was later followed by a 6-phase model.

The DPF device discharge current trace is taken by a Rogowski coil. The
parameters used in the Lee Model Code can be separated into three different
parameters which are bank, tube and operation parameters (Lee & Saw [32]). Table 2

shows the parameters used in the Lee Model Code.

Table 2 Parameters Used in Lee Model Code

Bank Parameters
Static Inductance Lo
Capacitance Co
Stray Resistance I'o
Tube Parameters
Cathode radius b
Anode radius a
Anode Length Zo
Operation Parameters
Voltage Vo
Pressure P,

The bank parameters include the capacitance, inductance and the resistance in
the circuit. The tube parameters represent the size of the tube used in the plasma focus
device. Lastly, the operation parameter shows the operating voltage that charged the
capacitor and pressure of gas filled to the chamber.

The computational total discharge current waveform can be obtained by
adjusting the four model parameters. These four parameters are axial mass swept-up

factor (fm), axial current factor (f;), radial mass swept-up factor (fmr) and radial plasma
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current factor (fer). The gas parameters used in the input to the Lee Code are described
by its atomic number, its molecular weight and whether it is atomic or molecular gas.

For the fitting of total discharge current waveform, the measured total
discharge current waveform is taken from the laboratory plasma focus experiment.
Then the computed total current waveform is fitted with the measured waveform by
changing the 4 model parameters (fm, fc, fmr and fer) one by one until both waveforms

fit well and match each other (Lee, 2014 [31]) as shown in Figure 2.6.
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Figure 2.6 Lee Model Code waveform. Source: Lee [31]
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CHAPTER 3
METHODOLOGY

3.1 Introduction

The methodology for this research can be categorized into four parts:
preparation of steel test samples, firing the samples in a dense plasma focus device,
testing for changes in hardness with a micro Vickers hardness tester and the
subsequent analysis of the surface. The figure below (Figure 3.1) shows the flow

diagram for experiment.

Preparation of Test Samples
of low carbon steel

A 4

Nitriding Treatment in
Dense Plasma Focus Device

k4

Vickers Hardness Test

k4

Surface Analysis

Figure 3. 1 Flow Chart of methodology

3.2 Preparation of steel samples

In this project, it is intended to determine the effect of using the plasma focus
device to nitride low carbon steels by varying the distance from the sample to the
central anode and also by varying the chamber pressure. For this purpose, steel
samples are required to be prepared. The samples are cut to the dimensions of 70 mm
x 25 mm x 7 mm from bar stock. The dimensions are chosen such that the samples

could fit into the target holder and physically lowered into the chamber easily.
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The procedures and sequence for the preparation of the test samples are

indicated in the Figure 3.2.

4 \/ \ \ AY4 )
Vickers
Cutting Milling Annealing Polishing Hardness
Measurement
\ J\ J\ J\ J\ J

Figure 3. 2 Flow Chart for preparation of test samples

The low carbon steel chosen for this research is AISI 1020. It is cheap, easily

available and is used in a lot of factories.

3.2.1 Material Properties of AISI 1020 Low Carbon Steel

According to designation systems provided by AISI (American Iron and Steel
Institute) and SAE (Society of Automotive Engineers), AISI 1020 is categorized as a
type of low tensile carbon steel that has a Vickers hardness in the range of 125 — 247
HV and tensile strength ranging from 410 MPa to 790 MPa. It is usually readily
available commercially in a cold drawn condition. In industry, AISI 1020 is a common
material for manufacturing because of its easy weldability and machinability.

The five major chemical elements involved in AISI 1020 steel are presented

in Table 3.1.
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Table 3.1 Composition of AISI 1020 Steel. Source: AZO Materials [33]

Element Composition %
Iron (Fe) 99.08 — 99.53
Carbon (C) 0.17-0.23
Manganese (Mn) 0.3-0.6
Phosphorous (P) <0.040

Sulfur (S) <0.050

The iron-carbon phase diagram for steel [34] is presented in Figure 3.3. This

iron-carbon diagram has to be referred to if there is a requirement to heat-treat the

metal.
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Figure 3.3 The iron-carbon phase diagram. Source: [34]

Annealing is usually implemented on cold-worked steel pieces to eliminate
residual stresses without changing its phase fractions established by prior heat treating
processes.

For annealing, a step named austenitizing is required to heat steels to produce

homogeneous austenite. Austenitizing is conducted about 30 °C above the upper
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transformation temperature As, resulting steel consisting 100% austenite. For the case
of AISI 1020, the carbon content is around 0.2%. In theory, at the 0.2% carbon level,
the Az temperature determined from Figure 3.3 is approximately 830 °C, thus
providing the suitable austenitizing temperature of 830 + 30 = 860 °C. In practice,
metal workers tend to go a bit higher than 860 °C as an added measure of safety. After
the heating process, the temperature should be held constant over a certain amount of
time to ensure a constant heating temperature throughout the specimen. After that, the
cooling process takes place within the chamber furnace. Slow cooling ensures the
annealed steel to have coarse pearlite, providing relatively low strength and good
ductility (Askeland, Fulay, & Wright [35]). The general industrial practice to anneal
AISI 1020 steel is to heat it to the range of 870 °C to 910 °C followed by a period of

slow cooling.

3.2.2  Cutting to size

The steel samples were cut from an AISI 1020 carbon steel flat bar stock
purchased from a hardware store. The raw metal bar had already undergone a series
of cold rolling processes to arrive in the form of a flat bar. Therefore, it had already
undergone work hardening as part and parcel of the manufacturing process. This work
hardening would have increased the hardness of the sample inadvertently.

The steel pieces were cut (Figure 3.4) from the center of steel bar by using a
horizontal band saw. The steel pieces were measured at 75 mm % 30 mm x10 mm
which were bigger than the desired size of 70 mm x 25 mm x 7 mm as mentioned
earlier on in this chapter. This additional material volume was to cater for the milling

allowance later on in the milling process.
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Figure 3.4 Cutting off the steel samples from bar stock by a horizontal band saw

3.2.3 Milling

Milling was carried out to remove the oxide layer on the surface of steel
samples and also to provide a reasonably flat surface. Each surface of the steel pieces
was machined (Figure 3.5) until the desired dimensions of 70 mm x 25 mm X 7 mm
were reached. The sharp metal edges were smoothened out with a bench grinder.
Although great care was taken to feed the milling tool slowly, scratches were

inevitable on the surfaces of the samples.
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Figure 3.5 Milling process for steel samples

3.2.4 Annealing

Steel taken from bar stock have a higher hardness than steel of the same
composition taken from the ingot form. This is because, in the manufacture of bar
stock, the steel has to undergo cold rolling processes until the required thickness of
the bar stock is achieved. Cold working increases hardness and decreases ductility.
Thus this cold rolling process imparts an increase in hardness to the steel bar with
each pass of the rolling process. The amount of cold working that the steel had
undergone is not even and some parts of the bar stock can be harder than other parts.
Testing for the hardness of the steel is also problematic as it cannot be ascertained if

the hardness was caused by the dense plasma focus nitriding process or by the cold
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working that the steel had received beforehand. For this reason, the steel samples were
sent for annealing to remove the effects of the prior cold working of the bar stock.
The steel samples were heated to a temperature of 910 °C (Figure 3.9) in an
annealing oven (Figure 3.7). It took one hour for the temperature to rise to 910 °C
(Figure 3.8) and this temperature was maintained for an hour (Figure 3.10) as shown
in the chart of Figure 3.6. The samples were then allowed to cool slowly in the oven
for 16 hours before they were taken out of the oven. By doing so, the Vickers hardness
of the samples was later found to have dropped after the work hardening effects on

the steel were removed through annealing.
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Figure 3.6 Heating Temperature versus Time
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Figure 3.7 Annealing Oven

The samples were heated slowly for one hour (Figure 3.8) until they reached
the annealing temperature of 910 °C (Figure 3.9). The annealing temperature was then

set to hold constant for 1 hour (Figure 3.10).

Figure 3.8 Duration for Heating
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Figure 3.9 Annealing Temperature

Figure 3.10 Time setting to maintain constant annealing temperature

3.2.5 Polishing

A piece of steel obtained from bar stock tends to have a layer of oxide on its
surface. This has to be removed by using a milling machine. Figure 3.11 shows the
microstructure of the steel surface under optical microscopy before it has undergone
the polishing process. Very deep tool marks from the milling process are visible in

Figure 3.11.
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L Distance 1 mm »‘

Figure 3.11 Steel surface before polishing

After the samples have been annealed, they are sent to the wet polishing
process. During the polishing process, the steel piece is held by hand and forced down
onto a rotating silicon carbide abrasive paper. A high rotational speed is used to

increase the polishing effectiveness.

Figure 3.12 Polishing process
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During the first stage of the polishing process, a rough abrasive paper with grit
number of 60 is used to remove the milling scratches and any remaining oxide layer.
The rotational speed of abrasive paper is adjusted to 600 rpm and the steel piece is
pressed down against the spinning abrasive paper. Figure 3.13 shows the steel surface
after polishing with grit number 60 abrasive paper. The milling tool marks have been

removed but a lot of scratches still remain on the surface.

L Distance | mm »‘

Figure 3.13 Steel surface after the first polishing

The tiny scratches that are still visible after polishing with grit number 60
abrasive paper need to be removed. Further polishing processes are carried out with
240, 400, 800 and 1200 grit numbers to achieve a finer surface finish. The surface
roughness of abrasive paper decreases when the grit number increases. Figure 3.14

shows the surface for the steel piece with a much improved and finer surface finish.
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Figure 3.14 Steel surface with improved finish

3.2.6 Using Vickers Microhardness Testing

The hardness test is a method to determine the material resistance to the
penetration of its surface by a hard object. It can represent resistance to scratching or
indentation, and is a qualitative measure of the material strength. In general,
microhardness tests are defined as hardness tests with applied load less than 2N.
Microhardness tests are relatively useful in cases where the surface has higher
hardness than the bulk materials in which different areas show different levels of
hardness, or samples that are not macroscopically flat (Askeland, Fulay, & Wright
[35D).

The Vickers microhardness test is a standard procedure to determine the
surface hardness of a given metallic surface, governed by International Standard ISO
6507-1:2005. The hardness test is carried out by loading a diamond pyramid indenter
into the surface of sample that is to be tested, and followed by the measurement of the
diagonal length of the mark of indentation on the surface after the applied indenting

force is removed as shown in Figure 3.15.
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a) Indenter (diamond pyramid)
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B Vickers identation

Figure 3.15 Indenter and Diagonal Lengths in Vickers Hardness Test. Source [35]

The arithmetic mean of both the diagonal lengths of indented mark is given by
_dy+dy
2

For a given test force F and arithmetic mean length d, the Vickers hardness HV can

be calculated by the formula

2F sin 1326 F
— 3 - 0.1891 FE)

where 136° is the angle a in Figure 3.15 and lies between the opposite faces of the

HV =0.102

pyramidal indenter.
The Vickers hardness is normally expressed by the symbol HV. It is preceded
by the hardness value and test force value in kgf and duration of loading in seconds if

the value is out of the range between 10 seconds and 15 seconds.

28



For example, 640 HV 30 represents a Vickers hardness of 640 which is
determined by applying a test force of 30 kgf (294.3 N) for a duration of 10 to 15
seconds.

The Vickers hardness value measured is independent of the applied test force,
which which makes it more convenient in comparing hardnesses between different

works or projects (Herrmann [36]).

3.2.7 Vickers Hardness Test procedure

The hardness of the steel pieces was measured by using a micro Vickers
hardness tester. A Vickers hardness test was carried out by using the load of 0.2 kgf
(1.961 N) with dwelling time for 10 seconds. A total of 69 readings were measured
on the centre line of steel surface at every 1mm interval as shown in Figure 3.16. By
taking the hardness value at every 1 mm interval, one can determine the surface
hardness distribution on the entire surface. The average Vickers hardness for every

steel piece was calculated.

Figure 3.16 Zero position located visually for Vickers Hardness Measurement

The steel sample was mounted in the plasma focus device in such a way that
the “zero” position corresponds to the centre of the fired ion beam. This “zero”
position, or origin, is approximately 20 mm from the left edge of the steel sample as

shown in Figure 3.16.
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3.3 Plasma Nitriding with DPF

The machine used in this nitriding experiment is a simple cost-effective plasma
focus device based on a 3 kJ single capacitor and a maintenance-free parallel plate
spark gap. The system has been designed and operated as a reliable source of plasma
shown in Figure 3.17. Saw and Lee [37] have shown that high energy density
conditions exist for such simple machines. Thus a 3 kJ Mather type plasma focus
device is used to carry out the nitriding process for surface treatment of AISI 1020
carbon steel. The system is powered by a single capacitor of 30 pF and operated at 12
kV. The anode of the plasma focus device is a hollow copper rod of 16 cm length. The
anode is surrounded by six copper rods forming a coaxial cathode (Figure 3.18). The
filling gas used is nitrogen.

The standard operating procedures for using the DPF machine have been given
in great detail in Appendix B of this thesis. These standard operating procedures are

rigorously followed for reasons of safety.

Figure 3.17 3 kJ Mather Type Dense Plasma Focus Device
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Figure 3.18 Arrangement of Anode and Cathode in DPF Device

Each steel sample is first cleaned with 2-Propanol to remove any dirt and
impurities on the surface before fixing it into the holder. The holder (Figure 3.19) was
then lowered into the vacuum chamber of the plasma focus device and the distance of

steel sample from the anode tip was recorded.

Figure 3.19 Substrate Holder in Dense Plasma Focus Device
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The 6 litre chamber was evacuated to a base pressure of 0.01 Torr by a Franklin
vacuum pump and subsequently filled with nitrogen gas to about 10 Torr. This step
was carried out three times to improve the purity level of the filling gas (nitrogen).
The nitrogen gas was then evacuated until the desired pressure was reached. It was
left in this state for a while and the pressure gauge was monitored to see if the vacuum
chamber leaked. If there was no sign of significant leakage (indicated by the pressure

gauge needle showing no movement for one hour), the device was ready for use.

A Digital Phosphor Oscilloscope was used to observe the current waveform
during the bombardment of plasma towards the steel target. The voltage waveform
was also monitored. The presence of an intense voltage spike indicates the strong
focusing (plasma pinch) action. Figure 3.20 shows the voltage waveform at a nitrogen
pressure of 1.0 Torr when the pinch occurred. The yellow trace at the top is the rate
of change of current waveform dI/dt. The lower green trace shows the voltage

waveform.
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Figure 3.20  Rate of change of current waveform (top yellow trace) dI/dt and
voltage waveform (bottom green trace) V at 1.0 Torr

During the preparation stages, the device was fired at 4.0 Torr of nitrogen gas
for 2 to 3 times to condition the device. For this conditioning procedure the nitrogen

gas pressure must be set above 2.5 Torr to prevent the current pinch from occurring.
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Figure 3.21 shows the absence of a pinch in the voltage waveform that was obtained

from Digital Phosphor Oscilloscope at 4.0 Torr.
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Figure 3.21 No pinch at 4.0 Torr

At 4.0 Torr of nitrogen, the voltage spike and corresponding dI/dt spike are
absent in the waveform. Previous experiments showed that there was no nitriding
effect in the absence of indications of a pinch. It was initially thought that there would
be some level of nitriding achieved in the slow focus mode of the dense plasma focus
machine. After some experimentation, it became evident that there was no presence
of a white layer that would have indicated nitriding success. Surface hardness

improvement occurred only when there was a current pinch.

After firing a couple of conditioning shots, the chamber was evacuated and
fresh nitrogen was introduced into the vacuum chamber to the desired pressure. The
DPF was then fired at pressures suitable to form current pinches (as in Figure 3.20) in

order to get nitriding effects.

The experiment was conducted by using different nitrogen pressures of 0.5,
1.0, 1.5 and 2.0 Torr. In each pressure regime, the experiment was repeated with
different distances of test pieces from the anode tip at 4 cm, 6 cm, 8 cm, 10 cm and

12 cm. Each steel piece was exposed to 30 shots of plasma firing.
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3.4 Ion beam analysis through the Lee Model Code

The Lee Model Code has been used in the design and interpretation of Mather-
type PF experiments (Lee [38]) as a complementary facility to provide diagnostics. It
provides a realistic simulation regarding plasma focus properties of any Mather-type
plasma focus device. It couples the electrical circuit with plasma focus dynamics,
thermodynamics, radiation and signal delay slug to simulate the properties of the
plasma column. The numerical data from the simulation of plasma dynamics helps to
obtain greater insight and fostering deeper understanding of fundamental physical

processes in plasma focus device (Shakonah [39]).

The Lee Model is used to compute the focus pinch current from the measured
discharge current waveform. Plasma focus ion beam fluence and flux has been
investigated by Lee [40]. The Lee Model is used to estimate ion beam properties by

identifying the energy, flux, fluence, number of ions of ion beam of any gas [41].
3.4.1 The 5 phases of the Lee Model

The 5-phase Lee Model classifies plasma dynamics into five different phases

[38].
(a) Axial Phase

This phase is described by a snow-plow model with an equation of motion
coupled to a circuit equation. The equation of motion includes the axial phase
model parameters:
(1) Mass swept-up factor (fn)
fm accounts for the porosity of the current sheet, inclination of the
moving current sheet shock front structure, boundary layer effects and
other unspecified effects which can affect the amount of mass in the
moving structure during axial phase.
(i1) Current factor (f)
fe accounts for the fraction of the current effectively driving the

structure during axial phase.

34



(b) Radial Inward Shock Phase
A communication delay between shock front and current sheath due to the
finite small disturbance speed is crucially implemented in this phase. All three
radial phases incorporate the same radial phase model parameter:
(1) Radial mass swept up factor (f.-)
It accounts for the effects on the amount of mass in the moving slug
during radial phase.
(i1) Radial current factor (f:)
It accounts for the fraction of the current effectively driving the radial

slug.

The radial inward shock phase is described by four equations in the code [32].

(c) Radial Reflected Shock (RS) Phase
A reflected shock which moves radially outwards will develop when the shock
front hits the axis, whilst the radial current sheath piston continues to move
inwards. Similar to the inward shock phase, four equations are used to

compute this phase.

(d) Slow Compression (Quiescent) or Pinch Phase
When the out-going reflected shock hits the inward moving piston, the
compression enters a radiative phase. Radiation power and Joule heating are
included in the equation of motion. The emission of the radiation, neutron, ion
beam and electron beam occur in this phase. The duration of the slow
compression phase is the time of transit of small disturbances across the

pinched plasma column.

(e) Expanded Column Phase
This phase occurs after the focus pinch. As in phase (a) above two equations
are used to describe this phase. The computation of this phase is done
primarily to obtain the extension of the computed current trace for more
complete fitting of the computed to the measured current trace. Experimentally

it has been observed that the pinch phase breaks up rapidly transitioning into
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a low density expanded column. This behaviour is captured in the equations
which continue to follow the elongation of this expanded column in the post-

pinch dynamics.

3.4.2 Computation of ion beam

A brief description of the Lee Model 5-phase and extended 6-phase model
(RADPFV6.1b) is explained below [42-54]. The 6-phase model is essentially the 5-
phase model with the added modelling of the unstable region between the pinch phase

and the expanded column phase.

a. Axial Phase: According to Lee, the equation of motion in this phase combines the
axial phase model parameters: mass and current factors f, and f [55, 56]. The mass
swept-up factor fi, accounts for not only the porosity of the current sheet but also for
the inclination of the moving current sheet-shock front structure, boundary layer
effects, and all other unspecified effects which have effects equivalent to increasing
or reducing the amount of mass in the moving structure, during the axial phase. The
current factor f. accounts for the fraction of current effectively flowing in the moving
structure (due to all effects such as current shedding at or near the back-wall, and
current sheet inclination). This defines the fraction of current effectively driving the

structure, during the axial phase. Equations 1 and 2 describe this phase [38].

¢’z £’ pdne) (1Y (dzY

&z L%ﬁ _(_j /2 (1)
dt f 4n’p,(c’-1\a dt

ﬂ:{vo _hi_rol—lfci(lnc)d—z}/[Lo +f°—u(1nc)z} (2)
dt C, 2n dt 2n

The terms fi is the fraction of mass swept down the tube in the axial direction; fc is

the fraction of current flowing in piston (or current sheet CS); ¢ = b/a = cathode
radius/anode radius, P,= ambient density, I = time varying circuit current, p=

permeability and I, = circuit stray resistance.

The equation of motion is affected by the electric current I. The circuit

equation is affected by the current sheath motion dz/dt and position z [38].
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b. Radial Inward Shock Phase: According to Lee, the equation of motion in this phase
takes into consideration the thermodynamic effects due to ionization and excitation.
The model parameters, radial phase mass swept-up fmr and radial current factor fe; are
combined in this radial phases. The radial mass swept-up factor fi,, takes into account
all mechanisms which increase or reduce the amount of mass in the moving slug,
during the radial phase. The current factor f.; is the fraction of current effectively
flowing in the moving piston forming the back of the slug (due to all effects). This
defines the fraction of current effectively driving the radial slug. Equations 3 to 6

describe this phase [38].
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where v is the specific heat ratio of the gas, zris the position of the axial current sheet,
zo is the length of the anode, r; is the position of the radial shock front and r, is the
position of the radial current sheet

The four generating equations (3, 4, 5, 6) form a closed set of equations which

is integrated for rs, 1p, zrand L.
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¢. Radial Reflected Shock (RS) Phase: When the shock front hits the axis, because the
focus plasma is collisional, a reflected shock develops which moves radially outwards,
whilst the radial current sheath piston continues to move inwards. The model
parameters fmr and fe: are also used in this phase. Equations 7 to 10 describe this phase

[58].
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The integration of these 4 coupled generating equations 7-10 is carried out

step-by-step as in the radial inward shock phase [38].

d. Pinch Phase: When the out-going reflected shock hits the inward moving piston,

the compression enters a radiative phase. This phase is described by equation 11.

ra S "

Y
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It should be noted that an energy loss/gain terms (dQ /dt ) has been added into

the equation of motion [38]. The plasma gains energy from Joule heating; and loses

energy through Bremsstrahlung and line radiation

e. Unstable region: At the end of the pinch phase the system becomes unstable,
develops a high “anomalous” resistivity [38] and breaks up. This phase is described

by equations 12 and 13.

A
dz, | I (12)
dt 47 (y+1)p, r

dr
Vo—hdt—u[l bJ ey B2 e jRE 4
2nr, dt

- (13)

T )
(Inc)z, + ln— .

In equation 13, the term R is the plasma resistance. It should be noted that step-

by-step integration was terminated at the end of a period related to the transit time of

small disturbance speed across the plasma pinch column [38].

f- Expanded Column Phase: As in phase (a) above, two equations are used to describe
this phase. Experimentally it has been observed that the pinch (phase d above) breaks
up rapidly (phase e above) transitioning into a low density expanded column. This
behaviour is captured in the equations which continue to follow the elongation of this
expanded column in the post-pinch dynamics.

Using the four model parameters f¢, fm, fmr, for good fitting can be obtained
between the computed total current waveform to the measured total current waveform
since Lee Model code combines the energy and mass balances equivalent, at least in
the gross sense, to all the processes which are not even specifically modelled.

Hence the computed gross features such as speeds, trajectories and integrated
neutron and soft x-ray yields can be obtained; and are found to be comparable with

measured values.
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The neutron yield in the Lee Model is computed using a phenomenological
beam-target neutron generating mechanism described by V A Gribkov ef al/ [57] and

adapted to yield the following equation:

2 .
Y,, =CnI z Inb/r)c/U" (14)

n~"i" pinch

The ion density is nj, b is the cathode radius, rp is the radius of the plasma pinch
with length z,, ¢ the cross-section of the D-D fusion reaction, and U is the beam
energy. Cn is treated as a calibration constant combining various constants in the
derivation process [48]. Since the neutron yield equation (14) depends on a
mechanism in which an ion beam interacts with the plasma target, information on the
number of ions is implicit in the formulation of this equation [40]. The code has
therefore been extended [40, 41] to compute the number and properties of the ions for
various gases. This extended code is used in our work to compute the number of ions
and the energy in the ion beam in each shot in order to determine how these properties
vary with pressure of operation. It was hoped that this could result in a correlation
between the hardness of the irradiated sample and these properties of the ion beam.
This correlation is made in Section 4.11.

The code also computes line radiation Qi which is calculated as

dQ,
dt

=—4.6x10""n/ZZ; (nr))z, /T (15)

The SXR energy generated within the plasma pinch depends on the properties:
number density n;, effective ion number density Z, the atomic number Z,, pinch radius
1p, pinch length zrand temperature T. It also depends on the pinch duration since in

the Lee Model code the QL is obtained by integrating over the pinch duration.

3.4.3 Numerical Fitting of Lee Model Code
The Lee Model Code computes the plasma properties from a measured current
waveform to modelling for diagnostics. This Lee Model Code is configured to work

on any plasma focus by providing the following appropriate parameters:
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(i) Tube Parameters: Radius of Anode (@), Radius of Cathode (b) and Effective
Length of Anode (zo)

(i) Capacitor Bank Parameters: Inductance of Discharge Circuit (Lg), Bank
Capacitance (Cp) and Short Circuited Resistance of the Discharge Circuit (70)

(iii) Operational Parameters: Bank Charging Voltage (7)), Operating Pressure
(Po)

(iv) Information of Filling Gas: Molecular Mass (MW), Atomic Number (4), and
Number of Atoms (Az-1 mol-2).

The gross performance of the plasma focus device is best indicated by the
current trace. The parameters of the machine (Table 3.2) are required for the code.
The computed total current waveform is fitted onto the measured waveform [32]
during the experiment by adjusting the four model parameters £, fc, fur, and fe-, until
the computed waveform matches the measured waveform as shown in Figure 3.22.
First, the axial model factors £, and f. are adjusted. Then, the radial model factors f

and f.,, are adjusted until the two waveforms are fitted together.

Table 3.2 Parameters for fitting

Parameters Value
Lo 114 nH
Co 30 uF
b 3.2cm
0.95 cm
Z0 16 cm
Io 13 mQ
Vo 12 kV
po 0.5/1.0/1.5/2.0 Torr
MW 28 g/mol
Atomic Number 7
Atom / Molecule 2 (Molecule)
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Figure 3.22 The 5-point Fitting of Computed Current Trace to Measured (reference)

Current Trace. Source: Arwinder Singh et al [59]

The following is the description of the 5 points in Figure 3.22:
Point 1: The rising slope of the total current trace. (Adjust f» and f.)
Point 2: The rounding off of the peak current. (Adjust f,» and fc)
Point 3: The peak value of the current. (Adjust f» and £;)
Point 4: The slope of the current dip. (Adjust £, and fer)
Point 5: The depth of the current dip. (Adjust £, and fer)

3.4.4 Use of Lee Code in this research

In each shot that is fired to irradiate a sample, a current trace is measured using
the oscilloscope described elsewhere in this thesis. The code is configured as this
plasma focus. The code is run and the computed current waveform is fitted to the
measured current waveform. The plasma parameters for this shot are obtained. In
particular the beam ion parameters are noted for correlation with the effects of the

irradiation. This aspect of the work is described in greater detail in section 4.11.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Hardness of steel samples before nitriding

Before the steel samples were nitrided, their surface hardness was measured
after the annealing process. The hardness of steel tends to occur in a range rather than
appearing as a single figure when measured with the Micro Vickers hardness tester.
The hardness is not entirely homogenous throughout the steel but primarily fluctuates
within a tight range of between 170 to 190 HV. This is a typical steel behaviour that

the researcher has to work with.

4.2 Appearance of steel samples after nitriding

After the plasma focus nitriding procedures were completed, the samples were
examined visually. Discolouration was detected and that provided a clue that some
change had taken place. However, the amount of discolouration is not able to tell us
to what degree the surface hardness has changed. Nevertheless, it is still useful in
helping to determine the beam centre of the plasma focus shot. Table 4.1 below shows
the appearance of the samples after they had undergone nitriding in the plasma focus

device.
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Table 4.1: The Appearance of the nitrided steel samples

Nitrogen | Anode Picture of the Samples
Pressure | Firing
Distance
0.5 Torr 40 mm
Sample 1
60 mm
Sample 2
80 mm
100 mm
Sample 4
120 mm

Sample 5
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1 Torr

40 mm

Sample 6

60 mm

Sample 7
80 mm

Sample 8
100 mm

Sample 9
120 mm

Sample 10
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1.5 Torr

40 mm

Sample 11

60 mm
Sample 12
80 mm
Sample 13
100 mm
Sample 14
120 mm

Sample 15
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2 Torr

40 mm

Sample 16
60 mm

Sample 17
80 mm

Sample 18
100 mm

Sample 19
120 mm

Sample 20

47




The pictures of the samples shown in Table 4.1 show that after the plasma
focus nitriding, there is a white sheen on the steel surface. This whitish layer is typical
of nitrided steel and is commonly known in industry as the “white layer”. This layer
contains nitrides that are formed during the nitriding process.

From visual inspection, it can be seen that the ion beam produces a rough
circular spot of approximately 1 cm radius on the steel surface. This spot has very
rough surface texture compared to the rest of the metal surface. Rings of
discolouration radiate from this circular spot and can be represented in the drawing of
Figure 4.1

Ring 4

Ring 3
Ring 2

Ring 1

Rings drawn on
Sample 20 as
an example

Figure 4.1 Rings around the centre spot with an example from Sample 20

Ring 1 is the spot that receives most of the ion beam bombardment. It will be
shown later that Ring 1 also has the greatest surface hardness improvement. For the
purpose of making a visual comparison of textures with the variation in pressure, the
samples are arranged according to the two parameters of chamber pressure and the

firing distance above the anode as shown in Figure 4.2.
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0.5 Torr 1.0 Torr 1.5 Torr 2.0 Torr

Sample 5 Sample 10 Sample 15 Sample 20

& we
.l

120mm

Sample 4 Sample 9 Sample 14 ) Sample 19
Sample 3 Sample 8 Sample 13 ) Sample 18
80mm
b 1 B3NN LR
Sample 2 Sample 7 Sample 1 Sample 17

Sample 1 Sample 6 Sample 16

Sample 11

40mm

Figure 4.2 Samples arranged according to pressure and distance above anode for

convenient visual comparison

The variation of pressure and distance above the anode does not present much
information that can be detected visually. The only effect that we can see is that the
closer the sample is to the anode, the central ring is more pronounced and the surface
texture is more evident. This was evident in all the pressures used. The effect of the

ion beam is more dispersed at further distances from the anode.

4.3 Energy-dispersive X-Ray spectroscopy (EDX) of steel samples

By using the Energy-dispersive X-Ray Spectroscopy, the composition of the
nitrided AISI 1020 low carbon steel can be determined. Figure 4.3 shows the EDX

spectroscopy of the steel sample before undergoing nitriding.
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Figure 4.3 EDX spectroscopy of the steel before undergoing nitriding.

After the steel has undergone 30 plasma shots at 1 Torr at a distance of 40 mm

from the anode, the EDX spectroscopy was taken again and Figure 4.4 shows that the
nitrogen element has crept into the result.

Spectrum 1

0 2 4 6 3 10 : s 14 16 18 20
Full Scale 10598 cts Cursor: 0.000

Figure 4.4 EDX spectroscopy of the steel after nitriding showing the presence of

nitrogen (after 30 shots, 1 Torr, 40 mm anode distance)

The presence of nitrogen would imply that the steel has formed nitrides after
the nitriding operation.
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4.4  Scanning Electron Microscopy (SEM)

Upon examination of the cross section of the nitrided steel sample with an

SEM machine, the nitrided white layer, which is typical of nitrided steels, can be

readily observed in Figure 4.5.
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Figure 4.5 Nitrided white layer with 10 shots

The sample in Figure 4.5 has been placed 40 mm above the anode and
bombarded with 10 shots of nitrogen ion beam at 1 Torr. It was also noted that the
white layer was not very thick but only in the region of slightly more than a 100
microns where the ion beam hit the target. It would be logical to think that this was
roughly related to the depth of penetration of the ion beam into the metal.

Figure 4.6 shows a steel sample that has been placed 40 mm above the anode
and treated with 30 shots of plasma at 1 Torr. Although the number of shots has been
tripled, the white layer thickness increased only slightly to around 130 microns. The
depth of penetration of nitrides increases with the number of shots but this increase is

not correspondingly proportional.
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Figure 4.6 Increased nitrided white layer with 30 shots

The depth of penetration is only one of the factors contributing to the increase
in hardness and it is not possible to predict how hard a material can get by just looking
at the depth of penetration. Figure 4.4 and Figure 4.6, when read together, serve to
indicate that nitriding has taken place. Figure 4.5 and Figure 4.6 imply that a greater
number of shots will give a greater nitriding effect. The EDX and SEM readings have
shown that surface modification by using this method is valid. Beyond that, they will
not yield much more information. Therefore, direct hardness measurements will be

the primary focus of this experiment.

4.5  Hardness variation graphical comparison

The hardness readings of all the samples are tabulated in Appendix A of this
thesis. For each sample, the values of the hardness are plotted on a graph for ease of
visualization of the change in hardness as shown in Figures 4.7 to 4.26. The origin, or
‘0’ position, in the graphs corresponds to the centre position of the ion beam shot. The

graphs show that the hardness has increased in some of the samples.
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Surface Hardness (HV)

Sample 1 (0.5 Torr Nitrogen, 40mm from Anode)
450.0

4000
3500

300.0
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After Nitriding
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100.0.
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Figure 4.7 Sample 1 before and after nitriding

Sample 2 (0.5 Torr Nitrogen, 60mm from Anode)
450

400
350

300

25 - Before Nitriding
— After Nitriding

150

100

-20 -10 0 10 20 30 40 50 60
Distance from center (mm)

Figure 4.8 Sample 2 before and after nitriding
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Sample 3 (0.5 Torr Nitrogen, 80mm from Anode)
450

400
350
300

250 —Before Nitriding

After Nitriding

Surface Hardness (HV )

-30 -20 -10 0 10 20 30 40 50 60

Distance from center (mm)

Figure 4.9 Sample 3 before and after nitriding

Sample 4 (0.5 Torr Nitrogen, 100mm from Anode)
450

400

350

250 — Before Nitriding
— After Nitriding

Surface Hardness (HV)

-30 =20 -10 0 10 20 30 40 50
Distance from center (mm)

Figure 4.10 Sample 4 before and after nitriding

54



Sample 5 (0.5 Torr Nitrogen, 120mm from Anode)
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Surface Hardness (HV)
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Figure 4.11 Sample 5 before and after nitriding

Sample 6 (1.0 Torr Nitrogen, 40mm from Anode)
450

Surface Hardness (HV)

- Before Nitriding

— After Nitriding

0 10 20 30

Distance from center (mm)

40 50 60

Figure 4.12 Sample 6 before and after nitriding
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Sample 7 (1.0 Torr Nitrogen, 60mm from Anode)
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Figure 4.13 Sample 7 before and after nitriding
Sample 8 (1.0 Torr Nitrogen, 80mm from Anode)
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Figure 4.14 Sample 8 before and after nitriding
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Surface Hardness (HV)

Sample 9 (1.0 Torr Nitrogen, 100mm from Anode)
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Figure 4.15 Sample 9 before and after nitriding

Sample 10 (1.0 Torr Nitrogen, 120mm from Anode)
450
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350
300

250 — Before Nitriding

100
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After Nitriding

-20 -10 0 10 20 30 40 50 60
Distance from center (mm)

Figure 4.16 Sample 10 before and after nitriding
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Surface Hardness (HV)

Sample 11 (1.5 Torr Nitrogen, 40mm from Anode)
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——Before Nitriding

—— After Nitriding
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Figure 4.17 Sample 11 before and after nitriding

Sample 12 (1.5 Torr Nitrogen, 60mm from Anode)
450
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250 — Before Nitriding
After Nitriding
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-20 -10 0 10 20 30 40 50 60

Distance from center (mm)

Figure 4.18 Sample 12 before and after nitriding
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Surface Hardness (HV)

Sample 13 (1.5 Torr Nitrogen, 80mm from Anode)
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Figure 4.19 Sample 13 before and after nitriding

Sample 14 (1.5 Torr Nitrogen, 100mm from Anode)
450.0

400.0

——— Before Nitriding
— After Nitriding

-20 -10 0 10 20 30 40 50 60
Distance from center (mm)

Figure 4.20 Sample 14 before and after nitriding
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Surface Hardness (HV)

Sample 15 (1.5 Torr Nitrogen, 120mm from Anode)
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Figure 4.21 Sample 15 before and after nitriding

Sample 16 (2.0 Torr Nitrogen, 40mm from Anode)
450.0

400.0
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Before Nitriding
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-20 -10 0 10 20 30 40 50 60
Distance from center (mm)

Figure 4.22 Sample 16 before and after nitriding
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Surface Hardness (HV)

Sample 17 (2.0 Torr Nitrogen, 60mm from Anode)
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Figure 4.23 Sample 17 before and after nitriding

Sample 18 (2.0 Torr Nitrogen, 80mm from Anode)
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Figure 4.24 Sample 18 before and after nitriding
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Sample 19 (2.0 Torr Nitrogen, 100mm from Anode)
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Figure 4.25 Sample 19 before and after nitriding

Sample 20 (2.0 Torr Nitrogen, 120mm from Anode)
450.0

400.0
350.0

300.0
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150. : u ;

-30 -20 -10 0 10 20 30 40 50 60
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w— After Nitriding

Surface Hardness (HV)

Figure 4.26 Sample 20 before and after nitriding

4.6  Hardness variation among samples of the same operating pressures
By comparing the samples of the same operating pressures and plotting their
hardness on the same graph, it can be easily seen that the anode distance has a

profound effect on the hardness (Figures 4.27 to 4.30).
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Comparison of hardness profile with irradiation distance

Figure 4.27

at pressure 0.5 Torr
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Comparison of hardness profile with irradiation distance

Figure 4.28

at pressure 1.0 Torr
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Comparison of hardness profile with irradiation distance

Figure 4.29

at pressure 1.5 Torr
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Figure 4.30

at pressure 2.0 Torr
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The graphs for Figure 4.27 to Figure 4.30 show that the hardening effect by
the plasma focus nitriding tend to be strongest around the positional range -7 to +7
mm from the centre ‘0’ position. Once out of this range, the hardening effect tapers
off rapidly. Thus, the hardening effect is felt only in an area about the size of a small
coin. This method of nitriding can therefore be considered a “spot nitriding” process.
The higher hardness value at this circular spot is due to the ion beam focusing onto
the spot due to the current pinch and this has led to the spot receiving most of the
plasma ion beam energy. This circular region of the spot roughly corresponds to
visually observed Ring 1 of Figure 4.1. This circular region will be referred to as the
“central spot” in this thesis even though it is not the centre of the test sample.
However, it is the location of the centre of the ion beam shot.

Another observation that can be made is that the anode distance has an effect
on the surface hardening. Generally, the graphs 4.27 to 4.30 show that the closer, the

anode distance, the better is the hardening effect.

4.7 Hardness variation with both pressure and anode distance

Twenty steel samples have been nitrided by the dense plasma focus machine
where the distance of the anode to the steel target was varied. The distances were set
at 40, 60, 80, 100 and 120 mm. In addition to that, the nitrogen pressure in the chamber
was also varied with different pressure nitrogen settings of 0.5 ,1.0, 1.5 and 2.0 Torr.
Then the hardness readings were taken along the length of the sample at 1 mm
intervals.

One way to show the effect of all three variables is to create a colour coded
hardness contour diagram. This is shown in Figure 4.31 which expressed the variation
of hardness with pressure and anode distance.

The arrangement of the contour diagram is such that the vertical axis denotes
the vertical distance of the test sample from the anode. The horizontal axis denotes
the nitrogen pressure at which the ion beam was fired. The hardness is read by noting
the colour and comparing it to the hardness colour strip on the right edge of the

diagram.
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Figure 4.31 Variation of hardness with pressure and anode distance

From the colour contour diagram of Figure 4.31, the greatest hardness found
in the samples tend to hover around the ‘0’ position where the ion beam struck the
sample. Looking at the colour contours, it is obvious that the greatest improvement in
hardness is found in the sample placed 40 mm from the anode and nitrided at 1.0 Torr.

Comparing the results row by row, the most promising results were displayed
by the row of samples placed 40 mm from the anode. The hardness diminished as the
distance from the anode was increased.

Again, looking at Figure 4.31 and comparing the results column by column,
the samples operated at 1 Torr (second column of samples from the left) appear to do

better than the samples operated at other pressures.
4.8  Average hardness variation at central spot

The colour contour hardness diagram of Figure 4.31 compares the hardness

across the length of the sample. It is also useful to compare the results at the central
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spot where most of the hardening takes place. For this purpose, the hardness readings
for 15 positions for each sample, from the position -7 mm to +7 mm at 1 mm intervals,

were taken and then averaged out. This is shown in Figure 4.32.

Sample 5 Sample 10 Sample 15 Sample 20

. 175.9 190.7 176.9 169.5 AVERAGE
HARDNESS

IN HV TAKEN

AT EVERY

400ms

i 173.6 189.7 198.6 172.2 { AN
INTERVAL

Sample 3 Sample 8 Sample 13 Sample 18 FROI\I

Sample 4 Sample 9 Sample 14 Sample 19

205.2 206.0 198.5 1763 POSITION
RANGE

-7TO+7 MM

Sample 2 Sample 7 Sample 12 Sample 17

Snn 218.0 229.1 2203 194.0

Sample 1 Sample & Sample 11 Sample 16

Atk 233.6 338.1 2853 241.7

Axial Distance of Substrate from Anode Tip
8
8
3

0.5 Torr 10 Torr 15 Torr 20Torr  Pressure of Nitrogen Gas

Figure 4.32 Average hardness at the central spot

It was mentioned before that the hardness prior to nitriding was in the range
of 170 to 190 HV. Looking at Figure 4.32, at an anode distance of 60 mm (2™ row
from the bottom), there was slight increase in hardness but that could hardly be called
a significant increase. The only significant increase in hardness came from the bottom
row of 40 mm anode distance. Again, it was the 1.0 Torr pressure that delivered the

best results among all the pressures used.

4.9  Other observations

In the chamber of the plasma focus device, the ion beam impinges onto the
mild steel target with great energy. When a steel target is hit with an energetic beam,
it undergoes heating because the energy is dissipated as heat. The steel target cools in
the vacuum chamber slowly as it is not taken out of the chamber while waiting for the
next ion beam shot. Essentially, this process whereby the steel is subjected to heating
and slow cooling is akin to heat treatment. A solid metal is composed of tiny little
crystallites or grains. The grains are randomly oriented and contact each other at
surfaces called the grain boundaries. High temperatures will cause an increase in size

of grains in a metal. The grain size increases and is accompanied by a reduction in the
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number of grains per volume. The larger the grain size, the softer the metal becomes.
This is widely known as the Hall-Petch relationship.

In the plasma focus device, two processes are going on at the same time:
nitriding and heat treatment. The effect of nitriding will cause the metal to become
harder while the effect of heat treatment will cause the metal to become softer. If the
effect of the nitriding is greater than the effect of the heat treatment, then the net effect
is that the metal undergoes an increase in hardness. However, if the effect of the
nitriding is less than the effect of heat treatment, the metal will undergo a reduction
in hardness.

In Figures 4.25 and 4.26 (samples 19 and 20), the hardness of the samples
appears to have reduced after nitriding. These two samples were fired at 2 Torr and at
a far anode distance of 100 and 120 mm respectively. In section 4.7, we have seen
that hardness diminished as the anode distance is increased. In addition, the samples
fired at 2 Torr appear to have less hardening than that of other three pressures in Figure
4.31. It will be shown later in section 4.11 that the ion beam at 2 Torr has the lowest
beam energy of all. With the disadvantage of high anode distance and a 2 Torr
pressure, there is a likelihood that the effect of the nitriding is less than the effect of
heat treatment. Thus it is not surprising to observe that the samples in Figures 4.25
and 4.26 have undergone a reduction in hardness.

In Figure 4.21 (sample 15 at 1.5 Torr, 120 mm anode distance) )there appears
to be an anomaly. The hardness improvement is not at the usual central spot but appear
to be away from the centre. For this particular sample, a visual inspection of the
surface (sample 15 in Table 4.1) yields an interesting observation. Not only is the
central spot not as well defined as that of other samples, the beam centre position
appears to have shifted to the right. Out of the 30 shots, a fair number of shots could
have landed on the far right. There is always an expectation that the beam will
naturally aim in a direction axial to the anode and thus move centrally upwards.
However, there is no beam guiding mechanism in the plasma focus machine so this
expectation of a perfect aim may not always be accurate. If the aim is off by a little
bit, the effect is magnified with a greater anode distance. Generally, a shot of moving
particles is subjected to the phenomena of shot dispersion and I think the ion beam

will also be no different. The further the anode distance, the more the beam particles
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become dispersed. The two factors of an imperfect aim accompanied by a shot
dispersion will be more much evident at 120 mm than at 40 mm anode distance. The
visual inspection appears to indicate that this was what happened to sample 15. The
lesson to be learned from this experience is that one should not attempt nitriding at a

120 mm anode distance.

4.10 Application in machining aluminium

An application of this method may be possible in the production of cutting
tools for dry machining in the aluminium machining industry. Machining of
aluminium products does not require a cutting tool that is very hard because
aluminium has a hardness of around 110 to 120 HV only. Any sharp metal tool that is
harder than aluminium should be capable of cutting it. In fact, a tool of several
hundred HV (Vickers hardness value) should be sufficient to carry out the cutting
operation as it is several times harder. This required hardness value is easily
achievable using the plasma focus machine to nitride cheap low carbon steel.

Machining aluminium does however pose a problem that is not found in the
machining of many other materials. Aluminium chips may adhere strongly to the
cutting edge of the tool, leading to tool breakage. If the surface of the cutting tool is
textured, this adhesion is considerably reduced. The surface of the tool is textured in
the form of micro dimples or linear grooves and has been found to decrease cutting
forces, coefficient of friction and cutting temperature. Textured surface improved the
crater wear resistance by serving as (i) a micro-reservoir for a cutting fluid and (ii) a
micro-trap for wear debris [60]. If the surface of the tool is smooth, then grooves can
be cut into the surface using laser technology in order to produce a textured surface.

The dense plasma focus machine can harden a steel tool and at the same time
impart a surface texture to it in the same setup (Teh [61]). The ion beam introduces
nitrides into the steel target and at the same time it erodes the surface to produce tiny
grooves on the surface. This is what is required to produce a textured cutting tool. The
advantage is that both effects are achieved in one setup and using only one piece of

equipment.
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Thus, this method is highly suitable for producing a textured cutting tool such
as that shown in Figure 4.33. Cutting tools come in all shapes and sizes and the tool

need not be limited to the shape shown in Figure 4.33.

Cutting tool with texture at the cutting tip

Texture imparted by plasma focus

Figure 4.33 Textured cutting tool shape

Using this method, a mild steel bar has its end shaped into a desired cutting
edge and then placed in a plasma focus machine for nitriding. The advantage of this
method is that the ion beam can impart a hardness increase as well as a surface texture
onto the cutting edge in one setup.

A test cut was carried out using one of the nitrided steel samples as a cutting

tool as shown in Figure 4.34. The textured surface was coated with a bit of oil for

| T

lubrication.

Figure 4.34 Nitrided test sample used as cutting tool

It was then clamped into the tool holder of a lathe machine so that it can be
used as a cutting tool as shown in Figure 4.35. An aluminium rod was fixed into the

lathe spindle and used as a work piece.
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Tool fixed
in position

Figure 4.35 Tool fixed in the tool holder and ready for cutting

The spindle was turned on and the tool was fed into the aluminium work piece.

Figure 4.36 shows the cutting in progress.

Figure 4.36 Cutting in progress

The result of the cutting is shown in Figure 4.37
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Figure 4.37 Turned aluminium workpiece

The cutting was easy and there was no evidence of aluminium sticking to the
rake face of the tool. Thus it is demonstrated that the dense plasma focus machine is

capable of turning out a textured tool.

4.11 Ion Beam analysis using the Lee Model Code

In a numerical study done jointly with A. Singh [62], the Lee model code was
used to perform numerical experiments [62-69] in an attempt to correlate the beam
energy with the physical hardness results. This is possible when the capacitor bank
parameters are determined [70] and then fed into the Lee code together with the other
operating parameters. In conjunction with this work we note that [73] in parallel with
the laboratory work there has been extensive theoretical, analytical and numerical
work on the plasma focus which could be traced back to the original one-fluid
formulation of piston-like ‘snowplow’ model of Rosenbluth [72-76] to 2-D two-fluid
magnetohydrodynamic models [77] and three-fluid magnetohydrodynamic models
[78,79]. Kinetic models were extended to fully kinetic simulations [80-83] giving
perhaps the most advanced simulations of the plasma focus at the expense of
considerable theoretical sophistication and computing resources. On the other hand,
simpler methods with varying degrees of utility had been used by others [84-91]. The
Lee code [92-94, 44] uses a relatively simple approach and yet is able to achieve the

widest range of applications in plasma focus computations.
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The machine used in this project is a conventional Mather type machine known
as the UNU/ICTP PFF (United Nations University/International Centre for
Theoretical Physics Plasma Fusion Facility) [95]. It has a capacitance of 30 pF, static
inductance of 114 nH, a circuit resistance of 13 mQ and an anode length of 16 cm
with a radius of 0.95 cm. The anode is surrounded by cathodes arranged in a circle
having a radius of 3.2 cm measured from its centre.

The 6 phase model of the Lee Code (version RADPFV6.1) is configured as
the INTI PF by entering the capacitor bank, tube and operational parameters. The
computed total current waveform is fitted to the measured waveform by adjusting the
model factors fm, fc, fmr and fcr one by one, till the computed waveform agrees with
the measured waveform [55-56, 95-97]. With the variation in operating pressure, the
following results shown Figure 4.38 and 4.39 with regards to the number of ions and

the beam energy with each shot are obtained.

40K

Toms (=107

Pressure (Tort)

Figure 4.38 Number of ions vs pressure. Source [61]
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Figure 4.39 Beam energy vs pressure. Source [61]

From figures 4.38 and 4.39. it can be seen that the number of ions per shot
reached a peak at 1.5 Torr while the beam energy reached at peak at 1 Torr. From
figure 4.31, it is noted that surface hardness peaked at 1 Torr, which is coincidentally
at the same pressure reading as the peak of beam energy. The observation that the
peak of beam energy coincides with the peak of hardness can be explained by the idea
that greater beam energy makes it easier to implant nitrides into the steel which thus
resulted in greater surface hardness. Thus the fact that the hardness of the samples
treated at 2.0 Torr is less than those treated at 1 and 1.5 Torr can be explained by the
fact that the beam energy available at 2.0 Torr is less than the beam energy available
at 1 and 1.5 Torr.

If the beam energy was the sole determinant of hardness, then the hardness at
0.5 Torr will be greater than the hardness at 1.5 Torr. However, this is not the case
because the hardness at 1.5 Torr is greater. This indicates that the beam energy is not
the sole determinant for hardness and therefore we can conclude that the number of
ions is also a factor for hardness. This is acceptable and does not negate the observed
fact that the pressure for peak hardness coincides with the pressure where the greatest

beam energy is obtained.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK

5.1  Conclusions

The surface treatment experiment was executed using a Mather-type dense
plasma focus machine which successfully modified the properties of AISI 1020 low
carbon steel. The plasma focus nitriding experiment was done by using different
nitrogen pressures, different anode firing distances and a fixed number of plasma shots
for each sample. There were a total 20 steel samples being nitrided for this project.
The nitrogen pressures used were 0.5 Torr, 1 Torr, 1.5 Torr and 2 Torr. The firing
distances were set at 40 mm, 60 mm, 80 mm, 100 mm and 120 mm. The nitrided steels
were tested with a Micro Vickers hardness tester to study the variation of pressure and
anode firing distances on the hardness value. This approach has been found to yield
results to allow one to conclude that there is indeed a relationship between the
chamber pressure and anode firing distances on the hardness value of the steel targets.

The first objective of this research is to determine the variation of surface
hardness caused by different nitrogen pressure in the plasma focus device. Among the
nitrided steel samples, the maximum hardness reading is obtained from Sample 6 at
429.1 HV. The hardness value obtained after nitriding is more than double that before
nitriding. We can conclude that for best results, the nitrogen pressure in the chamber
must be kept at 1 Torr which appears to be the optimum pressure. When the pressure
is decreased or increased from this 1 Torr optimum pressure, the hardening effect is
decreased.

The second objective is to determine the optimal firing distance to achieve
maximum hardness. The best results are obtained at the firing distance of 40 mm from
the anode. When the distance is increased, the hardening effect tapers off. This is
hardly surprising as the ion beam will become more dispersed as it travels further
away from the anode.

The third objective is to determine the hardness distribution on the substrate
after surface modification by the plasma focus device. It has been found that, after

nitriding, the hardest area on the steel samples are found within the central spot which
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is roughly circular in shape with a radius of 9 mm. Once out of this central spot, the
hardness effect tapers off rapidly.

The last objective is to determine if there is a characteristic of the ion beam
that affects the surface hardness the most. The Lee Model Code is utilized to
determine if there is a relationship between the ion beam energy and number of ions
per shot on the hardness value of the nitrided steels. The operation at 1 Torr had the
highest beam energy as shown in the computation discussed in section 4.11. This 1
Torr pressure also yields the highest hardening result. The beam energy thus serves as
a good logical explanation for the hardening effect. It is conceivable that the high
beam energy level at 1 Torr somehow made it easier to implant nitrogen ions into the
steel surface, thus resulting in optimum hardening. Thus, one can conclude that a
higher beam energy contributes better to the effectiveness of the nitriding process.
From a logical viewpoint, both the beam energy and a number of nitrogen ions must
be present in order for nitriding to take place. A high beam energy without any
nitrogen ions present will not result in nitriding. Similarly, a large number of nitrogen
ions without sufficient beam energy to implant it into the target surface will also not
result in nitriding. Both the beam energy and the nitrogen ions need to be present
before nitrogen implantation can take place. What this research has shown is that, for
low carbon mild steel, the point of greatest hardness improvement coincides with the

point of highest beam energy.

5.2 Recommendations

From this research, it can be noted that the use of the plasma focus device for
nitriding purposes has two very distinct features when compared with nitriding results
using other methods. Firstly, the surface of the nitrided steel is textured with furrows
and tiny overlapping pits on the surface. Secondly, the hardness effect is confined to
only a small area (just a few cm?). In other words, this method results in spot nitriding
rather than blanket nitriding. However, this method is suitable for the production of
textured tools where only the nose of the tool is required to be sufficiently hard. The
advantage of this method is the fact that the DPF imparts a texture to the surface makes

the tool suitable for usage as a textured tool in the dry machining of aluminium parts.
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5.3  Future work
There has been limited experimentation to correlate the hardness improvement
with the number of ion beam shots in this project. Some preliminary experimentation
has indicated that the hardness increases with the number of ion beam shots. It is
logical to assume that the more the shots, the greater will be the hardening effect. It is
also logical to think that nothing improves indefinitely and at some point, increasing
the number of ion beam shots will not result in any further increase in surface
hardness. Thus, future researchers may want to pursue the following:
(i) To determine the trend of increase in hardness with the number of shots.
(i1)) To determine an optimum number of shots for surface hardness.
(ii1) To do qualitative tests on nitriding for one step hardening-texture application
on a cutting tool for the machining of aluminium, specifically tests on

frictional forces and tool wear rates.
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APPENDIX A
SURFACE HARDNESS READINGS

After plasma focus nitriding had been conducted on 20 steel samples, the
surface hardness was measured with a Micro Vickers hardness tester using a 0.2 kgf
indentation load. The hardness was measured at 1 mm intervals. The location of the
centre of the ion beam shot was determined visually on the sample by inspecting the
texture pattern on the sample surface. The texture pattern radiates out from a centre
and this centre is taken as the centre of the ion beam shot.

The results of the hardness readings of all 20 test samples are presented in

Tables 4.2 to 4.21.
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Table A.1 Hardness readings for Sample 1

Nitrogen pressure 0.5 Torr, anode distance 40 mm

Sample 1 )
Ion beam centre location: 21 mm
Before Nitriding: After Nitriding:
Position d1 d2 HV d1 d2 HV
(mm) (um) (um) (um) (um)

1 47.5702 | 44.982 173 45.6662 | 45.7555 177.6
2 46.4695 | 46.1125 173.8 42.602 | 48.6412 178.4
3 48.1037 | 46.1125 167.2 43.792 | 43.9407 192.5
4 472132 | 44.3275 176.8 46.4695 | 44.5952 179.2
5 44.0895 | 45.2795 185.8 43.1375 | 43.673 196.9
6 46.6182 | 47.4512 167.9 45.7257 | 45.6067 177.6
7 46.648 | 47.5405 167.2 46.6182 | 45.696 173.8
8 44.5655 | 46.172 179.9 41.7392 | 42.959 207.3
9 46.41 45.9637 173.8 41.055 40.341 223.9
10 46.4992 | 45.0415 176.8 40.698 37.247 243.9
11 47.6297 | 45.934 169.3 39.5972 | 40.6385 230.7
12 474512 | 46.9455 166.5 43.1077 | 42.6317 202.5
13 46.2017 | 43.1307 177.6 37.247 40.936 242.9
14 45.101 46.053 178.4 36.9495 | 40.579 247.6
15 46.41 46.529 171.5 36.176 38.08 269.5

16 46.291 | 46.6182 171.5 39.9542 | 35.4917 261
17 48.1355 | 47.124 163.7 41.7392 | 36.9167 240.1
18 47.005 | 45.4282 173.8 39.7757 | 42.364 220.6
19 45.529 | 47.6596 167.2 39.3592 38.08 247.6
20 46.4695 | 47.124 169.3 45.934 40.103 200.6
21 48.8495 | 46.5587 163 38.6155 | 45.9042 207.3
22 47.3025 | 47.243 165.8 41.412 | 40.7872 219.6
23 47.5107 | 46.7075 167.2 42.126 | 39.9542 220.6
24 46.5885 | 45.5175 174.5 44.506 | 38.0205 217.4

25 46.648 | 46.1125 172.3 41.1442 | 38.6155 233
26 47.0347 | 46.5885 169.3 41.2037 | 38.1692 235.3
27 46.291 | 45.0415 177.6 40.6385 | 38.2882 238.9
28 44.0895 | 45.7555 184 38.1395 | 39.7162 245.1
29 453687 | 46.767 174.5 42.245 | 36.1165 242.6

30 449275 | 45.5175 181.5 39.0022 | 35.4025 268

31 46.2612 | 44.506 179.9 38.6155 | 35.7595 268
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32 46.6777 | 47.9272 165.8 41.5012 | 34.034 259.6
33 46.7372 | 45.9637 172.3 37.366 | 36.9792 270.9
34 45.57 | 45.5472 178.4 36.3545 | 36.8007 276.9
35 44.3275 | 44.2382 189 38.9427 | 37.4552 254.2
36 46.1125 | 45.0712 178.4 40.579 | 40.0732 228.4
37 46.2612 | 45.22 177.6 40.579 41.055 222.8
38 44.387 | 44.387 188.1 46.9752 | 41.055 191.6
39 46.291 | 46.0232 173.8 44.2085 | 45.3985 184.8
40 46.7372 | 44.9522 176.8 43.8812 | 44.5655 189.9
41 45.696 | 44.5952 182.3 41.8582 | 47.6892 184.8
42 47.4512 | 46.4612 168.6 48.1057 | 43.3457 177.6
43 45.3687 | 46.291 176.8 45.8745 | 43.911 184
44 46.9752 | 47.0942 167.9 43.554 45.577 186.5
45 48.7305 | 46.7372 163 42.1557 | 44.387 197.8
46 47.8082 | 46.2315 167.9 45.339 | 42.7507 191.6
47 45.6067 | 46.9455 173 47.2132 | 47.5107 165.1
48 47.0942 | 45.3092 173.8 43.673 | 50.4262 167.9
49 45.5175 | 47.1835 172.3 49.1172 | 45.3985 163.7
50 46.1125 | 45.458 176.8 46.1125 | 48.8495 164.4
51 46.767 | 47.4215 167.2 45.7555 | 49.147 164.4
52 45.0117 | 44.9225 183.2 45.4282 | 46.0232 177.6
53 48.2842 | 46.9752 163.7 47.3917 | 46.291 169.3
54 46.5587 | 44.5052 178.4 48.4677 | 46.886 163
55 47.481 | 47.1537 165.8 46.6182 | 46.8265 170.1
56 48.2545 | 45.9042 167.2 46.2017 | 44.8927 179.2
57 46.3802 | 46.529 171.5 47.719 | 47.8082 162.3
58 45.5472 | 46.6182 174.5 47.0942 | 47.6595 165.1
59 46.4695 | 43.9042 173.8 46.6486 | 45.9935 173
60 47.3917 | 46.3207 168.6 47.7487 | 47.719 163
61 44.4762 | 45.1605 184.8 47.6297 | 47.481 165.8
62 47.3917 | 45.3686 172.3 50.3667 | 46.3985 161.7
63 46.9455 | 46.3802 170.1 45.1605 | 46.1125 178.4
64 47.719 | 46.1125 168.6 43.9705 | 47.8677 176
65 44.9522 | 44.5357 185.6 44.03 44.5952 189.9
66 447142 | 43.6432 189.9 45.4282 | 47.243 173
67 45.2795 | 43.4945 188.1 46.053 | 50.3072 159.6
68 46.2612 | 46.9752 170.8 47.4512 | 46.3505 168.9
69 45.4282 | 43.8812 185.6 46.7967 | 46.3802 170.8
Average 174.1
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Table A.2 Hardness readings for Sample 2

Nitrogen pressure 0.5 Torr, anode distance 60 mm

Sample 2 .
Ion beam centre location: 22 mm
Before Nitriding: After Nitriding:
Position d1 d2 HV d1 d2 HV
(mm) (um) (um) (um) (um)

1 46.7075 | 45.9935 172.3 50.575 | 48.8197 150.2
2 45.458 | 45.7555 178.4 47.8082 | 50.7832 152.6
3 46.7372 | 46.886 169.3 48.7305 | 50.813 149.6

4 45.577 | 47.0347 173 46.7075 | 49.385 161
5 46.815 | 45.5157 173.8 46.5587 | 48.552 163.7
6 44,5952 | 44.8035 180.7 46.9152 | 498,907 158.3
7 47.7785 | 45.9042 181.5 45.6365 | 45.6067 178.4
8 47.7785 | 45.9637 168.6 43.5837 [39.3592 | 215.4
9 44387 | 44.1192 189 44.863 | 44.6845 184.8
10 44.863 | 43.3457 190.7 46.6777 | 45.6365 173.8
11 44.6845 | 44.4465 186.5 40.6087 | 48.8197 185.6

12 43.1077 | 44.268 194.2 46.6777 | 45.9637 173
13 43.8217 | 43.6432 194.2 44,7142 | 46.5885 177.6
14 40.7277 | 43.435 209.3 44,7737 |40.4005 [ 204.6
15 45.4282 | 43.9705 185.6 41.5905 | 45.8447 194.2
16 45458 | 45.5472 179.2 40.1327 |43.2267 | 213.3
17 44387 | 44.8927 186.5 40.0137 [42.5127 | 217.4
18 45.5175 | 46.3207 176 36.1462 | 46.172 218.5
19 454877 | 46.1422 176.8 40.698 |36.1462 | 251.5
20 44,5655 | 45.9042 181.5 40.9955 | 38.1097 | 236.5
21 45.6067 | 47.4215 171.5 43911 |32.3382| 255.5
22 47.7487 | 48.8495 159 359677 |37.0982 | 278.4
23 473025 | 46.529 168.6 45.8745 [39.5675( 203.4
24 46.6182 | 46.767 170.1 51.2592 | 38.1692 185.6
25 47.1537 | 46.529 169.3 45.3985 |[41.0252 198.7
26 47.6595 | 48.0165 162.3 42.1557 [40.4302 | 217.4
27 46.7967 | 46.6777 170.1 42.1557 | 45.8447 191.6
28 47.4215 | 49.0577 159.6 45.101 |37.4552| 2174
29 469157 | 47.4215 166.5 43.3457 | 45.0415 189.9
30 46.0827 | 46.4397 173 44,3572 [ 40.7575 204.4
31 47.6595 | 47.5107 163.7 41.5905 | 41.888 213.3
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32 46.053 | 47.5107 169.3 39.8352 | 40.1327 | 231.8
33 48.3735 | 48.8197 157 45.1307 | 43.1077 | 190.7
34 46.0827 | 45.1902 178.4 45.7257 | 44.3572 | 183.2
35 47.481 45.934 170.1 44.2977 | 43.1375| 194.2
36 45.22 44.625 184 44.387 |45.1902 [ 184.8
37 44.5952 | 45.9042 181.5 41.412 | 43.316 206.3
38 45.2795 | 46.8265 174.5 43.1375 | 48.314 177.6
39 44.9522 | 45.0117 183.2 46.3505 |44.8332| 178.4
40 44.5952 | 45.1902 184 47.7305 | 48.4925 161
41 45.9935| 45.934 175.3 35.358 | 45.9637| 177.6
42 44982 | 44.8332 184 43.4053 | 49.8015| 170.8
43 43.435 | 43.3457 196.9 46.4695 | 47.1835| 169.3
44 44.8927 | 46.3207 178.4 47.5702 | 46.4695| 167.9
45 46.2017 | 45.934 174.5 47.7785 | 45.934 168.6
46 44.5655 | 45.7852 181.5 47.719 | 47.0347 [ 165.8
47 43911 44.387 190.7 48.5222 |46.3802 | 164.4
48 45.577 | 47.3025 172.3 47.2727 | 469157 | 167.2
49 42.84 45.1307 191.6 48.076 | 47.6297 [ 161.7
50 44.2085 | 45.1605 185.6 46.3505 | 46.41 172.3
51 46.886 | 48.4925 163 46.2315 | 47.0347 | 170.8
52 45.815 | 44.5357 181.5 48.4925 |49.6527 | 153.8
53 44.5357 | 44.506 187.3 48.6115 |49.1172 | 155.1
54 46.053 | 46.4397 173.8 46.7075 | 46.053 172.3
55 45.4282 46.41 176 47.0347 47.6 165.8
56 43.3457 | 46.4695 184 47.4215 | 47.5405| 164.4
57 43.7622 | 43.792 193.3 46.3505 |47.9272 | 167.2
58 43.673 43911 193.3 45.696 |46.6182 | 174.5
59 44.4465 | 45.9935 181.5 44.8332 | 47.124 175.3
60 43.2267 | 42.4235 202.5 47.481 |46.8562  166.5
61 43.1375 | 43.8217 196 46.3207 |47.9272 | 168.6
62 45.4282 | 45.7555 178.4 47.987 | 48.7007 159
63 42.959 41.531 208.3 47.987 | 48.7305 159
64 40.936 | 42.8102 211.3 48.671 | 49.861 152.6
65 44.0002 | 43.8217 192.5 48.4627 | 47.5702 161
66 43.792 | 44.7142 189 48.8197 | 47.5405 | 159.6
67 43.673 | 43.8812 193.3 49.3255 | 47.243 159
68 44.9522 | 47.481 173.8 46.7372 | 46.4992 | 170.8
69 45.815 | 48.9387 165.1 45.101 |46.8562 | 1753
Average 180.3
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Table A.3 Hardness readings for Sample 3

Nitrogen pressure 0.5 Torr, anode distance 80 mm

Sample 3 .
Ion beam centre location: 21 mm
Before Nitriding: After Nitriding:
Position d1 d2 HV d1 d2 HV
(mm) (um) (um) (um) (um)

1 48.7305 | 47.6892 159.6 50.337 49.5337 149

2 46.0827 | 46.2315 173.8 49.623 52.479 142
3 46.886 | 46.7075 169.3 49.742 46.1422 161.7
4 47.6595 | 46.172 168.6 46.1422 | 46.9455 171.5
5 46.767 | 46.4992 170.8 49.504 48.3437 155.1
6 46.053 | 46.767 172.3 49.504 46.2315 162.3
7 46.3207 | 45.815 174.5 49.3552 | 48.0165 156.4
8 46.886 | 45.7852 173 50.099 48.3735 153.2

9 46.8562 | 45.5472 173.8 47.2132 | 45.4282 173

10 46.4695 | 48.3735 165.1 46.9157 49.028 161
11 459042 | 46.6182 173 43.6135 | 41.9475 202.5
12 444167 | 44.744 186.5 45.0415 | 44.6547 184.8
13 43.4647 | 45.1902 189 41.293 47.8677 186.5
14 45.7555 | 44.5655 181.5 43.435 42.0962 202.5
15 45.7852 | 46.9157 172.3 39.1807 | 43.9047 214.3
16 45.7555 | 45.3985 178.4 43.7622 | 44.9522 188.1
17 46.4397 | 44.8927 177.6 39.0617 | 44.3572 213.3
18 47.362 | 48.1057 163 40.9955 | 41.2037 219.6
19 46.41 | 45.2795 176.8 42.8697 | 38.7345 222.8
20 47.481 | 45.3985 172.3 45.3687 | 45.0117 181.5
21 46.2017 | 45.6662 176.8 43.1672 49.742 171.5
22 48.6115 | 47.1537 161.7 39.8352 | 39.2997 236.5
23 47.481 | 47.9867 163 39.4187 | 39.8352 236.5
24 48.4627 | 47.243 161.7 46.3802 | 42.5722 187.3
25 48.0165 | 48.5222 159 39.1212 35.462 266.2
26 46.8265 | 46.0232 172.3 46.0827 44.268 181.5
27 46.4695 | 46.4992 171.5 43.4025 | 46.3207 184
28 49.028 | 49.0577 157.7 47.7487 | 45.0117 172.3
29 48.8197 | 49.0577 155.1 44.5052 | 40.6087 204.4
30 47.481 | 47.4512 164.4 45.1307 | 47.8082 171.5
31 46.2315 | 46.3505 173 44,7737 | 45.3985 182.3
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32 47.9272 | 47.0645 164.4 45.3985 | 46.0232 177.6
33 47.5702 | 46.0827 169.3 46.172 46.1125 174.5
34 47.6595 | 47.243 164.4 45.6662 | 46.5587 174.5
35 47.0645 | 47.362 166.5 46.6182 45.339 175.3
36 46.7372 | 45.22 175.3 45.7555 | 44.8972 180.7
37 47.3025 | 46.8265 167.2 46.0232 44.387 181.5
38 48.3735 | 45.7555 167.2 45.8447 | 44.3572 182.3
39 45.8447 | 46.529 174.5 45.4282 | 45.4877 179.2
40 48.4032 | 46.1422 165.8 46.8562 | 44.2382 179.2
41 47.9867 | 46.5885 165.8 45.4877 | 46.3207 176
42 45.3092 | 44.7142 183.2 46.0827 | 46.5587 173
43 45.6067 | 45.5175 178.4 45.6067 49.266 165.1
44 43.6135 | 43.2267 192.5 45.339 46.3802 176
45 45.6365 | 45.577 178.4 44.8035 | 45.4282 182
46 447737 | 44.268 187.3 45.4877 | 45.2795 179.9
47 46.291 | 47.5405 168.6 45.4877 48.79 167.2
48 45.101 | 44.4465 184.8 48.7305 | 49.1787 154.5
49 45.5175 | 43.316 188.1 46.5296 | 48.0165 165.8
50 45.339 | 44.0002 185.6 44.625 46.4695 179.2
51 46.7075 | 45.9637 173 45.4877 | 45.5175 179.2
52 46.8265 | 44.2977 178.4 48.195 47.6892 161.7
53 44.5952 | 46.2315 179.9 46.172 47.124 170.8
54 47.2727 | 45.696 171.5 46.6777 46.291 171.5
55 46.291 | 45.3985 176.8 48.433 47.243 162.3
56 45.9042 | 45.8745 176 48.195 46.767 164.4
57 45.3687 | 45.7555 178.4 47.481 47.6892 163.7
58 45.9935 | 45.9637 175.3 48.4032 | 48.1652 159
59 45.8745 | 48.1355 167.9 47.6 47.3025 164.4
60 44.2085 | 44.8927 186.5 48.314 47.5107 161.7
61 44.0002 | 44.149 190.7 47.0347 45.934 171.5
62 45.6662 | 45.1307 179.9 47.362 47.7487 163.7
63 49.1172 | 49.4445 152.6 48.9387 | 50.5155 150.7
64 43.5242 | 43.4052 196 48.909 48.195 157
65 47.8677 | 48.2543 160.3 48.0462 | 48.9685 157.7
66 47.2727 | 46.7372 167.9 47.124 46.8562 167.9
67 47.6 | 46.3505 167.9 49.504 47.957 156.4
68 45.101 | 44.6845 184 47.7487 | 48.6412 159.6
69 44.387 | 46.0232 181.5 47.8975 | 47.5107 163
Average 173.3

98




Table A.4 Hardness readings for Sample 4

Nitrogen pressure 0.5 Torr, anode distance 100 mm

Sample 4 )
Ion beam centre location: 24 mm
Before Nitriding: After Nitriding:
Position d1 d2 HV d1 d2 HV
(mm) (um) (um) (um) (um)

1 46.6777 | 44.9225 176.8 442977 | 46.529 179.9
2 48.1057 | 48.314 159.6 45.7852 | 44.1192 183.2
3 49.504 | 51.3485 146 46.9752 | 46.7967 168.6
4 45.6067 | 46.4695 175.3 45.8447 | 48.1355 167.9
5 46.767 | 45.9935 173 45.3985 | 44.4465 184
6 47.9867 | 47.1835 163.7 46.4695 | 46.0827 173
7 47.838 | 46.0232 168.6 45.6067 | 46.2017 176
8 46.9752 | 47.3917 166.5 46.2315 | 45.577 176
9 48.0165 | 45.2497 170.8 45.7527 | 46.172 176
10 47.6595 | 47.124 165.1 46.1125 | 45.5175 176.8
11 45934 | 47.4512 170.1 44.149 | 41.3227 203.4
12 45.7555 | 45.6365 177.6 45934 | 39.7757 202.5
13 44,744 | 44.928 184 43.673 43.673 194.2
14 48.314 | 47.1537 163 45.0117 | 39.2997 208.3
15 46.767 | 47.2727 169.3 47.005 | 39.3295 198.7
16 44.5357 | 43.0482 193.3 47.481 | 47.3917 176
17 47.0942 | 46.529 169.3 44.268 42.721 196
18 47.719 | 46.1125 168.6 42.6912 | 45.1307 192.5
19 47.2727 | 47.5405 165.1 48.2545 | 47.6892 161
20 45.8447 | 46.053 176 443572 | 47.005 177.6
21 47.2132 | 47.4512 165.8 45.0117 | 46.0827 179.2
22 46.053 | 46.648 172.3 47.362 44.268 176.8
23 44,2832 | 43.4945 189.9 48.314 | 49.5932 154.5
24 47.362 | 45.9637 170.8 45.6365 | 45.6662 177.6
25 45.8745 | 46.529 173.8 46.7075 | 47.2132 167.9
26 49.2597 | 47.5107 158.3 44.625 | 47.6595 174.5
27 47.7785 | 47.3025 164.4 46.1422 | 45.5472 176.8
28 45.3985 | 46.9455 173.8 48.7305 | 49.5932 153.2
29 46.2612 | 45.9935 174.5 46.6777 | 47.7785 166.5
30 47.838 | 46.053 168.6 46.7075 | 48.8495 162.3
31 48.7305 | 44.625 170.1 42.7805 | 45.934 188.1
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32 46.886 | 46.7987 169.3 45.577 | 43.4052 187.3
33 48.7007 | 48.195 158.3 45.4282 | 44.0002 185.6
34 45.6067 | 46.2612 178.4 44.8035 | 45.3687 182.3
35 46.291 | 44.7737 179.2 45.7852 | 45.339 178.4
36 45.6662 | 45.3092 179.2 46.2612 | 46.648 171.5
37 46.3802 | 44.1787 180.7 44.268 | 48.2247 173.8
38 45.0117 | 44.7377 184 48.5817 | 47.124 161.7
39 44.4167 | 43.554 190.7 47.5107 47.6 163.7
40 46.5587 | 46.7372 170.8 47.0347 | 49.9502 157.7
41 46.2315 | 45.6602 176 45.9935 | 48.6412 165.8
42 47.243 | 45.339 173 47.9272 | 47.1835 163.7
43 46.648 | 45.815 174.5 43.2267 | 46.3802 184.8
44 48.076 | 47.243 163 45.6365 | 45.101 179.9
45 47.0347 | 46.2315 170.8 44.9225 | 45.9637 179.9
46 47.481 | 44.1787 176.8 45.3985 | 45.3687 179.9
47 46.172 | 46.5587 172.3 46.0232 | 48.8197 165.1
48 46.1422 | 45.1605 177.6 46.9455 | 48.4627 163
49 45.1902 | 46.0827 178.4 46.886 | 48.1355 164.4
50 46.1422 | 45.8745 175.3 45.9042 | 46.7372 173
51 46.886 | 44.744 176.8 44.625 | 46.9752 176.8
52 45.457 | 45.7852 178.4 45.3985 | 48.4032 168.6
53 46.172 | 45.6662 176 43.1872 | 47.9272 178.4
54 46.8265 | 46.9455 168.6 49.2065 | 48.4925 155.7
55 47.005 | 46.648 169.3 47.8082 | 44.7737 173
56 45.8745 | 44.6547 180.7 45.7257 | 48.6115 166.5
57 48.79 | 47.838 159 47.6 48.552 160.3
58 46.648 | 45.8745 173 45.7555 | 47.838 169.3
59 47.6595 | 47.4512 163.7 45.5175 | 47.4512 171.3
60 48.0462 | 46.0232 167.9 46.1422 | 49.5337 162.3
61 48.8495 | 47.124 161 45.577 | 46.4397 175.3
62 44.863 | 42.4235 196 44.744 | 46.8265 176.8
63 48.4032 | 48.6115 157.7 46.0827 | 49.6327 161.7
64 45.8745 | 45.6365 176.8 44.8927 | 47.3322 174.5
65 47.6297 | 47.6 163.7 47.4215 | 47.3025 165.1
66 43.792 | 46.4397 182.3 46.9752 | 45.9935 171.5
67 48.1355 | 47.3025 163 43.7325 | 48.2545 167.2
68 49.028 | 49.1787 153.8 44.2977 | 48.4032 172.3
69 47.4215 | 46.7967 167.2 44.5357 | 48.671 168.6
Average 171.7

100




Table A.5 Hardness readings for Sample 5

Nitrogen pressure 0.5 Torr, anode distance 120 mm

Sample 5 )
Ion beam centre location: 20 mm
Before Nitriding: After Nitriding:
Position d1 d2 HV d1 d2 HV
(mm) (um) (um) (um) (um)

1 46.886 | 46.7075 169.3 48.762 46.767 162.3
2 47.0347 | 43.673 179.9 474512 | 43.5242 179.2
3 48.4032 | 44.2085 173 46.5885 | 46.886 170.1
4 48.1355 | 47.3025 163 45.2497 | 43.4945 188.1
5 45.3092 | 45.8447 178.4 46.3505 | 46.886 170.8

6 46.886 | 44.744 176.8 48.8792 | 47.7785 159
7 46.172 | 45.6662 176 46.172 | 47.9867 167.2
8 46.4397 | 46.41 172.3 44,5655 | 43.1872 192.5
9 46.886 | 44.5257 177.6 47.124 47.005 167.2
10 46.886 | 45.815 176.8 45.2795 | 43.1605 181.5
11 45.5472 | 44.03 184.8 47.3917 | 48.9982 159.6
12 45.815 | 44.982 179.9 48.9685 | 47.243 160.3
13 47.4215 | 46.7967 167.2 44.4465 | 46.4695 179.2
14 46.7967 | 46.9455 169.3 44.6845 | 44.9522 184.8
15 46.7075 | 46.4992 170.8 44,4762 | 46.4992 179.2
16 47.0056 | 44.268 178.4 452795 | 46.1125 177.6

17 47.4215 | 47.8082 163.7 46.2315 | 46.3802 173
18 46.529 | 46.886 170.1 45.8447 | 42.2747 190.7
19 46.7967 | 44.2977 179.2 42.959 | 45.0712 191.6
20 45.7257 | 46.2315 175.3 46.4397 | 45.0415 177.6
21 48.5222 | 48.195 158.3 46.9157 | 53.5797 147.2

22 47.005 | 46.648 169.3 46.9455 | 48.9982 161
23 47.9272 | 47.5107 163 44.4107 | 44.8035 186.5
24 47.0942 | 48.909 161 46.7967 | 45.1902 175.3
25 49.6527 | 49.8015 150.2 46.1422 | 44.982 178.4
26 45.3985 | 47.9867 170.1 47.7487 47.05 165.1
27 48.79 47.838 159 45.5175 | 47.7487 170.8
28 44.149 | 44.6845 188.1 45.7555 | 47.5702 170.1
29 45,9637 | 47.4512 170.1 47.6892 | 45.9042 169.3
30 47.5702 | 47.0645 165.8 45.458 | 47.9867 170.1
31 47.6297 47.6 163.7 43911 43.7922 193.3
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32 47.6595 | 47.4512 163.7 44.2085 | 47.8082 175.3
33 46.767 | 46.7967 169.3 44.982 | 46.1422 178.4
34 48.4627 | 47.243 161.7 45.6365 | 45.4877 178.4
35 45.6365 | 45.577 178.4 45.101 | 44.7142 184
36 48.4032 | 48.6115 157.7 47.0347 | 46.3802 170.1
37 46.053 | 46.767 172.3 47.6892 | 47.5405 163.7
38 48.8495 | 47.124 161 46.4397 | 47.9272 166.5
39 47.4512 | 45.577 171.5 46.3505 | 48.7602 163.7
40 47.362 | 47.005 166.5 46.1422 | 47.7785 167.9
41 47.9867 | 46.5885 165.8 45.2657 | 45.1605 180.7
42 48.7602 | 48.195 157.7 45.6622 | 45.4282 179.2
43 46.291 | 47.5405 168.6 46.172 45.815 175.3
44 46.3802 | 45.7555 174.5 47.4512 | 46.3802 168.6
45 45.8745 | 48.1355 167.9 47.124 45.934 171.5
46 47.481 | 46.3505 168.6 47.3322 | 46.4992 168.6
47 48.7305 | 47.6892 159.6 46.9455 | 47.8975 165.1
48 48.5222 | 46.886 163 46.7967 | 47.0942 168.6
49 45.9042 | 46.6182 173 45.815 45.696 176.8
50 48.2545 | 47.5107 161.7 45.3092 | 44.8332 182.3
51 45.7852 | 46.9157 172.3 46.3505 | 45.4282 176
52 47.362 | 46.648 167.9 44.03 44.4762 189
53 48.6115 | 47.1537 161.7 47.005 | 48.2247 163.7
54 45.9637 | 44.9225 179.9 46.9752 | 46.8562 168.6
55 46.7372 | 45.22 175.3 47.8082 | 46.053 168.6
56 47.6595 | 46.3207 167.9 46.0827 | 46.6777 172.3
57 46.767 | 46.4992 170.8 47.2132 | 45.4877 172.3
58 47.9867 | 46.5885 165.8 47.362 | 47.5702 164.4
59 49.1172 | 49.4445 152.6 50.456 | 50.7237 144.9
60 46.8562 | 46.291 170.8 47.6297 | 49.9502 155.7
61 48.3735 | 49.028 156.4 46.9455 | 49.028 161
62 46.291 | 45.3985 176.8 46.707 | 47.4215 167.2
63 48.4627 | 47.243 161.7 46.9752 | 48.0462 164.4
64 47.9272 | 48.552 159.6 45.5175 | 47.8677 170.1
65 47.481 | 47.4512 164.4 46.3802 | 47.2132 169.3
66 49.8015 | 49.0577 152 46.2612 | 44.6845 179.2
67 46.2017 | 45.6662 176.8 44.3572 | 46.2017 180.7
68 48.0462 | 47.3917 163 48.1057 | 47.7785 161.7
69 46.7075 | 45.9637 173 46.8562 | 49.5932 159.6
Average 168.6
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Table A.6 Hardness readings for Sample 6

Nitrogen pressure 1.0 Torr, anode distance 40 mm

Sample 6 )
Ion beam centre location: 21 mm
Before Nitriding: After Nitriding:
Position di d2 HV d1 d2 HV
(mm) (um) (um) (um) (um)

1 50.1882 | 51.6162 143.2 47.3025 | 42.3937 184.8
2 49.9502 | 46.291 160.3 46.648 | 40.8467 194.2
3 45934 | 45.458 177.6 42.9292 | 43.9705 196.9
4 44,2382 | 43.7325 191.6 43.7325 | 45.9537 184.8
5 44.5655 | 45.9042 181.5 45.9537 | 45.7852 176
6 46.7562 | 46.5587 170.1 48.79 40.936 184
7 44,4762 | 43.2862 192.5 43.673 | 44.9225 189
8 51.8542 | 49.4742 144.3 47.005 | 43.673 180.7
9 47.5702 | 46.6182 167.2 42.84 40.936 211.3
10 43.792 | 43.8515 193.3 43911 41.174 205.3
11 46.9455 | 45.6365 173 40.6385 | 45.1605 201.5
12 47.4215 | 47.1835 165.8 34.9265 |39.3295 269.5
13 49.4742 | 45.2497 165.1 38.7345 | 32.9332 289.4
14 47.2132 | 47.243 166.5 38.0205 | 38.675 252.8
15 48.9982 | 47.8677 158.3 40.9062 | 36.3842 248.9
16 48.3735 | 45.577 167.9 30.7615 | 29.869 404
17 46.8265 | 46.41 170.8 31.2077 | 37.3065 315.3
18 47.4215 | 46.3802 168.6 31.8622 | 32.0705 362.2
19 46.9157 | 46.3802 170.8 39.6567 | 32.2787 286.2
20 49.0577 | 47.124 160.3 31.5945 | 29.4822 398.7
21 47.243 | 46.3802 169.3 31.892 |[29.9285 388.5
22 48.433 | 48.3437 158.3 31.1185 | 30.226 393.5
23 46.0827 | 46.3207 173.8 33.082 | 29.393 381
24 46.0827 | 46.3207 173.8 38.1395 | 39.2105 247.6
25 47.1537 | 46.9577 167.9 33.7365 | 27.251 398.7
26 46.4695 | 46.291 172.3 35.581 | 33.8555 308
27 47.0645 | 47.0347 167.9 29.7202 | 29.036 429.1
28 47.9272 | 47.5702 163 39.9542 | 35.9677 256.9
29 46.6777 | 46.2612 171.5 43.2565 | 44.863 190.7
30 47.5702 | 47.838 163 47.3322 | 39.8352 195.1
31 45.1605 | 46.3207 177.6 43.792 | 42.6615 198.7
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32 46.9157 | 46.291 170.8 44.149 | 46.053 182.3
33 46.0827 | 46.9455 171.5 43.2565 | 43.435 197.8
34 45.4877 | 44.03 184.8 49.2362 | 45.4282 165.8
35 45.0712 | 44.9522 183.2 43.7027 | 47.243 179.2
36 44.8927 | 45.696 180.7 46.2017 | 45.22 177.6
37 46.172 | 46.7967 171.5 43.435 |47.4512 179.9
38 45.4877 | 43.1077 189 44.149 |47.6892 176
39 45.815 | 45.5175 177.6 46.4695 | 46.886 170.1
40 47.6892 | 47.3025 164.4 47.5107 | 45.8745 170.1
41 46.4695 | 45.0415 177.6 48.076 47.6 162.3
42 46.8265 | 44.2382 179.2 51.051 | 39.2402 182.3
43 46.41 | 46.3027 172.3 47.481 |45.9637 170.1
44 46.4397 | 46.9355 170.1 46.7967 | 46.3505 170.8
45 47.5702 | 46.886 166.5 47.2132 | 47.719 164.4
46 47.3025 | 47.124 166.5 46.8562 | 45.6067 173.8
47 49.266 | 47.4215 159 48.8197 | 48.2247 157.7
48 44.4465 | 43.0482 194.2 48.195 |47.4512 162.3
49 46.4695 | 45.101 176.8 45.8745 | 46.6777 173
50 46.7075 | 47.3917 167.9 46.648 | 47.362 167.9
51 44.5655 | 46.767 177.6 48.0462 | 47.243 163.7
52 46.5587 | 47.243 168.6 46.2612 | 47.6892 167.9
53 47.3917 | 47.837 163.7 48.7602 | 47.719 159.6
54 45.22 | 45.815 179.2 45.9935 | 45.6662 176.8
55 47.2132 | 45.934 170.8 47.719 | 48.671 159.6
56 45.2795 | 45.3687 180.7 47.3025 | 46.529 168.6
57 46.1125 | 48.552 165.8 47.362 | 46.8265 167.2
58 47.6595 | 45.4877 170.8 48.1652 | 49.4445 155.7
59 47.243 | 47.1835 166.5 46.6777 | 45.5472 174.5
60 43.1077 | 47.1835 182.3 47.3025 | 46.7372 167.9
61 443275 | 44.4167 188.1 42.126 | 44.149 199.7
62 45.1307 | 44.9225 183.2 41.8582 | 44.7737 197.8
63 48.433 | 48.195 159 48.5817 | 47.0942 162.3
64 44.863 | 45.2795 182.3 43.7622 | 43.2862 196
65 43.5242 | 43.911 194 45.5472 | 48.552 167.9
66 46.172 | 46.886 171.5 45.8447 | 45.696 176.8
67 45.0415 | 46.1125 178.4 44.863 |46.6182 177.6
68 45.9637 | 46.1125 175.3 47.1537 | 45.6662 172.3
69 42.483 | 45.9637 189.9 42.483 | 45.9637 189.9
Average 172.7
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Table A.7 Hardness readings for Sample 7

Nitrogen pressure 1.0 Torr, anode distance 60 mm

Sample 7 )
Ion beam centre location: 20 mm
Before Nitriding: After Nitriding:
Position d1 d2 HvV d1 d2 HvV
(mm) (um) (um) (um) (um)

1 47.9867 | 44.0597 175.3 45.0712 | 47.5405 173
2 39.984 50.813 179.9 45.7257 | 44.6845 181.5
3 47.1537 | 45.3092 173.8 46.1422 | 44.8927 179.2

4 46.4992 | 40.9955 194.2 47.481 42.245 184
5 46.8562 | 46.4397 170.8 46.3505 | 47.0942 170.1
6 49.742 | 45.6662 163 48.1355 | 46.886 164.4
7 46.7167 | 45.7852 173 46.8265 | 45.2497 175.3
8 45.7852 | 47.7487 169.3 44,5952 | 51.8243 159.6
9 46.2017 | 44.4167 180.7 443572 | 46.172 180.7
10 47.719 | 50.0097 155.1 444762 | 48.2247 172.3
11 48.7305 | 46.0827 165.1 43.673 | 42.8697 197.8
12 459042 | 46.8265 172.3 42.3937 | 43.3755 201.5
13 452792 | 44.1787 185.6 46.053 51.527 155.7
14 47.6 45.4877 171.5 43.8812 | 47.005 179.9
15 44.5952 | 44.8927 185.6 44.149 | 44.9225 187.3
16 47.124 | 47.2132 166.5 45.5175 | 43.2565 188.1
17 45.101 45.4282 180.7 40.2815 | 42.0367 218.5
18 47.8677 | 46.4397 166.5 41.293 | 41.2335 217.4
19 46.2017 | 45.934 174.5 39.7757 | 38.318 243.9
20 46.41 44,3572 179.9 36.5032 | 37.0982 273.9
21 48.7967 | 48.671 163 36.6222 | 43.3755 231.8
22 46.886 | 45.3687 174.5 41.1442 | 37.0982 242.6
23 48.4925 | 43.673 174.5 36.2057 35.7 286.2
24 44.0895 | 44.149 190.7 40.3942 | 37.6064 242.6
25 44,5357 | 42.9887 193.3 35.6107 | 35.2835 294.3
26 45.8447 | 45.696 176.8 36.5627 | 38.3477 263.8
27 46.6182 | 44.1192 179.9 43.9705 | 40.0435 210.3
28 46.41 43.3735 184 42.6062 | 39.7162 218.5

29 459637 | 44.863 179.9 39.3592 | 41.769 225
30 45.7852 | 45.3092 179.2 40.6385 | 40.1327 226.1
31 45.4282 | 44.6547 183 42.9887 | 46.7075 184.8
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32 47.0347 | 42.1855 186.5 44.625 | 42.9887 193.3
33 47.1835 48.79 161 47.005 | 44.5952 176.8
34 46.7967 | 46.5885 170.1 43.2565 44.03 195.1
35 45.0415 | 45.9637 179.2 47.838 | 48.6412 159.6
36 46.8265 | 45.9637 172.3 46.4992 | 47.3322 168.6
37 48.076 | 44.1787 174.5 45.1902 | 47.5107 172.3
38 45.8745 | 44.6547 180.7 44.0002 | 43.0185 196
39 46.41 46.3505 172.3 44.506 | 46.9455 177.6
40 46.4992 | 44.5952 179.2 46.172 | 47.6297 168.6
41 46.5885 | 48.076 165.8 46.767 | 45.6365 173.8
42 45.4887 | 44.9522 181.5 44.4167 | 46.648 179.2
43 46.4992 | 46.2612 172.3 44.5655 | 42.602 195.1
44 46.8562 | 45.8745 172.3 44.0895 | 44.2977 189.9
45 46.7372 | 45.6365 170.1 46.1422 | 41.1145 195.1
46 45.2497 | 44.1192 185.6 43.4647 | 46.648 182.3
47 46.6182 | 45.101 176 43.5242 | 44.5357 191.6
48 46.053 44.506 180.7 45.4282 | 42.6912 190.7
49 46.1125 | 45.0117 178.4 44.8927 | 43.8515 188.1
50 47.5405 44.03 176.8 45.4282 | 46.0232 177.6
51 46.1422 | 45.4248 176.8 45.22 46.4397 176.8
52 46.3505 | 45.6622 175.3 43.2565 | 43.4647 196.9
53 45.9042 | 46.053 175.3 40.7872 | 39.8055 228.4
54 44.8972 | 44.6845 184.8 43.8217 | 44.149 191.6
55 45.815 | 46.4397 174.5 44.8927 | 43.792 189
56 46.053 | 45.8477 176 42.4235 | 43.792 199.7
57 45.1902 | 45.9935 178.4 43.3457 | 40.579 210.3
58 47.5104 | 47.5405 164.4 43.9407 | 42.007 200.6
59 45.4282 | 45.1307 181.5 44.0002 | 41.5607 202.5
60 46.9455 | 45.7852 172.3 43.8812 | 44.3572 190.7
61 47.4215 | 47.2727 165.8 42.126 | 44.5955 197.8
62 46.7075 | 46.2612 171.5 42.5722 | 43.5837 199.7
63 47.2132 | 45.3092 173.8 42.0665 | 40.341 218.5
64 45.4877 | 44.7142 182.3 41.8582 | 42.7507 207.3
65 45.6662 | 42.8995 189 44.1192 | 46.4397 180.7
66 47.243 | 47.0347 167.2 43.5837 | 44.6845 190.7
67 46.0827 | 45.101 178.4 42.1855 | 45.934 190.7
68 46.7075 | 46.0827 172.3 46.7967 | 47.4215 167.2
69 48.9387 | 47.5702 159 47.243 | 47.0347 167.2
Average 175.6
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Table A.8 Hardness readings for Sample 8

Nitrogen pressure 1.0 Torr, anode distance 80 mm

Sample 8 .
Ion beam centre location: 20 mm
Before Nitriding: After Nitriding:
Position d1 d2 HV di d2 HV
(mm) (um) (pum) (pm) (pm)
1 45.1016 | 45.8447 179.2 47.5107 | 42.7507 182.3
2 44.4465 | 42.7507 195.1 46.3802 | 47.0645 170.1
3 43911 42.9887 196.9 45.0712 | 50.6642 161.7
4 44,982 44.0597 187.3 452497 | 45.5175 179.9
5 44,8322 | 44.4167 186.5 46.172 49.266 163
6 43.3755 | 43.2565 197.8 47.2727 | 47.1537 166.5
7 45.5662 | 45.1605 179.9 453687 | 49.1767 165.8
8 47.3322 46.648 167.9 45.6067 | 44.7737 181.5
9 473322 | 45.7257 171.5 46.5885 | 45.1605 176
10 43.1672 | 43.1077 199.7 47.0645 48.314 163
11 46.5885 | 45.9637 173 46.2612 | 48.6115 165.1
12 46.6777 47.243 167.9 47.0645 41.531 189
13 49.1172 | 48.6412 155.1 48.9387 | 49.9502 152
14 47.5702 | 46.8562 166.5 49.5932 | 48.1652 155.1
15 48.3735 48.433 158.3 48.7007 | 48.2842 157.7
16 47.5405 | 46.9752 165.8 49.3255 49.742 151.4
17 47.3322 | 474512 165.1 41.055 45.815 196.9
18 48.3437 | 46.9157 163.7 46.8562 | 45.9637 172.3
19 46.2612 46.053 173.8 44.1192 | 40.4302 207.3
20 45.2497 | 46.4992 176 40.8467 | 40.9657 221.7
21 44.4167 45.577 183.2 38.08 38.5262 252.8
22 46.6777 | 46.1422 172.3 42.7507 40.46 214.3
23 44,5357 | 46.6182 178.4 38.5857 | 37.9907 252.8
24 45.815 47.1835 171.5 39.8352 41.412 225
25 46.0827 | 46.2315 173.8 42.0962 | 36.3545 241.4
26 48.195 47.2132 163 37.1875 | 38.7047 258.2
27 45.1902 | 44.3572 184.8 40.379 39.746 230.7
28 47.1835 | 45.9637 170.8 44.506 38.4072 215.4
29 45.0117 | 44.8332 184 42.84 39.627 218.4
30 47.5702 | 45.4877 171.5 45.22 37.5445 216.4
31 44,7737 | 46.1422 179.2 39.508 45.1902 207.3
32 43.8812 | 42.8697 196.9 43.792 45.9042 184.8
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33 46.2612 | 45.6662 175.3 44.577 44.5357 182.3
34 46.7697 | 46.5587 170.1 44.3275 45.22 184.8
35 48.0462 46.41 166.5 42.5425 | 45.0712 193.3
36 44.149 47.3322 177.6 39.508 42.602 219.6
37 45.9935 | 47.0645 171.5 44.268 45.7555 183.2
38 46.9752 | 46.1422 170.8 45.577 45.8447 177.6
39 45.1307 | 44.9225 183.2 43.9407 | 39.8352 211.3
40 44.8927 | 45.3985 183.2 44.0002 | 42.5425 197.8
41 42.8102 | 44.5952 194.2 46.2612 | 44.0002 182.3
42 47.838 46.7967 165.8 45.6365 45.22 179.9
43 45.4282 | 46.2017 176.8 44.2382 | 44.6845 187.3
44 45.4877 | 44.1787 184.8 43.2565 | 45.7555 187.3
45 459935 | 44.7737 179.9 44.4167 | 42.7805 195.1
46 46.1422 | 46.9157 171.5 44.625 43.6135 190.7
47 46.7372 | 46.9752 168.6 46.1123 | 46.4992 173
48 44.8035 | 44.0895 188.1 45.3092 | 46.1125 177.6
49 43.6135 | 44.5357 190.7 42.9887 | 43.3755 198.7
50 46.0232 | 44.1787 182.3 42.7805 | 45.2795 191.6
51 46.7372 | 45.0117 176 447142 | 44.1787 188.1
52 43.8515 | 45.4877 185.6 42.721 44.863 193.3
53 46.41 44.5952 179.2 43911 44.268 190.7
54 44.863 45.2795 182.3 47.1835 | 41.0252 190.7
55 46.172 46.886 171.5 43.7027 45.934 184.8
56 42.4532 | 48.1355 180.7 45.815 52.122 154.5
57 46.2017 | 44.9522 178.4 45.339 45.5175 179.9
58 45.4282 | 44.5655 183.2 47.3322 | 48.0165 163
59 45.6365 | 47.8975 169.3 47.2132 | 46.6182 168.6
60 459637 | 47.0942 171.5 45.3092 | 48.3437 169.3
61 43.7027 | 43.8515 193.3 44.268 46.9455 178.4
62 47.8677 | 47.4512 163 42.3937 | 47.6297 183.2
63 46.5587 | 47.5107 167.9 45.7852 | 46.0827 176
64 48.7602 | 47.0942 161.7 47.1537 | 46.7075 168.6
65 44.5647 | 45.1307 184 46.023 46.529 173
66 44.9522 45.934 179.9 45.934 45.4877 177.6
67 459935 | 45.2795 178.4 44.625 46.0827 179.9
68 45.9637 45.101 179.2 44.3275 | 45.9042 182.3
69 46.9752 | 44.5357 176.8 45.22 44.8927 182.3
Average | 177.1
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Table A.9 Hardness readings for Sample 9

Nitrogen pressure 1.0 Torr, anode distance 100 mm

Sample 9 .
Ion beam centre location: 19 mm
Before Nitriding: After Nitriding:
Position d1 d2 HV di d2 HV
(mm) (um) (pum) (pm) (pm)

1 452497 | 43.5837 188.1 46.7372 | 47.3025 167.9
2 442382 | 43.5242 192.5 43.1375 | 44.6845 192.5
3 46.6777 | 44.9225 176.8 474512 | 43.7622 178.4
4 45.7555 45.22 179.2 47.0347 | 46.2612 170.8
5 46.3802 | 45.7555 174.5 43.8812 | 46.6777 180.7
6 46.6182 | 45.8745 173.8 48.6412 | 46.3207 164.4
7 45.0117 | 44.4762 185.6 47.3372 | 46.9455 167.2
8 46.053 43.4945 184.8 45.8745 | 45.0712 179.2
9 43.1077 | 42.1557 204.4 46.053 43.6432 184.8
10 46.2612 45.815 175.3 45.1902 | 45.0117 182.3
11 45.3505 46.291 173 47.8975 | 45.4877 170.1
12 46.0827 | 46.3505 173.8 45.7852 | 45.6662 177.6
13 444167 | 43.8812 190.7 474512 | 40.1327 193.3
14 46.9455 | 44.4465 177.6 48.6412 45.339 167.9
15 44.863 46.3207 178.4 43.5242 | 42.0962 202.5
16 46.1422 | 45.0117 178.4 41.65 43.0185 207.5
17 43.078 45.7257 188.1 43.6135 43911 193.3
18 46.8265 | 46.3505 170.8 44.8927 | 46.4992 177.6
19 46.648 45.4282 175.3 43.4052 | 41.7095 205.3
20 45.8745 44.149 183.2 41.1145 | 45.1902 198.7
21 43.7805 | 43.1375 197.6 41.3525 | 43.1672 207.3
22 46.3505 | 47.3917 168.6 46.648 42.8697 184.8
23 42.5722 | 45.3985 191.6 45.4282 41.293 196.9
24 44.5357 | 45.0712 184.8 46.767 45.1902 175.3
25 422152 | 43.1375 203.4 47.5702 | 45.7257 170.8
26 46.1422 46.172 173.8 45.5175 43.673 186.5
27 43.5837 | 44.0597 193.3 43.9407 | 43.0482 196
28 43.554 44.863 189.9 42.8102 | 44.2085 196
29 43911 45.7852 184.8 45.6365 | 45.5175 178.4
30 444167 | 44.0002 189.9 449522 | 42.6912 193.3
31 441787 | 45.4877 184.8 46.3207 | 45.0712 177.6
32 46.1125 | 44.4167 180.7 43.9407 | 43.1077 196
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33 43.0665 | 43.0665 199.3 42.8102 | 43.1672 200.6
34 43.078 44.625 192.5 45.339 43.2565 189
35 42.126 43.673 201.5 45.7257 | 43.5242 186.5
36 41.5012 43.435 205.3 45.577 46.172 176
37 42.4532 | 42.2747 206.3 44.8927 | 47.9867 172.3
38 44.8332 | 44.9225 184 47.7487 | 44.6845 173.8
39 44.2085 | 44.9225 186.5 45.3092 | 44.2977 184.8
40 44.0895 | 43.4647 193.3 43.4945 | 45.3092 188.1
41 43.435 45.6067 187.3 44.8332 | 42.6317 194.2
42 44.8927 45.101 183.2 42.4532 | 45.3687 192.5
43 42.8697 | 44.8035 193.3 45.0117 | 44.5357 184.8
44 44.4167 | 43.7622 190.7 46.2017 | 44.5655 181.5
45 45.1605 | 43.8515 187.3 46.7555 | 45.7555 173.8
46 46.1422 | 45.8745 175.3 46.3802 | 45.0117 177.6
47 43.673 44.3275 191.6 44.863 45.0415 183.2
48 44.8332 | 46.4992 177.6 45.4877 | 44.7737 182.3
49 44.5655 | 44.0002 189 45.4877 | 42.6912 191.6
50 45.8745 | 46.8265 172.3 44.863 45.696 180.7
51 45.577 46.648 174.5 46.9752 45.339 173.8
52 45.696 46.767 173.8 46.4397 | 45.3092 176
53 45.2497 | 45.3687 180.7 46.8265 | 45.7555 173
54 46.3505 | 44.9225 178.4 47.2132 | 45.8447 171.5
55 43.5242 | 46.3505 184 45.7257 | 44.6845 181.5
56 45.1902 47.719 171.5 45.1307 | 45.9042 179.2
57 44.268 43.435 192.5 45.4877 | 47.3025 172.3
58 46.3505 | 47.5405 168.6 46.9157 | 45.0415 175.3
59 42.8697 | 43.0482 200.6 45.3985 | 44.0002 185.6
60 44.4762 44.03 189 46.9157 46.767 169.3
61 42.8102 | 45.3985 190.7 50.099 45.458 162.3
62 44.744 44.928 184 47.4512 | 46.7967 167.2
63 43.792 44.7142 189 47.6 46.2612 168.6
64 45.815 44.5357 181.5 47.1835 45.22 173.8
65 43.7027 | 44.6845 189.9 48.0165 | 46.6777 165.8
66 43.673 43911 193.3 46.3207 | 47.2727 169.3
67 43.435 43.0482 198.7 47.9272 | 46.7075 165.8
68 44.5655 | 45.7852 181.5 45.6365 47.005 173
69 44.2085 | 45.1605 185.6 47.8082 | 47.2132 164.4
Average | 185.4
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Table A.10 Hardness readings for Sample 10

Sample | Nitrogen pressure 1.0 Torr, anode distance 120 mm
10 | Ton beam centre location: 20 mm
Before Nitriding: After Nitriding:
Position d1 d2 HV di d2 HV
(mm) (um) (pum) (pm) (pm)

1 453897 | 45.4877 179.9 46.3505 | 43.4945 184
2 45.4877 44.863 181.5 46.0232 | 419177 191.6
3 46.767 46.0232 172.3 44.625 42.5127 195.1
4 44,7142 | 42.9292 193.3 444167 | 46.4965 179.9
5 45.1902 | 45.5472 179.9 44.8927 | 45.2795 182.3
6 459637 | 46.6182 173 45.934 40.2517 199.7
7 45.1307 | 42.7507 192.5 454282 | 41.6202 196
8 46.3207 | 43.6432 183.2 45.8447 | 44.3572 182.3
9 45.5175 44.03 184.8 44.8927 45.458 181.5
10 444167 | 45.0415 185.6 459935 | 42.6615 189
11 46.3802 | 44.4762 179.9 45.5175 | 43.0185 189
12 44.5952 | 47.0645 176.8 43.1375 | 46.7372 184
13 454282 | 42.3937 192.5 46.3207 | 43.1077 185.6
14 45.3985 44.625 184 453092 | 44.2382 184.8
15 44,982 43.4647 189.9 43.9407 | 42.2747 199.7
16 45.5175 | 44.7737 182.3 44.8927 46.291 178.4
17 46.6777 | 45.3092 175.3 44,7142 | 45.9935 179.9
18 43.6432 44.268 191.6 46.3207 | 43.8217 182.3
19 45.1307 | 45.1307 182.3 38.6155 | 43.1672 221.7
20 454877 | 46.1422 176.8 42.245 41.293 212.3
21 45.5472 | 44.7737 181.5 41.7987 | 42.8697 206.3
22 43.1077 | 44.4762 193.3 46.1125 | 44.4167 180.7
23 44.4465 43.673 190.7 46.2017 | 42.9887 186.5
24 44.8927 | 43.1672 191.6 43.9407 | 43.5837 193.3
25 444167 43.673 191.6 46.0232 | 46.2315 174.5
26 43.554 43.1077 198.7 44,9225 | 44.7737 184.8
27 43.9402 45.101 187.3 452497 | 43.4025 189
28 44.625 42.0665 197.8 45.6067 | 44.8332 181.5
29 44.268 43.9705 190.7 44.1787 | 43.1375 194.2
30 44.3572 43911 190.7 45.339 44,5952 183.2
31 43.1077 | 44.5655 193.3 45.7257 | 44.4762 182.3
32 44.2085 43.435 193.3 44.0002 | 43.1077 195.1
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33 44.03 44.5357 189 46.3505 | 45.1605 176.8
34 45.101 45.1605 182.3 44.1192 | 44.3572 189.9
35 44.0895 | 43.9407 191.6 43.316 43.0482 198.7
36 45.0712 45.815 179.9 46.291 44.6547 179.2
37 43.8812 | 45.0117 188.1 44.7142 | 43.6135 189.9
38 44.2085 | 43.8515 191.6 45.339 44.5655 183.2
39 44.149 44.863 187.3 45.458 44.5655 183.2
40 45.3092 45.101 181.5 44.625 44.625 186.5
41 44.1192 | 43.5837 192.5 47.243 45.0415 174.5
42 43.0185 | 43.7027 196.9 447142 | 45.7852 181.5
43 44.268 42.8697 195.1 44.03 43.435 194.2
44 42.721 43.554 198.7 46.767 43.6432 181.5
45 44.2382 | 42.8102 196 44.03 44.506 189
46 45.6365 | 42.3045 191.6 45.7555 43.792 184.8
47 44.5357 | 46.2612 179.9 43.9407 | 44.8035 188.1
48 45.3525 | 41.3525 195.1 43.435 44.1787 193.3
49 44.982 45.22 182.3 45.0117 44.149 186.5
50 46.2017 44.625 179.9 45.6365 | 43.2267 188.1
51 44.9225 | 45.9637 179.9 45.1307 45.339 181.5
52 459042 | 46.7967 173 45.2497 45.458 179.9
53 45.0712 45.577 180.7 46.41 44.149 180.7
54 47.1833 | 44.2382 177.6 43.5242 | 44.3275 192.5
55 46.4992 45.22 176 45.2497 | 45.0415 183.2
56 44.4762 | 45.7555 182.3 45.7852 44.03 184
57 45.5472 | 46.2612 176 46.4695 | 44.0895 180.7
58 46.41 46.5587 171.5 44.03 43.4945 193.3
59 44.03 42.5425 197.8 44.7142 | 43.2565 191.6
60 44.2382 | 43.5242 192.5 43.4647 | 43.2267 197.8
61 44.744 45.1902 183.2 45.2795 | 45.3985 180.7
62 45.1902 47.005 174.5 46.5587 | 44.4465 179.2
63 44.4465 | 45.7257 182.3 47.5702 | 45.8745 170.1
64 48.433 49.3255 153.8 45.3092 | 44.4465 184
65 43.673 43.2267 198.9 45.7852 45.101 179.9
66 44.387 42.0367 198.7 44.3572 | 43.4945 192.5
67 45.6067 44.387 183.2 42.2152 47.005 186.5
68 44.5357 | 44.8035 185.6 44.506 44.6845 186.5
69 43.2862 | 44.3572 193.3 46.7075 44.506 178.4
Average | 185.8
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Table A.11 Hardness readings for Sample 11

Sample | Nitrogen pressure 1.5 Torr, anode distance 40 mm
11 | Ton beam centre location: 25 mm
Before Nitriding: After Nitriding:
Position d1 d2 HV di d2 HV
(mm) (um) (pum) (pm) (pm)

1 44.8035 | 46.2315 179.2 48.79 43.554 173.8
2 46.9455 | 42.6615 184.8 41.769 48.2842 183.2
3 42.84 42.5127 203.4 43.0185 | 46.0232 187.3

4 42.6615 | 44.8035 195.1 443275 | 42.7507 196
5 43.0185 | 43.2565 199.7 45.0712 | 45.5472 180.7
6 45.0117 | 45.6662 180.7 43.0185 | 44.0895 195.1
7 43911 43.5837 194.2 44,982 44.625 184.8
8 43.7027 44,744 189.9 43.6135 44.863 189.9
9 46.767 45.339 174.5 45.6662 | 43.4052 187.3
10 442977 | 43.3755 193.3 43.1672 | 45.8745 187.3
11 46.2017 47.6 168.6 43.9407 | 46.5587 181.5
12 45.1902 | 45.8745 179.2 45.1902 | 45.0415 182.3
13 46.3207 46.529 172.3 45.458 45.9935 177.6

14 46.172 44.8332 179.2 46.7075 45.815 173
15 47.124 44.6845 176 42.5424 47.005 184.8
16 46.172 44.268 181.5 42.0665 49.504 176.8
17 45.6067 | 44.0597 184.8 43.7622 | 47.5107 178.4
18 44.03 43.4845 193.3 39.508 38.7642 242.6
19 47.3917 | 47.3917 165.1 41.531 39.9245 223.9
20 45.3092 45.339 180.7 31.6242 49.028 228.4
21 45.1605 | 46.0232 178.4 35.9975 39.984 256.9
22 45.3905 | 43.1375 189 26.9535 35.819 376.2
23 46.5587 | 46.9157 170.1 28.322 32.725 398.7
24 45.7257 | 45.1902 179.2 36.89 29.5715 336.5
25 454877 | 45.1605 180.7 33.8257 33.796 324.7
26 44.8332 | 44.4167 186.5 25.4065 | 39.9245 346.9
27 45.6365 | 44.9225 180.7 39.627 39.0915 238.9
28 43.2267 | 44.2382 194.2 41.65 33.1117 265.2
29 44.0597 | 45.1902 186.5 35.9677 42.959 237.7
30 45.2795 44.03 185.6 444167 | 26.7155 292.7
31 46.2612 | 45.7555 175.3 37.961 36.6222 266.6
32 46.2612 | 46.7075 171.5 39.508 38.556 243.9
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33 43.435 46.41 184 40.0435 | 40.4005 229.5
34 45.934 45.815 176 43.435 38.437 221.7
35 447737 | 46.4397 178.4 41.2037 42.126 213.3
36 45.6067 47.124 172.3 43.792 45.101 188.1
37 46.172 47.3025 170.1 41.5607 42.959 207.3
38 46.7967 | 49.2957 161 44.0895 40.103 209.3
39 46.1123 49.861 161 45.3985 | 44.7142 182.3
40 44.5357 42.602 195.1 45.7257 49.861 162.3
41 45.7257 | 46.4397 174.5 49.2065 44.03 170.8
42 459042 | 46.9157 172.3 45.696 47.7785 170.1
43 45.6067 44.625 182.3 45.22 44.387 184.8
44 47.243 45.458 172.3 46.6777 39.508 199.7
45 44.625 45.7852 181.5 42.8995 44.625 193.3
46 45.0117 45.696 179.9 40.5492 | 42.5127 215.4
47 447737 | 42.8102 193.3 44.3572 42.483 196.9
48 46.5587 44.387 179.2 43.6432 | 45.3092 187.3
49 47.0347 | 46.7967 168.6 44.5952 | 42.9887 193.3
50 43.9407 | 44.8332 188.1 41.8285 42.721 207.3
51 45.7257 48.314 167.9 43.7325 | 42.3045 200.6
52 44.8927 44.982 184 44.7142 44.625 185.6
53 46.2612 | 45.1902 177.6 45.934 44.2085 182.3
54 44.5357 | 45.0415 184.8 44.8332 | 46.4397 178.4
55 45.6662 44.03 184.8 44.4167 | 47.3322 176
56 47.7487 | 46.4992 167.2 42.959 45.7555 188.1
57 44.6547 43.435 191.6 447142 | 46.5587 178.4
58 45.458 46.2612 176 45.934 45.22 178.4
59 45.6067 | 46.3207 175.3 44.4762 | 46.0827 180.7
60 45.5472 46.422 176.8 46.3505 45.577 175.3
61 44.625 46.3207 179.2 44.3572 | 45.5175 184
62 46.1422 | 44.7142 179.9 43911 46.291 182.3
63 44.8035 | 45.9042 179.9 43.2267 44.625 192.5
64 46.767 46.2017 171.5 45.7257 47.6 170.1
65 44.5952 | 45.1302 184 42.602 46.767 185.6
66 46.0232 | 47.0347 173 41.9475 44.625 197.8
67 45.7852 47.6 170.1 46.2612 | 44.9522 178.4
68 46.3505 | 45.8447 174.5 43.2267 45.22 189.9
69 47.2132 | 47.6297 165.1 44.625 45.3985 183.2
Average | 179.8
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Table A.12 Hardness readings for Sample 12

Sample | Nitrogen pressure 1.5 Torr, anode distance 60 mm
12 | Ton beam centre location: 19 mm
Before Nitriding: After Nitriding:
Position d1 d2 HV di d2 HV
(mm) (um) (pum) (pm) (pm)

1 473025 | 45.4877 172.3 43.792 44.2085 191.6
2 46.1422 | 44.4762 180.7 44,982 46.3802 177.6
3 472132 | 45.8447 171.5 44,5952 | 45.0712 184.8
4 442382 | 47.9272 174.5 441192 | 43.6432 192.5
5 46.1472 | 42.6615 188.1 45.0712 | 45.5472 180.7
6 44,3655 | 45.4282 183.2 47.6596 | 48.0165 162.3
7 47.957 46.767 165.1 44.8332 | 46.1125 179.2
8 45.8745 | 45.3985 178.4 45.1902 | 46.9455 174.5
9 46.3802 | 45.7555 174.5 43.1672 | 44.4167 193.3
10 46.7372 46.291 171.5 45.0712 | 46.3505 177.6
11 45.6662 44.863 180.6 459637 | 39.3295 204.4
12 47.0942 44.625 176 39.865 47.243 195.1
13 43.197 46.886 183.2 36.6817 | 44.0002 228.4
14 47.1537 46.053 170.8 44.8332 | 43.2267 191.6
15 47.8677 | 48.1057 161 43.4052 43.435 196.9
16 42.126 50.0327 167.2 453092 | 42.6317 191.6
17 49.147 46.0232 163.7 359082 | 38.1692 270.9
18 45.339 44.0306 185.6 35.8785 | 35.6107 291
19 44.5655 51.289 161.7 35.938 48.9685 205.3
20 46.1422 | 45.1307 178.4 43.0185 | 36.2355 236.5
21 46.2017 | 48.4627 165.8 43.0185 | 43.2862 198.7
22 46.7372 42.364 186.5 46.6777 | 36.3842 215.4
23 46.886 45.0415 175.3 36.3842 | 35.5512 286.2
24 45.934 44.6845 180.7 41.5607 | 41.2632 216.4
25 47.362 43.9705 177.6 43.6432 | 46.4695 182.3
26 48.1355 | 46.3207 166.5 44.5655 | 41.7392 198.7
27 46.886 46.5885 170.1 442085 | 43.0185 195.1
28 47.838 48.8495 159 46.3207 | 44.4465 179.9
29 45.22 45.934 178.4 47.243 43.5837 179.9
30 49.504 45.339 165.1 47.5702 | 45.3687 171.5
31 47.7785 | 46.7969 165.8 46.767 44.3275 179.2
32 46.2315 | 45.2795 176.8 46.7372 | 47.3917 167.2
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33 48.5502 | 44.8035 170.1 45.0415 | 52.0922 157
34 43.197 50.8427 167.9 48.2842 47.005 163.7
35 47.3917 | 44.5655 175.3 46.8562 | 47.0942 167.9
36 47.3917 | 45.8745 170.8 49.028 41.5012 180.7
37 46.4397 | 44.0002 181.5 46.6182 | 45.9637 173
38 45.1605 | 45.9935 178.4 48.1057 44.506 173
39 44.9225 | 46.4695 177.6 46.4397 | 49.2362 162.3
40 48.909 43.1077 175.3 43.4647 45.815 186.5
41 49.6825 45.815 163 45.1307 | 44.2085 185.6
42 45.577 48.671 167.2 45.339 49.147 166.5
43 44.4465 | 44.6547 186.5 45.577 50.5452 160.3
44 45.0415 | 45.3985 181.5 43.2267 46.529 184
45 48.0165 47.362 163 43.7325 | 42.5722 198.7
46 46.7075 | 44.3275 179.2 42.5722 44.387 196
47 48.195 47.0645 163.7 43.4647 44.982 189.9
48 46.648 45.3687 175.3 45.3985 | 43.6135 187.3
49 44.6845 | 43.4945 190.7 44.9522 | 43.2267 190.7
50 45.4282 47.481 171.5 43.3755 | 45.1307 189
51 47.0645 | 44.5952 176.8 45.2497 | 45.5472 179.9
52 47.6297 | 46.6777 166.5 43.3457 | 47.3322 180.7
53 46.9752 | 48.8197 161.7 46.4992 | 43.4945 183.2
54 45.2795 | 46.7967 175.3 45.2497 | 42.8995 190.7
55 45.3687 | 43.8515 186.5 443572 45.101 185.6
56 45.22 46.172 177.6 44.387 42.364 196.9
57 47.8062 | 47.0942 164.4 45.22 443572 184.8
58 46.3207 | 47.1537 170.1 44.625 43.673 190.7
59 44.4465 | 42.2747 196.9 42.5425 | 44.0002 197.8
60 46.4695 | 45.1605 176.8 454877 | 44.7142 182.3
61 47.9272 | 46.5885 165.8 45.2795 | 44.2382 184.8
62 46.9455 47.124 167.9 42.8102 46.529 185.6
63 45.7257 | 46.1125 176 48.4627 | 46.7372 163.7
64 45.7257 | 46.2315 175.3 43.792 45.577 185.6
65 44.8035 45.101 183.2 44.03 43.2267 195.1
66 46.3207 | 46.7967 170.8 43.4052 45.696 186.5
67 43.9705 | 44.8035 188.1 44.625 42.84 194.2
68 46.291 46.6777 171.5 41.769 43.1077 | 206.3
69 46.291 47.362 169.3 44.5952 41.888 198.7
Average [ 174.1
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Table A.13 Hardness readings for Sample 13

Sample | Nitrogen pressure 1.5 Torr, anode distance 80 mm
13 | Ton beam centre location: 22 mm
Before Nitriding: After Nitriding:
Position d1 d2 HV di d2 HV
(mm) (um) (pum) (pm) (pm)

1 47.243 45.4877 172.3 45,9637 | 44.0895 183.2

2 444762 | 41.8582 198.7 44.268 45.6067 184
3 46.7967 | 45.9935 172.3 46.3802 45.696 175.3
4 45.458 45.1307 180.7 459042 | 46.2612 174.5
5 45.0712 | 45.7257 179.9 45.0117 | 48.2842 170.8
6 46.648 46.9157 169.3 45.6662 | 46.8265 173.8
7 45.2497 | 43.3457 189 46.4992 | 46.3207 172.3
8 43.5242 43.078 197.8 45.815 45.1902 179.2

9 45.815 46.767 173 45.815 45.934 176
10 43.8217 | 43.7027 193.3 45.1605 44,982 182.3
11 45.6662 | 45.2497 179.9 44.1787 43.554 192.5
12 45.5472 | 42.6912 190.7 452795 | 44.9225 182.3
13 46.172 43.6135 184 44,1787 | 45.4877 184.8
14 442085 | 44.9522 186.5 44.0597 | 46.4397 181.5
15 46.2615 | 43.4025 184.8 44.8035 | 44.8332 184.8
16 46.1422 | 47.8082 167.9 43.5837 41.412 205.3
17 46.172 44,9225 179.2 44,3275 41.412 201.5
18 44,387 44.3275 188.1 46.3207 | 41.0847 193.3
19 47.7785 | 43.3755 178.4 42.364 41.1145 213.3
20 46.7967 41.65 189.9 44.7737 40.222 205.3
21 444167 | 45.4877 183.2 44.2085 42.126 198.7
22 45.934 44.744 180.7 38.5262 | 46.9157 203.4
23 46.2017 | 44.8332 179.2 40.1922 44.149 208.3
24 442085 | 42.2747 198.7 43.078 42.5425 202.5
25 45.458 46.291 176 43.792 42.721 197.8
26 46.0827 46.41 173.8 45.815 39.4187 204.4
27 46.529 45.22 176 45.1902 | 45.6662 179.9
28 44.5655 44.03 189 44.03 43.792 192.5
29 44,7142 | 45.1902 183.2 45.0415 44.149 186.5
30 45.0415 43.673 188.1 47.3322 41.888 186.5
31 46.2017 | 44.5952 179.9 45.101 45.3092 181.5
32 45.339 43.7325 187.3 40.0732 | 45.0712 204.4
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33 45.577 44.4167 183.2 45.6662 44.625 182.3
34 46.2612 | 44.6845 179.2 45.0117 45.101 182.3
35 47.362 45.9935 170.1 46.4695 | 45.9935 173.8
36 44.5357 | 44.0597 189 44.5952 | 46.9157 176.8
37 45.1307 | 44.0895 186.5 44.9225 | 46.3505 178.4
38 45.8447 | 43.7325 184.8 44.0895 | 43.5837 193.3
39 45.1902 | 45.1605 181.5 44.03 48.2545 173.8
40 45.7257 | 42.6615 189.9 47.6 47.2727 165.1
41 47.3322 | 45.7555 171.5 46.7273 | 45.3985 174.5
42 45.4282 | 44.6845 182.3 43.9407 | 44.4167 189.9
43 45.2497 | 44.2382 185.6 46.2315 | 46.2017 173.8
44 43.5837 | 45.0712 189 45.0415 | 44.4465 185.6
45 46.3027 | 46.6067 175.3 45.3687 46.291 176.8
46 473322 | 46.2017 169.3 44.4167 | 44.2085 189
47 45.6067 46.291 176 46.8562 | 45.6662 173
48 44.4167 | 44.5357 187.3 45.8745 | 44.5655 181.5
49 45.22 44.2977 184.8 45.9935 46.886 172.3
50 44.5952 | 45.1902 184 46.4397 | 44.5655 179.2
51 45.934 44.7737 179.9 45.22 44.4465 184.8
52 46.2017 45.22 177.6 45.0712 44.149 186.5
53 45.22 46.5885 176 46.3802 | 47.3322 168.6
54 45.934 45.1902 178.4 46.4492 | 45.6365 174.5
55 45.5472 | 45.1902 179.9 46.8562 44.625 177.6
56 46.0232 | 46.2017 174.5 47.005 46.3802 170.1
57 46.767 47.1835 167.9 46.9455 | 46.3505 170.8
58 45.339 45.1902 180.7 45.5175 | 45.1605 180.7
59 447737 | 46.5587 177.6 46.291 47.9272 167.2
60 45.4877 | 44.9225 181.5 46.6182 45.101 176
61 45.8447 | 45.4877 177.6 45.3092 | 44.0597 185.6
62 48.6115 46.41 164.4 45.9935 | 46.0827 175.3
63 46.291 46.6182 171.5 47.6297 47.005 165.8
64 45.458 43.673 186.5 45.7852 | 46.3207 174.5
65 43.435 45.3687 188.1 47.0942 46.053 170.8
66 46.2315 | 46.4695 172.3 46.291 45.577 176
67 44.8927 46.291 178.4 46.3505 | 45.5175 176
68 47.1835 | 47.3025 166.5 45.8447 47.124 171.5
69 45.5472 | 43.7325 186.5 45.22 43.8217 187.3
Average [ 181.0

118




Table A.14 Hardness readings for Sample 14

Sample | Nitrogen pressure 1.5 Torr, anode distance 100 mm
14 | Ton beam centre location: 22 mm
Before Nitriding: After Nitriding:
Position d1 d2 HV di d2 HV
(mm) (um) (pum) (pm) (pm)
1 47.243 43.9705 178.4 47.0347 | 47.4215 166.5
2 45.9637 43.435 185.6 47.6595 | 43.7622 177.6
3 42.5425 | 44.8332 194.2 45.6067 44.744 181.5
4 44.2977 45.22 184.8 45.696 43.6432 185.6
5 43.435 43.7027 195.1 454877 | 46.5587 175.3
6 42.84 47.243 183.2 46.053 46.5587 173
7 42.721 44.8035 193.3 46.886 45.7257 173
8 43.197 45.696 188.1 45.0415 | 41.2037 199.7
9 43.4052 | 42.6615 200.6 48.9982 | 47.1537 160.3
10 45.9637 | 43.6432 184.8 45.0712 | 45.8745 179.2
11 44.5655 43.316 192.5 443572 | 43.7622 190.7
12 44.0002 | 45.1902 186.5 44.8927 | 43.4647 189.9
13 44.149 42.245 198.7 46.7967 | 45.8745 173
14 43.0482 | 44.1102 195.1 454282 | 43.3457 188.1
15 429887 | 44.7142 192.5 42.7805 | 41.8582 207.3
16 43.3755 | 43.5242 196.9 42.959 43.5837 197.8
17 44.5357 | 45.6067 182.3 42.5722 | 43.1672 201.5
18 41.9177 | 43.4052 203.4 44.625 45.458 183.2
19 44.6547 | 45.2487 183.2 42.7507 | 42.3937 204.4
20 42.6912 | 43.0185 201.5 47.005 43.673 180.7
21 42.602 43.316 200.6 441787 | 46.2017 181.5
22 43.197 44,9225 190.7 46.41 46.4695 172.3
23 43.197 43.6432 196.9 43.7027 | 43.8812 193.3
24 44.8035 44.149 187.3 42.7507 | 40.1327 216.4
25 45.815 44.4465 182.3 41.412 42.126 212.3
26 46.41 45.22 176.8 43.1672 | 43.6135 196.9
27 42.8995 | 42.5425 203.4 41.2037 | 40.2815 223.9
28 44.2977 44.625 187.3 46.5587 | 419177 189.9
29 43.078 44.149 195.1 38.4072 | 44.2382 217.4
30 44,387 45.696 183.2 43.435 44,7737 190.7
31 41.5905 | 44.5655 199.7 46.5587 | 42.6615 186.5
32 43.4052 | 44.4167 192.5 42.245 43.8812 199.7
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33 42.5722 44.268 196.9 44.6547 | 41.9475 197.8
34 45.815 43.197 187.3 44.6845 43.316 191.6
35 42.5127 | 45.3687 192.5 45.3687 | 43.7325 186.5
36 43.2862 43.197 198.7 42.3937 43.078 203.4
37 44.1787 | 44.1787 189.9 44.5952 | 43.3457 191.6
38 41.9457 44.268 199.7 43.2267 | 44.1787 194.2
39 43.9705 | 43.4647 194.2 43.1077 | 45.0117 190.7
40 43.7325 | 44.3275 191.6 44.3572 43.554 191.6
41 43.792 44.625 189.9 44.2977 | 45.9935 182.3
42 43.3755 | 44.6845 191.6 44.1192 | 43.3457 194.2
43 42.7507 | 45.4877 190.7 48.2545 44.03 174.5
44 42.3937 | 43.9705 198.7 45.4877 | 44.5952 183.2
45 43.9705 45.101 187.3 47.1835 | 43.7027 179.9
46 43911 43.554 194.2 45.7257 | 44.8332 180.7
47 45.0712 | 46.5587 176.8 44.1787 42.483 197.8
48 45.339 45.1902 180.7 44.4762 | 43.3755 192.5
49 47.6 46.0827 169.3 45.696 45.4877 178.4
50 42.5722 | 43.5837 199.7 44.4167 | 44.7142 186.5
51 43.2862 | 43.8217 195.1 45.6662 | 44.0597 184
52 44.2085 46.648 179.9 44.6547 | 44.0002 189
53 45.22 46.4992 176 45.6067 | 45.9935 176.8
54 43.1375 | 42.2152 203.4 44.387 48.0462 173.8
55 45.0415 | 44.4762 194.8 44.744 44.3572 186.5
56 42.8995 | 41.5607 208.3 46.886 43.4052 182.3
57 42.4235 44.148 197.8 43.8812 | 44.4167 190.7
58 44.2977 | 45.8745 182.3 44.5357 | 42.1557 197.8
59 44.5952 | 44.4762 187.3 44.0002 43.197 195.1
60 42.4235 45.339 192.5 44.506 43.8515 189.9
61 43.8217 | 46.2612 183.2 42.9887 44.268 195.1
62 43.7325 | 45.3092 187.3 44.9522 | 44.2977 186.5
63 42.84 44.0895 196 45.22 45.9935 178.4
64 42.721 43.8217 197.8 44.2977 42.483 196.9
65 42.721 44.1192 196.9 48.7007 | 45.6365 166.5
66 44,9522 | 46.1422 179.2 46.172 45.934 174.5
67 45.0415 | 44.9522 183.2 47.4512 | 47.4215 165.1
68 45.5472 | 44.9522 181.5 45.5472 | 44.9522 181.5
69 43.3755 | 44.5952 191.6 48.3735 47.6 161
Average [ 190.7
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Table A.15 Hardness readings for Sample 15

Sample | Nitrogen pressure 1.5 Torr, anode distance 120 mm
15 | Ton beam centre location: 22 mm
Before Nitriding: After Nitriding:
Position d1 d2 HV di d2 HV
(mm) (um) (pum) (pm) (pm)

1 44.744 44,7142 185.6 44,982 47.3025 174.5
2 45.0712 | 47.7785 172.3 43.2267 | 47.3025 180.7
3 45.6365 44,982 180.7 43.9407 43.554 194.2
4 47.4215 45.934 170.1 41.174 44.0002 204.4
5 46.648 47.2727 167.9 44.5655 | 44.8035 185.6
6 45.339 44.0002 185.6 443275 | 45.2795 184.8
7 46.291 44.03 181.5 46.2017 | 48.2842 166.5
8 48.3735 | 44.2382 173 45.0117 | 47.0347 175.3
9 45.577 44.625 182.3 459637 | 46.9455 171.5
10 46.588 44.863 177.6 44.149 43.6432 192.5
11 444167 | 43.6432 191.6 45.1307 | 46.2612 177.6
12 47.8975 | 46.3505 167.2 45.339 43.9705 185.6
13 46.0827 | 45.3092 177 44,982 46.9455 175.3
14 47.4215 | 44.3572 176 454877 | 44.8332 181.5
15 47.183 42.4532 184.8 45.7852 | 46.6182 173.8
16 47.9867 | 44.2382 174.5 47.5405 | 46.1125 169.3

17 48.433 43.8515 174.5 46.5587 45.22 176
18 46.767 46.2612 171.5 453985 | 47.4512 172.3
19 45.0415 42.602 193.3 46.9455 | 46.3505 170.8
20 45.339 44.8332 182.3 46.4397 | 46.3505 172.3
21 444167 | 46.4695 179.9 46.0232 | 45.1307 178.4

22 44,387 42.8697 190.1 454282 | 46.3207 176
23 48.2842 | 44.8332 170.8 44.8035 46.41 178.4
24 43.1672 | 44.9522 190.7 44.5655 | 43.8515 189.9
25 42.3342 | 48.8792 178.4 45.3985 45.339 179.9
26 46.6182 | 44.6251 178.4 45.3985 | 44.8035 182.3
27 46.6182 | 42.0962 188.1 46.41 45.6067 175.3
28 44,1192 | 46.0827 182.3 45,9935 | 48.3735 166.5
29 48.2842 | 44.8332 170.8 43.435 44.387 192.5
30 46.529 46.291 172.3 44,982 47.1537 174.5
31 47.3917 | 45.9935 170.1 46.4992 | 46.5885 171.5
32 46.7372 | 49.0875 161.7 46.4397 | 46.8265 170.8
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33 46.2017 | 45.2497 177.6 459637 | 45.6662 176.8
34 45.22 44.3275 184.8 46.2017 46.053 174.5
35 45.815 47.6 170.1 45.696 45.2795 179.2
36 44.4465 | 46.1125 180.7 44.1192 44.982 186.5
37 48.8792 44.268 170.8 42.8995 43.435 198.7
38 47.3322 | 48.9685 159.6 45.7257 | 44.4465 182.3
39 46.3802 47.005 170.1 42.0665 | 42.1855 209.3
40 44.6845 45.934 180.7 40.103 43.7027 211.3
41 44.744 46.3802 178.4 43.2656 43.316 197.8
42 46.5587 46.648 170.8 43.4647 | 44.2085 193.3
43 48.5222 47.481 161 42.9887 | 42.1557 204.4
44 45.934 48.195 167.9 40.341 39.8352 230.7
45 47.4512 | 46.7075 167.2 43.6135 | 44.2282 192.5
46 46.2315 | 43.0185 186.5 42.483 42.6615 204.4
47 45.9042 45.101 179.2 42.0665 | 43.4647 202.5
48 45.696 44.149 184 42.959 44.2977 195.1
49 46.7372 45.101 176 41.531 41.2305 216.4
50 47.5702 | 46.1125 169.3 44.8035 | 44.0895 188.1
51 47.719 46.648 166.5 44.149 44.9522 186.5
52 46.648 44.5952 178.4 41.9475 | 41.4715 213.3
53 45.339 44.6547 183.2 43.8515 45.815 184.8
54 46.1125 | 44.8332 179.2 45.8745 | 44.3275 182.3
55 46.4992 | 45.7257 174.5 44.387 41.055 203.4
56 47.957 45.0415 171.5 45.0117 44.506 184.8
57 479272 | 46.1125 167.9 46.41 44.2977 179.9
58 46.053 46.7372 172.3 44.8332 | 45.6365 181.5
59 48.1057 | 46.4695 165.8 43.7325 | 43.0482 196.9
60 47.005 47.0942 167.9 42.3045 | 43.4945 201.5
61 46.0232 | 46.4397 173.8 44.2085 | 43.3937 197.8
62 46.6777 46.291 171.5 43.8575 | 44.5357 189.9
63 48.0165 | 47.6892 161.7 43.8515 43.792 193.3
64 447142 | 45.3985 182.3 42.7507 | 42.8995 202.5
65 45.8447 | 45.7852 176.8 42.364 41.5905 210.3
66 47.6892 | 46.5885 167.2 42.6317 | 42.1855 206.3
67 45.4877 | 46.2612 176 42.4532 | 40.8467 2143
68 47.4512 | 47.7487 163.7 42.5425 | 42.0367 207.3
69 46.7075 45.339 175.3 40.103 40.4005 218.4
Average [ 175.6
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Table A.16 Hardness readings for Sample 16

Sample | Nitrogen pressure 2.0 Torr, anode distance 40 mm
16 | Ton beam centre location: 22 mm
Before Nitriding: After Nitriding:
Position d1 d2 HV di d2 HV
(mm) (um) (pum) (pm) (pm)

1 457852 | 47.6297 170.1 46.8265 | 47.9272 165.1
2 47.1835 | 47.1537 166.5 46.3505 51.2295 155.7
3 46.0827 | 49.8907 161 48.3437 | 49.9502 153.8
4 454877 | 48.1355 169.3 45.8745 48.671 165.8
5 46.648 47.5405 167.2 43.1077 | 44.4465 193.3
6 46.172 46.291 173.8 45.6067 | 45.5472 178.4
7 47.0645 | 46.4695 169.3 42.245 46.4695 188.1
8 45.1902 44.625 184 47.8677 47.957 161.7
9 45.458 49.5932 164.4 45.696 41.6797 194.2
10 48.314 44.268 173 46.053 44.9225 179.2
11 45.9042 45.696 176.8 50.2775 | 41.0847 177.6
12 47.3322 | 46.4992 168.6 44.6845 | 45.9637 180.7
13 46.172 48.9982 163.7 46.8562 | 43.2862 182.3
14 47.3322 | 46.2812 169.3 44.03 44.744 188.1
15 45.577 46.1125 176.8 31.2375 44.03 262.4
16 45.3092 | 49.2362 165.8 42.8697 38.794 222.8
17 45.7257 | 49.4445 163.7 35.6405 38.675 268

18 46.7075 | 45.5175 174.5 38.2585 | 41.3525 234.1
19 43.8515 | 49.5635 170.1 37.1577 | 39.8947 250.2
20 44.863 48.909 168.6 40.5195 | 42.1855 216.4
21 46.648 47.1537 168.6 347182 | 39.3592 270.9
22 45.5472 | 46.2017 176 41.5905 | 42.2152 211.3
23 46.9455 | 45.9042 172.3 40.1625 38.9427 236.5
24 46.1422 | 45.4282 176.8 40.4897 | 41.9177 218.5
25 43.0482 | 46.1125 186.5 36.6222 | 36.0272 281.5
26 45.458 46.9455 173.8 40.936 35.105 256.9
27 46.6777 | 45.5175 174.5 35.1645 | 40.4005 259.6
28 45.9042 44,982 179.9 36.8305 | 40.8765 245.1
29 45.3092 | 46.1125 177.6 41.5012 46.767 190.7
30 43.554 46.886 181.5 42.0665 | 42.9887 205.3
31 43.673 47.719 177.6 43.9705 | 46.1125 183.2
32 46.8562 | 45.4877 173.8 39.5675 | 43.4052 215.4
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33 44.8332 46.291 178.4 45.0415 | 50.1585 163.7
34 45.1605 43.673 188.1 47.719 46.7967 165.8
35 45.0117 44.268 186.5 43.673 44.9225 189
36 449522 | 45.5175 181.5 45.101 47.124 174.5
37 46.3207 46.648 171.5 46.4695 | 48.0165 166.5
38 46.6182 | 45.7555 173.8 46.7967 | 48.4032 163.7
39 44.744 43.9705 188.1 46.8265 | 47.5702 166.5
40 45.339 46.7372 175.3 47.2132 | 49.3255 159
41 45.7555 46.648 173.8 47.6892 | 45.2795 171.5
42 43.792 45.577 185.6 45.9637 | 48.9982 164.4
43 46.9157 | 45.7852 172.3 46.8265 46.291 170.8
44 46.172 45.339 176.8 46.3207 47.957 167.2
45 45.696 46.8265 173 46.2315 | 48.5222 165.1
46 46.2612 44.863 178.4 46.2017 | 46.9455 170.8
47 45.8447 | 43.7622 184.8 46.3207 | 50.8725 157
48 46.5587 44.625 178.4 45.3092 46.886 174.5
49 46.1125 | 46.1125 174.5 447737 | 48.3437 170.8
50 45.22 48.4925 168.6 44.5655 | 47.8677 173.8
51 45.6067 44.506 182.3 46.291 44.8927 178.4
52 44.2085 | 46.2612 181.5 45.3092 51.517 158.3
53 46.9157 44.982 176 46.8562 | 47.0645 167.9
54 45.7852 46.648 173.8 46.529 43.8515 181.5
55 45.696 48.9685 165.8 45.3687 | 45.3985 179.9
56 44.5655 48.671 170.8 46.3505 | 43.9407 182.3
57 45.6365 | 45.0712 179.9 45.3687 | 45.6365 179.2
58 44.863 45.2795 182.3 43.1375 | 44.6547 192.5
59 44.6547 | 43.7325 189.9 45.22 41.9177 195.1
60 45.4282 | 45.8745 177.6 44.6547 | 44.2085 188.1
61 45.6365 | 46.8563 173.8 41.8285 | 45.7257 193.3
62 46.767 45.9935 172.3 44.8927 44.387 186.5
63 46.291 48.7305 164.4 46.0232 | 43.8812 183.2
64 47.2132 | 47.1537 166.5 44.149 45.6365 184
65 459637 | 49.3552 163 44.9225 | 45.3092 182.3
66 44.744 46.648 177.6 43.554 44.1192 193.3
67 44.5357 | 46.4695 179.2 43911 47.362 178.4
68 45.696 47.2727 171.5 43.554 44.9522 189.9
69 42.483 43911 198.7 44.4762 | 44.3275 188.1
Average [ 175.0
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Table A.17 Hardness readings for Sample 17

Sample | Nitrogen pressure 2.0 Torr, anode distance 60 mm
17 | Ion beam centre location: 24 mm
Before Nitriding: After Nitriding:
Position d1 d2 HV di d2 HV
(mm) (um) (pum) (pm) (pm)

1 44.5655 46.767 177.6 44,5357 | 45.5175 183.2
2 44.0002 | 44.3572 189.9 47.0942 46.886 167.9
3 44,7737 | 44.3572 186.5 45.101 42.3937 194.2
4 45.5175 | 43.1672 189 444167 | 44.9522 185.6
5 444762 | 45.6662 182.3 46.41 44 4167 179.9
6 46.053 44.7737 179.9 47.1537 | 43.5242 180.7
7 46.6182 | 44.7142 177.6 44.8035 | 46.9157 176
8 453687 | 46.0827 177.6 44.863 45.6967 181.5
9 45.0712 | 43.0482 190.7 43.9407 | 46.4397 181.5
10 46.4695 | 44.6547 178.4 48.7602 | 47.3917 160.3
11 44.1192 43911 191.6 48.1355 | 45.2795 170.1
12 46.2612 | 51.6162 191.6 472777 | 47.3917 165.8
13 44.6845 | 46.2315 179.2 44.8332 | 43.9407 188.1
14 44,3275 | 44.3572 189 46.3207 | 44.5952 179.2
15 43.9705 44.268 190.7 42.4235 | 43.3457 201.5
16 47.3322 | 44.7142 175.3 46.648 44.0002 180.7
17 43.4052 | 42.8995 198.7 43.554 42.5127 200.6
18 44,7142 | 44.0895 188.1 40.1922 40.222 229.5
19 45,9935 | 44.8927 179.9 42.8697 | 43.5242 198.7
20 44.0895 | 45.5175 184.8 40.9062 42.007 215.4
21 45.815 43911 184 43.1077 | 46.7372 184
22 45.339 44,982 181.5 52.3005 41.055 170.1
23 45.101 44.6845 184 43.1077 | 46.7372 184
24 44.0895 | 44.0895 190.7 52.3005 41.055 170.1
25 43911 45.4282 185.6 39.8947 | 54.2342 167.2
26 43.078 43.2267 198.7 43.4945 | 47.5702 179.2
27 43.7325 | 46.2315 183.2 45.577 39.8352 203.4
28 44.0895 | 42.8995 196 442977 | 43.8217 190.7
29 45.8745 47.481 170.1 47.124 39.0617 199.7
30 46.9752 | 48.1355 163.7 43.2267 41.888 204.4
31 48.9982 | 48.8495 155.1 45.2497 38.437 212.3
32 46.529 45.7555 174.5 43.8515 | 42.9887 196.9
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33 44.8035 | 45.9042 179.9 41.6797 | 44.6547 198.7
34 43.554 45.4877 187.3 45.8447 | 45.5175 177.6
35 44,9522 | 46.4695 177.6 43.8217 | 46.0827 183.2
36 44.0002 | 44.5655 189 49.6825 | 48.9982 152.6
37 45.934 46.4695 173.8 46.7372 45.815 173
38 44.0597 | 44.8332 188.1 47.124 46.5885 168.6
39 46.4695 | 45.9042 173.8 44.9522 48.195 170.8
40 46.8265 | 47.5702 166.5 46.5885 | 45.1605 176
41 44.1787 45.101 186.5 45.2795 | 46.7075 175.3
42 43.554 43.1077 197.8 46.2315 | 47.3025 169.3
43 447737 | 42.5425 194.2 45.22 45.6662 179.9
44 45.1605 | 44.0895 186.5 47.5405 | 46.5587 167.9
45 43.2862 | 44.7737 190.7 45.934 45.3985 177.6
46 43.8515 44.387 190.7 44.506 46.6777 178.4
47 43.7325 | 43.7622 194.2 46.3802 46.053 173.8
48 46.1125 45.458 176.8 49.2065 | 48.7602 154.5
49 44.7142 43.435 190.7 45.1307 45.458 180.7
50 44.6547 | 45.3985 183.2 47.838 44.982 172.3
51 44.863 45.7555 180.7 46.291 45.1605 177.6
52 45.22 44.6547 184 44.8035 45.101 183.2
53 46.41 47.8677 167.2 44.744 45.1902 183.2
54 43.7622 44.387 190.7 45.7852 44.625 181.5
55 44.982 44.6845 184.8 48.195 45.5175 168.6
56 44.8035 | 44.4167 186.5 45.0712 48.076 170.8
57 44,9522 | 44.4762 185.6 48.2247 | 45.7257 167.9
58 46.8265 | 46.8562 169.3 45.9935 | 44.0895 183.2
59 46.886 45.9935 172.3 45.3985 | 45.1605 180.7
60 43.1375 | 43.0185 199.7 45.815 45.934 176
61 43.5837 | 43.4845 196 45.3092 45.815 178.4
62 43.3755 | 44.0895 194.2 46.172 44.4762 180.7
63 43.792 43.3457 195.1 46.41 45.0117 177.6
64 44.387 44.863 186.5 44.5952 | 44.5655 186.5
65 45.7555 45.22 179.2 459637 | 45.0712 179.2
66 45.9637 | 45.7555 176 43.435 45.577 187.3
67 44.4167 | 43.8217 190.7 45.3687 | 44.0002 185.6
68 45.6365 45.577 178.4 43.435 45.0415 189.9
69 46.053 46.7075 172.3 47.243 43.792 179.2
Average | 183.8
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Table A.18 Hardness readings for Sample 18

Sample | Nitrogen pressure 2.0 Torr, anode distance 80 mm
18 | Ton beam centre location: 22 mm
Before Nitriding: After Nitriding:
Position d1 d2 HV di d2 HV
(mm) (um) (pum) (pm) (pm)

1 45.8447 | 47.5405 170.1 43.8217 44.744 189
2 47.957 48.671 159 47.8082 | 47.1835 164.4
3 46.0827 | 47.4215 169.3 44.8332 | 45.4877 181.5
4 46.8265 45.458 174.5 47.4512 45.815 170.8
5 47.362 45.6365 171.5 45.22 46.0827 177.6
6 46.3802 | 46.0232 173.8 47.9272 49.98 154.5
7 47.5405 | 45.3092 172.3 459637 | 47.3025 170.8
8 46.291 47.243 169.3 47.957 47.0942 164.4
9 46.5885 | 44.0002 180.7 45.696 42.9292 189
10 46.0827 47.243 170.1 46.172 45.7852 175.3
11 46.2017 44.149 181.5 46.529 45.458 175.3
12 46.41 43.3755 184 43.3755 45.934 185.6
13 47.5702 | 47.4512 164.4 46.4992 | 49.0577 162.3
14 46.8265 | 46.0232 172.3 48.7305 | 49.7717 152.6
15 46.3802 | 45.3985 176 47.005 44.1192 178.4
16 47.4512 46.41 168.6 42.9596 48.314 165.8
17 42.5127 | 46.6182 186.5 46.9157 | 46.1125 171.5
18 46.0827 | 42.9887 187.3 45.6365 | 44.5655 182.3
19 45.6662 48.314 168.6 44,982 44.4465 185.6
20 46.5885 | 48.1355 165.1 43.316 46.767 183.2
21 47.3025 | 46.1125 170.1 43.2565 | 44.0895 194.2
22 48.7305 | 46.2315 164.4 47.838 44.0597 176
23 45.815 48.5817 166.5 43.5837 | 43.6432 195.1
24 45.339 47.124 173.8 45.8447 45.458 177.6
25 45.3687 | 47.4215 172.3 45.5222 47.005 162.3
26 45.5175 45.577 179.2 46.291 44.863 178.4
27 45.458 46.4695 175.3 48.909 43.9407 172.3
28 46.2315 | 44.9225 178.4 47.0645 47.481 165.8
29 45.815 48.0165 168.6 48.2545 | 49.0875 156.4
30 44.8035 50.5452 163 48.9685 | 47.4215 159.6
31 47.243 45.9935 170.8 46.9752 | 45.9935 171.5
32 46.8562 45.22 175.3 47.838 48.4627 159.6
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33 45.577 44.9522 180.7 49.028 48.671 155.7
34 47.471 44.8927 173.8 48.7602 | 48.2247 157.7
35 46.0232 | 45.1307 178.4 46.9455 47.362 166.5
36 44.4762 43.316 192.5 48.7662 | 48.5817 156.4
37 46.3207 | 43.8217 182.3 47.481 46.172 169.3
38 45.577 44.4167 183.2 46.2315 | 46.7372 171.5
39 45.2497 | 47.8975 170.8 45.5472 | 47.6287 170.8
40 46.3505 | 48.0462 166.5 47.8082 | 43.8515 176.8
41 44.744 44.0895 188.1 48.195 45.101 170.8
42 43.2862 | 44.7142 191.6 47.7487 | 46.9157 165.8
43 45.7257 47.243 171.5 46.3207 | 45.7555 175.3
44 48.2545 | 46.7967 164.4 47.1835 | 44.8332 175.3
45 47.0942 45.815 171.5 48.1355 | 44.2685 173.8
46 46.2315 | 45.6365 176 47.6297 | 44.9225 173.8
47 46.1125 | 45.6365 176 46.767 43.4167 178.4
48 46.052 45.3985 177.6 47.7487 49.98 155.1
49 46.886 46.8265 168.6 44.982 45.0712 183.2
50 47.9272 46.648 165.8 45.458 45.22 180.7
51 47.124 46.8265 167.9 47.243 45.577 172.3
52 47.6595 | 46.4695 167.2 43.7325 47.481 178.4
53 47.3917 48.314 161.7 46.767 44.982 176
54 46.1422 | 45.8745 175.3 47.1835 46.291 170.1
55 44.5952 | 42.3045 196.9 44.4465 | 46.3207 179.9
56 47.8082 | 48.4032 160.3 46.291 44.4465 179.9
57 45.3985 47.362 172.3 42.959 47.3025 182.3
58 47.0645 | 48.0165 164.4 45.1902 | 44.8332 183.2
59 47.362 47.1835 165.8 46.5587 44.149 179.9
60 45.339 46.053 177.6 45.1307 | 44.1192 186.5
61 48.1652 | 48.6115 158.3 46.41 44.0895 181.5
62 45.9637 47.6 169.3 45.9637 | 45.1902 178.4
63 49.7717 47.6 156.4 46.4397 | 45.3687 176
64 45.6365 | 45.0712 179.9 46.9455 | 42.8102 184
65 46.4397 | 46.2612 172.3 47.005 44.625 176.8
66 43.673 45.5175 186.5 45.6662 | 48.9685 165.8
67 48.0165 | 46.7075 165.1 44.5655 46.172 179.9
68 46.4695 | 47.0347 169.3 459042 | 46.4397 173.8
69 48.79 47.6892 159.6 47.3025 | 41.2037 189
Average | 172.9
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Table A.19 Hardness readings for Sample 19

Sample | Nitrogen pressure 2.0 Torr, anode distance 100 mm
19 | Ion beam centre location: 22 mm
Before Nitriding: After Nitriding:
Position d1 d2 HV di d2 HV
(mm) (um) (pum) (pm) (pm)

1 45.458 44.0002 185.6 45.6662 | 46.3207 175.3
2 45.1307 | 44.0597 186.5 46.3207 | 44.8035 178.4
3 43.3457 42.84 199.7 44.387 43.2267 193.3
4 43.078 43.8217 196.9 43.9407 | 44.5357 189.9
5 44.1787 | 44.7737 187.3 48.195 46.3207 165.8
6 46.2017 44.625 179.9 44.5357 44.506 187.3
7 442382 | 46.1125 181.5 46.529 47.0347 169.3
8 43.2562 44.863 190.7 49.6527 45.339 164.4
9 44,982 43.078 191.6 45.5472 46.886 178.8
10 43.6432 44.268 191.6 45.1307 | 45.0415 182.3
11 43.1077 | 43.5242 197.8 48.195 43.9705 174.5
12 44,3275 | 42.2747 197.8 48.8197 | 46.2315 164.4
13 45.696 44.0597 184 49.504 44.6547 167.2
14 45.0415 | 42.7507 192.5 46.4992 | 44.8927 177.6

15 43.7325 | 419177 202.5 46.41 45.339 176
16 43.8217 44,982 188.1 48.7602 | 42.2747 178.4
17 443572 | 43.8515 190.7 45.101 48.433 169.3
18 42.8995 | 43.8217 196.9 41.7987 | 44.3572 199.7
19 43.673 45.5175 186.5 48.433 43.1672 176.8
20 43.7622 | 44.8332 189 45.339 45.7852 178.4
21 42.6317 44.268 196.9 46.0877 | 47.7487 168.6
22 43.792 43.7622 193.3 45.6067 46.529 174.5
23 43.8515 | 43.9407 192.5 44,9225 49.385 166.5
24 44.7142 | 42.5425 195.1 50.9022 | 43.3457 167.2
25 43.5242 42.364 201.5 46.3802 | 48.5817 164.4
26 44,387 42.9292 194.2 44.8927 45.934 179.9

27 43.7622 | 44.5952 189.9 48.433 47.6297 161
28 44.744 44.2977 187.3 46.4695 49.742 160.3
29 40.5492 | 45.0712 202.5 48.6412 | 47.0942 161.7
30 43.5242 | 43.5837 195.1 46.5587 | 48.5817 163.7
31 40.222 48.552 188.1 52.9252 44.744 155.7
32 41.7392 44,387 199.7 51.884 46.5885 153.2
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33 42.6912 | 43.9407 197.8 48.1652 | 44.5357 172.3
34 43.316 42.959 199.7 48.2247 44.625 172.3
35 44.6845 | 44.2977 187.3 44.2977 | 45.9637 182.3
36 44.4762 | 43.2267 192.5 46.5587 | 42.8697 185.6
37 447737 | 42.0962 196.9 47.3025 | 45.7555 171.5
38 41.8888 | 45.1902 196 46.291 48.9387 163.7
39 45.0712 | 43.6432 188.1 42.364 45.9042 190.7
40 45.2497 42.126 194.2 46.7372 | 47.6297 166.5
41 43.6432 | 43.0482 197.8 44.0597 | 44.8927 182.3
42 43.3755 | 42.3045 202.5 43.5837 | 48.7007 174.5
43 43.2267 | 42.2747 202.5 46.6182 | 47.5405 167.2
44 43.2862 | 44.4167 192.5 43.7027 | 43.1375 196.9
45 43.3457 44.268 193.3 45.696 45.934 176.8
46 43.7622 | 43.8812 193.3 44.3572 | 45.1902 184.8
47 41.7987 | 44.5357 198.7 45.7257 48.671 166.5
48 43.8217 | 44.4167 190.7 44.5655 | 44.7737 185.6
49 43.1077 44.149 195.1 44.2382 | 46.1125 182.3
50 42.721 43.316 200.6 45.0117 | 44.2085 186.5
51 43.9705 | 44.1787 190.7 45.3687 44.625 183.2
52 43.3755 44.506 192.5 45.3687 | 45.1605 180.7
53 42.5127 43.673 199.7 47.4215 | 46.7372 167.2
54 41.5905 | 43.8812 203.4 46.5587 45.696 174.5
55 42.9887 44.268 195.1 44.9225 44.982 183.2
56 42.6615 | 45.3687 191.6 43.7325 45.22 187.3
57 44.1192 | 43.1077 195.1 46.8265 | 46.2315 171.5
58 42.8995 42.721 202.5 45.9935 44.863 179.9
59 41.6797 | 43.8217 202.5 45.696 43.6135 185.6
60 42.0665 43.792 201.5 49.3552 | 49.2957 152.6
61 43.673 43.078 196.9 43.8217 | 44.8035 189
62 43.0185 | 43.2862 198.7 46.5885 | 47.3322 167.9
63 43.5837 45.339 187.3 45.0415 | 45.3687 181.5
64 42,7507 | 42.9292 202.5 46.9157 | 45.2497 174.5
65 45.2497 47.362 173 49.504 49.4445 151.4
66 45.1307 | 45.3092 181.5 47.4512 45.815 170.8
67 45.577 45.9042 177.6 44.6845 | 46.2612 176.2
68 44.3275 43.673 191.6 45.815 46.172 175.3
69 46.4397 46.886 170.1 46.5587 | 47.1537 168.6
Average | 193.1
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Table A.20 Hardness readings for Sample 20

Sample | Nitrogen pressure 2.0 Torr, anode distance 120 mm
20 | Jon beam centre location: 23 mm
Before Nitriding: After Nitriding:
Position d1 d2 HV di d2 HV
(mm) (um) (pum) (pm) (pm)
1 452795 | 44.7142 183.1 52.003 48.0462 148.4
2 43.1375 | 45.7852 187.3 46.5587 | 45.1902 176
3 43.2862 | 23.8515 195.1 45,9637 | 47.2436 170.8
4 4522 45.1307 181.5 45.6365 | 44.0597 184.8
5 44.625 44.4465 187.3 46.053 45.3092 177.6
6 43.7027 | 43.1672 196.9 48.4627 44.03 173.8
7 43.7622 | 44.2382 191.6 43.6135 | 44.0002 193.3
8 43.2267 | 44.4762 192.5 46.4992 | 44.3275 179.9
9 453687 | 43.7072 187.3 46.529 46.9752 169.3
10 43.9705 | 45.3092 186.5 46.1422 | 46.2017 173.8
11 43.2267 | 44.8927 190.7 46.7372 | 45.9042 173
12 44.149 43.8515 191.6 42.0367 | 45.1902 195.1
13 44.0895 | 42.6615 196.9 47.838 42.602 181.5
14 45,9042 | 45.8745 176 48.5817 | 44.0895 173
15 44,7737 | 43.3457 190.7 46.41 48.6412 163.7
16 44.0002 | 44.0895 191.6 48.4627 | 48.8197 157
17 43.8812 44.268 190.7 42.6317 | 51.6162 167.2
18 43.2267 | 42.3342 202.5 46.0827 | 45.6662 176
19 44.625 44.3572 187.3 49.4445 44.744 167.2
20 43.1375 | 45.8745 189 47.957 43.7325 176.8
21 43.7027 | 42.6912 198.7 44.2977 46.648 179.2
22 429887 | 42.4532 203.4 44.268 44 4167 189
23 44.194 45.0117 186.5 46.648 46.7967 170.1
24 45.22 44.5952 184 46.2315 49.385 162.3
25 45.5472 | 44.0002 184.8 45.7852 | 46.9157 172.3
26 444762 | 45.0415 184.8 48.1057 48.076 160.3
27 444167 | 45.2795 184.8 47.5107 | 47.3322 165.1
28 42.5452 43.792 198.7 46.648 46.3497 171.5
29 46.1125 | 44.8332 179.2 45.458 47.838 170.8
30 42.721 43.4945 199.7 48.8495 48.314 157
31 44.6845 | 419117 197.8 46.8562 | 46.9157 168.6
32 43.4052 | 42.7507 199.7 44.8332 | 45.7852 180.7
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33 42.0962 43.435 202.5 47.5405 | 44.1787 176
34 43.8515 | 43.8217 193.3 45.458 45.5472 179.2
35 42.6615 | 43.7622 198.7 44.8332 | 49.8015 165.8
36 42.9292 | 42.7805 201.5 48.9387 47.957 158.3
37 42.6615 | 43.4647 199.7 49.6527 | 44.4465 167.9
38 43.197 43.3755 197.8 16.3207 | 48.1355 166.5
39 44.863 42.5425 194.2 48.4627 | 48.3437 158.3
40 42.8697 43.435 198.7 44.2977 | 45.2497 184.8
41 41.2632 44.625 201.5 44.03 46.529 180.7
42 42.3045 44.149 198.7 45.5472 | 44.8035 181.5
43 43.0482 | 44.6547 192.5 15.2497 | 45.3985 179.9
44 47.124 48.7602 161.7 50.456 51.2295 143.7
45 46.6182 | 43.9705 180.7 44.4465 | 46.3802 179.9
46 48.5222 | 44.2085 172.3 44.03 43.0482 196
47 45.6662 | 43.8812 184.8 44.8035 | 44.7737 184
48 43.9407 | 42.66015 197.8 43.9407 | 44.4167 189.9
49 43.5242 41.888 203.4 45.3687 | 44.5952 183.2
50 42.721 43.8217 197.8 44.4762 | 45.7555 182.3
51 43.673 42.3045 200.6 46.8265 | 44.3572 178.4
52 42.7805 | 47.5107 182.3 43.673 45.8447 184.8
53 447737 | 44.5357 185.6 46.4397 | 44.5357 179.2
54 44.0002 43911 191.6 44.0002 | 44.7737 188.1
55 45.0415 | 44.1192 186.5 46.7075 47.362 167.9
56 45.0117 | 43.4052 189.9 47.243 45.7555 171.5
57 44,9522 | 45.1902 182.3 44.5655 | 43.2565 192.5
58 44.6845 | 45.9935 180.7 46.1125 45.696 176
59 46.1125 | 44.2085 181.5 45.6365 | 43.2862 187.3
60 45.6365 | 44.5952 182.3 45.6067 46.648 174.5
61 43.2267 | 43.7027 196 46.5885 | 51.3187 154.5
62 43.9407 | 42.7507 197.8 45.2497 46.291 177.6
63 44.0002 | 43.8812 192.5 46.1422 | 48.1652 166.5
64 47.2132 45.815 171.5 48.1057 45.696 168.6
65 45.1307 | 44.6547 184 45.339 45.0712 181.5
66 44.2977 | 44.8035 186.5 42.4532 | 46.1422 189
67 42.9292 | 42.9887 200.6 47.5107 | 46.6182 167.2
68 45.0117 46.41 177.6 46.053 44.744 179.9
69 45.6365 | 46.7372 173.8 44.863 45.4877 181.5
Average [ 190.1
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APPENDIX B
STANDARD OPERATING PROCEDURES FOR DPF

The DPF machine operates on a very high voltage and therefore, in the interest
of safety, safe standard operating procedures need to be followed. The procedures
have been developed for the firing in nitrogen gas. Nevertheless, they can also be
adapted for the firing in other gases.

The firing can be very loud and thus the ears need to be protected. One should
use earmuffs or earplugs during the firing of the ion beam. The steps below show the
standard operating procedures. Italicized words enclosed by apostrophes
(i ”’) must be spoken out loudly to warn people in the laboratory about the

progress of the experiment.

B.1 Standard Operating Procedure prior to firing

1. Ensure the vacuum chamber of the DPF is totally closed.

2. Adjust the axial distance between substrate and the anode to the desired
distance.

3. Evacuate the chamber of DPF by turning on the vacuum pump valve fully

anticlockwise to pump out nitrogen gas and air mixture.

4, Close the vacuum pump valve clockwise after 2 minutes.

5. Fill the chamber with nitrogen gas to about 10 Torr by controlling the valve at
the nitrogen gas cylinder.

6. Evacuate the chamber again until the capsule pressure gauge reading is 0 Torr.

7. Repeat step 5 and 6 two more times. The machine is now ready for firing.

B.2 Standard Operating Procedure for firing

1. Fill the chamber with nitrogen gas to about 10 Torr.

2. Switch on the vacuum pump and evacuate the chamber by operating the
vacuum pump valve until desired pressure is reached.

3. Close the vacuum pump valve and switch off the vacuum pump. Ensure that

no one is near the DPF.
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10.

11.

12.

13.

14.
15.

Lift the shorting bar on the DPF to disconnect the earth ground connection.
(“Shorting Bar Up!”)

Put on earmuffs. Then turn on the main switch at the charger.
(“Main Switch On!”)

Turn on the high voltage switch at the charger.

(“High Voltage On!”)

Turn the dial of the variac fully open to charge the capacitor.

(“Charging!™”)

Increase voltage to 12kV (or 22pA on the dial gauge).

(Track the current verbally: “Five... Ten... Fifteen... Twenty...”)

Once the 22pA level is reached, quickly turn the dial down.

Press the triggering switch to fire the shot.

(“Three... Two... One... Fire!”)

Switch off the high voltage switch on charger.

(“High Voltage Off!”)

Allow time for the current to return to zero. Then set down the shorting bar on
the DPF to the ground connection.

(“Shorting Bar Down!”)

Recording the data on oscilloscope using computer.

Evacuate the chamber by turning on the vacuum pump.

Allow 5 minutes for the device to cool before firing the next shot.

B.3 Standard Operating Procedure for waveform capture

1.

Press the Single Sequence button on the Tektronix recorder before firing the
shot.

Record the waveform with the software in the computer after firing the shot.
Save the .csv (Comma-Separated Values) file by clicking (Waveform Data
Capture > Get Data > Save as .csv). This file will save the numerical data of
the waveform.

Save the .jpg (Joint Photographic Group) file by clicking (Screen Capture >

Get Screen > Save as .jpg). This file will save the image of the waveform.
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