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Abstract

Oxy-fuel cutting otherwise known as flame or oxygen cutting is a method used to separate
steel sections during metal fabrication wherein the process slag produced may adhere to the
bottom of the cut face. Adherent slag is a detrimental factor on the cut quality and
subsequent post processing activities. In this study, the slag adherence during oxy-propane
and oxy-acetylene cutting of 8§ mm and 16 mm mild steel plates was investigated. The
cutting tests were performed according to nominal Harris chart parameters, which were set
at predetermined ranges to simulate workshop conditions. This was preceded by
experimental testing which included visual observation, surface roughness, hardness,
microscopic and elemental analysis. Utilising the Harris chart prescribed cutting parameters
generally yields a good quality cut with no adherent slag. The slag is prone to adherence on
the thinner plate cut with oxy-acetylene and the thicker plate cut with oxy-propane due to a

higher content of free iron in the slags.



In memory of my late parents whom I lost during this research journey

Joseph & Phindile Kawawa



Acknowledgements

I would like to express my heartfelt gratitude to my late supervisor, Prof Josias Van Der
Merwe, whose guidance and unwavering support profoundly influenced my research
journey. I am also deeply thankful to my current supervisor, Dr Alani Nyembe, for his
invaluable insights and encouragement throughout this process. A special thanks to my
employer Air Liquide, for providing the mentorship by Mr Serge Suzan who is a Senior
International Expert regarding flame industrial processes and allowing me the flexibility
necessary to pursue my studies. Finally, I extend my deepest appreciation to my family for
their constant love and support, which have been my foundation during this challenging yet

rewarding endeavour.



Table of Contents

Declaration 2
Abstract 3
Acknowledgements .5
List of Figures 8
List of Tables 10
Abbreviations 11
Terms and Definitions 12
Chapter 1 - Introduction 14
L.1. BACKEIOUNM.....ccctiiiiiieiie ettt ettt e et e et e estaeetbe e baeessbeesssaesssaesssaesnseeans 14

1.2. Problem STateIEnt.........ccuivuiiiiiiiriiitieiee ettt ettt se et e e b e e e e 15

1.3, ReSearch QUESTIONS......cccueiiiiieiieeiieeieeeite ettt et e eteeebeeeveeebeeesaaeestaeessaeessseessseesaseesnsens 16

1.4, ReSEAICH ODJECHIVES....cuieiieeiieiieiieie et ete e eteste e bestaestaesteestaessbessaessaessaesseesseesseesseessens 17
Chapter 2 - Literature review 18
B TR 0 )< o (<) TSRS 18
R B To) €3 (0111116 OSSPSR 21
2.3. Oxy-Fuel Flame CharacteriStiCs......cuiuruuieriieriieriienieesieesieeereesteeeseeeseeesseesseessseessseennns 21
2.4. Industrial Oxy-Fuel F1ame ProCesses.........cevverierieriieniieniieieeieeie et ere et seesee e snne e 25
2.5. Industrial Gas Cutting Methods.........c.eoecuiiiciiiiiiieie et 26
2.6. OxXy-Fuel Cutting ProcCess GASES.......c.eevurrvuereiiriirierierieeresreseessesnessaesssesssessessseesseessessses 37
2.7. Oxy-Fuel Cutting Process EQUIPMENt.......cccccoviiiiiiiiiiiiieetee e 41
2.8. Oxy-Fuel Cutting Process Parameters.........c.cccvvevercieriirienieniesiesieseeseesreesieesseesseesseesses 41
2.9. Mild Steel Metallography..........ccciecieiiiiiiieee ettt ettt s 43
2.10. Oxy-Fuel Cut QUAIILY......c.ccovieeiiiiiiiiite e cteete ettt esre e serestaestaesebeseaesraeseaesssesssenens 45
2.10.1. Post-Cutting CharacteriSatioN. .........c.eevveerveerreesieeieeieeeeeeesreseeseeeseeessnesseesseesseesseens 45

2.10.2. Effect Of Cutting Speed On The Post-Cutting Surface Quality..........cccvevevvernennee. 49

2.11. OXY-FUEl CUttINg SIA.....cciiriiriiriieriieiierteseertt ettt eteete et e e ssbeesaesenessaessnessnessnessnens 52
Chapter 3 - Experimental Procedure 54
3.1. Raw Materials and EQUIPIMENL.........c.ccciveiiriiiiiiiiecierieste e see e e e e sre e se e seeseennees 54
3.2, CUttiNg Pre-TrIalS. ...oocuiiiieie ettt ettt et sttt s e e 56
3.2.1. CUtting NOZZIES.....cueecvieiieiieiieiieieete et ere e veebeebeebesaesssesssessaesssesssesssesssesssessees 57



3.2.2. CULLING PIrESSUIE.....cuviiiiiiiiiieeieeieitesteseesttesttesteesteesteessaesseesseesseesseeseesseesseesseessessses 57

3.2.3. Nozzle Standoff and Flame.............ccccoeiiriiiiiiiiiiiiieeeeeeeee et 58

32,4, CUtING SPEEA.....uviierieeiieeiie ettt esteerteesteeerte e sttt e s teesbeessbeessseessseeesseessseeesseeessseensseenes 59

3.3, Cutting Trial SAmMPLES......cccvevcierieiieiierie ettt ettt te e e e beese e s e enseenseenseanses 61
3.4. Characterisation of steel SAMPIES........cc.eevvieriieiiiiciieeieeee et sebe e 65
3.4.1. Base Material COMPOSILION........cceeriereerierireriierieeseesieesteeseesseesseesseesseesseesseessesssennns 65

3.4.2. Cutting Process Visual EXamination...........ccoceeeeeriiniinienienienieneeseesieeiee e 65

3.4.3. Macro EXamMINatiOn.......cecueriiruereieieriesieeiieiesie ettt ettt st e e e e e s 66

3.4.4. Surface Roughness TEeStNG........c.cocueriiriiiiiiierieree ettt 66

3.4.5. Test Piece Sample Preparation..........cccccveeverierieniiesieeniesieesieesieesseesseesseeseesseesseesseenns 66

3.4.6. Hardness TESINE......ccevuerteriiriinieienierieetee sttt ettt et s 67

3.4.7. SEM and EDS Evaluation.........ccccecieiiiiiiiiiiiieie ettt sttt 67

3.4.8. OPLCAl MICTOSCOPE. ...eeuvieurrenriereaieeieeteetestessteasessesssesssesseesssesssesssesssesssesssesssesssennes 68
Chapter 4 - Results 69
4.1. Cutting Process Visual EXamination..........c.ccceviereerierieenienieseenieeseesieesseeseesessesenessnennns 69
4.2, MacCro EXAMINAtION. .....eiitiiiieiiiiieiie ettt et ettt et e bt ebeesbe et e e eneeeneeeneeeaeeenee 73
4.3, SUITACE ROUGNNESS......eciiiiiiiieiieiiceete ettt e e st e s b e s tae s s e ssbessaessaesenesseennns 76
4.4, Transverse Hardness. ........coiiiriiiierierieieeie ettt ettt ettt st st e st sneesbeeseeens 77
4.5. SEM and EDS ANALYSIS......c.cccuiiuiiiiiiieiiirieteerestesresreseresssesssesssesssesssssssesssssssessasssassseens 78
4.6. Optical MicTOSCOPY IMAZES....c..coouiriiriiriiiieriirieeieese ettt st s 93
Chapter 5 - Discussion 101
5.1, Cutting PerfOrMANCE.........ccevieriieriieriieiiesitertestees ettt et esteesae e st esseesta e seesseenseenseensaens 101
5.2. Factors Affecting Slag AdREIENnCe..........cccuvieiiiiiiieiieie ettt e 109
5.3. Comparison With Previous StUAIeS.........ccceriierieriieriiinieriesieseeseeseeseeseeeseesieesseesseessaens 112
5.4. Slag Adherence Mechanisms and EXplanations.............cceceeeieriiiniienienienienieeie e, 118
5.5. Practical IMPIICALIONS. ......cccviruiiriieriieriieseeteieeteesieesteebeebeebeeseesseesseesseesseesseessesssenssenssas 119
5.6, LIMIEATIONS. ...utittiitieeiieeiieeite sttt ettt e st e stt e s bt e st e s bt e sb e e bt e st e e sbeesseasee bt esbeenseesseeseenseenseens 120
Chapter 6 - Conclusion and Recommendations 122
6.1, CONCIUSION. .....eeeiieiieiieit ettt ettt ettt et et e e st st esaeesaeessee s st esseesseesseesseeseeseenseenseens 122
6.2. RECOMMENAATIONS. ... eeiueiiiiiiiiiiiieeiie sttt et sb ettt et et et et et st e st e satesaeesaee 123
References 124




Appendices 127

Appendix A - Cutting Machine.........cocoeveiiiiiiiniiiieeeee et 128
APPENdixX B - CUtING TIPS....ieiciiieciiiiiiieiiierie et esteeeteeeieesteeeteeesseeetaeessaeessseessseessseessseessseens 129
Appendix C - Cut QUality CRATT.........ccooverieriieiieiteie ettt esraesaaeseeennees 130
Appendix D - Roughness Test RESUILS.......cc.coocuiiiiiiiiiiiciieeie ettt 131
Appendix E - Hardness Test RESUILS.........cccvevieriirierieriesieeeeeeee e e 139
Appendix F - Base Metal Test CertifiCates.........ccovvuiiiiiieiiieeiiie et 142



List of Figures

Figure 1.
Figure 2.
Figure 3.
Figure 4.
Figure 5.
Figure 6.
Figure 7.
Figure 8.
Figure 9.

Figure 10.
Figure 11.
Figure 12.
Figure 13.
Figure 14.
Figure 15.
Figure 16.
Figure 17.
Figure 18.
Figure 19.
Figure 20.
Figure 21.
Figure 22.
Figure 23.
Figure 24.
Figure 25.
Figure 26.
Figure 27.
Figure 28.
Figure 29.
Figure 30.

Heat from preheating flame and iron combustion
Representation of the OFC process

Oxy-acetylene flame

Cut faces of 15mm thick mild steel

HAZ of 15mm thick mild steel

Laser cutting surface characteristics

Laser fusion cutting

Laser vaporisation cutting

Roughness value versus cut sheet thickness

Surface roughness vs Cutting speed of low carbon steel sheets
Optimal cutting speed versus cut sheet thickness

Cut zone of stainless steel laser cutting

Oxygen cutting striations

Oxygen assisted laser cutting

Dross attachment vs cutting speed for stainless steel LBC
Dross attachment vs gas pressure for stainless steel
Effect of impurity of cutting oxygen on cutting speed
Effect of metal temperature on cutting speed for 28.5mm mild steel thick plate
Two piece oxy-acetylene cutting nozzle

Three stages of the OFC process

Microstructure of mild steel equiaxed ferrite and pearlite
Microstructure of mild steel with elongated ferrite grains
Three types of cuts

Dragline

Concavity

Surface roughness

Top edge melting

Gouging

The HAZ martensite region

The HAZ mixed phase region



Figure 31. The HAZ tempered base metal region

Figure 32. Specimens cut with oxy-acetylene

Figure 33. Surface roughness vs cutting speed of oxy acetylene and oxy propane

Figure 34. Cut drag displacement vs Cutting speed of oxy acetylene and oxy propane
Figure 35. Surface hardness vs Distance from the surface of oxy acetylene and oxy propane
cut samples

Figure 36. Heat tint on 25 mm thick plate cut faces

Figure 37. Variation of hardness with cutting speed for 20 mm mild steel plate

Figure 38. Variation of roughness with cutting speed for 20 mm mild steel plate

Figure 39. Harris Plus Portable Cutting System

Figure 40. Experimental cutting pressures

Figure 41. Experimental nozzle standoff and flames

Figure 42. Sample preparation example - 8 mm thick plate for the 6 mm and 15mm nozzle
standoff

Figure 43. Sample preparation - Bandsaw

Figure 44. Sample preparation - Wire cutter and mounting

Figure 45. Slag oxygen to iron atomic ratio

Figure 46. Variation of roughness with cutting speed for 8 mm mild steel plate at 6mm
nozzle standoff (a) and 15mm nozzle standoff (b)

Figure 47. Variation of roughness with cutting speed for 16 mm mild steel plate at 6mm
nozzle standoff (a) and 15mm nozzle standoff (b)

Figure 48. Variation of hardness with cutting speed for 8 mm mild steel plate at 6mm
nozzle standoff (a) and 15mm nozzle standoff (b)

Figure 49. Variation of hardness with cutting speed for 16 mm mild steel plate at 6mm

nozzle standoff (a) and 15mm nozzle standoff (b)

10



List of Tables

Table 1. Industrial flame processes

Table 2. Fuel gas characteristics

Table 3. List of equipment

Table 4. Cutting speed estimation

Table 5. Potentiometer calibration

Table 6. Nominal cutting speed deviation

Table 7. Oxy-acetylene sample cutting parameters
Table 8. Oxy-propane sample cutting parameters
Table 9. Base material test report

Table 10. Visual examination of the cut face

Table 11. Macro examination of the cut face

Table 12: Surface roughness (Ra) and (Rz5) - Acetylene
Table 13. Surface roughness (Ra) and (Rz5) - Propane
Table 14. Vickers hardness

Table 15. SEM analysis

Table 16. EDS slag analysis

Table 17. EDS slag composition

Table 18. Base metal microstructures

11



Abbreviations

BS - British Standard

acetylene - acetylene

EDS - Energy dispersive spectroscopy

EN - European Standards

FG - Fuel gas

HAZ - Heat affected zone

HV - Vickers hardness

HVOF - High Velocity Oxygen Fuel

ISO - International Organisation for Standardization
LBC - Laser beam cutting

LHV - Lower Heating Value

LPG - Liquefied petroleum gas

MPa - Megapascal

OEM - Original equipment manufacturer
OFC - Oxy-fuel cutting

Ra - Average roughness

Rz - Average maximum profile height
SABS - South African Bureau of Standards
SANS - South African National Standards
SEM - Scanning electron microscopy

Ve - Cutting Speed

12



Terms and Definitions

Alternate fuel gases - Fuel gases that are not produced by processing petroleum, these

include propane, methane and liquefied petroleum gas (LPG)
Atomic ratio: The weight percentage composition divided by the atomic weight

Assist gas - Gas that is used to flush out the molten material during laser cutting including

oxygen, nitrogen, compressed air or a mixture

Backfire - Occurs during cutting when the flame goes back into the cutting tip thereafter

the flame extinguishes

Base metal - Engineering material that is being processed by a fabrication method/s e.g.

welding or cutting

Blow torch - The tube / pipe like device that is used to deliver the mixture of ignited fuel

gas with oxygen and cutting oxygen through the cutting nozzle

Burr - A residue of material that is left during cutting which may be subsequently removed

by post processing e.g. grinding or scraping
Combustion ratio - The volumetric flow rate ratio of the oxygen to fuel gas

Concavity - The extent of distortion to flatness (90° for a straight cut) of the cut face and is

determined by measuring the distance between two parallel straight points on the cut face

Crash event - When the flame is extinguished as a result of the cutting nozzle touching the

cut surface during cutting

Cutting oxygen jet - The stream of cutting oxygen delivered through the centre of the
cutting nozzle that is activated subsequent to preheat upon reaching the kindling

temperature

Cutting nozzle - Also referred to a cutting tip is the piece that fits onto the cutting torch
(blow torch) and delivers both the preheat flame mixture of fuel gas and oxygen as well as

the cutting jet

Cutting Speed - This is the speed at which the cutting tip end moves across the surface of

the sample or piece being cut
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Dragline - The lines / striations visible on the surface of a cut face caused by exit of the

cutting oxygen stream out of the kerf

Dross - The solidified oxidised molten metal deposit that adheres to the cut face subsequent

to cutting

Flashback - Occurs during cutting when the flame goes back into the cutting torch’s

mixing chamber

Gouges - Irregular sized grooves or scourings of removed material appearing on the cut

face

Impurity - An undesirable substance or component in the process gas that makes it less

pure
Iron oxide molecular ratio - The ratio of the atomic ratio of oxygen to iron

Kerf - The channel or gap that is formed as a result of cutting wherein the reactions take

place and the material is removed

Kindling / ignition temperature - This is the temperature at which a material auto ignites

in an oxidising atmosphere

Lower Heating Value - This is the amount of heat released by combusting a kilogram of

fuel gas in one hour at 25°C and having the combustion products at 150°C

Machine cutting - Occurs when the travel speed and the nozzle standoff are controlled

automatically

Manual Cutting - Occurs when the travel speed and nozzle standoff are controlled

manually by an operator
Metal oxide - The compound formed when a metal reacts with oxygen

Nozzle standoff - The distance between the end of the nozzle and the surface of the

workpiece being processed
Slag - The nonmetallic material consisting of oxides and impurities

Travel speed - See cutting speed

14



Chapter 1 - Introduction

1.1. Background

Flame cutting, also known as Oxy-fuel Gas Cutting (OFC), was invented at the beginning
of the last century (American Welding Society, 2001). It consists of a jet of oxygen, also
called cutting oxygen, which burns the metal and expels the slag produced during
combustion. The motion of this cutting oxygen jet produces a kerf, which is the width of a
cut or the width of a material removed by a cutting process. An oxy-fuel flame, known as a
preheat flame, provides the energy required to reach and maintain the combustion

temperature of the metal at the top of the kerf.

Several oxy-fuel flame processes utilise various fuel gases and oxygen to provide the
energy required to work and process material. These processes can be grouped into five
main categories namely joining, cutting, shaping, surface treatment, and heating (Suzan,
2014). The selection of the fuel gases depends on various factors including the volume of
fuel required for the task, the cost of the fuel and the availability of the fuel in that

particular market.

OFC cannot be used for non ferrous engineering materials such as aluminium and, nickel
based alloys as well as ferrous stainless steel because the OFC process requires materials
that can oxidise easily and the metal oxide melting temperature must be lower than that of
the metal itself. Oxy-fuel is widely used in the steel industry sectors, including automotive
manufacturing, metal fabrication and marine construction for manual and mechanised
processes. These processes include joining, cutting, shaping, surface treatment, and heating
(Suzan, 2014). Cutting is by far the most widely used process across all the sectors and will
be the focus of this study whereby the variation in slag adherence utilising different nozzle

fuel gas combinations will be investigated.

OFC relies on the combustion of the metal in presence of oxygen. It is sustained by an
oxy-fuel flame which maintains the upper cut front at the combustion temperature of the
metal. One of the critical factors influencing the efficiency and quality of the OFC process
is the adherence of the slag, a by-product of the cutting process composed of metallic

oxides.Slag adherence is detrimental to the efficiency and quality of the cutting process,
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requiring the slag to be removed thereby increasing production costs. The adherence of slag
to the cut face can vary significantly depending on several factors, including the
oxide-to-free iron ratio, preheat, plate thickness, choice of fuel gas, cutting equipment, and
cutting parameters (Slotman & Edward, 1951). Furthermore excessive slag adherence can

lead to increased post cutting processing time and cost as well as potential safety risks.

Understanding and controlling slag adherence is therefore of paramount importance to
optimise the efficiency, productivity and safety of the OFC operations. This research
project aims to investigate the variation in slag adherence associated with different OFC
nozzles and fuel gases namely acetylene and propane under varying cutting parameters. By
comprehensively analysing the factors influencing slag adherence, we seek to provide
valuable insights that can help optimise the OFC process and improve the overall quality of

the cut face.

1.2. Problem Statement

During oxy-fuel gas cutting, slag formation is part of the process and should therefore be
managed to enable optimal cutting performance and desirable product quality. An ideal cut
quality is one that has a linear smooth-cut face surface with no gouges, no draglines,
non-meltdown of the top surface, and non-adherent slag (Slotman & Edward, 1951). The
adherence of the slag affects the quality of the cut face thus the slag must be removed

which increases post processing costs.

In general, productivity is a priority and regardless of the fuel gas used, slag removal
should be a seamless process and the slag should not be adherent. This is evident in
machine cutting as opposed to manual cutting, as the former has a constant cutting speed
(Slotman & Edward, 1951). The higher percentage ratio of iron oxides to unoxidized iron
results in easier slag removal. The unoxidized iron rate in the slag is expected to be lower in
the case of thickness above 10-12 mm therefore slag removal should be easier (Slotman &

Edward, 1951).

Slag removal for thicknesses above 10-12 mm is easier as a result of the heat generated by
the combustion of iron H,, (oxide formation and slag jet) providing most of the cutting

energy for thicker gauge material as opposed to thicknesses below 10 - 12 mm. Figure 1
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below shows that the preheating flame heat (H,,) propels the cutting for thicknesses below
10 - 12 mm as it is the main source of energy required to cut (Glizmanenko & Yeveseyev,

1961).
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Figure 1. Heat from preheating flame and iron combustion (Glizmanenko &

Yeveseyev, 1961)

1.3. Research Questions

OFC is a relatively old process and the available research on the slag adherence is limited.
Laser and Plasma cutting are the alternative production thermal cutting processes and are in
mainstream fabrication replacing OFC as the preferred methods of thermal cutting. Laser
cutting is more recent than OFC and there is more research around this technology and
consumers have an appetite for the most powerful machines, whilst the OFC research is
limited (Davis, 2024). Adherent “dross” is a common occurrence during laser cutting of
mild steels with oxygen (Garcia et al., 2015). During laser cutting, the dross is formed by
liquid metal expelled from the kerf which attaches itself to the sidewall of the plate below
the cut face and is oxidised by atmospheric oxygen (Cariston, 2002).
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This research will aim to address the following questions:

How does the selection of a fuel gas for an OFC operation affect the cut quality?
What is the volume fraction of slag to unoxidized iron of an 8 mm and 16 mm plate
at different cutting parameters?

What are the optimal cutting parameters and fuel gas for an 8§ mm and 16 mm plate?

How does the ease of slag removal vary with fuel gas and cutting parameters?

1.4. Research Objectives

This research principally aims to evaluate the slag adherence variation of oxy-fuel cutting

gas by utilizing propane and acetylene respectively in the configuration of the VVC nozzle

and VAX nozzle (HARRIS Calorific). Laser cutting is widely used for cutting ferrous

material thicknesses below 40 mm whereas Plasma and OFC are generally preferred for

thicknesses above. Thus the research objectives of the study will be as follows:

To evaluate the influence of fuel gases on beading of 8 mm and 16 mm mild
structural steel EN 10025-2 S355JR+AR

To determine the effect of the heat-affected zone on the optimal cut quality

To evaluate or determine composition, phase, and morphology examination on the
slag

To contrast the two fuel gases, evaluate the surface profile (roughness) and cut face
concavity with varying OFC parameters (nozzle standoff and cutting speed)

resulting in non-adherent slag.

This report presents the background and significance of the study, reviews relevant

literature, outlines the research objectives and methodology, and discusses the expected

outcomes and implications of the findings. Through a systematic examination of slag

adherence variation in OFC, this research endeavours to contribute to the advancement of

cutting technologies and their applications in a variety of industrial settings.
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Chapter 2 - Literature review

2.1. Overview

The atmospheric air contains 78% Nitrogen gas, 21% Oxygen gas and 1% Argon gas as the
bulk and the rest are trace gases, water vapour, krypton, helium, neon, xenon, carbon
dioxide, methane, ozone and nitrous oxide, less than 500 ppm each (Cox & Arthur, 2002).
Pure Oxygen was first prepared in 1774 by a chemist, Priesley (Slotman & Edward, 1951)
and it is used for various purposes including health and industrial applications. In OFC, the
oxygen is used to burn the metal to be cut and to expel the slag from the kerf and to provide
a higher flame temperature to the flame surrounding the oxygen cutting jet. The combustion
of pure oxygen at a minimum purity of 99.5% (namely N25 as Air Liquide reference) and a

fuel hydrocarbon is used in OFC resulting in higher flame temperature than one with air.

The first commercial industrial application of an OFC process was described in 1888 by
Thomas Fletcher of the Society of Chemical Industry in Liverpool (Slotman & Edward,
1951). It was explained that when pure oxygen is passed through an iron pipe, it ignites at
the tip of the pipe. The combustion energy can then be used to cut and or pierce through
dense metals.. In 1901, oxygen lancing was patented for its use in the tapping of blast
furnaces. Acetylene, which was discovered in 1837 by Davy, was first commercially
produced by Wilson in 1892 (Slotman & Edward, 1951). In the same year, Fouche and
Picard developed a cutting torch capable of safely combusting pure oxygen and acetylene
(Slotman & Edward, 1951). Again, in the same year, Jottrand first locally heated a spot on a
steel plate by combusting pure hydrogen and oxygen and using a cutting torch that was a
variation of Fouche and Picard's welding torch, then shut off the hydrogen and increased
the oxygen flow to make incremental cuts (Slotman & Edward, 1951). Jottrand
subsequently added another copper tube on the welding torch to introduce cutting oxygen
and instantaneously enable preheating and cutting; the modern cutting torch evolved from
this concept. Although OFC was not widely industrialised, it was still undergoing basic
development during the First World War and became the primary cutting technique during

World War II (Slotman & Edward, 1951).

The cut front of the kerf or the surface at the plate must locally remain above the ignition

temperature during cutting. This is enabled by having base materials melting temperature
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combustion products being lower than the ignition temperature and the heat generated
being greater than heat losses by material being removed from the bottom of the kerf as
well as thermodynamic heat losses. Base materials with ignition temperatures close to or
below their melting temperatures e.g. aluminium, copper as well as those with high
temperature metal oxides e.g. chromium and silicon cannot be processed using OFC as they
either melt prior to cutting or the high temperature metal oxide prevents further cutting by
forming a solid barrier. Base materials that have high heat conductivity e.g. Copper are also
not processed by OFC as they are unable to localise heat during preheat to reach the
ignition temperature. The specific heat, thermal conductivities and melting points of the
base metal and its metal oxides determine the susceptibility to OFC (Charles & Chater,
1978).

Figure 2 is an illustration of how the OFC process unfolds. Once the kindling temperature
has been reached and the cutting oxygen jet released, the jet reacts from the surface of the
cut just below the nozzle to the bottom of the plate. As shown in Figure 2 the jet reacts with
the metal to form slag and expand both this slag and molten steel from the kerf. With
increasing travel speed the cutting oxygen jet seizes to be vertical and begins to incline at
an angle causing the jet to create turbulence with the slag, impurities and liquid metal. This

results in a concave cut face.

At a minimal cutting drag condition, the cutting oxygen gas jet is in contact with the slag
and the slag is in contact with the molten metal. All are separate and join at the respective
interfaces where they create a gaseous boundary layer. Going deeper into the kerf from the
top surface, both the slag layer and interface (gaseous boundary layer) become thicker. The
impurity content of the gaseous boundary layer can be increased should the preheat flame
react with the oxygen jet or new combustion products form. Should the slag become thicker
than the stable slag thickness then the force upon the slag results in it being moved behind
the cutting oxygen jet and settling on the sidewalls below the cut. The periodic movement
of the slag to the sidewalls and behind the cut results in dragline formation on the cut face

(Charles & Chater, 1978).
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Figure 2. Representation of the OFC process (Charles & Chater, 1978)

The ratio of the total amount of oxygen supplied to the actual oxygen used by the slag is
termed the "Oxygen efficiency". High cutting speeds are synonymous with a greater
inclination of the cut front and result in high oxygen efficiency and more free iron in the
slag. The cutting speed increases with increasing pressure and or increase in nozzle size,
however this reaches a maximum beneficial threshold. The increase in cutting speed is
more effective when increasing the pressure of smaller nozzle size than to increase the
nozzle size at a lower pressure. The design of a nozzle entails adapting the nozzle to a
higher pressure in order to increase the kinetic energy for the same quantity of oxygen, the
resulting kerf is narrower, for the same rate of burnt metal, the cutting speed will be higher

thus, benefits in gas consumption and productivity (Charles & Chater, 1978).
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2.2. Background

Muiioz-Escalona et al. (2006) claimed that using propane as fuel gas resulted in less
dragline inclination, a narrower kerf width, less adherent slag, and lower surface hardness
as opposed to cutting with acetylene. This investigation was subject to pre-selected nozzles

and parameters.

Abdulateef et al. (2010) evaluated the effect of cutting parameters (cutting speed, preheat
time, and plate thickness) on cut quality (surface roughness and hardness). It was
established that for 20 mm thick ASTM, BN1323 a preheat time of 20 seconds followed by

a cutting speed of 300 mm/min resulted in improved cut quality

Harish and Babu (2017) used Grey relational analysis together with the Taguchi technique
to evaluate the kerf width and surface roughness of mild steel cut with oxy-LPG flame. It
was concluded that the minimum surface roughness and kerf width were obtained using 3
bar gas pressure, 300 mm/min travel speed, and 13 mm standoff. Surface roughness is
directly proportional to all three process parameters whereas kerf width is directly
proportional to gas pressure but inversely proportional to nozzle standoff and cutting speed.

Of these three process parameters, the gas pressure is the most impactful.

Jokiaho et al. (2019) investigated the effect of residual stress and cracking of 20, 40, and 60
mm thick steel cut with oxy-propane flame. Due to the concentration of heat, during cutting
the OFC flame results in the reversal of optimal heat-treated microstructure by forming a
heat-affected zone (HAZ) and generating thermal tensile residual stresses which can result
in cracking. The HAZ is apparent on the surface of the cut edge with hardness values
decreasing with increasing distance from the cut edge and ultimately reaching the base

material value

2.3. Oxy-Fuel Flame Characteristics

The OFC “Flame” is a result of the combustion of a fuel gas and an oxidant (Slotman &
Edward, 1951). This flame differs from traditional combustion processes in that it is used as

a tool with the OFC torch. The combustion ratio equation (2.3.7) is expressed as the ratio of
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the flow rate of oxygen to the flow rate of fuel gas, also called the oxygen-to-fuel ratio, in

analogy with the air-fuel ratio (AFR).

__ _Oxygen flow rate
" Fuel Gas flow rate (231)

Q

The combustion ratio depends on the desired characteristics of the flame i.e. carburizing,
neutral or oxidizing flame. The stoichiometric ratio (n+m/4) refers to the amount of oxidant
(O,) required to burn all the hydrocarbon (C,H,) to produce carbon dioxide (CO,), water
vapour (H,0) and heat which is driven by equation (2.3.2).

CnHm + (n + m/4)02—>nC02 + (m/Z)HZO + Heat (2.3.2)

where n is the carbon molecular volume and m is the hydrogen molecular volume.

For OFC, oxygen gas is the oxidizer and several fuel gases or mixtures can be used. The
selection of such a fuel gas is based on regional and local factors including the sourcing
conditions, price competitiveness, legislation frameworks, and availability of duly certified

equipment.

Upon preheating, the kindling temperature of the base material is approximately 1350 C
(Glizmanenko & Yeveseyev, 1961). Previous research has demonstrated that the type of
fuel gas , amount of cutting oxygen, and cutting speed have an influence on cut face
quality. Optimal cutting parameters are desirable and result in a smooth sound surface to
minimize post-cutting activities such as fettling, grinding, and machining to remove

irregularities on the cut face (Munoz-Escalona et al., 2006).

The kindling temperature with oxygen determines if a steel can be cut. For OFC to be
practical, this temperature needs to be below the melting point of steel. Increasing carbon
content results in a decrease in the melting point and an increase in the kindling
temperature. The resulting slag of ferrous metals with high carbon content is richer in
unoxidized iron which causes the slag to be adherent. In addition to the carbon content, the

following factors determine the metal cutability (Glizmanenko & Yeveseyev, 1961):

e The base metal’s oxide melting temperature must be below both the melting point of

the metal and the cutting temperature.
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e The combustion process heat of the oxidation of the base metal should be the
majority of cutting energy required to drive the cutting process and the balance
supplied by the preheating flame

e The base metal must have low thermal conductivity to allow minimal heat
absorption that can detour the initiation and propagation of the cutting process

e The metal oxide formed must have low viscosity to allow seamless flow of the slag
through the kerf during cutting

o The base metal must contain minimal impurities which form oxides that hinder the

cutting process and or increase its hardenability

The equivalence ratio, also called combustion richness, is the combustion ratio of the fuel
gas normalized by its stoichiometric value. The combustion richness is only used for
specific concerns and related techniques. A premixed oxy-fuel flame is suitable for welding

and cutting applications, and it consists of a two-stage reaction:

A primary combustion where the fuel reacts with the oxygen intake to produce heat,
carbon monoxide, and hydrogen gas. For acetylene combustion as shown in equation

(2.3.3), the peak temperature is obtained at the tip of the inner cone (Abdulateef etal, 2010)

2C,H,+ 20, > 4CO + 2H, + heat (2.3.3)

A secondary combustion where the carbon monoxide and hydrogen react with the oxygen

of the ambient air to produce carbon dioxide and water vapour (equation (2.3.4)).

CO + H, + 0,-C0, + HO (2.3.4)

The primary reaction takes place in the inner cone and the secondary combustion in the
plume. When the secondary combustion cannot take place, a large amount of carbon
monoxide forms the plume, producing a reducing atmosphere. It is conveniently reminded
that carbon monoxide should be controlled due to safety concerns. The normal or standard
flame refers to a combustion ratio in accordance with usual working conditions. A neutral
flame is obtained when the oxygen intake is necessary and sufficient to complete the
primary combustion, thus producing a reducing atmosphere. Solely applicable to acetylene

combustion, the neutral flow rate ratio of oxygen to fuel gas is almost one-to-one.
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A carburizing flame is obtained when the combustion ratio is lower than the neutral ratio,
thus producing a reducing atmosphere containing free carbons, in addition to the carbon
monoxide and hydrogen. An oxidising flame is obtained when the combustion ratio is
higher than the neutral ratio. The atmosphere contains more and more oxidant compounds
(American Welding Society, 2001). Figure 3 below presents three flames, according to the
AWS 3.0 American Standard (American Welding Society, 2001).

{A) PURE ACETYLENE FLAME

CONE
WHITE

MO ACETYLENE FEATHER
BLUISH TO ORANGE

{B) NEUTRAL FLAME

CONE
WHITE

SHORTER THAN NEUTRAL

LAME CONE NEARLY COLOALESS

{C) OXIDIZING FLAME

ACETYLEME FEATHEHR INTENSE
WHITE WITH FEATHERY EDGE “— LEGHT ORANGE

(D) CARBURIZING (REDUCING) FLAME
Figure 3. Oxy-acetylene flame (American Welding Society, 2001)
The low heat values (LHV) of the propane and acetylene (acetylene) are 24.03 kW.hr/m*

and 14.78 kW.hr/m’, respectively. Applying equation (2.3.5) yields a corresponding fuel
gas preheat flow rate of 0.33 m*/hr for propane and 0.54 m*/hr for acetylene for 8 mm thick
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plate. For 16 mm thick plate, the calculated flow rates are 0.67 m*/hr and 1.08 m*/hr for

propane and acetylene, respectively (Suzan, 2014)

3 t (mm)
Flow R hr) = 2.3.
low Rate (m" /hr) LR kW ) (2.3.5)

where t is the plate thickness.

Equation (2.3.6) gives the heating power required for heating 0 - 50 mm up to the kindling
temperature and is estimated to be 7 kW for the 8mm and 8 kW for the 16mm plate (Suzan,
2014).

Heating Power (kW) = a. " (2.3.6)

where a and m are constant values of 4.0735 and 0.2262 respectively. t is the plate

thickness.
2.4. Industrial Oxy-Fuel Flame Processes

The oxygen-fuel flame process can be utilised for various industrial applications. The table

below categorises the main processes and typical applications thereof:

Table 1: Industrial flame processes (Suzan, 2014)

Category Process Typical Application

Joining Welding Craftsman
Brazing Air Conditioning, Boilers
Braze-Welding Cycles

Cutting Straight Cutting Parts and Metal furniture
Bevel Cutting Weld preparing (Windmills)
Gouging De-seaming (ship repairing)
Manual Cutting Beam cutting (Public works)
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Category Process Typical Application
Shaping Hot Spinning Gas cylinder manufacturing
Straightening Hull (shipyards)
Dist. Removal Deck flattening (shipyards)
Hot Bending Stiffeners (shipyards)
Surface Flame Spraying Anti-corrosion coatings
Treatment
HVOF Tribological coatings (crankshaft)
Hardening Bumpers (railway)
Granite Flaming Surface roughening (Public works)
Heating Welding Preheat Boiler Fabrication
Welding Post-heat Boiler fabrication
Miscellaneous Iron Powder Cutting Mould feeders removal (foundry
Scarfing Flaw removal (foundry)
Thermal Lancing Metal recycling (foundry)
Jet Piercing Stone cutting (Quarry)

2.5. Industrial Gas Cutting Methods

Oxy-fuel cutting (OFC), plasma cutting, and laser cutting are the main thermal cutting
processes used to process various types of engineering materials used in various sectors
such as construction, power generation, and steel manufacturing just to name a few. These
three processes differ mainly in the method used to melt the metal. OFC uses a cutting
torch which delivers a mixture of the fuel gas and oxygen via a nozzle to firstly preheat the
material to its kindling temperature thereafter an oxygen jet is activated to blow away the

melted material through the kerf. Plasma cutting uses an inert gas blown at high speed
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through a nozzle combined with an electric arc to ionize the gas at about 2500°C thereby
impacting the surface to be cut, removing material and blowing it away through the kerf.
Compressed air plasma gas is inexpensive for carbon and low alloy steels and forms an iron
oxide that drives an exothermic reaction which results in minimal distortion, a narrower
heat-affected zone than OFC, and no slag or dross on the cut face. Laser cutting uses a
high-power laser beam to melt the surface of the material, which is then blown away by an
assist gas which is generally either oxygen for ferrous materials and nitrogen for stainless

steels and non-ferrous materials.

Both laser and plasma cutting are far more productive than OFC, four to fivefold for plasma
cutting. However, there are certain limitations regarding the practicality and cost of the
laser and plasma-cutting equipment, resulting in the OFC process being the most widely
adopted. OFC is the traditional thermal cutting process, and it is being replaced by the more
productive Laser and Plasma Cutting which can also cut parts with very intricate
geometries with high precision, as shown in Figure 4, whereby the cut faces of each method

are contrasted.
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Figure 4. Cut faces of 15 mm thick mild steel: (a) OFC; (b) plasma cutting and (c)
laser cutting (Cicero et al., 2016)

The cut quality of the three processes varies even with the respective optimal cutting
parameters. As shown in Figure 4, the study by Cicero et al. demonstrated that the cut face

is smoother with plasma cutting, followed by laser cutting, and lastly OFC. OFC has a

28



rough surface with adherent slag and the laser cut has draglines and some unoxidized metal
at the bottom of the cut. During fatigue testing, the initiation sites are mostly on the
slag-adherent areas with OFC. Figure 5 shows a micrograph of the cut face wherein the

HAZ of the OFC varies from 1 - 4 mm and that of the laser cut face is less than 0.5 mm.

Figure 5. HAZ of 15 mm thick mild steel: (a) OFC; (b) plasma cutting and (c) laser
cutting (Cicero et al., 2016)

Due to combustion-related similarities to OFC, laser oxygen cutting is prone to dross
adherence if the cutting parameters are not sufficiently optimized. The oxygen-assisted gas
nozzle cutting pressures may vary from 0.5 to 5.0 bars, and to avoid excessive combustion,

the pressure is reduced and the nozzle diameter increases with increasing plate thickness

(Wandera, 2006).

In OFC the metal is heated using a flame to reach its ignition temperature of approximately
1350 °C. Upon reaching this temperature, the cutting oxygen jet is applied at a pressure of
3 - 10 bar to pierce and oxidise the metal, forming a slag and kerf and removing the metal
material (Harish & Babu, 2017). The OFC process involves the utilisation of a blow torch
to deliver the fuel gas and industrial oxygen that produce heat through combustion. The
mixture passes through a cutting nozzle to establish a cut in three steps (Ramakrishna,

Raghuram & Avinash Ben, 2018):
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e Preheat is to heat the metal up to its ignition temperature but below its melting
point. At this point, a bright orange colour is visible with sparks flying in different
directions.

e A jet of oxygen is then applied to initiate the cut thereby generating energy (heat),
forming and blowing away the slag through the kerf. The slag melting point must be
below the surrounding base metal so it can remain viscous to be blown away.

e Once the ignition temperature is reached, the oxidation reaction maintains it.

Laser cutting is the most widely used thermal cutting process for thin gauge / sheet metal
materials, ceramics and composites. The laser beam is focused on the material at a spot
which allows localised melting which is followed by flushing of the material with a
pressure assist gas jet which is inert (mainly nitrogen) or active (mainly oxygen) depending
on the material being cut. The inert gas serves to protect the cut face from further oxidation
and is used for materials that are sensitive to oxidation such as stainless steels and the
active gas is used to facilitate in the combustion exothermic reaction to melt thicker
sections and or increase cutting speeds of mainly mild and low alloy steels. The energy
released by the latter exothermic reaction is in similar order of magnitude to the power of
the laser beam. These two sources of energy in laser cutting of low carbon steels result in
two cutting fronts, that of the laser beam and that of the exothermic reaction which both
determine the quality of the cut face and if the latter dominates it results in side burning and

poor cut quality (Genna, Menna & Tagliaferri, 2020).

Some drawbacks of the laser-cutting process include the formation of draglines, heat-
affected zone, and adherent slag. The rate at which heat can be dissipated from the kerf and
surrounding base material is a critical factor during laser cutting. At a high rate, the melting
of the metal is sluggish, resulting in insufficient energy to cut, a tapered edge due to cooling

by the bottom of the cut, and the formation of slag (Genna, Menna & Tagliaferri, 2020).

Laser cutting uses the power density of a laser beam to form a kerf on the base material and
steam of pressurised gas to flush out the processed material. Figure 6 illustrates the thermal
cutting process whereby the laser beam is focused on the spot of a material at a
predetermined focal length to provide sufficient energy to melt the material (Wandera,

2006).
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Figure 6. Laser Cutting Surface Characteristics (Wandera, 2006)

There are three types of laser cutting processes types which are determined by the main
transformation process (Wandera, 2006):

Laser Beam Inert Gas cutting, as shown in Figure 7, is a thermal cutting process whereby
the laser beam melts the material. The high pressure gas jet (nitrogen or argon) blows the
material out of the kerf, and shields the melted material from oxidation and protects the

laser optics. The process is used on mainly stainless steels and non-ferrous materials and

aims to minimise adherent dross at the bottom of the kerf.

O
':‘:1

b

Figure 7. Laser Beam Inert Gas Cutting (Wandera, 2006)

Laser Oxygen Cutting is a thermal cutting process that utilises oxygen as an assist gas
which serves to enhance the exothermic reaction, enabling faster cutting speeds than laser
fusion cutting. The oxygen gas blows out the molten material and protects the laser optics.
This technique is used for mild and low alloy steels and results in an oxidised cut face

which may require further post process cleaning activities if the oxide is not restricted. The
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metal oxide cutting front has higher laser absorption than a pure metal front and improves
metal blow out of the kerf by reducing the viscosity and surface tension of the molten

material.

Laser vaporisation cutting, in Figure 8, uses a relatively higher laser power density and
slower cutting speeds compared to the previous laser cutting processes. These operating
conditions locally heat the material beyond its melting temperature and vaporise it.
Similarly, the assist gas is used to blow the vapour material out of the kerf. This cutting
process is used on non-metallic materials such as wood, leather, paper, acrylic, some

ceramics and polymers

Figure 8. Laser Vaporisation Cutting (Wandera, 2006)

Oxygen laser cutting parameters are the assist gas type and flow rate, base material
composition and laser beam power (Golnabi & Bahar, 2008). The material composition,
the laser beam power and the travel speed determine the width of the heat-assisted zone . A
reasonable cut quality is achieved with oxygen laser cutting at a power of 170 kw, 1 - 6
oxygen bar pressure, and a minimum cutting speed of 7 mm/sec. The exothermic reaction
of oxygen determines the oxide formation and resulting dross or slag. The dross formation
is independent of laser power. Fibre and CO, lasers have wavelengths of approximately 1
micrometer and 10.6 micrometres, respectively. The quality of a laser-cut face is mainly
determined by the amount of dross and surface roughness. A smooth surface with no dross

is the most desirable during laser cutting (Golnabi and Bahar, 2008). In general, the surface
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roughness increases with cut material thickness as shown in Figure 9. At a given thickness,
the fibre laser has a rougher surface than the CO, laser.
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Figure 9. Roughness value versus cut sheet thickness (1- fibre laser, 2 - CO, laser)
(Orishich, Shulyatyev & Golyshev, 2016)

Figure 10 shows that the surface roughness reaches an optimal value, then tends to rise
upon further increasing the cutting speed. Increasing cutting speed reaches a point where
the material does not separate and the kerf channel seals. Figure 11 illustrates that the
maximum thickness during laser cutting of low-carbon steel is 40 - 50 mm. The fibre laser
has uncontrolled localised burning at lower cutting speeds, and the optimal cutting speed
decreases with increasing thickness (Orishich, Shulyatyev & Golyshev, 2016). The fibre
laser technology has since improved, resulting in the development of a machine with a

capacity of 135 kW cutting 400 mm carbon steel (Weike, 2024).

Surface Roughness (um)

Cutting speed (mm)/s)

Figure 10. Surface roughness 1 (upper) 2 (lower) vs Cutting Speed of low carbon steel

sheets with 1 kw fibre laser (Orishich, Shulyatyev & Golyshev, 2016)
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Figure 11. Optimal cutting speed versus cut sheet thickness (1 fibre laser, 2- CO, laser)
(Orishich, Shulyatyev & Golyshev, 2016)

Nitrogen has low chemical activity, and it is cheaper than completely inert gases such as
helium and argon (Figure 12). High assist gas pressures are applied to minimise the
adherence of dross to the bottom of the kerf due to the high viscosity of the molten material

as well as striations on the cut face (Wandera, 20006).
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Figure 12. Cut Zone of Stainless Steel Laser Cutting (Wandera, 2006)

Draglines in laser cutting are a result of the metastable state of the process and are a

function of sideways burning, liquid layer oscillation at the surface and variation in the
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absorbed power due to surface plasma. Together with the temperature gradients, the
thickness of the molten material fluctuates causing oscillations in the front of the cut which
cause coarse striations at the bottom of the kerf. Figure 13 shows how laser oxygen cutting
generates a circular pulsed wave at the surface of the kerf forming periodic striations of the
cut face. Subsequent to the localised melting of the laser beam, the melt front proceeds
ahead of the laser beam cooling and extinguishing the moving beam. As the beam interacts
with unprocessed material, it re-ignites and the process continues forming a pattern of
striations of the cut face. If the cutting speed is faster than the oxidation reaction then the
laser beam and molten material front move at the same speed. The striations are formed due
to slower cutting speed and the molten metal front moving in all directions after ignition. A
faster speed, which is generally preferred, results in finner striations that are adjacent to the

top surface.

PLAN
VIEW STEEL SHEET
41 || i\
v - 7 ) | i
- i g, Y N
/ \ | ] N —
| BE@ Y ; / —
k* B C D E
Heating Burning Extinction Reinititiation Striation Generation

(a) A schematic showing how striations can be generated
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(b) Striation formation due to sideways burning

Figure 13. Oxygen cutting striations (Wandera, 2006)

During laser cutting, burrs are produced at the bottom of the cut face due to the molten

metal solidifying faster than it can be removed. Burrs are metal oxides (slag), and their
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formation is prone to materials with a low viscosity and high surface tension. Dross can be
removed by an additional gas jet directed toward the bottom of the workpiece or
mechanical means after cutting. The heat-affected zone for laser-cut materials increases
with increasing thickness and heat input and slowing the laser travel speed (Wandera,

2006).

2 kW lasers can cut low carbon - mild steels up to 15 mm yielding the desired surface
quality, however, the cut of more than 15 mm thickness requires higher-powered lasers. The
applied gas pressure of the oxygen is lower (less than 1 bar) for thicker section steels and
higher (more than 1 bar) for thinner section steels. This aims to minimise side burning of
the steel resulting in gouges and a rough surface on the cut face. The higher the carbon
content of the steel the less prone it is to side burning and the thicker the steel the more

likely it is to have side burning (O’Neill & Gabzdyl, 2020).

FeO constitutes the main oxide product composition at about 97.6% (wt%), and the balance
is Fe,0; and Fe;0,. Assuming iron is only combusted into FeO, the reaction can be written
as Fe + 0.50, = FeO, and it is exothermic with a reaction thermal energy of 4600 kJ/kg.
This exothermic power increases with material thickness, which aids the cutting process.
This reaction requires large amounts of oxygen, posing a challenge of side burning for
thicker sections. Figure 14 shows both the laser beam and oxygen jet delivered via a nozzle
that houses a lens that focuses the laser beam at a focal point. The reaction generates a plate
temperature above 1000 °C which is initiated by the laser beam. The surface reacting with
the oxygen jet must be above this temperature to ensure complete combustion of the iron at
the gas front and minimal dross. Unlike Nitrogen-assisted cutting, oxygen combustion

drives the reaction at the depth of the cut and not the laser beam.
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Figure 14. Oxygen-assisted laser cutting (O’Neill & Gabzdyl, 2020)

Some advantages of laser oxygen cutting to OFC are (O’Neill & Gabzdyl, 2020):
e No preheating time for oxygen laser cutting is required.
e OFC has non-localised heating, resulting in a larger HAZ than oxygen laser cutting
e Laser oxygen cutting requires no fuel gas
e Laser oxygen cutting has no top-edge melt

e [Laser oxygen cutting utilises simpler nozzle designs

In recent times, Fibre lasers have been widely adopted at the demise of CO, and Nd: YAG
lasers. This is due to the following advantages (Lai et al., 2017):

e Better beam adsorption

e Good beam quality

e (Good cutting reliability

e Strong flexible light effect

e [ow cost

The cut quality is affected by several variables including cutting speed, focal length, assist
gas pressure, laser output power, and nozzle diameter. Figure 15 shows the relationship
between dross adherence and the cutting pressure of stainless steel. The slower the cutting
speed the more adherent dross and the faster the speed the same outcome prevails thus an
in-between optimal value is generally preferred. Figure 16 shows that excessive or
insufficient assist gas pressure leads to the adherence of dross. The former is associated

with an insufficient blowout of material where low pressure and a vortex are formed on the
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material surface, starving the kerf of enough pressure to remove melted material (Lai et al.,

2017).
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Figure 15. Dross attachment vs cutting speed for stainless steel LBC (Lai et al., 2017)
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Figure 16. Dross attachment vs gas pressure for stainless steel (Lai et al., 2017)

2.6. Oxy-Fuel Cutting Process Gases

Before the discovery of acetylene by Turner and Wilson in 1892, hydrogen was used as fuel
gas for welding and cutting. OFC is the most utilised industrial thermal cutting process due
to its versatility of thickness range, low-cost equipment, adaptability to manual or
mechanised methods, and range of fuel gas and nozzles that can be selected (Abdulateef,
Mustafa & Salman, 2010). In practice, the most commonly used fuel gases are acetylene,

propane (and its base variants e.g. LPG), propylene, and natural gas. The nature of the
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flame and the heat distribution within the inner and outer cones of these fuel gases
determine the process variables such as flame temperature, preheat time, cutting speed, and
surface cut quality. The values of process parameters corresponding to different fuel gases

are listed in Table 2.

Table 2 - Fuel gas characteristics (Abdulateef, Mustafa & Salman, 2010)

Fuel Gas | Maximum Flame | Oxygen to fuel gas Heat distribution (kJ//m®)
Temperature (C) Ratio (vol)

Primary Secondary
Acetylene 3,160 1.2:1 18,890 35,882
Propane 2,810 43:1 10,433 85,325
Mapp 2,927 33:1 15,445 56,431
Propylene 2,872 3.7:1 16,000 72,000
Hydrogen 2,834 0.42:1 - -
Natural Gas 2,770 1.8:1 1,490 35,770

The nature of fuel gas influences the time required for ignition, whereas the amount or flow
rate of oxygen required during cutting is determined by the diameter of the cutting nozzle.
This diameter subsequently influences the necessary pressure and the width of the kerf. The
kerf width increases with increasing thickness of the material. In comparison to propane,
acetylene was reported to be more expensive and less safe and to contain contaminants that

are harmful to cutting operators (Munoz-Escalona et al., 2006).

The oxygen utilised for OFC is an industrial grade of 99.5% purity with generally, a
maximum of 0.5% (5000 ppm) impurities. Depending on the type and density, the impurity
has a detrimental effect on the cutting speed as shown in Figure 17 (Charles & Chater,
1978). The larger the relative density of the impurity the larger the effect. Krypton has the
highest effect while hydrogen presents the lowest effect on the cutting speed. The cutting
speed can be determined using equation (2.6.1).

y = a — klog(1l + bx) (2.6.1)
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whereby vy is the cutting speed (ft/h). a and b are constants related to the steel thickness. k is

the constant related to the impurity and x is the concentration of the impurity in vol. %.
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Figure 17. Effect of impurity of cutting oxygen on cutting speed (Charles & Chater,
1978)

As mentioned above the impurity forms an interface (gas boundary layer) between the
cutting oxygen and the slag which increases in thickness toward the bottom of the cut. It is
assumed that the combustion rate is greater than the rate of diffusion. It is evident that the
denser the impurity at the interface the lower the combustion rate of oxygen and the slower
the cutting speed. The oxygen supplied at the top is purer than at the bottom, due its
contamination by the combustion products of the metal. Thus the combustion rate at the
bottom of the plate is slower than at the top. However, as the draglines incline, the
dynamics of the jet can have a better effect in expelling the slag. The presence of draglines
during cutting results in turbulence or mixing of the oxygen with the impurities (Charles &

Chater, 1978).

For the same cutting conditions, using acetylene as fuel gas results in similar cutting speeds
as the propane, however, the latter is preferred for cutting thick sections. The combustion
ratio of propane is higher than that of acetylene, which requires more oxygen to facilitate
preheating and takes longer to preheat than acetylene. This can affect the cutting oxygen

stream and slow down the reaction rate. Propane has a higher equivalence ratio than
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acetylene and provides less localisation of heat and a lower flame temperature. The use of
propane also results in less carburizing on the base material surface adjacent to the cut face.
Carburizing occurs at 5 to 10 microns in the adjacent cut face material and through a gain
of carbon in the steel which in turn increases the hardenability. The carbon originates from
the liquid base metal in the kerf and not from the combustion of the hydrocarbon. Iron
oxide slag preferentially nucleates over carbon forming the gas molecule. The molten steel
on the surface of the cut face is supersaturated with the carbon arising from the dissociation
of the carbon dioxide and solidifies on the cut face creating the carburized layer. Faster
cutting speeds are achieved when the preheat flame is closer to the oxygen-cutting jet.
However, if the preheat flame is too close then the cutting speed decreases due to
contamination of the oxygen jet by the combustion products of the preheat flame (Charles
& Chater, 1978). As shown in Figure 18, the cutting speed increases with an increase in the

metal temperature. Above 600 °C, phase transformations inhibit cutting.
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Figure 18. Effect of metal temperature on cutting speed for 28.5mm mild steel thick

plate (Charles & Chater, 1978)

The purity of the oxygen is a key parameter in the OFC process. The minimum oxygen
purity required is 99.5%, this enables the desired cutting speed and surface quality to be
achieved. It has been demonstrated that a decrease of 1% in purity (from 99.5% to 98.5%)
results in a decrease in cutting speed by 25%, and consequently an increase in oxygen

consumption of the same order (Abdulateef, Mustafa & Salman, 2010).
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2.7. Oxy-Fuel Cutting Process Equipment

In principle, the design of OFC torch tips includes numerous spaced openings (which are
usually circular for acetylene and triangular for alternate gases) for delivering the preheat
mix of fuel gas and oxygen that surround a central larger hole that delivers cutting oxygen
as shown in the two-piece acetylene nozzle in Figure 19. The smaller preheat holes form
the inner cone and have the function of cooling the nozzle during cutting and preventing
flashback into the cutting system. The hole in the centre of the cutting tip is an outlet for
cutting oxygen (Harish & Babu, 2017). The cutting oxygen is activated to enable the
removal of material through rapid oxidation and flushing of the ferrous materials through
the kerf. Both the preheat and cutting oxygen provide the energy required to sustain the cut
(Pond & Martin, 2020).

Figure 19. Two-piece oxy-fuel cutting nozzle - (a) two pieces (b) nozzle assembly (Pond

& Martin, 2020).

Alternative designs of the cutting nozzles were developed to optimise the cutting of thicker
materials. To achieve satisfactory quality, materials can be cut at relatively slow cutting
speeds, and the velocity of the oxygen jet tends to decrease at the bottom of the cut face.
The development of divergent cutting nozzles was able to mitigate this decrease in velocity
by restricting the flow of cutting oxygen gas exiting the nozzle, thereby increasing the
velocity of the gas. This resulted in faster cutting speeds and reduced the consumption of

cutting oxygen in comparison to traditional cutting nozzles (Davis, 2024).
2.8. Oxy-Fuel Cutting Process Parameters

Figure 20 demonstrates the three stages of a preheat flame applied in an OFC process,
including an inner cone as a blue bright flame and an outer cone which relative to the inner

cone flame is a clearer transparent flame. The three sequential stages of the process are
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preheat whereby the flame is applied to the base material surface with the inner cone
tangent to an outer cone flowing over it thereby raising the material surface to its kindling
temperature. Followed by piercing whereby the cutting oxygen is activated to establish a
kerf by rapidly oxidising and blowing away the material. Lastly, the cutting takes place and
the flame which is now a combination of (i) and (ii) above is moved along the base material

surface to cut through and along the desired section.

Figure 20. Three stages of the OFC process (Pond & Martin, 2020)

If the piecing stage is done without sufficient preheating and the cutting oxygen jet is
activated prematurely, the oxygen jet will then act to cool the surface of the material and
prevent ignition. Excessive cutting speed results in a higher proportion of unoxidised versus
oxidised material in the kerf, which results in the cut being interrupted (Pond & Martin,

2020).

Optimal cut quality can be achieved by firstly establishing and maintaining the cutting
speed which should allow a feed rate that enables the material to oxidise. This is followed
by sufficient standoff which facilitates adequate heat input and reduces spatter which may
damage the cutting tip. Finally adjusting the combustion ratio which varies with the FG and
should be established such that the inner cone is simultaneously stabilised to the torch tip.
Manual OFC process has shortcomings due to no vigorous methods to ascertain that
kindling temperature has been achieved or detecting an extinguished cut. Similarly, the
inner cone standoff cannot be sufficiently maintained. If the standoff is too close, it can
result in base material distortion and a crash event. In addition, too far a standoff can lead

to loss of cut (Pond & Martin, 2020).
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The preheat temperature is 700 - 900 °C. The four conditions for the process to take place
are as follows (Abdulateef, Mustafa & Salman, 2010):
e The base metal must have a kindling temperature below its melting point
e The melting point of the base metal oxide must be lower than the surrounding
material
e The ignition temperature must be sustained by the reaction of the cutting oxygen jet
with the base metal

e The cutting oxygen must be protected by the process of combustion gases.

Increasing the cutting speed results in a rounded bottom edge, undercutting of the edge, and
concavity. Decreasing the cutting speed results in an unstable process and gouges on the
surface of the cut. Increasing oxygen pressure results in a wider cut and less oxygen for
combustion whilst decreasing oxygen pressure results in gouging and adherent slag.
Utilising an oversized nozzle can result in a tapered cut face as the cutting oxygen expands
and removes more metal at the bottom of the cut. Conversely, utilising a smaller nozzle at
slower cutting speeds to cut thicker gauge material can result in good cut face quality
(Abdulateef, Mustafa & Salman, 2010). Narrower kerf widths with the fastest oxygen jet
allow for faster cutting. The critical area is at the bottom of the cut where there is minimal

cutting oxygen (Charles & Chater, 1978).

2.9. Mild Steel Metallography

Plain carbon steels contain minimal alloying elements and can be fabricated with ease.
These steels consist mostly of the ferrite phase which is soft and the harder pearlite phase.
Plain carbon steels contain carbon ranging from 0.10 % to 1% and other alloying elements
such as manganese, silicon, nickel, chromium, molybdenum, boron, and aluminum. During
the microstructural examination, the ferrite phase can be seen as a light phase coexisting
with a darker phase pearlite as shown in Figures 21 and 22 (Benscoter & Bramfitt, 2004) .
Depending on the thermal treatment, the morphology of the ferrite may be equiaxed with
pearlite islands as shown in Figure 21. This represents a hot rolled structure at a
temperature above the recrystallisation temperature (hot working). Hot rolling at

temperatures below the recrystallisation temperature (cold working) produces a
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microalloyed high strength low alloy (HSLA) steels where the ferrite phase is finer with

elongated grains as shown in Figure 22.

Pearlite

Figure 21. Microstructure of mild steel equiaxed ferrite and pearlite islands
(Benscoter & Bramfitt, 2004)
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Figure 22. Microstructure of HSLA steel with elongated microstructure (Benscoter &
Bramfitt, 2004)
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For plain carbon steels, the ferrite phase has a maximum of 0.005% carbon and is
essentially iron (Fe) and the excess carbon forms cementite (Fe;C) which is a compound of
iron and carbon. The ferrite volume fraction content of these steels is greater than the
pearlite content. As shown in equation 2.91, pearlite is a combination of ferrite and

cementite.

Fe + FeSC — Pearlite (2.9.1)

Care should be taken in the preparation of microstructures of these steels as they contain
the soft phase, ferrite which is susceptible to cold work during the micro sample
preparation process. This can lead to a distorted appearance and interpretation of the
structure resembling elongated grains and in some cases scratches. Ferrite is soft and can be
mechanically cold-worked during sample preparation. Mechanical cold work can lead to
serious issues ranging from a sloppy appearance of the microstructure to an artefact that can
result in a complete misinterpretation of the metallographic features (Benscoter & Bramfitt,

2004).

2.10. Oxy-Fuel Cut Quality

2.10.1. Post-Cutting Characterisation

There are three types of cuts, either straight or beveled depending on the torch angle as

shown in Figure 23.

(a) Straight cut (b) Single bevel cut c} Double bevel cut

Figure 23: Three types of cuts

During post-cutting characterisation, the cut may be examined for the following:

e Dross (see definition), is the metal oxide that remains on the cut face and or edge
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e Draglines (Figure 24), (n) is the distance between two points on a dragline, and (f)

is the pitch of the drag, measured in the cutting direction

c

Figure 24. Dragline - (a) reference line (b) dragline (¢) advance direction (ISO, 2006)

o Concavity (Figure 25) measurement, (1)) is the peak distance between two

protruding points on a cut face

h )

Figure 25. Concavity (ISO, 2006)

e Surface roughness, Ra (Figure 26) is a measurement of the sum of the height of the
peak and depth of the valley points on a cut face and can be quantified by the

average of five outlying single measured distances Rz5.

Rzl R22 Rz Rz4 Rz5

g

Ir

fn

(FzX) Single profile measurements (Ir) Single sample length (In) Evaluation length

Figure 26. Surface roughness (ISO, 2006)

47



e Top edge melting (Figure 27), (r) is a qualitative assessment of the form of the cut

face which may be either a sharp, molten, or overhang top edge

r r r

-4

(a) Sharp edge (b} Molten edge {c) Cut edge overhang

Figure 27. Top edge melting (ISO, 2006)

o Gouging (Figure 28), is an examination of the gouges which are irregular sized

grooves or scourings of removed material appearing on the cut face

(a) Cutting direction (b) Advance direction

Figure 28. Gouging (ISO, 2006)

The gouging and concavity of the cut face increase with increasing thickness of the base
material, cutting speed, and oxygen pressure. The top edge melting occurs during the
preheat phase. In the preheat gas flow, the selection of the cutting nozzle and the
nozzle-to-plate distance are important considerations (Slotman & Edward, 1951). Appendix
C provides an additional visual guide to post-cut face quality considerations (The Harris

Products Group, 2015).

Heat-treated steel sections have non-uniform mechanical properties in the thickness
direction due to segregation. Due to the relatively high heat input energy required, thick
plates are often separated using OFC. As a result of the concentration of heat, during
cutting the OFC flame results in the reversal of the optimal heat-treated microstructure by

forming a heat-affected zone. This generates thermal tensile residual stresses which can
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cause cracking in the HAZ area. The HAZ is apparent on the top plate surface where
preheat and initiation of the cut is undertaken. The hardness decreases from the top plate
surface with increasing distance through the plate thickness, and ultimately reaching the
base material hardness value. For a wider HAZ, the hardness can reach a maximum with

increased alloying elements (Jokiaho et al., 2019.

In general, the HAZ comprises three regions, martensite (Figure 29), mixed region with
martensite and the tempered base metal phase (Figure 30), and tempered base metal phase
(Figure 31). The mixed phase region has a higher proportion of martensite with decreasing
thickness and cutting speed. The base material is that of a wear resistant steel with carbon

equivalent of 0.3 (Jokiaho et al., 2019)

Figure 29. The HAZ martensite region (Jokiaho et al., 2019)
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TN

Figure 31. The HAZ tempered base metal region (Jokiaho et al., 2019)

2.10.2. Effect Of Cutting Speed On The Post-Cutting Surface Quality

The variation of cutting speed determines the surface quality of the cut, which also depends
on the nature of the fuel gas (Munoz-Escalona et al., 2006). The heat distribution for the
oxy-acetylene flame shows that one-third of the heat is concentrated in the inner cone
primary flame whereas that of the oxy-propane is one-tenth (add references). As a result,

the surface of the oxy-propane cuts have some concavity whilst that of the oxy-acetylene
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cut tends to exhibit flakes at the surface of the top edge which are generally easy to remove.

Figure 32 shows the flakes at various cutting speeds, 100, 150, 250, and 300 mm/min.

. " Cutting Speed = 300 mm/min
Cutting Speed = 250 mm/min

Figure 32. Specimens cut with oxy-acetylene (Munoz-Escalona et al., 2006)

Munoz-Escalona et al. (2006) reported that the surface roughness of oxy-propane cuts is
smoother than that of the oxy-acetylene cuts, and this roughness diminishes at the optimal
cutting speeds of 200 - 300 mm/min for a 25 mm thick plate of AISI 1045 steel (Figure 33).
The surface roughness of the oxy-acetylene cuts decreases with increasing cutting speed.
For oxy-propane cuts, the roughness decreases to its lowest value (minimum) at the

nominal cutting speed, thereafter it increases.
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Figure 33. Mild Steel Surface roughness vs cutting speed of oxy-acetylene and

oxy-propane (Munoz-Escalona et al., 2006)
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Further investigations by Munoz-Escalona et al. (2006) found that the cut dragline
displacement rises proportionally to the cutting speed cutting speeds as shown in Figure 34.
This is due to less oxygen at the bottom of the cut with increasing cutting speed and the

nature of the oxy-propane flame which is less inclined than the oxy-acetylene flame.

¢ Oxy-acetylene ‘

A Oxy-propane

Cut Drag Displacement (mm)

—= 0 T T ¥
0 100 200 300 400 500

Cutting Speed (mm/min)

Figure 34. Cut Drag Displacement vs Cutting Speed of oxy-acetylene and oxy propane
(Munoz-Escalona et al., 2006)

Due to localised heating which depends on the nature of the flame and travel speed, the
surface hardness of AISI 1054 steel is suggested to be altered during oxy-fuel gas cutting
(Munoz-Escalona et al., 2006) As shown in Figure 35, this effect diminishes through the
thickness of the cut piece for cutting speeds of 100 mm/min (a) to 400 mm/min (d). In
general, the oxy-acetylene flame which has a more concentrated heat distribution has a
higher variation in hardness, particularly at cutting speeds below 300 mm/min compared to
the oxy-propane flame. The hardness values correlate well with the microstructures for both
the oxy-propane and oxy-acetylene cuts. At a certain depth within the cut face, no
microstructural change is observed. Oxy-propane cuts present a reduced surface hardening
effect compared to oxy-acetylene cuts for specific cutting speeds . This is due to the nature
of the flame of each respective flame and the decrease in temperature gradient at the cut

face.
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Figure 35. Surface Hardness vs Distance from the surface of oxy-acetylene and

oxy-propane cut samples (Munoz-Escalona et al., 2006)
2.11. Oxy-Fuel Cutting Slag

Machine cutting has a consistent tip-to-workpiece distance and travel speeds compared to
manual cutting, thus the slag tends to be less adherent with machine cutting. The greater the
proportion of oxides to free iron the easier it becomes to remove slag. The formation of iron
oxides is favoured by rust on the plate, sufficient cutting oxygen, and low heat input during
the cutting process. Very thin materials have relatively higher heat input while very thick

materials have slag impeding the advancement of the heat at the bottom of the cut.

Slag composition is affected by the plate thickness, cutting speed, oxygen pressure, oxygen
purity, and the type of material cut (Slotman & Edward, 1951). Free iron causes beading
which is a tendency of the slag to adhere to the bottom of the cut. Beads are rich in metallic
iron and are difficult to remove. The higher the percentage of free iron the more adherent
the slag. Free iron decreases with increasing material thickness, decreasing the cutting
speed and a lower purity of oxygen. This results in higher percentages of combined

hematite (Fe,0;) and magnetite (Fe;O,) than wustite (FeO) (Slotman & Edward, 1951).
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Slag is visible with both the oxy-propane and oxy-acetylene cuts on Figure 36. In
comparison to the oxy-acetylene, the lesser concentrated heat distribution of the propane
mitigates the slag formation and impacts the slag adherence. The slag also provides thermal
energy which can cause distortion of the workpiece and localised heating of the cut face in
the vicinity of the slag. Figure 36 below shows the heat tint, resulting from localised
heating on the cut face of the oxy-acetylene and oxy-propane samples (Munoz-Escalona et

al., 2006).
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Figure 36. Heat tint on 25 mm thick plate cut faces - (a) oxy-acetylene at 350 mm/min;
(b) oxy-acetylene at 450 mm/min; (c) oxy-propane at 400 mm/min; (d) oxy-propane at

450 mm/min (Munoz-Escalona et al., 2006)

Figures 37 and 38 show the effect of preheat time on the hardness and surface roughness at
various cutting speeds. With the exception of an excessive preheat of 25 seconds,
increasing the cutting speed from 100 - 250 mm/min shows an initial gradual decrease in
both the hardness and surface roughness values. Further increasing the speed beyond 250
mm/min results in an optimal roughness and hardness value and thereafter further
increasing the cutting speed results in a decrease in the hardness and surface roughness of

the cut face (Abdulateef, Mustafa & Salman, 2010).
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Figure 37. Variation of hardness with cutting speed for 20 mm mild steel plate

(Abdulateef, Mustafa & Salman, 2010)
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Figure 38. Variation of roughness with cutting speed for 20 mm mild steel plate

(Abdulateef, Mustafa & Salman, 2010)
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Chapter 3 - Experimental Procedure

To evaluate, contrast, and characterise the adherence of the OFC slag, two fuel gases
propane and acetylene were used to cut the 8 mm and 16 mm mild steel plate test pieces at

the predetermined cutting parameters described in this section.

3.1. Raw Materials and Equipment

Table 3 presents a list of equipment and consumables used in this research. The equipment
consists of items needing regular upkeep and are non perishable, while consumables are

periodically used up during operation.

The equipment used in this study consisted of cutting machines and laboratory analytical
instruments such as Harris Plus Portable Cutting System, Scanning Electron Microscope
coupled with Energy Dispersive Spectroscopy (SEM-EDS), Hardness Tester, Optical
Microscope, Roughness Tester, and Stereo Microscope. The consumables principally

included fuel gases (propane and acetylene), cutting tips, and mild steel samples.

Figure 39 shows the Harris Plus portable cutting system which is a straight-line cutting
machine mounted with a cutting torch Model 198-4F and three tubes attached to it. Each of
the three tubes supplies fuel gas, preheat oxygen, and cutting oxygen, respectively. The
cutting machine is connected to the cylinders via the hoses. The inlet pressure is controlled
using pressure regulators and flashback arrestors to prevent the flame from returning into

the houses and eventually cylinders.
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Figure 39. Harris Plus Portable Cutting System (The Harris Products Group, 2015)

Table 3: List of equipment and consumables

Description

Specification

Equipment

Straight Line Cutting Machine

Portable Cutting System - Harris Plus Model - 220 V
(See Appendix A)

3-meter Straight Line Cutting
Track

Harris Straight Line Cutter Track 900057

Cylinder Pressure Regulators

Harris Regulator 801 Oxygen 3/8"
Harris Regulator 801 Acetylene 3/8"
Harris Regulator 801-4-LP 9/16"

Hardness Tester

Vickers Hardness at 300 gf and 10 sec. dwell time

SEM & EDS

Zeiss, EHT =20.00 kV, Aperture = 60.00 pm

Optical Microscope

Olympus Model GX41F

Roughness Tester

SRT-6210 Digital Portable Roughness Tester

Stereo microscope

Nikon SMZ 745T

Consumables
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Description Specification

Fuel Gases -Propane (126 L/48 kg)
-Acetylene (50 L/25 B/8.6 kg)

Oxidiser Oxygen (50L/200B/14kg)

Cutting Tips Harris Cutting Tip 6290-00 VVC LP
Harris Cutting Tip 6290-3/0VVC LP
Harris Cutting Tip 6290-2 VAX
(See Appendix B)

Gas Delivery Hoses Rubber 02/0xy Blue Hose 8mm
Orange LPG neoprene hose 8mm

Rubber acetylene/red hose 8mm

Flashback Arrestors Harris FBA 188TRGB Oxy RM 3/8"
Harris FBA 188-1GBR8 Oxy TM 3/8"
Harris FBA 188TLGB Acet RM 3/8"
Harris FBA 188-1GBL8 Fuel TM 3/8"

Hose Clips Double Ear "O" Clip 13-15 mm
Mild Steel Plate Material EN10025-2 S355 JR+AR
400x600x8 mm
400x600x16 mm

3.2. Cutting Pre-Trials

The cutting operation requires a careful selection of various components to be integrated
into the cutting machine to ensure optimal performance. In practice, cutting pre-trails are
recommended to facilitate the determination of appropriate cutting parameters and
components, including cutting nozzles, cutting pressure, nozzle standoff, and cutting speed.
The guidelines for nozzle cutting parameters are detailed in the original equipment

manufacturer (OEM) as described in Appendix B (The Harris Products Group, 2015).
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3.2.1. Cutting Nozzles

The cutting nozzles were selected as follows:

e 06290-2VAX for oxy-acetylene cutting of both the 8§ mm and 16 mm mild steel plate
e 6290-3/0VVC for oxy-propane cutting of the 8§ mm mild steel plate
e 6290-0VVC for oxy-propane cutting of the 16 mm mild steel plate

3.2.2. Cutting Pressure

Appendix B stipulates that the cutting oxygen pressure should be 5 bar for the 6290-2 VAX
and 6290-3/0 VVC nozzles and 6 bar for the 6290-0VVC nozzle. The fuel gas and cutting
oxygen pressures were set at 1 bar and 6 bar, respectively, as shown in Figure 40. This
approach was necessary to normalise the cutting pressure, limit the number of experimental

parameters, and standardise test parameters during this study.

Oxygen pressure 600 kPa /6 | Acetylene pressure 100 kPa | Propane pressure 100 kPa /
bar /1 bar 1 bar

Figure 40. Experimental cutting pressures
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3.2.3. Nozzle Standoff and Flame

The optimal cutting nozzle standoff has the tip of the inner cone approximately 1 mm
above the surface of the plate being cut. For a standard flame with an inner cone length of
approximately 5 mm, a 6 mm and 15 mm standoff values were used. Figure 41 shows the

two experimental nozzle standoffs and oxy-fuel flames.

6 mm nozzle standoff 15 mm nozzle standoff

Acetylene Flame Propane flame

Figure 41. Experimental nozzle standoff and flames
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3.2.4. Cutting Speed

The cutting speed determines the quality of surface cuts. From the chart cutting speed

specifications, an extrapolation approach was necessary to calculate a ‘nominal average’ of

cutting speed for three nozzles recommended for oxy-fuel cutting of 8 mm and 16 mm plate

samples. A standard deviation of plus or minus 20% was considered for each average

cutting speed, determining a maximum and a minimum cutting speed, as given in Table 4.

Table 4: Cutting speed estimation

Extrapolated Cutting Speed
Plate Chart Cutting | Chart Cutting | Nominal [Nominal Min. [Nominal Max.
Thickness Speed Speed Average |Cutting Speed | Cutting Speed
(mm) (mm/min) (mm/min) |Cutting Speed [ (mm/min) (mm/min)
VVvC VAX (mm/min)
8 647 600 623 499 748
16 613 600 607 485 728

A potentiometer was used to determine dials corresponding to nominal, minimum, and

maximum cutting speeds. A calibration of the 4 - 10 potentiometer dials at 0.5 intervals was

undertaken by measuring the time taken to cover a calibration distance of 200 mm for each

dial setting. For instance, 10 potentials were recorded after 15.9 s, resulting in a cutting

speed of 755 mm/min, as shown in Table 5.
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Table 5: Potentiometer calibration

Potentiometer

Dial Setting

Time (sec)

Speed

(mm/min)

The selected potentiometer cutting speeds for the 8mm plate are shown in red, and those for the 16mm plate

are shown in blue, Table 6 shows that the cutting speeds are within five percent of nominal

cutting speeds according to OEM recommendations.

Table 6: Nominal cutting speed deviation

Plate Chart Cutting | Chart Cutting | Nominal [Nominal Min. [Nominal Max.
Thickness Speed Speed Average |Cutting Speed | Cutting Speed
(mm) (mm/min) (mm/min) |Cutting Speed [ (mm/min) (mm/min)

\'A%® VAX (mm/min)
8 647 600 623 499 748
Deviation (%) -1% -1% -1%
16 613 600 607 485 728
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Plate Chart Cutting [ Chart Cutting | Nominal |Nominal Min. [Nominal Max.
Thickness Speed Speed Average |Cutting Speed | Cutting Speed
(mm) (mm/min) (mm/min) |Cutting Speed| (mm/min) (mm/min)

\AY%® VAX (mm/min)
Deviation (%) 2% 4% 2%

3.3. Cutting Trial Samples

The mild steel received plate samples were cut along the 600 mm length of the plate, first
beginning with the lower nozzle standoff (6 mm) and slowest cutting speed for 200 mm
intervals on each of the three speeds and gradually increasing the speed to the maximum.
The same was done for the higher nozzle standoff (15 mm) on a separate line of the plate

which is not affected by the heat input of the cutting at a distance of 50 mm from the initial

cut. Figure 42 below shows an example of the plate marking up for samples 1 to 6.

Figure 42. Sample preparation example for 8 mm thick plate for the 6 mm (No 1-3)
and 15mm (No. 4 - 6) nozzle standoff

The as-cut samples (Figure 42, No 1-2-3 samples, for instance) were further cut to separate
the three test pieces, obtained at varying cutting speeds, using a bandsaw machine, as
shown in Figure 43. Each test piece to be analysed was 200 x 50 x thickness (8§ mm & 16

mm). The total number of coupons was 24 rectangular section pieces (Figure 43, right).
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Bandsaw mechanical cutting machine

200 mm x50 mm x 8 or 16 mm test pieces

Figure 43. Sample preparation - Bandsaw

Table 7 summarises the parameters used to prepare samples, namely 1 - 12, which were cut

with oxy-acetylene. 6 samples of each thickness (8§ mm and 12 mm) were considered for

cutting experiments. The width and length of steel samples remained constant for

consistency purposes.

Table 7: Oxy-acetylene sample cutting parameters

Sample |Thickness| Fuel Gas | Nozzle Nozzle | Cutting | Oxygen | Fuel Gas
Number | (mm) type standoff | Speed | Pressure | Pressure
(mm) [(mm/min)| (bar) (bar)
6290-2
1 8 Acetylene| VAX 6 504 6 1
6290-2
2 8 Acetylene| VAX 6 632 6 1
6290-2
3 8 Acetylene| VAX 6 755 6 1
6290-2
4 8 Acetylene| VAX 15 504 6 1
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Sample |Thickness| Fuel Gas | Nozzle Nozzle | Cutting | Oxygen | Fuel Gas
Number | (mm) type standoff | Speed | Pressure | Pressure
(mm) [(mm/min)| (bar) (bar)
6290-2
5 8 Acetylene| VAX 15 632 6 1
6290-2
6 8 Acetylene| VAX 15 755 6 1
6290-2
7 16 Acetylene| VAX 6 467 6 1
6290-2
8 16 Acetylene| VAX 6 592 6 1
6290-2
9 16 Acetylene| VAX 6 717 6 1
6290-2
10 16 Acetylene| VAX 15 467 6 1
6290-2
11 16 Acetylene| VAX 15 592 6 1
6290-2
12 16 Acetylene| VAX 15 717 6 1

Similarly, 6 samples of each thickness, 8 mm and 16 mm were prepared for oxy-propane

cutting. Table 8 shows the oxy-fuel cutting parameters for sample numbers 13 - 24.
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Table 8: Oxy-propane sample cutting parameters

Sample Plate | Fuel Gas | Cutting | Cutting [Cutting Speed| Oxygen | Fuel Gas
Number |Thickness Nozzle | Nozzle (mm/min) | Pressure | Pressure
(mm) standoff (bar) (bar)
(mm)

6290-3/0

13 8 Propane | VVC 6 504 6 1
6290-3/0

14 8 Propane | VVC 6 632 6 1
6290-3/0

15 8 Propane | VVC 6 755 6 1
6290-3/0

16 8 Propane | VVC 15 504 6 1
6290-3/0

17 8 Propane | VVC 15 632 6 1
6290-3/0

18 8 Propane | VVC 15 755 6 1
6290-0V

19 16 Propane VC 6 467 6 1
6290-0V

20 16 Propane VC 6 592 6 1
6290-0V

21 16 Propane VC 6 717 6 1
6290-0V

22 16 Propane VC 15 467 6 1
6290-0V

23 16 Propane VC 15 592 6 1
6290-0V

24 16 Propane VC 15 717 6 |
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3.4. Characterisation of steel samples

3.4.1. Base Material Composition

The base mild steel material received from the supplier was used in the as-received
condition during the cutting experiments. The material was manufactured to comply with
the structural steel standard SANS 50025 (South African National Standards for steel) / EN
10025-2. This designation is the standard for technical delivery conditions for non-alloy
structural steels. The grade of the studied steel is S355 JR + AR. The breakdown of the
steel’s grade symbols is S- Structural steel, 355- the minimum yield strength in Mpa, JR-
longitudinal charpy v-notch impacts are minimum 27 joules at 20°C, AR - the supplied

condition is as rolled.

The test certificate supplied corresponds with BS EN 10204 (British Standard -
Engineering), which is the standard for different types of inspection certificates for metallic
products. Type 3.1 is an inspection certificate whereby the test results are generated from an
actual specific test. In the case of the studied steel, the test certificate references a specific
heat and or lot number produced. The test certificate chemical composition is given in

Table 9 below and the test report can be found in Appendix F.

Table 9: Base Material Test Report

Chemical Composition (%)

T Heat No. C | Si| Mn P S Cr Ni Cu A\ Ti Al Mo N B

(mm)

8 23104493A 10.1510.3|1.45] 0.024 | 0.005 ] 0.02 | 0.005 | 0.01 | 0.001 | 0.015 | 0.029 | 0.003 | 0.0037 | 0.00050

16 J27-14541A 10.16 |10.3 [ 1.38 0.016 | 0.002 | 0.07 | 0.010 [ 0.02 | 0.003 | 0.011 | 0.021 | 0.003 | 0.0030 | 0.00003

3.4.2. Cutting Process Visual Examination

The inclination of the cutting oxygen jet was observed for each sample during the cutting
process. After sample cutting, a slag detachability test was carried out on the bottom of the
cut face which will not be further for the below characterisation techniques. A steel scraper
was used for the test on the cut face on the opposite end of the kerf for each of the cut
samples. The examinable face on the other end of the kerf was left with the slag for the

SEM and EDS evaluation.
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3.4.3. Macro Examination

To conduct the metallurgical macro examination, a section of the 200x50x8 mm and
200x50x16 mm samples was examined at 50X magnification using the stereo microscope
scope for the macro profile. The as-cut face was also visually examined to assess the extent

of gouging, draglines, and slag coverage.

3.4.4. Surface Roughness Testing

The profilometer used to evaluate the surface roughness of the samples employs a
contact-based measurement technique where a diamond-tipped stylus is traversed across the
sample surface. The profilometer settings were configured with a cut-off length of 15.0
mm. 30000 points were measured across the length at the top, middle, and bottom of each
respective cut face to provide an optimal balance between measurement accuracy and
surface characteristics. Roughness parameters examined included the average surface
roughness (Ra) and the average maximum profile height (Rz), which collectively offered a

comprehensive assessment of the surface texture.

3.4.5. Test Piece Sample Preparation

The test pieces were prepared for hardness and metallographic analysis. These samples
were obtained by carefully sectioning the 200 x 50 x 8 mm and 200 x 50 x 16 mm
rectangular pieces, using a precision wire cutter (Figure 44). The wire-cutting technique
was employed to achieve accurate and clean cuts, reducing the potential for mechanical
damage or alteration of the microstructure at the cutting edges and most importantly,

ensuring the slag at the bottom remains intact for post-analysis.

The sectioned samples were then subjected to further standard metallographic preparation
techniques. These samples were hot-mounted in a resin (polyfast) and then ground through
a series of progressively finer abrasive papers. The sample cross-sections were finally
polished to achieve a mirror-like surface using diamond paste (9 pm, 3 um, and 1 um
suspension). For metallographic analysis, each sample was further submitted to etching
using a suitable reagent, 3% nital (3% v/v nitric acid in methanol), to reveal the

microstructural features. Hardness testing did not require the etching of samples.

68



Wire cutter mechanical cutting machine Test pieces cut out

Test sample cut Mounted samples

Figure 44. Sample preparation - Wire cutter and mounting

3.4.6. Hardness Testing

A Vickers hardness survey was conducted on polished samples using a test load of 300 gf
and a dwell time of 10 seconds. 10 micro-indentation measurements were taken at constant
incremental intervals from the top surface of the sample to a distance of approximately 2

mm into the cut face of the test samples.

3.4.7. SEM and EDS Evaluation

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS or

EDX) analysis were conducted to obtain detailed information about the microstructure and
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elemental composition of the cut samples. The 3 or 4 etched samples were mounted
together on a stage in the sample chamber of a scanning electron microscope. An aluminum
tap bound all samples to ensure electrical conductivity and prevent charging effects during

imaging.

SEM analysis mapping was performed using a Zeiss scanning electron microscope. The
microscope was operated at an accelerating voltage of 20 kV, with an aperture of 60 um, to
achieve high-resolution images of the microscopic features. The SEM was utilised to
examine structural elements of both the base steel and slag, including defects and adherence
of the slag to the bottom of the cut face, at magnifications ranging from 200X, 500X,
1000X, and 2000X, depending on the level of detail required.

For compositional analysis, EDS was conducted using an Oxford Instruments a-act 50 EDS
detector attached to the SEM. The analysis focused on identifying and quantifying the
elemental composition of different phases or oxides observed in the slag SEM images. Key
variables examined included atomic percentages of elements and the distribution of major
alloying elements, which were critical for understanding the slag composition and
properties. The EDS equipment was later upgraded to the most recent version of which

samples 1, 11, 18, 20, 21, and 23 were analysed.

3.4.8. Optical Microscope

An optical microscope equipped with 10x, 20x, and 50x objective lenses and a digital
camera for image capture was used for metallurgical optical microscope examination. The
cut face of the base material was analysed to determine the morphology of phases and

phase distribution.
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Chapter 4 - Results

4.1. Cutting Process Visual Examination

The cut face of each test piece was visually examined for slag adherence, inclination of the
cutting oxygen jet, and gouges. The observations are summarised in Table 10. Sample
numbers 9, 12 and 24 were not examined due to termination of the cut as the cutting speed
was gradually increased.

Adherent slag is observed in samples 1 - 6, 11, 14, 20 -21 and 23. The rest of the samples

have non-adherant slag.

Table 10: Visual examination of the cut face

Sample # Slag Oxygen jet | Gouges OFC Flame As-cut face
adherence inclination (Y/N)
1 Adherent Forward N
2 Adherent | Perpendicular N
3 Adherent Backward N e sty AT T R
' ik NS
T =
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Sample # Slag Oxygen jet Gouges OFC Flame As-cut face
adherence inclination (Y/N)
4 Adherent Forward N
5 Adherent | Perpendicular N
6* Adherent | Backward* N
Non
7 Forward N
Adherent
S -
Non ) RS —————— L s
8 Erratic N . m
Adherent % N ied S H»‘J!#iﬂa[ﬂr
%ﬂ . '-\\\{j- : : : '_'_J__ e
G e i .ir..|l]lm¥l"l-"(\.. \\\‘\\

72



Sample # Slag Oxygen jet Gouges OFC Flame As-cut face
adherence inclination (Y/N)
Non
10 Forward N
Adherent
11 Adherent Erratic N
Non
13 Forward N
Adherent
14 Adherent | Perpendicular N
Non Backward-
15 N
Adherent erratic
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Sample # Slag Oxygen jet Gouges OFC Flame As-cut face
adherence inclination (Y/N)
Non
16 Forward N
Adherent
Non
17 Forward N
Adherent
Non Backward-
18 N
Adherent erratic
Non
19 Forward N
Adherent
Perpendicular-
20 Adherent ‘ N
erratic
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Sample # Slag Oxygen jet Gouges OFC Flame As-cut face
adherence inclination (Y/N)
Perpendicular-
21 Adherent . N
erratic
Non
22 Forward N
Adherent
Perpendicular-
23 Adherent ‘ N
erratic

*Flame travelling left to right

4.2. Macro Examination

Images of the macro examination from the stereo microscope are shown in Table 11. The
images are identified by sample number, fuel gas, thickness, standoff, and cutting speed. For
nomenclature purposes, SO, is the 6 mm standoff. SO, is the 15 mm standoff. V¢,, Vc¢,, Vc;,
Ve,, Ves, and Vb represent cutting speeds of 504 mm/min, 632 mm/min, 755 mm/min, 467

mm/min, 592 mm/min, and 717 mm/min.

The thinner samples (8 mm thick) have a cut surface that is predominately fibrous whereas

the thicker samples (16 mm) show a cut surface with predominantly draglines.

75




Table 11: Macro examination of the cut face

1. acetylene - 8 mm - SO, - 2. acetylene - 8 mm - SO, - 3. acetylene - 8 mm - SO, -
V¢, Ve, Ve,

5. acetylene - 8§ mm - SO, -
V¢, Ve, Ve,

7. acetylene - 16 mm - SO, 8. acetylene - 16 mm - SO, | 10. acetylene - 16 mm - SO, - V¢,
- Ve, - Vc;
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14. Propane - 8mm - SO, - Vc,

21. Propane - 16mm - SO, - V¢,

22. Propane - 16mm - SO, - V¢,

23. Propane - 16mm - SO, - Vc;
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4.3. Surface Roughness

The results of the surface roughness test are given in Appendix D and summarised in Tables

12 and 13, showing the Ra and Rz5 parameters. Ra is a measurement of the sum of the height

of the peak and depth of the valley points whilst Rz5 represents the average of five outlying

single measured distances.

The surface roughness of the oxy-acetylene samples has an Ra value ranging from 27 - 83

um whereas the oxy-propane is 30 - 98 um. The Rz5 range is 72 - 161 um and 57 - 117 um

respectively.

Table 12: Surface roughness (Ra) and (RzS5) - Acetylene

A (Top) B (Middle) C (Bottom) Sample Average
No.
Ra(um) [ Rz(um) | Ra(um) | Rz(um) | Ra(um) | Rz(um) [ Ra (um) |Rz5 (um)
1 48 66 10 65 25 85 28 72
2 17 61 22 81 43 110 27 84
3 44 83 57 80 38 66 47 76
4 39 101 17 91 28 50 28 81
5 127 92 55 84 66 81 83 86
6 42 78 69 70 115 83 75 77
7 49 154 60 147 71 169 60 157
8 36 150 49 164 58 170 48 161
10 29 123 35 104 48 119 37 115
11 37 75 64 185 80 169 60 143

Table 13: Surface roughness (Ra) and (Rz5) - Propane

No. A (Top) B (Middle) C (Bottom) Sample Average
Ra(um) | Rz (um) [ Ra(upm) | Rz(um) | Ra(um) | Rz(um) | Ra (um)| Rz5 (um)
13 62 48 36 59 30 64 43 57
14 101 54 97 84 97 84 98 74
15 44 62 44 81 37 80 42 75
16 39 100 37 86 34 78 37 88
17 35 92 36 63 21 48 30 68
18 59 71 29 77 68 98 52 82
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No. A (Top) B (Middle) C (Bottom) Sample Average
Ra(um) | Rz (um) [ Ra(upm) | Rz(um) | Ra(um) | Rz(um) | Ra (um)| Rz5 (um)
19 77 86 72 109 70 106 73 100
20 58 64 86 131 67 114 70 103
21 67 114 70 114 43 55 60 95
22 40 128 18 105 45 120 34 117
23 13 45 13 45 33 120 20 70

4.4. Transverse Hardness

For each sample, transverse hardness results are given in Appendix E. Table 14 presents a

summary of the maximum, minimum, and average hardness results. The samples have

dispersed values of the measured standard deviation. No clear trend can be deduced.

Table 14: Vickers Hardness

Sample No. [ Max (HV) Min (HV) Avg (HV) STD (HV)
1 189 122 171 21
2 195 164 185 8
3 191 161 178 8
4 192 125 172 15
5 200 165 187 9
6 188 155 178 9
7 365 220 295 53
8 153 139 145 4
10 375 189 275 66
11 276 182 209 33
13 182 150 173 8
14 186 165 176 5
15 188 137 174 12
16 179 154 168 6
17 184 163 173 5
18 178 130 161 12
19 357 213 291 42
20 337 150 237 46
21 321 158 197 51
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22 189 130 145 15

23 305 153 206 52

4.5. SEM and EDS Analysis

The SEM images taken for each sample number (#) at magnifications of 200X and 10000X,
presenting the gap where applicable are shown in Table 15. The elemental composition of

slag from EDS analysis is displayed in Table 16 for each sample.
Based on microscopic analysis, adherent slag is observed in samples 1,3, 6, 16, 19 and 22 -
23. The rest of the samples have non-adherant slag. In comparison to the visual observation

in Table 1 wherein samples 1 - 6, 11, 14, 20 -21 and 23 were adherent.

Table 15: SEM Analysis

# Image at 200 X Image at 10000 X

EHT = 2000 KV Signal A = SE2 Date: 19 Sep 2024 ZEILS

100 pni* EHT = 20.00 kY Signal A = SE2 Date: 19 Sep 2024 1 e
WO = 1.2 mim Mag= 1000 KX Aperinre Size = G000 prr

WD = 14.2 mnr Mag= 200X Aperiure Size = 60,00 pm

- .
-
w7
s gt
. . -
B
-
-
S g R
1 EHT = 20,00 kY Signa! A = NTS BSD Date: 2 Jui 2024
WE= 8.3 mm Mag = 1TR00KX Aperture Size = 60.00 prm
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Image at 200 X Image at 10000 X
-
-
. -
.

Sigal 4 = SEZ Date: 11 Jun 2024 1 EHT » 20.00 kW Signai A = NTS BSD Date: 11 Jun 2024

Mage 200X Aperture Size = 60.00 ym Wor =TT mm Mag= 1000 KX Aperture Size = 80.00 pm
L]
e -
L] '
™ i
.

-

»

.
L]
3

100 pm* EHT = 20.00 kW Signal A=NTS B5D Date: 2 dul 2024 1 EHT = 20.00 kV Signal A=NTS B5D Date: 2 dul 2024

H WD = 10.8 mn Mag= 200X Aperture Ste = 60,00 ym WD = 10.2 mny Mag= 10.00 KX Aperture Size = 6,00 ym
a ]
- - .-I »
¥ -
L - Ly J
i’ ] -
100 pra* EHT = 20,00 K Signal A= NTS BSD 1 EHT = 20,00 K Signal A= NTS BSD Diate: 2 Juil 2024

WD = 8.9 mm Mag= 200X WD = 8.9 mm Mag = 10.00 K X Apertire Size = 60.00 prm
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Image at 200 X

Image at 10000 X

Signal A = SE2

100 pm* EHT = 20.00 kV Signal A = SE2 Date: 19 Sep 2024 v 1 e EHT = 20.00 kV Date: 19 Sep 2024
WD = 8.4 mm Mag= 200X Aperture Size = 60.00 ym WD = 8.4 Mag= 10.00KX Aperture Size= 60.00 ym
L]
-
.
.
EHT = 20,00 ki Signal A= NTS BSD Date: 11 Jup 2024 —_— 1 g EHT = 20,00 kW Sigeal A = NTS BSD Date: 11 Jun 2024
WD = 8.7 mm Mag= 200X Aperiure Stae = 60.00 i WD = 8.7 mm Mag= 10.00KX Aperture Size = 60,00 ym
8* -
- . \
Signal & = NTS B50 Date: 15 Sop 2024 — 1 EHT = 20.00 kW Signal A =NTS BSD Date: 19 Sep 2024
Mag= 500X Aperture Size = 60.00 ym H WD = 19.2 mm Mag= 10.00KX Aperture Size= 60.00 pm
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Image at 200 X

Image at 10000 X

-
-
-
ENT = 20.00 kv Signal A= NTS BSD 1 ' EHT = 20.00 kif Signal A=NTS B5D Date: 2 Jul 2024
WD = 8.6 mm Mag= 200X = WD = a.6mm Mag= 10.00KX Aperture Size = 60,00 ym
-
o, s r
- L . » =
= w - - \- »* _ =
EHT = 20.00 kW Signal & = NTS 850 Date: 15 Sop 2024 — 1 EHT = 20.00 kW Signal A =NTS E50 Date: 19 Sep 2024
WD = 17.2 mm Mag= 200X Aperture Stze= 60.00 ym WD = 19.2 mm Mag= 1000 K X Aperture Size= 60,00 ym
ﬁ._q »
L]
.
 EHT=2000 kY Signat A= NTS 85D Date: 11 Jum 2024 — 1 prt* EHT =20.00 k¥ Signat A= NTS 85D Date: 11 Jum 2024 —
WD = 8.8 rnm Mag = 200 Apesture Size = 60.00 pim H WD = 8.8 mm Mag = 10.00. KX Apertisre Size = 60.00 pm
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Sigral A = NTS BSD ‘

= a.8mm Mag= 200X Aperture Size = 60,00 i WD = 8.9 mm Mag = 10.00KX Aperture Size = 80.00 ym
15 i ¥ .
. .
.
.
ot
LI
. .
° .
.
.
.
’ -
EHT » 20.00 KW Sigmai A = NTS BSD 1 pmt EHT = 20.00 KV Signai A = NTS BSD Date: 11 Jur 2024
= &1 mm Mage 200X W= 8.9 mm Mag = 10.00 KX Aperture Size = 60.00 m

16

EHT = 20,00 k¥
WD = 8.2 anm

Signal A = NTS BSD
Mag= 200X

Date: 2 Jul 2024
Aperture Size = 60.00 ym

EHT = 20,00 ki
WD = 8.2 anm

Signal A= NTS BSD Date: 2 Jul 2024
Mag= 10.00 KX Aperture Stie = 60.00 ym
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Image at 200 X

Image at 10000 X

17

»
-
.
-
EHT = 20.00 kW Signal A =NTS B50 Date: 7 Jul 2024 1 e’ EHT = 20.00 kW Signal 4= NTS B5D Date: 2 Jul 2024
WD = 70.5 mmr Mag= 200X Aperture Size = 60.00 ym WD = 70.5 mir Mag = 10.00K X Aperture Sire= &0.00 ym
g -
pe
-
EHT = 20.00 kW Signat & = NTS 850 Diate: 11 Jun 2024 1 EHT = 20.00 k¥ Signal A= NTS BSD Date: 11 Jun 2024
WD = 8.2 mm Mag= 200 Aperture Stze = 6000 = WD = 8.2 mim Mag= 10.00 KX Aperture Stze = 60.00 g
19 g .
. .
. ; <
! ’
- \ / -
G Fi .
A
]
3 | - -
| » & |
.
- .
EHT = 20.00 kW Signat A = 5E2 Date: 11 Jun 2024 1 EHT = 20,00 k¥ Signal A= NTS BSD Date: 11 Jun 2024
Mag= 200% Aperture Stze = 6000 — WD = 8.6 mim Mag= 10.00 KX Aperture Stze = 60.00 g

WD = 8.6 mm
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Image at 200 X

Image at 10000 X

20

Date: 19 Sep 2024

ZEINY
Aperture Ske= 6000 ym.

Date: 19 Sep 2024 PeEs
WD = 70.3 mm Mag= 200X Aperture Size= 60.00 WD = 70.3 mm Mag= 10.00KX
21 o
.
-
. y .
.
-
.
3
= N ¢
Sigrral & = NTS 85D Date: 2 il 2024 1 pm* EHT » 20.00 KV Sigral A = NTS 85D Date: 2.4uf 2024
Mag= 200X Aperture Size = 60,00 (i WO= 7.6 mim Mag s 10.00 KX Aperture Size = 60.00 gm

22

100 it

EHT = 10.00 AV
WD = 8.6 mm

H

Signal A= SEZ
Mag = 10.00 K X

Date: 7 Jul 2024
Aperture Stre = 60.00 pm
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# Image at 200 X

Image at 10000 X

23

1 purr* EHT = 20.00 kW
WD = 8.4 mm

Signal A= NTS 850
Mag= 10.00 K X

Date: 11 Jun 2024
Aperture Size = G000 pm

ZEIXK|

100 prm® EHT = 20.00 kV
WD = 8.4 mm

Signal A= NTS 850
Mag= 200X

Date: 11 Jun 2024
Aperture Size = G000 pm

ZEIXK|

* Magnification at 500X for sample 8.
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Table 16: EDS Slag Analysis

#

Area Analysed

Elemental Composition

Electron Image 1 (BSE)

000 skl

Poweeres By Tu-O®

Boum ' Elactran image 1

i 1 2 3 4 5 [ T 8 g 10 il 12 vl
Ful Scale 7315 cts Cursor 1.00¢ ke

Tapm Electron Image 1

b 2 4 (i 8 10 12 14 18 13 |
Ful Scale 1228 cts Curser: 0.000 bl
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Area Analysed

Elemental Composition

Electron Image 1
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Area Analysed

Elemental Composition
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Electron Image 3 (SE)
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Area Analysed

Elemental Composition
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Area Analysed

Elemental Composition

18

Electron Image 10 (BSE)
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Electron Image 5 (BSE)
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# Area Analysed Elemental Composition
21 Electron Image 11 (BSE)
fT =

22
rIJ : ZI‘ ; : é 2 D i " 14 6 12 20
Fut Scale 2867 cts Curser: 2.000 tevl

Electron image 1
23 __ Electron Image 12 (BSE)

EDS composition of the slag was used to calculate the atomic ratios of iron and oxygen using
equations (4.5.1) and (4.5.2), respectively. To match each slag composition to common iron
oxides (hematite: Fe,O;, magnetite: Fe;O,, and wustite: FeO), the atomic ratio of oxygen to
iron was calculated using the equation (4.5.3). For stoichiometric iron oxides, oxygen-to-iron

atomic ratios are 1.5, 1.3, and 1.0 for Fe,O;, Fe;O,, and FeO, respectively. Table 17
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summarises the atomic ratios of oxygen and iron, and the oxygen-to-iron atomic ratios for
each sample.

EDS weight% Fe (iron) (4.5.1)

Atomic ratio (Fe) = 55,845

EDS weight% O (oxygen)
15.999

Atomic ratio (0) = (4.5.2)

Oxygen — to — ironratio (Fe 0 ) = % (4.5.3)

The oxygen:iron ratio ranges from 0.8 - 1.6, the values were not coherent with the results

from visual and microscopic observation.

Table 17: EDS Slag Composition

Weight (%) Atomic Ratio fron Oxide
Ratio
# | Oxygen | Manganese | Silicon Alizini Carbon | Iron |Total | Oxygen Iron Oxygen:Iron
1 21.2 1.2 0.2 0.1 7.7 69.5 1999 1.3 1.2 1.1
2 29.5 - - 1.1 6.1 63.4 | 100 1.8 1.1 1.6
3 232 1.1 - - - 75.7 (100.0 1.4 1.4 1.1
4 27.5 1.2 - - - 71.3 | 100 1.7 1.3 1.3
5 234 - - 1.1 4.9 70.6 | 100 1.5 1.3 1.2
6 26.2 0.6 0.2 1.6 4.6 66.8 1100.0 1.6 1.2 1.4
7 28.1 2.0 - - - 69.9 | 100 1.8 1.3 1.4
8 25.8 1.4 0.3 - - 72.6 | 100 1.6 1.3 1.2
10| 204 2.0 - - - 77.5 | 100 1.3 1.4 0.9
11| 20.6 1.5 0.3 - 6.3 71.1 | 100 1.3 1.3 1.0
13| 292 0.8 - - - 70.0 | 100 1.8 1.3 1.5
14| 26.6 0.8 - - - 72.6 | 100 1.7 1.3 13
15| 247 1.3 - - - 74.1 | 100 1.5 1.3 1.2
16| 27.8 1.1 - - - 71.0 1100.0 1.7 1.3 1.4
17| 269 1.3 - - - 71.8 | 100 1.7 1.3 1.3
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Iron Oxide
Weight (%) Atomic Ratio
Ratio
» Alumini
# | Oxygen | Manganese | Silicon Carbon | Iron |Total | Oxygen Iron Oxygen:Iron
um

18] 183 1.1 0.2 - 7.0 73.4 | 100 1.1 1.3 0.9
19| 245 1.9 - - - 73.6 1100.0 1.5 1.3 1.2
201 23.1 1.0 0.3 0.1 12.1 63.4 | 100 1.4 1.1 1.3
21 19.7 1.5 0.3 - 7.1 71.4 | 100 1.2 1.3 1.0
22| 275 1.4 - - - 71.1 1100.0 1.7 1.3 1.3
23 16.9 1.5 0.4 0.1 11.1 70.0 1100.0 1.1 1.3 0.8

4.6. Optical Microscopy Images

The optical micrograph images taken for each sample number (#) at magnifications of 20 um

and 100 pm are given in Table 18. The lighter phase is ferrite and the darker phase pearlite.

The base material microstructure is typical for that of plain carbon steels. In general the
thinner (8mm) plate shows an equiaxed ferrite and pearlite microstructure and the thicker (16
mm) plate is that of a lamellar ferrite pearlite microstructure.

Table 18: Base Metal Microstructures

# Image at S0X Image at 10X
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Image at S0X

Image at 10X
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Image at S0X

Image at 10X
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Image at S0X

Image at 10X

10

11*
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Image at S0X

Image at 10X

13

14

15
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Image at S0X

Image at 10X

16

17

18

100




Image at 50X

Image at 10X

19

20

21

101




Image at 50X

Image at 10X

22

23

*Sample at 50 um
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Chapter S - Discussion

The study was carried out to characterise the cut face section of each sample and examine
factors contributing to the slag adherence. The results of the experimental procedure on each
cut sample include a visual examination of the cuts, a post-cutting macro examination, an
evaluation of surface roughness, a transverse hardness, SEM and EDS analysis, and a

microscopic evaluation.

5.1. Cutting Performance

During the sample cutting, the inclination of the cutting oxygen jet was observed at the
bottom of the cut face to determine the direction of the flame for the progression of cutting.
The cutting oxygen jet inclination varies with each of the samples and is observed as either
forward, perpendicular, or backward. At times, the jet demonstrated either of these three
progressions with an erratic behaviour that seemed to extinguish and ignite. The observed
flame is a jet constituted by the cutting oxygen, slag, and molten steel as depicted in Figure 2.
The flame is expelled at the bottom of the cut face with varying volume fractions of melt
depending on the cutting parameters and conditions. An ideal cut quality has straight parallel
edges from top to bottom, a smooth cut face with no gouges and back-run drag lines null or

maximum 10 percent, a sharp top cut edge, and no adherent slag (Slotman & Edward, 1951).

Samples 1 - 6

Samples 1 - 6 are the 8 mm thick plates cut with acetylene. The cutting process of samples 1 -
3 was performed with a nozzle standoff of 6 mm at the incremental cutting speeds of 504,
632, and 755 mm/min, respectively. Samples 4 - 6 were cut with a nozzle standoff of 15 mm

at the same incremental cutting speeds.

The inclination of the cutting oxygen jet for samples number 1 - 6 showed a variation of the
three progressions, namely forward, perpendicular and backward. There was no observation
of an erratic flame and all the samples seemingly have adherent slag. As shown in Figure 1, it
is anticipated that the heat generated by the combustion of iron ( H,,. ) < the preheat flame
(H,,y. Where H,,, ~ 60%, the volume percentage of unoxidised iron (free iron) is greater

than the iron oxides (slag), thus the slag tends to be adherent. The post-cut quality of all these
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samples showed the presence of slag at the bottom of the plate. The macro examination of
samples 1 - 6 revealed no pattern of dragline inclination on the cut face and the cut faces are

smooth with no gouges (Table 11).

The as-cut face of most samples exhibited minimal concavity with the exception of samples
3 and 6 as shown in Table 10. Samples 3 and 6 had a 6 mm and 15 mm standoff, respectively
with a cutting speed of 755 mm/min. The cutting speed is 20% faster than the average

nominal cutting speed of the selected nozzle used for the plate thickness.

The surface roughness results (Ra) of samples 1-6, in Table 12, varies from 27 - 83 pm whilst
the Rz5 was measured to be in the range of 72 - 86 um. The calculated values of Ra for
samples 1,2, and 4 are below 30 um whereas Ra for samples 5 and 6 are above 70 pm. The
sample 3 has a Ra of 47 um. This gives a range of 55 um for the Ra and 14 um for the Rz5
for samples 1 - 6. This suggests that increasing the cutting speed leads to an increase in
surface roughness as the samples cut at nominal cutting speed minus 20% have the same Ra
value of 28 pm and are smoother than the rest of the oxy-acetylene 8 mm samples, with the
exception of the 6 mm standoff sample cut at the nominal cutting which has a Ra value of 27

pm.

Table 11 shows a degree of top-edge melting that is visible in all six samples. The top edge
surfaces for samples 1, 2, 3, and 4 exhibit a sharp top edge whereas samples 5 and 6 show an
overhang top edge. The selection of the cutting nozzle and the nozzle-to-plate distance
influences the preheat gas flow, which affects the shape and degree of top-edge melting
(Slotman & Edward, 1951). In this study, the preheat gas flow and nozzle type were kept
fixed. It can be concluded that the nozzle standoff has the most effect on top-edge melting the
nozzle standoff. In practice, it is not desirable to have an overhang top edge, as seen in
samples 5 and 6 for a 15 mm standoff and cutting speeds of 632 mm/min and 755 mm/min,
respectively. The slower cutting speed at 504 mm/min for sample 4 counters the influence of
the nozzle standoff and results in a sharper top edge with a string of solidified droplets, as

expected for a slower cutting speed.
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Table 14 shows the transverse Vickers hardness results of samples 1 - 6. The surface cut of
sample 5 has a maximum hardness (200 HV). A minimum of 122 HV corresponds to sample
1. The average hardness ranges from 171 HV (sample 1) to 187 HV (sample 5). It can be
seen that the samples cut at the same cutting speed yield a similar hardness value, with the
nominal cutting speed of 632 mm/min yielding 185-187 HV, the minus 20% of nominal
cutting speed 504 mm/min measuring 171 - 172 HV and the plus 20% of the nominal cutting

speed 755 mm/min measuring 178 HYV, irrespective of the nozzle standoff.

Tables 15 and 16, SEM and EDS analysis of these samples reveals that all samples contained
slag with samples 1, 3, and 6 showing no gap between the slag and base material whilst
samples 2, 4, and 5 have a maximum gap measurement of 0. 85 um, 2.42 ym and 1.57 um
respectively. The EDS slag composition of these samples contains 21 - 30 weight % oxygen
and 63 - 76 weight % iron, combined these make up 84 - 96 % of the slag composition. The
oxygen-to-iron ratio of samples 1-6 ranges from 1.1 - 1.6 and an average of 1.3 which

indicates that the slag is mostly composed of magnetite (Fe;0,).

The chemical composition of the 8 mm plate is typical of plain carbon steels and has 0.15%
carbon content with no other significant alloying elements (Table 9). Sample microstructures
in Table 18 are comparable to plain carbon steels, revealing equiaxed ferrite with perlite
islands for samples 1,2,3, 4, and 6. The microstructure of sample 5 shows predominantly
pearlite at 20 X magnification. Sample 5 may have been mechanically cold-worked during
metallographic sample preparation which has resulted in it having the highest average

hardness, 187 HV of the six samples.

Samples 7 - 12

Similarly, acetylene was used to cut 16 mm thick plate samples 7 - 12. Samples 7 - 9 and
samples 10 - 12 were cut with a nozzle standoff of 6 mm and 15 mm, respectively. The two
batches of samples were cut at incremental cutting speeds of 467, 592, and 717 mm/min

respectively (Table 4).

Samples 9 and 12 showed a seizure of the cutting process. This was due to the increase in the

cutting speed and subsequently the preheat flame running over the surface of the plate. This
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happened whilst incrementally increasing the cutting speed therefore sample 9 and 12 were

classified as a “no cut” in Table 10.

For samples 7, 8,10, and 11, the inclination of the cutting oxygen jet reveals a variation of the
two progressions (Table 10). The flame inclines in a forward direction for the nominal
cutting speed minus 20% of 467 mm/min and becomes erratic at the nominal cutting speed of
592 mm/min for both the 6 mm and 15 mm nozzle standoffs. The slag is visually
non-adherent on all samples except sample 11. Figure 1 shows that for a section thickness of
16 mm the heat generated by the combustion of iron (Hmc) > the preheat flame (Hphf)
where Hphf (~ 40%). From this extrapolation, the volume percentage of unoxidised iron
(free iron) is less than the iron oxides (slag) therefore the slag has a tendency to be non

adherent.

Table 10 also shows no significant dross at the bottom of the cut face of all samples except
sample 11, which has a relatively thick layer of adherent slag. Samples 7, 8, 10 and 11 have
minimal concavity as shown in Table 10. The macro examination of sample 7 shows a shorter
distance (n) and a smaller drag pitch (f) in contrast to sample 8, the draglines are throughout
the thickness of both samples. Sample 10 has a short dragline distance (n) with a wide
dragline pitch (f) and a predominantly smooth-cut face. Sample 11 has draglines that are
prevalent on the top of the cut face with a greater distance (n) and smaller dragline pitch (f)

than sample 10. The cut face of sample 11 becomes smooth below the draglines.

The surface roughness results (Ra) for samples 7 - 12 varies from 37 - 60 um whilst the Rz5
values range from 115 - 161 um (Table 12). The Ra values for samples 7 and 11 are 60 um,
and samples 8 and 10 have lower Ra of 48 and 37 um respectively. The range in Ra is less
spread for these 16 mm samples but the range in Rz5 is wider. The averaged Ra and Rz5 are
23 um and 46 pm, respectively, for samples 7,8, 10, and 11. Samples 7 and 10 were cut at
467 mm/min, with sample 10 having the higher nozzle standoff and the smoothest surface
roughness profile. Samples 8 and 11 were cut at the nominal cutting speed of 592 mm/min

with samples 11 and 7 having the roughest surface profile.

Table 10 shows a degree of top edge melting for samples 7 and 8 with an overhang top edge

and metal droplets whereas samples 10 and 11 show a rounded top edge. The nozzle standoff
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for samples 11 and 12 is higher than that used for cutting samples 7 and 8. This suggests that
the lower nozzle standoff of 6 mm leads to a non-desirable overhang top edge.

As shown in Tables 10 and 11, visual examination of the as-cut face of selected cut samples.
All four samples exhibited no gouges, as found in the visual examination of samples 1 - 6.

This suggests that the cutting oxygen was supplied at the correct pressure.

The measurement of Vickers hardness resulted in sample 7 having the maximum value of 365
HV while sample 8 had the minimum hardness of 139 HV, as shown in Table 14. The average
hardness ranges from 145 HV (sample 8) to 295 HV (sample 7). Samples 7 and 10 were cut
at the slowest cutting speed of 467 mm/min and had the highest averaged hardness values of
295 and 275 HV respectively. Sample 8 is the softest with an average hardness of 145 HV.
This may be due to oxy-acetylene cutting conditions of the nominal cutting speed of 592
mm/min and 6 mm nozzle standoff whereby the slower cutting speed has a normalising heat

treatment effect on the material and softening it .

In Tables 15 and 16, SEM and EDS analysis of tested samples shows the presence of slag at
the bottom of the plate with a gap. The gap measured ranged from 1.32 - 3.38 pum, for
samples 11 and 8 respectively. The EDS slag composition of these samples contains 20 - 28
wt% oxygen and 70 - 77 wt% iron, combined these make up 92 - 98 % of the slag
composition with the balance consisting of carbon, manganese, and silicon. The
oxygen-to-iron ratio for tested samples ranges from 0.9 - 1.4, with an average of 1.1. Based
on the calculated atomic ratios between oxygen and iron, the composition of slag attached to
samples 7 and 8 can be compared to a mixture of hematite (Fe,O;) and magnetite (Fe;0,)

whilst the composition of slag from cutting samples 10 and 11 matches wiistite (FeO).

The chemical composition of the 16mm plate, in Table 9, falls within the typical group of
plain carbon steels, with 0.16% carbon content and other minor alloying elements. The
microstructures of different samples are shown in Table 18 and they reveal a typical
microstructure of plain carbon steels with equiaxed ferrite and a pearlite band. Sample 10
seemingly has a relatively larger volume fraction of pearlite and the highest average

hardness, 275 HV of the four samples.
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Samples 13 - 18

Samples 13 - 18 were cut from 8 mm thick plates using propane. Samples 13 - 15 were
obtained with a nozzle standoff of 6 mm at the incremental cutting speeds of 504, 632, and
755 mm/min respectively. Samples 16 -18 were cut with a nozzle standoff of 15 mm at the

same incremental cutting speeds.

The visual observation for the inclination of the cutting oxygen jet shows a variation of the
three progressions for samples number 13 -18. The flame inclines in a forward direction for
the nominal cutting speed minus 20% of 504 mm/min for samples 13 and 16. Similar
behaviour is observed during the cutting of sample 17 at the nominal speed of 632 mm/min.
The increase in cutting speed tends to reverse the inclination of the cutting oxygen jet, which
can become perpendicular for sample 14 at the nominal cutting speed of 632 mm/min and
backward erratic for samples 15 and sample 18 at 755 mm/min, which is 20% more than the
nominal cutting speed. The slag is visually non-adherent on all five samples except sample
14. The visual examination also shows significant dross at the bottom of the cut face of all
six samples (Table 10). All tested samples have minimal concavity however samples 15 and
18 cut with 755 mm/min show slight concavity. The macro examination of samples 13, 16,
and 17 shows perpendicular draglines on the top half of the cut face and a smooth texture on
the remainder of the cut face. Samples 14, 15, and 18 have slightly slanted draglines on the
bottom of the cut face, a smooth texture on the middle of the cut face, and a varying degree
of top edge melting on the top section of the cut face. Sample 15 has a longer dragline

distance (n) and samples (name them) have a narrow dragline pitch (f).

The surface roughness analysis shows that Ra varies from 30 - 98 um whilst the Rz5 was
measured to be in the range of 57 - 88 um. Sample 14 has the highest Ra value of 98 pm and
sample 17 has the lowest value of 30 um (Table 12). The other samples (name them) have
values below 55um. The Rz5 for tested samples ranges from 57 - 88 um with sample 13
having the minimum and sample 16 having the maximum value. The range of Rz5 is less
spread for 8 mm thick samples but the range of Ra is wider. Sample 14, cut at the nominal
cutting speed of 632 mm/min with a 6 mm nozzle standoff has the roughest surface profile
whilst sample 17 cut at the same cutting speed with a 15 mm nozzle standoff has the

smoothest surface profile.
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Table 10 shows a degree of top edge melting for all 6 samples with predominately a molten

edge irrespective of the nozzle standoff.

The visual examination of the as-cut face of 8 mm thick samples exhibited no gouges except

the top of the cut face of sample 13 as shown in Tables 10 and 11.

Table 14 shows the transverse Vickers hardness results of tested samples, with sample 15
having a maximum of 188 HV and sample having a minimum of 130 HV. The average
hardness ranges from 161 HV (sample 18) to 176 HV (sample 14). Samples 13 - 15 cut at the
6 mm nozzle standoff show a more consistent average hardness 3 HV range variation than

samples 16 - 18 cut at a nozzle standoff of 15mm with a 12 HV range variation.

SEM and EDS analysis of these samples reveals that all six samples had slag at the bottom of
the plate with a gap except sample 16 (Tables 15 and 16). The measured gap varies from 0.71
- 2.81 um, for samples 14 and 17 respectively. The EDS slag composition of these samples
contains 18 - 29 wt% oxygen and 70 - 74 w% iron and alloying elements such as manganese
and silicon. The oxygen-to-iron ratio for tested samples ranges from 0.9 - 1.4, with an
average of 1.2. The atomic ratio suggests that slags from samples 13 and 16 consist
predominantly of hematite (Fe,0;), magnetite (Fe;0,) for samples 14, 15, and 17, and wiistite
(FeO) for sample 18.

The chemical composition for 8 mm thick samples corresponds to typical plain carbon steels
and has 0.15% carbon content with minor alloying elements (Table 9). The microstructures
shown in Table 1 are of plain carbon steels showing equiaxed ferrite with perlite islands for
samples 13, 14, 16, 17, and 18 whereas the microstructure of sample 15 shows predominantly
pearlite. Sample 15 may have been mechanically cold-worked during metallographic sample
preparation which has resulted in it having the highest maximum hardness, 188 HV of the six

samples.
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Samples 19 - 24

Samples 19 - 24 were prepared by cutting 16 mm thick plates with propane, whereby samples
19 - 21 were cut with a nozzle standoff of 6 mm at the incremental cutting speeds of 467,
592, and 717 mm/min respectively. Samples 22 -24 were cut with a nozzle standoff of 15

mm at the same incremental cutting speeds.

The cutting of sample 24 showed a seizure of the oxygen cutting with an increase in the
cutting speed, and subsequently, the flame ran over the surface of the plate. This was due to
the increase in the cutting speed and subsequently the preheat flame running over the surface
of the plate. This happened whilst incrementally increasing the cutting speed therefore

sample 24 was classified as a “no cut” in Table 10.

A variation of the two progressions was observed by the visual observation of the inclination
of the cutting oxygen jet for samples 13 -18 (Table 10). The flame inclines in a forward
direction for the nominal cutting speed minus 20% of 467 mm/min for samples 19 and 22. As
the cutting speed increases the cutting oxygen jet’s inclination tends to reverse and becomes
perpendicular-erratic for samples 20 and 23 at the nominal cutting speed of 592 mm/min and
nominal cutting speed plus 20% of 717 mm/min for sample 21. The slag is visually
non-adherent on the samples cut with nominal cutting speed minus 20% and adherent for the
remainder of the three samples 20, 21, and 23. Table 10 shows that all five samples have
minimal concavity and the macro examination in Table 11 of the samples shows slightly
slanted draglines throughout the cut face of the plate for sample 19 and mixed a smooth

texture on the remainder of the samples.

The surface roughness results for tested samples show that Ra varies from 20 - 73 um whilst
the Rz5 ranges from 70 - 117 um (Table 12). Sample 19 has the highest Ra value of 73 um
and sample 23 the lowest value of 20 pum followed by sample 22 with 34 pm whilst samples
20 and 21 measured 70 um and 60 pm respectively. The RzS5 ranges from 70 - 117 um with
sample 23 having the minimum and sample 22 the maximum value. Sample 19, cut at the
nominal cutting speed minus 20% of 467 mm/min with a 6 mm nozzle standoff has the
roughest surface profile whilst sample 23 cut at the nominal cutting speed of 592 mm/min

with a 15 mm nozzle standoff has the smoothest surface profile.
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Table 10 shows a degree of top edge melting for all 5 samples with predominately a top edge

overhang irrespective of the nozzle standoff.

From Tables 10 and 11, it is clear that visual examination of the as-cut face of all four 16 mm

thick samples exhibited no gouges with the exception of the top of the cut face of sample 19.

Table 14 shows that the transverse vickers hardness results of these samples has a maximum
357 HV (sample 19) and a minimum of 130 HV (sample 22). The average hardness ranges
from 145 HV (sample 22) to 291 HV (sample 19).

The examination by SEM and EDS of these samples reveals that all five samples had slag at
the bottom of the plate (Tables 10 and 11). The gap between the slag and base material was
found to vary from 1.14 - 1.31 um for samples 20 and 21 respectively whilst samples 19, 22
and 23 had no gap. The EDS slag composition of these samples contains 17 - 28 wt% oxygen
and 63 - 74 wt% iron, with varying proportions of manganese, silicon and aluminium. The
oxygen-to-iron ratio of studied samples ranges from 0.8 - 1.3 and an average of 1.1. The
atomic ratio for slag suggests that samples 19, 20, and 22 generated a slag of predominantly

magnetite (Fe;0,), and samples 21 and 23, wustite (FeO).

The chemical composition of the 16 mm thick plate is typical of plain carbon steels and has
0.16% carbon content with no other significant alloying elements (Table 9). The
microstructures of these samples are shown in Table 18 and are comparable to plain carbon

steels showing equiaxed ferrite and a pearlite band.

5.2. Factors Affecting Slag Adherence

From the post-cutting visual examination, samples with apparent adherent slag were further
analysed with the SEM. This approach aided in determining whether there was a gap between
the base metal and the slag. A gap is associated with a non-adherent slag, while no gap

between slag and steel indicates the slag adherence to the sample.
SEM results showed the formation of an apparent slag in 6 samples cut from an 8 mm thick

plate using an oxy-dissolved flame. No gap between the slag and the base metal was detected

in samples 1, 3, and 6, confirming the adherence of the slag to the base metal. Samples 2, 4
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and 5 had a gap of less than 2 um therefore non-adherent slag. For the four 16 mm thick
samples cut with oxy-acetylene, a 1.32 - 3.38 pm gap between the slag and metal was

measured in the samples, consequently the slag was non-adherent.

From SEM examination of 8 mm thick samples cut using oxy-propane flame, 6 samples
(name them) had a gap of 1 - 3 pm between the slag and base metal, the slag is non-adherent.
Sample 16 had no gap, confirming the adherence of slag to the base metal. The cutting of the
16 mm thick plate using an oxy-propane flame produced 3 samples (19, 22, and 23) with
adherent slag. No gap was observed. 2 samples 20 and 21 had a gap of 1 um between the slag

and base metal, the slag is non-adherent.

The factors affecting slag adherence include the proportion of iron oxides, free iron, preheat,
plate thickness, fuel gas type, cutting equipment, and cutting parameters (Slotman & Edward,
1951). Investigating each of these factors for the samples with adherent slag, namely samples
1, 3 and 6 from 8 mm oxy-acetylene cut plates, samples 16 from 8 mm oxy-propane cuts, and
samples 19, 22, and 23 from the 16 mm oxy-propane cut plates. The atomic oxygen: iron
ratios for the selected samples with adherent slag are shown in Figure 45. Samples 1, 3, and
23 have an oxygen-iron ratio of approximately 1.0. FeO phase is the prevalent oxide and it is
anticipated that there may be more free iron in this slag, resulting in beading (Slotman &
Edward, 1951). Samples 6, 16, 19, and 22 have an atomic oxygen-iron of ~ 1.3, confirming

the prevalence of Fe;O, compared to other iron oxide phases.
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Figure 45. Slag oxygen to iron atomic ratio

The preheat temperature was not measured; however it was observed that the preheat time for
samples 16, 19, 22, and 23 cut with oxy-propane was longer than that for samples 1, 3, and 6
obtained by oxy-acetylene cutting. This is expected as the inner cone maximum flame
temperature for Oxy-acetylene is hotter than oxy-propane with orders of magnitude of 3160
°C and 2810 “C respectively (Abdulateef, Mustafa & Salman, 2010). In addition, one-third of
the heat distribution is concentrated in the inner cone of the oxy-acetylene whilst
oxy-propane has one-tenth of the heat distributed in the inner cone (Munoz-Escalona et al.,

2006).

The theoretical preheat fuel gas flow rate for the oxy-acetylene was estimated to be 0.54
m’/hr for the 8 mm plate and 1.08 m*/hr for the 16 mm plate whereas the 6290-2 VAX nozzle
used approximates the fuel gas flow rates to be 0.45 m’/hr. For the oxy-propane, the
theoretical fuel gas flow rate for the 8 mm plate is 0.33 m’/hr, which is similar to that of the
6290-3/0VVC nozzle (0.30 m’/hr). The same approach can be applied to the oxy-acetylene
cutting of the 16 mm plate, which has an theoretical fuel gas flow rate of 0.67 m?/hr, and
where the 6290-0VVC nozzle with 0.70 m*/hr can be used. The required heating power for
the respective 8 mm and 16 mm plates is 7 kW and 8 kW and the 6290-2 VAX oxy-acetylene
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nozzle approximates a heating power of 7 kW. The oxy-propane 6290-0VVC nozzle has a
heating power of 8 kW however the 6290-3/0VVC gives a heating power of 18 kW.

In principle, thinner sections are expected to have more adherent slag than thicker sections.
This observation was confirmed for the thicker 16 mm samples cut with oxy-acetylene.
Samples 7, 8, 10, and 11 from an 16 mm thick plate cut had no adherent slag, however, the

thicker 16 mm oxy-propane cut samples 19, 22, and 23 had adherent slag.

In addition, a tip with light preheat, for example, those that have one preheat hole advancing
in front of the cutting oxygen hole and those that have a design that seeks to separate the
preheat flame from the workpiece are better suited at reducing slag adherence. The selected
cutting tips Harris 6290*VVC and the 6290-2VAX for the oxy-propane and oxy-acetylene
respectively had several preheat holes surrounding the central cutting oxygen. Machine
cutting has a consistent tip-to-workpiece distance and travel speeds compared to manual
cutting, thus the slag tends to be less adherent with machine cutting (Slotman & Edward,

1951).

Slower cutting speeds decrease the likelihood of having free iron in the slag which reduces
the slag adherence as observed for samples 4 and 5 cut at 15 mm standoff with
oxy-acetylene. This is not observed for the oxy-propane samples which have adherent slag
for samples cut at lower cutting speeds for both 8 mm and 16 mm thick plate samples 19 and
22. The excessive preheat used for samples 19 and 16 is suspected to be the cause as it results

in more than required heating power.

Due to the low heat intensity and characteristic heat distribution of the oxy-propane flame, it
is anticipated that the oxy-propane samples will have less slag adherence in comparison to
the oxy-acetylene samples (Munoz-Escalona et al., 2006). The oxy-acetylene cutting of
thinner plate (8 mm thickness) produced more samples with adherent slag, samples 1, 3, and
6 in comparison to the oxy-propane with one sample 16. For thicker (16 mm thickness) plate
cuts, the oxy-acetylene cutting had no samples with adherent slag whilst oxy-propane had
three samples 19, 22, and 23 with adherent slag. The heating power required for the 16 mm
plate is 8 kW whereas the nozzle used on the 16 mm oxy-propane samples 19, 22, and 23

gives a heating power of 18 kW which is excessively higher than required and higher than
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that of the oxy-acetylene which generates 7 kW. At a slower cutting speed, the slag adherence
tendency increases with an increase in the heating power of the flame and free iron

concentration in the slag.

5.3. Comparison with Previous Studies

Munoz-Escalona et al. (2006) observed that the top surface of oxy-acetylene cuts had flakes
on the top edge of the cut face, as shown in Figure 32. In the current study, different
equipment and parameters were used when compared to the work by Munoz-Escalona et al.
(2006). Similar flakes were observed for samples 1 - 3 cut from the 8 mm plate using
oxy-acetylene flame and a 6 mm nozzle standoff. Table 11 shows that the coverage of flakes
in samples 1 - 3 tends to decrease with increasing cutting speed (Figure 32 - Cutting speed of

250-300 mm/min), which agrees with observations by Munoz-Escalona et al. (2006).

In addition, Munoz-Escalona et al. (2006) reported that the oxy-acetylene and oxy-propane
cutting of 20 mm thick samples showed cut faces with a heat tint as shown in Figure 36 (a),
36 (b) for the oxy-acetylene and Figure 36 (c), 36 (d) for the oxy-propane. This heat tint was
a result of the heat of slag, giving localised heating on parts of the cut face. For the 16 mm
plates cut in this research, the oxy-acetylene sample showing heat tint is sample 11 (Table 10)
wherein the cutting speed was the nominal cutting speed of 592 mm/min at 15 mm standoff.
Sample 23 also showed a heat tint for oxy-propane cutting at the same cutting speed and

nozzle standoff.

Munoz-Escalona et al. (2006) also reported that the oxy-acetylene cut face from a 25 mm
thick plate had a higher surface roughness than the oxy-propane cuts across all cutting
speeds. As shown in Figure 33, the surface roughness decreases with increasing cutting speed
up to a minimum, then it increases with a further increase in cutting speed. Additionally, this
investigation found that the 8 mm oxy-propane cut face with 6 mm standoff had a higher
surface roughness than the oxy-acetylene cut. Whilst with the 15 mm standoff, the surface
roughness of oxy-propane is lower than oxy-acetylene as shown in Figure 46. The higher

standoff inputs less power than required by the 8 mm plate (7 kW).
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Figure 46. Variation of roughness with cutting speed for 8 mm mild steel plate at 6mm

nozzle standoff (a) and 15mm nozzle standoff (b)

For the 16 mm plate as shown in Figure 47, the oxy-acetylene cut face with 6 mm standoff
had a higher surface roughness than the oxy-propane cut. The oxy-propane and oxy-acetylene
have surface roughness decreasing with increasing cutting speed. The 15 mm standoff cut
face shows an opposite behaviour, wherein the oxy-propane has surface roughness increasing
with increasing cutting speed and the oxy-acetylene surface roughness decreases with
increasing cutting speed. Figure 47 (b) shows a behaviour similar to that described by
Munoz-Escalona et al. (2006), wherein the oxy-propane has a surface roughness increasing
with increasing cutting speed for the oxy-propane whilst the surface roughness decreases

with increasing cutting speed for the oxy-acetylene.
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Figure 47. Variation of roughness with cutting speed for 16 mm mild steel plate at 6mm

nozzle standoff (a) and 15mm nozzle standoff (b)

Abdulateef et al. (2010) used preheat times of 15, 20, and 25 seconds to investigate the
surface roughness of a 20 mm plate cut with oxy-acetylene. The study found that the surface
roughness decreases when increasing the cutting speed from 350 to 500 mm/min as shown in
Figure 38. Similar trends were observed for 16 mm thick plate cuts with oxy-acetylene and 6
mm nozzle standoff with oxy-propane flame. The surface roughness decreases with
increasing cutting speed, however, the oxy-propane cut plate at 15 mm nozzle standoff shows

an increase in surface roughness with increasing cutting speed.

Abdulateef et al. (2010) also observed that increasing the cutting speed of a 20 mm
oxy-acetylene cut plate, at preheat times of 15 and 20 s, from 250 mm/min, 350 mm/min, and
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500 mm/min results in an increase in hardness for an increase in cutting speed from 250
mm/min to 350 mm/min then a decrease in hardness for further increases, as shown in Figure

37.

Though the parameters are not the same, the hardness related to the 8 mm thick plate in
Figures 48 (a) and 48 (b) of oxy-acetylene cut samples shows similar patterns described by
Abdulateef et al. (2010), whereby the average hardness increases in value with increasing
cutting speed from 504 mm/min to 632 mm/min then decreases in value with increasing
cutting speed from 632 mm/min to 755 mm/min. The oxy-propane 8 mm cut samples are
softer than the oxy-acetylene cut samples whereby the 6 mm nozzle standoff shows a
consistent hardness across all cutting speeds and the 15 mm nozzle standoff has a sharp

decrease from the cutting speed of 632 mm/min to 755 mm/min.
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Figure 48. Variation of hardness with cutting speed for 8 mm mild steel plate at 6mm

nozzle standoff (a) and 15mm nozzle standoff (b)

The 16 mm plate in Figure 49 shows a decrease in hardness with increasing cutting speed
from 467 mm/min to 592 mm/min for the oxy-acetylene cut samples and the oxy-propane cut
at 6 mm nozzle standoff. There is an increase in hardness with increasing cutting speed from
467 mm/min to 592 mm/min for the oxy-propane cut at 15 mm nozzle standoff. This could

be attributed to a lengthy preheat time as the oxy-propane preheat time took longer than that
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of the oxy-acetylene, particularly for the 16 mm plates, and the nozzle used for cutting

produced a flame with higher energy than required heating power of 18 kW.

16 mm Plate - Hardness (HV) vs Cutting Speed
(mm/min) -6 mm S/0

w Oxy-DA oxy-propane

300

250

200

Hardness (HV)

150
450 475 500 525 550 575

Cutting Speed (mm/min)

(a)

16 mm Plate - Hardness (HV) vs Cutting Speed
(mm/min) -15 mm S/0

- oxy-DA oxy-propane

Hardness (HV)
g

450 475 500 525 550 575

Cutting Speed (mm/min)

(b)
Figure 49. Variation of hardness with cutting speed for 8 mm mild steel plate at 6mm

nozzle standoff (a) and 15mm nozzle standoff (b)

Munoz-Escalona et al. (2006) concluded that using oxy-propane resulted in less adherent slag
in comparison to oxy-acetylene. This research shows that three out of the ten oxy-acetylene
cut samples, from the 8 mm thick plate had adherent slag whilst the 16 mm thick plate
oxy-acetylene had no adherent slag. In contrast, four of the eleven oxy-propane cut samples
had adherent slag, one 8 mm thick (sample 16) and three 16 mm thick (samples 19, 22 and
23). It can also be seen that the 8 mm oxy-acetylene cuts had more adherent slag samples,

whilst 16 mm oxy-propane cuts had more adherent slag samples.
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5.4. Slag Adherence Mechanisms and Explanations

For thinner thicknesses less than approximately 10 mm, the heat generated by the combustion
of iron (Hmc) is less than preheat flame (Hphf) as shown in Figure 1. The heat required to
sustain the cut is mostly from the preheat flame. If the combustion of iron taking place in the
kerf is insufficient, free iron (Fe) will be more significant than iron oxides (Fe,O, ) in the slag
It is anticipated that the slag will adhere to the base metal for thinner thicknesses. However,
only three samples out of the six 8 mm oxy-acetylene samples have adherent slag. For the 8
mm oxy-acetylene cut, the fastest cutting speed of nominal plus 20% (755 mm/min) at both
the 6 mm and 15 mm nozzle standoff produced samples with adherent slag. This can be due
to the insufficient time for the combustion of iron at fast cutting speeds with the two samples
showing a backward cutting oxygen jet inclination during cutting and concavity of the cut
face after cutting.

The oxy-propane cutting of an 8 mm thick plate produced one sample with adherent slag.
Sample 16 was cut at the nominal cutting speed minus 20%, 504 mm/min at 15 mm standoff.
This sample had no gap measured between the slag and base metal. Three samples cut at 15
mm standoff had the highest oxygen-iron ratio of 1.4 of the three corresponding samples cut
with oxy-propane flame at 6 mm standoff. It was anticipated that this sample would have
non-adherent slag however the excessive preheat time, approximately 42 seconds resulted in
the base material having high heat input and the heat from metal combustion is greater than
the heat from the preheat flame. For the 8 mm plate, the heat from metal combustion is lesser

than the heat from the preheat flame.

For thicker thicknesses greater than approximately 10 mm, the heat generated by the
combustion of iron (Hmc) is higher than the preheat flame (Hphf) (Figure 1). Cutting is
mostly energy-driven by the combustion of iron which is also the rapid oxidation of the
metal. The combustion of iron is significant than the preheat energy thus, resulting in lower
free iron content compared to iron oxides Fe,O, in the slag Commonly, the slag will not
adhere to the base metal for thicker plate cuts. In this study, four 16 mm oxy-acetylene

samples had non-adherent slag.
Three samples from oxy-propane cutting of a 16 mm thick plate had an adherent slag. One

was cut at the nominal cutting speed minus 20%, 467 mm/min at 6 mm standoff, the other at

the same cutting speed at 15 mm standoff, and the third at the nominal cutting speed of 592
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mm/min at 15 mm nozzle standoff. Oxy-propane cutting of thicker plates seems to have
predominantly adherent slag as three of the five 16 mm samples have adherent slag. The
preheat time for these three samples was approximately 30 seconds for the 6 mm standoff

and 80 seconds for the 15 mm standoff.

The surface roughness Ra values of the 8 mm oxy-acetylene cut samples have a relatively
wide range in comparison to the maximum profile height Rz5 values. The samples with
adherent slag have a maximum profile height (Rz5) of 72 - 77 um which is the lowest of all
the oxy-acetylene cut samples, including the 16 mm samples. For the oxy-acetylene cuts, the
slag tends to be adherent when the Rz5 is below 80 pm. This suggests that 8 mm samples
with a smoother profile height can have adherent slag at the bottom of the plate due to the
slag thickness remaining stable in the kerf and in contact with the molten steel and not
periodically moving behind the cutting oxygen to create draglines that make the surface
rough. Should the slag move behind the cutting oxygen, it becomes enriched with iron
combustion products before settling on the sidewall at the bottom of the cut. In this instance,
the slag becomes enriched with free iron from the molten steel while remaining in contact
with the molten steel in the kerf and settles on the sidewalls at the bottom of the cut,

favouring its tendency to be adherent to the sidewall at the bottom of the cut.

5.5. Practical Implications

A traditional metal fabrication workshop adopts and applies a variety of methods to
manufacture products that can be used in various industries including automotive, oil and
gas, railway, marine, aerospace, and power generation. The methods used to fabricate the
parts are preceded by cutting the raw materials which are predominantly metal plates into
lengths that are then further processed by forming, welding, heat treatment, and corrosion

protection as required.

The oxy-fuel gas cutting (OFC) process is the oldest and underdeveloped of the mainstream
cutting methods, however, it is still widely used and requires controlling the inputs and
process parameters to produce a quality part that can be used effectively in the subsequent
fabrication processes. The adherence of the slag to the parent metal is a factor in processing
efficiency and may result in additional work to remove the slag which may lead to additional

labour and material cost and downtime.
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During this research, it was demonstrated that for thinner 8 mm thick samples, oxy-propane
had less adherent slag than oxy-acetylene cut samples. The slag was non-adherent on five of
the six oxy-propane cut samples. Varying the cutting speed and nozzle standoff seeked to
simulate the effect of manual hand cutting as hand cutting is prone to fluctuations in the
cutting speed and nozzle standoff. To minimise slag adherence, propane is recommended as
better-suited fuel gas for cutting thinner thicknesses below 10 mm. The 8 mm oxy-acetylene
samples have non-adherent slag at the nominal cutting speed for both nozzle standofts. The
acetylene gas is most effective when using machine cutting on thinner thicknesses below 10

mim..

For the thicker 16 mm samples, it was established that oxy-propane cuts had more adherent
slag than the oxy-acetylene. The slag was adherent on the oxy-propane samples at the
nominal minus 20% cutting speed and all the 15 mm nozzle standoff samples. The longer
preheat time of the oxy-propane, slower cutting speeds, and higher nozzle standoff promote
the slag to be adherent. Cutting at the nominal cutting speed at 6 mm nozzle standoff is most
effective for the thicker thickness. To minimise slag adherence, acetylene is recommended as

better-suited fuel gas for cutting thicker thicknesses above 10 mm.

5.6. Limitations

To further validate and refine the findings of this research there are some factors and

variables that could have been optimised and or approached differently.

The oxygen-fuel cutting process is still relevant in the fields of fabrication but the
investigations on OFC are limited in open literature. The works by Mufioz-Escalona et al.
(2006), Abdulateef et al. (2010), Harish and Babu (2017), and most recently Jokiaho et al
(2019) focused on other aspects of the OFC technique and not on the slag adherence. The
slag adherence in general in OFC is depicted in the book of Slotman et al. (1951) wherein the

variables and factors affecting the slag adherence of OFC are explained.
For the oxy-acetylene samples, the 6290-2 VAX nozzle used is prescribed for 8 - 15 mm

plate thicknesses. Though the 16 mm samples cut with oxy-acetylene had no adherent slag,

two of the samples with the nominal plus 20 percent of the cutting speed samples 9 and 12
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had no cut initiated subsequent to preheat as a result of the 6290-2 VAX nozzle not being
optimal for this thickness. Due to the narrower range of nozzle selection, the propane fuel gas

is better optimised than the acetylene (acetylene).

The calculated nominal average cutting speed for the 8 mm and 16 mm plates were 623 and
607 mm/min respectively as shown in Table 4. The potentiometer dial of the machine
increases at 0.5 increments as shown in Table 5 and potentiometer dials corresponding to this
were not achievable. Thus potentiometer dial number 8 of 632 mm/min was the closest to
623 mm/min and potentiometer dial number 7.5 of 592 mm/min was closest to 607 mm/min.
This is a deviation of - 1.4 % for the 8 mm and -2.4% for the 16 mm nominal average cutting
speeds.

The Harris equipment used described in section 3.1 of this report does not allow for separate
quantifying of the preheat oxygen and cutting oxygen pressure as the oxygen is supplied
through a common cylinder and pressure regulator. The supply of both the preheat and
cutting oxygen is combined through a common cutting torch through the nozzle and adjusted
with separate valves for activation as shown in Figure 39. The Harris cutting charts and
theoretical calculations were used to determine the respective fuel gas flow rates, preheat

oxygen, and cutting oxygen.
The EDS analysis used is prone to limitations concerning the detection of carbon and oxygen.

The atomic ratios of iron and oxygen, and the oxygen to iron used to determine the

composition of the slag were thus subject to a margin of error.
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Chapter 6 - Conclusion and Recommendations

6.1. Conclusion

The present dissertation aimed to study the slag adherence variation of oxy-fuel cutting gases
by experimental measurements. The study also reviewed the concepts of oxy-fuel flame
cutting to better understand slag adherence to the base metal. The contributions of this study

concerning the proposed scope of work are as follows.

The oxy-fuel cutting is often carried out based on process parameters prescribed in the
cutting chart of the various OEMs . These parameters generally yield a good-quality cut with
no adherent slag. Though not the most optimised cutting nozzle concerning plate thickness,
the cutting parameters (nozzle selection, cutting pressures, cutting speed and nozzle stand )
used for the oxy-acetylene and oxy-propane were selected to achieve a face cut of acceptable

quality for 8 mm and 16 mm thick plain steel plates.

During analysis it was deduced that the thinner 8 mm thick oxy-acetylene plate samples were
more prone to adherent slag than the oxy-propane and the thicker 16 mm oxy-propane
samples were more prone to adherent slag than the oxy-acetylene. For the 8 mm plate the
slag was adherent due to the heat generated by the combustion of iron smaller than the
preheat flame and there is insufficient combustion of iron taking place in the kerf at the faster
cutting speeds thus the amount of free iron is greater than the content of oxidised iron in the
slag (Fe,Oy). For the 16 mm plate, the tendency of the slag to be adherent was due to the
excessive heating power and preheat time of the oxy-propane nozzle at the slower cutting

speed which increases the likelihood of free iron content.

Utilising the Harris nozzles, the oxy-propane is most suited in minimising adherent slag
when manual cutting thinner thicknesses whereas oxy-acetylene is best suited for machine
cutting of similar thickness. The Oxy-acetylene nozzle is optimised for manual cutting of the

thicker 16 mm thickness.
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6.2. Recommendations

The relationship between surface roughness and adherent slag on the fatigue life utilising
oxy-propane, oxy-acetylene and additional fuel gas mixtures used in industry for OFC,

namely LPG and Chemtane are topics that may be further investigated.

The free iron content of the slag was not quantified and it is a major factor contributing to the

adherence of the slag. Further work that measures the free iron content is recommended.

Two nozzles were used to cover the section thickness for the oxy-propane cuts however the
heating power in Appendix B ranges from 6700 (8) - 15600 (18) Kcal/h (kW) for 6 - 50 mm
whereas theoretically it is 6 - 10 kW (eq 2.3.6). Further research with an optimised nozzle

from a different OEM may be a consideration for further investigation.
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Appendix A - Cutting Machine

HARRIS
PLUS

HARRIS PORTABLE CUTTING SYSTEM

Harmis Phes is a more portable version
of the Harris Super, designed with the same
precision and capabilities.

FEATURES

¥ Straight line and circle oy fuel cutiing

» Stepless Drive System, maintaining constant travel
spead even with high temperatures and ensuring
stable, trouble-free cutting

¥ Light weight - 9.5 kg - easy io carmy and use

¥ Modular straight 18040 mm rail sections
(to be ordered separately)

PACKAGE INCLUDES

» Cutting machine with connecting lead and rubber
connection hose from machine to cutting torch

» Harris cutting torch Model 198 with 3 tips

¥ Tool set

» Operation manual

Micdel shown with additional accessenies fo be ordered sepambsly

MODEL M. DESCRIPTION MOTE
PCS-FLUS-110F Harris Plus 110V
: Fropane
PCS-PLUS-Z20F Harris Plus 220V
PCS-PLUS-110 Harris Plus 110V
Acatylene

PCS-PLUS-220

Harrig Plus 220V

SPECIFICATIONS

Cutting Thickness 3-150 mim

Cutting Speed 150-200 mm/min

Speed confrol Single cone speed system, mechanical regulation
Power Source 110V, 220 VAC

Weight 95 kg

Overall Measurement

360 mm (L) x 140 mm (W) x 175 mm (H)

Cutting Torch

Propane: 198-4F
Acetylene: 198-4

Cutting Tips*

Propane: 6290-WC (size 5/0 to 214}
Acetylene: G290-VAX (size 1 to 5)
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Appendix B - Cutting Tips

MACHINE CUTTING TIPS

FEATURES:
* High-speed oxy-altermative fuel gas cutting tips

» Minimalize kerf

* Increased cutting speeds, reduced heat input

» High quality machine cuts, reduces afterwork

» Use with low cost fuel gases . |
» G290-WC plated shell, 5290-NH unplated ?‘i‘-\ !‘

6290-VVC

OXY-PROPANE CUTTING

CUTTING

SPEED

{mm/min}

750-550 4 : b 1410 - 900 7800 - 5100 :
G200-4/0WC 4-6 700-6520 25 10-05 1130 1410-900  350-230 7800 - 5100 15
G200-3/0WC &-9 650 -480 B0 26-07 2260 2800-1200 700-300 15600-6700 18
B200-00WWC  9-125 630-450 50 25-07 2540 2800-1200 700-300 15600-6700 18

6290-0WC  12565-20 600-400 60 26-017 3530 2800-1200 700-300 15600-6700 20
6200-0V:VWC 20- 35 560-360 7.0 25-07 4000 2800-1200 700-300 15600-6700 20
6200-1WC  35-60 480-220 7.0 25-07 5660 2800-1200 70D-300 15600-6700 23
6200-11:WWC  60-75 30-200 65 25-07 ToT0 2800-1200 70D-300 15600-6700 28

6200-2VWWC  75-100 280-190 65 25-07 8000 2800-1300 70D-330 15600-7400 30

MACHINE CUTTING TIPS

FEATURES:

» High-speed oy-fuel gas cutting tips

» Minimalize kerf

* Increased cutting speeds, reduced heat input

* High quality machine cuts, reduces afterwork

» G200-VAX & 6290-VPM plated shell,
G200-NHM unplated

\

6290-VAX N 6290-VPM

113 NG CUTTNG OXY CUTTING PREHEAT HEATING
PART NO. THICKNESS SPEED PRESSURE 0XY ALOW 0XY FLOW POWER
{mm) (mmy/min) (bar) Vh) (im) (Keal/h)
6200-1VAX 0-8 650 25-40 860 - 1260 400 350 4740

B290-2VAX 15 600 50 2400 450 420 5690
6290-3VAX  15-35 BED 7.0 4000 500 440 5960
6200-4VAX  35-T75 450 7,0 5000 580 500 6780
6200-5VAX  75-150 300 5,0 9000 660 600 8130
6200-6VAX 150 - 200 150 6,5 13500 600 800 10840
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Appendix C - Cut Quality Chart

MACHINE CUTTING GUIDE

¥  Regubar surtace with alightly sloping drag lines indioates a parfect
:Iﬂ.laﬁh amaunt of seale at the top of the cut is causad by prehaat flames snd iz-sanily
rampved. This surface can be uued for mamy purposss without machiring.

P Modertaly sloping drag lines and a rassonably emooth surface
charueteriza upmd:lﬂmm For prodiiction oparations a cut of this type represents the
beast combimation of quality and economy,

Dirt oracale in the tip will deflact the sxygen stream apd causs ona
or mom of the following problems; amess slag on tha ateel, an irregular cut surfacs,
pitting and undercutting.

DRTY TIP

S R +. -+ Rake angle af drog linss shows axtremaly fst catting spsed. Top
ld-]lhlmdmd :mHuqiu smooth, Howsver, alag adbares to the bottom side snd thems is
#tanger of losing the cut. Not ancugh tima iz allawed for slag o blow out of the karf. Cut face
witan slightly concove,

Eﬁnrlhl Ephtnnﬂg,:mthuuﬂln preszsurs l:luhﬂl nrlpadhhnlhnlllhmmhjl
n rendad or basded top edge oz in this caze, Az exygan volume nears correct proportans,

PrRESUTE marks appear closaris the bottom sdge until ihmy finally disappsar,

e ”l ulu |||II r|r|'i|-|r Bk

: 7 Drag fines incline backwarda, bota "drop et iz-stil
Hﬂarﬂ Top tﬁuhpﬂd Eﬂmhm&uﬂﬁlkujuﬂﬂ] iz sathtnotory for most
production werk.

UTT NG SPEED

L

*_Curt in high quality although there in some sarface roughnase
nmﬂ h_|| mﬂcﬂ&nﬂhm Top edge iz usually sliphty baaded. Quality is genarally
neceptably, faster apeeds are more desirable,

Grooves and desp drag lines caused by unetabls cutting action.
Part of prehaat cone burna ingide kerf where normal gas expansion deflects oxypen
cutting straam,

Tap edge is beaded or reunded, cut face k& notamooth and oftan is slightly
beveled when preheat effectivences iz partially lost dus to the tip being held too high.
Cutting apeed is reducad bacauyse of tha danger of loging the cut,

TIF DISTANGE

O VI oL s 't e f - Peesure marks ore caused by oo much cutting
anmmnmmnmmhﬂﬂmu-m canzumead in exidation, tha remaindsr
goee arcund the slag creating gougss; or proasirs marks. Dorrect thin fault by Towsring cutting
teygen pressurs, increasing spead, or using a smalier tip. As ooygen volume Aean corect
proportion, prasaur marks appear closar to the bothom adge until they finally disappear,

Bounded top edgae tavsad by too much prehest. Excess prahaat
'Emnnthnmmﬂmm}luﬁrmimam

5 ADJUSTMENT

Top adge ia sxcellent and cut face sxtramely smooth, Slag =hould b
sasy to remova and the cul part dirensianally sccurate: Gutting speed is slower than vertical
cutting because prahoat effect iz partially deflactad from plate,

) LOOK FOR

Gouging da-the most commaon fault. It s caused by either a zps
is too fast or prehaat fames that are too mild. Anothar fault is a rounded tep edge, caused by
‘oo much preheat, indicating excessive gas consumption,

WHAT TH
IM BEVEL CU
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Appendix D - Roughness Test Results
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Appendix E - Hardness Test Results

Sample Sample Sample Sample
1 2 3 4

Distance Distance Distance Distance
HV HV HV HV

(nm) (pm) (nm) (nm)
177.3 154.96 173.5 150.84 161 151.62 173 150.33
181.5 149.3 191 150.84 175.4 150.46 180.2 150.33
177.7 149.3 187.6 150.84 180 150.46 192.1 150.33
178.5 150.83 189.2 155.97 168.6 150.46 171.2 158.45
188.7 150.83 185.5 146.61 184.2 150 1254 148.45
180.3 148.14 192.8 148.61 190.8 150 174 149.07
184.4 151.31 190.6 149.75 173.3 150 163.1 150.23
183.2 149.43 187.2 150.56 174.8 150.74 165.2 150.23
186 149.43 179.8 150.56 174.1 147.5 164.3 150.23
171.8 149.43 163.6 150.56 188.9 150.04 177.3 150.85
172.6 150.98 183.4 148.76 180.5 150.04 174.1 150.85
148.7 150.86 187.6 148.76 176.3 150.04 180.5 152.31
186.7 150.86 188.6 149.84 179.4 150.04 182.8 147.92
128.7 150.86 186 149.86 182.1 148.95 182.5 147.92
Sample Sample Sample Sample
5 6 7 8

Distance Distance Distance Distance
HV HV HV HV

(nm) (um) (nm) (nm)
192.6 151.68 172.7 154.93 236.1 149.64 149.7 154.51
188 150.67 181.9 148.57 3199 149.72 141.2 152.24
187.3 150.64 185.9 151.59 365 151.02 143.8 152.24
189.1 150.64 187.6 151.59 3222 151.02 139.2 153.45
189.2 150.64 179.8 151.59 356.1 151.02 150.6 150.32
170.9 150.64 182.5 148.35 360.6 150.03 141.6 150.32
165.2 150.64 187 152.23 3573 151.44 141.1 151.34
183.1 150.64 176.7 152.23 3223 147.52 153.1 151.34
196.1 148.05 180.7 150.44 308.5 150.26 140 149.45
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190.3 151.21 155 152.16 291.4 150.26 146.4 151.14
200 151.21 168 150.01 269.5 149.65 139 152.03
191.8 147.8 181.3 147.62 220.06 1149.65 145 152.03
186.4 155.2 177.8 152.98 239.6 149.65 147.6 152.03
183 145.12 169.9 151.21 230.1 150.13 146.4 152.03
191.4 177.6 233.8 145.5
Sample Sample Sample Sample
10 1 13 14
Distance Distance Distance
HV Distance HV HV HV
(pm) (nm) (nm)

336.3 155.28 262.5 153.92 169.5 150.89 185.9 146.6
357.5 147.88 276.4 150.09 176.6 150.89 179.3 148.97
374.7 151.02 271.6 150.09 175.6 150.89 171.3 148.97
3313 152.51 221 154.17 175.7 152.46 176.5 153.58
340.7 148.8 196.7 150.42 180 151.21 165.1 148.76
3222 151.92 198.8 150.42 174 151.46 181.5 150.53
312.6 151.92 202 150.42 172.1 151.46 181.1 150.53
252.2 151.92 187 152.59 150.4 151.46 174.2 150.53
258.8 149.64 189.5 151.59 173.2 151.46 173.4 151.86
229.9 150.76 184.1 151.1 175.4 149.59 174.6 147.88
2243 150.76 182.4 151.1 170.3 152.2 174.8 151.94
211.8 150.37 193.6 151.1 175.7 147.46 174.1 153.23
200.4 150.37 194.7 151.1 181.3 151.86 173.2 174.42
188.6 153.88 188.7 151.25 181.5 151.86 176 150.06
190.1 186.7 163.6 174.6
Sample Sample Sample Sample
16 17 15 18

Distance Distance Distance Distance
HV HV HV HV

(nm) (wm) (nm) (nm)
175.9 155.34 161.8 155.55 182.8 152.59 162.7 149.11
180.7 150.58 174.3 151.02 174.6 148.03 166.3 149.9
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179.2 152.49 166.5 151.02 173 148.03 168 150.08
180 152.49 167.2 151.02 165.9 151.46 161.9 150.08
185.9 152.49 168.3 151.02 163.4 151.46 161.8 150.11
160.5 150.9 163.4 151.79 172.4 148.94 158.5 150.11
177.7 154.69 169.1 151.79 175.3 152.04 145.9 154.99
187.6 150.51 153.9 154.38 174 152.04 130.4 150.7
181.5 151.93 161.2 147.9 174.5 150.87 151 150.7
176.7 151.93 178.7 153.16 172.2 150.87 171 150.7
137.2 153.05 175.5 154.42 170.9 151.59 162.9 150.7
169.7 150.14 171.7 148.64 168.1 151.59 171.8 150.7
173 154.38 170.2 151.11 172.4 151.59 177.7 150.7
170.7 151.78 168.4 157.93 184.1 151.78 163.3 150.7
168.3 168.1 173 162.7
Sampl Sample Sample Sample Sample
el9 20 21 22 23

Distanc Distance Distance Distance Distance
HV HV HV HV HV

e (pm) (nm) (nm) (nm)
356.6 |154.43 2458 |153.3 261.5 153.38 188.9 |154.65 269.7 |[153
349.2 11519 2525 [1533 321.2 150.34 162.8 |153.74 304.9 ]150.83
3448 |151.9 291.6 |152.12 276.6 151.22 154.7 115047 289.3 [150.83
312.8 |154.08 3374  [159.81 2253 151.22 147.2 115047 262.1 [150.29
276.7 |147.7 149.7  [154.04 200.9 151.22 142.8 115047 225.8 [150.29
289.9 [152.68 210.7 [148.99 177.5 151.22 1444 115047 2124 |152.52
311.1 |152.68 2503  |157.5 174.3 151.65 134.1 150.47 196.6 |152.52
308.9 |150.47 2712 |156.32 158.4 154.46 130.3  |152.05 185.8 |148.38
286.2 |150.47 2354 |151.08 167.3 148.47 1334 |149.15 1754 |152.71
298.1 |150.47 2277 |155.49 171.4 152.75 144.1  |153.29 1644 |151.32
258.2 |150.47 257 157.38 171 151.87 133.5 |153.29 160.5 [151.32
255.7 1150.47 238.5 |153.52 159.7 151.87 134.6 1148.01 167.7 |151.32
262.7 |[152.95 2189 |153.52 163.2 151.87 142.3  |152.36 166.5 [151.32
2373 |[152.95 184.7 [153.52 165.5 151.87 140.3  |152.26 1553 |151.78
213.1 181.4 162.2 143.2 153.32
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Appendix F - Base Metal Test Certificates
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