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ABSTRACT

Several mild steel plates of different chemical compositions were cut with an 

oxygen-assisted CO2 laser system, and key processing parameters were varied in a 

systematic manner to determine which of these variables have the most influence on the 

quality of laser-cut surfaces as well as laser-pierced holes. Laser processing was 

conducted with a 6-kW flat-bed CO2  laser manufactured by Tanaka. Plate steels ranged 

in thickness from about 16 to 20 mm, and alloying element levels were varied within 

low-to-moderate ranges, including a carbon content range of 0.08 to 0.40 weight percent. 

Most surfaces o f these steels were treated only by shot blasting prior to laser cutting, 

although a small number o f surface-condition variations were applied to one of the steels. 

Laser-cut surfaces were characterized in several ways, and key measurements included 

surface roughness (ten-point-height and spacing between striations), heat-affected-zone 

(HAZ) width, and kerf width. The response of steel plates to laser piercing was 

ascertained through measurements of pierced hole size and time to complete a piercing 

operation. Steel plates were pierced, followed by linear cutting at several different 

speeds ranging from 350 to 1,050 mm/min. Additionally, other plates were pierced 

without a cutting operation at power settings ranging from 2.8 kW to 4.8 kW. Finally, 

still other plates were cut linearly from end to end with no piercing step.

A 50-ksi 0.23C-1.40Mn-0.21 Si steel (designated steel A) was tested with four 

different surface conditions: Blanchard ground, furnace oxidized, shot blasted, and 

artificially corroded. The totality of the evidence suggests that the best laser-cut surface 

was produced from the Blanchard-ground plates, while the artificially corroded produced 

the worst; however, the differences were comparatively small for the laser-processing 

parameters that were used in this first phase of the thesis work. Additional experiments



showed that common paint markers used on steel surfaces have a profound 

negative impact on the surface quality; specifically the laser-cut surfaces exhibit 

significant thermal gouging and large amounts of dross are attached to the plate bottoms 

in the near vicinity of the paint marks.

The second phase of the thesis work included steel A along with a 50-ksi 0.13C- 

1.29Mn-0.11Si steel (material B, processed as discrete plate), and a 50-ksi 0.08C- 

0.97Mn-0.02Si steel (material C, processed as coiled plate). Additionally, two other 

commercially produced plates were studied as well as seven laboratory heats with 

controlled variations in carbon, vanadium, and niobium contents. As regards the quality 

of laser cutting (ascertained predominantly via roughness, striation spacing, and HAZ 

width), it was shown that the surface quality o f laser cuts degrades notably with an 

increase in carbon content o f the steel. Somewhat weaker effects were the degradation of 

surface quality with an increase in laser power and with an increase in plate thickness. 

Laser cutting speeds showed a more-complex influence whereby at the lowest and 

highest speeds, the cut surfaces were o f lower quality than for intermediate speeds. The 

totality of the evidence indicates that the best laser cutting speed is within the 

approximate range of 750 to 950 mm/min. A very weak effect was observed in terms o f 

a negative influence o f other solute content (not including carbon) on surface quality.

This effect requires further testing to become statistically significant. In an attempt to 

explain these observations, a hypothesis suggested that as the thermal conductivity o f a 

steel decreases with increasing solute content, the amount of heat dissipated into the steel 

as wasted energy should also decrease, and cut quality would be improved. However, the 

data indicated that this hypothesis was incorrect. It was postulated that other effects, such 

as the influence of alloy content on melting temperatures, viscosities, and surface 

tensions should be examined to explain the data obtained from this study, but an 

appropriate model does not exist at this time.



The piercing quality of steel plates was evaluated largely by estimating the lowest 

power setting that would result in a rather large 2-mm-diameter pierced hole size on the 

bottom of the plate. Similar to the results for cut-surface quality, a notably large negative 

influence of carbon on piercing behavior was observed. Other variables that had a 

negative impact, though of lesser severity, were the other total solute content and plate 

thickness.

From a practical viewpoint, the thesis contains regression expressions that would 

allow for some comparative predictions regarding how well a steel plate would cut and 

pierce. The predictions would be associated with somewhat narrow ranges of steel 

compositions and processing parameters, and expected reliabilities would be modest, at 

best, based on the calculated R2 values, especially for laser-cut quality. In addition, 

"processing maps" for steels A, B, and C are presented that show 1 aser-power/cut-speed 

combinations that would produce cuts o f different quality. These maps combined with 

other data indicate that steels B and C are more robust than steel A with respect to cut- 

surface quality and piercing behavior.
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1.0 INTRODUCTION

Laser cutting has been used commercially to cut various materials from wood to 

ceramics since the early 1970’s (1). Throughout the short history of this process, 

researchers have struggled to relate the science behind the cutting process with the 

materials commonly cut with lasers. Since low-to-medium carbon steel sheet and plate 

make up the majority of the materials cut commercially lasers, much of the scientific 

work has focused on this area.

Cutting with lasers offers many advantages over traditional sectioning methods 

such as saw cutting, plasma cutting, and even stamping. Lasers offer a cut edge with a 

narrow kerf width, sharp, perpendicular sides (2), a small HAZ, and the absence of 

residual stress in the final work piece. In addition to the high quality of the final cut, an 

additional benefit is the ease of combining the cutting process with computer numerical 

control (CNC). Although much work has examined laser processing of thin gauge steels, 

very little work has taken thicker sections into account. Although lasers are not suited for 

all cutting applications, when applicable their presence can provide flexibility, efficient 

material use and a repeatable, controlled process.

In this project the influences of workpiece chemical composition, surface 

condition, cutting speed, and laser power are investigated for the exothermic CO2 laser 

cutting of 16-to-20 mm thick low-to-medium carbon steel plates. Kerf width, cut surface 

characteristics (i.e. surface roughness), and heat-affected zone (HAZ) have been assessed 

for various sets of processing parameters. Theories behind processing issues related to 

laser cutting as well as optimum operating conditions for the steels tested are suggested in 

this work.
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2.0 BACKGROUND

There are three types of laser cutting (2) that, depending on laser power and 

processing gas, are ideal for the cutting of commercial materials. The first type is laser 

sublimation cutting. This method relies on the laser power alone to heat the material to 

its evaporation temperature to cause cutting, and as such is constrained to shallow-depth- 

cutting only. The second type is laser fusion cutting in which a high-pressure gas 

removes the molten material created by the laser power. Unlike laser sublimation 

cutting, the laser power is slightly lower and faster cutting rates are achievable. The final 

and most commonly used type is exothermic cutting. Exothermic cutting involves not 

only the power o f the laser beam itself, but also additional energy produced by the 

exothermic reaction of oxygen gas when ignited by the heated material. In addition to the 

exothermic energy, the presence of the oxygen gas under high pressure provides for the 

removal of molten material, as well as a method for effectively quenching the cut edge as 

the cutting front passes. Exothermic laser cutting allows for high cutting rates as well as 

thicker cutting depths. The work conducted in this study exclusively uses the exothermic 

method of laser cutting because of its value to the manufacturing and steel making 

industries.

2.1 Industrial Relevance / Purpose and Goals

A significant amount of research on the laser cutting process has been published 

in the last 40 years; however much of it deals with the cutting of thin gauge sheet 

material. Very few projects have studied the role of laser parameters when cutting 

moderate-to-thick plate and even fewer have studied the effects of different alloying
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elements in the steel composition and the effects o f the surface condition. Moreover, 

most laser cutting literature has either been geared for those in the scientific field 

completing highly academic laser physics research or for those in the laser cutting 

industry that tends to be more for advertising than for commercial benefit.

2.1.1 Industrial Relevance

As previously stated, thin section laser cutting has been widely accepted by 

industry as being a highly adaptable and accurate means of processing for metals. As a 

result, the majority o f research has been devoted to thin sections using lower powered 

lasers. Beyond this limit very few research initiatives have taken place, at least within 

the realm of exothermic CO2 laser cutting. Although it appears the thin section laser 

cutting research has served its purpose well, it is impractical to extrapolate the 

information to make educated guesses as to how thicker sections will behave.

Certain industries, including shipbuilding, large equipment manufacturing, as well 

as automotive manufacturing, would like to find an alternate way to process thick section 

steel plate. These industries, all of which currently or may in the future have distinct 

applications for precise laser cutting, have struggled with cutting thick sections that up 

until recently has been completed either using contact sectioning methods such as sawing 

and grinding or other forms of thermal cutting such as plasma cutting.

Large equipment manufacturers and members of the automotive industry, 

realizing the usefulness of industrial lasers in their processes, as well as steel plate 

manufacturers seeing a niche market that has yet to be fully realized, are searching for 

reliable data to which they can adapt to their processes. As part of this there was an
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obvious need for cutting research to be completed on steel plates with thicknesses 

ranging from 12 mm to well over 25 mm.

Many professionals in these industries have discussed the fact that optimization of 

the laser cutting process is necessary for a number of different reasons. First of all they 

need to process thicker material so that larger equipment for larger applications may be 

developed. Secondly, many need to maximize the speed of the cutting process, which is 

often considered a bottleneck in the operation of a manufacturing facility. Finally, 

optimizing the laser process will reduce or eliminate the extra cost associated with scrap 

material. Because of the CNC control available on laser cutting systems, companies are 

able to cut many parts out of one large sheet of steel. Called nesting, this allows parts to 

be removed from a plate with as little as millimeters between parts. Unfortunately with 

this design method, if one sample does not cut well it may damage a number of 

surrounding parts as well. If the cutting process were optimized, the rejection rates could 

drop to a minimal value, saving money and time.

Once laser cutting is completed successfully the beneficial results of the process 

are noted in subsequent manufacturing processes. ‘Downstream’ manufacturing benefits 

of laser cut pieces include improved dimensional tolerances, improved post-cut flatness, 

lower residual stresses, and a reduced need for post-manufacturing finishing process such 

as machining and grinding.

Laser cutting, although considered a mature process, still has much room to grow 

and more applications to fill. According to published statistics reported by Prusa (3), the 

laser cutting industry accounts for nearly $600 million per year with a projected annual 

growth rate o f 25%. With this magnitude of growth, further and deeper understanding of 

the laser cutting process is required. In addition to cutting applications, lasers are being 

used in industry for a number of different applications including welding, heat-treating, 

surface treating (i.e. peening), and vapor deposition (3). Laser research, whether it is in
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the field of cutting or welding, is important for the growth of the usefulness of lasers in 

industrial applications.

Although laser research has been in progress since the 1960’s it seems that very 

few of the results gathered have made it to the laser operators on the shop floor. Many 

laser operators, although very knowledgeable about laser equipment, know very little 

about the science involved in the cutting process. It is clear from discussions with the 

laser operator responsible for the cutting in this study that operators end up learning and 

subsequently passing on information that may be valid or may be completely incorrect. 

This colloquial information only serves to slow the progress o f laser usage in industrial 

settings and needs to be addressed. This project, although based in academia, is geared 

towards providing practical cutting information, such as specific processing 

characteristics, on practical materials often used in industry. It is hoped that the 

information contained herein will be readable as well as useful for laser operators on a 

regular basis.

2.1.2 Purpose and Goals

Research completed at TWI (4) has shown that material composition, laser cutting 

parameters, and material surface condition have a greater influence on overall laser cut 

quality than the combined effects of the laser cutting machine and operator. Feedback 

received from many members of industry validated this claim based on their own 

experiences. Based on the feedback offered by these industrial mentors and based on the 

library of laser cutting data in the scientific record, we have focused the scope of this 

study to identify the influence of material conditions (i.e. surface conditions and alloy 

composition) as well as key laser parameters (i.e. cutting speed and laser power) on laser 

cutting of thick section steel plates. It is expected that by studying these areas the results
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will allow identification of processing regimes to achieve optimum cut attributes. Such 

optimization windows can be established for any material-thickness-laser combination 

based on the requirements and specifications of the final cut part. The goal is to create 

these optimization windows based on the materials cut and the parameters varied. As 

part of this processing parameter identification, this project will steer away from definite 

definitions of cut quality but will instead focus on comparisons of typical quality 

measures as well as the improvement of other factors such as cutting speed efficiency.

A number of researchers have spent time generating models for the prediction of 

laser processing parameters for cutting steel. Although this kind of work is encouraging, 

few of these studies have focused on thicker sections of steel. In addition to this the 

results of previous studies are not easily re-interpreted for different materials and/or 

thicknesses (3). Greater understanding of laser cutting interactions may allow steel 

producers to create grades of steel with improved laser cutting characteristics, leading to 

greater consistency and reproducibility of the laser cutting process. Once the 

mechanisms of the process are better understood it is hoped that cut quality in larger 

section applications can be improved.

Although it has been shown that cutting with industrial lasers shows a remarkable 

economic benefit (1) it should be noted that no attempt is made to correlate laser 

parameters, i.e. power and assist gas use, to economical factors throughout this project. 

The goal of this project is to determine processing characteristics and capabilities and 

leave further economical research to other investigators.
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2.2 Physics of Laser Cutting

The acronym LASER stands for Light Amplification by Stimulated Emission of 

Radiation. This means that all lasers, regardless of the type, produce light by stimulating 

gaseous species and then harnessing the radiation emitted when those structures release 

the stored energy. Major design differences found between laser types do not depend as 

much on the principles of lasing, but more on the ways of exciting and cooling the gas 

mixture in the laser cavity (5).

2.2.1 How a CO? Laser Works

In order for a CO2 laser to work, a high-energy stream of electrons is passed 

across a volume filled with a mixture of CO2 , nitrogen, and helium (5). For example, the 

laser used for this study used 5% carbon dioxide, 40% helium, and 55% nitrogen for the 

gas mixture. This volume of gas, shown in Figure 2.1, is flanked by one opaque mirror 

and one semi-transparent mirror.

Semi
transparent
mirror

Mirror

Hiqh V oltage

Laser cavity (f illed  with gas mixture)

Figure 2.1 : Diagram of the equipment used to create a ‘CO2 Laser’. This figure has

been reproduced, with permission, from “CO2 Laser Cutting” by John 

Powell (5).
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As the high-energy beam passes through this gas mixture, the energy is passed 

directly to the gas molecules by means of collision. As the CO2 molecules absorb 

energy, the geometry of the molecule distorts in such a way as to store the energy 

effectively changing the angle of the bond between the carbon center-atom and the two 

oxygen side-atoms (5). Figure 2.2 shows a visual representation of how this distortion 

takes place.

It should be noted that since only the CO2 molecules are used to create energy, the 

nitrogen and helium are used only to improve the efficiency of the laser (5). Powell (5) 

notes that a laser using CO2 alone would only be approximately 1 % efficient; however 

adding nitrogen and helium raises the efficiency to 10-25%.

Energy (electron 
volts)

Oxygen
0 . 3 - .Upper 

Lasing level

0. 2-
 Lower

Lasing level

,0.1" Intermediate
LevelOxygen Carbon

Ground
State

Figure 2.2: Diagram of the carbon molecule showing that as energy is absorbed the

amount o f energy it contains increases. This figure has been reproduced, 

with permission, from “CO2 Laser Cutting” by John Powell (5).

As the CO2 molecule absorbs energy, the angle of the oxygen atoms changes to a 

number of varying degrees correlating to different energy levels up to an intrinsic limit
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defined by quantum mechanics. Once this maximum amount of energy has been 

absorbed the molecule is considered ‘excited’ (5). Because the molecule is forced into an 

unnatural state by the energy beam, it is energetically favorable for it to relax back to its 

natural state. When this happens the energy stored by the molecule is released as a 

photon. This photon will not only have an energy that correlates to the drop in stored 

energy, experienced by the molecule when it relaxes, but will have the same amount of 

energy and therefore wavelength, as photons released by other molecules. As molecules 

release energy in the form of photons, other molecules being bombarded by this energy 

spontaneously release their energy, resulting in a domino effect that causes all molecules 

to release their energy in quick succession. As the amount of photon energy in the laser 

cavity grows, it is reflected between the mirrors placed at either end. A certain amount, 

roughly half of the total available energy, is released through the semi-transparent mirror 

and is then considered ‘laser’ light.

The light emitted from this process is monochromatic, meaning single wavelength 

(10.6 pm), as well as being parallel. The monochromatic nature o f the light allows it to 

be focused into a small, high-energy spot, as compared to white light, which splits up into 

its different wavelength components when focused. Figure 2.3 shows the natures of 

white light as it compares to laser light emissions.
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Blue Red

White
Light

c

Figure 2.3: Diagram of different light sources and their corresponding focal
characteristics, a. Focused white light, b. Non-parallel light, c. Laser 
light. This figure has been reproduced, with permission, from “CO2 Laser 
Cutting” by John Powell (5).

The CO2 laser light, being 10.6 pm in wavelength, is placed in the category of infrared 

energy. Figure 2.4 shows the wavelength and frequency information for different 

radiations including the values produced by other types of lasers.
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Figure 2.4: Diagram of the radiation spectrum. It should be noted that the wavelength

listed in this diagram is in centimeters. This figure has been reproduced, 

with permission, from “Technical Information: Laser Processing, TLF 

Laser: Basics, Installation and Use” by Trumpf and Co. (7).

2.2.2 The Cutting Process

Once the laser energy is produced and is at a constant level, the next step is to 

harness this energy and direct it toward the medium to be cut. This is done by an
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intricate system of tubes, mirrors, and lenses all contained within the cutting head. 

Figure 2.5 shows a diagram of the cutting head and its components.

Flight
tube

Water cooled 
tilt adjustable 
45° mirror

Laser
beam

Manual or 
automatic 
height 
adjustment

Lens'O' ring type seals
Pressure
gauge

— Lens mount
Cutting
gas
inlet

Focussed 
laser and 
gas jet

Nozzle

Work piece

Cut

Figure 2.5: Typical cutting head setup showing the internal components. This figure
has been reproduced, with permission, from “CO2 Laser Cutting” by John 
Powell (5).
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As the laser beam exits the cutting head, a constant flow of oxygen gas is emitted as well. 

The laser beam acting coaxially with the oxygen gas are the two components necessary 

for cutting to take place. The purpose of the laser beam is to heat the material to a 

temperature sufficient to allow the oxygen gas to ignite upon contact, a temperature of 

approximately 1200°C. The oxygen gas then bums; hence the term ‘exothermic’, 

releasing additional energy that is used to melt the substrate. The oxidation of iron 

releases a certain degree of heat, approximately 100-150 J/(mole X degree) (6). The 

purpose of the high-pressure oxygen jet is threefold. In addition to the exothermic 

reaction, its job is to eject all of the molten material and slag from the kerf and then to 

cool the rear of the cutting front, where the laser has already passed, to minimize the 

spread of thermal energy.

The use of oxygen gas causes a layer of oxide to be deposited on the laser cut 

edge that would not be present if the cutting was completed using the laser energy alone. 

Although considered undesirable on the final surface, this oxide formation in the cut zone 

has been shown to have very positive effects. The oxide layer, mainly FeO, has a much 

higher absorption coefficient for laser energy than pure iron. The absorption coefficient 

of FeO approaches 90% compared to only 8% in pure iron. In addition to this, the 

melting point of the FeO is 1380°C while it is 1530°C for pure iron (2).

Once the burning reaction is completed for one small area the laser head moves a 

small amount and the process begins again. This periodic process of heating, burning, 

and then extinction followed by laser movement is what makes up the cutting process. 

Although the laser must continually go through this process in order to complete the 

cutting process, it happens fast enough as to be non-detectible to the naked eye. Figure 

2.6 shows a visual representation of the cut propagation process.
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VIEW

STEEL SHEET

BEAM

H e a tin g B urning E xtinction R e in it ia t io n
G eneration

Figure 2.6: Diagram showing the periodic nature of the cutting process. This figure

has been reproduced, with permission, from “CO2 Laser Cutting” by John 

Powell (5) and is originally based on the work of Arata, Miyamoto, et al. 

(8)

Figure 2.6 shows that as the cut propagates, the round or oval shaped nature of the laser 

beam causes the cut to be ragged. The result of this is the formation of striations on the 

surface that are parallel to the beam direction. As a definition, the kerf width of the laser 

cut is the width of the laser beam plus any additional burning that takes place in the area 

o f the beam. Figure 2.7 shows a visual comparison of roughness due to striation 

formation and kerf width.
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1

1 Roughness 3 Kerf
2 Workpiece

Figure 2.7: Top view of a laser cut sample showing the definitions of roughness (due

to striation formation), and kerf width. This figure has been reproduced, 

with permission, from “Technical Information: Laser Processing, TLF 

Laser: Basics, Installation and Use” by Trumpf and Co. (7).

As the laser head moves to propagate the cut, so does the burning process, also known as 

the cutting front. As a result of the movement of the laser head and the cutting front, the 

striations tend to have a parallel nature for approximately the first third of the cut depth 

and then have a curved nature for the remainder of the depth. This is a result of the 

burning process completing on the bottom 2/3 of the depth after the laser has already 

moved to its next position. This curvature in the striation pattern is called ‘drag’. Figure 

2.8 shows the definition of drag and how it is measured.
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Figure 2.8:

R eference line 4 Cutting direction

W orkpiece 5 Drag lines

Groove width n Groove lag

This figure has been reproduced, with permission, from “Technical 

Information: Laser Processing, TLF Laser: Basics, Installation and Use’ 

by Trumpf and Co. (7).

The characteristics of the striations, including the groove lag, contain a lot of 

information as to how the laser beam reacts with the material, which in turn defines the 

quality of the cut. Striation characteristics as they apply to cut quality will be discussed 

in further detail later in this thesis.

The goal o f the cutting process is to produce a surface that is relatively flat except 

for the evenly spaced striations. Figure 2.9 shows how this process would progress.
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1 Focusing optics
2 Laser beam
3 Gas jet work gas
4 Drag lines

5 Melting or slag
6 Cutting edge on the workpiece
7 Nozzle
8 Cutting direction

Figure 2.9: Visual representation of the cutting motion. This figure has been

reproduced, with permission, from “Technical Information: Laser 

Processing, TLF Laser: Basics, Installation and Use” by Trumpf and Co. 

(7).
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2.2.3 The Piercing Process

As stated before, many industrial applications for laser cutting are designed in 

such a way that many parts are nested very close together. Although it is possible for the 

cutting process to break down and cause damage to surrounding parts, it is more likely, 

based on observations of the process, that the piercing process will fail with detrimental 

results.

During the piercing process the assist gas has some exothermic effects on the 

molten material, but its primary function is to blow the molten material out of the hole 

that has been created (9). Making the proper pierce through the material is very 

important. If too much energy is added all at once, the material can literally explode due 

to excessively rapid vapor production leading to a high vapor pressure (9). This 

phenomenon is called a ‘blowout’ by members o f the laser cutting industry. A blowout is 

considered detrimental due to the large hole created when the reaction occurs. If the 

piercing energy is lower than necessary, an incomplete pierce will occur resulting in a 

wasted cut part.

Again, much like laser cutting, very little research has been dedicated to the 

piercing process and the issues involved therein. For this reason the piercing of different 

materials with different laser parameters will be studied along with cutting.

2.3 Laser Cutting Equipment and Operator

It was stated earlier in this research that the combined effects of the laser cutting 

equipment and operator are insignificant when compared to the effects of material and 

processing variables; however they are factors that are part of the research and therefore 

must be discussed.
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Table 2.1 lists the laser parameters used throughout the course of this project.

This table shows a number of laser property values that are unknown. The professionals 

working with the equipment could not verify one value in particular, which was the 

composition of the assist gas. It is known however that the assist gas used was oxygen of 

industrial purity based on examination of the cylinder used. Although the term ‘industrial 

purity’ may not be sufficient for some, it should be noted that the minimum oxygen 

purity level recommended for commercial cutting operations is 99.5% (11). Other 

unknown factors such as the laser spot diameter and the focal point of the laser remain 

unknown because they were not measured at the time of testing. Going back at a later 

date and making these measurements would surely produce uncertain results.

2.3.1 Laser Equipment and Parameters

The cutting machine used was a 6 kW bed-style plate laser manufactured by 

Tanaka, model LMX-II TF6000. The equipment featured a bed size of 8ft x 20ft that 

remained static as the laser head was controlled from above. This particular laser was set 

up with a lens column that held the lens at a distance of 7.5 in from the plate surface, 

which the laser operator indicated as typical for the cutting of plate steel. Other 

parameters, such as gas pressure and control were determined automatically by the laser 

programming. Assist gas pressures ranging from 0.26 to 0.60 kg/cm2 (3.70 -  8.53 psi.) 

were observed depending on the cut geometry being attempted.

2.3.2 Laser Mode

The “mode” of the laser, as defined by Powell, describes the energy density cross 

section of the laser beam which can be easily determined by exposing a sheet of acrylic to
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the unfocused beam, without the presence of a gas jet, for a few seconds (5). By doing 

this an imprint of the beam showing the width and depth of the beam effect is left in the 

acrylic surface. The two common modes used for laser material cutting are ‘Gaussian’, 

in which the laser beam cross section shows a single dense circle of energy that increases 

towards the beam center at the same rate as a Gaussian curve, and ‘doughnut’ mode, in 

which the beam has a circular cross section that is void of energy in the center (5). The 

mode used for the cutting tests completed in this study showed a nearly Gaussian curve 

when the beam was acrylic tested. Since the imprint was not perfectly Gaussian it may 

be better to describe the beam as ‘multimode’. The term multimode refers to a group of 

parameters that will include varying degrees of both Gaussian and doughnut modes. 

Although the mode used was shown to have an arguably multimode imprint it was 

unclear if this was done on purpose or if it was the result of poor quality or dirty optical 

components, which has been shown by Powell (5) to degrade a Gaussian mode to a 

multimode behavior. It has been noted by Dilthey (6) that cutting speeds 10% faster have 

been achieved with a Gaussian mode rather than the doughnut mode and that the average 

surface roughness of a cut surface can be decreased by 10 pm by using a Gaussian beam.
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TABLE 2.1 : Laser Identification and Properties Used Throughout the Study.

Laser Properties Laser Property Values

Laser Flat-Bed Style, Manufactured by Tanaka, Robotics 
(CNC control) by Fanuc

Power 0-6 kW

Laser Mode Nearly Gaussian (Slightly Multimodal)

Cutting Mode Continuous Wave

Piercing Mode Pulsed (Frequency Unknown)

Laser Wavelength (X) 10.6 pm

Nozzle Diameter 2.5 mm

Lens Type Zinc-Selenide (ZnSe)

Nozzle/Material Standoff 2 mm (cutting), 3 mm (piercing)

Focal Length 7.5 in

Focal Point Unknown

Laser Spot Diameter Unknown

Assist Gas Composition Oxygen (Unknown Purity)

Laser Gas Composition 5% carbon dioxide, 40% helium, 
55% nitrogen.

Average Assist Gas Pressures 
for Straight Line Cuts and 
Pierces (Cutting, Piercing)

0.35 kg/cm2 (4.98 psi), 0.37kg/cm2 (5.26 psi)

Gas Pressures for Cutting Small 
Geometries

0.26 -  0.60kg/cm2 (3.70 -  8.53 psi) Depending on 
Cut and Cut Geometry
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2.3.3 Laser Operator

An important job of a laser operator is determining a rough set of parameters to 

use in different cases. If the operator should cut a material where the typical parameters 

are unknown, the operator must be able to ‘read’ the process during and after cutting by 

watching the plume created by the ejecta and examining the cut edge once cutting is 

complete. An increased amount of expertise on the part of the operator may decrease the 

number o f blowouts caused by incorrect piercing parameters or a decrease in the number 

of parts that readily fall out of a nested plate after cutting, both of which translate into 

more viable parts per sheet and less money and resources going into scrap.

In addition to this the operator’s job is to make sure the laser equipment is not 

damaged during operation. Common problems that can arise are, first of all, materials 

that are not completely flat causing the laser head to impact the surface, and secondly 

problems caused by the hot ejecta blowing back towards the laser head such as fires 

started in the high-pressure oxygen lines and damage to the lenses when the ejecta cakes 

onto the laser opening.

The operator that assisted in completing the tests had been running the Tanaka 

machine for upwards of 5 years with an increased amount of time beyond that spent on 

other lasers. Throughout his experience it was clear that he had seen a wide range of 

problems associated with steel plate cutting. The operator indicated that although surface 

differences can affect the cut characteristics, it was not dependent so much on the type of 

surface, but instead the consistency involved therein. In other words, it was not the fact 

that steel had an oxide coating that was of concern; it was if the coating was missing or 

‘spotty’ in different locations around the plate. He proved on a test sample that as the 

laser traveled from an area covered in oxide to one with no oxide and vice versa, the laser 

would ‘spark out’, causing the laser to stop cutting and for the process to have to be 

manually re-started.
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It should be noted that the term ‘operator effects’ does not only include those of 

an individual operator but includes effects on a company-wide level (4). Since a 

corporation would set limits for the determination of acceptable cut quality their 

influence must be considered as well.

2.4 Some Laser Cutting Variables

Laser cutting of materials is largely dependent on inter-related material properties 

such as thermal conductivity, melting point, effect o f oxidation reactions, reflectivity, etc 

(10). These properties vary over a wide range, thereby necessitating that each material be 

independently investigated.

2.4.1 Effects of Cut Geometry

Laser cut parts being produced in industry today may be of large size with few 

intricate features or may be small requiring many fine features to be produced.

Regardless, during the designing and laser programming stages of the development 

process, engineers must be aware of several factors inherent in laser cutting that may 

cause difficulty

Generally the more complicated a part geometry is, the more difficult it is to 

maintain constant cutting speeds (12). This translates into compromised productivity 

when cutting shapes with curves and angles. It is more efficient to speed up a laser when 

cutting curves to prevent overheating due to a short dwell time at the point at which the 

laser changes directions. Sharp comers are difficult to cut because o f the build-up of 

thermal energy when the laser changes directions. The result of this heat-build-up is
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rounding-off of the sharp comer, which is detrimental if the final part must hold close 

tolerances. Sharp comers should have a cool down period to minimize heat transfer that 

will result in burning. When cutting large geometries it is probable that the material will 

experience some cooling before the laser circles back to its starting position. When 

cutting small geometries, however, the material does not have time to cool. Research has 

shown that when the temperature of the plate reaches a certain value, the cut quality as 

well as the geometrical tolerances will degrade significantly.

When cutting straight lines, a short delay after the lead-in often works well to 

lessen the impact o f the abrupt direction change to actual cutting (9). Similarly, at the 

end of a straight line cut, care must be taken to avoid discontinuities that may be 

unacceptable based on cut quality criteria. Figure 2.10 shows how the end of a cut can 

cause surface discontinuities.
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Figure 2.10:

Cutting
direction

A. Normal cutting

‘vVWrAW1
Cross section of 
cutting process

-I a> B. Top part of cut front 
clears the workpiece

C. Double cutting 
front established

D. Final appearance of 
the cut edge

Discontinuity

Diagram showing the progress of a cut and how the end of a cut can cause 

surface discontinuities. This figure has been reproduced, with permission, 

from “C 0 2 Laser Cutting” by John Powell (5).
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2.4.2 Surface Condition Effects

Research has shown that the thickness of the mill-scale layer can affect the 

chemical oxidation reactions in the cut zone. Iron can undergo a number of different 

reactions during cutting, thereby yielding FeO, FezOg, and/or FegO^. The amount of 

oxidized material on the steel plate surface and the type of oxidation reaction determine 

the amount of energy liberated by the oxidation reaction during laser cutting. Work by 

D.W. Taylor (4) has shown that a consistent layer of mill scale of around 30 pm in depth 

is ideal for CO2 laser cutting of steel. In general, however, as the thickness of this layer 

increases the relative amount of exothermic assistance from the oxidation of the iron 

decreases (5). The adherence of the oxide layer is dependent on the carbon content of the 

steel plate. A decrease in carbon content increases the adherence of the oxide (13). Steels 

suitable for laser cutting also should have thin, tightly adherent surface scale (5).

Research has shown that steels with loose or flaked scale will generally hinder the laser 

cutting process by constantly altering the focus location of the laser beam. This will result 

in reduced cutting speeds and excess dross adhesion on the bottom edge of the cut (5).

The term dross refers to re-solidified material that clings to the bottom of the cut after 

completion of the process.

Overall surface cleanliness is critical to successful laser cutting. Oxidation 

presents much the same problems as mill scale, and other surface contaminants such as 

grease, stencil markings or paint will also interfere with the process. It has been noted 

that abrasive blasting can have a negative effect on cutting. For example, microscopic 

amounts of silica present after sand blasting may become incorporated within the melted 

material during cutting, changing the chemical equilibrium in the cut zone. The change 

in equilibrium causes poor cut quality and can increase the amount of dross re-casting on 

the bottom of the cut (5). Positive effects during shot blasting can be experienced if all
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embedded particles are removed from the surface prior to cutting and/or by using shot of 

a composition that will not alter the melt composition, such as steel shot.

Methods for de-scaling used in industry differ between manufacturers; however 

they have been shown to affect the quality of the laser cutting process. Some 

observations suggest that removal of some, or all, of the oxidized surface on steel has 

minimal impact on how well the laser cutting process proceeds. In other words, steels 

that cut well do so whether or not the oxide is present; likewise, steels that cut poorly do 

so with or without the presence of the oxidized surface. One goal o f this project is to take 

comparatively thick plates of carbon steel that cut consistently well, modify the surface of 

the steel using a variety of methods, and measure how well the steel pierces and cuts with 

a CO2 laser. One way to negate the effects of surface condition is to Blanchard grind the 

steel surface of certain plates prior to laser cutting. Although this process is not common 

for mild steel plates in industry, it is useful to determine the effect of variables other than 

the nature of the oxide layer on the cutting process. Care should be taken not to ‘polish’ 

the steel surface, however. Materials that have high surface reflectivity reportedly do not 

absorb laser energy to a degree that makes for successful cutting.

The consensus o f opinions discussed with industrial mentors made it clear that 

actual samples of commercial, production-ready steel would yield more reliable results 

than laboratory heats. Commercial samples will allow us to determine if the surface scale 

has an affect on the cut quality, and if so, to what extent. These commercial steels will 

also allow us to study samples of material that have been associated with laser cutting 

difficulties in the past.
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2.5 Definition of Cut Quality

As expected, the definition of ‘cut quality’ implies different things to different 

companies. During the planning stages of this project an initial list of possible quality 

measures was compiled. This list includes the following:

• Highest cutting velocity
• Best oxide adherence
• Shortest piercing time
• Best dimensional tolerances
• Maximum plate thickness than can be cut successfully
• Maximum attainable cut speed that can be used
• Smallest heat-affected-zone thickness (as measured by optical microscopy and/or 

microhardness traverses)
• Minimum hardness in the heat-affected zone
• Minimum amount of dross and/or re-cast material
• Smallest holes/plugs that drop out readily after cutting
• Minimal kerf width and inclination
• Minimum roughness (peak-to-valley topography) of the cut surface
• The minimization of oxidation product
• Best ‘paintability’ of the cut part
• Best long-term adhesion of paint on laser-cut surfaces
• Ease of piercing prior to actual cutting

For the purpose of this initial project, the majority of these are not examined so 

that focus can be placed on the following: surface roughness of the cut edge (including 

measures of amplitude and wavelength), kerf width, thickness of the HAZ for cut 

samples, and the ease of piercing prior to actual cutting. The parameters chosen for 

analysis are most commonly used on the shop floor to determine cut quality. As stated 

before, the purpose of this project is to follow typical manufacturing procedures so the 

data generated may be used by professionals in industry.
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This project, although dealing with cut quality directly, will avoid making any 

definitions of what a ‘good’ and ‘bad’ cut are. Practically speaking, the true definition of 

a good quality laser cut is one that agrees with the tolerances specified for a final part; 

therefore specifications for an acceptable cut for one application may be unacceptable for 

another.

2.5.1 ‘Laser Friendly’ Steels

Laser friendly steels are a group of materials that have been developed by steel 

makers specifically for use in the laser cutting process. The term ‘laser-friendly’ 

indicates that the steel may have a wider range of processing variables that can be used to 

produce a good quality cut, making them more robust for use in industry. In general, 

these grades differ from typical grades by having lower silicon, carbon and sulfur levels 

(14). These chemistry changes to standard plate grades produce steel that has a tightly 

adherent scale layer, resulting in a superior performance during laser cutting. Material of 

this nature however is more expensive and may not be economical for large scale 

manufacturing organizations. Therefore a goal of the laser cutting community is to 

determine the mechanisms of laser cutting with the goal of producing a more laser 

friendly steel without the extra associated cost.

Laser friendly steels have been available since 1992 (14); however very little 

amount o f information has been published that quantitatively displays an increased 

cuttability over other steel grades (14). This lack of concrete data has lead to 

disagreements as to what exactly laser friendly is. Again this definition must be tied to a 

certain laser-material-processing combination in order to make any absolute definitions.
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2.6 Deutsches Institut fur Normung (DIN) 2310 Standard Guidelines

DIN 2310 is a German standard that provides specifications for multiple thermal 

cutting processes. One section of this standard, section 5, deals with laser beam cutting 

of metallic materials, including the principles of the process, quality determinations, and 

measurement of dimensional tolerances.

Although DIN 2310 is the most widely used specification for thermal cutting, and 

in fact the only for laser cutting, it is not ideal. First of all the standard for laser cutting 

only considers material thicknesses up to 10 mm. Togo beyond this thickness one must 

extrapolate the 2310-5 data linearly, which may or may not be accurate. Secondly, the 

standard recommends that an observer disregard the effects of periodic cratering along a 

laser cut surface, when, in fact, these defects are rather important to quantify cut quality. 

These discrepancies may be attributed to the fact that the specification was originally 

intended for other thermal cutting methods but was converted to suit lasers (4). This 

enables the specification to compare two or more different thermal cutting processes to 

one another, but will be poor for differentiating between different laser cutting qualities 

(4). Portions of the laser section of the standard include the measurement of surface 

roughness using the ten-point height parameter. Although this parameter was used 

throughout the present thesis, the limits specified within the standard are well below what 

was observed here for the cutting of thicker plate. Plots showing the DIN 2310-5 range 

as well as the extrapolated ranges can be seen in Figures 2.11 and 2.12. These figures 

also show different areas of roughness and thickness data called ‘fields’. These fields are 

intended for specification purposes so that an organization using this standard may 

specify certain cuts to be made within the range of specific fields. The standard also 

specifies geometrical factors such as the inclination of the cut surface. Inclination is a 

measure of the amount of difference in material removed from top to bottom of the cut 

edge. Similar measurements can be made more easily by comparing the kerf width of the
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top-side of a cut to that of the bottom side. For these, and possibly other reasons, the 

2310-5 standard for laser cutting is very seldom used by the laser cutting community in 

the U.K. (1) and even less used in the U.S.
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Figure 2.11 : Plot, recreated from the DIN 2310-5 specification, showing relative limits

for surface roughness as a function of cut thickness.
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Figure 2.12: Plot, recreated from the DIN 2310-5 specification, showing relative limits

for surface roughness as a function of cut thickness. Values beyond 10 

mm thickness have been extrapolated to describe thicknesses used in this 

study.

2.7 Measurement Uncertainty Analyses

Throughout the course o f this study a number o f physical and optical 

measurements were necessary in order to collect data. These measurements would be of 

little use unless there was a method for estimating the amount of uncertainty involved 

with each. An effort was made to understand the origins and magnitudes of the
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uncertainty of the different measurement techniques used. The definition of uncertainty, 

as described by the Industrial Standardization Organization (ISO) (15) is, “A parameter 

associated with the result of a measurement that characterizes the dispersion of the values 

that could reasonably be attributed to the measurand”. In this definition the term 

"parameter" refers to the mean, standard deviation, or multiples of both, of a number of 

experiments, and the term "measurand” refers to the sample being measured.

Measurements completed for this work include visual measurements of laser 

cutting features using vernier calipers and roughness evaluations using stylus type 

measuring equipment. For the tests completed at CSM a simple procedure was followed 

in order to better understand the uncertainty in measurements. In general the individual 

measurement techniques were used to measure a reference sample 20-30 times using the 

same methodology used when actual tests were to be completed. The results of these 

measurements were then placed into a histogram-plotting format so the normal 

distribution could be seen and analyzed. The mean and standard deviations were then 

calculated. Further discussions of individual tests and uncertainty calculations can be 

found throughout this document after appropriate sections. Methods for calculating the 

uncertainties of each individual measurement taken are listed in detail in Appendix A.

The combined standard uncertainty may be reported alone or may be reported as 

‘expanded uncertainty’. Expanded uncertainty is the standard uncertainty multiplied by 

a coverage factor. The greater the coverage factor, the larger the uncertainty level, and 

correspondingly the higher level of confidence that the value lies within the stated 

interval. As recommended by ISO, the uncertainties o f measurements will be reported 

throughout this document as such, “(Result and Units): With a Standard Uncertainty of 

X (Units).” This statement implies that the definition of standard uncertainty is that set 

forth by ISO and that the result is based on one standard deviation rather than a multiple.
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2.8 Introduction to Surface Roughness Data Collected by Profilometry

Since much of the data collection in this project deals with measuring the 

roughness of the laser cut edge it is important to discuss some profilometry background, 

the parameters used to report data, and the equipment used for collection.

2.8.1 Surface Roughness Parameters

Many parameters have been developed to describe surface roughness collected by 

2-dimensional testing equipment. Although R a, Rq, and Rz are the most commonly used, 

more than 100 others have been developed (16). Although each parameter has scientific 

merit, it seems as though certain engineers prefer certain parameters for varying reasons. 

It has been theorized however that the parameter chosen for a particular application is of 

low importance providing that the parameter is used correctly and the definition of that 

parameter is agreed upon by the users of that parameter (16). This distinction will be 

made clearer later in this section

Although two-dimensional parameters are the traditional and best understood 

ways for surface quality characterization, their range of use is limited. Modem surface 

finish measurements trace back to the 1930’s (16) when a stylus measurement was 

sufficient for making quality determinations. Because of this heritage, the most widely 

used parameter in surface quality is average roughness (Ra). Average roughness, 

although well understood, can return similar results for surfaces that have been treated in 

completely different manners and that would behave in completely different ways from 

one another. Two-dimensional parameters include Ra, root mean square roughness (Rq), 

average of the maximum peaks and the minimum valleys (Rz), waviness, micro

roughness, direction of residual machining marks, and more than 100 others (16).
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2.8.1.1 Average Roughness (Ra) vs. Ten-Point Height (Rz) Surface Roughness

Parameters:

For this project the field of possible parameters for measuring surface roughness 

was narrowed to two, average roughness (Ra) and ten-point height (Rz). These two 

parameters have both been used in previous literature to describe the roughness of laser 

cut edges. Again, there is a lot of discussion as to which is the ‘correct’ parameter to be 

used. This section will describe both parameters including discussions as to which one 

was chosen and why.

2.8.1.1.1 Average Roughness Parameter (RA

Ra, roughness average, is the mean height as calculated over the entire measured 

array. Ra is the arithmetic average of the absolute values of the measured height 

deviations taken within the evaluation length and measured from a mean line or surface 

(17). Equation 2.1 shows how this value may be calculated.

Where N is the number of peaks tested and Yj is the roughness measured.

Although popular, average roughness can be an over-simplified method of 

determining surface roughness. Although it is acceptable for many applications, for 

others it does not provide the complete picture necessary. For example, many surfaces 

with different physical morphologies can share a similar average roughness values. 

These values although similar do not describe how each surface will perform under

[2 .1]
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different conditions. When Ra is used, one must be careful to determine if the surfaces to 

be compared show similar surface features and come from similar processing 

backgrounds. Ra is a useful parameter for detecting general variations in overall profile 

height characteristics and for surveillance of an established manufacturing process, 

making it ideal for evaluation of machined surfaces (17).

2.8.1.1.2 Ten-Point Height (R/f Parameter

The definition of the Rz parameter is average maximum height of the profile. 

When used in accordance with the DIN standard for surface profilometry (DIN-8785), 

which states that there will be five equal sampling lengths per evaluation, the definition is 

more easily expressed as ten-point height. During a surface evaluation using the ten- 

point height parameter, the evaluation length, no matter how long, is divided up in to five 

equal sampling lengths. The measuring equipment then determines the highest and 

lowest peaks for each one of these sampling lengths, subtracts the lowest points from the 

highest points, and then takes an average of the values. By this method the number 

reported is the average difference of ‘ten points’. Using this method protects the user 

from data variations due to extraordinary occurrences on the surface (18).

f l z ( D O T )  =  Z l ± Z 2 ± Z 3 ± Z 4 ± Z 5

n

In equation 2.2, the quantity Z is equal to the lowest point subtracted from the highest 

point per sampling length and n is equal to the number of sampling lengths (n = 5). A 

visual representation of the ten-point height calculation is shown in Figure 2.13. Average 

maximum height of the profile is the average o f the successive values of Ry calculated 

over the evaluation length. Rti is the vertical distance between the highest and lowest
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points o f the profile within a sampling length. It is the average of the greatest peak-to- 

valley separations (17).

Zit to Zt5 Roughness of individual In Whole measured section
sections

11 to 15 Individual measured
sections

Figure 2.13: Diagram showing graphical representation of parameters used to

determine ten-point height. Reproduced, with permission, from 

“Technical Information: Laser Processing, TLF Laser: Basics, Installation 

and Use”, Trumpf Corporation (7).
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2.8.1.2 Comparison of R , and Rz Parameters

When describing the surface profilometry of a manufactured item, some care must 

be taken with terminology. Marks created in one specific direction are termed the ‘lay’. 

There is a difference between the roughness and waviness. The term roughness refers to 

shorter wavelength type features. This category would include the marks left over from 

turning and striations produced by the laser cutting process. The term waviness refers to 

longer wavelength features. In the case of laser cutting it is likely that small lateral 

movements of the cutting head would cause a wavy surface during travel. An illustration 

of these terms is shown in Figure 2.14. Roughness and waviness, although easily 

distinguished by the naked eye, are difficult for a surface profilometer to distinguish. For 

this reason, testing for roughness on a surface that exhibits both roughness and waviness 

needs to treated carefully. The profilometry measurements need to be made in a short 

enough travel length as to avoid measuring too many peaks associated with waviness. 

Using ten-point height rather than average roughness for this project effectively 

transformed a 12.5 mm travel into five consecutive 2.5 mm travels. If the average 

roughness parameter were to be used, a much shorter travel would need to be considered.
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Figure 2.14: Illustration showing the definitions of surface variables in metrology terms

(17).

It has been noted that, although DIN 2310 specifies surface roughness in Rz, very 

few job shops, at least in Europe, use this method (19). In many industrial applications, 

the only edge quality criterion seems to be 'fit for purpose’ (19), meaning that if  the 

finished product is visually and geometrically pleasing the cut will be considered 

acceptable. Many professionals in both the laser cutting field as well as those in 

metrology agree that it matters very little which parameter is used to measure surface 

roughness as long as (i) the method is used consistently for those samples to be compared 

to one another, (ii) the definition of the chosen surface parameter is agreed upon by the 

various people using the technique (18), and (iii) the user can provide arguments for why 

the specific parameter was chosen for an application (19). The differences between Ra 

and Rz seem to be inconsequential when boiled down into the statistical way each value 

is calculated (20).
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2.8.2 S-Value Testing for Striation Wavelength

As part of the surface evaluation, ten-point height was able to show a measure of 

the roughness of the sample; however this is not the only parameter to consider. For this 

reason the S-value parameter, used to describe the peak spacing, was examined.

The value of S is defined as the mean spacing between adjacent local peaks, 

measured over the evaluation length (17). Equation 2.3 supplies the mathematical 

formula used in determining the S-value over the length of a surface.

[2.3]

Where N  is the number of peak spacings in the evaluation length and Sj is the distance 

between peaks. Figure 2.15 shows a graphical representation of this measurement.

A “local peak” is defined as being the highest part of the profile measured 

between two adjacent minima (17). This distinction is made clearer in Figure 2.16. 

Further defined, this peak is only included if the distance between the peak and its 

preceding minima is at least 1% of the maximum height of the profile, which is the 

vertical distance between the highest and lowest points of the surface within the 

evaluation length.
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S1

Figure 2.15: Diagram showing graphical representation of parameters used to

determine S-value information (21).

e e
ï ô ô ormore l ô ô or more

Local peak

or more or more10 10

Figure 2.16: Graphical definition of the term ‘local peak’ as described in the

specifications for S-value testing (21).
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2.8.3 Profilometry Equipment Used for Surface Roughness Measurements

Many professionals in the field of metrology will agree that in order to get a 

complete picture of the surface characteristics many different techniques must be used

(18). Although this may be true in a lab setting, many industry professionals find it hard 

to employ one, much less more than one method of testing. Although three-dimensional 

techniques are readily understood and available for design engineers, most specifications 

are written for two-dimensional equipment, because it is more readily available in 

manufacturing facilities where quality control personnel and suppliers complete the 

majority of testing. Not only is three-dimensional equipment more expensive, but also 

due to the sensitivity of the equipment, a manufacturing facility would often be an 

excessively harsh environment. In a manufacturing facility there is an inherent amount of 

vibration that would cause the equipment to lose its calibration and an inherent amount of 

air quality factors, such as dust, that would eventually build up causing problems for the 

testing mechanisms. For this reason the experiments designed for testing roughness of 

laser cut edges were planned with not only one piece of equipment but the easiest, most 

practical one for use in a manufacturing setting.

Profilometry of the laser cut samples was completed using a stylus type analysis 

instrument (Figure 2.17) rather than the more sensitive optical, vertical scanning 

interferometry method. The tester, manufactured by Mitutoyo, uses a small diamond 

stylus, with a diameter of 5 pm (200 pin), and is moved across the surface to be tested 

while the vertical deflection is recorded (Figure 2.18). Figures 2.19 and 2.20 show 

photographs of the equipment-testing laser cut edges. Rather than showing a profile 

graph of the tested surface, the equipment makes the necessary calculations and displays 

the value of the parameter chosen. It should be noted that the equipment has a maximum 

measurement range of 350 pm (13,780 pin). As stated before, the ten-point height 

parameter was chosen to complete the measurements. Based on recommendations made
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by the user’s manual, the equipment was set for a traversing length of 12.5 mm and a 

traversing speed of 0.5 mm/sec (0.02 in/sec)

Drive unit

Nosepiece mounting screws

Detector Support feet mounting groove

Side view

Stylus

Figure 2.17: Illustration of the stylus-type profilometry measurement equipment used

for this project (21).
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Stylus head 

Stylus

Workpart

Figure 2.18: Illustration of the operation of the stylus-type profilometry equipment

(22).

Macrophotograph (Mag.~2.2X)

Figure 2.19: Photograph showing the profilometry equipment placed on a laser cut

surface listing the necessary components.

Traversing direction
-4 -------------------------- ►

Vertical motion of stylus
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Macrophotograph (Mag.~3.0X)

Figure 2.20: Photograph showing a top view of the profilometry equipment placed on a

laser cut surface.

The testing completed on the chosen laser cut samples was carried out in a simple, easily 

repeatable fashion. The drive unit was placed on a sturdy, level stand that could be raised 

and lowered so the stylus could be flush with the laser cut edge of a plate standing on 

edge. Figure 2.21 shows the test setup used for all profilometry measurements.
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Macrophotograph (Mag.~0.2X)

Figure 2.21: Photograph showing the profilometry equipment setup showing the

necessary components.

It was noted, prior to testing of the laser cut surfaces, that the profilometry 

equipment experienced a higher degree of drift than desired. For this reason, the 

measurements that were made with the stylus equipment were interceded with a 

calibration step after every 6 measurements to achieve results with a lower amount of 

uncertainty. The measurement uncertainty calculations for this equipment can be seen in 

detail in Appendix A, section A.2.

2.8.4 Verification of R/ and S-Value Testing

The profilometry equipment used to measure surface amplitude and wavelength 

showed highly repeatable results for both Rz and S-value testing; however the results that 

were collected could not be visually compared to any known standard and therefore could
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not be verified. Because of this it was necessary to confirm the results that were being 

collected by testing individual samples manually.

The Rz data was collected from one sample by photographing the cut edge using 

scanning electron microscopy (SEM). The SEM photographs were then combined to 

show a magnified representation of the cut surface. A length comparable to 12.5 mm was 

measured on the magnified series, to simulate the 12.5 mm traversing length of the 

profilometry equipment, and was then divided into 5 equal lengths. Measurements of the 

maxima and minima were made for each section. Using the equation for Rz (equation 

2.2) a value for the surface was extracted.

Data from an actual sample was collected in a similar manner for S-value 

verification as for Rz verification. After the series of SEM pictures were pieced together 

the spacings between each peak were measured individually. Using the equation for S- 

values (equation 2.3) the average peak spacing was extracted.

Results of this evaluation showed that the S-value tested on the selected sample 

with the profilometry equipment was within 5% of the manually collected value. The Rz 

value collected by the profilometry equipment, however, showed a less accurate result of 

approximately 30% from the data collected by the manual collection exercise.

Although the Rz data did not correlate as well as expected, comparing it to the 

data collected from the manual S-value testing shows the data is more acceptable. The 

two values, though calculated differently, are correlated to one another. This was proved 

by plotting all of the Rz and S-value data on one plot. The original data from the 

profilometry and manual measurements for Rz and S-values, as well as the graphical 

correlation of the two values can be seen in Appendix B.
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3.0 ANALYSIS OF AN ENERGY BALANCE DURING 

LASER CUTTING OF PLATE STEELS

As previously stated, the laser cutting process is heavily dependent on the balance 

between heat energy input and output during the cutting operation. The following section 

discusses the energy balance during laser cutting.

3.1 Introduction

The purpose of this section is to consider some fundamentals aspects of laser 

cutting. In particular, this section will largely deal with a discussion of energy input and 

output associated with laser cutting of mild steel with a CO2 laser and an oxygen-assist 

gas.

Two key aspects of this section are as follows. First, by looking at energy input 

and output for this process, some fundamental considerations will help our understanding 

of the process and should help to sort out some of the details of the experiments done in 

this thesis. Secondly, the basis for the majority of this discussion comes from chapter 10 

of Powell’s book entitled CO2  Laser Cutting (5).

3.2 Cut-Zone Energy Balance and Cutting Efficiency

For the cut zone, the major energy and material inputs are that of the laser and the 

pressurized gas jet. In the case of carbon steel with an assist gas of oxygen, an additional 

input is the exothermic reaction between iron and oxygen. The energy and material
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losses are as follows: solid, liquid, and gaseous material created in the cut zone, the 

exhaust of the pressurized gas which could be the original gaseous species or a new 

gaseous species created via chemical reaction, and a variety of energy terms. The energy 

terms include heat that is conducted from the cut zone to peripheral locations of the work 

piece, reflected laser light, radiated light, convection of heat, and laser light that transmits 

through the cut zone without interacting with the steel plate. From this list, an energy 

balance can be created which states that the energy supplied to the cut zone is equal to the 

energy used to generate the cut itself and the energy losses from the cut zone.

The previous statement can be quantified as follows for a simple straight-line cut:

(lOO-ry)'
( P- b ) t

100
EcJd k  + tTidk (A + B + C) [3.1]

where: P = laser power,

b = laser power transmitted through the cut zone without 

interacting with the work piece, 

t = time to make the cut, 

rf = reflectivity of the cut zone (in pet),

E cut -  specific energy required to melt/remove one unit volume 

of material from the cut zone,

1 = line length of the cut,

d = material thickness,

k = kerf width associated with the cut,

A = power per unit area lost via conduction,

B = power per unit area lost via radiation, and 

C = power per unit area lost via convection.
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This expression includes energy losses that involve no change to the cut zone on 

the left side of the equation, whilst the right side includes terms that involve some type of 

change. Thus, the energy-loss terms on the left are those that simply do not contribute at 

all to the cut process, and the energy-loss terms on the right are an ‘outcome’ associated 

with cutting the steel plate. Powell has called these losses ‘primary’ and ‘secondary’, 

respectively. The secondary losses, he points out, are a function of the temperature at the 

cut front as well as the surface area of the cut front that is in contact with the surrounding 

work piece and atmosphere.

An important point to consider is that the energy required to make a cut (Ecut Idk) 

is independent of the time used to make the cut. However, the energy losses depend on 

the time taken. This is a key point because the amounts of ‘useful’ and ‘wasted’ energy 

during laser cutting depend on the cutting speed. One reason to reduce the cut speed 

would be the case of using steel plates of the same chemical composition, but different 

thicknesses. When a different cut speed is used, we then have to be concerned about the 

relative proportion of useful and wasted energy.

Consider a steel plate of half the thickness (d/2) as for the previous discussion. 

Assume that we can double the cutting speed. The resultant equation is:

(p- ^ 2 (l 0 0 - ' / ) ■
100

t d 
2n 2k (a +b +c ) [3.2]

The equation for the plate with twice the thickness is, of course, equation 3.1. Let us take 

equation 3.2 and multiply both sides by two; we get:
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= E J d k  + [3.3]

Taking the difference between equation 3.1 (thick plate) and equation 3.3 (thin plate) 

gives the following:

This result is physically unacceptable; thus the basic premise that the cut rate can be 

doubled if the plate is reduced in thickness by one half is incorrect. In fact, the cutting 

speed for the half-thickness plate can be increased by a factor greater than two. Thus, the 

energy losses induced by cutting a thick plate are more significant than expected.

Another way to state this is that as cutting rate decreases (i.e., because of a thicker plate), 

then the energy losses due to heat conduction, radiation, and convection become more 

significant, that is, the process is more wasteful or it is less efficient. Concurrently, when 

cutting thicker plate at slower speeds, the total heat input is more than that for a 

comparatively thin plate, and the thicker plate will experience a lower peak temperature. 

Both of these statements are consistent with a process that becomes less efficient as the 

plate thickness increases. To put it another way, a statement often heard speaking with 

laser professionals seems to ring true: “heat is the enemy.” O f course we need heat to 

cut, but too much heat does create problems.

On a more-practical note, the differences in heat input between a comparatively 

efficient laser cut versus an inefficient one should be manifested by a larger HAZ for the 

latter case. Work conducted as part of this study, which will be described in detail 

throughout section 4.0, shows tests where the plate thickness was held constant, yet the

[3.4]
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plate that cut poorly (as exemplified by larger and more-irregular cut striation marks) had 

an estimated HAZ size of 350 pm whereas its well-cut counterpart’s HAZ size was about 

250 pm. Since plate thickness was constant, and the chemical compositions were very 

similar, this result suggests that something about the surface was different and it 

influenced the efficiency of laser cutting. This is a particularly attractive explanation 

since the material that cut poorly had a dark scale while the better-cut material’s surface 

was much cleaner and shinier. Caution must be exercised regarding this interpretation 

since different surface scales could result from processing or from something in the 

underlying steel that responds in a different manner during the overall sequence of 

processing the steel. As an example, two otherwise identical steels that have a different 

distribution of alloying elements through the thickness of the plate might respond 

differently during rolling such that one has a different mill scale than the other. Hence, if 

one grinds off or blasts off the mill scales of the two plates mentioned above (i.e., dark 

versus clean surface), the difference in laser-cut quality might not change appreciably. In 

essence, the mill scale difference might be misleading, whilst the really important 

difference is beneath the scale. One plausible explanation for such a difference is that 

various alloying elements in steel will have different effects on the surface tension of the 

molten cut zone during laser cutting. This surface-tension issue might be useful when 

explaining differences in the amount of dross that adheres to a cut plate. But, it might not 

be useful in explaining the differences in cut quality based on roughness at the cut surface 

(i.e., peak-to-valley height and striation spacing).

Further analysis of this type of equation leads to a simplistic view concerning 

plate thickness and the efficiency of cutting. Figure 3.1 shows a plot of plate thickness 

(or, more specifically, the reduction of thickness) versus heat loss (or, the additional heat 

loss caused by increasing plate thickness). Whilst the equations used to generate this plot 

come from Powell’s book (5), the plot is one attempt to show the concepts in a more- 

visual fashion. The three points on the plot are associated with the three sets of
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schematic diagrams (one diagram to the left or slightly beneath the point; the other 

diagram to the right of this point). The following interpretation is one possible 

viewpoint, and other interpretations might exist. Consider the two schematic diagrams of 

the plates at the reduced thickness value of 0.75 (i.e., along an imaginary horizontal line 

in this plot). On the right is a full thickness plate; while to the left is an identical plate 

except that it is three quarters the thickness of the original plate. The analysis shows that 

upon comparing the 3/4-thickness plate to the full thickness plate, the heat losses that 

occur for the thicker plate are 25% higher than the heat losses experienced when the 

thinner plate is cut (the heat losses are conductive, radiative, and convective). In the 

schematic diagram to the right, the cone-shaped gray entity represents the incoming laser 

beam, the almost-horizontal line represents the laser cut made up until this point, the 

straight line pointing towards the ‘front’ o f the plate is a vector who’s magnitude 

represents the amount of conductive heat loss, the sinusoidal feature going upwards 

represents the magnitude of the radiative heat loss, and the spiral feature represents the 

magnitude of the convective heat loss.
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Figure 3.1: Effect o f plate-thickness reduction on the amount of extra heat lost.

For a 1/2-thickness plate compared with its full-thickness counterpart, the 

additional heat losses are 50% more than for the thinner of the two plates. Likewise, 

compared with a 1/4-inch thick plate, its full-thickness counterpart exhibits 75% more 

heat loss than does the thin plate.

One interpretation of this schematic is as follows. Consider a 3/4-inch-thick plate 

o f some defined chemical composition, some surface condition, and a specific laser- 

cutting system. Assume that the 3/4-inch-thick plate is something of an upper limit of 

thickness for plates that routinely produce a ‘good-quality’ cut. Upon cutting an identical 

plate with an identical system, except that the plate is now a one-inch-thick plate, 

theoretically one can expect an additional 25% of heat loss compared with the quality cut.
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This result comes simply from an analysis of the heat balance presented earlier. This 

extra heat must manifest itself in some manner. It will be seen as a poorer-quality cut 

because there is too much heat to be dissipated. Next, consider a 1/2-inch-thick plate. To 

make the discussion as simple as possible, assume that the laser system is the same as for 

the previous analysis. However, in the current case, consider a plate with either a 

different chemical composition and/or a different surface scale. This plate is not as easy 

to cut as in the previous analysis; thus, the upper limit of thickness at which we get a 

“good-quality” cut is now only 1/2 inch. If we then desire to cut a one-inch thick plate 

with the same characteristics, even before we start, we must realize that this analysis 

predicts that the heat losses will be 50% higher than for the 1/2-inch plate that cut well. 

Hence, this extra heat loss will be a source of poorer cut quality. The schematic diagram 

to the right of the 50%-data point in this plot shows bigger arrows that represent 

conductive, radiative, and convective heat losses. Additionally, the poorer quality of the 

cut is exemplified by the thicker line that represents the cut in an attempt to indicate some 

type of less desirable cut than for the 3/4-full-thickness comparison. Finally, if we have a 

plate steel composition and scale combination that presents major problems such that a 

1/4-inch thickness is the upper limit for quality cuts, then a 1 -inch thick plate will be 

associated with 75% greater heat losses as compared with the 1/4-inch plate. With this 

very high amount of wasted heat (and see the comparatively large heat-loss arrows in the 

schematic diagram), it is expected that the cut quality will suffer, and suffer to a greater 

extent than for the 3/4-full-thickness as well as for the 1/2-full-thickness comparisons. 

Again, the analysis is simplistic, but it does tell us that trying to push the upper limit of 

thickness for a plate composition/mill-scale combination is inherently difficult since the 

heat losses will unavoidably increase. The only solution is to change the system, where 

the major components of the system are initially assumed to be (i) the laser assembly, (ii) 

the steel composition, and (iii) the mill scale. Thus, if one has a grade of steel with a 

consistent mill scale from plate to plate, and the goal is to push the capability to higher 

thickness one has to change one or more of the major components. If the choice of steel
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is not an option, and the laser is set for parameters that were pre-determined to be 

optimum (and thus should be changed by only a minor amount), it would appear that 

changing the surface scale is the only option. Clearly, identification of other key 

components of the system will give industry greater flexibility regarding what could be 

changed to benefit laser cut steel.
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4.0 INFLUENCE OF SURFACE VARIABLES ON THE 

C 0 2 LASER CUTTING PROCESS

4.1 Background

In the early stages of this work, only one steel was available in large quantity. 

However, since the goal of the first phase of this work was to examine the influence of 

surface characteristics on laser cut quality, this limitation did not create a problem. This 

chapter of the thesis will focus on the testing methodology used to examine the influence 

of plate steel surface condition on laser cut quality.

4.2 Industrial Relevance / Purpose and Goals

A significant amount of research on the laser cutting process has been published 

in the last 40 years; however much of it deals with the laser variables involved, such as 

laser power density, assist gas contributions, CNC programming, etc. Few projects have 

studied the role of the material reactions and even fewer have studied the effects of 

surface condition on the cutting process. A laser cutting professional works with a 

number of materials with various chemical compositions and processing histories 

throughout a typical day. Incoming steel to be laser cut also has a number of different 

surface characteristics that all need to be handled differently. For example, some steel 

may be shipped and subsequently stored in open-air containers that allow for excessive 

moisture as well as any dirt or grime present in the atmosphere. Other plates may arrive 

with rust-preventative oils on the surface that may need to be factored into the cutting
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process if not removed completely. Many professionals involved in laser cutting have 

differing opinions of what takes place mechanistically. The purpose of this portion of the 

study is to increase the understanding of the effects of surface variables while collecting 

data that may be useful for members of industry. Once the mechanisms o f the cutting 

process are more fully understood, including the effect of material variables, it is hoped 

that cut quality in larger sections will be improved.

4.3 Test Material

The material used for the first phase of testing, designated material A, consisted 

of ten plates measuring 2 feet by 2 feet by 5/8 inch that reportedly came from the same 

discrete mother-plate. The material had previously been shot blasted prior to being set 

aside for delivery to CSM. Table 4.1 shows the results o f a chemical analysis completed 

at CSM on material A. Table 4.2 shows the physical information for the same steel.
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TABLE 4.1 : Chemical Composition of Material A Used for this Study (as tested by
CSM). _____________________________

Element M aterial A

Carbon 0.23
Manganese 1.40

Silicon 0.21
Phosphorus 0.012

Sulfur 0.013
Chromium L 0.03

Nickel 0.00
Molybdenum 0.004

Copper 0.02
Vanadium 0.04
Aluminum 0.028
Titanium 0.000
Niobium 0.00

! Tin 0.02
Zinc 0.05

TABLE 4.2: Physical Data for Material A as Measured by CSM.

M aterial „Hardness
Thickness 

(As Received)

Thickness 
(As Blanchard Ground)

---:---------------------  ' I
Grain Size 

(Per ASTM E l 12) 
(As Received) '

Material A | 81 HRB 16.2 mm (0.64”) 15.8 mm (0.62") ASTM 7

4.4 Modifications of Surface Condition for Plates of Material A

The plates were shipped in a covered tractor-trailer by a commercial carrier and 

were then stored indoors at CSM until surface treatments could begin. Prior to any

ARTHUR LAKE?: A  À Y 
COLORADO S A  OCT ' t 
GOLDEN, CO 60401
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surface-treatment modifications, the plates were marked so that at any point during the 

testing process the pieces could be identified. To do this, a drill was used to make 

deep holes on the top surface of the plates. These marks were made at the lower left- 

hand-side of the plates that were eventually going to be cut from the 2 ft2 mother plates. 

Figure 4.1 shows the marking locations prior and after sectioning. Following the 

identification of the plates, each one was sectioned into equal 1 ft x 1 ft pieces by saw 

cutting. The markings applied to the surfaces, as described earlier, consist of three 

numbers. The first number represents the material of which the plate is made, the second 

marking designates which individual mother-plate it came from, and the third mark 

designates which comer of that 2 ft2 plate it was removed from.

l  ft.

i  ft.

Figure 4.1 : Diagram showing plate identification locations before and after

quartering.

Once quartered, the plates were subjected to a number of surface modifications, 

which are listed below. While numerous surface modifications could have been applied.

< iJL »

2 ft. D

D------- n -------
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the goal was to pick a few common surface types as well as a ‘clean’ surface. Also, in 

the initial work, it was decided to avoid any organic surface coatings or paints.

1. Shot-blasted: Although the plates had been shot blasted prior to arrival at CSM, 

it was necessary to re-treat them to eliminate rust that formed during shipping and 

storage. The plates arrived with spotty rust, most likely due to moisture being 

trapped between the plates prior to or during shipping. Abrasive blast cleaning, 

including sand blasting and shot blasting, are common methods for scale removal 

in industry. The characteristics of the shot material, including size and flow rate 

were not noted at the time of processing.

2. Rusted: After sectioning, some plates were identified for a ‘corrosion treatment’. 

This surface was created to imitate plate steels often cut in industry, which may 

have a rusty surface from being transported and/or stored in open-air containers. 

These plates were stored outside where they were subjected to 6 weeks of weather 

conditions typical of the fall season in the Denver area. For the most part the 

climate was dry and warm, so water was added occasionally to simulate rainy 

conditions. The result of this exposure, over the period of 6 weeks, was a thin, 

adherent orange-brown rust coating that covered the surface evenly.

3. Controlled Oxidation: A third set of plates was oxidized prior to the laser-cutting 

process. These plates, having been re-shot-blasted at CSM prior to shipment to 

the laser-cutting facility, were placed in a furnace at 600°F for approximately V2  

hour and then subsequently air-cooled. The result of this treatment was a thin,



adherent coating of deep-purple-colored oxide. This oxidation step was 

conducted on the day of laser cutting; however testing did not begin until the 

plates were cooled to room temperature. This was done mostly for handling 

safety, but also to negate any discrepancies in testing temperature between the 

plates. Research has shown that the thickness of the mill-scale layer can affect 

the chemical oxidation reactions in the cut zone. Iron can undergo a number of 

different reactions during cutting, thereby yielding FeO, FezO], and/or FegC^.

The amount of material oxidized and the type of oxidation reaction determine the 

amount of energy liberated by the oxidation reaction. In general, as the thickness 

of this layer increases the relative amount of exothermic assistance from the 

oxidation of the iron decreases (5). Steels suitable for laser cutting also should 

have thin, tightly adherent surface scale in order to keep the laser beam focus 

position at the same depth. Experience has shown that steels with loose or flaked 

scale will generally not cut well. Specific problems include reduced cutting 

speeds and excess dross adhesion on the bottom edge of the cut (5).

Blanchard Ground: Polishing and/or buffing is certainly not a likely process to 

be applied to plates cut in industry; however this condition was chosen so that all 

surface layers were removed, and the results could serve as a kind of baseline for 

comparison in understanding the role of surface reflectivity prior to laser cutting. 

A fourth and final set of plates were surface ground after sectioning by using a 

Blanchard grinding machine. Blanchard grinding allows for a precise amount of 

material removal while keeping the plate level. More importantly, this allowed 

for the effects of the surface characteristics, including the initial shot blasting, to 

be completely negated prior to cutting. The plates were reduced to a thickness of 

15.8 mm (0.62 in.) (from an initial thickness of 16.2 mm (0.64 in.)), a change that
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would not likely result in a difference in cutting characteristics. After grinding, the 

plates were kept in a relatively airtight bag with desiccant so that the surface would 

not be affected by corrosion.

4.5 Test Methodology

After the surface-modification treatments were completed at CSM, the plates 

were stored in a dry, indoor location until they could be shipped to the laser-testing 

location. The plates were shipped to the Caterpillar Technical Center using a commercial 

freight carrier. Once the material was delivered to Caterpillar it was reportedly stored 

indoors until the testing could begin: a time period of approximately 3 days. Upon arrival 

the plates were in the as-shipped condition, with the exception of the plates that had been 

taken to the heat-treatment area for controlled oxidation earlier that morning.

Thermocouples were spot welded to the surface of the plate in a location that was 

well suited for data collection. The weld location can be seen in Figure 4.2. Although 

the precise location was chosen somewhat arbitrarily, care was taken to place all 

thermocouples in the same location for each plate. TIG welding was used to affix the 

thermocouple wires to the plate surfaces prior to cutting. Classical spot welding was not 

used for a number of reasons. First, the necessary equipment was not available at the 

testing location and could not be transported prior to testing. Also, since the plate had to 

be transported to the laser cutting facility, a more robust weld was necessary to ensure 

that the wires would not break off due to fatigue.
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<4 -10=

5.5 in.

Figure 4.2: Thermocouple location in relation to the cuts made for all 8 plates tested

in the surface condition analysis.

4.5.1 Thermocouple Data and Information

The thermocouple data logger used to collect temperature data was manufactured 

by AEMC. This equipment was used to take the temperature at one location on the steel 

plate surface throughout the cutting process. These data collected from each plate could 

be compared to one another in an attempt to identify any differences in the heating 

characteristics. Table 4.3 shows the equipment specifications as quoted by the 

manufacturer.

The thermocouples used for this testing were Teflon coated 24-gage K-type with a 

length of 72 inches. The thermocouples were ordered with a molded miniature connector
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to interface directly with the data logger. The accuracy quoted by the manufacturer was 

±1.1 °C for temperatures up to 260°C. Typically this type of thermocouple produces 

readings accurate to about ±2 to 3°C for the temperatures studied.

TABLE 4.3: Specifications of the Thermocouple Data Recorder Used for the Surface

Analysis Study

Specifications AEMC L620 Simple Logger®

Number of Channels 1 (One input for one thermocouple) |

Measurement Range -200°C to 1250*0 (-325* to 2280*F)

Accuracy ±(0.5%R + 1°C + T/C Accuracy)

Sample Rate 4096 Readings/Hour (1 measurement every 0.9 sec.)

Data Storage 16,384 Readings

Resolution Better than 0.5*0

4.5.2 Laser Area Set-Up

During testing only two people were present, the laser operator and the author. 

The laser operator was at the operator station to monitor the laser activity, and the author 

was near the laser table monitoring the cutting process as well as running the 

thermocouple data logger. Figure 4.3 shows a diagram of how the test area was set up.
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Figure 4.3: Test equipment and laser area setup used for studying the effects of

surface condition on the laser cutting process.

4.5.3 Laser Programming

Laser programming was completed by the laser operator immediately prior to 

cutting in order to assure correct cut geometry. A relatively user-friendly CAD type 

computer program connected directly to the laser was used to complete the programming. 

Laser machining characteristics, i.e. assist gas flow rates, cutting speed, piercing time, 

etc., were all determined automatically by the computer based on the geometries that 

were programmed.

The laser machining process consisted of cutting six different plugs that were 

intended to drop out and one straight line cut along the length of the plate. The plug 

geometries consisted of three squares that were approximately 1 inch in length and width 

with a radius of curvature of 1/8 in. at the comers and three round plugs o f different
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diameters. The diameters of 16 mm, 14 mm, and 12 mm were chosen based on the 

thickness o f the material. Typically a laser cutting process will not cut a round hole with 

a diameter less than the thickness of the plate; however for this work the recommended 

industrial lower limit was deliberately ignored. Figure 4.4 shows a diagram of each plate 

along with the cuts and cut locations that were desired.

t = plate
thickness

thermocouple
wires

Î inch

Figure 4.4: Diagram showing the location and relative order of the samples

removed from the plates by laser cutting.

The first part of the cutting process consisted o f etching a line approximately % of the 

depth of the total plate thickness where the straight line cut would be made. It is typical
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for cutting to begin with an etching process, especially for large cuts such as this. The 

square plugs were then cut next followed by the round plugs in order of decreasing 

diameter. The final step was to return and complete the straight-line cut, thereby 

separating a 3 in. section from the rest of the plate. During cutting the total time of 

processing as well as the individual times to cut each feature were measured. Table 4.4 

shows the order in which the features were cut along with the corresponding times to 

make those cuts. It should be noted that from this time analysis we have determined the 

average speed of laser travel to be approximately 500 mm/min.

TABLE 4.4: Order of Cuts Made in the Surface Condition Comparison with 

Corresponding Laser Travel Time.

Cut Feature Time Begin (sec) Time Complete (sec) Total Time

Straight Line Etch 0 11 11 Sec

1 15 55 40 Sec

2 60 97 37 Sec

3 102 141 39 Sec

4 145 180 35 Sec

5 185 220 35 Sec

6 224 259 35 Sec

Straight Line Cut 281 310 39 Sec

Plugs that fell from the plate during testing were collected immediately so that 

pieces from the subsequent plates would not be mis-identified. Although we are positive 

of the original location of the round plugs (due to their size differences), the original 

locations of the square plugs could not be determined. When the pieces fell, they
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remained too hot to handle for a considerable amount of time and thus could not be 

collected until all three had fallen. However, due to the constant surface characteristics 

of each plate, the relatively short time between cuts, the small difference in temperature 

between cuts, and the order of the cuts, it was determined that no significant variation 

should be expected that would warrant pinpointing the original location. Once the test 

was completed, the plugs from that plate were placed in a bag to separate them from the 

others. By doing this we were assured not to mix the samples prior to the more detailed 

examination.

4.6 Measurables

As expected, the definition of ‘cut quality’ implies different things for different 

applications. For the purpose of this project we can list several ways to describe cut 

quality. Although many more exist, this study will initially use the following four 

measurables.

• Visual examination of the cut surfaces, including the plugs as well as the 

remnant of the original plates.

• Determination of the heat-affected-zone size as measured by optical 

microscopy.

• Roughness (peak-to-valley topography and striation spacing) of the cut 

surface as measured by mechanical profllometer.

• Temperature profiles, as measured by thermocouples placed on the 

material, produced during cutting.
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4.6.1 Results of the Visual Examination

When the laser cut specimens arrived at CSM, the visual examination was the first 

to be completed. Each plug sample was examined individually for evidence of heat- 

affected zone, roughness of cut edge, presence of large surface gouges, and presence of 

surface scale. The locations at which the square and round plugs were examined are 

shown in Figure 4.5.

12

A

6

Figure 4.5: Locations of visual examination for the square and round plugs cut during

testing.

Visual examination only showed a few noticeable differences for specimens with 

different surfaces. For example, comparisons of the straight-line cuts for plates with rust 

on the surface showed a greater amount of deep gouges along the cut surface compared 

with the three other specimen types. Figure 4.6 shows a photographic comparison of four 

laser cut surfaces of the four different surface conditions tested.
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Macrophotograph (Mag.~1.2X)

Figure 4.6: Photographic comparison of four laser cut surfaces of the four different

surface conditions tested. The photograph shows the blasted, rusted, 

ground and oxidized, respectively, from top to bottom.

4.6.2 Results of the Microstructural Evaluation

Square and round samples were mounted, polished, and etched in order to display 

the microstructural characteristics. Examinations were completed near the surfaces of 

these samples as well as around the hole created during the piercing process. The 

microstructures of these areas show martensite at the surface transitioning to a mixture of 

martensite and bainite then to a core micro structure of pearlite and ferrite. Figure 4.7 

shows the heat-affected zone near the surface of one of the square plug samples. Figure
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4.8 shows the heat-affected zone of the same sample near the surface of the keyhole 

where piercing was completed. It should be noted that Figures 4.7 and 4.8 show very 

different HAZ widths. This is explained by the fact that the cuts are different. The 

microstructure shown in Figure 4.7 is from a shape much larger than the one shown in 

Figure 4.8. The larger sample, having more bulk is able to disperse the energy through 

conduction much farther than the smaller sample creating a thinner HAZ width.

100pm

Micrograph: Etch: 2% Nital (Mag.~140X)

Figure 4.7: Microstructural progression in the HAZ from the surface (left) to the core

(right) of a laser cut square plug.

■
Micrograph: Etch: 2% Nital (Mag.~55X)

Figure 4.8: Micro structural progression in the HAZ from the surface (left) to the core

(right) o f a laser cut round plug.
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4.6.3 Heat-Affected Zone Evaluation

The HAZ samples were taken from the cut surface along the length of the straight 

line cut. In order to avoid any beginning or end-of-cut effects, the HAZ samples were 

taken from the middle. The width of the HAZ was determined on the etched samples 

using optical microscopy. A calibrated micrographie slide was used to visually estimate 

the depth to which no more heat affect was realized. This method provided data that had 

a standard uncertainty of approximately 28 pm.
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Figure 4.9: Average of heat-affected zone widths as a function of sample surface

condition. HAZ data was taken from the middle of the straight-line cut 

surface.

Blasted Rusted Oxidized Ground

Surface Condition



76

4.6.4 Results o f the Temperature Monitoring Evaluation

The purpose of affixing a thermocouple to the surface of the steel plates was to 

determine if the different surface conditions would result in different amounts of the laser 

energy being absorbed during cutting or if more heat dissipated for one surface condition 

versus the others. As discussed previously, the process o f laser cutting is heavily 

dependent on the reactions taking place between the oxygen assist gas and the molten 

iron. The initial assumption was that changing the surface condition would change this 

energy balance to a degree that might be measurable using the present experimental 

technique.

Figures 4.10 through 4.13 show the results of temperature monitoring testing for 

the steel plates with different surface conditions. Two plates and therefore two sets of 

data were collected for each surface condition. However, it should be noted that the data 

for one of the tests involving the oxidized surface was lost and therefore is not included. 

Figure 4.14 shows a similar plot including one representative curve from each surface 

condition. The plot shows that the data from all surface conditions seems to show a 

similar trend.

The curves in Figure 4.14 have been modified so that direct correlation can be 

seen easily. Modifying the curves in the X direction (testing time) corrects for tests 

where cutting began at different times after the data collection was initiated. It should 

also be noted that the laser testing was completed between the times of 9 AM to 

approximately 3 PM. Some difference in initial, pre-cutting plate temperature was noted 

throughout the day due to changes in outside temperature. For this reason minor 

adjustments were made in the Y direction to correct for this. Although interesting, it is 

not expected that this temperature change affected the cutting characteristics.
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Figure 4.10: Results of plate temperature vs. time for both blasted plate samples.
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Figure 4.11: Results of plate temperature vs. time for both rusted plate samples.
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Figure 4.12:
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Results of plate temperature vs. time for one of the oxidized plate samples.
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Figure 4.13: Results of plate temperature vs. time for both ground plate samples.
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Figure 4.14: Results of plate temperature vs. time for one sample from each surface

variation as measured by thermocouple.

Data collected from the thermocouple analysis of the surface varied plates showed 

no clear-cut evidence of any differences. One explanation for this result may be 

presented; first of all, it is possible that the surface treatments applied were not of a 

magnitude to cause any differences. Secondly, the thermocouples themselves may have 

generated misleading data. Either the thermocouples were not accurate or fast enough or 

were not placed in the correct location, i.e. too far away from the cutting front. Work
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conducted by DiPietro, et al. (23) showed that small shifts in thermocouple locations 

resulted in large temperature variations. In the future, this work would suggest that more 

extreme surface treatments be applied prior to cutting and that further thought be placed 

into the location of thermocouple wires, possibly embedded in the steel plate at a 

specified depth.

4.6.5 Results of Surface Roughness Evaluations

The characteristics of the cut surface were measured using a stylus-type 

profilometer as discussed previously in section 2.8.3. Two methods of characterization 

were used for the analysis: ten-point height to measure the magnitude of the surface 

roughness and S-value to measure the wavelength. The ten-point measuring process 

produced data with a standard uncertainty of 3.8 pm and the S-value testing produced 

data with a standard uncertainty of approximately 0.6 pm. Methods for determining 

these uncertainties are presented in Appendix A section A.2. Figure 4.15 shows the ten- 

point data and Figure 4.16 shows the S-value data collected for each surface condition on 

the steel plates.
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Oxidized GroundBlasted Rusted

Figure 4.15: Plot showing the averages of the ten-point data collected for each of the

surface varied materials.

GroundOxidizedRusted

Figure 4.16: Plot showing the averages of the S-value data collected for each of the

surface varied materials.
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5.0 INFLUENCE OF CHEMICAL COMPOSITION, CUT SPEED,

AND LASER POWER ON THE C 02 CUTTING PROCESS

5.1 Background

After the first phase of testing was complete (as described in chapter 4), a number 

of additional steels were received. In the second phase of this work, the surface condition 

o f all steels was kept constant so that chemical composition could be studied in detail. In 

addition to steel composition, it was recognized that laser variables also had key effects 

on the cutting process, in particular the laser power and the cutting speed. It was also 

realized that cutting a set of steels with ‘ideal’ power settings and speeds would not be a 

good indication of what might happen when a steel suddenly starts to cut poorly. In other 

words, how much could the laser-cutting process deviate from ‘ideal’ settings and still 

result in an acceptable cut surface. This second phase of testing, instead of cutting 

specific geometries and shapes, would focus on simple straight line cuts and piercing 

ability. The reason this was done was to eliminate variations in cut quality due to 

geometrical effects such as sharp comers and rounded cuts. The plates would therefore 

be either cut in half all of the way, pierced at one side then cut the rest of the way, or 

pierced only.
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5.2 Industrial Relevance/ Purpose and Goals

At the beginning of the project a decision was made to make variations to the 

material only and to leave all of the laser variables constant. Although this may be 

possible, feedback from industrial mentors as well as a literature review showed that the 

laser variables should not be ignored due to their respective significance. For this reason 

it was decided to finish the study by examining a number o f different steels and to change 

key laser parameters that have been identified to have a large impact on the cutting 

process. Because the first phase of this work did not examine any variables relating to the 

piercing process, piercing tests would also be performed using the same materials and 

similar laser powers.

The goal o f this portion of the study was not only to discover optimum cutting 

and piercing parameters for the steels used in this study, but also to attempt to discover 

what makes certain material-laser-parameter systems more successful than others.

5.3 Test Material

In addition to the steel used in the first phase of this study, described by Tables

4.1 and 4.2, steel plates from industrial sponsors as well as laboratory heats created for 

previous ASPPRC studies were secured for laser cutting. Tables 5.1 and 5.2 show the 

complete list of materials used for the second phase of this study.
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TABLE 5.1: Chemical Compositions of the Materials Used for this Portion of the Study.

Element M aterial 
A ,

M aterial
B

M aterial
C

M aterial
D

M aterial
E

M aterial
F

Carbon 0.23 0.13 0.08 0.21 0.30 0.40
Manganese 1.40 1.29 0.97 1.18 1.30 1.30

Silicon 0.21 0.11 0.02 0.18 022 0.19
Phosphorus 0.012 0.003 0.13 0.010 0.000 0.000

Sulfur 0.013 0.001 0.005 0.010 0.003 0.004
Chromium 0.03 0.18 0.20 0.25 0.00 0.00

Nickel 0.00 0.12 0.00 0.17 0.00 0.00
I Molybdenum 0.004 0.042 0.003 0.056 0.000 0.000

Copper 0.02 0.14 0.02 L 0.20 0.01 0.00
Vanadium 0.04 0.15 0.00 0.00 0.00 0.00
Aluminum 0.028 0.015 0.039 0.021 0.018 0.010
Titanium 0.000 0.000 0.013 0.000 0.001 0.000
Niobium 0.00 0.00 0.01 0.00 0.00 0.00

Tin 0.02 0.02 0.01 0.01 0.00 0.00
Zinc 0.05 0.01 0.01 0.01 0.01 0.01

Element M aterial
G

M aterial
H

M aterial
I

M aterial
J

M aterial
K

M aterial
L

Carbon 0.39 0.29 0.17 0.39 0.20 0.06
Manganese 1.26 1.32 1.35 1.35 1.32 0.63

Silicon 0.19 0.21 0.15 0.19 0 26 0.17
Phosphorus 0.000 0.000 0.000 0.000 0.000 0.000

Sulfur 0.004 0.004 0.004 0.004 0.004 0.008
Chromium 0.00 0.00 0.00 0.00 0.00 1.08

Nickel 0.00 0.00 0.00 0.00 0.00 1.21
Molybdenum 0.000 0.000 0.000 0.000 0.000 0.21

Copper 0.00 0.00 0.00 0.00 0.00 0.58
Vanadium 0.07 0.08 0.06 0.08 0.10 0.00
Aluminum 0.010 0.010 0.010 0.012 0.013 0.013
Titanium 0.000 0.000 0.000 0.000 0.00 0.000
Niobium 0.00 0.00 0.00 0.02 0.03 0.010

Tin 0.00 0.00 0.00 0.00 0.00 0.01
Zinc 0.01 0.01 0.01 0.01 0.01 0.02
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TABLE 5.2: Hardness, Thickness and As-Received Thickness Data for Different 

Materials Used for This Study.

M aterial Hardness Thickness 
(As Received)

Grain Size 
(Per ASTM E112) (As 

Received)
Material A 81 HRB 16.2 mm (0.64**) ASTM 7

Material B 83 HRB 16.2 mm (0.64”) ASTM 7-8

Material C 80 HRB 16.2 mm (0.64”) ASTM 8-9

Material D 80 HRB 19.8 mm (0.78”) ASTM 8

Material E 83 HRB 16.3 mm (0.64”) ASTM 8-9

Material F 83 HRB 17.3 mm (0.68”) ASTM 7

Material G 96 HRB 17.4 mm (0.69”) ASTM 8

Material H 89 HRB 17.6 mm (0.69”) ASTM 9+

Material I 81 HRB 17.5 mm (0.69”) ASTM 8

Material J 89 HRB 17.5 mm (0.69”) ASTM 9+

Material K 88 HRB 17.5 mm (0.69”) ASTM 8

Material L 96 HRB 20.15 mm (0.79”) ASTM 7

The materials used in this study possessed diverse chemical compositional ranges 

as well as processing backgrounds. Material A, used in the first phase of this study, as 

well as materials B and D are reported to be discrete plate, while material C is reportedly 

from coiled plate that was subsequently flattened. Because the samples of material C had 

to undergo a cold-flattening operation it is assumed that a higher amount of residual 

stresses are present in that material. Materials E-K were laboratory heats created for a 

previous study not related to laser cutting. They were made specifically to vary the 

amounts of carbon, niobium, and vanadium. Material L is plate material of unknown
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origin with a chemical composition consistent with A 710, which was chosen because of 

its significant amounts of copper and nickel.

5.4 Test Methodology

Plates of all steels were saw-cut into 6 inch by 6 inch pieces. The plates were shot 

blasted individually using the same equipment and shot size in an attempt to create an 

equal and uniform surface condition. These plates underwent a straight-line laser cut. 

Variables that were used, in addition to steel composition, were laser-cutting velocity and 

laser power. In the first phase a cutting speed of about 500 mm/min and a power of 

approximately 4000 W were used. After cut plates for phase two were returned to CSM, 

examinations included measurement of striation roughness and spacing as a function of 

these variables, measured at three locations: near top, middle, and near- bottom. Further 

analyses included measurements of kerf width and HAZ thickness.

5.4.1 Sample Geometry

The samples used for this portion of the study were chosen with simplicity in 

mind. Although cutting shapes of different geometries is interesting and useful to 

industry, it can cause confusion and discrepancies during the data collection stage of the 

work. For this reason the samples were approximately 6 inch by 6 inch so they could be 

cut in either of two directions along the middle. Roughly half o f the samples were not cut 

completely in half. Instead they were pierced near one edge of the plate and then cut the 

rest of the way through. Figure 5.1 shows a diagram of the samples including the 

piercing and cutting locations.
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Figure 5.1: Diagram showing the test sample geometry used for the second portion of

the study including the locations of the pierce and cut.

5.4.2 Cutting Tests

Cuts made on the steel plate samples involved variations in cutting speed and 

laser power as well as on one surface variable method.
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5.4.2.1 Cut Speed Variations

The speed at which the laser progresses along the surface of a material is a key 

parameter for determining the success o f the cut. Although speed is intimately coupled 

with laser power for producing a good cut, even if laser power is considered ideal for 

specific steel, the speed will determine how much of that power is absorbed by the steel. 

Research by Powell (5) has shown that increasing the cutting speed has a similar effect to 

decreasing the laser power in that the material absorbs less total laser energy.

Each material was tested within a cutting speed range of 350 mm/min and 1050 

mm/min. This range covers an area that would be considered wide for average cutting, 

meaning that very few plate materials of similar thickness would be cut as slow as 350 

mm/min or as fast as 1050 mm/min. The expanded range was chosen so that one could 

examine what might happen if ‘ideal’ conditions were not maintained.

Being a key parameter, the laser speed must constantly be monitored by the laser 

operator. If a cut is programmed incorrectly at a speed that is too slow or too fast the 

material may be ruined. The laser operator noted that as speed changed, the direction of 

the cloud of ejected material (also referred to as the plume) would change as well, 

making it easy for the operator to predict if a cut was ‘too fast’ or ‘too slow. If a cut were 

being made at speed too fast for the thickness and power the plume would reach far back. 

If the cuts were progressing too slowly the plume would reach forward towards the un

cut material. When the plume was at a 90° angle to the cut direction the operator would 

make a note that it was a ‘good cut’. Figure 5.2 shows a diagram of the cutting front and 

labels the location of the plume. Figure 5.3 shows how the direction of the plume 

changes as a function of cutting speed. Once finished the cuts were evaluated visually 

and showed that this was indeed the case. Samples that cut with a perpendicular plume 

output showed desirable surfaces while others with differently angled plumes showed 

cuts with poorer visual quality.
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Figure 5.2:

Oxygen gas jet
Laser beam

Cut edge

Nozzle

Cut zone

L __________________
I oxidised particles

Diagram showing a laser cut edge as seen during process. The cloud of 

ejected molten oxidized particles, also known as the plume is labeled (24).

Direction 
of Cut

* ■ *

Too Fast Optimum 
Cutting Speed Too Slow

Figure 5.3: Diagram of the cutting front (modified from Figure 5.2) showing the

different directions taken by the plume based on the corresponding cut 

speed.
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5A.2.2 Laser Power Variations

Many professionals in the laser-cutting field are aware that changing the laser 

power can make significant improvements in the amount of time it takes to complete a 

cut. Obviously the laser-cutting process must utilize a sufficiently high power to provide 

the heat necessary to ignite the oxygen assist gas while low enough to avoid cuts with 

poor quality due to excessive burning. For this reason the effects to the cut surface of 

varying the laser power were isolated.

The laser, being fully CNC controlled, allowed for a number of speed and power 

variations for cutting and piercing. As part o f this level of computer control, the operator 

was able to change the laser power setting with ease. This allowed an opportunity to cut 

and pierce samples using as much or as little power as desired. Although the laser 

equipment would allow for a power setting of close to zero up to the power limit of 6 

kW, it was decided that testing would only occur within a range deemed acceptable by 

the laser operators on hand. For the plates that were approximately 16-17 mm thick, 

three power settings were used, 3200 W, 4800 W, and 6000 W. The plates that were 

thicker, around 20mm thick, were cut using three settings as well. The three used were 

4000 W, 4800 W, and 6000 W.

It should be noted that although the cutting progress may be quicker by raising the 

laser power, damage to the optics might be more likely. At higher laser powers, the beam 

quality becomes poorer, optics to run at those powers generally cost more, and the 

lifetime of the components is reduced due to thermal loading.
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5.4.2.3 Surface Variations -  Paint Marks

Feedback from many laser-cutting professionals indicated that marks left by steel 

manufacturers on the top portions of the plates, i.e. heat information or manufacturer 

identifications, caused laser cuts to have unpredictable results. Therefore, as a brief 

follow-up to the first phase of testing, samples were intentionally marked with varying 

amounts and colors of commercial paint markers. Although this may be outside of the 

scope of this project, the results are interesting and may be worthwhile to pursue for 

future projects.

As a simple first test, four plates were marked on the top surface with common 

paint pen markers of different colors. It was noted that the paint marks caused the laser 

cut quality to degrade slightly directly below the region where the marks were placed. It 

was further noted that certain colors affected the cut quality in different ways. For 

example the colors white, yellow, and red caused a poor cutting area under the marks 

while the black marker showed very little evidence of cutting discrepancy. Figures 5.4 

and 5.5 show the results achieved in cutting one of the marked samples.
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Paint Lines

Laser 
Cut Edge

Top
Surface

Adherent Dross

Macrophotograph (Mag.~0.9X)
Figure 5.4: Test sample showing adherent dross on the cut edge of a laser cut sample

resulting from paint marks on the top surface.
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Adherent Dross
Macrophotograph (Mag.~1.6X)
Figure 5.5: Magnified view of figure 5.4 showing adherent dross caused by paint

marks on the top surface of a test sample.

5.4.3 Piercing Tests

As stated previously, due to the fact that laser cut samples are taken out of a plate 

of nested parts, it is necessary to understand the issues involved in the piercing process. 

Because of this apparent need for further understanding of the piercing process, it was 

necessary to isolate piercing from the cutting process. The way this piercing analysis was 

completed was by testing eight different piercing powers on each plate. The power 

differences used for most materials began with 2800 W up to a power of 4800 W with 

increments of 200 to 400 W. During this testing, the operator as well as the researchers
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made note of the time necessary to pierce the steel as well as the appearance of the 

piercing progress. Plate and power combinations that caused a ‘blowout’ were noted. A 

blowout occurs when too much energy is added to the material all at once resulting in an 

explosion due to excessively rapid vapor production leading to a high vapor pressure (9). 

Feedback from professionals in the laser field have noted that, from experience, plates 

with lower amounts of carbon pierce better than those with increased amounts. For this 

reason samples showing a wide variation in carbon contents were selected. Each plate 

used for this study was pierced in four different locations using at least four different 

laser powers.

5.5 Results

Upon shipment to CSM, the plates processed in the study were examined 

thoroughly to determine effects of cutting and piercing testing.

5.5.1 Results of Visual Examinations Completed on Cut and Pierced Samples

Cut quality is considered a very subjective term requiring physical measuring 

techniques to quantify; however laser cuts can often be judged superficially using a quick 

visual examination. Although a determination of good versus bad cut may not provide a 

very useful comparison, a visual examination can show important differences between 

cut surfaces that might not be easily quantified. For example, if  steel is cut incorrectly at 

one speed, a laser operator can identify the problem visually and fix the problem. Figure

5.6 shows three different materials, cut with the same laser power, at two different cutting 

speeds. It is clear that material A for each cutting speed shows an increased frequency 

and severity of gouging. Material A also shows an increased amount of dross attached to
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the bottom surface. It can also be noted that the samples cut at 950 mm/min have an 

increased zone of discontinuity at the beginnings of the cut, represented by the right side 

of the samples. Similarly, Figure 5.7 shows photographs of four samples from materials 

A-C corresponding to the widest ranges of laser power and cut speed. This figure shows 

clearly that, for each material, the frequency and severity of gouging increases with 

increased laser power and decreased cutting speed.

6kW Laser Power

950 mm/min

470  mm/min

Macrophotograph (Mag.~0.9X)
Figure 5.6: Photographs of six different samples of three materials showing the effects

of cutting with one laser power and two cutting speeds.
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Material A Material B
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Material C
Macrophoto graph (Mag.~0.6X)
Figure 5.7: Photographs of four samples from materials A-C corresponding to the

widest ranges of laser power and cut speed. In each group of materials

shown, the parameters used were 6 kW at 1050 mm/min, 6 kW at 350

mm/min, 3200 W at 1050 mm/min, and 3200 W at 350 mm/min from top

to bottom.

Another visual method of judging the success of a laser cut is to measure the 

length of the ‘pierce effect’. The length of the ‘pierce effect’ is the distance from the 

original pierce location that is necessary for the cutting front to become regular, 

producing a homogeneous, periodic cut appearance. It has been noted that as the cut
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initiates and progresses after the piercing process, the laser may have difficulty achieving 

the typical periodic cut front. Members of the laser cutting industry call this a “cut that 

has trouble coming out of the pierce”. Figure 5.8 shows a sample that had trouble 

coming out of the pierce and how the length of the pierce effect can be determined and 

quantitatively estimated.

Macrophotograph (Mag.-~2.9X)
Figure 5.8: Sample that had trouble initiating a regular cut front after piercing,

demonstrating the measurement of ‘length of pierce effect’. Material J,

950mm/min, 3200W

The samples that showed these discontinuities were collected so that 

measurements of the pierce effect could be quantified. Figures 5.9 through 5.12 show the 

measurements made from four different steels at the ranges of laser powers used.
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Figure 5.9:
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Figure 5.11:
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Many samples that showed poor cutting characteristics after piercing have areas 

that were not completely cut. For these samples a band saw was used to separate the area 

that was still attached. Figure 5.13 shows a sample that did not completely separate after 

cutting.

Macrophotograph (Mag.~2.0X)
Figure 5.13: Laser cut edge showing poor cutting after piercing. The area at lower-

center shows where the laser did not completely cut through the material.

Cut propagated from right to left. Material E, 950mm/min, 3200 W

Other samples that are unsuccessfully cut show areas of re-cast material on the 

bottom of the cut. This re-cast dross is a result of insufficient ejection of molten material 

from the cut because of insufficient gas pressure caused by an excessive cutting speed or 

because the melt viscosity is excessively high due to chemical composition or lack of 

thermal energy. A cut of this nature would be considered unsuccessful and would result 

in a scrap part. Figures 5.14 through 5.16 show a sample with re-cast dross on the bottom 

of the cut. Note this sample was cut at the high end of the speed range, 1050 mm/min.
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Macrophotograph (Mag.~l .5X)
Figure 5.14: Bottom surface of a laser cut showing re-cast dross directly underneath the

cut. This was caused by using a cutting speed that was too fast to allow 

the assist gas to effectively eject the molten cut material. Material D, 

1050mm/min, 4000 W

Macrophoto graph (Mag.~3.8X)
Figure 5.15: Magnified view of Figure 5.12 showing the fragile and porous nature of

the re-cast dross. Material D, 1050mm/min, 4000 W
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Macrophotograph (Mag.~1.7X)
Figure 5.16: Side view of re-cast dross shown in Figures 5.12 and 5.13. Material D,

1050mm/min, 4000 W

As previously discussed, production of a successfully cut part with a laser can be 

compromised during the piercing process alone. Regardless of the appearance of the cut 

portion, if the piercing is unsuccessful because of a blowout then the entire part may be 

unacceptable. Blowouts occur when the material is heated too quickly, forming an 

unstable growth of vapor pressure. If a large volume of gas ignites at once the result is a 

region of complete melting many times larger than the diameter of the intended pierce. 

Figures 5.17 and 5.18 show samples that were considered unsuccessful due to blowouts 

at the piercing location. Blowouts may be detrimental to the dimensional tolerances of a 

part but can also cause expensive damage to the laser equipment. When a blowout 

occurs, a large volume of molten material is blown in all directions. If blown directly 

upwards, this melt has the opportunity to damage the laser head by solidifying on the 

laser opening or even to ignite the O2 feed lines resulting in a violent fire.



104

Macrophotograph (Mag.~3.5X)
Figure 5.17: Laser cut sample showing the result of a blowout during the piercing

process. Material I, 950mm/min, 3200 W

Macrophotograph (Mag.~3.3X)
Figure 5.18: Laser cut sample showing the result of a blowout during the piercing

process. The blowout only occurred at the top-half of the sample, the rest

shows an acceptable pierce. Material E, 770mm/min, 3200 W
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As shown, it is possible to identify the presence of a poor pierce or cut visually; 

however it is equally easy to identify a good quality sample. As a comparison to the 

previous pictures, a sample that cut well following a successful pierce is shown in Figure 

5.19.

IERCE
Macrophotograph (Mag.~3.2X)

Figure 5.19: Laser cut sample showing what would be considered a good pierce with a

successful cut afterwards. Material B, 620mm/min, 4800 W

5.5.2 Results of Surface Roughness Evaluation

In an attempt to quantify surface roughness, one ten-point height measurement 

was made at three specific locations on the cut surface: near the top where the laser beam 

enters the material, in the middle, and near the bottom where the laser beam exits the 

material. Figure 5.20 shows where the measurements were taken. Figures 5.21 through 

5.39 show the results of ten-point height measurements for each material tested at each 

laser power variation. In addition to measuring roughness based on peak-to-valley 

distances for striations formed during laser cutting, the frequency of striation formation



106

was quantified via one S-value measurement per sample that were made at the middle 

position of the cut surface only. Figures 5.40 through 5.44 show the results of S-value 

testing for each material tested. It was noted that the laser cuts produced were of poorer 

quality on one side as compared to the other. This effect is typical of a laser system that 

is out of alignment. Although the alignment is checked periodically during preventative 

maintenance procedures, the system can ‘drift’ over time. For future studies it is 

recommended that the cutting tests be completed soon after a preventative maintenance 

routine to ensure ideal laser set-up.

Direction of Cut

Near
Surface

Middle

Near
Bottom

Direction of
Profilometry
Traverses

12.5 mm
Figure 5.20: Diagram of a cut surface showing the approximate locations of ten-point

height and S-value testing.

It should be noted that during ten-point height and S-value testing, many samples 

were rougher than the profilometry equipment was capable of measuring, which was 350 

pm from the zero point. For this reason the subsequent plots show an upper limit o f 350 

pm. Certain plots show an upward-facing arrow where the predicted trend crosses the
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upper limit, an indication that the exact measurement could not be determined. However 

it is known that the value is greater than the limit of the equipment. Additionally, many 

plots do not show a trend for the data collected at the bottom of the sample. This lack of 

data is because an insufficient amount of data was collected to predict a trend due again 

to limits imposed by the equipment.

350 350
Material A - 3200 W

- j -  Top of Sample
^  Middle of Sample
A  Bottom of Sample

2  -
w 300 - -300

"Cto 250- -250

I 2 0 0 - - 2 0 0L
0
£01
"55z
c
1

150- -150

-1001 0 0 -

— 5050 —

400 600 700 800 900 1000500
C ut S p eed  (m m /m in )

Figure 5.21 : Surface roughness as a function of cut speed; Material A, 3200 W laser
power.
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Figure 5.22: Surface roughness as a function of cut speed; Material A, 4800 W laser
power.
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Figure 5.23: Surface roughness as a function of cut speed; Material A, 6000 W laser
power.
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Figure 5.24:
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Figure 5.25: Surface roughness as a function of cut speed; Material B, 4800 W laser
power.
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Figure 5.26:
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Figure 5.27: Surface roughness as a function of cut speed; Material C, 3200 W laser
power.
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Figure 5.28: Surface roughness as a function of cut speed; Material C, 4800 W laser
power.
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Figure 5.29: Surface roughness as a function of cut speed; Material C, 6000 W laser
power.
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Figure 5.30:
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Figure 5.31 : Surface roughness as a function of cut speed; Material D, 4800 W laser
power.
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Figure 5.32: Surface Roughness as a function of cut speed; Material D, 6000 W laser
power.
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Figure 5.33: Surface Roughness as a function of cut speed; Material E, 3200 W laser
power.
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Figure 5.34:
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Figure 5.35: Surface Roughness as a function of cut speed; Material G, 3200 W laser
power.
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Figure 5.36:
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Figure 5.38:

350 350
Material J - 320 0  W

- j -  Top of Sam ple
^  Middle of Sam ple

A  Bottom of Sam ple
300 300

8
m 250
3
9£ 200 

M

0
S 15001
‘ÔX

250

200

150

100 100

50

400 500 600 700 800 900 1000
C ut S p eed  (m m /m in )

Surface Roughness as a function of cut speed; Material J, 3200 W laser 
power.
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Figure 5.39: Surface Roughness as a function of cut speed; Material K, 3200 W laser
power.
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Figure 5.40:
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Figure 5.42:
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Figure 5.43: S-value as a function of cut speed; Material D, 4000, 4800 and 6000 W
laser powers.
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5.5.3 Results From Piercing Tests

Two methods to judge the success o f the piercing process were used. The first 

method involved measuring the size of the hole created after the piercing process by 

using vernier calipers, which produced data with a standard uncertainty o f approximately 

0.03 mm. An explanation of how this uncertainty was determined is provided in 

Appendix A, section A. 1.1. The second method involved measuring the time necessary 

to complete the piercing process as a function of piercing power. Figure 5.45 shows a 

diagram of the sample geometry used for piercing tests. Figures 5.46 through 5.48 show 

the results of piercing exit hole size as a function of carbon content for all of the steels 

tested at each piercing power variation. Figure 5.49 shows the results of piercing exit 

hole size as a function of piercing power for select materials. Figure 5.50 shows the 

results of the piercing time as a function of piercing power. The powers used ranged from 

2800 W to 4800 W.

Piercing Locations

< >
6in

Figure 5.45 Diagram showing the test sample geometry used for the piercing portion 

of the study.
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Figure 5.46:
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Figure 5.48:
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Figure 5.49: Piercing exit hole size as a function of piercing power for materials A -

and I - J.

An additional analysis of the piercing test samples was completed visually. 

Similar to the data shown in Figure 5.49, visual analysis of the piercing test samples 

reveals that exit holes increase in size as the piercing power increases. A visual 

representation of this may be seen in Appendix C of this thesis.
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Figure 5.50: Piercing time as a function of piercing power for materials A-C.

5.5.4 Results of Kerf Width Measurements

Kerf width measurements were made on laser cut samples that were pierced and 

cut. These samples allowed the measurements to be made while the plate was still intact 

at one end. Data was collected using vernier calipers, a method which produced data 

with a standard uncertainty of 0.14 mm. An explanation of how this uncertainty was 

calculated is provided in Appendix A, section A. 1.2. It was noted that the kerf width of
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the entrance (top surface) side was consistently wider than that of the exit (bottom 

surface) side, regardless of the material, speed, and power combinations used.

It was noted by the laser operators that some of the samples were closing on the 

open end after the test was complete, destroying the valid kerf width data. One 

manifestation of this phenomenon was an audible ‘pinging’ sound produced within 

minutes from the end of the cut. The audible indication was only noted in a few of the 

samples tested; however later examination of the samples showed that many more had 

closed in a similar manner. The reason these plates closed in this manner is most likely 

due to the release of residual stresses from the original processing of the plates that 

existed in the plate prior to cutting. In future studies it is recommended that the plates be 

pierced then cut to a certain point before the cut terminates. This should eliminate the 

ability of residual stress forces to complicate the measurement of the kerf. Figures 5.51 

through 5.54 show kerf width data, from samples that did not show evidence of closing, 

as a function of cutting speed and laser power for each material selected.
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Figure 5.51:
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Figure 5.53:
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Figure 5.54: Kerf width (measured on the exit/bottom side of the sample) as a function of

cutting speed: Material D, 4000, 4800 and 6000 W laser powers.
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5.5.5 Results of HAZ Measurements

Selected samples from laser cutting tests were sectioned into smaller pieces in 

order to examine the characteristics of the heat-affected zone. The HAZ samples were 

sectioned from the middle of the laser-cut samples to negate the effects of an extra heat 

effect due to the beginning or end of the laser cut. After the samples were sectioned into 

smaller pieces, an appropriate metallographic preparation process was used. This 

preparation involved the mounting of the specimens in phenolic-based resin and 

subsequent grinding, polishing, and etching with a 5% nital solution. The etched samples 

showed a rather clear line where the HAZ ends, although some interpretation is 

necessary. In this case the HAZ width was evaluated by measuring the distance from the 

inner edge of the re-solidified layer to a location towards the core where absolutely no 

more heat effect was noticed. Microhardness traverses of the sectioned samples were not 

attempted as part of this work. Research by Shariff noted that HAZ widths obtained by 

metallographic techniques do not readily compare to widths obtained by microhardness 

traverses. Figure 5.55 shows a micrograph of a laser cut sample near the edge indicating 

the presence of the re-solidified layer and the martensitic microstructure. HAZ data was 

collected using optical microscopy, a method which produced data with a standard 

uncertainty of 28.3 pm. An explanation of how this uncertainty was calculated is 

provided in Appendix A, section A.3. Figures 5.56 through 5.59 show plots of the HAZ 

width as a function of laser cut speed, and Figures 5.60 through 5.62 show plots of the 

HAZ width as a function of laser power.
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Figure 5.55: Micro structure of a laser cut sample taken near the cut surface showing a

heat-affected zone consisting mainly of martensite.
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Figure 5.56:
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Figure 5.58:

Figure 5.59:
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Figure 5.60: HAZ width as a function of laser power: Material A, 3200, 4800 and 6000

W laser powers.
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Figure 5.62:
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5 5 0

5 0 0 -

4 5 0 -

I  4 0 0 - 1  

5
3
1  3 5 0 - 1

■_______I_______ L

Material C
+  +  +  470 mm/min
♦  ♦  ♦  950 mm/min

3 0 0 -  d e

2 5 0

3 0 0 0

i 1 I 1 r
4 0 0 0  5 0 0 0  6 0 0 0

Laser P ow er (W )

HAZ width as a function of laser power: Material C, 3200, 4800 and 6000 

W laser powers.

5 5 0

5 0 0 -

■g. 4 5 0  —  

a
I  4 0 0  — ] 

5

1  3 5 0  H

3 0 0 -

2 5 0

3 0 0 0

I JL
Material D

+  +  +  470 mm/mln 
♦  ♦  ♦  950 mm/min

T ' r
4 0 0 0  5 0 0 0  6 0 0 0

Laser P ow er (W )

HAZ width as a function of laser power: Material D, 4000, 4800 and 6000

W laser powers.





135

6.0 DISCUSSION

6.1 Effects of Surface Condition on the Laser Cutting Process

The first phase of this research project was to examine the influence of steel plate 

surface condition on the quality of the laser-cut surface. In this portion of the study, only 

one steel was examined, and laser-cutting parameters were kept constant.

Figure 4.9 showed that the rusted sample has a higher average HAZ width as 

compared to the other surface condition changes. This may be explained by the fact that 

the rusted surface allowed more absorption of the laser radiation. As previously stated 

the oxide layer, such as FeO, has a much higher absorption coefficient than pure iron.

The absorption coefficient of FeO approaches 90% compared to only 8% in pure iron (2). 

Although the surface oxidation created by prolonged exposure to environmental elements 

is most likely Fe^D^, it is hypothesized that the trend is similar to that of FeO. In addition 

to this, it should be noted that the rusted surface was the most ‘severe’ change made to 

the plates judging by surface appearance alone. On the opposite end of the scale, it was 

noted that the sample with the Blanchard ground surface showed the lowest HAZ width. 

This may be explained by an opposite argument to the rusted sample case. The ground 

material, having a relatively shiny surface, may have had the effect o f reflecting a portion 

of the laser radiation so that less was available to heat the cut zone. Less heat along the 

cut surface would translate into a lower amount of heat loss to the bulk of the material 

due to conduction and therefore a thinner area affected by heat.

Visual comparisons of laser cuts made with constant cutting parameters on plates 

with different surface conditions indicate very little difference. Figure 4.6 shows
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comparisons of laser cut edges with the four different surface conditions tested and 

indicates that only a slight increase in the propensity for gouging was noted on the rusted 

sample. Although the visual examination is subjective, one may explain this increased 

gouging in similar terms as HAZ width. If the rusted sample had a higher degree of 

laser-beam absorption, then more heat would be present in the cut zone and particularly 

at the cut surface. This statement is supported by S-value testing completed on the same 

samples. The rusted material shows slightly higher average striation spacing than the 

plates with other surface conditions. Research conducted by Arata (8) indicates that this 

would cause the cut to create deeper striation patterns, and possibly increased gouging, 

because of an increased amount of side burning. Side burning occurs when the cutting 

front, moving faster than the beam itself, heats more material than desired prior to being 

extinguished by the trailing edge of the gas jet. However, data collected from ten-point 

height testing does not support this statement. Ten-point data, shown in Figure 4.15, 

shows that the rusted sample did not show the highest average surface roughness 

measurement. This could be attributed to the fact that gouges were avoided when 

assessing the surface profilometry.

Results of the temperature measurement experiment show little evidence of 

differences. Data collected from thermocouples placed on each of the samples show that, 

although the temperature rises in the bulk material during laser cutting, very few 

differences are seen when comparing samples of different surface conditions (<2°C). 

Figure 4.14 shows a representative heating curve from each surface condition indicating 

nearly identical trends.

Following this trend in the data, it may not be possible to rank all o f the surface 

conditions in order of ‘best’ to ‘worst’; however it is clear that some differences can be 

noted. For example the totality of the data indicates that the rusted surface shows a more
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heavily gouged cut surface than that of the other materials. Similarly the ground sample 

shows a consistently smoother surface as compared to other surface condition variables.

6.2 Effects of Cutting Speed on the Laser Cutting Process

In the second phase of this project, surface condition was maintained as constant 

as possible. The variables in this part of the study were the chemical composition of the 

steel plates, the laser power, and the laser cutting speed.

Visual analysis of cut surfaces, although subjective, shows differences in cutting 

quality based on the cutting speed used. Figure 5.6 showed that as the cutting speeds are 

increased, the quality of the laser cut increases. Similarly, Figure 5.7 shows three 

materials that have been cut at different cutting powers and speeds. Comparing the 

materials cut with the same laser power and varying cut speeds shows that those cut at 

lower speeds have a rougher, less-consistent cut-surface appearance characterized by an 

increased amount of gouging.

Analysis of surface roughness data collected from the cut surfaces shows that the 

amount of laser power used has an effect on the roughness. A general trend is noted on 

samples A-D, shown in Figures 5.21 through 5.32, which indicates that as the laser power 

increases, the ten-point height value decreases until a minimum value is achieved.

Beyond this minimum the ten-point height value increases with increasing cutting speed. 

A similar, parabolic trend is noted in the S-value data collected from the same samples. 

Figures 5.40 through 5.44 show that as the cutting speed increases, the average striation 

spacing decreases to a certain point before subsequently increasing. Analysis of kerf 

width data (Figures 5.51 to 5.54) also shows parabolic trends with variation in cutting 

speed. As the cutting speed is increased from zero the width of the kerf steadily 

decreases to some minimum point noted to be anywhere between 700 and 800 mm/min. 

Beyond the minimum, the kerf width steadily increases with increasing cutting speed.
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An explanation of the cutting process itself may provide an explanation for the 

parabolic trends noted in various analyses. At lower cutting speeds the laser has more 

time in contact with the material and therefore has the ability to transfer more energy to 

the cut region. The result of this, as explained previously, is an increase in the amount of 

side burning along the cut front, leading to an increase in surface roughness. At faster 

cutting speeds, towards the travel-speed limit of the laser carriage, an increase in 

roughness parameter values may be noted again for reasons related to the mechanics of 

the cutting process. If the laser beam is moving faster than the reaction zone of the cut 

front, then the amount of time to completely eject all of the molten material from the cut 

front is not sufficient, leaving a thicker layer of re-solidified material at the surface.

Analysis of HAZ width as a function of cutting speed shows a decreasing trend, 

although each line is plotted with only two data points. Figures 5.56 through 5.59 show 

that as the cutting speed increases the width of the HAZ decreases. A visual comparison 

of HAZ width of laser cut samples showing this trend can be seen in Appendix D. At 

lower cutting speeds excessive heat buildup at the advancing cutting front heats more 

material to the melting temperature leaving it vulnerable to being ejected by the assist 

gas. Oppositely, when cutting with faster cutting speeds, steel plates have much less time 

to absorb laser energy, leaving behind a cooler cutting front where very little excess 

material is heated. In addition to this it was noted that the discrete and coiled steels 

(materials B and C respectively) showed smaller HAZ widths over the range of cutting 

speeds as well as a much smaller difference between the HAZ widths resulting from slow 

and fast cuts. These materials would be considered as more robust than material A when 

considering HAZ width alone.

In addition to the exclusive effects of cutting speed, results show that the speed 

used immediately after piercing shows a similar effect. Figures 5.9 through 5.12 show 

that, in general, as the cutting speed after piercing increases so does the length o f the
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pierce effect. The trends noted in the length of pierce effect data are not consistent, but 

when the data is grouped, specific areas of high and low probability of pierce effect 

issues can be seen. Figures 6.1 through 6.4 show plots similar to Figures 5.9 through 

5.12 where these regions of pierce effect are noted. For materials A-C the length of the 

pierce effect tends to show a minimum range of piercing effect at a cutting speed in the 

range of 800 to 900 mm/min. Material D shows a similar minimum; however it appears 

to be at a slightly lower cutting speed. This result may be explained by the fact that 

material D is approximately 20% thicker than materials A-C. These data, in effect, can 

guide a laser operator or design engineer to specify that the cutting process takes place 

within a certain boundary of parameters if this effect should be minimized.
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Figure 6.1 : Length of pierce effect data from material A showing a range of
processing parameters where poor cutting characteristics may be 
generated.
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Figure 6.2:
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Figure 6.3: Length of pierce effect data from material C showing a range of
processing parameters where poor cutting characteristics may be 
generated.
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Figure 6.4: Length of pierce effect data from material D showing a range of
processing parameters where poor cutting characteristics may be 
generated.

Additional analysis of the length of pierce effect trends notes that the discrete and coiled 

steels (materials B and C, respectively) show a range of pierce effect that is lower than 

the other three materials tested. In this case the discrete steel may be noted as being the 

most robust material.

6.3 Effects of Laser Power on the Cutting Process

Hypotheses offered by Dilthey (6) and Shariff (10) indicate that the magnitude of 

laser power used during cutting and piercing has an important effect on the quality of the 

laser processing result. Results from this project tend to support this hypothesis.
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Visual analysis o f cut surfaces, although subjective, shows differences in cutting 

quality based on the laser power setting used. Figure 5.7 shows three materials that have 

been cut using different cut speeds and laser powers. Comparing the samples where the 

laser power was the key variable shows that as the laser power increases, the amount of 

surface gouging increases. Similarly, it was noted in samples where the length of the 

pierce effect was measured (Figures 5.9 through 5.12) that for each material and cutting 

speed variation, the materials cut at the highest laser power showed the largest pierce 

effect zones.

Additional support to prove the laser power hypothesis comes from cutting tests 

performed during this analysis. Results of ten-point height (Figures 5.21 through 5.32) 

and S-value testing (Figures 5.40 through 5.43) show that for each material tested, the 

values of surface profilometry measurements increase significantly when the highest laser 

power is used. Kerf width measurements from materials cut at different cutting speeds 

shows that at the highest laser power the kerf width, in general, is larger. Figures 5.51 

through 5.54 show data supporting this statement.

In addition to the results obtained from visual and physical measurements of cut 

surfaces, it is apparent that the laser power has an effect on the piercing process as well. 

Figure 5.49 shows that as the power used to pierce the material increases, the size of the 

exit hole created on the bottom side of the sample generally increases as well. Figure 

5.50 shows that as the laser power is increased, the time it takes to complete the piercing 

process appears to decrease to some minimum point, noted to be approximately 4400 - 

4500 W for the testing regime attempted in this work. Beyond this minimum point the 

time it takes to pierce increases with increasing piercing power for materials A and B.

This effect may be explained by the buildup of plasma at the plate surface during 

piercing. Work conducted by Yilbas (29) showed that the generation of a high- 

temperature plasma layer is beneficial for the cutting and piercing process; however if too
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much laser power is used, the plasma can become so dense that it actually shields the cut 

or piercing front from the incident laser beam causing cuts and pierces to progress more 

slowly.

The effect of raising the power used during cutting and piercing is similar to that 

o f lowering the cutting speed. Similar to the discussion related to the generation of the 

HAZ in section 6.2, raising the laser power during processing introduces more heat to the 

cutting or piercing front. As the amount of heat present in these zones increases, so does 

the amount of material melted then subsequently ejected by the assist gas, increasing the 

width of the kerf or piercing exit hole size, the surface roughness values, and affecting 

the visual quality of the cut surface.

6.4 Effects of Material Thickness on the Laser Cutting Process

At first glance the data collected in this study showed that the thickness of the 

steel plate had only a small effect on the laser-cutting process within the narrow ranges 

considered here. It appears as though the results of visual examinations, length of pierce 

effect measurements, ten-point height and S-value testing, as well as kerf width 

measurements show that no appreciable effects can be attributed to changes in thickness. 

The only noticeable difference in results was in analysis of the HAZ width. Material D 

(19.8 mm thick) showed a wider HAZ as compared to samples A-C, which were all 16.2 

mm thick. Data supporting this statement can be seen by comparing Figures 5.60 through 

5.63.

Further analysis of the data collected using regression analysis shows this 

statement to be correct. Cutting and piercing data show a weak effect on these processes, 

and calculations of these effects are noted in the next section of this thesis.
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It should be reiterated that the range of thicknesses tested in this study (16.2 - 

20.15 mm) only constitutes a small window of what a laser beam is capable of cutting. 

Based on modeling work completed by Espinal (25), it is believed that a wider range of 

plate thicknesses would serve to magnify the effects noted in section 6.5.

6.5 Effects of Steel Chemical Composition on the Laser Cutting Process

Feedback collected from laser cutting professionals as well as previous laser 

cutting research (4) indicates that the amount of different alloying elements has an effect 

on the cutting and piercing process. It has been noted that the effects o f an increase in 

carbon can be detrimental to the cutting and piercing process while other elements such 

as copper and nickel can be beneficial. These statements can be argued in terms of their 

effects on molten material. For example, the metallic oxides of alloying elements may or 

may not be soluble in the melt material. In addition to this, different alloying elements 

tend to have different melting points, different viscosities, and different effects on 

interfacial tension. It is believed that differences in interfacial tension will affect the 

characteristics of the ejection of molten material leading to effects on the striation pattern 

noted on the cut surface. Also, metallic oxides created as a result o f reaction of alloying 

elements with the oxygen assist-gas tend to have very high viscosities that will cause the 

melt ejection to be more difficult (26).

The amount o f numerical data collected during this investigation was significant. 

Thus, standard statistical methods can be employed to simplify this process. In this 

section, some attempts to better understand the laser cutting process based on the 

numerical data will be discussed.
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If one wants to know the influence of steel carbon content on the measured 

surface roughness of the laser-cut plate, a first approach might be to plot roughness as a 

function of carbon content. Such a plot is shown in Figure 6.5, and it appears that there is 

no trend. The ‘fit’ for this two-dimensional plot using a least-squares approach is:

Rz = -1.66 (wt% Carbon) + 1 3 4  [6.1]

where Rz is the ten-point surface roughness in micrometers, x is the weight percent of 

carbon in steel, and throughout this discussion, three significant figures will be 

maintained for each analysis. The plot shown in Figure 6.5 clearly conveys no 

relationship between the two variables.
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Figure 6.5: Plot showing roughness vs. the percent carbon for all steels tested.
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As is obvious, the amount of carbon is not the only variable in the present study, 

but Figure 6.5 seems to rule out carbon as a key variable. Doubt can be cast on this last 

statement by examining a ‘cleaner’ analysis where surface roughness data with the 

following variables kept constant. In Figure 6.6, all data came from cuts with a power of 

3200 W, with plate thickness of 16.2 or 17.5 millimeters, a cut speed of 950 mm/min, and 

solute other than carbon between 1.43 to 2.07 weight percent. The carbon content range 

for the plot is 0.08 to 0.40 weight percent.
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Figure 6.6: Plot showing roughness vs. the percent carbon for the 16.2 and 17.5 mm

thick steels tested with a laser power of 3200 W and a cut speed at 950 

mm/min.
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In this case, the "fit" for this two-dimensional plot using a least-squares approach

is:

Rz = 202 (wt% Carbon) + 39.5 [6.2]

where Rz is again the ten-point surface roughness in micrometers, x is the weight percent 

of carbon in steel, and all other variables mentioned above were constant or covered a 

comparatively narrow range. This statement suggests that there does appear to be a fairly 

strong influence of the steel carbon content on the surface roughness o f these laser-cut 

steel plates. This result follows the argument stating that additions of alloying elements 

affect the cut surface roughness. The positive coefficient noted for carbon content 

indicates that an increase in carbon content is associated with increasingly rough cut 

surfaces.

A similar approach used to describe the effect of carbon can be extended to 

multiple x variables. The simplest approach of this type is linear regression. Thus, in an 

attempt to quantify the influence of several variables on the laser-beam cutting 

performance of mild steel, several sets of data were used to conduct a number of linear 

regression analyses. The response variable (y) was chosen to be the roughness (in 

micrometers) at the middle position o f the cut surfaces. Immediately, one should note 

that this gives only one value that might be used to characterize cut quality, and it 

obviously excludes the importance of piercing. The final set of independent variables 

was the following: cutting speed (in mm/min), laser power (in kW), carbon content of the 

steel (in weight percent), amount of all other solute in the steel (in weight percent), and 

plate thickness (in millimeters). With these variables and units, the final regression 

expression is the following:
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Rz = 313 + -1.09 (speed) + 0.00070 (speed2) + 32.3 (power) +141 (wt% 

carbon) +13.2 (wt% all other solute) + 1.06(thickness) [6.3]

Following this result, the expected value of y for pure plate of iron (16.2 mm in 

thickness) that is cut with 3200 W and a cut speed of 350 mm/min is 138 pm, which does 

not seem unreasonable. At the upper end of the relevant variables (i.e., 20.15 mm thick 

plate, 6000 W, 1050 mm/min), an essentially pure iron plate has an expected roughness 

of 155 pm. The R2 for equation 6.3 was noted to be approximately 0.65, which is 

considered reasonable for this analysis. This result can be corroborated by plotting ten- 

point height values calculated by using equation 6.3 and those collected by surface 

profilometry. Figure 6.7 shows the relationship of these data points.
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Figure 6.7: Plot showing a comparison of ten-point height data calculated from the

regression analysis equation [6.3] with that collected from each sample by 

surface profilometry.

The different terms in this expression all appear to provide reasonable predictive 

capability. For example, as the power of the laser is increased, the expression indicates 

that the roughness will also increase. Also note that while carbon has a comparatively 

large coefficient (141) compared with the summation of all other solute (13.2), the range 

o f carbon contents is 0.06 to 0.40 as compared with the other solute (1.43 to 3.94). Thus, 

one must consider the product of these two terms when trying to assess the relative 

importance of the different terms.

As noted above, the expression predicts an increase in roughness as power, carbon 

content, and plate thickness increase. The parabolic effect of cutting speed is indicated 

by two terms for speed. The trends appear to be intuitively correct, such as power and
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plate thickness. The two chemical composition terms, however deserve further 

discussion. The results of this analysis suggest that increasing the amount o f all alloying 

elements has a correlation to a rise in surface roughness. This might suggest that, in 

order to create more laser-friendly steel, one must consider decreasing alloying element 

amounts so that steel with specified properties and wide laser processing ranges is 

achieved. However, separation of the effects of different alloying elements (e.g., Mn, Si, 

Cu, etc.) was not possible in this study because of the limited range of chemical 

compositions.

6.6 Effects of Thermal Conductivity on the Laser Cutting Process

The regression analysis completed as part of this work indicates a negative effect 

of solute element additions on the roughness of laser cut surfaces. An interpretation of 

this effect is not readily forthcoming. For example, increasing the carbon content and 

alloy content of steel results in a decreased thermal conductivity. Referring to Figure 2.6, 

one might expect a lower amount of side-burning in a material with comparatively low 

thermal conductivity, resulting in lower surface roughness. However, the regression 

results show the opposite effect, i.e., as carbon and solute contents increase, the laser cut 

surfaces become rougher. Thus, thermal conductivity appears to play a small or 

insignificant role in determining surface roughness.

Other explanations for the trend relating carbon and other solute to surface 

roughness should probably include issues such as how these elements influence melting 

temperatures, viscosities, and surface tensions. Further work would be necessary to 

investigate this statement.
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6.7 Effects of Steel Chemical Composition on the Laser Piercing Process

In order to investigate the effects of carbon content and other variables on the 

piercing process, a set of tests were completed with a number of different piercing 

powers. When completed the quality of the pierce was judged partially by the size of the 

exit hole on the bottom of the plate. Figures 5.46 through 5.48 show that as the carbon 

content increases so does the exit hole size produced.

To investigate the contributions of other variables, another regression analysis 

was conducted. The response variable (y) was chosen to be the minimum power setting 

(in watts) needed to create a rather large exit hole on the bottom side of a plate, 

specifically a hole with at least a 2 mm diameter size. These data were extracted from 

Figure 5.49 and one assumption had to be made. For material C, it was assumed that the 

trend line would gradually curve upwards at higher power with a 2 mm diameter hole 

being produced at 6 kW. It should be noted that this method gives only one value that 

might be used to characterize pierce quality where many more may exist. The 

independent variables used for this analysis were the following: carbon content of the 

steel (in weight percent), amount of all other solute in the steel (in weight percent), and 

plate thickness (in millimeters). With these variables and units, the final regression 

expression is the following:

Power = 26.2 - 1.68 (wt% Carbon) - 2.22 (wt% other solute) - 1.05 (thickness) [6.4]

Following this result, the expected value of y for pure plate of iron (16.2 mm in 

thickness) is 9.2 kW, which does not seem unreasonable. At the upper end of plate 

thicknesses tested, an essentially pure iron plate would need an expected laser power of 

5.0 kW to create a 2 mm hole. The R2 for equation 6.4 was noted to be approximately 

0.99, which indicates the capability of predicting highly accurate results.
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The different terms in this expression all appear to provide reasonable predictive 

capability. For example, as the weight percents of carbon and of all other solute increase, 

the expression indicates that the power that will create a large 2 mm diameter hole on the 

exit side will decrease. Similarly, as the thickness of plate increases the power that will 

create a 2 mm hole will decrease. In other words, all of the variables studied had a 

negative impact on piercing as the quantities of these variables increased. Also note that 

unlike the similar analysis completed for the surface roughness from the cutting process, 

the coefficients associated with the variables in this analysis show a higher degree of 

similarity, meaning that the variables have roughly the same effect on the piercing quality 

result.

As noted above, the expression predicts a lower power that will create a large 2 

mm diameter exit hole as plate thickness increases, which is intuitively correct. The 

results of this analysis suggest that increasing the amount of all alloying elements has a 

correlation to a rise in the nominal power necessary to create a 2 mm exit hole. This 

indicates that, in order to create more laser-friendly steel o f a specified thickness, one 

must consider decreasing alloying element amounts so that steel with specified properties 

and wide laser processing ranges is achieved.

6.8 Process Prediction Capability Using Laser Cutting Test Data

Combining the effects of multiple variables allows for development of ‘optimal’ 

cutting parameters for laser/material/assist gas cutting regimes. The term optimal, 

although subjective, is defined for the purpose of this project as being the fastest cutting 

speed that produces a repeatable, low roughness, low kerf width cut. An attempt was 

made to develop such processing maps on a limited number of the test materials for the 

combinations of parameters used for cutting in this project. Figures 6.8 through 6.10
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show how these maps may appear for materials A-C using cutting speed, laser power and 

surface roughness information. The information contained within these diagrams may 

allow a laser professional to understand how cutting of an unknown material will behave. 

Given a similar diagram an operator will be able to decide in a short amount of time what 

cutting speed and power combinations are necessary to achieve a desired surface 

roughness level. Results from these diagrams reveal that, for achieving good quality cuts, 

such processing regimes constitute only a narrow region within the wide operating 

window for mere cuttability.

Differences between materials can be noted from the processing plots shown in 

Figures 6.8 through 6.10. It is noted that materials B and C show larger areas of low 

roughness capability when compared to the results of material A. Judging solely by these 

diagrams, a laser cutting professional would likely choose either materials B and C 

because of the wider processing ranges likely to create a good quality cut.
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7.0 CONCLUSIONS

• Samples tested with a naturally corroded surface layer showed comparatively 

more gouging along the cut surface, thicker heat-affected zone, and wider spacing 

between striations than other samples tested. Samples with a Blanchard ground 

surface showed comparatively thinner heat-affected zones and striation spacing to 

other surface treated samples.

• Samples with top-surface markings created by common paint pens exhibit poor 

cut quality directly underneath markings, particularly on the bottom side of the 

cut surface. Additionally, yellow, red, and white markings have been noted to 

cause comparatively poorer cutting results than black markings.

• Lower cutting speeds are associated with an increase in roughness, heat-affected 

zone width, and an increase in kerf width as well as a decrease in visual quality. 

Increasing cutting speed is associated with opposite effects than those listed 

above. In the case of a slower cutting speed, for example, and due to the fact that 

a steel has a finite amount of heat conductivity, the material will have a greater 

amount of time to be heated by the laser before the assist gas has time to 

effectively air quench the area, thus forming a wide heat affected zone.

• An increased laser power used for cutting is associated with a decrease in visual 

quality and an increase in surface roughness and kerf width, provided the laser 

speed does not exceed the threshold where complete cutting is not possible. 

Decreasing the laser power is associated with the opposite of the effects listed 

above.

•  Increasing the power used in laser cutting appears to have similar effects to those 

caused by decreasing the cutting speed.



An increased laser power used for the piercing process is associated with an 

increase in the hole size associated with the kerf as well as a decrease in the 

amount of time necessary to complete piercing.

The surface roughness and the striation spacing for most samples exhibits a 

minimum at some intermediate cutting speed at all of the tested power levels. It 

was also observed that the cutting speed that is associated with the minimum 

surface roughness increases as the laser power increases. The variations noted in 

the surface roughnesses between samples can be explained in terms of the 

periodic, ignition-extinction cutting mechanism. At lower cutting speeds the 

amount of energy absorbed by the cut edge exceeds the optimum causing a self- 

burning phenomenon to take place. The self-burning propagates laterally from 

the cut edge causing increased surface roughness as well as a wider than desired 

kerf width. As cutting speed increases the amount of energy absorbed by the 

material reaches an optimum value at which the laser energy plus the exothermic 

reaction of the assist gas is approximately equal to the energy necessary to melt 

and eject material to cause a cut. Once this optimum value is reached the surface 

roughness decreases significantly resulting in a thinner kerf width. Beyond the 

optimum cutting speed the laser energy plus the exothermic reaction do not have 

enough magnitude to create a cut in the amount of time allowed.

Heat from the laser beam/assist gas combination is necessary for the success of a 

laser cut; however too much heat can be detrimental for cut quality. This supports 

the statement often heard that “heat is the enemy”.

Regression analysis of ten-point height roughness data shows:

o An increase in carbon is strongly associated with an increase in surface 

roughness.

o An increase in the total amount of solute is associated with an increase in 

surface roughness, although the correlation is a weak one.
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o An increase in laser power is associated with an increase in surface 

roughness.

o An increase in plate thickness is associated with an increase in surface 

roughness.

• Regression analysis of piercing test data shows:

o An increase in carbon is strongly associated with a lower power that will 

create a large 2 mm diameter exit hole, 

o An increase in the total amount of solute is associated with a lower power 

that will create a large 2 mm diameter exit hole, 

o An increase in plate thickness is associated with a lower power that will 

create a large 2 mm diameter exit hole, 

o Following this argument one would expect that steel with a lower total 

amount of alloying element will result in a more laser friendly piercing 

result.

• Steel manufacturers interested in creating steel grades that still achieve the 50 ksi 

specification required by many steel users should consider decreasing the carbon 

content and maybe the amount of other solute content and increase other 

strengthening factors such as cold working.

• Results of regression analyses of the cutting and piercing processes reveal that as 

additions of carbon and other alloying elements are made, the cutting and piercing 

processes are affected detrimentally. This suggests that a previous hypothesis 

made in this study regarding the effects of thermal conductivity is incorrect. It 

had been hypothesized that an increased amount of alloying elements would have 

the effect of decreasing the thermal conductivity of the material being cut and 

therefore improving the quality of the laser cutting and piercing process. Thus, 

other effects, such as those related with melting point, viscosity, and surface 

tension must be investigated to provide a scientific interpretation of the data 

collected.



Regression analyses of the cutting process indicate that the carbon content of a 

steel has a stronger effect than other variables including cut speed, laser power, 

the total amount of other solute (excluding carbon), and plate thickness.

The discrete and coiled steels in this project (materials B and C, respectively) 

have shown more consistent results over a range of processing variables and 

therefore may be considered more robust or more ‘laser friendly’. The reason 

these steels performed better is attributed to the comparatively lower amounts of 

carbon in these materials.

‘Processing maps’ showing useful cutting parameters, such as cut surface 

roughness, can be constructed based on a number of different cut quality criteria 

that are useful in optimizing a laser cutting process.
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8.0 FUTURE WORK

Because the laser cutting process has been studied for upwards of 35 years, many 

consider it to be mature technology. However professionals in the laser field realize there 

is much more research that can be completed. Ideally speaking the goal of all laser 

research is to discover one, all-encompassing cutting model where all of the necessary 

parameters such as material composition, beam power, power density, assist gas pressure 

and composition, etc, can be input so that an optimum set of cutting parameters can be 

given. The following list constitutes laser related issues, raised by this work, from which 

interesting data may be collected.

• Increasing the amount o f variables examined so that larger, more useful 

processing maps may be designed.

• Varying the pressures and compositions associated with the assist gas. Many 

studies have examined this area o f laser cutting; however data from a cutting 

regime like the one tested in this work would be necessary. Research by Ivarson, 

et al. (27) has shown that there are multiple optimum assist gas pressure ranges 

when cutting mild steel.

• Testing the laser cutting and piercing of thicker materials, perhaps approaching or 

upwards of 1 ” thickness, would add valuable data to results achieved by this 

study.

• Conduct work taking beam polarization into account, possibly as a variable. 

Previous work in this area by Niziev (28) and Trumpf (7) is available for 

background as well as for guidance

• Cutting speed variations along a single cut.



Work that includes varying parameters such as material thickness, laser power, 

and cutting speed variations during the cutting process has not been completed to 

a satisfying extent.

Further application of statistical methods to laser cutting processes, such as 

analysis o f variance (ANOVA) work completed by Taylor (4) may serve to 

extract previously elusive data from existing results.
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APPENDIX A

It should be noted that any measurement is subject to imperfections, therefore 

uncertainty is unavoidable. For this project it is important to understand the uncertainty 

related to measurements on which the results were based such as kerf widths and surface 

roughness; however the measurements of lesser importance such as bulk Rockwell 

hardness tests and visual grain size determinations were not characterized by uncertainty 

analysis methods.

A.l Measurement Uncertainty of Measurements Made Visually with Vernier Calipers

No traceable samples were available for caliper type measurements. Annual 

calibration completed by an outside metrology source was relied upon as proof of 

equipment accuracy. Because of this it was necessary to ignore the possibility o f drift in 

the equipment.

1. Measurement Uncertainty o f Piercing Exit Hole Size of an Actual Sample
• Same location and environmental (lighting) conditions as to where the 

sample measurements were to be made
• Result of 20 total measurements
• Mean = 2.95 mm
• Standard Deviation = 0.02

2. Measurement Uncertainty of Kerf Width of an Actual Sample (Sample #17)
• Same location and environmental (lighting) conditions as to where the 

sample measurements were to be made
• Result of 20 total measurements
• Mean = 2.504 mm
• Standard Deviation = 0.14
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A.2 Measurement Uncertainty of R / Value testing using Stvlus-Tvpe Measurement 
Equipment.

1. Ra Calibration Uncertainty
• Reference specimen
• Drive unit separated from the display unit
• Sample tested in the same direction
• Sample tested in roughly the same location
• No filter used (based on the DIN standard setting)
• 12.5mm traverse length
• Same location and environmental conditions as to where the sample 

measurements were to be made
• Mean = 2.95 pm (Reference specimen = 3.0 pm)
• Standard Deviation = 0.02

2. Ra Calibration Uncertainty. Same as #1 except a calibration step was added
after each 6 measurements

• Mean = 2.996 pm (Reference specimen = 3.0 pm)
• Standard Deviation = 0.008

3. Rz Measurements
• Reference specimen
• Calibration step (in Ra) after each 6 measurements
• Drive unit separated from the display unit
• Sample tested in the same direction
• Sample tested in roughly the same location
• No filter used (based on the DIN standard setting)
• 12.5 mm traverse length
• Same location and environmental conditions as to where the sample 

measurements were to be made
• Mean = 10.49 pm (Reference specimen does not specify a Rz value)
• Standard Deviation = 0.08
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4. Rz Measurement uncertainty of an actual sample (Sample #132)
• Measurements made in the center of the sample
e Removed then replaced stylus each test (to simulate changing the

sample)
• No calibration steps
• Drive unit separated from the display unit
• Sample tested in the same direction
• Sample tested in roughly the same location
e No filter used (based on the DIN standard setting) 
e 12.5 mm traverse length
• Same location and environmental conditions as to where the sample 

measurements were to be made
• Mean = 132.57 pm
• Standard Deviation = 6.72

5. Rz Measurement uncertainty of an actual sample (sample #132). Same as #4
except a calibration step was included after each 6 measurements.

• Measurements made in the center of the sample
• Removed then replaced stylus each test (to simulate changing the 

sample)
• Drive unit separated from the display unit
• Sample tested in the same direction
• Sample tested in roughly the same location
• No filter used (based on the DIN standard setting)
•  12.5 mm traverse length
• Same location and environmental conditions as to where the sample 

measurements were to be made
e Mean = 122.31 pm
• Standard Deviation = 3.78

6. S-Value Measurement uncertainty of an actual sample. Similar Parameters as 
#5

e Measurements made in the center of the sample
•  Removed then replaced stylus each test (to simulate changing the 

sample)
• Drive unit separated from the display unit
• Sample tested in the same direction
• Sample tested in roughly the same location
• No filter used (based on the DIN standard setting)
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• 12.5 mm traverse length
• Same location and environmental conditions as to where the sample 

measurements were to be made
e Mean = 199.20 pm
• Standard Deviation = 0.65

A.3. Measurement uncertainty of heat-affected zone data taken through optical 
microscopy.

1. Measurements taken on an actual sample
• One Sample (sample #65) Measured repeatedly at mid-thickness
• Sample was replaced on microscope before each measurement
• Complete focusing step was completed prior to each measurement
• 20 total measurements 
e 100X magnification
• Microscopic reticule (for 100X Magnification) showing a 100 pm 

marker
e Mean = 326.5 pm
• Standard Deviation = 28.33 pm
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APPENDIX B

Section 2.2.2 describes how the progression of a laser cut is composed of an 

initiation, burning, and extinction process. If somehow the laser motion and the motion 

of the cutting front are not correlated, the cut front may advance beyond the beam until 

the bum reaction ceases and the beam moves so as to coincide with the reaction front.

The beam and oxygen then ignite again, the cutting front advances rapidly, and this 

sequence of events repeats.

With this process in mind it should be expected that the two roughness parameters 

used, ten-point height and S-value, show some correlation. Figure B.l shows the Rz and 

S-value data for all twelve steel samples tested. Additionally the data are from tests with 

a power setting of 3200 W and cutting speeds of 470, 770, and 950 mm/min where the 

roughness data were taken at the middle position of the cut surface. It should be noted 

that the trend line in Figure B.l is not a least squares fit; instead it is fit so the line is 

plotted through the clusters of data as well as through the origin (0, 0).

A key observation from figure B.l indicates that as ten-point height and striation 

spacing increase, there is more uncertainty in obtaining measurements of roughness and 

spacing. One could interpret this last statement in two ways. For very rough surfaces, 

there is greater difficulty in getting accurate measurements of striation spacing, or for 

surfaces with very large spacing between adjacent striations, the ten-point height 

roughness becomes more difficult to determine accurately.
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Figure B .l:
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Plot of Rz and S-values for all samples showing a near linear correlation.
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APPENDIX C

Piercing test samples were evaluated to determine the effects of varying the laser 

power during the piercing process. Data collected from physical measurements, 

represented in Figure 5.49, indicates that the exit holes associated with the piercing 

process, in general, increase in size as the laser power increases. Figure C.l shows a 

visual representation of this trend. Figure C.l shows that as the piercing power increases 

so does the size of the exit hole created during piercing.

Macrophotograph (Mag.~0.6X)

Figure C.l : Bottom surface of a piercing test sample showing the locations and

corresponding piercing powers of multiple piercing tests.
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APPENDIX D

Laser cut samples were evaluated to determine the effects of varying the cutting 

speed on the HAZ width. Data collected from physical measurements, represented in 

Figures 5.56 through 5.59, indicates that the HAZ width associated with the cutting 

process decreases in size as the cutting speed increases. Figure D.l shows a visual 

representation of this same trend. Figure D.l shows that as the cutting speed increases 

the width of the HAZ decreases.

1050 mm/min

950 mm/min

620 mm/min

470 mm/min

1350 mm/min

Macrophotograph (M ag.~l. 1X)

Figure D.l : Plates of material A, cut using the same laser power, showing heat-

affected zones at the ends of cuts where the laser exited the samples
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