
LICENTIATE THESIS 1991:041 

LASER CUTTING 
An experimental and theoretical investigation 

by  
ANDERS  IVARSON  

Division of Materials Processing  

TEKNISKA 
HÖGSKOLAN I LULEÅ 

LULEÅ  UNIVERSITY OF TECHNOLOGY 



4.91-AN 
e 

<2. 

\-3reez 

gls.«)R2 
/•=e)--+ 



LICENTIATE THESIS 	 1991:05L 

LASER CUTTING 

An Experimental and 
Theoretical Investigation 

by 

Anders  Ivarson  

Division  of Materials  Processing  

LULEÅ  UNIVERSITY OF TECHNOLOGY 	ISSN 0280-8242  

HO  skolan  Lu eå  Biblioteket 

1111 	11 	11 1 1 	1 	ill  
7070 05442400  



PREFACE 

Since the fall of 1988 I have had the pleasure and opportunity to work in the 
Laser Group, Division of Materials Processing. The work has been in the 
area of laser cutting. Laser cutting has been an industrial tool since the 
beginning of 1970. Since then the laser cutting process has been developed 
considerably and is now used with great economic and technical success. 
The present work is a result of two projects carried out at  Luleå  University of 
Technology. 

Special thanks are due to my supervisor Professor  Claes  Magnusson for his 
guidance and support during this work, and to Dr. John Powell from whom I 
have recieved invaluable guidance, inspiring discussions and suggestions. 

I also wish to thank all members in the laser group and other colleagues for 
rewarding discussions. 

The present work has been financially supported by the Swedish National 
Board for Technical Development.  

Luleå,  April 1991 

Anders  Ivarson 



ABSTRACT 

Although a great deal of experimental and theoretical work has been publi-
shed on the subject of CO2  laser cutting, there is very little detailed infor-
mation available concerning the cutting mechanism as well as energy losses 
during laser cutting. 

This thesis consists of two parts, where Part I describes laser cutting in terms 
of a simple energy balance. The various components of the equation are then 
described and investigated, particularly the thermal losses from the cut zone. 
Two experimental programs are described, one of which examines the phe-
nomenon of reflection of the laser beam in the cut zone, the other establishes 
the variation of conductive losses as a function of material thickness. This 
analysis revealed a large number of interesting points including: single and 
multiple reflections can and do take place within the cut zone, the laser 
energy and oxidation reaction energy always combine to produce a cut in 
oxygen assisted cutting of steels and the laser, or laser-oxygen cutting pro-
cess, becomes less efficient as workpiece thicknesses increase. 

Part II gives a detailed examination of the particles ejected from the cut zone 
during CO2  laser cutting of mild and stainless steels. Cuts were carried out 
over a range of material thickness at the optimum speed for each at a laser 
power of 900 watts. Particles ejected from the cut zone were collected and 
analysed to establish their chemical and physical characteristics. Analysis 
techniques included; Scanning Electron Microscopy, wet chemical analysis, 
optical microscopy, metallography and particle sizing. 

The results from part II have enabled the authors to postulate oxidation histo-
ries for the particles. In addition to this it has been possible to estimate the 
heat generated by the oxidation process during the cutting of both mild and 
stainless steels. 
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ENERGY REDISTRIBUTION IN LASER CUTTING  

J.  Powell *+, A.  Ivarson*,  L.  Ohlsson*  and  C.  Magnusson*  

*  
Luleå  University of Technology, Sweden 

± Laser Expertise Ltd. Nottingham NG2 4EQ, UK 

ABSTRACT 

This paper begins by describing laser cutting in terms of a simple energy 
balance. The various components of the equation are then described and in-
vestigated, particularly the thermal losses from the cut zone. 

Two experimental programs are described, one of which examines the phe-
nomenon of reflection of the laser beam in the cut zone, the other establishes 
the variation of conductive losses as a function of material thickness. 

1. INTRODUCTION 

During laser cutting a dynamic equilibrium exists in the cut zone which bal-
ances the "incoming" energy and material with the "outgoing" energy and 
material. 

Inputs to the cut zone are usually only: 

a) The laser energy 

and,  

b) The pressurised cutting gas jet (which may or may not be chemically 
reactive with the workpiece). 

Outputs from the cut zone are more numerous and complex in nature: 

a) 	Solid, liquid or gaseous material created in the cut zone and ejected 
to produce the cut. 
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b) The exhaust of the pressurised cutting gas jet. (Which may or may not 
have undergone chemical reaction with the workpiece e.g. xFe + y0 
=> Fe 0 in the case of mild steel cutting).  x y 

c) Energy in the following forms: 

1. Conducted heat 
2. Reflected laser light 
3. Radiated light 
4. Convected heat 
5. Transmitted laser light. (In this case transmitted does not 

necessarily imply that the light has passed through the material 
being cut - a small proportion of light will pass direct through 
the cut zone without interacting with the cut front at all). 

A simple energy balance for laser cutting can be expressed as: 

Energy supplied to the cut zone = Energy used in generating a cut + Energy 
losses from the cut zone (by conduction, 
radiation etc.) 

The word losses is used here to describe energy which does not contribute to 
the removal of material from the cut zone. 

It is the aim of this paper to analyse various aspects of this energy balance 
paying particular attention to thermal losses from the cut zone. It can be 
shown by a simple theoretical analysis and experimental programme that the 
proportion of energy lost from the cut zone decreases with increasing cutting 
speed. This means that the efficiency of the cutting process increases with 
increasing cutting speed, a phenomenon which has profound effect on cut-
ting speeds and on the maximum thickness any material which can be cut by 
a particular laser. 
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2. THEORETICAL ANALYSIS 

2.1 A simple energy balance for laser cutting 

The earlier statement: 

Energy supplied to the cut zone = Energy used in generating a cut + 
Energy losses from the cut zone, 

can be expressed by the following formula: 

(P-b)t[(100-rf)/100] = Ecutldk + (tndk/2)(A+B+C) 	(1)  

Considering a laser power  P  cutting a line of length 1 in a time t. 

where;  

b= 	laser power transmitted through the cut zone without interaction 
with the cut front. 

rf'= 	the reflectivity of the cut zone expressed as a percentage. (N.B. 100-
rf= absorbtivity as a percentage). 

Ecut= specific energy needed to melt and remove one unit volyme of 
material from the cut zone.  

d= 	material thickness.  

k= 	kerf width. 

A= 	conductive loss function (power per unit area).  

B. radiative loss function (power per unit area).  

C. convective loss function (power per unit area). 

It will be noticed that the reflective and transmitted losses from the cut zone 
are dealt within the left hand side of the equation whereas the conductive, 
convective and radiative losses are included in the right hand side. 
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The logic behind this approach is the considration that the losses from the cut 
zone can be divided into two types, primary and secondary. 

Primary losses are those which leave the cut zone as they entered, as 10.6 
gm radiation. These include only transmitted and reflected laser light. 

Secondary losses are those which leave the cut zone after thermal trans-
formation of some kind. These include the conducted, convected and radia-
ted losses. (The broad spectrum of radiated light may include a small pro-
portion of 10.6 gm light but this did not originally emanate from the laser 
and is therefore part of the secondary losses). 

The secondary losses are a function of the temperature of the cutting front 
and its surface area in contact with the surroundings. The conductive losses 
are made from the convex face in contact with the substrate and the convec-
tive and radiative losses are made from the concave face exposed to the sur-
rounding atmosphere as shown in figure 1. This schematic takes the simpli-
fied view that the cut front is the shape of half a thin walled tube which has 
been bisected along its length. 

Figure 1. A schematic of the simplified geometry of the cutting front. 

Other points and simplified assumptions in equation (1) which may need 
some clarification are:  

b: 	During cutting it is often the case that the trailing edge of the cut 
front does not extend to the full diameter of the incident laser 
beam. A proportion of the available light therefore passes straight 
through the kerf without interacting with the cut front (trans-
mitted losses). 

rf:  The reflectivity of the cut zone will be much less than the figures 
quoted for  solide  materials at ambient temperature. The cut zone 
has a higher absorptivity as a result of: its high temperature, the 
presence of absorptive oxides, its shallow angle of incidence to 
the laser beam, its roughness and its absorptive layer of vapour. 
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Ecut:  As a first approximation the specific energy of cutting can be 
assumed to be a constant for any given material. Cuts in any 
chosen material have a similar appearance and can therefore be 
said to be cut by similar mechanisms. For the same reason the 
average temperature of the cutting front will be assumed to be 
constant for a given material. 

ldk: 	The volume of material removed to generate a cut of length 1 and 
width  k  in a material of thickness  d.  In the interest of simpli-
fication the kerf width is assumed to be constant. 

ndk/2: 	The surface area of the cutting zone, see figure 1. This is a 
great simplification as the cut zone is generally curved and 
inclined in nature. However, the shape discribed in figure 1 is a 
reasonable first approximation for our largely qualitative 
discussion. 

A: 	In the interest of clarity, the conductive loss per unit area of 
cutting front will be assumed to be constant for a given material.  

B  and  C:  Assuming a set average temperature of cutting front for a 
particular material, the convective and radiative losses per unit 
time can be assumed to be approximately proportional to the 
surface area of that front. 

2.2 Discussion 

The most interesting feature of equation (1) is that the energy used in cutting 
(Ecutldk) is  independant  of the time taken to carry out the cut. The losses 
however are proportion to the time taken. From this point it is clear that the 
proportion of "useful" to "wasted" energy will change if the cutting speed is 
changed in order to cut material of a different thickness. 

If the proportion of wasted energy is increased with increasing cutting speed 
then the process will become less efficient if the process has to be slowed to 
cut thicker material. 

To illustrate this point let us investigate what happens to equation (1) if the 
cutting speed is changed as a result of decreasing the material thickness. 
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The effect of decreasing the material thickness on cutting speeds  

For the sake of discussion let us assume a possible doubling of the cutting 
speed when cutting a material of half the original thickness at the same laser 
power: 

(P-b)(t/2)[(100-rf)/100] = Ecutl(d/2)k + (t/2)(Ird/2)(k/2)(A+B+C) 	(2) 

doubling everything in equation (2) for comparision with (1): 

(P-b)t[(100-rf)/100] = Ecutldk + (t/2)(rrdk/2)(A+B+C) 	(3) 

or, 

(P-b)t[(100-rf)/100] = Ecutldk + (tirdk/2)(A+B+C)/2 	(4) 

From equation (4) it is clear that the imbalance in the equation with respect 
to equation (1) is that the losses by conduction, convection and radiation 
have been halved. This being the case the thermal input (left) side of the 
equation has some energy to spare and t can be reduced by further increasing 
the cutting speed. Reducing tin this way restores the balance of the equation 
as the value of the left hand side of the equation is reduced at a greater rate 
than the right hand side which is only partially proportional to t. 

This effect will be investigated in more depth in the following experimental 
section. 

The limits on material thickness 

With most cutting methods it is only necessary to decrease the cutting speed 
if a thicker section of material is to cut. In the case of laser cutting there is a 
clear maximum material thickness (for a particular laser-material combi-
nation) beyond which the cutting mechanism breaks down and cannot be re-
established at any speed. The reason for this is the relative increase in ther-
mal losses from the cut zone as the cutting speed is decreased. Taking as an 
example steel cutting in oxygen: As for most metals, the most substantial 
thermal loss from the cut zone is by conduction. As the levels of conductive 
loss rise rapidly with increasing material thickness and the related drop in 
cutting speed, two effects become noticable: 
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1. The cut zone begins to spread laterally in a sporadic manner 

and, 

2. The removal of material from the bottom of the cut becomes 
inconsistent. 

The first of these effects is a result of the general overheating of the area 
around the original cut zone as a result of conduction away from that zone. 
The area surrounding the cut zone reaches the temperature at which it can 
ignite in the oxygen stream and a widespread reaction takes place. 

The second effect is due to the low average temperature of the melt compa-
red to that created in thinner sections. This reduction in temperature is a re-
sult of the fact that so much energy is now being "wasted" by conduction, 
convection and radiation that not enough is available for the cutting process. 
Other features of the process such as chemical dynamics and fluid flow are 
also important contributors to the breakdown of the process but can be igno-
red for the purpose of this argument. (High pressure inert gas laser cutting of 
metals also experiences a rapid degradation in cutting mechanism above a 
certain thickness for a particular laser-material combination). 

Low conductivity materials such as acrylic can be cut to much greater thick-
nesses as their cutting efficiency is a great deal higher than that of metals 
(ignoring the effects of oxidising reactions). An increase in thickness of the 
material does lead to a build up in the proportion of energy "wasted" but this 
is a much more gradual process than in the case of metals. The relatively low 
temperature of the cutting front keeps radiative heat losses to a minimum. 
(radiative heat loss is proportional to T4  where T is the difference in tempe-
rature between the outer face of the cut front and the surrounding atmos-
phere). Conductive losses are low as the thermal conductivity is small. For 
these reasons many polymers can be cut at thicknesses an order of magnitude 
larger than those for metals. 

In certain cases the losses from the "cut" zone are so large that cutting cannot 
be initiated. The most common example of this is copper sheet which cannot 
be cut at all below a critical power density. For example a CW laser of below 
500 W will be unable to initiate a cut zone in copper at thicknesses above 
foil grades. In this case the primary heat loss is due to reflectivity, aided by 
the high thermal conductivity. 

8 



The implications of the energy balance argument to changes in laser power 

Equation (1) implies that the cutting efficiency is proportional to the cutting 
speed and therefore to the laser power  P.  In practice this holds true only in a 
few specific cases and it is just as likely that the efficiency will remain stea-
dy or decrease with laser power if a broad range of applications is investi-
gated. Cutting speeds will generally rise with laser power in an approxi-
mately proportional manner except where very high power machines (>3 
kW) are used. In the case of these higher powered machines cutting can be 
considerably slower than expected. The reason for this uncertainty of the 
effect of increasing power include the following: 

a. If two lasers are being compared  (eg  500W and 1200 W) it is probable 
that the higher power machine will have an inferior mode quality which 
will not focus to a small spot as the low powerd machine. This large 
focal spot will produce wider cuts which will render the process less 
efficient as more material will have to be removed to generate the cut. 
This point is particulary relevant to machines with powers in excess of 
3 kW.  

b. The fluid dynamics of the cut zone play a strong role in determining the 
material removal (cutting) rate. At the higher cutting rates possible with 
a higher powered machine the inclination and geometry of the cut front 
may change and this will affect removal rates. The flow of the cutting 
gas jet may have to be increased to cope with the increased material 
removal rate. Above a limiting cutting speed the viscosity of the melt 
may become the rate determining factor.  

c. As a result of the reduction in thermal losses to the workpiece when 
cutting at higher speeds, the thermal gradients around the cutting zone 
are more severe. The material along the cut line has not been as 
effectively preheated by the moving cut front and therefore requires 
more energy to become melted and ejected. 
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3. AN EXPERIMENTAL INVESTIGATION INTO PRIMARY (10.6 
WAVELENGTH) ENERGY LOSSES FROM THE CUT ZONE 

3.1 Introduction 

Before describing the details of the following experiment it is important to 
explain the use of acrylic (Polymethyl Methacrylate) material as a method of 
laser beam analysis. 

Acrylic is a transparent polymer with a low thermal conductivity and high 
absorbtivity at the CO2  laser wavelength of 10.6 gm. These factors, combi-
ned with its low sublimation temperature of 300  °C  mean that acrylic is 
readily sublimated by high intensity CO2  laser beams [1]. The rate of abla-
tion is directly related to the local energy intensity and therefore acrylic is 
widely used as a method of identifying the mode or cross sectional energy 
distribution in the beam. Areas of low intensity in the mode (e.g. the centre 
of a TEMoi* mode) will be revealed by local reduction in the depth of the 
evaporated print. On the other hand a good Gaussian mode beam will leave a 
circular impression in the acrylic which gets deeper towards the centre. 

Mode prints of this type generally give only qualitative information but it is 
possible to quantify the results to give detailed mode analysis [1]. As a rule 
of thumb however, even the qualitative nature of the method become unreli-
able if the depth to diameter ratio of a beam print exceeds 3:1 [2]. Deep 
mode prints tent to integrate out the anomalies in the laser mode as a result 
of internal reflection and the action of hot vapour on the solid material. 

Acrylic can also be used as a measure of laser power. Miyamoto et al [1] 
have demonstrated that it is possible to identify the energy needed for evapo-
ration of a certain volume of acrylic material: H=3000 J/cm3. By establishing 
the volume of an evaporated mode print and the laser exposure time, it is 
possible to calculate the incident laser power. 

One final introductory comment is that acrylic sheet is one of the most com-
monly laser cut material in industry. All types of display and sign work are 
cut by laser rather than mechanical methods. The main reason for the com-
mercial interest in laser cutting of acrylics are: 

a) It is possible to cut leaving a high quality polished edge.  

b) Fine detail can be cut. 

10 



	> 	M U k 	Cut  

Surplus beam 

Beam print 

Acrylic block 
(stationary) 

c) 	Cutting speeds are high (e.g. 10 m/min for 3 mm thick acrylic at a laser 
power of 400 W). 

The transparency of acrylic at visible wavelengths makes it an ideal material 
for cutting experiments involving analysis at the behaviour of the cut zone. 
For this reason acrylic was used as the workpiece material as well as the 
analysis (mode print) material in the following experiment. 

3.2 Experimental procedure and results 

The following experiments were carried out with the intention of investiga-
ting reflection and transmission of the laser beam in the cut zone. 

The basic experimental arrangement is shown in figure 2. The main experi-
mental run involved cutting acrylic sheet of a variety of thickness at a con-
stant cutting speed and laser power. Any surplus beam which has emitted 
from the bottom of the cut zone was collected on an acrylic block and thus 
evaporated a "beam print" in that block. The beam print block and the laser 
remained stationary during cutting and the workpiece material was moved as 
shown in figure 2. 
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Figure 2. A schematic of the experimental arrangement for the reflectivity 
investgation. 



Operating conditions were: 

 12 

Laser power 	 = 325 W 
Cutting speed 	 = 13 minis 
Length of cut 	 = 100 mm 
Cutting time 	 = 7.7 sec. 
Air jet pressure 	= 20 kPa 
Nozzle diameter 	= 2.0 mm 
Nozzle-workpiece standoff = 2.0 mm  

H 	All kept constant 

 

Workpiece thickness: 0, 3, 6, 9, 12, 15, 18, 21 mm 

The "zero thickness" cut was, of course, carried out without any workpiece 
in place, see figure 2, in order to establish a datum beam print of the un-
interrupted beam at the position shown in figure 2. The exposure time for the 
beam print was 7.7 seconds as it was for all the subsequent prints taken 
during cutting. 

As expected these mode prints show a general reduction in volume as the 
thickness of material being cut increases.This effect is shown graphically in 
figure 3 from direct measurements of the mode imprint volume  (vol  B  line). 
Owing to the low conductivity of acrylic and the relatively low ablation 
temperature (300  °C),  secondary thermal losses from the cut zone are low 
and it can be shown that the energy which was not collected as a beam print 
was consumed during the cutting process. Although the cuts were not identi-
fied in cross section or exactly parallel sided, an average kerf width of 0.4 
mm was established for all the cuts within an accuracy of +/- 10%. For the 
100 mm long cut carried out in each case, a 0.4 mm diameter kerf means that 
the total volume of material removed during cutting is given by figure 3  
(vol  A line). 



—A— Beam print volume (Vol.B) 

Removed material volume (Vol.A) 

Vol.A + Vol.B  
—4- 

6 

ej)  

0 3 6 9 12 15 18 21 
Thickness of material cut above 
beam print (mm) 

Figure 3. Analysis of the amounts of acrylic evaporated. A: during the cut-
ting process and  B:  during the generation of the beam prints. (N.B. Vol A + 
Vol  B  = 825 mm3). 

Total Volume evaporated during cutting (mm3) = 100*0.4*thicicness of 
workepiece 

If the volume in cutting is added to the volume of the mode print for any 
thickness of cut material the sum is always equal to 825 mm3  (+/- 60 mm3), 
see figure 3. This figure gives a remarkably accurate measure of the laser 
power used if Miyamotos [1] specific ablation energy of 3000 J/cm3  is used: 

Volume removed from cut + volume of mode print = 825 mm3  

Specific ablation energy of acrylic = 3000 J/cm3, 

therefore energy consumed by cutting + mode printing = 2375  J  

Cutting was achieved in 7.7 seconds therefore power needed = 321.4 W 

This compares very well with the actual laser output power of 325 W. 

It is clear from these figures that any laser energy which was not consumed 
during the cutting process was emitted from the bottom of the cut zone and 
was then absorbed by the acrylic block to produce a mode print. 
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On a qualitative level the mode print give us a very interesting insight into 
the nature of the reflection and absorption in the cut zone. All the mode 
prints except those concerned with the 0, 3 and 6 mm thick cuts shown 
strong evidence of interference fringes. This effect is most pronounced in the 
mode print taken under the 15 mm thick cut. Interference patterns are gene-
rated, as the name suggests by the interference of one electromagnetic wave 
with another. 

If two beams of light of the same wavelength arrive in the same area by dif-
ferent paths they will give rise to alternating zones of constructive and de-
structive interference. This principle is demonstrated in its simplest form in 
figure 4, which shows two converging plane wave fronts intersecting at a 
target. 

Beam A Beam  B  
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Fringes 

Fringe separation=  d  

Figure 4. A schematic showing the generation of optical interference fringes 
as a result of the intersection of two converging plane wave fronts of equal 
wavelength. 

If one beam is inclined at 0° with respect to the other the following formula 
links the distance between the fringes with that angle: 

sin0=X/d  

8= difference in path of the two beams  
X=  wave length of the light (same for both beams)  
d=  the separation of the fringes 



\ 	Two beams: 1. Transmitted 
\ ic 

\ 	 2. Reflected 
\ 	Angle between them=  e  

\ 
\ 

Distance between two 
peaks=  d  

For the purpose of this discussion we are also considering the interaction of 
two converging beams of the same wavelength. In this case the two beams 
are: 

1. the "transmitted" portion of the beam which passed straight through the 
cut zone and, 

2. the portion of the beam which is reflected off the cut zone. The situation 
is described by figure 5. In normal optical experiments the inter-
ference fringes on a target exposed to two intersecting beams show 
up as alternating bright and dark zones. In this case however the 
intensity of either the reflected or transmitted beam is enough to 
evaporate the target material. "Bright" and "dark" zones of high and low 
intensity therefore act to evaporate the acrylic at higher or lower rates. 
In this way a ridge mode print is achieved. 

Incident laser light  
X=  10.6 grn 

Cut front, angle of incli- 
nation=8/ 2 

Figure 5. The generation of interference fringes as a feature of the beam 
prints. 

Figure 6 demostrates the change in fringe separation with 9 for 10.6 gm 
radiation. It can clearly be seen that for fringes separated by the large values 
observed in the acrylic blocks (0.5-3.0 mm) the angle 0 must be very small. 
The angle of inclination of the reflecting surface, the cut front, must be 0/2 
to achieve an angle of 0 between the reflected and the transmitted beam. 

15 



3  
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0 	 
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.5 1 1.5 2 2.5 3 
The angle between the two beams, 8° 

Figure 6. Interference fringe separation as a function of the angle between 
the two converging beams. 

Each mode print has a range of fringes separation distances which implies a 
range of cut front inclinations i.e. the cut front was slightly curved. Actual 
measurements of fringe separation and their implied 0/2 cut front inclination 
are given in table 1. 

Table 1 

Material No. of Max. fringe Min. fringe Max. 8/2 	Min. 0/2 
thickness visible separation separation (cut front 	(cut front 
(mm) 	fringes (mm) (mm) inclination) inclination) 

0 1 - - - 
3 1 - - 
6 1 - - 
9 2 6 - 3'0" 
12 3 4 2.5 7'18" 4'30" 
15 5 3.5 1.5 12'9" 5'12" 
18 6 3.5 1.0 18'12" 5'12" 
21 12 2.5 0.5 36'30" 7'18" 

Direct measurement of the inclination of cut fronts reveal that the shape 
generally follows the form given in figure 7. Near the top of the cut zone the 
angle of inclination is far less than 10  and this angle grows to 3-5° towards 
the bottom of the cut zone. 
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Cutting direction 
	 > 	Angle of inclination —0° 

1111111  k-----  Angle of inclination —4° 

Cut front 

Figure 7. An expanded tracing of the shape of a cut front in thick acrylic (21 
mm) at the maximum cutting speed. Note the change in the angle of incli-
nation from top to bottom. 

The nature of the experiment carried out meant that we were initially obser-
ving reflections from the top of the cut zone in the absence of the underlying 
material,  je.  we were cutting, for example, the top 12 mm of a 21 mm thick 
cut. 

In this case the angle of inclination is extremely small and fringe separations 
of several millimeters could be expected. When cutting thicker sections how-
ever, our recorded fringe separations give no hint that cut front curvatures 
could be as high as the 3-50  observed in figure 7. The figures concerning the 
reflection of the cut front towards the top of the cut indicate that the reflected 
beam would reimpinge on the cut zone lower down. This principle is 
demonstrated in figure 8. This multiple reflection-absorption process could 
be responsible for the change in appearance of the cut edge from the top to 
the bottom, see figure 9. 

Laser beam 
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Cut front Cut edge 

Figure 8. A schematic of multiple reflection and absorption in the cut zone. 



Cutting direction 

Lik144. _  

Figure 9. A schematic of 21 mm thick acrylic cut at maximum speed. Note 
the generally rougher appearance of the bottom part of the cut. 

If acrylic of a substantial thickness (e.g. >5 mm) is cut at maximum speed 
the top part of the cut edge is generally a great deal smoother than the lower 
part. This progressive increase in roughness could be a function of the cur-
vature of the cut front and the  re-absorption  of reflected light from the top of 
the cut front. One further feature of the results which supports this hypo-
thesis is the change in proportion of reflected and transmitted light which 
goes to make up the beam prints. When cutting the thin sections (0, 3, 6 mm) 
the transmitted beam is so superior in power to the reflected portion of the 
beam that interference fringes are not noticable. As the thickness of the cut 
sample increases two effects combine to alter the reflected, transmitted ratio: 

A. More light which would be "transmitted" is absorbed in the cutting 
process.  

B. The proportion of light interacting with the cut zone increases as the 
size of the cut zone increases. The reflected light is a proportion of this 
"interacting" light and therefore the amount to light reflected increases. 

If these trends simply continued in a linear manner with increasing sample 
thickness the mode prints would follow the following two trends: 

1. The mode prints would progress from the "non-fringed", transmission 
dominated types to fringed transmission-reflection to "non-fringed" 
reflection dominated types. 

2. The volume of the mode prints would not tend to zero as the reflected 
power would continue to increase. 

As table 1 shows, the mode prints for this section (0, 3 and 6 mm) cutting 
show no sign of interference fringes as the transmitted beam is far more 
powerful than the reflected energy. Interference fringes are generated at 
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moderate cut sample sections as a result of effects A and  B  above but these 
fringes are clearly evident even in the shallowest beam prints associated with 
cutting the maximum sections. This continued evidence of approximately 
equally powerful transmitted and reflected beams together with the tendency 
of the volume of the beam prints to approach zero indicates that after a cer-
tain thickness of the cut both portions of the beam experience considerable 
attenuation. The attenuation of the otherwise transmitted portion of the beam 
with increasing thickness is obviously due to an increase in beam-workpiece 
interaction as the inclination of the cut front increases to interact with the 
whole beam. The attenuation of the reflected part of the beam can only be 
attributed to re-impingement of already reflected light as shown in figure 8. 
It is therefore clear that the smoothest and flattest cut edges can only be 
achieved if the cut front is as near as possible perpendicular to avoid multiple 
reflections. Cut fronts of this geometry are only possible if the cutting pro-
cess is carried out at speeds considerably lower than the maximum possible 
for a particular workpiece-laser combination. This has been found to be the 
case in commercial practice where the best quality of cut edge is produced at 
70% (+1-10%) of the maximum cutting speed. 

4. AN EXPERIMENTAL INVESTIGATION INTO CONDUCTIVE 
ENERGY LOSSES FROM CUT ZONE 

4.1 Introduction 

It was decided in this experimental programme to investigate the level of 
thermal loss from the cut zone by conduction during the laser-oxygen cutting 
of steels. Steels are the most commonly cut materials in laser profiling and 
although heat is lost from the cut zone by reflection, radiation, convection 
and conduction, it is the conductive losses which are of greatest importance. 

4.2 Experimental procedure and results 

Conductive losses can be measured by laser cutting any shape and then mea-
suring the heat absorbed by the shape during cutting. The heat absorbed is 
equal to half the conducted losses from the cut zone for a cut length equal to 
the perimeter of the shape. (The other half of the conducted loss remains in 
the sheet from which the shape was cut). For the purpose of this experiment 
50 mm diameter circles were cut in mild and stainless steel of a variety of 
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thicknesses. All cuts were carried out at maximum possible speed for any 
particular material thickness at the laser power used. Immediately after cut-
ting the discs were placed in an insulated water bath and the absorbed heat 
was established by calorimetry. The direct results of this experiment are 
given in table 2. 

Table 2. Results from conductive losses experiment 

Laser power: 800 W 
Lens focal length: 127 mm 
Nozzle diameter: 1.2 mm 
Nozzle material standoff: 1.5 mm 
Cut disc diameter: 50 mm 

Sample Material Thickness Pressure 
(mm) 	02  

(bar) 

Cutting 
speed 

(m/min) 

Heat Gained 
per disc 

(I) 

A Mild steel 1.55 3.0 6.4 544  
B  Mild steel 2.9 2.3 3.15 1314  
C  Mild steel 4.8 1.5 1.8 2919  
D  Mild steel 8.0 1.0 0.8 7698  

E  St. steel 1.2 6.5 7.7 309 
F St. steel 1.9 6.5 4.08 1077  
G  St. steel 3.25 6.5 2.4 2896  
H  St. steel 5.0 8.0 1.53 6521 
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The cutting speeds as a function of material thickness are shown in figure 10. 

Laser power: 800 W.  7- 
-A—  - Stainless steel 

—I,—  Mild steel 

o 
0 1 2 3 4 5 6 7 

Material thickness,  d  (mm) 

Figure 10. Maximum cutting speed as a function of material thickness for 
mild steel and stainless steel. 

As laser cutting is a dynamic process it is interesting to express the con-
ducted loss from the cut zone in terms of watts. This is easily accomplished 
as follows: 

Take, for example, sample A. 

Cutting speed= 6.4 m/min 

Heat gained by 50 mm disc as a result of laser cutting= 544  J,  

therefore total heat lost by conduction during disc cutting= 1088  J  

Time taken to cut disc= 1.47 seconds, 

therefore conductive loss= 739 J/s= 739 W 
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The conductive losses, expressed in watts, are given in figure 11 for sample 
A-H.  

12345678  
Material thickness,  d  (mm) 

Figure 11. The variation of conductive losses (expressed in watts) with 
material thickness for mild and stainless steels. 

4.3 Discussion 

It was predicted earlier in this paper (equations (1)-(3)) that a reduction in 
the process efficiency with increasing material thickness would be associated 
with two effects: 

1. A disproportionate reduction in cutting speed with increasing material 
thickness and, 

2. A disproportionate increase in thermal losses by conduction with 
increasing material thickness. 

The information layed out in table 2 and graphically in figures 10 and 11 
support these predictions. A halving of material thickness allowed cutting to 
take place at more than twice the original cutting speed. Doubling the mate-
rial thickness more than doubles the thermal losses. 

Figure 11 reveals some interesting insights into the cutting process itself. It is 
clear that as the material thickness increases the number of watts lost by 
conduction from the cut front increases in an approximately linear manner. 
This is accordance with the arguments put forward at the beginning of this 
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paper. The suprising feature of figure 11 is the actual values of the power 
loss from the cut zone. The laser power used during this experiment was 800 
W but the thermal loss by conduction exceeds this value rather than being a 
proportion of it. In the most extreme case note here (5 mm stainless steel) the 
cut front looses approximately 2100 W by conduction. The answer to this 
energetic input: output imbalance lies in the role of oxygen in the cutting 
process. Oxygen combines with the elements in mild and stainless steel and 
at the same time releases substantial amounts of heat: 

e.g. 	xFe + y0 => FeOy  + Heat 

A first approximation of the energy available from this type of reaction is the 
Enthalpy of Formation: 

Oxide 	Enthalpy of formation 131  
FeO 	 -260 kJ/mol 
Fe203 	 -822.2 kJ/mol 
Fe304 	 -1117 kJ/mol 

Laser cutting oxidation obviously takes place at elevated temperatures wher-
eas these values are valid for the formation of the oxide at 293K or 20°C [3]. 
The figures are included here only to indicate the large amount of energy 
available from the oxidation process. A more quantitative detailed analysis 
of the thermodynamics of the oxidation process is presently being prepared 
by the authors. As the losses in figure 11 are expressed in watts it is clear 
that the number of watts leaving the cut zone increased rapidly with material 
thickness even though the power of the laser remained constant at 800 W. As 
a result of this it is clear that the ratio of laser power to oxidation reaction 
power decreases with increasing material thickness. In the extreme case of 5 
mm stainless steel the total power entering the cut zone has to be well in ex-
cess of 2 kW (the conductive loss). This increase in power must come from 
an increase in the rate of the oxidation reaction. This increase in the rate of 
oxidation with thickness is not associated with a rapid rise in material remo-
val rate as can be seen from the following figures: 
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Table 3. Material Removal Rates 

Sample Material Thickness Cutting 
(nun) 	speed 

(m/min) 

Kerf 
width 
(mm) 

Material re-
moval rate 
(rrun3/sec) 

A Mild steel 1.55 6.4 0.30 49.60  
B  Mild steel 2.9 3.15 0.30 45.70  
C  Mild steel 4.8 1.8 0.35 50.40  
D  Mild steel 8.0 0.8 0.40 42.70  

E  St. steel 1.2 7.7 0.25 38.50 
F St. steel 1.9 4.08 0.30 38.76  
G  St. steel 3.25 2.4 0.35 45.50  
H  St. steel 5.0 1.53 0.35 44.60 

If the increase in oxidation rate is not due to an increased amount of material 
being oxidised it must be related to an increase in the efficiency of the oxidi-
sing process. This increase in efficiency is a result of the elongation of the 
cutting front as the thickness of the material increases. Table 3 shows that 
material removal rates are similar throughout the range of thicknesses cut but 
as the size of the oxygen-melt interaction area increases (with material thick-
ness) the rate of material oxidation can increase. This argument is backed up 
by dividing the values given in figure 11 by the thickness of the workpiece in 
each case, see figure 11 lines  A/d  and B/d. The fact that the stainless steel 
line B/d is almost horizontal implies that the energetic conditions at the cut 
front are uniform whatever the thickness of material cut (within this range), 
i.e. the oxidation rate is proportional to the surface area of the cut front. 

The diminution in the value  A/d  with increasing material thickness implies 
that the average temperature in the cut zone falls gradually with increasing 
material thickness for mild steel. i.e. the efficiency of the oxidation reaction 
decreases with material thickness. This diminution in efficiency in the case 
of mild steel could be the result of the contamination of the incident oxygen 
jet as a result of reaction with the carbon in the steel:  

C + 02  => CO2  

This evolution of CO2  can dilute the oxygen at the melt-gas interface to-
wards the bottom of the cut. Dilution of the local concentration of oxygen 
will, of course, lead to a reduction in the efficiency of the oxidation reaction. 
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In the case of thick section mild steels oxygen is in comparatively short sup-
ply as low pressures are required to suppress unwanted burning of the work-
piece. Stainless steel on the other hand benefits from increasing oxygen pres-
sure as the thickness of the workpiece increases. As a result of this the melt 
is supplied with a surplus of oxygen and the oxidation reaction is never sup-
pressed. 

4.4 Conclusion 

Although this experimental work was carried out solely with the intention of 
analysing conductive losses at a constant laser power it is clear that the 
power supplied to the cut zone increases with material thickness. In spite of 
this increase in cutting power with thickness the conductive losses also in-
crease at a rate sufficient to suppress the cutting speeds in accordance with 
the ideas put forward in equation (1), (2) and (3). 

5. GENERAL CONCLUSION 

This general and qualitative analysis of energy redistribution in laser cutting 
has revealed a large number of interesting points including: 

1. Single and multiple reflections can and do take place within the cut 
zone. 

2. Multiple reflection and absorption towards the bottom of cuts can result 
in a decrease in cut edge quality particularly in the case of acrylic sheet. 

3. The laser energy and oxidation reaction energy always combine to 
produce a cut in oxygen assisted cutting of steels. 

4. The oxidation reaction becomes a progressively larger contribution to 
the cutting process as the material thickness is increased. At the 
maximum steel section for a particular laser power, the power of the 
oxidation reaction far exceeds the laser power. 
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5. The efficiency and rate of the oxidation process is proportional to the 
surface area of the cut zone and is therefore proportional to the 
thickness of the sample. 

6. The laser or laser-oxygen cutting process becomes less efficient as 
workpiece thicknesses increase. 
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ABSTRACT 

This paper gives the results of a detailed examination of the particles ejected 
from the cut zone during CO2  laser cutting of mild and stainless steels. Cuts 
were carried out over a range of material thickness at the optimum speed for 
each at a laser power of 900 watts. Particles ejected from the cut zone were 
collected and analysed to establish their chemical and physical characte-
ristics. Analysis techniques included; Scanning Electron Microscopy, wet 
chemical analysis, optical microscopy, metallography and particle sizing. 

The results from this extensive analysis have enabled the authors to postulate 
oxidation histories for the particles. In addition to this it has been possible to 
estimate the heat generated by the oxidation process during cutting of both 
mild and stainless steels. 

1. INTRODUCTION 

Although a great deal of experimental and theoretical work has been pub-
lished on the subject of CO2  laser cutting of steels, there is very little detailed 
information available concerning the nature of the particles ejected from the 
cut zone during cutting. The dominant mechanism for material removal 
during CO2  laser-oxygen cutting of steels is one of melting combined with 
oxidation. Vaporisation plays a negligable role as a result of the rather low 
temperature of the process (approximately 2000K). This level of temperature 
has been directly measured by the present authors and is also evident from 
optical observation of the process. Direct observation of the cutting zone re-
veals that the process radiates an intense level of light in the pale yellow 
band of the electromagnetic spectrum. A process which relied heavily on 
evaporation as a material removal mechanism would radiate light in the 
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higher temperature blue-violet range. (This blue-violet light is often observed 
in laser welding process where laser-material interaction times are longer and 
therefore temperatures are higher). 

Material is ejected from the bottom of the cut zone in the form of molten 
droplets of oxidised metal, see figure 1. 

Figure 1. A schematic of the cutting mechanism. 

The level of oxidation and the range of size of these droplets can be easily 
examined after they have solidified. For the purpose of this experimental 
program the particles were collected in a non oxidising liquid quenchant as 
close to the bottom of the cut zone as possible, see figure 2. 

Glycol-water mixture 

Figure 2. A schematic of the experimental arrangement for the particle 
collection. 
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The use of a quenchant was necessary in order to freeze the particles in their 
ejected condition. If the particles were allowed to cool at their own rate in air 
the general level of oxidation would be much higher as a result of atmos-
pheric oxidation. 

Once the particles had been collected from experimental cut runs in mild and 
stainless steel they were thoroughly examined chemically and physically. 
From these examinations it has been possible to establish the level of oxida-
tion experienced by the steel during cutting. From this result it is possible to 
clarify the role of the oxidation reaction in the cutting process. In addition to 
this important result it has been possible to identify an oxidation history for 
the particles. This oxidation history reveals aspects of the oxidation reaction 
which can be used to further clarify the overall cutting mechanism. 

2. EXPERIMENTAL PROCEDURE 

The basic experimental arrangement for the collection of particles ejected 
from the cut zone is shown in figure 2. The cutting parameters used during 
this experimental program are as follows: 

Table 1. Cutting parameters 

Laser model: Rofm-Sinar 6000 
Laser power: 900 W 
Lens focal length: 127 mm 
Nozzle diameter: 1.0 mm 
Nozzle material standoff: 1.0 mm 

Sample Material Thickness Pressure 
(mm) 	02  

(bar) 

Cutting speed 
(m/min) (minis) 

A Mild steel 1 3.0 7.5 125  
B  Mild steel 2 3.0 5.1 85  
C  Mild steel 3 2.0 3.2 53  
D  Mild steel 4 2.0 2.1 35  

E  St. steel 1 4.5 8.0 133 
F St. steel 2 7.0 3.9 65  
G  St. steel 3 7.0 2.5 42 
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The chemical composition of the mild steel was: 

Table 2. Mild steel composition  

Fe  C  Mn  P  S 

wt(%) 99.41 0.08 0.45 0.03 0.03 
At(%) 99.06 0.37 0.46 0.054 0.052 

For the general purpose of this discussion the mild steel can be assumed to 
by pure iron with a small addition (0.08%) of carbon. 

The chemical composition of the stainless steel was: 

Table 3. Stainless steel composition 

Fe Cr  Ni  Mo  S  P  Mn  Si  C  

wt(%) 65.875 18.0 10.5 2.5 0.03 0.045 2.0 1.0 0.05 
At(%) 65.21 19.12 9.89 1.44 0.05 0.08 2.01 1.97 0.23 

For each sample (A-G)  the following system was employed: 

1. Cut approximately 30 m of the material (in several 100 mm passes) 
and collect the ejected particles in the glycol-water mixture. 

2. Filter and dry the collected powder. 

3. Establish particle size distribution by wetscreening. 

4. Take a sample for wet chemical analysis. 

5. Take a sample for Scanning Electron Microscopy. 

6. Take a sample to be mounted in  bakelite,  ground and polished. This 
sample could then be used for a number of investigations as it revealed 
the polished cross sections of a large number of particles. Techniques 
used included: Electron microscopy,  SEM  chemical analysis by the 
energy dispersive x-ray method (EDX), optical microscopy 
(unetched) and optical microscopy after etching. 
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3. RESULTS AND DISCUSSION 

3.1 Particle Size Distribution 

The particles were seperated into a number of size ranges by the use of sie-
ves with progressively diminishing mesh sizes. The results are given in table 
4.  

Table 4. Particle size distribution 

Mild steel 	 Proportion (%) of particles 

size range (gm) 

Sample Thickness 0- 39- 54- 76- 107- 151- 213- 301- 426- 
(mm) 38 53 75 106 150 212 300 425 600 

A 	1 1.24 2.56 3.02 18.37 39.39 24.44 7.87 2.08 1.03 
B 	2 4.12 2.86 2.61 7.08 29.13 26.01 15.24 7.44 5.52 
C 	3 - 0.37 0.36 1.20 16.98 25.97 25.93 16.99 11.06 
D 	4 - 0.36 0.56 1.67 4.39 21.10 20.42 21.37 30.13  

Stainless steel 	 Proportion (%) of particles 

size range (gm) 

Sample Thickness 0- 39- 54- 76- 107- 151- 213- 301- 426- 
(mm) 38 53 75 106 150 212 300 425 600  

E 	1 1.21 1.89 3.34 13.45 36.77 35.73 6.95 0.30 0.38 
F 	2 1.33 5.13 6.28 13.73 27.79 33.24 9.58 1.42 1.50 
G 	3 0.88 1.01 1.19 2.33 4.02 47.51 34.99 6.19 1.58 
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These results are given in graphical form in figures 3 and 4. For both the 
mild and stainless samples there is a general tendency for the particle size to 
increase as the thickness of the cut sample increases. 

Figure 3. Mild steel; Particle size distribution for different sample 
thicknesses. 

100 200 300 400 500 600 

Particle size (1.1 m) 

Figure 4. Stainless steel; Particle size distribution for different sample 
thicknesses. 
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The general trend towards increased particle size as the sample thickness 
increases can be attributed to two major factors: 

A. The vertical thrust of the cutting gas jet will diminish as the depth 
into the cut increases. This can reduce the ability of the gas jet to 
spray liqued out of the bottom of the cut zone as the material section 
increases. The reduction in shearing action of the gas jet will 
suppress the formation of the smallest sizes of particle.  

B. It has been indicated by earlier work [1] that as the thickness of the 
sample increases, the average temperature of the melt in the cut zone 
decreases. This being the case the surface tension of the melt would 
increase. A higher surface tension would result in the formation of 
larger particles as the shearing action of the gas jet would be reduced. 

Figure 3 shows a remarkable increase in the proportion of particles with a 
diameter of 300 gm or more for the 4 mm thick sample. Further examination 
of the samples revealed that a large number of the "4 mm" particles had wel-
ded themselves together in pairs after ejection from the cut zone. Whether 
this joining took place during flight or as a result of the collection process is 
not known at this point. Figure 5 shows an etched cross section of a typical 
welded pair of particles. 

Figure 5. An etched cross section of a pair of particles which have become 
welded together. 
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3.2 Chemical Analysis 

3.2.1 Mild steel 

Wet chemical analysis was carried out to establish three values for each 
sample of powder. Those values were: 

a) The amount of unoxidised iron.  

b) The amount of oxidised iron.  

c) The total amount of oxygen present. 

From these three values a calculation can be carried out which establishes the 
various proportion of iron and its oxides (FeO, Fe203  and Fe304) which 
make up the material ejected from the cut zone. 

The results of the chemical analysis are given in table 5. 

Table 5. Chemical analysis of mild steel cut particles 

Sample Thickness Free iron; 
(mm) 	wt(%) 

Oxidised 	Total oxy4en; 
iron;wt(%) 	wt(%) 

A 1 43.7 42.6 13.0 
B 2 46.7 40.9 13.0 
C 3 45.1 46.1 13.0 
D 4 37.0 49.1 13.5 

* Experimental error 1-2% 

Average 43.1 44.7 13.1 

At this stage of investigation the minor trend towards increased oxidation as 
material thickness is increased is less important than the general view given 
by the average values in table 5. As a first approximation it can be said that 
the ratio of oxidised to unoxidised iron is 1:1. Using the average values from 
table 5 we can calculate the proportions of the various oxides of iron present. 
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The first step is to calculate the relationship between the number of oxygen 
and iron atoms in the oxide: 

Average values:  

Oxidised iron (wt%). 44.7% 

Total oxygen (wt%). 13.1% 

Atomic weight of Fe= 55.847 
Atomic weight of 0= 16.0 

Therefore the relative proportion of iron and oxygen atoms: 

Fe (44,7/55.847) : 0(13.1/16.0) 

0.80 : 0.82 

As this is approximately a 1:1 relationship it is clear that the great majority 
of the oxide will be FeO. Figure 6 shows the iron:oxygen equilibrium dia-
gram which clearly indicates that the surplus oxygen could be present as 
Fe203  or Fe304. At this temperature of formation of the particles (approxi-
mately 2000K) we have a liquid phase L2  which can be described as: FeO, 
Fe01.5  (Fe203). 
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Figure 6. Equilibrium diagram, Fe-0 [4]. 
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Assuming that a 100  g  sample of particles has been analysed. The average 
amount of oxidised iron is 44.7  g  (from table 5), the amount of free iron is 
43.1  g  and the amount of oxygen combined with the oxidised iron is 13.1  g.  
Assuming that the oxide is wholly made up of a mixture of FeO and Fe203, 
the following calculation reveals the proportions of the two oxides: 

x[Fe203] + y[Fe0] = A + B 	(1)  

where; 	x  = the number of moles of Fe203  in the 100  g  sample  
y  = the number of moles of FeO in the 100  g  sample 

[Fe203] = the molecular weight of Fe203  = (2*55.847 + 3*16) gimol 
[FeO] = the molecular weight of FeO = (55.847 + 16) g/mol 

A = the weight of oxidised iron in the 100  g  sample = 44.7  g 
B  = the weight of oxygen in the 100  g  sample = 13.1  g  

rewriting equation (1) 

x(2*55.847+3*16) + y(55.847+16) = 44.7 + 13.1 	(2) 

equation (2) can be divided into two equations, one dealing with the iron 
balance and the other dealing with the oxygen; 

x*2*55.847 + y*55.847 = 44.7 

x*3*16 + y*16 = 13.1 

the solution to (3) is 

(3) =>  y  = 0.80 - 2x 	(5) 

substituting (5) into (4) gives 

16x = 0.3 	(6) 

(6) => 	x = 0.019 	(7) 

(3) (iron) 

(4) (oxygen) 
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substituting (7) into (5) gives  

y  = 0.762 	(8) 

This equation gives the ratio of the two oxides as follows: 

Fe203  : FeO 

1:40.1 

Expressing this as molecular percentages in the oxide mixture: 

Fe203  : FeO  

2.4%: 97.6% 

This generalised result was supported by the electron microscopy and EDX-
methods used to analyse the particles. Electron microscopy helped to identify 
the particles as fundamentally spherical, see figure 7. 

Figure 7. Electron micrograph showing the spherical nature of the particles. 
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Energy dispersive X-ray analysis (EDX) carried out on cross sections of 
these particles indicated a thin outer shell (<511m) of Fe203  surrounding a 
thicker layer (20-501.1m) of FeO which encased either a central sphere of iron 
or a suspension of FeO particles in an iron matrix. This distribution of the 
iron and its oxide is dealt with in greater detail later in section 3.3.1. 

Our major concern in identifying the oxide type dominant in the particles is 
to calculate the amount of heat generated during the oxidation process. This 
information is necessary in order to quantify the thermal input to the cutting 
process which is a combination of direct laser irradiation and the exothermic 
reaction. 

As a general approximation it can be taken that during laser cutting of mild 
steel approximately half of the iron which leaves the cut zone is oxidised to 
FeO. From this an estimate of the energy released by this exothermic reac-
tion can be made. This energy assists the cutting process and acts in con-
junction with the laser beam to produce a cut line. 

Table 6. Oxidation heat generated during cutting of mild steel 

Sample Thickness Kerf Material re- Oxidation 
(mm) width mov al rate heat evolved 

(mm) (mm/sec) (Watts) 

A 1 0.23 28.75 515.2 
B 2 0.21 35.7 643.9 
C 3 0.22 35.0 618.2 
D 4 0.22 30.8 540.9  

Therefore the average heat of oxidation = 579.5 W. 

The values of oxidation heat evolved in table 6 were calculated in the 
following manner: 

Sample A: 

Material thickness= 1.0 mm 
Cutting speed 	= 7.5 m/min = 125 mmis 
Kerf width 	= 0.23 mm 
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Volumetric material removal rate = 28.75 mm3/s 

Mass removal rate = 0.224  g/s  

Assume half this mass of iron is converted to FeO, (see previous discussion). 

Heat generated by 

Fe + 1/202  => FeO 	3,H=-257.58 kJ/mol (at 2000K) [3] 

Mass removal rate = 0.002  mol/s  

Calculations gives 

Heat evolved = 515.2W 

This power can be added to the 900 watts of the laser itself and the sum is 
the power input to the cutting process. Earlier work by the authors [1] 
showed that when cutting mild steel with 800 watts of laser power, the ther-
mal loss by conduction from the cut zone exceeded 800 watts at thicknesses 
above 2 mm. It is obvious therefore that a considerable amount of heat has to 
be generated by the oxidation process in order to carry out the cutting pro-
cess. The results shown here indicate that the oxidation process contributes 
approximately 40% of the energy input to the cut zone and the laser provides 
the remaining 60%. From earlier work we know that more than half of this 
total energy input is lost from the cut zone by thermal conduction to the base 
material. 
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3.2.2 Stainless steel 

Wet chemical analysis gave the following results: 

Table 7. Chemical analysis of stainless steel cut particles 

Sample Thick- Free Oxidised Free Oxidised Total Total 
ness Fe; Fe;  Ni; Ni;  Cr; 0; 
(mm) wt(%) wt(%) wt(%) wt(%) wt(%) wt(%)  

E 1 49.6 14.9 11.1 0.38 14.6 9.4 
F 2 41.5 21.5 9.9 0.88 15.3 10.9 
G 3 37.8 22.1 11.8 0.76 15.7 11.8 

Average 43.0 19.5 10.9 0.67 15.2 10.7 

Earlier work by Powell [2] established that the oxide generated during laser 
cutting of stainless steel consisted of a mixture of Fe203, Cr203  and NiO. 

Using wet chemical analysis it is unfortunately not possible to identify how 
much of the chromium has been oxidised. This figure can however be cal-
culated using the same principles as those used in the earlier mild steel 
analysis. 

x[Fe203] + y[Cr203]+ z[NiO] =A+B+C+D 	(9) 

where;  x  = the number of moles of Fe203  in the sample  
y  = the number of moles of Cr203  in the sample 
z = the number of moles of NiO in the sample 

[Fe203] = molecular weight of Fe203  = (2*55.847 + 3*16) g/mol 
[Cr203] = molecular weight of Cr203  = (2*51.996 + 3*16) g/mol 

[NiO] = molecular weight of NiO = (58.71 + 16) g/mol 
A = the weight of oxidised iron in the sample  (g) 
B  = the weight of oxidised chromium in the sample  (g) 
C  = the weight of oxidised nickel in the sample  (g) 
D  = the weight of oxygen in the sample  (g)  
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Assuming, as before, that a 100  g  sample of particles has been analysed and 
taking the average analysis values from table 7: 

x(2*55.847+3*16) + y(2*51.996+3*16) + z(58.71+16) = 

19.5 +B+ 0.67 + 10.7 	 (10)  

Only  x, y,  z and  B  remain unknown, equation (10) can be split up into 4 
equations each dealing with a seperate element: 

x*2*55.847 = 19.5 (11) (iron) 
y*2*51.996 = B (12) (chromium) 

z*58.71 = 0.67 (13) (nickel) 
x*3*16 + y*3*16 + z*16 = 10.7 (14) (oxygen) 

From these equations  x  and z can be found:  

x =0.1716 
z =0.0114 

Substituting these values into equation (14) gives us a value for  y: 

y  = 0.0445 

Knowing  y  we can now solve equation (12) which gives us the following: 

Weight of oxidised chromium in sample = 4.63  g  
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The wet chemical analysis gives a value for the total chromium content (see 
table 7) and so it is possible to calculate the ratio of oxidised to unoxidised 
chromium: 

Crfree  : Croxidised  

2.3 : 1 

The values of  x, y  and z give the relative molecular proportions of the three 
oxides in the sample: 

Fe203  : Cr203  : NiO  

x  : 	y 	: z 

0.1746: 0.0445 :0.0114 

Expressed as percentage  

(mol%)  75.75 %: 19.3 % : 4.95 % 

(wt%) 78.5 % : 19.0 % : 2.5 % 

This of course only considers the oxidised portion of the sample. A more 
complete picture of the average chemistry of the particles would be as 
follows: 

Table 8. Chemical analysis of the stainless steel particles 

Fe Fe203  Cr Cr203  Ni NiO  

wt(%) 43 	27.8 10.6 6.8 10.9 0.87 

Earlier work by Powell [2] and subsequent work by other authors has esta-
blished that during the oxidation process chromium is oxidised preferentially 
as it has the greatest affinity for oxygen of all the alloying elements present. 
This generally means that residual oxide layers left on the cut edge have a 
higher chromium content than the base material. As a result of this preferen- 
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tial  oxidation the solidified melt underlying the oxidised edge has a depleted 
chromium level. These results would imply that the type of particle which 
has an outer oxidised crust surrounding a resolidified melt core would have a 
chromium enriched oxide layer and a chromium depleted core. These results 
have been verified by EDX analysis of this type of particle as can be seen in 
figure 8. 
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Figure 8. A cross section view and EDX scan across a particle with an outer 
oxide crust surrounding a metal core. 

From figure 8 it can be seen that the levels of Fe203  and Cr203  in the oxidi-
sed outer layer are both between 20 and 30 wt%. The underlying melt has a 
much lower chromium level than the base alloy composition as a result of 
this preferential oxidation. 



hi view of this it may seen suprising that the chromium oxide levels revealed 
by the wet chemical analysis were not higher. In fact they were rather close 
to the base level of the alloy itself (compare the ratio of Fe203  and Cr203  in 
table 8 with the Fe and Cr values in table 3). Two reasons can be put forward 
to explain this apparent short fall in the observed amount of Cr203  forma-
tion. 

A. Wet chemical analysis could not directly measure the amount of 
chromium which had undergone the oxidation reaction. As a result of 
this the Cr203  levels had to be calculated from the average oxygen 
wt% of 10.7 %. Results for oxygen wt% in cases such as this are not 
wholly reliable and a fluctuation of two percentage points is well 
within experimental limits (see table 7). The nature of our Cr203  
level calculation means that relatively minor differences in the total 
oxygen level would greatly affect the result.  

B. As we shall see in the following section a large number of particles 
were almost completely oxidised and had no residual central metal 
core. In these cases the preferential oxidation of chromium at the 
outside surface does not affect the overall result. If all the metal has 
been oxidised then the ratio of the oxides will match the ratio of the 
original alloying elements. 

One final point about figure 8 is that oxide particles suspended in the body of 
the metallic core can easily be identified by the fluctuations in the Fe and Cr 
lines at a distance of 35-45 gm from the outer shell. 

For stainless steel, as for mild steel, our major concern in identifying the 
oxide types dominant in the particles is to calculate the amount of heat gene-
rated during the oxidation process. This information is necessary in order to 
quantify the thermal input to the cutting process which is a combination of 
direct laser irradiation and the exothermic reaction. 

The oxidation of stainless steel during cutting is more complex than the mild 
steel case dealt with earlier because the reaction involves the formation of 
three oxides (Fe203, Cr2O3  and NiO) rather than two (FeO, Fe203). The 
formation of the three oxides generates a great deal more heat than the 
simple oxidation of iron to FeO as we can see from the following: 
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Stainless steel 

2Fe + 3/202  => Fe203  AH=-826.72 kJ/mol (at 2000K) [3], 

2Cr + 3/202  => Cr203  AH=-1163.67 kJ/mol (at 2000K) [3] 

and  

Ni + 1/202  => NiO 	AH=-248.23 kJ/mol (at 2000K) [3]  

compared with 

Mild steel 

Fe + 1/202  => FeO 	AH=-257.58 kJ/mol (at 2000K) [3] 

As a general approximation it can be taken that during laser cutting of stain-
less steel approximately 30 % of the iron which leaves the cut zone is oxidi-
sed to Fe203  and approximately 30 % of the chromium which leaves the cut 
zone is oxidised to Cr203  (NiO formation is negligable). From this an esti-
mate of the energy released by the exothermic reactions can be made. This 
energy assists the cutting process and acts in conjunction with the laser beam 
to produce a cut line. 

Table 9. Oxidation heat generated during cutting of stainless steel 

Sample Thickness Kerf Material re- Oxidation 
(mm) width moval rate heat evolved 

(mm) (mm3/sec) (Watts)  

E 1 0.27 35.9 1156 
F 2 0.29 37.7 1215 
G 3 0.32 40.3 1297 

Average oxidation heat evolved = 1220 W 
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The values of oxidation heat evolved in table 9 were calculated in the 
following manner: 

Sample E:  

Material thickness= 1.0 mm 
Cutting speed 	= 8.0 m/min = 133 nun/s 
Kerf width 	= 0.27 mm 

Volumetric material removal rate = 35.9 nun3/s 

Mass removal rate = 0.28 g/s  

Assume that 30 % of the iron content (which is 65.875 wt(%), table 3) of this 
mass of stainless steel is converted into Fe203, and 30 % of the chromium 
content (which is 18.0 wt(%), table 3) is converted into Cr203  

Heat generated by the two chemical reactions 

2Fe + 3/202  => Fe203  32=-826.72 kJ/mol (at 2000K) [3] 
2Cr + 3/202  => Cr203  AH=-1163.67 kJ/mol (at 2000K) [3] 

Mass  removal  rate (Fe)  = 0.3*0.65875*0.28/55.847= 9.9*10-4  mol/s  

Mass  removal  rate  (Cr) = 0.3*0.18*0.28/51.996= 2.9*10-4  mol/s 

This gives 

Heat evolved = 9.9*10-4*826.72*103  + 2.9*10-4*1163.67*103  = 1156W 

This power can be added to the 900 watts of the laser itself and the sum of 
these two is the power input to the laser process. As for mild steel, work was 
carried out in an earlier paper [1] which showed that conductive losses from 
the cut zone were extremely large. In the earlier work 800 watts of laser 
energy was used to cut stainless steel in thicknesses from 1 to 5 mm. Ther-
mal losses by conduction rose in a linear manner with material thickness 
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from 500 watts at 1 mm thick to 2100 watts at 5 mm (the maximum thick-
ness possible). In view of these enormous thermal losses it is not suprising 
that the oxidation reaction supplies a great deal of heat to the cut zone. Al-
though the average thermal output from the oxidation process (see table 9) 
was given as 1220 watts it is the opinion of the present authors that this value 
may be considerably higher in reality. Further work will concentrate on more 
accurate methods of determining the level of chromium oxidation which is 
believed to be higher than the 30 % used in this calculation. In any case it is 
clear that the thermal input to the cut zone from the oxidation process 
exceeds the input from the laser itself when stainless steel is being cut. 

3.3 Optical Microscopy 

3.3.1 Mild steel 

For the purpose of optical microscopy a sample of the particles were im-
bedded in  bakelite  and then ground and polished to reveal a number of cross 
sections of particles. The view of a typical polished sample can be seen in 
figure 9. 

Figure 9. A general view of polished cross sections of particles from mild 
steel (from 1 mm thick sample). N.B. Dark circles represent particles 
plucked from the mounting by the grinding-polishing process. 
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Although figure 9 shows a general view of the particles collected from the 
1 mm thick sample it is fair to say that all the samples were essentially simi-
lar in appearance although the diameter of the particles gradually increased 
with increasing material thickness (see section 3.1). 

The particles display a range of levels of oxidation and it was possible to 
identify a number of examples of five distinct oxidation stages as shown in 
the following figures: 
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Stage 1. An FeO shell surrounding an 
iron core. 

I 
0.05 mm 1  

Stage 2. An FeO shell surrounding an 
iron core which contains small 
isolated spheres of FeO. 

    

Stage 3. An FeO shell surrounding an 
iron core which contains small 
isolated spheres of FeO. In the centre 
a large number of these small spheres 
have combined to generate a large 
sphere of FeO. 
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Stage 4. An FeO sphere containing 
isolated spheres of iron. 

0.05 mm 1  

11111  
I 0.05 mm  

I 

Stage 5. A sphere of FeO. (As 
oxidation progresses from stages 1-5 
oxide solidification pores become 
more apparent). 

Figure 10. Oxidation stages for mild steel particles. 

From these photographs it is clear that the oxidation history of a molten 
particle allowed to fully oxidise would be as follows: 

Stage 1: 	Surface oxidation. 

Stage 2: 	Surface oxidation continues but oxide droplets leave the shell 
and become encorporated in the central iron core. 

Stage 3: 	As the population of iron oxide droplets grows they combine as 
a result of collision and surface tension effects draw them 
together into a large central sphere. 

Stage 4: 	The central oxide and the outer shell grow towards each other 
and eventually join thereby isolating the remaining droplets of 
iron. 

Stage 5: 	Oxidation is completed and is followed by solidification. 

N.B. The solidification mechanism of FeO often gives rise to pores in the 
oxide and at metal-oxide interfaces. 



This oxidation route has obviously been interupted at various stages in the 
case of our sample. This interruption is obviously largely due to the instan-
taneous quenching of the ejected particles in the glycol-water mixture (see 
figure 2). On the other hand most particles would cool naturally before oxi-
dation was 100 % complete. The level of completion of their eventual oxi-
dation would depend on such factors as ejection temperature, surface area to 
volume ratio and the local oxygen level in the atmosphere. What is perhaps 
supri sing is that an appreciable number of particles were fully oxidised 
before being quenched and collected. Figure 9 shows that most of the fully 
oxidised particles were smaller than the average and this agrees well with the 
principle that the particles with the largest surface area to volume ratio would 
oxidise most rapidly (i.e. a) 100 gm diameter sphere: surface area= 0.031 
mm2, volume= 0.00052 mm3,  b)  200 gm diameter sphere: surface area= 0.13 
inm2, volume= 0.0042 mm3). 

To confirm that the darker areas in the particles were in fact oxide and the 
lighter areas were metallic two checks were carried out. The first check was 
to etch the samples in 5 % nitric acid and then to reexamine them. The final 
check was to carry out electron microscopic EDX scans on several particles. 
A typical etched "stage 3" particle is shown in figure 11. 

Figure 11. A typical etched "stage 3" particle. 

Figure 11 shows the etched micro structure of the rapidly solidified mild 
steel core. The FeO is unaffected by the etchant. 
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The EDX examination gave results typified by those in figure 12. 

52 

—, 
e•D 
5 
a; 

LI 

100-

90-

80-

70-1\  

60- 

50 

40 	1  

— Mild steel lmm 
	 .1 

IIIIII  

0 10 20 30 40 50 60 70 80 

Distance from shell (gm) 

Figure 12. EDX analysis of a "stage 1" particle. 

This EDX trace clearly confirms that the outer shell of the particles is made 
up of FeO and the lighter core is unoxidised iron. 



3.3.2 Stainless steel 

From the microscopic examination the oxidation mechanism of the molten 
stainless steel particles was found to be simpler than that for mild steel. 
Figure 13 shows a general view of a typical sample of particles. 

Figure 13. A general view of a typical sample of particles. 

At first view figure 13 may appear very similar to the general view of mild 
steel particles shown earlier. In fact this is not quite the case. In the case of 
mild steel samples the most interesting aspect of the oxidation process was 
the formation of stage 3, the central large sphere of oxide. With stainless 
steel this stage does not occur. The dark central portions in some of the sam-
ples shown in figure 13 were found to be either pores or  bakelite  mount 
which had filled those pores. This point is demonstrated by figure 14. 

Figure 14. Pores and  bakelite-mount filled pores in the stainless steel 
particles. 
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Examples of all the other "mild steel type" oxidation stages (1, 2, 4 + 5) were 
numerous and examples are given in figure 15. 
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Stage 1. An oxide shell surrounds a 
central metallic core. 

Stage 2. Parts of the oxide shell break 
away and become suspended in the 
central molten metal core. 

Stage 3. The oxide grows from the 
outside inwards and by collision of 
the particles in the molten metal until 
only isolated particles of metal 
remain. 

Stage 4. Complete oxidation. 

1  0.05 mm I 

Figure 15. Oxidation stages for stainless steel particles. 



It can be seen that the oxidation history for molten stainless steel is similar to 
that discussed for mild steel. The difference between the two histories is the 
absence of a large central sphere in the case of stainless steel. This absence is 
probably the result of the different surface tension forces at play in the 
(Fe203, Cr203)(Fe, Cr) system as compared with the (Fe0)(Fe) system. 

4. CONCLUSION 

1. During laser-oxygen cutting of steels, material leaves the cut zone as 
partially oxidised droplets which range in size from 50 gm to 500 gm 
in diameter. 

2. As the material thickness increases there is a tendency for the ejected 
droplets size to increase. 

3. When cutting mild steel approximately 50 % of the iron is converted to 
FeO during the cutting process. (Thermodynamically the small 
percentage of Fe203  formed is insignificant). 

4. The oxidation of the iron to FeO during the cutting of mild steel 
contributes approximately 40 % of the energy supplied to the cut front 
(the laser provides the remaining 60 %). 

5. During the cutting of stainless steel approximately 30 % of the iron in 
the material is oxidised to Fe203. Also we calculated that 30 % of the 
chromium is oxidised to Cr203  although we estimate that the actual 
figure could be higher. The role of  Ni  oxidation is negligable by 
comparison to the highly exothermic iron and chromium reactions. 

6. In the case of stainless steels the energy input to the cut zone from the 
oxidation reactions exceeds the energy input from the laser. In this case, 
on average, the laser contributed only 40 % of the energy input to the 
cut zone. The remaining 60 % was supplied by the iron and chromium 
oxidation reactions. (This 60 % may be considerably larger if 
chromium oxidation is, as suspected, more extensive than 30 % by 
weight). 
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7. 	When examined, the mild steel particles were found to exist in five 
distinct oxidation stages: 

1. A sphere of iron surrounded by a shell of FeO. 

2. A sphere of iron containing a suspension of FeO droplets and 
surrounded by a shell of FeO. 

3. A central sphere of FeO surrounded by an iron suspension of FeO 
droplets which is in turn surrounded by a shell of FeO. 

4. Isolated particles of iron in an FeO matrix. 

5. A, generally porous, completely oxidised spheroid. 

(N.B. in all cases a small proportion of Fe203  was present, generally as 
an outermost shell) 

	

8. 	Stainless steel particles fell into one of four groups: 

1. A sphere of metal surrounded by an Fe203  and Cr203  shell. 

2. A sphere of metal containing a suspension of oxide particles 
surrounded by an oxide shell. 

3. Isolated particles of metal in an oxide matrix. 

4. A completely oxidised spheroid mostly made up of Fe203, Cr203  
and NiO. 
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