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Abstract

A controlled continuous laser output using a circular geometry with a
gaussian intensity distribution was used to harden the surface of a partic-
ular metal specimen (44MnSiVS6). Said beam operated within a relatively
small power interval, just barely past the melting point. The resulting
martensite track was shown to expand laterally at a positive exponential
rate, with respect to the energy input. This was furthermore accom-
panied with an increase of the average slope at each lateral edge. The
thickness was seen to expand at a significantly slower rate (by about one
order of magnitude), with declining efficiency in regard to the energy in-
put used. Thermal measurements along the surface indicated somewhat
uniform temperature patterns within a relatively large area surrounding
the middle of the beam spot. Though a slight elevation in temperature
was often noted in the vicinity of its centre.
In addition to using a gaussian beam, three other intensity distributions
were utilized. The results obtained from said distributions may suggest
effectual alterations to occur in terms of the shape and extent of the
resulting martensite zone, if the spread of the gaussian intensity profile
is allowed to be modified. Ideally, this would be carried out while still
remaining close to the melting point, as well as keeping the spot size un-
changed.
A series of vicker’s hardness measurements was carried out for each track
induced by a different beam distribution. A clear transition in hardness
was noted across the perceived boundary between the martensite zone and
the base material, confirming the legitimacy regarding the phase identifi-
cation.
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1 Introduction

1.1 Background

Metallic materials have been utilized in a plethora of applications within ma-
terials processing and manufacturing. Said materials possess a high level of
versatility, in part owing to their wide range of mechanical properties. Different
properties may be accessed through various means of manipulation. Alloys such
as steels are often used in structural components requiring a sufficient combina-
tion of having a high resistance against plastic deformation (strength), fracture
formation (toughness), and wear. Plenty of steels often satisfy these conditions
to a degree in their default (or un-manipulated) state.
However, multiple different methods can be used to further improve said proper-
ties, including solid-solution strengthening and heat treating [4]. Solid-solution
strengthening occurs when a metal is alloyed with a small concentration of im-
purity atoms, which go into either substitutional or interstitial solid solution
with the base atoms. The difference between said solid solutions (or alloys) is
illustrated in figure 1.

Figure 1: Illustration of the difference between substitutional and interstitial
solid solutions. Image taken from [Im3].

This typically results in a stronger and tougher material. For instance, steel
(which contains a small amount of carbon together with its main constituent)
is generally tougher and stronger than high-purity iron. Heat treating is the
process in which the material is initially heated to or above some critical tem-
perature value, followed by a fast cooling procedure. This leads to specific
alterations in the microstructure, through various phase transitions within the
material. A phase may be defined as “a homogeneous portion of a system that
has uniform physical and chemical characteristics” [4]. The phases present can
thus be thought of as the individual constituents to the microstructure (the
concept of phases is further discussed in the theory section). After the cooling
procedure, heat tempering is usually employed, in which the material is heated
up once more, albeit at a lower temperature than before (below said critical tem-
perature) [4]. While this may be a necessary step within the hardening process,
as the material would otherwise be too brittle to be used for most applications,
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it is not considered in this work, and will therefore not be further discussed.
Not only are the mechanical properties sensitive to the carbon content, but so
is the degree to which the material responds to heat treatments [4, 11]. Low-
carbon steels (those containing less than around 0.25 percent weight in carbon)
are typically unresponsive to heat treatments. However, by incorporating ad-
ditional alloying elements such as copper, vanadium, nickel, and molybdenum
(the collective amount of which may constitute as much as ten percent of the
total weight), one can increase the mechanical strength as well as the amenabil-
ity to said treatments. Medium-carbon steels (those containing between around
0.25 and 0.60 percent weight in carbon) are most often utilized in a heat treated
condition. It should be worth mentioning that without any additional alloying
elements, these steels are usually only successfully heat treated in very thin
sections, even with extremely fast cooling rates. This characteristic may be im-
proved upon by adding elements such as chromium, nickel, and molybdenum.
This of course also affects the strength and ductility (the degree to which the
material can deform plastically before it breaks). What these heat treated alloys
gain in strength, is more or less lost in terms of ductility and toughness.
Heat treated medium-carbon steels are commonly implemented in crankshafts
and camshafts (among other things) [4, 9, 7]. A visual example of these devices
is shown in figure 2.

(a) Camshaft (b) Crankshaft

Figure 2: Example of a camshaft and crankshaft device. Images taken from
[Im2, Im5].

These are typically used in internal combustion engines, connected to pistons
in order to transfer their motion around the rotational axis into translational
energy. They may run for millions of cycles during their operations. Conse-
quently, certain components will inevitably be subjected to very high contact
stresses and extreme wear. A sufficient combination of wear and crack resistance
is therefore essential.

1.1.1 Laser surface treatment

In the last few decades, lasers have become a well established tool within ma-
terials processing and manufacturing. Common industrial applications include
cutting, drilling, and welding. Another useful application, which is also the
subject of this work, is laser transformation hardening [10]. In this method, a
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laser beam is aimed at the surface of a metal specimen (or any other opaque
material), whereby the electromagnetic radiation is absorbed within the first
few atomic layers. The energy input is thus only applied to the surface of the
material (in quite a literal sense). More specifically, since the radiation emis-
sion is confined within the optically defined beam area, said input can be placed
precisely on the surface only where it is needed. The area of the energy input is
thus determined by the size of the beam as it hits the surface, called the beam
spot. The temperature of the targeted surface area is increased on account of
this input. The added thermal energy is subsequently dispersed into the sur-
rounding material through thermal conduction.
This technique differs from more “conventional” methods, where the whole spec-
imen is heated up slowly and uniformly (typically in a furnace of some kind).
These methods are generally preferred when it comes to heat treating large
depths and areas. However, it is not uncommon that said conventional proce-
dures lead to unexpected inhomogenous material property distributions within
the resulting hardened portions of the specimen. This in turn may lead to crack
initiation points to develop during the usage of the product. With that said, it
is worth mentioning that these issues typically stem from various non-ideal en-
vironmental conditions, meaning that they are not actual defects of the method
in theory. The aforementioned laser procedure does not typically suffer from
this, as it intrinsically results in a very controlled heat input. A simple sketch
of the laser surface treatment procedure is shown in figure 3.

Figure 3: Simple sketch of the laser surface treatment. Image taken from [Im4].

The laser beam moves in a single direction with constant velocity, over a
specified length of the specimen. After the beam has passed, rapid cooling occurs
“automatically” by virtue of the input energy being conducted into the bulk of
the material (or parent metal), which is barely affected by this fast heating
process. This phenomenon is termed self-quenching, since there is no additional
medium applied (gas or liquid) in the cooling process. Said phenomenon occurs
as long as the beam spot is quite a lot smaller than the dimensions of the
specimen itself. Of course, the process will not work as intended either way if
the intensity of the laser output is too high. Though, if the above-mentioned
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condition is satisfied, this will typically not be an issue, especially since the
intensity level is kept low enough so as to not melt the surface. Surface melting
is an unwanted outcome in the context of this particular application of laser
transformation hardening. Even a slight change in shape of a certain component,
introduced by surface melting, could cause undesirable vibrations to occur when
operating the associated camshaft, leading to unnecessary stress factors [7]. The
same can be said about crankshafts.
A number of adjustable parameters will influence the energy input from the
laser beam, including the movement speed, the intensity level, and the angle of
incidence (which matters mainly in terms of reflectivity) [10]. The absorption
level can be increased by choosing specific angles that result in less reflection
(and vice versa). Another way of circumventing this energy loss is by applying an
absorbing coating to the surface (no such thing was used in this case however).
Perhaps a more subtle reason as to why said angle matters, is on account of the
change in shape of the beam spot accompanying the change in angle. The other
two parameters are more straightforward. Decreasing the velocity will increase
the absorption per unit area. An increase in intensity will produce the same
effect.

1.2 Purpose of the thesis

There is one additional parameter that is of particular interest, namely the
spatial distribution of the energy input. There are several distinct ways in which
said parameter can be adjusted. One of them is by changing the geometry of
the beam spot itself, without altering the intensity distribution profile within it.
For instance, a previous study was performed using a uniform beam intensity
distribution, while the beam shape itself was modified to allow for different
energy inputs [8]. One may furthermore change the temporal behaviour of
the laser output. For example, one could use a pulsed output, as opposed to a
continuous one. Finally, one may change the intensity distribution profile within
the beam spot, without altering its size nor its geometry. This last mentioned
variant, along with the aforementioned intensity level, is the subject of this
thesis. For details regarding the laser outputs used, see the method section.
The following material was used throughout the thesis work: 44MnSiVS6. This is
a newly developed medium-carbon micro-alloyed steel, which is currently being
implemented within crankshaft manufacturing. Table 1 shows the chemical
composition of said material.

Table 1: Chemical composition of the material used (44MnSiVS6). Each alloy-
ing element is denoted according to its chemical symbol. The weight fractions
are expressed in decimal numbers (unless the suffix ** is included, in which case
ppm is used). This data was provided by the steel manufacturer Sidenor.

C Mn Si S Cr Ni Mo V Al Ti** N**

0.44 1.21 0.91 0.030 0.10 0.08 0.01 0.26 0.011 150 147
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1.2.1 Aim

The overall aim is to analyze and explain the correlation between the local
heat input from a number of non-uniform laser beam distributions, and the
resulting hardness distribution near the metal surface. The analysis includes
measurements of the surface temperature, microstructure, and hardness. It is
of interest to compare the results from each beam intensity distribution, and
to make note of any possible relative advantages and or disadvantages between
them. Furthermore, an effort is made to either explain or hypothesize the causes
of the resulting unsimilarities. In addition to this, a separate input energy
analysis is carried out for the best performing beam distribution.
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2 Theory

The current section is divided into three separate parts, the first two of which
make up the theoretical background to the laser transformation hardening pro-
cess. The first part provides a brief theoretical background to (pure) iron-carbon
systems, subjected to equilibrium temperature rates. Furthermore, all but one
of the relevant phases present during the hardening process is introduced. The
last phase is introduced in the second part, as part of a brief theoretical back-
ground to conventional heat-treatment processes. The third and final part is
concerned with the laser transformation hardening process itself.

2.1 Background: iron-carbon alloys at equilibrium tem-
perature rates

Figure 4 shows the phase diagram of the iron-carbon alloy system at equilibrium
(at a pressure of one atmosphere).

Figure 4: Phase diagram of the (pure) iron-carbon alloy system at equilibrium.
Image taken from [4].

The y-axis displays the temperature range, while the x-axis shows the com-
position range in terms of weight percent carbon (that is to say, the fraction of
the total weight attributed to the carbon component). The various distinct solid
phases of the alloy are indicated in the enclosed areas. Staying at a particular
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point within this plane, will result in the material entirely consisting of whatever
phase that is indicated in the region it resides in, once the system reaches its
equilibrium state. Some of these areas contain more than one phase, signifying
that different phases will occupy separate spacial regions within the alloy. The
L-phase simply refers to the only liquid phase of the system. Within the context
of the current heat treatment procedure, three of the phases shown in figure 4
are of importance: ferrite (α-ferrite specifically), austenite, and cementite.
Ferrite has a BCC (body centered cubic) crystal structure, with carbon as an
interstitial impurity [4]. Even though it has a low carbon solubility (that is to
say, its capacity to accommodate carbon atoms is quite limited), the carbon con-
centration nevertheless significantly affects its mechanical properties [4]. That
being said, it is still relatively soft. Figure 5 shows a photomicrograph of α-
ferrite at a 90 times magnification.

Figure 5: Photomicrograph of α-ferrite at 90X. Image taken from [4].

Austenite has an FCC (face centered cubic) crystal structure, again with
carbon as an interstitial impurity [4]. On account of the difference in crystal
structure, the carbon solubility of this phase is about 100 times greater than
that of α-ferrite [4]. As seen in figure 4, austenite only exists at highly elevated
temperatures. Figure 6 shows a photomicrograph of austenite at a 325 times
magnification.
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Figure 6: Photomicrograph of austenite at 325X. Image taken from [4].

Within the carbon composition range shown in figure 4, cementite always
coexist with either α-ferrite or austenite. From a mechanical aspect, the cemen-
tite phase is very hard and brittle (in contrast to ferrite), and its presence may
have a significant strengthening effect on the alloy [4]. In terms of microstruc-
ture, the cementite phase may appear in two different ways, either in a form
similar to pure ferrite (that is to say, distinct regions consisting entirely of ce-
mentite), or in the form of pearlite [4]. Pearlite is a two-phase microconstituent
consisting of thin alternating layers of ferrite and cementite. Figure 7 shows a
photomicrograph of pearlite at a 500 times magnification.

Figure 7: Photomicrograph of pearlite at 500X. Image taken from [4].

Said microconstituent exists as grains (also termed colonies), each of which
can be distinguished by the characteristic direction of its layers, which varies
from one grain to another. In the photomicrograph, the ferrite phase appears
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as thick light layers, while the cementite phase appears as thin lamellae (or thin
plates), most of which appear dark. This is on account of said lamellae being
so thin and so close together that, at magnifications of this level, they become
indistinguishable (thus appearing dark). From a mechanical aspect, pearlite has
properties intermediate between the ferrite and cementite phase.
Additions of other alloying elements to the iron-carbon system may significantly
alter the equilibrium phase diagram of figure 4, not only in terms of the posi-
tions of its phase boundaries, but also the shapes of its phase regions [4, 3].
The extent of these alterations depend on the particular alloying element (or
elements) and its concentration. Provided that said concentration is kept to a
sufficiently low level, the new alloy will still “give rise to” the same phases as
before. The mechanical properties of each phase will also be affected to some
degree (in terms of hardness and so on) [6].
At room-temperature, the current material (44MnSiVS6) is comprised of pearlite
and pure ferrite in its default (or non-treated) state, making it a hypoeutectoid
steel. By subjecting said material to high enough temperatures, these microcon-
stituents will transform into austenite, which is central to the current hardening
procedure.
Equilibrium phase diagrams such as the one shown in figure 4 are only valid
when the alloy in question is subjected to extremely slow changes in tempera-
ture, as this is the only way for the system to continually exist close enough to
its equilibrium state. The current hardening procedure is impossible to achieve
using temperature rates of this nature.

2.2 Background: iron-carbon alloys at non-equilibrium
cooling rates and the formation of martensite

The current hardening procedure is directly associated with the formation of
the martensite phase. Strictly speaking, this is not an equilibrium phase, but
a meta-stable one, intermediate between some initial and equilibrium state [4].
For this reason, it does not appear on the equilibrium phase diagram. In con-
nection with said hardening procedure, this phase will remain indefinitely once
it has formed within the material, for all practical purposes, on account of its
decomposition rate being extremely slow. This is what the term meta-stability
refers to.
Martensite has a BCT (body centered tetragonal) crystal structure, with car-
bon as an interstitial impurity [4]. It is formed from austenite being rapidly
cooled to a relatively low temperature (typically around room-temperature) [4].
This transformation is diffusionless, in the sense that there is only a slight dis-
placement of each atomic nuclei relative to its neighbours, in connection with
the shift in crystal structure. Therefore, once said transformation is initiated,
it is practically instantaneous. It is however, in a way, “in competition” with
other slower diffusional transformations, which may either result in an equilib-
rium phase or another meta-stable one. Essentially, once some portion of the
material has transformed into a specific microconstituent at some point during
the cooling process (regardless of whether it consists of one or several different
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phases), it will typically stay “locked” that way, as long as it is not reheated
back into austenite. Consequently, several distinct microconstituents may end
up coexisting in the final microstructure. Figure 8 shows a photomicrograph of
martensite coexisting with (retained) austenite, at a 1220 times magnification.

Figure 8: Photomicrograph of martensite coexisting with retained austenite
at 1220X. The martensite phase appears as needle-shaped grains. The white
regions are austenite that failed to transform during the cooling process. Image
taken from [4].

The transformation probability, and therefore also the transformation rate,
of each respective phase (from austenite), depends on the cooling cycle itself.
Thus, depending on the cooling process used, certain proportions of the mi-
croconstituents will end up in the final microstructure. On the basis of the
martensite transformation being tremendously quicker than the diffusional pro-
cesses, it will dominate during the cooling process, provided that it occurs with
enough abundancy within the material. This generally happens at particularly
steep cooling rates, since that is when this transformation is “triggered” at a
high enough probability.
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For the purpose of illustration, a continuous cooling transformation diagram
of a pure iron-carbon alloy, of eutectoid composition, is shown in figure 9 (in
the case of the pure iron-carbon system, said composition occurs at 0.76 percent
weight carbon).

Figure 9: CCT-diagram of a pure iron-carbon alloy of eutectoid composition.
Image taken from [4].

The dashed lines each represent a specific linear cooling rate, which takes
place everywhere within the material. The eutectoid temperature, indicated by
the horizontal line near the top of the figure, is the minimum temperature re-
quired for this specific alloy to transform into austenite, provided that it is given
enough time to reach its equilibrium state. Said alloy is initially entirely made
up of austenite, which is representative of a conventional heat-treating process.
The solid horizontal line near the bottom of the figure depicts the transforma-
tion diagram of the martensite phase. The point of intersection between this
line and the cooling line indicates the time of initiation of the martensite trans-
formation, which then proceeds to completion practically instantaneously. The
remaining two solid lines depict the equivalent transformation diagram of the
pearlite microconstituent. The upper line represents the initiation curve, while
the lower line represents the completion curve.
Above a critical linear cooling rate, the resulting microstructure will basically
only consist of martensite. Conversely, below another critical linear cooling
rate, said microstructure will basically only consist of pearlite. For anything
in-between these two extremes, the two microconstituents will coexist to some
degree. For any carbon composition other than the eutectoid one, additional
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equilibrium phases may appear in the resulting microstructure (or possibly
even other meta-stable microconstituents, if additional alloying elements are
included) [4].

2.3 Laser transformation hardening

Laser transformation hardening induces not only rapid cooling rates, but rapid
heating rates as well. The temperature required for the austenite phase to form
from the room-temperature equilibrium microconstituents, depends on both
the material and the heating rate itself [11]. When a hypoeutectoid steel (that
is suitable for heat-treating) is subjected to a high enough temperature, the
pearlite regions start to transform into austenite [10, 1]. The point at which
this occurs is termed the Ac1-temperature. This transformation is thought to
proceed by diffusion from the carbon-rich cementite plates, into the carbon-poor
ferrite plates. This process is illustrated in figure 10.

Figure 10: Illustration of the diffusive transformation from pearlite to austenite.
The carbon diffuses down concentration gradients, from the cementite plates
into the ferrite plates. The carbon then diffuses outwards into the surrounding
ferrite regions. Image taken from [10].

Although this time-dependent process is very fast, some heating above the
Ac1-temperature is needed in order to allow it to proceed to any extent during
the laser treatment. The austenitization of the pure ferrite regions is generally a
slower process. This necessitates even higher temperature values to be reached.
The point at which said regions complete their transformation is termed the
Ac3-temperature. Then, depending on the value of the temperature relative to
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this point, part or all of the ferrite may transform into austenite. The carbon
then proceeds to diffuse outwards from the transformed pearlite regions into
the ferrite regions as their crystal structure is transformed (said regions initially
contain very small amounts of carbon). The carbon diffusion rate, and by
extension the carbon concentration of the resulting martensite zone, depends
on the temperature and time of the heating process. Certain regions within the
martensite zone may therefore turn out softer than others, due to the carbon not
having fully reached said regions during the heating process. Under a certain
critical carbon concentration, martensite will not form at all.
Table 2 shows the values of the two above-mentioned critical temperatures, for
two different steels, and for two different linear heating rates.

Table 2: Critical temperature values for different steels and heating rates. This
data was provided by the steel manufacturer Sidenor.

Heating rate (low) Heating rate (high)

Steel 5 c◦/min 50 c◦/s

M900 Ac3 (c◦) 800 865
M900 Ac1 (c◦) 730 780

M1100 Ac3 (c◦) 810 867
M1100 Ac1 (c◦) 750 797

M1100 is another denotation for the steel utilized in the thesis work. M900 is a
similar steel used for equivalent purposes (it is essentially a previous iteration of
M1100). It is important to mention that the heating rates shown in this table
do not represent the heating rates induced by the laser process, as those are
typically estimated to be above 104 c◦/s [1]. Typically, the critical temperatures
increase the higher the heating rate is.
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3 Method

The current section begins with a brief description of the experimental setup and
procedure, including the choice of parameter values. Next, the methods used
for measuring the various quantities is explained. Finally, a couple of details
regarding the analysis procedure is discussed.

3.1 Experiments

A fiber laser was used to achieve a controlled and continuous output. Different
optical mounts were connected to the fiber output in order to achieve various
specific beam intensity distributions. The ones used within this work are illus-
trated in figure 11.

(a) Doughnut (b) Ring

(c) Top-hat (d) Gaussian

Figure 11: Illustration of the intensity distributions of the laser outputs, as seen
from the beam spot at the focal length. These measurements were provided by
the optic producer Kugler GmbH, aside from the gaussian output, which was
measured at the current laboratory site.

As seen from this figure, strictly circular geometries have been utilized. The
spot size diameters used are shown in table 3.

14



Table 3: The spot size diameters.

Beam distribution Diameter (mm)

Doughnut 9
Ring 9
Top-hat 9
Gaussian 7.5

With the exception of the gaussian output, all beam distributions were
achieved using the same optical mount base. Consequently, they all have the
same beam waist (the beam spot diameter at the focal length), the value of
which is indicated in table 3. The beam size of the gaussian distribution was
chosen somewhat arbitrarily. Ideally its size should have coincided with the rest,
however, due to a slight mishap in the planning, combined with time restric-
tions, it was kept this way nonetheless. Therefore, figure 11d does not precisely
represent the actual distribution used, but only roughly so. The fixed laser
processing parameters are shown in table 4.

Table 4: The fixed laser processing parameters.

Parameter Value

Velocity 60 (mm/s)
output duration 1 (s)
Angle of incidence 10 (deg)

The angle of incidence is defined in accordance with figure 12.

Figure 12: Illustration of how the angle of incidence is defined. Image taken
from [Im1].

Relative to the depiction in this figure, the beam moves across the surface
in the left direction. The value indicated in table 4 was chosen so as to prevent
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any potential back-reflection from happening (the output reflecting back into
the fiber system), which would have most likely caused damage to the equip-
ment. Fortunately, this angle is still quite small, in the sense that the shape of
the beam spot is only “distorted” to a very low degree.
The output intensity for each beam distribution was chosen such that the melt-
ing point of the metal surface was almost reached, but not surpassed, with the
exception of the gaussian output. In said case, three different intensity levels
were used, all of which barely exceeded the melting point. While this was not
precisely according to plan, these values were nonetheless kept since they in-
duced what is believed to be an insignificant amount of surface melting. The
intensities used are shown in table 5.

Table 5: The beam intensities used. The intensity level is expressed in terms of
total power of the output.

Beam distribution Intensity (Watts)

Doughnut 3291
Ring 4414
Top-hat 4114
Gaussian 6392, 6862, 7332

The values in this table represent the inputs to the laser generator. Though
some loss in the output power is to be expected from the laser signal propagating
through the fiber cable system. A power loss estimation was carried out for each
beam distribution, using a specific device measuring the laser output, while
operating at a (relatively) low intensity. The results are shown in table 6.

Table 6: The power loss measurements.

Beam distribution Input power (Watts) Output power (Watts)

Doughnut 1410 1255
Ring 1410 1229
Top-hat 1410 1234
Gaussian 1410 1257

It is important to note that the output measurements are not necessarily
very precise. However, they are remarkably similar to one another, indicating
similar power losses, which in turn enables direct comparisons to be made in
terms of their input power levels.
The surface temperature induced by the laser processing was recorded with a
high-speed dual-scope camera, using 300 frames per second, in accordance with
the setup shown in figure 13.
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Figure 13: Illustration of the dual-scope camera placement, relative to the laser
procedure.

After said procedure, the heat treated metal plates were cut down the mid-
dle of the heat affected zone, in order to expose the cross-section of the trans-
formed track (see the cross-section depicted in figure 3). In order to remove any
scratches and deformities brought by the cutting process, this newly exposed
surface was subjected to a grinding and polishing procedure. It was then etched
with nital, to reveal the martensite phase. Ultimately, the cross-section of the
martensite zone may be viewed under a microscope.
The hardness of the heat treated material was estimated through a series of
Vickers hardness tests.

3.1.1 Disclaimer: mirror optic defect

An issue arose in connection with the mirror optic mount used to achieve every
beam distribution aside from the gaussian one. This had a severe effect on the
laser outputs involved. Said defect is believed to stem from the base mount,
since the outputs seem similarly affected, regardless of the extension mount
used (the extension mount differs for each output). Considering the power loss
measurements shown in table 6, no significant energy loss is believed to be
associated with the defect, since the power loss appears more or less the same,
regardless of the base mount used (a separate base mount was used to achieve the
gaussian output). However, the intensity distribution becomes severely lopsided
as a result of it (see the results section).
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3.2 Measurements

3.2.1 Microstructure

Figure 14 shows a small section of the martensite zone induced by one of the
laser outputs, as seen under a microscope.

Figure 14: A small section of the martensite zone, as seen under a microscope.
The pale region indicates the martensite phase. The darker regions within the
hardened zone are (most likely) retained ferrite. The length of the red line
corresponds to approximately 140 µm.

The red line in this figure exemplifies how the extent of the hardened zone is
measured. The lower vertical end of said line indicates the perceived boundary
between the hardened zone and the base material.

3.2.2 Temperature

The camera lens was coupled with two separate frequency-pass filters, such
that only two frequency components were pronounced in the recordings (the
wavelengths of which are 769 nm and 680 nm respectively). Said components
were recorded separately (and simultaneously), in the form of grey-scale videos,
both of which were subsequently matched into one single cohesive sequence. The
values within the resulting images are defined according to the ratio between
the gray-scale (or brightness) values of the corresponding “single frequency”
images. Each pixel value is mapped to a temperature value, as determined by
a third degree polynomial

T = a+ bx+ cx2 + dx3,

where the variable x represents the pixel value itself. The constants (a, b, c,
and d) are derived from a third degree polynomial fit (least-squares), to previ-
ous temperature data. Figure 15 shows an example of one of the temperature
images.
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Figure 15: Example of a temperature image. When playing through the
recorded sequence, the glow-zone moves in the left direction. The apparent
temperature values surrounding the glow-zone are caused by background noise,
and are thus not eligible for analysis.

3.2.3 Hardness

To estimate the hardness of the metal specimen, a small indenter is pushed
into its surface with a low load force, for a short duration of time. By then
measuring the surface area of the resulting indentation, a hardness value may
be determined. This value essentially represents the ability of the material to
resist plastic deformation. In this work, each indentation was made using a
load force equivalent of 100 grams. Figure 16 shows an example of one of these
indentations, as seen under a microscope.

Figure 16: Example of an indentation, as seen under a microscope. The colored
lines are used to determine its surface area.

The indentations were always made a certain distance apart from each other
as well as from the cutting edge, so as to not let any induced plastic deformations

19



affect the hardness measurements. Here, a separation distance of at least 75 µm
was used, which is roughly somewhat longer than three times the length of the
typical indentation diameter.

3.3 Analysis procedure

The analysis is divided into two separate parts: the power analysis and the
distribution analysis. The power analysis is delegated to the gaussian beam dis-
tribution, as it proved the most successful (see the results section). As such, the
distribution analysis is naturally concerned with the remaining distributions.
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4 Results

4.1 Power analysis

Microstructure analysis

Various measurements of the martensite zone was carried out for each track,
including (to begin with) the surface width, thickness, and central width. The
surface width refers to the width of the martensite zone, along the heat treated
surface, perpendicular to the orientation of the transformed track. The thick-
ness refers to the distance from the surface to the deepest point of the martensite
zone. For these particular tracks, owing to the symmetry of the energy input,
the deepest point is approximately found along the vertical line at the middle
of the cross-section of the martensite zone. The central width is defined to lie
parallel to the surface width, 200 µm above the deepest point.
Multiple general characteristics of the hardened zone, with respect to the in-
put power, may be inferred from examining the three quantities discussed so
far. These quantities, as well as the outer edge regions, are illustrated in the
photomicrograph in figure 17.

Figure 17: Photomicrograph of the martensite zone cross-section, induced by the
gaussian beam (using 6392 Watts). The vertical cyan line shows the thickness.
The horizontal Cyan line shows the central width. The horizontal orange line,
close to the surface, shows the line along which the indentations were made.
The martensite regions covered by opaque cyan rectangles represent the outer
edge regions. The surface width is found by taking the distance from the upper
left corner of the left outer edge region to the upper right corner of the right
outer edge region.

The equivalent cross-section of the two remaining tracks are found in the
appendix. For the purpose of consistency, the horizontal length of the outer
edge regions is set equal, for both sides and for each track (about 900 µm to
be specific). Along the horizontal stretch of said regions, the distance from the
surface to the bottom of the martensite zone is measured, in a select number
of equally spaced positions (6 to be specific). From this data, a polynomial
fit (least-squares) may be carried out, from which the slope and curvature can
be estimated respectively. The slope is defined as the first derivative of a first
order polynomial fit. The curvature is defined as the second derivative of a
second order polynomial fit. The reasoning behind doing this for both sides
of the cross-section is two-fold. Firstly, it serves as a test of symmetry, and
secondly, it provides “robustness” to the data. Roughly speaking, these two
measurements serve to “fill the gap” between the measurements of the surface
width and central width.
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Table 7 shows the measured lengths of the hardened zone, of each track,
along with various ratios between them.

Table 7: The measured lengths of the martensite zone, induced by the gaussian
beam. For convenience, the ratios are abbreviated according to the first letter
of each quantity.

Input power (Watts) Surface width (µm) Thickness (µm)

6392 8017 561
6862 8268 592
7332 8560 618

T/S ratio

6392 0.0700
6862 0.0716
7332 0.0722

Central width (µm) T/C ratio

6392 6171 0.0909
6862 6272 0.0944
7332 6420 0.0963

C/S ratio

6392 0.7698
6862 0.7586
7332 0.7500

Figure 18 illustrates the behaviour of the surface width and central width
respectively, with respect to the input power.
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Figure 18: The measured widths of the martensite zone, induced by the gaussian
beam, with respect to the input power. For the purpose of visualization, the
magnitude of both y-axes is set equal.

The non-linearity of these widths may be quantified by the incremental ratio,
the calculation of which is shown in equations 1 and 2 (using values from table
7).

Incremental ratio of the surface width =
8560 − 8268

8268 − 8017
≈ 1.163 (1)

Incremental ratio of the central width =
6420 − 6272

6272 − 6171
≈ 1.465 (2)

Figure 19 illustrates the behaviour of the thickness, with respect to the input
power.
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Figure 19: The measured thickness of the martensite zone, induced by the
gaussian beam, with respect to the input power.

The calculation of the incremental ratio is shown in equation 3.

Incremental ratio of the thickness =
618 − 592

592 − 561
≈ 0.839 (3)

Table 8 shows the measured slope and curvature of each track, for both sides
of the cross-section.

Table 8: The measured slope and curvature of each outer edge region, induced
by the gaussian beam.

Input power (Watts) Left slope Right slope

6392 0.7697 0.7652
6862 0.7800 0.8370
7332 0.8222 0.8222

Left curvature Right curvature

6392 −2.2848 · 10−4 −9.0340 · 10−4

6862 −8.3180 · 10−4 −7.9811 · 10−4

7332 −8.2970 · 10−4 −8.9077 · 10−4

The raw data from which these two measurements were made, can be found
in the appendix, along with illustrations of each polynomial fit. Figure 20
illustrates the behaviour of the left side slope, with respect to the input power.
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Figure 20: The measured left side slope of the martensite zone, induced by the
gaussian beam, with respect to the input power.

Thermal analysis

Only two out of the three gaussian entries were involved in the thermal analysis,
since the thermal data was unfortunately lost for one of them (the one using the
highest energy input). One of the things included in the analysis is the vertical
temperature line profile. This is defined as the sequence of temperature values
along the surface line bisecting the glow-zone through its center, perpendicularly
oriented relative to the movement direction of the beam spot. The orientation
of this line coincides with the horizontal orientation in the cross-section of the
photomicrographs. This enables direct comparisons to be made between the
vertical temperature line profile, or more specifically the valid vertical temper-
ature line, and the shape of the associated hardened zone. The valid vertical
temperature line is defined as the section within the vertical temperature line
profile wherein the values are not dominated by noise. The exact extent of
said line is of course subjective, and is therefore only referred to in a tentative
manner. As opposed to only using a single temperature image, the values are
extracted from several consecutive images, which are then averaged out to pro-
duce the final profile. A couple of produced vertical temperature line profiles,
one for each input power, is shown in figure 21.
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(a) Vertical temperature line profile
(6392 Watts).

(b) One of the temperature images used
(6392 Watts).

(c) Vertical temperature line profile
(6862 Watts).

(d) One of the temperature images used
(6862 Watts).

Figure 21: Surface temperature data, induced by the gaussian beam. The
vertical temperature line profiles were averaged out using 10 consecutive images.
The cyan lines in the temperature images mark the extracted values, plotted
from top to bottom. The white oval lines roughly mark the edge of the glow-
zone. What appears to be the remaining part of the glow-zone, is in reality a
reflection feature, the source of which is not known. The red lines in the line
profiles roughly indicate which values belong to the valid temperature region.

Additional produced vertical temperature line profiles, using a completely
different set of consecutive images within the recorded sequence, is shown in the
appendix.
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Hardness analysis

Only one of the transformed tracks was involved in the hardness analysis. Figure
22 shows the measured hardness values, made along the horizontal line shown
in figure 17.

Figure 22: The measured hardness values, using one indentation per estimated
value, along the horizontal line shown in figure 17. The reference point of the
x-axis coincides with the horizontal position of the left corner of the martensite
surface.
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4.2 Distribution analysis

Microstructure analysis

The remaining martensite zone cross-sections are shown in figure 23.

(a) Photomicrograph of the martensite zone cross-section, induced by the (lopsided) doughnut
beam (using 3291 Watts).

(b) Photomicrograph of the martensite zone cross-section, induced by the (lopsided) ring beam
(using 4414 Watts).

(c) Photomicrograph of the martensite zone cross-section, induced by the (lopsided) top-hat
beam (using 4114 Watts).

Figure 23: The remaining photomicrographs. The vertical cyan lines indicate
the thickness. The horizontal orange lines, close to the surface, indicate the line
along which the indentations were made. The martensite regions covered by
opaque cyan rectangles represent the outer edge regions.

This time, the locations of the outer edge regions are defined to lie slightly
below the surface. This is due to the surface being fairly uneven at the far
left side of the martensite zone (not including the one induced by the top-hat
beam). This was likely caused by improper polishing. Fortunately, it did not
seem to affect the rest of the measurements to any considerable extent. Table
9 shows the measured lengths of the hardened zone, for each track.
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Table 9: The measured lengths of the martensite zone, induced by the remaining
beam distributions.

Beam distribution Thickness (µm) Surface width (µm)

Doughnut 252 3590
Ring 308 2542
Top-hat 311 5688

Table 10 shows the measured slope and curvature, of the doughnut and ring
track respectively, for the left side of the cross-section (the side having received
a significantly higher energy input).

Table 10: The measured slope and curvature of the left side outer edge region,
induced by the doughnut and ring beam respectively.

Beam distribution Slope (left side) Curvature (left side)

Doughnut 0.8231 −2.5 · 10−3

Ring 1.0340 −3.0 · 10−3

The raw data from which these two measurements were made, can be found
in the appendix, along with illustrations of each polynomial fit. During the
analysis, it was assumed that the induced thermal cycles responsible for the
formation of the right side of the cross-section had a negligible impact on the
formation of its far left side. The same postulation can unlikely be made the
other way around, which is why the right side outer edge region is excluded
from the analysis.

Temperature analysis

The produced vertical temperature line profile from the top-hat beam is shown
in figure 24.

29



(a) Vertical temperature line profile. (b) One of the temperature images used.

Figure 24: Surface temperature data, induced by the top-hat beam. The vertical
temperature line profile was averaged out using 20 consecutive images. The cyan
line in the temperature image marks the extracted values, plotted from top to
bottom. The red line in the line profile roughly indicates which values belong
to the valid temperature region.

The produced vertical temperature line profiles from the remaining two beam
distributions are shown in the appendix.

Hardness analysis

Figure 25 shows the measured hardness values of each track, taken along the
horizontal lines shown in figure 23.
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(a) Doughnut track (b) Ring track

(c) Top-hat track

Figure 25: The measured hardness values, using one indentation per estimated
value, along each respective horizontal line shown in figure 23. The reference
point of the x-axes coincides with the horizontal position of each respective left
corner of the martensite surface.

The far right side of the hardened zone, along each of the associated inden-
tation lines, is omitted here. This decision was made for the same reason that
the slope and curvature estimations were omitted for the right side outer edge
regions.
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5 Discussion

5.1 Power analysis

Microstructure analysis

As seen in table 7, an increase in surface width is noted in response to an
increased input power. Moreover, it appears to increase at a non-linear rate.
This behaviour is indicated by the positive ratio between its two increments
(see equation 1). A similar behaviour is exhibited by the thickness, that is, its
magnitude increases at a non-linear rate with respect to the input power. This
time however, the trend seems “inversed”, as indicated by the negative ratio
between its two increments (see equation 3). The ratio of the thickness to the
surface width appears to behave in the same overall way as the thickness itself.
With that said, it is important to emphasize the fact that the variation within
said ratio is very small, implying a higher degree of uncertainty regarding these
claims. Judging from this ratio. it seems as though the length of the thickness
is slowly “catching up” to the length of the surface width, though at a dimin-
ishing rate. This in turn could hint at the possibility of said trend to eventually
reverse with higher energy inputs.
The central width changes in the same overall fashion as the surface width (see
figure 19), though its increments are roughly about half as large, and the equiv-
alent ratio between these is substantially larger. The ratio of the thickness to
the central width exhibits the same general behaviour as the above-mentioned
one. The only difference here is that the increments are larger this time around,
signifying a somewhat less diminishing rate.
Finally, the ratio of the central width to the surface width appears to decrease
with respect to the input power, though with decreasing increments. While
the variation within this ratio is (expectedly) larger this time around, it is still
quite small, all things considered. Judging from this ratio, it seems that even
though the surface width expands faster within this specific power interval, the
central width could possibly end up expanding even faster than it, at higher
energy inputs. As a side note, it is also important to emphasize that all of the
speculations made with reference to increasing the energy input (likely consider-
ably past the melting point), do not take into consideration the possible effects
surface melting may have on the induced thermal cycles.
As seen in table 8, a slight increase of the slope is noted in response to an
increased input power. However, a noticeable deviation is seen in one of the en-
tries (the one using 6862 Watts). Not only is it considerably less symmetrical,
as compared to the other two entries, but its right side slope even exceeds both
slopes of the entry with the highest input power. This makes it more difficult to
assess the rate with which the slope changes with respect to the energy input.
With that said, it could be reasonable to assume this asymmetry to be nothing
more than a statistical anomaly, based on the granular nature of the martensite
transformation process. Seeing as how the variation of the slope is already quite
small (within this particular input power interval), it may sound plausible that
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a few “extra” martensite grains in the “right places” could offset this type of
estimation, especially when the number of measurement points used is relatively
small. If this is the case, then figure 20 may represent the actual behaviour of
the outer edge slope.
A similar anomaly is spotted in the curvature values, this time for the entry
with the lowest input power, the left side curvature of which has a noticeably
low value, as compared to its right side counterpart. The above-mentioned as-
sumption could be applied here, but whether its validity is strengthened or not,
on the basis of each respective anomaly having occurred for different entries, is
up for debate. Aside from this, the curvature values seem to more or less stay
the same across all entries.

Thermal analysis

From figures 21b and 21d, the reflection feature in front of the glow-zones is
seen to have a definite impact on the measured temperature values, on the basis
of it being clearly visible in the temperature images. Though its exact impact
on the values within the glow-zone is currently not known.
From looking at the vertical temperature line profiles straight on, at various
points in time along the track run, the temperature values generally appear to
lie relatively close to one another, within the valid temperature region. The de-
scriptor relative is used on account of the fairly sporadic nature of said values,
implying that no distinct patterns are detectable. However, by averaging said
profiles over an appropriate time-span, the values become less sporadic, and
the semblance of a pattern starts to form. The profile generally becomes “flat-
ter” (within the valid temperature region), further indicating a close to uniform
thermal behaviour (see figures 21a and 21c). The behaviour is near uniform
in the sense that many of the generated thermal patterns seem to indicate a
relatively small rise in temperature, in close proximity to the mid-point of the
vertical temperature line profile. Though it is important to note that, while the
valid temperature region generally coincides with a significant portion of the
glow-zone, the areas near its radial edge are lost on account of the background
noise. By intuition, one could assume with utmost certainty that the actual
temperature values decrease quickly along the radial edge, albeit at an as of yet
unknown rate.
Aside from this, another issue remains. By comparing basically any two equiv-
alent vertical temperature line profiles, relatively far apart in time, one notices
a clear dissimilarity. While the shape of their patterns remain fairly similar
(for the most part), their values generally do not. This inconsistency of the
data unfortunately signifies that one cannot use the absolute temperature val-
ues for analytical purposes. Nevertheless, as entailed by the tendency of shape
retention, the data may still remain useful in other ways.
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Hardness analysis

From figure 22, a clear transition in hardness is observed in close proximity
to the phase boundary between the hardened zone and the base material. The
symmetric nature of the gaussian beam is alluded to by the similarity in the
transitional behaviour around the left and right side phase boundary.

5.2 Distribution analysis

Microstructure analysis

As seen in table 10, a larger degree of variation is seen between the tracks in
terms of the slope and curvature (as compared to the gaussian tracks). Another
thing worth noting is that the magnitude of the curvatures appear considerably
larger this time around (by about one order of magnitude).
As seen in table 9, excluding the top-hat track, the ring beam achieved a some-
what larger thickness, while the doughnut beam achieved a longer overall width.
Here, the difference between these two outputs is two-fold. Firstly, they use dif-
ferent input energies, and secondly, their ring-like features have different spacial
“spreads” (from an intensity standpoint). For reference, said difference in en-
ergy is fairly comparable to the equivalent variation between the two “extremes”
among the gaussian entries (1123 Watts versus 7332 − 6392 = 940 Watts).
Even though the top-hat beam used a somewhat lower input power than the
ring beam, it achieved just about the same thickness. In addition to this, it
achieved a much greater surface width, even when compared to the doughnut
track. These results may indicate that the lopsided nature of the mirror op-
tic defect is not all too localized. Presumably, the more localized this defect
truly is, the more ambiguous the distinction between each intensity distribution
would become, hence leading to more similarly transformed tracks. Regardless
of the severity of said defect, the top-hat track will remain the most uniformly
distributed (intensity-wise), and hence also likely induce the widest martensite
track, which is exactly what was observed.
The difference in spot size (see table 3), combined with the general ambiguity
of the mirror optic defect, makes it truly difficult to compare the results of the
above-mentioned tracks with the gaussian tracks. For this reason, no direct
comparisons have been made within this particular context.

Thermal analysis

From the temperature images (see figures 24b, 33b, and 34b), one may notice
that the brightest part of each glow-zone, as seen in the raw recording images
(see figure 26), is “missing” from the temperature map, as it now appears com-
pletely black on the temperature scale.
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(a) Doughnut (b) Ring

(c) Top-hat

Figure 26: Raw recording images. Each glow-zone is surrounded by a white
marker, for the purpose of visibility. The brightest part of each glow-zone is in
turn surrounded by a red marker.

The values within these regions were automatically set to 0 degrees Celsius,
since the pixels exceeded the temperature threshold value, which was (fairly
arbitrarilly) set to about 3300 degrees Celsius. This is most likely due to a
defect originating from the recording procedure, considering that the measured
temperature values within said regions, when left “unadulterated”, exceeds the
equilibrium melting point of the material by several factors of magnitude. Al-
though said temperature of this particular specimen is not known exactly, it
is assumed to be roughly around 1500 degrees Celsius, which is more or less
the typical melting point of a medium-carbon steel. Even though the induced
heating rates are quite extreme, they are presumably not likely to elevate the
melting point to any significant extent. In fact, they may not even change it at
all, as was observed in a previous study subjecting wires of a particular alloy
(Nb-47Ti) to heating rates ranging from 102 to 104 c◦/s [2]. Although the cause
of the brightness saturation is not known, the phenomenon may be theorized to
occur whenever the captured light per pixel area breaches some unknown critical
level. If this is indeed the case, one could perhaps (out of mere speculation)
alleviate said saturation by increasing the image resolution.
Even though the absolute temperature values within each saturated region is
“lost”, the location of said region within the glow-zone may be a reasonable
indicator with reference to the nature of the mirror optic defect. As seen in
figures 26c and 26a, this location is very similar for the doughnut and top-hat
beam, possibly indicating the general planar orientation of said defect. In the
case of the ring beam however, the placement is somewhat different (see figure
26b). This is believed to be caused by an additional optic defect, this time orig-
inating from the extension mount used to achieve this particular distribution.
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This claim is in part suggested by the slight overall distortion to the circular
shape of the glow-zone (see figure 26b). The beam spot of a guiding laser out-
put, through the same extension mount, exhibited similar distortions as well.
That being said, it is unknown whether or not this particular defect has any
significant impact on the intensity level of the output.
For the averaging procedure of the vertical temperature line profiles, twice as
many images were used as compared to before. If more images had been used
in the construction of the aforementioned previous profiles, than the already
decided upon amount, the temperature patterns would have started to “dete-
riorate” fairly quickly. Even though this was not the case for the remaining
profiles, the averaging amount was nonetheless kept “on the lower side”. In-
creasing said amount past this point did not seem to alter the patterns to any
considerable extent. This disparity among said profiles, along with the previ-
ously discussed value inconsistency regarding the thermal data induced by the
gaussian beam, is believed to be caused by the before-mentioned reflection fea-
tures. This seems like a plausible source, considering that this phenomenon only
appears in the context of the gaussian beam.
As seen in figure 24a, the vertical temperature line profile associated with the
top-hat beam appears to take the form of a straight line (within the valid tem-
perature region). This temperature pattern further confirms the lopsided nature
of the mirror optic defect. However, since the line profile is not aligned with the
orientation of the asymmetrical intensity distribution (see figure 26), its pattern
technically only represents an angled projection of the thermal gradient induced
by said defect. Therefore, its severity may not be based on said profile alone.
The temperature values near the radial edge of the glow-zone are again lost on
account of the background noise. A major source of said noise is believed to
originate from the ambient light having “seeped in” from the sides outside of the
working space during the laser procedures. This in turn is speculated to having
caused an over-estimation of the measured temperature values, affecting every
single recorded sequence involved. This suspicion came into existence mainly
from seeing a relatively large number of measurements reaching values close to
or even exceeding the previously discussed melting point. It was also shown in
a separate experiment (completely independent of this work) that said ambient
light resulted in noticeably larger glow-zones, further indicating its “potency”.

Hardness analysis

From figure 25, a clear transition in hardness is observed, for each track in-
volved, in close proximity to the phase boundary between the hardened zone
and the base material. In consequence of the indentation size being smaller
than the typical grains of retained ferrite, the amount of scatter in the mea-
sured values is quite large. Thus, one can expect the transition rates to vary
rather significantly between different tracks, even if (hypothetically) the same
beam distribution and energy input is used to achieve them. Therefore, the
rate of said transitions may not accurately represent the beam distributions
that created them.
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6 Conclusions

The hardened zone induced by the gaussian beam distribution has been shown
to change in terms of its size and shape, in response to changing the magnitude
of its overall input power density. The following conclusions have been made
based on the results obtained. Close to the “critical” energy input level (the
input power at which surface melting starts occuring), the overall width of the
resulting martensite zone expands at a positive non-linear rate, with respect to
the input power. The thickness of said martensite zone expands much slower
(by about one order of magnitude), at a negative non-linear rate. Thus, the ef-
fectiveness of increasing the thickness by means of merely adjusting the energy
input level, worsens the higher said input is. This is especially the case if the
above-mentioned accompanying lateral expansion is undesired.
The increments with which the width of the resulting hardened zone expands,
decrease the further down in depth one goes. On the other hand, the rate at
which said increments expand, increases (the further down in depth one goes).
Based on these observations, it seems as though the shape of the martensite
zone cross-section slowly approaches a more even “rectangular” form, as one
increases the overall input power density. This does however, as previously
mentioned, come with a significant increase in its overall size.

By applying the aforementioned averaging procedure to the thermal surface
data induced by the gaussian beam, the valid temperature region is generally
seen to extend out from the centre of the glow-zone, covering a relatively large
area surrounding it. This does not include the radial edge of said glow-zone,
since the data within this region is lost on account of the background noise.
Furthermore, the associated temperature patterns generally appear relatively
uniform within the valid temperature region, aside from an often alluded slight
rise in the values close to the glow-zone centre.

Out of the two lopsided beam distributions with ring-like features, the one with
the most narrow (or spike-like) spacial spread (intensity-wise) attained a notice-
ably larger thickness, while the other one achieved a longer overall width. Both
the curvature and the slope, along the steeper end of the martensite zone cross-
section (the side having received a higher energy input), differs significantly
from the corresponding measurements of the previously mentioned tracks. Not
only is there a larger degree of variation of these quantities between the tracks
themselves, but their magnitudes are also considerably greater (by about one
order of magnitude).
The data obtained from said beam distributions are not directly comparable to
the results received from the gaussian beam, for various reasons. Based on the
current results, it may nevertheless be speculated that, by changing the spread
of the gaussian intensity distribution (without changing the size of its beam
spot), one could induce greater alterations to the resulting martensite zone, as
compared to merely adjusting the total energy input (near the critical energy
input level). This may refer to its width, thickness, overall shape, or all of the
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above. It should be noted that the critical energy input level will surely change
as the distribution profile (or spread) does, as is indicated by the difference in
terms of the total energy input used for each beam distribution.

The horizontal hardness profiles confirm the legitimacy concerning the identifi-
cation of the martensite phase from the photomicrographs. A clear transition
in hardness is observed, for each track involved, across the perceived boundary
between the martensite zone and the base material. Moreover, the general suit-
ability of this particular metal specimen, for this particular hardening method,
may be assessed from the values located well inside of the hardened zone.
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7 Future work

7.1 Improvements

As seen from the results produced, the thermal data was plagued by a couple
of negative defects. The most unambiguous of these were the reflection features
seen in front of the gaussian glow-zones. While the origin of this phenomenon is
not really understood, its impact is at least easy to recognize, as early as in the
raw camera images. Thus, an effort to fix said issue may be employed within
the early stages of the experimental trials. The solution could be as simple as
just slightly adjusting the angle of incidence of the laser output, or it could be
much more involved than that.
In addition to this, each camera recording appeared to be afflicted with back-
ground noise, sometimes to a quite severe degree (see the thermal data induced
by the doughnut and ring beam). The background noise may originate from a
variety of different sources, hence some amount of it is to be expected. The am-
bient light having seeped in from the sides outside of the working space during
the laser procedures is believed to be a major contributor (much more than what
was expected). As such, it seems imperative to remove as many light sources
surrounding the experimental trials as possible, even if they at first glance seem
“innocuous”.
Finally, the misfortune regarding the mirror optic defect entails an interest in
redoing the experimental trials, (with the exception of the gaussian beam distri-
bution), using a non-faulty optic base. This way, the results from each different
beam distribution may be compared directly to one another.

7.2 Further research

Based on the results gathered, there is an interest in seeing the extent to which
one may induce alterations to the hardened zone, by merely adjusting the spread
of the gaussian output distribution (without changing its spot size). Ideally, in
order to follow the same outline as this thesis, each experimental trial should
still operate close to (but not exceeding) the melting point of the metal spec-
imen. This naturally involves the process of adapting the total energy input
accordingly.
Within the context of hardness analysis, it would perhaps be interesting to look
at the transition in hardness near the boundary between the hardened zone and
the base material in further detail. By using a more “sophisticated” indentation
scheme, as opposed to only using one indentation per measured value, one would
likely obtain a less scattered hardness profile. This would likely provide a more
practical basis for direct comparisons between tracks induced by different laser
outputs.
Another thing one could look into is the glow-zone expansion, by virtue of ad-
justments made to the total input energy. Said expansion may then be expressed
in terms of measured ratios between different entries (preferably extracted from
raw recording data), which in turn may be compared with equivalent ratios
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made from the various measurements of the associated martensite zone. This
may give further insight into how the absorbed heat disperses from the surface
into the bulk of the material. An attempt at this was carried out with the gaus-
sian glow-zones, however, the thermal data was not deemed suitable enough for
this purpose. With the energy inputs used, a rather minuscule expansion was
observed, implying rather imprecise ratio values. In addition to this, it is more
or less known that the background noise, induced by the surrounding ambient
light, has a noticeable impact on the size of the glow-zone to begin with, further
contributing to the unsuitability of said data. Judging from the current data,
said glow-zone appears to expand at the same order of magnitude as the surface
width of the martensite zone. While this may seem reasonable to a degree,
nothing else of substance can really be said regarding this topic.
On the subject of thermal cycles, another thing to possibly look into is the
holding time. This is defined as the duration of time during which the temper-
ature at a fixed position is elevated above the Ac1-temperature, as the beam
spot moves over it. In conjunction with this however, further work is needed
in order to yield thermal data of sufficient accuracy. On the condition of this
being achieved, one could then redo the cycle measurements from scratch (see
appendix), in order to get proper results.
Finally, it may be of interest to measure the fraction of retained ferrite within
different parts of the martensite zone. Hopefully, this data could serve to com-
plement the produced hardness profiles. An attempt at this was carried out with
each of the produced photomicrographs, using a color thresholding method to
differentiate between the ferrite and martensite phase. However, due to the
inconsistent (and sometimes poor) quality of the contrast in the images, it was
a rather futile endeavor, from which no results were produced. More advanced
etching methods could perhaps provide better results. For instance, a previous
study was performed using colored etching methods to distinguish the phases of
a TRIP type steel [5].
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8 Appendix

8.1 Additional data

The current section contains complementary data to the results section, includ-
ing photomicrographs, vertical temperature line profiles, and raw data of the
outer edge regions.

8.1.1 Photomicrographs

(a) Photomicrograph of the martensite zone cross-section, induced by the gaussian beam
(using 6862 Watts).

(b) Photomicrograph of the martensite zone cross-section, induced by the gaussian beam
(using 7332 Watts).

Figure 27: The remaining photomicrographs of the tracks induced by the gaus-
sian beam. The vertical cyan lines indicate the thickness. The martensite
regions covered by opaque cyan rectangles represent the outer edge regions.
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8.1.2 Vertical temperature line profiles

(a) Vertical temperature line profile
(6392 Watts).

(b) Vertical temperature line profile
(6862 Watts).

Figure 28: Additional surface temperature data, induced by the gaussian beam.
The vertical temperature line profiles were averaged out using 10 consecutive
images. The red lines roughly indicate which values belong to the valid temper-
ature region.

The issue regarding the previously discussed data inconsistency, specifically
affecting this particular beam output, is quite apparent when comparing these
two profiles with those seen in figures 21a and 21c.
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8.1.3 Outer edge regions (raw data)

(a) Slope estimation of the left and right side outer edge region, along with the fitted polyno-
mials.

(b) Curvature estimation of the left and right side outer edge region, along with the fitted
polynomials.

Figure 29: Raw data of the hardened zone induced by the gaussian beam (using
6392 Watts), from which the slope and curvature estimations were made.
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(a) Slope estimation of the left and right side outer edge region, along with the fitted polyno-
mials.

(b) Curvature estimation of the left and right side outer edge region, along with the fitted
polynomials.

Figure 30: Raw data of the hardened zone induced by the gaussian beam (using
6862 Watts), from which the slope and curvature estimations were made.
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(a) Slope estimation of the left and right side outer edge region, along with the fitted polyno-
mials.

(b) Curvature estimation of the left and right side outer edge region, along with the fitted
polynomials.

Figure 31: Raw data of the hardened zone induced by the gaussian beam (using
7332 Watts), from which the slope and curvature estimations were made.

45



(a) Slope estimation of the left side outer edge region, for the doughnut and ring track respec-
tively, along with the fitted polynomials.

(b) Curvature estimation of the left side outer edge region, for the doughnut and ring track
respectively, along with the fitted polynomials.

Figure 32: Raw data of the hardened zone induced by the doughnut and ring
beam respectively, from which the slope and curvature estimations were made.
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8.2 Inconclusive data

The current section contains data from which no definitive conclusions or hy-
potheses were made. This includes the thermal data induced by the doughnut
and ring beam, as well as the entirety of the thermal cycles analysis.

8.2.1 Thermal data (doughnut and ring beam)

(a) Vertical temperature line profile. (b) One of the temperature images used.

Figure 33: Surface temperature data, induced by the doughnut beam. The
vertical temperature line profile was averaged out using 20 consecutive images.
The cyan line in the temperature image marks the extracted values, plotted
from top to bottom.

(a) Vertical temperature line profile. (b) One of the temperature images used.

Figure 34: Surface temperature data, induced by the ring beam. The vertical
temperature line profile was averaged out using 20 consecutive images. The
cyan line in the temperature image marks the extracted values, plotted from
top to bottom.

47



These line profiles appear relatively similar to each other. The valid tem-
perature region, in both cases, is however severely restricted on account of the
background noise. Not only is the radial edge of the glow-zone “drowned out”,
but a large section surrounding its centre as well. In hindsight, this is perhaps
not too surprising. Considering the low intensity levels around the middle por-
tion of the beam spot, it does seem plausible that said region would suffer from
issues similar to those seen around the radial edge. Within the vertical temper-
ature line profiles shown in figures 33a and 34a, the valid temperature region is
believed to correspond to the bottom of the two “wells” (present in each figure).
It should be mentioned that the additional background noise “emanating” from
the middle region makes it even more difficult to gauge the extent of the valid
temperature region. There is even the possibility that the overlap in noise be-
tween said middle region and the radial edge has a major impact throughout
the whole glow-zone, thus rendering the “valid temperature region” less valid.

8.2.2 Thermal cycles

The thermal rates were measured through a single spot method, the procedure
of which is described as follows. A pixel position is chosen within the (cropped)
recording frame, somewhere in front of the glow-zone of the first image in the
recording sequence used. This position is held fixed, and as the images are
looped through sequentially, the temperature values at said location are saved
accordingly. This method effectively records the thermal cycle experienced at a
fixed position on the surface of the specimen, as the beam spot passes over it.
The appearance of one such cycle is illustrated in figure 35.

(a) Conceptual cycle. (b) One of the measured cycles.

Figure 35: Illustrations of a single spot temperature profile.

The heating rate and cooling rate are estimated from the thermal cycle,
through a straight line approximation. The coordinates used for this are illus-
trated in figure 35a. Equations 4 and 5 show how these are used to estimate
the thermal rates.
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Heating rate =
y2 − y1
x2 − x1

(4)

Cooling rate =
y3 − y2
x3 − x2

· (−1) (5)

The left endpoint (x1, y1) is chosen as the point at which the curve has
clearly started ascending. The right endpoint (x2, y2) is chosen as the point
at which the curve has clearly stopped descending. These definitions are less
susceptible to “arbitrariness”, as compared to simply choosing the local minima
as the endpoints. In an effort to achieve more reliable results, the cycle was
judged through several different horizontal positions (3 or 4 of them), for every
vertical coordinate used. This way, it became easier to detect any potential
incongruence in the data. This procedure was subsequently repeated with other
vertical coordinates, to obtain a profile of cycle values. The obtained cycle
profiles are shown in figures 36, 37, 38, 39, and 40.

(a) Cycle profiles. (b) One of the temperature images used.

Figure 36: Surface temperature data, induced by the gaussian beam (using
6392 Watts). The white oval line roughly marks the edge of the glow-zone. The
(shorter) green line marks the vertical range within which the cycle values were
measured, plotted from top to bottom. The slightly extended cyan line includes
the omitted vertical coordinates.
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(a) Cycle profiles. (b) One of the temperature images used.

Figure 37: Surface temperature data, induced by the gaussian beam (using
6862 Watts). The white oval line roughly marks the edge of the glow-zone. The
(shorter) green line marks the vertical range within which the cycle values were
measured, plotted from top to bottom. The slightly extended cyan line includes
the omitted vertical coordinates.

(a) Cycle profiles. (b) One of the temperature images used.

Figure 38: Surface temperature data, induced by the (lopsided) top-hat beam.
The (shorter) green line marks the vertical range within which the cycle values
were measured, plotted from top to bottom. The slightly extended cyan line
includes the omitted vertical coordinates.
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(a) Cycle profiles. (b) One of the temperature images used.

Figure 39: Surface temperature data, induced by the (lopsided) ring beam. The
(shorter) green line marks the vertical range within which the cycle values were
measured, plotted from top to bottom. The slightly extended cyan line includes
the omitted vertical coordinates.

(a) Cycle profiles. (b) One of the temperature images used.

Figure 40: Surface temperature data, induced by the (lopsided) doughnut beam.
The (shorter) green line marks the vertical range within which the cycle values
were measured, plotted from top to bottom. The slightly extended cyan line
includes the omitted vertical coordinates.
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While the omitted vertical coordinates “produce” clear thermal cycles, their
peaks and or endpoints were deemed too diffuse to locate with sufficient accu-
racy. As one starts venturing outside of this range, the quality of the cycles
quickly begins to deteriorate. In the case of the gaussian glow-zones, the valid
vertical cycle range seems to coincide, for the most part, with the correspond-
ing length of the (previously discussed) vertical temperature line profile. For
the remaining glow-zones, the valid vertical cycle range is seen to reside within
the side having received a higher energy input. Table 11 highlights the overall
behaviour of the cycle profiles induced by the gaussian beam.

Table 11: Data from the thermal cycle profiles induced by the gaussian beam.

Input power (Watts) Average heating rate (C◦/s)

6392 4.3922 · 104

6862 4.0462 · 104

Average cooling rate (C◦/s)

6392 4.7009 · 104

6862 2.5276 · 104

Maximum heating rate (C◦/s)

6392 5.2868 · 104

6862 5.1285 · 104

Minimum heating rate (C◦/s)

6392 3.0886 · 104

6862 3.6397 · 104

Judging from this table (as well as figures 36a and 37a), it appears as though
the accuracy of the measured cycle values is not sufficient enough to make
any satisfactory conclusions regarding the behaviour of the cycle profiles. The
general behaviour indicated by this data is clearly inconsistent across the two
gaussian glow-zones, especially when considering the cooling rates. That being
said, the shapes of the two heating rate profiles do at least appear somewhat
similar, both alluding to a slight rise in heating rate, in close proximity to the
vertical coordinate coinciding with the centre of the glow-zone. It is perhaps
worth mentioning that the previously discussed data inconsistency regarding
the gaussian glow-zones (which is most likely caused by the reflection features),
may have had a noticeable impact on said measurements. However, judging
by the rest of the cycle profiles, particularly the ones from the (lopsided) top-
hat glow-zone, the measured values do not seem to tell a coherent story still,
meaning that there must be something else affecting the measurements too. It
is possible that this particular kind of measurement is especially susceptible to
background noise. If that is the case, this is yet another incentive for reducing
it.
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