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We do not simply live in this universe. The universe lives within us.
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Preface

Lasers play a vital role in the marking and machining of precision parts in industry, as
well as cutting and welding of components in automobile manufacture. Meanwhile, steels
are by far the most widely used structural materials due to their abundant availability
and affordability. Laser processing of steel components is well-developed. However, there
are still limited comprehensions related to microstructure evolution induced by the laser
beam. For instance, the correlation between the laser parameters and temperature evo-
lution during the process is not widely explored, furthermore, there is no consensus in
the literature regarding the kinetics of phase transformation during laser heat treatment.
Hence, there is a need to carry out studies in this topic.

This research started from the STIFFCRANK project, which aims for improving the
fatigue lifetime of crankshafts. The laser was considered as a promising processing tool
due to its precision and flexibility in processing complex shaped components such as
crankshafts. As fatigue lifetime shows a correlation with mechanical properties and mi-
crostructure, the research focused on observing the microstructure evolution and related
mechanical properties (i.e., hardness and residual stress) after laser heat treatments.
Later on, the Snapshot method was further developed in the ACCEL project. The Snap-
shot method required better understanding on how the laser pulses influence temperature
evolution during the process, so that one could alter the temperature evolution via vari-
ation of laser pulses.

The order of the papers presented in this thesis is not the same as the order of when the
papers were written. Paper E was the first written followed by papers C, A, F, D, and B.
However, the six papers share a complementary story for laser induced phase transfor-
mation in microalloyed steel, in which papers A, B, C discuss about the influence of laser
parameters on temperature evolution during laser heat treatment, while papers C, D,
E, and F explain about the mechanism of phase transformation, particularly martensitic
transformation, during laser heat treatment.
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Abstract

The application of thermal cycles below melting temperature can induce solid-to-solid
phase transformation in steels, which is the transition between different crystalline struc-
tures of the same compound. There are many types of crystalline structures in steels
produced, depending on the characteristics of the applied thermal cycle. For instance,
rapid cooling can generate martensite structure that tends to increase the hardness of the
steels, while slow cooling will more likely produce ferrite structure, which is less hard than
the martensite structure. Laser heat treatment is one example where the laser becomes
a thermal energy source, inducing thermal cycles below melting point and an extremely
rapid cooling rate, which results in unexpected microstructures upon cooling. The mech-
anism of such phase transformations is still widely unknown, although the knowledge
can be beneficial for many laser processes. Accordingly, studies on laser induced phase
transformation are necessary.

The purpose of my work is explaining underlying mechanisms of solid-to-solid phase
transformation in microalloyed steels due to short thermal cycles of the laser heat treat-
ment. My work aims to (1) find the correlation between energy input distributions from
the laser beam and temperature history during the laser heat treatment process and (2)
describe how changes in the thermal cycle induced by laser illumination influence the
phase transformation dynamics. This work focuses on martensitic transformation and
infrared laser (1070 nm).

To explain martensitic transformation during laser heat treatment, this work involved
ex-situ observations of the laser heat treated specimens. The study consists of varying
the laser parameters, measuring the surface temperature of the specimens and simulat-
ing the in-depth temperature. Consecutively, characteristics (i.e., holding time, peak
temperature, and cooling rate) of the measured and/or calculated thermal cycles were
extracted, and the microstructures of the specimens were observed using microscopes.
Finally, the thermal cycle characteristics and the microstructure of the specimens were
related.

The results show that the energy input distributions from the laser beam (e.g., laser
beam profile) determine the geometry of the treated area, while processing speed and
laser power influence the cooling rate and peak temperature of the thermal cycle respec-
tively. The short thermal cycles induced by the laser beam are able to induce martensitic
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structure in the specimen. However, ferrite structure unexpectedly remains in the treated
area. The holding time, which is the duration of temperature staying above austenisa-
tion temperature, has an inverse correlation to the appearance of ferrite structure in the
treated area. This relates to the carbon diffusion occurring during the process, in which
the carbon atoms have to diffuse from rich-carbon-austenite into low-carbon-austenite
before cooling. Accordingly, the amount of martensite structure in the treated area de-
pends on the holding time value of the process. There are indications that the rapid
cooling induced by the laser beam can abruptly stop the diffusion process. It is clear
that the laser provides an opportunity to control martensite structure.
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Chapter 1

Introduction

This is a compilation thesis, which means that the appended papers are the main aspect
of this thesis. The thesis has two sections; the first section introduces the interconnections
between the appended six papers, while the second section contains the appended papers
themselves. The first section consists of five chapters, including this introductory chapter,
which discloses the motivation behind this work, research questions and methodology.
Necessary knowledge for this study is available in chapter two, while chapter three and
four describe the connections between the appended papers. Finally, chapter five encloses
the answers of the research questions and outlook of this study.

1.1 Motivation and aims

Crankshafts are substantial components in the automotive engine which convert linear
movement into circular motion. As it should be able to cope with high cyclic loads,
improvement of fatigue lifetime becomes the main objective in its development. High
hardness and compressive residual stress are able to prevent crack initiation which can
prolong the fatigue lifetime of the components. In steels, increased hardness values can
be achieved by inducing martensite structure. Martensite structure is a result of thermal
cycles below melting temperature followed by rapid cooling. Therefore, heat treatment
processes are very common for increasing the steels’ hardness.

Laser heat treatment is one example where the laser becomes a thermal energy source, in-
ducing temperatures below melting point and promoting rapid cooling during the process.
Rapid cooling induced by the laser beam is able to promote the creation of martensite
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10 Introduction

structure at the end of the process. However, thermal cycles induced by the laser illumi-
nation can be very short, generating extremely rapid cooling rates which are not common
in the conventional processes. This tends to lead to the creation of unexpected structures.
Knowledge regarding temperature evolution in respect to the laser parameters and its
influence on the resulting microstructures is still widely unknown. Accordingly, studies
on laser induced phase transformation are necessary.

This study focuses on explaining the underlying mechanism of solid-to-solid phase trans-
formation in microalloyed steels due to short thermal cycles of the laser heat treatment.
The work aims for:

1. Finding the correlation between energy input distributions from the laser beam
and temperature history during the process, and

2. Describing how changes in the thermal cycle induced by the laser illumination
influence the phase transformation dynamics.

1.2 Research questions

To achieve the purpose and aims of this study, three research questions below are raised;

I. How does the spatial intensity distribution of the laser beam influence the process-
ing result?

II. How does the temporal energy input distributions induced by a variation of laser
pulses affect the thermal history?

III. What is the correlation between thermal cycle characteristics during laser heat
treatment and resulting microstructures?

1.3 Methodology

The research consisted of ex-situ studies on laser heat treatment processes, where laser
treated specimens were observed and related to the temperature evolution. Figure 1.1
illustrates how the research was carried out. It started from the laser surface treatment
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Figure 1.1: Illustration of the ex-situ study was carried out in this work. Materials char-

acterisation using optical and Scanning Electron Microscopes revealed microstructures of the

treated area, while Finite Element Model based simulation together with thermal imaging system

estimated temperature evolution during the process.
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process on polished steel plates. There were four laser processing parameters investigated
in the study, which are laser power, processing speed, laser beam profile, and laser beam
oscillation strategy. A thermal imaging system measured temperatures on the surface,
while Finite Element Method (FEM) simulations calculated in-depth temperature evolu-
tion. The thermal cycles characteristics, namely peak temperature, holding time above
Ac3 temperature, and cooling rate, were extracted from the observed and calculated ther-
mal cycles. Consecutively, cross-sections of the hardened area were taken to examine its
microstructure using optical and electron microscopes. The microscopes revealed various
kinds of steels’ structures as different colour and morphology features, e.g., ferrite struc-
tures appeared as white areas on the optical micrographs with smooth morphology on
the electron microscope images. The pixel number of these features, particularly ferrite
structures, were extracted to quantify the amount of the structure in the treated area.
Finally, the amount of structures found in the treated area was related to the thermal
cycles characteristics.

Varying laser power and processing speed can provide variations of energy input during
the process which affect the thermal cycles, while modifying the laser beam profile and
oscillation strategy can change the spatial intensity distribution. To identify the rela-
tionship between spatial intensity distributions and the volume of the treated zones, the
geometries of the cross-sections were related to the shaped laser beam. Variation of laser
pulses together with measured and calculated temperature evolution during the process
reveal the influence of temporal energy input distribution on the thermal history. More-
over, examination on the thermal cycle characteristics (i.e., peak temperature, holding
time, and cooling rate) and the amount of ferrite structure in treated zones provides
information on how the microstructure evolution correlates to the thermal cycles during
laser heat treatments.

1.4 Structure of the appended papers

The research questions frame the connection of the appended papers. Results of paper A,
B, and C answer research question I and II, while results of paper C, D, E, and F answer
research question III. Meanwhile, research question I–II are associated to the first aim
and research question III is related to the second aim of this study. Table 1.1 presents
the connections between the appended papers and aims of this work.
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Aim Research question Paper

1 I, II A, B, C

Impact of laser parameters spatial and temporal energy input

distribution

2 III C, D, E, F

Phase transformation dynamics microstructure evolution

Table 1.1: Interconnection of the papers and aims of this study



14 Introduction



Chapter 2

Background knowledge

This chapter contains summary of the necessary assumptions and knowledge used in
this study. The first aspect is that the laser beam is perceived as a heat source during
laser processing. The second aspect is related to the steels microstructure and phase
transformation. Although the study focuses on martensite structure, the microalloyed
steels used in the study has the initial structure of pearlite and ferrite structures. As
the temperature elevated during the process, austenite structure is also involved in the
transformation of martensite. Accordingly, in addition to martensite structure, pearlite,
ferrite, and austenite structures are also involved in the study.

2.1 Laser as thermal energy source

Laser is an abbreviation of Light Amplification by Stimulated Emission of Radiation.
It is a device that emits light through the process of stimulated emission. Stimulated
emission is a process in which an incident photon stimulates an atom in the upper level
to decay to the lower level by the emission of a second photon. The stimulated photon
is emitted into the same radiation mode as the incident photon, and hence has exactly
the same frequency, direction, and polarisation as the incident photon. This denotes the
characteristics of the laser beam which are highly coherent and monochromatic.

The interaction between laser beam and matter depends on the parameters of the laser
beam and the physical properties of the material. Examples of laser parameters are
wavelength, intensity, polarization, angle of incidence, and illumination time at a par-
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16 Background knowledge

Figure 2.1: Illustration of the laser beam as a heat source during laser processing. The specimen

(steel) absorbs the laser beam in terms of heat and conduct the heat in all direction.

ticular area on the material. Laser processing is mainly performed using infrared (IR)
beam which has wavelength ranging from 1 µm to 10 µm. Such wavelength can excite
free electrons within a metal that is dissipated into heat within a few femtosecond [15].
Accordingly, a low to medium intensity laser beam can be considered as a heat source
which induces a temperature rise on the surface and slightly within the bulk material.

In this case, optical and thermal properties of the material determine the amount of heat
input and the increase of the temperature in the materials during the process. As an
electromagnetic wave, the laser beam experiences reflection and absorption when prop-
agating towards the surface of the materials [21]. The laser beam must be absorbed by
the materials to become a heat source. Once laser beam is absorbed, the heat dissipates
inside the materials in all direction through heat conduction in solid [19]. Figure 2.1
illustrates the principle of laser beam as heat input for laser materials processing.
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2.2 Allotropes in iron-carbon alloys

Pure iron, upon heating experiences two changes in crystal structure before it melts.
At room temperature the stable form, called ferrite, or α-iron, has a body-centred cu-
bic (BCC) crystal structure. Ferrite experiences a polymorphic transformation to face-
centred cubic (FCC) austenite, or γ-iron, at 912◦C. This austenite persist to 1394◦C, at
which temperature the FCC austenite reverts back to a BCC structure known as δ-ferrite,
which finally melts at 1538◦C [5].

Figure 2.2 shows equilibrium phase diagram of the iron-carbon alloy. α + Fe3C phase
field occurs as soon as the carbon content increases in the steel. This phase field is
called pearlite because it has the appearance of mother-of-pearl when viewed under the
optical microscope. The pearlite exists as grains, often termed colonies; within each
colony the layers are oriented in essentially the same direction, which varies from one
colony to another [6]. The thick light layers are the ferrite phase, while the Fe3C phase
appears as thin lamellae most of which appear dark. Many Fe3C layers are so thin
that adjacent phase boundaries are so close together that they are indistinguishable at
certain magnification and therefore, appear dark. Mechanically, pearlite has properties
intermediate between the soft, ductile ferrite and the hard, brittle Fe3C.

Martensite is another microconstituent or phase formed when austenitized iron-carbon
alloys are rapidly cooled (or quenched) to a relatively low temperature (in the vicinity
of the ambient). Martensite is a nonequilibrium single-phase structure that results from
a diffusionless transformation of austenite. The martensitic transformation is not well
understood. However, large numbers of atoms experience cooperative movements, in that
there is only a slight displacement of each atom relative to its neighbours. This occurs in
such a way that the FCC austenite experiences a polymorphic transformation to a body-
centred tetragonal (BCT) martensite [6]. A unit cell of this crystal structure is simply
a body-centred cube that has been elongated along one of its dimension. All the carbon
atoms remain as interstitial impurities in martensite; as such, they constitute a supersat-
urated solid solution that is capable of rapidly transforming to other structures if heated
to temperatures at which diffusion rate become appreciable. Many steels, however, retain
their martensitic structure almost indefinitely at room temperature. Martensite grains
take on a platelike or needlelike appearance. Being a nonequilibrium phase, martensite
does not appear on the iron-iron carbide phase diagram (Figure 2.2). the austenite-
to-martensite transformation is, however, represented on the isothermal transformation
diagram.
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Figure 2.2: The iron-iron carbide phase diagram including schematic representations of the

microstructures for an iron–carbon alloy containing less than 0.76 wt% C as it is cooled from

within the austenite phase region to below the eutectoid temperature. Figure taken from [6]



Chapter 3

Energy input distribution and the

heat treated zone

This chapter summaries the results of Paper A, B, and C which are related to research
questions I and II regarding the influence of spatial intensity distribution and temporal
energy input distribution from the laser beam.

As the laser beam becomes a heat source during laser processing, laser power denotes
the amount of heat input used during the process. It is noted that some part of the laser
power may be lost due to reflection. Nonetheless, regulation of temperature evolution
during laser processing can be approached through variation of laser power. This study
shows that temperature evolution during laser processing depends on the deviation value
between rate of heat input from the laser beam and rate of heat transfer in the material,
in which large deviation value promotes high temperature evolution in the specimen.

The intensity distribution of the laser beam (laser beam profile) shown in Figure 2.1
represents the spatial heat input distribution given to the specimen during the process.
Accordingly, the geometry of heat affected zone is often related to the laser beam profile,
e.g., the common Gaussian beam profile generating half circular heat affected zone as
illustrated in Figure 2.1 [9, 24]. Beam oscillating [12] and static beam shaping [16, 24, 14]
are examples of beam shaping techniques. In the case of beam oscillation, manipulation
of the laser beam profile is approached through varying the oscillation strategies, while
the static laser beam shaping requires change in the optical element. This study exam-
ines Gaussian-like beam profile along with rectangular top-hat and 16 spots of Gaussian
beam within a rectangular beam profiles. Additionally, the study explores three oscilla-
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20 Energy input distribution and the heat treated zone

tion strategies which are circular, rectangular, and triangular oscillation strategies. The
results demonstrate that the spatial intensity distribution of the laser beam influence
the cross-sectional geometry of the treated zone with certain limitations from the beam
shaping techniques.

3.1 Laser pulse variation (Paper B)

In order to produce different thermal cycles in the material, it was necessary to first find
out how the laser characteristics influence the heat input. The approach was to apply
a systematic variation of laser pulses shown in Figure 3.1 and measure the temperature
on the surface and at the bottom of specimen. In this case, the specimens were small
nuggets in the size of approximately 5 mm made of melted chopped wires. The nuggets
were placed inside a steel holder which allows rapid cooling. A Laser pulse with the
duration of 500 ms is adequate to a induce temperature increase near its melting point.

Figure 3.1 shows how variation of laser power affects thermal cycles above Ac3 temper-
ature and cooling rate from 800°C to 500°C. The peak temperature difference between
pulse PA and PB is insignificant although PA gives 37.5 kJ more energy to the nuggets
than PB. This implies that the additional energy input from pulse PA did not result in
a temperature increase. Such phenomena often occur when the increased temperature
reaches a value just below the melting temperature. In this case, the energy input may
be expended in loosening of molecular bonds, transforming into liquid form, instead of
increasing the kinetic movement of electrons which causes high temperature. This in-
dicates that the high energy input may not be necessary for inducing high cooling rate
values or high peak temperature values during the process.

The variation of pulses also generates similar cooling rate values for both thermal cy-
cles above 900°C and temperature range of 500 - 800°C. The nugget reached equilibrium
state soon after the laser beam turned off. The equilibrium state is defined such that the
temperature distribution inside the nugget becomes homogenous in all directions. Since
no changes were made to the chemical composition of the materials in the nugget and the
base plate, the heat conduction coefficient of the materials system was constant between
all experiments. Accordingly, the rates of heat transfer were also constant for all experi-
ments, causing the same cooling rate values for the different laser pulses. Additionally,
as the holding time values are relative to the peak temperature during the process, the
pulse variations can induce changes in the holding time values through modification of
peak temperature. These indicate that the distribution of energy input over time mainly
influence the peak temperature and holding time during laser processes.
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Figure 3.1: (a) - (d) Variation of laser pulse and how it affects (e) - (h) thermal cycles above

900 oC and (i) - (l) cooling rate from 800 oC to 500 oC.

3.2 Variation of intensity distribution (Paper C)

The laser beam profile denotes the spatial distribution of energy input during laser pro-
cesses that is how the photons are distributed across the irradiated area. Optical ele-
ments, such as diffractive optics and mirrors, are able to direct light and form customised
projections on a plane surface. Accordingly, modification of spatial distribution of energy
input from the laser is commonly approached by integrating optical elements to the laser
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system.

Figure 3.2 shows the cross-sections of laser heat treated tracks and vertical hardness
values in regards to the laser beam shape used during the laser hardening processes.
Regardless of the energy loss caused by the optical elements, the top-hat laser beam
profile generates more homogeneous and flat cross-sectional geometry compared to the
common cross-sectional geometry from the Gaussian beam profile. The hardness values
of the treated area are comparable for all laser beam shapes although the depths vary
due to energy losses. Hence, it is obvious that the laser beam profile mainly influences
the cross-sectional geometry of the treated area.

Figure 3.2: Influence of (a) - (c) laser beam shaping on (d) - (f) the cross-section of laser heat

treatment and (g) its hardness values in vertical direction towards the base material.

3.3 Oscillated laser beam (Paper A)

Quasi-static laser beam profile of the oscillated laser beam is a result from overlapping the
pattern movement on the laser beam pathway. Accordingly, depending on the oscillation
strategy, the beam profile can change periodically. Figure 3.3 shows the cross-sectional
geometry of the treated track in respect to the integration of laser beam profile over
time. The circular oscillation, which shows the characteristic of higher energy input at
the edges and the gradual decrement of energy input towards the centre, generates the
most homogenously treated area. The heat conduction in the material is likely to be
sufficient to transport the heat away from the processing zone that no melting occurs
at the edges. The triangular oscillation pattern however shows no correlation between
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the applied energy input and cross-sectional geometry of the treated area where melting
occurred at the edges. This might be due to deceleration of the oscillated beam in
the edge positions and the short cooling times between the first and second treatments.
Excessive melting at the edge of the cross-sectional geometry from square oscillation
strategy emphasises that deceleration of oscillation speed occurs at the cortices of the
scanning strategy where the laser beam must turn to accomplish the pattern. This
deceleration causes local addition of energy input to the specimen that accumulates,
causing non-homogeneous cross-sectional geometry.

In summary, the integrated beam profile alone cannot explain the track appearances
in the cross sections at different beam oscillation patterns. Thus, speed variations and
overlapping patterns must be taken into consideration.

Figure 3.3: Cross-sections of the treated areas for (a) circular, (b) rectangular, (c) triangular

oscillation strategies and profiles of integrated energy input.
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Chapter 4

Phase transformation during laser

heat treatment

This chapter summaries the results of papers C, D, E, and F which are related to the
research question III regarding correlation between thermal cycles during laser processing
and resulting microstructures.

Cooling rate of the laser heat treatment process is adequate to induce the creation of
martensite structure in the specimens. However, there are reports showing that either
austenite [2, 8] structure or ferrite [1, 18, 22, 24] structure can remain in the treated zone.
Appearance of retained austenite structure in the treated area is estimated due to ex-
tremely rapid cooling during the process which limits the transformation from austenite
into martensite upon cooling [18]. In respect to the retained ferrite structure, Ashby ar-
gued that martensitic transformation during laser heat treatment occurs in three steps [1].
The first step is austenisation process where pearlite structure first turns into rich-carbon
austenite followed by ferrite structure turning into low-carbon austenite. The second pro-
cess is then carbon diffusion from rich-carbon austenite to low-carbon austenite. Finally,
region with carbon content more than 0.05 wt% turns into martensite structure and the
rest return into ferrite structure.

In this thesis, retained ferrite structure was found in the cross-section of the treated area.
The amount of retained ferrite structure decreases as the holding time above austenisation
temperature increases. This is thought to be related to the carbon diffusion which then
become an approach to control the final structure of laser heat treatment specimens.
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26 Phase transformation during laser heat treatment

4.1 Carbon diffusion during laser heat treatment (Pa-

per C & D)

In chapter 3, there are discussions about the cross-sectional geometries of the treated
zones in respect to the spatial intensity distribution of the laser beam. According to
the microstructural results in Figure 3.2, the cross-section of the laser treated area was
schematically divided into three main areas highlighted in Figure 4.1. Region A is the
near surface area which experiences the highest peak temperature during the process and
shows no ferrite structures in the micrograph images. As the heat diffuses in depth of
the specimens, region B (intermediate area) and C (transition area) occur below region
A, experiencing lower peak temperatures (can be below Ac3 temperature) and shorter
holding time than region A. The visibility of the ferrite structures increases towards the
transition area. Accordingly, it is possible that the appearance of ferrite structures in
the treated area is related to the holding time for carbon diffusion in the austenite.

In addition to the ferrite structure, there is a noticeable area in between martensite
and ferrite structures which has a distinct morphology from the ferrite and martensite
structure in the electron micrograph images. This structure is called martensite-ferrite
structure. The width of this structure was found to increase as the holding time increases
with a significant increase occurring in the region experiencing thermal cycles above
Ac3 temperature, see Figure 4.1. This indicates that at least minor carbon diffusion
took place below the austenisation temperature and accelerated above the austenisation
temperature. Acceleration of carbon diffusion can take place as austenite structure (fcc)
of the steels posses wider lattice parameter than ferrite structures (bcc) which reduces
the obstacles when diffusing to the neighbouring regions.

4.2 Vanadium precipitates during laser heat treat-

ment (Paper E)

The microalloyed steels were invented to alter mechanical properties of conventional
carbon steel through dispersion strengthening and grain refinement along with higher
resistance against atmospheric corrosion [23]. Vanadium forms fine precipitate molecules
(5 nm to 100 nm in diameter) in ferrite during cooling after hot rolling that contributes
to strengthening [13]. Addition of Manganese as alloying element can also influence the
strengthening behaviour of Vanadium in microalloyed steels. Manganese enhances Vana-
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Figure 4.1: (a) Illustration of typical cross-section of treated track in which A, B, C denote for

near-surface area, intermediate, transition zone respectively and (b) correlation between width

of martensite-ferrite structure and holding time above 250°C.

dium precipitation strengthening by lowering the γ to α transformation temperature that
results in finer precipitate dispersion [7, 17]. Lower γ to α transformation temperature
can produce finer ferrite grain size after cooling that result in higher yield strengths and
improved ductility. Finer ferrite grain sizes can also be achieved through formation of
finer austenite grain size prior to transformation with help of precipitates. Laser treated
specimens show these behaviours [3, 4, 20].

In this study, samples with low Vanadium content show large ferrite grains in the treated
area followed by high ferrite fraction values in the cross-section of the treated area. On
the other hand, samples with high Vanadium contents has finely distributed ferrite and
martensite structures in the cross-section of the treated area, which balances the local
hardness variations to some extent. Additionally, short thermal cycles lead to a reduced
carbon mobility and a higher possibility of formation of Vanadium carbides within the
grains. This effect can also homogenise the hardness distribution. Therefore, the hardness
variations can be referred to the low carbon diffusion creating Vanadium precipitation
in combination with grain refinement. Hence, it is likely that the short thermal cycles
induced by the laser beam are unable to dissolve the Vanadium precipitates which reside
in the ferrite structures. Consequently, the Vanadium precipitates remain in the treated
area as precipitation hardening which increases the hardness values of specimens with
high Vanadium content.
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Figure 4.2: Microstructure evolution after multiple laser heat treatment.

4.3 Multiple laser heat treatment (Paper F)

Multiple laser heat treatments often occur when treating a large surface area or round
specimens, such as crankshaft, where the starting point of the treated track meets its end
point. In such case, the overlapping area experiences a secondary heat treatment which
can result in different microstructures from the rest of the treated track [26, 25, 11, 10].
Figure 4.2 illustrates how secondary laser heat treatments influence the microstructure
of microalloyed steel. Secondary laser treatments with peak temperatures above Ac3
temperature are able to reduce the ferrite structures in the treated area, while peak
temperatures below Ac3 temperature affect the martensite structure in the treated area.
Secondary thermal cycles below Ac3 temperature induce tempering. Given that car-
bon diffusion can occur below Ac3 temperature, the tempering effect can be a result
of minimum carbon movement within the martensite structure which shear and distort
the lattice structure. The amount of ferrite structure remains constant when tempering
is observed which indicates that there is no carbon diffusing towards the ferrite grains.
In contrast, secondary thermal cycles above Ac3 temperature are able to continue the
carbon diffusion process which was disturbed during the first treatment. Nonetheless,
the appearance of retained ferrite structures has an inverse correlation to the total hold-
ing time above Ac3 temperature during all laser surface treatments regardless how the
holding time is distributed among the different treatments. Accordingly, the amount of
retained ferrite structures can be influenced by modifying the experienced total holding
time.



Chapter 5

General conclusion

Varying spatial and temporal energy input distributions of the laser beam induce vari-
ations of thermal cycles in the specimens which affect its microstructures and hardness
values. In this thesis, explanations of the phase transformation induced by short thermal
cycles of the laser beam consists of two aspects: (1) influence of energy input distribution
on temperature evolution during the process and (2) change in the resulting microstruc-
ture related to the applied thermal cycle. Papers A, B, and C have shown that variations
of laser pulses influence the peak temperature and holding time of the laser process, while
the spatial intensity distribution of the laser beam can determine the cross-sectional ge-
ometry of the heat treated zone. Subsequently, papers C, D, E, and F show inverse
correlation between holding time of laser processing and appearance of retained ferrite
structure in the heat treated zone where carbon diffusion involves in the process. Finally,
answers to the research questions raised in Chapter 1 are:

I. How does the spatial intensity distribution of the laser beam influence the processing
result?
The spatial distribution of the laser beam influences the geometry of the treated
tracks where high energy input at the edge with gradual decreased energy input
in the centre of the laser beam profile leads to homogeneous depths of the treated
zones. Mechanical limitations from the optical elements or laser beam oscillator
deprive this effect.

II. How does the temporal energy input distributions induced by a variation of laser
pulses affect the thermal history?
Temperature evolution during laser processing depends on the deviation value be-
tween rate of heat input from the laser beam and rate of heat transfer in the
material, in which high temperature values during laser processes are proportional

29
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to high deviation values. Variation of laser pulses influence the peak temperature
and holding time above 900°C, while laser pulse characteristics and total energy
input do not give significant influence on the cooling rate from 800°C to 500°C.

III. What is the correlation between thermal cycle characteristics during laser heat treat-
ment and resulting microstructures?
Holding times above Ac3 temperature significantly influence the microstructure of
the laser treated specimens. The holding time above Ac3 temperature has inverse
correlation with ferrite structure appearing in the cross-section that is valid re-
gardless of how the holding time is distributed during the processes. Accordingly,
the amount of ferrite structures in the laser treated area can be estimated using
the approximation of holding time above Ac3 temperature. However, secondary
thermal cycles below Ac3 temperature induce tempering in the treated area which
is identified by the appearance of tempered martensite structures.

Outlook

Thermal cycles induced by the laser beam are in the range of milliseconds which is very
short compared to the conventional heat treatment processes. It is already known that
such short thermal cycles create unexpected microstructure which is deviating from the
current understanding gained from the conventional processes. These aspects below can
be of interest for consideration in the future research.

• Paper D indicates that there can be a new mechanism of phase transformation
specifically for laser processing, due to its short and rapid cooling characteristics.
Further investigation on this topic using an in-situ study can reveal the kinetics of
phase transformations during laser processing which can justify the argumentation
mentioned in paper D.

• Although there are reports about the appearance of retained austenite in the treated
zone, there is no consensus in the literature showing how the retained austenite
structure is more favourable than the retained ferrite structure or vice versa. This
understanding is necessary for tailoring microstructure using the laser beam.

• Further study of laser heat treatment on eutectoid and hypereutectoid steels can
expand the understanding about carbon diffusion during laser heat treatment. The
study will show if the diffusion mechanism found in this study applies to all steels
regardless of its carbon content.

• In addition to the previous point, studies on high alloyed steels, such as stainless
steels, can add knowledge on how lattice imperfections due to substitutional alloys
influence diffusion mechanism during laser processing.
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