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Abstract

Laser surface hardening has emerged as a promising technique to improve
the wear resistance of machine components such as bearings, gears and
camshafts. However, a lack of thorough understanding of the underlying
mechanism coupled with the stringent requirements on surface properties still
hinders its widespread application in industries. This thesis investigates
various aspects of laser surface hardening of bearing steels (such as effect of
operating parameters and laser types, microstructural changes, corrosion
properties and improving effectivity) with an aim to elaborate the underlying
mechanism and improve surface properties.
The laser hardening has been demonstrated using a continuous wave fiber
laser which produces hard outer case owing to the martensitic transformation
due to rapid heating and self-quenching. Hardness as high as 844 HV is
achieved near the surface with depths up to 500 μm. A parametric study on
the effect of various laser operating parameters such as defocus distance,
power, speed and overlapping has been carried out which can be a significant
input for designing of laser hardening system. Moreover, millisecond laser is
shown to have similar hardening effect as continuous wave laser using lower
power than continuous wave laser.
Further investigations with ultrashort pulsed lasers exhibit ablation capability
than surface hardening. This can have potential application in surface
cleaning and repair. Additionally, the corrosion properties of gradient
microstructure produced by laser hardening are also explored by performing
layer-by-layer electrochemical tests. The study shows that an improved
corrosion resistance is found at the surface layer due to formation of chromium
rich oxide layer and phase transformation, while the sub-surface does not
show significant improvement in corrosion properties.

xiii

Abstract

Moreover, a novel gas assisted laser hardening is proposed to improve the
effectiveness of laser hardening and achieve superior surface properties. The
tests are performed in a specially designed chamber for better controllability
of the process. Among different gases used, propane is found to have
profound beneficial effect on the steel surface with maximum hardness
reaching as high as 900 HV even for low carbon steel. This is attributed to the
influx of carbon from the gas into steel which forms a carburized region near
the surface. Depending on the parameters used, different microstructures are
obtained in the near surface region ranging from eutectoid to eutectic
composition. The potential applications of this technique to modify surface
properties are also discussed.
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1.1 Background
The surface properties of a component are often a critical factor in determining
its performance. The requirement for exceptional surface properties in
applications such as tribology, biomedicine and aerospace, has ushered the
scientists and the engineers to envisage innovative ideas to manipulate the
surface and achieve the desirable efficiency [1–3]. These modifications might
include modifying surface composition, microstructure, chemical reactivity,
wetting, adhesion, lubrication, film formation, topology and so on. The ability
to engineer such modifications, not only improves the integrity of the
component, but also allows the same material to be used in diverse
engineering applications.
The recent development of laser technology has opened new opportunities for
surface processing of materials [4]. Apart from conventional cutting [5] and
welding [6], lasers have emerged as a promising technique for innovation in
surface material processing. Lasers, with their highly coherent monochromatic
beam and unrivalled energy capacity, are excellent surface heating tools. A
high-power laser can be directly subjected to the desired area such that it will
only affect the irradiated area while virtually unaffecting the bulk properties of
the material [7]. Due to this property, lasers have been employed for localized
processing applications such as hardening, cleaning, alloying, texturing and
surface heat treatment. In addition, with the ease of automation and safety,
they can be readily incorporated in industries for various purposes to increase
production efficiency.
Surface hardening of steels has enjoyed considerable interest in the
manufacturing industries as it offers the chance to improve components with
idealized surfaces and bulk properties such as cams, bearings and shafts.
Steel, being considered as an indicator of economic progress, is an integral
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element of most systems. It is cheap, strong and durable and its properties
can be altered significantly from a very soft, tough state to a very hard and stiff
state just by a simple heat treatment operation to suit a specific application
[8]. It is therefore, of little surprise that lasers are being used for surface
hardening of steel [9,10].

1.2 Motivation
Laser surface hardening offers short processing time, flexibility in operation
and economy in comparison to conventional counterparts to modify surface
behavior of steels and prevent wear and corrosion [11]. It does not require a
separate quenching medium as the bulk of material itself acts as heat sink
which makes it an attractive solution for manufacturers. Even though a lot of
studies have been performed in laser hardening, the investigations on
underlying mechanisms are relatively undervalued compared with the
booming laser development.
With the expensive laser systems such as fiber lasers, Nd:YAG lasers and
ultrashort pulse lasers becoming affordable for use in even medium and small
enterprises, it has become essential to update our knowledge on their
possibilities for surface modifications. These compact laser systems can be
seamlessly incorporated with the existing industrial robotic systems to achieve
the desired production efficiency. However, due to this lack of thorough
understanding of the laser steel interaction, the real industrial application of
the process still relies on hit-and-trial method, which is very expensive and
ineffective. Therefore, there is a dire need to develop the basic understanding
of the process and utilize the knowledge to pave the way for its industrial
application at economic cost.
Furthermore, the extreme operational conditions experienced by machine
components put a stringent demand on their surface properties. Components
like gears, bearings and shafts operating in harsh conditions require superior
wear and corrosion properties. These requirements can be easily met using
laser-based surface processing techniques. Interaction of laser beam with the
2
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steel surface can induce rapid phase transformation at the surface producing
phases with better corrosion and wear resistance than base material [12]. In
addition, lasers also offer opportunity to explore innovative methods to
improve the surface hardness and microstructure of the components.
However, despite some studies done in the past, there are still a lot of avenues
to explore in this direction.
This thesis demonstrates the rapid phase transformation of various steels
during laser surface hardening, and analyzes the corresponding phase
transformation, microstructural evolution and surface performance of the
hardened region. Systematic studies have been performed to investigate the
non-equilibrium kinetics of laser hardening process and the influence of
various operating parameters on hardening of the steel. Furthermore, the
feasibility of using short pulse lasers, including nanosecond and femtosecond
lasers, for surface hardening is also explored. The ablation mechanism during
short pulse lasers was found to be suitable for surface cleaning which can be
useful for remanufacturing and surface preparation prior to other processes
such as welding and coating. Moreover, a novel laser surface hardening
technique using special carburizing gases is also discussed which can
produce ultrahigh hardness at the surface than any other conventional
processes.

1.3 Objectives
With an aim to elucidate the mechanisms of laser hardening process, the
following were set as the main objectives of the project:


To understand the non-equilibrium phase transformation and
microstructural changes occurring in the steel during laser surface
processing and the influence of operating parameters on its properties



To explore the surface properties before and after laser treatment



To investigate the feasibility of using short pulse laser for surface
processing applications
3
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To achieve steel surface with superior hardness and excellent surface
properties for application in machine components such as bearings,
shafts and cams.

1.4 Scope
Laser surface processing is a broad subject and covers different aspects of
laser-material interactions. Depending on the laser parameters and the
material properties, different phenomena occur during laser processing such
as surface melting, hardening, phase transformation, de-carburization,
ablation, surface oxidation and so on. The major focus of this thesis is on laser
surface hardening of steels for possible application in bearing and tooling
industries.
As such, an elaborative technology benchmarking study on laser heat
treatment technology is conducted to identify the technology readiness level
of the process. After identifying the current challenges, the study concentrates
on exploring the use of various types of lasers to meet the industry demand of
achieving high quality surface and optimizing the process. For this, the basic
underlying mechanism of hardening is investigated in detail and probable new
methods such as coating and surface gas carburizing are attempted. The
study focuses on expediting the knowledge on laser hardening mechanism
and developing methods to improve surface hardness. On realizing the
tremendous potential of short pulse laser ablation for surface cleaning, further
studies are carried out in this direction as well which can be beneficial for
remanufacturing applications. Other laser surface processing mechanisms
like texturing, adhesion and wettability do not fall within the scope of this study.
After defining the scope, the followings are set as the deliverables of the
project:


Literature review on the state-of-the-art heat treatment and laser
technology
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An in-depth understanding of microstructural changes occurring during
laser hardening



Methods to improve surface hardness and surface mechanical
properties of steels using laser



Recommendations for future improvements of the process

Laser Surface Processing Studies
Literature Review
and Planning

Laser Processing
Experiments

Material
Characterization

Surface hardening
Methods

Design of
experiment

Current state-ofthe-art

Sample
preparation

Research Gap
Material and
machine
requirements

Laser
treatment

Final Thesis

Metallography

Report

Hardness analysis

Recommen
dations

Advanced
microscopy, EDS,
XRD

Limitations

Result analyses

Figure 1.1: Work Breakdown Structure for the project.

1.5 Thesis Outline
This dissertation has been organized as follows. A brief background on laser
surface processing of steels and main objectives of the current study are
presented in Chapter 1. Chapter 2 provides an elaborative review on existing
literature related to laser surface hardening and current state-of-the-art. The
existing technology is critically reviewed and research gaps are identified. In
Chapter 3, the materials and methodology used for the study are presented.
Chapter 4 focuses on fundamentals of basic laser hardening mechanism
using 50CrMo4 steel as reference and discusses the influence of various
operating parameters on surface hardening. The feasibility of using pulsed
lasers is explored in Chapter 5 which also investigates on possibility of using
pulsed laser ablation for surface cleaning. Furthermore, the corrosion
behavior of hardened steel surface is presented in Chapter 6. Chapter 7
5

Chapter 1: Introduction

details methods of improving surface hardness by various techniques such as
underwater hardening, using graphite coatings and laser gas alloying. Finally,
the major conclusions from this research work with a brief outline of possible
further researches are summarized in Chapter 8.
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2.1 Laser
Light Amplification by Stimulated Emission of Radiation (laser) has
revolutionized our way of living. The introduction of laser technology in 1960s
brought a massive interest in this field with possibility of its use in all kinds of
field. At that time, laser was considered as a step into the future and a tool
looking for an application. With industries pushing for high power lasers for
application in material processing, billions of dollars were investigated to
develop high power lasers. Now, we have lasers capable of doing just
anything from ablation and material deposition to drilling, cutting, joining,
producing metallurgical changes and inducing stresses, as well as texturing
and cleaning surfaces. They are also flexible enough to be used in any
material like metals, glass, plastics or even skin, which gives them a
competitive advantage than other conventional tools. With the talks of Industry
4.0 and digitized manufacturing, laser light will be a perfect tool to match the
requirement of speed, directness, flexibility and interconnectivity demanded
by the factory of the future [13].

2.2 Historical overview of industrial lasers
Lasers have become an essential tool in manufacturing industries. Ever since
the invention of the first working ruby laser by Maiman in 1960 [14], much has
been discussed on its potential as a tool for future manufacturing.
In the 60s and 70s, first generation of CO2 lasers [15] and Nd:YAG lasers [16]
were developed which were unreliable, bulky and required high maintenance
cost. Therefore, they were primarily adopted for scientific use and research.
Industrial applications were limited to those that could not be achieved by
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conventional technologies like drilling holes, packaging and alignment
applications.
The 80s and 90s saw a rapid improvement in laser technology with
development of new lasers such as diode pumped solid laser [17–19] and
excimer lasers [20]. The car production and sheet metal cutting industries
soon realized the advantage of this new technology and started utilizing lasers
in their processing. This created a boom in laser processing industries and a
lot of companies entered the market like TRUMPF, Polaroid, Spectra Diode
Labs, IPG Photonics and so on.
Disk lasers [21] and fiber lasers [22] were soon introduced in 90s and 2000s
which opened a whole new avenue for industrial application of lasers. They
made the laser technology accessible for small and medium scale companies.
Now, laser processing is performed on virtually every product manufactured
in at least one part of its manufacturing cycle. Some major application areas
are semiconductor, packaging, marking, consumer good, energy generation,
transport, aerospace, defense, medicine and so on.
The lasers used in material processing utilizes lasers as a source of heat
generation for cutting, welding, machining and surface modifications. Figure
2.1 shows the application of different lasers in industries. Now, the studies are
pushing towards even higher power density, ultrashort laser pulses and novel
applications of laser. Researchers are investigating to utilize other laser
properties such as polarization, phase, pulse length and coherence.
One example is frequency comb generated by ultrafast lasers with potential
application in precision metrology [23]. The other significant trend is the use
of laser in additive manufacturing [24]. The high-power laser provides an
excellent tool for rapid production of components while its capability to easily
be automated and controlled numerically crowns its unanimity as an ideal tool
for digitalized manufacturing. It is undeniable that lasers will play a significant
role in shaping future of manufacturing industries.
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Diode / Excimer
Laser

CO2 Laser

Marking

13.51%

14.95%

24.06%

Macroprocessing
(>500 W)

Solid-state/ Disk
laser

Fiber laser

15.16%

47.26%

53.41%

Microprocessing
(<500 W)
31.64%

(a)

(b)

Figure 2.1: Lasers used for different industrial applications: (a) Types of
lasers used in material processing industries; and (b) various industrial
applications of lasers. The percentage represents the revenues
generated from industrial lasers in the year 2017 [25].

2.3 Interaction of laser beam with material
The interaction of laser beam with material involves a complex phenomenon
and can generate a range of change in the material [4]. A laser is basically a
coherent beam of electromagnetic radiation with electric field and magnetic
field perpendicular to each other propagating in space (see Figure 2.2). When
the laser is irradiated over the surface, part of the radiation is reflected from
the surface, the other is transmitted through the material and the remaining is
absorbed by the atoms.
As the beam passes through the material, the particles of the material are
excited by electric field which results in forced vibration of particles. The force
induced by electric field is generally not strong enough to vibrate an atomic
nucleus. However, the photons can be absorbed by the free or bound
elections via inverse Bremsstrahlung process. This causes electrons to
vibrate randomly. The excited electrons will either re-radiate energy in all
9
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directions or be restrained by the lattice phonons. Especially in solids where
the atoms are compact, the latter case occurs, and the vibration is coupled
through the structure which is detected as heat [4].

Figure 2.2: Electric and magnetic field vectors of an electromagnetic
radiation.

The intensity of vibration depends on the energy of the incident laser beam
and absorption rate. The power density determines the energy irradiating over
a certain area and higher the density, higher will be the atomic vibration. The
laser offers the highest power density available to the industry today which
can only be rivalled by an electron beam. Such high power density can
evaporate any material. And unlike electron beam, X-rays are rarely emitted
during laser material processing (possible in only extreme cases about 1 ×
1015 W power) which eliminates the need for protection against this hazard.
On the other hand, just by defocusing the beam (either by changing beam
optics or placing the component at out-of-focus position), the power density
can be lowered to such an extent that it has no heating effect on the material.
This makes laser a versatile tool capable of inducing any specified thermal
effect to the material [4].
The absorption rate of laser beam varies exponentially as given by Beer
Lambert’s law, 𝐼 = 𝐼0 exp(−𝛼𝑧), where 𝛼 is the absorption coefficient which
depends on the medium, wavelength and intensity of radiation. If sufficient
energy is absorbed, then the intense vibration results in stretching of
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molecular bonding beyond the point that it is no longer capable of exhibiting
the mechanical strength and the material is said to be molten. An even higher
absorption of energy results in strong molecular vibrations and ejection of the
molecules due to further loosening of bonding, defined as ablation. The vapor
can still absorb the radiation but only slightly since it will have bounded
electrons. If the gas is sufficiently hot, the gas forms plasma in which electrons
and ions are free and can absorb the radiation strongly.
On the other hand, the lower power density and energy absorption, which is
not enough to cause melting, can alter the properties of the laser irradiated
area. The energy might not be sufficient to rigorously stretch the molecular
bonding; but it can be strong enough to bring transformation in the
microstructure of material. This solid-state phase transformation can produce
effects such as hardening or softening in metals. In some instances, such as
laser cleaning, the power density is deliberately lowered so that energy is not
absorbed by the base material or insignificant to bring about any change in
the material; while the surface contaminants are ablated by direct absorption
of the laser energy [26].
Therefore, depending on the power density of the laser beam and absorption
coefficient of the material to the beam, the strength of molecular vibration differ
which produces different effects on the material ranging from heat treatment
to cutting, welding and direct material removal (see Figure 2.3). In this thesis,
I will be focusing on the use of laser as a heat source for surface modification.

Contaminants
removal

Heating

Phase
change

Melting

Boiling

Plasma
formation

Increasing power density and laser absorption

Figure 2.3: Different effects produced on the laser irradiated surface with
increasing rate of power density and laser absorption.
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2.4 Laser surface hardening
Laser surface hardening is a surface modification process used to selectively
enhance the surface hardness and wear resistance of highly stressed parts
such as bearings, cams and gears by phase transformation. The hardening is
achieved by rapidly heating the surface with a laser beam. On moving the
laser beam away, the bulk of the material acts as a large heat sink leading to
rapid quenching and phase transformation of the heated surface. The result
is a hard surface with virtually unaffected bulk material properties.
Depending on the laser intensity and material used, different surface
engineering processes can be achieved as shown in Table 2.1 [27]. A detailed
study of all these processes is out of the scope of this work and the current
research will only focus on laser surface hardening.
Generally, laser transformation hardening is a solid-state process with no
melting of the surface. However, hardening can still be achieved by partial
melting and rapid solidification of the surface in which case it is termed as
laser surface hardening or just laser hardening. In this thesis, the latter
definition of laser hardening is inferred in most cases.
Laser hardening has numerous characteristic features that makes it suitable
for adoption in manufacturing industries. Some of the distinct features are


Fast and selective heat treatment of components



Self-quenching process due to heat conduction to cold interior of the
part, thus eliminating the need of using an external quenching medium



Negligible part distortion and suitable for complex parts as well



Low heat input energy to obtain desirable surface hardening effect



No post processing



Easy automation and numeric control to obtain required case depth



Improved fatigue life and corrosion resistance
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Chapter 2: Literature Review

Table 2.1: Various surface engineering techniques similar to laser
hardening [27].

Technique

Laser source

Description

Shock hardening

CO2, Fiber, Nd:YAG,

Induces shock waves at

Disc, Excimer

surface using laser pulses to
create hardened layer

Laser glazing

CO2, Fiber, Disc,

Produces ultrafine

Nd:YAG, Diode,

microstructure in glasses

Excimer
Laser cladding

CO2, Fiber, Disc,

Deposits a thin layer of second

Nd:YAG, Diode

material onto a surface

CO2, Fiber, Disc,

Selective addition of alloy to

Nd:YAG, Diode

change surface properties

Surface

CO2, Fiber, Disc,

Fusion with addition of a solid

impregnation

Nd:YAG, Diode

fraction, e.g. Tungsten

Surface alloying

carbides
Surface texturing

CO2, Fiber, Disc,

Develop patterns on surface

Nd:YAG, Excimer
Photochemical

Excimer

Produces local changes for

modification

marking, bonding or change of
surface hydrophobicity

Surface ablation

Excimer, Fiber, CO2,

Controlled removal of surface

Nd:YAG

layer without damaging the
substrate

Surface refining

Excimer

Rapid, shallow melting to
vaporize inclusions and
impurities

It is due to these advantages laser hardening is becoming recognized in
industries as a suitable technique for surface modification of small and
complex engineering components.
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2.4.1 Laser hardening mechanism
Laser hardening process is basically a localized heat treatment process with
laser beam acting as a source of heat. When a ferrous surface is irradiated
with a high-power laser beam, the surface temperature rapidly rises above the
austenitization temperature with rest of the component acting as a heat sink.
This changes the atomic lattice structure of the surface while the bulk material
is still at the room temperature. On moving the laser beam away, the heated
surface undergoes “self-quenching” as heat dissipates to the bulk material in
a very short time leaving no time for atoms to re-arrange. This produces a
hard structure on the surface [9].
The process involves following mechanisms:
2.4.1.1 Austenitization
Steel is basically an alloy of iron and carbon with carbon ranging from 0.02
wt% to 2.11 wt%. The plain carbon steel having a eutectoid carbon percentage
of 0.76 wt% has a pearlitic microstructure consisting of ferrite (α phase) and
cementite (Fe3C). Hypereutectoid steel has more than 0.76 wt% C and
consists of pearlite and pro-eutectoid cementite. On the other hand, hypoeutectoid steel, containing less than 0.76 wt% C consists of pro-eutectoid
ferrite grains and pearlite colonies.
When laser hardening is performed, the temperature of the surface rises
above the austenitization temperature (Ac3). At such high temperature, the
body centered cubic ferrite matrix (α-phase) transforms to face centered cubic
austenite (γ-phase). Austenite has higher solubility of carbon than ferrite and
can dissolve up to 2.1% carbon at a temperature of 1147°C [8]. Under
equilibrium condition, the austenitization (transformation of ferrite to austenite)
for hypo-eutectoid steel starts at Ac1 temperature and is completed at Ac3
temperature as shown in the phase diagram in Figure 2.4. Heating rate as
high as 1000 K/s is common during laser hardening with a steep temperature
gradient [28]. The higher heating rate during laser hardening not only shifts
the Ac3 line up towards higher temperature [29], but also switches the
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mechanism of austenite formation from carbon diffusion control to a massive
mechanism [30]. Therefore, process parameters are generally set to produce
a high peak temperature to achieve complete austenitization. However, care
must be taken so that the peak temperature does not exceed the melting point
of the steel.
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Figure 2.4: Equilibrium Iron-carbon phase diagram.

2.4.1.2 Homogenization
The transformation of ferrite to austenite, dissolution of cementite (Fe3C) and
carbon diffusion in austenite are all time dependent which means the high
temperature must be maintained for sufficiently long period to allow diffusion
of atoms and microstructure homogenization [31]. Thermal cycle during laser
hardening is much shorter than conventional heat treatment. It lasts only for a
few seconds or a fraction of second which is not enough for complete
dissolution and diffusion of carbon in austenite. Such insufficient time can
leave austenite with lower carbon content than in homogenized case reducing
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the hardness of the martensite formed. On the other hand, prior-austenite
grain size is also proportional to the time available for homogenization which
directly influences the block and packet size in martensite [32].
2.4.1.3 Martensitic transformation
Under equilibrium condition, the cooling from high temperature is slow enough
for carbon atoms to re-arrange and form a mixture of ferrite and cementite
from austenite at room temperature. However, the cooling is very fast during
laser hardening with the bulk material acting as heat sink. The cooling rate
can reach up to 104-107 K/s. At such high cooling rate, carbon atoms are
trapped in the lattice and results in formation of martensitic phase (α’ phase)
(Figure 2.5). Martensite has body-centered tetragonal (BCT) lattice structure
due to slight shift of iron atoms to adjust for trapped carbons, thus providing a
barrier to slip. Therefore, the high internal stresses inside the BCT lattice make
martensite hard but also brittle [33].
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Figure 2.5: A typical continuous cooling transformation (CCT) diagram
for eutectoid steel with 0.77 wt% carbon [34].
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During cooling, the martensite transformation starts at a certain temperature
called martensite start temperature, Ms and finishes at a lower temperature
called martensite finish temperature, Mf, as shown in CCT diagram in Figure
2.5. Figure 2.6 shows that Ms and Mf decreases significantly with increasing
carbon content in Fe-C alloys and carbon steels. Addition of alloying elements
also reduces the Ms temperature. Higher carbon content or presence of
alloying elements increases the shear resistance of austenite and, therefore,
a greater driving force is required to initiate the martensite transformation [35].
It is also interesting to note that the cooling rate during laser hardening is
generally high enough for martensitic transformation even in low carbon steel.
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Figure 2.6: Ms and Mf temperatures as functions of carbon content in
steels [35,36].

2.4.2 Laser hardenable steels
Generally, any steels that can be hardened by conventional heat treatment
can also be hardened by laser hardening method. The commonly used
materials in laser hardening are plain carbon steels (AISI 1040, AISI 1045)
[37–39] , low alloy steels for dies (AISI 4140, x40Cr13, AISI 5135) [40,41],
heavy duty and ball bearing steels (AISI 52100) [42], tool steels (X210CrW12,
AISI H13) [43,44], martensitic stainless steel (AISI 420, 440C) [45,46] and
other steels [47,48]. The maximum attainable surface hardness depends on
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the carbon content of the steel [49]. Higher carbon content increases
hardenability of the steel i.e. the ability of steel to form martensite on
quenching. As a result, the maximum attainable hardness is increased. During
laser hardening, this is primarily dictated by the operating parameters used.
The laser hardening has also been applied for surface hardening of nonferrous materials like zirconium and niobium alloys used in pressurized
tubings in power generation [50] and titanium alloys used in biomedical
implants [51].

2.4.3 Parameters affecting hardening
The laser hardening process is a complex phenomenon and is affected
primarily by the material properties and laser operating parameters.
2.4.3.1 Material properties
Composition and microstructure
The hardness of the surface after laser treatment depends primarily on the
hardness of the martensite formed. The hardness is directly proportional to
the amount of carbon content in the steel (see Figure 2.7). However, at higher
carbon content, there is a high possibility of formation of retained austenite at
room temperature which can reduce the hardness [52]. The presence of
alloying elements such as Ni, Mn, Cr and Mo also increases the volume of
retained austenite. They form alloy carbides which requires higher
temperature and longer austenitization time for dissolution [31]. In addition,
alloying elements tend to increase the thermal conductivity of the steel with
increase in temperature [53]. Increased thermal conductivity results in higher
penetration depth, but a lower peak temperature at the surface.
Apart from alloying elements, the initial microstructure significantly affects the
diffusion of carbon and thus, the resultant hardening effect. For eutectoid
steel, the carbon diffusion depends on the interlamellar spacing in pearlite.
The carbon diffusion is more efficient in microstructure with finer initial grain
resulting in formation of martensite with negligible retained austenite.
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Figure 2.7: Typical martensitic microstructure hardness as a function of
steel carbon content after quenching [52].

Surface condition and absorptivity
The capacity of a material to absorb laser energy is greatly affected by the
surface texture and initial surface condition [54]. Surface roughness leads to
multiple reflection of laser beam in the undulations. The multiple reflection
results in effective absorption of energy. It is for this reason that sand blasting
improves laser absorptivity. However, if the average surface roughness is less
than the beam wavelength, the absorption of radiation will not be affected
since the surface will be perceived as flat.
The absorptance of steel increases with increasing levels of surface oxide. As
shown in Table 2.2, oxides have higher absorptivity than the steel surface.
Thus, the presence of surface oxides increases absorption of laser beam at
the surface facilitating laser hardening process. Pantsar and Kujanpää [55]
reported that growth of absorbing oxide layer enhances absorptivity
significantly reducing the laser power required for hardening by as much as
50%. Interestingly, in stainless steels, the oxide layer growth is limited owing
to their high corrosion resistance which limits the increase in absorptivity.
Moreover, a relatively clean metal surface of cold rolled mild steel is more
reflective than a pickled and oiled hot rolled surface.
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Table 2.2: Absorptance of different iron oxides and steels for laser beam
with different wavelengths and different surface conditions [56]. Note that
the absorptance of hot rolled steels is higher than those of cold rolled ones
due to presence of oxides on the surface.

Material

Absorptance
λ = 1053 nm

λ = 527 nm

FeO

81%

80%

Fe2O3 (hematitite)

69%

97%

Fe2O3 (magnetite)

80%

83%

Mild steel (cold rolled)

52%

67%

Mild steel (hot rolled, pickled)

68%

78%

Stainless steel (cold rolled)

37%

44%

Stainless steel (hot rolled)

56%

65%

Geometry
The surface geometry determines the heat flow during hardening. Typically, a
flat surface to be laser hardened has a large bulk material size which works
as a huge sink resulting in high quenching rate and desired hardness.
However, the geometry of a component might not be always flat.
Take cam used in automobile as an example. The convoluted surface
geometry of the cam pieces coupled with their low wall thickness presents a
challenging aspect for laser hardening. Depending on the geometry, it needs
to be ensured that the laser beam always provides the optimum heat input as
it travels over the component, in both the flat and the curved sections.
If the same beam processing parameters are used for hardening, some areas
of the component might be overheated with even melting occurring at the finer
edges and contour steps; and some areas might receive low laser power
which cannot produce required hardening depth [57]. Therefore, a controlled
hardening must be performed in such case to obtain optimum hardening.
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2.4.3.2 Laser operating parameters
Wavelength
The absorptivity of laser beam by a material is strongly dependent on its
wavelength. Figure 2.8 shows the absorption of radiation at different
wavelengths for different materials. Steel is very reflective to CO 2 laser beam
which has wavelength of around 10.6 µm. Therefore, some absorptive coating
or a black paint is used to increase surface absorptivity during CO 2 laser
treatment. The absorption normally increases with decrease in wavelength. It
is for this reason the Nd:YAG, diode and fiber lasers operating at lower
wavelengths have higher absorptivity and higher efficiency. Although coatings
are not required for such lasers, it has been found that coating can still improve
the surface absorptivity to as high as 85% in steel [58].
Nd:YAG laser

0.30

CO2 laser

Cu

Absorption coefficient

0.25

Ag

0.20

Steel
Fe

0.15
Au

0.10
Al

Mo

0.05
0.00
0.1

1

10

Wavelength (μm)
Figure 2.8: Graph showing the absorption of laser radiation at different
wavelengths for different metals [59].

Power density
Laser power density has been previously termed as the ratio of laser power to
the product of beam diameter and process speed in some literature [60–62].
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Although this definition is still used to include the effect of speed in the power
density term, it should describe the intensity of laser beam in a defined area.
Therefore, a more correct description would be to define it as the ratio of laser
power to the area of the beam.
Generally, a power density of 103-105 W/cm2 is used for laser hardening as it
brings about only the hardening effect without surface melting [63]. As can be
seen in Figure 2.9, laser hardening requires a lower power density and longer
interaction time. In practice, however, hardening can be achieved even by
using higher power density at short interaction time. Highly hardenable steels
can be treated with low power density and a longer interaction time to produce
a homogeneous microstructure with significant hardened depth. For steels of
low hardenability, a higher laser power density and short interaction time is
preferred to achieve a faster cooling rate required for martensite formation
[64].
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Figure 2.9: Interaction time and power density required for various laser
processing methods [63].
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Process speed
The process speed determines the time for laser to interact with steel and
greatly affects the hardening process. Generally, process speed is optimized
such that the interaction time is

long enough for microstructure

homogenization and formation of martensite on cooling. Too slow speed may
result in surface melting while too fast speed can leave the surface unaffected.
Therefore, an optimized speed is generally determined experimentally before
validating the system for industrial use.
Laser beam shape
The laser beam shape is chosen such that the power is uniformly distributed
across the whole beam profile. The uniform power distribution produces equal
hardening depth across the width of the beam. A Gaussian power distribution
generates a hemispherical hardened zone and may cause melting at the
surface exactly below the beam center position. Therefore, a rectangular
beam profile is generally preferred in laser hardening which can produce a
uniform hardened width over a large area (see Figure 2.10) [65]. Shaping
optics have also been used to generate varieties of shaped beams that has
high coverage rates and uniform hardening depth.

Figure 2.10: Cross section microstructure of hardened layers produced
by a Gaussian beam and a shaped beam in 42 CrMo cast steel [40].
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Process gas
Use of process gas is not mandatory for laser hardening; but it has two main
advantages. First, it minimizes oxidation in the laser hardened surface, thus
preventing increase in absorptivity and surface overheating. Second, it
protects the optics from being contaminated during the process. Generally,
argon is used as a shielding gas during laser hardening due to its inert nature
[66–68]. The gas is supplied at the hardened area using a nozzle at the rate
of 5-20 L/min. Use of carburizing gases might result in surface reaction
inducing carbon at the surface producing a very high hardness during rapid
heating and cooling during laser hardening. But, no studies were found in this
direction.
Overlapping
The component to be hardened is usually larger than the size of beam.
Therefore, multiple hardening tracks are used to harden the whole area.
However, during multitrack hardening, the hardened zone might get tempered
depending on the percentage of overlap. This produces a tempered
microstructure in the overlapping zone which has lower hardness [69]. The
result is a non-uniform hardness across the surface. It has been found that a
minimum overlapping percent generally produces a more uniform surface
properties and better corrosion behavior [12].

2.4.4 Industrial applications of hardening
Laser hardening is basically a surface heating method and doesn’t require
high beam quality. Although the basics for laser hardening was established a
long time ago, industry has been slow to adopt this technique for applications
other than manufacturing of small components. This could be probably due to
the previously high cost of the laser systems and associated complexity of the
process. With invention of new lasers, this forgotten technology has been
gaining renewed interest for use in processing of heaving duty components
and complex geometries [70]. Some applications of laser hardening in
industries are shown in Figure 2.11 and Table 2.3.
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Figure 2.11: Typical laser hardening applications showing hardening of
(a) camshaft [57]; (b) gear teeth [71]; (c) automobile engine inner cylinder
liner [72]; and (d) stamping die [73].
Table 2.3: Applications of laser hardening in various industries.

Component
Bearings

Industry

Material

Automotive,

AISI 52100

[74]

Energy generation
Blanking die

Automotive

Tool steel

[75]

Gear teeth

Machinery

AISI 1060 / low alloy steel

[76]

Camshaft

Automotive

Grade 17 cast iron

[57]

Torsion springs

Automotive

DIN 58CrV4 steel

[77]

Engine valve

Automotive

Tool steel

[78]

Martensitic stainless steel

[79]

Turbine

blade Power generation

edge
Drive Shafts

Machinery

steel

[80]

Engine

Automobile

Steel, cast iron

[81]

Machinery

steel

[82]

components
Press brake tools
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2.4.5 Competing techniques
Laser hardening technology is not the only method that can be used for
surface modifications in industries. It competes with many other established
methods of surface treatment. While each technique has its own unique
advantages and limitations (see Table 2.4), the laser hardening technique
offers a competitive advantage in terms of speed, precision, controllability and
automation. A brief overview of other surface engineering techniques is
presented below:
2.4.5.1 Flame hardening
As its name suggests, this method uses an oxy-acetylene (or any other high
temperature gas) flame to heat the steel surface above upper critical
temperature before quenching it in water or other quenching medium. It is one
of the oldest technique used for surface heating. The process is fast, low cost
and effective for hardening of alloy and tool steels. It is traditionally used to
harden gear wheels, lathe guides, blanking tools, moulds, cam shafts and
other machine components. The process uses a flame with very high heat
input and is difficult to be controlled precisely. Thus, the generated case depth
may not be uniform. The high heat input can also cause distortion and surface
melting requiring for post treatment. Moreover, the need to use of an external
quenchant adds further limitation to the method. All these can be overcome
using lasers.
2.4.5.2 Induction hardening
Induction hardening uses heat generated by resistance to eddy currents
produced from electromagnetic induction to heat up the metal surface. It
produces a deep hardened region without surface melting and has relatively
high coverage rates. The method is particularly suitable for components such
as gears, wheels and shafts which can be positioned inside the induction coil
to generate the hardening effect. The process is also easy to use and can be
controlled by the eddy current strength. However, it cannot produce desired
result for hardening of complex geometries and localized areas. In such
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cases, laser hardening with localized heat input is more suitable. On the other
hand, some distortion may be produced during induction hardening due to
relatively larger heat input. Moreover, the induction hardening process cannot
produce shallow hardening depth. This can be easily solved with limited
energy input of laser hardening.
2.4.5.3 Arc hardening
This process is similar to flame hardening. Instead of flame, it uses a welding
arc or plasma arc. The low capital cost involved makes this method lucrative
for simple hardening applications. It has similar drawbacks as flame
hardening; but has the advantage that the process is more controllable
compared to flame hardening.
2.4.5.4 Electron beam hardening
Heating can also be generated by scanning a defocused electron beam on
the surface. The heat source is similar to a laser beam except that it uses
electron beam rather than an electromagnetic beam. The beam can be easily
controlled to have heating at a particular location and thus, even complex
geometries can be hardened easily. In addition, no absorptive coating is
required as in conventional laser hardening. However, the process requires
vacuum condition. Although it removes the possibility of surface oxidation, it
might not be suitable for a very large component. Moreover, the vacuum
requirement adds extra cost and also, delays the production process.
2.4.5.5 Hardening by diffusion
Diffusion methods introduce hardening elements such as carbon, nitrogen or
boron on the surface of steel. The method requires an enclosed chamber
which is heated to a high temperature such that the hardening elements from
a source is introduced in the steel surface. The method is normally applied
for low carbon, low alloy steels to produce a relatively thick, wear resistant
surface [83].
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Carbon is the most commonly used element to increase surface hardness.
The process of introducing carbon to the surface (esp. low carbon steel) at
temperatures between 850 to 980°C is known as carburizing. The carbon
source is either a gas (gas/plasma carburizing), liquids (salt bath carburizing)
or solid compounds (pack carburizing). The case hardness in carburized steel
is primarily determined by the amount of carbon while the case depth is a
function of carburizing time, steel chemistry and available carbon potential at
the surface.
Similarly, another surface hardening heat treatment method, called nitriding,
introduces nitrogen into the steel surface at a temperature range (500 to
550°C) while it is in the ferritic condition. Since nitriding does not involve
heating into the austenite phase and rapid quenching to form martensite,
nitride components undergo minimum distortion. It also improves corrosion
resistance of the surface.
When carbon as well as nitrogen are introduced into the austenite of the steel
during surface hardening heat treatment process, the method is called
carbonitriding. It is similar to carburizing in that the surface composition is
altered and high hardness is achieved by quenching to form martensite.
However, presence of nitrogen enhances hardenability. Thus, the method can
achieve exceptionally high hardness in low carbon steel comparable to that of
high alloy carburized steel without the need for drastic quenching, minimizing
potential for cracks and distortion.
The diffusion methods are very effective for batch processes when several
components need hardening over the entire surface as in automotive and
tooling industries. Generally, a mask is required if certain areas are not to be
hardened which is time consuming and expensive. The equipment cost is
relatively low. However, fuel cost is a concern since gas is used inefficiently
to heat entire surfaces. In addition, the exhaust gas after the process needs
to be disposed properly adding up to the cost of the process. In many cases,
a combination of laser hardening and gas hardening is shown to produce
superior properties than those of individual treatments [84,85].
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2.4.5.6 Shot peening
Shot peening generates a hardened surface by bombarding the surface with
hard steel balls. The balls impact on the surface and the energy transfer during
the cold working process alone produces the hardening effect. Thus, the
negative effects of heating are eliminated in this process. It also generates
compressive residual stresses on the surface. However, the hardening depth
is too shallow and non-uniform.
Table 2.4: Comparison of different surface hardening methods [9].

Parameters

Laser

Flame

Induction

Arc

Electron
beam

Carburizing

Maximum
depth, mm

1.5

10

5

10

1

3

Distortion

Very low

High

Medium

Medium

Very low

Medium

Flexibility

High

High

Low

High

Medium

Medium

Precision

High

Low

Medium

Low

High

Medium

Operator skill

Medium

High

Medium

High

Medium

Medium

Low

Medium

Low

Medium

Low

High

No

Yes

Sometimes

No

No

No

High

Medium

Medium

Medium

High

Low

Medium

Low

Medium

Low

Medium

High

Environmental
impact
Quenchant
required
Material
flexibility
Productivity

2.4.6 State-of-the-art on laser hardening
2.4.6.1 Past studies
Laser hardening technique has been around for decades; but understanding
and mastering it for industrial applications is still in infancy. Since it is basically
a thermal process dictated primarily by diffusion of carbon, many of the earlier
studies were devoted in predicting the temperature profile during the process
by solving the heat transfer equation and understanding the microstructural
phase transformation brought about by the thermal distribution. Steen and
Courtney [60] were among the pioneers who conducted a detailed study on
laser transformation hardening of steel. They used a 2 kW continuous wave
CO2 laser to harden the surface of EN8 (AISI 1040) steel. Three major
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parameters viz. the laser power P, beam diameter Db and process speed, V
were experimentally studied to understand their effects on hardening. Based
on the experimental fit of data, the hardening depth was correlated with the
parameter 𝑃/√𝐷𝑏 𝑉 and the start of surface melting was determined to be a
function of 𝑃/𝐷𝑏2 𝑉. In addition, they also presented operating charts of the
laser power against the scan velocity for various laser beam diameters.
However, these relationships are empirical in nature and they did not give any
physical or analytical explanation.
Mazumdar and Steen [86] proposed a 3-D heat transfer model for laser
material processing with a circular shaped moving heat source with a
Gaussian distribution of heat intensity using a finite difference method. The
model was used to predict the surface melting, HAZ and thermal cycles during
laser-material interactions. In 1983, Kou et al. [87] performed both theoretical
and experimental study of heat flow and solid state transformations during
laser hardening of AISI 1018 steel. They developed a three-dimensional heat
flow model using finite difference method and explained the microstructure
evolution with the help of calculated peak temperature, heating and cooling
rates.
A detailed analysis on laser transformation hardening of hypo- and hypereutectoid steels was performed by Ashby and Easterlung [61] and Li et. al.
[62] respectively. They used a continuous wave CO2 laser and varied the
beam diameter and scanning speed. In addition to the process parameters,
the effect of material properties in hardening was also studied by combining
the approximate solutions of heat flow equation with kinetic models to predict
the microstructure and hardness of plain carbon steels after laser surface
treatment. Based on their analyses, they developed “laser-processing maps”
as shown in Figure 2.12 to determine the optimum combination of process
variables required to obtain the desired microstructure and hardness.
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Figure 2.12: Laser processing map for 0.6 wt% carbon steel [61].

Extending the Mazumdar and Steen model, Davis et al. [88] examined the
significance of austenite homogenization for laser transformation hardening of
steel. They identified the following criteria for surface transformation
hardening in their analyses: (1) the material must reach at least A3
temperature of steel for austenitizing; (2) there should be enough time for
carbon diffusion to occur when the steel is above A3 temperature; and (3) the
quenching must be rapid to transform austenite into martensite (cooling rate
of ~1000°C/s). Ohmura et al. [89] used computer simulations to analyze the
time dependence of heat flow, carbon diffusion in austenite and quenching
process. Using the model, they were able to theoretically determine the best
combination of the process variables for the laser transformation hardening.
In other work, Devgan and Molian [90] used a continuous wave CO2 laser to
study the microstructure, hardness, case depth and wear characteristics of
laser treated 52100 bearing steel. They concluded that the laser treatment
resulted both in improved hardness and sliding wear resistance over
conventionally quenched and tempered steel. Furthermore, the material
removal during wear test was found to occur by abrasion and delamination for
conventionally heat-treated specimens while by fatigue in laser treated
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specimens. Nevertheless, they failed to provide any physical explanation as
to why it occurred. Shiue and Chen [91] studied laser transformation
hardening in tempered 4340 steel. Their main aim was to investigate the
detailed microstructural features using TEM in the laser-treated regions of
AISI 4340 steel that had originally been tempered at different temperatures.
They discovered that the initial microstructure greatly affects hardness and
hardening depth. Lower the tempering temperature, deeper the hardened
zone, and narrower the transition zone in the hardness profile. The faster
process speed was found to cause smaller martensite sizes (lath and twin)
and the less autotempering effect in the surface layer with higher surface
hardness value compared to slower speeds.
Jacot and Rappaz [92] developed a diffusion-based model for the prediction
of phase transformation during hardening. Later, they proposed a joint model
to describe the dissolution of pearlite and the transformation of pro-eutectoid
ferrite to austenite during heating phase, and the homogenization of austenite
at high temperature and its growth [93]. They concluded that the austenitic
transformation completion temperature (Ac3) depended on the carbon content
and the heating rate. It increased with the increase in heating rate between
two extreme values, 770°C and 912°C, for a Ck45 medium carbon steel i.e.
faster rate of heating required higher temperature to complete the austenitic
transformation. Furthermore, the austenite homogenization temperature was
found to increase from 800°C to 1200°C with the increase of the heating rate
from 0.1 K/s to 1000 K/s [92].
Selvan et al. [37] studied the potential application of laser hardening in
automobile industries. They used AISI 5135 steel to evaluate the hardened
microstructure and found that laser surface hardening produces wear resistant
and a very hard surface layer consisting of metastable martensite and
carbides.
Komanduri and Hou [94] developed a general analytical solution (both
transient and quasi steady state) for temperature distribution during laser
transformation hardening considering the boundary effects. The analytical
32

Chapter 2: Literature Review

results were compared with the experimental results of Steen and Courtney
[60] and operating window for different processing conditions for laser
transformation hardening were presented based on the optimization of
process parameters for no surface melting and 0.1 mm hardening depth.
Obergfell et al. [95] conducted a systematic analysis of the microstructural
changes in laser hardened surface of three different alloy steels 20MoCr4,
20CrMoV13-5 and X20CrMoV12-1 using Nd:YAG laser system. By systematic
analysis of laser-affected zone through proper characterization techniques,
they were able to classify the effect of dislocation density, different type of
carbides and solid solute carbon atoms on strength and hardness of material.
Tobar et al. [96] performed a numerical modelling for laser surface treatment
of H13 tool steel coupling the solutions of heat conduction equation and phase
transformation model based on the Johnson–Mehl–Avrami and Koistinen–
Marburger equations. They used a 2.2 kW CO2 laser to verify their model and
obtained a good agreement between the measured value and the calculated
ones. In another work, Patwa and Shin [97] developed a predictive model in
terms of laser operating parameters and initial microstructure to predict
hardness profiles, optimize process parameters and assess the potential of
laser hardening for different steels. They showed that the predictions and the
measurements of hardness value and case depth matched closely validating
their thermo-kinetic model. Another research by the same group used a high
power continuous wave Nd:YAG laser to investigate the hardening
characteristics of AISI 1045 steel [66]. Instead of using defocusing technique,
an optical lens with an elliptical profile was used to obtain a widely uniform
beam profile and they reported a maximum hardness of approximately 780
HV using the heat input capacity of 4.90 × 102 J/cm2. Apart from high power
CO2 lasers, a pulsed Nd:YAG laser was utilized by Mahmoudi et al. [45] to
surface harden AISI 420 stainless steel. They obtained a maximum hardness
of 490 HV and found that the hardening had beneficial effect on corrosion
resistance of the steel.
In most of the researches stated above, a high power CO 2 lasers or Nd:YAG
based solid state lasers were used for hardening purpose. These are operated
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in either continuous or pulsed mode. However, laser hardening with these
lasers is comparatively expensive due to their low efficiency, high capital costs
and the frequent need for coating to increase absorption. With the advent of
multi-kilowatt high power diode lasers, it has emerged as a new and powerful
tool for laser transformation hardening. The high power diode lasers have
wavelength of around 800-900 nm which is absorbed effectively by steel
surface compared to longer wavelengths of CO2 laser. Other advantages
include a higher electrical to optical efficiency (20-35% of diode laser
compared to 10-15% and 1-5% of CO2 and Nd:YAG lasers respectively), low
capital cost with almost zero maintenance and compact size which allows it to
be integrated into conventional machining tools. In addition, compared to the
Gaussian beam produced by CO2 laser, it generates a uniform beam profile
which suits perfectly for hardening applications [70].
Pashby et al. [10] studied hardening on plain carbon and alloy steel using a
1.2 kW diode laser. A simple design of experiment was conducted to observe
the effect of laser power and speed on hardening process. They obtained a
range of power-speed combination producing 200 μm case depth (defined
arbitrarily as the maximum depth with hardness value greater than base level
by 50 HV) and found that a greater depth of hardening was obtained for alloy
steel than for carbon steel due to presence of alloying elements. Lee et al. [43]
used a 200W fiber laser to improve the surface hardness and wear properties
of AISI H13 tool steel. They obtained a maximum hardness of 480-510 HV. A
comparative study of high power diode laser and CO2 laser surface hardening
on AISI 1045 was performed by Li et al. [38]. They obtained a uniform
hardness without surface melting with high power diode laser. For CO2 laser,
surface melting occurred in the center. Another work by Sorgente et al. [98]
on laser hardening of 52100 bearing steel revealed that both the surface
roughness and the initial steel microstructure affect the achieved hardness
values and depth of hardening.
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2.4.6.2 Current trends
Although laser hardening is not as popular as other laser processing
techniques such as cutting, drilling, marking, the technology is slowly realizing
its

potential.

It

has

been

adopted

for

surface

hardening

during

remanufacturing of turbine components after cladding, hardening of
crankshafts and improving surface characteristics in various large and small
machine components. Recently, more studies are focused towards analytical
modelling and computer simulations to predict hardness profile and depth as
well as to determine optimum condition [99–109]. Back-tempering during
multitrack hardening is a major issue during process optimization which
produces a softened/tempered overlap zone sandwiched between hardened
region. Various models have been developed to address this issue
[41,69,110–112]. This, not only saves the resources required for doing
experiment, but also speeds up the production saving time.
Similarly, another area that is actively pursued is understanding the phase
transformation and non-equilibrium kinetics during laser hardening. In-situ
monitoring and feedback control can be used in industry to ensure the
repeatability of the process and achievement of required hardening depth in
complex engineering parts without doing any metallographic characterization
[65]. Lusquinos [113] used a pyrometer to both monitor and control (through
close-loop feedback) the temperature rise during laser hardening of AISI
1045. Farshidianfar et al. [114] developed an automated real-time thermal
monitoring system to directly control the thermal processes occurring during
laser treatment online. An elaborative review of different online measuring
techniques based on IR pyrometers and CCD camera for laser hardening of
different engineering parts has been present by Bonβ [115].
Apart from this, many new avenues such as the hardening of very low carbon
steels having less than 0.1 wt% C and thin steel sheets [47,48,116], effect of
using heat sinks [117,118], pulsed laser hardening of different types of steel
[119–121], laser beam shaping for hardening engineering parts [40,122], and
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laser hardening with scanning optics [39], corrosion and wear properties of
hardened surface [45] have been reported.
Even though a lot of studies have been performed, some gaps still exist in the
literature regarding the process parameters requirements and influence of
material properties. The process often requires a tedious task of performing
multiple trials and subsequent characterization to optimize the process for a
specific engineering application. It is clear that there’s still a lot of room to
explore in the field of laser hardening.
In this study, I mainly focused on elucidating the mechanism of laser
hardening. Laser surface hardening produces a range of microstructures in
the hardened region due to non-equilibrium phase transformation of which
very little is understood. I aimed to analyze the effect of various operating
parameters on the microstructure obtained and surface properties achieved.
Furthermore, I explored the feasibility of pulsed lasers in hardening and
investigated the underlying mechanism during interaction of laser and steels.
The main objective was to achieve superior surface properties using laser
heating technique. To this aim, innovative methods to improve the
hardenability and surface hardness of different steels (including low
hardenable steels) were implemented. It should be noted here that the specific
literature review on the topic of interest will be further presented in the
subsequent chapters.

2.5 Summary
This chapter presented an overview of industrial lasers and laser surface
hardening of steels. Based on the literature survey in this chapter and the
objectives and scopes set for this thesis, the following issues will be addressed
in the following chapters:
1. The ability of laser to precisely deposit energy into the material in a
short time scale over a spatially confined region on the surface
predestines it to be used for surface hardening and other modification
applications. With the invention of low-cost high power solid-state and
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fiber lasers, the method is gaining renewed interest and becoming
popular for various industrial applications. However, laser hardening
follows a non-equilibrium phase change mechanism which depends on
several parameters such as the power density, process speed, laser
wavelength, beam profile and material surface condition. Optimization
of processing parameters is generally done to achieve the desired
surface hardness and hardened depth. While numerical analysis and
modelling have proven to be useful for optimization, further
investigation on the underlying mechanism and microstructural
evolution is required to apply the method in production process.

2. With the laser hardening technology maturing fast, many different
studies have emerged in recent years. The introduction of short pulsed
and ultra-short pulsed lasers has brought significant excitement in the
scientific as well as industrial community. The interaction of these
lasers with steel can provide the potential engineering value through
surface modification. There is also a possibility of achieving better
surface properties and higher hardness using these lasers than using
conventional CO2 and Nd:YAG lasers. This area is comparatively
undervalued and need to be explored further.

3. The laser surface hardening produces a range of microstructure along
the hardened zone due to rapid phase transformation. Studies suggest
that formation of corrosion-resistive oxide layer and microstructural
refinement brought about by laser-induced phase transformation
improves the corrosion resistance of the steel. However, the fact that
the removal of the near-surface layer might expose the sub-surface to
corrosive atmosphere cannot be ignored. More studies should be
performed to study the corrosion properties in near surface
microstructures.
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4. Since the hardness of the material influences the wear resistance and
fatigue resistance, it is desirable to have high hardness near the
surface. However, high hardness results in brittleness and loss of
elongation. Therefore, innovative methods to improve the hardness of
the surface should be explored. The methods can be beneficial
especially for low hardenable steels like low carbon steels. These
steels have low hardenability due to less amount of carbon atoms
which cannot be hardened by conventional techniques. Laser-based
novel hardening techniques could possibly induce rapid nonequilibrium phase transformation and surface alloying in such steels to
improve its mechanical properties at the surface.
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This chapter describes the materials studied and the characterization
techniques used for the study. Different lasers used for surface treatment are
also briefly discussed. The specific laser parameters used for experiments are
presented in the related chapters.

3.1 Materials
Four grades of steels were used for the study. They were AISI 1020, AISI
1055, 50CrMo4 (AISI 4150) and AISI 52100 steels. The nominal compositions
of these steels are shown in Table 3.1 and their as-received microstructures
are shown in Figure 3.1.
Table 3.1: Chemical composition of different steels used for the study.

50CrMo4

wt%

AISI 1020

AISI 1055

C

0.20

0.56

0.51

0.98

Cr

-

0.11

0.95

1.42

Mn

0.32

0.78

0.88

0.35

Si

0.21

0.23

0.23

0.25

P

0.009

0.01

0.04

0.02

S

0.042

0.002

0.040

0.02

Mo

-

-

0.20

-

Ni

0.15

0.07

-

-

Cu

0.15

0.06

-

-

B

-

0.0015

-

-
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Figure 3.1: As-received microstructure of different steels used in the
study – (a) AISI 1020, 140 HV; (b) AISI 1055, 195 HV; (c) AISI 4150
(50CrMo4), 231 HV; and (d) AISI 52100, 213 HV.

AISI 1020 is a low carbon steel with low hardenability generally used in
common structures to enhance weldability or machinability properties. AISI
1055 is a medium carbon steel used in springs, shafts, bushings and
crankshafts. It was available in hot rolled and normalized form. 50CrMo4 is a
medium carbon bearing steel used to produce high toughness components
for automobiles and aircrafts, oil pressure vessels and generator shafts. It was
available in quenched and tempered condition. Similarly, AISI 52100, obtained
in soft annealed condition, is a high-carbon alloy steel with about 1 wt%
chromium which is widely used in ball bearings. It is very resistant to wear and
plastic deformation.
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3.2 Laser systems
The Ytterbium based fiber laser from IPG Photonics (YLR-150/1500-QCW)
was used for most of the hardening experiments (see Figure 3.2). The laser
had a wavelength of 1.07 μm and could be operated in both pulsed as well as
continuous wave mode. It had a maximum power of 250 W in continuous
mode. In pulsed mode of operation, the peak power could go up to 1500 W
with pulse energy as high as 15 J. The output fiber had a core diameter of 50
μm which carried a single mode laser beam of Gaussian distribution. The laser
beam was delivered to the work surface by focusing the beam through a 300
mm focal length lens.

Quasi-CW
Ytterbium laser
λ = 1.07 μm
250 W max power

Fiber
connector

Collimator

Laser beam

Galvanometric
Scanner

Fused silica
fiber
Purge gas
supply
Specimen
Worktable

Controller

Figure 3.2: General experimental setup for laser hardening experiments.

Apart from the fiber laser, other pulsed lasers were also used for the
experiments. The specifications of the lasers are shown in Table 3.2.
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Table 3.2: Different lasers used for the experiments.

Laser Type

Wavelength

Pulse

Repetition

Maximum

(nm)

duration

rate (Hz)

power (W)

Millisecond

1070

5 – 20 ms

10

1500

Nanosecond

1060

220 ns

5 × 105

90

Femtosecond

790

130 fs

1000

1.5

Different operating parameters such as power, speed, defocus, purge gas and
mode of operation were varied in order to design various experimental work
based on the scope of the project. The detailed information on each condition
used is provided in each chapter and in Appendix B.

3.3 Characterization
3.3.1 Metallography
The microstructures of laser treated samples were characterized following the
standard metallography techniques. The samples were carefully cut,
mounted, grinded, polished and etched with 2% nital solution for revealing the
microstructure before and after laser treatment.

3.3.2 Optical microscopy
The Carl Zeiss Axioskop 2 microscope was used to observe the
microstructure of the samples. It uses visible light for illumination (bright field
method) and comprises of a system of lenses that can magnify up to 1000x.
Digital images were processed using AxioVision 4.3 software.
To observe the samples at lower magnification, SZX7 Stereomicroscope by
Olympus was used. It uses separate optical paths with two objective lenses
and two eyepiece lenses to give a three-dimensional view of the sample
surface. It has eyepiece magnification of 10x and objective lens magnification
varying from 0.8x to 5.6x.
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3.3.3 Electron microscopy and allied techniques
3.3.3.1 Scanning Electron microscopy (SEM)
Two SEMs JOEL 5600LV and JOEL 7600F system were utilized for studying
and characterizing the samples. SEM uses a focused beam of high energy
electrons over a surface to create an image. The finer details and
topographical information that cannot be obtained by optical microscope can
be obtained by using SEM. Heavy etching was performed before SEM
imaging since it provides better topological contrast in secondary electron
(SE) mode.
3.3.3.2 Energy Dispersive Spectroscopy (EDS)
The EDS system comes as an attachment to the electron microscopes (SEM,
TEM, STEM). It collects signal form a volume of matter excited by an electron
beam. Higher the voltage larger is the volume from which the signal is
detected and lower is the spatial resolution. Since higher volume
compromises the lateral resolution of analysis spot, a lower voltage is utilized
to improve resolution. However, too low voltage might not generate enough
X-rays and is less sensitive. Therefore, the required resolution is optimized by
applying proper voltage. For our work, an X-Max Silicon Drift Detector (SDD)
developed by Oxford Instruments was used at optimized voltage condition.
The EDS system was attached to JEOL 7600F SEM system.
3.3.3.3 Electron Backscattered Diffraction (EBSD) system
EBSD is a SEM based technique that gives information about crystallographic
orientation of the sample. It uses a backscatter diffraction camera to detect
the backscattered electron from sample surface. The detector consists of a
phosphor screen and a CCD camera. The sample is generally titled 70⁰ to the
horizontal such that the incident electron beam is diffracted according to
Bragg’s Law. The diffracted beam hits the phosphor screen forming diffraction
patterns, Electron Backscattered Pattern (EBSP) which is characteristic of the
crystal structure and orientation. The pattern can be indexed by Miller indices
automatically using computer software. It can be used to identify crystals,
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orientation, measure grain boundary misorientations as well as identify
phases by comparing the pattern with standard database. In our experiment,
Oxford EBSD system was used to study the crystallographic orientation of
laser treated sample.

3.3.4 Surface analysis
The surface topography of the laser treated samples were studied using a
surface profiler (Talyscan 150) and a confocal microscope (Carl Zeiss
Smartproof5). The surface profiler uses an inductive gauge to measure the
surface roughness. It has a vertical resolution of 60 nm. For ever higher
resolution, confocal microscope is used which uses a spatial pinhole to block
out-of-focus light in image formation. It can map multiple two-dimensional
images at different depths based on its intensity and reconstruct a threedimensional image with vertical resolution as high as 1 nm. The technique has
been used to analyze the surface morphology before and after laser
treatment.

3.3.5 Hardness analysis
3.3.5.1 Vickers microhardness test
Hardness of a material is defined as the resistance to permanent penetration
or scratching by another material which is harder. It is one of the important
mechanical properties of a material and can be used as good indicator for
material selection and quality assurance.
The hardness test is typically performed by measuring the depth of indenter
penetration or by measuring the size of an impression left by an indenter. The
indenter is made of a hard material usually diamond, tungsten carbide or
steel. If the load used for indentation is below 1 kgf (kilogram-force), then the
process is called micro indentation hardness testing or simply “microhardness testing”. Microhardness testing by Vickers method is the most
popular one for metallurgical examination (see Figure 3.3).
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Figure 3.3: Vickers Microhardness test [123].

The Vickers Hardness (HV) is computed by measuring the lengths of diagonal
of an indent, which is created by penetrating a diamond pyramid indenter into
the specimen surface using a specific load. The loads used range from 10 gf
(1 gf) up to 1000 kgf. The test is simple and is often used for testing of almost
all solid materials.
The Vickers Hardness value can be calculated as
𝐻𝑉 =

𝜃
2

2𝑃 𝑠𝑖𝑛( )
𝑑2

,

(3.1)

where,
P is the applied load in kg, d is the average length of diagonals d = (d1 + d2)/2
and θ is the angle between opposite faces of the diamond = 136 .
Since micro Vickers hardness creates a micro-sized indenter, it can be used
to measure hardness in a very limited area. The method is specifically
beneficial for hardness determination of a particular microstructural phase of
materials, such as ferrites and pearlites existing in steels. The hardness
values of different phases of steels are different. Thus, it can be used to
identify any variation in hardness caused by metallurgical processes such as
hardening, welding, and other heat treatment processes, where the larger
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indenter used for macro Vickers hardness test limits its application in this case.
However, it is to be noted that the sample surface must be properly polished
without any scratches to minimize errors in measurement.
In the present study, FM300e series Automatic Microhardness Tester from
Future-Tech was used to measure Vickers Hardness of the samples. A
loading force ranging from 100 gf to 1000 gf was used with a dwell time of 15
s.
3.3.5.2 Nanoindentation test
Nanoindentation is a technique for measuring the mechanical properties of
materials. In conventional hardness measurement, the testing yields only one
measure of deformation at one applied force. In contrast to this,
nanoindentation test involves mechanical probing of a material surface while
continuously monitoring the force and the penetration of the indenter during
the process. Such continuous measurement of force and displacement
enables to unravel lots of mechanical properties of the material which cannot
be achieved by conventional techniques [124].
Nanoindentation, also known as instrumented indentation technique, has
already been established as a powerful technique to measure the elastic
properties, hardness and fracture toughness of any kind of materials. Ever
since the generalized elastic contact theory governing the relationship
between load and penetration depth in semi-infinite axisymmetric bodies was
proposed by Sneddon in 1965 [125], a number of works have been done to
improve the model. With recent advancement, the Oliver and Pharr model
[126] for Berkovich indenter has been widely accepted and used for
instrumented indentation studies.
The technique can be used to measure young’s modulus, hardness, strain
rate sensitivity as well as fracture toughness of the material. It is particularly
suitable when the area for hardness measurement is too small. There is also
a possibility that a material might behave differently at small scales due to
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different micro-mechanisms. It’s relatively simplicity and ease of sample
preparation gives it an advantage over uniaxial compression or tensile testing.
The technique derives nearly all its advantages from continuous measurement
of load and displacement during the entire process. The process is either force
controlled or displacement controlled. The testing involves following steps:
1. Approach: indenter approaches the test surface until contact is detected.
2. Loading: indenter is pressed into the material until maximum force or
penetration is achieved
3. Dwell: the force on the indenter is held constant at peak force for a certain
time
4. Unloading: the indenter is slowly withdrawn from the sample until the
force becomes about 10% of the peak force, after which it is completely
taken out from the sample.
The force and displacement data are continuously recorded and plotted in a
compliance curve or P-h (load-displacement) curve as shown in Figure 3.4.
When the load is removed from the surface, it generally creates a residual
impression on the surface due to plastic deformation. Conventional hardness
test measures the size of this residual impression. However, nano-indentation
measures the depth of penetration and together with known geometry of the
indenter, provides an indirect measure of area of contact at full load, from
which hardness can be estimated.
A Berkovich nanoindentor from Agilent technologies (G200 Nano Indenter)
was used in our study. The hardness for Berkovich indenter is given by
𝐻=

𝑃
𝑃
=
𝐴 24.5ℎ𝑐2

(3.2)

where, P is the maximum loading, A is the projected area and h c is obtained
from the P-h displacement curve. This method was primarily used to measure
the hardness in the laser treated area.
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Figure 3.4: Instrumented indentation testing (a) Berkovich indenter
penetrating the substrate; and (b) typical P-h curve [127].

3.3.6 X-Ray Diffraction (XRD)
X-Ray Diffraction (XRD) is a powerful non-destructive analytical technique
used for phase identification of crystalline materials and its crystal properties.
It is based on the constructive interference of the monochromatic X-rays and
the crystalline sample when conditions satisfy Bragg’s law. Bragg’s law relates
the wavelength of electromagnetic radiation to the diffraction angle and the
lattice spacing in a crystalline sample. Thus, by detecting the diffracted X-rays,
the chemical composition and the phase in the sample can be identified.
This study uses X-ray diffractometer (Empyrean XRD from Panalytical) to
identify the phases in as-received material and in laser-irradiated surfaces.
The diffractometer uses a copper target as a source of X-ray with wavelength
λ=1.5404 Å (Cu Kα1). The scanning angle was in the range of 30°–120° with
a step size of 0.02° and dwell time of 2 s unless otherwise stated. The obtained
diffraction data were analysed in MDI Jade6 software.
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This chapter describes the surface hardening studies on 50CrMo4 steel. In
the first part, laser hardening is performed using a fiber laser and typical
hardened

microstructure,

surface

morphology

and

transformation

mechanisms are presented with 50CrMo4 steel as a representative material.
The second part discusses the effects of various operating parameters such
as beam spot size, power, speed and track overlap on surface hardening.
Although other steels were also studied for surface hardening, only the results
of 50CrMo4 are presented in this chapter since they all reacted in a similar
manner.

4.1 Introduction
Laser surface hardening induces fast and non-equilibrium kinetics which
produces a unique microstructure with properties different than that obtained
from conventional heat treatment. The developed microstructure has been
found to be beneficial for resistance to wear, fatigue and corrosion [12,45,68].
Therefore, the effect of laser hardening on the surface of steel has attracted
considerable attention.
Most of the previous studies focused on the improved wear resistance of the
surface after laser hardening. However, the underlying phase transformation
kinetics and microstructure evolution mechanism is often neglected as
discussed in Chapter 2. Therefore, an understanding of as-received
microstructure and its response to laser hardening is essential to evaluate the
mechanism of laser hardening process.
In addition to understanding the mechanism of microstructure evolution during
laser hardening, the choice of suitable operating parameters to achieve
desired level of hardening is another challenge. Laser hardening is a complex
process involving several parameters. Change in a single parameter can
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significantly alter the result obtained. While numerical modelling and
simulation is usually employed to optimize the process, investigating the
influence of each parameter separately can provide a better insight into the
process dynamics.
In this study, a typical microstructure evolution during laser surface hardening
was studied using various characterization techniques. The main aim was to
study the mechanism of phase transformation and characterize the
microstructure evolution induced by laser hardening. To this end, 50CrMo4
steel, which is a commonly used medium carbon low alloy steel, was used as
a representative material for the study.
Furthermore, the individual effects of major operating parameters such as
beam spot size, power, speed, surface condition and overlapping ratio on
hardening morphology are experimentally explored. The results obtained can
aid in developing further insights into interaction of laser with steel and can be
beneficial for designing of laser hardening system.

4.2 Experimental procedures
4.2.1 Material
The material used for the study was 50CrMo4 steel. Detailed information of
the material can be found in Section 3.1.

4.2.2 Furnace heat treatment
The hardening effect of laser requires some benchmark for comparison. To
this end, conventional furnace heat treatment was performed in a box furnace.
The samples were heated at the rate of 20°C/min up to 860°C and held at that
temperature for 20 min. Afterwards, they were cooled either in open air or
quenched in water. The microstructure was evaluated using standard
metallography technique as discussed in Section 3.3.1. The hardness of the
samples was measured with a load of 500 gf and a dwell time of 15 s and the
measurements were repeated at least 10 times to obtain an average value.
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4.2.3 Laser processing parameters and characterization
The laser hardening was performed using YLR-150/1500-QCW fiber laser. All
experiments were performed in open air. In all cases, the laser was operated
in continuous mode with the specimen 10 mm below the focal plane position.
A single line was hardened for surface oxidation and melting studies while an
area of 10 mm ˣ 10 mm was hardened with an overlap percentage of 42% for
investigation of surface topography and XRD. The specific parameters used
for specific studies are reported together with the results. For the study of
cross-section morphology, a single hardened track with partial surface melting
is chosen and investigated in detail. The laser hardening was obtained by
operating the laser at 230 W power and 10 mm/s process speed. The
microstructure, hardness and grain size of the hardened track was analyzed
using optical microscopy, electron microscopy, Vickers and nano-hardness
measurements and EBSD.
The samples for EBSD study were cut into a size of 10 x 6 x 5 mm 3 using a
diamond cutter. They were then polished to a mirror finish with an OP-S
colloidal silica suspension for about 5 minutes. The grains could be faintly
observed after polishing. The samples were carefully cleaned with alcohol and
dried with an air gun. EBSD measurements were carried out in JEOL 7600F
FESEM using Aztec detector. The post-processing and analysis of EBSD data
was carried out in Channel 5 software from Oxford Instruments.
In order to study the effect of laser parameters, the power, the speed and the
beam spot size of the laser were varied. The laser power used was in the
range of 100 W to 230 W and the process speed was varied from 10 mm/s to
100 mm/s. The beam spot diameter at the specimen surface was varied by
moving the sample surface, which is normal to the direction of laser beam,
away from the focal plane by a fixed distance. The detailed experimental
conditions used for laser processing are presented in Appendix B1.
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4.3 Results and Discussion
4.3.1 As-received microstructure
The microstructure of as-received 50CrMo4 alloy steel before laser irradiation
is shown in Figure 4.1. It was received in quenched and tempered condition
and had a ferritic microstructure with finely dispersed carbides. Under high
magnification, spherical and elongated cementite particles were found
randomly distributed in the ferrite matrix. The elongated cementite particles
were ferrous carbides (Fe3C) and the globular carbides were mixed carbides
((Fe,M)3C with M = Cr, Mo, Mn). The microhardness of this structure was
measured to be 260 ± 20 HV0.5.

Figure 4.1: Typical microstructure of as-received 50CrMo4 alloy steel,
showing carbides at higher magnification (in inset).

The evolution of starting microstructure on heating was determined using
computational software Thermo-Calc. A system with chemical composition of
50CrMo4 steel was defined and all possible phases that can form in this
system were taken into account. The thermodynamically stable phases and
the determination of critical temperature Ae1 and Ae3 are shown in Figure 4.2.
The Ae1 and Ae3 temperature were calculated to be 740°C and 762°C
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respectively. It is clear from Figure 4.2 that bcc phase and cementite phase
exist at temperatures below 740°C. Cementite here represents (Fe,Cr,Mn)3C
phase. Although cementite is not an equilibrium carbide phase in many alloy
steels, it is kinetically favored since it does not require long range diffusion of
substitutional solutes [128]. In the intercritical temperature range, the
austenite phase expands at the expense of bcc and cementite phases until
the microstructure is fully austenitic. The transformation to austenite is
completed at Ae3 temperature in equilibrium condition.
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Figure 4.2: Mole fraction and equilibrium phases of the steel during
isothermal heating.

However, it is to be noted that heat treatment with laser beams induces faster
heating and cooling cycles to the material which is far from equilibrium.
Heating rates can go as high as 104 K/s or even higher with very short
austenitizing times [129], which causes transformation temperatures to rise.
In such cases, the designations Ac1 and Ac3 are used to represent critical
temperatures [8]. Since Ac1 is the temperature at which first austenite forms,
the Ac1 temperature is not so sensitive to carbide dissolution and carbon
content. Thus, it raises slightly. However, Ac3 temperature is sensitive to the
structure and can rise considerably depending on the heating rate [29]. This
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produces incomplete austenitization and non-equilibrium microstructures.
Nevertheless, the sequence of phase transformation still follows the same
sequence as predicted by equilibrium.

4.3.2 Furnace heat treatment
The microstructure of heat treated samples are shown in Figure 4.3. The
resulting hardness values were measured to be 260.8 HV, 377.7 HV and
799.0 HV for as-received, air cooled and water quenched samples
respectively (see Figure 4.4). The as-received sample consists of ferrite phase
and patches of pearlite. When the specimen is heated above austenization
temperature, carbon diffusion occurs and the austenite phase appears. The
cementite particles start to homogenize in the matrix at such high temperature.
On cooling in open air, the atoms in the matrix have enough time to reorganize and form pearlite and ferrite phase. However, quenching in water
instantly freezes the matrix leaving no time for carbon to re-arrange. This
metastable phase is very hard and brittle and known as martensite. The
material is generally tempered to some temperature below re-crystallization
temperature to increase its ductility for machinability.

Figure 4.3: Micrographs of 50CrMo4 steel after different furnace heat
treatment (a) as-received; (b) cooled in air; and (c) quenched in water.
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Figure 4.4: Comparison of microhardness values of heat treated steel
samples.

4.3.3 Microstructure evolution during laser surface hardening
A schematic diagram of the laser affected area is shown in Figure 4.5. The
affected area can be roughly categorized as laser hardened zone (LHZ) and
heat affected zone (HAZ). Depending on the operating condition used, the
affected area can have both or only one of these zones.
x

y

z

Laser hardened
zone
Heat affected zone

Specimen

Figure 4.5: Schematic diagram showing laser transformation hardening.

55

Chapter 4: Laser surface hardening of 50CrMo4 steel

4.3.3.1 Surface morphology
Laser hardening process should ideally result in phase change at the surface
and few layers beneath without virtually affecting the surface morphology and
topography. However, the hardening is generally accompanied by other
visible changes on the surface.
One of the most recognizable changes observed on the surface is change in
coloration due to surface oxidation. A typical case is shown in Figure 4.6 in
which the laser treatment was performed in air. The surface oxides formed on
the laser hardened track can be clearly observed. Figure 4.7 shows the
elemental map of the laser scanned line. High amount of oxygen concentrated
along the hardened track. Apart from oxygen, other elements such as Cr, Mn
and Si are also agglomerated along the scanned track.
Surface oxidation during laser treatment has been reported in the literature
[130–132]. The laser heated surface has temperature high enough for oxygen
in air to react quickly and form a thin layer of oxide on the surface. Other
elements present in steel such as Mn, Cr and Si have higher affinity to oxygen
[133] and hence, are segregated during laser heating.

Figure 4.6: (a) A typical laser scan line showing surface coloration and
oxidation on the surface. (b) Close-up SEM image of the scanned area
showing surface oxides.
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Figure 4.7: Elemental maps of various elements along a typical laser
scan line.

In cases where beam absorption is too low, surface oxidation is helpful as it
helps to increase the absorptivity of the laser beam by as much as 40% [131].
However, oxidation might deteriorate the surface properties of the steel as it
is generally accompanied by decarburization [134]. Therefore, the system
must be designed cautiously such that the beneficial absorption effect of
surface oxidation is achieved while minimizing its drawbacks.
One of the main challenges in laser surface hardening is melting of the
surface. Melting is generally considered as a flaw when dimensional tolerance
and surface morphology is a concern. It can be identified by formation of
ripple-like structure on the surface (see Figure 4.8), which forms due to flow
of molten metal and instant freezing. Melting occurred for cases where power
density of the laser was very high (>18 J/mm2).
The metal flow during melting distorts the surface and is governed by thermally
driven Marangoni effect. When metal is in molten form, the surface tension at
the position where the laser irradiates is lower compared to the cooler edges
which has higher surface tension. Marangoni flow arises due to such gradient
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of surface tension along the interface between two fluids. The radially outward
Marangoni flow pushes the molten metal towards the edges creating
depression at the center [135]. As the laser moves away, the molten metal
rapidly solidifies producing a ripple like effect.

Figure 4.8: (a) A typical laser hardening surface showing melt ripples due
to excessive heating; (b) Schematic diagram showing Marangoni effect
and ripple formation.

Despite surface melting, the resolidified surface exhibited similar or even
higher hardness than LHZ. Therefore, melting can be advantageous as long
as surface distortion is within the tolerance level. The higher hardness of
remelted surface is attributed to the dissolution of hard carbides owing to
higher temperature reached during melting [136].
Further analysis was done to determine the criteria to avoid melting during
laser hardening. Based on the work by Komanduri and Hou [94], a simple
model to determine the optimal processing conditions for no surface melting
in terms of process parameters - power 𝑃, process speed 𝑣 and the beam
diameter 𝐷 was calculated. The model can directly predict the critical process
speed for the case of no surface melting and is given as
𝑣 = 𝐴 + 𝐵𝑃 + 𝐶𝑃2
where
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𝐴 = −7.0201 + 10.808𝐷
𝐵 = 0.11567𝑒 (−7.3709𝐷)

(4.2)

𝐶 = (−18.659 + 118.29𝐷 − 246.32𝐷2 + 171.18𝐷3 ) ∗ 10−6
In general, surface melting can be prevented by operating the laser at high
process speed; but it might as well result in inadequate time for phase
transformation. Therefore, along with the critical process speed for no surface
melting, a hardening depth of 0.1 mm was considered as sufficient depth since
the component would most likely lose its dimensional accuracy if the wear is
to exceed this value. The process speed for the case of hardening depth of
0.1 mm is given by
𝑣 = 𝐴1 + 𝐵1 𝑃 + 𝐶1 𝑃2

(4.3)

where
𝐴1 = 17.279 − 87.148𝐷 + 94.249 𝐷2
𝐵1 = −0.0015333 + 0.08384𝐷 − 0.12433𝐷2

(4.4)

𝐶1 = (0.31794 − 21.319𝐷 + 33.964𝐷2 ) ∗ 10−6
Thus, by using these equations, a simple relation between process speed,
power and beam diameter is obtained. The operating range should be such
that the process speed is higher than the critical speed for surface melting and
lower than the critical speed for hardening depth of 0.1 mm. The critical
process speeds for 0.1 mm depth hardening and no surface melting were
calculated for a laser power of 230 W and beam diameter of 0.5 mm. The
values were found to be 136.6 mm/s and 112.2 mm/s respectively which
provides a very narrow window for processing. However, for a lower power of
150 W, the critical process speeds for 0.1 mm hardening depth and no surface
melting were found to be 134.9 mm/s and 52.2 mm/s respectively. The
experimental results matched well with the model as discussed later.
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Figure 4.9 shows the surface topography before and after laser treatment. The
first column in Figure 4.9 shows the topography of as-received surface. The
surface appears smooth except for few scratch marks. The second column in
Figure 4.9 shows surface topographies after laser treatment using 100 W
power and 100 mm/s process speed. The surface appeared flat with little
change in waviness. Surface oxides were detected on the surface by EDS
which resulted in slight increase in surface roughness.

Figure 4.9: Surface topography of (a,d,g) as-received steel surface;
(b,e,h) surface treated with 100 W power; and (c,f,h) surface treated with
230 W power. (a,b,c) show 3-D profiles, (d,e,f) show 2-D profiles, and
(g,h,i) show line profiles.

The third column in Figure 4.9 shows the surface after treatment using 230 W
power and 100 mm/s process speed. As can be seen, the surface has
completely different topography compared to previous ones. It appeared wavy
with undulating peaks and valleys. This demonstrates that the surface melted
due to excessive laser intensity. Several bumps were spread all over the laser
treated surface and varied from a few μm to a size of 60 μm. EDS analysis
showed that these bumps were rich in O, Si, Cr, Mn, Fe and C. They were
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thus identified as metal slag formed due to segregation of elements during
rapid heating. The wavy appearance of the surface at high laser power can
be attributed to reflow of the melted surface and re-solidification.
X-ray diffraction spectrum of the laser treated surface was obtained to identify
the phases formed during laser treatment and compare it with the as-received
material. The laser hardening produced similar phases for all conditions.
Hence, hardening result with 230W power at 10 mm/s process speed is
reported here as a reference for comparison with as-received material.
The diffraction spectrums of both as-received surface and laser treated
surface are shown in Figure 4.10. The as-received material basically
consisted of ferrite phase (α) while the laser treated surface had martensitic
phase (α’), some austenite (γ) and oxides of iron (Fe2O3 and Fe3O4). XRD
analysis also verifies that rapid heating and quenching of the surface layer
during laser treatment produces new phases which are harder than the base
microstructure. The presence of surface oxides suggests the oxidation of steel
surface during laser heating in air.
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Figure 4.10: XRD diffraction pattern of (a) as-received surface, and (b)
laser treated surface. α = ferrite, α’ = martensite, γ = austenite.
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4.3.3.2 Cross section morphology

Figure 4.11: Optical micrograph of cross section of laser hardened region
obtained using 230 W power at 10 mm/s process speed. The depth and
the width of laser hardened region are approximately 290 μm and 930
μm respectively.

A typical microstructure of the cross-section zone of laser hardened layer is
shown in Figure 4.11. The laser affected zone can be clearly distinguished
from the base microstructure. The structure consists of lath martensite with
gradually varying microstructure along the depth (see Figure 4.12). HAZ is
minimal or almost absent. Similar microstructures were obtained for all
samples.
The base microstructure had a ferritic-pearlitic phase with globular and
elongated carbides as shown in Figure 4.12(f). Depending on the extent of
self-quenching, the hardened layer had different microstructures along the
depth and were identified as laser melted zone (LMZ), LHZ and a transition
zone (HAZ) from surface towards depth direction. The LMZ was observed for
energy densities of 18.4 J/mm2 and higher. In LMZ, the microstructure
consisted of lath martensitic structure (Figure 4.12(a)). Due to the high
temperature reached at melting point, the atoms in this region can redistribute
easily, which on subsequent cooling forms lath martensite.
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Figure 4.12: SEM micrographs at different position: (a) laser melted zone,
shown as ‘a’ in Figure 4.11; (b) remelted arc, shown as ‘b’ in Figure 4.11;
(c) transformation hardened zone, shown as ‘c’ in Figure 4.11; (d) lower
region of transformation zone showing more spherical carbides; (e)
transition zone, shown as ‘d’ in Figure 4.11; and (f) microstructure of base
material. The specimen was etched with 2% nital solution for 5 seconds
before observing under SEM.
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A distinct arc appeared just beneath the LMZ which appeared as a dark line
about 15 μm thick in OM image (indicated as ‘b’ in Figure 4.11). In this region,
a fine structure of lath martensite was found (Figure 4.12(b)). On moving
deeper away from the surface, a mixed martensitic structure was observed
with a mixture of lath martensite, bainite as well as spherical carbides (Figure
4.12(c)). The stable globular carbides ((Fe,M)3C with M= Cr, Mo, Mn) were
partially dissolved due to rapid heating and cooling and were finely dispersed
in the matrix. At the lower end of the LHZ, the martensitic structure with
several spherical carbide particles was observed (Figure 4.12(d)). As can be
seen in Figure 4.12(e), the transition zone also had similar microstructure. A
clear demarcation between the laser affected zone and the base
microstructure could be observed.
The average size of these globular carbides was larger than that in the base
material. According to the literature, this is due to Ostwald ripening [137].
Presence of spherical carbides indicates undissolved carbide particles during
austenitizing prior to quenching because of insufficient time for the dissolution
of carbides in the structures present prior to austenitizing [52].
From the microstructure results, it is clear that the heating from laser beam
has a decreasing effect on the structure away from the surface. Most of the
laser energy is absorbed by the surface and near surface region which
increases surface temperature rapidly above its melting point. At such
condition, carbon atoms have more mobility and hence, almost all carbides
dissolve in the matrix producing a homogeneous austenite phase.
Generally, the cooling rate induced by movement of laser beam is enough for
martensitic transformation. The higher cooling rate at the surface explains the
formation of fine structures. In addition, the presence of alloying elements
suppresses the formation of cementite during quenching. The effect of heating
and cooling decreases away from the surface resulting in partial dissolution of
cementite particles. Therefore, more spherical carbides appear in the
microstructure in lower region of transformed zone and heat affected zone.
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Nanoindentation tests were also performed on the polished samples to
compare the hardness of laser treated and as-received microstructure. A
representative load displacement (P-h) curve for laser treated and as-received
microstructure is shown in Figure 4.13. A clear difference can be observed
between the load bearing capacity of laser treated region and base material.
For the same displacement, the laser treated microstructure could withstand
higher load than the base material. The unloading response of both region
had almost same slope suggesting that laser treatment does not change the
elastic modulus and contact stiffness of the material. The elastic-plastic load
curve showed major difference with higher deformation occurring in base
material than laser treated microstructure for the same loading. This is
attributed to the ductile nature of pearlitic base matrix which can deform more
easily. On the contrary, the laser treatment forms a brittle martensitic phase
which can withstand a very large load with minimum deformation.
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Figure 4.13: A typical load-displacement (P-h) curve for laser treated area
and base material.

In order to study the hardness of the laser treated area, a series of nanoindents were made were made on the cross section of laser treated sample
as shown in Figure 4.14. The hardness of the laser treated area was quite
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high compared to that of the base material. The base material hardness was
about 3.51 GPa which increased to as high as 10.72 GPa in the melted zone
near the surface (Figure 4.14(b)). The hardness in the laser affected region
remained almost same until it suddenly dropped to 3.53 GPa immediately
below the laser treated area. The results obtained matched with the
microstructure evolution discussed above. The sudden drop suggests a
narrow heat affected zone present during laser hardening.
Figure 4.14(c) shows the variation of hardness across the direction parallel to
the surface. Two positions were considered – first one at 40 μm and the
second one at 170 μm below the surface. The first line passes through the
laser melted zone and had slightly higher hardness value compared to the
second line. The hardness along the lines was almost constant at the laser
treated region.

Figure 4.14: Hardness profile analysis. (a) SEM image showing indents
made on the specimen, the dotted line represents the extent of surface
melting; (b) Graph showing variation of hardness along with depth; and
(c) Graph showing variation of hardness across planes parallel to the
surface.
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In addition to nano-indentation measurements, Vickers microhardness tests
were also performed along the depth of laser treated region. The
microhardness of the laser treated area along the depth varies as shown in
Figure 4.15. The trend is similar to that obtained from nanoindentation
experiment with the hardness being very high near the surface and gradually
decreasing along the laser treated area with decrease in extent of laser
heating until finally dropping down to base material hardness.
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Figure 4.15: Typical hardness profile along the depth of the sample.

A Vickers tip (with 4 sided pyramid) is used for microhardness test while
nanoindentation uses a Berkovich indenter (with 3 sided pyramid). Both these
tips produce approximately 8% strain in the material during indentation; thus
enabling direct comparison of the values [138]. The hardness values can thus
be converted to same units using a simple relation [139]. It was found that the
hardness value obtained from nanoindentation tests were 1.3-1.5 times higher
than the hardness value obtained from Vickers test. For nanoindentation,
contact area is defined as the projected area of contact between the sample
and the tip. While, for Vickers test, the contact area is the total surface area of
tip faces in contact with the sample. Therefore, this difference in contact area
definition contributes to higher hardness for nano-indentation.
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The other reason could be ascribed to the size effect i.e. hardness decreasing
with increase in load [140]. Nanoindentation method uses very small load in
the range of mN compared to the loads in the range of N in Vickers test.
Generally, the material behavior is more elastic at small loads which might
increase the hardness at lower loads.
The hardness of a specimen depends on the distribution of carbide particles
in the microstructure and its dissolution during heat treatment. The rate of
carbide dissolution depends primarily on austenitization temperature reached
and the time for interaction (less effect of heating rate). Since cooling is rapid
during laser hardening, the material undergoes diffusionless transformation
which provides very little time for carbon re-arrangement and forms
martensitic structure. The hardness of the resulting martensite depends on
the amount of carbon in the parent austenite.
The physical explanation for high hardness in the laser hardened region was
explored in the literature. Obergfell et al. [95] presented a comprehensive
method to classify the various hardening mechanisms. Based on their
classification, the microhardness obtained can be separated into the effect of
different hardening mechanisms as shown in Figure 4.16. In the base material,
dislocation hardening (Hdisl) and precipitation hardening from carbides
(Hcarbides) are the main mechanisms responsible for its hardness. As we move
closer to the laser affected area, the temperature reaches between A c1 and
Ac3 during heating cycle and the fraction of austenitized and subsequently
hardened matrix increases. As a result, the dislocation density in the
martensitic matrix increases in this region and hence, hardening effect due to
dislocation also increases depending upon the carbon content of former
austenite.
As the temperature increases, they suggest that carbide particles dissolve in
the matrix and precipitation hardening effect (Hcarbides) caused by carbides
diminishes. On the other hand, it is argued that the dissolution of carbides in
the matrix increases the carbon content in the austenite, which further
increases the dislocation hardening effect (Hdisl). The dissolved carbides and
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other alloying elements also aid in increasing hardness by solid solution
strengthening (Hss). When all of carbides are dissolved at sufficiently high
temperature say Ac,cd, the increase in carbon content in the matrix stops and
solid solution strengthening remains constant. The matrix might still be
inhomogeneous which becomes homogeneous at a higher temperature
Ac,hom.
Our results match pretty well with this explanation. Therefore, the hardening
in the laser treated region is attributed to dislocation hardening of martensitic
matrix and solid solution strengthening due to dissolution of carbide in the
matrix.
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mechanisms contributing to the microhardness values in laser-affected
zone [95].

Apart from the hardening mechanisms discussed above, the grain boundary
also plays a significant role in hardening of the laser-affected zones.
Therefore, electron backscattered diffraction (EBSD) studies were carried out
to study the grain boundary effect on hardening of laser affected zones. Figure
4.17 shows the band contrast (BC) image of cross-section of laser treated
area. BC is a measure of the intensity of Kikuchi bands and is related to the
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quality of the captured pattern image. In BC image, each pixel values range
from 0 to 255 (i.e. grayscale) where white represents good quality of the
pattern while black represents poor or no Kikuchi bands at all. The grain
boundaries usually have high misorientation and hence, produce a darker BC.
From Figure 4.17, it can be observed that the laser treated region has lower
BC as compared to as-received microstructure. In fact, the grains in parent
microstructure can be easily distinguished, but the grains look more refined in
the laser treated region.

Figure 4.17: Band contrast (BC) image showing laser affected zone and
the base microstructure.

The Euler maps of the parent microstructure and the laser scanned region
with are shown in Figure 4.18. The Euler maps clearly demonstrate the
random orientation of grains suggesting that the material is isotropic. Grain
boundaries were defined with misorientation greater than 15° identified as
high angle grain boundary (HAB) and greater than 2° identified as low angle
boundary (LAB). HAB and LAB are represented by thick black and thin grey
lines respectively in Figure 4.18. Few points that were unindexed during the
data acquisition were extrapolated based on the orientation of neighboring
pixels using the software.
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Average grain size was measured using linear intercept method from ASTM
Standard E112-12 [141]. At least three images were considered for grain size
analysis and 6 lines were drawn on each image to measure the grain size.
The average grain size for base microstructure and laser affected zone were
calculated to be 5.86 ± 0.66 μm and 2.18 ± 0.22 μm respectively which shows
the grain size in the laser treated region to be smaller than the grain size of
parent microstructure. Such refinement in grain size also contributes in
strengthening of the laser hardened matrix.

Figure 4.18: Typical Euler maps of (a) base microstructure; and (b) laser
treated zone showing the variation in grain size and crystal orientations.

4.3.4 Effect of operating parameters during laser treatment
The size and the properties of the laser transformed zone depends on
multitude of factors such as beam spot diameter, energy density [60] and the
overlap ratio during multi-track hardening [142]. A systematic study was
therefore, performed to study the individual effects of these major parameters
influencing surface hardening. The details of the laser parameters used for
the experiment can be found in Appendix B1. The effects of these individual
factors are discussed below.
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4.3.4.1 Effect of beam spot size
The spot diameter of the laser beam at the specimen surface plays an
important role during laser treatment. Thus, the effect of spot size was
investigated by defocusing the laser beam. The defocusing distance was
varied by moving the surface away from the focal plane.
Figures 4.19 and 4.20 show clearly the variation in hardening morphology with
change in defocusing distance. The depth of hardening was highest at
focused position with value around 120 μm while the width was about 320 μm.
The hardening depth decreased with increasing defocusing distance while the
width of hardening increased at first and decreased again. The width of
hardening remained almost same for 8 mm, 10 mm and 12 mm defocused
positions and decreased on further defocusing. At 20 mm defocus position,
the hardening width reduced to about 250 μm.

Figure 4.19: (a) Schematic diagram illustrating defocusing of the laser
beam; cross-sections of laser-treated samples at varying defocus
distance: (b) 0 mm (focal plane); (c) 6 mm; (d) 12 mm; and (d) 18 mm.
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Figure 4.20: Effect of defocus distance on (a) hardened depth and (b)
hardened width.

The variation of microhardness at the surface with change in defocusing
distance is shown in Figure 4.21(a). The difficulty in measuring the indent size
gave a wide variation in data for hardness measurement. Nevertheless, the
hardness of the laser transformed zone was found to be almost constant and
the value was about 800 HV. As mentioned earlier, the variation of width with
change in defocusing can be clearly appreciated from the hardness profile as
well. The width of hardening was minimum at focused condition and increased
with increase in defocusing distance before reducing again.

Figure 4.21: (a) Graph showing variation of surface hardness with distance
from the center; (b) surface melting at focused position; and (c) surface at
8 mm defocus position with partial oxidation but no melting.
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Another interesting phenomenon observed was the melting of the surface as
shown in Figure 4.21(b). Surface melting occurred at 0, 2, 4 and 6 mm defocus
positions. On increasing the defocusing distance, it was found that no surface
melting occurred from 8 mm onwards. It is also noteworthy to point out the
surface distortion was observed due to surface melting in focused condition
while no distortion was observed for defocused beam condition.
The results obtained can be explained by the nature of Gaussian beam and
the spot size. The Gaussian beam has a normal distribution of energy in a
plane perpendicular to the beam axis with maximum at its center as shown in
Figure 4.19(a). Under focused condition, the Gaussian beam has small beam
spot size and a high laser energy density. Hence, the high energy density
irradiating on a small spot in the surface of the specimen quickly heats up the
material beyond its melting point and results in surface melting.
Contrary to this, during defocused condition, the beam spot size is large and
the energy is normally distributed in the spot area with lower intensity at the
edge. Such distribution of laser energy results in a lower peak intensity at the
center which is high enough to cause phase transformation, but no surface
melting. Consequently, a wider hardening track is generated. On further
increasing the defocusing distance, the laser energy density at the edge of
beam profile becomes too low to bring about any phase transformation in the
material and hence, it produces a narrower hardening width comparable to
the one in focused condition.
Based on the result obtained, a 10 mm defocus position was used to produce
desired surface hardening effect with minimum surface melting for rest of our
experiments. The spot diameter at the specimen surface at this condition is
about 500 µm.
4.3.4.2 Effect of speed and power variation
The energy density of an irradiated area during continuous wave laser
treatment can be estimated by 𝐻 = 𝑃/𝐷𝑣, where 𝑃 is the power input by the
laser, 𝐷 is the laser spot diameter and 𝑣 is the process speed. According to
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this relation, energy density is directly proportional to power supplied by the
laser and inversely proportional to the speed and the spot diameter of the
laser. In other words, it gives a combined effect of power, speed and beam
spot size during laser hardening. To investigate the individual effects of each
of these parameters, each factor should be segregated and studied
independently.
Figure 4.22 shows the effect of process speed and laser power on depth and
width of hardening. Both the hardening width and hardening depth decreased
with increase in process speed. This is expected since increasing the speed
would give less time for laser energy coupling and interaction with the surface
resulting in less amount of energy transfer. It is also clear from the graph that
both the depth and width increase with increase in laser power used. Thus, a
higher extent of hardening is obtained by using a lower process speed and a
higher laser power.
A bar chart showing the surface hardness variation with different speeds and
powers is shown in Figure 4.23. A high hardness is achieved at slower speeds
for all power levels used. This suggests that the austenitization time is
sufficiently long enough for dissolution of carbides in the microstructure [31]
which forms smaller martensite sizes (lath and twin) on cooling [91]. The
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Figure 4.22: Effect of process speed and power on (a) depth and (b)
width of hardened zone.
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Figure 4.23: Bar chart showing variation of surface hardness at the center
of hardened track with different process speed and laser power.

At faster speed, peak temperature does not exceed the critical temperature
required for hardening due to shorter time for interaction. Thus, it results only
in tempering effect which cannot achieve high hardness value. It is also to be
noted that lower hardness is recorded for low power than high power at faster
speeds. This can be ascribed inadequate heating at low power.
At 10 mm/s speed, it is observed that the highest hardness is obtained for 150
W laser power instead of 230 W power. The time for austenite homogenization
can be considered constant for all power levels since same process speed is
used. However, the higher energy density for 200 W and 230 W power can
result in surface melting and decarburization effect which slightly lowers its
hardness. For other process speeds, this effect is not severe and hence, the
general trend of lower hardness with decrease in power prevails.
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4.3.4.3 Effect of surface oxide layer
In order to study the effect of surface oxide layer, two normalized samples
were taken. One of the samples was polished to P1200 grit surface finish while
the other sample had an oxide layer fabricated by heating the sample at high
temperature in air for several minutes. The heating formed a thin layer of
reddish brown iron oxide layer attached to the exposed surface. The thickness
of oxide layer was about 5-20 μm as observed from cross section OM. The
surfaces were then laser treated with same laser parameters (230 W power
and 10 mm/s process speed).
Figure 4.24 shows the comparison of laser affected area of polished and preoxidized specimens. It was found that the sample with oxide layer had higher
depth compared to polished sample. This is probably because the oxide layer
absorbs more laser energy [130,131,143] and hence more energy is available
for hardening. On the other hand, the width of the laser affected area at the
surface for pre-oxidized sample was slightly smaller than that of polished
sample. This can arise due to surface decarburization more of which is
discussed later.
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Figure 4.24: Variation of (a) depth; and (b) width of polished and preoxidized specimens with process speed.
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Figure 4.25 shows the plot of hardness profile of both samples along the depth
direction at the center of laser beam irradiation. For polished sample, the
hardness is almost constant at around 800 HV with slight decrease along the
depth direction. However, for the oxidized sample, the hardness near the
surface was lower (around 600 HV) and gradually increased to about 800 HV
before finally dropping to base microstructure hardness.
The lower hardness at the surface was attributed to decarburization during
laser treatment [144,145]. In addition, the oxide layer on the surface during
laser irradiation helps in absorption of laser energy. Pantsar and Kujanpaa
[55] reported that surface oxidation enhances absorptivity significantly,
thereby increasing process efficiency by as much as 50%. Therefore,
abundant heat energy is available at the surface which can result in further
oxidation and surface decarburization. The decarburized layer is removed
during grinding and polishing and hence no decrease in hardness is observed
for the polished sample.
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Figure 4.25: Comparison of hardness profile along depth for different
surface conditions.
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4.3.4.4 Effect of overlapping
In real application, the dimension of the surface to be hardened is generally
larger than the spot diameter of laser beam used for hardening. So, several
overlapping tracks are required to harden the whole surface. Generally,
softening occurs in the overlap zone of hardened surface which is a challenge
in surface hardening.
The cross-section micrograph in Figure 4.26 shows the laser affected area
during one overlap arrangement at different overlap ratios. The area hardened
by second track is obviously larger than that by the first track. Moreover, the
distance between the successive tracks significantly affects the hardening
obtained. Figure 4.27 shows the variation of hardness at the surface for
different overlapping ratios. Except for 0% overlap, the hardness of the first
track was lower compared to hardness of the next track for all other cases.

Figure 4.26: Cross section micrograph showing overlapping tracks at
different overlap percent: (a) 0%; (b) 33.33%; and (c) 66.66%.

The effect can be explained by the back-tempering effect due to heating from
the successive scan. When the tracks are not overlapping, the heating from
the successive track has negligible effect on hardening from previous track.
As the overlapping increases, part of the martensite formed during first scan
transforms to tempered microstructure due to the heating from second track
(see Figure 4.28). The tempered microstructure has lower hardness than
martensite.
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Figure 4.27: Variation of surface hardness for different overlap ratios.

Figure 4.28: Microstructure in the hardened zone of multitrack scanned
sample: (a) Overview; (b) martensite in hardened zone in the first track;
(c) tempered zone; (d) base microstructure; (e) heat affected zone; and
(f) martensite in hardened zone of second track.

On the other hand, the region near the first track is pre-heated to a
temperature above room temperature during the hardening of first track. When
the second scan passes through the pre-heated region, the austenitization
temperature is achieved at a larger area than first scan. This would, in turn,
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increase the laser hardened area as well as the hardness value in the second
track. The peak austenitization temperature will also increase due to
preheating. Figure 4.29 shows schematically a possible thermal cycle
experienced by a point in the hardened region of the second track.

Temperature
(T)

Second track

First track
Time between
tracks

Time (t)

Figure 4.29: Thermal cycle of a point in hardened region of second track.

4.3.4.5 Effect of initial microstructure
The properties of martensite formed during rapid cooling of laser hardening
depend on the properties of austenite prior to quenching [52]. At sufficiently
higher temperature, ferrite transforms directly into austenite without much
carbon diffusion. The properties of austenite formed in such case depends on
the maximum austenitization temperature reached and the time available for
complete dissolution of carbides in the matrix. The alloy carbides in alloy steel
are thermodynamically more stable and require higher temperature and longer
austenitization time for complete dissolution [95]. Since the extent of carbide
dissolution has significant effect on hardness of martensite, the factors
affecting the carbide dissolution during austenitization must be properly
investigated.
The initial distribution of carbides in the microstructure could affect the
dissolution of carbides. Therefore, samples with different initial microstructure
were produced by heat treatment. The initial microstructure of as-received,
normalized and water quenched samples are shown in Figure 4.3 and the
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laser treatment parameters are presented in Section 4.2.3. For all samples,
the laser affected zone was clearly observed as a crescent shaped region
after etching with 2% nital solution. Figure 4.30 shows a typical microstructure
of laser hardened zone. The structure consists of lath martensite with
gradually varying microstructure along the depth. Heat affected zone was
minimal or almost absent. Similar microstructure was obtained for all samples.

Figure 4.30: A typical martensitic structure in laser hardened zone
showing martensitic structure.

Figure 4.31 shows the depth and width of laser affected area as determined
from optical micrograph. It is observed that the depth and width did not vary
much for normalized and water quenched samples. The as-received sample
had slightly lower depth and width. The variation in hardness along the depth
was also measured for the samples. Figure 4.32 shows the hardness
distribution along the depth of laser treated samples. For all samples, the
hardness in the laser treated area is high compared to parent microstructure
hardness with the value decreasing gradually as distance from surface
increases.
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Figure 4.31: Variation of (a) Depth and (b) Width with process speed.
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Figure 4.32: Variation of hardness along the (a) depth below the surface;
and (b) center line at the surface.

Since the same laser parameters and surface conditions are used for all
samples, it can be assumed that the material undergoes same heating and
cooling cycle. Thus, the achieved hardness can be related to the initial
microstructure of the specimen. From the results, there is not a significant
variation in the hardness obtained in the laser treated region. A slightly higher
hardness was obtained for normalized sample which can be attributed to
matrix homogenization. For the same austenitization temperature and cooling
rate, the homogenized microstructure would form a finer structure producing
harder martensite compared to non-homogenized structure, however, the
difference is not significant in this case.
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Water quenched sample already has a very high hardness. Under laser
irradiation, laser energy heats up the metastable martensitic structure
releasing the trapped carbon particles. These carbon particles dissolve in the
matrix during the heating cycle. On rapid cooling due to movement of laser
beam, martensite re-forms in areas heated above austenitization temperature.
On the other hand, the energy conducted inside the material heats up the
matrix due to heat transfer. As a result, the area heated below austenitization
temperature undergoes tempering and forms a lower hardness structure.
Therefore, a hardness gradient is achieved in the heat affected zone with
hardness gradually increasing to quenched hardness in the bulk material.
From the microstructure observed and the hardness profile obtained, it can be
concluded that the initial heat treatment had very small effect on maximum
hardness obtained in the laser treated region.

4.4 Summary
Laser surface hardening of 50CrMo4 steel was studied using continuous wave
fiber laser and the effects of various operating parameters were analyzed. The
main findings from the study are listed below:
1. Laser surface hardening produces a distinct microstructural change in
the laser affected area with a non-homogeneous microstructure due to
difference in heating and cooling rates along the depth. The rapid
heating and cooling produces martensitic structure near the surface
due to phase transformation which has high hardness and superior
mechanical properties compared to base microstructure of ferrite and
pearlite. The transformation is rapid and selective with little or no heat
affected zone and therefore, can be used for applications where wear
resistant surfaces are required such as gears, cams, shafts and
bearings.
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2. Depending on the intensity of laser beam, surface oxidation and
melting might occur during the hardening process. Surface oxidation
produces element segregation and formation of Fe-Mn-Cr-O oxides on
the surface. The surface oxides appear as thin layers or bumpy
structure rich in Mn, Cr, Si and O. Similarly, melting results in formation
of surface ripples and wavy surface topography which is generally not
desired in laser hardening process. Therefore, critical processing
condition to prevent surface melting during laser hardening was
evaluated. Based on Komanduri and Zou’s model, the critical process
velocities for 0.1 mm hardened depth and no surface melting were
determined to be 134.9 mm/s and 52.2 mm/s respectively for a
constant laser power of 150 W and 0.5 mm beam spot size.

3. The size of laser affected zone is determined by amount of dissolving
carbides and distribution of carbon content in the austenite matrix. The
laser affected zone could be divided into laser hardened zone and heat
affected zone along the depth direction. The hardness was found to be
very high compared to base material hardness with hardness gradually
decreasing along the depth. Such high hardness is attributed to the
combined

effect

of

various

hardening

mechanisms

including

dislocation hardening, solid solution strengthening, grain boundary
hardening and precipitation hardening.

4. The choice of process parameters for laser surface hardening is
generally based on experience rather than on their influence on the
resulting microstructures. Therefore, individual effects of major
operating parameters were investigated. The findings are presented
below:
 The beam spot diameter only affects the hardened depth and width.
For the range of defocusing distance selected, the surface hardness
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at the center of the beam spot remains constant at about 800 HV
irrespective of the spot size since it undergoes same austenitization
process.
 In general, slow process speed produces high hardness value at the
surface. The power in such cases has very little effect given that it is
sufficient to ensure heating to austenitization temperature. At high
power, however, care must be taken that superheating does not occur
which can result in surface melting.
 Presence of oxide layer on the surface increases surface absorptivity.
Increased energy absorption contributes to increase in laser affected
depth. However, the maximum hardness does not change. Instead, it
might result in melting of the surface. Moreover, the hardness at the
pre-oxidized

surface

can

decrease

due

to

possibility

of

decarburization from the surface.
 Overlapping of laser hardening tracks results in backtempering which
produces lower hardness in the previously hardened track. Higher the
overlapping percent, higher is the softening effect.
 The initial heat treatment has very little effect on maximum hardness
obtained in the laser treated region.
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Pulsed lasers produce an extremely high instantaneous intensity at short
pulses which causes phenomena such as multiphoton absorption and optical
breakdown [146]. Thus, they are thought to be unsuitable for surface
hardening application whereby a phase transformation effect is desired rather
than material removal. Nevertheless, pulsed lasers seem to be beneficial for
intricate parts with complex geometry in which continuous wave lasers might
produce non-uniform hardening due to complex shape of the parts.
In this chapter, the effects of millisecond, nanosecond and femtosecond
pulsed lasers on surface modification of various steels are systematically
explored. Different laser pulses interact differently with different material and
produce a range of effects. Since the main aim of this study is to investigate
the feasibility of pulsed laser-based surface hardening, typical steels used in
industries are employed to exhibit the possibility of hardening and the results
should be applicable to all steels in general. The hardening effect of
millisecond pulse laser is investigated experimentally and analytically.
Furthermore, the feasibility of hardening using nanosecond and femtosecond
laser hardening is explored. Apart from surface hardening, the interaction
between short laser pulses and the steel produced various phenomena such
as melting, topography changes and surface ablation. The possible
application of surface ablation in laser surface cleaning is further investigated.

5.1 Introduction
5.1.1 Hardening using millisecond laser
Laser surface hardening generally employs continuous wave (CW) CO2
lasers, Nd:YAG lasers and high power diode lasers to produce hard outer
case. The higher energy input with CW lasers provides the required heating
effect for phase transformation hardening. While CW lasers still dominate this
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field, pulsed lasers are also increasingly being implemented for surface
hardening applications due to their wider scope for selective hardening and
better process control.
Generally, pulsed lasers with lower repetition rate and pulse duration in
millisecond range seem suitable for phase transformation hardening
[43,45,98,147–156]. Danileiko et al. [150] used 4 ms quasi CW Nd:YAG laser
at 50 Hz frequency for pulse-periodic laser heating and found the cyclic
cumulative nature of carbon dissolution during laser heating. They pointed out
the beneficial effects of pulsed laser for hardening applications because of
additional controlling parameters like pulse duration and frequency which give
more flexibility to ensure better homogenization of austenite phase,
microhardness and hardening depth. In 1999, Xu et al. [151] used a high
power pulsed Nd:YAG laser of 2 ms pulse duration and 200 Hz frequency to
harden surfaces of AISI 1045 steel and grey cast iron. They could achieve a
case depth of 0.6 mm with Rockwell C61 and 40 without surface melting for
laser treated 1045 steel and grey cast iron respectively.
Further studies on three-dimensional model for pulsed laser transformation
hardening was done by Wu et al. [152]. Their results revealed that temporal
pulse shape had great effects on the hardening parameters. Similarly,
Habedank et al. [153] performed both experimental and simulation studies on
pulsed laser hardening and discovered that hardening with low-pulse
frequencies (25-100 Hz) produced a higher hardening depth compared to that
by CW laser and could generate compressive residual stresses leading to
higher endurance limits. Miokovic et al. [119] did an elaborate investigation on
microstructural changes and hardening mechanism during laser hardening
with cyclic temperature changes. Their results suggest that increasing number
of cycles during hardening leads to varying amount of retained austenite in
the hardened zone due to dissolving of carbides and non-uniform distribution
of carbon in the matrix.
Similarly, Yilbas and co-workers [155] investigated the laser consecutive pulse
heating of solid surface and the influence of pulse parameters on the melting
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and mushy zone formation in irradiated region by numerical simulation.
Mahmoudi et al. [45] studied the effect of peak and average laser powers on
surface hardening of AISI 420 stainless steel with a pulsed Nd:YAG laser at
15 Hz frequency and argued that the laser peak power is a more important
parameter than the average power. Nath et al. [156] utilized repetitive laser
pulses for surface hardening of AISI 1055 steel and found the average heating
rate to be lower and the soaking time above austenitization temperature
longer than those in CW laser hardening process. They argued that these
effects could increase the depth of hardness and facilitate better
homogenization of austenite.
Jiang et al. [147] recognized the laser pulse energy as the most important
parameter for spot hardening of AISI 01 tool steel. They found that short laser
pulse durations below 8 ms tend to produce shallower hardening zones and
recommended to use pulse duration higher than 8 ms for hardening. Similar
results were obtained by Yasavol et al. [157] who reported that increase of the
laser energy and reduction of the process speed results formation of deeper
melt pool. Recently, Shuja et al. [149] studied influence of duty cycle on
temperature rise during surface hardening. They found an increment in
hardened width size with increase in duty cycle and irradiated spot diameter
size.
From above discussion, it is evident that millisecond pulsed lasers with
frequency ranging from 0.25 – 100 Hz carry potential to be used for surface
hardening. In most cases, pulsed laser treatment is accompanied by surface
melting which makes it a combination of both laser transformation hardening
and surface melting – referred simply as laser hardening. Surface melting with
pulsed laser can be beneficial as it results in fine homogeneous structures due
to rapid solidification rates [158]. This is especially true for materials that
cannot achieve high hardness through martensite transformation due to
incomplete carbide dissolution during short interaction time of transformation
hardening [157]. In addition, pulsed lasers can easily treat intricate parts with
complex geometry where CW lasers might produce non-uniform hardening
due to complex shape of the parts [57].
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The current study was carried out to gain a good understanding of the
interaction between millisecond pulsed laser and steel. Experimental studies
were carried out using AISI 1055 steel, a commonly used plain carbon steel
so that the effect of alloying elements could be suppressed during exploration
of the underlying hardening mechanism.

5.1.2 Nanosecond laser hardening
Surface hardening using laser utilizes the thermal effect of laser to austenitize
the surface and quench it afterwards to achieve hard outer surface. Long
pulsed lasers have pulse time longer than the thermal relaxation time for
metals (about 10-12-10-13 s) [146]. Thus, they can produce photothermal effect
on the material i.e. the absorbed energy is transformed into heat. Since
nanosecond lasers have longer pulse duration than laser-induced excitation
time and the thermal relaxation time, it is possible to achieve the hardening
effect from heat dissipated during the process.
Buling et al. [148] used a pulsed solid-state laser with 1064 nm wavelength,
30 kHz repetition rate and 80 ns pulse duration to improve the adhesive
properties of the bearing steel surface. They achieved a very hard surface with
hardness higher than 900 HV and maximum depth up to 23 μm. Such changes
were attributed to the microstructural changes occurring due to near surface
re-austenitization and rapid quenching. A dark etching zone appeared
beneath the hardened zone with intermediate hardness up to a depth of 32
μm due to re-tempering which is similar to that in millisecond laser hardening.
The study indicates the potential of using nanosecond laser for surface
hardening.
However, not many publications are available on utilizing nanosecond laser
pulses for surface hardening. This is because the material response will also
be dependent on local material heating and cooling rates, maximum
temperature reached and temperature gradients. The heating rates can reach
as high as 109 K/s for nanosecond lasers and at fluences well above ablation
threshold of the material, it can result in ablation of material by direct
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deposition of laser energy [159]. A careful control of operating parameters is
required to demonstrate the hardening using nanosecond laser. Moreover,
non-equilibrium microstructure with different properties than conventional CW
laser hardening might be generated due to short nanosecond pulses.
Therefore, studies were carried out to investigate the feasibility of laser
hardening using nanosecond laser.

5.1.3 Femtosecond laser interactions
5.1.3.1 Hardening using femtosecond laser
Femtosecond laser pulses are characterized by incredibly high peak
intensities and interact with materials on a timescale faster than the heat
diffusion in the material [159]. The fast interaction between laser and material
coupled with high laser intensity facilitates photochemical ablation on the
surface i.e. the removal of material from the surface by direct absorption of
energy. The removal is often precise and occurs by direct ionization, bondbreaking, critical phase separation and rapid phase explosion [160].
The excess energy remaining in the material after ablating the surface might
lead to thermal effects in the surrounding volume of material [161,162]. One
of such examples is semiconductor annealing using ultrashort pulses which
has been well established in microelectronics and photovoltaic industries to
improve crystallinity and material performance [163–165]. In metals, Hirayama
and Obara [166] studied the heat effects of metals ablated with femtosecond
laser pulses and found the amorphous metal formation in the ablated area
which they attributed to rapid melting and quenching. Moreover, Dumitru et al.
[167] found evidence of crystalline structure change in the immediate vicinity
of femtosecond laser induced microholes, with the extent of modified zones
increasing with increase in fluence. They reported an increase in hardness
near the microholes with hardness as high as 11.6 GPa for AISI 52100 steel
and 20.5 GPa for AISI M3 steel.
It was therefore envisaged that the residual energy from ablation can bring
changes such as phase transformation and hardening on the remaining
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surface. Experiments were carried out to investigate hardening during
femtosecond laser irradiation.
5.1.3.2 Ablation during femtosecond laser interaction with steel
Although the hardening effect of femtosecond pulses might not be useful for
practical application, the ablation effect can be used to remove surface
contaminants which could be useful for surface cleaning as well as damage
layer removal remanufacturing industries. The ablation during femtosecond
pulse interaction with material is very precise and it creates minimal damage
to the substrate. Therefore, further studies were performed on feasibility of
using femtosecond laser for surface cleaning applications.
Ultrashort laser pulses are rarely used for cleaning of engineering
components. This is possibly due to low material removal rate and high peak
power. However, preliminary studies show that the contaminants can be
effectively removed by operating the ultrashort pulses in near ablation
threshold region in defocused condition [168]. Thus, there is an opportunity to
employ short-pulse based ablation for damage removal applications.
Ablation occurs when the laser fluence exceeds the ablation threshold of the
material. Since cleaning requires near-threshold operation to prevent
excessive damage to the substrate, determination of exact ablation threshold
is essential for successful removal of the material by ablation.
Keeping this in mind, the morphological changes during near ablation
threshold fluence and high fluence during ultrashort pulse material interaction
is explored in this study. The surface modifications during near ablation
threshold fluence and high fluence operation are carefully investigated. In
addition, the ablation threshold of bearing steel is determined using the
diameters measurement method. The incubation effect on ablation threshold
is also presented. Special attention is paid to understand the effect of laser
fluence on morphological evolution and surface oxidation induced by laser
treatment.
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5.2 Experimental procedures
5.2.1 Millisecond laser
AISI 1055 steel of dimension 50 x 25 x 16 mm3 was irradiated with laser beam
from Ytterbium based fiber laser (YLR-150/1500-QCW) which can be
operated both in continuous and pulsed mode. The details of steel and the
laser are already presented in Chapter 3. A defocus distance of about 10 mm
was maintained for all laser experiments and all experiments were carried
under argon gas protection with the flow rate of 15 L/min. A single line tracks
of 10 mm were drawn on the sample surface using a galvanometric scanner.
The laser beam used had a Gaussian shape with 0.5 mm spot diameter at the
surface.
In order to study the effect of mode of operation, the laser was operated in
both continuous and pulsed mode. Pulsed mode of operation was performed
at a fixed frequency of 10 Hz and different peak power (107 – 1500 W),
process speed (0.5 – 5 mm/s) and pulse width (5-20 ms). The details are
presented in Appendix B2 and Table 5.1. Microstructural analyses were
carried out using stereomicroscopy, optical microscopy and electron
microscopy. Microhardness measurements were made on the transverse
sections using Vickers’ hardness indenter at 100 gf and 15 s dwell time.

5.2.2 Nanosecond laser
A Nd:YAG pulsed laser with 1060 nm wavelength, 220 ns pulse duration and
500 kHz frequency was used to harden 50CrMo4 steel surface. The laser was
operated using a Gaussian beam spot of 120 μm at the process speed of 200
mm/s. A 2D galvanometric scanner was used to scan over an area of 10 x 10
mm2 with 50% track overlap as shown in Figure 5.1. Laser power was varied
from 30 W to 90 W. The details of experimental conditions are provided in
Appendix B2.
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Figure 5.1: Laser hardening scheme showing overlapping of scan tracks.

5.2.3 Femtosecond laser
The material studied was AISI 52100 bearing steel. The details of the steel
can be found in Chapter 3. The specimen surface was ground with
progressively finer SiC papers (P120, P180, P320, P400, P800, P1200) and
polished with 9 µ and 3 µ diamond suspension followed by a final oxide
polishing with 0.04 μm colloidal silica. The average roughness after final
polishing was measured to be about 20 nm. Before laser treatment, the
sample was cleaned with alcohol, dried with an air gun and placed in the
manually controlled X-Y translation stage of the experimental setup.
Figure 5.2 shows the schematics of experimental setup. The Quantronix
Integra C-1.0 femtosecond laser (with a center wavelength of 790 ± 10 nm
and pulse duration of 130 fs) was used for laser irradiation. The laser was
operated at 1000 Hz repetition rate with peak fluence varying in the range of
0.100 J/cm2 to 9.000 J/cm2. The laser beam approximates a Gaussian shaped
intensity distribution at the center. An objective lens of 100 mm focal length
was used which created a beam spot radius of about 26.48 ± 1.39 µm at the
94

Chapter 5: Interaction of pulsed laser beam with steel

1/e2 intensity. The sample was placed in the focal plane and irradiated under
normal incidence by linearly polarized laser in air.

High speed
mechanical
shutter

CCD

Laser beam

fs Laser System
790 nm, 1 kHz, 130 fs

Mirror

Focusing lens

Energy
attenuator

Galvanometric
Scanner

Sample
Computer

Worktable

Figure 5.2: Schematics of experimental setup for ablation studies.

It was soon realized that the femtosecond laser did not produce any hardening
effect. Instead it resulted in surface ablation. To investigate this further,
ablation craters were created on the sample surface at different peak fluences
and number of shots as shown in Appendix B2. The number of laser shots
striking the surface was controlled by means of computer controlled fast
optical shutter. The average power of the laser beam was measured just
above the sample surface using PM3 5500 E16R power-meter from Coherent
Inc. and pulse energy was calculated as the ratio of average power to
repetition rate.
After laser irradiation, the ablation morphology of irradiated area was
investigated using Carl Zeiss AxioCAM optical microscope (OM) and JOEL
5600 LV SEM equipped with Energy Dispersive X-ray Spectrometer (EDS).
The surface measurements were carried out in OM and SEM images using
freely available image processing software ImageJ.
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5.3 Results and Discussion
5.3.1 Hardening using millisecond laser
5.3.1.1 Experimental studies
Although average laser power for surface hardening is comparatively lower in
pulsed mode than in CW mode, peak power is considerably high. At such high
peak power, the surface of the steel reaches to a very high temperature above
the melting point. This is evident by formation of melt beads on the surface as
shown in Figure 5.3. Melt bead is the melted spot at the surface formed due
to rapid heating by single laser pulse. The melted beads had characteristic
folds/ripples and formed due to sudden freezing of the molten metal. Such
melt beads were observed in almost all the cases except for pulse energies
lower than 2 J. For all the considered conditions, the obtained surface layers
did not show any evidence of cracks and porosity. At higher pulse energies,
the size of the melt beads was larger than at lower pulse energies. Figure 5.4
shows the increase in melt bead size with increase in pulse energies. This is
because of the higher energy deposition at higher pulse energies which
affects larger area at the surface.

Figure 5.3: Melted surface produced by laser beam with 12.4 J pulse
energy, 10 ms pulse duration and 10 Hz frequency.
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Figure 5.4: Variation of melt bead diameter with laser pulse energy.

Table 5.1: Laser parameters and laser affected zone of AISI 1055 steel.

Pulse

Pulse

Process

Laser

Laser

Bead

duration

energy

speed

affected

affected

overlap

(ms)

(J)

(mm/s)

width (μm)

depth (μm)

(%)

1

10

15.00

2

1083

828

76.31

2

10

12.40

2

950

711

76.00

3

10

9.30

2

843

440

70.44

4

10

6.00

2

720

351

68.71

5

10

2.70

2

605

208

60.00

6

10

1.07

2

435

90

37.60

7

10

2.70

0.5

580

198

79.78

8

10

2.70

1

585

214

66.59

9

10

2.70

5

576

204

00.00

10

5

1.35

2

579

158

58.20

12

15

4.05

2

633

261

57.67

13

20

5.40

2

686

291

58.21

S.
N.

Cross section microstructure of the samples showed similar trend. A higher
laser affected depth was achieved at higher pulse energies than at the lower
pulse energies. The micrographs of transverse section of laser affected area
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at different pulse energies are shown in Figure 5.5. The laser affected depth
changed from shallow (around 90 μm depth at 1.07 J) to deep zone (with 828
μm depth at 15 J). At even higher pulse energy, cavities were found in the
laser affected zone which might have formed due to trapping of air bubbles or
shrinkage after solidification.
From the data in Table 5.1, it is observed that for the range of parameters
selected, process speed and the pulse duration have almost negligible effect
on laser affected area while the variation in pulse energy has the most
significant effect. The results are similar to what is reported in the literature
[147,157] according to which higher pulse energies lead to more heat input
and lower cooling rate which is accompanied by increment in laser affected
depth.

Figure 5.5: Cross section microstructure of specimens after pulsed laser
treatment at different pulse energies, (a) 1.07 J; (b) 2.7 J; (c) 6 J; (d) 9.3
J; (e) 12.4 J; and (f) 15 J. 2 mm/s process speed, 10 ms pulse duration
and 10 Hz frequency were used in all cases.

Figure 5.6 illustrates the microstructure of different zones of laser affected
area processed at laser pulse energy of 15 J, pulse duration of 10 ms and
process speed of 2 mm/s. The parent microstructure consists of pearlite and
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ferrite as shown in Figure 5.6(d). The laser hardened area had a distinct
microstructure from base materials with arc shaped striations in the laser
affected zone. These striations relate to the maximum heat affected depth for
individual laser pulses and were absent during CW laser treatment. The
microstructure near the surface consisted of upper bainitic microstructure with
large volume fraction of acicular ferrite. In the intermediate zone between the
striations, the microstructure was similar to that near the surface, but the ferrite
phase grew at certain locations forming almost equiaxial ferrite.

Figure 5.6: SEM micrographs showing cross section of laser treated area
at 15 J pulse energy, (a) Overview image; (b) bainitic microstructure near
the surface; (c) tempered microstructure in the intermediate zone; and
(d) pearlitic matrix of parent microstructure.

During high energy pulse laser treatment, higher energy deposition by
consecutive laser pulses results in slower cooling rate [157]. Hence, instead
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of martensitic transformation, it produces intermediate temperature range
resulting in bainitic transformation. Especially in plain carbon steels, the
transformation regions for proeutectoid ferrite/pearlite and bainite are
continuous and overlap with decreasing temperature [169]. Moreover, the
rapid heating and cooling imposed by laser beam results in non-equilibrium
kinetics [135]. Therefore, it is difficult to pinpoint the exact start of bainite
transformation. The increase in volume fraction of ferrite in the intermediate
zone could be attributed to the tempering effect of heating from successive
laser pulses.

Figure 5.7: SEM micrographs showing cross section of laser treated
area at 2.7 J pulse energy, (a) Overview image; (b) martensitic
microstructure near the surface; (c) mixed microstructure in the
intermediate zone; and (d) pearlitic matrix of parent microstructure.
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Figure 5.7 shows the microstructure observed at laser affected area
processed at laser pulse energy of 2.7 J, pulse duration of 10 ms and process
speed of 2 mm/s. The laser affected depth is lower than for high pulse energy
due to lower energy deposition. The microstructure is primarily martensitic in
the laser hardened zone; while in the intermediate zone, it consisted of
martensite, bainite, ferrite and cementite. The lower pulse energy results in
faster cooling rate leading to formation of martensite near the surface. The
mixed microstructure in the intermediate zone is due to the tempering effect
of successive laser pulses as in the case of higher pulse energy.
To understand more

about the microstructural changes, hardness

measurements were performed in the laser affected area. The plot of
hardness is shown in Figure 5.8. The hardness of the surface treated with 15
J pulse energy did not increase significantly compared to the base material
hardness. This result indicates the formation of upper bainitic microstructure
as observed from the microstructure in Figure 5.6(b).
Baozhou and Krauss [170] have shown that the strength of upper bainite is
very low (~300 HV) compared to lower bainite (430 – 500 HV) and tempered
martensite (540 HV). In addition, the fact that upper bainite forms generally at
the intermediate isothermal transformation temperature range of 430°C
suggests slower cooling rate during high energy laser treatment. A slight
increase in hardness in the intermediate zone can be attributed to the
tempering effect due to overlapping of laser pulses [41].
Corresponding to the microstructure observed, the specimen treated with
lower pulse energy of 2.7 J had a higher hardness near the surface. The
hardness value was around 750 HV up to a depth of 100 μm after which the
hardness decreased to about 450 HV. The hardness remained at this value
up to a depth of about 200 μm after which it reduced the parent microstructure
hardness. The depths correspond to the martensitic zone near the surface
and intermediate zone with mixed microstructure as seen in SEM micrographs
in Figure 5.7.
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Figure 5.8: Hardness profile along the depth for surface treated at
different pulse energies.

The influence of pulse duration on laser hardening was also studied.
Microhardness profiles are presented in Figure 5.9 which shows that the depth
of hardness reduces with the reduction of pulse duration. This is because the
average laser power decreases and the heat loss during laser off period
increases with the reduction of pulse duration [156]. For 5 ms pulse duration,
intermediate zone was not observed. The hardness in the affected zone was
also slightly lower than with 10 ms pulse duration probably due to insufficient
heating above austenitization temperature. On the other hand, longer pulse
duration of 20 ms provides more time for the material heat up and cool down
avoiding martensitic transformation. Therefore, it produces a lower hardness
in the laser affected zone than with shorter pulse duration.
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Microhardness (HV)
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Figure 5.9: Hardness profile along the depth for various pulse duration.
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5.3.1.2 Analytical modelling
Laser surface treatment utilizes laser as a source of heat to raise the
temperature of the surface. When the temperature increases above Ac1
temperature, pearlite colonies in hypoeutectoid steel transform to austenite.
The transformation occurs by diffusion of carbon from eutectoid cementite
plates into eutectoid ferrite plates within pearlite colonies. If the pearlite plate
spacing in a colony is 𝜆, the lateral diffusion of carbon over a distance 𝜆 would
be sufficient to convert colony to austenite. This forms austenite containing 𝑐𝑒
= 0.8 wt% carbon.
The fast heating rate during laser treatment quickly rises the surface
temperature above Ac1 temperature. At higher temperature, carbon tries to
homogenize in the matrix. The extent of carbon diffusion from high to low
concentration region depends on time and temperature for which the surface
layer is held above Ac1 temperature [171]. Depending on the superheated
temperature, part or all of proeutectoid ferrite may transform to become
austenite with negligible carbon content, 𝑐𝑓 . When the temperature reaches
Ac3 temperature, the transformation of proeutectoid ferrite to austenite is
completed. On subsequent cooling, all material with carbon content higher
than a critical value cc (~0.05 wt%) converts to martensite.
Jacot and Rappaz [92] suggest that with faster heating rate as in laser surface
treatment, the Ac3 temperature is raised to a higher value and thus, complete
homogenization of austenite may not occur. In addition, a finite time is required
for carbon dissolution in pearlite colonies and some additional time for
homogenization of carbon in austenite. According to Ashby and Easterling
[61], this time is determined by the kinetic strength of heating cycle. All these
indicate that a finite soaking time above the phase transformation temperature
is necessary to get a uniform distribution of carbon in austenite microstructure
[156].
The time required for carbon to diffuse in pearlite structure can be estimated
by [61]
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𝐿𝜆 = 2𝐷0 𝛼𝜏𝑒𝑥𝑝 −

𝑄
𝑅𝑇𝑝

(5.1)

where, 2𝐿 is the diameter of the pearlite colony, 𝜆 is the average pearlite plates
spacing, 𝜏 is the characteristic time for diffusion of carbon, and 𝐷0 , 𝑄, 𝑅 and
𝑇𝑝 respectively are the pre-exponential carbon diffusivity, activation energy for
transformation, gas constant, and peak temperature.
The term, 𝛼𝜏𝑒𝑥𝑝(−𝑄/𝑅𝑇𝑝 ) represents the kinetic strength of heating cycle.
The constant 𝛼 is approximated as

𝛼 ≈ 3√

𝑅𝑇𝑝
𝑄

(5.2)

Furthermore, the diameter of pearlite colony can be related to austenite grain
diameter by [156]
2𝐿 =

𝑔
1/3

𝑓𝑖

(5.3)

where 𝑓𝑖 = 𝑐/𝑐𝑒 , c = carbon wt% of the steel specimen and ce = 0.8 wt% i.e.
carbon content in eutectoid steel.
The pearlite colony diameter and lamellae spacing in pearlite was determined
using SEM image. In other to reduce the complications of measurements
which usually arise due to variation of spacing within a given pearlite colony
or between different colonies or even due to metallographic sectioning plane,
a robust method proposed by Vandervoort and Roosz [172] was utilized to
measure the average values. From the micrographs, the average pearlite
colony diameter, 2𝐿 and pearlite lamellae spacing, 𝜆 , were determined to be
20 μm and 0.34 μm respectively.
The time required for carbon diffusion in pearlite for these values is estimated
using equation (5.1) at different temperatures in Ac1–Ac3 interval and is
tabulated in Table 5.2. Other values required for the calculation are taken from
literature [61]. From estimated time, the diffusion of carbon in pearlite above
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Ac1 is very fast (in the range of microseconds). During fast heating as in laser
treatment where heating rate can go as high as 10 4 K/s, the process can be
assumed to be instantaneous.
The diffusion of carbon from high concentration austenite (with eutectoid
carbon content) to proeutectoid ferrite and low concentration austenite is
governed by Fick’s 2nd law. The characteristic time for diffusion of carbon in
proeutectoid ferrite and austenite can be estimated using an approximate
solution given by [61]

𝑥=

2
√𝜋

𝑙𝑛 (

𝑐𝑒
𝑄
) √𝛼𝜏𝑒𝑥𝑝 (−
)
2𝑐𝑐
𝑅𝑇𝑝

(5.4)

where 𝑥 is the distance up to which carbon content in proeutectoid
ferrite/austenite reaches a critical value, 𝑐𝑐 by diffusion from high carbon
content (𝑐𝑒 = 0.8 wt.%) austenite in time, 𝜏. The critical value is taken as 𝑐𝑐 =
0.05 wt% for martensite to form.
Table 5.2: Characteristic time for carbon diffusion in hypo-eutectoid steel at
different temperatures.

Characteristic time for
carbon diffusion

Peak temperature (K)
in pearlite
from pearlite to
pro-eutectoid
ferrite

1000

1113

1183

1273

1473

1673

442.3

158.0

91.8

49.8

16.6

μs

μs

μs

μs

μs

3.72

1.33

0.77

0.42

0.14

0.06

ms

ms

ms

ms

ms

ms

4.0 s

1.6 s

0.6 s

0.1 s

7.13 μs

from pearlite to
austenite

21.7 s

0.02 s

For homogenization, carbon should diffuse across whole austenite grain.
Thus, equating 𝑥 as radius of austenite grain (𝑔/2), the characteristic time for
diffusion of carbon in ferrite and low-concentration austenite is calculated for
different temperatures above Ac1 as shown in Table 5.2. The obtained results
show diffusion of carbon in austenite is relatively slower than in ferrite and
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therefore, longer austenitization time is required for complete homogenization.
At higher heating rate, the time required is even longer as pointed out by Jacot
and Rappaz [93].
When the laser beam moves away, rapid cooling occurs in the heated zone
which produces displacive transformation rather than diffusive. In such cases,
cooling rate becomes more important rather than the kinetic strength. Cooling
rates in excess of 103-105 K/s is common during laser surface treatment [173].
Even higher cooling rate can be obtained by using short pulses [4]. Such high
cooling rate is sufficient for austenite having carbon content more than critical
value 𝑐𝑐 to transform to martensite.
The volume fraction of martensite can be estimated by [61]
2
3

6𝑓
𝑓 = 𝑓𝑚 − (𝑓𝑚 − 𝑓𝑖 )𝑒𝑥𝑝 ( 𝑖 𝑥)
𝑔

(5.5)

where, 𝑓𝑚 is the maximum volume fraction of martensite permitted by the
phase diagram. It can be determined by
𝑓𝑚 = 0 𝑖𝑓 𝑇𝑝 < 𝐴𝑐1
𝑓𝑚 = 𝑓𝑖 + (1 − 𝑓𝑖 )(𝑇𝑝 − 𝐴𝑐1 )/(𝐴𝑐3 − 𝐴𝑐1 ) 𝑖𝑓 𝐴𝑐1 < 𝑇𝑝 < 𝐴𝑐3

(5.6)

𝑓𝑚 = 1 𝑖𝑓 𝑇𝑝 > 𝐴𝑐3
The average microhardness of the quenched surface can then be estimated
by [61]
𝐻 = 1667𝑐 − 926𝑐 2 /𝑓 + 150

(5.7)

Based on equations (5.5) -(5.7), average microhardness corresponding to 𝑓 =
1 is estimated to be 784 HV which is almost same to the hardness value
measured near the surface for hardened region. Since the carbon content in
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martensite will vary along the depth, the microhardness is expected to
decrease along the depth with decreasing influence of laser heating.
An additional thing to note during pulsed laser hardening is the accumulation
of heat from each pulse [150,156]. This increases diffusion of carbon in the
matrix pushing forward the boundary having critical value of carbon, 𝑐𝑐 .
Therefore, a higher depth of hardening can be obtained even with lower
average power compared to CW laser. For example, with an average laser
power of 27 W, the hardening depth of about 200 μm is obtained which is
comparable to depth achieved by CW laser of 250 W power. However, it is to
be noted that at high power, longer soaking time can result in austenite grain
growth, softening and can even result in onset of melting [156,157].

5.3.2 Surface hardening using nanosecond laser
The topographical changes on the steel surface due to laser treatment was
analyzed using white light interferometry. Figure 5.10 shows the surface
profile obtained and the surface parameters are presented in Table 5.3.
As can be seen, the laser treatment with low power of 30 W did not show any
obvious change in surface morphology. Increasing the laser power led to
formation of rougher surface. A higher surface roughness was obtained for 60
W laser power than for 90 W laser power. Careful observation revealed the
presence of some deep craters in the 60 W laser treated sample which
increased its average surface roughness.
The craters during 60 W laser treatment probably formed from higher
absorption of laser energy by contaminants on the surface. The surface is
always prone to some contamination even though careful cleaning and
precautions are taken. These surface contaminants absorb more energy
leading to localized melting and outflow of molten metal. The metal outflow
can be verified by increase in height of the surface around the periphery of the
crater.
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Figure 5.10: 3-D (a,c,e), 2-D and 1-D (b,d,f) surface topography of laser
treated surfaces at different average powers: (a,b) 30 W; (c,d) 60 W; and
(e,f) 90 W.
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Table 5.3: Surface topographic parameters for surfaces treated with
different laser power measuring using white light interferometry: Sa =
average surface roughness value and Sq = root mean squared surface
roughness value.

Laser power (W)

Sa (nm)

Sq (nm)

0 (Untreated surface)

125

168

30

119

203

60

227

329

90

191

240

A

In 90 W laser treated samples, the laser scan lines overlap could be clearly
observed as the edge of laser spot created stuck out fins of about 2 μm higher
height than the surface. These fins were about 60 μm apart and corresponded
well with the 50% overlapping used for laser hardening. Similar effect was
observed in 60 W laser treated sample, but it was less distinct due to lower
power used. The 30 W laser treated sample did not exhibit any such changes
but only a smooth surface.
Figure 5.11 shows the variation of surface hardness with average laser power.
The hardening effect was non-existent for 30 W power while surface hardness
higher than 600 HV was obtained for both 60 W and 90 W laser power. The
hardness had sinusoidal variation along the surface. This can be attributed to
the tempering effect due of overlapping of scan tracks as discussed in Section
4.3.4.4.
Similar hardness values obtained for 60 W and 90 W laser power indicates
similar microstructure changes occurring in both cases. Both the sample had
similar microstructure except for the difference in depth of laser affected area.
The laser affected depth was about 50 μm for 90 W laser power treated
sample while it was just 20 μm for 60 W laser power treated sample. This is
understandable as higher power would provide higher energy to the substrate
which can penetrate deeper into the material. No change in microstructure
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was observed for 30 W laser treated sample which is consistent with the
hardness and surface topography studies.
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Microhardness (HV)

800
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Base hardness
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Distance along the surface (μm)
Figure 5.11: Variation of surface hardness along the surface.

Further investigations were carried out to study the cross-section
microstructure of laser treated samples. Figure 5.12 shows a cross-section
microstructure after nanosecond-pulse laser irradiation with 90 W laser power.
The laser affected area could be clearly distinguished and was broadly
categorized into laser hardened zone, overlap zone and heat affected zone.
The high magnification SEM images of these regions are shown in Figure
5.13. Laser hardened zone had a martensitic structure (Figure 5.13(a)). In the
overlap zones, the heating effect from successive laser pulses produced
tempered martensite with needle-like structure (Figure 5.13(b)). The laser
hardened zones and the overlap zones corresponded with the peak and valley
of sine wave-like surface hardness curve respectively (see Figure 5.11).
Similarly, the heat affected zone beneath the hardened zone had a tempered
microstructure with lots of carbides (Figure 5.13(c)). The base material did not
show any change in microstructure due to laser heating (Figure 5.13(d)). It
consisted of ferritic microstructure with elongated and spherical carbides.
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Figure 5.12: Cross section microstructure showing laser affected area
during nanosecond laser treatment.

Figure 5.13: SEM micrographs of various regions: (a) Laser hardened
zone (LZ) near the surface; (b) tempered zone due to overlapping; (c)
heat affected zone beneath LZ; and (d) base microstructure.
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The change in microstructure proves the austenitization of the surface layer
and rapid quenching due to heat dissipation into the bulk. The overlapping reheats the hardened zone producing tempered microstructure in the overlap
zone. This is verified by the microhardness measurement which shows a
decrease in the overlapped regions. In addition, etching also revealed darker
phases in the overlap zones than laser hardened zone due to presence of
tempered microstructure.
Moreover, the heat from nanosecond pulses penetrate the material depending
on the thermal penetration depth of the steel. Thus, the sub-surface region
just beneath the laser hardened zone is exposed to heating from the laser
pulses which is long enough for tempering; but not for austenitization. As a
result, tempered microstructure with lots of carbides are formed in the heat
affected zone.
Hardness measurements were made on the cross-section to confirm the
obtained microstructure. Figure 5.14 displays a series of indents made on the
cross-section using nano-indenter. As can be observed, the hardness in the
laser hardened region is very high compared to base material hardness. It
gradually reduced in heat affected zone and finally reaches base material
hardness at depth of about 80 μm. An intermediate hardness (of about 500
HV) was recorded in the overlap zone which was attributed to tempering due
to successive laser passes. The results are summarized in Table 5.4, which
shows that the obtained hardness co-related well with the microstructure.
Table 5.4: Microhardness values at different zones of the laser treated
specimen.

Region

Hardness (HV)

Laser hardened zone

642 ± 45

Overlap zone

500 ± 49

Heat affected zone

473 ± 21

Base region

253 ± 6
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Figure 5.14: Indents made on transverse section of ns laser treated
specimen showing variation in hardness along the depth. The specimen
was etched with 2% nital after indentation test to reveal the
microstructure.

The analysis shows the feasibility of using nanosecond lasers for hardening
by carefully controlling the laser power. With the selected setting of 11% duty
cycle (220 ns pulse width and 2000 ns cycle), peak temperature at the surface
reaches austenitization temperature, but does not exceed melting point.
Therefore, the area undergoes local quenching and a hardened surface is
formed. However, the fast outflow of pulse energy often exceeds its
accumulation and limits its thermal diffusion depth. As a result, only a shallow
depth of hardening (of about 80 μm) can be achieved which might not be
suitable for industrial application.

5.3.3 Interaction of steel with femtosecond laser beam
As mentioned earlier, femtosecond laser interaction did not produce any
noticeable change in hardness for practical application. The maximum heat
affected depth was just few micrometers (1-5 μm) depending on the laser
parameters used. On the other hand, it was noticed that the ablation during
femtosecond pulse irradiation produced a clean surface with precise removal
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of surface contaminants and minimal damage to the substrate. This could be
useful for surface cleaning as well as damage layer removal in cleaning and
remanufacturing industries. Therefore, further studies were performed on
feasibility of using femtosecond laser for surface cleaning applications.
5.3.3.1 Determination of ablation threshold
The ablation threshold of a material is an important parameter that determines
the damage to the substrate during laser-material interaction [174–176]. The
determination of exact ablation threshold would be helpful in choosing the
proper parameters for femtosecond laser cleaning. Since there is a lot of
variation in ablation threshold value of steel reported in the literature, it was
considered necessary to calculate it for the steel sample used in our
experiment.
The start of damage to the surface may be assessed by appearance of plasma
during irradiation or formation of permanent crater on the surface due to some
material removal. The ablation threshold for given steel was determined based
on surface diameter measurement method which is a widely accepted
technique [177]. Considering a Gaussian spatial distribution of laser intensity,
the relation between peak fluence, 𝜙0 and surface crater diameter, D, is given
by
𝐷2 = 2𝜔02 𝑙𝑛

𝜙0
𝜙𝑡ℎ

(5.8)

where, 𝜔0 is the beam spot radius at 1/e2 intensity and 𝜙𝑡ℎ is the threshold
fluence. Peak fluence is used for ablation threshold determination since it
determines the extent of damage to the surface and gives a more realistic
value for ablation than average fluence. The peak fluence can derived from
pulse energy, 𝐸𝑝 and beam spot radius using following equation:
𝜙0 =

2𝐸𝑝
𝜋𝜔02
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The ablation threshold can then be determined by plotting the square of crater
diameters, 𝐷2 , against the logarithm of peak fluence, 𝜙0 , as shown in Figure
5.15. Extrapolating 𝐷2 to zero gives the value of ablation threshold fluence.
7000

500 shots
100 shots
50 shots
10 shots
5 shots

Squared Diameter (µm2)

6000
5000
4000

3000
2000
1000

0
0.1

1
Peak fluence (J/cm2)

10

Figure 5.15: Graph of squared diameter, D2, of ablation craters in steel
as a function of peak fluence, 𝜙0 . The lines represent the least-squares
fit according to equation (5.8).

Ablation thresholds for different number of laser shots were determined
applying this method. The ablation threshold of steel for 100 laser pulses was
calculated to be 0.164 J/cm2 which is comparable to the values mentioned in
literature [175,178].
A reduction in ablation threshold fluence was observed with increasing
number of laser shots as shown in Figure 5.15 and Figure 5.16. The reduction
can be attributed to incubation effect or damage accumulation effect [175].
Based on the power law, the ablation threshold fluence, 𝜙𝑡ℎ (𝑁), for N laser
shots is related to single shot ablation threshold fluence, 𝜙𝑡ℎ (1), by
𝜙𝑡ℎ (𝑁) = 𝜙𝑡ℎ (1)𝑁 𝑆−1
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where 𝑆 is the incubation coefficient. The incubation coefficient is calculated
by plotting graph of 𝑁. 𝜙𝑡ℎ (𝑁) against N as shown in Figure 5.17. It was
calculated to be 0.955 and the single shot ablation threshold was found to be
0.208 J/cm2 respectively.

Threshold fluence (J/cm2)

0.25
0.20
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50
Number of laser shots (N)

100

Figure 5.16: Graph showing the reduction in ablation threshold with
increase in number of laser shots.
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Figure 5.17: Graph of accumulation fluence against number of laser
shots. The line represents the least square fit according to equation
(5.10).
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Different theories are available on mechanisms responsible for incubation
[176,179,180] . One explanation is the sudden reduction in surface reflectance
after first few laser shots which results in a higher percentage of incident
energy being absorbed by the material. On the other hand, the excitation of
surface plasmons could also aid in energy coupling mechanism. The overall
outcome is the reduction in ablation threshold value. It is however, noteworthy
to point out that the ablation threshold does not keep on decreasing and
stabilizes after about 70 shots (see Figure 5.16). This is because of the
reduction in beneficial effect of reflectance drop after few pulses and
decoupling of plasma from the surface.
5.3.3.2 Surface morphology
After determining the ablation threshold fluence, experiments were performed
at different fluence values ranging from near ablation threshold to higher
fluences. The aim was to remove the surface contaminants with minimal
damage to the substrate.
No visible damage occurred to the surface at fluences lower than ablation
threshold. As can be seen in Figure 5.18(a), a smooth crater was obtained at
a low fluence value just above the ablation threshold. The surface crater did
not show any sign of melting. The depth of material removed was about 3 μm
for 100 laser pulses as shown in Figure 5.18(c). At very high fluences
however, a rough surface recast layer was observed (Figure 5.18(b)). The
ablated crater had a deep hole (in the range of tens of micron) at the center
with lots of re-solidified metal droplets ejected from the ablation center.
When the femtosecond laser pulse is irradiated on the surface, the incident
energy is absorbed by surface electrons via inverse Bremsstrahlung process
which results in rapid increase of surface temperature. The heat is then
transferred to ions or lattice through electron-phonon coupling [181]. Since the
pulse duration for femtosecond laser is shorter than thermal relaxation time
and the laser is very intense, the focal area of the interacting surface where
fluence value exceeds ablation threshold is directly ablated by spallation and
vaporization [135,160,182]. At low fluence regime, the volume expansion of
117

Chapter 5: Interaction of pulsed laser beam with steel

the irradiated surface changes the internal pressure in the solid material.
When tensile stress exceeds the tensile strength limit of the material, fractures
parallel to the surface of the solid appear. These fractures initially generate as
micro-pores just beneath the surface before coalescing to result in ejection of
the topmost surface layer. Studies suggest that spallation occurs at fluences
close to ablation threshold (see Figure 5.19) [183].

Figure 5.18: Ablated surface of AISI 52100 steel at 100 pulses and
different peak fluences: (a) 0.317 J/cm2; (b) 8.522 J/cm2; (c) 2-D profile
of (a); and (d) 2-D profile of (b).

Ultrashort pulses

Pore growth

Micropores

Fracture

Substrate

(a)

(b)

(c)

(d)

Figure 5.19: Illustration showing ablation by spallation at low fluences –
(a) laser irradiation; (b) formation of micropores due to volume expansion;
(c) pore coalescence; and (d) fracture and material removal.
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At higher laser fluence, more energy is deposited on the surface which results
in material being quickly heated above its equilibrium boiling temperature. This
causes molten metal to enter meta-stable phase with variation in density and
specific heat [175]. This forms a homogeneous nucleation of vapor nuclei in
regions of low density. The upward movement of these vapor bubbles results
in rapid phase explosion of the material expelling a mixture of vapor and metal
droplets away from the center [184]. The rapid cooling and solidification forms
a coarse morphology on the ablated surface where a dominant feature is
widespread melt formation (see Figure 5.20).

Metal droplet

Ultrashort pulses

(a)

Cavities

(b)

(c)

(d)

Figure 5.20: Illustration showing ablation by phase explosion at high
fluences – (a) laser irradiation; (b) formation of cavities in low density
region; (c) upward movement of cavities; and (d) metal droplets and vapor
expulsion.

The laser fluence and the number of laser shots are primary factors
determining the ablation crater on the surface and hence, affects the removal
efficiency. As shown in Figure 5.21, it was found that the surface crater
increased rapidly as the peak fluence is increased from near threshold value
to about 2 J/cm2. After that, the increment in diameter was gradual. Peak
fluence increases with increase in pulse energy as seen from equation (5.9).
Thus, at high peak fluence, more area of Gaussian intensity profile will lie
above ablation threshold. This obviously increases crater diameter. The
number of laser shots also had similar effect with diameter increasing rapidly
up to 100 shots and then stabilizing after that. This can be attributed to the
reduction of ablation threshold due to accumulation of plastic deformation as
discussed above.
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Figure 5.21: Graphs showing variation of ablation diameter with (a) peak
fluence; and (b) number of laser shots.

The elemental composition of ablated area was analyzed using EDS to check
surface oxidation. At low fluences (< 1 J/cm2), a maximum of 1-2 wt% oxygen
was detected in the ablated area. At fluences higher than 1 J/cm 2, a thin scaly
layer formed around the ablated area as shown in Figure 5.18(b). With
increase in fluence, the scales became more prominent with oxygen content
increasing from 10 wt% to 40 wt%. Table 5.5 compares the results of EDS
observation on as-received and typical ablated surfaces. At 0.317 J/cm 2, the
oxygen was not present on the surface while about 22.80 wt% oxygen was
detected at 8.522 J/cm2.
Table 5.5: Typical elemental composition obtained using EDS on the
surface before and after laser irradiation.

Weight percentage (%)
Elements

As received

Low fluence

High fluence

(0.317 J/cm2)

(8.522 J/cm2)

C*

4.15

4.74

2.50

O

-

-

22.80

Si

0.25

0.24

0.24

Cr

1.35

1.41

1.17

Mn

0.36

-

-
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Fe

93.89

93.61

73.28

Total

100.00

100.00

100.00

*weight percent for carbon might not be accurate due to contamination of SEM chamber walls or
the specimen itself.

When the steel is in contact with air, increase in temperature will generally
increase the rate of oxidation. During ablation at low fluence, the heating is
insignificant to bring about any increase in surface oxidation. At very high
fluence, however, the interaction between air and surface plasma generates
a larger hot plume around the ablated surface which enhances the rate of
surface oxidation. This results in formation of a thick oxide scales and
increases oxygen content on the metal surface.
Careful examination of the ablated areas revealed a periodic ripple patterns
on ablated surface as shown in Figure 5.18(a) and Figure 5.22. These ripples
are oriented perpendicular to the polarization direction. They had periodicity
in the range of 590-630 nm which is close to the wavelength of laser beam.
With increase in pulse energy, rough bumps appeared at the center (at
fluences more than 1 J/cm2). A rough periodic pattern with periodicity of about
2 µm appeared at the center with direction normal to the original ripples. These
micro-ripples soon disappeared with formation of rough ablation regime at the
center due to surface melting. The ripples were visible only at the periphery
after irradiation at high fluence.
Similarly, increasing pulse number resulted in formation of two types of
surface ripples – one with periodicity around 600 nm at the ablation center and
the other with periodicity around 350 nm at the edges. These are often termed
as LSFL (Low Spatial Frequecy LIPSS) and HFSL (High Spatial Frequency
LIPSS) respectively in the literature (see Figure 5.18(a)). Although a clear
explanation for formation of these periodic ripples is still lacking, most studies
suggest that they are formed due to interaction between surface plasmons
and incident laser energy resulting an increase in dielectric constant of air due
to plume ejection from laser spot. The detailed investigation of LIPSS
formation is beyond the scope of our studies and can be found elsewhere
[185–194].
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Figure 5.22: SEM images showing morphological evolution of steel
surface after irradiation with increasing peak fluences at 10 (a,b,c,d) and
100 (e,f,g,h) laser shots : (a,e) 0.317 J/cm2; (b,f) 0.843 J/cm2; (c,g) 1.223
J/cm2; and (d,h) 1.994 J/cm2.

5.4 Summary
The studies on feasibility of hardening using different pulsed lasers were
presented in this chapter. The effects of millisecond, nanosecond and
femtosecond pulsed lasers on surface modification of various steels were
discussed. The major effects on the surface after laser irradiation with different
lasers are illustrated in Figure 5.23. The main findings are summarized below:
1. Millisecond laser can achieve effective hardening on steel surface with
hardness reaching above 700 HV in the laser hardened zone. The
depth of hardened zone was about 200 µm for a typical treatment
chosen and can vary from 100 – 1000 µm depending on the laser
parameters used. At higher pulse energies, the longer soaking time and
slower cooling rate due to higher energy deposition resulted in
softening due to formation of upper bainitic microstructure in the laser
affected zone. Effective hardening was obtained at lower pulse
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energies with a zone of intermediate hardness just below the hardened
zone. Intermediate hardness originated from tempering by successive
laser pulses. Interestingly, millisecond laser could produce equivalent
surface hardness and hardening depth using about 9 times lower

Laser beam

power than in continuous wave laser.

Laser
hardened zone

Tempered zone

Ablated area

Steel

(a)

(b)

(c)

(d)

Figure 5.23: Schematics of laser processing using – (a) femtosecond
laser showing surface ablation and no hardening effect; (b) nanosecond
laser with surface material removal and hardening of surrounding area;
(c) millisecond laser showing laser hardened zone and tempered zone;
and (d) continuous laser showing hardening of laser affected area.

2. Hardening was found to occur for nanosecond-pulse laser as well and
the hardness as high as 642 HV was achieved at the surface. However,
the depth of penetration was too shallow (about 50-80 µm) due to
insufficient heating by laser pulses. In addition, the change in surface
properties and morphology triggered by nanosecond pulses can be
advantageous for subsequent operations such as welding and surface
cleaning.

3. Due to extremely higher pulse intensities and short pulse duration,
femtosecond pulse laser resulted in direct ablation of the steel surface.
Attempts were made to exploit the laser ablation for surface cleaning
and damage layer removal. The ablation threshold of bearing steel was
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determined first and calculated to be 0.142 J/cm 2. By operating the
femtosecond laser at fluence value slightly above the ablation
threshold, the damaged surface layer was effectively removed.
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6 Chapter 6: Corrosion studies on laser hardened
50CrMo4 steel

In this chapter, the corrosion behavior of laser hardened 50CrMo4 steel
surface is examined using 3.5% NaCl solution. The laser treatment produces
a gradient microstructure to a certain depth beneath the surface. Thus, a
predefined depth of the hardened surface is removed first by polishing
followed by electrochemical corrosion test at each layer to understand the
effect of the microstructural changes.

6.1 Introduction
Laser surface hardening has emerged as a promising technique to improve
surface properties of steel components in industries. It induces a rapid nonequilibrium phase transformation near the surface due to fast dissipation of
heat into the bulk material. This yields gradient microstructures consisting of
a hard martensitic surface layer and a pristine bulk microstructure that retains
the mechanical properties of the untreated steel [45,195].
The laser-hardened microstructure generally consists of a hardened top layer
(typically extending 200-500 µm) which weakens progressively in favor of a
combination of ferrite and pearlite as the distance from the surface increases
[142]. Many studies have investigated the corrosion behavior after laser
hardening [12,45,158,196–202]. Almost all these studies report an
improvement in corrosion resistance compared to base material. However,
these studies just focus on corrosion behavior at the surface of steel
neglecting the effect of gradient microstructure. Due to the lack of proper
method to assess corrosion behavior of gradient microstructure, it is still
unclear whether the top layer or the microstructure of hardened zone, or the
combination of both is producing improved corrosion resistance.
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A depth-wise analysis of corrosion behavior would settle this question once
and for all. It would also provide additional information on how gradient
microstructure react to electrochemical attack enabling us to predict the
behavior of the sub-surface material under accidental exposure to corrosive
environment due to some external damage to the surface such as scratching
or indentation.
In this section, a novel, yet simple method to evaluate the corrosion resistance
of laser-hardened steel as a function of the gradient microstructure is
proposed. The corrosion behavior at different depths from the specimen
surface is investigated by sequentially removing 30 µm thick layers from the
surface via mechanical polishing. The method is demonstrated using
50CrMo4 steel as a reference material. 50CrMo4 steel is a chromoly steel
which is generally susceptible to corrosion because of the relatively low Cr
content [203,204].

Unlike stainless steel—which develops a corrosion-

resistant, Cr-rich (10 – 30 %) passive layer upon laser treatment—chromoly
steel has insufficient Cr content (0 – 9%) to produce a dense passivation layer
[205]. Therefore, use of this steel can clearly reveal the effect of laser-induced
microstructure on corrosion resistance.
The corrosion behavior of the chromoly steel at different depths from the
sample surface is investigated by sequentially removing 30 µm thick layers
from the surface via mechanical polishing. By correlating the depth-wise
corrosion behavior to the measured microstructure, it is found that the toplayer exhibits higher corrosion resistance than the sub-surface layer. This
result is surprising given that some microstructural changes occur at the subsurface region as well which do not seem to produce any improvement in
corrosion resistance than base material.
The results provide better insights into the role of the laser-induced
microstructure engineering on the corrosion behavior of chromoly steel. The
experimental methods presented in this work can be used to study the
corrosion behavior of other alloys with gradient microstructures.
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6.2 Experimental procedure
6.2.1 Material
50CrMo4 steel of dimension 10 × 10 × 6 mm 3 was used for the corrosion
experiments. The details of this steel are already presented in Chapter 3. All
specimens were ground progressively using SiC paper up to P2000 grit finish
before performing laser treatment.

6.2.2 Laser processing parameters
The polished specimens were irradiated with YLR-150/1500-QCW fiber laser
along the whole area following the scheme as shown in Figure 6.1. A defocus
distance of about 10 mm was maintained for all laser experiments and all
experiments were carried out under argon gas protection with the flow rate of
15 L/min. A series of laser hardened tracks were made to determine the best
parameters for surface hardening. Based on the surface morphology and
depth of hardening obtained, a power density of 1.02 × 105 W/cm2, and the
process speed of 50 mm/s was employed to prepare three specimens (with
same parameters) for corrosion studies. The entire surface area was
irradiated using a line scanning mode with an overlap ratio of 42%.

laser beam
42% overlap

scan tracks

Laser spot diameter

6 mm

50CrMo4 steel

10 mm

Figure 6.1: Schematic drawing showing laser surface treatment.
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6.2.3 Characterization
The laser treated samples were characterized using standard metallography
techniques. The cross-sections were mechanically ground and polished using
process as described in Section 3.3.1. Metallographic inspections of the
cross-sections were performed using a light microscope (Carl Zeiss
AxioCAM), a confocal microscope (VK-X200 Keyence Corp.) and a scanning
electron microscope (JEOL JSM7600F SEM) equipped with EDS (INCA XStream) and EBSD system (Oxford INCA systems).
The hardness measurements were made using an Agilent G200 nanoindenter
equipped with a Berkovich indenter tip. The surface approach velocity and
depth limit were set at 10 nm/s and 2000 nm, respectively. The average
hardness for each point was measured using a depth range of 1000 to 1800
nm where the hardness values were more stable.

6.2.4 Electrochemical corrosion tests
A potentiostat/galvanostat (Model Reference 600, Gamry Instruments)
interfaced with the analysis software (Echem AnalystTM, v.6.32) was used for
all electrochemical corrosion tests. Prior to the corrosion test, the as-treated
specimen was encapsulated in a high edge retention epoxy resin with only the
laser treated surface exposed.

The specimen was dried with both

compressed and hot air and stored in a dry box at 40% relative humidity for
an hour before corrosion tests were executed.
The tests were performed using a three-electrode cell equipped with a
silver/silver chloride (Ag/AgCl) reference electrode and a platinum (Pt) mesh
as counter electrode. The corrosion behavior at pre-determined depths of the
laser treated surface was investigated via potentiodynamic polarization (PDP)
curves at a sweeping rate of 1 mV/s in a three-electrode cell. Ag/AgCl
electrode was used as a reference electrode and Pt mesh as counter
electrode. The electrolyte, 3.5 wt.% NaCl solution, was purged with nitrogen
gas for 30 minutes and after the sample was submerged into it, the gas was
maintained at the headspace. For all electrochemical investigations, the
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surface area exposed to the electrolyte, was 1 cm 2. All electrolytes were
prepared from analytical grade chemicals dissolved in ultrapure water. All
measurements were repeated three times.

6.2.5 Serial sectioning technique
To study corrosion behavior at sub-surface, a constant thickness of 30 ± 5 μm
μm was successively removed from the laser treated surface (Figure 6.2(a)).
After the removal, corrosion test was performed at each depth. A depth of 30
μm was chosen with an aim to remove any corrosion damage (e.g. pitting)
from the material surface which may have been induced during the preceding
corrosion test.
Careful polishing using 9 μm and 1 μm diamond suspensions and 0.04 μm
colloidal silica suspension was employed to remove the layer. To control the
depth removed, an indent mark was created on the steel surface using a

Figure 6.2: (a) Illustration showing surface layer removal across the laser
affected region; (b) Schematic of the surface indent made by Vickers
indenter; and (c) Micrographs showing progressive depth removal with
reduction in indent size at the surface.
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Vickers indenter at 2 kgf load and 15 s dwell time. The indenter creates a small
inverted pyramid shaped pit on the surface whose depth was found to be
about 1/7th of the diagonal of the square base at the surface (Figure 6.2(b)).
For example, if the length of diagonal is 70 μm, the indent reaches a depth of
10 µm into the material.
After that, the specimen was mechanically polished until the indent was no
longer visible. The process was repeated a few times until a depth of 30 μm
was removed (Figure 6.2(c)). The method provided a simple way to study how
the corrosion resistance of a laser-hardened chromoly steel changes as a
function of the laser-induced microstructure.

6.3 Results
6.3.1 Laser treated surface before corrosion test
Figure 6.3 shows the surface topography of the specimen after laser
treatment. The parallel surface ripples stem from moving the laser across the
entire sample surface. Such ripples are formed as a result of the melting and
re-solidification of the irradiated metal [206] and are typical of welding and
laser surface modification processes [135,207–209].
Figures 6.4 and 6.5 show the elemental composition obtained from EDS
analysis. The surface exhibited presence of a thin layer of oxide. This
suggests that argon gas could not prevent the surface oxidation completely.
Two types of oxides formed at the surface – a thin scale all over the irradiated
surface and small bulges dispersed randomly over the surface. Further
analysis revealed the bulges to be rich in O, Mn, Si, Cr and Fe. They probably
formed due to elemental segregation and conglomeration at the surface.
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Figure 6.3: Surface morphology after laser surface treatment; (a) 3-D
profile; and (b) 2-D profile.

Figure 6.4: (a) SEM micrograph of laser treated surface; EDS results of
(b) bumps; and (c) matrix region.
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Figure 6.5: (a) SEM image (with globular bump in the inset); (b) Overlay
image with all detected elements; Elemental map showing (c) oxygen; (d)
chromium; (e) silicon; (f) manganese; (g) iron; (h) aluminum; and (i)
carbon.

To investigate the microstructural changes brought about by laser treatment,
further cross section metallographic studies were carried out. Similar
microstructure as discussed in Section 4.3.3 was obtained and hence, the
discussions are not repeated here. It is noteworthy to point out though that the
heating from the laser had a decreasing effect along the depth and produced
a gradient microstructure. Near the surface, the microstructure consisted of
lath martensitic structure. The overlap during the laser scan could also be
clearly observed. The overlapped area had a tempered martensitic structure.
The re-heating from the successive pass resulted in formation of mixed
microstructure with tempered martensite, ferrite and spherical carbides in the
sub-surface region. A clear demarcation between the laser affected zone and
the base material could be observed. The laser affected depth was measured
to be about 200 μm in depth for the condition used.
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Figure 6.6 shows the EBSD map of the sample cross-section to a depth of
around 470 μm. From this map it is clear that the laser-treatment induced a
fine grain microstructure which extended to a depth of about 155 ± 25 μm from
the surface. Smaller elongated grains appeared in the base material at depths
of about 350 - 470 μm. These features may have originated from the rolling
and annealing processes during sample manufacturing. Figure 6.6(b) shows
the average grain size distribution at different depths from the surface. It
shows a similar profile for the regions between 0 – 120 μm, with a narrow
spread between 1 – 7 μm. In contrast, the substrate region exhibited a wider
spread ranging from 1 – 14 μm. Around 82% of the grains in laser treated
region were less than 2.5 μm, as compared to 55% in the substrate region.

Figure 6.6: (a) Inverse Pole Figure (IPF) map of cross-section of a laser
treated sample obtained from EBSD using 0.35 μm step size; and (b)
grain size distribution at different depths.
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The hardness profile correlated well with the microstructure obtained (Figure
6.7). Measurements were made along two directions: parallel to the surface
(y-direction) and along the depth (z-direction) (Figure 6.7(a)). Surface of the
specimen was taken as reference for measurements. The hardness profile in
y direction fluctuates between 5 – 7 GPa with a lower hardness in the
tempered region (Figure 6.7(b)). The hardness profile along the depth (z
direction) shows a gradual variation in hardness going from a maximum of
about 6.8 GPa near the surface to 5 GPa at ~100 µm to the bulk value of 3
GPa at ~200 μm (Figure 6.7(c)).
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Figure 6.7: Hardness profile (a) schematics; (b) at 50 μm below the
surface (y-direction); and (c) along the depth from the laser hardened
surface (z-direction).

134

Chapter 6: Corrosion studies on laser hardened 50CrMo4 steel

After establishing the microstructural changes brought by laser surface
treatment, electrochemical corrosion tests were performed to evaluate the
corrosion properties at different depths. The corrosion resistance at the
surface was determined first, after which the surface layer was removed
successively to various depths as described in Section 6.2.5 and corrosion
tests were performed at each layer.

6.3.2 Corrosion test results
Figure 6.8 shows the potentiodynamic polarization curves obtained in 3.5 wt%
NaCl solution for surfaces at different depths from the initial laser treated
surface. Each curve indicates the anodic and cathodic behavior of the tested
microstructure as well as its corrosion potential (𝐸𝑐𝑜𝑟𝑟 ). Hydrogen evolution
dominates the cathodic region (left of 𝐸𝑐𝑜𝑟𝑟 ), while the anodic region describes
the material oxidation behavior (right of 𝐸𝑐𝑜𝑟𝑟 ). A weak passive layer forms at
all depths considered, evinced by the kink in the anodic region; this may be
attributed to the minimal Cr content in 50CrMo4 steel (less than 1 wt.%).

Figure 6.8: Potentiodynamic polarization curves obtained for surfaces at
different depths from the laser treated surface in 3.5 wt.% NaCl at 298 K.
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Table 6.1: 𝐸𝑐𝑜𝑟𝑟 , and 𝑗𝑐𝑜𝑟𝑟 values for laser treated 50CrMo4 steel at
different depths from the surface in 3.5% NaCl solution.

Distance from laser
treated surface (µm)

Average 𝑬𝒄𝒐𝒓𝒓 (mV)

Average 𝒋𝒄𝒐𝒓𝒓
(µA/cm2)

0

-571 ± 50

0.087 ± 0.010

-30

-714 ± 3

0.261 ± 0.036

-60

-710 ± 20

0.405 ± 0.020

-90

-735 ± 2

0.256 ± 0.034

-120

-733 ± 5

0.419 ± 0.018

-1000

-753 ± 6

0.213 ± 0.004

𝐸𝑐𝑜𝑟𝑟 reflects corrosion susceptibility of the material at its electrochemical
equilibrium. 𝑗𝑐𝑜𝑟𝑟 —the current density at the corrosion potential—is
proportional to the corrosion rate of the material [210–213]. The corrosion
potential (𝐸𝑐𝑜𝑟𝑟 ) and corrosion current density (𝑗𝑐𝑜𝑟𝑟 ) were determined from the
potentiodynamic polarization curves. The results are shown in Table 6.1. The
values of 𝑗𝑐𝑜𝑟𝑟 was obtained by extrapolating the linear portions of the cathodic
and anodic regions of the potentiodynamic curves back to their intersection.
The data show that the laser treated surface was registered at much nobler
potential than all other sub-surface conditions. The 𝐸𝑐𝑜𝑟𝑟 value reflects the
equilibrium corrosion susceptibility of the bulk substrate. 𝐸𝑐𝑜𝑟𝑟 value of the
initial laser treated surface (at a depth of 0µm) was almost 100 – 150 mV
nobler than all other sub-surface sections (at a depth of 30µm and beyond).
Beyond 30 µm depth, no significant changes in the 𝐸𝑐𝑜𝑟𝑟 value is recorded,
indicating similar galvanic behavior. Notably, 𝐸𝑐𝑜𝑟𝑟 value of the bulk (-1000 μm
from the surface) is 30 mV lower than that in the laser-affected zone (between
30 μm and 120 μm). The standard deviation (σ) in 𝐸𝑐𝑜𝑟𝑟 value of laser-treated
surface (0 μm) was higher than other cases which is attributed to its higher
surface roughness as unlike the former, the latter surfaces were polished.
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Corrosion current densities (𝑗𝑐𝑜𝑟𝑟 ) reflected a similar trend as in corrosion
potentials. At the surface, 𝑗𝑐𝑜𝑟𝑟 value was three to five times lower then subsurface samples indicating lower corrosion rate. From -30 μm to -120 μm to
the bulk substrate, 𝑗𝑐𝑜𝑟𝑟 , fluctuated between 0.2 – 0.4 μA/cm2.
Figure 6.9 shows some typical micrographs of the corroded surfaces. The
tested surface revealed lots of pitting and corrosion products randomly
distributed on the surface.

Figure 6.9: SEM micrograph of corroded surface showing (a) corrosion
scales; (b) oxide scale and pits; (c) random minor pits; and (d) close-up
of (c).

6.4 Discussion
The study investigates a complex problem of understanding the corrosion
behavior of a material with a gradient microstructure. The gradient—induced
by surface laser-hardening—consists of a combination of martensitic
microstructure (near the surface) and mixed microstructure with tempered
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martensite, ferrite, and spherical carbides (in the sub-surface region). One of
the main challenges associated with this investigation is the ability to probe
local corrosion properties as a function of this complex microstructure using
standard electrochemical tests.
The solution is to use a simple, yet precise serial-sectioning method involving
the mechanical polishing of a sample with a pre-existing indent until the indent
is no longer visible on the surface. Depending on the indent size and depth,
the removal of successive material layers can be performed with micrometer
accuracy. Using this method, the corrosion resistance of the laser-treated
50CrMo4 steel microstructure at five different depths from the sample surface,
evenly spaced by 30 µm, was assessed.
The study revealed that the corrosion potential and corrosion rate of the top
surface are higher than the microstructure gradient portion of the material.
This result suggests the elemental enrichment and formation of a protective
oxide layer on the sample surface after laser-treatment which increases the
corrosion resistance [202]. The change in elemental distribution is supported
by the EDS analysis presented in Figure 6.4 and 6.5, which show an increase
in Cr (1 to ~3 wt.%), Mn (1 to ~20 wt.%), and Si (1 to ~10 wt.%) at the surface.
These findings allude to the possibility that laser-treated steel may behave
similar to stainless steel albeit the significantly lower Cr content [214]. A more
detailed analysis of the surface oxide layer by means of transmission electron
microscopy and XPS may shed light onto its structure and composition.
Another exciting observation is that the recorded corrosion resistance is not a
function of grain size or orientation distribution. Although grain refinement due
to laser treatment extends to around 150-200 μm under the surface (see
Figure 6.6) it did not yield benefits to the corrosion resistance of the material.
Previous studies on different materials suggest improvement in corrosion
resistance with grain refinement [215–217]. The current results seem to
indicate negligible effect of grain refinement, probably due to the other
overshadowing factors such as removal of protective layer, elemental
enrichment and phase transition.
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The findings reveal that the uniform removal of 30 μm of material from laser
hardened surface will significantly increase the corrosion susceptibility
(increase in 𝐸𝑐𝑜𝑟𝑟 ) and reduce the corrosion rate (reduce Icorr) of the material
in salt solution. This removal can be the result of intentional post-laser
treatment finishing. In the event of unintentional material removal, such as a
deep scratch, the galvanic coupling between the nobler laser hardened
surface and the sub-surface will quicken failure of the material.

6.5 Summary
The corrosion behavior of laser surface hardened 50CrMo4 steel was studied
in this chapter. The laser treatment produced a hardened structure at the
surface with martensitic microstructure near the surface and mixed
microstructure with tempered martensite, ferrite and spherical carbides in the
sub-surface region. Electrochemical corrosion tests using 3.5% NaCl were
performed at successive pre-defined depth intervals of 30 μm. The results
reveal that the laser treated surface had very good corrosion resistance while
it drops drastically after removal of the top surface layer. The improved
corrosion resistance at the surface is attributed to formation of Cr-enriched
oxide layer. Removal of this protective layer resulted in lower corrosion
resistance at sub-surface layer. The study indicates that grain refinement
during laser treatment has negligible effect on improving corrosion resistance
of the steel.
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7 Chapter 7: Methods to improve the effectivity of laser
hardening process

Laser surface hardening suffers from challenges such as low energy
absorption at the surface and surface decarburization. In this chapter, the
various methods of improving the effectiveness of laser hardening process are
explored. The first part studies the feasibility of underwater laser hardening.
In the second part, decarburization during laser surface treatment is analyzed
and methods to tackle the problem are discussed. An innovative approach of
using gas during laser hardening is presented in the final section, which is
proven to significantly improve the surface properties.

7.1 Underwater laser hardening
7.1.1 Introduction
Water assisted laser processing has been around since 1970s. Water is
generally added on purpose to avoid redeposition of debris, to cool the
material, to increase plasma pressure, to conduct light or even act as a
chemical reagent during laser processing [218].
Underwater laser processing has been commercially implemented for various
applications such as cleaning of electronic components [218–221], shock
processing of metals [222–224] and other material processing in industries
[225–229]. Most of these applications employ water as a medium to confine
the mechanical impact of laser energy and induce shock waves or transport
material. However, the cooling effect of water during laser processing is often
undervalued. While water, mixed with organic chemicals and additives, is
commonly used as coolant in heat treatment applications, it has rarely been
used in laser surface hardening of steels.
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During laser hardening, the fast dissipation of heat transforms the austenitized
surface layer into hard martensite without affecting its bulk material properties.
The surface hardness dictates the load bearing capacity and useful life of
bearings. According to the literature, higher surface hardness usually results
in the higher wear and corrosion resistance as well as longer fatigue life
[68,230,231]. Therefore, there is a tendency to obtain superior surface
hardness using various techniques. Since cooling rate after austenitization is
one of the main factors determining the extent of martensitic transformation, it
has a direct influence on hardness achieved at the surface.
Water, being easily available and having high specific heat, might have a
beneficial cooling effect during the process producing very high quenching
rate. Therefore, the effect of water layer during laser surface hardening
process is investigated in this study. The underwater effects on hardening are
analyzed based on surface morphology, microstructure, size and hardness of
hardened layer and compared with results from conventional laser surface
hardening. The study shows that water can increase surface hardness, but
reduces the area of hardened zone.

7.1.2 Experimental methods
Three types of steels – 50CrMo4, AISI 1055 and AISI 52100 were used for
this study. All the steels showed similar behavior during underwater laser
hardening studies.
The Ytterbium based fiber laser from IPG Photonics (YLR-150/1500-QCW)
was used for all experiments. Figure 7.1 shows a schematic diagram of underwater laser treatment. The specimen was completely submerged in water. The
laser beam was delivered to the work surface by focusing the beam through
a lens of 300 mm focal length and it produced a spot size of 0.5 mm diameter
at the surface. The beam spot was traversed along the surface producing a
single line tracks of 10 mm on the sample surface using a galvanometric
scanner at various laser processing parameters as shown in Appendix B3.
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For comparison purpose, experiments were also carried under argon gas
protection with the flow rate of 15 L/min. For each of the processing
parameters used, the experiments were repeated at least twice using same
parameters to verify the reproducibility of the effect.

Fiber connector

Scanner

Controller
Focusing lens

Optical output
fiber

Water layer

YLR-150/1500
QCW
Fiber Laser

Specimen

Worktable

Figure 7.1: Schematic diagram of experimental setup.
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microstructure of the treated samples were studied using advanced
microscopy. The depth and width of the laser affected zone was determined
based on the optical micrographs obtained after etching with 2% nital solution
with at least 5 measurements made at different cross-sections. Hardness
measurements were performed using Vickers hardness indenter using 300 gf
at the surface and 100 gf at cross section with 15 s dwell time. For surface
hardness, at least 10 indents were made on the surface and the average value
was taken.

7.1.3 Results and Discussion
7.1.3.1 Surface morphology
All steels had similar surface morphology. Therefore, only the results from
AISI 52100 are used for discussions here. Various levels of water layer
thickness were used for the experiment (Appendix B3) and the results are
summarized in Table 7.1. When the laser was turned on, the laser passed
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through the water layer and irradiated the surface. A distinct hardened line
could be seen for 1 mm thick water layer. However, only a faint black line was
observed for 3 mm water layer. For 5 mm water layer, no observable effect
was observed. Therefore, it was concluded that 5 mm water thickness did not
produce any hardening effect. The result when the experiment was performed
without any water layer is also added for easy comparison.
Table 7.1: Effect of water layer thickness on surface hardening (at 250 W
power and 100 mm/s process speed).

Water layer
thickness (mm)

Surface image

Remarks

0

Distinct hardened line

1

Distinct hardened line

3

Faint black line still
observable with naked
eye

5

No observable effect
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The water layer above the specimen surface plays significant role during
underwater laser treatment. Water acts like a shielding medium preventing the
surface to come in contact with air. When the laser light is irradiated during
the experiment, the water-air interface reflects part of the incident beam.
Furthermore, the absorption of laser light in water attenuates the total beam
energy striking the surface. The absorption depends on the thickness of water
layer and absorption coefficient of water. Neglecting the reflection of beam by
water, the absorption of laser beam by water is given by
𝐴(𝑧) = 1 − 𝑒 −𝛼𝑧

(7.1)

where 𝐴(𝑧) is absorption at water depth 𝑧 (cm) from the water-air interface (%)
and 𝛼 is absorptivity of water to laser beam. Takahashi et al. [232] measured
the absorption coefficient of water to be 0.14 cm-1 for 1.06 μm laser beam
produced by a Q-switch Nd:YAG laser. Using this value, the theoretical laser
power absorbed by water is only about 1.4% for 1 mm thickness and 13.1%
for 10 mm thickness.
It is thus clear that very little amount of incident laser energy is lost due to
absorption by water. However, the experimental results revealed no surface
hardening effect for water layer of mere 5 mm. This can be explained by
formation of plasma plume and water vapor cloud.
A bright plasma was observed during water submerged hardening
experiments as shown in Figure 7.2. When the laser irradiates on the steel
surface in air, the surface is heated up quickly to a high temperature and forms
hardened structure on rapid cooling (see Figure 7.3(a)). In presence of water,
evaporation forms vapor cloud over the surface. Zhang et al. [233] reported
that a large water-vapor plume forms immediately above the surface when
water layer is greater than 3 mm. The vapor cloud causes attenuation of
energy reaching the surface.
In addition, when the water layer is thin, the laser energy is high enough to
vaporize a small water channel along the beam path (see Figure 7.3(b))
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delivering enough energy onto the surface [234]. However, when the water
layer is thick, the plasma forming at the steel surface is confined by the water
pressure. This results in no hardening effect at all (see Figure 7.3(c)).

Figure 7.2: Image showing plasma formation during underwater laser

Laser beam

hardening process.

Confined
plume

Beam
channel

Vapor cloud
Water

Laser hardened
zone

Steel

Steel

Steel

(a)

(b)

(c)

Figure 7.3: Illustration showing laser hardening process (a) in air; (b) with
thin layer of water; and (c) with thick layer of water.
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Therefore, it is possible that the attenuation by water-vapor plume resulted in
no hardening effect in case of 5 mm water layer even though very little of the
laser beam is absorbed by the water layer. The explanation is consistent with
our result obtained as there was only a faint line at the surface when water
layer was 3 mm and no observable change when water layer was 5 mm.
Therefore, only the underwater hardening studies with 1 mm water layer
thickness is pursued in rest of the analysis.
Investigations were performed to study the effect of process speed on
hardened surface morphology. Figure 7.4(a) and (b) shows the hardened
track at different process speeds when treated in presence of 1 mm thick water
layer. At slow process speed, the hardened line was found to be zigzag and
random. Distinctly separated parts in the laser hardened line were observed
particularly at slow speed under water, as shown in Figure 7.4(a). No such
interruptions were found at high speed which produced a uniform single
hardened line.

Figure 7.4: Stereo-images of laser hardened lines during (a,b)
underwater laser processing; and (c,d) argon gas protection. Process
speed was 10 mm/s for (a) and (c), and 100 mm/s for (b) and (d). A
constant power of 250W was used for all experiments.
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Figure 7.4(c) and (d) shows the hardened track under argon protection using
same power for comparison. The hardened track was straight, but the width
was larger for slow process speed than for fast speed due to longer interaction
time [142].
When the laser beam irradiates the metal underneath, its surface temperature
increases rapidly. The heat from the metal surface is absorbed by the water
in contact with the surface. During slow process speed, there is enough time
for the heat from the base metal to be absorbed by water which results in the
convective motion of the water. In addition, the shock wave produced by
formation of vapor bubbles in water disturbs the molecules [227]. The
combined effect produces random motion of water and diffracts laser beam in
random directions producing zigzag hardened track (see Figure 7.5(a)).

Laser beam

Laser beam
Slow speed scan

Fast speed scan

Convective
motion

Water

Laser heated region

Steel

Steel

(a)

(b)

Figure 7.5: Schematic diagram showing (a) convective motion of water
and vapor formation above the irradiated area during slow process
speed, and (b) absence of any disturbance in water above the irradiated
area during fast process speed.
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On the contrary, during fast processing, the fast-moving laser heat source
coupled with high specific heat capacity of the water results in time lag
between the heat transfer from surface to water. Therefore, the water
molecules near the laser irradiated area are undisturbed during the process
producing a straight hardened line (see Figure 7.5(b)).
SEM and EDS analysis were carried out in order to study the chemical and
morphological changes occurring at the surface. Figure 7.6 reveals typical
phases formed at the surface using 10 mm/s and 100 mm/s scanning speeds.
At 10 mm/s speed, the width of hardened track was non-uniform for reasons
discussed above (Figure 7.6(a)). The hardened track width at 100 mm/s speed
was smaller than at 10 mm/s speed (Figure 7.6(c)); but had a uniform width.

Figure 7.6: SEM image showing (a) surface morphology at 10 mm/s
speed; (b) blow-up of a square area in (a); (c) surface morphology at 100
mm/s speed; and (d) blow-up of a square area in (c). A constant power
of 250 W was used for both cases.
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High magnification images revealed presence of a thin layer of surface oxide
at both speeds. Interestingly, the oxides at 10 mm/s speed were lumped and
somewhat detached from the surface (Figure 7.6(b)). Some cracks were also
observed on the oxide scales. Contrary to this, the oxide scale at 100 mm/s
speed was uniformly spread over the surface without any visible cracking
(Figure 7.6(d)).
The presence of oxide layer suggests that surface oxidation could not be
prevented completely even though water acts as shield from air. EDS analysis
identified the black phase as metal slag rich in oxygen, silicon, chromium and
manganese. These elements segregate from the base material during laser
heating process [133]. The slag was randomly distributed in the laser treated
area at slow speed due to movement of water. At fast speed, the interaction
time is not long enough for agglomeration of surface oxides.
Figure 7.7 shows surface profiles of laser hardened lines obtained from
confocal microscope. The laser treated area appeared to be raised slightly
compared to the base surface. At 10 mm/s speed, the hardened line in
underwater condition had a raised hump of about 5 μm height from the surface
(Figure 7.7(a)). On the contrary, the hardened line at 100 mm/s speed in
underwater condition did not reveal a significant raise in surface height (Figure
7.7(b)). Similar results were obtained for argon protected cases where a
slightly raised hump (about 3 μm) was observed at 10 mm/s speed (Figure
7.7(c)) and no increase in surface height was found at 100 mm/s speed
(Figure 7.7(d)).
The formation of surface hump at slow speed in underwater condition is
attributed to the presence of oxide scale as discussed above. A thick layer of
surface oxides forms at slow speed than at fast speed. Therefore, it manifests
itself as raised surface under confocal microscope. Interestingly, the
underwater treated cases revealed higher raise in surface profile than argon
protected cases under same speed. This is because argon gas protection
minimizes the formation of surface oxides.
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Figure 7.7: Surface topographies and line scans obtained from confocal
microscope in (a,b) underwater condition and (c,d) argon protected
condition at (a,c) 10 mm/s speed; and (b,d) 100 mm/s speed.

7.1.3.2 Cross-section microstructure
In order to study the microstructure of laser affected zone, cross-section
metallographic studies were performed. Figure 7.8 shows a typical cross
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section microstructure of laser hardened line which was processed in
underwater condition at 250 W power and 10 mm/s process speed. The laser
affected zone is crescent shaped with clearly distinct microstructure in the
laser hardened zone compared to the base microstructure.
The base microstructure of the steel consists of spheroidized cementite
particles uniformly distributed over the whole matrix (Figure 7.8(d)). After laser
treatment, the spherical carbide particles are completely dissolved in the
matrix due to rise of temperature above austenitization temperature. The laser
heated area cools rapidly due to the bulk material being at sufficiently lower
temperature (“self-quenching” effect). This produces hard martensitic
structure as shown in Figure 7.8(a).
A closer observation of the laser treated area reveals the presence of multiple
cracks near the surface as shown in Figure 7.8 (c). Owing to the higher carbon
content in 52100 steel (about 1 wt%), these cracks must have formed due to
the internal stresses developed during quenching [128]. A mixed
microstructure existed in the heat affected zone as shown in Figure 7.8(d). In
this region, the temperature is not high enough to dissolve carbide particles
completely due to decreasing effect of laser heating.
Figure 7.9 shows the variation in laser affected area with change in process
speed in both argon protection and underwater condition. The solid line and
the dotted line represent the case for argon protected condition and
underwater condition respectively. Both depth and width in water submerged
condition are significantly lower than argon protected condition. In all cases
with argon gas protection, both laser-affected depth and width reduced with
increase in speed. Interestingly, the underwater treated specimens did not
show much variation in depth and width up to a speed of 75 mm/s. Laser
hardening at slower speeds under water showed lots of variation in
measurements as indicated by the large error bars.
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Figure 7.8: Micrographs showing laser affected region during underwater hardening. (a) Martensitic structure in laser transformed zone; (b)
quenching cracks near the surface; (c) heat affected zone with mixed
microstructure; and (d) base microstructure with spheroidized cementite
particles uniformly distributed over the matrix.

153

300

Laser affected width (μm)

Laser affected depth (μm)

Chapter 7: Methods to improve the effectivity of laser hardening process

Ar gas

250

Underwater

200
150

100
50
0
0

30

60

90

120

700
Ar gas

600

Underwater

500
400
300
200
100
0
0

30

60

90

120

Speed (mm/s)

Speed (mm/s)

(a)

(b)

Figure 7.9: Graphs showing variation in laser affected (a) depth, and (b)
width for water submerged and Argon protected conditions.

The presence of water near the surface carries the heat away more efficiently
from the source of generation. With water acting as cooling agent, a huge
portion of the heat generated by laser irradiation on the metal surface is
dissipated by water. Therefore, the laser affected region is smaller for
underwater treated condition than for argon gas protected case.
On the other hand, the change in size of laser affected region with variation in
speed can be attributed to the interaction time available for austenitization.
Increase in speed of the process reduces the interaction time. At very fast
speed, short interaction time to austenitize the surface results in a small laser
affected area. On the other hand, the total interaction time is longer at slow
speed of operation which provides enough time for laser to austenitize a larger
area.
Especially during underwater processing, the laser affected region remains
almost constant at medium speeds. This suggests that there exists a threshold
laser energy to produce significant change in laser affected area based on
other parameters including water-level and process speed for effective
coupling.
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As mentioned earlier, a large variation in the size of laser affected area is
found at slow speeds in underwater condition. This is due to the random
diffraction of water during slow speed processing (as discussed in Section
7.1.3.1). The laser affected area will be significantly different when evaluated
from the interrupted part of the line and from the central part of the line (Figure
7.4(a)). This also resulted in a large standard deviation in the measurements.
7.1.3.3 Microhardness variation
Figure 7.10 compares the hardness variation along the depth from the surface
for under-water hardened and argon gas protection hardened specimens at
10 mm/s speed. The microhardness values obtained verifies the occurrence
of martensitic transformation in the surface of steel.
As can be seen, the hardness of the laser treated region is higher in
comparison to the original specimen (untreated one). The water submerged
specimen exhibited even higher hardness than argon protected specimen with
maximum value reaching about 900 HV. However, it is to be noted that the
hardened depth during submerged condition is very shallow (just about 50-70
μm) compared to argon protected specimens.
Higher microhardness is attributed to the rapid phase transformation as well
as substantial fragmentation of the structure resulting in greater contribution
of grain boundaries. The presence of water layer further enhances the cooling
rate at the surface. This results in additional heat dissipation at the surface
and high temperature gradient [235]. The fast cooling, thus increases
hardness at the surface, but limits the depth of heat penetration.
Moreover, from Figure 7.11, it is found that the surface hardness values of
underwater treated specimens were higher than argon protected cases
irrespective of process speed used. This suggests that for the range of
process speed used, it has less effect on surface hardness, but significantly
changes the depth and width of hardened region.
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Figure 7.10: Graph comparing the hardness variation along the depth for
water submerged and Argon gas protected conditions. The power and
process speed used was 250 W and 25 mm/s for both cases.
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Figure 7.11: Variation of surface hardness with process speed.

The study thus shows that underwater laser hardening can produce higher
hardness at the surface than conventional hardening process; but the laser
affected area is significantly diminished due to dissipation of heat in water.
Especially at slow process speeds, the hardened line is inconsistent with lots
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of interruptions due to random diffraction of laser beam by water movement.
One possible solution to this could be to use a running water than stagnant
water.

7.2 Decarburization during laser hardening
7.2.1 Introduction
Decarburization is a well-known surface degradation process involving the
loss of near-surface carbon from steel during exposure in air at elevated
temperatures. It usually occurs at temperature above 700°C i.e. austenite
phase region whereby the carbon atoms diffuse from the surface of the metal.
As a result of near-surface carbon loss, the surface of the steel has a lower
strength, lower fatigue resistance and higher wear rate [236]. The problem has
been prevalent during high temperature heat treatments carried out in
industrial operations such as rolling and forging. During furnace heating, the
chemical potential of carbon in the atmosphere may be lower than that in the
steel being heat treated [237]. Therefore, carbon from steel interact with the
furnace atmosphere and are removed as a gaseous phase.
Unlike in conventional heat treatment, laser surface treatment produces a
rapid heating condition at the surface characterized by high heating and short
austenitization periods. Despite the short interaction time, there is a chance of
carbon loss from the surface. Some studies have mentioned the possibility of
decarburization after laser surface treatment as one of the reasons for
degraded surface mechanical properties [158,238,239]. However, an
elaborative investigation on quantifying the decarburization during laser
surface treatment is still missing. In this section, the decarburization during
laser hardening and counter-measures to induce superior surface properties
by carburization is studied.

157

Chapter 7: Methods to improve the effectivity of laser hardening process

7.2.2 Quantifying decarburization
Quantifying the decarburization during laser surface treatment is a challenging
task. Even in conventional heat treatment, there exists a lot of variation in
measuring the depth of decarburized layer. Some measure the greatest depth
of total carbon loss (free-ferrite depth, or FFD) while others define
decarburization depth as the greatest depth location in the interior where the
bulk carbon content is reached i.e. both FFD and partial loss of carbon depth.
The ASTM E1077-14 [240] standard defines all these terms commonly used
in industries and depicts the test methods to estimate the depth of
decarburization of steel. According to the standard, the decarburization depth
can be measured by measuring surface hardness, microscopic etching
method or by chemical analysis depending the level of accuracy desired. For
general industrial purpose, a simple qualitative screening approach by
hardness measurement is suggested in [241].
As for the laser treated surface, the decarburization depth can be tricky to
determine. The short thermal cycle during laser surface treatment produces
non-equilibrium phases in a thin layer of the surface. Hardness measurements
is difficult in such case and it might not accurately gauge the decarburized
depth. Therefore, a simple mathematical model based on 1-D diffusional
equation is developed to predict the decarburization depth during laser
hardening.

7.2.3 Analytical Modelling
During laser surface treatment, the temperature at the surface can reach to
very high temperature well above austenitization temperature. At such high
temperature, the carbon can diffuse in or out of the metal surface depending
on the interaction time and atmospheric condition [8]. One of the important
processes controlling decarburization is the environmental reaction at the
surface that causes carbon to be removed from the surface of the steel. The
carbon potential between the material and the atmosphere is the driving force.
Another is the rate at which carbon diffuses from the interior to the surface of
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the steel. One of the most important reaction during carburization/
decarburization is [242]
𝐶 + 𝐶𝑂2(𝑔) ↔ 2𝐶𝑂(𝑔)

(7.2)

The relationship between the gaseous components and the carbon in solution
of austenite is described by fundamental law of mass action. It defines an
equilibrium constant K which is given as
𝐾=

2
𝑃𝐶𝑂
𝑓𝑐 ∗ 𝑤𝑡%𝐶 ∗ 𝑃𝐶𝑂2

(7.3)

where, 𝑃𝐶𝑂 and 𝑃𝐶𝑂2 are the partial pressures of CO and CO2 respectively and
𝑓𝑐 is the activity coefficient of carbon.
The equilibrium constant, 𝐾, is a function of temperature, 𝑇 (expressed in
Kelvin) and is given by
log 𝐾 = −

8918
+ 9.1148
𝑇

(7.4)

Knowing the partial pressure of the CO2 and the CO, the equilibrium weight
percent of carbon on steel at the given processing temperature can be
predicted by rearranging equation (7.3)
𝑤𝑡%𝐶 =

2
1 𝑃𝐶𝑂
𝐾𝑓𝑐 𝑃𝐶𝑂2

(7.5)

If the partial pressure of CO exceeds the partial pressure required to maintain
a given carbon content, the reaction represented above goes from right to left
causing surface carburization until a new equilibrium is reached. On the other
hand, if the CO2 partial pressure is high relative to CO content, the surface will
be decarburized i.e. the reaction proceeds from left to right. The above
equation also requires determination of activity coefficient 𝑓𝑐 which is a
function of temperature and the composition of austenite. According to Harvey
[242], 𝑓𝑐 for Fe-Si-C system can be calculated by using following equation:
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log 𝑓𝑐 =

2300
179 + 8.9 𝑤𝑡%𝑆𝑖
− 2.24 +
𝑤𝑡%𝐶
𝑇
𝑇
62.5
+(
+ 0.041) 𝑤𝑡%𝑆𝑖
𝑇

(7.6)

The preceding equations can be used to calculate the equilibrium weight
percent of C in the steel surface during carburization/decarburization. Apart
from equation (7.2), other reactions such as reaction of carbon with water
vapor and iron oxides may also occur at the surface [243], given as
𝐶(𝐹𝑒) + 𝐻2 𝑂(𝑔) ↔ 𝐶𝑂(𝑔) + 𝐻2(𝑔)

(7.7)

𝐶(𝐹𝑒) + 𝐹𝑒𝑂 ↔ 𝐹𝑒 + 𝐶𝑂(𝑔)

(7.8)

These are not considered in the analysis. It is to be noted that decarburization
is a complex process and a much higher CO than CO2 content is required for
carburizing [244].
The decarburization process is governed by Fick’s Law of Diffusion according
to which the net flux of carbon diffuses from a higher concentration to a lower
concentration region given by
𝐽 = −𝐷

𝛿𝐶
𝛿𝑥

(7.9)

where 𝐽 is the diffusion flux per unit cross section area per unit time, 𝐷 is the
diffusion coefficient and

𝛿𝐶
𝛿𝑥

is the concentration gradient. The diffusivity of an

element can be determined by the Arrhenius reaction equation
𝐷 = 𝐷0 𝑒𝑥𝑝 (

𝐸𝑎
)
𝑅𝑇

(7.10)

where, 𝐷0 is the pre-exponential factor (cm2/s), 𝐸𝑎 is the activation energy for
diffusion (J/mol), 𝑅 = 8.314 J/(mol K) and 𝑇 is the absolute temperature in
Kelvin.
It is noteworthy to point out that the Fick’s first law alone cannot model the
carburization/decarburization process, as the diffusion flux keeps on changing
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with time and the concentration gradient. For the time transient
decarburization modelling, Fick’s second law is used which is given as
𝛿𝐶𝑥
𝛿 2 𝐶𝑥
=𝐷
𝛿𝑡
𝛿𝑥 2

(7.11)

where, 𝐶𝑥 is the concentration at distance x from the surface, and 𝑡 is the time.
The average carbon diffusivity (cm2/s) for most steel can be approximated by
𝛾

𝐷𝑐 = 0.12 exp −

32000
𝑅𝑇

(7.12)

For modelling, Van-Ostrand-Dewey solution to Fick’s second law was used
which can be defined as
𝐶𝑥 − 𝐶𝑠
𝑥
= erf (
)
𝐶0 − 𝐶𝑠
2√𝐷𝑡

(7.13)

where 𝐶𝑠 is the surface concentration of carbon and 𝐶0 is the initial carbon
level in steel.
The carbon content profile along the depth was generated using ThermoCalc
DICTRA software. The solution yields the carbon concentration profiles at
every step of the simulation. In order to validate the model, the decarburized
depth during normal heat treatment of AISI 1055 steel was studied first. A
1055 steel specimen was heated in a box furnace at 860°C for 20 min and
cooled in open air. Hardness measurements were made on the cross-section
of heat treated sample to estimate the decarburization depth. The predicted
depth and experimentally measured depth were found to match perfectly
validating the accuracy of the model (see Figure 7.12).
After validating the model, the model was used to predict the decarburization
depth for laser treated specimen. It predicted a decarburization depth of about
65 µm for a surface treated with 250 W laser and 10 mm/s process speed (see
Figure 7.13). The loss of carbon is strongly dependent on the distance from
the surface, as expected.
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Figure 7.12: Decarburization during furnace heating of AISI 1055 steel –
(a) decrease in hardness near the surface (inset shows micrograph of
decarburized surface); and (b) loss of carbon content in the near-surface
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Figure 7.13: Decarburization during laser hardening of AISI 1055 steel at
250 W power and 10 mm/s process speed – (a) one dimensional model
used; and (b) carbon profile in the near surface region showing
decarburization.

The peak temperature reached during laser treatment, albeit for a short time,
also has a big effect on decarburization depth as shown in Figure 7.14. A very
small decarburization depth is obtained for low temperature which increases
exponentially

with

increase

in

peak
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temperature.
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decarburization should not keep on increasing continuously as at higher

Total decarburization depth (μm)

temperature, the surface has higher chances of evaporation and ablation.
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Figure 7.14: Variation of decarburization depth with peak temperature
during laser surface processing.

7.3 Laser carburizing using surface coatings
7.3.1 Introduction
Since decarburization is detrimental for surface properties of steel,
investigations were carried out to explore the possibility of preventing
decarburization. Previous studies have found that graphite coating during
laser surface hardening of steels introduced substantial amount of carbon into
the steel [245–248]. The introduction of carbon into the substrate can be
beneficial, not only for preventing decarburization, but also to induce wear
resistant properties at the surfaces [246]. In addition, the coating also serves
as a couplant for laser beam absorption by the substrate [37,58,131,249,250].
Therefore, studies were performed to evaluate the possibility of laser
carburizing.

163

Chapter 7: Methods to improve the effectivity of laser hardening process

7.3.2 Graphite as surface coating
Commercial graphite spray was used to pre-coat a 52100 steel sample with
graphite before performing the laser test. The details of experimental
parameters used can be found in Appendix B3. The spray was an aerosol of
graphite particles (in the range of 3 – 50 μm) and alcohol. On spraying it over
the cold metal substrate, the alcohol evaporated leaving behind a thin layer of
graphite over the surface as shown in Figure 7.15. The laser heating burnt off
the graphite from the irradiated area inducing some carbon into the substrate
by surface alloying.

Figure 7.15: (a) Graphite flakes covering the surface; and (b) Laser scan
line over the graphite coated surface.

Figure 7.16 shows a typical microstructure of the carburized region just
beneath the surface. The microstructure had cast iron like dendritic structure
which verifies the diffusion of carbon into the substrate during melting and
solidification of the layer. The higher absorption of laser energy due to graphite
coating must have increased the surface temperature beyond the melting
point. Carbon can diffuse easily in the liquid which on subsequent solidification
forms cast iron like microstructure. However, this resulted in lower hardness
than in uncoated specimen zone as shown in Figure 7.17. A maximum
hardness of about 900 HV was recorded in the hardened region just beneath
this remelted zone which can be attributed to the higher carbon content due
to solid state carbon diffusion [248].
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Figure 7.16: Cast iron like microstructure formed after carburizing the
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Figure 7.17: Microhardness profile along the depth for uncoated and
graphite carburized surfaces.

The graphite carburizing experiments were attempted for other steels as well.
Figure 7.18 shows the typical microstructure of different steels after
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performing graphite induced laser carburizing with same laser parameters. A
slight volume expansion occurred for all cases owing to the formation of
martensite and diffusion of carbon into the steel. Large number of severe
cracks and porosity appeared for AISI 1020 and AISI 1055 steels. These
steels have lower amount of carbon (0.20 wt% and 0.56 wt% respectively).
Therefore, higher amount of carbon could diffuse into the surface which forms
a hypereutectic solidification structure. This structure is very brittle and results
in cracking due to high thermal stress generated during cooling [246]. Some
pores might also form during the rapid solidification process due to entrapment
of gases. On the other hand, the cracking was limited to the top region in case
of 50CrMo4 and AISI 52100 steels. This can be attributed to the presence of
higher amount of carbides and alloying elements in these steels [31] which
limit the carbon diffusion to a shallow depth.

Figure 7.18: Graphite coated laser carburized microstructure of different
steels - (a) AISI 1020; (b) AISI 1055; (c) 50CrMo4; and (d) AISI 52100.
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The investigation therefore, demonstrates that graphite coating can induce
carburization on the surface of steel. However, the process has many
limitations. One of the major drawbacks of using graphite powder is its
difficulty in obtaining a uniformly covered surface. Woo et al. [247] highlighted
the significance of graphite coating thickness in laser hardening and
suggested to use an optimum thickness to obtain uniform hardened layer
dimension. They found the optimum value using linear regression and neural
network model. However, controlling the layer thickness of graphite is very
challenging as it requires meticulous application of the graphite layer on the
surface. This renders less controllability to the carburizing process and
depending on the amount of graphite and the laser parameters, may result in
lower hardness, cracking and porosity.

7.3.3 Carbon nanotubes as surface coating
Carbon nanotube (CNT) fibers were utilized as surface coating in the next
series of studies. With the recent development of nanotechnology, nanostructured materials such as WC-Co [251], nano-sized alumina [252] and
CNTs [253] present excellent opportunity to be used as thin coating on the
metal surface to produce different microstructure than that of bulk metal. The
carburization depends on the carbon potential available at the surface.
Compared to graphite, CNTs could be more uniformly coated on the surface
which can increase the carbon potential significantly. Furthermore, the nanosized structure of CNT might be more favorable for easy dissolution of carbon
during laser heating. Therefore, studies were performed to investigate the
laser surface carburizing using CNTs as source of carbon.
A multiwalled CNT was used as coating on the steel substrate. Since CNTs
tend to agglomerate due to their hydrophobic nature [254], it was first
mechanically crushed and mixed with ethanol. The mixture was then
ultrasonicated for 2 hours to make a homogeneous slurry. This slurry was
uniformly applied over the steel surface and left to dry in air. Laser treatment
were performed on the CNT coated surface as before using fiber laser. The
different laser parameters used are shown in Appendix B3. Figure 7.19 shows
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the surface of the substrate with CNT coating before and after laser treatment.
The mesh of carbon nanotube fiber bundles can be clearly seen before laser
treatment which completely burns out due to heating from the laser.

Figure 7.19: (a) Carbon nanotube (CNT) fibers on the surface; and (b) CNT
remains after laser treatment.

The carbon from the CNTs diffuse into the molten surface due to higher carbon
potential at the surface than in the steel. This forms a cellular solidification
microstructure near the surface with depth ranging from 36 μm to 105 μm
depending on the laser parameters used. A typical microstructure is shown in
Figure 7.20.

Figure 7.20: Cellular dendritic structure observed in CNT carburized
region.
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The solidification structure is primarily determined by solidification gradient, G
and velocity of solid-liquid interface, R. The values of G and R varies
continuously from the boundary to the laser irradiated center; therefore, the
solidification mode changes from a planar mode near the fusion boundary to
cellular, dendritic and equiaxed near the surface.
The cellular dendritic structure is identified as eutectic carbides in
austenite/ledeburite matrix which form due to the alloying of molten layer with
carbon.

Similar

results

have

been

observed

by

Katsamas

and

Haidemenopoulos [248] using graphite slurry which they attributed to diffusion
of excessive amount of carbon into the steel leading to compositions
exceeding the eutectic (4.3 wt%). However, unlike in graphite carburizing, it is
noteworthy to point out that the cracking and porosity were almost absent in
this case. This is probably due to uniformity of CNT layer thickness on the
substrate. Compared to graphite coating, CNT coating can be uniformly
applied on the surface owing to their smaller dimension and larger surface
area which results in more carbon contacting with the surface (see Figure
7.21). This leads to lower chance of carbon accumulation at the surface during
laser heating and hence, a better inflow of carbon into the steel with its content
below solubility limit than in graphite carburization.

Carbon
nanotube fibers

Graphite flakes
Void

Steel

Steel

(a)

(b)

Figure 7.21: Schematic diagram showing less voids in CNT coated surface
(a) than in graphite coated surface (b).
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The microhardness measurements made on the specimens correlated well
with the metallographic observations. The hardening mechanism is different
in the melt carburized region and the hardened region. In the carburized zone,
the iron carbide precipitates withdraw carbon from the original melt during their
formation [255]. The lowering of carbon in the matrix results in formation of
retained austenite which has lower hardness than the eutectic carbides. In the
regions where there was substantial volume of carbides, hardness as high as
1157 HV could be achieved, while the hardness in the matrix varied from 560
HV to 852 HV depending on the amount of carbides present. The hardness in
the hardened zone was determined by the hardness of the martensite formed.
It had hardness as high as 950 HV near the fusion boundary with hardness
gradually decreasing along the depth until base metal was reached. Without
any carburization, the conventional laser hardening produced maximum
hardness of about 821 HV. The higher hardness obtained also indicates the
increase in carbon content of the steel surface.
Although CNT coated laser carburizing showed significant improvement
compared to graphite coated specimen in terms of crack prevention and
surface improvement, the challenge still lies in applying the coat on the
surface. The graphite spray or CNT coating generally does not adhere to the
substrate and some binders need to be used. At critical speeds during laser
hardening, these binders evaporate. In addition, shrouding gas from nozzle
might blow the coat away. Moreover, applying the uniform coat over the
surface can be a tedious task when the shape of the component is complex.
Gas assisted laser carburizing can overcome all these limitations with
additional advantage of controlling carburization rate. By controlling the gas
flow rate and the concentration of gas in contact with the surface, desired
carburization with superior material properties can be obtained which is
discussed in the next section.
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7.4 Gas assisted laser hardening
7.4.1 Introduction
Conventional gas carburizing has been well established in industries for case
hardening of various machine components. The technique uses a mixture of
gases in a high temperature furnace which results in diffusion of carbon into
the substrate (see Section 2.4.5.5). Since the hardening process in such case
depends on the composition, function and control of furnace atmosphere
[256], it is considered more flexible than pack carburizing which uses a solid
compound. Similar to carburizing, nitriding and carbonitriding are also
frequently used in manufacturing of airplanes, automobile parts, bearings,
textile machinery, and turbine systems [257]. However, the need for a high
temperature furnace and precise control of furnace atmosphere makes it time
consuming and expensive.
Gas assisted laser carburizing combines the advantages of both gas
carburization and laser as a heat source removing the need for expensive
furnaces and their control. The use of gas as carburizing source provides more
uniformity and controllability to the process than using a surface coating. In
most of the previous studies, the gas assisted laser hardening is performed in
two steps – first carburizing or nitriding the surface in a high temperature
furnace and second, irradiating the carburized surface with laser. Kulka et al.
[84] obtained hardness as high as 820 HV in re-melted and heat affected zone
of 15CrNi6 low carbon steel using two step borocarburizing and laser heat
treatment process. Panfil et al. [85] performed laser heat treatment on gasnitrided 42CrMo4 steel to improve the mechanical properties and found a
significant increase in surface hardness (about 11.87 GPa). Similarly, Sola et
al. [258] proposed a double step surface treatment combining low pressure
gas carburizing and laser quenching to improve the surface hardness,
hardening depth thickness and mechanical properties of C20 steel.
Extensive studies on one-step laser induced gas nitriding of various metals
have been conducted by Peter Schaaf [259]. He used short pulsed lasers to
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irradiate metal surfaces in nitriding atmosphere and found a large amount of
nitrogen entering the metal substrate by diffusion. Yilbas et al. [260] also
reported the formation of nitride species on H13 tool steel substrate during
laser nitriding using co-axially supplied nitrogen gas at a high pressure of 600
kPa. The studies thus indicate the possibility to directly introduce an alloying
element into the steel substrate by using laser irradiation in presence of
suitable source gas. However, very limited studies on direct laser carburizing
of steel using a carburizing atmosphere has been reported in the literature.
Considering the advantages of using gas for carburizing than using a surface
coating, the laser assisted gas carburization of different steels is explored in
this section. The preliminary study investigated the effect of various carbon
rich gases such as CO2 and propane (C3H8) on surface hardening. On
identifying the carburizing potential of propane, further detailed studies were
performed on propane carburized specimens.

7.4.2 Experimental Setup
The experimental setup for the laser gas carburizing is shown in Figure 7.22.
All four kinds of steels, AISI 1020, AISI 1055, 50CrMo4 and AISI 52100, were
used for the study. The details of these steels can be found in Chapter 3. At
first, trial experiments were performed in open air with gas being supplied at
the irradiated surface using a nozzle. It was found that it was not very effective
in preventing surface oxidation. On the other hand, only the flow rate could be
controlled by using nozzle and with flammable gas such as propane, there’s
always a risk of fire hazards. Therefore, a special chamber was designed inhouse to perform the controlled experiment.
The chamber is shown in Figure 7.23. The chamber has dimensions of 120 x
120 x 12 mm3 with a laser transparent laser window at the top. The laser beam
enters the chamber from this window. It also has a vacuum gauge and a
pressure gauge fitted to measure the vacuum pressure and gauge pressure
inside the chamber during operation. The chamber is properly sealed to
prevent any leakage of air. It has an inlet and an outlet for gas to flow in and
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out respectively. Two valves V1 and V2 are connected at the either side to
control the flow of the gas. The inlet side is connected to a gas cylinder while
the outlet is connected to a vacuum pump.
Gas Tube
Laser beam

QCW Fiber Laser
λ=1.07 μm
250 W max power

Mirror

Control wire

Regulator
Galvanometric
Scanner
Lens

Laser window

Controller

Vacuum
chamber
Specimen
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P
Exhaust
Pump

Gas cylinder

Filter

Figure 7.22: Experimental setup for gas assisted laser hardening
experiments.

Figure 7.23: Chamber designed for gas assisted laser hardening.
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The air inside the chamber must be evacuated first before filling it with the
gas. For this purpose, valve V1 is closed and with valve V2 open, the vacuum
pump is turned on. The pump sucks all the air out of the chamber. After the
vacuum pressure reaches -90 kPa, valve V2 is closed and the pump is turned
off. Then, the gas is released from the gas cylinder and valve V1 is opened.
The gas fills the chamber and when the pressure reaches atmospheric
pressure, valve V1 is closed. This way, the chamber is filled with the
carburizing gas. By controlling the pressure inside the chamber, desired level
of gas concentration can be maintained in the chamber. Finally, the laser is
turned on which passes through the laser window and heats up the specimen
inside the chamber.
The experiments were performed using different laser processing parameters
(Appendix B3) to investigate the effect of gas used. For each parameter used,
the experiment was repeated at least twice.

7.4.3 Results and Analysis
Figure 7.24 summarizes the effect of various gases on surface hardening of
different steels used in this study. The average hardness values of asreceived materials are also shown for reference. As expected, the average
hardness after laser treatment is higher for all specimens compared to the
base material hardness. Furthermore, the hardness of laser treated surface in
air and argon gas protection are almost similar for all steels which
corroborates the inert nature of argon. The slight difference in the measured
values could be due to surface oxidation during laser treatment in air.
Interestingly, a slightly lower average hardness was recorded for laser
hardening under CO2 gas protection. On the other hand, ultra-high hardness
was achieved with laser hardening in propane gas. Therefore, the structural
changes in laser treated surface under protection of CO 2 and propane were
investigated further.
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Figure 7.24: Comparison of average surface hardness of various steels
treated with different gases.

7.4.3.1 CO2 gas carburizing
Cross-section metallographic studies were performed to investigate the
reason behind lower hardness in specimen treated in CO2 atmosphere. Figure
7.25 shows a typical microstructure of AISI 1055 steel obtained near the laser
treated surface. High magnification electron imaging revealed the top surface
to consist of lath martensite up to a depth of about 80 μm. The microstructure
gradually changed to mixed and plate martensite in the sub-surface hardened
zone due to rapid phase transformation. Lath martensite is associated with
lower carbon content in steel which form during rapid quenching process [52].
This indicates the possibility of carbon loss from the surface during laser
treatment in CO2 atmosphere.
Microhardness measurements were made on the cross section to verify the
carbon loss. A typical hardness profile along the depth is shown in Figure 7.26.
The profile correlated well with the microstructure obtained. The hardness
near the surface was about 500 HV, typical of the martensitic hardness
achieved by phase transformation of low carbon steels [261]. It increased to
about 710 HV at about 100 μm below the surface and gradually decreased to
base material hardness due to decreasing effect of laser heating.
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Figure 7.25: Microstructure obtained after laser treatment under CO2
atmosphere – (a) laser affected area; (b) lath martensite observed near
the surface (marked as region b in (a)); and (c) mixed martensitic
structure obtained in the laser hardened zone (marked as region c in
(a)).
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Figure 7.26: Microhardness variation along the depth for specimen
treated in CO2 atmosphere.

The results, thus, suggest the possible decarburization of the surface when
laser treated in CO2 atmosphere. During conventional gas carburization, the
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carbon can diffuse in or out of the steel depending on the carbon potential of
the atmosphere [262]. Therefore, the gas composition needs to be regularly
monitored during the process. The fast heating and cooling during laser
treatment in CO2 atmosphere might induce decarburizing effect [263], which
could have led to lower surface hardness.
Similar effect was observed for AISI 1020 steel and 50CrMo4 steel with lower
hardness near the surface and higher hardness in the sub-surface region. The
decrease in hardness was lower for AISI 1020 steel as it already has low initial
carbon content. Compared to these steels, AISI 52100 showed very little
change in surface hardness even under CO2 gas protected laser treatment.
This is surprising given that this steel has highest carbon content (about 1
wt%). The possible reason could be the presence of other alloying elements
which tends to slow down the outward diffusion of carbon during fast laser
heating [31,144,264,265].
7.4.3.2 Propane gas carburizing
Superior hardness was obtained for all steels treated in propane atmosphere
as shown in Figure 7.24. Therefore, the structural changes occurring during
propane gas carburizing were analyzed in detail. Corresponding to the similar
hardness obtained, all steels showed similar microstructural changes near the
surface. Figure 7.27 shows a typical micrograph of laser treated steel in
propane atmosphere. Three distinct zones could be clearly observed – a
carburized layer (CL) near the surface, an unetched thin white band and a
laser hardened zone (LHZ).
The depth of CL varied from 20-100 μm depending on the laser parameters
used. For the same parameters, the depth was almost same in all steels. The
microstructure observed in this region had cast iron like structure similar to
that found in laser treatment with CNT coating (see Figure 7.20). It consisted
of transformed ledeburite (γ + Fe3C) matrix with dendrites of cementite
eutectic. Dendrites form due to cooling of the liquid phase during nonequilibrium solidification. Depending on the laser intensity and available
carbon at the surface, the microstructure varied along the depth with
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hypereutectic structure occurring at the top (for highly carburized specimen)
and gradually transforming to eutectic and hypoeutectic microstructure.

Figure 7.27: Typical microstructure obtained during propane assisted
laser carburizing – (a) carburized layer and hardened zone; and (b) closeup of carburized layer showing eutectic carbides in transformed
ledeburite matrix.
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A thin lightly etched band existed in the interface between CL and LHZ with
large plate martensite just beneath the band. According to the literature, this
indicates excessively high carbon potential leading to solid state diffusion of
carbon into the matrix [248]. The LHZ was somewhat larger than the CL with
maximum depth of up to 250 μm for highest laser intensity used. The LHZ had
martensitic structure with microstructure varying gradually along the depth
(see Figure 7.28). It consisted of plate martensite near the CL. On further
moving away from the surface, a mixed microstructure consisting of
martensite, bainite and undissolved carbides formed.

Figure 7.28: Varying microstructure in the laser hardened zone – (a) plate
martensite near the CL; and (b) mixed microstructure near the substrate.

The strongly carburized microstructure of

remelted layer suggests

considerable reaction and influx of carbon into steel surface during laser
processing. A heterogeneous microstructure from top to the inside of the
surface is because of different carbon concentration, temperature gradients
and the non-uniform cooling rates along the depth.
The carbon influx during the process is affected by the amount of carbon
available at the surface which could possibly be controlled by altering the
concentration of propane in the chamber. Therefore, further studies were
carried out by varying the gas concentration in the chamber and the results
are shown in Figure 7.29. A fully hypereutectic microstructure was observed
for high concentration of propane. The microstructure changed to eutectic and
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hypoeutectic structure with lowering of the propane concentration. This
indicates the possibility of controlling carburization by controlling the gas
concentration in the chamber.

Figure 7.29: Cross section microstructure of carburized layer treated with
varying concentration of propane – (a) high concentration; (b) medium
concentration; and (c) low concentration.

EBSD was used to identify the new phases formed during the surface
carburization. Figure 7.30 shows the EBSD maps of a typical carburized
microstructure near the surface. Three different phases were identified –
carbides (Fe3C), austenite (FCC Fe) and martensite (BCT Fe). The top
surface basically consisted of austenitic matrix with dendrites of carbides
precipitating out. The carbide phases were clustered near the surface and its
quantity decreased along the depth.
Random misorientation profiles drawn in the carburized region revealed that
the grain misorientation was very small (maximum of about 3°). A typical
profile is shown in Figure 7.31(a). This suggests the formation of large
austenitic grain during the process. Beneath this heavily carburized region,
martensitic phase formed as can been seen in Figure 7.30(c). The martensite
phase had fine grains and a typical misorientation profile is shown in Figure
7.31(b). For comparison, the inverse pole figure map of base microstructure
is also shown in Figure 7.30(d).
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Figure 7.30: EBSD map of the laser treated area – (a) band contrast map;
(b) phase map showing FCC (blue), BCT (red) and Fe3C phase (yellow);
(c) inverse pole figure (IPF) map of laser hardened zone; and (d) IPF map
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Figure 7.31: Typical misorientation profile along (a) carburized layer; and
(b) laser hardened zone.

It is thus, clear that the ultrahigh surface hardness was achieved due to the
formation of carburized layer near the surface. The hardness was further
studied by making several nanoindents in the cross-section microstructure of
the specimen. In order to confine the indent within a particular feature, a small
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penetration depth of just 600 nm was used. This produced indents of about 4
μm size. The indents were made on a polished surface and the specimen was
later etched with 2% nital to reveal the exact location.
Figure 7.32 shows a series of indentations made on the cross-section
microstructure with the corresponding hardness values. The nanohardness
values reported are the average values taken within the depth limits of 250 to
550 nm where the hardness was stable. It can be seen that the eutectic
structure had very high hardness. The hardness was lower for the austenite
matrix while the LHZ also had very high hardness due to presence of
martensite in this region.

Figure 7.32: Nano-indents made on the cross-section microstructure of
the laser treated steel.

Figure 7.33 summarizes the hardness profile obtained at different
concentration of propane. Compared to the hardness in air treated specimen,
the hardness was higher in specimens treated in propane gas. Surface
hardness as high as 13 GPa was obtained. All the specimens in propane gas
showed similar trend with very high hardness near the surface and in the LHZ
until gradually decreasing to base microstructure hardness. The hardness in
the subsurface region at the depth of about 40 μm plummeted to about 7 GPa
corresponding to the formation of austenitic ring in this region.
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Figure 7.33: Variation of nano-hardness along the depth for samples
treated with different concentration of propane. The lower hardness in the
sub-surface region corresponding to the lightly etched retained austenite
band.

The hardness measurements correlate with the microstructure observed. The
higher hardness near the surface is attributed to the formation of eutectic
structure due to alloying with carbon. The carbon diffusion decreases with
increase in depth. In the CL, the gradient in carbon content in the eutectic
causes decrease in hardness with increase in depth. A lower hardness is
measured for the unetched band which is due to the change in microstructure
from eutectic to eutectoid.
In the LHZ, however, the martensitic transformation leads to high hardness.
The hardness of martensite is dictated by the amount of carbon present in
original austenite. When the carbon content is too high, some austenite might
be retained even during fast cooling. This could be the reason why a slightly
lower hardness was observed in the LHZ for high concentration than for
medium concentration.
The surface carburization using propane was realized in other steels as well
and all of them were found to have a CL at the surface (Figure 7.34). However,
the volume of eutectic dendritic morphology was different for different steels
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with AISI 1020 steel having large amount of carbide dendrites and AISI 52100
having the least. This can be attributed to the chemical composition of the
specimen.

Figure 7.34: Near surface microstructure during propane assisted laser
hardening of different steels showing varying volume fraction of eutectic
carbides – (a) 1020 steel; (b) 1055 steel; (c) 50CrMo4 steel; and (d)
52100 steel.

Since all the steels were treated under same condition, the carbon potential
of the atmosphere must be the same. However, plain carbon steels possess
only Fe and C and hence carbon can easily diffuse into the substrate without
much barrier. The higher amount of carbon diffusing into the substrate can
exceed the eutectic composition (4.3 wt%) and during rapid cooling, excess C
precipitates as primary cementite eutectic. The hypereutectic microstructure
appearing near the surface of plain carbon steel supports this phenomenon
as more carbon diffuses into the substrate from the surface and form larger
volume fraction of cementite eutectic.
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On the other hand, 50CrMo4 and AISI 52100 steels consists of alloying
elements such as Cr and Mn. According to literature, presence of alloying
elements increases the energy required for carbon to diffuse into the matrix
[266]. Furthermore, higher amount of carbon in the matrix itself reduces the
carbon potential difference between the substrate and the carburizing
atmosphere. As a result, a lower volume fraction of cementite eutectic is
formed on rapid cooling.

7.4.4 Discussion
When the laser is irradiated on a surface, the surface absorbs the beam
energy and heats up quickly. The heat from the surface pyrolyzes the
surrounding gas resulting in its decomposition. Unlike in conventional gas
carburizing, the laser hardening process is very fast with limited time for gas
to decompose. In addition, the short dwell time above austenitization
temperature provides less time for carbon to diffuse into the substrate. Thus,
the possibility of achieving required carbon potential at the surface and the
desired carburization depth is a challenge.
The solution could be to use a carburizing gas with significant carbon content
which is enough to produce required carbon potential during fast laser beam
interaction. Propane fits this requirement very well. Compared to the
conventional natural gas used in furnace gas carburizing, the molecules of
propane inherently contain a higher C/H atoms ratio, which enables a greater
number of carbon atoms to be supplied to the substrate in a short time.
Furthermore, Olga et al. [262] reported to achieve an equivalent atmosphere
carbon potential using four times lower flow of propane over conventional
natural gas enrichment. Therefore, propane provides a low-cost alternative to
endothermic carburizing atmospheres with more energy utilization.
Under intense laser heating, propane pyrolyzes to form carbon and methane
according the following reaction [267]
𝐶3 𝐻8 → 𝐶 + 2𝐶𝐻4
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The decomposition reaction quickly raises the carbon concentration in the
atmosphere. Such high carburizing atmosphere coupled with high
temperature of steel surface provides a perfect condition for carbon to react
with the surface.
Figure 7.35 shows the schematic of the carbon transfer mechanism during the
laser assisted gas carburizing process. It involves three main steps - mass
transfer from the gas to the steel surface, reactions at the surface and diffusion
of carbon into the steel. The laser heating provides enough carbon at the
surface by decomposition of propane. Higher the heating effect of the laser,
larger is the carbon potential of the atmosphere. The transfer of carbon from
gas to the steel surface is proportional to the difference between carbon
potential of the atmosphere (Cp) and the carbon at the surface (Cs).

Gas
atmosphere

Laser beam

Cp
C3H8

C3H8

𝐽 = 𝛽(𝐶𝑝 − 𝐶𝑠 )

Gas-steel
interface

Cs

𝐽 = −𝐷

C0

𝐶
𝑥

Steel

Figure 7.35: Schematic diagram showing the mechanism of carbon
diffusion in steel during laser treatment.

By introducing a controlling factor called mass transfer coefficient (β), the flux
of carbon uptake (J) by the steel surface can be defined as
𝐽 = 𝛽(𝐶𝑝 − 𝐶𝑠 )

(7.15)

Inside the steel, the process is primarily controlled by Fick’s law of diffusion,
similar to decarburization process as discussed above, albeit in opposite
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direction. The coefficient of carbon diffusion in austenite (D) is the controlling
factor for carbon diffusion inside steel. The maximum carburizing rate requires
the carbon transfer from atmosphere to be equal to or greater than the carbon
diffusion rate in steel. Thus, the whole process is diffusion controlled which
depends on the laser processing parameters, carbon potential of the
atmosphere and the material properties.
The carburization inside the steel occurs either by surface alloying mechanism
or by solid state diffusion [248]. The near surface region which melt due to
laser heating permits more amount of carbon to be absorbed quickly by
surface alloying mechanism [268,269]. As the carbon content in the steel
increases, various phases appear on rapid solidification of the melted zone.
The maximum equilibrium solubility of carbon in austenite is about 2.14 wt%.
The fast uptake of carbon during the carburizing process increases the carbon
content in steel to more than this value which results in formation of austenite
dendrites and eutectic carbides on solidification. The austenite is retained
during solidification due to lowering of Ms temperature caused by carbon [35].
With increasing carbon content, the proportion of eutectic present on
solidification increases at the expense of austenite until it becomes fully
eutectic at ~4.3 wt%. At even higher laser power density, the carbon content
exceeds the eutectic composition leading to the formation of hypereutectic
structures as shown in Figure 7.36.

Figure 7.36: Near surface hypereutectic microstructure obtained under
higher laser power density.
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The eutectic phase increases the bulk hardness of the microstructure by virtue
of their own very high hardness and their substantial volume fraction [255].
That’s why the hardness in the solidified microstructure decreases gradually
along the depth with decreasing proportion of eutectic in the matrix as
observed in Figure 7.27 and Figure 7.34. The hardness reaches lowest value
in the light unetched region which is identified as the ring of retained austenite
(see Figure 7.37). The carbon content in this zone was high enough to stop
complete martensite transformation on rapid solidification and forms retained
austenite. The hardness in this region is still higher than the base
microstructure due to formation of fine microstructure.
The retained austenite band forms due to planar solidification. The
constitutional segregation must not occur for planar solidification front to be
present. This is expressed as
𝐺 𝑚𝐶0 1 − 𝑘0
≥
(
)
𝑅
𝐷
𝑘0

(7.16)

Figure 7.37: Micrograph showing the unetched boundary between the
carburized layer and the hardened zone. The carburized layer shows the
eutectic carbides while plate martensite can be seen in the hardened
zone.
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where 𝐺 is the temperature gradient in the liquid, 𝑅 is the velocity of the
solid/liquid interface (solidification rate), 𝑚 is the slope of the liquidus, 𝐶0 is the
initial solute concentration, 𝐷 is the diffusivity of carbon in liquid steel and 𝑘0
is the ratio of the solute concentration in the solid to solute concentration in
the liquid.
The influence of 𝐺 and 𝑅 on solidification morphology is illustrated in Figure
7.38. Laser surface processing produces melted region that solidifies at
different 𝐺/𝑅 ratios, hence producing different solidification morphology. At
the bottom and sides of the melt zone, extremely high values of 𝐺/𝑅 can
occur. As the laser beam moves away, melting immediately stops, but freezing
does not start instantaneously. Thus, solidification rate becomes almost zero
for a very short time making 𝐺/𝑅 almost infinite. As a result, the planar
solidification forms a featureless ring of austenite between the fusion zone and
the hardened zone.

Temperature gradient (G)

High cooling rate

Planar
High
G/R
Cellular

Columnar
dendritic
Equiaxed
dendritic
Low cooling rate

Low G/R

Solidification rate (R)
Figure 7.38: Diagram showing the influence of temperature gradient and
the solidification rate on mode of solidification and grain size [270].
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According to Coriell and Sekerka, the planar solid front morphology will
stabilize when
𝐺
∆𝑇0
≥
𝑅
𝐷

(7.17)

where, ∆𝑇0 is the temperature interval between liquidus and solidus.
The ratio on the right of equation (7.17) was calculated assuming the values
of ∆𝑇0 and 𝐷 to be 391 K and 10-2 mm2/s respectively and found to be 39100
Ks/mm2. The approximate value of 𝐺/𝑅 can be obtained by considering a
simplified geometry of the fusion pool during laser heating as shown in Figure
7.39. The average temperature gradient, 𝐺 is assumed as the ratio of
difference between boiling point (assumed to reach at the top of melt zone)
and solidus temperature (at the bottom of the melt zone) to the depth of melt
zone. For conduction limited melt zones, the width of melt pool can be
considered same as the laser beam diameter [271]. The average solidification
rate, 𝑅, for the entire fusion pool is then approximated as the rate of change
of melt pool depth given simply by the ratio of melt pool depth and the freezing
time.

Fusion zone

Scanning
speed, V

Depth, X

Laser
beam

Solidification time (T) = Y / V
Solidification rate (R) = X / T

Width, Y

Figure 7.39: Schematic diagram showing simplified model for
determining average solidification rate.
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From above approximation, the value of G/R was found to be 13720 Ks/mm 2
which is smaller than ∆𝑇0 /𝐷 value obtained above. This implies that planar
morphology does not stabilize in the solidified region and cellular and dendritic
grow appears.
This is also supported by equation (7.16) which states the lower probability of
planar solidification front being stable as carbon content increases. As
discussed above, the carbon content gradually increases from the bottom of
the melt zone towards the surface. Thus, cellular and dendritic morphology
starts appearing in these regions. At the melt zone center near the surface,
the solidification rate is very fast and temperature gradient is small. This favors
the formation of equiaxed dendritic morphology as observed in our results.
The presence of austenite ring in the microstructure indicates the maximum
carbon content to be about 2.14 wt% in the bottom of carburized layer. Just
beneath the austenite ring, plate martensitic layer appeared. The high
hardness of this martensite suggests carbon enrichment. The carburization
mechanism is different in this case than surface alloying as it involves
austenitization of the substrate and solid-state diffusion of carbon in austenite.
Despite the short heating time imposed by the laser beam, the carbon can still
penetrate through the austenite.
However, it is to be noted that the carbon content in this zone must be lower
than 2.14 wt% and should decrease with distance from the surface. The
process is dictated by diffusion and is just reverse of the decarburization
process described in Section 7.2.3. The solid-state carbon diffusion has also
been verified by Katsamas and Heidemenopoulos using simple onedimensional kinematic simulations [248]. However, compared to shallow
carburizing depth predicted by their model, a large carburized depth up to 100
μm were achieved in our experiments as seen from high hardness measured
in gas carburized samples. Further kinematic modelling is recommended to
optimize the process and identify appropriate process conditions to achieve
desired carburization depths.
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Although cracking during propane assisted hardening was not severe as in
surface coated specimen, some cracks still formed in the hardened surface.
A typical cracking across the structure is shown in Figure 7.40(a). The cracks
predominantly appeared at the hypereutectic structure. The reason was
attributed to the thermal stresses induced during the solidification [272].
When the carburized layer solidifies, the surface and sub-surface layers
contract at different rates. Compared to the surface, the interior cools faster
due to lower heating rate and rapid heat dissipation to the bulk. The difference
in cooling rate results in tensile stresses near the surface. Owing to the low
yield strength at high temperature, plastic flow of the material counterbalances
the tensile stress. When the tensile strain exceeds the fracture strain of the
surface microstructure, cracking starts. The carbide lamellae subjected to high
tensile strain are thus vulnerable to cracking due to their lower fracture strain.
The effect becomes more pronounced when the higher amount of carbon
enters the steel.
Some cracks existed in the martensitic phase as well (see Figure 7.40(b)).
These cracks generally appeared when the laser parameters were controlled
such that it produced martensitic phase at the surface with no eutectic phases.
In contrast to straight cracks in hypereutectic structure, the cracks in
martensite were zigzag.

Figure 7.40: (a) Eutectic microstructure near the surface with straight line
cracking; and (b) Cracking in martensite region.
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These cracks might have originated due to presence of diffusional hydrogen
in steel. The hydrogen from propane gas can diffuse into the steel during
austenitization owing to the high solubility of hydrogen in austenite. On the
other hand, the low diffusion rate of hydrogen in austenite renders the atom
immobile making austenite as an effective trap [273]. However, the
transformation of austenite to brittle martensite releases the hydrogen atoms
which gradually recombine inside steel to form hydrogen molecules, creating
internal pressure and cracking.
In this sense, the microstructure with austenite and eutectic carbides seem to
be most suitable. The processing parameters should be optimized to achieve
such microstructure with crack free structure and high hardness. Moreover,
the ingress of hydrogen at the laser heated surface can be minimized by using
a controlled flow of gas and preheating the specimen prior to the treatment
although further studies are required to verify its effectiveness.

7.5 Summary
This chapter investigated various methods to improve the effectivity of laser
surface hardening process. The feasibility of using water, graphite coating,
carbon nanotubes (CNTs) coating and various gases are explored with an aim
to achieve superior surface properties of steel during laser surface processing.
The main conclusions are summarized below:
1. Underwater laser hardening studies showed that water can increase
surface hardness, but reduces the area of hardened zone. The surface
hardening effect is virtually absent for a thick water layer thickness (>5
mm) above the metal surface. The thick layer attenuates the laser
energy arriving at the surface due to shielding effect by water vapor
plasma. A significantly smaller hardened area with superior surface
hardness is obtained for a thin water layer thickness (1 mm) than those
of conventional laser hardening. The higher hardness is attributed to
the water acts as cooling agent and produces higher cooling rate during
the process.
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2. Despite the fast heating during laser surface treatment, decarburization
can occur in steel surface. Depending on the time and temperature of
the laser interaction with the surface, the affected depth can reach up
to 65 μm and can go even higher.
3. Graphite coating can prevent surface decarburization and in addition,
improve laser beam absorption at the surface. However, the nonuniformity of the coating layer compounded by a massive carbon influx
into the substrate often produce excessive surface melting, cracking
and porosity. Use of carbon nanotubes as surface coating improves the
surface quality in terms of crack prevention and carburization, but the
challenge still lies in applying a uniform coat on the surface.
4. A one-step gas assisted laser surface hardening can be the best
solution to have a controllable hardening process. A special chamber
with a laser window was fabricated to study the gas assisted laser
hardening process. Preliminary investigations with different gases
revealed that propane can produce an ultrahigh surface hardness.
Hardness as high as 900 HV was obtained even for low carbon AISI
1020 steel. Further investigations found that propane produces a
carburized surface layer due to diffusion of carbon into the surface
during laser heating. The carburized layer consisted of eutectic
carbides and austenite matrix. The surface microstructure and
properties can be modulated by carefully controlling the operating
parameters.

194

Chapter 8: Conclusions and Recommendations

8 Chapter 8: Conclusions and Recommendations

This chapter presents a summary of major findings in this thesis, the
significance

of

the

results

obtained

and

finally,

suggests

some

recommendations for future work.

8.1 Summary and conclusions
Laser surface hardening carries immense potential for industrial application
as a selective hardening tool to improve the mechanical properties of surface
of machine components such as bearings, gears and camshafts. This thesis
investigated various aspects of laser surface hardening of bearing steels with
an aim to elaborate the underlying mechanism and improve surface
properties. The main findings from the study are summarized below.
First, the fundamental understanding of surface hardening and the
microstructural changes in hardened steel was elucidated by performing laser
hardening using continuous wave fiber laser. The laser treatment produced a
hard outer case owing to the martensitic transformation due to rapid heating
and cooling while virtually leaving the bulk material unaffected. Maximum
hardness as high as 844 HV was achieved for 50CrMo4 steel near the surface
with the depth of hardening depending on the operating parameters used.
Table 8.1 shows the maximum hardness achieved for each steels used in this
study and the respective hardness of their base material. The high hardness
achieved was attributed to the combined effect of various hardening
mechanisms including dislocation hardening, solid solution strengthening,
grain

boundary

hardening

and

precipitation

hardening.

A

gradient

microstructure developed along the depth due to different heating and cooling
rate. It was found that the size of the laser affected zone depends on the
austenitization temperature reached and the distribution of carbon content in
the austenitic matrix.
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Table 8.1: Summary of hardness values measured for different steels after
laser hardening using CW laser beam.

Steel

Maximum hardness

Base material

(HV)

hardness (HV)

AISI 1020

395 ± 35

170 ± 9

AISI 1055

788 ± 10

251 ± 17

AISI 4150 (50CrMo4)

844 ± 10

257 ± 22

AISI 52100

821 ± 30

255 ± 25

After scrutinizing the response of steel to fast laser heating, further studies
were carried out to investigate the influence of operating parameters. Beam
spot size affected the hardened depth and width; however, the maximum
hardness at the center of the beam spot did not change. Similarly, a large
laser hardened area was obtained for slow process speed and high power.
The laser power had lower effect on hardness than the process speed given
that it was sufficient to ensure heating to austenitization temperature. Further
increase in power resulted in surface melting and distortion. Moreover,
presence of oxide layer on the surface improved the surface absorptivity to
laser which increased the laser affected volume, however the surface
hardness might decrease due to the possibility of decarburization.
Overlapping of hardened tracks was found to produce a tempered
microstructure in the overlap zone which had lower hardness than the
hardened structure. The parametric study, thus provided a foundation for
understanding the individual effects of various operating parameters which
can be a significant input for designing the laser hardening system for real
industrial application.
The feasibility of hardening using pulsed lasers was also explored. Under
proper condition, millisecond laser could produce a peak surface hardness
and hardening depth of same magnitude as continuous wave laser using
about 9 times lower power than continuous wave laser. Similarly, nanosecond
laser produced very shallow hardening depth (about 50 – 80 μm) due to
insufficient heating by short pulses. Further attempts were made to exploit the
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femtosecond laser ablation for surface cleaning and damage layer removal.
The ablation threshold of bearing steel was determined first and calculated to
be 0.142 J/cm2. By operating the femtosecond laser at fluence value slightly
above the ablation threshold, the damaged surface layer was effectively
removed.
Corrosion behavior of laser hardened surface is an important factor
determining its suitability in real application. While lots of studies can be found
on corrosion studies of laser hardened surface, no attention is paid to the
corrosion properties of gradient microstructure produced by laser heating
which might be exposed to the corrosive atmosphere during post-laser
finishing treatment or operational hazards. The layer-by-layer electrochemical
corrosion studies using 3.5% NaCl solution revealed that the laser treated
surface had very good corrosion resistance while it dropped drastically after
removal of the top surface layer. The improved corrosion resistance at the
surface was attributed to the formation of Cr-enriched oxide layer and phase
transformation due to laser treatment. Removal of this protective layer and
formation of tempered martensite resulted in lower corrosion resistance at
sub-surface layer. Furthermore, grain refinement was found to have negligible
effect on improving corrosion resistance of steel.
In the next step, new methods were explored to improve the effectivity of the
hardening process. On identifying the significance of surface absorptivity and
cooling rate, feasibility of using water as surface absorbent was examined. It
was soon realized that a thick layer of water over the surface produced a
shielding effect and absorbed most of the incident laser energy. This resulted
in shallow hardening depth and width. The study indicated the possibility of
improving surface hardness due to additional rapid quenching by water, but
care must be taken to minimize the attenuation of laser energy by water layer.
Further investigations were made using graphite as surface coating to achieve
superior surface properties by laser surface processing. The graphite coating
had two-fold benefits – it prevented surface decarburization and improved
laser beam absorption at the surface. However, the difficulty in applying a
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uniform coating layer compounded by a massive carbon influx into the
substrate due to heating from laser resulted in excessive surface melting,
cracking and pores in the steel. In an attempt to control the carburization,
carbon nanotubes (CNTs) were utilized as surface coatings as it had finer
structure and could produce more uniform thickness than graphite coating.
This resulted in a uniform carburized layer near the surfaces. However, the
CNT coatings did not adhere to the substrate and might be blown away during
the processing.
Using gas as a carburizing source provided better controllability than using a
solid coating. In this sense, gas assisted laser hardening seemed to be the
best method to improve effectivity of laser surface treatment. A special
chamber was designed to perform the experiments which provided a better
control of gas flow and concentration. The chamber had gauges to monitor
the pressure inside the chamber and a laser window for laser beam to pass
inside the chamber. Initially, different gases such as argon, CO2 and propane
were utilized to study their effects on surface hardness. It was found that argon
did not bring any significant change in surface hardness while CO 2 had an
inverse effect with slight reduction in surface hardness. The reduction in
surface hardness under CO2 was attributed to the decarburizing effect of the
gas.
Propane gas produced an ultra-high hardness for all steel samples with
hardness reaching as high as 900 HV. The high hardness resulted from the
formation of a carburized layer near the surface due to the influx of carbon
during laser heating. Further analysis of the carburized region showed that it
consisted of eutectic carbides, transformed ledeburite and retained austenite.
An unetched band appeared between the heavily carburized region and the
hardened region which was identified as retained austenite. The hardened
zone beneath the carburized layer also recorded high hardness values owing
to the solid-state diffusion of carbon into the matrix. The diffusion of carbon
into the steel and the corresponding microstructure obtained was found to vary
with change in concentration of propane in the chamber. Therefore, it was
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concluded that the surface microstructure can be modulated by controlling the
operating parameters and the gas concentration.

8.2 Major contributions
1. Better understanding of the microstructural changes and mechanism of
hardening
The non-equilibrium microstructural changes occurring during fast laser
heating was studied by microstructural analysis and analytical modelling. The
study helped to further enrich our knowledge on basic understanding of the
theory which can pave way to optimize the process.

2. Corrosion studies of laser hardened gradient microstructure
The sub-surface of hardened component might be exposed to corrosive
atmosphere during operation due to unintentional scratching or due to postlaser finishing operations. However, little attention is paid in literature
regarding the corrosion properties of sub-surface layer. The current study
carried out a systematic layer-by-layer corrosion study of laser hardened
microstructure by successive removal of material. It was found that the surface
had better corrosion resistance than the sub-surface layer while grain
refinement had very negligible effect on corrosion resistance. The knowledge
can be useful in developing innovative methods to produce a dense
passivating oxide layer on the surface during the hardening process.

3. Gas-assisted laser hardening
Although graphite is widely used as surface coating to absorb more laser
energy, the excessive influx of carbon and non-uniform coat layer results in
embrittlement and deterioration of steel surface. Our studies on gas-assisted
laser hardening exhibited the possibility of utilizing a gas to achieve superior
hardness on the surface with much better controllability. An inhouse designed
chamber was used for this purpose which allows the control of gas pressure
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and the flow rate. By careful control of the gas concentration and the operating
parameters, the method can be applied in industries for hardening of steels
that cannot be hardened by any other techniques. Furthermore, the gas
assisted laser processing opens new opportunities to employ novel laser
alloying technique to modify the surface properties.

4. Application of ultrashort laser pulse ablation for surface cleaning
The study of surface treatment using ultrashort pulse laser revealed the
ablation effect which can be beneficial for surface cleaning applications. The
method can be useful for cleaning in remanufacturing and repair process. In
addition, the smooth surface morphology produced by the ablation can be
beneficial for wettability, tribology and other surface engineering applications.

8.3 Recommendations for future work
The research explored the basic mechanism during laser hardening and
material response during the process. It also exhibited the new methods of
improving surface hardening by using gas. The research can be further
expanded in following directions.
1. Overlapping studies
Generally, the component to be hardened is larger in size than the size of the
laser beam. Thus, multiple scan tracks are used to harden the whole surface.
However, the overlapping during multi-track hardening results in tempering of
the previously hardened track, producing a non-uniform hardness profile and
case depths. The problem becomes even more complicated for components
with complex geometry like bolt or camshaft. Therefore, the hardening
process needs to be modified to address these issues. One method could be
to adjust beam spot size according to the geometry of the component using
automation and machine programming. The numerical modelling can be
carried out to optimize the laser processing path with an aim to achieve
uniform hardened surface. Further studies are recommended in this direction.
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On the other hand, the non-uniform hardness produced during overlap
scanning might be beneficial for some specific applications (like tribology)
where a combination of both load bearing capacity and material toughness is
required at the surface (see Figure 8.1). Preliminary studies have shown that
the change in hardness can be modulated by the extent of overlapping of the
scan tracks [274]. Thus, it is possible to achieve the surface with series of hard
and soft tracks. The hardened wear resistant tracks can retain the load bearing
capacity of the surface while the softened tracks might be removed during
operating creating pockets for storage of lubricant or trapping contaminant.
Further investigations can be pursued in this direction to generate engineering
value out of this challenge.

Removal of
tempered zone

Hardened zone

Roller

Roller

Tempered zone

Substrate

Substrate

(a)

(b)

Figure 8.1: Illustration showing the potential application of non-uniform
surface hardness produced by overlapping scan tracks – (a) initial
condition; and (b) after wear-in period.

2. Gas-assisted laser carburizing
The current study established the mechanism of gas assisted laser hardening
mechanism and exhibited its controllability. As pointed out, depending on the
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amount of carbon diffused into the steel, different microstructure can be
obtained. The next step could be to optimize the process parameters to
achieve the desired microstructure and hardness at the surface.
There are also some challenges to be addressed. With fast laser heating, the
controlling can become more complicated as long-time operation of the laser
can result in higher residual methane in the chamber which has tendency to
form graphite precipitates by sooting [262]. Moreover, the presence of
hydrogen in the chamber may induce hydrogen assisted cracking on the steel
as hydrogen can be introduced into steel during laser treatment [275]. The
problem might be solved by using proper gas flow rate to purge out residual
methane or by supplying some other purge gas into the chamber. A detailed
investigation can be performed to have a clear understanding of the
phenomenon. Furthermore, different types of gases and steels can be studied
using the designed chamber to further understand the underlying physics.
3. Laser cleaning based on ablation
The ablation studies of ultrashort pulse lasers showed the potential of using
short pulsed lasers to control the material removal and achieve the surface
with desired properties. However, the real application will still require further
parametric study and deeper understanding of the process. This can be
further explored.
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Ablation - direct removal of material at the surface by laser beam
Beam spot size – diameter of the beam spot at the surface of the specimen
Bead overlap – percentage of overlapping of melted spot at the surface
formed due to rapid heating by single laser pulse
Carburization – process of introducing carbon to the steel surface from
external atmosphere
Corrosion – process of eroding of material from the surface by chemical
reaction during exposure to electrochemically reactive atmosphere
Decarburization – process of removal of carbon from the steel surface
Defocus position – out of focus plane perpendicular to the beam travel
direction during laser experiments
Energy density - measurement of energy per unit area of spot size, usually
expressed as Joules per square centimeter (J/cm2) or Joules per square
millimeter (J/mm2); also known as fluence (especially for pulsed lasers)
Laser – a device that generates an intense beam of coherent monochromatic
light by stimulated emission of photons from excited atoms or molecules;
unless otherwise indicated by the context, the term “laser” and “laser beam”
has been used interchangeably in the text.
Laser affected depth – maximum depth in the cross-section of laserhardened surface (along the center spot of laser beam) observed after etching
the specimen with 2% nital solution
Laser affected width – length of the hardened track formed at the surface by
laser beam irradiation
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Laser surface hardening / laser hardening – surface heat treatment
process in which a laser beam rapidly heats and cools a metal surface forming
a hard surface layer; can occur with or without melting of the surface
Laser transformation hardening – surface heat treatment process in which
a laser beam heats the surface of a metal and then let it cool down rapidly in
surrounding air forming a hard surface without any melting of the surface
Melting – process of becoming liquefied by heating; generally avoided in laser
transformation hardening
Peak power - highest power in each pulse (for pulsed laser only)
Power density - measurement of power per unit area of spot size, usually
expressed as Watts per square centimeter (W/cm2) or Watts per square
millimeters (W/mm2); also known as intensity, irradiance, and radiance
Process speed – rate of change of distance travelled by the laser beam
during hardening process; expressed as millimeter per second (mm/s)
Pulse duration – total amount of time that a pulse is emitted (for pulsed laser
only); also known as pulse width
Remelted layer – a thin layer of the surface that melted during heating by
laser beam and solidified later after laser beam moved away
Repetition rate – number of pulses per second; expressed in Hertz (Hz); also
called as frequency
Ripples – undulating feature at the surface with repetitive periodic pattern
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B1. Operating parameters in hardening of 50CrMo4 steel
(Chapter 4)
Laser system : YLR-150/1500-QCW (IPG Photonics)
Material

: 50CrMo4 steel

Operated in continuous wave mode and single line tracks of 10 mm length
drawn on specimen surface

Experiment 1: Varying defocus distance
S.N.
1
2
3
4
5
6
7
8
9
10
11

Power (W)

Speed (mm/s)

230

10

Defocus (mm)
0
2
4
6
8
10
12
14
16
18
20

Experiment 2: Speed and power variation
S.N.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Power (W)

Spot size
(mm)

230

0.5

200

0.5

150

0.5
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Speed
(mm/s)
10
25
50
75
100
10
25
50
75
100
10
25
50
75
100

Remarks

Specimen 1
used for
detailed
metallographic
analyses
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Experiment 3: Different surface condition
S.N.
1
2
3
4
5
6
7
8
9
10

Surface
condition

Power
(W)

Spot
size
(mm)

Surface
polished to
P1200 grit
finish

230

0.5

Surface
oxidized by
heating at high
temperature in
air

230

0.5

Speed
(mm/s)

Remarks

10
25
50
75
100
10
25
50
75
100

Specimen 1
and 6 used
for detailed
metallography
and hardness
analyses

Experiment 4: Overlap studies
S.N.

Power (W)

Speed
(mm/s)

1
2
3

230

10

Spot
size
(mm)

Overlap
(%)

0.5

0
33.33
66.66

Remarks

Experiment 5: Initial microstructure
S.N.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Initial
condition

Power
(W)

Spot size
(mm)

Asreceived

230

0.5

Normalized

230

0.5

Waterquenched

230

0.5
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Speed
(mm/s)
10
25
50
75
100
10
25
50
75
100
10
25
50
75
100

Remarks

Specimens 1,
6 and 11
used for
detailed
metallography
and hardness
analyses
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B2: Experiments conditions used in different pulsed lasers
(Chapter 5)
Experiment 1: Millisecond laser
Laser system : YLR-150/1500-QCW (operated in pulsed mode)
Material

: AISI 1055 steel

Single line tracks drawn on the specimen surface

S.
N.

Pulse
duration
(ms)

Pulse
energy (J)

Average
power
(W)

Speed
(mm/s)

Spot
size
(mm)

Frequency
(Hz)

1
2
3
4
5
6
7
8
9
10
12
13

10
10
10
10
10
10
10
10
10
5
15
20

15.00
12.40
9.30
6.00
2.70
1.07
2.70
2.70
2.70
1.35
4.05
5.40

150.0
12.4
93.0
60.0
27.0
10.7
27.0
27.0
27.0
13.5
40.5
54.0

2
2
2
2
2
2
0.5
1
5
2
2
2

0.5

10

Experiment 2: Nanosecond laser
Laser system

: Nd:YAG pulsed laser system

Wavelength

: 1.06 μm

Pulse duration

: 220 ns

Frequency

: 500 kHz

Beam spot

: 120 μm

Material

: 50CrMo4 steel
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S.

Average

Process

Spot size

Overlap

Power density

N.

power (W)

speed (mm/s)

(μm)

rate (%)

(W/cm2)

1
2
3

30
60
90

200
200
200

120
120
120

50
50
50

2.65 ˣ 105
5.31 ˣ 105
7.96 ˣ 105

Experiment 3: Femtosecond laser
Laser system

: Quantronix Integra C-1.0

Wavelength

: 790 nm

Pulse duration

: 130 fs

Frequency

: 1 kHz

Beam spot

: 26.48 μm

Material

: AISI 52100 steel

Surface treated using 5,10,50,100 and 500 laser shots for different pulse
energies as shown below
S.N.

Pulse Energy (µJ)

Peak fluence (J/cm2)

1
2
3
5
6
7
8
9
10
12
13

3.10
3.50
4.70
6.80
9.30
13.70
19.00
22.50
46.00
53.50
94.00

0.281453
0.317769
0.426719
0.617381
0.844359
1.243841
1.725034
2.042804
4.176399
4.857334
8.534381
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B3: Experimental conditions used for different treatments
(Chapter 7)
Experiment 1: Underwater laser treatments
Laser system : YLR-150/1500-QCW
Wavelength : 1.07 μm
Material

: AISI 52100

Single line tracks drawn at varying speed and power
Trials 1: Water layer thickness varied

S.N.
1
2
3
4

Power
(W)

Spot
size
(mm)

Speed
(mm/s)

250

100

0.5

Water layer
thickness
(mm)
0
1
3
5

Remarks
Ar protection

Trials 2: Speed variation with 1 mm water layer
S.N.
1
2
3
4
5

Power (W)

250

Spot size
(mm)

0.5

Speed
(mm/s)
10
25
50
75
100

Remarks
Specimen 1 and
5 used for
surface and
microstructure
analyses

Trials 3: Speed variation with argon gas protection
S.N.

Power (W)

Spot size
(mm)

1
2
3
4
5

250

0.5

209

Speed
(mm/s)
10
25
50
75
100

Remarks
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Experiment 2: Graphite as surface coating
Laser system : YLR-150/1500-QCW
Material

: AISI 52100

Aerosol of graphite particles (3-50 μm) and alcohol manually sprayed on the
surface
Single line track of 10 mm length drawn on the surface in open atmosphere
S.N.
1
2
3
4
5

Power (W)

250

Spot size
(mm)

0.5

Speed
(mm/s)
10
25
50
75
100

Remarks
Specimen 1
used for detailed
analyses

Experiment 3: Carbon nanotubes as surface coating
Laser system : YLR-150/1500-QCW
Material

: AISI 52100

Multiwalled CNT used as coating on the steel substrate
Single line track of 10 mm length drawn on the surface in open atmosphere
S.N.
1
2
3
4
5

Power (W)

250

Spot size
(mm)

Speed

Remarks

0.5

10
25
50
75
100

Specimen 1
used for detailed
analyses

Experiment 4: Gas assisted laser hardening
Laser system : YLR-150/1500-QCW (operated in continuous mode)
Materials

: AISI 1020, AISI 1055, 50CrMo4 and AISI 52100
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Gas used

: Argon, Propane, CO2 and air

Special chamber used for the experiment
Trial 1: Varying speed
Power
(W)

S.N.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Spot
size
(mm)

Gas
used

250

0.5

Air

250

0.5

Argon

250

0.5

CO2

250

0.5

Propane

Speed
(mm/s)
10
25
50
75
100
10
25
50
75
100
10
25
50
75
100
10
25
50
75
100

Remarks

Specimen 1
used for detailed
analyses

Specimen 6
used for detailed
analyses

Specimen 11
used for detailed
analyses

Specimen 16
used for detailed
analyses

Trial 2: Varying concentration

S.N.

Power
(W)

Spot
size
(mm)

Speed
(mm/s)

Gas
used

1
2
3

250

0.5

10

Propane

211

Concentration
in the
chamber
Low
High
medium

Remarks

Item
Specification

6 mm thick, φ60 mm
0 to 12 bar range

0 to -100 kPa range, Vtec
1/4'' OD
1/4'' OD Input and output
1/4 RTP
1/4'' OD to 1 1/4'' OD male

Mil's E25 oil filter
1.5 mm diameter
20 mm length
15 mm length

2 Laser window
3 Pressure Gauge

4 Vacuum Gauge
5 Tubing
6 TPC Hand valve
7 Pipe fitting
8 Male Pipe fitting

9 Oil filter
10 O-rings
11 M5 Bolts
12 M4 Bolts

1 Propane gas system 12.7 kg

S.N.
Purpose

8 to assemble chamber

8 to assemble chamber

3 to seal the chamber

1 to filter oil in the vacuum pump

1 to fit into vacuum side of suction pump

2 to connect components

2 to control gas flow

1 for flow of gas

1 to measure vacuum inside chamber

1 to measure pressure inside chamber

2 to pass laser into the chamber

1 to fill in the chamber

Qty

Bill of Materials
Supplier

Precision Laser Solutions

Precision Laser Solutions

Precision Laser Solutions

Multi Industrial Supplies Pte Ltd

DaZhou Trading

DaZhou Trading

DaZhou Trading

Precision Laser Solutions

Precision Laser Solutions

Precision Laser Solutions

Precision Optical Systems

Sing Swee Bee Enterprise
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C1. Isometric view and bill of materials (BOM)
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C2. Main chamber body
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C3. Cover
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C4. Clamp

216

Appendix C: Chamber design for laser chamber

C5. Laser window
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1. N. Maharjan, W. Zhou, Y. Zhou, Y.C. Guan, and N. Wu, “Comparative
study of laser surface hardening using continuous laser and pulsed lasers
with ms, ns, ps and fs pulse duration,” Surface & Coatings Technology,
vol. 366 (pp311-320), 2019.
2. N. Maharjan, W. Zhou, Y. Zhou, and N. Wu, “Underwater laser hardening
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3. N. Maharjan, W. Zhou, Y. Zhou, and N. Wu, “Laser Surface Hardening of
AISI 1055 steel in water-submerged condition,” Surface Review and
Letters, 2018.
4. N. Maharjan, W. Zhou, Y. Zhou, and N. Wu, “Decarburization during laser
surface processing of steel,” Applied Physics A: Materials Science &
Processing, vol. 124(10) (pp. 682), 2018.
5. N. Maharjan, W. Zhou, Y. Zhou, and Y. C. Guan, “Ablation morphology
and ablation threshold of Ti-6Al-4V alloy during femtosecond laser
processing,” Applied Physics A: Materials Science & Processing, vol. 124
(8) (pp. 519), 2018.
6. N. Maharjan, W. Zhou, and Y. Zhou, “Surface ablation of 52100 bearing
steel under femtosecond laser irradiation,” Surface Review & Letters,
(p1850227), 2018.
7. N. Maharjan, W. Zhou, H. Zheng, and N. Wu, “Surface Cleaning of a
Titanium Alloy using Femtosecond Laser Pulses,” Lasers in Engineering,
2018. [accepted, in press] *
8. G. Yan, A. Crivoi, Y. Sun, N. Maharjan, X. Song, F. Li, and M. J. Tan, “An
Arrhenius equation-based model to predict the residual stress relief of post
weld heat treatment of Ti-6Al-4V plate,” Journal of Manufacturing
Processes, vol. 32 (pp. 763–772), 2018. *
219

List of Publications

Conference Papers

1. N. Maharjan, W. Zhou, Y. Zhou, and N. Wu, “Influence of operating
parameters on morphology of laser hardened surfaces,” in Proc. SPIE
10525, High-Power Laser Materials Processing: Applications, Diagnostics,
and Systems VII, 10525M, 2018.
2. N. Maharjan, W. Zhou, Y. Zhou, and Y. C. Guan, “Femtosecond laser
cleaning

for

aerospace

manufacturing

and

remanufacturing,”

in

Conference on Lasers and Electro-Optics Pacific Rim (CLEO-PR), IEEE
(pp. 1-4), 2017. *
3. N. Maharjan, W. Zhou, and Y. Zhou, “Microstructural study of bearing
material failure due to rolling contact fatigue in wind turbine gearbox,” in
Proceedings of the International Symposium on Current Research in
Hydraulic Turbines, (p. 8), 2016. *1

*Not included in thesis, but published during PhD studies

220

References

References
[1]

A.L. Yerokhin, X. Nie, A. Leyland, A. Matthews, S.J. Dowey, Plasma
electrolysis for surface engineering, Surf. Coatings Technol. 122 (1999)
73–93.

[2]

A.K. Gupta, M. Gupta, Synthesis and surface engineering of iron oxide
nanoparticles for biomedical applications, Biomaterials. 26 (2005)
3995–4021.

[3]

X. Liu, P.K. Chu, C. Ding, Surface modification of titanium, titanium
alloys, and related materials for biomedical applications, Mater. Sci.
Eng. R Reports. 47 (2004) 49–121.

[4]

W.M. Steen, Laser Material Processing, Third, Springer, 2003.

[5]

C. Wandera, A. Salminen, V. Kujanpaa, Inert gas cutting of thick-section
stainless steel and medium-section aluminum using a high power fiber
laser, J. Laser Appl. 21 (2009) 154–161.

[6]

N. Farabi, D.L. Chen, J. Li, Y. Zhou, S.J. Dong, Microstructure and
mechanical properties of laser welded DP600 steel joints, Mater. Sci.
Eng. A. 527 (2010) 1215–1222.

[7]

J. Ion, Laser processing of engineering materials: principles, procedure
and industrial application, Elsevier, 2005.

[8]

G. Krauss, Principles of heat treatment of steel, American Society for
Metals, 1980.

[9]

J.C. Ion, Laser transformation hardening, Surf. Eng. 18 (2002) 14–31.

[10] I.R. Pashby, S. Barnes, B.G. Bryden, Surface hardening of steel using
a high power diode laser, J. Mater. Process. Technol. 139 (2003) 585–
588. doi:10.1016/S0924-0136(03)00509-0.
[11] J.R. Davis, Surface engineering for corrosion and wear resistance, ASM
221

References

international, 2001.
[12] D.I.

Pantelis,

E.

Bouyiouri,

N.

Kouloumbi,

P.

Vassiliou,

A.

Koutsomichalis, Wear and corrosion resistance of laser surface
hardened structural steel, Surf. Coatings Technol. 161 (2002) 125–134.
[13] A. Kaliudis, Why the laser is fundamental for Industry 4.0, TRUMPF
Online Mag. (2018) 5. https://www.trumpf.com/en_SG/magazine/whythe-laser-is-fundamental-for-industry-40/.
[14] T.H. Maiman, Stimulated optical radiation in ruby, (1960).
[15] C.K.N. Patel, Continuous-wave laser action on vibrational-rotational
transitions of C O 2, Phys. Rev. 136 (1964) A1187.
[16] J.E. Geusic, H.M. Marcos, L. Van Uitert, Laser oscillations in Nd‐ doped
yttrium aluminum, yttrium gallium and gadolinium garnets, Appl. Phys.
Lett. 4 (1964) 182–184.
[17] R.N. Hall, G.E. Fenner, J.D. Kingsley, T.J. Soltys, R.O. Carlson,
Coherent light emission from GaAs junctions, Phys. Rev. Lett. 9 (1962)
366.
[18] M.I. Nathan, W.P. Dumke, G. Burns, F.H. Dill Jr, G. Lasher, Stimulated
emission of radiation from GaAs p‐ n junctions, Appl. Phys. Lett. 1
(1962) 62–64.
[19] T.M. Quist, R.H. Rediker, R.J. Keyes, W.E. Krag, B. Lax, A.L.
McWhorter, H.J. Zeigler, Semiconductor maser of GaAs, Appl. Phys.
Lett. 1 (1962) 91–92.
[20] N.G. Basov, V.A. Danilychev, Y.M. Popov, D.D. Khodkevich, Laser
operating in the vacuum region of the spectrum by excitation of liquid
xenon with an electron beam, JETP Lett. 12 (1970) 329–331.
[21] E. Innerhofer, T. Südmeyer, F. Brunner, R. Häring, A. Aschwanden, R.
Paschotta, C. Hönninger, M. Kumkar, U. Keller, 60-W average power in
222

References

810-fs pulses from a thin-disk Yb: YAG laser, Opt. Lett. 28 (2003) 367–
369.
[22] Y. Jeong, J.K. Sahu, D.N. Payne, J. Nilsson, Ytterbium-doped largecore fiber laser with 1.36 kW continuous-wave output power, Opt.
Express. 12 (2004) 6088–6092.
[23] P. Del’Haye, A. Schliesser, O. Arcizet, T. Wilken, R. Holzwarth, T.J.
Kippenberg, Optical frequency comb generation from a monolithic
microresonator, Nature. 450 (2007) 1214.
[24] D.D. Gu, W. Meiners, K. Wissenbach, R. Poprawe, Laser additive
manufacturing of metallic components: materials, processes and
mechanisms, Int. Mater. Rev. 57 (2012) 133–164.
[25] D. Belforte, 2017 was a great year -- for industrial lasers, Ind. Laser
Solut. (2018). https://www.industrial-lasers.com/articles/print/volume33/issue-1/features/2017-was-a-great-year-for-industrial-lasers.html
(accessed March 12, 2018).
[26] G. Daurelio, G. Chita, M. Cinquepalmi, Laser surface cleaning, derusting, de-painting and de-oxidizing, Appl. Phys. A. 69 (1999) S543–
S546.
[27] FAQ: What are the possible applications of laser surface engineering?,
Weld.

Inst.

(n.d.).

https://www.twi-global.com/technical-

knowledge/faqs/faq-what-are-the-possible-applications-of-lasersurface-engineering/ (accessed March 12, 2018).
[28] G. Stähli, Physical and materials-related problems in short-time surfacehardening of steel using high frequency laser and electron beams,
Tribol. Int. 14 (1981) 101–106.
[29] K.J. Albutt, S. Garber, Effect of heating rate on the elevation of the
critical temperatures of low-carbon mild steel, J. Iron Steel Inst., London.
204 (1966) 1217–1222.
223

References

[30] F.M.C. Cerda, I. Sabirov, C. Goulas, J. Sietsma, A. Monsalve, R.H.
Petrov, Austenite formation in 0.2% C and 0.45% C steels under
conventional and ultrafast heating, Mater. Des. 116 (2017) 448–460.
[31] H. Pantsar, Relationship between processing parameters, alloy atom
diffusion distance and surface hardness in laser hardening of tool steel,
J. Mater. Process. Technol. 189 (2007) 435–440.
[32] Y. Prawoto, N. Jasmawati, K. Sumeru, Effect of prior austenite grain
size on the morphology and mechanical properties of martensite in
medium carbon steel, J. Mater. Sci. Technol. 28 (2012) 461–466.
[33] H. Bhadeshia, R. Honeycombe, Steels: microstructure and properties,
Butterworth-Heinemann, 2017.
[34] (American Society for Metals), Atlas of isothermal transformation and
cooling transformation diagrams, American Society for Metals, 1977.
[35] G. Krauss, Steels: processing, structure, and performance, ASM
International, 2015.
[36] F. Qiu, Surface transformation hardening of carbon steel with high
power fiber laser, Lappeenranta University of Technology, 2013.
[37] J.S. Selvan, K. Subramanian, A.K. Nath, Effect of laser surface
hardening on En18 (AISI 5135) steel, J. Mater. Process. Technol. 91
(1999) 29–36.
[38] R. Li, Y. Jin, Z. Li, K. Qi, A comparative study of high-power diode laser
and CO2 laser surface hardening of AISI 1045 steel, J. Mater. Eng.
Perform. 23 (2014) 3085–3091. doi:10.1007/s11665-014-1146-x.
[39] S. Martínez, A. Lamikiz, E. Ukar, A. Calleja, J.A. Arrizubieta, L.N.L. de
Lacalle, Analysis of the regimes in the scanner-based laser hardening
process, Opt. Lasers Eng. 90 (2017) 72–80.
[40] P. Sun, S. Li, G. Yu, X. He, C. Zheng, W. Ning, Laser surface hardening
224

References

of 42CrMo cast steel for obtaining a wide and uniform hardened layer
by shaped beams, Int. J. Adv. Manuf. Technol. 70 (2014) 787–796.
doi:10.1007/s00170-013-5292-3.
[41] R.S. Lakhkar, Y.C. Shin, M.J.M. Krane, Predictive modeling of multitrack laser hardening of AISI 4140 steel, Mater. Sci. Eng. A. 480 (2008)
209–217.
[42] D. Sorgente, O. Corizzo, A. Ancona, L.D. Scintilla, G. Palumbo, L.
Tricarico, Laser hardening of AISI 52100 bearing steel with a discrete
fiber laser spot, Proc. SPIE - Int. Soc. Opt. Eng. 8963 (2014) 896308.
[43] J.H. Lee, J.H. Jang, B.D. Joo, Y.M. Son, Y.H. Moon, Laser surface
hardening of AISI H13 tool steel, Trans. Nonferrous Met. Soc. China. 19
(2009) 917–920. http://dx.doi.org/10.1016/S1003-6326(08)60377-5.
[44] S. Oh, H. Ki, Prediction of hardness and deformation using a 3-D
thermal analysis in laser hardening of AISI H13 tool steel, Appl. Therm.
Eng. 121 (2017) 951–962.
[45] B. Mahmoudi, M.J. Torkamany, A.R.S.R. Aghdam, J. Sabbaghzade,
Laser surface hardening of AISI 420 stainless steel treated by pulsed
Nd:YAG laser, Mater. Des. 31 (2010) 2553–2560.
[46] K.H. Lo, F.T. Cheng, H.C. Man, Laser transformation hardening of AISI
440C martensitic stainless steel for higher cavitation erosion resistance,
Surf. Coatings Technol. 173 (2003) 96–104.
[47] S. Sarkar, M. Gopinath, S.S. Chakraborty, B. Syed, A.K. Nath, Analysis
of temperature and surface hardening of low carbon thin steel sheets
using Yb-fiber laser, Surf. Coatings Technol. 302 (2016) 344–358.
[48] B. Syed, S.M. Shariff, G. Padmanabham, S. Lenka, B. Bhattacharya, S.
Kundu, Influence of laser surface hardened layer on mechanical
properties of re-engineered low carbon steel sheet, Mater. Sci. Eng. A.
685 (2017) 168–177.
225

References

[49] J.L. Dossett, Make Sure Your Specified Heat Treatment is Achievable,
Heat Treat. Prog. (2007) 23–28.
[50] K.F. Amouzouvi, L.J. Clegg, R.C. Styles, L. Mannik, T.-C. Ma, S.K.
Brown, B.-W. Gu, Microstructural changes in laser hardened Zr-2. 5Nb
alloy, Scr. Metall. Mater. States). 32 (1995).
[51] V.M. Weerasinghe, D.R.F. West, J. De Damborenea, Laser surface
nitriding of titanium and a titanium alloy, J. Mater. Process. Technol. 58
(1996) 79–86.
[52] G. Krauss, Martensite in steel: strength and structure, Mater. Sci. Eng.
A. 273 (1999) 40–57.
[53] M.J. Peet, H.S. Hasan, H. Bhadeshia, Prediction of thermal conductivity
of steel, Int. J. Heat Mass Transf. 54 (2011) 2602–2608.
[54] D. Bergström, The absorption of laser light by rough metal surfaces,
Luleå University of Technology, 2008.
[55] H. Pantsar, V. Kujanpää, Effect of oxide layer growth on diode laser
beam transformation hardening of steels, Surf. Coatings Technol. 200
(2006) 2627–2633.
[56] D. Bergström, J. Powell, A.F.H. Kaplan, The absorptance of steels to
Nd: YLF and Nd: YAG laser light at room temperature, Appl. Surf. Sci.
253 (2007) 5017–5028.
[57] C. Elsner, Controlled Laser Hardnening, TRUMPF Online Mag. (2017)
4.
[58] H. Pantsar, V. Kujanpää, Diode laser beam absorption in laser
transformation hardening of low alloy steel, J. Laser Appl. 16 (2004)
147–153.
[59] J. Ready, Industrial Applications of Lasers, 2nd ed., Academic Press,
San Diego, 1997.
226

References

[60] W.M. Steen, C. Courtney, Surface heat treatment of En8 steel using a
2kW continuous-wave CO2 laser, Met. Technol. 6 (1979) 456–462.
[61] M.F. Ashby, K.E. Easterling, The transformation hardening of steel
surfaces by laser beams—I. Hypo-eutectoid steels, Acta Metall. 32
(1984).
[62] W.B. Li, K.E. Easterling, M.F. Ashby, Laser transformation hardening of
steel—II. Hypereutectoid steels, Acta Metall. 34 (1986) 1533–1543.
[63] J.R. Davis, Surface hardening of steels: understanding the basics, ASM
international, 2002.
[64] J. Grum, Laser Surface Hardening, in: G.E. Totten (Ed.), Steel Heat
Treat. Equip. Process Des., 2nd ed., CRC Press, New York, 2004: pp.
641–731. doi:10.1201/9780203970928.ch16.
[65] A.K. Nath, S. Sarkar, Laser Transformation Hardening of Steel, in: Adv.
Laser Mater. Process., Elsevier, 2018: pp. 257–298.
[66] H.J. Shin, Y.T. Yoo, D.G. Ahn, K. Im, Laser surface hardening of S45C
medium carbon steel using ND:YAG laser with a continuous wave, J.
Mater.

Process.

Technol.

187–188

(2007)

467–470.

doi:10.1016/j.jmatprotec.2006.11.188.
[67] P.D. Babu, G. Buvanashekaran, K.R. Balasubramanian, Experimental
investigation of laser transformation hardening of low alloy steel using
response surface methodology, Int. J. Adv. Manuf. Technol. 67 (2013)
1883–1897.
[68] S. Guarino, M. Barletta, A. Afilal, High Power Diode Laser (HPDL)
surface hardening of low carbon steel: Fatigue life improvement
analysis, J. Manuf. Process. 28 (2017) 266–271.
[69] C. Yao, B. Xu, J. Huang, P. Zhang, Y. Wu, Study on the softening in
overlapping zone by laser-overlapping scanning surface hardening for
carbon and alloyed steel, Opt. Lasers Eng. 48 (2010) 20–26.
227

References

[70] E. Kennedy, G. Byrne, D.N. Collins, A review of the use of high power
diode lasers in surface hardening, J. Mater. Process. Technol. 155–156
(2004) 1855–1860.
[71] Laser

hardening

of

gear,

Laser

Therm.

(n.d.).

http://www.lasertherm.com/gallery/Laser-hardening-of-gear/ (accessed
March 14, 2018).
[72] P. Ng, Internal Diamater laser hardening for cylinder liner of automobile
engine,

(n.d.).

https://www.youtube.com/watch?v=_e6FiQ2jq84

(accessed March 14, 2018).
[73] (LASE Ltd), Laser hardening a tool steel stamping die, (n.d.).
https://www.youtube.com/watch?v=icUE38yW5v4 (accessed March 14,
2018).
[74] J. Brown, Laser offers new hardening option for bearings, Mach. Des.
(2000). http://www.machinedesign.com/technologies/laser-offers-newhardening-option-bearings (accessed March 7, 2018).
[75] N. Asnafi, T. Johansson, M. Miralles, A. Ullman, Laser surfacehardening of dies for cutting, blanking or trimming of uncoated DP600,
in: Proc. Int. Conf. Recent Adv. Manuf. Use Tools Dies Stamp. Steel
Sheets, 2004: pp. 193–214.
[76] D.H. Herring, G.D. Lindell, Heat treating heavy-duty gears, Gear Solut.
(2007)

18.

http://www.gearsolutions.com/article/detail/5354/heat-

treating-heavy-duty-gears.
[77] Heat treatment using laser radiation, Fraunhofer Inst. Laser Technol.
ILT.

(2009)

1–2.

https://www.ilt.fraunhofer.de/content/dam/ilt/en/documents/product_an
d_services/laser_material_processing/B_Heat_Treatment_Using_Lase
r_Radiation_2009.pdf (accessed March 7, 2018).
[78] A.P. Androsov, S.I. Aleksenko, M. V. Boyarkin, V.G. Kusidis, V.I. Petrov,
228

References

Laser hardening of Diesel engine valve, Met. Sci. Heat Treat. 30 (n.d.)
67–70. doi:10.1007/bf00777549.
[79] J. Yao, Q. Zhang, F. Kong, Q. Ding, Laser hardening techniques on
steam turbine blade and application, Phys. Procedia. 5 (2010) 399–406.
doi:10.1016/J.PHPRO.2010.08.161.
[80] K. Parker, Laser hardening heats up, Ind. Laser Solut. (2010).
https://www.industrial-lasers.com/articles/print/volume-250/issue6/features/laser-hardening-heats-up.html (accessed March 7, 2018).
[81] X. Liu, G. Yu, J. Guo, Q. Shang, Z. Zhang, Y. Gu, Analysis of Laser
Surface Hardened Layers of Automobile Engine Cylinder Liner, J. Iron
Steel Res. Int. 14 (2007) 42–46. doi:10.1016/S1006-706X(07)60010-7.
[82] D. Bishop, Pumping up productivity on older press brakes - The
Fabricator,

Fabr.

(2004).

https://www.thefabricator.com/article/bending/pumping-up-productivityon-older-press-brakes (accessed March 7, 2018).
[83] J. Dossett, G.E. Totten, Introduction to Surface Hardening of Steels,
(2013).
[84] M. Kulka, A. Pertek, Laser surface modification of carburized and
borocarburized 15CrNi6 steel, Mater. Charact. 58 (2007) 461–470.
[85] D. Panfil, M. Kulka, P. Wach, J. Michalski, D. Przestacki,
Nanomechanical properties of iron nitrides produced on 42CrMo4 steel
by controlled gas nitriding and laser heat treatment, J. Alloys Compd.
706 (2017) 63–75.
[86] J. Mazumder, W.M. Steen, Heat transfer model for CW laser material
processing, J. Appl. Phys. 51 (1980) 941–947.
[87] S. Kou, D.K. Sun, Y.P. Le, A fundamental study of laser transformation
hardening, Metall. Trans. A. 14 (1983) 643–653.
229

References

[88] M. Davis, P. Kapadia, J. Dowden, W.M. Steen, C.H.G. Courtney, Heat
hardening of metal surfaces with a scanning laser beam, J. Phys. D.
Appl. Phys. 19 (1986) 1981.
[89] E. Ohmura, K. Inoue, K. Haruta, Computer simulation on structural
changes of hypoeutectoid steel in laser transformation hardening
process, JSME Int. Journal. Ser. 1, Solid Mech. Strength Mater. 32
(1989) 45–53.
[90] M.S. Devgun, P.A. Molian, Experimental study of laser heat-treated
bearing steel, J. Mater. Process. Technol. 23 (1990) 41–54.
[91] R.K. Shiue, C. Chen, Laser transformation hardening of tempered 4340
steel, Metall. Mater. Trans. A. 23 (1992) 163–170.
[92] A. Jacot, M. Rappaz, A two-dimensional diffusion model for the
prediction of phase transformations: Application to austenitization and
homogenization of hypoeutectoid Fe-C steels, Acta Mater. 45 (1997)
575–585.
[93] A. Jacot, M. Rappaz, A combined model for the description of
austenitization, homogenization and grain growth in hypoeutectoid Fe–
C steels during heating, Acta Mater. 47 (1999) 1645–1651.
[94] R. Komanduri, Z.B. Hou, Thermal analysis of the laser surface
transformation hardening process, Int. J. Heat Mass Transf. 44 (2001)
2845–2862. doi:10.1016/S0017-9310(00)00316-1.
[95] K. Obergfell, V. Schulze, O. Vöhringer, Classification of microstructural
changes in laser hardened steel surfaces, Mater. Sci. Eng. A. 355
(2003) 348–356.
[96] M.J. Tobar, C. Álvarez, J.M. Amado, A. Ramil, E. Saavedra, A. Yáñez,
Laser transformation hardening of a tool steel: Simulation-based
parameter optimization and experimental results, Surf. Coatings
Technol. 200 (2006) 6362–6367.
230

References

[97] R. Patwa, Y.C. Shin, Predictive modeling of laser hardening of
AISI5150H steels, Int. J. Mach. Tools Manuf. 47 (2007) 307–320.
doi:10.1016/j.ijmachtools.2006.03.016.
[98] D. Sorgente, O. Corizzo, A. Ancona, L.D. Scintilla, G. Palumbo, L.
Tricarico, Laser hardening of AISI 52100 bearing steel with a discrete
fiber laser spot, Proc. SPIE - Int. Soc. Opt. Eng. 8963 (2014) 896308.
http://www.scopus.com/inward/record.url?eid=2-s2.084902108714&partnerID=tZOtx3y1.
[99] N. Gupta, N. Nataraj, A dual weighted residual method for an optimal
control problem of laser surface hardening of steel, Math. Comput.
Simul. 103 (2014) 12–32.
[100] A. Fortunato, A. Ascari, E. Liverani, L. Orazi, G. Cuccolini, A
Comprehensive Model for Laser Hardening of Carbon Steels, J. Manuf.
Sci. Eng. 135 (2013) 061002. doi:10.1115/1.4025563.
[101] N. Ahmed, K.T. Voisey, D.G. McCartney, Investigation into the effect of
beam shape on melt pool characteristics using analytical modelling,
Opt. Lasers Eng. 48 (2010) 548–554.
[102] H.T. Chen, J.H. Lin, X.J. Xu, Analytical estimates of surface conditions
in laser surface heating process with experimental data, Int. J. Heat
Mass

Transf.

67

(2013)

936–943.

doi:10.1016/j.ijheatmasstransfer.2013.08.093.
[103] J.A. Pérez, J.A. Orosa, Neural modeling of laser surface treatments, Int.
J. Adv. Manuf. Technol. 46 (2010) 605–610. doi:10.1007/s00170-0092143-3.
[104] E. Liverani, D. Sorgente, A. Ascari, L.D. Scintilla, G. Palumbo, A.
Fortunato, Development of a model for the simulation of laser surface
heat treatments with use of a physical simulator, J. Manuf. Process. 26
(2017) 262–268. doi:10.1016/j.jmapro.2017.02.023.

231

References

[105] J. Winczek, A. Modrzycka, E. Gawrońska, Analytical description of the
temperature field induced by laser heat source with any trajectory,
Procedia Eng. 149 (2016) 553–558. doi:10.1016/j.proeng.2016.06.704.
[106] M. Bojinović, N. Mole, B. Štok, A computer simulation study of the
effects of temperature change rate on austenite kinetics in laser
hardening,

Surf.

Coatings

Technol.

273

(2015)

60–76.

doi:10.1016/j.surfcoat.2015.01.075.
[107] L. Orazi, E. Liverani, A. Ascari, A. Fortunato, L. Tomesani, Laser surface
hardening of large cylindrical components utilizing ring spot geometry,
CIRP

Ann.

-

Manuf.

Technol.

63

(2014)

233–236.

doi:10.1016/j.cirp.2014.03.052.
[108] S.Y. Lee, T.W. Huang, A method for inverse analysis of laser surface
heating with experimental data, Int. J. Heat Mass Transf. 72 (2014) 299–
307. doi:10.1016/j.ijheatmasstransfer.2013.12.067.
[109] A. Khajeh, S.A.J. Jahromi, The finite element analysis of the surface
transformation hardening process using the power control strategy in
order to reduce edge effect problems, Comput. Mater. Sci. 88 (2014)
151–155.
[110] L. Giorleo, B. Previtali, Q. Semeraro, Modelling of back tempering in
laser hardening, Int. J. Adv. Manuf. Technol. 54 (2011) 969–977.
doi:10.1007/s00170-010-3008-5.
[111] F. Cordovilla, Á. García-Beltrán, P. Sancho, J. Domínguez, L. Ruiz-deLara, J.L. Ocaña, Numerical/experimental analysis of the laser surface
hardening with overlapped tracks to design the configuration of the
process for Cr-Mo steels, Mater. Des. 102 (2016) 225–237.
[112] C. Li, Y. Wang, Z. Zhang, B. Han, T. Han, Influence of overlapping ratio
on hardness and residual stress distributions in multi-track laser surface
melting roller steel, Opt. Lasers Eng. 48 (2010) 1224–1230.

232

References

[113] F. Lusquinos, J.C. Conde, S. Bonss, A. Riveiro, F. Quintero, R.
Comesana, J. Pou, Theoretical and experimental analysis of high power
diode laser (HPDL) hardening of AISI 1045 steel, Appl. Surf. Sci. 254
(2007) 948–954.
[114] M.H. Farshidianfar, A. Khajepouhor, A. Gerlich, Real-time monitoring
and prediction of martensite formation and hardening depth during laser
heat treatment, Surf. Coatings Technol. 315 (2017) 326–334.
[115] S. Bonß, Laser transformation hardening of steel, in: Adv. Laser Mater.
Process., Elsevier, 2010: pp. 291–326.
[116] S. So, H. Ki, Effect of specimen thickness on heat treatability in laser
transformation hardening, Int. J. Heat Mass Transf. 61 (2013) 266–276.
[117] H. Ki, S. So, S. Kim, Laser transformation hardening of carbon steel
sheets using a heat sink, J. Mater. Process. Technol. 214 (2014) 2693–
2705.
[118] S. Kim, S. So, H. Ki, Controlling thermal deformation using a heat sink
in laser transformation hardening of steel sheets, J. Mater. Process.
Technol. 216 (2015) 455–462.
[119] T. Mioković, V. Schulze, O. Vöhringer, D. Löhe, Influence of cyclic
temperature changes on the microstructure of AISI 4140 after laser
surface

hardening,

Acta

Mater.

55

(2007)

589–599.

doi:10.1016/j.actamat.2006.08.052.
[120] A.K. Nath, A. Gupta, F. Benny, Theoretical and experimental study on
laser surface hardening by repetitive laser pulses, Surf. Coatings
Technol. 206 (2012) 2602–2615. doi:10.1016/j.surfcoat.2011.11.019.
[121] L. Tricarico, A. Ancona, G. Palumbo, D. Sorgente, R. Spina, P.M.
Lugarà, Discrete spot laser hardening and remelting with a highbrilliance source for surface structuring of a hypereutectoid steel, Mater.
Des. 115 (2017) 194–202. doi:10.1016/j.matdes.2016.10.079.
233

References

[122] D. Wellburn, S. Shang, S.Y. Wang, Y.Z. Sun, J. Cheng, J. Liang, C.S.
Liu, Variable beam intensity profile shaping for layer uniformity control
in laser hardening applications, Int. J. Heat Mass Transf. 79 (2014) 189–
200.
[123] G. Mathers, Hardness Testing Part 1, Weld. Inst. (n.d.). http://www.twiglobal.com/technical-knowledge/job-knowledge/hardness-testing-part1-074/ (accessed March 9, 2016).
[124] J. Hay, Introduction to instrumented indentation testing, Exp. Tech. 33
(2009) 66–72.
[125] I.N. Sneddon, The relation between load and penetration in the
axisymmetric Boussinesq problem for a punch of arbitrary profile, Int. J.
Eng. Sci. 3 (1965) 47–57.
[126] W.C. Oliver, G.M. Pharr, An improved technique for determining
hardness and elastic modulus using load and displacement sensing
indentation experiments, J. Mater. Res. 7 (1992) 1564–1583.
[127] A.C. Fischer-Cripps, Nanoindentation, 3rd ed., Springer-Verlag, New
York, 2011. doi:10.1007/978-1-4419-9872-9.
[128] H.K.D.H. Bhadeshia, Steels for bearings, Prog. Mater. Sci. 57 (2012)
268–435. doi:10.1016/j.pmatsci.2011.06.002.
[129] J.R. Bradley, S. Kim, Laser transformation hardening of iron-carbon and
iron-carbon-chromium steels, Metall. Trans. A. 19 (1988) 2013–2025.
[130] I. Iordanova, V. Antonov, Surface oxidation of low carbon steel during
laser treatment, its dependence on the initial microstructure and
influence on the laser energy absorption, Thin Solid Films. 516 (2008)
7475–7481. doi:10.1016/j.tsf.2008.03.031.
[131] F. Cordovilla, Á. García-beltrán, J. Dominguez, P. Sancho, I. Iordanova,
V. Antonov, Numerical-experimental analysis of the effect of surface

234

References

oxidation on the laser transformation hardening of Cr – Mo steels, Appl.
Surf. Sci. 357 (2015) 1236–1243. doi:10.1016/j.tsf.2008.03.031.
[132] V. Antonov, I. Iordanova, S. Gurkovsky, Investigation of surface
oxidation of low carbon sheet steel during its treatment with Nd: Glass
pulsed laser, Surf. Coatings Technol. 160 (2002) 44–53.
[133] H.J. Grabke, V. Leroy, H. Viefhaus, Segregation on the surface of steels
in heat treatment and oxidation, ISIJ Int. 35 (1995) 95–113.
[134] R.Y. Chen, W.Y.D. Yeun, Review of the high-temperature oxidation of
iron and carbon steels in air or oxygen, Oxid. Met. 59 (2003) 433–468.
[135] Y. Guan, W. Zhou, H. Zheng, M. Hong, Y. Zhu, B. Qi, Effect of pulse
duration on heat transfer and solidification development in laser-melt
magnesium alloy, Appl. Phys. A Mater. Sci. Process. 119 (2015) 437–
442.
[136] L. Åhman, Microstructure and its effect on toughness and wear
resistance of laser surface melted and post heat treated high speed
steel, Metall. Trans. A. 15 (1984) 1829–1835.
[137] S. Björklund, L.F. Donaghey, M. Hillert, The effect of alloying elements
on the rate of Ostwald ripening of cementite in steel, Acta Metall. 20
(1972) 867–874.
[138] P.L. Larsson, A.E. Giannakopoulos, E. Söderlund, D.J. Rowcliffe, R.
Vestergaard, Analysis of Berkovich indentation, Int. J. Solids Struct. 33
(1996) 221–248.
[139] Calculator for Conversion between Vickers Hardness Number and SI
Units

MPa

and

GPa,

Gordon

Engl.

https://www.gordonengland.co.uk/hardness/hvconv.htm

(n.d.).
(accessed

November 10, 2017).
[140] L. Qian, M. Li, Z. Zhou, H. Yang, X. Shi, Comparison of nano-indentation
hardness to microhardness, Surf. Coatings Technol. 195 (2005) 264–
235

References

271.
[141] ASTM E112-13 Standard Test Methods for Determining Average Grain
Size, (2013).
[142] N. Maharjan, W. Zhou, Y. Zhou, N. Wu, Influence of operating
parameters on morphology of laser hardened surfaces, in: High-Power
Laser Mater. Process. Appl. Diagnostics, Syst. VII, International Society
for Optics and Photonics, 2018.
[143] A.M. Rubenchik, S.S. Wu, V.K. Kanz, M.M. LeBlanc, W.H. Lowdermilk,
M.D. Rotter, J.R. Stanley, Temperature-dependent 780-nm laser
absorption by engineering grade aluminum, titanium, and steel alloy
surfaces, Opt. Eng. 53 (2014) 122506.
[144] H.D. Alvarenga, T. Van De Putte, N. Van Steenberge, J. Sietsma, H.
Terryn, Influence of Carbide Morphology and Microstructure on the
Kinetics of Superficial Decarburization of C-Mn Steels, Metall. Mater.
Trans. A. 46 (2015) 123–133. doi:10.1007/s11661-014-2600-y.
[145] N. Maharjan, W. Zhou, Y. Zhou, N. Wu, Decarburization during laser
surface processing of steel, Appl. Phys. A. 124 (2018) 682.
[146] M.S. Brown, C.B. Arnold, Fundamentals of laser-material interaction
and application to multiscale surface modification, Laser Precis.
Microfabr. 135 (2010) 91–120.
[147] J. Jiang, L. Xue, S. Wang, Discrete laser spot transformation hardening
of AISI O1 tool steel using pulsed Nd: YAG laser, Surf. Coatings
Technol. 205 (2011) 5156–5164.
[148] A. Buling, H. Sändker, J. Stollenwerk, U. Krupp, A. Hamann-Steinmeier,
Laser surface pretreatment of 100Cr6 bearing steel–Hardening effects
and white etching zones, Appl. Surf. Sci. 378 (2016) 564–571.
[149] S.Z. Shuja, B.S. Yilbas, H. Ali, Laser Heating of a Moving Slab: Influence

236

References

of Duty Cycle and Irradiated Spot Diameter on Temperature Field,
Lasers Eng. (Old City Publ. 38 (2017) 247–266.
[150] Y.K. Danileoko, A.M. Prokhorov, A. i. Pchelinstsev, A.V. Sidorin, Heat
hardening of steel by pulse-periodic laser radiation, Sov. J. Quantum
Electron. 16 (1986) 1611.
[151] Z. Xu, C.B. Reed, K.H. Leong, B. V Hunter, Pulsed laser surface
hardening of ferrous alloys., Argonne National Lab., IL (US), 1999.
[152] W. Wu, N.G. Liang, C.H. Gan, G. Yu, Numerical investigation on laser
transformation hardening with different temporal pulse shapes, Surf.
Coatings Technol. 200 (2006) 2686–2694.
[153] G. Habedank, J. Woitschig, T. Seefeld, W. Jüptner, F. Vollertsen, R.
Baierl, H. Bomas, P. Mayr, R. Schröder, F. Jablonski, Endurance limit
of pulsed laser hardened component-like specimens—experiment and
simulation, Mater. Sci. Eng. A. 488 (2008) 358–371.
[154] T. Miokovic, V. Schulze, D. Lohe, O. Vohringer, Influence of heating
rate, cooling rate and numbers of pulses on the microstructure of AISI
4140 after short-time-hardening, Int. J. Mater. Prod. Technol. 24 (2005)
207–223.
[155] S.Z. Shuja, B.S. Yilbas, S.M.A. Khan, Laser consecutive pulse heating
and phase change: influence of spatial distribution of laser pulse
intensity on melting, Int. J. Therm. Sci. 48 (2009) 1960–1966.
[156] A.K. Nath, A. Gupta, F. Benny, Theoretical and experimental study on
laser surface hardening by repetitive laser pulses, Surf. Coatings
Technol. 206 (2012) 2602–2615.
[157] N. Yasavol, A. Abdollah-Zadeh, M. Ganjali, S.A. Alidokht, Microstructure
and mechanical behavior of pulsed laser surface melted AISI D2 cold
work tool steel, Appl. Surf. Sci. 265 (2013) 653–662.
[158] C.T. Kwok, K.H. Lo, F.T. Cheng, H.C. Man, Effect of processing
237

References

conditions on the corrosion performance of laser surface-melted AISI
440C martensitic stainless steel, Surf. Coatings Technol. 166 (2003)
221–230.
[159] B.N. Chichkov, C. Momma, S. Nolte, F. Von Alvensleben, A.
Tünnermann, Femtosecond, picosecond and nanosecond laser
ablation of solids, Appl. Phys. A. 63 (1996) 109–115.
[160] J. Cheng, C.S. Liu, S. Shang, D. Liu, W. Perrie, G. Dearden, K. Watkins,
A review of ultrafast laser materials micromachining, Opt. Laser
Technol.

46

(2013)

88–102.

http://dx.doi.org/10.1016/j.optlastec.2012.06.037.
[161] D. V Tran, Y.C. Lam, B.S. Wong, H.Y. Zheng, D.E. Hardt, Quantification
of thermal energy deposited in silicon by multiple femtosecond laser
pulses.,

Opt.

Express.

14

(2006)

9261–9268.

doi:10.1364/OE.14.009261.
[162] R. Fang, A. Vorobyev, C. Guo, Direct visualization of the complete
evolution of femtosecond laser-induced surface structural dynamics of
metals, Light Sci. Appl. 6 (2017) e16256.
[163] K.C. Phillips, H.H. Gandhi, E. Mazur, S.K. Sundaram, Ultrafast laser
processing of materials: a review, Adv. Opt. Photonics. 7 (2015) 684–
712.
[164] B.K. Nayak, M.C. Gupta, Femtosecond-laser-induced-crystallization
and simultaneous formation of light trapping microstructures in thin aSi: H films, Appl. Phys. A. 89 (2007) 663–666.
[165] H. Wang, P. Kongsuwan, G. Satoh, Y.L. Yao, Femtosecond laserinduced simultaneous surface texturing and crystallization of a-Si: H thin
film: morphology study, Int. J. Adv. Manuf. Technol. 65 (2013) 1691–
1703.
[166] Y. Hirayama, M. Obara, Heat effects of metals ablated with
238

References

femtosecond laser pulses, Appl. Surf. Sci. 197 (2002) 741–745.
[167] G. Dumitru, V. Romano, H.P. Weber, H. Haefke, Y. Gerbig, E. Pflüger,
Laser microstructuring of steel surfaces for tribological applications,
Appl. Phys. A Mater. Sci. Process. 70 (2000) 485–487.
[168] N. Maharjan, W. Zhou, Y. Zhou, Y.C. Guan, Femtosecond laser
cleaning for aerospace manufacturing and remanufacturing, in: Conf.
Lasers Electro-Optics Pacific Rim, IEEE, Singapore, 2017.
[169] H.I. Aaronson, W.T. Reynolds, G.J. Shiflet, G. Spanos, Bainite viewed
three different ways, Metall. Trans. A. 21 (1990) 1343–1380.
[170] G. Baozhu, G. Krauss, The effect of low-temperature isothermal heat
treatments on the fracture of 4340 steel, J. Heat Treat. 4 (1986) 365–
372.
[171] A.I. Katsamas, A computational study of austenite formation kinetics in
rapidly heated steels, Surf. Coatings Technol. 201 (2007) 6414–6422.
[172] G.F. Vander Voort, A. Roosz, Measurement of the interlamellar spacing
of pearlite, Metallography. 17 (1984) 1–17.
[173] Y.C. Guan, W. Zhou, Z.L. Li, H.Y. Zheng, Study on the solidification
microstructure in AZ91D Mg alloy after laser surface melting, Appl. Surf.
Sci. 255 (2009) 8235–8238.
[174] S. Nolte, C. Momma, H. Jacobs, A. Tünnermann, B.N. Chichkov, B.
Wellegehausen, H. Welling, Ablation of metals by ultrashort laser
pulses, JOSA B. 14 (1997) 2716–2722.
[175] P.T. Mannion, J. Magee, E. Coyne, G.M. O’connor, T.J. Glynn, The
effect of damage accumulation behaviour on ablation thresholds and
damage morphology in ultrafast laser micro-machining of common
metals in air, Appl. Surf. Sci. 233 (2004) 275–287.
[176] J. Byskov-Nielsen, J.-M. Savolainen, M.S. Christensen, P. Balling,
239

References

Ultra-short pulse laser ablation of metals: threshold fluence, incubation
coefficient and ablation rates, Appl. Phys. A Mater. Sci. Process. 101
(2010) 97–101.
[177] N. Maharjan, W. Zhou, Y. Zhou, Y. Guan, Ablation morphology and
ablation threshold of Ti-6Al-4V alloy during femtosecond laser
processing, Appl. Phys. A. 124 (2018) 519.
[178] M. Hashida, Y. Miyasaka, T. Nishii, M. Shimizu, S. Inoue, S. Sakabe,
Threshold Fluence for Femtosecond Laser Nanoablation for Metals,
Electron. Commun. Japan. 99 (2016) 88–95.
[179] D. Perez, L.J. Lewis, Ablation of solids under femtosecond laser pulses,
Phys. Rev. Lett. 89 (2002) 255504.
[180] N.M. Bulgakova, I.M. Bourakov, Phase explosion under ultrashort
pulsed laser ablation: modeling with analysis of metastable state of melt,
Appl. Surf. Sci. 197 (2002) 41–44.
[181] J. Güdde, J. Hohlfeld, J.G. Müller, E. Matthias, Damage threshold
dependence on electron–phonon coupling in Au and Ni films, Appl. Surf.
Sci. 127 (1998) 40–45.
[182] W. Zhou, T.T. Tan, L.E.N. Lim, H.Y. Zheng, S. Zhu, L.M. Wang, Effect
of femtosecond laser irradiation on structure of UV grade fused silica,
Opt. Express. 14 (2006) 9217–9222.
[183] D. Perez, L.J. Lewis, Molecular-dynamics study of ablation of solids
under femtosecond laser pulses, Phys. Rev. B. 67 (2003) 184102.
[184] R. Kelly, A. Miotello, Contribution of vaporization and boiling to thermalspike sputtering by ions or laser pulses, Phys. Rev. E. 60 (1999) 2616.
[185] A.Y. Vorobyev, V.S. Makin, C. Guo, Periodic ordering of random surface
nanostructures induced by femtosecond laser pulses on metals, J. Appl.
Phys. 101 (2007). doi:10.1063/1.2432288.

240

References

[186] K. Okamuro, M. Hashida, Y. Miyasaka, Y. Ikuta, S. Tokita, S. Sakabe,
Laser fluence dependence of periodic grating structures formed on
metal surfaces under femtosecond laser pulse irradiation, Phys. Rev. B
-

Condens.

Matter

Mater.

Phys.

82

(2010)

1–5.

doi:10.1103/PhysRevB.82.165417.
[187] E.L. Gurevich, Mechanisms of femtosecond LIPSS formation induced
by periodic surface temperature modulation, Appl. Surf. Sci. 374 (2016)
56–60. http://dx.doi.org/10.1016/j.apsusc.2015.09.091.
[188] S. Hou, Y. Huo, P. Xiong, Y. Zhang, S. Zhang, T. Jia, Z. Sun, J. Qiu, Z.
Xu, Formation of long-and short-periodic nanoripples on stainless steel
irradiated by femtosecond laser pulses, J. Phys. D Appl. Phys. 44
(2011) 505401–7. doi:10.1088/0022-3727/44/50/505401.
[189] L. Qi, K. Nishii, Y. Namba, Regular subwavelength surface structures
induced by femtosecond laser pulses on stainless steel., Opt. Lett. 34
(2009) 1846–1848. doi:10.1364/OL.34.001846.
[190] N. Yasumaru, E. Sentoku, K. Miyazaki, J. Kiuchi, Femtosecond-laserinduced nanostructure formed on nitrided stainless steel, Appl. Surf. Sci.
264 (2013) 611–615.
[191] J. Bonse, S. Höhm, S. V Kirner, A. Rosenfeld, J. Krüger, Laser-induced
periodic surface structures—a scientific evergreen, IEEE J. Sel. Top.
Quantum Electron. 23 (2017) 1–15.
[192] Y.C. Guan, W. Zhou, Z.L. Li, H.Y. Zheng, G.C. Lim, M.H. Hong,
Femtosecond laser-induced ripple structures on magnesium, Appl.
Phys. A. 115 (2014) 13–18.
[193] X.C. Wang, G.C. Lim, F.L. Ng, Subwavelength Periodic Ripple
Formation on GaN surface by Femtosecond Laser Pulses, Surf. Rev.
Lett. 12 (2005) 651–657.
[194] M. Huang, F. Zhao, Y. Cheng, N. Xu, Z. Xu, Origin of laser-induced
241

References

near-subwavelength ripples: interference between surface plasmons
and incident laser, ACS Nano. 3 (2009) 4062–4070.
[195] I.Y. Khalfallah, M.N. Rahoma, J.H. Abboud, K.Y. Benyounis,
Microstructure and corrosion behavior of austenitic stainless steel
treated with laser, Opt. Laser Technol. 43 (2011) 806–813.
[196] J.K. Shin, J.H. Suh, J.S. Kim, S.-J.L. Kang, Effect of laser surface
modification on the corrosion resistance of Alloy 600, Surf. Coatings
Technol. 107 (1998) 94–100.
[197] A. Conde, R. Colaço, R. Vilar, J. De Damborenea, Corrosion behaviour
of steels after laser surface melting, Mater. Des. 21 (2000) 441–445.
[198] C.T. Kwok, H.C. Man, F.T. Cheng, Cavitation erosion and pitting
corrosion behaviour of laser surface-melted martensitic stainless steel
UNS S42000, Surf. Coatings Technol. 126 (2000) 238–255.
[199] T.M. Yue, J.K. Yu, H.C. Man, The effect of excimer laser surface
treatment on pitting corrosion resistance of 316LS stainless steel, Surf.
Coatings Technol. 137 (2001) 65–71.
[200] Y. Van Ingelgem, I. Vandendael, D. Van den Broek, A. Hubin, J.
Vereecken, Influence of laser surface hardening on the corrosion
resistance of martensitic stainless steel, Electrochim. Acta. 52 (2007)
7796–7801.
[201] C.T. Kwok, K.H. Lo, W.K. Chan, F.T. Cheng, H.C. Man, Effect of laser
surface melting on intergranular corrosion behaviour of aged austenitic
and duplex stainless steels, Corros. Sci. 53 (2011) 1581–1591.
[202] W. Pacquentin, N. Caron, R. Oltra, Effect of microstructure and
chemical composition on localized corrosion resistance of a AISI 304L
stainless steel after nanopulsed-laser surface melting, Appl. Surf. Sci.
356 (2015) 561–573.

242

References

[203] M. Erdoğan, I. Gunes, A. Dalar, Investigation of corrosion behavior of
borided gear steels, Trans. Indian Inst. Met. 67 (2014) 291–297.
[204] D.A. Lopez, T. Perez, S.N. Simison, The influence of microstructure and
chemical composition of carbon and low alloy steels in CO2 corrosion.
A state-of-the-art appraisal, Mater. Des. 24 (2003) 561–575.
[205] L. Xu, B. Wang, J. Zhu, W. Li, Z. Zheng, Effect of Cr content on the
corrosion performance of low-Cr alloy steel in a CO2 environment, Appl.
Surf. Sci. 379 (2016) 39–46.
[206] D.M. Stefanescu, R. Ruxanda, Fundamentals of solidification, Mater.
Park. OH ASM Int. 2004. (2004) 71–92.
[207] J.-M. Drezet, S. Pellerin, C. Bezenįon, S. Mokadem, Modelling the
Marangoni convection in laser heat treatment, in: J. Phys. IV, EDP
sciences, 2004: pp. 299–306.
[208] X. He, J.W. Elmer, T. DebRoy, Heat transfer and fluid flow in laser
microwelding, J. Appl. Phys. 97 (2005) 84909.
[209] Y.C. Guan, W. Zhou, Z.L. Li, H.Y. Zheng, Influence of overlapping tracks
on microstructure evolution and corrosion behavior in laser-melt
magnesium alloy, Mater. Des. 52 (2013) 452–458.
[210] R. Mishra, R. Balasubramaniam, Effect of nanocrystalline grain size on
the electrochemical and corrosion behavior of nickel, Corros. Sci. 46
(2004) 3019–3029.
[211] R.T. Li, V.K. Murugan, Z.L. Dong, K.A. Khor, Comparative Study on the
Corrosion Resistance of Al–Cr–Fe Alloy Containing Quasicrystals and
Pure Al, J. Mater. Sci. Technol. 32 (2016) 1054–1058.
[212] C. Andrade, C. Alonso, Test methods for on-site corrosion rate
measurement of steel reinforcement in concrete by means of the
polarization resistance method, Mater. Struct. 37 (2004) 623–643.
243

References

[213] G. Astm, Standard test method for conducting potentiodynamic
polarization resistance measurements, Annu. B. ASTM Stand. 3 (2009)
237–239.
[214] A.A. Aghuy, M. Zakeri, M.H. Moayed, M. Mazinani, Effect of grain size
on pitting corrosion of 304L austenitic stainless steel, Corros. Sci. 94
(2015) 368–376.
[215] N.N. Aung, W. Zhou, Effect of grain size and twins on corrosion
behaviour of AZ31B magnesium alloy, Corros. Sci. 52 (2010) 589–594.
[216] Y. Li, F. Wang, G. Liu, Grain size effect on the electrochemical corrosion
behavior of surface nanocrystallized low-carbon steel, Corrosion. 60
(2004) 891–896.
[217] K.D. Ralston, N. Birbilis, Effect of grain size on corrosion: a review,
Corrosion. 66 (2010) 75005.
[218] A. Kruusing, Underwater and water-assisted laser processing: part 1—
general features, steam cleaning and shock processing, Opt. Lasers
Eng. 41 (2004) 307–327.
[219] A.C. Tam, W.P. Leung, W. Zapka, W. Ziemlich, Laser‐cleaning
techniques for removal of surface particulates, J. Appl. Phys. 71 (1992)
3515–3523.
[220] G. Vereecke, E. Röhr, M.M. Heyns, Laser-assisted removal of particles
on silicon wafers, J. Appl. Phys. 85 (1999) 3837–3843.
[221] M. Mosbacher, H.-J. Münzer, J. Zimmermann, J. Solis, J. Boneberg, P.
Leiderer, Optical field enhancement effects in laser-assisted particle
removal, Appl. Phys. A. 72 (2001) 41–44.
[222] P. Peyre, I. Chaieb, C. Braham, FEM calculation of residual stresses
induced by laser shock processing in stainless steels, Model. Simul.
Mater. Sci. Eng. 15 (2007) 205.

244

References

[223] R. Fabbro, P. Peyre, L. Berthe, X. Scherpereel, Physics and
applications of laser-shock processing, J. Laser Appl. 10 (1998) 265–
279.
[224] B. Dhakal, S. Swaroop, Laser shock peening as post welding treatment
technique, J. Manuf. Process. 32 (2018) 721–733.
[225] A. Kruusing, Underwater and water-assisted laser processing: Part 2—
Etching, cutting and rarely used methods, Opt. Lasers Eng. 41 (2004)
329–352.
[226] C.A.A. Rashed, L. Romoli, F. Tantussi, F. Fuso, M. Burgener, G.
Cusanelli, M. Allegrini, G. Dini, Water jet guided laser as an alternative
to EDM for micro-drilling of fuel injector nozzles: A comparison of
machined surfaces, J. Manuf. Process. 15 (2013) 524–532.
[227] H. Shen, M. Ran, J. Hu, Z. Yao, An experimental investigation of
underwater pulsed laser forming, Opt. Lasers Eng. 62 (2014) 1–8.
[228] H. Chen, N. Guo, X. Shi, Y. Du, J. Feng, G. Wang, Effect of water flow
on the arc stability and metal transfer in underwater flux-cored wet
welding, J. Manuf. Process. 31 (2018) 103–115.
[229] D. Marla, S.A. Andersen, Y. Zhang, J.H. Hattel, J. Spangenberg, A
study of laser surface modification of polymers: A comparison in air and
water, J. Manuf. Process. 32 (2018) 432–437.
[230] G. Telasang, J.D. Majumdar, G. Padmanabham, I. Manna, Wear and
corrosion behavior of laser surface engineered AISI H13 hot working
tool steel, Surf. Coatings Technol. 261 (2015) 69–78.
[231] B.S. Yilbas, J. Malik, F. Patel, Laser gas assisted treatment of AISI H12
tool steel and corrosion properties, Opt. Lasers Eng. 54 (2014) 8–13.
[232] K. Takahashi, H. Kobayashi, T. Yoneyama, In-water laser ablation of
metals by Q-switched Nd: YAG laser, in: Prepr. Natl. Meet. JWS, 2000:
pp. 70–71.
245

References

[233] X. Zhang, W. Chen, E. Ashida, F. Matsuda, Laser–material interaction
and process sensing in underwater Nd: yttrium–aluminum–garnet laser
welding, J. Laser Appl. 15 (2003) 279–284.
[234] N. Guo, X. Xing, H. Zhao, C. Tan, J. Feng, Z. Deng, Effect of water
depth on weld quality and welding process in underwater fiber laser
welding, Mater. Des. 115 (2017) 112–120.
[235] P. Yi, Y. Liu, Y. Shi, H. Jang, G. Lun, Effects analysis of ambient
conditions on process of laser surface melting, Opt. Laser Technol. 43
(2011) 1411–1419.
[236] R.I. Carroll, J.H. Beynon, Decarburisation and rolling contact fatigue of
a rail steel, Wear. 260 (2006) 523–537.
[237] R. Cornell, H.K.D.H. Bhadeshia, Decarburisation of steel, Univ.
Cambridge.

(n.d.).

trans.msm.cam.ac.uk/abstracts/M0.html

https://www.phase(accessed

November

20,

2017).
[238] K. Obergfell, V. Schulze, D. Lohe, O. Vohringer, Application of X-ray
diffraction analysis on microstructural investigations of laser-hardened
steel surfaces, Zeitschrift Fur Met. 92 (2001) 265–269.
[239] M.F. Yan, Y.X. Wang, X.T. Chen, L.X. Guo, C.S. Zhang, Y. You, B. Bai,
L. Chen, Z. Long, R.W. Li, Laser quenching of plasma nitrided
30CrMnSiA steel, Mater. Des. 58 (2014) 154–160.
[240] ASTM Subcomittee E04.14, ASTM E1077 - 14 Standard Test Methods
for Estimating the Depth of Decarburization of Steel Specimens, (2014)
10. https://www.astm.org/Standards/E1077.htm (accessed November
20, 2017).
[241] G.F. Vander Voort, Understanding and measuring decarburization, Adv.
Mater. Process. (2015) 6.

246

References

[242] F.J. Harvey, Thermodynamic aspects of gas-metal heat treating
reactions, Metall. Mater. Trans. A. 9 (1978) 1507–1513.
[243] S.W. Mayott, Analysis of the effects of reduced oxygen atmospheres on
the decarburization depths of 300M alloy steel, New York, 2010.
[244] F.E. Harris, Reactions between hot steel and furnace atmospheres,
Met. Prog. 47 (1945) 84–89.
[245] A. Walker, D.R.F. West, W.M. Steen, Laser surface alloying of iron and
1C–1–4Cr steel with carbon, Met. Technol. 11 (1984) 399–404.
[246] M. Tayal, K. Mukherjee, Selective area carburizing of low carbon steel
using an Nd: YAG laser, Mater. Sci. Eng. A. 174 (1994) 231–236.
[247] H.G. Woo, H.S. Cho, Estimation of hardened layer dimensions in laser
surface hardening processes with variations of coating thickness, Surf.
Coatings Technol. 102 (1998) 205–217.
[248] A.I. Katsamas, G.N. Haidemenopoulos, Laser-beam carburizing of lowalloy steels, Surf. Coatings Technol. 139 (2001) 183–191.
[249] C. Carey, W.J. Cantwell, G. Dearden, K.R. Edwards, S.P. Edwardson,
J.D. Mullett, C.J. Williams, K.G. Watkins, Effects of laser interaction with
graphite coatings, in: Proc. Laser Assist. Net Shape Eng., 2007: pp.
673–686.
[250] T. Kek, J. Grum, Influence of the Graphite Absorber During Laser
Surface Hardening., Stroj. Vestnik/Journal Mech. Eng. 56 (2010).
[251] P.H. Shipway, D.G. McCartney, T. Sudaprasert, Sliding wear behaviour
of conventional and nanostructured HVOF sprayed WC–Co coatings,
Wear. 259 (2005) 820–827.
[252] V.P. Singh, A. Sil, R. Jayaganthan, A study on sliding and erosive wear
behaviour

of

atmospheric

plasma

sprayed

conventional

nanostructured alumina coatings, Mater. Des. 32 (2011) 584–591.
247

and

References

[253] W.X. Chen, J.P. Tu, L.Y. Wang, H.Y. Gan, Z.D. Xu, X.B. Zhang,
Tribological application of carbon nanotubes in a metal-based
composite coating and composites, Carbon N. Y. 41 (2003) 215–222.
[254] P. Ma, N.A. Siddiqui, G. Marom, J.-K. Kim, Dispersion and
functionalization

of

carbon

nanotubes

for

polymer-based

nanocomposites: a review, Compos. Part A Appl. Sci. Manuf. 41 (2010)
1345–1367.
[255] H.T. Angus, Cast iron: physical and engineering properties, Elsevier,
2013.
[256] T. Holm, Furnace atmospheres 1 - Gas carburizing and carbonitriding,
(n.d.). http://www.linde-gas.com.
[257] D.

Pye,

Practical

nitriding

and

ferritic

nitrocarburizing,

ASM

international, 2003.
[258] R. Sola, P. Veronesi, R. Giovanardi, G. Parigi, A Novel Duplex
Treatment of C20 Steel Combining Low-Pressure Carburizing and
Laser Quenching, J. Mater. Eng. Perform. 26 (2017) 5396–5403.
[259] P. Schaaf, Laser nitriding of metals, Prog. Mater. Sci. 47 (2002) 1–161.
[260] B.S. Yilbas, A.F.M. Arif, C. Karatas, S. Akhtar, B.J.A. Aleem, Laser
nitriding of tool steel: thermal stress analysis, Int. J. Adv. Manuf.
Technol. 49 (2010) 1009–1018.
[261] A.I. Katsamas, G.N. Haidemenopoulos, Surface hardening of low-alloy
15CrNi6 steel by CO2 laser beam, Surf. Coatings Technol. 115 (1999)
249–255.
[262] O. Karabelchtchikova, Fundamentals of mass transfer in gas
carburizing, (2007).
[263] M. Ramezani, T. Pasang, Z. Chen, T. Neitzert, D. Au, Evaluation of
carbon diffusion in heat treatment of H13 tool steel under different
248

References

atmospheric conditions, J. Mater. Res. Technol. 4 (2015) 114–125.
[264] A.S. Chaus, M. Beznák, Diffusion in MC carbides in high-speed steels
during high-temperature treatments, in: Defect Diffus. Forum, Trans
Tech Publ, 2010: pp. 1065–1070.
[265] O.K. Rowan, R.D. Sisson, Effect of alloy composition on carburizing
performance of steel, J. Phase Equilibria Diffus. 30 (2009) 235–241.
[266] J. Gegner, A.A. Vasilyev, P.J. Wilbrandt, M. Kaffenberger, Alloy
Dependence of the Diffusion Coefficient of Carbon in Austenite and
Analysis of Carburization Profiles in Case Hardening of Steels, in: Proc.
7th Int. Conf. Math. Model. Comput. Simul. Mater. Technol., 2012: p.
22.
[267] R.U. Khan, S. Bajohr, D. Buchholz, R. Reimert, H.D. Minh, K. Norinaga,
V.M. Janardhanan, S. Tischer, O. Deutschmann, Pyrolysis of propane
under vacuum carburizing conditions: An experimental and modeling
study, J. Anal. Appl. Pyrolysis. 81 (2008) 148–156.
[268] B.L. Mordike, H.W. Bergmann, N. Gross, Gaseous Alloying with Laser
Heating, in: Materwiss. Werksttech., Wiley Online Library, 1983: pp.
253–257.
[269] B.L. Mordike, Laser gas alloying, Laser Surf. Treat. Met. (1986) 389–
412.
[270] S. Kou, Welding metallurgy, John Wiley & Sons, 2003.
[271] C.F. Marsden, Laser surface alloying of stainless steel, Imperial College
London, 1988.
[272] M. Tayal, K. Mukherjee, Analysis of cracks produced during carburizing
of AISI 1018 steel using a ND: YAG laser, Scr. Metall. Mater. States).
29 (1993).
[273] H.K.D.H. Bhadeshia, Prevention of hydrogen embrittlement in steels,
249

References

ISIJ Int. 56 (2016) 24–36.
[274] R.S. Lakhkar, Y.C. Shin, M.J.M. Krane, Predictive modeling of multitrack laser hardening of AISI 4140 steel, Mater. Sci. Eng. A. 480 (2008)
209–217.
[275] L.W. Tsay, Z.W. Lin, R.K. Shiue, C. Chen, Hydrogen embrittlement
susceptibility of laser-hardened 4140 steel, Mater. Sci. Eng. A. 290
(2000) 46–54.

250

