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ABSTRACT 

Feng Qiu  

Surface transformation hardening of carbon steel with high power fiber laser  
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105 pages  
Acta Universitatis Lappeenrantaensis 507 
Diss. Lappeenranta University of Technology 
ISBN 978-952-265-360-4, ISBN 978-952-265-361-1 (PDF), ISSN 1456-4491 

This study investigated the surface hardening of steels via experimental tests using a 
multi-kilowatt fiber laser as the laser source. The influence of laser power and laser 
power density on the hardening effect was investigated. The microhardness analysis 
of various laser hardened steels was done. A thermodynamic model was developed to 
evaluate the thermal process of the surface treatment of a wide thin steel plate with a 
Gaussian laser beam. The effect of laser linear oscillation hardening (LLOS) of steel 
was examined.  

An as-rolled ferritic-pearlitic steel and a tempered martensitic steel with 0.37 wt% C 
content were hardened under various laser power levels and laser power densities. The 
optimum power density that produced the maximum hardness was found to be 
dependent on the laser power. The effect of laser power density on the produced 
hardness was revealed. The surface hardness, hardened depth and required laser 
power density were compared between the samples. Fiber laser was briefly compared 
with high power diode laser in hardening medium-carbon steel.  

Microhardness (HV0.01) test was done on seven different laser hardened steels, 
including rolled steel, quenched and tempered steel, soft annealed alloyed steel and 
conventionally through-hardened steel consisting of different carbon and alloy 
contents. The surface hardness and hardened depth were compared among the 
samples. The effect of grain size on surface hardness of ferritic-pearlitic steel and 
pearlitic-cementite steel was evaluated. In-grain indentation was done to measure the 
hardness of pearlitic and cementite structures. The macrohardness of the base material 
was found to be related to the microhardness of the softer phase structure. The 
measured microhardness values were compared with the conventional macrohardness 
(HV5) results.  

A thermodynamic model was developed to calculate the temperature cycle, Ac1 and 
Ac3 boundaries, homogenization time and cooling rate. The equations were 
numerically solved with an error of less than 10-8. The temperature distributions for 
various thicknesses were compared under different laser traverse speed. The lag of the 



peak temperature behind the laser beam was found to have an upper limit. The model 
was verified by experiments done on six different steels. The calculated thermal cycle 
and hardened depth were compared with measured data. Correction coefficients were 
applied to the model for AISI 4340 steel.  

AISI 4340 steel was hardened by laser linear oscillation hardening (LLOS). Equations 
were derived to calculate the overlapped width of adjacent tracks and the number of 
overlapped scans in the center of the scanned track. The effect of oscillation 
frequency on the hardened depth was investigated by microscopic evaluation and 
hardness measurement. The homogeneity of hardness and hardened depth with 
different processing parameters were investigated. The hardness profiles were 
compared with the results obtained with conventional single-track hardening. LLOS 
was proved to be well suitable for surface hardening in a relatively large rectangular 
area with considerable depth of hardening. Compared with conventional single-track 
scanning, LLOS produced notably smaller hardened depths while at 40 and 100 Hz 
LLOS resulted in higher hardness within a depth of about 0.6 mm.  

Keywords: hardening, steel, fiber laser, laser power, power density, microhardness, 
in-grain indentation, thermodynamic model, temperature cycle, 
oscillation scanning  
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1 INTRODUCTION  

1.1 Background of the Study  

Surface transformation hardening using laser energy as the heat source was one of the 
earliest applications of laser material processing. The first laser heat treatment of 
metals was reported in early 1960s.1 In the following a few years, investigations were 
done on laser induced surface hardening of steel and its alloys.2,3 In 1973, Saginaw 
Steering Division of General Motors used a CO2 laser to harden the steering gear 
housing on a production basis. This is regarded as the first industrial application of 
laser hardening.4 Compared with traditional hardening processes, laser surface 
hardening features some important benefits such as low distortion of the workpiece, 
high processing speed and self-quenching without the need of external quenchants.  

Although the potential of this process was noticed early by the automobile industry, 
its industrial acceptance has been rather limited compared with other laser processes 
such as cutting, welding and marking. This situation was caused by a variety of facts. 
Manufacturers lacked the knowledge and experience about the laser hardening 
process. CO2 laser used to be the only choice that was capable to produce sufficient 
power density for hardening.6 In order to achieve efficient absorption of the far 
infrared radiation, a coating has been normally used on the workpiece, making this 
process uneconomical in many applications. Moreover, various conventional surface 
treatment processes were commercially available and familiar to the designers and 
manufacturers. The majority of industrial production procedures were therefore 
designed for these processes rather than laser processing. These all restrained the 
applicability of laser hardening process.6,7  

Three different types of laser sources including CO2, Nd:YAG and high power diode 
lasers used to be the alternatives used for laser surface treatment. Until the end of last 
century, CO2 laser was almost the only laser type that was capable to provide the 
combination of power density and interaction time required for laser hardening. Since 
late 1990s, the development of multi-kilowatt Nd:YAG lasers with both flash lamp 
and diode pumping provide an alternative source with several advantages. One of the 
main benefits of Nd:YAG laser is that the wavelength of the laser light (typically 
1.06 μm) allows the beam to be delivered via an optical fiber with relatively low 
energy loss. This enables flexible delivery of the laser beam at the processing head. 
Consequently, Nd:YAG lasers providing high levels of laser power can be 
manipulated with robot, making them ideal for three-dimensional processing. More 
recently, multi-kilowatt diode lasers were developed with the wavelength of 
approximately 8 μm, which are compact and can be mounted directly on a robot for 
hardening of components with complex geometries. Compared with the wavelength 
of a CO2 laser (around 10.6 μm), the beam wavelengths of Nd:YAG and diode lasers 
increase the absorptivity on metal surface significantly and thus absorptive coatings 
are no longer needed, simplifying the operation and reducing the cost of production.5 
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High power Nd:YAG and diode lasers have been applied in various treatments of steel 
and its alloys.6,7,8 Besides, various types of special shaping optics were developed as 
an advanced solution to produce desirable shapes and sizes of laser irradiated area 
with relatively homogeneous energy distribution.9,10 

During the last decade or so, high power fiber lasers have been developed in a 
dramatic manner. From lab set-ups delivering milliwatt-scale output power in the 
early 1990s, fiber lasers have evolved to multi-kilowatt devices for use in industrial 
material processing. Two technical developments promoted the progress of fiber laser: 
the optical communication industry provided the preparation technologies for highly 
transmissive single-mode fibers and the optoelectronics industry made available the 
high-power laser diodes required for the pumping of fibers. The increased power level 
of fiber laser is to a large extent based on the availability of reliable and long-life 
diode pump systems.11,12  

1.2 Motivation  

The process of laser transformation hardening requires high energy, but does not have 
stringent demand for the laser beam quality, making it a feasible solution for 
manufacturers. Fiber laser has various important advantages over other types of lasers, 
such as simplicity, high electrical-to-optical efficiency, high reliability and low cost of 
operation.12,13 Typically featuring similar wavelength of radiation to Nd:YAG laser, 
fiber laser is considered to be well suitable for processing of steel. As an alternative 
tool for material processing, the emergence of fiber lasers has brought a good 
opportunity to update the knowledge of laser technology of the industry. 
Investigations on surface treatment of steel with a fiber laser are essential to provide 
technical views of the hardening effect, influential parameters and optimization of this 
process. A comparison with other lasers can indicate the advantages and drawbacks of 
fiber lasers in hardening of steels. Such studies are expected to be of industrial interest 
and aid in future studies. However, despite some research work done in the past five 
years or so, this process has not yet been sufficiently investigated so far.14,15  

Surface hardening of steel has been mostly studied with conventional hardness 
measurement which typically uses a load of several kilograms, yet metallographic 
analysis of specific phases and microstructures frequently demands local hardness 
measurement within a small region such as tens of micrometers. Unfortunately, such 
micro-scaled investigations on phase transformation and microstructural transition of 
laser surface hardened steel have not been much available. A microhardness test 
device uses a very small load (down to a few grams) and is capable to produce 
indentations within a few micrometers in diameter, making precise local and even 
in-grain hardness measurement possible. Microhardness measurement also provides a 
basis for quality control of thin metallic material and small parts of precision 
instruments.16,17,18  
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Heat transfer is a fundamental and crucial factor that has significant influence on the 
intermediate process of laser surface treatment.19 To investigate the thermodynamic 
process, quantitative analysis using mathematical methods is required. A 
thermodynamic model can be developed based on heat flow theory to derive 
equations for the temperature distribution, the phase transformation boundary and the 
cooling rate.  

Multi-track hardening has been previously investigated for the purpose of large-area 
treatment, but the decrease of hardness in the overlapping zone due to tempering 
remains to be a problem.20,21 Laser linear oscillation scanning (LLOS) provides an 
alternative method for generating laser irradiated track with customizable width. This 
process is in nature a continuous multi-track surface irradiation in zigzag pattern, in 
which the treated region consists of a number of overlapped laser irradiated tracks. 
LLOS is thought to have good potential for practice, yet such studies have been rarely 
available so far. Investigation on this process is expected to review the influence of 
various frequencies and amplitudes of the oscillation on the produced hardness profile 
and to provide a solution in comparison with the surface treatment using shaping 
optics.  

1.3 Research Objectives  

The purpose of this study was to investigate the surface transformation hardening of 
steel with a fiber laser. Several topics were to be discussed in this thesis. An 
experiment was designed to reveal how laser power and laser power density influence 
the hardening effect of two medium-carbon steels, including an as-rolled high silicon 
steel and a pre-hardened mould steel. The experiment aimed to find the optimal laser 
power density for hardening. The influence of different initial microstructures of steel 
was to be investigated as well.  

A microhardness test with an indentation load of 10 g was to be done in the hardened 
layer and in the base material of different types of steels. The microhardness in 
different microstructures was to be measured and compared. The effect of the grain 
size on the microhardness value was to be revealed as well. The measured 
microhardness values were to be compared with conventional macrohardness values.  

A thermodynamic model was to be developed to describe the quasi-steady thermal 
process of a wide thin steel plate irradiated by a moving Gaussian laser beam. 
Equations were to be established for temperature distribution, transformation 
boundaries, homogenization time of austenite and cooling rate. The established model 
was to be verified with experimental results and correction coefficients are to be 
determined.  

The effect of laser linear oscillation scanning (LLOS) was to be investigated. The test 
aimed to examine how the frequency and the amplitude of oscillation influence the 
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produced hardness profile of the surface. Equations were to be derived to calculate the 
overlapped width between adjacent scanning tracks and the number of overlapping 
tracks on laser irradiated area. Comparison was to be made between LLOS and 
single-track scanning with a simply defocused laser beam.  

1.4 Structure of the Thesis  

This thesis includes two parts. The first part gives an overview of the dissertation and 
consists of five chapters. Chapter 1 presents the background, motivation and research 
objectives of this study and contribution of the thesis. Chapter 2 provides the 
theoretical knowledge of laser transformation hardening of steel. Chapter 3 includes 
developed models and equations used in this study. Chapter 4 introduces the 
equipment and tested materials used in the experiments. Experimental procedures, 
processing parameters and measurement of the samples are described as well. 
Chapter 5 gives a review and summary of the research papers, which are fully 
included in the second part of the thesis. Chapter 6 presents the conclusions of this 
study and recommendations for further research work. The second part of the thesis 
consists of four research publications covering different topics about surface 
hardening of steel with a fiber laser.  

1.5 Contribution of the Thesis  

The thesis contains several novel aspects of the study on the surface hardening of steel 
with a fiber laser. The optimum power density that produced maximum hardness 
under different laser powers was determined for the tested materials. The effect of 
laser spot size on the hardened depth was evaluated while retaining the laser power 
unchanged. Tempered martensite was compared with ferritic-pearlitic steel in surface 
hardness, hardened depth and requirement for laser power density.  

The microhardness analysis was done on various test samples. The influence of the 
grain size of rolled steel on the homogeneity of martensite and the microhardness was 
investigated. In-grain indentation was done to acquire the microhardness of ferrite, 
pearlite and cementite. The macrohardness of the base material of ferritic-pearlitic and 
pearlitic-cementite steels was compared with the microhardness of each phase 
structure. Rolled steel was compared with quenched and tempered steel and soft 
annealed alloyed steel on the surface hardness of martensite and hardened depth. The 
measured microhardness values were compared with macrohardness results.  

A thermodynamic model was established for quasi-steady thermal process of a wide 
solid plate with limited depth irradiated by a moving Gaussian heat source. Equations 
were derived to calculate the temperature distribution, hardened depth, 
homogenization time and cooling rate. An experiment was done to verify the 
temperature cycle and hardened depth calculated with this model. Correction 
coefficients are applied to the equations for the tested materials.  
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LLOS process was tested with different laser powers, frequencies and amplitudes of 
oscillation at a constant feeding speed. Equations were developed to calculate the 
overlapped width between adjacent tracks and the number of overlapping tracks. The 
effects of the test parameters, especially the oscillation frequency on the homogeneity 
of surface hardness were investigated. The results were compared with single-track 
hardening process and the benefits and drawbacks of LLOS were concluded.  
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2 THEORETICAL BACKGROUND  

2.1 General Process of Laser Surface Hardening  

The mechanism of laser hardening is in principle very much similar to the 
conventional hardening processes. As illustrated in Figure 1, a defocused laser beam 
moves across the surface of the workpiece, quickly heating up the irradiated area to 
above the critical temperature of solid-state transformation but below the melting 
temperature, where the phase transformation of notably ferrite to austenite occurs. The 
contiguous material acts as a heat sink that rapidly cools the surface by thermal 
conduction. Such self-quenching effect allows the transformations from austenite to 
martensite. This process typically produces hard, wear-resistant regions on the surface 
of the workpiece while retaining the mechanical properties (e.g. toughness and 
ductility) of the bulk material unaffected.22,23 Figure 2 illustrates the phase 
transformation and thermal cycle of 0.35 wt% C steel hardened by a laser.  

Direction of motion

Focusing 
optics

Convection and 
radiation

Laser beam

Workpiece Laser spot and heat zone  

Figure 1. Basic setup of laser hardening of a flat plate workpiece.24 
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Figure 2. Principle of laser induced phase transformation. Thermal cycles at two 
positions in 0.35 wt% C steel are shown.6  

2.2 Mechanism of Transformation Hardening  

The production of martensite structure requires temperature-dependent transformation 
of the crystal structure of iron and redistribution of carbon content within the thermal 
cycle. As martensite is exclusively acquired by rapidly cooling of austenite, the 
austenitization temperature must be reached in the heating phase. In laser surface 
hardening, as the thermal cycle is much shorter than that of bulk hardening, the 
heating to austenitization temperature occurs in seconds or even a fraction of a second. 
Therefore, the heated area should be retained above the austenitization temperature 
for a sufficiently long period to allow carbon diffusion and homogenization of 
austenite. The heated surface should be maintained below the melting point of the 
material.22,25  

2.2.1 Formation of austenite  

Austenite is formed from pearlite-ferrite (hypoeutectoid steel) or pearlite-cementite 
(hypereutectoid steel) aggregate structure. In the heating phase, the body-centered 
cubic (BCC) α-iron solution transforms to face-centered cubic (FCC) γ-iron solution. 
In equilibrium transformation, austenite starts to form at Ac1 temperature (723°C) in 
carbon steel and completes at Ac3 (Acm) line. This is indicated in Figure 3. Since the 
heating rate is quite high in laser hardening, the curve may shift much from the 
equilibrium condition and the Ac3 line tends to move upwards to a higher temperature. 
Therefore, in order to achieve sufficient homogenization of austenite above the Ac3 
(Acm) temperature, the process parameters are normally set to produce high peak 
temperatures. Yet since the short thermal cycle may cause insufficient carbon 
diffusion, the degree of homogenization of carbon in the base material has a 
significant influence on the carbon distribution of formed martensite and the produced 
hardness profile.22,26  
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Acm
Ac3

Ac1 723°C

 

Figure 3. The Fe-C phase diagram.27  

2.2.2 Formation of martensite  

Formation of martensite is the transformation of γ-solid to α-solid, in which γ-lattice 
is rearranged into the α-lattice. Full martensitic transformation occurs with relatively 
high cooling rate, typically tens of Celsius degrees per second or above. In this case, 
carbon atoms solved in the γ-austenite do not have adequate time to precipitate and 
thus remain in the transforming lattice.28,29 Therefore, martensite is a supersaturated 
solution of carbon in α-iron. The trapped carbon atoms in the lattice result in slight 
shift of the iron atoms and thus a body-centered tetragonal (BCT) lattice is formed. 
Figure 4 shows the BCT lattice structure of martensite. The BCT lattice is like a 
vertically elongated BCC crystal lattice, which has greater deformation in the 
direction of one of the axes than in the other two, and thus features high internal 
stresses that make martensite hard but also brittle.29,30  

In the cooling phase, transformation of austenite to martensite starts from the 
martensite start temperature (Ms) and ends at the martensite finish temperature (Mf). 
Martensite is formed over a certain temperature range, which depends on the carbon 
content of steel, as indicated in Figure 5. The Ms temperature depends little on the 
cooling rate. Increased carbon content decreases the Ms and Mf temperatures and 
consequently lowers the required critical cooling rate. Besides, the alloying elements 
such as Mn and Ni lower the Ms temperature as well.31,32 As the temperature reaches 
the martensite start temperature in the cooling phase, the cooling rate is required to 
exceed the critical cooling rate in order to produce 100% martensite. Figure 6 shows 
the continuous cooling transformation (CCT) diagram for eutectoid carbon steel. 
Dashed line A which is tangent to the austenite-pearlite transformation start line 
represents the cooling curve with exactly the critical cooling rate. Leftward is the 
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region with higher cooling rate which produces pure martensite as well. Dashed line B 
indicates the highest cooling rate that produces 100% pearlite. Rightward is lower 
cooling rate that results in pure pearlite. The region between dashed line A and B 
represents production of a mixture of martensite and pearlite as the final 
microstructure. Since martensite is exclusively transformed from austenite, the 
produced austenite in the heating phase of the thermal cycle determines the maximum 
amount of martensite that can be formed in the cooling phase. Adding alloying 
elements tends to shift the C curve to the right and thus reduces the critical cooling 
rate.25,30 In laser hardening, the cooling rate by heat conduction into the substrate is 
normally high enough for martensitic transformation even in low carbon steel.6  

 

Figure 4. The body-centered tetragonal (BCT) lattice structure of martensite.25  

 

 

Figure 5. Martensite start (Ms) and finish (Mf) temperatures versus carbon 
content.31  
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Figure 6. Continuous cooling transformation (CCT) diagram for eutectoid carbon 
steel.30  

2.2.3 Retained austenite  

Some of the austenite can be retained during the quenching to room temperature, 
reducing the hardness of the steel. There are multiple factors that may cause this, such 
as local carbon concentration due to the inhomogeneity of material and existence of 
the austenite-stabilizing elements. As the concentration of carbon increases, both the 
Ms and Mf temperatures are lowered (Mf may be even lower than the room 
temperature). When the room temperature is reached during cooling, though most of 
the austenite may have transformed to martensite, some amount of austenite can still 
remain in the structure. Some substituting alloying elements such as Mn and Ni 
reduce the Ms and Mf temperatures as well and thus can increase the amount of 
retained austenite. As a common practice, the retained austenite can be transformed to 
martensite by subzero treatment (i.e. cooling to below -70°C) or by tempering.25  

2.3 Steels Suitable for Transformation Hardening  

Low alloy carbon steels, featuring combined properties of strength, toughness and 
wear-resistance, are of the most often used material for transformation hardening. 

Ms 
A B 
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Medium carbon steels (0.25-0.5 wt% C) are well responsive to heat treatment. Yet 
since the increase of carbon content reduces the fracture toughness remarkably, these 
steels are normally treated with hardening and tempering process. Plain carbon steels 
(0.16-0.25 wt% C) can only be heat treated in small sections with rapid quenching. 
Low carbon steels (less than 0.1 wt% C) are rarely used for transformation hardening. 
High carbon steels (0.5-2.0 wt% C), also known as tool steels, are brittle and therefore 
normally alloyed with elements such as Cr and V to improve toughness.6,33  

Medium alloy steels, alloying additions between 2% and 10%, may be hardened by 
laser heat treatment, although retained austenite is often observed in the as-hardened 
microstructure. Quenching in liquid nitrogen is an effective method to improve the 
transformation of austenite to martensite and produce hardness of up to 1000 HV. 
High alloy steels, containing more than 10% of deliberate alloying additions, 
generally respond more poorly to transformation hardening in comparison to other 
types of steels due to the large amount of retained austenite at the room 
temperature.6,33  

Only martensitic grades of stainless steels contain sufficient carbon to allow laser 
hardening. The effect of hardening is dependent on the initial condition of the steel as 
well as the Cr content. Laser treatment of martensitic stainless steels delivered in the 
annealed condition, consisting of ferrite and carbide microstructures, results in 
significant amount of carbide dissolution and thus benefits the formation to martensite 
on cooling.6,33  

2.4 Influential Parameters  

The laser hardening process can be influenced by many factors. The effect of 
hardening basically depends on the material, laser and processing parameters.  

2.4.1 Material properties  

- Composition and microstructure  

The surface hardness depends on the hardness of the martensite formed. To form 
martensite, the material for laser hardening should typically contain at least around 
0.05 wt% carbon. The surface hardness generally increases linearly with the carbon 
content. However, carbon content higher than about 0.6 wt% may result in a much 
higher amount of retained austenite present at room temperature and may thus reduce 
the hardness.6,25 High content of alloying elements such as Mn, Cr, Ni and Mo 
increases the volume of retained austenite as well, therefore the hardening effect of 
alloy steel is distinctly more affected by the alloying additions in conjunction with the 
carbon content.34 Alloying elements also influence the thermal properties of the 
substrate. When the thermal conductivity is increased, the peak temperature on the 
surface is decreased and the thermal penetration rate is higher.35 In hypoeutectoid 
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steel consisting of ferritic-pearlitic structures, the grain size of the starting 
microstructures has significant influence on carbon diffusion and thus affects the 
hardening result. For eutectoid steel, the carbon diffusion is mostly affected by the 
interlamellar spacing in pearlite. In hardening of tempered martensitic steel, carbon 
content is the most crucial factor.6,25 Carbon distribution in finer initial grains can be 
homogenized more readily in the treatment, resulting in martensitic formation with 
little retained austenite.25  

- Geometry  

The geometry of the workpiece affects the heat flow distribution. As an empirical rule, 
the thickness of the workpiece should be at least ten times of the desired hardened 
depth so that the self-quenching can occur without significant bulk heating. A discrete 
distance should be preserved between the laser irradiated tracks and the edges to 
prevent overheating or melting. External corners have a large surface-to-volume ratio 
and thus are susceptible to overheating. Internal corners are to the opposite.36  

- Surface roughness  

Multiple reflections on a rough surface may improve the absorption of laser 
irradiation over a flat, smooth surface. As reported in earlier studies, increasing the 
surface roughness of metal to a scale much larger than the laser wavelength may 
increase the absorptivity of laser energy up to several times, depending on the 
material and the type of laser.37,38  

2.4.2 Laser parameters  

- Wavelength  

Figure 7 compares the absorption of laser radiation at different wavelengths for 
diverse metals. As different kinds of steels absorb CO2 laser beam radiation with quite 
a low efficiency (around 2-5%), traditional CO2 laser hardening of steel requires 
surface coating before the treatment to increase the absorption of laser energy. Later 
developed high power Nd:YAG, diode and diode pumped fiber lasers feature much 
shorter wavelength (around 1000 nm and lower). These wavelengths can be absorbed 
by steels in a proportion of about 35% or even higher and thus surface coating or 
other pre-treatments are not needed.10,39  
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Figure 7. The absorption of laser radiation at different wavelengths for various 
metals.7  

- Laser power and laser power density  

Figure 8 compares various laser processes in terms of laser power density against 
beam interaction time. The laser power density used in laser hardening is usually 
around 103-105 W/cm2, which is relatively low among laser processes.6  

 

Figure 8. Beam interaction time vs. power density illustrating the empirical 
window for various laser processes.6  

In practice, hundreds of watts to several kilowatts are often used for surface hardening, 
depending on the traverse speed and the material hardenability. Generally, steels of 
high hardenability may be treated with low laser power density and a long interaction 
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time in order to produce a homogeneous hardened region with significant depth. For 
steels of low hardenability, high laser power density and short interaction time may be 
used to achieve the high cooling rate demanded for martensite formation, at the 
expense of a shallow hardened layer.27,32 

- Geometry and power distribution of laser irradiation 

The heating pattern normally resembles the mirror image of the raw beam power 
distribution, although with decreased amplitude and rounded edges. For example, a 
Gaussian power distribution typically generates a hemispherical hardened zone, and a 
uniform power distribution generates a rectangular hardened section with rounded 
edges. For specific power density and traverse rate, there is an optimal range of beam 
width that is capable to produce a large hardened width without surface melting.40 
Lots of engineering processes employ rotationally symmetric laser beams which are 
created via defocusing optics. Shaping optics is as well used to provide various shapes 
of hardened sections with desirably high coverage rates. The aspect ratio 
(width-to-length ratio) can be varied to produce desired thermal cycle and section 
geometry. A high aspect ratio causes a rapid thermal cycle and a wide hardened track. 
To satisfy more customized requirements, a variety of optics can be used, as given in 
Table 1.41  

Uniform-distribution, ring and Gaussian profiles are common power distribution 
patterns. Uniform power distribution in the beam profile features maximized 
hardening depth, uniformity of depth and coverage rate. Ring and Gaussian beam 
profiles minimize distortion, but the latter can cause melting in the center. The optimal 
power distribution in the heating pattern should include a leading edge of a high 
power density with the power tailing off towards the trailing edge. This benefits the 
hardening process by inducing a thermal cycle with sufficient time for microstructural 
homogenization while ensuring a high-enough cooling rate for martensite formation. 
This pattern also minimizes the energy required per unit volume of hardened section. 
The optics needed to produce such a heating pattern, however, can be expensive.42,43  

Table 1. Optics applied in laser hardening and corresponding features.41,45  
Optics Features 

Kaleidoscope produces uniform profile of constant hardened depth cheaply 
Scanning mirror provides linear beam profile using a parabolic reflective mirror 

Diffractive optics 
transforms the raw beam into suitable heating pattern, yet is 
expensive 

Beam rastering 
system 

allows complex or variable geometries, but is normally used with 
low power levels and expensive 

Toric mirror or 
annular beam 

hardens both the inner and outer surfaces of rotationally symmetric 
components, e.g. cylinders and shafts 

Beam splitting 
lenses 

splits the beam into several ones to produce spot hardened patterns 
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2.4.3 Process parameters  

- Process gas  

The process gas basically has two functions in laser transformation hardening. It can 
shield the irradiated region on the surface against oxidation, which may increase the 
absorptivity and cause overheating or melting. The process gas also protects the optics 
from being contaminated during the process. Argon and nitrogen are commonly used 
due to their effective coverage of the interaction zone. The gas flow is usually ejected 
to the material at a rate of about 20 L/min from a coaxial or external nozzle.6,32 
Pantsar compared diode laser hardening of steel in argon and in air and indicated that 
surface oxidation may result in markedly higher absorptivity of laser energy.10  

- Traverse speed  

The traverse speed strongly affects the time of laser irradiation received by the 
material. Laser power density in an order of 103-105 W/cm2 with a typical interaction 
time of 0.1-0.3 seconds can produce martensite structure in steel. As the beam length 
in the traverse direction is determined by required laser power density and the track 
width, the traverse speed can be calculated by dividing the beam length with the 
interaction time. The traverse speed is normally the parameter that is fine-tuned to 
optimize the process in order to obtain the required hardened depth and degree of 
homogenization.46  

2.5 Industrial Applications of Laser Hardening 

Since laser hardening was introduced on an industrial scale in 1973, the automotive 
and machine tool industries have been responsible for much of the laser heat 
treatment process development. Some of the applications are given in Table 2.4,47  

Table 2. Optics applied in laser hardening and corresponding features.  
Industry sector Component Material 

Automotive Torsion springs DIN 58CrV4 steel 48 
Automotive Blanking die Tool steel 49 
Automotive Engine valve Alloy steel 50 
Automotive Hand brake ratchet Low carbon steel 51 
Domestic goods Typewriter interposer AISI 1065 steel 52 
Machine tools Cutting edge Steel 51 
Machinery Gear teeth AISI 1060/ low alloy steel 53 
Machinery Capstan AISI 1045 Steel 54 
Machinery Mandrel Martensitic stainless steel 55 
Power generation Turbine blade edge Martensitic stainless steel 56 
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2.6 Comparison of Laser Hardening with Competing Hardening Methods  

Some alternative hardening methods with different characteristics have been used for 
decades in industrial processes, such as induction hardening, carburizing, flame 
hardening, arc hardening and electron beam hardening.57 Laser hardening is compared 
with these competing methods in Table 3. Laser hardening benefits from high 
scanning speed, self-quenching with no need of external quenchants, low distortion of 
the workpiece, selectable area of treatment, less or no post-treatment required, ease 
for computer control and low environmental impact.  

The use of laser heat treatment has generally several issues for concern. Many 
applications demand homogeneous laser energy distribution. The coverage area is 
restricted and multiple passes cause local tempering. The temperature field ensuring 
the targeted microstructural change is normally very narrow. It is difficult to adjust the 
kinematic conditions of the workpiece or the laser beam for complicated surface 
shapes. The absorptivity of laser irradiation by metallic material surface is relatively 
low. The equipment cost is relatively high compared with traditional hardening 
processes.37  

Table 3. Comparison of laser hardening with other available methods.6,57  

Treatment Laser  
Electron 
beam  

Induction 
hardening 

Carburi
zing  

Flame  Arc  

Max. treatment 
depth, mm  

1.5 1 5 3 10 10 

Distortion  very low very low medium medium high medium 
Flexibility  high medium low medium high high 
Precision  high high medium medium low low 
Operator skill  medium medium medium medium high high 
Environmental 
impact  

low low low high medium medium 

Quenchant 
required  

no no sometimes no yes no 

Material 
flexibility  

high high medium low medium medium 
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3 MODELLING AND CALCULATIONS  

In this chapter, a thermodynamic model was developed to investigate the quasi-steady 
thermal process of a wide thin steel workpiece irradiated with a moving Gaussian 
laser beam. For more detailed calculations, see paper 3. For LLOS, equations were 
also derived to calculate the overlapped width between adjacent scanning tracks and 
the number of overlapped scans in the center of oscillation. For more detailed 
calculations, see paper 4. 

3.1 Surface Heating of a Wide Thin Solid Plate with a Moving Gaussian Laser 

Beam  

Heat transfer is a fundamental and crucial factor that has significant influence on the 
intermediate process and the result of laser surface treatment.19,58,59 To investigate the 
thermodynamic process, qualitative and quantitative analysis using mathematical 
methods are thus required. In practice, a simply defocused Gaussian laser beam is 
often used as the heat source for surface treatment, although special optics can be 
installed for desired shape and energy distribution of laser irradiation. The defocused 
beam profile inherits the Gaussian energy distribution of the raw laser beam.60,61,62 
Some previous studies were attempted to solve the temperature field induced by a 
moving heat source. One of the earliest works was done in 1950’s by Rykalin who 
developed an analytical solution for the temperature distribution in a semi-infinite 
solid with a point heat source moving on the surface.63 Cline and Anthony used the 
heat-source superimposition method to give a numerical solution for heating a 
semi-infinite domain with a Gaussian heat source.64 Manca, Morrone and Vaso solved 
the temperature distribution induced by a moving Gaussian heat source in a finite 
domain.65 Despite the previous studies, further modelized study is needed to develop 
equations for the important parameters of laser surface treatment of steel (e.g. phase 
transformation boundary and cooling rate) and provide solutions for them. Influence 
of laser power, laser traverse speed and depth of the workpiece are also studied. To 
solve the temperature distribution in a finite-depth solid with a moving Gaussian heat 
source, an analytical solution can be very complicated but the calculation can be done 
numerically with very high precision via computational tools.66  

Figure 9 shows the dimensions of the workpiece and the coordinate system. A 
defocused circular laser beam with Gaussian energy distribution is used as the laser 
source. A fixed coordinate system is established, with the origin set in the center of 
the laser spot on the surface of the workpiece. The laser beam is parallel to the z-axis 
and the laser spot moves at a speed vx along x-axis. The laser irradiated track is 
generally kept remote to the edges and the corners to avoid overheating. Earlier 
studies indicated that the temperature profile for l/2>10rb is very close to that 
produced by an infinite-width solid.67 Thus the temperature on the four perpendicular 
edge planes parallel to the z-axis can be assumed to remain at the initial temperature.  
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To simplify the establishment of the model, some assumptions are applied:  

- Radiative heat loss from the surface is negligible compared to the heat conducted 
into the bulk material;  

- Absorptivity (β) of laser energy is treated as a constant that equals to the average 
value over the temperature range of laser irradiation. The absorptivity can be 
calculated by measuring the absorbed laser energy via a liquid calorimeter.10  

- The latent heat of the α- to γ-transformation is negligible.  
- The length (l) and the width (d) of the workpiece along y-axis and x-axis are large 

enough so that the material at the corresponding surfaces other than the irradiated 
surface and its opposite surface remain at the initial temperature;  

- The material is homogeneous with constant physical properties during the whole 
process. Thus, the thermal conductivity and the specific heat are assumed to 
remain unchanged. The parameters are obtained at a temperature within the range 
of the temperature cycle.  

- Heat flow occurs under a quasi-stable state, meaning that the heated material of a 
constant volume moves together with the heat source at the same velocity;  

- Radius of the Gaussian beam is the distance from the beam center to the position 
where the power density is 1/e2 times of the peak value;  

- Melting does not occur, demanding that the surface temperature is sufficiently 
below the melting point of the material.  

 

 

Figure 9. Dimensions of the solid workpiece and the coordinates.  

According to the heat flow theory, the heat transfer without convection in a 
three-dimensional isotropic and homogenous solid workpiece can be expressed as:68  

Defocused 
laser beam 

Workpiece 

x 

z 

y 

Laser spot 
radius, rb 
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Laser irradiated 
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Heat affected 
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h 
l=∞ 

d=∞ 
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where T is the temperature of the workpiece,  
Ti is the temperature increase above the initial temperature of the workpiece,  
t is time,  

pC
k

ρ
α =  is the thermal diffusivity. k is the thermal conductivity, ρ is the 

mass density and Cp is the specific heat capacity,  
U is the heat generated per unit volume.  

Equation (1) can be converted to:  
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The whole thermal dynamic effect can be regarded as the superposition of multiple 
heat sources located at earlier coordinates (x´, y´, z´, t´), which can be treated as unit 
point sources influencing the temperature at a later position (x, y, z, t).  
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where G is the Green's function for the diffusion equation. 

The Green's function for the heat equation in a domain with infinite length (x-axis) 
and width (y-axis) and with a finite depth (z-axis) can be written as below:69,70  

( ) ( ) ( )htttt
rtzyxtzyxG

′−
⋅








′−

−=′′′′
παα 4

1
4

exp,,,,,,
2

 

( )






 ′








 ′−
−+× ∑

∞

=1
2

22

coscosexp21
n h

zn
h

zn
h

ttn ππαπ       (4) 

where ( ) ( ) ( )2222 zzyyxxr ′−+′−+′−= . On the surface, 0=′z .  
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Substituting Equation (5) into Equation (3) gives:  
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The power density of an ideal Gaussian laser beam traversing on the surface of a 
workpiece can be written as:71  

( ) ( )[ ]










 +−
−= 2

22

2
0 2

exp
2

,,
b

x

b r
ytvx

r
P

tyxI
π

        (7) 

where P0 is the absorbed laser power,  
rb is the radius of the laser beam,  
vx is the traverse speed of the laser beam along x-axis.  

The temperature increase Ti can thus be calculated by substituting Equation (4) and 
Equation (7) into Equation (6):  
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At 0=t , Equation (8) represents the temperature distribution produced by a 
Gaussian laser beam when it was at a position (x’,y’) at an earlier time t’. Thus 
Equation (8) is converted to:  
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Equation (9) is the basic equation used to solve the distribution of Ti and also provides 
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an approach for analyzing the transformed boundary, the homogenization time and the 
cooling rate.  

3.2 Surface Scanning with a Linear Oscillating Laser Beam  

3.2.1 The overlapped width between adjacent tracks 

Figure 10 schematically describes the overlapping tracks of LLOS. The laser spot 
travels from position O1 to O2 in one period of oscillation following the sine wave 
form. At the edge of oscillation, the laser spot moves along the feeding direction for a 
distance Se0, which can be calculated by:  

µ
x

e
v

S =0                (10) 

where µ is the frequency of oscillation  

Thus the overlapped width at the edge of oscillation Seov can be expressed as:  

00 eeov SdS −=               (11) 

where d0 is the diameter of the laser spot.  

Substituting Equation (10) in to Equation (11) gives:  

µ
x

eov
v

dS −= 0               (12) 

At the center of the oscillation, the overlapped width Scov can be calculated as:  

µ20cov
xv

dS −=               (13) 
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Figure 10. Schematic diagram of overlapping tracks in LLOS.  

3.2.2 The number of overlapped tracks in the center of oscillation  

During the oscillation scanning process, a position in the middle of the oscillation 
width may experience multiple times of laser irradiation. According to Figure 10, the 
number of scans, Nc is the integral part of the ratio of d0 to Se0 expressed by:  
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Substituting Equation (10) into (14) gives:  
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4 EXPERIMENTAL INVESTIGATION  

To achieve the objectives of this study, experimental investigations were done using 
the high power fiber laser system. Hardening tests were designed and performed to 
investigate four research problems on surface transformation hardening of carbon 
steel with a fiber laser. The research problems include:  

(i) The influence of laser power and laser power density on the hardening effect 
of medium-carbon steel and the optimal laser power density for the highest 
hardness under different laser power.  

(ii) Microhardness analysis of laser hardened steels with different carbon and 
alloy content and initial microstructures.  

(iii) A thermodynamic model that can be used to calculate the temperature cycle, 
transformation boundary, homogenization time and cooling rate of wide thin 
steel plate surface treated with a Gaussian laser beam.  

(iv) The effect of laser linear oscillation hardening (LLOS) of steel and its 
comparison with conventional single-track scanning.  

The results of the experimental investigations are summarized in Chapter 5 and are 
reported extensively in the research papers in the second part of this thesis. 

4.1 Experimental Equipments  

4.1.1 The fiber laser system 

This study used an ytterbium multi-mode fiber laser (model YLR-5000-S) produced 
by IPG Photonics (shown in Figure 11), which was installed in a CNC XY work table. 
The laser system produced a maximum nominal output power of 5 kW. A fiber cable 
with the length of 30 m and the bending radius of 100 mm (unstressed) or 200 mm 
(stressed) were included in the device. The fiber laser worked in CW/QCW mode and 
produced a randomly polarized circular laser beam with a wavelength of 
1070-1080 nm and a beam parameter product (BPP) of 4-4.5 mm·mrad. The emission 
linewidth was 3-6 nm. The switching on/off time of the equipment was 80-100 μs.72 
An output fiber with a core of 200 μm in diameter was used to transfer the laser beam 
to the Precitec YW50 laser head, as indicated in Figure 12. In this study, a collimator 
and a focusing lens both with a focal length of 150 mm were used in the optical 
system.  
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Figure 11. The YLR-5000-S multi-mode fiber laser.  

 

Figure 12. Precitec YW50 laser head.73  

4.1.2 The DC-Scanner  

In the laser linear oscillation scanning (LLOS) test of this study, the ILV DC-Scanner 
was used to replace the beam bender inside the laser head. The DC-Scanner, which 
was primarily designed for laser welding applications, contained a parabolic scanner 
mirror with the focal length of 250 mm and a digital controller unit connected to it. 
Figure 13 shows the mirror unit and the controller unit of the DC-Scanner. The 
amplitude that can be chosen was restricted by the oscillation frequency.74 This study 
used oscillation frequencies of 10, 20, 40 and 100 Hz, under which the oscillation 
amplitude of up to 11 mm can be achieved. The controller unit provides external 
adjustment of the laser power profile. It supports programming of different laser 
power levels at up to 32 individual positions across the width of scanning.  

 



37 

(a) (b)  

Figure 13. Components of the ILV DC-Scanner. (a) the mirror unit; (b) the 
controller unit.74  

4.2 Tested Materials  

The hardening tests were done on low-, medium- and high-carbon steel samples with 
various alloy contents and microstructures caused by different pretreatment conditions. 
Table 4 gives the compositions of the materials. The thermal properties of Material 1, 
2, 4, 5, 6 and 7 are shown in Table 5.  

Table 4. Samples used in the tests. The compositions were provided by the steel 
manufacturer.  

Mat. 
no. 

Grade 
Delivered 
condition 

Composition (wt%) 
C Si V Cr Mn Ni Mo 

1 AISI 4820 hot rolled 0.20  0.19  0.01  1.14  1.20  0.21  0.06  
2 AISI 4340 Q&T 0.35  0.33  0.01  1.40  0.70  1.36  0.17  
3 Imamic as rolled 0.36  1.26  0.12  0.20  1.08  0.14  0.03  

4 AISI 5210 
through 

hardened 
0.95  0.25  0.01  1.43  0.39  0.14  0.02  

5 AISI P20 mod. Q&T 0.37  0.37  0.01  1.86  1.47  1.17  0.20  

6 AISI H13 
soft 

annealed 
0.39  0.97  0.92  4.95  0.34  0.24  1.26  

7 AISI H10 mod. 
soft 

annealed 
0.40  0.38  0.83  2.80  0.73  0.10  2.17  

 

Material 1 was an alloyed case hardening steel used for heavy and high strained parts 
with high demands on toughness. Material 2 was a low-alloy steel containing Ni, Cr 
and Mo, featuring toughness and high strength after heat treatment while retaining 
good fatigue strength. Material 3 was an as-rolled high-silicon steel with higher 
fatigue strength than conventional micro-alloy steels. Material 4 was a high-carbon, 
Cr low-alloy steel that was through-hardened and noted in particular for use as 
bearings. Material 5 was a vacuum degassed Cr-Ni-Mo-alloyed mould steel featuring 
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hardness, toughness and polishability. Material 6 was a hot work Cr type tool steel 
that maintains high hardness and strength at elevated temperatures. Material 7 was a 
hot work, Cr-Mo type tool steel with very high resistance to softening and thermal 
fatigue cracking at elevated temperatures.75,76,77  

Material 1 and 3 contained ferrite and pearlite with distinct grain boundary. Quenched 
and tempered Material 2 and 5 were composed of tempered martensite structures. 
Material 4 consisted of pearlite and cementite grains. Soft annealed Material 6 and 7 
contained ferrite and fine granular pearlite.  

Table 5. Thermal properties of Material 1, 2, 4, 5, 6 and 7.75,76  

Mat. 
no. 

Thermal 
conductivity,  
k, W/(m·K)* 

Thermal 
diffusivity,  
α, mm2/s 

Ac1, °C Ac3/Acm, °C 

1 42.0 9.11 740 835 
2 33.7 8.15 715 770 
4 20.0 4.33 755 850 
5 29.0 6.30 722 760 
6 26.5 6.53 820 915 
7 33.0 6.58 790 890 

*k values are acquired at 600°C.  

4.3 Processing Parameters  

The experiment for this study included four tests designed and done on various 
materials with different processing parameters. Raw materials were machined into 
round plates with a diameter of 6.5-8.7 mm and a thickness of 10 mm. The irradiated 
surface was clean and the roughness, Ra, was about 2.5 µm. The initial temperature of 
the tested samples was around 20°C (room temperature). The angle between the 
optical axis and the surface was 90 degrees. The laser scanning tracks were kept with 
sufficient distance away from the edge of the workpiece to avoid overheating and 
surface melting. No shielding gas was used. The tested samples were air-cooled after 
the process. Specific processing parameters were used in each test for different topics 
of this study.  

4.3.1 Test 1  

Test 1 used Material 3 and 5 to investigate the effect of laser power and laser power 
density on the hardening result. The processing parameters are shown in Table 6. The 
radius of the laser spot was measured as the distance from the center to the position 
where the laser power density (Ip) is 1/e2 times of its peak value. Ip was altered via 
changing the laser spot diameter (ds), which was done by adjusting the distance off the 
focus from 45 to 180 mm. Test 1 was done with a constant traverse speed of 
8.0 mm/s.  
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Table 6. Laser power density and laser spot diameter used in Test 1.  
Mat. 
no. 

Laser 
power, P, W 

Laser power density, Ip, kW·cm-2/Laser spot diameter, ds, mm 
A B C D 

3 955 7.22/4.1 8.28/3.8 9.59/3.6 11.23/3.3 
3 1423 7.50/4.9 8.40/4.6 9.47/4.4 10.77/4.1 
3 1900 6.15/6.3 6.71/6.0 7.37/5.7 8.12/5.5 
3 2840 5.07/8.4 5.79/7.9 6.67/7.4 7.78/6.8 
3 3788 5.01/9.8 5.62/9.3 6.34/8.7 7.21/8.2 
5 944 10.96/3.3 12.98/3.0 15.61/2.8 19.11/2.5 
5 1409 12.09/3.9 13.98/3.6 16.35/3.3 19.37/3.0 
5 1883 12.43/4.4 14.11/4.1 16.16/3.9 18.69/3.6 
5 2816 11.95/5.5 13.23/5.2 14.72/4.9 16.49/4.7 
5 3750 11.08/6.6 12.06/6.3 13.17/6.0 14.45/5.7 

 

4.3.2 Test 2  

Test 2 used Material 1-7 to examine the microhardness results of various laser 
hardened steels. The test was done with a constant laser power of 1875 W and a 
distance off the focus of 80 mm to produce a laser power density of 12.74 kW/cm2. 
Test 2 used a constant traverse speed of 8.0 mm/s.  

4.3.3 Test 3  

Test 3 was designed to verify the temperature cycle and the hardened depth predicted 
by the thermodynamic model. Material 1, 2, 4, 5, 6 and 7 were used. All the samples 
were tested with the laser power of 1875 W, the traverse speed of 8.0 mm/s and the 
distance off the focus of 80 mm. Material 2 was also tested with a 2988 W laser beam 
with various traverse speeds. The processing parameters are shown in Table 7. The 
absorptivity of laser energy by the samples were estimated based on a previous study 
by Pantsar and Kujanpää, who investigated the absorption of laser irradiation by low 
alloy carbon steel with a high power diode laser that produces radiation at 
wavelengths of 800±10 nm and 940±10 nm.78 For carbon steel, the absorptivity of 
these wavelengths is close to that of the 1070-1080 nm radiation produced by the fiber 
laser used in this study.7 Therefore, the absorptivity values obtained by Pantsar and 
Kujanpää was used in this test.  

 

 

 

 



40 

Table 7. Processing parameters used in Test 3.78  

Mat. 
no. 

Laser power, 
P, W 

Radius of laser 
beam, rb, mm 

Absorptivity, 
A 

Traverse speed, 
vx, mm/s 

1 1875 2.19  64% 8.0 
2 1875 2.19  64% 8.0 
4 1875 2.19  64% 8.0 
5 1875 2.19  64% 8.0 
6 1875 2.19  64% 8.0 
7 1875 2.19  64% 8.0 
2 2988 1.80  62% 32.0 
2 2988 1.80  61% 34.0 
2 2988 1.80  60% 36.0 
2 2988 1.80  59% 38.0 
2 2988 1.80  58% 40.0 
2 2988 1.80  57% 42.0 

 

4.3.4 Test 4  

Test 4 was a laser linear oscillation scanning (LLOS) test done on Material 2. The 
distance off the focus was 60 mm, producing a laser spot of 2.1 mm in diameter. The 
oscillation speed, determined by the amplitude and the oscillation frequency, followed 
the sine wave form. The parameters are given as process A1 to A6 in Table 8. To 
avoid melting at the edge of oscillation, the laser power output was programmed via 
the controller unit to generate an approximately sine wave power profile (see 
Section 4.4 for details). For comparison, a conventional single-track scanning test was 
done, shown as process B1 and B2 in Table 8. 2020 and 3020 W laser powers with an 
off-focus distance of 75 mm were used to produce laser power density of 15.14 and 
22.63 kW/cm2, respectively. The feeding speed was constantly 15 mm/s in Test 4.  

Table 8 Processing parameters of Test 4.74  

Test  
Laser power, 

P, W 
Oscillation frequency, 

µ, Hz 
Amplitude, 

A, mm 
A1 2020 10 11.0 
A2 2020 20 8.5 
A3 2020 40 4.5 
A4 3020 20 10.0 
A5 3020 40 7.4 
A6 3020 100 5.9 
B1 2020 NA NA 
B2 3020 NA NA 

 



41 

4.4 Laser Beam Profile 

Test 1, 2 and 3 used a focusing lens with the focal length of 150 mm to defocus the 
raw fiber laser beam. To achieve the suitable laser power density for the hardening 
purpose, the distance off the focus was adjusted to acquire the desired laser spot 
diameter with appropriate laser power. The laser power distributions at various 
distances off the focus were measured, as illustrated in Figure 14. The laser beam at 
the focal position (Figure 14(a)) produced a focused spot of 0.51 mm in diameter. In 
this study, the distance off the focal position ranged between 45 and 180 mm with a 
defocused spot size of 2.5-9.8 mm. As the position of measurement moved toward 
around 80 mm below the focus, the power distribution of the laser beam gradually 
transformed to a Gaussian-like profile. The beam profile with 80 mm off-distance 
(Figure 14(d)) is compared with an ideal Gaussian distribution in Figure 15. As it can 
be seen, the laser beam profile measured at 80 mm off-distance under 1875 W laser 
power was well close to an ideal Gaussian power distribution that produces equal 
peak laser power density, therefore it was used as a Gaussian laser source in Test 3.  
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Figure 14. Energy distribution of the laser spot at different distance below the focal 
position, measured under 2 kW laser power. (a) 0 mm (focus); (b) 20 mm; (c) 45 mm; 
(d) 80 mm; (e) 120 mm; (f) 180 mm. 
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Figure 15. Comparison of the measured laser beam profile at 80 mm off-distance 
under 1875 W laser power with a calculated ideal Gaussian laser power distribution 
with equal peak power density.  

In Test 4, the laser beam was defocused by a parabolic scanning mirror of 250 mm in 
the focal length installed in the DC-Scanner connecting to a controller unit. 
Figure 16(a) shows the laser energy distribution with oscillation frequency of 100 Hz 
and amplitude of 5.9 mm produced by the DC-scanner. As the oscillation speed was 
reduced to 0 at the edge of oscillation, in order to avoid surface melting, the output 
laser power was modulated by programming in the controller unit. As indicated in 
Figure 17, the output laser power was programmed at 19 positions with equal space 
across the width of oscillation, producing an approximated sine-wave laser power 
profile. The peak laser power was 2020 and 3020 W, respectively, and the laser power 
at both edges of oscillation was 300 W. Since the oscillation speed followed sine wave 
form as well, the ratio of oscillation speed to output laser power could be regarded as 
a constant. Figure 16(b) shows a controlled laser beam profile featuring reduced laser 
power density near the edge of oscillation.  
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Figure 16. Laser energy distribution produced by DC scanner with oscillation 
frequency of 100 Hz and amplitude of 5.9 mm, at a distance of 60 mm off the focus. 
(a) without power control; (b) with power control via the controller unit.  
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Figure 17. Programmed laser power output via the controller unit of the DC 
scanner.  

4.5 Measurement  

The tested samples were cut, ground and polished for microscopic observation and 
hardness measurement. Material 1-5 were etched with 5% Nital (nitric acid solution in 
alcohol). Due to the high alloy content of Material 6 and 7, these samples were etched 
with 10% Nital for longer time in order to obtain distinct images of the 
microstructures.  
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The hardness measurements were done at three series of positions on the prepared 
samples, as indicated in Figure 18. Series 1 was across the whole width of laser 
irradiated track on the cross-section. Series 2 was along the depth below the center of 
track. Series 3 was along the center of the irradiated area toward the feeding direction. 
The starting point was randomly selected. In order to avoid the interference on the 
indent, sufficient space was kept between the indentation marker and the edge of the 
workpiece.79,80 For Test 1, HV5 measurement at positions Series 1 and 2 were done at 
a depth of about 0.3 mm. For Test 2, HV5 and HV0.01 measurements were done on 
Series 2 in which the top indentation marker was about 0.3 mm beneath the surface. 
For Test 4, HV0.1 hardness was measured at Series 1-3 with a depth of 0.1 mm. 
Measured values of Series 1 and 3 were used to represent the surface hardness.  

Feeding direction of the 
laser head

3

1

2

 
Figure 18. Positions of hardness measurement.  

Test 1 used a traditional Vickers Hardness Tester (VHT) with a 5 kg load for 
conventional hardness (HV5) measurement. Test 2 used a CSM Micro-hardness Tester 
(MHT) with a 10 g load for microhardness (HV0.01) measurement. HV5 hardness 
profiles were also measured for comparison. Besides, carbon and alloy content were 
measured at various local areas of Material 2 and 5 with Energy Dispersive 
Spectroscopy (EDS) method combined with a scanning electron microscope (SEM). 
In Test 2, the grain size was determined using the mean grain diameter method.25 In 
Test 3, a pyrometer was used to measure the temperature cycles of laser irradiated 
tracks during the process. The effective work range of the pyrometer was between 
488.4°C and around 2000°C. The Ac1 and Ac3 depths were determined visually via the 
microscopic view. Test 4 used a 100 g load for hardness measurement (HV0.1). The 
hardened depth in Test 1 and Test 2 was defined as the depth where measured 
macrohardness is reduced to 500 HV below the center of the laser irradiated track. In 
Test 4, the hardened depth was defined as the depth where measured hardness 
decreases to 400 HV.  
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5 A REVIEW OF THE PUBLICATIONS  

This chapter summarized the four research papers that constitute the second part of 
this thesis.  

 

Table 9 The research papers and related research problems.  

Research paper Research problem 

Publication 1 

The influence of laser power and laser power density 
on hardening effect of medium-carbon steel and the 
optimal laser power density affected by different laser 
power 

Publication 2 
Microhardness analysis of laser hardened steels with 
different carbon and alloy content and initial 
microstructures. 

Publication 3 

A thermodynamic model that can be used to calculate 
the temperature cycle, transformation boundary, 
homogenization time and cooling rate of a wide thin 
steel plate surface treated with a Gaussian laser beam. 

Publication 4 
The effect of laser linear oscillation hardening (LLOS) 
of steel and its comparison with conventional 
single-track scanning. 

 

5.1 Publication 1 

Transformation hardening of medium-carbon steel with a fiber laser: the 
influence of laser power and laser power density  

Publication 1 investigated the effect of laser power density of a fiber laser on surface 
transformation hardening of two types of medium-carbon steels. An out-of-focus fiber 
laser beam was used. The test used two medium-carbon steels with similar carbon 
content and different initial microstructures, including an as-rolled steel consisting of 
ferrite and pearlite and a quenched and tempered steel composed of tempered 
martensite. The samples were laser hardened with diverse laser power and laser power 
density. The optimum power density that produces the maximum hardness was found 
to be dependent on the laser power. The effect of laser power density on the produced 
hardness was revealed. The surface hardness, the hardened depth and the required 
laser power density were compared between the samples. Fiber laser was briefly 
compared with high power diode laser in hardening medium-carbon steel.  
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5.2 Publication 2 

Laser transformation hardening of carbon steel: the microhardness analysis on 
microstructural phases  

Surface hardening of steel has been mostly studied with conventional hardness 
measurement which typically uses a load of several kilograms. Yet metallographic 
analysis of specific phases and microstructures frequently demands local hardness 
measurement within a small scale such as tens of micrometers. Publication 2 
investigated the microhardness and microstructure of different laser hardened steels 
using a microhardness tester with a 10 g load. The tested samples included rolled steel, 
quenched and tempered steel, soft annealed alloyed steel and conventionally 
through-hardened steel. Microhardness measurement (HV0.01) was done in 
martensite, pearlite, ferrite and cementite structures at different depths below the laser 
irradiated surface. The microhardness test results were compared with the 
conventional macrohardness (HV5) values. The effect of grain size of on surface 
hardness of ferritic-pearlitic steel and pearlitic-cementite steel was examined. In-grain 
indentation was done to measure the hardness of pearlite and cementite structures. 
The macrohardness of the base material was found to be close to the microhardness of 
the softer phase structure. The measured microhardness was about 100-250 HV higher 
than macrohardness. 

5.3 Publication 3 

Thermodynamic modelling of the surface treatment of a wide thin steel plate 
with a Gaussian laser beam  

A thermodynamic model was developed in Publication 3 in order to investigate the 
quasi-steady thermal process of a wide thin steel workpiece irradiated with a moving 
Gaussian laser beam. Equations were established to calculate the temperature cycle, 
Ac1 and Ac3 boundaries, homogenization time and cooling rate. The equations were 
numerically solved with an error of less than 10-8. The temperature distributions for 
diverse thicknesses were compared with that for infinite thickness at various laser 
traverse speed. The lag of the peak temperature relative to the center of laser beam 
was found to have an upper limit. The model was verified by experimental results. For 
AISI 4340 steel, correction coefficients were applied to the model to produce an 
empirical equation for temperature cycles above 488.4°C.  

5.4 Publication 4 

Surface hardening of AISI 4340 steel by laser linear oscillation scanning 

Publication 4 investigated the surface hardening of AISI 4340 steel by laser linear 
oscillation hardening (LLOS) using a DC-Scanner. Various frequencies and 
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amplitudes of oscillation were used with programmed laser power profiles. Equations 
were derived to calculate the overlapped width of adjacent tracks and the number of 
scans a local spot in the center of oscillation received during the process. The effect of 
oscillation frequency on the hardened depth was investigated via microscopic 
evaluation and hardness measurement. Hardness profiles were measured along the 
center of the irradiated track toward the feeding direction of laser, across the irradiated 
width and into the depth below the irradiated surface. The homogeneity of hardness 
and the hardened depth with different processing parameters were investigated. The 
hardness profiles were compared with the results obtained from conventional 
single-track hardening that used a simply defocused laser beam. LLOS was proved to 
be well suitable for surface hardening featuring a relatively large rectangular area and 
a considerable hardened depth. In comparison to conventional single-track scanning, 
LLOS at 40 and 100 Hz produced higher hardness, but the maximum achieved 
hardened depths were notably limited.  
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6 CONCLUSIONS AND RECOMMENDATIONS  

This study investigated several topics related to the surface hardening of steel using a 
high power fiber laser. The influences of laser power and laser power density on the 
surface hardness and hardened depth were investigated. The optimal laser power and 
laser power density were revealed. The microhardness profiles of laser hardened 
steels were analyzed and compared with conventional macrohardness measurement. A 
thermodynamic model was developed to evaluate the thermal process of the surface 
treatment of a wide thin steel plate using a moving Gaussian laser beam. The model 
was verified and corrected by experimental results. The effect of laser linear 
oscillation hardening (LLOS) of steel was investigated and compared with 
conventional single-track scanning.  

The main conclusions obtained from this study are shown as follows.  

1. Under each laser power there was an optimum power density which produced 
the maximum hardness. Increase or decrease from this power density resulted 
in reduced hardness. With higher laser power, lower power density was 
required to produce the highest hardness, and meanwhile a larger treated area 
with high hardness was obtained. This can be explained with the 
homogenization time. A larger laser spot size may enable longer 
homogenization time in case the surface was heated above the austenitization 
temperature, and thus carbon diffusion was improved. This effect was much 
more remarkable on rolled ferritic-pearlitic steel than on quenched and 
tempered steel, probably because longer homogenization time benefits more 
the ferritic-pearlitic steel for carbon diffusion from the carbides to ferrite. 
Increase of hardened depth could be achieved either by using higher laser 
power or by reducing the laser spot size. For quenched and tempered steel, 
surface melting generally reduced much the surface hardness, while slight 
surface melting in some exceptional cases increased the hardness. Quenched 
and tempered steel required higher laser power density to achieve the same 
hardness as rolled steel.  

2. For rolled ferritic-pearlitic steels, the grain size significantly affected the 
homogeneity of martensite and the microhardness. The microhardness of 
cementite (around 560 HV) and pearlite (around 410 HV) was obtained by 
in-grain indentation. In the base material of the ferritic-pearlitic and 
pearlitic-cementite steels, the macrohardness was close to the microhardness 
of the softer phase structure. This phenomenon could not be concluded in the 
hardened and partially hardened region, as the grain size of the mixed 
microstructures was so small that in-grain indentation with 10 g load was 
nearly impossible. The homogeneity of Cr and Mn contents might 
significantly affect the macrohardness of tempered martensitic steel. 
Compared with quenched and tempered steel and soft annealed alloyed steel 
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with the same carbon content, the rolled steel achieved higher microhardness 
of martensite on the surface. Compared with the rolled steel, quenched and 
tempered steel showed similar hardened depth but lower macrohardness on 
the surface. A possible explanation is that quenched and tempered steels used 
in the test contained distinctly higher amount of Ni. As an austenite stabilizing 
element, Ni might have caused larger proportion of retained austenite in the 
hardened area. The micro- and macrohardness of soft annealed alloyed steel 
were relatively high on the surface but markedly decreased along the depth, 
producing a relatively small hardened depth. The base material of soft 
annealed steel had a similar microhardness to ferrite, indicating that dispersed 
granular pearlite had little effect on the microhardness. The measured 
microhardness values were about 100-250 HV higher than the macrohardness. 
This phenomenon was explained by a model of indentation size effects as 
well as the dislocation theory.  

3. A quasi-steady thermodynamic model was derived to calculate the 
temperature cycle, the transformation boundary, the homogenization time and 
the cooling rate of a wide solid plate irradiated by a Gaussian laser beam. The 
temperature distribution for different thickness was compared with infinite 
thickness at different laser traverse speed. With increased traverse speed, the 
influence of thickness on the surface temperature was reduced. The lag of the 
peak temperature behind the center of the laser beam was increased with the 
traverse speed, but has a constant upper limit. Higher cooling rate could be 
achieved on thicker samples, but the difference was reduced at higher laser 
traverse speed. The model was verified by comparing the calculated Ac1 and 
Ac3 depths and temperature cycles with the experimental data. The calculated 
Ac1 and Ac3 depths were 2.5 to 5 times higher than the measured values. The 
calculated peak temperature was around 3.5 times of the measured values. 
The used thermal conductivity (k), which was obtained at 600°C, could have 
caused this discrepancy. Correcting coefficients were determined by curve 
fitting using the smoothing method, in which a "smooth" function was 
constructed to approximate fit the data. A corrected model was obtained for 
AISI 4340 steel in this study. With these coefficients, compared with the 
measured data, corrected Ac1 and Ac3 depths and peak temperature were within 
an error of 3% and 4.7% of the measured values, respectively.  

4. In laser linear oscillation scanning (LLOS) process, a local position in the 
center of oscillation might receive up to tens of scans, depending on the laser 
spot size, oscillation frequency and feeding speed of the laser head. The 
hardened depth was increased under higher oscillation frequency and 
correspondingly smaller amplitude of scanning, because higher laser power 
density was achieved in the reduced irradiated area. Under the feeding speed 
of 15 mm/s, the individual scans with 10 and 20 Hz could be distinguished in 
the microscopic view. Along the center of the irradiated track, the hardness 
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profile with the oscillation frequency of 100 Hz was more homogeneous than 
with 10, 20 and 40 Hz and was close to single-track scanning. This was 
probably due to the overlap width of adjacent tracks and the number of scans 
a spot in center of oscillation experienced, which was linearly dependent on 
the frequency. With 100 Hz, the calculation indicated that 56 adjacent scans 
overlapped and the overlap width was 96.7% of the laser spot diameter, 
meaning that massive tempering might have covered nearly the whole 
irradiated area and thus resulted in more homogeneous hardness profile than 
with lower oscillation frequencies. With LLOS, the maximum hardness might 
be acquired at a few millimeters away from the center of the track, probably 
because the high oscillation speed in the center resulted in insufficient heating. 
LLOS produced higher overall hardness on the laser irradiated surface than 
single-track hardening. LLOS with the oscillation frequency of 40 and 100 Hz 
produced higher hardness in the hardened layer. LLOS was proved to be 
suitable for surface hardening in a relatively large rectangular area with 
considerable hardened depth. Within the hardened depth of 0.6 mm, LLOS at 
40 and 100 Hz produced higher hardness than single-track hardening, 
probably due to higher cooling rate in LLOS. The length of the rectangular 
area of laser irradiation in LLOS, which was constantly 2.1 mm, was smaller 
than the diameter of the laser spot in single track hardening, which was 
4.1 mm. According to the model for calculating the cooling rate in paper 3, a 
smaller length of the laser spot along the moving direction can cause higher 
cooling rate. Yet the maximum achievable hardened depth produced by LLOS 
was notably limited in comparison with conventional single-track scanning.  

5. The future study may extend the present investigation in two main aspects. 
The thermodynamic model developed in this study can be verified by more 
steels with more combinations of processing parameters. The study of LLOS 
can be extended using a scanning head that supports more oscillation 
frequencies and amplitudes. Empirical formulas can be concluded to estimate 
the hardened depth with LLOS. The LLOS process may be applied to more 
steels with different compositions and microstructures of the base material to 
evaluate its applicability. A model can be developed to study the temperature 
distribution in the LLOS process with various feeding speed, amplitude and 
frequency of oscillation. This may assist the investigation on the cooling rate 
and the evaluation of the tempering effect. Optimized combinations of these 
parameters may be obtained. The model may also be used to compare LLOS 
with pulsed and CW rectangular laser beam scanning.  
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1. Introduction 
 

Laser surface treatment is a process of altering the 
metallurgical and mechanical properties of the material 
surface with laser irradiation. It is mostly used to produce 
hard, wear-resistant regions on the workpiece while retain-
ing the bulk material unaffected [1-3]. A defocused laser 
beam is usually used to heat up the material surface above 
its austenitization temperature, allowing formation of aus-
tenite.  

 
Fig. 1 Basic principle of laser transformation hardening  

The base material surrounding the laser irradiated 
area acts as a heat sink, causing quick self-quenching and 
phase transformation to martensite [1, 2]. This process is 
illustrated in Fig. 1.  

In recent years, fiber laser systems have been 
quickly developed for advanced processes [4-7]. Compared 
with Nd:YAG lasers which are used for industrial pur-
poses, fiber lasers feature simplicity, high electrical-to-
optical efficiency, high reliability and relatively low cost of 
operation [8, 9]. Fiber laser is expected to be suitable for 
surface hardening of carbon steels, because the wavelength 

of radiation produced by laser diodes can be efficiently 
absorbed by iron-based materials [10]. Although laser 
transformation hardening is a well-known process, infor-
mation about laser hardening with fiber laser is basically 
unavailable.  

This study focuses on how the laser power and 
power density of a fiber laser affect laser hardening of me-
dium-carbon steel samples in the hardness profile across 
the irradiated track, along the depth below the treated sur-
face and in microstructures. Experimental results are also 
compared with a previous study by high power diode laser 
hardening.  

 
2. Experimental procedures 
 

This study uses a work cell containing a CNC XY 
table and a YLR-5000-S fiber laser equipment which pro-
duces a laser beam with a wavelength of 1070-1080 nm 
and a maximum nominal output power of 5 kW. No shield-
ing gas is used.  

The hardening tests are done on two types of me-
dium carbon steels with the same carbon content and dif-
ferent initial microstructures and alloying contents shown 
in Table 1. Imamic (X15) steel is an as-rolled high-silicon 
steel featuring higher fatigue strength than conventional 
microalloy steels. The initial microstructure contains ferrite 
and pearlite. Uddeholm Impax Supreme (AC16) is a pre-
hardened mould steel with high contents of chromium, 
nickel and molybdenum, in which tempered martensite is 
the basic initial composite due to quenching and tempering 
treatment. Comparison of X15 and AC16 samples re-
dounds to reveal how laser power density affects the hard-
ening of medium-carbon steels with various initial micro-
structures and alloying contents. The surface roughness of 
all samples, Ra, is about 2.5 µm.  

 
Table 1 

Sample used in the hardening test (compositions in weight percentage) 
 

Compositions (wt. %) 
Code Trademark Delivered 

Condition 
Initial 
HV5 C Si Mn Cr Ni Mo V Cu 

X15 Imamic As rolled 289 0.375 1.319 0.983 0.163 0.111 0.020 0.110 0.243 

AC16 Uddeholm Impax 
Supreme Q&T 336 0.373 0.366 1.470 1.860 1.172 0.201 0.006 0.181 

 
The laser power P and the laser power density Ip 

used in this study are indicated in Table 2. The laser spot 
size Rs is changed by altering the distance off the focus z 
and thus Ip is changed. The experiment uses a focusing lens 

with the focal length of 150 mm. An output fiber core di-
ameter of 150 μm in the fiber laser is used for the tests on 
X15 samples. For AC16 samples, an output fiber core di-
ameter of 200 μm is used. The angle between the optical 
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axis and the surface is 90 degrees. All the tests are done 
with a constant traverse rate of 8.0 mm/s. The samples are 
air-cooled after the process.  

For X15 steel, the hardened depth is defined as 

the distance below the sample’s surface where martensite 
content drops to 50 wt.% of the local microstructures. For 
AC 16 samples, the hardened depth is defined as the depth 
where the hardness value reduces to 500 HV. 

 

Table 2 
Laser power and laser power density used in the experiments 

 

Laser power density, Ip, W/cm2/Rs, Laser spot diameter, mm 
Test no. Laser power 

P, W A B C D 
X15_1 955 7224/4.1 8282/3.8 9590/3.6 11231/3.3 
X15_2 1423 7496/4.9 8397/4.6 9471/4.4 10765/4.1 
X15_3 1900 6145/6.3 6714/6.0 7365/5.7 8117/5.5 
X15_4 2840 5065/8.4 5786/7.9 6672/7.4 7779/6.8 
X15_5 3788 5012/9.8 5618/9.3 6341/8.7 7212/8.2 
AC16_1 944 10955/3.3 12977/3.0 15607/2.8 19112/2.5 
AC16_2 1409 12092/3.9 13983/3.6 16351/3.3 *19369/3.0 
AC16_3 1883 12425/4.4 14110/4.1 *16159/3.9 *18687/3.6 
AC16_4 2816 11952/5.5 13230/5.2 *14724/4.9 *16485/4.7 
AC16_5 3750 11083/6.6 12061/6.3 *13174/6.0 *14448/5.7 

* Melting is observed on the surface of the irradiated track 
 
3. Results and discussion 

 
3.1. Ferritic-pearlitic steel X15 

 
Fig. 2 shows the surface hardness of X15 work-

piece produced by different laser power levels and laser 
power densities. Under each laser power there is an opti-
mal laser power density which produces the peak hardness. 
Increase or decrease of laser power density from this opti-
mal point reduces the surface hardness. The peak of the 
curve shifts to the left as the laser power increases and thus 
indicates that lower power density is required to produce 
high hardness with more laser power input. Fig. 3 indicates 
under each laser power level the optimal laser spot size and 
the corresponding area that produce the maximum hard-
ness. The optimal spot size is approximately of linear de-
pendence on the laser power, meaning that increase of la-
ser power can significantly increase the hardenable area on 
the workpiece. The largest measured HV5 value (781) is 
achieved with the laser power density of 8397 W/cm2 un-
der 1423 W laser power.  
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Fig. 2 Surface hardness of X15 samples under various laser 
power and laser power density  
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Fig. 3 Optimal laser spot size and laser irradiated area of 
X15 workpiece under each laser power  
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As shown in Fig. 4, increasing the laser power is 
the basic method of obtaining a deeper hardened layer. 
However, Fig. 4 also indicates that larger hardened depth 
can as well be acquired with higher laser power density 
while retaining the same laser power. This can be done by 
using a smaller laser spot. The maximum hardened depth 
of approximately 1.32 mm is produced with 7212 W/cm2 
laser power density under 3788 W laser power.  

These can be explained with the thermal cycle 
during the laser irradiation. As higher laser power is used, 
the laser spot size is enlarged by increasing the distance off 
the focus. As the traverse rate remains constant, the magni-
fied laser irradiated area causes a longer thermal cycle in 
case that appropriate laser power density is applied. The 
laser power density required to achieve optimal hardening 
results is thus reduced. Moreover, as Fig. 2 shows, exces-
sive laser power density lowers the cooling rate and thus 

decreases the produced surface hardness.  
Fig. 5 shows an example which compares the ef-

fects of 7496 W/cm2 and 8397 W/cm2 power density under 
1423 W laser power. It indicates that increase of power 
density from 7496 W/cm2 to 8397 W/cm2 facilitates the 
homogenization of the irradiated area and produces a more 
homogenous layer of martensite. When the surface of the 
sample is heated up above its austenitization temperature 
Ac1, the initial crystal structures containing ferrite and pear-
lite starts to transform to austenite. Carbon diffuses from 
carbides to ferrite and homogenizes the austenitized area. 
The hardening effect is determined by the extent of ho-
mogenization which relies on the duration the temperature 
is above Ac1 and the cooling rate. As all the tests in this 
study are done with a constant traverse rate, the laser 
power density is the primary parameter that affect the 
thermal cycle.  

 
Fig. 5 Microscopic view of cross sections of X15 samples hardened with (a) 7496 W/cm2 and (b) 8397 W/cm2 laser power 

density under 1423 W laser power  

3.2. Quenched and tempered steel AC16  
 

Fig. 6 shows the surface hardness obtained on 
AC16 samples with various laser power and laser power 
density.  Similar  to  Fig. 2, with each laser power there is a  
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Fig. 6 Surface hardness of AC16 samples under various 
laser power and laser power density  

laser power density producing the maximum hardness. 
Except for 944 W results, increase of laser power causes 
the optimal power density to shift leftward and accordingly 
reduces   the  laser  power density required to produce high  
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Fig. 7 Optimal laser spot size and laser irradiated area of 
AC16 workpiece under each laser power  
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hardness. Fig. 7 shows the dependence of the optimal laser 
spot size and the irradiated area on laser power. In con-
trastto Fig. 3, the increase of laser power does not mark-
edly magnify the optimal hardening area on the AC16 
workpiece. The hardened depths of AC16 samples are pre-
sented in Fig. 8. Increase of laser power results in deeper 
har dened  layer. Increase of laser power density via  redu- 
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Fig. 8 Hardened depth of X15 samples under various laser 
power and laser power density 

сing the laser spot size can produce larger hardened depth 
as well. The maximum hardness (781) and the maximum 
hardened depth (2.15 mm) are produced with 3750 W laser 
power and 13174 W/cm2 laser power density.  

 
3.2.1. Surface melting  

 
Surface melting occurs on some of the tests de-

noted in Table 2. Fig. 6 and Fig. 8 exhibit that surface 
melting mostly causes dramatic decrease in the surface 
hardness. However, the results denote that surface melting 
in some cases may benefit the hardening process. Fig. 9 
compares the micrographs of melted and unmelted AC16 
samples hardened with 3750 W laser power. Melting oc-
curs on sample 5C and 5D. As indicated in Fig. 6, com-
pared with sample 5B, 5C produces higher surface hard-
ness while 5D shows the opposite. Melting that occurs on 
5C does not reduce the surface hardness and may even 
benefit the hardening result. The thin melted layer shown 
in Fig. 9 may avail the homogenization of carbon and other 
elements and is supposed to experience a sufficiently high 
cooling rate to form homogenous martensite on the sam-
ple’s surface. In contrast, a much thicker melted layer is 
produced on sample 5D, which can markedly lower the 
cooling rate, anneal the sample's surface and hence dra-
matically reduce the surface hardness.  

 
Fig. 9 A microscopic view of the cross sections of AC16 samples hardened with (a) 12061 W/cm2, (b) 13174 W/cm2 and 

(c) 14448 W/cm2 laser power density under 3750 W laser power  
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Fig. 10 Surface melting in AC16 tests under various laser 
power and laser power density  

As shown in Fig. 10, curve A and curve B respec-
tively represent non-surface-melting and surface-melting 
results. A curve C is approximated from experimental data 
to exhibit the melting condition. Combinations of laser 

power and laser power density below curve C result in 
normal surface hardening and above curve C the risk of 
surface melting should be taken into consideration. 

 
3.3. Comparison of ferritic-pearlitic steel with quenched 

and tempered steel  
 
The highest surface hardness values produced on 

X15 and AC16 samples in the test are both about 780 
(HV5). This is basically due to the equal carbon content as 
shown in Table 1. The carbon content determines the hard-
ness of martensite that can be produced on the material 
surface and thus the maximum surface hardness obtained 
on X15 and AC16 samples are close. 

Comparing Fig. 4 and Fig. 8, AC16 samples re-
quire higher laser power density to achieve the same hard-
ness level as X15. The hardened depth acquired in AC16 
samples is relatively high due to the alloy content of Mn, 
Cr and Ni. Alloy elements decrease the transformation rate 
of austenite to ferrite and ferrite carbides and make it pos-
sible to form martensite with lower cooling rates [11]. This 
is beneficial to produce a deeper hardened layer.  

Hardened layer 

AC16_5C: Ip = 13174 W/cm2

Melted layer

Hardened layer
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3.4. Comparison of fiber laser hardening with diode laser 

he same samples of the ferritic-pearlitic steel 
X15 and

antages over 
high pow

 
Table 3 

Comparison of fiber laser hardening of steels X15 and AC16 with diode laser hardening in a previous study [1

Material Laser power, W d HV5  

hardening  
 
T
 quenched and tempered steel AC16 were tested in 

a previous study by Pantsar using a high power diode laser 
which delivered radiation at wavelengths of 800±10 nm 
and 940±10 nm [12]. Due to efficient energy absorption by 
iron-based materials, high power diode laser is considered 
to be more suitable for hardening steels than other laser 
types [2]. The tests results are compared with fiber laser 
hardening in this study as shown in Table 3.  

The comparison shows some adv
er diode laser. The high power diode laser can 

produce approximately the same surface hardness in a lar-
ger irradiated area with lower laser power. The hardened 
depth, on the other hand, cannot be compared since the test 

data with high power diode laser is not available. 
Fiber laser is capable to produce equivalent or 

even higher surface hardness in hardening of medium-
carbon steels. It can be used as an effective tool to achieve 
both high surface hardness and considerable hardened 
depth for surface hardening but requires relatively high 
laser power density which also means smaller irradiated 
area.  

The comparison is however incomplete and in-
conclusive, since different optics are used and create dif-
ferent laser beam profiles which probably have significant 
influence on the hardening results. Besides, previous study 
suggested that change of traverse rate has large effect on 
the hardening effects [13]. Therefore the optimization of 
the traverse rate in combination with laser power, laser 
power density and irradiate area is well worth further in-
vestigation. 

2] 
 

Surf. rough- Traverse Laser Irradiated area, Laser power Hardened
ness, Ra, µm rate, mm/s cm2 ensity, W/cm2 depth, mm 

X15 0.65 ( ngle) 743 0.2-0.4 diode 
laser 10.5 1170 recta 1800 NA 

X15 2.5 8.0 1423 0.17 (circular) 8397 781 1.5 fiber 
laser 

AC16 0.2-0.4 10.5 1170 0.65 (rectangle) 1800 772 NA diode 
laser 

AC16 2.5 8.0 3750 0.28 (circular) 13174 781 2.25 fiber 
laser 

 
4. Concl sions 

This study investigates how the laser power den-
sity of a 

15 and AC16 samples indicate that 
under ea

lly reduces much the sur-
face har

density to 
achieve t

For hardening of medium carbon steels, fiber la-
ser may 

ness and high hardened depth for medium-carbon steels. 

 
.M. 2003. Laser Material Processing, 3rd ed. 

London: Springer-Verlag. 408p.  

surface treatment effect on 

4. 
 ,A. 2006. 

5. 
ess steel sheets, Applied 

6. 
T.; Nakata, K.; Katayama, S.; Inoue, A. 2008. 

7. 
r beam with arc in 

8. 
tics and Lasers in Engineering 44: 647-676.  

u
 

fiber laser affects the surface transformation hard-
ening of medium-carbon steels. The tests use two materials 
with different initial microstructures, including X15 which 
is composed of ferrite and pearlite and AC16 that contains 
tempered martensite.  

The tests on X
ch laser power there is an optimum power density 

what can produce the maximum hardness. With higher 
laser power, lower power density is required to produce 
high hardness. This also means that increase of laser power 
can markedly enlarge the area that can be hardened. This 
shows much higher effect on X15 than on AC16. Increase 
of hardened depth can be either achieved by using higher 
laser power or by reducing the laser spot size while retain-
ing the laser power unchanged.  

Surface melting genera
dness. But slight surface melting in some excep-

tional cases may improve the hardening effect.  
AC16 requires higher laser power 
he same hardness as X15. Due to the equivalent 

carbon contents of X15 and AC16, the maximum surface 
hardness (HV5) obtained on the two materials are both 
around 781. The hardened depth acquired in AC16 samples 
is relatively high due to the alloy contents of Mn, Cr and 
Ni.  

be capable to produce equivalent surface hardness 
in a smaller circular area, requiring markedly higher laser 
power density in comparison with high power diode laser. 
Fiber laser is a potential tool to produce high surface hard-

Further study is required in optimization with appropriate 
optics and/or scanning parameters, e.g. the traverse rate.  
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 V. Kujanpaa 

VIDUTINIO ANGLI

GALIOS TANKIO ĮTAKA 

R e z i u m ė 

Straip

ui. Išfokusuotas lazerio spindulys, gautas naudo-
jant pluoštinių lazerių sistemą, panaudotas bandinio pavir-
šiui apšvitinti. Bandymams panaudoti du vidutinio anglin-
gumo skirtingos pradinės mikrostruktūros plienai: X15 
turintis ferito ir perlito, ir AC16, sudarytas iš atleisto mar-
tensito. Plieno X15 bandymai parodė, kad bet kokios ga-
lios lazeriui būtinas tam tikras optimalus galios tankis, 
leidžiantis pasiekti maksimalų plieno kietumą. Didėjant 
lazerio galiai, tiek reikiamam paviršiaus kietumui, tiek 
sukietinimo gyliui pasiekti optimalus galios tankis mažėja. 
Nustatyta, kad plieno AC16 maksimalus kietumas nepri-
klauso nuo lazerio galios tankio. Legiruojantieji elementai 
gali padidinti sukietinimo gylį. Nedidelis paviršiaus aply-
dymas gali palengvinti sukietinimo procesą ir padidinti 
paviršiaus kietumą. Sukietinimo gylis dažniausiai padidėja 
padidėjus lazerio galiai ir/arba lazerio galios tankiui. Kaip 
ir kitų tipų lazeriai, pluoštinis lazeris tinka vidutinio ang-
lingumo plienams sukietinti. 

F. Qiu, V. Kujanpää 

TRANSFORMATIO

INFLUENCE OF LASER POWER DENSITY 

S u m m a r y 

This p

ypes of medium-carbon steels. An out-of-focus 
laser beam produced by a fiber laser system is used to pro-
duce an irradiated track on the surface of the samples. The 
tests use two types of medium-carbon steels with different 
initial microstructures, including X15 containing ferrite 
and pearlite and AC16 composed of tempered martensite. 
The tests on X15 show that for each laser power there is an 

optimum power density that produces the maximum hard-
ness. With increased laser power, the optimal power den-
sity for both surface hardness and hardened depth is low-
ered. For AC16 tests, the maximum hardness value is not 
found to be dependent on laser power density. Alloying 
elements may increase the hardened depth. Slight surface 
melting may facilitate the hardening process and increase 
the surface hardness. The hardened depth is generally in-
creased with higher laser power and/or laser power density. 
Compared with other types of lasers, fiber laser is a com-
petitive tool in hardening of medium-carbon steels. 
 
Keywords: fiber laser, hardening, carbon steel, p
d

Ф. Киу, И. Куянпаа 

ИЗМЕНЕНИЕ ТВЕР

ВОЛОКОННЫХ ЛАЗЕРОВ: ВЛИЯНИЕ ПЛОТНОСТ
МОЩНОСТИ ЛАЗЕРА 

Р е з ю м е 

В статье

ости двух среднеуглеродистых сталей. Расфо-
кусированый луч лазера, полученный при помощи сис-
темы волоконных лазеров, использован для облучения 
поверхности образца. Для экспериментов использова-
ны две среднеуглеродистые стали с разными исходны-
ми микроструктурами: сталь Х15 с ферито-перлитной 
и сталь АС16 с отпущенного мартенсита структурами. 
Исследования стали Х15 показали, что для лазера лю-
бой мощности существует оптимальная плотность 
мощности, обеспечивающая максимальную твердость. 
При повышении мощности лазера оптимальная плот-
ность мощности как на твердость поверхности, так на 
глубину упрочнения уменьшается. Определено, что 
для стали АС16 максимальная твердость не зависит от 
плотности мощности  лазера. Легирующие элементы 
могут увеличить глубину упрочнения. Наплавка по-
верхности может облегчить процесс упрочнения и по-
высить твердость поверхности. Глубина упрочнения 
чаще всего увеличивается при повышении мощности 
лазера и/или плотности мощности лазера. По сравне-
нию с другими типами лазеров, волоконный лазер яв-
ляется равноценным инструментом для упрочнения 
среднеуглеродистых сталей. 
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Laser transformation hardening of carbon
steel: microhardness analysis on
microstructural phases

F. Qiu*1, J. Uusitalo2 and V. Kujanpää1,3

This study investigates the microhardness and microstructure of different steels hardened by a

fibre laser. Rolled steel, quenched and tempered steel, annealed alloyed steel and conventionally

through hardened steel were tested. Microhardness (HV0?01) was measured in martensite,

pearlite, ferrite and cementite structures at different depths below the laser irradiated surface. The

microhardness results were compared with the conventional macrohardness (HV5) results. The

grain size of rolled ferritic–pearlitic steels had distinct effect on microhardness. The macrohard-

ness of quenched and tempered steel might be markedly influenced by the homogeneity of alloy

contents. In high carbon steel, cementite is y150 HV harder than pearlite. Annealed alloyed

steels achieved high surface hardness but poor hardened depth. Dispersed granular pearlite did

not affect the microhardness of soft annealed steel. The macrohardness of the base material was

close to the microhardness of the softer phase structure. The measured microhardness was about

100–250 HV higher than the macrohardness.

Keywords: Steel, Fibre laser, Hardening, Microhardness, Grain size, Microstructure

Introduction
Laser transformation hardening is a well known process
of producing hard, wear resistant areas on the workpiece
while retaining the bulk material unaffected. A defo-
cused laser beam is usually used to heat up the material
surface above its austenisation temperature, allowing
formation of austenite. The base material surrounding
the laser irradiated area acts as a heat sink, causing
quick self-quenching and phase transformation to
martensite.1–4 Surface hardening of steel has been
mostly studied with conventional hardness measure-
ment, which typically uses a load of several kilograms.
However, metallographic analysis of specific phases and
microstructures frequently demands local hardness
measurement within a small scale such as tens of
micrometres. Unfortunately, such investigations on
phase transformation and microstructural transition of
laser surface hardened steel are not much available. A
microhardness test device uses a very small load (down
to a few grams) and is capable to produce indentations
within a few micrometres in diameter, making precise
local and even in grain hardness measurement possi-
ble.5–7 Microhardness measurement also provides a
basis for quality control of thin metallic material and
small parts of precision instruments.

In recent years, diode pumped fibre laser systems have
been quickly developed for industrial applications.8–11

Fibre lasers are expected to be suitable for surface
treatment of carbon steels, as the wavelength of
radiation produced by laser diodes can be efficiently
absorbed by iron based materials.12–14

This study investigated the microhardness of marten-
site, pearlite, ferrite and cementite on various laser
irradiated carbon steel samples. Microhardness was
measured at the irradiated surface at different depths
of the heat affected zone (HAZ) and in the base
material. Macrohardness measurement was performed
for comparison regarding carbon and alloy content and
grain size. Quenched and tempered steels were compared
with other materials on the microhardness and homo-
geneity with respect to the initial microstructures.

Experimental
The experiment was performed in a work cell consisting
of a CNC XY table and a YLR-5000-S fibre laser
equipment that produces a laser beam with a wavelength
of 1070–1080 nm and a maximum nominal output
power of 5 kW. The experiment used a focusing lens
with a focal length of 150 mm and an output fibre core
diameter of 200 mm. All the tests were performed with a
constant laser power of 1875 W and a distance off the
focus of 80 mm, producing a laser power density of
12 735 W cm22. A constant traverse rate of 8?0 mm s21

was used. The angle between the optical axis and the
surface of the sample was 90u. No shielding gas was
used. The samples were air cooled after the treatment.
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The hardening tests were performed on low, medium
and high carbon steel samples with various alloy
contents, grain sizes and initial microstructures as given
in Table 1. Sample 1 (case hardening steel) and sample 3
(as rolled high silicon steel) contained ferrite and pearlite
with distinct grain boundary. Sample 4 (ball and roller
bearing steel) consists of pearlite and cementite grains.
Sample 2 (alloyed steel) and sample 5 (vacuum degassed
Cr–Ni–Mo alloyed mould steel) were composed of
tempered martensite structures. Sample 6 (alloyed tool
steel) and sample 7 (hot work die steel) contained ferrite
and fine granular pearlite.15 The ASTM grain size
number was measured in samples 1, 3 and 4 via the mean
grain diameter method.16 As samples 2, 5, 6 and 7 did
not contain distinct grain boundaries in their micro-
structures, their grain sizes were not available. The
surface roughness of all samples Ra was y2?5 mm.

The macrohardness (HV5) of the samples was
measured with a conventional Vickers hardness tester
using a 5 kg load. A CSM microhardness tester with a
10 g load was used for microhardness (HV0?01)
measurement. Five random measurements were per-
formed at each of the measured depths in each
appropriate phase structure. Besides measurement of
martensite, in grain microhardness measurement was
performed in pearlitic and ferritic grains of samples 1
and 3 and pearlitic and cement grains of sample 4. For
samples 2, 5, 6 and 7, the microhardness was measured
according to the depth only. The average value was used
as the macro- and microhardness at this depth.
Hardened depth in this study was defined as the depth
where measured macrohardness was .500 HV below
the centre of the laser irradiated track. Besides, carbon
and alloy content were measured on samples 2 and 5
with energy dispersive spectroscopy method (EDS)
combined with a scanning electron microscope.

Results and discussion
Figures 1–3 contain the measured hardness profiles
along the depth below the laser treated surface of the
materials. The micro- and macrohardness of various
phase structures at different depths are compared. The
microscopic views of the microstructures at the surface,
in the HAZ and in the base material are shown in
Figs. 4–6.

Hardness and microstructure of rolled medium
carbon steel and through hardened high carbon
steel
Figure 1 describes the micro- and macrohardness of
rolled medium carbon steels (samples 1 and 3) and the

through hardened high carbon steel (sample 4). The
corresponding microstructure in different depths of the
samples is seen in Fig. 4. The surface microstructure of
samples 1, 3 and 4 is fully martensitic as can be noticed
in Fig. 4a, d and g. As expected, the surface macro-
hardness is fully dependent on the carbon content. The
macrohardness of samples 1, 3 and 4 is 505, 704 and
812 HV with 0?20, 0?36 and 0?95% C respectively
(Fig. 1a). However, interestingly, the microhardness of
martensite grains in the same structures is not much
different. The microhardness on the surface of samples
1, 3 and 4 are 945, 938 and 1051 HV respectively. The
difference in the behaviour between micro- and macro-
hardness is discussed in more detail in the section on
‘Microhardness (HV0?01) versus macrohardness (HV5)’.
Deeper from the surface, the ferritic–pearlitic structures
in samples 1 and 3 can be distinguished, and in sample 4,
pearlite and cementite grains can be seen (Fig. 4c, f and
i).

As Fig. 1a shows, the microhardness of samples 1, 3
and 4 starts to dramatically decrease between 0?6 and
0?8 mm deep, which can be presumed to be the depth of
fully martensitic layer. For samples 1 and 3, partially
martensitic structure may be present between 0?6 and
1?6 mm, causing gradually reduced microhardness. In
sample 1, pearlite at 0?8 mm deep (HAZ) shows higher
microhardness (761 HV) than the base material
(252 HV). This is possibly caused by homogenisation
with decreased grain size and can be noticed by
comparing Fig. 4b and c. Similarly, in sample 3, at the
depth of 0?8 mm, pearlite gives markedly high micro-
hardness of y796 HV compared with the base material
(490 HV). Comparison of grain size can be seen in
Fig. 4e and f. Different from samples 1 and 3, sample 4
shows respectively constant microhardness of cementite
and pearlite at 0?8 mm deep and beneath. Because of the
high carbon content and the presence of ferrite only in
the pearlite grains, carbon diffusion may have been
largely restrained, and the original grain size is not much
changed. As the in grain indentation shows, the
microhardness of cementite (y559 HV) is distinctly
higher than pearlite (y413 HV) because cementite
consists of pure iron carbide.

As seen in Fig. 1b, the microhardness of ferrite of
samples 1 and 3 at 0?8 mm deep is respectively 376 and
315 HV, which is considerably higher than in the base
material (216 HV at 2 mm deep). As exhibited in
Fig. 4b, this is likely due to the reduced grain size of
ferrite caused by recrystallisation. In deeper structures,
microstructural grains remain larger since less grain
boundaries are formed inside the original ferrite grains

Table 1 Samples used in test*

Sample no. Grade Grain size (ASTM) Delivered condition

Compositions/wt-%

C Si V Cr Mn Ni Mo

1 AISI 4820 10 Hot rolled 0.203 0.194 0.009 1.142 1.201 0.210 0.060
2 AISI 4340 NA Q&T 0.347 0.331 0.007 1.397 0.697 1.355 0.169
3 Imatra Imamic 8.5 As rolled 0.362 1.264 0.117 0.202 1.082 0.139 0.032
4 AISI 5210 7 Through hardened 0.951 0.246 0.005 1.432 0.385 0.137 0.022
5 AISI P20 mod. NA Q&T 0.373 0.366 0.006 1.86 1.470 1.172 0.201
6 AISI H13 NA Soft annealed 0.389 0.971 0.922 4.95 0.342 0.237 1.255
7 AISI H10 mod. NA Soft annealed 0.400 0.380 0.834 2.800 0.73 0.100 2.170

*Composition was given by the steel manufacturer.
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(Fig. 4c and f). At the depth of 0?8 to 1?6 mm, sample 1
shows higher microhardness of ferrite than sample 3,
although sample 3 contains much higher Si content that
aids to increase the hardness of ferrite.16 This is likely
due to the markedly larger ferritic grain size of sample 3
compared with sample 1, as seen in Fig. 4b and e. See
the explanations of microhardness measurement in the
section on ‘Microhardness (HV0?01) versus macrohard-
ness (HV5)’.

Figure 1 also indicates that the macrohardness of the
base material is close to the microhardness of the softer
phase structure. For samples 1 and 3, the microhardness
of ferrite is close to the macrohardness. For sample 4,
the macrohardness is approximately equal to the
microhardness of pearlite. An explanation is the plastic

deformation of different structures as macrohardness
indentation is performed. A load of several kilograms
used in Vickers hardness test drives the diamond
indenter into the material, causing plastic deformation
of a number of micrograins nearby the produced
marker. In ferritic–pearlitic structure, ferrite contains
almost pure a-iron, and pearlite includes 88% ferrite and
12% cementite. Owing to the body centred cubic crystal
lattice structure of a-iron, ferrite grain is thought to have
lower yield point than cementite (Fe3C) that features
orthorhombic structure.17 Thus, ferrite grains could be
more plastically deformed than pearlite grains, and this
might significantly affect the measured macrohardness
value.

a microhardness of non-ferritic structures and macrohardness; b microhardness of ferritic structures. M: martensite, P:
pearlite, C: cementite and F: ferrite (microhardness: HV0?01; macrohardness: HV5)

1 Hardness profiles along depth of samples 1, 3 and 4

2 Hardness profiles of samples 6 and 7 along depth of

material (microhardness: HV0?01; macrohardness: HV5)

3 Hardness profiles of samples 2 and 5 along depth of

material (microhardness: HV0?01; macrohardness: HV5)
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Hardness and microstructure of soft annealed
alloyed steel
In Fig. 2 the micro- and macrohardness of the soft
annealed samples 6 and 7 are shown. The corresponding
microstructure in different depth of the samples can be
seen in Fig. 5. Sample 7 shows a bit higher macrohard-
ness on the surface than sample 6 (Fig. 2). The
macrohardness values are 647 and 716 HV for samples
6 and 7 respectively. Yet, sample 6 exhibits drastically
higher microhardness than sample 7 on the surface and
until 1?6 mm deep. Consistent microhardness of
.850 HV between the surface and 0?6 mm deep is
noticed. These are believed to be caused by the high Cr
(4?95%) and Si (0?97%) contents in sample 6. Figure 5
shows the microstructures of samples 6 and 7 at the
treated surface, at 0?6 mm deep and in the base material.
Owing to the soft annealing treatment in the manufac-
turing process, samples 6 and 7 consist of ultra fine
granular pearlite structure, which is dispersed in the
ferrite grains, and therefore grain boundary is hardly
distinguishable. Grain growth can be noticed on the
treated surface of both materials, showing visible ferrite
boundaries among the formed martensite areas. The
transitional layer at the depth of 0?6 mm indicates that
carbon diffuses from the fine granular pearlite to the

surroundings and causes local homogenisation. A
similar HAZ to the depth of y1?8 mm is produced in
both samples.

Hardness and microstructure of quenched and
tempered steel
Figure 3 gives the micro- and macrohardness of
quenched and tempered steel (samples 2 and 5). The
corresponding microstructure in different depths of the
samples can be seen in Fig. 6. As compared in Fig. 3,
sample 2 shows higher micro- and macrohardness and
larger hardened depth, although sample 5 contains
similar carbon and higher alloy contents. In order to
find an explanation for this discrepancy, EDS was used.
The results of EDS element content analysis are shown
in Fig. 7. In the base material of samples 2 and 5, 15
circular areas of 5 mm in diameter were randomly
selected, and the weight percentages of C, Cr and Mn
were measured. The variation of the mass percentage
indicates that Cr and Mn are markedly more homo-
geneous in sample 2, which is likely due to the process of
production by the manufacturer. Figure 6a and d also
shows visible difference on the samples’ irradiated
surfaces. It is suspected that the inhomogeneity might
have caused the formation of retained austenite in

a sample 1, surface; b sample 1, 0?8 mm deep; c sample 1, 2 mm deep (base material); d sample 3, surface; e sample
3, 0?8 mm deep; f sample 3, 2 mm deep (base material); g sample 4, surface; h sample 4, 1 mm deep; i sample 4, 2 mm
deep (base material)

4 Microstructures of samples 1, 3 and 4 at various depths (etched by 5% nital)
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sample 5. Yet, this is not conclusive before X-ray
diffraction test of the microstructures is performed. The
macrohardness profiles exhibit a heat affected depth of
y1 mm on both samples.

Comparison among sample 2 (quenched and
tempered steel), sample 3 (rolled steel) and
sample 7 (soft annealed alloyed steel)
Samples 2, 3 and 7 are compared based on Figs. 1–3.
Samples 3 and 7 give similar surface macrohardness of
704 and 718 HV respectively, while sample 2 shows
markedly lower surface macrohardness (635 HV).
Despite high alloy content, sample 7 shows a smaller
hardened depth of y0?4 mm than samples 3 and 2 (both
y0?9 mm). With similar carbon content, sample 3
shows the highest surface microhardness. Compared in
Figs. 4d and 5d, sample 7 shows some bright grain
boundaries on the surface, which are suspected to be
ferrite. This means large grain size in contrast to sample
3 that has apparently more homogeneous martensite.
The microhardness in the base material of sample 7 is
nearly equivalent to the in grain microhardness of ferrite
in sample 3, showing that the dispersed granular pearlite
has little effect on the microhardness.

Microhardness (HV0?01) versus macrohardness
(HV5)
The microhardness (HV0?01) results are compared with
macrohardness (HV5) of the tested samples in Figs. 1–3.
Comparisons show that measured microhardness values
are around 100–250 HV higher than macrohardness.
An earlier developed model revealed the influence of
indentation size on the measured hardness of crystal
materials, as shown in equation (1).18 This model was
later used as a base for microhardness simulations.19

Comparing indentations using a very small load (e.g.
10 g) and a conventional one (5 kg), Hd can represent

the microhardness and H0 the macrohardness.
Equation (1) indicates that the microhardness is con-
stantly higher than macrohardness

Hd

H0
~ 1z

h�

hi

� �1=2

(1)

where Hd is the hardness for a given depth of
indentation; H0 is the hardness in the limit of infinite
depth; h* is a characteristic length depending on the
indenter shape, shear modulus and H0; and hi is the
depth of indentation.

The dislocation theory also provides a qualitative
explanation for this phenomenon. It is summarised in
generally known Petch–Hall relationship, as given in
equation (2)

Re~RizKdg
{1=2 (2)

where Re is the yield point, Ri is the stress required to
make the dislocations move in the grains, K is a constant
and dg is the grain diameter.

Compared with microhardness test, macrohardness
indentation produces a deeper and wider mark that
crosses a number of grains. Plastic deformation initiates
at some of the sliding dislocations while new dislocations
are created as well.20 Differently, microhardness inden-
tation generates a much smaller marker, and thus, fewer
grains are affected, meaning that fewer slidable disloca-
tions are present as plastic deformation occurs.
Therefore, Ri for microhardness indentation is expected
to be higher, and Re is accordingly higher than that for
macrohardness. In in grain microhardness measurement,
since the indentation marker is smaller than the grain
size, d can be regarded as infinitely large, and thus, in
equation (2), Re is approximately equal to Ri. This
means that the yield point for in grain indentation is
basically determined by the properties of the in grain

a sample 6, surface; b sample 6, 0?6 mm deep; c sample 6, 2 mm deep (base material); d sample 7, surface; e sample
7, 0?6 mm deep; f sample 7, 2 mm deep (base material)

5 Microstructural comparison of sample 6 (etched by 20% nital) and sample 7 (etched by 10% nital) at various depths
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material. Equation (2) also indicates that a fine grained
material with a smaller d may exhibit higher yield point
and hardness than a coarse grained one.

Conclusions
This study investigated the microhardness of laser
hardened medium carbon rolled steels, annealed alloyed
steels, quenched and tempered steels and a high carbon
through hardened steel. Microhardness was measured in
martensite, pearlite and ferrite structures at different
depths below the irradiated material surface. The micro-
and macrohardness profiles of the samples were com-
pared. Five random measurements of microhardness

were performed at each of the measured depths in each
appropriate phase structure. The average value was used
as the result for discussion.

For rolled ferritic–pearlitic steels, grain size distinctly
affected the homogeneity of martensite and the micro-
hardness. Ferrite in the HAZ exhibited higher micro-
hardness due to smaller grain size caused by carbon
diffusion. By in grain indentation, the microhardness of
ferrite (y216 HV), pearlite (y413 HV) and cementite
(y559 HV) were obtained. In ferritic–pearlitic and
pearlitic–cement steels, the macrohardness of the base
material was close to the microhardness of the softer
phase structure. The homogeneity of Cr and Mn
contents might have significant effect on the macro-
hardness of tempered martensitic steel.

Rolled steel, quenched and tempered steel and soft
annealed alloyed steel of the same carbon content were
compared. Rolled steel could achieve higher microhard-
ness of martensite on the surface. Quenched and
tempered steel showed similar hardened depth to rolled
steel but lower macrohardness on the surface. The
micro- and macrohardness of soft annealed alloyed steel
were relatively high on the surface but markedly
decreased along the depth, producing a relatively small
hardened depth. The microhardness of the base material
was similar to ferrite, indicating that dispersed granular
pearlite had little effect on the microhardness.

In this study, the measured microhardness values were
about 100–250 HV higher than macrohardness. This
was explained by a model of indentation size effects and
the dislocation theory.
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14. F. Röser, A. Liem, S. Höfer, H. Zellmer, S. Nolte, J. Limpert, A.
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Abstract: This study develops a thermodynamic model to investigate the 
quasi-steady thermal process of a wide thin steel workpiece irradiated with a 
moving Gaussian laser beam. Equations are established for temperature 
distribution, transformation boundaries, homogenisation time of austenite and 
cooling rate. The equations are numerically solved with an error of less than 
10–8. The temperature distributions for various thicknesses are compared with 
that for infinite thickness at different laser traverse speed. The lag of the peak 
temperature relative to the centre of laser beam is found to be limited. The 
conditions to produce full and partial martensite are investigated. The model is 
verified by comparing the calculated Ac1 and Ac3 depths and temperature cycles 
with the experimental results. For AISI 4340 steel, correction coefficients are 
applied to the model to produce an empirical equation for temperature cycles 
above 488.4°C. 
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1 Introduction 

Laser surface treatment of carbon steel is a process to produce hard, wear-resistant 
regions on the surface of the workpiece while the bulk material remains unchanged 
(Steen, 2003). The surface of the workpiece is heated to allow transformation to austenite 
and in the cooling phase transformed to martensite. With the development of high power 
laser systems, laser surface treatment of metals and alloys has become one of the widely 
used industrial laser processes (Babu et al., 2011; Liu et al., 2010). Heat transfer is a 
fundamental and crucial factor that has significant influence on the intermediate process 
and the result of laser surface treatment (Tanasawa and Lior, 1992; Rozniakowska and 
Yevtushenko, 2005; Ma, 2004). To investigate the thermodynamic process, qualitative 
and quantitative analysis using mathematical methods are thus required. 

In practice, a simply defocused Gaussian laser beam is often used as the heat source 
for surface treatment, although special optics can be installed for desired shape and 
energy distribution of laser irradiation. The defocused beam profile inherits the Gaussian 
energy distribution of the raw laser beam (Soskind, 2009; Kim et al., 2009; Cherezova  
et al., 1998). Some previous studies were attempted to solve the temperature field 
induced by a moving heat source. One of the earliest work was done by Carslaw and 
Jaeger (1959) who developed an analytical solution for the temperature distribution in a 
semi-infinite solid with a rectangular heat source moving on the surface. Cline and 
Anthony (1977) used the heat-source superimposition method to give a numerical 
solution for heating a semi-infinite domain with a Gaussian heat source. Manca et al. 
(1995) solved the temperature distribution induced by a moving Gaussian heat source in a 
finite domain. Further modelised study is needed to develop equations of the important 
parameters for laser surface treatment of steel, such as the phase transformation 
boundary, the heat affected zone (HAZ) and the cooling rate, and provide solutions for 
them. Influence of laser power, laser traverse speed and depth of the workpiece are also 
studied. 

2 Description and solution of the problem 

Figure 1 shows the schematics of the dimensions and the coordinate system. A defocused 
circular laser beam with the Gaussian energy distribution is used as the laser source. A 
fixed coordinate system is established, with the origin set in the centre of the laser spot on 
the surface of the workpiece. The laser beam is parallel to the z-axis and the laser spot 
moves at a speed vx along x-axis. In practice, the workpiece used in laser surface 
treatment may have various geometries along the length and the width while the 
irradiated surface is mostly parallel to bottom side. Furthermore, the laser irradiated track 
is generally kept remote to the edges and the corners to avoid overheating. Lolov (1987) 
indicated that the temperature profile for l / 2 > 10rb is very close to that produced by an 
infinite-width solid. Therefore, this process can be considered as heat transfer in a 
workpiece featuring two parallel planes with finite thickness and infinite length and 
width. The temperature on the four perpendicular edge planes which are parallel to the  
z-axis is assumed to remain at the initial temperature. 
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Figure 1 Dimensions of the solid workpiece and the coordinates 

 

To simplify the establishment of the mathematical model, some assumptions are applied: 

• Radiative heat loss from the surface is negligible in comparison to the heat 
conducted into the base material. 

• Absorptivity (β) of laser energy is treated as a constant. 

• The length (l) and the width (d) of the specimen along y-axis and x-axis are large 
enough so that the bulk material at the corresponding surfaces other than the 
irradiated surface and its opposite surface remains at initial temperature. 

• Material is homogeneous with constant physical properties during the thermal cycle. 
Therefore, thermal conductivity and specific heat are assumed to remain unchanged. 

• Heat flow occurs under a quasi-stable state, meaning that the heated material of a 
constant volume moves together with the heat source at the same velocity. 

• Radius of the Gaussian beam is the distance from the beam centre to the position 
where the power density is 1/e2 times of the peak value. 

• Melting does not occur, demanding that the surface temperature is sufficiently below 
the melting point of the material. 

According to the heat flow theory, the heat transfer without convection in a  
three-dimensional isotropic and homogenous solid workpiece can be expressed as 
(Borgnakke and Sonnta, 2008): 

21
i

T UT
t k

∂
−∇ =

∂α
 (1) 

where 
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T is the temperature of the workpiece 

Ti is the temperature increase above the initial temperature of the workpiece 

t is time 

p

k
ρC

=α  is the thermal diffusivity 

k is the thermal conductivity 

ρ is the mass density 

Cp is the specific heat capacity 

U is the heat generated per unit volume. 

Equation (1) can be converted to: 

2
i

p

U T T
ρC t

∂
= − ∇
∂

α  (2) 

The whole thermal dynamic effect can be regarded as the superposition of multiple heat 
sources located at earlier coordinates (x′, y′, z′, t′), which can be treated as unit point 
sources influencing the temperature at a later position (x, y, z, t). 

Define ( , , , ) ,
p

Uf x y z t
ρC

=  the temperature distribution can thus be expressed as: 

0 0
( , , ) ( , , , ) ( , , , | , , , )

t
iT x y z f x y z t G x y z t x y z t dz dy dx dt

+∞ +∞ +∞

−∞ −∞
′ ′ ′ ′ ′ ′ ′ ′ ′ ′ ′ ′= ⋅∫ ∫ ∫ ∫  (3) 

where G is the Green’s function for the diffusion equation. 
The Green’s function for the heat equation in a domain with infinite length (x-axis) 

and width (y-axis) and with a finite depth (z-axis) can be written as below (Haberman, 
2003; Beck et al., 1992): 

2

2 2

2
1

1( , , , | , , , ) exp
4 ( ) 4 ( )

( )                                          1 2 exp cos cos
n

rG x y z t x y z t
t t π t t h

n π t t nπz nπz
h h h

∞

=

⎡ ⎤′ ′ ′ ′ = ⋅⎢ ⎥′ ′− −⎣ ⎦
⎧ ⎫′ ′−⎡ ⎤⎪ ⎪× + −⎨ ⎬⎢ ⎥⎣ ⎦⎪ ⎪⎩ ⎭

∑

α α

α
 (4) 

where r2 = (x – x′) + (y – y′)2 + (z – z′)2. On the surface, z′ = 0. 

0
( , , , ) ( , , , | , , , ) ( , , ) ( , , | , , )f x y z t G x y z t x y z t dz I x y t x y t x y t

+∞
′ ′ ′ ′ ′ ′ ′ ′ ′ ′ ′ ′ ′ ′ ′⋅ = ⋅∫  (5) 

Substituting equation (5) into equation (3) gives: 

0

( , , )( , , ) ( , , | , , )
t

i
p

I x y tT x y z G x y t x y t dx dy dt
ρC

+∞ +∞

−∞ −∞

′ ′ ′
′ ′ ′ ′ ′ ′= ⋅∫ ∫ ∫  (6) 

The power density of an ideal Gaussian laser beam traversing on the surface of a 
workpiece can be written as (Kogelnik and Li, 1966): 
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( )2 2
0
2 2

22( , , ) exp x

b b

x v t yPI x y t
πr r

⎡ ⎤⎡ ⎤− +⎣ ⎦⎢ ⎥= −
⎢ ⎥⎣ ⎦

 (7) 

where 

P0 is the absorbed laser power 

rb is the radius of the laser beam 

vx is the traverse speed of the laser beam along x-axis. 

The temperature increase can thus be calculated by substituting equation (4) and  
equation (7) into equation (6): 

( )2 2
0
2 2

2 2

2

2 2

2
1

0
2

21 2( , , ) exp

( ) ( ) 1 exp
4 ( ) 4 ( )

( ) 1 2 exp cos

1 exp
8 ( )

t x
i

p b b

n

p b

x v t yPT x y z
ρC πr r

x x y y
t t π h t t

n π t t nπz dx dy dt
h h

P
ρC πh t t r

+∞ +∞

−∞ −∞ −∞

∞

=

⎡ ⎤⎡ ⎤′ ′ ′− +⎣ ⎦⎢ ⎥= ⋅ −
⎢ ⎥⎣ ⎦

′ ′− + −⎛ ⎞
× − ⋅⎜ ⎟′ ′− −⎝ ⎠
⎧ ⎫′−⎡ ⎤⎪ ⎪ ′ ′ ′× + −⎨ ⎬⎢ ⎥⎣ ⎦⎪ ⎪⎩ ⎭

= ⋅
′− +

∫ ∫ ∫

∑

α α

α

α
( )2 2

2

2 2

2
1

2
8 ( )

( ) 1 2 exp cos

t x

b

n

x v t y
t t r

n π t t nπz dt
h h

−∞

∞

=

⎛ ⎞⎡ ⎤′− +⎣ ⎦⎜ ⎟−⎜ ⎟′− +⎝ ⎠
⎧ ⎫′−⎡ ⎤⎪ ⎪ ′× + −⎨ ⎬⎢ ⎥⎣ ⎦⎪ ⎪⎩ ⎭

∫

∑

α

α

 (8) 

At t = 0, equation (8) represents the temperature distribution produced by a Gaussian 
distribution of the laser beam when it was at a position (x′, y′) at an earlier time t′. Thus, 
equation (8) is converted to: 

( )2 2
0

2 20

2 2

2
1

21( , , ) exp
8 8

 1 2 exp cos

x
i

p b b

n

x v t yPT x y z
ρC πh t r t r

n π t nπz dt
h h

+∞

∞

=

⎛ ⎞⎡ ⎤′+ +⎣ ⎦⎜ ⎟= ⋅ −⎜ ⎟′ ′+ +⎝ ⎠
⎧ ⎫′⎛ ⎞⎪ ⎪ ′× + −⎨ ⎬⎜ ⎟

⎝ ⎠⎪ ⎪⎩ ⎭

∫

∑

α α

α
 (9) 

Equation (9) is the basic equation used to solve the distribution of Ti and also provides an 
approach for analysing the transformed region, the homogenisation time and the cooling 
rate. Equation (9) expressed with dimensionless variables gives: 

( )
( )( )22 2

0
220

2 2 2

2
1

2 8
exp

4 11

 1 2 exp cos
8

i
p b

n

X Vε YP εT
ρC π r εε H

n π ε nπZ dε
H H

+∞

∞

=

⎛ ⎞+ +⎜ ⎟= ⋅ −⎜ ⎟
+⎝ ⎠+

⎛ ⎞⎛ ⎞
× + −⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

∫

∑

α
 (10) 

where 
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2
2

8

b

tε
r
′

=
α  is a dimensionless variable 

b xr vV =
α

 is dimensionless traverse speed 

b

hH
r

=  is dimensionless thickness of the workpiece 

, and
b b b

x y zX Y Z
r r r

= = =  are dimensionless x, y, z coordinates. 

Define 

0

4 p b

Pc
ρC π r

=
α

 (11) 

( )
( )( )22 2

220

2 2 2

2
1

2 8
exp

11

 1 2 exp cos
8n

X Vε Yεu
εε H

n π ε nπZ dε
H H

+∞

∞

=

⎛ ⎞+ +⎜ ⎟= ⋅ −⎜ ⎟+⎝ ⎠+
⎧ ⎫⎛ ⎞⎪ ⎪× + −⎨ ⎬⎜ ⎟

⎝ ⎠⎪ ⎪⎩ ⎭

∫

∑
 (12) 

Thus, 

iT c u= ⋅  (13) 

c is a constant determined by the absorbed laser power, laser spot size and the physical 
properties of the material. u can be regarded as the dimensionless temperature increase. Ti 
is thus linearly dependent on u. An analytical solution of u may be complicated but u can 
be numerically evaluated via computational tools. 

3 Results and discussion 

Equation (12) is the base for all discussions in this study and is directly used to solve the 
u profile for different dimensionless thickness H and speed V. Formulas are derived from 
equation (12) to describe and solve the boundary of transformation, the homogenisation 
time and the cooling rate. The results are numerically solved by a computation tool with 
an error of less than 10–8. 

3.1 The temperature distribution 

The u profiles are solved in equation (12), acquired with H in a range of 1–15 and V of 
0.5–10. Computed values of u on the workpiece’s surface in a 3D mesh grid view is 
shown in Figure 2, which is solved with H = 10 and V = 3. The u profile represents the 
distribution of Ti by a scale factor of 1/c as indicated in equation (13). 
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Figure 2 The distribution of u on the surface of a workpiece produced by a moving Gaussian heat 
source (see online version for colours) 

 

The u profiles for different H and V can be calculated from equation (12) and thus the 
peak of u, umax, can be as well obtained numerically. The peak temperature, max ,iT  can be 
calculated with equation (11) and equation (13): 

max
0

max( , ) ( , )i
p b

PT H V u H V
ρC r

=
α

 (14) 

As Figure 3(a) shows, the peak values of u for H = 1, 2, 5 and 10 at V = 5 are 
respectively: 

max| 1, 5 max| 2, 5

max| 5, 5 max| 10, 5

2.631; 2.209;
1.685; 1.571.

H V H V

H V H V

u u
u u

= = = =

= = = =

= =

= =
 

Thus, the peak temperatures are: 

max max

max max

0 0
| 1, 5 | 2, 5

0 0
| 5, 5 | 5, 5

0.209 0.176; ;

0.134 0.125; .

i H V i H V
p b p b

i H V i H V
p b p b

P PT T
ρC r ρC r

P PT T
ρC r ρC r

= = = =

= = = =

= =

= =

α α

α α

 

For H = ∞ (h = ∞), the peak value of u is 1.460 and the peak temperature is: 

max
0

| , 5
0.116 .i H V

p b

PT
ρC r=∞ = =

α
 

Similarly, the peak values of u at different V for H = 10 are obtainable in Figure 3(b). 
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Figure 3 The u profile versus dimensionless coordinate X (Y = Z = 0), (a) for different H at V = 5 
(b) at different V for H = 10 (see online version for colours) 

  
(a)    (b) 

By letting X = Y = Z = 0 in equation (12), H and V are correlated in Figure 4 which shows 
the u profiles at the centre of the laser irradiated track for different H and V. The u 
gradient along Z axis is lowered to minimum when V and/or H are sufficiently large, 
meaning that the surface temperature is close to constant for a thick workpiece. Similarly, 
the surface temperature changes little with the thickness if the traverse speed is 
sufficiently high. As Figure 4(b) shows, a large H corresponds to a u profile that is 
sufficiently close to that with H = ∞. The relative difference between a parameter M and 
to the reference Mref, er is defined as: 

100%ref
r

ref

M M
e

M
−

= ⋅  (15) 

Laser heat treatment allows the surface temperature to rise to above the starting 
temperature of austenitisation and beneath the melting point of carbon steel, which is 
constantly below around 1,500°C for both hypo- and hyper-eutectoid steel (Thelning, 
1984). The temperature increase can be expressed as: 

0i mT T T≤ −  (16) 

where 

Tm is the melting point of the material 

T0 is the initial temperature of the material. 

Thus, a difference equal to 3% of Ti is less than 45°C, which is assumed to be ignorable 
in this study. Table 1 shows the relative difference of H = 10 and H = 15 compared with 
H = ∞ at different V. For H = 15 at V ≥ 2.5, er is lower than 3%. For H = 10, er at V = 10 
is 4.58%. As shown in Figure 4, er for H = 15 at 0 < V < 1 is larger than 8.95% and thus 
cannot be simply ignored. 

It is noticeable that the maximum value of u for H = ∞ is uH=∞,V=0 = 2.51 at V = 0. 
Thus, according to equation (10) and equation (12): 
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0
, 0 2.51

4i H V
p b

PT
ρC π r=∞ = = ⋅

α
 (17) 

Substituting equation (17) into equation (16) gives: 

( )0
0

5 m

p b

T TP
ρC r

−
≤

α
 (18) 

Equation (18) can be understood as the maximum of the absorbed laser power that does 
not cause melting on a very thick workpiece with a non-moving Gaussian laser beam. 

Figure 4 The u profiles for different H and V, (a) u versus H at different V (b) u versus V for 
different H (see online version for colours) 

  
(a)    (b) 

Table 1 u with H = 10 and H = 15 compared with H = ∞ at different V 

V 1 2 3 5 5.2 7.5 10 

er |H = 10 (%) 14.91 11.27 9.46 7.54 7.2 5.68 4.58 
er |H = 15 (%) 8.95 6.42 5.10 3.59 2.91 1.91 0.83 

Define Xt=0 as the X coordinate that corresponds to t = 0. Thus, X can be expressed as: 

0 2t
b

X X Vt
r== −
α  (19) 

Substituting equation (19) into equation (12) gives: 

( )

2
2 2

0 2

220

2 2 2

2
1

2 / 8
exp

11

 1 2 exp cos
8

t
b

n

X Vt Vε Y
rεu
εε H

n π ε nπZ dε
H H

=
+∞

∞

=

⎛ ⎞⎛ ⎞⎛ ⎞⎜ ⎟− + +⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠= ⋅ −⎜ ⎟+⎝ ⎠+
⎧ ⎫⎛ ⎞⎪ ⎪× + −⎨ ⎬⎜ ⎟

⎝ ⎠⎪ ⎪⎩ ⎭

∫

∑

α

 (20) 

The u-X profile is thus converted to a u-t profile. 
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3.2 Position of the peak temperature 

Noticeable in Figure 3, the peak of u is always with a lag behind the centre of the heat 
source due to moving laser beam. This position Xu=max is dependent on H and/or V as 
indicated in Figure 5 and Figure 6. 

Figure 5 The position of the peak of u versus H at different V 

 

Figure 6 The X coordinate of the peak of u versus V for different H, (a) V in the range of  
0.5 to 10 (b) V in the range of 0.5 to 300 (see online version for colours) 

  
(a)     (b) 

As Figure 5 shows, the lag of the peak of u is decreased as H increases and approaches to 
a constant limit determined by V when H is sufficiently large. For H ≥ 2, Xu=max does not 
appear to change significantly. Figure 6 indicates the influence of V on Xu=max for 
different H. The lag is increased with V in a limited range depending on H. Shown in 
Figure 6(b), for each H Xu=max approaches a limit as V is increased to infinite. For H ≥ 2, 
Xu=max is basically constant at V ≥ 150. This means that for surface treatment with 
significantly high traverse speed, the peak temperature is located at a fixed-like position 
with respect to centre of the laser beam. For a very thick workpiece (H >> 10) irradiated 
with V ≥ 150, Xu=max ≈ –0.383. 
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3.3 Ac1 and Ac3 boundaries 

As the surface of the steel workpiece is heated to above Ac1, the temperature at which 
austenite begins to form during heating, initial microstructures starts to transform to 
austenite. This transformation is completed as the surface temperature reaches Ac3. These 
conditions can be written as: 

1 max 0 3iAc T T Ac≤ + <  (21) 

and 

3 max 0i mAc T T T≤ + <  (22) 

where Timax is the peak value of Ti. 

Figure 7 The calculated Ac1 boundary transformation region with a moving Gaussian heat source 
(see online version for colours) 

 

Equation (21) and equation (22) can be converted to: 

( )
( )( )22 2

max max1 0
220

2 2 2
max

2
1

2 / 8
exp

11

 1 2 exp cos
8

u u

u

n

X Vε YAc T ε
c εε H

n π ε nπZ dε
h H

+∞ = =

∞
=

=

⎛ ⎞+ +− ⎜ ⎟= ⋅ −⎜ ⎟+⎝ ⎠+
⎧ ⎫⎛ ⎞⎪ ⎪× + −⎨ ⎬⎜ ⎟

⎝ ⎠⎪ ⎪⎩ ⎭

∫

∑
 (23) 

and 

( )
( )( )22 2

max max3 0
220

2 2 2
max

2
1

2 / 8
exp

11

 1 2 exp cos
8

u u

u

n

X Vε YAc T ε
c εε H

n π ε nπZ dε
H H

+∞ = =

∞
=

=

⎛ ⎞+ +− ⎜ ⎟= ⋅ −⎜ ⎟+⎝ ⎠+
⎧ ⎫⎛ ⎞⎪ ⎪× + −⎨ ⎬⎜ ⎟

⎝ ⎠⎪ ⎪⎩ ⎭

∫

∑
 (24) 
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where Xu=max, Yu=max, Zu=max are the X, Y, Z coordinates of the peak of u. Equation (24) 
describes the region that is fully transformed to austenite. Equation (23) indicates the 
boundary condition of the HAZ which includes the partially transformed region. Xu=max, 
Yu=max and Zu=max numerically solved in equation (23) and equation (24) and 3D profiles 
representing Ac1 and Ac3 transformation boundaries are thus generated as shown in 
Figure 7. 

Letting Yu=max = 0 in equation (23) and equation (24), the Xu=max – Zu=max profiles are 
obtained to indicate the Ac1 and Ac3 boundary at the centre of the laser irradiated track. 
Similarly, with Zu=max = 0, the Ac1 and Ac3 widths on the surface can be acquired. 

3.4 The homogenisation time of austenite 

The microstructures start to be homogenised as the surface temperature is heated above 
Ac1. Increase of the homogenisation time for carbon steel assist in producing more 
homogenised austenitic microstructure. The effective homogenisation occurs in the 
condition of Ac1 ≤ Ti + T0 < Tm. Letting Ti = Ac1 – T0 in equation (10) gives: 

( )
( )( )222 2

1 0
220

2 2 2

2
1

2 / 8exp
11

 1 2 exp cos
8n

Ac T ε X Vε Y
c εε H

n π ε nπZ dε
H H

+∞

∞

=

⎛ ⎞− + +⎜ ⎟= ⋅ −⎜ ⎟+⎝ ⎠+
⎧ ⎫⎛ ⎞⎪ ⎪× + −⎨ ⎬⎜ ⎟

⎝ ⎠⎪ ⎪⎩ ⎭

∫

∑
 (25) 

X1 and X2 are the solutions for equation (25) which can be solved by numerical methods 
or estimated via the u profile as illustrated in Figure 8. 

Figure 8 Estimation of X1 and X2 for (H = 10, V = 5, Z = 0.5) 

 

The homogenisation time th is thus calculated as: 

( )1 2
1 0 max 0

b
h i m

x

X X rt Ac T T T T
v
− ⋅

= − ≤ < −  (26) 

where Timax is the peak value of is the peak value of is the peak value of Ti. 
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3.5 The cooling rate 

The cooling rate is the velocity of temperature decrease in the cooling phase of the 
thermal cycle. It is one of the most important factors that determine the transformation 
from austenite to martensite. 

According to equation (13), the cooling rate is written as: 

i i
c x

dT dTR v
dt dx

= − = −  (27) 

Substituting equation (11) and (13) into equation (27) gives: 

0
34c

p b

P duR V
ρC πr dX

= ⋅  (28) 

Define ,duw V
dX

=  and equation (28) is converted to: 

0
34c

p b

PR w
ρC πr

= ⋅  (29) 

Rc is linearly dependent on w, and thus w can be seen as the dimensionless cooling rate. w 
is derived from equation (12) as: 

( )
( )

( )( )2 2 2

2 220

2 2 2

2
1

4 / 2 2 / 8exp
11

 1 2 exp cos
8n

Vε X Vε X Vε Yw
εε H

n π ε nπZ dε
H H

+∞

∞

=

⎛ ⎞+ + +
= − ⋅ −⎜ ⎟

+⎝ ⎠+
⎧ ⎫⎛ ⎞⎪ ⎪× + −⎨ ⎬⎜ ⎟

⎝ ⎠⎪ ⎪⎩ ⎭

∫

∑
 (30) 

Figure 9 The distribution of w on the surface of a workpiece produced by a moving Gaussian 
heat source (see online version for colours) 
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Figure 9 shows a distribution of w in 3D mesh grid generated from equation (30) using 

parameters of H = 10, V = 3 and Z = 0. Due to the linear dependence of idT
dt

−  on w, the 

profile of w can be used to characterise the distribution of the cooling rate. 
The w profile is generated from equation (29) and the peak value of w is acquired. 

Figure 10 shows the w profiles for different H at V = 5 and at different V for H = 10. 
Figure 11 is derived from equation (29) to show the influence of H and V on w at X – 1 in 
the middle of the irradiated track. 

Figure 10 Profiles of w versus dimensionless coordinate X (Y = Z = 0), (a) for different H at V = 5 
(b) at different V with H = 10 (see online version for colours) 

  
(a)     (b) 

Figure 11 The w profiles for different H and V, (a) w versus H at different V (b) w versus V for 
different H (see online version for colours) 

  
(a)     (b) 
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Figure 11(a) shows that increase of H results in lower w but the influence is limited. As H 
increases to infinite, w is declined to a constant. It can be noticed that at higher V the 
effect of H on w is reduced. Increasing V causes markedly higher w as shown in  
Figure 11(b). w for H = 10 and H = 15 at different V is compared with H = ∞ in Table 2. 
It shows that er for H = 10 is less than 5% at V > 2. For H = 15 at V ≥ 8.0, er is lower than 
5%. 

Table 2 Relative difference of w for H = 10 and H = 15 compared with H = ∞ at different V 

V 0.5 0.8 1 2 3 4 5 10 

er |H = 10 (%) 8.70 7.60 6.78 5.01 3.94 3.19 2.64 1.13 
er |H = 15 (%) 5.74 4.99 4.44 3.25 2.53 2.03 1.65 1.15 

Figure 12 CCT diagram for eutectoid carbon steel (see online version for colours) 

 

Source: Porter et al. (2009) 

As the temperature reaches the martensite start temperature in the cooling phase, the 
cooling rate is required to exceed the critical cooling rate in order to produce 100% 
martensite. Figure 12 shows the continuous cooling transformation (CCT) diagram for 
eutectoid carbon steel. Dashed line A which is tangent to the austenite-pearlite 
transformation start line represents the cooling curve with exactly the critical cooling 
rate. Leftward is the region with higher cooling rate which produces pure martensite as 
well. Dashed line B indicates the highest cooling rate that produces 100% pearlite. 
Rightward is lower cooling rate that results in pure pearlite. The region between dashed 
line A and B represents production of a mixture of martensite and pearlite as the final 
microstructure. 
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Since martensite is exclusively transformed from austenite, the produced austenite in 
the heating phase of the thermal cycle determines the maximum amount of martensite 
that can be formed in the cooling phase. The prerequisite condition for full transformation 
to austenite is given in equation (22). 

Letting Ti = Ms – T0 and Y = Z = 0 in equation (10) gives: 

( )
( )

( )( )22

0 2200

2 2 2

2
1

4 2 / 8exp
11

 1 2 exp
8

p b
s

n

ρC π r ε X VεM T
P εε H

n π ε dε
H

+∞

∞

=

⎛ ⎞+⎜ ⎟− ⋅ = ⋅ −
+⎝ ⎠+

⎧ ⎫⎛ ⎞⎪ ⎪× + −⎨ ⎬⎜ ⎟
⎝ ⎠⎪ ⎪⎩ ⎭

∫

∑

α

 (31) 

Equation (31) is numerically solved and sMX X=  is the lower solution which is in the 
cooling phase. Substituting sMX X=  into equation (30) and equation (29) gives the 
cooling rate at Ti = Ms – T0 as: 

( )
( )

( )

0

2
0

| 3 20

22 2 2 2

2 2
1

4 / 2
4 1

2 / 8
 exp 1 2 exp

1 8

s
i s

s

M
c T M T

p b

M

n

Vε X VεPR
ρC πr ε H

X Vε n π ε dε
ε H

+∞

= −

∞

=

+
= ⋅ −

+

⎛ ⎞⎧ ⎫+ ⎛ ⎞⎪ ⎪⎜ ⎟× − + −⎨ ⎬⎜ ⎟+⎝ ⎠ ⎝ ⎠⎪ ⎪⎩ ⎭

∫

∑
 (32) 

0| i sc T M TR = −  solved with equation (32) is compared with Figure 12 to indicated the 
condition for producing martensite. The result is given in Table 3. Rcr is the critical 
cooling rate to produce 100% martensite and Rcr′ is the cooling rate to produce 0% 
martensite. Rcr and Rcr′ for carbon and alloy steels can be acquired from the 
corresponding CCT diagrams. 
Table 3 Martensitisation under different heating temperature and cooling rate at Ti = Ms – T0 

Rc 
Timax 

Rc ≥ Rcr Rc′ < Rc < Rcr Rc ≤ Rcr 

Timax < Ac1 – T0 No martensite No martensite No martensite 
Ac1 – T0 ≤ Timax < Ac3 – T0 Partially martensite Partially martensite No martensite 
Ac3 – T ≤ Timax < Tm – T0 100% martensite Partially martensite No martensite 

Table 4 Compositions of the tested samples 

Compositions (wt.%) 
No. AISI grade Delivered condition 

C Si Cr Mn Ni Mo 

1 4820 Hot rolled 0.20 0.19 1.14 1.20 0.21 0.06 
2 4340 Q&T 0.35 0.33 1.40 0.70 1.36 0.17 
3 5210 Through hardened 0.95 0.25 1.43 0.39 0.14 0.02 
4 P20 mod. Q&T 0.37 0.37 1.86 1.47 1.17 0.20 
5 H13 Soft annealed 0.39 0.97 4.95 0.34 0.24 1.26 
6 H10 mod. Soft annealed 0.40 0.38 2.81 0.73 0.10 2.17 
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Table 5 Thermal properties of the materials and processing parameters 
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3.6 Verification of the model 

The model was examined by experiments done on low- to high-carbon steel with various 
alloy content as shown in Table 4. Raw materials were machined into plates with the 
thickness of 10 mm. The initial temperature of the tested samples, T0, was 20°C as well 
as the room temperature. The irradiated surface was clean and the roughness, Ra, was 
about 2.5 μm. The test used a work cell consisting of a CNC XY table and a YLR-5000-S 
fibre laser equipment which produces a laser beam with a wavelength of 1,070–1,080 nm. 

Table 5 shows the material properties and processing parameters. All the samples 
were tested with an 1875 W laser beam with the beam radius of 2.19 mm and a traverse 
speed of 8.0 mm/s. The measured Ac1 and Ac3 depths of the tested samples were 
compared with calculated results acquired from this model. Besides, Sample 2 was tested 
with a laser beam of 1.80 mm in radius that produces 2,988 W laser power at various 
moving speeds. A pyrometer was used to measure the temperature cycle during the 
process and the effective work range is between 488.4°C and around 2,000°C. The 
recorded temperature-time curves were compared with the calculated temperature 
profiles. The angle between the optical axis and the surface of the sample was 90 degrees. 
No shielding gas was used. The thermal diffusivity (α) values were calculated by  
the equation of definition using the provided thermal conductivity (k) as given in 
equation (1). The absorptivity (β) was presumed based on a previous study by Pantsar 
and Kujanpää (2004) who investigated the absorption of laser irradiation by low alloy 
carbon steel with a high power diode laser that produces radiation at wavelengths of  
800 ± 10 nm and 940 ± 10 nm. These wavelengths are comparable to the fibre laser used 
in this study and therefore the absorptivity on iron-based material is assumed to be 
similar (Ready, 1997). 

3.7 The Ac1 and Ac3 depths 

The Gaussian laser beam produced an arc-shaped HAZ boundary below the material’s 
surface. At the centre of the irradiated track, the maximum Ac1 and Ac3 depths were 
obtained. The Ac1 and Ac3 boundaries were determined by microscopic observation. The 
results are illustrated in Figure 13. 

Let Yu=max = 0 in equation (23) and equation (24), and the Ac1 and Ac3 depths can thus 
be acquired. The calculated values are compared with measured results in Figure 14. For 
samples 1 and 6, the measured Ac1 and Ac3 depths are about 36% to 40% of the 
calculated values. For samples 2, 3 and 4, the percentage is 27% to 30%. For sample 5, 
this ratio is 15% to 20%, showing that this model may be less reliable for soft annealed 
steel with high chromium and silicon contents. Despite the system error and assumed 
prerequisites that might not accord very well with the practical test conditions, the error 
might be partially caused by the absorptivity of fibre laser in this study. Presumed on the 
basis of high power diode laser hardening, the absorptivity of the fibre laser irradiation on 
steel was possibly overestimated. 
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Figure 13 The Ac1 and Ac3 depths of the tested samples (see online version for colours) 

 

Figure 14 Comparison of calculated Ac1 and Ac3 depths with measured results (see online version 
for colours) 
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The coefficient of correction is determined and applied to this model. The corrected Ac1 
and Ac3 depths is expressed as: 

Ac b AcD ηr Z=  (33) 

where 

ZAc is calculated dimensionless Ac1 or Ac3 depth with equation (23) or equation (24), 

DAc is corrected Ac1 or Ac3 depth corresponding to ZAc 

η is the coefficient of correction. η = 0.27 ~ 0.4 for samples 1, 2, 3, 4 and 6.  
η = 0.15 ~ 2.0 for sample 5. 

3.8 The temperature cycle (T cycle) 

Substituting equation (20) into equation (13) with Y = Z = 0 gives: 

( )

2
0 2

0
220

2 2 2

2
1

2 / 8
exp

4 11

 1 2 exp
8

t
b

i
p b

n

X Vt Vε
rP εT
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Xt=0 is manually set to allow the calculated curve to intersect with the measured curve on 
t-axis. The Ti-t profile is calculated by equation (34) and compared with the measured T 
cycles in Figure 15. 

Figure 15 Calculated, measured and corrected T cycles, (a) vx = 32 mm/s (b) vx = 34 mm/s  
(c) vx = 36 mm/s (d) vx = 38 mm/s (e) vx = 40 mm/s (f) vx = 42 mm/s (see online version 
for colours) 

  
(a)     (b) 
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Figure 15 Calculated, measured and corrected T cycles, (a) vx = 32 mm/s (b) vx = 34 mm/s  
(c) vx = 36 mm/s (d) vx = 38 mm/s (e) vx = 40 mm/s (f) vx = 42 mm/s (continued)  
(see online version for colours) 

  
(c)     (d) 

  
(e)     (f) 

As Figure 15 shows, the measured peak temperature is around 0.286 times of the 
calculated value. Corrected T cycles above 488.4°C are obtained by curve fitting, which 
applies several correction coefficients to equation (34). The corrected formula is given as 
equation (35). 
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where 

ju, jc, jT are correction coefficients and are constant for AISI 4340 steel. jc = 286.0,  
ju = 649.0, jT = 340°C. T0 = 20°C. 

The margin of error is determined as: 
72

max| . max| . 4 ( C)corr meT T +
−= °  (36) 

max| . max| .
65 ( C/s)i i

corr me

dT dT
dt dt

− = − ± °  (37) 

where 

Tmax|corr. is the corrected peak temperature 

Tmax|me. is the measured peak temperature 

max| .

i

corr

dT
dt

−  is the corrected maximum cooling rate 

max| .

i

me

dT
dt

−  is the measured maximum cooling rate. 

4 Conclusions 

A quasi-steady thermodynamic model is developed to describe the surface heating of a 
wide thin plate irradiated with a Gaussian laser beam. It provides a method to reveal the 
temperature distribution, the HAZ, the homogenisation time and the cooling rate of the 
workpiece. Equations are derived to calculate these parameters. The temperature 
distribution for different thickness is compared with infinite thickness at different laser 
traverse speed. With increased speed, the influence of sample’s thickness on the surface 
temperature is reduced. At higher laser traverse speed, the lag of the peak temperature 
relative to the centre of the laser beam is increased but has a constant upper limit. Higher 
cooling rate is achieved at thicker samples, but the difference is reduced at larger laser 
traverse speed. The conditions to produce full and partial martensite are concluded. 

The model is verified by experiments via comparing the calculated Ac1 and Ac3 
depths and temperature cycles with measured data. The calculated Ac1 and Ac3 depths are 
2.5 to 5 times higher than the measured values. The calculated peak temperatures are 
around 3.5 times of the measured values. This discrepancy is believed to be mainly due to 
the absorptivity of laser energy, which probably is overestimated. Besides, the measured 
time to reach the peak temperature is longer than the calculated value. This is probably 
due to the values of k (Table 5) which are regarded as constants in calculation. In alloys, 
thermal conductivity actually increases with temperature. This may be an important 
reason for the discrepancy. Corrected coefficients are determined to produce an empirical 
formula for AISI 4340 steel in this study. 
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Surface hardening of AISI 4340 steel by laser
linear oscillation scanning

F. Qiu*1 and V. Kujanpää2

This study investigated the surface hardening of AISI 4340 steel by linear oscillation scanning with a

fibre laser. Various frequencies and amplitudes of oscillation were used under laser power of 2020

and 3020 W. Microscopic evaluation was done, and the effect of oscillation frequency on the

hardened depth was examined. Hardness profiles were measured along the centre of the irradiated

track toward the feeding direction of the laser, across the irradiated width and into the depth below

the irradiated surface. The homogeneity of hardness and hardened depth with different processing

parameters was investigated. The hardness profiles were compared with the results obtained with

conventional single track hardening.

Keywords: Surface treatment, Hardening, 4340 steel, Oscillation scanning, Multitrack, Fibre laser

Introduction
Laser surface transformation hardening is a process of
producing hard, wear resistant regions on the workpiece
while retaining the base material unaffected,1–3 which
typically uses a defocused laser beam with the laser energy
density in an order of magnitude of 103–104 W cm22.1,4

A focusing lens can be simply used to produce an out of
focus laser beam profile, while the width of the irradiated
track is limited by the laser spot size, and the laser energy
distribution is mostly inhomogeneous. Multitrack hard-
ening has been investigated for the purpose of large area
treatment, but the decrease in hardness in the overlapp-
ing zone due to tempering remains to be a problem.5,6

Various types of special shaping optics have been de-
veloped as an advanced solution to produce a desirable
shape (e.g. rectangle) and size of the laser spot with
relatively homogeneous energy distribution.7–9 However,
such optics are relatively expensive, and their flexibility in
use is considered to be limited.

Laser linear oscillation scanning (LLOS) provides an
alternative method for generating laser irradiated track with
customisable width, as described in Fig. 1. A raw laser beam
is converted by the oscillation scanner to a linearly oscillating
beam that scans the sample’s surface back and forth in the
direction of the y axis. As the oscillating laser beam moves
along the x axis, a laser irradiated track in a zigzag pattern is
produced on the workpiece. This process is, in nature, a
continuous multitrack surface irradiation in which the
treated region consists of a number of overlapped laser
irradiated tracks. Such studies as LLOS are thought to have
good potential for practice, yet such studies have been rarely
available so far.

In recent years, diode pumped fibre laser systems have
been developed and proved to be applicable in the surface
treatment of steel.10–13 Owing to the simplicity and
integratability of fibre laser, an oscillation scanning head
can be installed easily with an external controller unit
connected.14

Experimental

Material and methods
The tested material was AISI 4340 steel, which was a
quenched and tempered low alloy steel composed of
tempered martensite structures.15 The composition of the
material is 0?347C–0?331Si–0?007V–1?397Cr–0?697Mn–
1?355Ni–0?169Mo (wt-%). The initial hardness of the
base material was 329 HV. The surface roughness of the
samples, Ra, was 2?5 mm.

This study used a work cell consisting of a CNC XY
work table, a YLR-5000-S multimode fibre laser system
and an ILV DC scanner installed as the laser head. The
fibre laser produced a laser beam with a wavelength of
1070–1080 nm and a maximum nominal output power
of 5 kW. An output fibre core with the diameter of
200 mm was used. The DC scanner, which was primarily
designed for laser welding applications, contained a
parabolic scanner mirror with focal length of 250 mm
and a controller unit connected to it. The distance off
the focus was 60 mm, producing a laser spot of 2?1 mm
in diameter. The oscillation speed was affected by the
oscillation frequency and followed the sine waveform.
The parameters are given as tests A1–A6 in Table 1. For
comparison, a conventional single track scanning test was
done, shown as tests B1 and B2 in Table 1. To produce
laser power densities of 15136 and 22629 W cm22, 2020
and 3020 W laser power with 75 mm off focus distance
were used respectively. The feeding speed was constantly
15 mm s21 in the whole test.

Modulation of laser power profile
Figure 2a shows the laser energy distribution with
oscillation frequency of 100 Hz and amplitude of 6?2
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mm produced by the DC scanner. Since the oscillation
speed was reduced to 0 at the edge of oscillation, in order
to avoid melting, the output laser power was modulated
by programming via the controller unit. As shown in
Fig. 3, the output laser power was programmed at 19
positions with equal spacing across the irradiated width,
producing an approximated sine wave laser power profile
with peak laser power of 2020 and 3020 W respectively
and with 300 W laser power at both edges of oscillation.
Since the oscillation speed followed the sine waveform as
mentioned above, the ratio of oscillation speed to output
laser power could be regarded as constant. Figure 2b

shows a controlled laser beam profile featuring reduced
laser power density near the edge of oscillation. The
average laser power densities measured were 14 483 and
21 691 W cm22 under 2020 and 3020 W laser power
respectively, which were close to those produced by the
single track scanning mentioned above.

Calculations

Scanning speed
The scanning speed is the combination of the oscillation
speed and the feeding speed of the laser. Since the
oscillation speed (vy) is in sine waveform, it can be
written as

vy~2pmA sin
py

2A

� �
(1)

where y is the position of the laser spot. At y 5 0 and y
5 2A, the laser spot is at the edges of oscillation.

Moreover

vy max~2pmA (2)

where vymax is the maximum oscillation speed, which is
achieved at the middle of the oscillation.

The scanning speed (v) is therefore

v~ v2
yzv2

x

� �1=2

~ 4p2m2A2 sin2(2pm t)zv2
x

� �1=2
(3)

where vx is the feeding speed of the laser head. In this
study, vx515 mm s21.

Table 1 Processing parameters

Test Laser power P/W Oscillation frequency m/Hz Amplitude A/mm

A1 2020 10 11.0
A2 2020 20 8.5
A3 2020 40 4.5
A4 3020 20 10.0
A5 3020 40 7.4
A6 3020 100 5.9
B1 2020 NA NA
B2 3020 NA NA

1 Scheme of LLOS process

2 Laser energy distribution produced by DC scanner with oscillation frequency of 100 Hz and amplitude of 5?9 mm: a

without power control; b with power control via controller unit

Qiu and Kujanpää Surface hardening of AISI 4340 steel by LLOS
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The average oscillation speed (vy) is

vy~4Am (4)

vymax and vy are calculated for the parameters of

oscillation test in Table 1 using equations (2) and (4).
The oscillation speed of the test is described in Fig. 4,
obtained on the basis of equation (1). It can be markedly
seen that vy is dramatically higher than vx (15 mm s21)

in this study, and thus, v can be treated as v5vy in
equation (3), although at the edges of oscillation vy50
and v5vx.

Overlap width of adjacent tracks
Figure 5 schematically describes the overlapped neigh-
boring tracks of LLOS. The laser spot starts from
position O1 and reaches O2 in one period of oscillation.
At the edge of oscillation, the laser spot moves along the
feeding direction with a distance, which can be calculated
as

Se0~
vx

m
(5)

where Se0 is the distance at the edge of oscillation between
the laser spots of adjacent tracks.

Thus, the overlap width at the edge of oscillation Seov

can be expressed as

Seov~d0{Se0 (6)

where d0 is the diameter of the laser spot.

Substituting equation (5) with equation (6) gives

Seov~d0{
vx

m
(7)

At the centre of the oscillation, the overlap width Scov

can be calculated as

Scov~d0{
Se0

2
~d0{

vx

2m
(8)

Number of scans spot experiences in centre of
oscillation
During the oscillation scanning process, a position in the
middle of the oscillation width may experience multiple
times of laser irradiation. According to Fig. 5, the
number of scans Nc is the integral part of the ratio of d0/
Se0, which can be expressed as

Nc~2
2d0

Se0

� �
(9)

Substituting equation (5) with equation (9) gives

Nc~2
2d0m

vx

� �
(10)

Based on the test parameters in Table 1, equations (5),
(8) and (10), Se0, Scov and Nc can be calculated. The
results are shown in Table 2.

Hardness measurement
The hardness measurement was done on a Vickers
hardness tester with a load of 100 g. Three series of
positions in the tested samples were measured (Fig. 6).
Series 1 was along the centre of the irradiated area
toward the feeding direction. The starting point was
randomly selected. Series 2 was across the whole
irradiated width of the cross-section. Series 3 was along
the depth below the centre of the irradiated track.
Measurements of series 1 and 2 were done at 0?05 mm
depth below the surface, which was assumed to have
nearly identical hardness to the surface. In this study,

3 Programmed laser power output via controller unit of

DC scanner

4 Oscillation speed of test

Qiu and Kujanpää Surface hardening of AISI 4340 steel by LLOS
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the hardened depth is defined as the depth where the
measured hardness decreases to below 400 HV.

Results and discussion
Figures 7–9 show the hardness profiles measured along
the centre of the irradiated track, across the irradiated
width and into the depth below the surface. Results
obtained with various frequencies and amplitudes of
oscillation are shown under 2020 and 3020 W laser power
respectively. Hardness profiles acquired with single track
scanning are included as well for comparison.

Hardness profile along centre of irradiated track
As shown in Fig. 7a, tests A1 and A3 produced surface
hardness values of 460–703 and 652–831 HV respectively,
which were relatively inhomogeneous. Test A2 did not
cause hardening of the material. Test B1 resulted in
relatively homogeneous surface hardness of ,684 HV,
which was close to the average hardness of 717 HV
caused by test A3. Figure 7b shows that test A4 caused
little hardening effect, while individual scans might be
distinguished by the variation of hardness. The marked
hardness variation caused by A1 and A4 can be explained

by the tempering effect.16 According to Table 2, the
distances between adjacent tracks of A1 and A4 at the
edge of oscillation were 0?75 and 0?37 mm respectively,
which were much larger than A6 (0?07 mm). Test A6 with
oscillation frequency of 100 Hz produced an overlap
width of 2?03 mm, which was 96?7% of the whole laser
spot diameter (2?1 mm). This might have resulted in
massive tempering covering almost the whole irradiated
area and thus resulted in homogeneous surface hardness.
Tests A5 and A6 caused respective average hardness of
795 and 777 HV, which were similar to the hardness of
767 HV produced by test B2. As markedly noticed, the
hardness variation by test A6 was much smaller than that
by test A5, which was caused by the higher scanning
frequency of A6 (100 Hz), compared to A5 (40 Hz).

Hardness profile across irradiated width
Figure 8 indicates hardness across the width of the
irradiated track. Noticeably, in the results of tests A1,
A3, A5 and A6, the highest hardness was not achieved in
the centre of the track but millimeters away from it. The
maximum hardness values obtained were 764, 790, 909
and 892 HV for tests A1, A3, A5 and A6 respectively. For
tests A3, A5 and A6, the maximum hardness was
achieved at ,2?5, 4 and 2 mm respectively, considerably
higher than the average of the measured hardness along
the centre of the track (Fig. 7). According to Fig. 5, this
was possibly caused by the tempering effect, which was
stronger in the centre of oscillation than elsewhere.
According to equation (2), reducing the oscillation
frequency and/or the amplitude can decrease the max-
imum oscillation speed. Compared with test B1 with
2020 W laser power, tests A1 and A3 produced similar
hardness in the centre of the track, as shown in Fig. 8a.
However, test A1 generated a much larger irradiated
width, and test A3 markedly produced higher average
hardness across the track. Similarly, as denoted in
Fig. 8b, tests A5 and A6 both produced wider hardened
tracks with higher average hardness than test B2.
Figure 8a shows that test A2 did not cause hardening at
all but retained the hardness values of the base material.
Figure 8b denotes that test A4 caused very slight
hardening, indicating that a small amount of martensite
might have formed on the surface.

Hardness profile along depth below irradiated
track
Figure 9 compares the hardness profiles along the depth
beneath the irradiated track. As seen in Fig. 9a, test A2
did not cause hardening. Tests A1 and A4 produced very

5 Schematic diagram of overlapped adjacent tracks in

LLOS

6 Hardness measurement positions of samples

Table 2 Calculated Scov and Nc of test

Test Se0/mm Scov/mm Nc

A1 0.75 1.35 4
A2 0.37 1.73 10
A3 0.19 1.91 22
A4 0.37 1.73 10
A5 0.19 1.91 22
A6 0.07 2.03 56

Qiu and Kujanpää Surface hardening of AISI 4340 steel by LLOS
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small hardened depth of ,,0?1 mm. As compared in
Fig. 9a, tests A3 and B1 produced hardened depth of
,0?55 and 0?9 mm respectively. However, between the
surface and 0?5 mm depth, test A3 generated fairly
consistent hardness of 682–751 HV, markedly higher
than single track scanning test B1 that caused 524–
683 HV. Similar phenomena were noticed in Fig. 9b.

Regarding the hardness from the surface to 0?4 mm
deep, tests A5 and A6 generated 641–803 and 693–
831 HV respectively, which were higher than the hard-
ness of 593–753 HV acquired by test B2. Tests A5 and
A6 produced hardened depth of 0?4 and 0?5 mm
respectively, which were much smaller than the
1?5 mm hardened layer by test B2. This is believed to

7 Hardness profile along centre of irradiated track with laser power of a 2020 W and b 3020 W

8 Hardness profile across irradiated track with laser power of a 2020 W and b 3020 W

9 Hardness profile along depth below irradiated track with laser power of a 2020 W and b 3020 W
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be due to the high scanning speed in the middle of
oscillation, which did not allow sufficient heating in a
large depth of the material.

Microscopic evaluation
Microscopic observation on the microstructure of the
tested samples provided a direct and qualitative way to
visually evaluate the experimental effect. Samples tested
with different laser power, frequency and amplitude of
oscillation are compared in Fig. 10, which shows the
microscopic view below the centre of the irradiated area
toward the feeding direction of the laser beam.

As measured in Fig. 10, the depths of the heat affected
zone (HAZ) produced by tests A1–A6 were respectively

,0?05, 0, 0?45, 0?05, 3?8 and 4?5 mm, which were well in
accordance to the hardened depth indicated in Fig. 9.
Figure 10c, e and f shows that HAZ acquired with 40 and
100 Hz were much deeper. No HAZ was observed in
Fig. 10b, meaning that phase transformation did not
occur on the sample. According to equation (2), the
oscillation speed produced with 20 Hz and 8?5 mm
amplitude might be too high to allow sufficient absorp-
tion of laser energy. Tests A2 and A3 were done with both
2020 W laser power and, according to equation (2), with
very close oscillation speed. However, the depths of HAZ
were dramatically different by comparing Fig. 10b and c.
A possible explanation is that with higher oscillation
frequency, the scanned surface experienced more cycles of

10 Microscopic view below centre of irradiated surface of samples tested with different laser power, frequency and

amplitude of oscillation respectively: samples were etched with 5% nital: a A1: 2020 W, 10 Hz, 11?0 mm; bA2: 2020 W,

20 Hz, 8?5 mm; c A3: 2020 W, 40 Hz, 4?5 mm; d A4: 3020 W, 20 Hz, 10?0 mm; e A5: 3020 W, 40 Hz, 7?4 mm; f A6:

3020 W, 100 Hz, 5?9 mm
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irradiation, which meant more absorption of laser power.
Figure 10a and d with 10 and 20 Hz respectively shows
very small and inhomogeneous HAZ depths, which might
be caused by the distinguishable adjacent tracks.
Differently, the individual scans could not be distin-
guished with 40 and 100 Hz in Fig. 10c, e and f. As shown
in Table 2, this can be explained by the large overlap
width and large number of overlapped scans under the
frequencies of 40 and 100 Hz.

Conclusion
The LLOS test was done on AISI 4340 steel with
different frequencies and amplitudes of oscillation. The
results were investigated and compared with single track
hardening process. A local position in the centre of
oscillation might receive up to tens of times of scanning,
depending on the laser spot size, oscillation frequency
and feeding speed of the laser head. The hardened depth
could be increased by applying higher oscillation
frequency of scanning. Under the feeding speed of
15 mm s21, individual scans could be distinguished with
10 and 20 Hz. Along the centre of the irradiated track,
the hardness profile with oscillation frequency of 100 Hz
was more homogeneous than with 10, 20 and 40 Hz and
was close to single track scanning. With LLOS, the
maximum hardness might be acquired at millimeters
away from the centre of the track. A higher overall
hardness on the laser irradiated surface was produced
with LLS than with single track hardening, and LLOS
with the oscillation frequencies of 40 and 100 Hz caused
higher hardness in the hardened layer. Furthermore,
LLOS was proved to be suitable for surface hardening in
a relatively large rectangular area with considerable
depth of hardening. Within the hardened depth of
0?6 mm, LLOS at 40 and 100 Hz produced higher
hardness than single track hardening. However, the
maximum achievable hardened depth produced by
LLOS was notably limited in comparison to conven-
tional single track scanning.
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