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11 Introduction   
 

In 1917 Einstein formulated the basic concepts of stimulated emission [1] that evolved to 
the introduction of the laser, standing for “Light Amplification by Stimulated Emission of 
Radiation”. The principle of a laser is to excite atoms to a high energy level and in order to 
have an inversion in population with respect to an intermediate level. When radiation interacts 
with the excited atom with the frequency that corresponds to the energy difference between 
the higher energy state of the atom and the intermediate state with inverse population, it 
produces a radiation with the same phase as the incident radiation. This radiation is amplified 
with a resonance cavity to get a coherent beam. Another unique property of a laser beam is the 
high degree of monochromaticity that allows efficient focusing. (replaced from Chapter 3.13 
1st paragraph). It took more than 40 years before the first operational laser was built by 
Maiman [2,3] at the Hughes Research Laboratories in California.  After this invention, the 
world was turned into a true laser rush that inspired both the scientific community and the 
entertainment industry. Already in 1964, the James Bond movie Goldfinger shows a giant 
fictional laser that is supposed to cut thick metal plates. The Bond set uses a scaled-up prop 
that suggests the original 1960 ruby-crystal laser, completed with external flash lamps and a 
red beam. This was one of the early public demonstrations of a laser cutting process, and even 
though, it was a special effect, it already suggested the potential impact of lasers in industry. 
The high power laser-based industry became a reality much later. It became widely spread 
around the world and turned into an economically important activity with increasing 
investments and applications every year.  

The surface condition of a component is usually the most important engineering factor. 
Almost inevitably the outer surface of a work-piece is subjected to wear and corrosion while it 
is in use.  To an increasing degree, therefore, the search is for surface modification techniques, 
which can increase the wear resistance of materials. Unfortunately, there exists an almost 
bewildering choice of surface treatments that cover a wide range of thickness. The choice has 
to be such that the surface treatment does not impair, too much, the properties of the substrate 
for which it was originally chosen; that is to say, it should not reduce the load bearing 
capabilities, for example. This aspect of the substrate has been overlooked frequently in 
surface engineering with emphasis rather on the protective coating itself. Equally, the surface 
treatment chosen should be suitably related to the problem to be solved. If a thin protective 
layer may do the job, it does not make much sense in concentrating on processing of a thick 
layer on top of a substrate. It is worth noting here that wear resistance is a property, not of 
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materials but of systems, since the material of the work-piece always wears against some 
other medium. It is its relation to its environment – e.g. lubrication, speed of sliding/rotation - 
that determines the wear resistance of the material in a given construction. As a general rule, 
wear is determined by the interplay of two opposing properties: ductility and hardness. 

Surface modifications can be grouped into two categories:  
Processes for the deposition of a coating or protective layer, like polymeric coating, 

electroplating, galvanization, physical vapor deposition techniques, plasma deposition, laser 
cladding among others.  

Processes that promote only modifications of the original microstructure. These processes 
are achieved by changing the chemical composition of a surface, as it is the case of  
carburizing, nitriding, boriding and laser alloying; or transforming the microstructure of a 
surface, as for example by shot peening, induction hardening, laser hardening, laser surface 
remelting, etc… 

In this thesis two high-power laser techniques are used for the surface engineering of 
metallic alloys [4]:  

Laser cladding, which allows the deposition of thick resistant metallic by a melting 
process fusing a special alloy onto a weaker substrate.  

Laser hardening, which produces wear resistant tracks by microstructural transformations, 
i.e. a laser beam scans across a component without melting.  For instance, in steels or ferrous 
alloys a temperature above 1200 oC should be avoided. 

 This thesis focuses on the application of these laser processes, the observation of 
microstructure formation, residual stresses and some aspects of the mechanical properties of 
laser surface engineered ferrous alloys. It is divided as follows: 

 The basic principles of the microscopy techniques and mechanical tests used in this thesis 
are briefly described in Chapter 2.   

In Chapter 3, the application of the laser hardening process on gray cast iron, a material 
that is widely used in engineering components, is investigated based on the observations of 
microstructure transformations. Furthermore, the optimization of the laser cladding process 
with the coaxial and the side setups are performed by a semi-empirical approach that is based 
on a graded method experiment. The processes are characterized aiming at processing maps 
for the most efficient application of the technique. Furthermore, the Nd:Yag laser energy 
distribution of the setup used in this thesis is characterized in terms of focus distance.  

The influence of the process parameters and alloys on the microstructure of laser 
deposited clad layers is thoroughly investigated in Chapter 4 by means of EBSD microscopy 
techniques. Effects of beam velocity on grain coarsening and texture are discussed and 
presented as distribution orientation figures and pole figures.  

A drawback of the laser cladding is the high tensile residual stresses that may be created 
in the coatings due to the melting followed by resolidification of the layer and provoke 
degradation of the coating mechanical properties, or even may provoke cracking of the layer 
during deposition. To investigate this problem, lab and synchrotron X-ray diffraction 
techniques were applied in Chapter 5 to determine the stress distribution and stress tensors in 
clad layers. Some solutions for the cracking of the coatings are proposed based on the 
deposition mode of the tracks and the use of the martensitic alloys.     

 Finally, in Chapter 6, the wear properties of Co-based alloy claddings are tested by dry 
sliding in a range of temperatures that span from the room to typical automotive engine 
application temperatures. The oxidative wear mechanisms active in different regimes is also 
discussed.  
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In summary; this work contributes to a deeper understanding of laser processing 
technology and its potential applications. Laser processing can provide unique challenges and 
opportunities based on high spatial precision, reproducibility and automatic control. 
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 by laser cladding. The laser cladding technique is 

discussed in detail in Chapter 3. Since x-ray diffraction techniques are much 
ermination of residual stresses, these methods are 

highlighted in Chapter 5.  

icroscopy techniques are intensively used in this work for 
the characterization of the laser clad layers produced.  The following microscopes were used 

o 
pe

d with EDS and EBSD (Electron 

• SEM Philips XL-30s-FEG with EDS and EBSD patterning analysis system.   
• 

In this section the electron microscopy techniques are briefly described. Detailed 
explanation on the electron microscopy techniques can be found in several textbooks [1-6]. 

  Experimental techniques  
This chapter summarizes the basic concepts of the principal techniques that 
are used in this works. The focus of the chapter is on microscopy techniques, 
hardness and wear tests that are employed for the investigation of the thick 
metallic coatings produced

used in this work for the det

2.1 Electron microscopy 

Since its advent in the early 1930s, the electron microscope has become an invaluable tool in 
materials research. Using very short wavelengths of the electrons it is possible to obtain the 
information about the microstructure of materials that would not be revealed if only the light 
microscope was used. Electron m

and each of these microscopes is equipped with Energy Dispersive Spectrometry (EDS) t
rform the chemical analyses.     

• SEM Philips XL-30-FEG (Field Emission Gun) equippe
Back-Scattered Diffraction) patterning analysis system. 

Environmental-SEM Philips XL-30S-FEG with EDS.   
• Jeol 2010F analytical TEM with GIF (Gatan Imaging Filter) and EDS.  
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2.1.1 Scanning electron microscopy 

The basic parts in an SEM are schematically depicted in Figure 2.1. In an SEM, electrons are 
focused by electron lenses to a beam of 1-1000 nm diameters that influences the resolution of 
the microscope. The electron beam scans the surfaces by means of deflecting coils. At the 
position of incidence, secondary electrons (SE) with energies of 1-100eV are emitted. These 
electrons are accelerated by a 10 kV potential onto a detector. The secondary-electron signal 
is rather sensitive to topographical details and gives a good lateral resolution. The incident 
electrons can also be backscattered (BSE), the higher the atomic number the more BSEs are 
generated. These electrons have energies up to the incident beam and need no pre-detection 
acceleration. The deflection of the beam of a display cathode-ray tube is synchronized to the 
probing beam and its intensity is modulated with the signal of the detectors. The 
magnification is affected by the ratio of deflections on the display tube to those on the 
specimen. The resolution of low-magnification images is limited by the size of the beam of 
the display tube. At higher magnification, the limitation is determined by the size of the 
probing beam.  

 

Figure 2.1: Schematic representation of the scanning electron microscope. 

An incident electron may interact also inelasticaly with atoms of the investigated material 
causing x-ray radiation. An electron of sufficient energy may ionize an atom by ejecting an 
inner-shell electron. When the electron decays it may produce either an Auger electron, or an 
x-ray photon with a characteristic energy for this transition and therefore, and as a 
consequence it characterizes the ionized element. X-ray photons may be detected by an 
energy dispersive spectrometer (EDS). In such a detector a liquid-nitrogen cooled Si(Li) 
detector is used, which may be positioned at a few millimeters away from the specimen. In the 
Si crystal, a quantum produces conduction electrons in an amount that is proportional to its 
energy. The current produced is converted to a voltage proportional to the current. The 
occurrence of such steps is counted in a multichannel analyzer in which for each voltage step 
an appropriate channel is allocated. When a heterogeneous specimen is analyzed, one should 
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keep in mind that the investigated volume will vary depending on the atomic weight of the 
element. Light elements, like B and C, have a high absorption of low energy x-rays and the 
accuracy in the quantitative analysis of these elements is lower than for heavier elements.  

2.1.2 Electron Backscattered pattern microscopy  

Electron Backscattered Diffraction (EBSD) is also known as Kikuchi diffraction (KD), or 
electron backscatter pattern technique (EBSP). EBSD can give information about the crystal 
structure and orientation of the grains in a crystalline material. Consider an electron beam 
irradiating a crystal as illustrated in Figure 2.2. The primary electrons are diffusely scattered 
in all directions, and consequently part of them impinges on a given set of lattice planes {hkl} 
at the Bragg angle, θ [7, see also Chapter 5 of this thesis]. Although the Bragg angle depends 
on the wavelength of the electrons, see equation 2.1, the relative change in wavelength due to 
inelastic scattering in an electron microscope is relatively small and therefore both elastically 
and inelastically scattered electrons may contribute to Bragg diffraction at approximately the 
same angle.  

θλ sin2dn = hkl           2.1 

Here λ is the De Broglie wavelength, dhkl is the plane distance and θ is the half angle between 
the incident and the scattered beam. The trajectories of these electrons constitute two cones on 
either sides of the diffraction set of planes with an apex half-angle of 90o- θ to the plane 
normal <hkl>. These are known as Kossel cones. When the backscattered electrons are 
recorded on a phosphor screen, the interception of a pair of Kossel cones with the screen is 
seen as a pair of hyperbolas, which approximate to straight lines (Kikuchi lines) because the 
Bragg angle is relatively small.  

 

Figure 2.2: Set up in SEM equipped with phosphor screen to detect Kikuchi lines and 
determination of crystal orientation.   
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Figure 2.3 shows a typical indexed EBSD pattern. The distance between a pair of Kikuchi 
lines is related to the interplanar distance of the corresponding lattice planes and the angles 
between different pairs of Kikuchi lines represent the angular relationships in the crystal. The 
pattern therefore contains many important characteristics of the crystal and the orientation of 
the crystal can be determined from the position of the lines.  

 

Figure 2.3: Indexed EBSD pattern of bcc lattice performed by OIM. 

The principle of EBSD has been implemented into the SEM for phase determination and 
orientation mapping. The most popular commercial names for the automation include the 
Orientation Imaging Microscopy (OIM) and Automated Crystal Orientation Mapping 
(ACOM). The specimen surface is oriented about 70o tilted with respect to the electron beam 
in order to promote backscatter diffraction. The electron beam subsequently scans across the 
area of interest on the surface, and at each position the backscatter is recorded an analyzed. 
This allows for a fast mapping of the texture of polycrystalline materials, together with the 
phase identification from a limited number of pre-selected phases. The orientation resolution 
that can be obtained from the pattern is of the order of 1o.  

2.1.3 Transmission electron microscopy 

When a higher resolution is necessary the analytical Transmission Electron Microscope 
(TEM) is used. The schematic representation of a TEM is depicted in Figure 2.4. A field 
emission gun emits the electrons that are focused by using several electromagnetic lenses and 
electrical deflectors. The most straight-forward way to obtain information is to form an image 
of the transmitted beam [8]. This is called bright-field imaging. Some of the electrons, 
however, are elastically scattered leading to diffracted beams. In the normal bright-field mode, 
diffracted beams are not allowed to pass through the objective aperture.     
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Figure 2.4: Schematic representation of a transmission electron microscope. 

The information of an image of the sample is not the only way to obtain structural 
information. Another possibility is to use the diffracted beams more explicitly. Some 
applications of the electron beams can be found in [9]. This technique, that resembles other 
diffraction techniques, can provide information about the atomic structure of the sample. A 
diffraction pattern is obtained in the following way. For the directions in which the Bragg’s 
law is satisfied, constructive interference of scattered electrons may lead to a diffracted beam. 
The intensity of these beams is proportional to the lattice structure factor 2F for the unit cell, 
where:  

jrgi

j
j efgF ⋅−⎟

⎠
⎞

⎜
⎝
⎛= ∑ π

λ
2sin)(

→→→ θ ,         2.2 

in which denotes the reciprocal lattice vector, equals to , i.e. the difference between the 
diffracted and the incident beams, and  is the position of the atoms in the lattice. The 
summation is over the atoms in the unit cell. 

→

g 0

→→

− kk

jr
→

)/(sin λθjf  is the atomic scattering factor. For the 
typical electron case, Bragg angles must be very small for considerable diffraction to take 
place. This is not the case for x-ray and neutron diffraction. The result of such calculation is 
that for most crystals not all reflections are present. For instance, in fcc lattice only those 
reflections for which h, k and l are all even or uneven are actually present.   

All beams for which the structure factor (and the transmitted beam) is not equal to zero 
are focused in the back-focal-plane of the objective lens. By suitable settings of the 
intermediate lenses, an image of this diffraction pattern can be obtained on the viewing screen 
or on a photographic plate. By placing an aperture in the image plane of the objective lens, 
only that part of the specimen that is located inside of this aperture will contribute to the 
diffraction pattern. This technique is called Selected Area Diffraction (SAD) and it is used to 
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obtain certain information of a single grain or large precipitate in a specimen. If a material is 
polycrystalline with a grain size much smaller than the beam, many grains will contribute to 
the diffraction pattern and a ring pattern, instead of points, is formed.  

Making use of a diffracted beam instead of a transmitted beam is called dark-field 
ima

 it is often better to tilt the crystal slightly further by 
suc

ging. Since the diffracted beams usually do not coincide with the optical axis of the 
microscope, the image will not be of maximum quality, as far as spherical aberration is 
concerned. To overcome this problem the beam is tilted in such a way that the desired 
diffracted beam passes along the optical axis. Application of this technique leads to high 
contrast images of several types of defects. Whenever an image of a lattice is formed by 
diffraction contrast, the specimen is tilted into a so called two-beam condition. In this way 
only one set of diffracting planes contributes to the image formation, which makes 
interpretation of the micrograph easier.  

When dislocations are to be imaged,
h an amount that the Bragg condition is fulfilled within a small region near the dislocation. 

The deviation from the exact Bragg condition →

)(s for a perfect crystal is then given 

by
→→→→

+=− sgkk 0 . This way a high resolution image is obtained, in which the dislocation shows 
up as a white line. This is called weak beam imaging for 3.0≈

→

s  nm-1. The amount of extra 
tilting can be determined accurately by the relative position e Kikuchi lines with respect 
to its associated diffraction spot, which is determined by the direction of the incident beam. 
As consequence, the exact deviation from the Bragg condition is specified, and a numerical 
value of  

→

s  can be obtained. In laser treated samples, the internal stresses can be so high that 
the Kikuchi patterns become faint or are not resolved. In such cases 

→

s cannot be determined, 
and one should tilt the sample until a reasonable contrast is achieved The magnitude of 

→

s is 
related quantitatively to the resolution of a dislocation image in the following way. The width 
of a dislocation image is approximately g

of th

. 

ξ3.0 . Here gξ is the extinction distance for a certain 
reflection, and is in the order of 15 to 200 for most metals. If the lattice is tilted away from 
the exact Bragg condition the effective extinction distance, eff

gξ , is reduced and the width of a 
dislocation image can be decreased to values of 1 to 5nm. 

Application of the kinematical theory for electron d

 nm 

iffraction, which assumes that the 
crystal is so thin or 

→

s is so large that the intensity of the diffracted beam is small compared to 
the intensity of the transmitted beam, results in the following expression for the amplitude of 
the diffracted beam: 

 

∫ −Φ=Φ
t

isgz

g
g dzei

0

2
0

π

ξ
π ,         2.3 

 
here t is the thickness of the foil. Evaluation of the integral yields the following expression w

for the diffracted intensity as a function of the foil thickness: 
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2

2

2

2

)(
)(sin

s
tsI

g
g π

π
ξ
π

= ,          2.4 

 
provided that , i.e. the kinematical theory is applicable. It is easy to see that the 
diffracted intensity oscillates as a function of depth, giving rise to the so called thickness 
fringes. These fringes, occurring with a periodicity , can be used to estimate the foil 
thickness. Such an estimate must be done carefully, because of a small deviation from the 
Bragg condition already results in a significant effect on the extinction distance. Therefore, 
the value obtained must be regarded as an upper limit rather than a precise value. Contrast of 
lattice imperfection is given by a modified version of equation 2.4 [

1−>> ggs ξ

eff
gξ

10]:    
 

∫
→→

⋅+−Φ=Φ
t

Rgsgzi

g
g dzei

0

)(2
0

π

ξ
π ,        2.5 

 
where describes the displacement of a particular atom from a perfect lattice, in the vicinity 
of an imperfection. The displacement can be calculated using isotropic linear elasticity theory 
[10]. Although a precise calculation of the image contrast of dislocation is quite complicated, 
this equation allows one to predict the visibility of a dislocation.  

→

R

In TEM the diffraction pattern is sometimes not sufficient for the complete 
characterization of a material because the measurement of lattice parameters is not as accurate 
as in x-ray diffraction. In such a case, EDS can be used to describe the material.  For that, in 
transmission microscopy, the sample holder has to provide a low background to avoid 
disturbances in the spectra. In this work, the phase analysis of the clad layers performed by 
XRD is complemented with TEM-EDS to characterize the various phases.  

 
2.2 The white light confocal microscopy  

 
The principle of the confocal microscope is rather simple and was presented by Minsky 
[11,12]. Light emitted from a laser or white light source passes an illumination pinhole, a 
beam splitter and an objective lens, which converges the beam onto the sample. The setup is 
chosen in such a way that only when the beam is focused on the surface the reflected light, 
converges again by the objective lens and is redirected by the beam splitter, passes the 
confocal or detector pinhole after which it is collected by a detector. When the surface is 
slightly out of focus, less reflected light will pass the pinhole and reach the detector.  
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Figure 2.5: Schematics of basic construction of a confocal microscope [13]. 

 
In a modern confocal microscope, the principle of Minsky is slightly modified. Figure 2.5 

shows the schematics of such a microscope. A collimator lens creates a parallel beam, which 
passes first through a splitter and then through a rotating Nipkow disk, which acts as a 
multiple point source scanning the surface. The light from a single hole in the disk is focused 
on the surface by the objective lens. When the specimen is exactly in focus, the reflected light 
will be refocused onto the same hole in the Nipkow disk, after which the beam splitter and an 
imaging lens will form an image on the detector. The Nipkow disk, which is in fact both the 
illumination and detector pinhole, makes it possible to get topographic information from a 
fixed grid of points with a single capture of the CCD detector. The objective lens can be 
moved very accurately using a piezo-device, bringing the different parts of the specimen in 
focus.  

The intensity of the beam at the detector can be described by the simple formula:   
 

2

0 )cos1(
))cos1(sin()( ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−

−
=

α
α

kz
kzIzI ,        

 2.6 
 
where α is the aperture angle of the objective lens, k is the wavenumber of the radiation, z is 
the defocusing coordinate an I0 is the intensity at the detector when the sample is exactly in 
focus (z = 0). The variation of I with z is given in Figure 2.6.  
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Figure 2.6: I(z) as a function of the relative position of the focal z for the objectives: 10x, 20x 
and 50x.  

Since all points in the grid are moved through focus, the problem of finding the height at a 
point x ,y is reduced to calculating the center of gravity of the peak in equation 2.6:  

 

∑

∑

∈

∈

⋅

=

FWHMZ
k

FWHMZ
k

k

k

ZYXI

ZZkYXI
yxh

),,(

),,(
),( ,         2.7 

 
where the summation is only taken over those zk values within peak’s full width at half 
maximum to reduce noise effects occurring in the profile’s tail.     
 
2.3 Mechanical testing 
 
2.3.1 Vickers indentation hardness test 
 
Hardness measurements are used in this work to obtain information on the mechanical 
properties of the clad layers, substrate and hardened material.   

The Vickers hardness test method consists of indenting the test material with a diamond 
indenter, in the form of a pyramid with a square base and a top angle of 136 degrees between 
opposite faces subjected to a load of 1 to 3 N. The full load is normally applied for 10 to 15 
seconds. The two diagonals of the indentation left in the surface of the material after removal 
of the load are measured using a microscope and their average calculated. The area of the 
sloping surface of the indentation is calculated. The Vickers hardness is the quotient obtained 
by dividing the load by the area squared of indentation. The measurements are performed in 
cross sections of the materials that have been ground and polished to eliminate the macro-
roughness. The depth of the work hardened zone is negligibly small as compared to the depth 
of the indentation so that it does not influence the measurement. These kinds of measurement 
reveal the strength of a material due to a combined effect of yield strength and strain 
hardening. 
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2.3.2 Wear dry sliding test  
 
The principal goal of laser surface treatments is to create a hard, strong and wear resistant 
surface. The theory of wear is quite complicated, since wear may manifest in several ways. 
Depending on the nature of the counteracting bodies, on the environmental conditions, and on 
the applied contact pressure, one or more of the following plasticity dominated wear 
mechanisms will usually operate: adhesive, abrasive or surface fatigue [14]. At high sliding 
velocities, oxidation or even melting may play a role. For a more detailed description of the 
mentioned wear mechanisms, reference is made to the textbook by Halling [15], who also 
paid attention to the effect of lubrication, different material combinations, stress distribution, 
surface roughness etc.    

In this work the CSM High-Temperature Tribometer is used to perform the pin on disk 
test to investigate the wear properties of laser deposited clad layers. The instrument can 
perform on the following ranges of parameters: temperature, up to 800 oC; load, up to 60 N; 
friction force, up to 10 N; rotation speed, between 0.3 - 500 rpm and sensitivity of the lever of 
about 20 nm.  Dry sliding test, Figure 2.6, is performed with a flat or a sphere shaped indenter 
loaded on to the test sample. A pin is mounted on a stiff lever, designed as a frictionless force 
transducer and the sample is always sliding, resulting frictional forces acting between the pin 
and the sample, which are measured by very small deflections of the lever. Wear coefficients 
for both the sample and material are calculated from the volume of the material lost during a 
specific friction run. This simple method facilitates the determination and study of friction and 
wear behavior of almost every solid state material combination, with varying time, contact 
pressure, velocity, temperature, humidity, lubricants, etc. 

 

Figure 2.7: Schematics of pin on disc test used for dry sliding wear test. 
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33 Laser surface engineering 

 
The subject of this chapter is the analysis of laser surface treatment 
processes that are applied to improve the surface properties of metals and 
alloys. First, the laser hardening technique is evaluated in terms of the 
microstructure transformations in gray cast iron, a material that is widely 
used in automotive engines. Then, the laser cladding processes with the 
coaxial and the side setups are evaluated by empirical and statistical 
analyses to determine the optimal process window that prioritizes the clad 
quality and the efficiency of the technique.  
 

3.1 Laser surface engineering techniques 
 
Laser surface treatments have been investigated extensively. The oldest paper in laser surface 
remelting of cast iron dated from 1969 and concentrated on the track geometry and surface 
topography [1]. Cracks, pores and other defects at the melted surface were always a problem 
and they still are to date. Nowadays laser surface hardening is used for many applications to 
improve the mechanical properties. Considerable research was done on the mechanical 
properties of the modified layers. The most common property to be measured is the micro 
hardness and this was described in nearly all the papers on laser surface treatment. Other 
properties like the wear- and corrosion resistance have also been thoroughly investigated. It is 
known that the wear resistance improves with a factor of 2 after a pin-on-disc type wear test 
and others investigated the roughness at various stages of running-in wear on the laser treated 
material [2,3]. 

When a high power laser is used as a heat source, the surface of materials can be 
improved by processes that are grouped in two categories. The first is a method when no 
additional material is deposited on the surface of an alloy and the improvement of properties 
is achieved via phase transformations. That is the case of the laser hardening and the laser 
remelting techniques. The other category is where an additional amount of a more resistant 
material is added to the surface of a less resistant alloy by the so called laser-melt particle 
injection and laser cladding technique that exists in the coaxial and the side way injection of 
particles. There are many advantages in the utilization of these techniques as for example: the 
treatment of hard-to-reach surfaces, narrow or strange shaped surfaces, accurate control and 
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reproducibility. For the success of each technique, it is essential to choose the right 
combination of parameters. However, due to the complex interactions of the laser with 
different materials and the diverse application mode to find the optimal application conditions 
is not always a straightforward task. This work aims at showing how the application of three 
different modes of laser surface engineering techniques (laser hardening of gray cast iron, 
laser cladding with the coaxial and the side setup) can be analyzed for its improvement.    

 
3.1.1 Laser transformation hardening and remelting of grey cast iron 
 
The improvement of the materials properties can be done by transforming its microstructure 
by a controlled application of heat. Independently of the technique used for the application of 
heat, the most important factor is material related, that is, the alloy system that is being 
investigated and the possible phase transformations. It is necessary, therefore, to study and to 
describe the alloy system before the material is processed.  

In this work, gray cast iron was investigated. Gray cast iron is widely used in engines 
because of the low price, good castability and excellent machinery desirable in the finishing of 
parts. Pressure by the European norms to reduce the pollution and the demand for high 
performance engines provides an impetus for the improvement of the mechanical properties. 
Figure 3.1 is the phase diagram of the Fe-Fe3C in equilibrium [4] system that provides 
information about all possible phase transformations in the steel and cast iron compositional 
ranges under thermodynamic equilibrium conditions. Based on the data of the diagrams, the 
process can be tailored according the transformation temperatures so that the desirable phases 
are formed.  

 
Figure 3.1: Binary Fe-Fe3C Phase diagram and the unit cells structures of austenite and 
ferrite.  
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Figure 3.2 shows what is expected when an ideal laser transformation hardening process 
is applied to steel. While a high power laser scans the surface of the material its surface heats 
up. The surface temperature is then measured and controlled by a device (as for example, a 
pyrometer) so that the desirable phase transformations take place. Assume that the initial 
microstructure is composed of ferrite and pearlite (a fine lamellar structure of alternating 
platelets of ferrite and iron carbide). During slow heating the ferrite and the pearlite will be 
transformed to austenite above 726 oC. As the laser beam moves away, the initially heated 
region cools down rapidly due to heat conduction into the metal and martensite is formed 
increasing the hardness at and near the surface of the piece.  

 
                 Figure 3.2: Schematics of laser transformation hardening applied on steel. 
 
Another process that also leads to the improvement of surface properties is performed 

when the transformation temperature is attained and the melting temperature is reached, for 
steel that is around 1150 oC. In this case, a part of the material adjacent to the surface melts 
and resolidifies when the laser beam has moved away. Due to the melting and resolidification 
process, usually the crystal growth is quenched due to rapid cooling and therefore a refined 
structure with improved hardness and wear resistance is attained. This surface treatment is the 
so-called laser remelting. 

Cast irons embrace a large family of ferrous alloys. Cast iron alloys contain more than 2 
wt % carbon and 1 to 3 wt % silicon. Wide variations in properties can be achieved by varying 
the balance between carbon and silicon, by alloying with metallic and non-metallic elements, 
and by varying melting, casting and heat treating practice. Cast irons, as the name implies, are 
intended to be cast for shaping the product rather than formed in the solid state. The 
advantages of cast irons are low melting temperatures. They are very fluid when molten, do 
not form undesired surface films when poured and they undergo slight shrinkage during 
solidification and cooling. However, cast irons have relatively low impact resistance and 
ductility, which may limit their use. 

Mechanical properties, like strength and elasticity of cast irons depend strongly on 
structure and distribution of microstructural constituents. The damping capacity, thermal 
conductivity and other physical properties are mostly influenced by the microstructural feature 
called free graphite. Shape and distribution of free graphite are more important than 
composition for cast irons. In many instances, iron of a given composition can be made into 
four basic types by varying casting or heat treating practice. The four basic types of cast irons 
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are white iron, gray iron, ductile white iron and malleable iron. White and gray cast iron 
derive their name from the appearance of their fracture surface. White cast iron is formed 
when carbon in the molten iron does not form graphite but remains combined with iron, often 
in the form of massive carbides. In the fracture surface these carbides are seen as white 
regions giving white iron its name. Gray cast iron on the other hand reveals a gray fracture 
surface. The reason for the gray fracture surface is that carbon in the material form large 
graphite flakes and fracture paths follow these flakes. The fracture surfaces appear gray due to 
the predominance of graphite flakes.  Ductile iron derives its name by the fact that in cast 
form it has a measurable ductility. White and gray cast iron are not very ductile in tensile 
tests. Malleable iron is cast as white iron which is heat treated to improve the ductility of the 
otherwise brittle material. The material in our experiments is of the type gray cast iron, with 
the commercial name GG25 [5]. Its composition is given in Table 3.1.  

Table 3.1: Chemical compositions of gray cast iron 
Element wt % 
C 3.30 – 3.55 
Si 1.80 – 2.20 
Mn 0.50 – 0.90 
P < 0.01 
S <0.13 
Cr 0.20 – 0.40 
Cu or Ni 0.40 – 0.60 

 
Except for carbon, Si and P determine the metallurgy of cast iron affecting the condition and 
the kinetics of carbide formation on cooling. The carbon equivalence (CE) is a method that 
often is used to simplify evaluation of the effect of composition in cast irons and it is defined 
as: 
 

)(
3
1 PSiCCE ++=  .         3.1 

 
Comparison of CE with the eutectic composition in the binary Fe-C phase diagram will 

indicate whether a cast iron will behave as a hypoeutectic or hypereutectic alloy during 
solidification. When the CE is near the eutectic value, the liquid state still exist at a relatively 
low temperature and solidification takes place over a small temperature range. This is 
important for the uniformity of the properties when casting. According to the binary phase 
diagram is the eutectic point at a CE of 4.30 wt %. This would mean that the solidification 
process of GG25 behaves as an eutectic material. 

Seven types of graphite precipitates are established by the American Society for Testing 
and Materials (ASTM) [5]. The graphite in our cast iron is of type VII, flake graphite. Gray 
cast iron has several unique properties that are derived from the existence of these graphite 
flakes in the microstructure. It can be machined easily and it has outstanding properties for 
applications involving vibrational damping and thermal shock. Flake graphite is formed with 
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low cooling rate with enough time for carbon to diffuse and form flakes that can be 
subdivided into 5 types which designated by the letters A through E. Type A is the most 
uniformly distributed, randomly oriented and it is superior to other types of flakes in certain 
wear applications and internal combustion engines. It is good for vibrational damping, impact 
resistance and thermal conductivity. GG25 cast iron has type A graphite flakes in a pearlite 
matrix. According to the stable binary Fe-Fe3C phase diagram associated with extremely slow 
cooling, the iron and carbon would solidify to graphite flakes in a ferrite matrix. The matrix of 
GG25 cast iron is pearlite with lamellae of ferrite and Fe3C (cementite). An explanation of a 
pearlite matrix can be found in the metastable binary Fe-Fe3C phase diagram. This phase 
diagram is associated with a reasonable cooling rate with time scale that not all the carbon can 
diffuse. The mechanisms of solidification are now discussed.  

As the temperature decreases, so does the carbon solubility in the austenite. The carbon 
atoms are diffused outwards from the austenite to graphite flakes and a new Fe3C phase. The 
carbon solubility decreases even dramatically when austenite is transformed to ferrite. Ferrite 
can only contain a very small amount of carbon and therefore the carbon atoms are diffused to 
the tips of the adjacent cementite lamellae. Similarly are the Fe atoms rejected from the 
cementite to the ferrite. As the temperature decreases, the matrix will undergo an eutectoid 
transformation. Figure 3.3 shows how ferrite and cementite can grow cooperatively during the 
transformation front. 

 
                     Figure 3.3: Growth of eutectoid front with diffusion in austenite. 
 

This mechanism is concluded from the experimental observation by the fact that no isolated 
cementite is observed but only lamellae cementite. The complete dissolution of the metastable 
cementite is prevented by a fast cooling rate. Because a lot of free carbon in the form of 
graphite flakes or globules are present, the laser cladding on cast iron is not easy and therefore 
also not very frequently reported in the literature [6,7,8,9]. 

The process of hardening of cast irons involves the formation of the metastable martensite 
phase which is extremely hard and brittle if compared to ferritic and austenitic phases. The 
transformations at heating and cooling leading to the formation of martensite are described 
with the aid of the binary Fe-Fe3C phase diagram, Figure 3.1. 

First, the transformation from ferrite to austenite upon heating will be described. The 
pearlite consists of lamellae of ferrite and cementite. As the pearlite is heated up, a 
transformation of ferrite to austenite occurs at 912 oC, that is, the crystal structure changes 
from body centered cubic (bcc) to face centered cubic (fcc). If the heating rate is high, the 
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ferrite would directly transform to austenite without diffusion of large amounts of carbon from 
cementite. The next step involves the transformation at cooling. At low cooling rate austenite 
would transform back to ferrite. A remarkable phenomenon happens at high cooling rate. In 
such a situation the atoms are trapped in a metastable phase as a result of the short time lapse 
to rearrange to the original configuration. It may be thought as a transformation product that is 
competitive with pearlite and the bainite. The martensitic transformation occurs when the 
cooling rate is high enough to prevent carbon diffusion.  

The martensite phase transformation can be illustrated at the atomic level. It is known that 
austenite (fcc) experiences a polymorphic diffusionless transformation to body centered 
tetragonal martensite (bct) under the growth speed of approximately 1000m/s [10]. E. C. Bain 
demonstrated in 1924 his model for the fcc→ bct model, Figure 3.4. 

 

 
Figure 3.4: Overview resembles A) fcc, B) bcc and C) bct lattices in the Bain transformation 
[11].  
 
In three steps of Figure 3.4 it is shown how the bct lattice can be obtained from the fcc 
structure with a minimum of atomic movements and a minimum of strain in the parent lattice. 
In B it is shown how an elongated unit cell of bcc can be drawn within two fcc cells. In C the 
transformation from bct to bcc unit cell is achieved by a contraction of 20% of the length c 
and an elongation of 12 % in the length a. All the carbon atoms remain as interstitial 
impurities in martensite, the possible positions of the carbon atoms are marked by x in the bct 
unit cell. 

The cooling rate is such that the majority of carbon atoms in solution on the fcc γ-Fe 
remain in solution in the α-Fe, making the martensite actually a supersaturated solid solution 
of carbon in ferrite. This super saturated solid solution is in theory capable to transform to 
another structure when the diffusion rate becomes sufficient. At room temperature the 
martensite is almost fully stable. However, as mentioned, martensite and pearlite grow in 
competition when the austenite is cooled down; therefore in order to create martensite, the 
formation of pearlite has to be prevented under a certain cooling rate. To visualize the 
influence of time and temperature on the microstructure a Time Temperature Transformation 
reaction diagram (TTT diagram) can be used. Figure 3.5 is a TTT diagram for a cast iron with 
chemical equivalent to the composition of the cast iron, GG25, used in this work [12]. To 
prevent the formation of pearlite, the cooling rate has to be such that the pearlite 
transformation can not start. This minimum cooling rate needed to form martensite is derived 
as a straight line in the TTT diagram, which is approximately 70 oC /s.  
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Figure 3.5: TTT diagram of cast iron with a chemical composition similar to GG25 predicts 
the martensitic transformation above 70 oC/s [12]. 

 
The main advantage that justifies the application of the laser surface hardening is that the 

cooling rates are extremely fast due to the high temperature gradient applied locally on a small 
volume at the surface of a relatively massive and cold workpiece. Furthermore, the cooling 
rate is simply controlled by the scanning speed that moves the heat source away. As a result 
the hardness achieved by this process is usually very high. The challenge is to control the 
surface temperature during hardening. The surface temperature can be measured by a 
pyrometer and a feed back system controls the laser power to keep the surface temperature on 
the required level. In this way, a control of temperature can result in a more homogeneous 
hardened zone.   

 
3.1.2 Laser cladding    
 
Laser cladding is a technique that allows the deposition of thick protective coatings on weaker 
substrates. The process can be described as the addition of one material by alloying on the 
surface of the substrate, where the heat source is a high power laser beam. The resulting 
thickness of the clad corresponds to the molten region volume, which is typically 50 µm to 2 
mm in one step. Once a thicker protection layer is needed, the process can be applied again.  

The laser cladding process can be executed in three different ways. Using the pre-placed 
powder the alloying material is applied in the form of slurry [13,14]. This process has usually 
a small processing window, is time-consuming and also sometimes difficult to adapt on 
complex geometrical shapes. Secondly, the clad material can be delivered by wire feeding to 
the melt pool. This process is difficult to control, which usually leads to high dilution rates. 
Finally, the laser cladding by powder injection is an attractive methodology and is the subject 
of this section.    
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In this process a carrier gas is used to form an alloying powder stream blown under the 
laser beam while it scans the surface of the substrate generating a melt pool with a depth that 
corresponds to the thickness of a single clad generated in a single step. A fully dense layer can 
be achieved when single tracks consecutively overlap side by side. The process requires 
minimum surface preparation and solves the problem of application in complex geometries. 
There are two ways of feeding powder: from the side or coaxially to the laser beam, see 
Figure 3.6.  

 
  Figure 3.6: Coaxial (left) and side (right) laser cladding set-ups above a moving substrate. 

 
The technique of side-cladding has been extensively described in previous works [15,16]. 

When the powder stream is injected off-axis from the laser beam, the change of substrate 
movement direction leads to completely different local cladding conditions. For instance, a so 
called “against hill” cladding condition takes place when the powder stream is applied from 
the side from which the substrate moves. In this case, the clad powder is trapped temporarily 
in a corner formed between the molten track and the flat substrate. This leads to higher 
powder efficiency than in the so called “over hill” cladding set-up, when the powder is fed 
from opposite side [13,17].  

When the powder stream is delivered coaxially with the laser beam, all directions of the 
substrate movement in a plane perpendicular to the laser beam are equivalent. The coaxial 
laser cladding process is thus independent of the cladding direction. Therefore, it is possible to 
produce equivalent tracks independently of the moving direction of the work piece. The 
advantage of coaxial laser cladding is employed in the formation of metallic parts from 3D 
designs [18,19]. 

 
3.1.3 Characterization of Nd-YAG laser energy distribution 
 

In all the experimental works presented in this thesis a Nd-YAG laser (2kW, Rofin sinar 
CW 20) was used, Figure 3.7. The great advantage of this laser is that the beam can be 
transported through optical fibers because of the small wavelength of 1.06 µm. The active 
medium is solid Neodymium-Yttrium Aluminum Garnet. Although the laser operates in a 
pulse mode, a near continuous mode can be obtained by using a high frequency (100Hz). 
After the beam leaves the fiber it is going through a 200 mm lens system. The spotsize of the 
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beam can be adjusted by changing the out-of-focus distance. Argon gas is used as a shielding 
gas to prevent oxidation of the material and to protect the lens. The characterization of energy 
distribution as a function of the out of focus distance is done with PRIMES Focus monitor. In 
this device a ceramic needle moving with a high speed (1875 rpm) through the beam and it 
measures the intensity. The results are given in Figure 3.8 showing the normalized beam 
energy distribution as a function of the focus distance. 

 
 

 
                   Figure 3.7:  Set up of Nd-YAG laser head with the Maurer pyrometer. 
 

 

 
      Figure 3.8: Normalized energy distribution given as a function of defocus distance. 

 
The beam has a top-hat distribution near the focus point and gets a Gaussian distribution far 
from the focus point. This Gaussian distribution is taken into consideration in further analysis 
for the modeling of the laser beam. The radius of the beam is defined as the value where the 
intensity is 1/e of its maximum value in the centre. Measurements have shown that the 
formula for the calculation of the beam radius is  
 

Drb 09.0= ,                                                                                                            3.2 
 
where rb is the beam radius and D is the defocus distance.  
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3.2 Laser hardening of grey cast iron 
 
3.2.1 Experimental 
 
In laser surface hardening experiments the temperature range between 911.5 oC (α→ γ 
transformation) and 1150 oC (melting point) should be kept. Laser hardening experiments are 
performed with the temperature monitored by a pyrometer Maurer type KTR 1075 with a 
linear conversion of signal voltage of 0 to 10 V corresponding to a temperature range of 400 
to 1500 oC. A computer interface allows the control of the temperature during laser surface 
hardening by responding to the pyrometer measurement with the variation of the laser power 
P, via a linear change of laser lamp pumping power inside an interval of 200-1750 W, Figure 
3.9. Two different laser defocus distances are used which resulted in two different laser beam 
diameters. The defocus distance of 30 mm results in a laser spot with radius rb= 2.7 mm and a 
defocus of 15 mm results in a radius of 1.35 mm. The laser power was gradually increased 
during the formation of single tracks at scanning speeds of 0.5, 2, 5, 10, 15, 25 and 50 mm/s 
with the two laser beam diameters, totalizing into 12 single track samples.  

 
Figure 3.9: A typical temperature and laser power vs. time graphs in the transformation 
range. The straight line is the laser power. T1, T2 and T3 are 1000, 1075 and 1150 oC 
respectively.  

With a radius of 2.7 mm the required temperature range for hardening was only reached at 
scanning speeds from 0.5 to 15mm/s. The lowest scan velocity was not taken into account 
because the pyrometer measurements presented too many fluctuations, while under highest 
scan speed the desired temperature range could not be reached. For the radius of 1.35 mm, 
scanning speeds of 5 to 50 mm/s resulted in the laser tracks within the desired temperature 
range. 
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3.2.2 Geometry of hardened tracks 
 
The influence of the surface temperature and the scan speed on the hardened area were 
investigated. It was chosen to examine the cross sections of the material that experienced 
temperatures T1= 1000 oC, T2= 1075 oC and at the end of the transformation temperature T3= 
1150o C. An SEM micrograph of a laser track cross section is given in Figure 3.10 with an 
indication of the depth and width that were measured. The positions of the interesting 
temperatures are marked on the single tracks and cross sections are made. Eight different laser 
tracks with three cross sections each are selected, therefore 24 cross sections are necessary to 
explore the influence of the scan speed and surface temperature on the track geometry.  
 

 
  Figure 3.10: SEM micrograph of laser hardened track with indication of depth and width. 
 

Figure 3.11 brings the results of the laser track depth vs. temperature given for laser beam 
radius rb= 2.7 mm and rb= 1.35 mm respectively.  

 
Figure 3.11: A) track depth vs. surface  temperature graphs, rb= 2.7 mm. B) track depth vs. surface 
temperature graphs, rb= 1.35 mm 
 
From the plots the track depth increases almost linearly with the temperature for the all scan 
speeds at both laser beam radius. The tracks vary in depths from 250 µm at the highest scan 
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speed to depths of 500 µm at the lowest scan speed for hardening with beam radius rb= 1.35 
mm. Hardening with rb= 2.7 mm results in tracks with depths that vary from 500 µm, at 
highest speed, to 800 µm, at lower scan speed. The slopes of the fitted lines are nearly 
equivalent to each other, except the slope for the scan speed 2 mm/s. At this speed, the laser 
power applied was around 400 W, which is low and therefore difficult to keep at a stable 
level. The slopes of the fitted depth vs. temperature curves of hardening are nearly equivalent. 
This would mean that the increase in track depth per increase in surface temperature is 
equivalent in all scanning speeds. The interaction time is simply the beam diameter divided by 
the scan speed. The graphs show that the track depth strongly depends on the interaction time: 
an increase in interaction increases the track depth.   
Figure 3.12 shows the width of the track and the corresponding surface temperature. From the 
plots a linear relationship is observed between the track width and the surface temperature. 
Hardening with a beam radius of rb= 2.7 mm results in variations of width from 3.5 mm at low 
surface temperature to 4.8 mm at high surface temperature and high scan speeds. The line 
width of the scan speed 2 mm/s has a lower slope than those of speeds 10 and 15 mm/s. In the 
case of hardening with a beam radius 1.35 mm the variation of track width is from 2 mm at 
low surface temperature to 3.1 mm at high surface temperature and high scan speeds. Another 
observation of the graphs is the fact that the track width is nearly constant for all scan speeds 
at surface temperature of 1000 oC. For the radius 2.7 mm, the track width at 1000 oC is around 
3.6 mm and for the radius 1.35 mm, approximately 2.1 mm. The steepness of the curves 
increases as the scan speed increases. At high scan speeds also the power is high so as to 
maintain the surface temperature.  

Figure 3.12: A) track width vs. surface  temperature graphs, rb= 2.7 mm. B) track depth vs. surface 
temperature graphs, rb= 1.35 mm 
 
3.2.3 Characterization of hardened gray cast iron 
 

Microstructure of untransformed zone.  
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From literature [5] it is known that GG25 cast iron has a microstructure with pearlite 
matrix and randomly oriented and distributed graphite flakes. The Figure 3.13 brings SEM 
and optical micrographs of the GG25 gray cast iron.  

 

 
Figure 3.13: A) SEM micrograph of un-etched cast iron showing the graphite flakes, B) 
Optical micrographs of nital etched cast iron reveal pearlitic microstructure and MnS 
particles, indicated by arrow. 

 
In order to check the degree of success of the laser surface hardening the microstructure is 

characterized by XRD analysis and SEM-EDS. X-ray diffraction (XRD) with λCuKα= 1.542 Å 
energy in the range of 2θ: 20-120o was performed on the base material and on the surface of 
the hardened track, Figure 3.14. The phases are identified according to the Powder Diffraction 
Database (PDF) and to an article of Zarubova [20]. 

 
        Figure 3.14: XRD spectra of transformed material surface and base material. 
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The XRD spectrum, associated with the EDS and SEM analyses, of the non-treated 
material indicates the presence of the following microstructural features in the substrate: 
ferrite, cementite, MnS, steadite and graphite. If this pattern is compared with pattern of the 
hardened material it can be seen that some retained austenite was formed. The material melts 
are due to high carbon content > 1%, the martensite starting temperature decreases below 
room temperature and austenite is retained. Martensite peaks are compared with theoretically 
calculated peaks of bct crystal diffraction with lattice parameters involving carbon content of 
1.8 wt%. The positions of the peaks are similar. A strong peak at 2θ = 31.6o is identified as 
iron oxides, F2O3. 

 
Microstructure of transformed zone.  

 
Microscopic observations show that the hardened tracks are composed of three regions, 

Figure 3.15. There is an indication melting present at the track surface, even in samples with a 
measured surface temperature of 1000 oC. Melting is not desired in this case because of the 
residual stress that may cause cracks and roughening of the surface, which requires further 
polishing and grinding before use. Melting was always in the middle of the track surface. This 
can be explained by the fact that due to the circular beam shape the time spent under the 
centre of the beam is longer than at the sides. The Gaussian energy distribution provokes a 
higher temperature in the centre of the beam. The pyrometer measures the temperature over a 
certain area and provides only an average temperature. The real surface temperature in the 
track centre is higher than the temperature indicated by the pyrometer. 

 
Figure 3.15: Optical micrograph of laser hardened track with three zones.  Scanning speed 5 
mm/s, rb= 1.35 mm and Tsurf= 1075 oC.   
 
 The transformed region is the area where the graphite flakes are left intact and where the 
pearlite matrix has transformed. This region clearly differs in microstructure from the non-
transformed base material. A remarkable structural observation is the fine stripping, 
representing the cemenite lamellae. This is observed throughout the whole transformed zone 
sometimes up to the melt boundary. The boundary between the base material and the 
transformed region is quite sharp and irregular due to the lamellae of ferrite and cementite. 

The microstructure between the transformed and non-transformed boundary consists of 
residual cementite which remains undissolved during the heating period, revealing that the 
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heating rate was high. Between the residual cementite fine martensite plates are observed, see 
Figure 3.16. Relevant information about the transformation mechanism during heating can be 
taken from these micrographs. It shows evidence of transition from ferrite to martensitic 
plates located between the cementite lamellae.  

 

  
Figure 3.16: Sample processed at 30mm/s. A) Boundary between the transformed and 
untransformed zones. B) Martensite plates between Fe3C (cementite) plates. 
 

Due to the increasing peak temperature and a longer heating time, the content of dissolved 
carbon in austenite increases. As a consequence the martensite morphology and the amount of 
retained austenite changes significantly throughout the hardened track. From the boundary 
with the untransformed zone towards the surface the cementite plates tend to decrease its 
thickness until it is completely dissolved. Still in the non-molten zone it is possible to observe 
traces of the original pearlitic structure. This apparent pearlite is known as ghost pearlite in 
retained austenite, Figure 3.17. Although carbon has diffused from cementite, the original 
pearlitic structure indicates that chemical heterogeneity is present. The presence of one phase 
is proven by the fact that the martensite plates pass through several lamellae in the ghost 
pearlitic matrix in, for example, a sample made with laser scan speed of 30 mm/s.  

 

 
Figure 3.17:   Martensite plates are able to cross the ghost of pearlite in the transformed 
zone. 
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Microstructure of resolidified zone.  
 
Towards the melted zone, martensite plates become continuously different. An optical 

micrograph of the resolidified molten zone show large martensite plates with the characteristic 
needle structure, Figure 3.18. In this region of the transformed zone the martensite plate 
become larger and more pronounced due to the large amount of diffused carbon into the 
austenite.  The temperature increases the closest one gets to the surface. Once the cementite 
plates are dissolved the growth of the martensitic plates is not hampered any longer. Midrib 
martensite needles form typical chains observed in the molten area. This structure is 
characteristic for twin martensite with high carbon content [20]. Furthermore the density of 
the martensite plates increases close to the graphite flakes since these are good thermal 
conductors. On the top and centre of the molten surface the microstructure consists mainly of 
retained austenite.  The graphite flakes are dissolved as a result of the laser interaction.  

 

 
Figure 3.18: Melt with retained austenite dendrites and martensite midribs (on the top), on 
the transformed zone graphite flakes are present and there is a high concentration of 
martensite plates. 
 
3.2.4 Transformation hardening mechanism  
 
The kinetics and mechanisms of phase transformation during heating of pearlite to austenite 
can be described with a binary Fe-Fe3C phase diagram and a continuous heating 
transformation (C.H.T.) diagram in the following figure.  
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Figure 3.19: C.H.T. diagram representing the kinetics of pearlite to austenite transformation 
at low (U<U’L) and high (U>UL) heating rates. A1 and A2 given in Fig. 3.1.  
 
The C.H.T. diagram describes the influence of heating rate on transformation mechanism. The 
lines UL and U’L represent high and low heating rates respectively. γ* is the area of 
inhomogeneous austenite. It is known that the pearlite → austenite transformation in laser 
surface hardening can occur by two competing mechanisms: 
 

1) by heterogeneous nucleation and growth depending on the diffusion of carbon. The 
Feα(C) + Fe3C → Feγ transformation occurs and carbon plays a certain role in this 
transformation. The transformation takes place in a temperature interval between 
A1=723o C and A3= 912o C at low parts (U<U’L) of the C.H.T. diagram representing low 
heating rates and temperature gradients. Nucleation of austenite takes place if the time of 
pearlite between A1 and A3 temperatures exceeds the incubation time for nucleation. 
This mechanism depends on the dissolution rate of cementite and diffusion rate of 
carbon in austenite. This mechanism is present at slow heat treatment. 

 
2) by propagation of the α/γ interface. The direct Feα ( + Fe3C) →  Feγ ( + Fe3C) 

transformation occurs and carbon and cementite play a minor role in this transformation. 
The beginning of this transformation takes place at the upper part of the C.H.T. diagram 
and therefore the transformation shifts to the temperatures higher than A3 temperature, 
see temperature T1 in Figure 3.20. This transformation happens at high heating rate and 
depends on the diffusionless transition of ferrite to austenite. 

 
Which of the two mechanisms dominate depends on the temperature gradient and the scan 
speed or in other words the heating rate. Usually in laser transformation hardening there is a 
combination of the two mechanisms.  

Microscopic observations on laser treated samples reveal the presence of undissolved 
cementite near the boundary with the untransformed phase, Figure 3.16. This means that 
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transformation mechanism 2) dominates the transformation with a shift of the transformation 
temperature above A3 temperature. Observations show that even at the lowest scan speed of 2 
mm/s the direct α → γ transformation was dominant over the diffusion controlled mechanism. 
In Figure 3.20 is an illustration of the dissolution of cementite after the α → γ transformation 
according to the heating line U=UL and the various stages of temperatures. 

 
       Figure 3.20: Stages in temperature of cementite dissolution at high heating rates U=UL.. 

 
Phase transformation α → γ starts at T1 and finishes at T2. This microstructure is desired 

because of the high hardness, small stresses and isotropic properties due to the random 
orientation of the martensite needles. At this point the undissolved cementite and austenite 
coexist. As the temperature rises, carbon will diffuse from the cementite to the adjacent 
austenite giving rise to a carbon concentration gradient in T3. Until T4 there is the 
phenomenon of phase heterogeneity. Cementite disappears after T4 but there is still a carbon 
gradient showing the stripping, chemical heterogeneity at T5. As the temperature increases, 
there will be a homogenization in austenite. 
 If austenite is cooled fast enough to prevent the formation of pearlite then a certain 
undercooling can be reached at which the fcc structure looses its mechanical stability and 
forms a distorted bcc lattice (bct) by shear. The temperature at which this diffusionless 
martensite transformation starts is known as the Ms-temperature. It is known that the Ms-
temperature decreases with increasing carbon content [21] and can become below room 
temperature. That is the reason for the presence of a fully austenite region near the melt with 
martensite needles.  
 
3.2.5 Hardness characterization of laser hardened grey cast iron 
 
The hardness is the most important physical property in laser surface hardening. To prove the 
effect of the process Vicker hardness measurements were performed. According to the 
literature gray cast iron has a hardness of approximately 250 HV. The microhardness was 
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measured on perpendicular cross-sections of laser tracks in two directions: track depth and 
width. To have a representative value of the micro hardness, 3 arrays of 13 indents in the 
depth are measured. Measurements in the width are done at 2 arrays of 25 indents. Indents 
influenced by graphite flakes were omitted. 

The measurements are done with a maximum load of 2N for 15 seconds. Samples treated 
with a laser beam radius rb= 2.7 mm with surface temperature of Tsurf= 1000 oC at scan speeds 
of 2, 10 and 15 mm/s are taken to measure the microhardness. Figure 3.21 is an optical 
micrograph with micro indents at the matrix and graphite flakes in the transformed zone.  

 

 
       Figure 3.21: Optical micrograph with micro indents on the transformed zone. 

 
From the hardness plots, Figure 3.22, it is observed that the average hardness increased from 
250 to about 600-900 HV. The variation of hardness depends on the location that the Vickers 
indenter touches the sample. When a higher content of martensite is probed, a higher value of 
hardness is registered.  
 

 
      Figure 3.22: Hardness profiles in samples processed under different processing speeds. 
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 3.3 Analysis of coaxial cladding process  
 
Laser cladding is governed by complex interactions between laser beam, powder and 
substrate. Achieving a high precision in the control of the main process parameters is possible 
but requires a full understanding of the clad formation. The laser cladding process has several 
particular characteristics that govern the process, as for example, shielding gas flow rate, 
energy profile of the laser beam, pulsed or continuous laser beam. However, some of these are 
difficult to measure or to control. In brief, effects of the principal four process parameters are 
the following. Laser power P quantifies the intensity of heat. In combination with substrate 
scanning speed S the parameter P/S is formed, which is related to the heat input. The powder-
feeding rate F controls the amount of material delivered, i.e. the quantity F/S corresponds to 
the amount of powder delivered per unit of clad length. When a powder cloud is present under 
the laser beam, the heat transfer on the substrate is attenuated because of the shielding effect 
due to the powder [18]. Due to the path and time spent under the laser beam, coaxial feeding 
promotes the maximum laser beam attenuation, which may cause a shift of the minimum laser 
power necessary for melting the substrate or substantially change of the laser beam energy 
distribution inside the laser spot. The velocity of the particles vp is mainly controlled by the 
flow of the carrier gas. Usually argon is used as carrier gas as well as shielding gas to protect 
the clad from oxidation. However, vp is not so easy to measure [22]. Therefore the carrier gas 
speed at the nozzle opening is often used as an upper estimate of the particles speed.  

Single laser tracks can be deposited for quite a very broad operational range of the 
processing window. A complete clad layer is formed by a successive deposition of single 
tracks side by side. However, if one wants to build up an optimal clad layer (well-bonded, 
thick, dense and without cracked) the single tracks should fulfill certain geometrical features, 
which can be achieved within a particular processing window.  

In this part a theoretical and experimental study of the laser cladding process coaxial and 
side set-ups are presented aiming at understanding the basic concepts of the process and to 
understand the relations between the main laser cladding parameters and geometrical 
characteristics of an individual laser track. 

The operational window for laser cladding process is usually defined in terms of laser 
power P [W], laser beam scanning speed S [mm/s] and powder feeding rate F [mg/s]. 
Certainly, several others process parameters play a role, such as: laser beam spot size, laser 
beam energy distribution, sort and amount of shielding and carrier gas, size, speed and feeding 
direction of powder particles, etc. A complete description of the laser cladding process is 
rather complex, because of numerous of interactions (laser beam/powder stream, laser 
beam/substrate surface, powder stream/melt pool, powder stream/solid substrate, etc.) and 
physical phenomena are present. Therefore, the experimental examination of the process 
parameters window and a search for relations between the clad track characteristics and 
processing parameters are still necessary for exploration of new coating/substrate 
combinations.  
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It is necessary, therefore, to explore the laser processing window in terms of P, S and F 
parameters and relate them to the main single-track geometric features reducing the needs for 
extensive and time consuming experiments.  Laser cladding experiments with gradually 
increased laser power were performed to deposit superalloy powders on ferrous substrates. In 
this procedure single clad tracks are produced using constant beam radius, processing speed 
and powder feeding rate along the whole laser track length. The clad quality is characterized 
quantitatively by several geometrical parameters measured on the cross-section of these 
tracks. The relations between the processing parameters and the geometrical parameters of the 
transverse cross section are evaluated using statistical analysis and laser cladding processing 
map based on this relations was constructed.   

Prior to the experimental part, however, an attempt is made to describe the melting regime 
of the particle in the coaxial laser from a theoretical viewpoint.   

 
3.3.1 Theoretical calculation of particle melt regime in the coaxial laser setup  
 
Figure 3.23 shows the relevant geometric features of the coaxial laser process. The distance 
between the coaxial nozzle output and the cladding surface Nd is expected to be approximately 
13 mm, due to the fixed shape of the powder cone escaping from the nozzle outlet (diameter 
of 9.5 mm under an angle of θ =70 degrees). The focal point of the laser beam is for the 
coaxial set-up usually positioned close to the nozzle output so as to secure the nozzle by 
minimizing the laser beam radius near it. The laser beam diverges from the focus point in 
angle 2ϕ = 13.7 degrees. These two angles, together with the laser defocus distance, Ld, and 
the nozzle working distance, Nd, are the input variables required to calculate the distance, pd, 
over which powder particles are interacting with the laser beam.  
 

 
Figure 3.23:  Coaxial laser cladding geometry used in experiment and corresponding scheme 
for the calculation of the powder-laser beam interaction area. 

 
The laser power required to melt the substrate and powder, Pms and Pmp, respectively, were 

calculated on the basis of a model suggested by Jouvard et al [23]. The basic assumptions are: 
• the incident energy on the substrate contains two contributions: the energy coming from 

the transmitted beam and the energy coming from particles heated by the laser beam 
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inside the interaction area. Only a fraction of particles, which contributes to the clad layer, 
is assumed to transmit the thermal energy to the substrate; 

• the laser beam is attenuated inside an interaction area by the particle cloud according to 
Lambert-Beer’s law [24]. A coordinate, z, is measured from the point where the 
interaction between the particle cloud and the laser beam starts (see Figure 3.23);  

• the spherical powder is homogeneously dispersed throughout the cross-section of 
interaction area but its concentration decreases with z because of increasing radius of the 
interaction area; 

• the particle velocity inside the interaction zone is constant; 
• heat transfer at the surface of the substrate follows a one-dimensional, semi-infinite wall 

approximation. 
Under these constraints the laser power required to heat the substrate to the melting 

temperature Pm can be written as: 
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where: Tms is the substrate melting temperature, Tis is the substrate initial temperature, ks is the 
substrate thermal conductivity, αs is the substrate thermal diffusivity, tint is the laser 
beam/substrate interaction time, mp is the powder particle mass, Cp is the thermal heat 
capacity of powder material, Tmp is particle melting temperature, Tip is particle initial 
temperature, As is the substrate absorption coefficient, Ap is particle absorption coefficient, Ape 
is the powder cladding efficiency coefficient, Sint is laser beam/substrate interaction area size, 
ε  is the powder extinction coefficient 3(1 ) / 2p p pA rε ρ= − , ρp is the powder material density, 
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rp is radius of powder particle, vp is the powder particle velocity and Sp is the particle cross-
section. 

Solving the integral in Eqs. (3.5) and (3.6) numerically, we calculate Pms and Pmp for all 
our laser cladding experiments, using mainly the input parameters from [23]. These 
calculations revealed an important role of the coaxial laser cladding parameter, namely the 
velocity of powder particles, vp. This velocity is mainly determined by an amount of carrier 
gas used in the powder feeding system. The upper limit of this velocity can be estimated as 
the speed of the carrier gas escaping from the powder nozzle (0.25 – 1.5 m/s for our nozzle 
geometry).           

Figure 3.24 clearly shows the crucial role of the powder particle velocity in the processing 
zone. The laser power required to melt the substrate as well as the clad particles is plotted as a 
function of particle velocity in the case of cladding 60µm size powder on steel substrate. 
Thermal properties of the powder can be found in [14], of substrate material as well as 
absorption coefficients used in this calculation can be found in [12]. The laser defocus 
distance, Ld, was +15 mm, the working distance Nd was 14 mm and the powder efficiency 
coefficient Ape was set to 0.3 for this calculation, which represents a mean value observed in 
our experiments. As Figure 3.24 clearly demonstrates, the powder shielding effect increases 
Pms only at low particles velocities. When the particles velocity is higher than 0.5 m/s the Pms 
change with vp is not significant. On the other hand, the power required for heating the 
powder particle to the melting temperature Pmp increases linearly with particles velocity. The 
intersection of these two graphs forms four different areas for the coaxial cladding regime as 
indicated in Figure 3.25. Inside the area I no cladding occurs. Inside the area II the clad track 
can be formed but the substrate is not melted and therefore no good metallurgical bond is 
formed between the laser track and the substrate. Laser cladding is not successful in this area. 
Somewhere inside the area III the laser cladding process lies in an optimal zone. Area IV may 
be characterized as an area of low efficiency laser cladding. Solid powder particles reach the 
liquid surface with relatively high velocities, which leads to the solid-particle/liquid-surface 
interaction with a high repelling force [18].  

The velocity of clad particles was not varied in our experiments. However, the relatively 
steep dependence of Pmp on particle velocity is a good assumption that for efficient coaxial 
cladding an optimal particle speed can be found for a wide interval of powder sizes and 
properties. 

 
Figure 3.24: Calculated laser 
power required to melt the 
substrate Pms and the particle 
Pmp, as a function of powder 
velocity for coaxial cladding of 
19E Metco powder (80 µm size) 
on C45 steel substrate. Feeding 
rate F = 141.7 mg/s and 
scanning speed S = 4.67 mm/s. 
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3.3.2 Experimental on coaxial cladding process 
 
In our experimental investigations of the coaxial laser process the nickel-chromium based 
alloy powder 19E Sulzer-Metco with mean particle size of 60 µm and the 60 mm diameter bar 
of C45 low-alloyed steel as a substrate were used. Chemical compositions of both materials 
are summarized in Table 3.2. To study the effects of the principal laser cladding parameters 
on the tracks we used a graded experiment [25]. This approach is based on a continuous 
increase of one process parameter while the others are kept fixed. Single clad track 
experiments were performed at all combinations of five different levels of powder feeding 
rates: F = 66.7, 91.7, 116.7, 141.7 and 166.7 mg/s and five scanning speeds: S = 1.67, 2.67, 
3.67, 4.67 and 5.67 mm/s realized through the rotation of substrate bar under coaxial laser 
head. In each single track the laser beam power P increased continuously from 200 to 1500 W 
along one revolution of substrate bar. In brief, 25 laser tracks were performed to explore the 
whole processing window.   

Computer controlled coaxial laser cladding system consists of: Metco 9MP powder 
feeder, coaxial cladding nozzle, XYZ-Rotation CNC table and the 2kW continuous wave 
Rofin Sinar Nd:YAG laser. The laser beam with top-hat energy distribution characteristic was 
focused 15 mm above the substrate resulting in laser beam spot size of 3.2 mm in diameter. 
The computer control allows operating the laser power P during the laser cladding via a linear 
change of laser lamps pumping power inside an interval 200-1750 W.  

Because we study the laser cladding process using a laser power gradient experiment, the 
laser power gradient has to be “reasonably small”. The linear change of laser power along a 
single laser track results in laser power gradient of 6.9 W/mm. The change of the laser power 
inside a processing area is then smaller than 25 W, which seems to be a reasonably small 
value. 

Table 3.2: Chemical composition of clad powder and steel substrate 

 

Element (wt%) 
Material Form Ni Cr Si B Fe Mn Co Mo W C 

19E Powder Bal
. 16 4 4 4 - 2.4 2.4 2.4 0.5 

C45 Bar - 0.20 0.20 - Bal. 0.06 - 0.05 - 0.46 

Figure 3.25 shows a typical cross section of one laser track and defines the main 
geometrical quantities usually used for laser track characterization: clad height H (mm), clad 
width W (mm), clad area Ac (mm2) and molten area Am (mm2). From these characteristics two 
important quantities may be evaluated: dilution D and clad angle α. The dilution quantifies 
the relative amount of the substrate material that has been molten during the cladding process 
and mixed with an additional material, is given as: 

 
/( )m c mD A A A= + .          3.7 
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Although for a good metallurgical bond some dilution between the coating and substrate is 
always required, the fact that the high dilutions may degrade coating properties mean that it 
stays reasonable low. In practice the clad angle α is required to be large enough to avoid 
porosity creation in the coating, while overlapping individual clad tracks. To avoid the 
systematic errors and considerable scatter of data an assumption is often made that the cross 
section of the laser track lies on a circle [26]. The clad angle α can be calculated from laser 
track width W and laser clad height H as [27]:  

 
180 2arctan(2 / )H Wα = − .         3.8 
 
Due to the round shape of substrate, some geometrical features of laser tracks were 

measured using a non-destructive method. A profilometer was used to project the profiles of 
the laser tracks on a screen so that the height, the clad area and the width of the tracks could 
be calculated from digital images, Figure 3.26, using image analysis software. 

 
 

 
Figure 3.25: A typical laser track cross-section with its main geometric characteristics: clad 
height H, clad width W, clad area Ac, molten area Am and clad angle α. 
 

 
Figure 3.26:  Non-destructive profilometer image of laser tracks, which can be used for quick 
evaluation of laser track geometric characteristics. 

 
This method is interesting when one needs quick method to evaluate laser clad 

characteristics. However, the study of internal features of the clad track, like the shape of the 
molten zone and the dilution still requires a cross sectioning. For recording of all geometrical 
features of the single tracks, clad rings were cross-sectioned at regular 45 degrees intervals. 
The samples were mechanically polished and chemically etched for metallographic 
observations. A corresponding value of the energy of laser beam at each sectioned surface was 
assigned using a known value of linearly increased pumping power and a laser calibration 
curve [28], which relates the pumping power and the laser beam output power. As Figure 3.27 
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clearly demonstrates all 25 laser tracks were cross-sectioned in 4 cuts, which provided a total 
of 175 usable data points corresponding to different combinations of S, F and P values.  

 

 
Figure 3.27: A) 60 mm diameter C45 bar with laser tracks clustered in groups of five tracks 
with the same feeding rate, F. Scanning speed, S, and F increase from the left to right. The 
black pen lines mark the place with laser power of 362.5 and 1500 W. Detached laser tracks 
as well as segments without cladding are visible. B) Part of the experimental bar after the 
cutting for laser tracks inspection. 
 

The laser cladding process is based on the heat transfer from the laser beam, the substrate 
and the powder and mass transfer between the powder flow and the molten surface. Therefore, 
the investigation of the process can be performed based on so called combined parameters 
[29]. Two quantities are fundamental. The amount of powder provided per unit length of the 
laser track F/S and the total heat input per unit length of the laser track P/S. Figure 3.28 brings 
the laser track cross-section map varying P and F/S. This map demonstrates clearly some 
relevant aspects of the process parameters on the single clad track geometry.  

First the robustness of the process is observed, which produces the laser track inside a 
very wide interval of laser cladding parameters. For instance, the clad area Ac is changed from 
0.2 mm2 for the most delicate laser track located at the left upper corner to the more than 4 
mm2 for the largest one at the right down corner in Figure 3.28. Such an increase cannot be 
simply explained by the increase of the amount of clad material delivered per unit length F/S, 
because this quantity increases only 8 times. A substantial increase of powder-clad efficiency 
has to be concluded. Comparing the behavior of the clad height H in the column marked as 45 
g/m and in the row 720 W, one may conclude that the clad height H mainly depends on F/S 
parameter, while the laser power has a small impact on this quantity. On the other hand, the 
clad width is changed along the both axis directions in Figure 3.28. Cladding profiles above 
the already mentioned diagonal in Figure 3.28 are characterized by a small melting zone Am 
and therefore also by a low value of dilution D. At higher values of F/S and low laser powers 
no good bond is created that leads to detaching of clad track from the substrate. In these cases 
the attenuation of the heat input into the substrate, due to powder shielding effect and high 
speed of the substrate, is so strong that the cladding process is realized under conditions 
described in area II in Figure 3.24.     

Further detailed observation presented in Figure 3.28 leads to the conclusion that the 
depths of the substrate melt area are mainly determined by the laser power P. Below the 
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diagonal in Figure 3.28 a characteristic shape of the substrate melt area for coaxial cladding is 
visible. Although a top-hat distribution of the laser energy inside a beam was used, the depth 
of the molten area strongly increases in the central part of laser track. An explanation for this 
behavior follows from a shape of powder cloud and from the powder distribution inside the 
processing zone. Of course, this distribution is not homogenous as it was for simplicity 
assumed in the model in Figure 3.24. In fact, the powder starts to get irradiated by the laser at 
the point of laser highest power density since its actual distribution is Gaussian. However, the 
powder shielding effect there is also the most effective, once the powder particles density at 
this distance from the substrate is the highest. In compensation to that, a part of laser energy 
stripped by powder shielding at this place is transported (in the form of thermal energy) to the 
central part of the laser track, where the powder stream is routed. This specific shape of the 
substrate melt area indicates that coaxial cladding set-up can be more susceptible to the 
formation of inter-run porosity due to shading of the laser beam, which is required to re-melt 
part of previous laser track.        

 
Figure 3.28: Laser tracks cross-section map for coaxial laser cladding of Ni-based powder on 
C45 steel substrate. Combined cladding parameter F/S on the horizontal axis characterizes 
the amount of fed material per unit length. Laser power given on vertical axis. 

 
3.3.3 Process map of coaxial cladding     
 
In order to quantify the above-mentioned qualitative observations the dependence of laser 
track characteristics on the main coaxial laser cladding parameters were investigated. We 
would like to note here that there were only small differences between the results obtained 
from non-destructive measurements of clad height H, clad width W and clad area Ac and the 
same values obtained during laser tracks cross-sections measurements. Figure 3.29 displays 
the dependence of the laser track height H on the processing parameters. Figure 3.29A shows 
almost a linear increase of the clad height with increasing feeding rate F for different scanning 
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speeds S at one laser power P = 718 W. Laser clad heights close to 2 mm can be easily 
achieved choosing higher feeding rates and slower scanning speeds. Of course, some points 
with the highest values of F and the lowest values of S are missing in Figure 3.29A because of 
the strong powder shielding effect, as mentioned before. A detailed statistical analysis 
revealed that the clad height H depends mainly on the feeding rate F and on the scanning 
speed S. The laser power does not play an important role.   
 

 
Figure 3.29: A) Laser clad height H as a function of powder feeding rate F and scanning 
speed S for fixed laser power P=718 W. B) Laser clad height dependence on the combined 
parameter F/S. Dashed lines mark 95% confidence interval. 

 
From a practical point of view it can be very useful if a correlation between an individual 

characteristic and one “combined process parameter” can be found. Usually, a “trial and 
error” method is used to find such a combined parameter. Statistical analysis is also able to 
estimate the importance of individual laser cladding parameter and/or their mutual 
interactions. As Figure 3.29B shows, the statistical linear correlation between laser clad height 
H and the F/S parameter exists with a relatively high regression coefficient R=0.96. A 95% 
confidence interval for linear regression is also shown. This result differs from the finding by 
Felde at al [30], which correlates the clad height to the 2. /P F S combined parameter with a 
similar regression coefficient. However, their laser cladding experiment was performed using 
the side cladding set-up, when the powder spent a shorter time inside the laser beam before it 
reached the melt pool. In such a set-up, the asymmetrical temperature distribution of the 
powder particles as well as an attenuation of the laser beam usually exists [31]. This may be 
the reason why the laser energy per unit length, P/S, is still an important parameter for the 
clad height. In coaxial cladding the clad height H linearly increases with the amount of fed 
material per unit length. 
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Figure 3.30: A) Laser clad width W as a function of laser power P and scanning speed S for 
fixed feeding rate F = 91.7 mg/s. B) Laser clad width dependence on the combined parameter 

/P S . Dashed lines mark 95% confidence interval. 
 

Figure 3.30 illustrates the behavior of laser track width, W, as a function of the process 
parameters. Now, the laser power P and the scanning speed S are shown to be crucial and the 
feeding rate F seems to be the least important parameter. Figure 3.30A shows the dependence 
of the width of laser track W on the laser power P, for different values of scanning speeds at 
one feeding rate F = 91.7 mg/s. The width of the laser track varies from 1 mm, observed at 
lower laser powers, to the values close to 3 mm, observed for a high laser power and low 
scanning speeds. The detailed statistical analysis also revealed, that at a constant laser power 
the laser track width W decreases linearly with increasing scanning speed, as observed in a 
side cladding set-up [26,31]. However, the steepness of this decrease depends on the laser 
power. The combined parameter, which statistically correlates with the laser track width W, 
for the whole group of experimental points, is /P S , as is clearly shown in Figure 3.30B. It 
is interesting to note, that it has been shown experimentally [26], and also in some model 
calculations [32,33], that the depth of the substrate melting zone increases linearly with laser 
power and that it is inversely proportional to the square root of scanning speed.  

Combined parameters with relative high values of correlation coefficient (>0.95) were 
found for all directly measured quantities: H, W, Ac and Am. Clad angle α, dilution D, and 
powder efficiency Pe shown somewhat lower correlations with their combined parameters. 
Table 3.3 summarizes the combined parameters with the best correlations found with 
observed geometrical laser track characteristics. The powder efficiency Pe, was simply 
calculated from the measured clad area Ac, feeding rate F, scanning speed S, and powder 
density pρ as: 

 
/e c pP A S Fρ= .          3.9 

 
As expected, the clad area Ac, strongly depends on amount of fed material per unit length 

F/S. This parameter quantifies the amount of powder, which builds the laser track. At higher 
power levels, almost all of the powder particles in the processing zone are melted and routed 
close to the melt pool center with a distribution, which can be described as Gaussian [33]. It 
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should be noted here, that we do not observed any change in slope of linear dependencies of 
Ac or Pe on laser power P. This was observed and explained in [25] as due to the power 
threshold at which powder is directly melted by the laser beam. This fact may be explained 
through the Figure 3.24. When the velocity of clad particles is selected in the interval where 
only a small difference between Pms and Pmp exists, it is almost impossible to register two 
different cladding regimes on Ac(P) dependence. The lower melting point of our powder 
material (1040 ºC) also suggests that we are working in such a regime.     
 
Table 3.3.: Combined parameters that shown the high correlations with geometrical 
characteristics of laser tracks. R is the correlation coefficient, a and b are constants from the 
linear relation: Q = a + bC 
 

Quantity  Q Combined parameter  C R a b 
H     [ mm ] /F S             [ g/m] 0.97 0.164 0.023 
W     [ mm ] /P S          [ W s1/2/mm1/2 ] 0.95 0.947 0.002 
Ac     [ mm2 ] /PF S      [ W1/2 g/m ] 0.99 -0.2782 0.0019 

Am    [ mm2 ] 
3/P FS         [ 

W/(mg1/3mm1/3s2/3) ] 
0.95 -0.3269 0.0073 

α      [ degree 
] /S F              [ m/g ] 0.90 55.0 961 

D      [ % ] /PS F         [ W1/2 m1/2/g1/2 ] 0.92 -19.3 8.5 
Pe        [ % ] /P F S       [ W g1/2/m1/2 ] 0.91 14.2 0.0043 
 

In contrast, the molten area Am is mainly proportional to the laser power P, while the 
feeding rate F and the scanning speed S are parameters with less influence. In our experiments 
the value of clad angle α  varies from 50 to 130 degrees. It simply shows to be proportional to 
the scanning speed S and inversely proportional to the feeding rate F.  Dilution D varies from 
almost 0 to 55%. It is quite difficult to achieve a low dilution combined with a high laser clad 
height, mainly because of already mentioned specific shape of the molten area. Dilution of a 
single laser track from 10 to 30% has to be selected to form a thick and pore free coating by 
overlapping of individual laser tracks. However, the final dilution for a coating formed by 
overlapping can be expected to be smaller [29], because part of the beam energy is consumed 
in order to melt the overlapped track. 

Finally, the powder efficiency factor Pe is controlled by the combined parameter /P F S . 
The value of Pe is changed from approximately 15% observed at lowest values of the 
combined parameter, up to 50%, for its highest values. Almost the same correlation 
coefficient (0.90) was found for Pe and /P S  correlation. The combined parameter /P S  
describes the laser track width behavior. Therefore a correlation between powder efficiency 
and laser track width can be expected and this is confirmed in Figure 3.31. This correlation 
supports the assumption made in powder catchments models [29], namely that both, solid-
liquid and liquid-liquid powder/substrate interactions lead to particle intercept during coaxial 
cladding. A further powder efficiency improvement is probably possible, by tuning the 
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amount of carrier gas with the aim to minimize the particles velocity together with a stable 
powder stream cone. 

 
Figure 3.31: Correlation between the width of laser track and powder efficiency for coaxial 

In practical terms to form a non-porous coating the single tracks are deposited side by side 
with

laser cladding of Ni-based powder on C45 steel substrate. Dashed lines mark 95% confidence 
interval. 
 

 an overlap to minimize the roughness caused by “hills and valleys” profile. Inter-run 
porosity can be formed due to an acute clad angle. In order to form a dense layer, the angle α 
is suggested to be higher than 100º [30]. The second crucial condition for a strong coating is 
to keep the dilution at a reasonably low value. Figure 3.32 represents the processing 
parameters map, which takes these two conditions into account with S/F combine parameter 
on horizontal axis and P parameter on vertical one. The points in the graph represent all 
combinations of experimental conditions used in our measurements. A condition for clad 
angle is represented by the vertical line made at S/F = 0.047 calculated from statistical 
dependence of clad angle on S/F combined parameter. All points on the right side of this line 
fulfill the condition: α > 100º.  As the dilution D is linearly controlled by the combined 
parameter /PS F , the constant dilution curve will form a hyperbolic function in Figure 3.32. 
Curves for constant dilutions of 5 and 30 % are depicted by two solid curves. The 
experimental area limited by these two solid curves and by the vertical line from a left side 
reveals the practical processing window (shaded area in Figure 3.32) desirable for the 
production of non-porous, low diluted coatings. If the vertical line, which indicates a 
condition for clad angle, seems to be a considerable limiting factor, a change of the laser beam 
spot size may be the solution, which allows forming a coating at higher laser power once a 
flatter clad track can be produced. Statistical relation between clad track height H and S/F 
allows also drawing of second horizontal axis with reciprocal scale for laser track heights. 
Finally, the linear relation between the clad area Ac and /PF S  allows to mark six dashed 
isolines for Ac from 0.25 to 5 mm2. Figure 3.32 thus summ e entire set of experiments, 
together with some statistical relations between laser track characteristics and coaxial laser 
cladding parameters. It can be used as a guide for selecting processing parameters selection 

arizes th

for a required coating.        
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Figure 3.32: Processing window for coaxial laser cladding in P vs S/F representation. Points 
correspond to analyzed laser track cross-sections. Vertical solid line determines the clad 

ing window, the commercial Co-based alloy 
owder Eutroloy 16006 from Castolin Eutectic, see Table 4.1, with the mean particle size of 

angle condition required for continuous coating; two solid hyperbolas terminate an area of 
allowed dilution and the grey area shows the window, where an optimal clad layer can be 
formed. Dashed curves are isolines with denoted values of clad area Ac. 
 
3.4 Analysis of side cladding process  
 
3.4.1 Experimental on side cladding process    
 
For the analysis of the side cladding process
p
140 µm and compositionally close to widely used Stellite 6 alloy was used for laser cladding 
on a gray cast iron flat substrate. The side laser cladding geometry [34] was used in powder 
feeding system consisting from: Metco Twin 10C powder feeder, argon as carrier and 
shielding gas and ALOtec Dresden GmbH Cu-based side cladding nozzle with a cyclone and 
2 mm nozzle opening. All laser cladding experiments are carried out with the already 
described 2 kW Nd:YAG laser system (Rofin Sinar CW20). CNC (4 axes) table was used to 
move the laser beam and the powder feeding system over the substrate with a controlled 
scanning speed. All lengths and areas quantities were measured from digital photographs of 
the cross-sections following the same procedure applied for the coaxial setup. It has been 
shown already that a systematic investigation of the laser cladding process can be based on so-
called laser processing combined parameters. Figure 3.33 represents the laser track cross-
section visual map for P and F/S variations. Again, the robustness of the process is a 
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remarkable feature. When, a low laser power is combined with a high amount of clad powder 
per unit length, then almost all laser power is absorbed by the powder particles and no melt 
pool can be created in the substrate. Therefore no clad tracks are formed. On the other side, 
when small amount of the powder is clad together with a high laser power, non desired 
amount of dilution (usually connected with a degradation of coating properties) occurs. From 
the observations of the laser track cross-sections along the descending diagonal of Figure 3.25 
a significant increase of clad area Ac has to be concluded. This increase cannot be fully 
explained just by an increase of delivered powder per unit length. The combined parameter 
F/S roughly triples by an increase from 17 to 50 g/m while the clad area increases much more 
than three times. Therefore, a substantial increase in powder efficiency has to be expected. 
Similar prediction can be made about the dependency of clad height, when observing this 
quantity along the columns of Figure 3.33.  It seems that the clad height H does not change 
significantly with increasing laser power P, when F/S parameter is constant. In order to 
quantify these qualitative observations, the dependence of laser track characteristics on the 
main laser cladding parameters were analyzed statistically.   

 
 
Figure 3.33: Laser tracks cross-section map for side cladding of Co-based alloy on grey cast 

on substrate. Combined parameter F/S on the horizontal axis characterizes the amount of 

 

ed laser clad track quantities (track width W, clad area Ac, 
olten area Am, clad angle α, dilution D and powder efficiency Pe.) were performed in a 

ir
fed material per unit track length. 
 
3.4.2 Process map of side cladding
 
The statistical analyses for all defin
m
similar procedure as for the coaxial process. Table 3.4 summarizes all combined parameters 
with the best correlations found with observed geometrical laser track characteristics for side 
laser cladding of Eutroloy 16006 powder on gray cast iron substrate and compares them with 
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parameters found in the work for coaxial cladding and in work of Felde et al. [30] for side 
cladding of Stellite6 on C45 steel substrate.  

It is interesting to note, that the combined parameters found for laser clad height H, laser 
clad width W and clad area Ac are the same as in the case of coaxial laser cladding. Although 
the regression coefficient for W is relatively low (R=0.9), we like this parameter /P S  for its 
simplicity and consistency with coaxial laser cladding case. For the molten area A ittle bit 
simpler parameter

m a l
2 /P S was found in comparison with coaxial cladding. It depends only on 

two main laser clad arameters with a correlation coefficient exhibiting even higher value 
(0.98 against 0.95). However, the combined parameters for the rest of laser track 
characteristics: clad angle α, dilution D and powder efficiency P

ding p

Table 3.4: Combined parameters that shown high correlations with geometrical 

Quantity Combined R 
Coaxial Side cladding 

e were found in more 
complicated forms, in comparison with parameters found for coaxial cladding. It seems, that 
the simple laser track characteristics as laser track height H, laser track width W and clad area 
Ac are controlled by the same combined parameters as for coaxial cladding. The way of 
powder delivery (coaxial or side) does not play an important role for these characteristics. A 
more complicated situation is observed for the rest of laser track characteristics, probably 
because more interactions and physical phenomena are involved. It is interesting to note, that 
for coaxial cladding the highest value of powder efficiency was observed of about 50 %, but 
for side cladding set-up the maximal value of this quantity approaches 90 %. This is due to a 
better focusing of powder stream to the processing molten area and due to the entrapment of 
particles on the corner formed between clad track and substrate. 

 

characteristics of laser tracks for side laser cladding set-up and their corresponding 
regression coefficients. Combined parameters found for coaxial cladding set-up by Oliveira et 
al [34] (*  marks the same combined parameter as in column 2) and for side cladding set-up 
by Felde et al [30].  
 

parameter cladding 
[34] [30] 

H 0.97 * /F S               2. /P F S   
W /P S          0.90 * -  
Ac . /P F S       0.98  *  - 
Am

2 /P   S       0.98 3/ .P F S   - 
α / .F P S               0.94 /S F  /S F  

D 
ln( / . )S  P F
ln( . / )P S F     

0.94 
0.90 . /P S F  . /P S F  

Pe
2ln( )P F      0.94 /P F S   - 

 
In the application of laser cladding process the coating is formed by an overlapping of 

single laser tracks deposited side by side with a displacement, which minimizes the roughness 
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cau

ding with their 

sed by “hills and valleys” profile. In practice a displacement of 2/3 of single laser track 
width is often used. Such an overlapping creates the coating, which is usually 20-35 % thicker 
than the height of single laser track. The dilution observed for the coating is reduced due to 
the fact that during the laser cladding of overlapped laser track a part of the laser beam energy 
is consumed by remelting of a side of clad material in previous laser track [13]. In our 
experiments we used 33 % overlapping of the laser tracks and we found, that the dilution 
drops from its original value observed in the first laser track to a new “stable” value after three 
clad tracks. This new reduced value of dilution depends mainly on a used laser power and 
varies between 30-60 % of the original value observed in the first laser track. 
  On the base of this knowledge we are able to construct the processing parameters map 
for the side cladding set up, relating some geometrical properties of clad
processing parameters, as it was designed for coaxial laser cladding set-up. Figure 3.34 
represents such map for the side laser cladding of Co-based powder on grey cast iron substrate 
with S/F parameter on horizontal and P parameter on vertical axis, respectively. The 
rectangular points inside the map show all combinations of experimental parameters used in 
our measurement. Because of linear statistical relation between H and F/S, the second 
horizontal axis for H may be drawn and clad height may be directly deducted for each 
combination of experimental conditions. It should be noticed here, that this height H 
represents the height of individual laser track and not the final thickness of the coating, which 
is always slightly thicker depending on the overlapping factor used. The linear relation 
between Ac and the combined parameter . /P F S  allows marking the dashed isolines, which 
connect the experimental points with the same value of clad areas Ac. To incorporate also the 
clad angle and the dilution onto our laser  map a small modification of best combined 
parameters presented for these quantities in Table 3.4 has to be made. For the clad angle α 
combined parameter S/F, which is preferred for coaxial and other side cladding set-up, is 
more appropriate to incorporate this quantity into Figure 3.34. However, relatively low 
correlation coefficient (only R=0.86) was calculated for this complex parameter. Therefore the 
vertical line on the processing map marks only approximately a limit for dangerous α<100º 
values [34] from the point of view of inter-run porosity [17]. As the second combined 
parameter for dilution in Table 3.4 also contains S/F parameter, curves for constant dilution 
two solid-hyperbola like curves, i.e.  D = 15 and 45 % are depicted. The area between these 
two lines represents the processing window of acceptable dilutions for laser clad coatings (~5-
25 %). Together with the condition for clad angle and with respect to the experimentally 
explored area, the space of processing parameters for a successful formation of laser coating 
may be marked by a cross-hatched area in Figure 3.34. 
 
 3.4.3 Application of a cladding processing map 

cladding

ide for the first “guessing” and subsequent 
uning” of optimal laser processing parameters during laser cladding of continuous coatings. 

  
Laser processing maps should be used as a gu
“t
As an example, the Figure 3.35 shows the cross-sections of Co-based coating prepared by 
side laser cladding process on compacted graphite iron substrates. The coating with thickness 
of about 1 mm may be created in a single clad layer without any macro-pores and cracks. 
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Laser cladding in second and third layer allows forming of thicker coatings, as Figure 3.35B, 
C also demonstrates. However, when thicker coatings (>2 mm) were formed on a relatively 
stiff substrate (as the plate on Figure 3.35E) a cracking inside the coating or in the substrate 
(initiated from a side of coating/substrate interface) were sometimes observed. Figure 3.35 
also shows a possible geometrical variability during overlapping of laser tracks. Squared 
coated areas were formed via overlapping of individual lineal laser tracks (Figure 3.35E) and 
circular coatings result from a continuous spiral cladding (Figure 3.35D).              
 

   
Figure 3.34: Laser processing map for side laser cladding of Co-based alloy powder on grey 
cast iron substrate in P vs. S/F representation. Data points indicate values of processing 
parameters of analyzed laser track cross sections. Vertical solid line corresponds to the 
condition for clad angle required for continuous coating. Two solid hyperbolic type lines 
mark out the area of acceptable dilution and crosshatched area shows the window, where an 
optimal clad layer can be formed. Dashed curves are isolines with denoted values of clad 
area Ac. 
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Figure 3.35: Co based alloy coatings on cast iron substrates. Cross-sections of single (a), 
double (b) and triple (c) clad layers made by overlapping of individual laser tracks. 
Macroview of the coatings created by a spiral (d) and a rectangular (e) overlapping of 
individual laser tracks in single and double layers. 

 
3.5 Conclusions 
 

Laser Hardening. 
 
The possibility of temperature controlled laser surface hardening with a 2 kW Nd:YAG 

laser beam on pearlitic gray cast iron was investigated aiming to improve its surface quality.  
After hardening of GG-25 cast iron by Nd-YAG laser beam with scan speeds from 2-50 mm/s 
there are several different microstructural regions found in the transformed zone. The 
transformed zone mainly consists of martensite, retained austenite, remaining cementite 
lamellae and undissolved graphite flakes. Hardened depths~ 300- 700 µm are obtained.  

Observation of remaining cementite lamellae and ghost pearlite indicate that a pearlite/ 
austenite transformation at high heating rates takes place according to the direct mechanism: 
Feα (+ Fe3C) → Feγ  (+ Fe3C). 

Micro hardness has increased by the laser treatment from 250 HV of the base material to 
500-1000 HV in the transformed zone. The micro hardness depth profile corresponds to the 
change in microstructure. 

 
Coaxial cladding process.  
 
Theoretical and experimental study of the coaxial laser cladding of Ni-based powder on 

steel substrate revealed several specific features that distinguish the coaxial cladding from the 
traditional side-cladding set-up.  

The model is based on the geometry of the coaxial laser head, which provides the minimal 
laser power for co-melting the substrate and powder particles. The calculations predict a 
crucial role for the velocity of powder particles in the coaxial powder stream. This velocity 
may be used as another process parameter for fine-tuning of the whole process.            

The experimental set-up, in which the laser power is gradually changed while other two 
main process parameters are fixed, allows a substantial reduction of laser cladding 
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experiments required in order to properly define the processing window. Empirical relations 
between the basic laser track characteristics and the main process parameters were found for 
all studied laser track characteristics with a correlation coefficient higher than 0.9. Some of 
these relations differ from relations observed for a standard side-cladding set-up. 

The rotational symmetry of the powder/laser beam interaction zone and the cone shape of 
powder flow determine the specific shape of the substrate melt area, which is deeper in its 
central part in comparison with a substrate melt area formed during a side cladding set-up. 
Therefore, a higher value of dilution may be required in order to form the laser track with 
good bonding.            

 
Side cladding process. 
 
The experimental study of laser cladding of Co-based powder on two cast iron substrates 

in traditional side-cladding set-up and subsequent study of geometry, microstructure and 
properties allow the following conclusions. 

 
       The grade experiment set-up, in which the Nd:YAG laser power is gradually increased 
during laser cladding of a single laser track while other two main process parameters 
(scanning speed and powder feeding rate) are  fixed, contributes to  a substantial reduction of 
laser cladding experiments usually required for a proper study of the whole processing 
window. 

 
A wide processing window is observed for side-cladding of Stellite-6 type powder on cast 

iron substrates. Empirical statistical relations between the single laser track characteristics and 
the main process parameters were found for all studied characteristics with correlation 
coefficients higher than 0.9. Some of these relations differ from relations observed for coaxial 
laser cladding. The processing map for laser cladding of Eutroloy 16006 Co-based alloy 
powder on cast iron substrates was designed on the base of these empirical relations. 
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44 Microstructure evolution of laser   
deposited clad tracks 
This chapter is devoted to the characterization of the microstructure 

formed in thick laser deposited coatings composed of traditional hard facing 
powder alloys. In the first part, the microstructure of Co-based alloys, 
Stellite-like alloys, is thoroughly examined by various microscopy techniques 
and x-ray diffraction to describe the evolution of the microstructure as a 
function of depth, the influence of the processing speed and the effect of laser 
track overlap.  In the second part, the feasibility of tool steel powder as clad 
material is evaluated in relation to the microstructure generated by the laser 
deposition technique. 

4.1 Introduction 

4.1.1 Cobalt based alloys  
 

The commercial introduction of cobalt superalloys was set in the beginning of the twentieth 
century when the first patents were granted  to the Co-Cr and Co-Cr-W systems developed by 
E.Haynes [1]. Registered as trademark under the name of Stellites, these materials became 
industrially important for cutlery, machine tools and wear-resistant hard facing applications 
[2].  

Stellites are austenitic materials, hardened by a combination of carbide formation and 
solid solution strengthening of the matrix, the former of which being the most important 
mechanism [3]. The carbide former elements commonly found in the commercial Co-alloys 
are: niobium, tantalum, molybdenum, tungsten, chromium, zirconium and titanium. 
Chromium also plays an important role in the oxidation resistance of these alloys.  Depending 
on the carbon content and the heat treatment various carbides can be formed in these alloys, 
such as: MC, M3C2, M23Co6 and M7C3; demonstrated in the phase diagram of the Co-Cr-C 
system shown in Figure 4.1.  
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Figure 4.1: Isothermal of Co-Cr-C phase diagram at 1073 K [4]. 

 
The most important elements that promote solid solution strengthening are in order of 

solubility: molybdenum, niobium, tantalum and tungsten, Figure 4.2. Since these elements are 
also involved in the carbide formation their degree of effectiveness as a solid solution 
strengthener is not completely clear. W is most commonly utilized due to its high solubility in 
Co.    

 
Figure 4.2: Phase Diagram of Co-Cr-X system (X is a refractory metal= W, Mo, Ta, Cb) 
showing 1200 oC solid solution field boundaries [5]. 

 
The original application of Co-Cr-W alloys for cutting tools has declined over the years 

whilst its use has been partially replaced by carbides. Nowadays it is mainly applied as 
hardfacing alloy when erosion resistance and high temperature properties are necessary. Usual 
techniques for manufacturing the coating layers are plasma or flame spraying and laser 
cladding. The latter has the advantages of the formation of layers free of pores, finer grained 
microstructures and supersaturated solid solutions  due to the higher cooling rate involved in 
the solidification process.       

 
4.1.2 Solidification of alloys in dynamical process  
 
Solidification is by far the most important route in industrial processes of metals and alloys. It 
is able to determine in a single step the microstructure and physical properties of materials 
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that can be optimized since specific morphology can be tailored by special solidification 
conditions.  

The driving force of solidification is strongly affected by the so-called undercooling of the 
process [6-7]. In general, solidification starts with heterogeneous nucleation either due to 
impurity particles or by contact of the liquid with a solid surface. When the solid phase 
becomes saturated, the solute will partition into the liquid forming a mushy zone ahead of the 
crystal column. This accumulation of solute promotes instability on the growth front that 
branches as secondary and tertiary dendrites along one of the <100> perpendicular directions. 
In the interface area with the solid surface several nuclei form reproducing the orientation of 
the grains of the wall and start to propagate towards the liquid phase. In bcc and fcc metals the 
preferential crystallographic growth direction is <100>. As consequence, the crystals that are 
oriented most parallel to the maximum temperature gradient will grow faster than less 
favorable oriented grains and will propagate as columnar structures, Figure 4.3.  

 

 
Figure 4.3: Schematics of competitive dendritic crystal growth on the chill zone. 
 
The size and shape of the crystals may reflect the local solidification conditions of the 

melt. Coarse grains grow due to lower cooling rates, once crystals have time to accommodate 
and orient themselves towards the heat source. Non-turbulent conditions keep the dendritic 
arms intact. Finer grained microstructures are facilitated when fast cooling rates are active and 
when high turbulence breaks the dendritic arms forming. Since the grain growth orientation of 
cubic metals coincides with heat flow direction, the morphology of the microstructure 
resembles the heat flow orientation of the melt. That is, in regions where the heat is 
directionally extracted the grains will grow with elongated shapes, while regions of 
isodirectional heat extraction give rise to equiaxial grains. 

In dynamical processes, like welding or laser cladding, a clear analysis of microstructure 
morphology formation can be complicated due to the variation of the local solidification 
conditions discussed above, the 3-D aspect of the shape of the solidification front and the 
influence of the processing speed. In these processes the direction of the maximum 
temperature gradients changes continuously because the heat source keeps moving. Therefore, 
the crystals try to follow the maximum temperature gradients, while keeping their <100> 
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favorable growth direction. This will result in a change of crystal growth direction as a 
function of the position in the solidification front as illustrated in Figure 4.4. Assuming a 
single laser clad track, or a weld line, a change in the solidification conditions will alter the 
shape of the  pool shape and therefore the crystal growth behavior. The speed of the process is 
the most important parameter because it determines the solidification rate of the melt pool.   

 
Figure 4.4: Schematics of solidification front of the melt pool in a weld from [6]. A) Top view 
of the melt pool where ν is the speed of solidification and B) is the longitudinal view. 

 
4.2 Microstructure characterization of cobalt based laser 
deposited clad layers     

 
The microstructure of the cobalt based laser clad tracks and layers deposited on iron based 
substrates were characterized by optical microscopy, scanning (SEM) and transmission 
(TEM) electron microscopy techniques. The phase analysis was performed by diffraction of 
lab and synchrotron x-rays. Electron backscattered diffraction (EBSD) patterning microscopy 
was used to complement the microstructure description by revealing the global distribution of 
grains and crystallographic texture.  

Three Co-based alloys, similar to alloys of the Stellite family, were used for laser cladding 
deposition on substrates of the medium carbon steel, C45, and a gray (US spelling throughout) 
nodular cast iron, GGG60. These materials and their chemical compositions are listed in Table 
4.1.    

Table 4.1:  Chemical composition of alloys in wt% given by commercial providers. 
(*maximum amount) 

Material Co Cr Ni W Mo C Fe Si V Mn 
Stellite 20 45 33 - 18 - 2.5 - - - - 

Eutroloy 16006 58.7 29 - 8.5 - 1.6 1.0* 1.2 - - 
Eutroloy 16012 58.7 29 - 8.5 - 1.6 1.0* 1.2 - - 

C45 - 0.40 0.40 - 0.10 0.46 bal. 0.40 - 0.65 
GGG60 - - 1.1 - - 3.4 bal. 2.1 - 0.4 
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4.2.1 Characterization of clad/substrate interface 
 

The integrity of interface coating/substrate is checked by examining the presence of cracks or 
pores. When the heat input is high enough to melt both the clad material and the substrate an 
interface without those defects can be formed as presented in Figure 4.5.A. At this 
magnification the interface is planar and free of defects. It is well defined by the chill zone 
created in the early solidification stage of the melt pool. A strong metallurgical bonding is 
created in the interface and intergranular melting of the substrate can be observed, Figure 
4.5.B.  

       
Figure 4.5: A) Optical micrograph of faultless interface between Eutroloy 16006 clad track 
and C45 substrate. B) Backscattered electron micrograph showing intergranular melting of 
the clad material into the substrate. 

 
 The interface is composed by fine crystals that nucleate in contact with the “cold” 

substrate and reproduce specific crystallographic directions of the solid phase, Figure 4.6.A. 
The crystallites with the <001> direction aligned with the heat flow will grow faster leading to 
the formation of columnar dendritic grains that propagate inside the melt pool to form the 
microstructure of the clad, Figure 4.6.B. 

          
 
 
 
 
 
 
 
 

 
Figure 4.6: A) Backscattered electron micrograph shows 
metallurgical bonding on clad/substrate interface and apparent 
growth relation between HAZ and chill zone grain. B) EBSD 
patterning characterization presented as [001] Inverse Pole Figure 
(IPF). The interface is defined by the ribbon of fine dendritic crystals. 
Above this interface the grains propagate in a columnar dendritic 
morphology. 
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4.2.2 Phase analysis and characterization of bulk microstructure  
 
Detailed phase analysis is carried out for the Eutroloy 16012 alloy and laser deposited clad 
layer The analyses are done first with lab. x-rays by means of the θ-2θ diffraction scan of Cu-
Kα radiation with wavelength = 1.5405 Å. The powder diffractometer used is a Philips 
PW1830 with a graphite monochromator placed in the incident beam. The measurements are 
realized in reflection mode from irradiated areas that covers largely the polished surface of the 
coatings. The analysis was complemented by a synchrotron radiation diffraction experiment 
carried out at the European Synchrotron Radiation Facility (ESRF) on beamline ID-31 with a 
beam energy equals to 60 keV, i.e. λ= 0.206762 Å, and a line detector with precision of 10-5. 
The synchrotron experiment was done in transmission mode through an irradiated area of 50 x 
1500 µm2 located at the center of a 1 mm thick perpendicular cut from a single laser track. 
The diffraction patterns from the powder and the coating indicate the presence of γ-Co phase 
and formation of M7C3, M23C6 (M stands for metal) and Co6WoC carbides as recognized from 
the JCPDS data files, Figure 4.7.A. It is verified that the phases present on the original powder 
are not changed due to laser deposition. Further analyses were done to compare the formation 
of phases in Stellite 6, 12 and 20 coatings deposited on C45 steel substrates by θ-2θ 
diffraction of Cu-Kα radiation, Figure 4.7.B. In accordance with literature [2,3,5] and the 
previous experiments all coatings presented the γ-Co and carbidic phases, M7C3, M23C6 and 
Co6WoC. The fcc lattice space shifts from the pure γ-Co has been determined for all coatings 
and the results are summarized on Table 4.2. 

  
Figure 4.7: A) XRD spectra of Eutroloy 16012 powder and coating analyzed by lab Cu-Kα  x-
ray, λ= 1.5405 Å, and synchrotron at 60 keV, λ= 0.206762 Å. B) XRD spectra of 
Eutroloy16006, Eutroloy16012 and Stellite 20 clad layers analyzed by lab Cu-Kα  x-ray 
diffraction. In both plots it is given the position of the peaks indicating the phases found 
according to the JCPDS databank: γ-Co, M7C3, M23C6,   and Co6W6C. 
 

Co-Cr-W alloys were developed based on the formation of an austenitic lattice, γ, 
strengthened by hard precipitates, where the main precipitation mechanism is the formation of 
carbides by the addition of carbon to the alloy. Assuming the typical Stellite composition 
where the Cr concentration does not exceed 35%, it is predicted by the Co-Cr-C ternary phase 
diagram, Figure 4.1, that M7C3 is preferentially formed while M23C6 precipitation is favored 
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when the carbon concentration is low. The mechanisms of M23C6/M7C3 formation are quite 
complicated and the relative amount of carbidic phases will depend on the properties like the 
solubility and stability of the carbides, but also on the processing parameters that define the 
thermodynamics of the system. Since laser cladding has a broad operational window, a big 
variation of composition is achieved caused by the dilution with the substrate and the 
solidification rate defined by the processing speed. For these reasons the carbide content may 
vary a lot when different processing parameters applied or different substrates are used. For 
instance, Figure 4.8.A shows the microstructure of Eutroloy 16012 deposited on C45 and 
Figure 4.8.B the microstructure of the Eutroloy 16006 deposited on grey cast iron, both at 
scanning speed of 5 mm/s. 
 
Table 4.2: Lattice parameters of fcc lattices from pure γ-Co according JCPDS data files, 
Stellite coatings determined by x-ray diffraction.    

 
a0 (10-10m) a (10-10m) 
γ-Co (JCPDS) Eutroloy 

16006 
Eutroloy 
16012 

Stellite 
   20 

3.545 3.451 3.541 3.447 
 
 

 
Figure 4.8:  SEM micrographs A) Eutroloy 16012 deposited on C45 steel. The white spots 
reveal the high amount of the heavy element W. and B) Eutroloy 16006 deposited on GGG60 
substrate. 
 

In both microstructures fine γ-Co rich dendrites are observed with typical size of 5-10 µm 
and the carbide rich eutectic area is located in between the fine interdentritic spaces. It is clear 
that even though the original Eutroloy 16012 powder contains more carbon than Stellite 6, 
Table 4.1, the influence of GGG60 dilution into the laser track is reflected by the higher 
amount of the carbides formed.  

The eutectic structures formed in the interdendritic spaces are characterized by TEM to 
confirm the results of XRD phase identification and to quantify the local chemical 
compositions. Electron transparent thin foil samples of Eutroloy 16012 are prepared from the 
overlap region between adjacent tracks of a coating where the highest amount of carbide 
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phases was observed. The TEM analysis reveals that the eutectic phase is composed of 
lamellar shaped carbides and stacking faults can be observed [8-10], Figure 4.9.  

 
Figure 4.9: Bright field image showing the microstructure of the eutectic phase in Eutroloy 
16012 coating and the associated orthorhombic diffraction pattern from the carbide marked 
by the circle. Stacking faults are observed as well. 

 
It is known that cobalt-based solid solutions have low stacking fault energy and several 

slip systems are operative. When high thermal stresses are generated by the fast cooling of the 
laser cladding process, stacking faults are easily formed in the γ-Co phase. This effect is more 
pronounced in regions with a high amount of hard carbides, Figure 4.10, that are able to block 
the stacking faults forming obstacles for dislocations, consequently, contributing to the wear 
resistance of the cobalt-based alloys [8].  

 
 Figure 4.10: Bright field image of eutectics 
shows a high density of stacking faults in the 
cobalt- based phase located between hard 
chromium rich carbides. 

 
 
 
 
 
 

The metallic content of the carbidic and the cobalt-based phases were determined by TEM 
EDS and are 71Cr-17Co-12W and 2Si-22Cr-2Fe-64Co-10W, given in wt%. These phases 
were also investigated by high resolution TEM, Figure 4.11, to reveal arrangement of the 
stacking faults and carbide streaks caused by the planar defects.  

 
Figure 4.11:  High resolution TEM A) of Co rich 
phase with composition 2Si-22Cr-2Fe-64Co-
10W and B) lamellar chromium rich carbide 
phase with chemical composition 71Cr-17Co-
12W. The compositions given in wt% were 
analyzed by EDS. 
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The diffraction patterns from the interface between the cobalt solid solution and carbide 

were observed, Figure 4.12. The cobalt diffraction pattern was observed with the beam along 
the [013] direction and revealed the (200) and (311) planes of the fcc lattice.  

 

 
Figure 4.12: Dark field image of eutectics and the diffraction pattern of the cobalt solid 
solution observed along the [013] direction taken from the interface between M7C3 carbide 
and the fcc cobalt solid solution. 
 
4.2.3 Microstructure dependence with processing speed  

 
The effect of the cooling rate on the microstructure is directly related to the processing speed 
[7]. To investigate this effect, single tracks of Eutroloy 16006 on C45 steel substrates are 
deposited by side laser cladding setup under two different speed levels that differ from each 
other by a factor of 10, Table 4.3. The thickness of the slowest deposited track becomes about 
twice the thickness of the quickest deposition. It can be expected that much thicker tracks are 
formed when the speed is decreased 10 times, due to the increase in the powder feeding rate 
(F/S). However, in order to avoid an excessive dilution or formation of tracks with unwanted 
geometry for clad layer deposition, i.e. α < 100o, the laser power is tuned for all speeds to 
achieve similar temperature conditions in the processing area.    

 
      Table 4.3: Processing parameters and resulting thickness of deposited laser tracks. 

Sample P (W) F (g/s) S (mm/s) Thickness (mm) 
Slow deposited 800 12.50 1.67 0.91 
Fast deposited 1700 1.25 16.67 0.42 

 
The understanding of the microstructure formation in laser cladding can be complex due 

to its actual three dimensional nature, while the samples produced for analysis are flat 
surfaces. For this reason, the samples are prepared for electron microscopy analysis by cross 
sectioning of the single tracks by spark cutting erosion along two planes: perpendicular and 
longitudinal to the process direction. It is important to note that the longitudinal cuts are made 
at the centre of symmetry of the track transversal width. The single tracks are investigated by 
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EBSP technique and the data are characterized by Orientation Imaging Microscopy software 
(OIM) in terms of crystal orientation mapping, grain size distribution and texture plots. 

 
Low processing speed. 
 
Figure 4.13 shows the microstructure of the transverse and longitudinal cross sections of 

the sample processed at 1.67 mm/s speed, represented by the Inverse Pole Figure mappings of 
the [001] crystallographic direction ([001] IPF). The straightforward analysis of these pictures 
reveals that the clad track is composed of coarse grains despite the small sized dendrites 
showed on Figure 4.8. On both types of cross sections the grain size decreases from the top of 
the track towards the interface with the substrate. It is noted however, that despite the 
refinement of the microstructure through the depth the average morphology of the 
microstructure is quite constant in each sample. On the transverse cross section the grains take 
a more equiaxial aspect ratio, while the longitudinal section presents coarser and more 
elongated grains that are tilted with respect to the substrate.  

The grains of the sample processed at 1.67 mm/s have an aspect ratio 10 times larger 
along the longitudinal cross section compared to the transverse view as revealed by the grain 
size distribution plots, Figure 4.14. The highest values of the plots indicate those grains that 
during the solidification of the melt pool are preferably oriented towards the heat source, and 
since the process is carried under slow speed, these crystals have the possibility to 
accommodate themselves in order to propagate via selective crystal growth. For instance, the 
coarsest grains of the transverse and longitudinal samples, with surface areas of 0.027 or 
0.025 mm2 and 0.25 mm2 respectively, are identified by EBSP software treatment and 
indicated in the pictures of Figure 4.14.    

 
Figure 4.13: IPF mappings of the 
normal direction (ND) projected on 
the transverse and longitudinal 
cross sections of Eutroloy 16006 
single clad track samples processed 
at 1.67 mm/s speed. The laser 
process coordinate system is given 
in each picture. Relation between 
crystallographic directions and 
color is given in the insert in the 
upper picture.      
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Figure 4.14: Grain size distribution plot of transverse and longitudinal planar views of the 
Eutroloy 16006 single clad track samples processed at 1.67 mm/s speed. The smallest grains 
correspond to those closer to the substrate, while the coarser grains are located towards the 
top of the coating. 

 
The quantification of the crystallographic orientation on the transverse and longitudinal 

planes of the single tracks are given by the texture plotted as Pole Figures (PFs) of the 
Orientation Distribution Functions (ODF) calculated by the harmonic series expansion 
according Bunge formulation [11,12]. Figure 4.15 shows the [001] PFs that describe the 
texture formed in the slower processed sample. A multiple fiber texture is detected on the 
perpendicular cut of the single track that is caused by the 3D concentric temperature gradient 
profile of the melt pool as suggested by Figure 4.4. When the longitudinal cut is analyzed it is 
revealed that the preferential grain growth direction on this plane lies 45o tilted from the 
normal direction with the substrate, observed qualitatively in Figure 4.13. 

 

 

Figure 4.15: Texture Pole Figures of 
[001] direction in the transverse and 
longitudinal planar views of the 
Eutroloy 16006 single clad track 
samples processed at 1.67 mm/s 
speed. 

 

 
High processing speed. 
 
Similar analyses were performed for the sample deposited with a laser beam velocity 10 

times higher, i.e. 16.67 mm/s. Figure 4.16 shows the microstructure of the transverse and 
longitudinal cross sections of this sample represented by the normal direction IPF. Analogous 
to the previous case, refinement of the microstructure takes place from the top of the track 
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towards the interface with the substrate. However, the transverse and longitudinal sections 
show grains that have similar aspect ratios and sizes. It is noted that the morphology of the 
grains varies over the depth of the track, which differs from the slowly deposited sample. 
Close to the interface and at the center of the coating the grains are quite elongated and the top 
of the coating is composed of equiaxial grains. The upper part, formed the latest in the clad 
track, undergoes isotropic heat extraction, whereas the bottom part is formed in a strongly 
directionally oriented solidification front. The transverse picture did not show the upper part 
of the track due to limitation of the scanned area and, therefore, not all grains are visualized.  

Despite of the change in aspect ratio over the depth, the grains located at the center and 
top of the coating present similar surface areas as revealed by EBSP. The plots of the grain 
size distribution in Figure 4. 17 confirm a similar grain size for both cross sections.  

The texture analyses represented by the pole figures, Figure 4.18, reveal heterogeneity 
over the depth of the clad track. The perpendicular section presents a fiber texture that is 
preferentially formed along the rolling direction, even though, side grains with other 
orientations contribute to the disturbance of this picture. For the analysis of the longitudinal 
cross section the scanned area is divided in three parts marked in the figure as Interface, 
Centre and Top. The crystallographic coordinate system is rotated 90o around the RD axis so 
that the typical fiber texture along the normal direction with the substrate becomes evident. 
The texture develops through the depth of the track in the following way. Along the interface 
grains nucleate reproducing the orientation of the substrate grains, however only those crystals 
with the (100) direction oriented along the heat flow propagate leading to the formation of a 
fiber texture along this axis. A detailed microstructure picture of this area is the Figure 4.16. 
In the centre of the track the fiber texture becomes stronger which indicates the preferential 
heat flow of the melt pool along the ND axis. The texture of the Top grains shows a random 
orientation caused by the isoequiaxial solidification of the melt pool. The variation of texture 
through depth the track was not observed in the slowly processed sample.  

 

 
Figure 4.16: [001]IPFs from the transverse and longitudinal cross sections of Eutroloy 16006 
single clad track samples processed at 16.67 mm/s speed exhibit the change in the 
morphology over the depth of the track. The laser process coordinate is system is presented 
for each cross section.  
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Figure 4.17: Grain size distribution plot of transverse and longitudinal planar views of the 
Eutroloy 16006 single clad track samples processed at 16.67 mm/s s. The finest grains belong 
to the region close to the interface, while center and surface grains are coarser. 

 
 

 
Figure 4.18: Texture Pole Figures of [001] direction on the perpendicular and longitudinal 
plane views of the Eutroloy 16006 single clad track samples processed at 16.67 mm/s speed. 
Heterogeneous texture formation is detected through the depth of the track   
 
4.2.4 Microstructure formation in the overlap area of laser clad layers    

 
The investigation of the overlapping effect on the microstructure of a clad layer is evaluated in 
two Co-based samples of Eutroloy 16012 and Stellite 20 both deposited on C45 following the 
parameters provided on Table 4.3.  

 
             Table 4.3: Processing parameters of laser clad double track and layer.  
 Sample P 

(W) 
F 

(g/s) 
S 

(mm/s) 
Overlap No of tracks 

Eutroloy 16012 2 
Stellite 20 

1500 9 5.0 25 % 
9 
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The Eutroloy 16012 double track is cross sectioned along the transverse direction and the 
Stellite 20 clad layer composed of nine tracks is ground and polished from the top until 
macro-roughness is removed. Both samples are characterized by the EBSP patterning 
microscopy to reveal the geometrical and microstructural details of the overlap area.  

For analysis of the Eutroloy 16012 cross sections, the data of four scan sessions are 
combined, see Figure 4.19. The morphology of the overlapping area between two subsequent 
laser tracks is similar to the clad/substrate interface, that is the interface is straight, well 
defined, poreless but no substantial variation of chemical composition could be detected by 
SEM-EDS. For the deposition of the second track the laser needs to remelt part of the first 
track belonging to the overlap area and the substrate so that a metallurgical bond is created. 
The redistribution of energy absorption affects the dilution of the second track that becomes 
less diluted than the previous one. This processing setup generated a second track with 3 to 
5% dilution, enough for metallurgical bonding with the substrate and conservation of the 
properties of the original alloy.  

 

 
Figure 4.19: EBSD patterning characterization of overlapped tracks represented by the [001] 
IPF of Eutroloy 16012 cross section double track layer. 

 
Relatively coarse grains compose the microstructure that can be divided into two regions. 

In the upper part of the laser tracks, equiaxial grains with size of the order of 0.28 mm2 
predominate. Towards the interface with the substrate the grains become finer and elongated. 
No preferential texture could be detected as indicated by the pole figure on the left upper 
corner of Figure 4.19.  

The variation of grain size is also observed from the top view of the flat ground Stellite 20 
coating. EBSP patterning analysis is performed in the middle of the 5th track of the clad layer 
to qualitatively characterize the grain size distribution of this surface, Figure 4.20. The 
remelting of the overlap area leads to grain coarsening and the creation of a texture due to 
directional heat flow in this region. The grains from the heated affected zone that are not 
remelted remain with the random crystallographic orientation typical of the isodirectional 
solidified structures.    
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Figure 4.20: A) Top view of grain size distribution by gray scale mapping on the centre of the 
5th track of 9 tracks Stellite 20 coating shows grain coarsening on the overlap area between 
adjacent tracks. D) [001] PF of grains found on the overlap area. 
 
4.3 Tool steel clad layer deposition   
 
4.3.1 Introduction: Fe-C-V system of tool steels alloys 

 
Vanadium was discovered for the first time in Mexico in 1801 by André del Rios [13] who 
named it “panchromium” due to the variety of colors of its many colored salts. The scientific 
community, however, did not believe his discovery and after some time even he gave up 
himself. The element was rediscovered in 1830 by the Swedish physician Nils Gabriel 
Sefström when he studied the ductility properties of an iron ore originated from the mine of 
Taberg (south of the city of Jönköping) and named it Vanadis in honor of the Scandinavian 
goddess of beauty. This discovery attracted the attention of the well known chemist Jöns 
Jacob Berzelius who announced Sefström’s discovery and started a large research program on 
the chemical properties of its compounds [14]. As a metal, vanadium was isolated for the first 
time by the English chemist Sir Henrey Roscoe in 1860, but before the end of the 19th century 
the main application of this element remained restricted to the field of chemical applications, 
such as pigments and catalysis. At the turn of the nineteenth century, motivated by the 
economical growth of metallurgical processes, the first processing unity was mounted in 
South Wales for the exploration of V as an alloying element in steels under the responsibility 
of Arnold of the Sheffield College. At the time it formed the base of a whole new range of 
mechanically resistant steels. In the Fe-C system the positive effects of vanadium is directly 
noticed by the increase of strength and wear resistance making these alloys suitable for cutting 
tools and die applications. Since then, the importance of vanadium in tool steels increased 
stimulated by modern metallurgical processes as powder metallurgy. 

The improvement of the mechanical properties is caused by two main mechanisms: the 
formation of stable V-carbides and the refinement of microstructure [14,15]. In a steel melt 
the solubility of the vanadium is quite high [16] (on the order of 6% when the carbon amount 
is 2% at 1425oC) but it drops drastically in solid austenite (0.23% on γ-Fe at 727oC) and it 
becomes even worse when the ferritic phase is formed (<0.1% on α-Fe at 727oC). The strong 
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temperature dependence of V solubility indicates that the Fe-C-V austenitic system is 
subjected to a high amount of strengthening by dispersoids where V plays a very important 
role on the formation of carbides and carbonitrides in interdendritic spaces. The growth rate of 
the precipitates depends on the supersaturation of vanadium and the ratio of solute 
concentration in the matrix [17]. 

 A side effect of the enhanced carbide precipitation promoted by vanadium is that the 
microstructure becomes finer. Further refinement is promoted if a small amount of N is added, 
on the level of ~ 0.003%, which causes the formation of carbonitrides that slow down the 
austenite-ferrite transformation and promotes nucleation to happen in place of grain 
coarsening [14]. 

 
Figure 4.21: Polythermal section of Fe-C-V system at fixed carbon content of 2.3 wt%, where 
F= ferrite, A= austenite, Cem= cementite, VC is vanadium carbides and L=Liquidus. [16].   

 
Figure 4.21 shows the polythermal section of the Fe-C-V phase diagram, with the carbon 

amount fixed at 2.3 wt%. The primary parameters controlling the size of the grains in 
austenite/ferrite transformations are the cooling rate and the amount of precipitates formed in 
the interdendritic spaces. If the solidification process undergoes a low cooling rate, phase 
diagram tells that the resulting microstructure will be composed of ferrite, cementite and 
vanadium carbides. When the melt is rapidly cooled austenite does not have the time to 
transform in ferrite and due to oversaturation of carbon, a diffusionless transformation takes 
place resulting in martensite [18]. The resulting microstructure for high cooling rates is then 
composed of martensite, retained austenite and carbides.  

The laser cladding technique can be used for the deposition of thick layers of tool steel 
alloys on the surface of workpieces [19]. Because of the high solidification rates the 
microstructure consists typically of fine grains, supersaturation and non-equilibrium phases. 
Undesirable effects as low hardness, low wear resistance and changes in microstructure during 
service may happen when the amount of retained austenite created in the matrix becomes very 
high. When this is the case, the portion of austenite can be affected by appropriate heat 
treatments. The application of the laser cladding technique to the formation of wear resistant 
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thick coatings composed of a commercial Fe-C-V based alloy powder system is evaluated by 
the analysis of the austenite content.   

 
4.3.2 Microstructure analysis of a Fe-based clad layer  

    
A clad layer of the Fe-based tool steel type AISI M3:2/W, Table 4.5, commercially known as 
Vanadis 23, deposited under the parameters: P:1700 W; and S: 5 mm/s and F: 0.15g/s, is 
characterized in terms of phase analysis, microstructure and chemical composition by lab and 
synchrotron XRD, EBSD patterning microscopy, SEM and EDS.  

Phase analyses of the AISI M3:2/W tool steel alloy is performed by XRD in the powder, 
clad layer and 2 mm thick cross section forms. The first two samples are analyzed with lab x-
rays by θ-2θ diffraction scans with the same apparatus and conditions applied for the analysis 
of the Stellites. The transverse cross section of the clad is investigated by synchrotron x-ray 
diffraction in transmission mode at the beamline ID-11 with beam focus area of 20 x 30 µm2 

and energy of 80 keV, or λ = 0.15422 Å. A 2D CCD detector with 10 x 10 cm and 48µm pixel 
resolution is used for the capture of the Laue diffraction patterns. Figure 4.22 shows the x-ray 
diffraction patterns of this investigation.  

 
Table 4.5:  Chemical composition of tool steel  in wt% given by commercial provider. 

Material Cr Ni W Mo C Fe V 
AISI M3:2/W 4.2 - 6.4 5 1.28 bal. 3.1

 
It is possible to identify the ferritic, austenitic, martensitic and vanadium carbidic phases 

in the material. The similarity of the powder and the clad lab XRD spectra suggests that the 
phase composition of the original alloy is conserved. The spectrum of the clad cross section is 
constructed from the treatment of the image on Figure 22.B by the Fit2D computer program 
provided by the European Synchrotron Radiation Facility [20]. The high monochromaticity of 
the synchrotron beam is able to split the peaks due to the different phases with similar lattice 
parameters. The Laue pattern is acquired from a volume of 1.2⋅10-3 mm2 equals to the size of 
the synchrotron beam through the thickness of the sample. The diffraction circles originating 
from this small volume suggest that the material must be fine grained with randomly oriented 
crystals.  

The microstructure of the clad layer is observed by backscattered electron SEM and it 
confirms a fine dendritic morphology, Figure 4.23A. The microstructure is homogenously 
distributed through the whole coating and the overall composition of the clad alloy measured 
by SEM-EDS is 4Cr-5W-3Mo-85Fe-3V, in wt%. On Figure 4.23B subgrain microstructures 
can be observed inside the dendrites and the white phases on the interdendritic spaces point to 
heavy elements, likely the carbidic phases.  
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Figure 4.22: A) XRD spectra of AISI M3:2 powder and clad analyzed by lab Cu-Kα  x-ray, λ= 
1.5405 Å, and synchrotron at 80 keV, λ= 0.15422 Å. B) Laue diffraction pattern of the AISI 
M3:2 captured by 2D CCD detector. 

 

 
Figure 4.23: A) Fine dendritic microstructure of the AISI M3:2/W coating and B) subgrain 
microstructure investigated by backscattered electron SEM. 
 

The subgrain phases are a suitable object of study for EBSD microscopy. Polishing with 
soft cloves and diamond and/or silicon carbide suspensions, produces a rough surface due to 
the difference in hardness between dendritic and interdendritic phases, Figure 24A. This 
generates a shadowing effect for the EBSD detector and it makes indexing impossible over a 
large area. The shadowing effect decreases intensively when the surface is smoothened by 
argon ion milling [21,22], Figure 4.24B, with the exception of some remaining valleys from 
the concave shaped surface that does not allow the complete diffraction pattern to be acquired 
by the detector. The martensite and austenite phases are indexed and the subgrain phase 
distribution is clear, Figure 4.24C, and IPF mapping reveals the random orientation of these 
subgrains, Figure 24D and E.        

The analyzed area is composed of 40% of retained austenite and 60% martensite. This 
steel powder shows good fluidization properties during processing and entrapment by the melt 
pool (probably due to the similar melting temperature of the substrate and the alloying 
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powder). Most importantly the thick layers did not exhibit any propensity to cracking that 
arise due to the high residual stresses.    

 

 
Figure 4.24: Secondary electron SEM images shows A) rough surface of the as polished AISI 
M3:2/W clad material and B) smoothened after argon ion milling. C) Phase distribution map 
shows subgrain microstructure inside the dendrites. Red color corresponds to austenite and 
green to martensite. Normal direction IPF mappings of D) austenite and E) martensite 
indicate random orientation distribution.     
 
4.4. Conclusions  

 
Co-based clad layers. 
 
The microstructure of Co-based laser deposited clads is coarse grained with fine dendrites 

inside the grains. Four kinds of Stellite alloys were used to build clad layers on the surface of 
C45 or gray cast iron substrates, and the phases present in the coatings were γ-Co based 
matrix and carbide precipitates (M7C3, M23C6, and Co6WC) in the eutectic area located in the 
interdendritic spaces.  

The morphology of the microstructure varied with the laser beam velocity. The fast 
deposition shows a homogenous microstructure more than in the slow deposition.  Overall, 
refinement took place from the top towards the interface with the substrate. Slowly deposited 
tracks presented grains 10 times bigger in the longitudinal cross section plane than in the 
transverse cross section. In contrast, under high speed the grain sizes were comparable in the 
longitudinal and the transverse planes.  

A texture dependence on speed was observed. Low speed deposited samples presented a 
multiple fiber texture when observed in the transverse cross section. In the case of fast 
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depositions the samples show preferential fiber textures along the axis of the processing 
direction. A strong fiber texture was found on the longitudinal cross sections of both single 
clad track samples. The texture was normal to the surface in the slow case and tilted 45o in 
relation to the substrate in the case of fast deposition.     

Grain coarsening in the overlap area is registered and characterized by EBSD patterning 
microscopy.  

 
Fe-based (tool steel) clad layers. 
 
The microstructure of the laser deposited tool steel clad layer is fine grained and dendritic, 

with the presence of subdendritic grains of martensite and retained austenite on the rate of 60 
to 40%, respectively. It was not observed cracking problems during the deposition of the tool 
steel clad layer, nevertheless, post- heat treatment may be necessary.     
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layers 

In this chapter the residual stresses generated by the laser clad treatments 
are evaluated with x-ray diffraction techniques. The residual strains/stresses 
are described not only in terms of compressive or tensile components, but the 
full residual stress tensor is presented together with the stress distribution in 
clad layers. The residual stress distributions in clad layers are described as 
macrostresses and an attempt is made to explain the formation of macrostress 
by the investigating the microstress distribution accessed by the 3DXRD 
synchrotron technique. Co-based layers are mainly stressed in tension and a 
solution to avoid cracking is proposed. Fe-based clad layer onto steels is the 
most promising material for the construction of crack resistant coating. This 
is so because high compressive stresses are produced near the surface. The 
influence of the reference lattice parameter, d0 is discussed. This parameter 
assumes homogeneity in the materials and in reality heterogeneities may lead 
to erroneous values of the residual strains.  

 
5.1 Introduction  
 
Laser surface techniques provide suitable methods for a localized treatment of material, but 
due to the high thermal gradients distributed over small areas severe residual stresses may 
cause cracking during or shortly after the process. In order to avoid cracking of laser clad 
layers it is important to understand how the residuals stresses accumulate and to know where 
precisely the critical stress concentration sites are formed.  

In this introductory section he background for understanding the residual stresses in laser 
melting processes, the generation of x-rays from lab and synchrotron sources and its 
application in the determination of macro and micro residual strains by different diffraction 
techniques are summarized in a concise way. Stress calculations from the strain data are 
explained assuming linear elasticity theory. The clad layers described in Chapter 4 are used in 
this chapter for the investigation of the residual stresses.   
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5.1.1 Formation of residual stresses in laser clad layers   
 
The laser cladding technique consists of producing a protective layer on the surface of the 
metallic substrate using a high power laser as heat source while a powder stream is blown 
under the laser beam [1,2]. To attain full coverage of the substrate, single tracks consecutively 
overlap and the substrate is scanned while the molten material creates a melt pool on the 
surface with a height corresponding to the thickness of a single clad track. The residual 
stresses associated with the laser cladding process can be summarized in the following way 
[3]. During heating the irradiated region expands. However, it is constrained by the cold 
surrounding area and becomes stressed in compression until melting occurs that relaxes the 
stresses. It is during the solidification and cooling that the final stress state is determined. 
Tensile stresses are formed caused by the shrinkage of the melt pool limited by the 
metallurgical bonding with the substrate and the coating may crack if these overcome the 
fracture stress. If phase transformations that involve expansion of the lattice occur and its 
effect eliminates the effects due to shrinkage, compressive stresses are formed. Clearly, these 
residual stresses affect the mechanical properties, such as fatigue, creep and brittle fracture 
behavior. In order to avoid cracking and to further improve the properties of laser clad 
coatings a precise evaluation of residual stresses and its evolution is an important objective of 
research. 
 
5.1.2 X-ray diffraction 
 
On 8 November 1895 the Wilhelm Röntgen observed a fluorescent light that was generated 
from a vacuum tube used as primitive cathode aimed for the study of electrons. He also 
noticed that this faint green light was able to penetrate not only through the black paper that 
packed the glass tubes but also through other materials.  The results of these experiments were 
described in a manuscript entitled “"On a new kind of ray: A preliminary communication"” 
that he submitted to the Wurzburg Physico-Medical Society on December 28, 1895. Röntgen 
first referred to the radiation as "X", once this was an unknown sort of radiation. In 1896 he 
gave a public demonstration where he took a picture of the bone structure of a hand that is 
published in the main x-ray text books up-to-date, Figure 5.1. For his discovery, Röntgen was 
awarded the very first Nobel Prize in Physics in 1901 and donated the money of the prize to 
his University. The discovery of the x-rays or Röntgen-rays revolutionized physical sciences 
and medicine and had an immense impact on material related industries.  
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Figure 5.1: Röntgen 's x-ray picture of the hand of Alfred von Kolliker, taken on 23 January 
1896. 

 
The properties and nature of x-rays are well known [4-6]. X-ray is an electromagnetic 
radiation like light or micro-waves. Depending on the wavelength x-rays are classified as soft, 
when λ ≥ 2.5 Å, or hard when λ < 2.5 Å. In this text the emphasis is put to hard x-rays, which 
are on the same length scale as interatomic distances and therefore allow crystallographic 
studies. X-rays may be generated in several ways but in all of them three stages are always 
necessary: an electron source, a means to accelerate the electrons at high speeds and a way to 
deccelerate.  

Primary x-rays generated in evacuated chambers, known as lab x-ray tubes,are created 
when electrons are accelerated by the application of an electric field and slowed down by 
collisions on a target. If the energy of the bombarding electrons is high enough to excite the 
atom a hole is created in the shell, which is filled by an excited electron that decays to a lower 
energy state by release of energy. The energy given up by the electron during this interaction 
appears as electromagnetic energy, the X-radiation. The x-rays have the characteristic of the 
matter that is bombarded by the electrons. The emissions form a spectrum with energies 
corresponding to the energy difference between the shells, as presented in Figure 5.2 for the 
Cu for Kβ, Kα1, Kα2.   

 
Figure 5.2: Emission spectrum of a Cu x-ray target. 
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The x-rays in lab tubes are emitted in random directions, that is, with a high degree of 
incoherence, comparable to light emitted by a lamp bulb at home. The rays however can also 
be generated in a synchronized manner, with a high degree of coherence, also known as 
synchrotron radiation. If  electrons or positrons, are forced to move in a circular orbit, photons 
are emitted due to the acceleration necessary to keep the particles in the orbit [7]. When the 
particles are moving at relativistic velocities the photons are emitted in a narrow cone in the 
forward direction at a tangent to the particles’ orbit. In a high energy electron or positron 
storage ring these photons are emitted with energies ranging from infra-red to short 
wavelength x-rays. Indeed, The discovery of the x-rays 110 years ago generated a revolution 
in science and industry and  all possibilities of the x-ray became even broader due to the 
unique properties of synchrotrons, i.e.:   

• High brightness: synchrotron radiation is hundreds of thousands times more intense 
than conventional lab x-ray tubes and highly collimated;  

• Wide spectral range: synchrotron radiation is emitted with a wide range of energies. 
Beams with specific energy can be selected by monochromators;  

• Highly polarized;  
• Photons are emitted in pulses of less than 0.1 ns.  
The synchrotron sources of the first generation were high energy physics accelerators, 

where the synchrotron radiation was an unwanted by-product. The first dedicated synchrotron 
facilities came as the second generation that was designed to operate with higher intensity and 
brightness. These two generations experienced instability in the orbits due to temperature 
variations in the cooling system, ground vibration and power supply. Despites this, it was a 
success from a research point of view providing a justification to build third generation 
sources operating with more stability and higher electron energy up to 6-8 GeV. The 
following plot summarizes the x-ray generation evolution since Röntgen up to date based on 
the intensity of the x-ray source.  
 

 
         Figure 5.3- History of x-ray sources in terms of brilliance since its discovery [8].  
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The x-ray photons interact with matter in various ways, Figure 5.4. The analyses of these 
interactions allow the understanding of the physical properties of materials.  
 

 
      Figure 5.4:  Interaction of x-ray photon with matter and diverse electron phenomena. 
 
We are interested in the elastic scatter phenomena where the wavelength of the ray is 
unaffected after interacting with the atom. The phenomena of inelastic scattering, or Compton 
scattering, can be used in the x-ray fluorescence spectrometry for the qualitative and 
quantitative determination of the elements, but this is not our focus. Furthermore, inelastic 
scattering is unwanted when x-ray diffraction takes place due to its contribution in a diffuse 
background that disturbs the identification of monochromatic inelastic scattered peaks.  The 
intensity of the elastic scattering by a single free electron is given by: 
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where e is the electron charge, m is the electron mass, c is the speed of light, R is the distance 
between the observation point and the scattering and φ is the angle between incident and the 
diffracted beam.   
 
It is possible to describe the scattering interaction of the x-ray with an atom by summing all 
scatter amplitudes with all the electrons; similarly the scattering of a crystal is the sum of the 
scattering amplitude from all the atoms. The difference is that in the case of an atom the 
position of the electrons is unknown, while on the crystal lattice the position of the atoms is 
more or less fixed. So the diffraction of x-rays in a crystal results in the summation over all 
unit cells in the crystal. Figure 5.5 represents the diffraction from a unit cell.  

Assuming that the distance between O and the observation point is very large, the distance 
between scattering points can be neglected, x2=x2’, and the scattering factor of the unit cell is 
a complex exponential. This exponent is given by the difference between the primary and the 
diffracted beam times the position of the atoms relative to the cell origin summed over all 
atoms of a unit cell: 
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The mathematical representation for the periodicity of unit cells in the crystals has the same 
form as the structure factor: 
 

 
Figure 5.5: X-ray wave diffraction in reciprocal space. “O” is the origin position of the unit 
cell, sp and sd are the unit vectors in the direction of the primary and diffracted beams and rn 
are the positions of the atom within an unit cell.    
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where Ni is the number of unit cells along ai.   
The product of the two geometry factors and the scattering from an individual atom results in 
the instantaneous field:  
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The intensity of a primary scattered beam is obtained by multiplying the instantaneous field 
with its conjugate:  
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If this harmonic function is represented by sin2Nx, when N is very large the function goes to 
zero except close to x = nπ. This condition is satisfied when the three following equations are 
fulfilled:  
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These equations are known as the Laue equations and express the necessary conditions for 
diffraction. It also tells that the size of the crystal influences the width of the diffraction peaks 
and that the intensity is proportional to the number of unity cells with the same orientation. In 
this way x-ray diffraction can also be used to estimate the size and the orientation of the 
crystallites, rather than only structural information. The Laue equations can be written in 
much more simple way formulated by Bragg:  
 

hklhkldn θλ sin2 ⋅=  .          5.7 
 
This equation states that when the difference in path length between two adjacent planes 
equals to the wavelength of the radiation, or its multiples, it results in constructive 
interference. In other words, Bragg’s law is the widely used equation to determine the lattice 
spacing for different family of planes, dhkl, or the lattice parameter, a. For the cubic systems, 
for example:  
 

222 lkhda hkl ++⋅= .              5.8 
 
The sources of error in Bragg’s formulation lie in the accuracy of how λ and θ are determined. 
If Bragg’s law is differentiated with respect to θ, it shows that the error in d0 is proportional to 
the cotθ. It follows that the error in the lattice parameter determination becomes smaller when 
a higher reflection 2θ is used. Furthermore, relevant empirical errors in lattice spacing arise 
from the determination of the distance from the sample to the detector given by: 
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where D is the horizontal displacement and R is the distance between sample and detector.  
 
5.1.3 Residual strain measurement with x-ray diffraction techniques   
 
Stress is an extrinsic property and it cannot be measured directly but only calculated from the 
product between experimentally detected elastic strains and using the elastic constants.  
Existing techniques used for the analysis of residual strains are divided in mechanical and 
radiation diffraction techniques. Mechanical techniques are sometimes destructive and allow 
an analysis of the stress state, either compressive or tensile. In contrast, diffraction techniques, 
such as x-rays, synchrotron x-rays and neutrons, are non-destructive and open possibilities for 
a detailed analysis of all components of the strain tensor. Although the measurement of 
residual strains by diffraction techniques is non-destructive the sample preparation itself can 
be destructive. The measurement of residual strains by diffraction techniques are based on 
measuring peak shifts due to deformation of the crystal lattice spacing caused by the residual 
stresses, assuming an elastic regime. 
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The stresses are classified in three types [9,10] according to the length scale in the 
material. The choice of the most suitable analysis technique depends on the type of stress that 
one wants to investigate [11]. Residual stresses of first order, type I stress or macrostresses, 
are homogeneous over a large number of grains and a balance of forces is assumed over a 
large number of crystals. For the investigation of these stresses the diffraction of lab x-rays or 
neutron can be applied. Laboratory x-rays [9,12,13] are a relatively cheap alternative for the 
investigation of macrostresses but the analysis is limited to the surface, i.e. to a biaxial 
stresses tensor analysis. Neutron beams [14] have a high penetration depth and allow the 
investigation of bulk properties. Nevertheless, low spatial resolution of the beam requires 
coarse grained samples. Residual stresses of second order, type II stress, are considered 
homogenous inside one grain and the forces involved are in balance among neighboring 
grains. Finally, residual stresses of the third order, type III stress, are homogeneous over some 
interatomic distances and the internal forces are in balance around crystalline defects. Type II 
and III stresses are both termed microstresses. For fine-grained, polycrystalline materials, the 
most suitable technique to detect bulk, intergranular, microstrains is diffraction of synchrotron 
hard x-rays that can operate with high spatial resolution [11,15] and they are intense enough 
to achieve bulk penetration. The appropriate choice of the adequate radiation and technique 
depends on sample related features and spatial resolution required for the measurements [11]. 

The attenuation depth of lab x-rays into a metal or alloy is usually of the order of few 
micrometers. For instance 66% absorption of CuKα in Stellite 20 alloy occurs below a depth 
of 4 µm [16]. Since the analyzed volume corresponds to a thin surface layer defined by the 
irradiated area and penetration depth, the Sin2Ψ technique assumes that the layer is under a 
biaxial stress state. When θ-2θ diffraction analysis is performed over a range of side angle Ψ, 
only grains specifically oriented to this angle Ψ fulfill the Bragg’s condition and will diffract.  
A shift of the diffraction peak due to elastic strain of the crystal lattice can be detected for 
each Ψ angle. From the measured values of lattice spacing, dΨ  at angle Ψ, the strain is defined 
as: 
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where d0 is the lattice spacing of a stress-free grain. This is usually exchanged with dΨ=0, 
leading to negligible errors [17]. The strain tensor is measured in the crystal reference system 
(hkl) and is transformed to the sample surface reference (XYZ) by algebraic operations, Figure 
5.6. It is possible to derive the fundamental equation of strain tensor on the surface of the 
material in a biaxial stress state using the transformation of a second rank tensor, given by: 
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, whereφ  represents a rotation angle around an axis Z normal to the sample surface. When 
shear strains are found, εxz and εyz ≠ 0 then the so-called Sin2Ψ splitting is detected. The 
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coordinate system can be transformed so that only principal strains are present and the factor 
in front of Sin2Ψ argument in Eq. 5.11 is nullified.   
 

 

 
Figure 5.6: Schematics showing strain measurement geometry definition of lab/sample 
coordinate system  

Three-dimensional x-ray Diffraction (3DXRD) microscopy is a novel technique that 
combines high penetration, high intensity and high spatial resolution provided by hard x-rays 
from third generation synchrotron sources. This technique has been described in details 
elsewhere [18,19] and only a concise summary is presented here.  

Figure 5.7 illustrates the setup of our 3DXRD experiment. The sample is placed on a XYZ 
moving table mounted on a ω rotation stage and when ω = 0ο  the direction of the beam 
coincides with the laser cladding direction. A monochromatic beam is applied perpendicular 
to the ω rotation axis and the alignment of the table can be performed with a thin capillary 
filled with the clad alloy powder. The diffraction patterns from irradiated grains are observed 
on a two-dimensional CCD detector of 10 x 10 cm surface area and pixel size of 48.82 µm. To 
obtain diffraction from grains that are inside the irradiated volume, the sample is rotated 
inside ω ranges specified by the user. Usually 25-40o ω ranges provide sufficient diffracted 
peaks. The rotation is performed in controlled steps of ∆ω, in which information is acquired 
by the CCD camera during the oscillations. For the complete mapping the sample can be 
translated in Y and Z axis and the rotation routines are repeated.  

 

 
Figure 5.7- Schematics of 3DXRD microscope experimental setup. 
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The basic equation describing the diffraction in laboratoryl system is: 
 

j j
l SU B= ΩG hklG ,           5.12 

where:               
 
• is the measured scattered vector of the grain j in the laboratory reference system.    j

lG
• is the scattered vector in reciprocal space. hkl

• Ω is the coordinate transformation matrix between laboratory and the turntable ω axis.    
G

• S is the sample system matrix fixed with respect to the sample preparation axis (RD, TD, 
ND).   

• is the unknown crystallographic orientation matrix of a diffracting grain j with respect to 
the sample in Euler angles representation.  

jU

• B is the matrix, which transforms the crystallographic system from reciprocal to real space.  
 

For each set of rotations GRAINDEX, a computer program described in [18], is able to 
select the diffraction points of the grains that remain inside the irradiated area defined by the 
size of the incoming beam. These grains are indexed with the respective reflections and 
characterized by the orientation matrix .  jU

The residual strains for each lattice family of planes are calculated from the measured 
shift of diffraction peaks by the differential form of the Bragg relation[20]:  
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where d0 is the distance between diffracting planes of a reference stress-free material. The 
terms di and θi are the lattice spacing and diffraction angle of a family of planes from stressed 
grains. ∆θi equals to θi-θ0 and it is the angular shift of the diffraction peaks from the stressed 
to the stress-free grain.     

These strains εi are given in each grain by the direction cosines li, mi, and ni, of the normal 
to the corresponding plane and the strain tensor of the grain [Error! Bookmark not 
defined.]:   
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Equations 5.13 and 5.14 define the basic system of linear equations for six unknowns: ε11, 

ε22, ε33, ε12, ε13, ε23. As the minimum number of (hkl)s defined to index the grain was 10, this 
system of equations is (over)determined and therefore solvable.  
 

Moreover Eq. 5.14 can be expanded [Error! Bookmark not defined.] in order to include 
the influence of the position of the centre of diffracted grains (∆X, ∆Y) on the shifts of 
diffraction peaks, Eq. 5.15:   
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The components of strain tensor inside each indexed grain and relative position of this 

grain with respect to the rotation axis are then found by the singular value decomposition [21] 
applied to this (still overdetermined) system of linear equations.  
 
5.1.4 Calculation of stresses 
 
In a single grain the linear elastic relation between the stress and the strain tensor is given by 
Hooke’s law with the corresponding elastic constants [8]:  
 

klijklij C εσ =             5.16 
 
where, Cijkl is the coefficient of stiffness, which is a fourth-order tensor with 21 independent 
components [22]. The number of components, however, can be reduced according to the 
symmetry of the system. For a cubic crystal three independent components are sufficient to 
describe the system: 
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5.2 Macrostress of surface finished clad layers 
 
5.2.1 Materials and elastic constants 
 
The biaxial macrostress on the finished surface of clad layers is evaluated in the next section 
by the Sin2Ψ technique. The clad layer samples investigated are the Stellite 20 and AISI 
M3:2/W characterized in terms of microstructure, described in sections 4.2.4 and 4.3.2, 
respectively.  

Some values of elastic constants that can be used for the calculation of stresses in Co-
based and Fe-based materials are found by different approaches. Table 5.1 summarizes these 
values.  
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Table 5.1: Isotropic Young’s modulus. 
Material E (GPa) ν Source 

Eutroloy 16012 286 - Nanoindentations 
γ-Co (311) 216 0.308 Hill’s approximation 
Tool steel 210 0.29 Literature [23] 

 
The hardness and Young’s modulus of a Eutroloy 16012 cladding are measured by 

averaging 124 nanoindentions, where the depth of the indents was fixed to 1 µm. It is assumed 
that the measured properties describe the isotropic behavior of the alloy. The averaged values 
of hardness and elastic modulus are 9.75 ±1.00 GPa and Emeas= 286 ±14 GPa, respectively. In 
this test, the size of Berkovich indents is comparable to the size of the γ-Co dendrites. 
Therefore, the nanoindentation measurements contain contributions from the γ-Co dendritic 
phase and interdendritic eutectic containing hard carbidic phases, becoming higher than if the 
pure γ-Co solid solution is probed.  

The various components of the stress tensor can also be calculated using elastic constants 
that take the anisotropy of the cubic system into account. For the evaluation of the elastic 
constants of polycrystalline multi-phase materials several approaches have been proposed [24-
26]. The elastic modulus and the Poisson’s ratio of single crystal (311) γ-Co, E(Co311) and 
ν(Co311), was calculated applying Hill’s approximation [26] where the experimental values of 
coefficients of stiffness C11, C12 and C44 of pure Co given in [27] were used for the 
calculations [9]: 

 
Table 5.2: Stiffness coefficients of γ-Co single crystal in GPa [27]. 

Constant Theoretical Experimental 
C11 234.2 242.0 
C12 176.2 160.0 
C44 111.4 128.0 

 
5.2.2 Biaxial strain measurement setup 
 
The (311) fcc plane reflection is chosen as a suitable reflection for the characterization of 
macroscopic strains and stresses in our experiments because it corresponds to a high 2θ angle 
when CuKα radiation is applied. According [28,29] its peak shift responds linearly to loading 
at the start of the elastic regime.  

Sin2Ψ lab x-ray experiments were carried out in reflection mode with a Phillips X’pert x-
ray system equipped with a Cu radiation source, λCuKα= 1.5405 Å and side angle Ψ range 
from -60o to 60o scanned in three different axis: φ = 0o (longitudinal), φ = 45o (diagonal) and 
φ = 90o (perpendicular) to laser tracks.  The coordinate systems assumed are given in Figure 
5.1. The X-axis is placed longitudinally to the cladding direction on the surface plane, the Y-
axis is in the transversal direction to the cladding direction and the Z-axis is taken normal to 
the sample plane.  
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5.2.3 Characterization of surface stresses in cobalt based clad layer 
 
The Stellite 20 clad layer was ground 0.2 mm to eliminate surface roughness, then polished 
and electro-polished to eliminate the surface deformed layer with an electrolyte based on 
perchloric acid 60 vol% and ethanol.  

Two, sample related, features cause a low counting intensity, which makes this 
experiment time consuming. The first is the size of the laser tracks. To avoid any contribution 
of diffraction from the neighboring track the required spatial resolution was defined by the 
track width, which is approximately 2 mm. The analyses are performed at the center of the 
surface of the clad in a squared irradiated grid of 2 mm2 for Ψ = 0. Further, the microstructure 
is coarse grained and texture was detected through the fluctuation of the peaks intensity for 
different Ψ angles.  

The plane stress tensors are defined by the Sin2Ψ  method as the slopes of the graphs and 
the elastic constants of the material [17]. Figure 5.8 presents the change of measured (311) 
spacings as a function of Sin2Ψ in the longitudinal direction, along the diagonal, and 
transversal to the laser cladding direction. When the residual strains are measured in a 
coordinate system that does not coincide with the system of the principal stresses, the terms 
ε13 and ε23 in equation (2) are non-zero and the d-spacings measured at corresponding positive 
and negative Ψs will be different causing the Ψ-splitting observed.  

 
Figure 5.8: Plots of dφΨ Vs. Sin2Ψ characteriz residual strains along three different 
directions. The measurements carried out on positive (•) and negative (▲) Ψ’s reveal the Ψ-
splitting. The linear behavior is obtained by averaging. 
 
The do used for strain tensor calculation using equation 5.11 was 0.10800 nm measured from 
the Stellite 20 powder. The stresses were calculated assuming the elastic constants: ECo(311) 
and νCo(311) calculated in  Hill’s approximation. The stress tensor, xyσ , components lie on the 
XYZ coordinate system and the principal stresses in the rotated coordinate system, σx’y’, is 
calculated with linear algebra (in MPa): 
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The surface of the Stellite 20 coating is found under a tensile stress state where the major 
principal stress is tilted approximately 40o from the cladding direction, Figure 5.9.  
 

 
 

Figure 5.9: A) Principal components of stress tensor at the place of the measurement 
represented by arrows on the surface in the centre of Stellite 20 cladding on flat substrate. 
Chemically etched surface reveals microstructure and consequently bands created during 
solidification are visualized. B) Cracking formed after the laser cladding of Eutroloy 16012 
coating on round steel substrate. Crack initiation site is indicated by arrow.  
 

One may expect a relation between the orientation of principal stresses and the direction 
of propagation of solidification front. When a single track is deposited a solidification front on 
the surface moves with the laser scan direction [30] and the major stress axis is expected to lie 
along the cladding direction. An overlap of single tracks changes the direction of the 
solidification front due to modification of the heat transfer boundaries and remelts usually 20-
30 % of the previous track. Optical microscopy analysis of the etched cladding layer revealed 
that on the surface the solidification bands are inclined to the cladding direction, Figure 5.9.A. 
From this observation it is concluded that the major principal stress axis tends to lie 
perpendicular to the solidification front. Cracking could be observed after cladding 
experiments when the clad layer reached a height above 1.7 mm. At the location where the 
laser stops a stress concentration is formed and a crack usually initiates at this location. From 
thereon, it propagates through the whole coating along a direction perpendicular to the 
principal stress direction. Figure 5.9.B shows such crack crated in Eutroloy 16012 coating 
formed on C45 round substrate. In this case the size of two principal stress components must 
be close to each other because the crack propagates at a direction, which corresponds to the 
minor principal stress direction. It should be mentioned that probably the size of a tilt angle 
between the cladding direction and one principal stress direction will depend on amount of 
overlapping, height of the coating and also on the scanning speed. One reference in literature 
was found, which mentions a rotation of principal stress axes towards cladding direction. 
Grum and Žnidaršič [31] studied the internal stress profiles of clad layers on low carbon steel 
by the so-called hole drilling method. The two principal residual stress components made a 
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non-specified angle with a reference to the cladding direction. These had a slightly 
compressive character only at the surface and they changed to tensile ones and increased with 
depth. Independently of the clad material, the ratio between these components was always 
close to 2:1. The maximum principal stress component for Stellite 6 clad was found about 450 
MPa. The solution we found to avoid the formation of a critical stress concentration point as 
showed in Figure 5.9.B is by making a track without a well-defined end point by displacing 
the cladding head continuously to a groove (or outside of the sample surface) so that the no 
critical stress point is formed.  
 
5.2.4 Characterization of surface stresses in tool steel clad layer 
 
The clad layer sample as described on section 4.3.2 was ground to eliminate the macro 
roughness and electrochemically treated as described for the Stellite 20 sample. The 
Sin2Ψ technique is applied and the stress free d0 used is 1.08949 Å from the (311) peak of the 
tool steel alloy powder, Figure 5.10.  

 
Figure 5.10: Sin2Ψ plots along (Φ=0o), diagonal (Φ=45o) and perpendicular (Φ=90o) to the 
cladding direction. The measurements carried out on positive (•) and negative (▲) Ψ’s 
 
The negative slopes of the plots of d(311)Vs.Sin2Ψ reveals compressive strains. The biaxial 
stress tensor is calculated and reveals that the largest principal stress is disposed along the 
laser cladding track. The stress tensors matrix is given in MPa:   
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These results differ from previous residual stress analysis in Co-based cladding layers 
where the stresses showed tensile character and the largest principal stress was placed along 
the cladding direction. Most importantly, the residual stresses have compressive character. 
The explanation for this behavior lies in the microstructure of the clad layer described on 
Chapter 4, Figure 4.24. It was observed that the amount of martensite covers about 60% of the 
microstructure. When the martensite is formed expansion of the crystal lattice take place. If 
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this expansion due to phase transformations overcomes the contraction of the melt pool during 
solidification, the residual stresses created in the clad layer become compressive and the 
material is crack resistant.   
 
5.3 Determination of macrostress profiles in cobalt based clad 
layers 
 
5.3.1 Synchrotron strain measurement setup 
 
High photon flux and a small beam divergence make synchrotron radiation a relevant 
technique to measure residual strains non-destructively in depth. These experiments are 
executed on the powder diffraction Beamline ID-31 of the ESRF-France. The selected energy 
by Si monochromators is 60 keV, providing a wavelength of 0.206762 Å. For the preparation 
of the experiment it is important to know the attenuation depth of the radiation into the 
material, the path length and to describe the gauge volume from where information is 
acquired.   

The samples were single, double and 9-tracks of Eutroloy 16012 clad layers on a flat 
substrate and a 9-tracks cladding layer deposited on a 60 mm Ø round bar. Two scanning 
modes were applied: reflection, where intact samples were used, and transmission through 1 
mm thick perpendicular cross-sections prepared by spark erosion. The attenuation depth of 
66% radiation absorption [16] for a homogeneous finite film is calculated by: 
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where Iz is transmitted beam intensity, Io is the initial intensity of the beam, z is the film 
thickness, µ is a proportionality constant and ρ is the density of absorber. (µ/ρ) is the mass 
absorption coefficient of an element and is tabulated in literature.  

Assuming the chemical composition of Eutroloy 16012 cladding, see Table 4.1, the 
calculated attenuation length lµ is 0.875 mm.  When synchrotron diffraction experiments are 
performed in reflection mode, the minimum feasible x-ray path length lpath plays an important 
role in the set-up. The path length is calculated based on the required depth l and the 
diffraction angle of the chosen peak, according to:  
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In the case of γ-Co (311) peaks the lpath is approximately 18 mm to reach 1 mm depth.  
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The spatial resolution along the Z-axis [32,33] is determined by the aperture of the incident 
and diffracted slits, see Figure 5.11.  In our experiments li and ld were fixed to 50 µm. The 
gauge length, lg, is calculated from the slits dimensions and diffraction angle θ:  
 

2sin 2sin
i

g
l ll d

θ θ
= + .          5.21 

 
The analyzed peak corresponds to the (311) planes and for λ60keV = 0.2067 Å the 

diffraction angle θ is about 5.5o, therefore lg ≈ 500 µm. The width aperture in the Y-axis was 
fixed by the instrument to 1.5 mm, i.e. narrower than the width of the laser track. In 
conclusion, the residual strains are sampled from a lozenge shaped volume with 50 µm 
height, 500 µm length and 1.5 mm width from where the beam is diffracted. 

Figure 5.11: Sampling gauge volume synchrotron 
transmission mode experiments, where Q is the 
scattering vector, or direction of the measured 
strain.   

 
 
 
 
 
 
 
5.3.2 Influence of parameters in residual strain measurements 
 
The diffraction peak of the (311) family of planes is observed at about 2θ = 11o when the 
wavelength is 0.2067 Å, that is, in transmission mode the planes are tilted 5o from surface of 
the clad. For simplification, it is assumed that in all cases the lattice spacings measured are 
parallel to the specimen top surface. Further, due to the width of the synchrotron beam it is 
possible to measure the averaged residual strains component inside 1.5 mm as a function of 
depth. The stress free lattice spacing do, 1.07846 Å, used for εz calculation was measured from 
a single-track cladding that was sectioned using spark erosion cutting of the substrate in order 
to release the macro-stresses. 

When intact samples were scanned in reflection mode the textured microstructure did not 
allow assessing the residual strain in depths above 0.5 mm and the diffracted beam intensity 
was very low due to the radiation attenuation over the path length, Figure 5.12.A. This was 
observed during alignment experiments when the detector was fixed at the (311) peak 
position, i.e. 2θ = 11o and the gauge volume was scanned over depth and width.  
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Figure 5.12: A) γ-Co (311) diffraction peaks acquired in depth. The zero depth corresponds to 
the top of the coating: A) Intact sample peaks measured in reflection mode. B) Cross-
sectioned sample acquired in transmission mode. Double peaks (at 10.95 and 11.05o) are 
detected close to the interface between cladding and substrate.     
 
The horizontal scan of gauge volume through the width of the clad, Figure 5.13, revealed 
(311) reflections on the sides of clad track, but due to texture no diffraction took place in its 
center. The region that generates diffraction peaks is about from 0.2-0.3 mm thick and the size 
of the peaks increases gradually as the gauge volume enters this area. The differences in peak 
intensities are caused by the attenuation of the incident beam in the material. The lower peaks 
are therefore observed on the farther side of laser track looking from a position of incoming 
beam. From the known length of the gauge volume (500 µm) and widths of the peaks on the 
right side in Figure 5.13 it is possible to estimate the thickness of a near surface clad area, 
which contributes to the diffraction.     

 
Figure 5.13: The (311) peak intensity through the width of single clad track scanned by 
synchrotron gauge volume. Lines 1, 2 and 3 represent the scans performed at three different 
heights. In the insert it is demonstrated schematic position of scans. The difference in peak 
heights is caused by the radiation absorption through the cladding.      
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In transmission mode, however, it was possible to make a profile of the residual strains 
through the entire depth of the coatings when the incidence angle was changed, Figure 5.12.B. 
Further, the intensity of the diffracted beam was much higher than in reflection mode.  The 
peak positions were defined by Gaussian and Lorenzian fitting with a negligible difference in 
the fitted values. Close to the interface with the substrate double peaks were detected. 
Chemical analyses performed by EDS showed an increase in the Fe content at the interface, 
which may lead to a change of the lattice spacing. Probably the gauge volume irradiates the 
regions with different Fe content that cause these double peaks. These peaks were not used for 
calculation of the residual strain due to lack of specific do data.   
 
5.3.3 Influence of laser cladding parameters on residual macrostress profiles 
 
It is assumed that the residual strain εz, is due to the Poisson’s contraction caused by the 
stresses in XY plane, characterized by the first stress invariant R x yσ σ σ= + and it is possible 
to estimate the nature of the stresses, whenever tensile or compressive. The first stress 
invariant on the XY plane is then calculated by Hooke’s law: 
 

zR
E ε
ν

σ −= .            5.22 

The experimental errors arise from the errors of measured values of the lattice spacing d, d0 

and the experimental Emeas, Table 5.1. A relative experimental error of the order of 10-5 is 
typical estimate of synchrotron diffraction peak position. During our experiment the quality of 
the peaks used for the determination of the (311) lattice spacing varies depending on the local 
texture. This is the main source of the error fluctuation in the plots of strain and stress that are 
presented. For the residual strains a typical relative error, which covers 95% confidence 
interval, is about 15%. The error in the stress values increases to 18% when Emeas is used 
obtained from the nanoindentation. When the stresses are calculated from the theoretical 
E(Co311) the accumulated error is analogous to the residual strain error. Confidence interval of 
95% was used in the plots.  

The residual strains were measured in reflection mode on the central tracks of Eutroloy 
16012 claddings deposited at 300 and 360 mm/min scanning speeds, see Figure 5.14. The 
diffraction phenomena took place at the same depths in two different samples, which indicate 
reproducibility of the grain structure in the clad. In both samples the residual stresses were 
almost zero at the surface and increased rapidly as a function of depth. The highest values are 
found in the sample deposited at higher scanning speed that generated higher cooling rate. 
This result is in qualitative agreement with results of Zhou and De Hosson [34], showing with 
the Sin2Ψ method that after laser surface remelting of stainless steel substrate both near 
surface stress components (longitudinal and transversal) are tensile and that their magnitude 
increases with scanning speed of laser beam. Kadolkar et al. [35] reported a similar behavior. 
They used the Sin2Ψ method to measure surface strain on TiC/Al coating on aluminum 
substrate. Although they did not assume any rotation of principal stress components towards 
the laser beam scanning direction, they detected both principal stress components being 
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compressive near the surface, but for higher cooling rates these stresses become less 
compressive. 
 

 
Figure 5.14: A) Residual strains along the vertical axis Z measured on samples deposited at 
300 and 360 mm/min. B) The residual stresses σR calculated with the empirical Emeas and 
theoretical ECo311 elastic moduli.  
 

The residual stresses were evaluated between the center of the 5th and overlap with the 6th 
track. These measurements partly overlap each other because the width of the gauge length 
was fixed to 1.5 mm and the lateral displacement was 1.0 mm. The effect of the overlap is 
shown in Figure 5.15. A tendency is observed for highest residual strains developed at the 
overlap region and, consequently this region experiences a higher tension.  

 
Figure 5.15:  The residual stresses σR calculated with ECo311 at the centre of the 5th track and 
its neighboring overlap.   
 

Effects of the shape of the clad on the residual stresses was estimated by making a 
comparison of the profiles in the intact flat and round substrates deposited with identical  
processing parameters, see Figure 5.16. Since diffraction phenomena took place at different 
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depths it is not possible to compare directly the values of local strains. For that, one may 
extrapolate the values obtained indicating that the residual stresses attained in the round 
sample are shifted to higher levels.  

 
Figure 5.16:  Residual stresses on: 5th track of the flat cladding; 5th track and 2nd tracks of the 
round cladding. σR’s were calculated with ECo(311)  and νCo(311).  
 

It is possible to estimate the strain or stress release by considering the analysis of an intact 
sample, where σR = σx + σy holds. It is assumed that in a cross-section section sample σx is 
released and only σy remains. As the value of εz correspond to the local stress state, it is 
possible to describe the stress tensor when one knows the values of σR and σy. The analysis of 
stress plots in an intact and a cross-sectioned cladding is used as illustration, see Figure 5.17. 
The samples were deposited under the same processing conditions and a similar grain 
distribution is expected. This aspect is reflected in the similarity of the curves profiles 
measured in reflection and transmission modes indicating that x-ray diffraction took place at 
equivalent depths on the samples. The values of stress should be compared at similar positions 
in order to take in consideration possible effects of the depth. However, as aforementioned 
preferential texture did not allow for diffraction to take place through the whole depth of the 
clad scanned in reflection mode. The plateau region of the stress curves was chosen for 
analysis, indicated by the dashed line in Figure 5.17. The shift of the curve from tensile to 
compressive is clear when the cladding is sectioned, indicating the release of positive stresses. 
The averaged residual stress values in these regions are σR = 500 MPa and  σy = -100 MPa, 
from which we conclude that σx = 600 MPa at that specific depth.  
 

96 



           Residual stresses in laser clad layers 

 
Figure 5.17:  Residual stresses profile:  on intact cladding assuming εz function of σR. On the 
cross-section, it is assumed a release of σx and εz is only function of σy. σ is calculated with 
ECo(311)  and νCo(311).  
 

The residual stresses as a function of depth, Figure 5.18, and horizontal position, Figure 
5.19, were measured in transmission mode. The depth profiles were taken from the central, 
5th, and 8th, i.e. last- but -one track. The central track is found in pure tensile stress state until 
0.8 mm depth, it was not possible to analyze the remaining depth due to lack of diffraction. 
The last-but-one track is under tensile stress until 0.8 mm changing towards the substrate into 
compression. The horizontal analyses (along the Y-axis on Figure 5.6) carried out at depths of 
0.3 and 0.8 mm complement the observations from the depth profiles of the 5th and 8th tracks. 
The width scanning experiment was conducted under lower counting time than the depth 
profiles and as a consequence the error bars increase. At 0.3 mm depth a tensile stress state is 
found mainly in the central region of the cladding layer, around the 5th track, whereas at the 
extremities at this depth the compression state dominates. At 0.8 mm on the far end of the clad 
layer is in a tensile state, whereas the center and the other far end of the clad are in 
compression. From 0.3 to 0.8 mm depth the far ends of the curves are shifted towards positive 
values. Gripenberg at al. [36] used three different methods to study the residual stress profile 
in very thick (10 mm) austenitic steel welding clad on a ferritic steel substrate. They detected 
a clear change from tensile to compressive residual stresses when proceeding from the clad to 
the base material. Neutron diffraction technique was able to detect significant local 
fluctuations in residual stresses in the clad material, similar as in our case. Also in [37] it is 
observed by Sin2Ψ method that the surface stress distribution after remelting of plain carbon 
steel is rapidly varying and one should be careful by measuring only average stresses on laser 
treated surfaces. A longitudinal principal stress component was measured in this experiment 
50 % larger than transversal one. Pilloz et al. [3] presented a simple phenomenological model 
for residual stresses induced by laser cladding. They assume that longitudinal and transversal 
stress components are nearly equal and their variations are small inside the coating but sharp 
on interfaces between three different zones: coating/heat-affected zone/substrate. Thermal 
contraction effects in these individual zones during the cooling process determine the sign of 
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residual stresses inside them. The magnitude of the creep inside heat-affected zone also 
influences the sign and level of residual stresses. Results of our measurements show that both 
assumptions from this model are far from reality and residual stress fields formed inside laser 
clad and its surrounding are far more complicated.    
 

 
Figure 5.18:  Profile of residual stress σy on cross-sections of 5th and 8th tracks. σy  is 
calculated using ECo(311)  and νCo(311). 

 
Figure 5.19:  Horizontal profile of residual stresses σy on cross-section, measured at 0.3 and 
0.8 mm depths. σy’s is calculated with ECo(311)  and νCo(311). The first and last tracks of the clad 
by order of deposition are approximately located at 0 and and 24 mm, respectively.  
 
5.4 Microstress depth profile of individual grains determined by 
3DXRD microscopy 
 
The cladding sample for residual strain analysis is formed by two overlapped laser tracks and 
it is described in section 4.2.4. The first deposited track was diluted with iron from the 
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substrate, while in the second track the degree of dilution was enough for metallurgical 
bonding, around 3-5%. It conserved the properties of the original hard facing alloy powder. 
For this reason, this track was used for the analysis of the residual stresses. The sample was 
prepared by spark-cutting erosion of one millimeter thick slice perpendicular to the cladding 
direction that was gently polished and cleaned in an ultrasonic bath to remove oxides created 
during the cutting process.  
 
5.4.1 Residual microstrain measurement by 3DXRD microscopy 
 
The microscope in the beam line ID-11 at the ESRF is used in this experiment. A 
monochromatic beam of 80.4 kV, λ= 0.15422 Å, is applied with a focus area of 30 x 20 µm. 
The sample is analyzed in steps of ∆ω = 1o between -30 to 30o and 150 to 210o. The 
diffraction patterns from the coating were registered during 3 seconds in each rotation step. 
Figure 5.20 shows the patterns acquired from three near ω values. Diffraction takes place 
when the Bragg law is fulfilled, i.e. the reciprocal lattice points lay on the Ewald sphere [38]. 
The continuous intersection of the scattered vectors with the Ewald sphere during the 
controlled rotation of the sample is observed in the experiment as a gradual variation of spots 
brightness as Figure 5.20 indicates. 
 

 
Figure 5.20- Diffraction patterns of γ-Co based alloy clad layer registered by CCD-2D 
detector during sample rotation of 1o range. The ω steps are given in the insert. The gradual 
increase of spot intensity is indicated in the circled (200) spot along the sequence. 
 
The data handling starts with a tracking and indexing algorithms [18]. First, images were 
corrected for distortion, illumination and an intensity threshold was defined. The tracking 
algorithm identified the diffraction spots on the images when their intensity was above the 
predefined threshold. The centers of gravity of these spots were defined as their positions in 
the laboratoryl system. Only those points that match crystallographic reference data are 
considered for further analysis. Spots collected at different ω’s that superpose each other are 
considered to originate from the same grain. Their centers of mass in laboratory coordinates 
are assigned from the strongest spot and the corresponding ω  was recorded. The scattered 
vectors in lab coordinates, Gj

l, can then be calculated from the coordinates of these spots and 
the values of θ and η are inferred.  
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The indexing algorithm [19] is able to find grains, which fulfill the diffraction conditions by 
scanning through all possible rotations of single grain and their match with observed 
cumulative diffraction pattern represented by Eq. 5.12. When calculated and observed 
diffraction spots match inside the predefined criteria the grain j is identified and associated 
with its orientation matrix . The stress-free lattice parameter 3.58122 Å of the γ-Co based 
alloy powder was used as input for indexing and posterior residual strains calculations. The 
minimum number of reflections for the identification of one grain was defined as 10. Figure 
5.21 is an example of the grains indexed with the data collected in one rotation routine. All 
positions of the identified diffraction peaks are plotted, but only those grains that scored 10 
spots or more are indexed with an orientation matrix .   

jU

jU
 

 
Figure 5.21: Cumulative diffraction pattern from Co-based laser clad coating and the 
correspondent indexed γ-Co grains.  
 
5.4.2 Residual stress results from 3DXRD microscopy measurement 
 
3DXRD measurements were performed on a double track cross-section starting from the top 
of the second laser track and gradually approaching the substrate in a direction perpendicular 
to the cladding direction (vertical direction on Figure 4.19). Figure 5.22 shows the attenuation 
profile of the transmitted synchrotron beam during movement along the Z-axis of the sample, 
being Z=0 on the top of the second laser track. A significant decrease of the attenuation is 
registered above 1 mm depth caused by dilution with Fe from the substrate.  

The microstrain tensors and relative positions of the grain centers were calculated for all 
indexed grains solving the set of Eq. 5.15. Above 1.0 mm no grains could be indexed inside 
the tolerances given a priori to the algorithm routine. The orientations and relative positions 
of the center of all successfully indexed grains are plotted for three different depths, Figure 
5.23. The values ,X Y∆  ∆ for relative position of centers of diffracted grains reflect the 
horizontal size of diffracted volume given by the width of focused beam of approximately 30 
µm. 
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Figure 5.22- Beam attenuation depth profile of the 2nd track of cladding sample. The arrows 
point to the exact location where 3DXRD microscopy measurements were performed and a 
number of successfully indexed grains is given at corresponding depth.  
 

 
Figure 5.23: Relative positions and orientations of the indexed grains at 0.2, 0.6 and 0.95 mm 
depth.   
 
It is clear from Figures 5.22 and 5.23 that the number of indexed grains increases with the 
depth. This is in agreement with OIM observations shown in Figure 4.19, where the grain size 
decreases with depth of the laser clad. Therefore the number of grains, which stay inside a 
diffracted volume during a ω−rotation increases. In addition, the grain orientations were 
randomized and no clear texture was found. The facts that the calculated positions of all the 
indexed grains are found inside the illuminated area (free parameters ∆X and ∆Y from Eq. 
5.15 given by the irradiated area of the experiment) plus the observation of the microstructure 
refinement through the depth are direct indications that the parameters in indexing procedure 
were chosen properly and the indexing procedure was successful.  

Typical microstrain and its corresponding microstress tensor calculated in the grain 
orientation system with the experimental elastic constants from Table 5.1 for a grain j found at 
0.2 mm depth are: 
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The space resolution is defined by the irradiated area of the material, which is directly 

related with the beam cross sectional area. A disadvantage when one chooses to use high 
space resolution is that fewer grains are irradiated than if low space resolution is used. 
Therefore, in this experiment the number of indexed grains was not sufficient to correlate the 
microstresses among each other. In order to describe the microstress distribution along the 
depth two rotational invariants are applied: hydrostatic stress (p) and von Mises stress (τ) [39]. 
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Figure 5.24 shows plots of the hydrostatic stress p and von Mises stress τ for all indexed 

grains (open symbols) as a function of depth.  

 
Figure 5.24: A) Hydrostatic and B) Von Mises intergranular microstresses of indexed γ-Co 
based grains in function of laser coating depth. Close symbols (•) refer to the mean value of 
the invariants at respective depths. 
 
It is clear that stress in some grains attains values that exceed the macro yield stress of this 
alloy especially in elongated grains closer to the tracks overlapping area or interface with the 
substrate. The hydrostatic microstresses are spread among the neighboring grains in an almost 
symmetrical distribution of positive and negative values. The spread of this distribution is 
gradually increasing with depth when elongated grains appear in the microstructure. The mean 
value (close symbols) of hydrostatic stress among vicinity grains gradually decreases from 
tension near the top of the coating to compression at the bottom. A quite irregular picture for 
shear stress component is visible on Figure 5.24.B and it seems that overall average von Mises 
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component does not change significantly with depth. The clad layer can be divided in two 
regions. From the top until 0.6 mm, the hydrostatic stress levels spread in a constant range of 
about +500 to –500 MPa. From depth of 0.6 mm and further this microstress spread increases 
almost linearly as a function of depth.   
 
5.4.3 Discussions and interpretation of residual microstress distribution 
 
It is important to keep in mind that the characterization of macro and micro residual stress 
analysis by diffraction techniques bear certain limitations. When the macrostrains are 
determined by diffraction using a constant wavelength radiation registered by a line detector, 
the peak shifts correspond to lattice strains of only grains with specific orientations, which 
doesn’t necessarily correspond to the general stress state of the body. When 3DXRD 
microscopy is applied, all orientations are used for the strain/stress calculations but not 
necessarily all grains are detected via the indexing procedure. This may be the case of heavily 
deformed grains or grains with altered composition discussed below.   

When three-dimensional residual stresses are evaluated by x-ray diffraction techniques the 
reference parameter for strain calculations should be used with caution. For such experiments, 
an accurate value of stress-free lattice spacing is required that is usually found in fine 
powdered materials. In the case of metals and alloys, powder samples with the same 
properties as the irradiated volume are not always available. In this investigation the cladding 
alloy powder was used as reference. Since the second laser track was low in dilution, it is 
reasonable to assume that the overall composition of the original alloy is conserved. Local 
softening is registered on the overlap area by microhardness and scratch tests described in 
[42]. The tests indicate local variation of microstructure and composition caused by the non-
homogeneous mixing of molten material which resulted in Fe rich bands inside the laser 
tracks overlap area. As the stress-free lattice Co-based alloy powder was used as reference, 
incorrect residual strains may be measured when iron rich grains are irradiated and were 
indexed. A rough estimation of the dilution influence is based on a simple comparison of 
lattice parameters of γ-Co and γ-Fe. Lattice parameter of γ-Fe is about 1.6% larger than lattice 
parameter of γ-Co. If one assume I: 25% dilution of Fe in γ-Co inside these dilution bands and 
II: a linear change of the lattice parameter with an amount of diluted iron, than one may 
expect that the lattice strain due to dilution will be on the level of 40.10-4. This is a relatively 
high value in comparison with calculated microstrains presented in section 5.4.2. However, it 
was shown by EDS that the overall dilution was lower than 5% and that bands with higher Fe 
dilution are relatively narrow and perpendicular to the much larger γ-Co grains. Actually, only 
a few grains (around 10% of the total) at larger depths than 0.6 mm showed non-realistic 
strains. These grains were excluded from further analysis and are considered as highly diluted 
grains located in the dilution bands mentioned above. In the rest of the grains one may expect 
a small contribution of dilution to the experimental error of residual strain.  

  In a first approximation a similar level of experimental error may be expected in our 
experiment with an amendment that some systematic errors have to be expected due to 
uncertainty of behavior of do with the laser track depth. It is necessary to note that a variation 
of do may originate not only from dilution of substrate Fe, but also from microstructural 
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changes induced by thermal treatment inside a heat-affected zone during laser track 
overlapping. Complexity of these processes together with a lack of information what is the 
real local do value make the estimation of size of experimental error very difficult. 

 It is possible to draw some conclusions on the relation between microstresses and 
microstructure formation by comparing Figure 5.24 and corresponding microstructural 
characterization by OIM in Chapter 4, Figure 4.19. It is observed that the equiaxial coarser 
grains localized on the upper part of the coating undergo a constant spread of stress while the 
finer and columnar grains from the lower part present an increasing spread of hydrostatic 
stress values as a function of depth. In a single phase, polycrystalline, material the 
intergranular microstrains are caused by inhomogeneous distribution of elastic properties 
localized in a stress field. As a consequence, type II microstresses may present large 
variations due to anisotropy in individual grains oriented differently to the macro stress field. 
For instance, in [28] the dependence of (hkl)s for f.c.c materials in uniaxial loading was 
calculated and a large difference in the strain response for various  cubic materials was 
observed. In [40] a cold rolled steel was investigated and stress variation from tension to 
compression in neighboring grains was detected, like in the figure mentioned above. 

Assuming that d0 variation would take place continuously while it gets closer to the iron 
rich substrate, the hydrostatic stress spread would not be changed. Instead, all the points 
would be shifted monotonically according to the change in d0. 

The analysis of stress distribution is complex because of the three dimensional anisotropy 
of the microstructure formation. In a single clad track the preferential grain growth directions 
lie normal to the solidification front towards a single point. These directions are the heat flow 
directions, and the single point represents the center of the laser beam. Hence, on the 
perpendicular cross-section the grains presented random orientation, Figure 5.23. Other 
phenomena, such as shrinkage of the melt, phase transformations, interactions of the 
neighboring grains and thermomechanical deformations, will contribute to the dynamical 
scenario where intergranular residual stresses are generated. For the investigation of the grain-
oriented-residual-stress-dependence a statistical number of strains as a function of the grains 
orientations can be accessed by immersing the whole clad sample in the radiation and 
resolving the stresses in Euler space for the construction of Stress Orientation Distribution 
Function, SODF [40, 41]. In our work synchrotron microbeam diffraction technique was used 
and therefore spatial resolution (position, orientation and the strain state of individual grains) 
is achieved. 

The distribution of microstresses inside Co-based laser coating measured by 3DXRD 
microscopy looks to be very dispersive, i.e. stresses change from one grain to another 
considerably and the overall trend in macrostress state observed of the last deposited track 
[42], Figure 5.18,   seems to be preserved. The mean value of observed hydrostatic stress in 
all grains at specific laser track depth is gradually changed from tensile state in the upper part 
of the coating to the compressive state in its lower part close to the substrate. On the other 
hand the average value of shear stress component does not show any substantial change with 
depth.  
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5.5 Conclusions 
 

Tool steel clad layer. 
 
The stress state of tool-steel clad alloy layer is compressive near the surface and the larger 

principal stress lies along the cladding direction. Large amount of martensite formed is 
responsible for the compressive stresses due to the expansion of the crystal lattice, and the 
small grains presented in Chapter 4, contributes for breaking the stress orientation relation 
with the solidification front so that the larger principal stress lies along the cladding direction 
instead of tilted as it is the case of the Stellite 20.   
 

Co-based clad layer. 
 
Macrostresses. 
 
The Young’s modulus calculated for (311) planes in pure γ-Co crystal is about 75 % of 

the value of cobalt based alloy modulus estimated from nanohardness measurements due to 
contribution of hard carbidic phase present in the eutectic interdendritic area. 

The stress state of the Stellite 20 coating near the surface is biaxial tensile, when the major 
component is much larger than the minor one. The major component is not parallel to the clad 
direction, but is tilted from this direction about 40º. This behavior is connected with a change 
of orientation of cooling front during the overlapping of laser tracks in comparison with single 
laser track cladding; 

In the reflection mode, the relatively large grains and strong texture formed during the Co-
based laser track solidification do not allow performing macrostress analysis with synchrotron 
radiation diffraction through the whole coating depth;  

The residual stresses usually increases with depth and it may reach the value of yield 
stress at half of the thickness of the coating. Near the coating/substrate interface the sign of 
the internal stresses is changed to compression; 

The variation of the stress as a function of depth is not smooth and also its behavior varies 
from track to track;        

The residual stress increases with scanning speed, track overlapping and change from flat 
to round shape of the substrate, Figure 5.16.  

 
Microstresses. 

 
The microstructural and 3DXRD microscopy observations of laser deposited 

Eutrolloy16012 Co-based coating leads to the following conclusions:  
The residual microstrains were accessed under high spatial resolution defined by the size 

of the synchrotron microbeam.  
γ-Co grains were successfully identified and localized in the microstructure by 3DXRD 

microscopy in agreement to the microstructural observations.  
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Residual microstrains and stresses were analyzed in terms of tensor invariants, hydrostatic 
and von Mises stress, along the depth of a slightly diluted clad track. The upper part of the 
coating shows a constant spread of hydrostatic stresses between –500 and 500 MPa; towards 
the bottom of the track the spread of these stresses increases almost linearly with depth. 
Behavior of overall macrostress determined as an average of these microstresses shows an 
already observed trend in macrostresses (Figure 5.18, 8th track) when tensile stresses at the top 
of the coating are gradually changed to the compressive stresses near the coating/substrate 
interface.     

It is common that in residual strain investigations with diffraction techniques a 
homogenous distribution of d0 through the material is assumed due to lack of more proper 
data. In this work, this problem is detected in some Fe-richer areas closer to the substrate. 
Assuming that the d0 changes while approaching the substrate, the effect on the microstresses 
is that the values would be shifted monotonically, but the spread of the stresses would be 
conserved.  
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66 Dry sliding properties of a laser 
deposited Co-based clad layer 

 

This chapter concentrates on the dry sliding behavior of laser deposited 
Eutrolloy 16006 clad material in metal-metal contact as a function of 
increasing temperature. The dependence of the wear rate and friction 
coefficient with increasing temperature is explained by the oxidation 
behavior of the alloy characterized by SEM and EDS analyses. The 
temperature interval of the wear tests is typical for automotive engine 
applications and it was chosen to explore the potential of these kinds of clad 
layers on the reinforcement of mechanical parts submitted to severe wear 
conditions.  

 
 
6.1 Introduction 
 
In industrial applications the damage due to sliding wear of metal-onto-metal parts is a major 
problem. Wear is a complex phenomenon that takes place due to a combination of several 
factors, such as, chemical and mechanical effects, the kind of contact and it depends critically 
on the environmental conditions. From all these factors, the temperature plays a very 
important role on the oxidation behavior and the mechanical strength. It is expected that the 
oxidation at elevated temperatures degrades the material and therefore it opposes wear 
resistance. However, in the case that a dense adherent oxide layer is formed on the surface of 
a material it may work beneficially by the creation of an inhibition film that avoids further 
degradation of the material [1,2]. The metal debris formed is subject to severe oxidation, 
especially under high temperature caused by sliding of the metal and the external heat applied 
in the process. This oxidized debris can be compacted under the wear induced stresses in 
order to form a lubricant layer, which may decrease the effects of friction and wear [3,4]. In 
general we may say that the oxidation of metals at high temperatures plays an important role 
on the further improvement of wear resistance.  
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Several surface treatment techniques can be applied to reduce wear at elevated temperatures 
[5] like preoxidation, alloying, the application of coatings. Clad layers are usually thick, i.e. 
thickness > 0.3 mm, and can be applied to cover large surfaces or to reinforce specific small 
locations of difficult access, where extreme wear conditions occur. Within this technique the 
cobalt hardfacing based alloys [6] are commonly employed for applications where good 
resistance against wear, oxidation and corrosion is required. The most commercialized cobalt 
hardfacing alloy is the Stellite series, which derive its mechanical properties from a high 
volume fraction of hard carbides that are formed in a “soft” austenitic matrix [7,8], where both 
carbides and matrix need to have sufficient Cr content to provide oxidation resistance at 
elevated temperatures. The matrix is reinforced with tungsten additives in order to compensate 
for the loss of strength with increasing temperature. The Stellite system works in such a way 
that the tough matrix serves to bind the carbides, which contribute to abrasion resistance. 
Furthermore, when the laser clad technique is applied to form a thick Co-based layer the 
refinement of the microstructure, formed under high solidification rates, can provide positive 
effects on the abrasive wear resistance and other mechanical properties.  

In this work one of the most popular Stellite alloys, the Eutrolloy 16006 exhibiting good 
wear and corrosion resistance until 750oC [9] was chosen for detailed examination during  dry 
slide tests as a function of temperature. The characterization of the worn parts is made in 
terms of the morphology of the slide track, observation of the triboparticles (confocal 
microscopy and SEM) and chemical composition of the surfaces (EDS). 
  
6.2 Experimental methods 
 
6.2.1 Sample deposition and characterization 
 

The samples were deposited according to the side cladding processing map, see Chapter 3 
that was used as a guide line for the first trial and subsequent tuning of the deposition 
parameters. The samples used were made of Eutrolloy 16006 on gray cast iron substrates, see 
Figure 3.35E, that were about 1 mm thick; they were created in a single clad layer pass, 
without any macro-pores and cracks. Rectangular coated substrates were cut out from the gray 
cast iron plate, Figure 6.1, and Stellite pins of 6 mm in diameter were machined to a ball 
shape. These pins are mounted in a pin holder in such a way that the main pin axis is at 45o in 
relation to the normal of the disk surface. 

The laser clad coatings exhibit very good metallurgical bonding between clad layer and 
the substrate. In this case the microstructure of the coating and coating/substrate interface is 
shown in Figure 6.2. Fine γ-Co dendrites are characteristic for the microstructure of the Co-
based alloy coating, surrounded by a eutectic phase consisting of γ-Co and hard carbidic 
phases.  
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Figure 6.1: A) Pins of 6 mm in diameter carved from rectangular coated plate (Figure 3.36E) 
and stainless steel pin holder for sliding wear testing at CSM HT Tribometer. B) Rectangular 
coated cast iron substrate carved from plate (Figure 3.36E) and used as rotating disc during 
sliding wear test. Traces of three sliding tests are visible at the polished surface. 

 

 
Figure 6.2: Back scattered electron microscope images of Co based alloy coatings on grey 
cast iron substrates. A) Typical microstructure of the Co-based coating consisting of γ-Co 
dendrites surrounded by a eutectic phase of γ-Co and hard carbides. B) Near the 
coating/substrate interface the microstructure gradually changes consisting of micro-pores 
and dispersed rounded non-dissolved graphite particles. C) The microstructure of the 
substrate heat affected zone just under the laser clad coating. The doted line indicates the 
interface between the clad and substrate. 
 

Tungsten rich carbides are visible as brighter interdendritic areas in Figure 6.2A. Near the 
coating/substrate interface (Figure 6.2B) the microstructure gradually changes with a 
coarsening of the eutectic phase and refinement of the dendrites. Simultaneously round non-
dissolved parts of the graphite flakes are dispersed in the microstructure. At larger depth in the 
heat affected zone (Figure 6.2C) a microstructure characteristic of a  non-melted grey cast 
iron hardened by laser surface treatment [10] is observed. A sharp demarcation line is present 
between the austenitized zone (AZ) and the non-transformed substrate material. In the upper 
part of AZ, where all cementite plates from originally pearlitic microstructure were 
successfully dissolved in austenite the long martensite plates were formed. In the lower part of 
AZ, where remnant cementite plates still separate austenitic zones, only fine martensite is 
formed. This microstructure is formed because of high heating rates during laser treatment of 
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cast irons with a pearlitic matrix and due to the direct transformation of ferrite to austenite 
[11]. The presence of martensitic plates generates a relatively high hardness in this area of 
heat affected zone. 

The microhardness profile along the vertical direction has been measured in a 3 mm thick 
laser coating by Vickers indentation with 2 N loading with a shift in position of 100 µm 
between individual indents. The hardness profile was measured in the centre of the second and 
the eighth laser tracks, Figure 6.3. It is seen that hardness inside the coating varies between 
500 and 600 HV2. The fact, that hardness of a laser clad coating is slightly higher than the 
hardness of their cast made counterparts is connected with the refined microstructure formed 
during the laser cladding due to relatively high cooling rates accompanying the  laser cladding 
process [8]. A systematically lower microhardness inside the second laser track must be a 
result of a slightly higher dilution in comparison with the dilution in the eighth track. 
However, hardness profiles and scratch tests measured in vertical and horizontal directions of 
Eutroloy 16006 coating did not show any systematic drops of hardness in laser tracks 
overlapped areas, as  observed [12] in Eutroloy 16012 coating on steel substrates.  At the 
interface between coating and substrate a narrow zone (few hundreds of micrometers) with 
very high hardness exists followed by a relatively deep zone (~1 mm) with moderate hardness 
till the depth where the hardness of non-affected substrate (~ 200 HV2) is achieved.  

 
Figure 6.3: Vertical profile of coating microhardness measured at 3 mm thick coating made 

.2.2 Wear tests  

ry sliding tests were performed with the CSM HT Tribometer with increasing temperature 

on CGI substrate via cladding of three subsequent layers. The results of the measurements 
made at the second and eighth laser tracks are shown. 
 
6
 
D
between the room temperature and 525 oC. The pin holder was permanently loaded by a load 
of 10 N and the rotation speed of the disk was set to a value which corresponds to the sliding 
speed of 10 cm/s. The number of rotations was fixed to reach the sliding distance of 1000 m. 
Both contact surfaces were polished before the test with a 1 µm diamond suspension. The 
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vertical position of the pin and the friction force during the whole sliding experiment were 
monitored.    

Figure 6.4 summarizes the results of wear test experiments of the Co-based coated pins 
sliding on the surface of the Co-based coated disk at different temperatures. In all 
measurements and at all temperatures it was observed, that after some transient running-in 
period the pin position becomes almost linearly dependent on the sliding distance. The wear 
rate can then be estimated from the slope of the very last portion of pin position curve, on 
Figure 6.4A, and from the size of the contact area measured by SEM on each pin after 
tribotest. Results of these estimations are summarized in Figure 6.4B, where the wear rate, ks 

(10-6 mm3/Nm), and the mean friction coefficient after run-in period are plotted as a function 
of test temperature.  

 
Figure 6.4: A) Record from dry sliding test of coated pins on coated substrate at sliding speed 
10 cm/s and 10 N load. Position of the pin at temperatures 200 and 350 ºC and the friction 
coefficient registered along 1000 m at 200 oC. B) Temperature dependence of wear rate and 
friction coefficient of Co-based coating prepared by laser cladding. The vertical   dotedline 
divides the sliding behavior in two regimes. 
 
The size of contact area (see Figure 6.4A ) indicates the tendency of a higher weight loss upon 
increasing temperature. In this figure also the friction coefficient is shown as registered along 
the sliding test at 200 oC.  In Figure 6.4B, the effect of increasing temperature on the wear rate 
and the friction coefficient are observed indicating different wear mechanisms at different 
temperature levels. For instance, the wear rate increases with the temperature until 275 oC, in 
accordance with the results presented in [13]. Above this temperature the wear rate decreases. 
The opposite behavior is observed for the friction coefficient that decreases to about the level 
of 300 oC and starts to increase again with increasing temperature. It is clear that for further 
interpretation of the sliding behavior of the Eutrolloy 16006 clad layer, it is necessary to 
characterize the worn surfaces of the pin and the clad layer by investigating the morphology 
of surfaces, debris and oxidation.  
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6.3 Worn surfaces 
 
The pins and rotational surfaces were investigated to explain the sliding behavior at different 
temperatures. First the worn surfaces of the clad layers were characterized by confocal 
microscopy in order to evaluate its roughness and the morphology. In Figure 6.5 all images of 
the worn surfaces show signs of scratches. Some oxidation and spalation is observed in these 
images but it is not possible to classify or to quantify these features properly by this method.   

 
Figure 6.5: Confocal micrographs of worn surfaces of Eutroloy 16006 clad layers tested at 
200, 350 and 525 oC. 
 

Another analysis is done by plotting the geometrical profile of the surface of the clad 
layer. Figure 6.6 shows the increase of scratch depth (worn out material) with temperature.  

 
Figure 6.6:  Shape profiles of worn surfaces of Eutrolloy 16006 clad layers tested at 200, 350 
and 525 oC. 
 

The far end of the Eutroloy 16006 coated pin is a part, which is in contact with the 
counter-surface during the complete rotation. Therefore, it is expected that the effects of the 
slide test are more pronounced in these parts. SEM investigations reveal further details of the  
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worn process at different temperatures. SEM micrographs were taken from each pin in order 
to measure the final area of the contact and its aspect ratio. The aspect ratio is calculated with 
the dimensions of the contact surface. The X axis lies along the sliding direction, while the Y 
axis is orthogonal to this direction. When X equals to Y, the shape of the contact surface 
should be a circle, Figure 6.6.     
 

 
   Figure 6.6: Dependence of A) Pin contact area and B) aspect ratio with the temperature.  
 
The observations indicate that the contact area of the pin with the substrate becomes smaller 
with increasing temperature. While the area decreases, the aspect ratio of these surfaces 
develop from an ellipse elongated along the sliding direction at lower temperatures, to an 
ellipse elongated perpendicularly to the sliding direction a higher temperatures.   

At 200 oC, SEM investigations revealed a clean worn surface of the pin, Figure 6.7A. 
Small debris homogeneously distributed on the surface is observed at higher magnification, 
Figure 6.7B. When the temperature increases to 350 oC, the worn marks look darker and a 
denser debris is observed spread over the surface, Figure 6.7C, D.  

Finally, SEM-EDS mapping characterization of oxygen on the surface of the pin contact 
area indicates the progressive increase of the oxide growth on the surface of the pin with the 
temperature. 
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Figure 6.7: Eutrolloy 16006 pin worn contact surface at A,B) 200oC and C,D) 350 oC. The 
micrographs shows details of the whole surface on the left, and details of wear marks and 
debris on the right column. 

 

 
Figure 6.8: The EDS mapping of oxygen indicates an increase of the oxide layer area on the 
surface of the Eutrolloy 16006 pins with increasing temperature. 
 
6.3.1 The influence of oxide layer on the wear behavior 
 
When solid materials are suffering from wear there is an accumulation of particles between 
the rubbing surfaces. The so called “triboparticulates” are originated from external 
contamination or accumulation of debris and can be encountered in the loose or compact 
format [2,4]. The effect of the triboparticulates on the wear mechanism is not completely clear 
and understood. It can be affirmed that the loose particles will act as abrasives and accelerate 
the wear damage while in the compacted form it reduces the wear considerably. In addition to 
that, the particulates can oxidize easily due to its small dimensions and relative large surface 
found under high temperatures. The oxidation can have a beneficial effect during the sliding 
of metals or alloys, when a compact oxide layer is formed that prevents the metal-metal 
contact. The growth of an oxide layer is observed on the sliding tests performed and this effect 
is more pronounced, specially when an external heat is applied, Figure 6.8.  

The tests performed in the range of the room temperature until 525 oC can be divided in 
two regimes, see Figure 6.4B. The oxides are preferentially formed on the pin because this 
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part is during the whole rotation in frictional contact with the surface of the clad layer. Under 
the external temperature of 275 oC the kinetics of oxidation is slower and the oxide layer 
formed does not cover the whole contact surface of the pin. Above this temperature the oxides 
are formed faster and can be accumulated in the compressed form between the surfaces in 
order to form a glaze film that reduces the friction coefficient. The effect of the compact oxide 
layer is reflected on the pin by the decrease of the contact area (and consequently, a decrease 
in mass loss of the pin) with temperature, Figure 6.6A. While the area decreases the aspect 
ratio of contact changes its shape elongated transversal to the test direction.  

On the clad layers, the depth of the scratches, Figure 6.5, increases with temperature by 
the oxide mass loss on this surface. Some studies [5,14] demonstrate that additions of oxygen 
active elements to the Co-based alloy, like yttrium, can further improve the wear behavior by 
increasing the adherence of the oxide layer onto the surface.  
 
6.4 Conclusions 
 
Clad layer samples meant for dry sliding tests were deposited according the processing map 
presented in Chapter 3. The Eutrolloy 16006 alloy was successfully deposited on a gray cast 
iron substrate and its characterization showed no signs of macro defects.  

The behavior of the Eutrolloy 16006 alloy under dry sliding conditions was tested in the 
temperature range of automotive engine applications. The wear rate and the friction 
coefficient behave in two different regimes depending on the temperature of the test. From 
room temperature to 275 oC the coefficient decreases and the wear rate increases. Above this 
temperature until 525 oC the opposite behavior has been observed, i.e. the friction coefficient 
starts to increase, whereas the wear rate decreases with temperature. The creation of a 
compact oxide layer formed between the metal-metal contact above the 275 oC is responsible 
for the decrease of the friction coefficient.  
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Summary  
 
The surface condition of a component is usually the most important engineering 

factor. Almost inevitably the outer surface of a work-piece is subjected to wear and 
corrosion while it is in use.  To an increasing degree, therefore, the search is for surface 
modification techniques, which can increase the wear resistance of materials. It is worth 
noting here that wear resistance is a property, not of materials but of systems, since the 
material of the work-piece always wears against some other medium. It is its relation to 
its environment – e.g. lubrication, speed of sliding/rotation - that determines the wear 
resistance of the material in a given construction. As a general rule, wear is determined 
by the interplay of two opposing properties: ductility and hardness. 

In this thesis two high-power laser techniques are used for the surface engineering of 
metallic alloys:  

Laser cladding, which allows the deposition of thick resistant metallic by a melting 
process fusing a special alloy onto a weaker substrate.  

Laser hardening, which produces wear resistant tracks by microstructural 
transformations, i.e. a laser beam scans across a component without melting.  For 
instance, in steels or ferrous alloys a temperature above 1200 oC should be avoided. 

In this work application of the laser hardening process on gray cast iron, a material 
that is widely used in engineering components, is investigated based on the observations 
of microstructure transformations. An important conclusion is that the surface quality of 
gray cast iron can be improved by temperature controlled laser surface hardening. The 
microhardness of GG-25 cast iron laser treated tracks increased from 250 to 500-1000 HV 
in the transformed zone that consisted mainly of martensite, retained austenite and 
remaining cementite lamellae and undissolved graphite flakes.  

 Next, the influence of the process parameters and alloys on the microstructure of 
laser deposited clad layers is thoroughly investigated by means of EBSD microscopy 
techniques. It is shown that a graded method experiment can be applied to determine the 
optimal operation window of the laser cladding technique with different set-ups.  The 
experiment in which the Nd:YAG laser power is gradually increased during laser 
cladding of a single laser track while other two main process parameters (scanning speed 
and powder feeding rate) are  fixed, reduces substantial the cladding experiments that are 
required for a proper study of the processing window. In general, it can be concluded that 
the main advantage of the coaxial laser deposition set-up lies in its directional 
independence while the side cladding set up is directional dependent. On the other hand, 
the side cladding set-up provides higher powder efficiency and a larger processing 
window can be defined. A theoretical model of the coaxial laser cladding is presented 
revealing the influence of the powder fly velocity on the quality of the deposited clad. 

Four kinds of Co-based alloys were used to build clad layers on the surface of C45 or 
gray cast iron substrates. The microstructure of the clad tracks characterized by optical 
and electron microscopy techniques (SEM, TEM and OIM) revealed coarse grains 
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composed of fine dendrites. The phases analysis performed by lab and synchrotron x-rays 
reveals a γ-Co based matrix and carbide precipitates (M7C3, M23C6, and Co6WC) in the 
eutectic area located in the interdendritic spaces.  

The morphology of the clad layers, investigated by EBSD patterning microscopy 
depends greatly on the speed of the laser cladding process. It was observed that the 
microstructure morphology of a single clad track becomes more homogeneous with the 
increase of process speed. Slowly deposited tracks presented grains 10 times bigger when 
observed at the longitudinal cross section plane than in the transverse cross section. In 
contrast, under high speed the grain sizes were comparable in the longitudinal and the 
transverse directions. Overall, refinement of the microstructure takes place from the top 
towards the interface with the substrate. Grain coarsening takes place in the overlap area 
of neighboring tracks caused by the remelting provoked when a clad layer is deposited.  

Crystallographic texture dependence with the velocity is also observed. Low speed 
deposited samples showed a multiple fiber texture when observed in the transverse cross 
section. In the case of fast deposition the samples show preferential fiber textures along 
the axis of the processing direction. A strong fiber texture is found in the longitudinal 
direction. The texture is normal to the surface in the slower case and tilted 45o in relation 
to the substrate in the faster deposition case.     

The microstructure of a laser deposited tool steel clad layer investigated by EBSD 
patterning microscopy is fine grained and dendritic, with the presence of subdendritic 
martensite grains and retained austenite on the rate of 60 to 40%, respectively. The 
application of this powder for the construction of clad layers is very promising due to its 
crack resistance observed during the deposition experiments.  

A drawback of the laser cladding is the high tensile residual stresses that may be 
created in the coatings due to the melting followed by resolidification of the layer and 
provoke degradation of the coating mechanical properties, or even may provoke cracking 
of the layer during deposition. Macro and micro residual stresses were investigated in Co-
based clad layers by lab and synchrotron x-rays diffraction techniques.  

Macrostresses in Co-based clad layers:     
The stress state the Stellite 20 clad layer, investigated by lab x-rays, is biaxial. The 

major stress component is much larger than the minor one and it is tilted about 40º from 
the cladding direction. This behavior is connected with the change of the cooling front 
propagation during the overlapping of laser tracks when the clad layer is built. When 
synchrotron x-rays are applied in reflection mode the coarse and textured microstructure 
of the intact Co-based laser track does not contribute for performing the macrostress 
analysis through the whole coating depth.   

Tensile residual macrostresses are found in Co-based clad layers investigated by 
synchrotron x-rays. The value of the stresses usually increases with depth and may reach 
maximum values at half of the thickness of the coating. Near the coating/substrate 
interface the nature of the internal stresses is changed to compressive.  

The variation of the stress as a function of depth is not smooth and also its behavior 
varies from track to track. The residual macrostresses of Co-based clad layers increase 
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with scanning speed, track overlapping and change from flat to round shape of the 
substrate.  

Microstresses in Co-based clad layers: 
A laser deposited Eutrolloy16012 Co-based coating was investigated by 3DXRD 

microscopy in order to determine individual grain microstresses. The residual 
microstrains were accessed under high spatial resolution defined by the size of the 
synchrotron microbeam. γ-Co grains were successfully identified and localized in the 
microstructure by 3DXRD microscopy in agreement to the microstructural observations.  

Residual microstrains and stresses were analyzed in terms of tensor invariants, 
hydrostatic and von Mises stress, along the depth of a slightly diluted clad track. The 
upper part of the coating shows a constant spread of hydrostatic stresses between –500 
and 500 MPa; towards the bottom of the track the spread of these stresses increases 
almost linearly with depth. The behavior of overall macrostress determined as an average 
of the microstresses shows a previously observed trend in macrostresses when tensile 
stresses at the top of the coating are gradually changed to the compressive stresses near 
the coating/substrate interface.     

Macrostresses in Fe-based clad layers:      
Residual macrostresses of an Fe-based clad layer was investigated by lab x-ray 

diffraction and correlated with its microstructure. The macrostress state near the surface 
of the clad is compressive and the larger principal stress lies along the cladding direction. 
A large amount of martensite formed is responsible for the compressive state due to the 
expansion of the crystal lattice. The fine and randomly oriented grains contribute for 
breaking the stress orientation relation with the solidification front so that the larger 
principal stress lies along the cladding direction instead of tilted as it is the case of the 
Stellite 20.   

Finally, the wear behavior of Co-based alloy claddings is tested by dry sliding in a 
range of temperatures that span from the room to typical automotive engine application 
temperatures. The oxidative wear mechanisms active in different regimes is also 
discussed. Clad layer samples meant for dry sliding tests were deposited according the 
processing map presented in this thesis. The Eutrolloy 16006 alloy was successfully 
deposited on a gray cast iron substrate and its characterization showed no signs of macro 
defects.  

The dry sliding behavior of the Eutrolloy 16006 alloy was tested in the temperature 
range of automotive engine applications. The wear rate and the friction coefficient 
behave in two different regimes depending on the temperature of the test. From room 
temperature to 275 oC the coefficient decreases and the wear rate increases. Above this 
temperature until 525 oC the opposite behavior has been observed, i.e. the friction 
coefficient starts to increase, whereas the wear rate decreases with temperature. The 
creation of a compact oxide layer formed between the metal-metal contact above the 275 
oC is the responsible for the decrease of the friction coefficient. 

In summary; this work contributes to a deeper understanding of laser processing 
technology and its potential applications. Laser processing can provide unique challenges 
and opportunities based on high spatial precision, reproducibility and automatic control. 
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arduous and unfair task for me. Obrigado, Thanks, Gracias, Bedankt and Tack så mycket.  
 
Aan de familie Verseveld, bedankt voor alles.  
 
Para toda minha família do Brasil o meu muito obrigado por acompanharem e sempre me 
apoiarem na jornada.  
 
Mariska, te reencontrar foi o meu maior presente. Com você, estou em casa.  
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