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Abstract: 

The goal of this work was to provide data for a study of correlation between the laser 
cladding parameters and the microstructure of Co-based coatings. Samples were made 
from laser clad coatings and single laser tracks on a 42CrMo4 steel bar with 
Eutroloy16012 powder. These samples were cut longitudinally and transversally to 
the cladding direction. After that Orientation Imaging Microscopy scans of the 
samples were made at different parts of the laser track. A total of 42 Orientation 
Imaging Microscopy pictures were made in providing this data. A new experimental 
set-up and coating sample cut was introduced for the study of the microstructure in 
different positions inside laser tracks. It is found that the Vickers hardness of the dept 
and the heat-affected zone of a single laser track depends on the laser cladding speed. 
The hardness of the coating also correlates with the cladding speed due to the 
presence of the new and more pronounced interfaces at higher cladding speeds. 
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1 Introduction 

To protect surfaces from the enviroment one can use a coating. The laser cladding 
technique provides thick metallic coatings. This method protects the substrate against 
wear and corrosion at room and elevated temperatures [1].  

The laser cladding by powder injection technique uses a high power laser as a heat 
source to deposit a powder onto a substrate. A scanning laser beam creates a so called 
melt pool in which the powder particles are injected, melted and trapped by fast 
solidification, and thus creating a track of the powder alloy on the substrate.  Full 
coverage of the substrate is attained by letting the single tracks overlap. This method 
produces a thick metallic coating on the substrate. There are two ways the powder 
can be fed to the substrate; coaxially to the laser beam or from the side. In our 
experiment we used the latter.  

The laser cladding technology is mainly determined by the three most important 
parameters. The power of the laser P [W], the laser beam scanning speed S [mm/s] 
and the powder feeding rate F [mg/s].  

The aim of our research in general is to find a correlation between these cladding 
parameters and the microstructure of the cladded coatings [2]. The goal of my part of 
the work was to prepare cobalt-based single laser tracks and coatings with different 
laser beam scanning speeds and to collect high quality observations of their micro 
structural features using Orientation Imaging Microscopy (OIM). Some additional 
geometric and hardness characteristics were also provided.   
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2  Experimental procedures 

2.1 Laser cladding setup 

The laser which was used to produce the coatings in our research was a 2 kW Nd-
YAG laser system (Rofin Sinar CW 20).  This laser has a wavelength of 1.06 μm which 
makes transport of the laser beam through an optical fiber possible. When the laser 
beam is leaving the fiber it goes through a 120 mm lens system. The laser beam makes 
an angle of 8 degrees with the normal of the substrate, to prevent reflections from 
going back into the optical fiber again, and is focused at 16 mm above the substrate. 
The shielding gas used is Argon which will prevent oxidation of the specimen and 
protect the lens. The shielding gas in these experiments where set on 15 l/min. 

To supply the powder to the cladding process a powder feeding apparatus (Sulzer 
Metco Twin 10C) is used. This apparatus provides an adjustable constant powder 
feeding rate which is necessary to get a stable laser track. The transport of the powder 
occurs by a carrier gas, in this case Argon. The carrier gas transports the powder to a 
cyclone, where the gas escapes via an upper outlet and the powder is fed through a 
nozzle to the melt pool. The nozzle makes a angle of 30 degrees with the laser beam. 
The carrier gas was set on 3 l/min.  

All the laser claddings are deposited on a substrate consisting of a 42CrMo4 steel bar 
with a diameter of 25 mm. The bar was horizontally mounted into a clamp which can 
rotate the bar around its axis in the direction along its length. The rotation speed is 
referred to as the scanning speed, as this speed depends how fast the laser beams scans 
the surface. The clamp itself is placed on a table which can move back and forth in 
the plane perpendicular to the laser beam, leaving the substrate under the laser beam. 
This setup allows laser cladding onto the bar. See Figure 1. To get a coating out of 
laser tracks the table moves towards the laser beam which results in a spiral track 
covering the full bar. To ensure full coverage of the coating, the laser tracks have to 
overlap. In all the experiments an overlapping of one third of the laser track width is 
used.   

 

 



 
Figure 1: Schematic drawing of the setup of the laser cladding process. The rotation of the clamp and 
the movement of the table make it possible to clad a laser coating on a bar. 

 

2.2 Powder characteristics  

The powder used for the laser coatings is Eutroloy16012. This powder has the same 
specifications as the widely used Stellite12. The Stellite alloys are cobalt-chromium 
based alloys especially designed to protect against wear and corrosion, even at high 
temperatures. The composition of Eutroloy16012 in weight percentage is, according 
to the supplier [3], shown in Table 1. 

 

 Co Cr C W Si Ni Fe 

Eutroloy16012 Bal. 29% 1.6% 8.5% 1.2% <1% <1% 

Table 1: Composition of Eutroloy16012 in weight % 
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In Figure 2 a SEM picture of Eutroloy16012 is shown. As one can see the powder is 
spherically shaped, an average particle size of about 130 μm is measured. 

                   
Figure 2: SEM image of the Eutroloy16012 

 

2.3 The production of the coatings and single laser tracks 

Before the cladding process the bar was sandblasted to make the surface rough and 
clean. Four kinds of coatings were uses, each with different scanning speeds, though 
only changing the scanning speed and fix all the other parameters would not give a 
good result. If for instance the (high) laser power which is used at high speeds is also 
used at a slow scanning speed the melt pool would be very large causing high 
dilution. This would result in a laser coating which is not useful at all. So in order to 
get comparable coatings the laser power and the powder feeding rate were changed 
along with the cladding speed. Of course this makes finding a correlation between the 
three parameters more difficult.  

First single laser tracks were made in order to find the right values for the parameters 
in such a way the laser tracks with different cladding speeds are similar in height, 
width and shape. The widths of the single laser tracks where measured. For the 

 

 

 

6



 

 

 

7

overlapping of the tracks, one third of the track width is taken. The parameters of 
these tracks are listed in Table 2. 

Sample 
number 

Laser 
power 
(W) 

Scanning 
speed 
(mm/s) 

Powder  
feeding rate 
(g/min) 

Width of the Track  (mm) 

2 1750 15 15 2.1 

5 1400 7.5 10 2.6 

10 800 2.5 3.5 2.4 

13 600 1 1.25 2.3 

Table 2: Single laser tracks parameters 

Now the achieved values of the parameters are used to make the coatings. The 
parameters used for the four different coatings are listed in Table 3.  

Sample 
number 

Laser 
power 
(W) 

Scanning 
speed 
(mm/s) 

Powder  
feeding rate 
(g/min) 

Total 
displacement 
of the bar 
(mm) 

Number 
of laser 
tracks 
in the 
coating 

Angle 
between 
observation 
and 
cladding 
plane 

c2 1750 15 15 14 10 1.02˚ 

c3 1750 15 15 14 10 1.02˚ 

c5 1400 7.5 10 17.5 10 1.28˚ 

c6 1400 7.5 10 17.5 10 1.28˚ 

c7 800 2.5 3.5 16 10 1.17˚ 

c8 800 2.5 3.5 16 10 1.17˚ 

c10 600 1 1.75 7.75 5 1.13˚ 

Table 3: Coating parameters 
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2.4 Preparation of the samples  

The coatings and single laser tracks were cut from the bulk substrate to get a 
convenient size to examine them. The coatings and single laser tracks were cut in two 
different ways, transversal and almost longitudinal to the cladding direction. The 
longitudinal cut is perpendicular to the axis of the bar, but the laser cladding direction 
makes a small angle with the cladding direction which results in a difference between 
plane of observation and the cladding plane. After the cutting the specimens were 
embedded in Bakelite. These way cylindrical specimens of a diameter of 30 mm were 
formed. These specimens were polished using the following procedure: For the 
polishing a Struers Labopol-5 and a Laboforce-3 polishing machine was used. 

1. Sharp edges where sand grinded off the bakelite with sandpaper 180. 

2. The samples where polished using a Struers MD-Piano diamond magnetic disk 
with an ISO/FEPA Grit designation of 220 and water for 5 minutes. 

3. Polishing with a Struers MD-piano 1200 diamond disk and water for 5 
minutes. 

4. Struers MD-Dac disk was used with Stuers Diamond Particle spray with 9 μm 
diamond particles and a Struers DP-lubricant Blue for 7 minutes. 

5. Struers MD-Rondo disk was used with Struers DP-spray with 6 μm diamond 
particles and the Blue Lubricant for 7 minutes. 

6. After this a. Then a. Then a Struers MD-Mol disk was used with Stuers DP-
spray with 3 μm diamond particles and the Blue lubricant for 7 minutes. 

7. Then a Struers MD-Nap disk was used with Stuers DP-spray with 1/4 μm 
diamond particles and the Blue Lubricant for 7 minutes. 

8. Finally the samples where polished with a  Struers MD-Chem disk together 
with a Struers OP-U suspension for 2 hours. Every ten minutes a little bit of 
suspension was added. 

After this the samples were removed out of the bakelite and mounted on an 
aluminum sample holder.  



Figure 3b shows two samples.  

        

 
 

Figure 3: a) a detail of a single laser track taken with the SEM. b) An almost longitudinal cut coating 
sample placed on a sample holder and the transversal cut single laser tracks sample still embedded in 

bakelite. 

Because the coating is cladded on the bar substrate like a spiral there is a small angle 
between the plane of observation and the plane of cladding. Therefore cutting the 
sample perpendicular to the bar, so almost longitudinal with the cladding direction, 
will give a cross-section of the different positions inside the laser track. Figure 3b 
shows such a longitudinal cut coating. Let’s assume that the beginning of a track is 
observed at the top of an almost longitudinal cut coating. If the track cut is followed 
counterclockwise on the almost longitudinal cuts an observation plane, shifted slowly 
from one side of the laser track to another, is exposed by one rotation. So for example 
moving around on the almost longitudinal cut for 180° gives a cross section of the 
middle of the laser track seen from the transversally cut sample. Figure 4 gives a 
schematic picture to clarify this.  
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Figure 4: Schematic representation of the relation between the longitudinal and transversally cut 

samples. 

 

2.5 EBSD and OIM   

Electron Back-Scatter Diffraction (EBSD) is a phenomenon that allows us to 
distinguish phases in a material and determine the crystal orientation of a phase.  
Orientation Imaging Microscopy OIM [4],[5] is the technique to collect the data of 
the crystal orientation of a certain specimen. Often OIM is used in the Scanning 
Electron Microscope (SEM), as is in these experiments.  

The specimen is placed under the electron beam of the SEM at an angle of 70°. The 
primary electrons of the beam are scattered in all directions due to the interaction 
with the lattice. Part of these electrons will impinge upon the crystal lattice at the 
Bragg angle: 

θλ sin2 hkldn =  

With λ the De Broglie wavelength, dhkl the lattice plane distance and θ is the half 
angle between the incident and scattered beam. 
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The electrons satisfying this condition form a pair of cones, known as Kossel cones, 
one from the upper and the one from the lower plane of the crystal, as in Figure 5. 
The backscattered electrons are recorded on a phosphorous screen.  

 
Figure 5: Backscattered electrons and the phosphor screen (picture from www.ebsd.com). 

The interception of the cones with this screen is seen as straight lines, as the Bragg 
angel is small. These lines are known as Kikuchi bands. This is depicted in Figure 6. 

 
Figure 6: The formation of the Kikuchi bands onto the screen (picture from www.ebsd.com). 

The width of these Kikuchi bands are directly related to the plane distance of the 
lattice and the angles between the bands represent the angular relationship in the 
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crystal. Figure 7 shows a typical pattern of Kikuchi bands of Eutroloy16012, referred 
to as a Kikuchi pattern. 

 
Figure 7: a) a Kikuchi pattern of a laser cladded coating with Eutroloy16012 b) the same Kikuchi 

pattern indexed by the software. 

The coordinate system used in the OIM method is shown in Figure 8. The three 
directions are defined as the normal direction, the rolling direction and the transverse 
direction. The crystal directions in Figure 8b are the crystal directions in the normal 
direction.  

 
Figure 8: The coordinate system used in the OIM procedure. 

The phosphor screen will fluoresce due to the backscattered cones and the fluorescent 
pattern is detected by a CCD camera.  Computer software allows us to translate the 
Kikuchi pattern into a crystal orientation, by transposing the picture into Hough 
space. With OIM the whole sample is scanned by the beam, obtaining a Kikuchi 
pattern, and therefore a crystal orientation, for every point in the sample. This results 
in an OIM picture in which the individual grains can be mapped. Every orientations, 
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and thus grain, has an own defined color. An OIM inverse pole figure can be seen in 
Figure 9. Also the legend is included, which says how the color is related to the 
crystal orientation in the normal direction. 

 
Figure 9:  An inverse pole figure of an Orientation Imaging Microscopy scan of a sample. 

The OIM technique provides orientation data with an absolute accuracy of 1˚ and the 
error between relative orientations of grains of the same specimen is even smaller 
than 0.5˚.   

The measurements in this experiment were all carried out with a Scanning Electron 
Microscope (SEM), the Philips SEM XL-30. The acceleration voltage was 20.0 kV and 
the spot size of the beam was set to 5. The sample was tilted to an angle of 74˚ from 
horizontal. 

The software can not recognize the phase of the material by it self, therefore it needs 
an input about which material is measured. The input used was Stellite12.ini. It was 
calibrated to measure γ-cobalt. The symmetry point group was cubic m3m. The lattice 
parameter a0 was 3.581 Å. The reflectors are listed in table 4. 

For the analysis of the date the software TSL OIM Analysis 4.6 is used. 
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Reflector Miller 
indices 

d-spacing 

1-1-1 2.067 

0-2 0 1.791 

0-2 2 1.266 

1-3-1 1.080 

Table 4: Reflector parameters used by the analyzing software. 

 

2.6 Vickers hardness test  

The Vickers hardness test is a test to determine the hardness of a material. The 
Vickers hardness test is a fairly simple test which can be used on all metals. It makes 
use of a diamond micro indenter which has the form of pyramid with a square base 
and an angle of 136˚ between the opposite faces. The indenter can be set to subject a 
certain load on the specimen. When the indenter is pressed into the material, with a 
certain known load, the pyramid shaped indenter leaves an imprint in the material. 
Seen from above this imprint has the shape of square. The area of this square is related 
to the hardness of the material. The length of the diagonals can be measured using an 
optical microscope. The software can then calculate the surface of the indented area. 
The Vickers hardness is defined as the ratio between the load in kg and the area in 
squared mm of the indentation. Figure 10 shows a schematic representation of the 
Vickers hardness test. 



 
Figure 10: Schemetic picture of the Vickers Hardness test. 

For this research a scratch test machine (CSM revetest) was used with a constant load 
of 4 N. Row indentations can be programmed easily to measure the gradient of the 
hardness. 
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3 Results 

3.1 Mictostructure and dimensions of the cobalt based coatings  

The Stellite12 coatings made by laser cladding have a dendritic structure. The 
solidification process starts with the formation of cobalt nuclei from which the 
dendrites grow by directional solidification. The dendrites grow towards each other 
until they almost reach each other. Then the space between the dendrites, referred to 
as the interdendritic region will solidify [6]. The primary dendrites consist of γ phase 
cobalt. The dendrites have a typical size of 5 to 10 μm.  The interdendritic eutectic 
region is constituted by a hard carbide rich phase into a γ cobalt phase [7]. The fact 
that the dendrites as well as the interdendritic structure consist mainly of γ cobalt is 
the reason every point of the coating can be indexed well with OIM technique, since 
we used the γ cobalt phase as the input in the OIM software. 

.   

Figure 11: Dendretic structure of the Eutroloy16012.7 
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3.2 OIM scans of the single laser track samples 

Below the OIM scans of the transversal cut single laser tracks for the different speeds 
are shown. One may note that some are shaped different with respect to each other. 
All tracks had the shape of Figure 12d, the sample with a cladding speed 15 mm/s, but 
because the sides where often indexed very badly, they are cropped on some of the 
pictures.                
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Figure 12:  Inverse pole figure of the OIM scans. a) 1 mm/s b) 2.5 mm/s c) 7.5 mm/s d) 15 mm/s 

There is a clear pattern change in the microstructure as the cladding speed increases. 
At the low cladding speed the grains appear to be more or less equiaxially shaped, the 
grains get more elongated as the laser cladding speed increases. Though the OIM 
scans of the longitudinal cuts of the single laser tracks in Figure 13 reveal that it is not 
the shape of the grains that is modified by an increasing cladding speed, but the angle 
in which the grains lie with respect to the cladding direction, which in the Figure 13 
is from top to bottom.   

 
Figure 13: Longitudinal cut single laser tracks at their centers. Speeds from left to right are, 1 mm/s, 2.5 

mm/s, 7.5 mm/s and 15 mm/s. 

The reason that the grains are at a larger angle at higher cladding speed with respect 
to the cladding direction is the shape of the solidification front. The elongated grains 
will grow perpendicular to the solidification front since the orientation of grains of 
cubic metals grow coincide with the heat flow direction. The solidification front is 
seen as black lines in the lower cladding speed at the longitudinal cuts. It is even more 
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clear if an Image quality mapping is used as in Figure 14. The Image quality mapping 
is a black and white image in which every scanned point becomes brighter if it is 
better indexed. This way, bad indexed points are seen as black dots. The dust captured 
onto the solidification front can not be indexed by the program, and though gives a 
clear black line. 

The horizontally pointing arrows show the lines of the solidification front in a single 
laser track and a coating. These lines however are much less clear in the pictures of 
higher laser cladding speeds. 

 

Figure 14: Image quality mapping of a single laser track and a coating at a cladding speed of 1 mm/s. 
The horizontally pointing arrows show lines of the solidification front, α is the angle the grains make 

with respect to the cladding direction. 

The angle α, which is the angle the elongated grains make with respect to the 
cladding direction, is also depicted in Figure 14. This angle is plotted versus the laser 
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cladding speed in Figure 15. An average angle is taken for all grains that have a bigger 
area than 500 μm². A strong increase can be seen, but due to the small amount of data 
points nothing can be said about the actual curve.  
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Figure 15: Graph of the angle of grains versus the cladding speed. 

3.3 OIM Scans of transversal cut coatings 

Figure 16 shows the transversally cut coatings of the four different cladding speeds. 
As with the transversally cut single laser track the grains appear to get more elongated 
as the cladding speed increases. As the laser cladding speed increases more 
pronounced interface can be observed. At the lower cladding speed it is hard to 
distinguish the individual laser tracks but at the highest cladding speed the separate 
tracks can be clearly observed. This is due to the fact that at high cladding speeds the 
grains do not have enough time to grow in the direction of the old grains, because 
they have to grow really fast. At the lower cladding speeds the grains have much 
more time to orientate to the most preferable direction. Also the shape of the 
meltpool is less curved for the lower cladding speed. The grains on the side of the 
meltpool will grow towards the center of it. Because of the less curved meltpool the 
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direction of the grains is different on the lower cladding speed than it is at the higher 
cladding speed. 

 
Figure 16: Inversed pole figure of transversally cut coatings. A) 1 mm/s B) 2.5 mm/s C) 7.5 mm/s D) 15 

mm/s. 

 

3.4 OIM Scans of longitudinal cut coatings 

Figure 17 shows how the longitudinal cuts at different angles relate to the 
transversally cut. It is clear that the remelted area at the beginning and end of the 
tracks are of great influence on the microstructure of the coating. Also here a shift of 
the average angle of the grains in the longitudinal cuts can be seen, however, it is less 
obvious than it is on the single laser track due to the remelting of parts of the laser 
track.  
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Figure 17: Inversed pole figure of longitudinal cut coatings at 15 mm/s and their position in the laser 

track transversally seen. 

 

3.5 Vickers Hardness measurements  

Vickers Hardness tests were done on both the single laser tracks and the coatings in a 
transversal cut. An array of measuring points is set on the scratch test machine in 
order to look at the hardness through the whole depth of the coating even into the 
substrate. Because of the high power laser cladding process the substrate is also heated 
up and cooled down. This alters the microstructure of the substrate to a certain depth 
of the substrate. This zone is referred to as the heat affected zone (HAZ). The array of 
measuring points is taken such that from the top of the coating and past the heat 
affected zone. The results for the single laser track are depicted in Figure 18. 
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Figure 18: Graph showing the Vickers hardness and distance correlation in the center of the 
transversally cut single laser tracks. 

Figure 18 shows the hardness versus the distance from substrate/coating interface. 
The interface between the coating and the substrate is chosen to be zero. The positive 
side of the scale represents the coating and the negative distances are representing the 
substrate. The hardness of the coating is more or less the same for the different 
cladding speed. More clear is the way the heat affected zone is related to the cladding 
speed. The HAZ is getting harder at higher cladding speeds though the dept is 
inversely proportional to the cladding speed.  
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Figure 19: Graph showing the Vickers hardness and distance correlation in the center of the 
transversally cut coatings. 

Figure 19 shows the Vickers hardness as a function of the distance from the 
substrate/coating interface at the different cladding speeds. It clearly shows that the 
hardness of the coating is proportional to the cladding speed. Because the laser track is 
heated multiple times while producing the coating because of the subsequent tracks, 
the heat treatment of the coating differs from that of the single laser track. The main 
reason for the higher hardness for higher cladding speeds is that this heat treatment 
probably gives rise to carbide precipitation in the coating. Also, the more pronounced 
interfaces seen at the higher cladding speeds for the transversally cut coatings are 
contributing to a higher hardness. More boundaries result in a higher stress in the 
material which, allowing less movement of the dislocations in the material resulting 
in a higher hardness. The HAZ however shows a more complex result. Here it is less 
obvious how the HAZ is related to the cladding speed. This is due to the fact that the 
substrate is heated up and cooled down multiple times. The laser tracks have a 
overlapping of one third of the track, so every new track will also heat up a part of the 
previous track, and therefore also the bulk matter.  
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3.6 Laser track thickness correlations 

Figure 20 shows the correlation of the thickness of the laser track as a function of the 
angle on the longitudinal sample. The thickness of the track is measured every 30 
degree. The thickness measuring was done on both the longitudinal as the transversal 
cut coatings. The measured thickness is from the top of the coating to the interface 
with the substrate.  
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Figure 20: Graph showing the thickness correlation in microns of the samples. 

It is clear that there is still a lot of deviation in the height between the fastest and 
lowest cladding speeds. The thicknesses of the two intermediate cladding speeds, 
however, appear to quite similar. The reason the difference in the longitudinal and 
the transversally cut at the 1 mm/s cladding speed is unknown. Apparently there is 
still some deviation in the resulting tracks though the cladding parameters are set to 
be the same. Figure 20 clearly shows that the parameters of the most extreme speeds 
of cladding can be further optimize in order to get more suitable data for comparison.  
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4 Conclusions and recommendations 

The aim of the project in general is to find a correlation between laser cladding 
parameters and the microstructure of the cladded coatings. The goal of my part of the 
work was to prepare cobalt-based single laser tracks and coatings with different laser 
beam scanning speeds and to collect high quality observations of their micro 
structural features using Orientation Imaging Microscopy (OIM). A total of 42 OIM 
scans (one scan a night) were made to provide the data for studying relations between 
microstructural features and cladding parameters 

A new experimental set-up and coating sample cut was introduced for effective study 
of the microstructure in different positions inside laser tracks 

It was found that microstructural features strongly depend on the cladding speed and 
the angle of the elongated grains on the longitudinal cross-sections reveal the shape of 
the solidification front. 

It is clear that for studying the microstructure of laser cladded coatings one should 
always keep three dimensions in mind. Conclusions concerning the microstructural 
features made only from a single direction cut may be misleading. 

Interfaces of the transversally cut coatings get more pronounced as the laser cladding 
speed increases. 

The Vickers Hardness in the heat-affected zone of a single laser track is proportional 
to the cladding speed, though the dept of the heat-affected zone is inversely 
proportional. 

The hardness of the coating also correlates with the cladding speed due to the 
presence of the new and more pronounced interfaces at higher cladding speeds. 

 

 

 



 

 

 

27

 

Recommendations  

 

Futher study of the texture of the stellite12 coatings can give us more insight to how 
the microstructure is related to the cladding speed 

Although the cladding parameters are carefully chosen there is still variation in the 
tracks that where compared, so a finer tuning of the cladding parameters can result in 
more suitable data for comparison. 

It would be interesting to look at the correlation between the microstructure and the 
other cladding parameters, ie. the laser power or the powder feeding rate. 
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