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Abstract 
In the area of laser cladding, the Secondary Dendrite Arm Spacing is a very 

important measure for the material properties. A relation between the cooling 
rate at the solidification front and the SDAS exists. These cooling rates have 

never been observed in a direct way. 
In order to measure the cooling rate, a heat sensitive camera is used. Intensity 
fields are observed for Eutroloy 16012 and Micromelt 23 powders for side and 

coaxial cladding. The speeds of the laser tracks vary in the range from 0.5 mm/s 
to 15 mm/s. In making videos of the intensity field of the cladding process, very 
nice results are obtained. In these videos a lot of features are visible. The most 
prominent one is an unexpected decrease in intensity at what could be the edge 

of the meltpool.  
This gives rise to questions concerning the way calibration for the temperature 

should be done. Several theories have been established for this. The most 
credible one is that the decrease is caused by the carrier gas of the powder. This 

gas has a cooling effect on where it flows over the surface. Other parameters 
could also have an influence on the intensity images, and therefore on the 

calibration. 
A mathematical framework is developed in which the several dependences can 

be accounted for, if proper calibration for them is possible. 
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Preface 
As being active members of the student association for applied physics (T.F.V. 
‘Professor Francken’), we have had some contact with the research group of material 
sciences. For us it was the place down the hall where on every hour of the day, staff 
members were busy doing research on metals using fancy equipment. 
On the first day we were introduced by our supervisor to the group members – a 
very devoted and international group of people. We got our own working desk and 
instantaneously our default working place – including all the muddle – moved a few 
doors down the hall into building no 13. Our temporary life as a researcher began. 
Since we both still had other duties at Francken, our schedules became very busy. 
Soon we were working in the evenings. The people from whom we didn’t understand 
why they were still working (while we were having a beer at Francken) – soon we 
were one of them. 
During the first week we got an introduction on the SEM. The two weeks following we 
were busy making laser tracks for the different nozzles, powders and speeds. This 
was all under the devoted and intense guiding of Vasek. Very nice results were 
obtained. We had no idea that we were already seeing the feature which would be so 
difficult to explain. Initially it was thought that the hill in front of the meltpool was 
simply a result of reflection of the laser beam. During these weeks, also the first 
Matlab routines were developed. 
Because of the fast progress, it was decided to start a side experiment – the 
measurements on Japanese Steel. This is a continuation on the work of Jasper van 
den Berg and Sander Boonstra. They obtained a very interesting relation between 
the strain and AGOS-parameter. Our goal was to see whether a same relation 
occurred with higher strain rates. 
The weeks following, a huge batch of work began. All the laser tracks needed to be 
cut and embedded. A total of 24 tracks were cut, grinded and polished. This was a 
very precise and time-intensive procedure. While Laurens-Jan finished the 
embedding of the samples, Victor started the measurements on Japanese Steel. 
The next weeks were spent gathering data of the samples. 
Thereafter we could start writing our report. The planning of writing the report in one 
week appeared far too optimistic. As in all research, everything took way longer than 
expected. But our report grew steady. We kept typing, and every time we read 
everything over we found things that needed to be clarified and new ways of 
explaining phenomena. 
Our final planning was to finish the report on Monday the 28th of June. Then the day 
before, Sunday 27th at 15:00h something occurred to us. What if… the hills are 
simply caused by the gas stream, having a cooling effect? Such a simple explanation 
and it fitted nearly everything we couldn’t explain easily before. We rewrote the 
whole report to fit this explanation, keeping the old analysis and another delay was 
introduced. 
Of course we are very curious if we have indeed found the correct solution. 
Unfortunately we don’t have access to the laser room, otherwise we would be sitting 
there right now making our last two laser clads. Future research will have to point 
this out. We have experienced that the bachelor research is just too short to do 
some reasonable research. Therefore, after a well-deserved holiday break and 
following some courses we are looking forward on doing a masters research.  
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 1 Introduction 
A lot of research has been done in the area of laser cladding on the microstructure 
and material properties of the clad. When making a laser track, at the solidification 
front the microstructure is formed. The properties of this microstructure are 
important for the material properties. The cooling rate at the front significantly 
influences the microstructural SDAS (Secondary Dendrite Arm Spacing) parameter. 
In order to measure the cooling rate a camera setup is used, with the goal to verify 
the theoretical relation between cooling rate and SDAS. Two types of laser cladding 
setups are used, with a side and coaxial powder nozzle. 
 
Apart from this main subject, also experiments have been performed on the 
properties of a type of steel which is subjected to a tensile test. These are follow-up 
experiments on recent research (see ref. [1]). It is examined if the damage 
parameter AGOS (Average Grain Orientation Spread) yields comparable results for a 
higher engineering strain rate than the engineering strain rate used in the previous 
research. 

1.1 Laser cladding experiments 
Over the last decades several high power laser applications have been developed. 
One of the first methods used is laser cutting. A high power laser is used to burn 
through the metal to be cut. With this technique it is possible to make very precise 
cuts. 
Later, also welding and hardening techniques were developed. In laser welding, two 
metal components are joined together. In hardening the surface is heated, causing 
the microstructure to change and creating a hardened surface. 
 
During experiments, laser cladding tracks were made. In laser cladding a coating is 
made on a surface by means of a laser. A meltpool is created by melting the 
substrate. Particles of the coating material are supplied into this meltpool, creating a 
laser track. When overlapping several of these tracks it is possible to make a 
coating. 
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Figure 1: Schematic view of laser cladding experiment, as seen from the side. The substrate is moving 
from right to left. The powder stream for the different cladding setups is drawn in red and green. The 
laserbeam is represented as a parrellel beam coming from above. 

 
As figure 1 demonstrates, there are two different nozzles available for the supply of 
the particles. The first is a side nozzle, where particles are supplied from the front of 
the meltpool. The other is a coaxial nozzle, where particles are supplied from all 
directions. 
Both cladding procedures have different characteristics for the intensity images. 
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1.1.1 Dendritic structure of metal 

When a liquid solidifies, in some cases a metal dendritic (from Greek δενδρον = tree) 
structure is formed. This also happens at the solidification front of our meltpool. This 
structure can be compared with the structure of snowflakes. The characteristics of 
these dendrites are important measures for the material properties. 
 

 
Figure 2: A dendritic structure of one primary dendrite with secondary dendrites visible. 

 
Usually, there are also ‘side-branches’ on our primary dendrites, which are called 
secondary dendrites. Previous research (ref. [2]) has shown a very interesting 
relation: 
 

3/1−∝ Qλ  

Equation 1: Secondary Dendrite Arm Spacing (λ) as a function of the cooling rate Q.  

In this equation λ is the he distance between the secondary dendrites and Q is the 
cooling rate. The distance between these secondary dendrites (Secondary Dendrite 
Arm Spacing) is determined by the cooling rate at the solidification front. However, 
no direct experiments have been performed to accurately measure these cooling 
rates during laser cladding. 
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Figure 3: Schematic representation of secondary dendrite arm spacing 

During cladding experiments two different materials were used. The first material, 
Eutroloy 16012 (Stellite-12 type), shows a very nice secondary dendrite structure. 
Therefore it is possible to measure the SDAS for these samples. For the other 
material, Micromelt 23 (Vanadis 23 type), no secondary dendrite structure is visible. 
For this material the plain dendrite size is measured. 

1.1.2 Temperature measurements 
The cooling rate at the solidification front is a very determining quantity for the 
SDAS. Therefore, the goal of these experiments is to obtain a cooling rate at this 
front for laser cladding. 
Usually a pyrometer is used for temperature observations. However, (in a stationary 
setup) it is not possible to calculate a cooling rate using this kind of equipment. 
Since the temperature of a constant area with respect to the meltpool is measured, 
no gradient is available. For this purpose, a CCD camera is used, giving an intensity 
field. In fact, each pixel in the CCD camera can be seen as an individual pyrometer. 
The intensity that is measured by the CCD camera is among others related to the 
temperature. The temperature dependence would be according to the Stefan-
Bolzmann relation for a gray body: 

4TI ⋅⋅= σε  

Equation 2: Stefan-Bolzmann equation for a gray body with irradiance I (in Watt per square meter), 
emissivity ε (1 for a black body), Stefan-Bolzmann constant σ and temperature T.  

In this case different phases will be present, so there have to be dealt with different 
values for the emissivity. Besides this, different features can influence the measured 
intensity. Reflection, powder stream, plasma formation can all play part. 
If this setup can be calibrated correctly, it is possible to calculate a cooling rate. This 
can be done by taking the gradient of the temperature-image in the cladding 
direction, and multiplying by the speed of the substrate (see 4.7). 
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 1.2 Measurements on Japanese Steel 
As a separate experiment, measurements have been done on properties of JYH21CH 
steel during a tensile experiment. Sometimes this will be referred to as Japanese 
steel. 
This is a continuation of the previous research (see ref. [1]). The purpose of this 
research was to study the damage of the steel in a tensile experiment. 
In an extensometer setup deformations of a sample of the JYH21CH steel are 
measured. Using Digital Image Correlation (DIC) local strain values can be obtained 
at different locations on the sample near the fracture point. Using Orientation 
Imaging Microscopy (OIM) the Average Grain Orientation Spread is obtained. The 
AGOS is an indication of the sample’s damage by plastic deformations. 
Previous experiments have shown that a relation exists for the AGOS at different 
local strains in the sample. In this relation, two linear regimes were found for the 
AGOS. 
In this report it will be verified if this relation is also valid for an engineering strain 
rate which is 45 times higher. The engineering strain rate is the macroscopic strain 
rate as calculated from the speed of the clamps of the tensile machine. Local strain is 
the strain at each point of the sample as obtained with the help of DIC. 
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 3 Experimental procedures and setups 
3.1 Laser cladding setup 
3.1.1 Nd-YAG laser 
A Nd-YAG laser (Rofin CW020) was used 
for the experiments. The laser operates 
at 1.062µm and has a maximum power 
output of 2kW. The lowest stable 
continuous output power is around 
600W. 
In principle the laser is operated by a 
dedicated control panel. Its main 
functions are to control safety shutters 
and laser power. The device can also 
accept external input from a CNC 
device. This way it is possible to open 
shutters remotely from a PC. It is also 
possible to control the laser power using 
LomPocPro software, this way laser 
power can be controlled during an 
experiment using a feedback system. Since this software package was not used, 
laser power was set manually on the control panel during the experiments. 
The laser beam distribution is ideally a Heaviside function in the focus. Because this 
would results in too much power density for the cladding process, the beam is used 
slightly out of the focus. This way we obtain a Gaussian-like intensity profile. 
The radius is of the beam as function of defocusing distance is given by Figure 5 and 
Figure 6. The radius is also dependent on the optics used, and is experimentally 
determined using Primes caustic measurements1. Throughout this report a defocus 
distance of 16mm is used for 120mm optics (for side cladding), corresponding to 
2.2mm radius. For the 200mm optics (coaxial cladding) a defocus of 22mm is used, 
which corresponds to a beam radius of 1.9mm. 
 

                                          
1 Measurements performed by Paul Huizinga, see ref. [1] 

Figure 4: ND-YAG laser operating at 1.062µm 
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Figure 5: Beam diameter as function of defocusing distance 
for side cladding (120mm optics) 

 
Figure 6: Beam diameter as function of defocusing distance 
for coaxial cladding (200mm optics) 

 
 

3.1.2 CNC table 
A CNC-table (Computerised Numerical Control) was used to control the substrate 
movement during the cladding process. Using G-code (standard CNC programming 
language) it is possible to control movement of the bar and laser head, and open the 
shutters remotely. A circular substrate bar of 3cm diameter is placed in the CNC, on 
which laser clads can be made. Different speeds of the bar can be obtained. A range 
is used from 0.5 mm/s up to 15 mm/s. 
 

  
Figure 7: The CNC-table used to control movements during experiments.  
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 3.1.3 E-MaqS camera 
The E-MaqS camera2 is a pyrometer designed to measure a temperature field using a 
CCD-camera. Its core element is the CCD-element of an USB-camera (Luminera 
Lucam). An optical system to focus on the substrate is incorporated. 
There is a filter present in the camera, in order to remove the laser wavelength and 
higher. This is to filter out reflection of the laser beam on the surface (if any). The 
specifications of this filter are unknown, which is a large obstacle in making are 
correct calibration.  
In the camera chamber, a slight overpressure is established, in order to keep dust 
out of the camera. 
The Luminera camera should be able to measure with a 10-bit precision (zero-
padded to 16-bit according to documentation). However, with the available drivers 
this precision could not be accomplished – only 8 bits are used throughout the 
experiments. 

  
Figure 8: The E-MaqS camera system, used to obtain a thermal intensity image of the laser cladding 
procedure 

In order to obtain a good insight in the cladding process, it is important to know the 
scale on which experiments are performed. This is simply done by looking with the 
camera at scaled paper. 
 

                                          
2 Designed by the Fraunhofer Institut Werkstoff- und Strahltechnik in Dresden, Germany 
 



-12- 

 For side cladding, this was already performed in previous experiments (see ref. 
[3]). In the x-direction (horizontal) 105 pixels are equivalent to 1mm, for the y-

direction this is 108 pixels. For coaxial cladding this is 60 pixels/mm for the 
horizontal direction and 64 pixels/mm for vertical. 
 

 
Figure 9: E-MaqS photo of millimeter paper used for calibration 

3.1.4 Powder feeding 
To supply the powder at a constant rate, a powder hopper is used. 
In the hopper a rotating disc is placed, with a gap in the end of the 
disc. In the direction perpendicular to the surface, a carrier gas of 
Argon is blown through the gap. The carrier gas takes the powder 
and transports it to a nozzle. The powder feeding rate behaves 
linearly with the rotating speed of the disc. 
 

There are two different powders used for cladding. They were 
cladded on a bar of C45-steel. The first one is Eutroloy 160123. It 
has almost the same composition as the more well-known Stellite-
12. Laser tracks made with this powder show a very nice secondary dendritic 
structure. 
The second material used is Micromelt 234. Micromelt 23 has nearly the same 
composition as Vanadis 23. It shows nearly no secondary dendrites in the 
microstructure 
The melting trajectories are given below for the different powders in Table 1. Also 
the melting point of the C45 substrate is given. The composition of the different 
materials is given in Table 2. 

                                          
3 Produced by Castolin Benelux NV, Delft 
4 Produced by Carpenter Technology 

Figure 10: 
Powder hopper 
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Material Ts (°C) Tl (°C) 
Eutroloy 16012 1255 1341 
Micromelt 23 1235 1375 
Steel C45 1540 1540 

Table 1: Solidus and liquidus points of used powders and substrate 

 
Element (weight %) Material 
Ni Cr Si Fe Mn Co Mo W C V Cu 

Eutroloy 16012 1 29.5 1.2 1.0 - Bal - 8.5 1.6 - - 
Micromelt 23 0.28 4.2 0.6 Bal 0.37 0.6 5.0 6.45 1.26 3.1 0.16 
C45 steel - 0.20 0.2 Bal 0.06 - 0.05 - 0.46 - - 

Table 2: Composition of used powders and substrate 

3.1.5 LomPocPro 
The LomPocPro software package is designed for use with the E-MaqS camera. 
Its main features are to switch the E-MaqS filter on and off, record videos from the 
USB-camera, control the laser power using a feedback system (in order to control 
the temperature) and to convert gray values of the camera to temperature data. 
The integrated video capture function can only make the camera operate at a few 
preselected camera settings. Also, it is only able to capture videos in a lossy video 
stream. This roughly means that gray values are averaged out for neighbouring 
pixels, so that information is lost. To overcome these issues, the VirtualDub program 
was used for capturing the videos. 
There is very little basis on which can be assumed that the LomPocPro calibration for 
temperature is a correct one. These problems are further outlined in 4.6.1. 
During the experiments the LomPocPro was only used for testing purposes to switch 
the filter on and off. 
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Figure 11: Main screen of the LomPocPro software package, used for thermal measurements and 
temperature feedback 

3.1.6 VirtualDub 
VirtualDub is an open-source software package, licensed under the General Public 
License. It can capture video, with the possibility of tweaking all settings available in 
the driver for recording. This way it was possible to capture the videos in raw format, 
so no data was lost in compression, and a compliant color space could be selected. 
Also, it is possible to adjust resolution, set gain to arbitrary value, set the framerate 
and adjust the exposure time to arbitrary value. Obviously, the exposure time is 
limited by framerate. For the experimental data used throughout this report a gain of 
1 was used, resolution 640x480 and a framerate of 7.5 or 30 frames per second. 
Both correspond respectively to an exposure time of 133.3ms and 33.3 ms. In 
Appendix A the exact settings can be found. 
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Figure 12. The VirtualDub capturing program, used for high quality capture of thermal intensity images 
and calibration of several parameters 

3.2 Laser cladding procedure 
As earlier mentioned, laser cladding is a surface treatment procedure to make a 
coating on the surface of a metal (usually steel). A high power laser is used to melt 
the substrate. Particles of a powder are supplied into the meltpool by means of a 
powder feeder and nozzle. Different nozzles are available to obtain different laser 
tracks. 
The different nozzles don’t focus the particles at the same distance with respect to 
the optics of the laser system. Because of this there are different lenses used in the 
optics for focusing the beam on the surface. Defocusing is used to reduce power 
density. The two different defocusing distances are found in Figure 5 and Figure 6. 
The main tool in making a laser track is the CNC computer. A program is made to 
control the several steps needed to make a laser track. First the laser and powder 
stream is initialized. Next the program pauses for a few seconds to give the user 
time to start the capturing in VirtualDub. Next the shutters are opened so that the 
beam hits the surface, and at the same time the substrate bar starts rotating. During 
one rotation the track has a pitch of 2mm. This pitch is necessary for cutting 
purposes (see 3.6.1). After one rotation the safety shutters are closed, and the 
powder stream is stopped. Eventually the bar is moved for 2mm to make space for 
the next track. 
In order to keep the macrostructure of the clad similar, several cladding parameters 
have to be changed together. For increasing speed, laser power and powder supply 
have to be increased. 

3.2.1 Side cladding 
In side cladding the powder is supplied from the front of the laser beam. Some 
particles will melt in the beam, some will stay on the surface until they reach the 
meltpool. With side cladding it is possible to adjust a parameter (opening and closing 
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 of the cyclone) which adjusts the gas speed. This way the speed of the particles can 
be controlled solely in a quite qualitative manner. 

3.2.2 Coaxial cladding 
In coaxial cladding a different nozzle is used, where the particles are going down in a 
cone-like shape, with focus point in the meltpool. 
 

 
Figure 13: Nozzle used for side cladding purposes 

 

 
Figure 14: Nozzle used for coaxial cladding 
purposes 
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Figure 15: Schematic representation of coaxial and side cladding setup with powder stream. The shielding 
gas is applied coaxially. The focus of the laserbeam is above the surface.  

3.3 Optical microscope 
An optical microscope (OM) of type Olympos Vanox-T was used to measure 
secondary dendrite distance for Eutroloy-16012 and the (primary) dendrite size for 
Micromelt-23. Within one picture 40 up to 110 distances were measured in order to 
obtain a precise average value for both Eutroloy-16012 and Micromelt-23 (see 4.9). 
The microscope was also used for checking samples during the several steps of 
sample preparation. 

3.4 Scanning Electron Microscopy (SEM) 
A Scanning Electron Microscope was used to measure the dendrite sizes of the clads. 
Since the dendrites were also visible on an optical microscope, this was merely used 
as a verification of the dendrite sizes. SE and BSE are the used detectors here. 
Also SEM measurements on the tensile experiments were performed. Here EBSD and 
OIM are used. 
The several techniques are briefly explained. 
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Figure 16: Optical Microscope Olympos Vanox-T 

 
Figure 17: Scanning Electron Microscope SEM 
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3.4.1 Secondary Electron image (SE) 

When the incoming electron beam hits the surface, secondary electrons freed. By an 
accelerating voltage these electrons are attracted to a detector. By scanning the 
sample mainly a topological image of the surface can be obtained. 

 
Figure 18: Secondary Electron Image of Micromelt-23. Clearly there are dendrites visible. 

 

3.4.2 Backscatter Electron Microscopy (BSE) 
A BSE-detector is placed just next to the electron beam within the SEM. This way it 
can detect electrons which are bounced back, in the opposite direction of the 
electron beam. The higher the atom number, the more electrons will be bounced 
back. This way, a quantitative image of the present phases can be obtained. BSE has 
a higher penetration depth than SE. 
 

 
Figure 19: Backscattering image of Micromelt-23 

 
Figure 20: Backscattering image of Eutroloy 16012 

3.4.3 Orientation Imaging Microscopy (OIM) 
OIM is a method to determine the phase and the crystal orientation of the sample. It 
relies on the principle of Electron Backscatter Diffraction (EBSD). 
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The setup consists of a SEM with an EBSD detector, which is in fact a phosphor 

screen with a CCD camera which can detect the light of the phosphor screen when it 
is excited by electrons. The EBSD detector is placed under an angle of more than 90° 
with respect to the electron beam so will only detect scattered electrons. The sample 
is placed under an angle of 74° with respect to the incoming electron such that if the 
sample were a mirror, the electron beam would be reflected the center of the 
phosphor screen. An image of the setup is made with the internal CCD-camera of the 
SEM (Figure 21). 
 

 
Figure 21 OIM setup viewed by CCD camera located behind the sample. The phosphoric screen lights up 
under the diffracted electrons coming from the tilted sample. 

 
When the electron beam hits the sample it penetrates for a few tens of nanometers 
through the first crystal planes. A fraction of the electrons is scattered inelastically, 
i.e. the electrons scatter in all directions. EBSD occurs when these electrons interfere 
with the crystal planes. (Figure 22) 
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Figure 22: EBSD occurs when electron beam interferes with crystal planes. The diffracted electrons are 
detected by a phosphor screen 

 
The diffracted electrons are detected by the phosphor screen. The patterns formed 
are so called Kikuchi patterns (Figure 23). A Kikuchi pattern is typical for the crystal 
orientation and the phase of the sample. 
  

 
Figure 23: Kickuchi pattern formed on phosphor screen (left). With the help of OIM software these patters 
can be indexed. (right) 

 
Using OIM software5 these patterns can be mapped to the orientation of the crystal 
structure. In order to do so, the software indexes the patterns using Hough 

                                          
5 EDAX©-TSL OIM Analysis v4.2 
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 transformations. A Hough transform is simply a transformation from Cartesian to 
polar coordinates (Figure 24). The software identifies and indexes the peaks of the 

Hough transform.  
For the relevant phases the indexed values of the Hough peaks are known. The 
software can compare this with the measurements to obtain the orientation for a 
given phase. 
 

 
Figure 24: Indexed Kickuchi pattern (left) corresponding to  Hough transform (right) 

The software is also able to analyze the data. It can define grains according to 
different calculated orientations, i.e. if between two neighbouring pionts the 
orientation differs substantially a grain boundary is assumed. 
It can also clean points which could not be indexed because of for example dirt on 
the surface. By defining a minimum grain size also some of these bad points can be 
removed. 
The software can give the Grain Orientation Spread (GOS). This value is the average 
of the misorientation angle of all points in a grain from the central orientation of that 
grain (see ref. [1]). It is a measure for the damage of the sample. 
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Figure 25: Image from OIM software in which colored areas represent the grains 

3.5 Extensometer 
An extensometer or extension meter is a device used to measure changes in the 
length of an object. In this case a video extensometer was used i.e. an extensometer 
which measures using cameras. 

3.5.1 Sample description 
For the tensile testing two samples of JYH21CT were used. One of them was from the 
same production batch as the tests from the research of J. van den Berg and S. 
Boonstra. (see ref. [1]) 
The samples were shaped as shown in Figure 26. The length of the sample is 85mm 
and the thickness is 1.5mm. In the center part, the width of the sample decreases 
from one side to the other, so after the tensile experiment the local strain within the 
sample varies from low strain until the fracture strain. 
In Figure 26 it is also visible that the samples have a random pattern of black dots 
painted on it. The cameras can detect this in order to obtain local strain. 
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Figure 26: CCD-camera image of the JYH21CT steel sample. It is covered with black dots so the ARAMIS 
software can track how the sample gets deformed. 

3.5.2 Extensometer setup 
An Instron 1195 tensile machine has been used to perform tensile experiments on 
the samples. One of the clamps that hold the sample stays fixed while the other 
gradually moves upwards. The speed used for the sample of the same batch as J. 
van den Berg and S. Boonstra (sample 1) was 10 mm·min-1 and for the other sample 
(sample 2) 50 mm·min-1. The corresponding engineering strain rates are respectively 
2.0·10-3 s-1 and 9.8·10-3 s-1 . 
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 To measure the local strains that arise two CCD cameras were used. The cameras 
communicate with software called Aramis6. Aramis can control the shutter time and 

the number of frames per second of the cameras, and receives the images. In the 
experiments the exposure time of the cameras was set to 64 ms, with 5 frames per 
second. 

 
Figure 27: Extensometer setup. The clamps which hold the sample are shown, so are the two CCD-
cameras. 

3.5.3 Digital Image Correlation (DIC) 
In order to obtain local strain values of the sample during the tensile experiment, a 
computational method called Digital Image Correlation (DIC) is used. The Aramis 
software which is also used for controlling the camera is used for this purpose.  
First the camera set-up has to be calibrated. For this purpose, a box with dots at 
certain known positions is placed at the sample location. After some calibration 
measurements with the two CCD-cameras for different orientations of the box, the 
software is able to measure displacements in even 3 dimensions. 
For the actual experiment Aramis captures the CCD camera images at 5 fps and 
stores each image as a stage. For the first stage it tries to cover the area of the 
sample with so called facets. In the experiments performed the facet size was always 
11 pixels, with the distance to the next facet set at 7 pixels, meaning that there is an 
overlap.  
For the following stages the software tries to recognize the same facets while the 
sample gets deformed in order to obtain local strain values. 
 
 

                                          
6 GOM Optical Measuring Techniques – ARAMIS v 5.3.0 
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Figure 28: Left and right CCD camera image with a 
facet 

 
Figure 29: Left and right CCD camera image in which 
the shape of the facet has slightly changed 

 

3.6 Metallography 
Some steps during metallography are the same for the laser tracks as for the tensile 
samples. This is indicated per step of the process. 

3.6.1 Cutting of bar 
Before observation the samples need to be prepared in a proper way. To do so, they 
were cut in a way so that it was possible to obtain a longitudinal and a perpendicular 
sample from one laser track. 
The laser tracks have a slight pitch (see Figure 30) to make those two cuts possible. 
 

 
Figure 30: Laser tracks with slight pitch 

First the bar is cut through the significant laser track. This is done in a way that on 
top the whole start of the laser track is present on the right of the cut. Going more 
and more down, cutting will gradually be more and more through the laser track 
because of the pitch. After this cut another cut is made, so that a piece of the bar of 
about one centimeter is obtained. 
After this procedure several other cuts are made as illustrated by Figure 31. After 
these cuts only the ‘A’ and ‘B’ labeled parts are used. 

 
Figure 31: Cutting lines for one laser track 
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 The ‘A’ labeled part has the function of longitudinal cut. On this sample are (nearly) 
all different thicknesses of the longitudinal cut present. 

The ‘B’ labeled part is the perpendicular cut. The embedded surface is the same as 
the interface between the ‘A’ and ‘B’ part. As can be seen, not the whole thickness 
off the track is present. As long as more than half of the track is visible, it should be 
possible to reconstruct the rest from symmetry considerations. 

          
Figure 32: Longitudinal (A) and cross-sectional (B) cuts obtained after correct cutting of the laser track 

It should be noted that the cutting is not a very precise procedure. Quite large 
deviations will happen, so that the samples will look different than figures above. 
Most of the time, the ‘B’ part was broader, giving a completer cross-section. Where 
needed, some of the deviations were possible to correct using grinding. 

3.6.1.1 Cutting tensile sample 
The sample for the tensile test is cut as shown in Figure 1. This way measurements 
can be performed along the central section of the fractured sample.  
 

 
Figure 33: Cutting of fractured tensile samples where A and B mark the different parts and FS is the 
fracture surface 

 

3.6.2 Embedding 
After correct cutting the laser samples are embedded in bakelite 
using a Buehler/Metaserve Pneumet II Mounting press. 

3.6.3 Plain grinding 
After the embedding, plain grinding is performed. This is to make 
the surface perfectly flat. It is also possible to grind the very top layer of the sample 
away, in order to correct for some errors in cutting. This grinding is done with SiC-
Paper 320. 
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 3.6.4 Polishing 
The polishing procedure is the same for both the laser cladding samples and tensile 
samples. 
Several polishing steps are performed. The first two steps are with diamond 220 and 
1200 plates respectively, water is used as lubricant with a speed of 300 rpm for 10 
minutes. 
Next three steps are polishing with diamond particles on a cloth. 9 micron, 6 micron 
and 3 micron polishing was performed, using an alcohol-based lubricant at 150 rpm 
for 10 minutes each. 
Next step is polishing with OPS, a solution with SiO2 for 15 minutes at slowest 
possible speed (around 60rpm). This solution also contains an acid to chemically 
remove the very top layer of the sample. 
Finally the sample is polished for a few minutes with water to remove the SiO2. The 
tensile samples are polished for two hours for making them suitable for OIM analysis.  
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4 Results on laser cladding 
4.1 Overview of features 
With the use of the E-MaqS camera very nice videos can be obtained. For laser 
cladding, these kind of videos have not been observed before. Since there are so 
many features present in the recorded videos, they give us a lot of information. If 
the calibration can be done correctly, analysis can give information about the 
temperature field. This will be covered in 4.6. With temperature data it is possible to 
calculate cooling rates (4.7). 
The laser has a Gaussian-like profile and heats up the surface in a similar way. 
Therefore it is expected that the intensity profile also has a similar shape. However, 
as in Figure 34 is visible, a lot of deviations from this profile occur. In the following 
parts they will be defined. 
 

  
Figure 34: Typical images from the E-MaqS camera as captured by the VirtualDub program. The features 
present will be described throughout this chapter. The image on the left represents side cladding in which 
the powder stream is coming from the right. The dimensions of the image are 4.3 x 3.7 mm. The right 
image is from coaxial cladding for which the dimensions are 7.5 x 6.5 mm. In both images, the substrate 
is moving from right to left. The interesting features that will be discussed next are the hill, the assumed 
meltpool, the saturated spot and particles. 

4.1.1 Saturated spot 
In the center of our images a saturated spot is visible, with a very high intensity. 
Because of this high intensity, no videos were taken in which this spot was not 
saturated. Probably it would be possible to measure the top of this spot by 
decreasing the exposure time of the camera. However, this way further information 
on the edge of the cladding process is lost, because of resolution issues. 
The edge of this spot is very sharp. Also, it appears to be very unstable (see Figure 
38). Because of this it is expected that this spot is there due to plasma formation. 
This plasma has a very high temperature, and thus creates this steep boundary and 
high intensity. 
It is possible that the plasma is not stable because of Marangoni flows, see ref. [5]. 
Marangoni flows are very fast flows within the meltpool (several meters per second). 
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 4.1.2 Particles 
Mainly in the ‘hill-part’, bright spots are visible. Most likely these are particles of the 
powder stream. These particles are laying on the surface. It has been checked that 
these indeed have the same speed as the surface. 
The particles have a higher intensity than the surrounding. This is the main reason 
why it is thought that these particles are molten. 
As soon as they reach the ‘assumed meltpool’ they disappear. 
 

 

 
Figure 35: Series of frames illustrating an incoming particle in the center disappearing at the hill in side 
cladding. Micromelt-23, Side cladding, 1 mm/s, 600W. The images are 133ms apart from each other. 

4.1.3 Meltpool 
It is known that the laser creates a meltpool on the substrate. The meltpool is 
defined as the region where the substrate is melted. It usually has an ellipsoid 
shape. 
 
A major issue for calibration is how this meltpool is represented in our images. Since 
the saturated spots are within the meltpool, it is at least larger than those spots.  
 
It is thought that the meltpool coincides with the edge of the ‘hill’, as indicated by 
‘assumed meltpool’. It is also referenced to as ‘the center’. 
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 4.1.4 Hill 
A very interesting feature is present in the front area of the images. In all 
experiments, the intensity increases from right to left (heating of the substrate). 
However, at a certain point, the curve becomes a lot less steep. In most cases, there 
is even an intensity decrease (while the material is heated!). After this decrease the 
intensity starts to increase again. 
This effect will be further referenced as the ‘hill’ (although it is not a real hill for 
every laser track). It behaves differently for side and coaxial cladding. 
The occurrence of the hill has far-reaching conseqences in the manner calibration 
needs to be done.  

4.2 Matlab image processing 
For a better qualitative and quantitative understanding of the cladding process as 
seen on the videos from the E-MaqS camera the videos are analyzed with the help of 
Matlab7.  
Various Matlab routines were programmed. With Matlab it is possible to make 3d 
graphs with a color map of frames from the E-MaqS videos, so differences in pixel 
values are easier analyzed (Figure 36 and Figure 37). 

 
Figure 36: Typical frame of a side cladding image as seen in Matlab. The scale is in pixels (640x480), this 
corresponds to 6.1 mm x 4.4 mm. Intensity is from 0 to 255 points. Differences in the intensity are clearly 
visible with use of the colors 

                                          
7 The MathWorks – Matlab Version 7.5.0.342 (R2007b) 
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Figure 37: Same frame as above as seen in Matlab from the side (the length of the x-axis corresponds to 
6.1 mm) 

 

4.2.1 Averaging 
In Matlab, a routine was programmed to calculate the average of a video. This is 
useful to reduce noise and irregularities which are present.  
Most of the irregularities observed are actual features of the cladding process. These 
features are covered in the following sections. Noise is only present in the form of 
electronic noise which is present in the E-MaqS camera setup. 

In Figure 38, in which four subsequent frames are visible it is visible that the position 
of the bright spot at the center is varying quite fast. This is probably due to plasma 
formation as explained in 4.1.1. In order to explain features which are relevant for 
the parameters used for the experiment averaging can be useful. 

   

Figure 38: Four subsequent frames of side cladding in which the position of a bright spot is varying. The 
frames are 33 ms apart from each other. Speed is 5 mm/s. The dimensions of each image are 2.1 x 2.1 mm  
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 It is important to realize that some features present in single frames can be filtered 
out by averaging. 

 
The Matlab program used for averaging is called ‘Average.m’ and takes as input a 
video file and has optional parameters ‘beginFrame’ and ‘endFrame’. It is possible to 
select an area of interest. It is also possible to give a maximum of frames over which 
should be averaged. In this case some frames will be skipped between two frames 
used for calculation.  
The output can be either a Matlab plot of the average or a video of the individual 
graphs of the used frames. 
It is also possible to use a line profile through the center of the meltpool in the 
direction of the cladding direction in stead of a complete 3d graph. This line profile is 
interesting for calibration of the cooling rate. 

4.3 Image distortion 
During the experiments was observed that the images are distorted in several ways. 
The several distortions are best visible for moving particles. There is a calibration 
camera present in the system, on which the same facets are visible. This implies that 
this error is introduced somewhere in the optical system, not in the E-MaqS system. 
 
Because of the distortions, some kind of averaging will occur in the images made. 
When a calibration is done, these distortions could be included in the calibration. 
When the distortion stays of the same type (same directional blurring, same image 
mirror direction) then the same constant distortion in measurements and calibration 
will yield good results. 
 

 
Figure 39: Image distortion in side cladding. Note 
the blurring and the mirroring is nearly in the same 
direction. Dimensions are 1.9 x 1.4 mm  

 
Figure 40: Image distortion in coaxial cladding. The 
duplicity and the blurring are in different directions. 
Dimensions are 2.4 x 1.5 mm 

4.3.1 Mirroring 
Somehow the same image appears to be recorded at different spacing. This is visible 
for both side and coaxial cladding. However, the mirroring is in a different direction. 
Because of this, it is thought that this mirroring behaviour is introduced in the lenses 
used for the different cladding setups. If it was introduced somewhere else in the 
system, it would have the same orientation. 
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 4.3.2 Directional blurring 
Also for both cladding setups, we see a blurring of the images in a specific direction. 
The direction is nearly the same for both setups. 
This kind of behaviour can arise from astigmatism. In astigmatism, the focus of a 
lens is different for different plane waves. This causes a blur in the resulting image. 
 

 
Figure 41: Illustration of a astigmatic lens8 

 
Whether this blurring truly arises because of astigmatism, can easily be checked. By 
slightly changing the focus point, the direction of blurring should be changed. 

4.3.3 Spherical aberration 
In one recorded image an interesting feature was observed. Apart from the mirror 
and blurring distortions, some kind of ring structure occurs. This occurred about two 
second after the cladding process started and lasted for about one second. It is 
possible that this arises because of spherical aberration. When using a spherical lens 
system out of focus, the image of a point source will be represented by some 
surrounding rings (see Figure 43). 
In these frames no more than one ring is visible. It can be that the more central 
rings are not visible because of aforementioned blurring. 
If these rings occur indeed because of spherical aberration, it would be because at 
this point the particles were out of the focus. Maybe there was some topological 
error at the surface. 

                                          
8 http://commons.wikimedia.org/wiki/Image:Astigmatism.svg downloaded on 
27/07/08 
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Figure 42: Subsequent frames of ring structure appearing and disappearing in side cladding of Eutroloy 
16012 at 1 mm/s. 33ms per frame. Dimensions are 1.2 x 0.8 mm 

 

 
Figure 43: A point source as imaged by a system with negative (top), zero (center), and positive (bottom) 
spherical aberration. Images to the left are defocused toward the inside, images on the right toward the 
outside. 

4.4 Hill analysis 
The hill in front (and back for coaxial cladding) is the most interesting and yet the 
least understood feature present in the intensity measurements. An analysis of how 
this feature responds to different parameters is given. 
In order to obtain a nice laser track cladded for example with different speeds, also 
other parameters need to be changed (power, powder rate). Therefore, it should be 
kept in mind that for each changing parameter, also other parameters are changed. 
The parameters were changed in such a way that it was tried to keep the laser track 
at constant conditions. 
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 4.4.1 Differences for side and coaxial cladding 
From the figures 44 to 47 we can see that the hill behaves differently for coaxial and 
side cladding. In side cladding the hill is only visible in front of the center. For coaxial 
cladding the hill is present around the whole center. 
 
It is also observed that the hill is not constant in height. In side cladding, the hill is 
at its highest point in front the laser track. The top of the hill decreases slightly while 
following the edge of the center. After about a quarter circle, the hill lets go off the 
center and starts to decrease fast in the direction of the substrate. These features 
are most obviously observed at slow speeds. 
 
For coaxial cladding, the hill appears to be approximately constant for the first 
quarter. On the back of the laser the hill is a lot higher. In between the hill has a 
lower value. These features are also observed with slow speeds. 
 
The following figures are average intensity images of Eutroloy 16012 at a speed of 1 
mm/s. For different materials and speeds the side images can be found in Appendix 
C. 

 
Figure 44: Coaxial cladding, as seen from side. 
Length of the x-axis corresponds to 3.0 mm 

 
Figure 45: Side cladding, as seen from side. The 
length of the x-axis corresponds to 3.8 mm 

 

 
Figure 46: Coaxial cladding, as seen from top. 
Dimensions of the axes are 3.0 x 2.5 mm 

 
Figure 47: Side cladding, as seen from top. The 
dimensions of the axes are 3.8 x 3.2 mm 

4.4.2 Hill dependence on cladding speed 
From Figure 48 it is obvious that the hill height is decreasing for increasing speed in 
the average images. (see Appendix C for more images) This is true for both coaxial 
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 and side cladding. However, for individual frames the hill is not convincingly 
decreasing (see images on the left). The hill is disappearing for increasing speed. 

For higher speeds the process is less stable. Therefore the features move around 
more, and the hill will decrease in intensity on average. 
The speed does not convincingly affect the height of the hill in individual frames. 
 

  

  

 
 

Figure 48: Individual frames on the left, averages on the right for increasing speeds (1, 5, 15 mm/s) 
Eutroloy 16012 coaxial cladding. On the right images the hill is decreasing while on the left images the hill 
seems to be disappearing. In each image, the length of the x-axis corresponds to 3.0 mm 

4.4.3 Hill dependence on powder 
As can be seen from Appendix C and D there are no significant differences in the 
images observed for Eutroloy-16012 and Micromelt 23 powders. 
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 There are however differences with the case when no powder is applied. One 
measurement was accidentally performed without the powder disc rotating. During 

this experiment no (or at most very little) powder was present. This gives an 
interesting reference for comparison to the case that there is powder. 
 
This track has a very large center (see also Figure 50). This is to be expected, since 
no power is ‘lost’ in heating the powder. This way, more power is available for 
heating the substrate and a larger center occurs. 
In the images relatively many intense spots are present, moving from right to left. 
These are expected to be features laying on the surface. From Figure 49 it is obvious 
that there are some black points on the substrate. These are expected to give rise to 
the intense spots as mentioned. 
 

 
Figure 49: Piece of bar with a laser track and 
black dots on the substrate 

 
Figure 50: Frame from track without powder, with very intense spot. 
Dimensions are 4.0 x 4.4 mm  

 
 
The ‘no particle’ video was compared with a video made with exactly the same 
settings, but with powder. In this case less of these spots are visible. This is some 
interesting information. Apparently somehow the powder stream shields these 
features.  
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Figure 51: Profile of image without powder, 5 mm/s, 
900W, 7.5fps, side cladding 

 
Figure 52: Profile of image with powder (Micromelt-
23), same parameters. 

4.5 Interpretation of observations 
During the description of the features certain interesting observations were made. In 
this paragraph possible explanations are proposed. One of the main problems which 
arises is whether the hill coincides with the edge of the meltpool or not. 
 
Several other interesting observations are: 
• Particles are disappearing after the hill. 
• The height of the hill decreases following the edge of the meltpool. 
• Hill is present in case of no powder. 
• The hill has a different shape for side and coaxial cladding. 
• The hill is disappearing for increasing speed for individual frames. 
 
In order to explain these observations several possible effects which occur are 
outlined. These effects are divided in valid temperature effects and distortion effects. 
A valid temperature effect describes an effect which actually alters the temperature, 
thereby explaining unexpected features. On the contrary, distortion effects cause a 
change in intensity. Therefore the measured intensity doesn’t represent the 
temperature in a direct manner. 

4.5.1 Valid temperature effects 
One effect which occurs is gas cooling. 
The hill has a different shape for side and coaxial cladding. The significant difference 
between the two types of cladding is obviously the way the powder is applied. In 
coaxial cladding the powder is distributed homogeneously in a circle, creating a 
circular hill. So it can be concluded that the presence of carrier gas/powder cloud has 
an effect on the forming of the hill. 
Note that with gas cooling the carrier gas is meant, not the shielding gas.  
The area of the gasstream when it hits the surface is in the order of square 
millimeters, while the typical size of area of decreased intensity behind the hill is in 
the order of square submillimeters. This might be explained by the following.  
For side cladding, the gas stream hits the meltpool on front of the track. Since there 
are height differences, the stream will follow the edge and continues straight after 
one quarter. 
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Figure 53: Illustration of gas stream around the meltpool in side cladding.  

 
In coaxial cladding this effect is less obvious, because it is difficult to describe the 
flows of the gas. 
The observation that was made when there was no powder supplied to the meltpool 
strengthens the idea that this effect actually occurs. 
 
Another effect which could influence the temperature is a composition effect. The 
different materials which are present have different melting trajectories. If a gradient 
in the composition of these materials occurs within the meltpool, also the melting 
temperature at the edge of the meltpool may be not constant. Since the melting 
trajectories of the powders are lower that substrate, this implies that more powder is 
present at the places where the hill is lower. (see Table 2) 
This could explain why the hill is decreasing when following the edge of the meltpool.  

4.5.2 Distortion effects 
Dependent on the position, the surface has different properties. For example the 
emissivity for liquid and solid parts differ. Therefore, the same temperature will give 
rise to a different intensity. 
 
The filter in the Emaq-S camera is designed to filter out the reflected laser beam. 
However, this filter might not be perfect. Since the reflectivity is different for liquid 
and solid material, this would also give rise to different intensities for the same 
temperature. Even topological features could have an effect. At the edge of the 
meltpool the surface is not flat, so the beam is reflected in different directions. This 
way, there is not an equal distribution of the reflected laser beam. 
 
The particles which are transported by the carrier gas, will spent some time above 
the surface. It should be noted that these particles are not in the focus of the 
camera, so their image is a blurred spot. If they are in the view of the camera they 
will affect the measured intensity. This can happen in several ways. First of all the 
measured intensity by the camera will be of the particles, and not of the surface. 
Also could the particles block out reflection from the surface. They also reflect the 
beam theirselves. These effects can have an influence on the intensity if the total 
area of the particles under the beam will make up a significant amount of the area 
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 measured by the camera. Since these particles are closer to the focus of the laser, 
they will be heated up very fast. 

 
Particles are also laying on the surface. These particles will generally have a different 
temperature than the surface, therefore disturbing the intensity image. 
Since these particles are disappearing at the edge of the hill, this could imply that 
the particles are joining the meltpool at this point so the hill coincides with the edge 
of the meltpool. 

4.6 E-MaqS calibration for temperature 
4.6.1 Calibration according to LomPocPro 
It is a hard job to calibrate the E-MaqS camera. The gray levels must be mapped to 
a certain temperature. The only reference that is available for this is the LomPocPro 
program. Within this program, several calibration files are available. All these 
calibration files obey Equation 3: LomPocPro calibration (see ref. [3]). Here G is the 
gray value measured by the pyrometer. A and 0T  are parameters to be determined. 
 

4
0 )( TTAG −⋅=  

Equation 3: LomPocPro calibration. The gray value G as a function of temperature T, with A as linear 
sensitivity, and T0  as offset. 

 
If we compare this with the Stefan-Boltzmann law (Equation 2) we see that the 
difference lies in the offset T0. Physically, this is a strange feature, since this would 
imply that the body starts to radiate at temperature T0, while this obviously should 
be at zero Kelvin.  

4.6.2 Numerical integration of Plancks Law of blackbody radiation 
The Stefan-Boltzmann is obtained by integrating Plancks law of blackbody radiation 
over all wavelengths. Since there is a filter present in the E-MaqS camera system, 
not all radiation will be let through. Maybe this can explain the odd deviation of the 
calibration files from Stefan-Boltzmanns law. 
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Equation 4: Stefan Bolzmanns law 

Here the irradiance per unit wavelength interval is given as function from wavelength 
and temperature. 
Since the laser operates at 1062nm, the assumption is made that wavelengths up to 
1000nm can pass through the filter and wavelengths above are blocked. 
Numerical integration is performed over these wavelengths for different 
temperatures. In the figure below the 4th root of the irradiance is plotted versus the 
temperature. We can see that the equation from LomPocPro holds for temperatures 
lower than around 1750K. Extrapolation gives for T0 gives T0 = 1100K, which is very 
close to the value LomPocPro uses (around 900°C). 
This gives credit for use of the numerical integration method and to use this as a 
basis for the calibration. 
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 4.6.3 Camera characteristics 
It is known that the camera operates in the region above a certain offset. Therefore 
it is assumed that there is some offset G0 from which to camera starts to detect 
radiation. Also, it is assumed that the response of the camera is linear to the 
irradiation. Therefore, the camera response becomes: 

0)( GTBAG −⋅=  

Equation 5: Assumed camera response.  

Here A represents the sensitivity of the camera, and B(T) is given by integrating 
Planck’s law for wavelengths from 0 to 1000nm: 
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Equation 6: Integration of Planck’s law for blackbody radiation 

 

 
Figure 54: Integration of Planck's law for blackbody radiation for relevant wavelengths 

4.6.4 Parameter dependences 
It is observed that the camera responds differently if parameters are changed during 
cladding. Therefore a theoretical framework is developed in which the dependences 
on several parameters can be included. If the calibration actually is dependent on 
mentioned parameters, should be pointed out by further research. 
  
It is assumed that our camera will obey Equation 6, where the parameters can affect 
the linear sensitivity and the offset as outlined below. 
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 4.6.4.1 Dependence on laser power 
When the laser power is increased this results in a different surface temperature, 
thus increasing the gray value measured. This is normal camera behaviour and will 
not affect aforementioned parameters. 
 
If the filter in the camera system is not perfect, some of the reflected laser beam will 
be detected. A certain amount of the reflected laser beam will be let through. This 
will (at least approximately) not be a temperature-dependent feature. Therefore it is 
assumed that an offset term Pb ⋅  is present, where b is the sensitivity for the 
reflected laser beam, and P is the power supplied by the laser. 
 
Since the reflection can be in different directions on the surface, this could be a 
position dependent feature. Therefore we can see b as b(x,y). 

4.6.4.2 Dependence on emissivity 
Since we looking at gray bodies rather than blackbodies the emissivity will not be 
equal to 1. It can be different for the different phases present. Therefore it is position 
dependent. A term ε(x,y) is introduced to account for this. 

4.6.4.3 Dependence on exposure time 
The exposure time is the time during which radiation is received for each pixel per 
frame. The exposure time in these experiments is taken as the reciprocal of the 
framerate, which means that the shutter (or any digital equivalent) is always open. 
The exposure time is expected to influence the linear sensitivity in a direct, linear 
way. However should be noted that a large exposure time will have an averaging 
effect if the temperature profile is rapidly changing. This is the case when particles 
are coming into the beam. Therefore, particles are represented in a blurry way when 
using high exposure times. 
If the temperature profile is stable (apart from particles), the exposure time won’t 
influence the calibration apart from the linear sensitivity. 
When the profile is not stable, it is not possible to correct for this. Some averaging 
will occur. However can be calculated how much the specimen is moving during one 
frame, so an honest comparison can be made for different laser tracks. 

4.6.4.4 Dependence on powder rate 
In one proposed theory, the powder has a shielding effect for the intensity 
measured. This will affect the offset. Since the powder is not uniform across the 
images, it is position dependent. So it a term p(x,y) can be included. It is negative 
since it is expected to decrease the intensity. 

4.6.4.5 Dependence on cladding speed 
For increased cladding speed, temperature profiles will change. This is to be 
expected and won’t have an influence on the calibrations. 

4.6.4.6 Final equation 
Taking all factors together, the gray level can be represented by the following 
equation. 
 

0),(),()(),( GyxpPyxbTBtyxAG −−⋅+⋅⋅⋅= ε  
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 Equation 7 

Here G is the gray level, A the linear sensitivity of the camera, ε(x,y) the emissivity, 
t the exposure time, b(x,y) the reflection, P the laser power p(x,y) the powder 
density, and G0 the camera offset. 

4.7 Cooling rate calculation proposal 
Once temperature calibration can be done, calculation of cooling rate is a very 
straightforward procedure. Noise has to be removed from images by means of 
averaging techniques. Once a steady image has been obtained, the directional 
derivative in movement direction can be calculated. When this gradient is multiplied 
by the speed of the substrate, cooling rates are obtained. 
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Equation 8: Cooling rate 

4.8 Macrostructure of the coating 
The initial goal of the experiment was to relate cooling rate to microstructure and 
compare for different track speeds. The macroscopic conditions of the tracks should 
remain the same. In order to accomplish this, certain clad parameters should be 
adapted. In previous research (ref. [4]) it was stated that if laser power is changed, 
certain macroscopic properties such as the height of the clad do not change 
significantly if the amount of powder per unit length remains constant. However, 
higher speed of the track means that a higher power is necessary.  
Another relevant macroscopic property is dilution. This property also depends on 
laser power and track speed. Dilution is defined as:  

mc

m

AA
A

d
+

=  

Equation 9: Dilution d with molten area Am and clad area Ac.  

Am and Ac are measured with the use of the software that comes with the optical 
microscope. 
The dilution is a measure of how deep the laser track penetrates into the substrate. 
It is also a measure of how much material of the substrate is present in the laser 
track. The dilutions for the different samples are given in Appendix B. 
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Figure 55: Typical laser track with macroscopic parameters: h (height), w (width), Ac (clad area) and Am 
(molten area). The top side corresponds to the substrate and the down side to bakelite. HAZ is the heat 
affected zone. 

 
OM images of the cross-section of the laser tracks are in figures Figure 56 until 
Figure 59. In these figures also the laser power and the combined parameter F/S, 
i.e. feeding rate F divided by scanning speed S, are given. F/S is the same as the 
amount of powder per unit track length.  
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Figure 56: Eutroloy 16012 Side Cladding 
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Figure 57: Eutroloy 16012 Coaxial Cladding 
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Figure 58: Micromelt 23 Side Cladding 
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Figure 59: Micromelt 23 Coaxial 
Cladding 

 
 

4.9 Microstructure of the coating 
Now the macroscopic properties are comparable it is convenient to look at the 
microstructure of the coating. The parameter of interest is the SDAS. In theory this 
parameter is proportional to the cooling rate to the power -1/3 at the solidification 
front.  
For Eutroloy 16012 the SDAS can easily be measured. As shown in Figure 60, 
secondary dendrites are clearly visible and the SDAS can be determined by 
averaging over multiple distances.  
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Figure 60: OM image of a Eutroloy 16012 sample. The SDAS is measured by averaging the distances 
between the drawn yellow lines for different locations 

On the other hand, for Micromelt 23, the secondary dendrites are not clearly 
distinguishable. Therefore, instead of the SDAS the primary dendrite size is 
measured. 
 

 
Figure 61: OM image of a Micromelt 23 sample. The dendrite size is determined by averaging over a 
significant amount of distances between dendrite boundaries 
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 The SDAS is measured at the center of the track at different heights. Measurement 
is performed on the longitudinal cut samples (see section 3.6.1 for how these 

samples are cut). Because of the way the samples are cut, the center of the track is 
where the maximum of the track height is. This can be measured with the help of the 
OM software (Figure 62). SDAS of dendrite size measurements are performed at 
high, middle and low heights of the track. The results are in Appendix B. 
The primary and secondary dendrite spacings do not differ significantly at the 
different heights of the track. 
 

 
Figure 62: OM image of a coating. The center of the track is where the track height is at its maximum. 
HAZ indicates the Heat Affected Zone. 

Laser track 

HAZ 
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5 Results on Japanese steel 

5.1 The AGOS for different engineering strain 
Apart from the laser cladding experiments a tensile experiment with JYH21CH steel 
has been performed. The purpose of this is to compare the Average Grain 
Orientation Spread (AGOS) for different engineering strain rates. 
In earlier research (see ref. [1]) the strain dependency of the AGOS was measured 
for a engineering strain rate of 2.2·10-4 s-1 while for this experiment an strain rate is 
used of 8.7·10-3 s-1. This is 40 times higher than the former experiment.  
In order to compare the AGOS for the different engineering strain rates first the 
behaviour of the local strain is compared. The strain as function of distance from the 
fracture surface and the strain as function of time near the fracture surface are 
compared. 

5.2 Distance to fracture surface dependency of local 
strain 

With the use of Aramis it is possible to obtain the local strain as a function of 
distance to the fracture surface. This is performed along a line through the center of 
the sample for a stage just before the fraction.  
The results are visible Figure 63 and Figure 64. The most significant differences 
between high and low engineering strain rate are the maximum strain and the slope 
of the peak.  
From approximately the same distance to the fracture surface the local strain 
increases faster for higher engineering strain rate.  
These graphs are also necessary to know at which distances OIM measurements 
have to be performed for relevant strain values. 
 

 
Figure 63: Local strain as a function of distance to 
the fracture surface for high engineering strain rate  

 
Figure 64: Local strain as a function of distance to the 
fracture surface for low engineering strain rate 
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 5.3 Development of local strain 
With Aramis it is possible to select one point and obtain the local strain of that point 
for each stage. For both engineering strain rates this has been performed for a point 
near the fracture surface. The results are in Figure 65 and Figure 66. 
In both figures one can see that the graphs consist of 2 linear regimes and an 
intermediate regime. However, for the high engineering strain rate the slopes are 3 
to 4 orders of magnitude higher as in Table 3.   
Table 3: comparison of slopes of the linear regimes in Figure 65 and Figure 66 

 High engineering strain 
rate [s-1] 

Low engineering strain 
rate [s-1] 

Slope high engineering 
strain rate / slope low 
engineering strain rate 

Slope1 4.1 1.1·10-3 3.7·103 
Slope2 1.2·102 9.5·10-3 1.3·104 
  
 
 
 

 
Figure 65: Time dependency of local strain for a point 
near the fracture surface at high engineering strain 
rate 

Figure 66: Time dependency of local strain for a point 
near the fracture surface at low engineering strain 
rate 

 
 

5.4 AGOS comparison 
To compare the AGOS for the two engineering strain rates the AGOS was determined 
for 8 points in a range from 6.8% until 133% local strain. The corresponding 
distances to the fracture surface are read-off from Figure 63.  
To calculate the AGOS, the grain orientation spread is fitted to a log-normal 
distribution function (Figure 67). The average of this function is taken as the AGOS 
and its standard deviation is used as the measure of uncertainty. The results from all 
the selected strain values are plotted in Figure 68.  Note that there are AGOS values 
with in comparison very high error bars. For the corresponding strain values the GOS 
distribution could not be fitted well to a log-normal distribution. In these cases the 
averages and standard deviations were calculated directly from the original 
distribution.  
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Figure 67: Grain Orientation Spread for 133% local strain 

As for the comparison with the low engineering strain rate not very credible 
statements can be made. The only points which have reasonable error bounds are 
for low strain (until about 20%) and high strain (120% – 133%).  
For the low engineering strain rate there are clearly two linear regimes. At 22% 
strain the two linear regimes unite. 
For high engineering strain rate one can say with good credibility that there is linear 
behaviour until about 20% strain. This line does not fit with points at higher strain so 
one can at least say that there is not a single linear behaviour. But it is not possible 
to say where the first linear regime ends and what the behaviour is of the other 
values. 
For the regime with low strain the slope of the AGOS is about 2 times lower for high 
engineering strain rate than for the low strain rate. 
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Figure 68: AGOS for high engineering strain rate Figure 69: AGOS for low engineering strain rate 

 
 
Table 4: Comparison of slopes of the linear regimes in Figure 68 and Figure 69. ε is the strain in %.  

 High engineering strain 
rate [degrees] 

Low engineering strain 
rate [degrees] 

Slope high engineering 
strain rate / slope low 
engineering strain rate 

Low strain 0.088ε + 0.10 0.168ε - 0.11 0.47 
High strain  0.068ε + 2.46  
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6 Conclusions 
The initial goal of the experiments was to relate the cooling rate at the solidification 
front to the SDAS.  
Very nice videos of the cladding process have been obtained using the E-MaqS 
camera system. A lot of interesting features are visible on these images. The 
physical interpretation was not clear for every facet. 
 
Several Matlab tools have been developed for analyzing the videos, in order to gain a 
better insight in the features. 
 
Main problems arise when it comes to the interpretation of the hill present in the 
videos. Various effects to explain this feature have been outlined. Unfortunately, no 
conclusive explanation was found. Therefore, it was not possible to do a calibration 
for the temperature, so no cooling rate could be calculated. 
 
In finding an explanation for the hill several effects are mentioned. They can be 
divided in effects that actually influence the temperature and distortion effects.  
The gas effect is an valid temperature effect that provides the most straightforward 
and elegant solution. It is very likely that the gas stream has a cooling effect and 
thus causes a decrease in temperature. Another valid temperature effect has to do 
with the composition of the materials present.  
Reflection, emissivity, particles in the beam and on the surface are the mentioned 
distortion effects.  
Of course a combination of the different effects can occur. Several effects can have 
an impact in causing the hill. 
 
A mathematical framework for the calibration of the temperature has been 
developed. It is discussed how the calibration should depend on several parameters. 
This framework accounts for all off them and can be used for future calibration. 
 
For the tensile experiment with the steel sample, the goal was to compare the strain 
dependency of the damage parameter AGOS for high and low engineering strain 
rates.  
For the low engineering strain rates clearly two linear regimes occur in the strain 
dependency. 
For high engineering strain rate there was no credible relation found between the 
strain and the AGOS. However, it can be stated that there are at least two regimes in 
the strain dependency of the AGOS. For low strain values the regime is likely to be 
linear. Values for high strain deviate from the linear behaviour of the low strain 
regime so that at least one other regime is present. 

6.1 Recommendations 
It is most important that the various interpretations are verified. First step would be 
to check if the gas scenario is a correct one. This is easily verified by doing making 
two ‘laser tracks’ without powder. For one experiment the gas stream is turned on, 
for the other one off. 
Next, the dependence of the hill on the nozzle position for side cladding can be 
checked. Since it is possible to move this nozzle towards and from the laser beam, 
this will probably provide additional insights in how the hill is formed. 
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 To check how the intesity profile behaves when the surface is melted a simple 
experiment can be designed in which the bar is rotating and the laser power is 

slowly increasing.  This way the bar is melted gradually. This may give more insight 
in where the meltpool occurs. 
 
In light of the proposed calibration, dependence on emissivity, dependence on 
reflection and dependence on the powder stream have to be performed. 
 
If possible, corrections should be made to remove the distortions in the images. (see 
4.3) It can easily be checked if astigmatism is present, by changing the focus 
slightly. 
 
In order to check if the topology has influence on the reflection an experiment can be 
designed in which the camera is tilted. This way the radiation in different directions 
can be measured.  
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Appendix A Settings used for sample 
prepared tracks 

Eutroloy 16012 Side Cladding    
Speed Track number Frames per second Exposure time (ms) Laser Power (W) Powder feeding rate (g/min) 

60 42 30 33.4 600 1.6 
300 38 7.5 133.5 900 8 
900 47 30 33.4 1720 24 

      
Eutroloy 16012 Coaxial Cladding    
Speed Track number Frames per second Exposure time (ms) Laser Power (W) Powder feeding rate (g/min) 

60 80 30 33.4 550 1.8 
300 77 30 33.4 750 9 
900 84 30 33.4 1250 27 

      
Micromelt 23 Side Cladding 
Speed Track number Frames per second Exposure time (ms) Laser Power (W) Powder feeding rate (g/min) 

60 53 7.5 133.5 600 1.8 
300 49 7.5 133.5 900 9 
900 59 7.5 133.5 1300 13.5 

      
Micromelt 23 Coaxial Cladding    
Speed Track number Frames per second Exposure time (ms) Laser Power (W) Powder feeding rate (g/min) 

60 70 30 33.4 500 1.28 
300 68 30 33.4 700 6.4 
900 73 30 33.4 1100 19.2 

      
No material Side cladding    
Speed Track number Frames per second Exposure time (ms) Laser Power (W) Powder feeding rate (g/min) 

300 48 7.5 133.5 900 9 

Table 5: Cladding and camera settings for used laser tracks 
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Appendix B Track properties 
Speed (mm/min) Track width (µm) HAZ width (µm) Dilution DD size top (µm) DD size center (µm) DD size bottom (µm) Average SDAS (μm)

60 606 995 36% 3.87 ± 1.31 3.31 ± 0.83 4.01 ± 1.4 3,73 ± 0,7
300 385 784 20% 1.8 ± 0.53 1.7 ± 0.49 1.67 ± 0.42 1,72 ± 0,28
900 450 671 16% 1.42 ± 0.39 1.28 ± 0.33 1.26 ± 0.35 1,32 ± 0,21

Speed (mm/min) Track width (µm) HAZ width (µm) Dilution DD size top (µm) DD size center (µm) DD size bottom (µm) Average SDAS (μm)
60 1250 634 49% 4.35 ± 1.2 3.83 ± 1.12 3.46 ± 0.87 3,88 ± 0,62

300 975 490 34% 2.22 ± 0.62 2 ± 0.46 1.48 ± 0.42 1,9 ± 0,29
900 946 397 24% 1.84 ± 0.46 1.29 ± 0.33 1.19 ± 0.3 1,44 ± 0,21

Speed (mm/min) Track width (µm) HAZ width (µm) Dilution DD size top (µm) DD size center (µm) DD size bottom (µm) Average dendrite size (μm)
60 740 1010 40% 8.65 ± 2.06 8.39 ± 2.89 10.23 ± 4.1 9,09 ± 1,81

300 548 754 21% 5.97 ± 1.67 6.34 ± 1.92 6.31 ± 1.74 6,21 ± 1,03
900 352 533 35% 6.13 ± 1.99 5.37 ± 1.43 5.33 ± 1.62 5,48 ± 0,94

Speed (mm/min) Track width (µm) HAZ width (µm) Dilution DD size top (µm) DD size center (µm) DD size bottom (µm) Average dendrite size (μm)
60 855 502 36% 10.12 ± 3.33 9.15 ± 2.38 7.35 ± 2.25 8,87 ± 1,56

300 352 533 35% 6.13 ± 1.99 5.37 ± 1.43 5.33 ± 1.62 5,61 ± 0,98
900 846 368 29% 4.65 ± 1.6 5.12 ± 1.66 4.51 ± 1.84 4,76 ± 0,98

Stellite-12 Side Cladding

Stellite-12 Coaxial Cladding

Vanadis Side Cladding

Vanadis Coaxial Cladding
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Appendix C Average intensity images 
For every series of three images, the first one is at 1 mm/s, second ay 5 mm/s and 
the last at 15 mm/s. In each image, the length of the x-axis corresponds to 3.8 mm. 
 
Side cladding 
 

Eutroloy 16012 Micromelt 23 
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Coaxial cladding 
For each image, 60 points on the x-axis correspond to 1 mm. 
 

Eutroloy 16012 Micromelt 23 
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Appendix D Intensity profiles through 
center of images 
In order to gain better insight in the data measured, for each laser track cut-through 
profiles were made. They are though the center of the meltpool as indicated in Figure 
70. 
For each laser track one frame was chosen for profiling. This frame was chosen in 
such a way that it represents in a good way the profile that is present. However, 
some profiles are not stable. This means that features present (especially hills) come 
and go, and appear and disappear at different heights. Exactly for this reason, 
averaging was not possible, because the features would disappear. Extra information 
about the tracks is given where possible. 
It should be mentioned that the images don’t have a scale on the axis. For the y-
axis, it goes from 0 up to 255 in intensity.  
Furthermore, the exposure time has an impact on intensities measured (see x). For 
each series of speeds the exposure time is the same (unless specified). The frames 
per second for each track can be found in Appendix A. 
 

 
Figure 70: The intensity profiles are calculated along the red line 

 
Figure 71: No powder (side cladding) 5 mm/s 

Quite stable profile. A hill is 
constantly present on the right, 
at approximately constant 
height. 
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Figure 72: Side cladding Eutroloy 16012 1 mm/s 

Center peak is moving around. 
Peak on the right is very stable. 

 
Figure 73: Side cladding Eutroloy 16012 5 mm/s 

Very stable image. A lower 
framerate is used for this track, 
causing the intensities to be 
higher compared to different 
speeds. 

 
Figure 74: Side cladding Eutroloy 16012 15 mm/s 

Profile is quite stable. However, 
no obvious hill is visible. For 
some frames, a hill does appear, 
but not at a fixed place, or with 
constant height. 
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Figure 75: Side cladding Micromelt 23 1 mm/s 

Very stable 

 
Figure 76: Side cladding Micromelt 23 5 mm/s 

 
 
Very stable 

 
Figure 77: Side cladding Micromelt 23 15 mm/s 

Quite stable. No hill visible. 
However, some lower gradient is 
visible at a constant spot. 



-65- 

 
Figure 78: Coaxial cladding Eutroloy 16012 1 mm/s 

Stable profile. Hill visible in front 
and back. Height is slightly 
unstable, on average are both 
on same height. 

 
Figure 79: Coaxial cladding Eutroloy 16012 5 mm/s 

Profile is stable. A very small 
hill/decrease in gradient is 
recognized on the right. On the 
left no obvious feature is 
present. 

 
Figure 80: Coaxial cladding Eutroloy 16012 15 mm/s 

Stable profile. No features 
present. 
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Figure 81: Coaxial cladding Micromelt 23 1 mm/s 

Stable. Hill is visible on left and 
right. Again, on average around 
the same height. 

 
Figure 82: Coaxial cladding Micromelt 23 5 mm/s 

 
Stable profile. On the right, 
obvious decrease in gradient is 
visible. On the left, also a 
gradient is visible, but at higher 
intensity than right. 
 

 
Figure 83: Coaxial cladding Micromelt 23 15 mm/s 

Stable. No features are present. 
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