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Summary

Laser cladding has become an important surface modification technique in
today’s industry. It is not only applied for coating new products but also
for repair and refurbishment as well as in rapid prototyping. Due to the
complexity of the process, a highly skilled operator is required.

A laser clad workstation has been developed. It uses a 4 kW Nd:YAG fibre
coupled laser as heat source. The specially developed optical system is
mounted on a six-degree of freedom industrial robot, allowing the cladding
of complicated 3-dimensional products. This system combines the benefits
from a Top-hat energy distribution with a practical working distance. The
clad material is supplied to the melt pool by a powder nozzle. A high
velocity gas flow around the powder jet allows a focussed powder stream.

A camera based monitoring system for the laser cladding process has
been developed. This system determines the main dimensions of the melt
pool in real-time.

A developed FEM model of the laser cladding process accurately predicts
the shape and temperature of the clad layers by including the interaction
between the laser beam and the powder jet. The model results are in good
correspondence with experimental results.

An extensive set of cladding experiments has been performed with va-
riable spot size, laser power, cladding speed and powder mass rate. From
these experiments, optimal process conditions could be determined.

From the experimental work, a clear correlation between the dilution
and the width of the melt pool was found. This correlation was found to
be independent of the substrate temperature, enabling real time control of



the dilution by adjusting the laser power.

A feedback control strategy was developed and implemented based on
the melt pool width information from the camera. As a result, the energy
input into the substrate and consequently thermal distortion of the pro-
ducts is minimized, while a good metallurgical bonding and minimal
dilution are obtained. Due to this minimal dilution, the hardness of the
clad layer can be controlled and maintained to be uniform.

High temperature gradients and different material properties may cause
high residual stresses or even cracks. To investigate this effect, a simple
and fast method based on deflection measurements has been developed.
The residual stress values obtained by this procedure have been compared
with stresses from X-ray measurements. The results show a good agree-
ment for Stellite 12 clad layers on a steel substrate. Tensile stresses of
large magnitude develop in the layer which increase with the cladding speed.

The control strategy is implemented in C++ code running under the
Windows™™ operation system. This system was implemented and tes-
ted in industry (Stork Gears & Services, Rotterdam, The Netherlands)
providing increased use of the cladding technique with better quality
assurance.
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Abbreviations

3D Three dimensional
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H, Height of clad track

H,, Latent heat of fusion
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I Power intensity on the surface

I, Laser beam intensity distribution
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Chapter 1

Introduction

With the increasing complexity of products, the market for functional ma-
terials has increased significantly during the past years. Materials nowadays
require multiple conflicting properties such as high hardness and ductility.
Different properties however are often required at different locations on the
products. Wear and corrosion resistance are only required at the surfaces of
products for instance. Many fabrication solutions exist for applying func-
tional coatings. A superior coating technique, which manifest a metallic
bonding of substrate and coating, is the laser cladding technique. Laser
cladding has become an important surface modification technique in to-
day’s industry and continues to gain market. Laser cladding is not only
applied for coating but also for repair and refurbishment as well as for
rapid prototyping. The work as described in this thesis focusses on the
investigation and automation of the laser cladding process.

1.1 Outline

In chapter 2 the state of the art of the laser cladding technique is presented.
Based on this state of the art, the objectives of this thesis are formulated.
In chapter 3 the experimental setup, which is used throughout this research
is presented.

Chapter 4 discusses the influence of process settings on the clad and
melt pool characteristics from a physical point of view. It discusses the
influence of the energy distribution on the quality of the produced clad
layers and motivates the use of a top-Hat energy distribution which is used
throughout this research. Within this work, a camera based observation
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and control system was developed. The observation system is presented in
chapter 5. Chapter 6 describes the Finite Element Method (FEM) model
which is developed as part of this work. In chapter 7, the results from the
performed simulations and experiments are presented and the influence of
the process settings on the results are discussed. The quality of the clad
layer, especially the hardness, is highly influenced by the dilution. High
levels of dilution should be avoided. In this work a camera based feed-
back controller is developed and discussed in chapter 8, which focusses on
limiting the dilution. The effectiveness of the developed control system is
demonstrated in chapter 9. Chapter 10 discusses the laser cladding capa-
bilities in an industrial environment and the implementation of the process
controller developed as part of this work. This leads to an increased quality
control and a lead in the field of laser cladding companies. Laser cladding is
often limited in its application due to the residual stresses in the clad layers,
often leading to hot or cold cracking. Chapter 11 describes a fast method
for the investigation and determination of residual stresses in such clad
layers. Finally, in chapter 12 the work described in this thesis is reviewed,
and conclusions are stated.



Chapter 2

Laser cladding: state-of-the-art

2.1 Introduction

Laser cladding is becoming an important surface modification technique in
today’s industry and is applied for coating, repair and refurbishment as well
as for rapid prototyping. In this chapter, a general introduction of the laser
cladding process is presented and compared to other surface modification
processes. In addition the state of the art of the laser cladding technique
is presented. This chapter is finalized by giving a preview of the work
described in this chapter and formulating the objectives of this work.

2.2 Surface modification

Surfaces of materials are always in contact with their surrounding, resulting
in degradations due to wear, erosion and corrosion. Surface modification
aims at reducing such surface degeneration. Surface modification may in-
volve the application of a coating, for instance by using chemical vapor
deposition, plasma spraying and laser cladding. Surface modification can
be applied to all kinds of products to increase performance, reduce costs,
and modify the surface properties independent of the bulk material. This
enables the realization of products with improved functionality, at reduced
use of scarce and expensive materials.

The different surface modifications techniques which are currently being
used in the surface industry are briefly summarized in Table 2.1. Each of the
surface modification techniques has some advantages over other processes
and sometimes they are used on a large scale. For instance, the spraying
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Table 2.1: Surface treatment processes [1].
Surface Process Process Characteristics
Laser -Low heat input, thin layers, low dilution and poro-
sity, high hardness, small HAZ, high initial equip-
ment investment and slow processing rates
Welding -Oxyacetylene - liquid /solid bond, high heat input
-TIG - reasonable bonding, medium heat input
-Open arc - low heat input
-Shielded metal arc
-MIG - reasonable bond, medium heat input
-Submerged arc
-Electroslag
-Paste fusion
-Plasma arc - Thick layers, high deposition rates,
low equipment cost, covers large areas, high heat
input and part distortion.
Spraying -Flame Powder / Wire Fusion bond, no dilution
-Electric arc metallising
-Plasma Liquid/solid bond, low heat input, no di-
lution
Physical Vapor -Vacuum coating (thermal evaporation)
Deposition (PVD) -Sputtering
-Ion plating
-Ton implantation
Mechanical Plating | -Peening
-Fillet rolling
Electrochemical -Aqueous
-Fused salts

processes have less heat input to the parts, resulting in virtually no thermal
distortion of the products. The bonding however, is weak and the layers
are relatively thin. The risk of damage of the layers therefore is high,
making it less suited for mechanically loaded parts. The laser and the
plasma arc surface modification techniques both yield good metallurgical
bonding and thick layers can be produced, making them ideal for coating
highly loaded parts. Successful application of these methods can be found
in a lot of industries like gas, offshore, mining, food processing, engine and
automotive industry.
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2.3 Laser surface modification

Laser surface modification involves all the processes where a laser source is
used to locally heat the surface. Using laser energy as heating source has
some advantages over conventional heating sources [2, 3]:

1. The energy supply can be well controlled.

2. Selective surfacing of small areas is possible.

3. Controlled thermal profile and therefore shape and location of the
heat affected region are limited.

4. The total heat input is low, resulting in minimal distortion.

5. The heating and cooling rates are high, resulting in a fine microstruc-
ture and/or metastable phases.

6. The treatment is a non-contact process. There is no tool wear and
no mechanical forces act on the workpiece.

7. Chemical cleanliness and therefore minimal pollution.

8. The process is well suited for automation.

The laser surface modification processes can be divided into thermal and
thermochemical processes . This is graphically expressed in Figure 2.1.
The thermal processes such as surface hardening and melting, involve the
modification of surface properties by changing the microstructure of the
surface layer. The thermochemical processes such as alloying, cladding and
particle dispersion, involve changing the surface properties by adding new
materials to the laser generated melt pool. The degree of mixing between

Laser Surface Treatment

N

Thermal Thermochemical

Figure 2.1: Division of the laser surface modification processes.

added and substrate materials depends on the method involved. With
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particle dispersion, hard particles are injected into the melt pool, without
melting the particles. Laser alloying changes the surface of the work piece
by mixing an alloy material with the substrate. The alloy material is added
to the melt pool and mixed with the base material to obtain the desired
composition. The aim of laser cladding is to add an alloy material onto a
surface without severe dilution. In this way, the properties of the surface
layer will solely depend on the added material.

2.4 Laser Cladding

Laser cladding uses a high-power laser beam to melt a cladding material
and a thin layer of the substrate to form a pore- and crack-free coating of
typically 0.05 to 2 mm thick with low dilution that is perfectly bonded to
the substrate [4].

2.4.1 Process description

The aim of laser cladding process is to deposit a clad layer onto surfaces
of workpieces in order to generate functional layers or to regenerate the
natural shape of parts. The material can be deposited in three different
ways; by powder injection, by pre-placing the powder or by wire feeding.
A laser beam generates a melt pool in the substrate and allows the addi-
tional material to be melted. By moving the laser beam over the surface,
a solid layer is formed immediately after the laser has passed. Laser clad-
ding by powder injection is superior to alternative processes because it is
more energy efficient and it allows for better process control and reprodu-
cibility [5]. A great variety of materials can be deposited on a substrate
by powder injection. Layer thicknesses range from 0.05 to 2 mm. Also
multilayer cladding of the same or different materials is possible to achieve
better mechanical properties or higher cladding thicknesses. The process
is schematically shown in Figure 2.2. The powder flow can be off-axis or
co-axial. In both cases the powder travels some distance through the laser
beam causing the particles to be preheated or to be melted before they
reach the melt pool. With laser cladding, the cladded interface usually has
a small dilution zone of substrate and clad material. In order to realize
a such a small dilution zone, the process parameters and material combi-
nations have to be adapted to the geometrical boundary conditions of the
work piece. It is a combination of properties which makes the laser cladding
process unique from the other laser surface treatments. Firstly, mixing of
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Scan velocity

_—

Laser beam

Melt pool

Powder nozzle
Shielding gas
Powder

Heat affected zone Substrate

Figure 2.2: The laser cladding process

the cladding material with the substrate material can be kept very low.
Hence, the surface properties of the coated product will primarily depend
on the properties of the used cladding material. The cladding material can
be chosen according to the service conditions during the lifetime of the pro-
duct. Secondly, the bonding of the clad layer with the substrate is excellent.
Thirdly, the process window of the input parameters is rather large, so the
input parameters can be chosen with some margin.

The success of laser cladding relies on the quality of the obtained clad
layer. The quality depends on a large variety of input and process parame-
ters such as laser power, beam velocity, choice of material, spot dimensions,
laser beam absorption and melt pool dynamics. The quality of a clad layer
is classified into four groups [5], see Table 2.2.

In practice, it is hard to produce clad layers which possess all these
properties. The clad layer is characterized by several geometrical quantities.
The quantities H., W,, A, and Ay of Figure 2.3 are the clad layer height,
width and the areas of clad and the molten base materials respectively.
An important quality measure is the dilution (D.) of the clad layer. A
way to determine the dilution level, is by the concentrations of a specific
element in the clad layer, the supplied clad material and the substrate
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Table 2.2: Properties of clad layers.

Geometrical Mechanical Metallurgical Qualitative
properties properties properties properties
clad dimensions | hardness distribution | microstructure porosity
dilution residual stress dilution cracking
roughness wear resistance grain size
tensile strength homogeneity
corrosion resistance

Figure 2.3: Schematic cross section of a clad layer.

material. Salehi [6] used the iron content to determine the dilution using
the following equation:
Lp.— P
D, = 2Fe " Fe (2.1)
SFe - PFe
where Ppe, Lp. and Sge are the iron concentration in the supplied powder,
the clad layer and the substrate respectively. An approximation of the
dilution level, which is used throughout this research, is the ratio between
the area of the molten substrate material and the total area of the molten
layer.
Ay
D. = —— 2.2
¢ Ay + A, ( )
In order to obtain a surface layer which is hardly diluted by the substrate
material, this ratio has to be as small as possible. However, if the ratio is
zero, there is the risk of no fusion and bonding between cladding material
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and substrate. Therefore a dilution between 2% and 10% is generally ac-
cepted. The dilution level depends on power level and the distributions of
both the laser beam and the powder jet. Using a laser beam with a Gaus-
sian energy distribution leads to more substrate material being molten in
the center of a clad track while at the same time, the amount of molten
substrate material at the sides of the track might be zero, i.e. no metal-
lurgical bonding between substrate and clad layer exists. The width of the
clad track is mainly correlated to the diameter of the used laser beam. The
height of the layer is mainly determined by the powder feed rate.

Figure 2.4 depicts the input parameters of the cladding process and
their relation to the clad quality and some geometrical features of the melt
pool which are measurable by a camera.

Required energy

Laser cladding requires melting of the powder material and the surface layer
of the substrate. The depth of the clad layer and the heat affected zone
depend on the interaction time between laser and material, the laser power
and the width of the track. A minimal combination of power density and
interaction time is required for proper bonding. An important variable is
the energy density:

P,

E, = ——— 2.3
Vc . dspot ( )
Where
FE; = energy density
P, = laser power
V. = velocity of the laser beam over the substrate
dspot = diameter of the laser spot

Increasing the energy density increases the depth of the clad layer. However,
it has to be kept in mind that there are energy losses by reflection and
reradiation. A part of the laser power is reflected from the surface of the
substrate. Secondly, a part is reflected from the powder particles as they
approach the melt pool. Thirdly, a part is lost by radiation and convection
from the melt pool. Fourthly, a part is lost by conduction from the melt
pool to the substrate. Finally, a part of the laser power is absorbed by
powder particles which do not enter the melt pool. The efficiency of the
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Laser cladding process

/

l

\

Properties of Energy delivery| |Powder delivery| | Process speed Powder
product system system properties
[ [ [ [ [
Input parameters Input parameters Input parameters Input parameters Input parameters
- Surface quality - Type of laser - Shielding gas - Cladding speed | |- Particle size
- Material - Laser power - Type of nozzle - Amount of - Particle shape
- Shape - Spot size - Injection angle overlap - Composition
- Intensity profile - Powder
of spot flow rate

R

Process dynamics

- Dilution

- Temperature distribution
- Temperature

- Melt pool dimensions

- Melt pool dynamics

/\.

Quality of clad layer Features of CMOS

- Dimensions of clad layer -Melt pool dimensions
- Micro structure < >
- Porosity

- Hardness

Figure 2.4: Interactions of Laser cladding input parameters to clad quality and
online measurable quantities.

cladding process is examined by Gedda [7] and the results are displayed in
Table 2.3

The laser power which is needed to melt the injected powder material
can be calculated using:

P, = M(c, AT+ Hy,), (2.4)



2.4. Laser Cladding 13

Table 2.3: Laser power efficiency

Laser power Nd:YAG
Power reflected from the cladding melt 40 %
Power reflected from the powder cloud 10 %
Power used to heat the substrate 30 %
Power used to melt the clad layer 20 %
where

P, = laser power

M = powder feed rate

¢y = specific heat capacity of cladding material
AT = difference between the melt and ambient temperature
H,, = latent heat of fusion

As an example, using a 2 kW laser, about 500 W of energy will be used
to melt the powder. Using Stellite 12 powder, about 75 mm?/s of clad
material can be deposited. At a typical cladding speed of 20 mm/s, this
results in a track of about 4 mm width and 1 mm high.

2.4.2 Process development

In the late 1980’s, industrial applications made a break through. Leader
companies include Rolls Royce, Pratt & Whitney, GM, Rockwell and Wes-
tinghouse, Fiat and others [8, 9]. The process development started with a
two step process by pre-placing a paste of material on the surface which in
a second step was molten by the laser. That process took much more time
than the currently used one step process. In the later, the clad material is
fed continuously during the process, mostly as a powder transported by an
inert carrier gas. The powder can be supplied from the side or coaxial to
the laser beam. Initially COs lasers were used because of their high power
and relatively high efficiency. Currently Nd:YAG and high power diode la-
sers (HPDL) are also successfully used for laser cladding. Because of their
flexibility Nd:YAG lasers are applied in combination with optical fibres and
robots. They are available in high powers although the wall plug efficiency
is poor (some 3 %). Also HPDL are available in high power ranges. Besides
the possibility to equip them with optical fibres, they can also be connected
directly to a robot or Gantry system [10, 11]. The absorption of Nd:YAG
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and HPDL laser radiation by the melt pool is comparatively high ( 40 %),
but much higher than COg - laser radiation ( 10 %). The wall plug effi-
ciency of about 30 % of HPDL is relatively high although the beam quality
is comparable low. It was shown in [12] a HPDL is a useful tool for laser
cladding. The low beam quality is not a problem to obtain the required
power density on the surface but it limits the ability to go into bores or
other deep lying surfaces.

In order to improve the processing time of laser cladding with attendant
improvements in the process efficiency, research activities are going on [13].
Fiber lasers are becoming available at high powers and beam quality no-
wadays [14]. A summary of the characteristics of these lasers is presented
in Table 2.4.

Table 2.4: Commercial laser systems used for cladding.

Type Output Power | Wavelength Wall Plug Ef- | Beam Delivery
(kW) (um) ficiency (%)

CO4 20 10.6 10 Mirror

Nd:YAG 6 1.06 3tobh Fiber

HPDL 4 0.9 30 Fiber

Fiber 50 1.07 30 Fiber

2.4.3 Modeling

To understand the different aspects of the laser cladding process, process
models can be of aid. Many different modeling methods can be applied, all
with their specific advantages. Models, which are found in literature can be
distinguished as steady state models, dynamic models and lumped models.
Some models focus on the melt pool, the powder injection and on how the
clad geometry is formed.

In general, the modeling process can be described as follows. The la-
ser beam reaches the substrate surface attenuated by the particles due to
absorption and reflection. The laser power hits the substrate surface, pro-
ducing a melt pool. The pre heated powder particles arrive in the melt
pool. This part of the process is extensively described in the literature
using the heat transfer equations for conduction and for convection caused
by the moving beam [15, 16]. The depth of the melt pool should be small
and equal over the diameter of the beam to avoid mixing of substrate ma-
terial in the pool. Using an analytic approach it was shown that this can
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be realized by choosing a power density distribution with higher intensities
at the sides of the spot [17]. Although in laboratories it was proved to work
well, in industry it is not applied up to now.

Melt pool flow has also been modeled extensively. Due to high tempe-
rature gradients, there will be a surface tension gradient driving the melt
flow within the melt pool. Depending on the depth of the pool, the flow will
either be in the surface plane for shallow pools and circulation in depth for
deeper pools. The preheated particles or droplets yield a convective heat
transfer which is taken into account only in a few numerical models until
now [18].

Dynamic models of the process are important for process control. Both
theoretical and empirical models have been developed. An analytical model
was developed by Bamberger et al. [19] for estimating the process para-
meters by direct injection of powder into the melt pool. They used the
model to control the cladding speed as a function of the temperature of the
melt pool. A more advanced model was reported by Kim [20] who used a
two dimensional, transient finite element technique. Empirical models for
system identification have been developed by Romer [21, 15, 22] using auto
regressive exogenous (ARX) system identification techniques to obtain dy-
namic models for laser alloying. These models used the scanning velocity
and the laser power as inputs and the melt pool area as the output of the
system. By measuring the melt pool area by a digital CMOS camera [23]
they used this model to control the scanning speed and the laser power by
means of feedback control. Although such systems are available nowadays,
they are not yet used in industry because of the nonlinearity of the cladding
process.

An interesting part of modeling laser cladding is the calculation of tem-
perature distributions. Jendrzejewski [24] has calculated the temperature
distribution for multi layer clads. To get closer to applications, Palumbo
[25] has modeled the laser cladding process on ring geometries for the treat-
ment of valve seats in engines. A combination of various modeling tech-
niques was done by Toyserkani [26], including fundamental work of Picasso
[27]. Another model was realized by Sameni [28]. In this model the clad
height was calculated by a fuzzy logic based model. Further models for
laser cladding are e.g. numerical FEM models, being developed in order to
predict the metallurgical and the mechanical properties of laser clad layers
on a substrate. Briickner [29, 30] calculated the residual stresses developed
during the laser cladding process by FEM for single weld beads as well as for
coatings consisting of different numbers of overlapping clad beads. They
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showed that the stress state is significantly changed by the thermal and
mechanical interaction of these beads during the laser treatment. Decrea-
sing the cladding speed, effectively increasing the heating time, decreases
the residual stresses from 900 MPa to 700 MPa. Preheating the substrate
to a temperature of 300°C reduces the tensile stresses in the clad layer
from 900 MPa to 700 MPa. Further increasing the substrate temperature
does not lead to lower stresses. Higher temperatures however result in an
increasing deformation of the substrate.

2.4.4 Materials properties

The laser cladding process can be used to produce layers on both ferrous
and nonferrous substrates. Most cladding is done to improve surface pro-
perties of relatively heavy and cheap substrate materials. Therefore ferrous
substrates form the majority of products nowadays. Depending on the
application, cobalt, nickel and iron based materials are often used as clad
material. In this section, the most widely used clad materials are discussed.

Cobalt base superalloys (trade name Stellites) are popular and are used
to improve the wear resistance of mechanical parts in hostile environments.
Usually they consist of about 60 % of cobalt, mixed with elements like ni-
ckel, chromium, tungsten, carbon and molybdenum. Chromium is added
to form carbides and to provide strength to the cobalt matrix as well as
to enhance the resistance against corrosion and oxidation. Tungsten and
molybdenum have large atomic sizes and therefore give additional strength
to the matrix. They also form hard and brittle carbides. Nickel is added
to increase the ductility. The carbides are mostly the chromium rich M;C5
(M=metal) type. These carbides (~ 2200 HV) are responsible for the hard-
ness of the clad ( ~ 550 HV) and for the wear resistance. In low-carbon
alloys, other carbides such as MgC' and Mo3Cg are found. The hardness and
the wear resistance for a given cobalt base powder mixture can be further
improved by adding hard particles, such as carbides, nitrides and borides
directly to this mixture. An example is the addition of tungsten carbide
(WC /W3C) to a cobalt base powder in order to enhance the abrasive wear
resistance.

Nickel base alloys are used for applications in aggressive atmospheres
at high temperatures. They have a good high temperature corrosion and
oxidation resistance. Nickel base alloys can also be used as a substitute
for cobalt. Elements that can be mixed with nickel are chromium, boron,
carbon, silicon and aluminium. The formation of hard borides and silicon
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carbide improves the wear resistance and hardness but these hard phases
make the coating brittle. Hard particles can also be mixed with the clad
powder. Addition of tungsten carbides to a mixture of Ni-B-Si gives a
nickel rich structure with fine distributed Ni3B and dissolved tungsten.
The addition of boron and silicon improves the wetting behavior resulting
in very smooth surfaces. Aluminium can be added to further increase the
hardness by the formation of intermetallic phases (NiAl3 and NigAl3) or
oxides (Al20O3).

Iron base alloys, a mixtures of iron, chromium, carbon and manganese
or tungsten show a good wear resistance due to the formation of carbides.
The carbides are of the type MgC instead of M7C'3, as found in cobalt base
clad materials. Another application is the cladding of austenitic corrosion
resistant layers on top of low carbon steels. The corrosion resistance can
be further improved by increasing the molybdenum content.

Aluminium and titanium alloys are widely used to make parts for ae-
rospace and automotive applications because of their low weight and high
strength. At high temperatures, however, the mechanical properties and
the wear resistance are poor. This can be improved by use of a nickel base
clad layer thus combining the advantage of light weight with a high tempe-
rature wear resistance. Nickel, titanium and aluminium are known to form
brittle intermetallic compositions which are sensitive to cracking. Well bon-
ded aluminium oxide layers could be obtained by cladding aluminium alloys
with a mixture of aluminium and silicon oxide. Then the following reaction
will occur: 4Al + 35102 = 2A1203 + 3Si. The presence of silicon in the
oxide layer is favorable for the wetting by liquid aluminium. The hardness
of an aluminium or titanium alloy can also be increased by the injection of
a mixture of hard particles. Especially silicon carbide and titanium carbide
seem to be useful hard particles. An application is a clad layer of a very
hard cubic boron nitride and TigAl4V mixture on a T'igAl4V compressor
blade.

2.4.5 Applications of laser cladding

The laser cladding technique has found its way into the industry. Clad-
ding is applied in the field of functional coatings, repair and prototyping.
Clad layers are often used to increases the hardness of the surface and
consequently increase the fatigue and wear resistance of these functional
surfaces. Product examples are cladding of Stellite on cam shafts to in-
crease the wear resistance, repair of worn sealing rings (Figure 2.5) and
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Figure 2.5: Laser clad repair of worn sealing  Figure 2.6: Laser cladding
ring, photo courtesy of Stork Gears & Services. of a diesel engine intake valve.

cladding of diesel engine intake valves to increase the corrosion resistance
(Figure 2.6). Laser cladding is also applied for products operating at high

Figure 2.7: Cladding of a large heat exchanger kalott. Operational temperature
> 1000°C ( Courtesy of NedClad Technology BV).

temperatures. Figure 2.7 shows a large heat exchanger kalott. This ex-
changer is about 1 meter in diameter and made of ferritic creep resistant
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steel. A Stellite 21 clad layer is applied to protect the part from aggressive
gasses at high temperature (> 1000°C) by NedClad Technology BV, The
Netherlands.

Figure 2.8: Cladding of a large valve ( Courtesy of NedClad Technology BV).

Laser cladding is also used at the inside of valves used in natural gas
extraction. The low alloyed 0.4% C steel surfaces have been corroded in a
few years. An Inconel 625 layer is used in this application. These layers
are applied for over ten years. So far, none of the surfaces have failed as
inspections show. Figure 2.8 shows a photo of the repair of such a valve.
The laser cladding technique is also highly suited for the local repair of
worn sealing rings. Examples include axes used in wind turbines. Due to
the nature of the laser cladding process, minimal heat input and limited
distortion, the technique is suited for the repair of small parts. In those
applications, local repair results in reduced costs as well as increased lifetime
of the products. The laser cladding technique can also be used in the field
of rapid prototyping. Products are built up in layers allowing complicated
three dimensional products to be made, including closed holes in products.
Functional parts are found in the aerospace industry, as well as in the
medical field [31].

2.4.6 Sensing and control

The quality of a clad layer depends on the process parameters such as
laser power, laser spot size, processing speed, and powder feed rate. All
these variables have their effect on the temperature of the clad interaction
zone. Laser cladding is currently an open-loop process. This means that the
success of the cladding relies heavily on the skills of the operator. Unless the
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required expertise is provided, the chance of a successful use of the cladding
technique is small. Post-processing of poorly coated products is expensive
and time consuming. Therefore, the need exists for online prediction and
control of the clad properties. For industrial applications, online monitoring
and controlling the cladding process is not widely in use now.

Bi et al. [32] investigated several infrared sensors such as pyrometer,
photodiode and CCD camera as monitoring systems for the laser cladding
process. They successfully implemented a control system which was based
on the infrared temperature signal obtained by the photodiode. By adjus-
ting the laser power in order to maintain a constant signal for the infrared
temperature signal voltage, they managed to reduce the amount of molten
substrate material.

Salehi et al. [6, 33] developed a multi variable control strategy based
on a LabVIEW platform to control the laser cladding process. They adjus-
ted the laser power to maintain a constant melt pool temperature. They
discovered that during cladding, the melt pool size increases slightly. As a
consequence, more powder is trapped into the melt pool. This leads to an
increase in laser power to maintain the desired temperature, resulting in wi-
der and higher tracks with increasing time. By combining the temperature
information with data obtained by a photodiode, they implemented a multi
variable control strategy. This controller was capable of controlling the la-
ser power and cladding speed simultaneously. The combined control action
was capable of producing clad tracks with a more constant clad height. In-
dustrial implementation of such a controller, however, is not practical and
too complicated. Provisional outcome of their investigation states that it
could be promising to measure the geometrical dimension of the melt pool
during the process using a CMOS camera.

Romer [34] used temperature information of the melt pool obtained by
a pyrometer to control the laser alloying process. He also successfully im-
plemented a control strategy based on the combination of the temperature
pyrometer and the size of the melt pool as observed by a CCD camera.
Both the laser power and scanning speed were used simultaneously as ac-
tuators. Using those control strategies he was able to control the thickness
of the alloyed layer despite the fact that he did not measure the thickness
directly.

Toyserkani et al. [35, 18] used a CCD camera to control the height of
the clad layer in real-time. The clads height measured by an optical CCD-
based detector is fed into a PID-based controller to tune the laser pulse
energy in order to keep the clads height in a desired threshold. Closed loop
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control significantly improved the height of the layer in case of changes
in the absorption of the base material. Table 2.5 summarizes the control
strategies as discussed above. Extensive research in the field of closed loop

Table 2.5: Various implemented control strategies.

Objective Sensor Actuator

Bi et al. [32] Dilution Infrared laser power

temperature

Salehi [6] Dilution / Pyrometer / | laser power /
clad geometry | photodiode cladding speed

Romer [34] Thickness of | CCD camera | laser power /
alloyed layer & Pyrometer | speed

Toyserkani et al. [35] | Track height | CCD camera | laser pulse energy

control of the laser cladding process has been performed. Further indus-
trial application of the laser cladding technique requires the availability of
such online controlled cladding systems. However, none of the aforemen-
tioned control strategies have found there way into industry because of the
complicated nature of most control systems and the lack of robustness.

2.5 Motivation for the current research

It is evident from the information presented in the previous section that
many aspects of the laser cladding process have been investigated already.
Nevertheless, there are aspects that require attention in order to make the
laser cladding process mature for industrial application.

The laser cladding process is highly complex. The different physical
aspects, like for instance laser-workpiece interactions, laser-powder inter-
actions and melt pool flow phenomena are only basically understood. In
the present research work, several of these aspects are investigated and
analyzed by means of a finite element model.

Both single track and overlap cladding experiments are used to deter-
mine the influence of the process settings on the clad characteristics. The
experimental data is used to validate the finite element model predictions.

Not all the clad layer features (Figure 2.3), for example the extent
of dilution, can be measured online. It is therefore of great interest to
establish a good correlation between observable and controllable features
and the dilution, which will allow real-time control of the dilution levels.
Such a control system should be robust and easy to implement in industry.
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In this research work, such a real-time controller has been developed and
extensively tested.

Residual stresses are an important factor influencing the quality of clad
layers. Due to the nature of the laser cladding process, high local tempe-
rature gradients exist. During the cool-down phase, these gradients com-
bined with dissimilar material properties result in high differential thermal
contractions and high residual stresses are found in clad layers [36]. It is
hard to investigate experimentally the temperature gradients in the clad-
ding zone and alternative solutions such as finite element method modeling
can be of aid.

The objectives of this research are:

e Obtaining a better fundamental understanding of the laser cladding
process.

e The development of a dedicated optical system for the laser beam
delivery.

e The development of a Finite Element Method (FEM) model of the
laser cladding process.

e Experimental and simulation analysis of the influence of the main
process parameters on the clad characteristics.

e The development of a camera based feedback control system suited
for industrial use.

e The evaluation of the influence of the main process parameters on the
development of residual stresses.
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Experimental setup

3.1 Introduction

In this chapter the experimental setup used in this research is presented.
This chapter starts presenting the used Nd:YAG laser and the manipulator
system. In section 3.3 the tele-zoom optical system developed and used in
this work is presented. The last section of this chapter describes the powder
feed system including the developed nozzle and the flow of the particle jet.

3.2 Laser and manipulator

The experimental work described in this thesis is performed using a lamp-
pumped Nd:YAG rod laser (figure 3.1) with an CW output of 4 kW. The
wavelength of 1064 nm is well suited for transport by optical fibers, which
is an advantage for situations where a flexible beam delivery system is re-
quired. The laser is equipped with four fibres, which serve four different
work cells. One of the work cells is solely used for laser cladding. Figure
3.2 shows a photograph of this cell. This cell is equipped with a six-degree
of freedom industrial robot (Cloos Romat 310). The robot is controlled
by the CLOOS ROTROL II robot controller and use the CAROLA ope-
rating system. The optical system is mounted on this robot, enabling the
cladding of complicated three dimensional product surfaces. Experiments
on cylindrical bars are performed using an external rotation table. The
powder delivery system consist of a Twin 10C dual hopper powder feeder
from Sulzer Metco, with independent powder volume feed and carrier gas
feed controls. The powder is transported to the processing zone by a 3
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mm inner diameter tube. An in-house developed nozzle focuses the powder
in the melt pool. Using a second gas stream at high velocity around the
powder jet results in a converging powder stream.

Figure 3.1:  The HL 4006D Figure 3.2: The Clad cell.
Nd:YAG laser.

Beam delivery fiber Cavities

a J J J I\
[ I I I I/

Cladding head | Nd:YAG laser

Camera

Collimator lens Optical filters

Dichroic mirror

Powder nozzle
Focus lens

Clad track

Powder delivery system
Workpiece

[ ]

Figure 3.3: Schematic overview of the laser cladding system.

Upon exiting the beam delivery fiber, the laser beam diverges with an
angle of about 9°. To reach the high intensity levels needed for laser ma-
terial processing, the beam is focussed on the workpiece using an optical
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Figure 3.4: The laser cladding setup, showing the optical system as well as the
powder nozzle mounted on a robot.

system. This system consists of a collimator lens which changes the diver-
ging beam to a parallel beam. A focus lens then focusses the beam imaging
the fiber end on the workpiece. A dichroic mirror is placed at an angle of
45° to the optical axis in the parallel beam. This mirror is transparent for
the Nd:YAG laser radiation, but reflects visible light. In this way a camera
or sensor system can ”view” the cladding process coaxially with the laser
beam. Usually the cladding area is covered with an inert gas to prevent
oxidation and pore formation during cladding. Throughout this research
work, mostly Ny shielding gas is used. Figure 3.3 gives a schematic overview
of the laser cladding setup.
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3.3 Optical systems and energy distributions

Laser cladding, in contrast to laser cutting or welding, requires a large
laser spot. This is often realized by working out of the focal plane. As a
consequence, a far from uniform energy distribution is obtained. In this
section, two optical systems are presented. The first system is a standard
laser welding head, which is used for cladding by defocussing the laser beam.
The second one is a newly developed system for producing large Top-hat
energy distributions. The caustics of both systems are analyzed by means
of a Primes focus measurement system (figure 3.5).

Figure 3.5: Photo of the Primes focus monitor system.

3.3.1 Standard optical system

A standard optical system developed for the laser welding process which is
also used for cladding consists of a 200 mm collimator lens and a 200 mm
focus lens. Since the laser fiber has a core diameter of 0.6 mm, an image
with a Top-hat distribution of the same size (0.6 mm) is realized. Figure
3.6 shows a photo of this optical system. In the cladding experiments where
a laser spot of 3 mm diameter is needed, it was realized by working out-
of-focus. In principle, with this system a spot of 3 mm diameter can be
obtained at about 16 mm below or above the focal plane. However, the
energy distribution is far from the uniform distribution that is found in the
focus. To investigate the intensity distribution in the working planes at va-
rying distance from the focal plane, the laser beam caustics were analyzed
using the Primes laser beam analyzer. The intensity distribution was mea-



3.3. Optical systems and energy distributions 27

sured at 15 parallel planes located at evenly distributed distances from the
focal plane over an interval of 35 mm around the focal plane. At each plane
a number of intensity measurements were made and averaged to reduce the
measurement noise. In Figure 3.7 the intensity distribution for three of the
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Figure 3.6: A standard  Figure 3.7: Intensity distributions of the standard
200 mm optical system. optical system at 16 mm above, in, and 16 mm below
the focal plane. (Note the different x-axis scales.)

measured planes are shown. In the focal plane, the energy is uniformly dis-
tributed. At 16 mm above the focal plane, the energy distribution is almost
cone shaped. At 16 mm below the focal plane, a ring shape is observed.
This asymmetry in the distribution above and below the focal plane might
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be due to the effect of thermal-lensing. Apart from an axial focus shift,
this causes some spherical aberration leading to an increase of the center
intensity in the plane above the focus and a decrease of the center intensity
below the focal plane resulting in the observed ring shape. This effect is
schematically expressed in Figure 3.8. With increasing laser power, the ring
shape energy distribution becomes more prominent. Due to higher energy
densities on the lenses, the effect of thermal-lensing increases as thermal
gradients trough the lenses in radial direction increases.

Figure 3.8: Spherical aberration. Light through the outer side of a positive lens
focusses somewhat before light through the center of the lens

3.3.2 Tele-zoom optical system

The size of the laser spot on the workpiece (which is an image of the fiber
exit) depends on the diameter of the fiber, the used collimator and focussing
lens. For laser cladding, an energy distribution with a diameter of about 2
to 5 mm is commonly used. To obtain a Top-hat energy distribution on the
workpiece with such diameters, an optical system was designed, developed
and used throughout the work as described in this theses. A fiber image
of 3 to 6 mm can be realized using a lens with a focal length of 1000 to
2000 mm. This is schematically expressed in Figure 3.9 on the left. Using
such long focal lengths in combination with a manipulator for the optical
system is not practical. To overcome this long focal lengths, a system is de-
veloped which combines the effective focal lengths and corresponding large
images with a practical working distance. This is realized by first strongly
focussing the beam (Figure 3.9 on the right). After a small beam is reali-
zed, a negative lens provides the same beam profile as the left picture. By
adjusting the position of the negative lens along the main axis of the beam,
the diameter of the laser spot can be changed. The design of the system



3.3. Optical systems and energy distributions

400

200

g -200

-400

Axial position [mm

-600

-800

-1000

Standard system

T
Fiber end

Colimator lens

Focus lens

Focal plane

-100

0

100 200 300 400
Radial position [mm)]

400

200

g -200

-400

Axial position [mm

-600

-800

-1000

Tele-zoom

T T
Fiber end

Colimator lens
Positive lens

Negative lens

Focal plane

-100

0

100 200 300 400

Radial position [mm)]

29

Figure 3.9: Obtaining a large spot using standard (left) and tele-zoom lens sys-
tems (right).

is based on commercially available lenses. Using the Opdesign ray-tracing
software program, the design was optimized to give minimal aberrations at
a wavelength of 1060 nm. Appendix A shows the ray pattern of the laser
beam through the lenses. The lenses are mounted in a cylindrical system
which is directly mounted on the standard optical system. Figure 3.10 on
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f = 500 plano-convex
f = 300 pos. meniscus

Cooling channel

f = -50 bi-concave

Figure 3.10: Photo of the opti-  Figure 3.11: Schematic cross-section of the
cal system. optical system.

the left shows a photograph of this system. On the right, a CAD drawing
of this system is displayed. The housing consists of an inner part which
holds the lenses which are water cooled by a cooling channel around the
system. The position of the negative lens can be moved axially by means
of two adjustment rings. At the bottom of the system a shielding window
protects the lenses from spatter. The overall length of the system is 200
mm. The distance between the first positive and negative lens is 150 mm.
An effective focal length from about 650 mm up to 2000 mm can be ob-
tained (See Table 3.1. The Rayleigh length for a spot diameter of 3 mm
is about 90 mm. Hence, small fluctuations in the order of millimeters will
hardly influence the Top-hat distribution.

The caustic of the laser beam has been measured for several focal
lengths. Figure 3.12 (left) shows the caustic (98% radius) for of the op-
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Table 3.1: Focal lengths and working distances.

Focal length [mm| | Working distance [mm)] | Spot diameter [mm|]
666 250 2.0
1000 325 3.0
1500 430 4.5
2000 560 6.0

tical system set at a spot diameter of 3 mm (focal length was 1000 mm).
In the focus plane, a Top-hat distributions is observed, with a radius of 1.5
mm. At 15 mm above the focal plane, a Gaussian distribution is observed,
whereas 15 mm below the focal plane the distribution shows a combination
of a Top-hat and a Gaussian profile. This asymmetry is caused by sphe-
rical aberration of the negative lens. However, since the practical working
range is in the proximity of the focal plane small variations in the axial
position will hardly disturb the Top-hat energy distribution. Figure 3.13
shows comparable distributions (in the focal plane) for spots of 3.0 mm
and 4.5 mm in diameter. These energy distributions have been used in this
research.

3.4 Powder delivery nozzle

The powder is transported to a nozzle by a 3 mm inner diameter tube. The
nozzle has a central ( @ 2 mm) jet opening delivering a low speed powder
stream surrounded by a concentric ring shaped gas nozzle. The ring nozzle
delivers a high speed gas stream which converges the powder stream. Figure
3.14 shows a photograph of the nozzle as well as an additional shielding gas
tube. Figure 3.15 shows the cross-section of the nozzle.

To investigate the speed and distribution of the particle jet as well as
the influence of the convergence stream, a high speed camera was used.
The powder nozzle is positioned at an angle of 45°. The camera is placed
under the same angle. At a frame rate of 10,000 Hz, 25,000 frames of
256 x 128 pixels are recorded. Figure 3.17 shows two situations. In the
first situation no convergence gas is used. The jet diameter increases. Also
visible is the influence of the gravity, pulling the jet downwards. The second
situation shows the jet when the convergence gas is turn on. In this case,
the jet diameter is almost constant over a distance of about 15 mm . Also
the influence of the gravity is significantly reduced. The particle speed
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Figure 3.12: Caustic of the laser beam for a 3 mm diameter Top-hat spot (left),
Intensity profiles at three locations (center) and cross-sectional intensity distribu-
tions (right).

distribution is obtained by image correlation of successive images. A small
window (11 x 11 pixels) around each pixel is compared to the same window
of the previous image. By convolving these two sub-images the shift in x-
and y-direction giving the highest correlation is found. From this, the local
speeds in two directions is obtained easily. This process is repeated for 1000
frames resulting in an average velocity in the x- and -y-directions. Figure
3.16 demonstrates the developed procedure. The developed matlab script
for this purpose is presented in appendix B.

The measured particle speed distribution is shown in Figure 3.17. The
use of a focusing gas is crucial to obtain a small powder jet. The particle
speed is in the order of 1 m/s . The powder jet diameter is about 3 mm.
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Figure 3.13: Energy distribution of the Top-hat spot. Top: 4.5 mm diameter.

Bottom: 3.0 mm diameter.

3.5 Review and conclusions

In this chapter, details of the used experiential setup are described. The
laser cladding setup uses a six-degree-of-freedom robot to manipulate the
laser beam over the cladding substrate. The Nd:YAG laser beam is focus-
sed onto the substrate using a novel optical system. This system combines
the advantages of a large Top-hat energy distribution with a practice wor-
king distance. The speed of the powder jet as delivered by the developed
powder nozzle is analyzed. The average powder speed is about 1 m/s. The
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Figure 3.14: The powder nozzle and additional — Figure 3.15: Drawing of
shielding gas tube. the powder nozzle.

convergence gas highly decreases the divergence of the jet, enabling the
powder jet to be fully directed into the melt pool.
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Figure 3.16: Procedure for determining the particle displacements.
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Figure 3.17: The powder jet as seen by a high speed camera (left) and the
calculated particle velocity field (right) when the focusing gas is turned off (top)
or turned on (bottom).



Chapter 4

Influence of process settings
on the heat flow and clad
characteristics

4.1 Introduction

Many parameters influence the laser cladding process. Figure 2.4 on page
12 gives an overview of some of these. Several parameters vary during the
cladding process such as the substrate temperature and substrate geometry
that is, its heat sink capacity. For instance, the temperature of the substrate
can increase from room temperature up to several hundreds of degrees
Celsius during the process. As a result, the dimensions of the melt pool
and the dilution will increase. Changes in the geometry and consequently
the heat sink capacity can be significant.

The dilution of the clad material is of main interest. A situation in which
the base material surface just melts enough to get a good bonding between
the clad and the base material, is preferred (see Figure 4.1.a). In practice,
with a Gaussian laser intensity distribution overheating happens easily in
the center of the clad track. This results in a deep melt pool or burn-in
and dilution of the substrate material into the clad material. However,
reduction of the power to avoid such a burn-in is not the solution since this
results in a lack of bonding at the edges of the track. A typical burn-in
shape, which can be expected in this situation is shown in Figure 4.1.b (e.g.
[37, 36]). Sometimes a double-peaked burn-in has been observed (see Figure
4.1.c). This happened in a series of cladding experiments with Stellite 6
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on a C45 substrate, using the standard optical system and working at 16
mm below the focal plane. As shown in Figure 3.7, in this configuration
the intensity distribution has a ring shape.

e

Figure 4.1: Typical burn-in shapes observed under specific conditions.

In this chapter, the heat flow and temperature in the melt pool area are
discussed. First, the governing equations are presented in section 4.2. Next,
the influence of the main process parameters on the clad characteristics,
with an emphasis on the dilution, is discussed from a physical point of
view. The influence of the main process settings on the heat flow behavior
and the clad and melt pool dimensions is discussed in section 4.3. The
influence of the energy input distribution, i.e. the clad surface boundary
condition on the melt pool shape is discussed using experimental results in
section 4.4. The chapter finalizes with conclusions in section 4.5.

4.2 Heat balance and boundary equation

The temperature distribution in the clad area follows from the heat balance
and the boundary equations;

T —
pcp%—t—i-pcpv -VT =V -kVT, (4.1)
and

k— =g, (4.2)
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where k (thermal conductivity), ¢, (heat capacity) and p (density) are
material property coefficients, which can be functions of the temperature T’
and/or space. Quantity ¢ is the heat flux at the surface and n is the inward
normal of the surface. The velocity vector Vv is the velocity of the material
with respect to a coordinate system fixed to the laser beam. This velocity
introduces a large convective heat flux. The heat equation does not include
the effects of latent heat of fusion. It can be included by incorporating it
in the heat capacity ¢, over a small temperature range around the melt
temperature. By doing so, the heat capacity becomes a strong function of
the temperature.

Equation 4.2 shows that by increasing the input heat flux ¢ into the
material (i.e. higher laser power) the temperature gradients (and as such
the temperature itself) increase. The heat dissipates into the substrate
material due to conduction and convection. The heat conduction flux is a
diffusion flux, effectively homogenizing the temperature. Heat convection
takes place in the melt pool where external forces, such as the momentum
of the powder particles, as well as surface tension cause a flow.

With increasing cladding speed, the convective term of equation 4.1
becomes more dominant. This effect can be expressed by the dimensionless
Péclet number Pe, which gives the ratio between convective and conductive
heat transport and is defined as:

_ L Ve pep

Pe= = (4.3)

Here, L is a characteristic length scale. A typical value for L is the spot
diameter dgspo;. Using representative values for the material properties,
cladding speed and spot size as indicated below, give a Péclet number
of about 7. This implies that for laser cladding the convective heat flow
dominates the conductive heat transport.

L = 3-1073 [m]
V o= 10-107° [m/s]
p = 8500 [kg/m?]
¢, = 400 [J/kg/K]
k= 15 [W/m/K]
Pe ~ T]],
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With increasing heat input (i.e. the laser power), the temperature and tem-
perature gradients at the surface increase (Eq. 4.1). This in turn increases
the conductive and convective heat flux. The temperature depends on the
cladding speed as well. Therefore we define a specific heat input Fj:

_ B

Ve

E; (4.4)
Increasing the specific heat input by raising the laser power increases both
the convective and conductive heat fluxes. Increasing the specific heat
input by decreasing the cladding speed will result in higher temperatures
in the melt pool. This will raise the conductive heat flux in the melt pool
resulting in larger melt pool dimensions. On the other hand, the convective
heat flux decreases. As such, the Pe number reduces. By increasing the
Péclet number and keeping the specific heat input constant (i.e. increasing
the cladding speed and laser power simultaneously) the convective heat
flux increases fast while the conductive heat flux increases only marginally.
These effects are summarized in Table 4.1.

Table 4.1: Influence of the laser powerP, and cladding speed Vigq. 1T, | and
- indicates the value increases, decreases and remains unchanged respectively. 1
means large increase, T means small increase.

Es | Pe (Fconv) (Fcond)
B Vead - | ] - ) g
B Vit | 4 | 1 1 |
Pt Vaaa ] - | 1 f i

4.3 Influence of process settings

The influence of several of the process settings on the clad characteristics are
presented in this section. The following parameters are discussed: cladding
speed, laser power, laser spot diameter, powder jet and the initial substrate
temperature. For a number of cases the effect of the Pe number and the
specific heat input E; will be discussed.

4.3.1 Influence of the cladding speed and laser power

The cladding speeds are typically 5 to 25 mm/s. When increasing the
cladding speed, generally the laser power and powder feed rate are (linearly)
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increased as well. With increasing cladding speed the heat losses due to
conduction decrease. This implies that for the same specific heat input, the
heat losses into the substrate reduce. As a consequence, the temperature
and size of the melt pool will increase. Generally this leads to a higher
powder efficiency as more powder is trapped into the melt pool. However,
due to the increasing size of the melt pool, the dilution will also increase.
To prevent excessive dilution the laser power should be increased less than
proportional to the cladding speed.

By increasing only the cladding speed and keeping all other process
settings unchanged, the specific heat input E reduces while the Pe number
increases. This results in a smaller melt pool, lower temperatures and less
heat losses into the substrate.

Increasing the laser power while keeping the other process settings un-
changed, the specific heat input F, increases. This results in larger melt
pool dimensions and higher temperatures. The dilution will increase as
well. These predicted trends based on the heat equation, Es and Pe are
found with experiments and simulations as presented in chapter 7.

4.3.2 Influence of the powder jet on the heat input distri-
bution

The energy input on the clad surface depends on the laser beam distribu-
tion, the powder distribution and the shape of the clad layer. Figure 4.2
shows the heat input distribution on the clad surface as obtained from the
FEM model which is described in chapter 6. On the front of the melt pool
the laser power intensity is more reduced compared to the back of the melt
pool due to the higher density of the powder jet. The powder jet is prehea-
ted by the laser beam which results in an additional energy contribution
on the clad surface. The combined input of the laser beam and the powder
jet shows that the input on the clad surface has shifted considerably to the
back side.

Increasing the powder feed while keeping all other parameters fixed will
lead to an increased clad height, as long as the laser power is sufficient to
fully melt the powder. The heat input into the substrate will be shifted
further backwards by an increased powder feed rate. The depth of the melt
pool is only marginally affected by the powder feed rate. The dilution in
general decreases with increasing powder feed rate.
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Figure 4.2: Contribution of the laser beam and powder jet to the heat input
on the clad surface. On the left side surface plots of the distributions are shown.
On the right side the intensity distributions along the center of the tracks are
shown. From top to bottom; the laser beam, the powder jet and the combined
contributions are shown.

4.3.3 Influence of the initial substrate temperature

The temperature of the substrate will generally be above room temperature
because of the pre-heating effect of the previous tracks. Sometimes products
are preheated to reduce the residual stresses and cracking. With unchanged
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process settings this leads to larger melt pool dimensions, wider tracks and
an increased dilution. Since the substrate temperature generally increases
further as a function of the cladding time, the dilution will increase as well.
To compensate for this temperature increase either the laser power should
be reduced or the cladding speed increased to prevent excessive dilution.

4.4 Influence of the laser beam distribution

In this section the influence of the heat input from the laser beam into the
melt pool area is discussed. First, the influence of the beam diameter will
shortly be discussed. The energy distribution of the laser beam is discussed
in more detail. Several cladding experiments demonstrate the effect of the
energy distribution on the melt pool depth, i.e. the dilution levels.

4.4.1 Laser beam diameter

The width of the melt pool highly depends on the laser beam diameter. The
laser radiation heats and melts the surface. The higher the laser power, the
larger the melt pool will be. Since the center of the tracks have a higher
energy input than the sides, there will be a conductive heat flux from the
center to the sides of the track. At low laser powers, increasing the power
will result in a fast increase of the melt pool width while a high laser powers,
when the width of the pool is already close to the spot diameter, further
increasing the power will only marginally increase the melt pool width due
to a limited conductive heat flux.

Increasing the laser beam diameter has some advantages with respect
to the production rate. First, a larger spot leads to a larger melt pool,
assuming the laser power is sufficient. Secondly, a larger spot leads to a
longer interaction time, allowing higher cladding speeds. In the third place
thicker clad layers can be produced. Generally, the ratio between clad width
and height is kept at about 0.3, to avoid inter-run porosity during cladding
of successive tracks. Increasing the spot diameter results in a larger Pe
number. This means that the conductive heat losses are less.

4.4.2 Laser beam energy distribution

The energy distribution influences the depth of the melt pool and the dilu-
tion. A more or less uniform heat input over the width of a track is prefer-
red. An increased heat input at the sides is even better to compensate for
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the higher conduction heat losses. Unfortunately, in many cases [6, 5] the
intensity distribution at the work plane is ”Gaussian”. This means that
the centerline is overheated, whereas the sides remain cool. This happens
even with a fiber coupled Nd:YAG system when it is out-of-focus. Using
an analytical model, Romer [34] determined that for a flat temperature
distribution, an energy distribution with higher intensities at the edges is
required. This model does not take into account the effect of the powder
jet through the beam nor melt flow. To study this effect, experiments were
performed with two optical systems. The first system has a ring shape
energy distribution as presented in section 3.3.1 on page 26. The second
system has a 3 mm Top-hat distribution obtained with the new optical
system as presented in section 3.3.2 on page 28.

Experiments

Single tracks were produced with three energy distributions. Two series
were produced with the standard optical system, working at 16 mm below
and above the focal plane. As clad material, Stellite 6 was used. The last
series was produced using the optical zoom system in the focal plane with
Stellite 12. All laser spots were 3 mm in diameter. Table 4.2 shows the
settings for the performed experiments. Also some tracks were produced
with powder feed from the side instead from the front. In Figure 4.3 cross

Table 4.2: Process settings.

Standard optics Zoom optics
Work piece position 16 mm above | 16 mm below | In focal plane
focal plane focal plane
Cladding speed [mm/s] 10, 15, 20 10, 15, 20 10, 15
Specific power [J/mm] | 100, 120, 150 120 135 / 123
specific powder [mg/mm] 10 10 14.5
Power distribution 1

sections are shown in which the melt interface and the extent of the HAZ
can be seen. In the left column, a double-peaked burn-in can be recognized,
whereas in the center column images, the burn-in is deeper at the center.
The images on the right side show that with a Top-hat energy distribution
the burn-in is less, resulting in a more uniform melt pool depth. Note
that the process settings are slightly different in the latter experiments.
Figure 4.4 shows a cross-section of a clad track produced with the ring
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Figure 4.53: Cross sections of eight clad layers, produced with different laser beam
energy distributions. Left: ring shape. Center: peak shaped. Right: Top-hat.

shape energy distribution at 100 J/mm. Although the burn-in is reduced
due to the lower heat input, two recirculation flow patterns can clearly be
recognized. Another type of burn-in is shown in Figure 4.5 in which case
the powder supply was transverse to the cladding direction (from the right).

1 mm

Figure 4.4: Cross section of a track, Figure 4.5: Cross section of a track

produced at a process speed of 20  with lateral powder supply from the

mm/sec, specific power of 100 J/mm  right, showing a one sided burn-in

and specific powder mass rate of 10  shape. Process speed: 10 mm/sec; spe-

mg/mm. cific power: 110 J/mm; specific powder
mass rate: 12.5 mg/mm.



46 Chapter 4. Influence of process settings on the heat flow and clad characteristics

Discussion

It is clear that depending on the process settings, especially the energy
distribution, large differences in the melt pool shape can be observed. The
possible cause of these melt pool shapes are discussed.

The cross-sections in the first two columns of Figure 4.3 show increasing
dilution with the cladding speed. This is due to the fact that the specific
energy is kept constant. The relative conductive heat losses decrease with
increasing velocity, resulting a larger melt pool dimensions.

The burn-in shape found in the experiments with the ring shape distri-
bution has two maxima, which become more pronounced at higher speed.
This is because to maintain the constant specific power (J/mm) with in-
creasing cladding speed (mm/s) the absolute power (W) has been increased.
This coincides with the observation that precisely for the higher power le-
vels, the intensity distribution deforms increasingly from a Gaussian into
a ring shaped distribution. An immediate conclusion that this intensity
distribution is the direct cause of the double-peaked burn-in shape is pre-
mature. As Figure 4.4 shows, the convective heat transport by melt flow
may also play an important role. In this figure, two recirculation patterns
which correspond with the burn-in peaks can be recognized.

It is known from literature that the driving force for this melt flow
patterns is the Marangoni force which is directly related to temperature
gradients in the melt pool surface. Limmaneevichitr et al. [38] investiga-
ted the effect of Marangoni force on the flow in a melt pool. They show
that the resulting flow causes a recirculation pattern which can explain
the double-peaked burn-in shape. Apart from a material dependency, the
Marangoni forces depend on the tangential surface temperature gradient.
This underlines the importance of the melt pool surface temperature and
therefore the laser intensity distribution. Another driving force, which has
a significant influence on the melt flow pattern, is the force due to the pow-
der flow jet which hits the melt pool surface. This force is a combination
of the contributions from the pressure and frictional forces by the gas flow,
and the momentum transfer of the powder particles.

The forces exerted by the powder flow may be stronger than the Ma-
rangoni forces. The asymmetrical burn-in shown in Figure 4.5 follows from
the powder flow which is fed from the right side (transverse to the cladding
direction) contrary to the other experiments where the powder is fed from
the front.
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Heat input

The power intensity distribution and the corresponding heat input has a
large influence on the melt pool depth. The heat input is obtained by
integrating the intensity distribution on the surface over time:

H(y) = / Ly, t)dt

_ Ip(y,l‘)
= /de (4.5)

Here, H(y) is the heat input along the y-direction (transverse to cladding
direction). Quantity Is(y,t) is the power intensity on the surface as function
of the y-direction and time. Similarly I,(y,z) is the laser beam intensity
distribution and V, is the cladding speed. The solution for the ring shape
energy distribution is shown in Figure 4.6.

>

A

Cladding direction (x)
Heat input [J/mm?]

Transverse direction (y) Transverse direction (y)

Figure 4.6: The heat input on the surface can be obtained by integrating the
laser beam energy distribution along the cladding direction.

In Figure 4.7 the cross section of the intensity profile is shown (left)
together with the heat input (right). The first and second rows show the
profiles for the out-of-focus work positions as shown in figure 3.7. The
bottom row shows the results for the in-focus zoom optics, which had a
Top-hat distribution. It should be noticed that the ring shaped intensity
profile turns out to be quite uniform over the central part of the track. The
power distribution of Top-hat distribution shows a semi-elliptical shape,
with a maximum power input on the centerline.
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Figure 4.7: Intensity distribution in a cross section (left column) and the corres-
ponding heat input as function of the transverse position on the clad track (right
column). Rows: above focus (top), below focus (middle) for the 200 mm focus
lens, and in-focus (bottom) using the zoom system.

The distribution of the powder flow plays also an important role in the
energy distribution. The powder distribution is more dense at it’s centerline
and less dense towards the sides. Also a clad track is higher in the center,
having a semi-elliptical shape. This implies that more power is required at
the centerline of the track.
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4.5 Review and conclusions

In the above sections, the influence of the main process variables on the
clad track characteristics were discussed. The melt pool, dilution and clad
track geometry increase with increasing laser power or initial substrate
temperature. Increasing the cladding speed has a decreasing effect on all
these characteristics.

The influence of the laser beam intensity profile on the clad shape,
in particular the burn-in shape, is evident. However, the presence of melt
recirculation flow patterns may have a larger influence. These flow patterns
appear to be driven more by the momentum transfer from the powder jet
than by Marangoni forces alone.

A Gaussian intensity distribution is least preferable as it causes either
a burn-in in the center of the clad track, or insufficient heating at the sides
of the track. Clad tracks produced by the ring distribution show a double-
peaked burn-in. The burn-in depth is minimal and most constant along the
transverse direction when a laser beam with a top-hat distribution is used.
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Chapter 5

Monitoring system

5.1 Introduction

To monitor the laser cladding process several sensors are available. Romer
[34] used the temperature of the melt pool obtained by a pyrometer to
control the temperature by adjusting the laser power. He also used a CCD
camera to control the area of the melt pool. Toyserkani [35, 18] used a
CCD camera to control the height of the clad layer in real-time. A camera
system offers two-dimensional information of the cladding process and has
an advantage over photodiode detectors, since the latter only provides in-
formation of the average radiation within its field of view. A camera based
monitoring system has been developed as part of this research work, deli-
vering in-situ images of the cladding process, especially the melt pool zone.

In this chapter, the development of the camera based monitoring system
is presented. Fist, the radiation as emitted and reflected by the melt pool
area and the optical path from the melt pool to the camera is discussed.
The applied optical filtering and the consequences of the optical path on
the detectability of the melt pool is presented in section 5.2. The digital
image processing technique which is developed to determine the melt pool
dimensions is presented in section 5.3. The accuracy of the sensor system
and the influence of the clad material (properties) are analyzed and discus-
sed in the sections 5.4 and 5.5. Finally, the conclusions are presented in
section 5.6.
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5.2 Optical path

Light from the cladding area consisting of heat radiation, reflected ambient
light and laser radiation, passes upwards through the laser focussing lens
(see Figure 5.1). Then it is deflected by a dichroic mirror to the camera
optics consisting of a diaphragm, an optical filter and the camera focus lens.
It is required that the spacial and temporal resolution of the camera are

Beam delivery fiber

Cladding head

. Camera
Collimator lens .
Camera chip

Collimator lens and

Dichroic mirror optical filters

Mirror

Focus lens

Workpiece

Figure 5.1: Schematic overview of the monitoring system.

adjustable and that the sensor chip is insensitive for blooming. Therefore, a
CMOS camera is used instead of a CCD camera. In this work, a PixeLINK
PL-A741 monochrome CMOS camera is used, which has an IBIS5-A-1300
CMOS chip with 1024x1024 pixels, sensitive within a wavelength range of
400 to 1000 nm and a dynamic range of about 42 dB in 8-bit grayscale
mode (Figure 5.2). The spectral response of this camera is shown in figure
5.5. The images from the camera are transferred to a computer by its IEEE
1394 interface. The camera chip is illuminated by the radiation from the
process zone, i.e. melt pool as well as the reflected laser radiation. To
obtain information about the melt pool shape, reflected laser radiation is
suppressed by placing an optical filter in front of the camera chip (Thorlabs
FES0950). The transmittance of this filter is analyzed in section 5.2.2.
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Figure 5.2: Photo of the PixeLINK PL-A741 CMOS camera.

5.2.1 Process radiation

The spectral radiance (ES’\) of a black body at a temperature T per unit
area is described by Planck’s law as;

8mhc?
Eﬁ’\ = 5 hey o (5.1)
M (e(3KT) — 1)
where
E% = radiant intensity [W/m?]

A = wavelength [m]
T = temperature [K]
h = 6.63-1073* Js, Planck’s constant
¢ = 3-10% m/s, speed of light

K = 1.38-107% J/K, Boltzman’s constant

An increase of the temperature corresponds to an increase of the spectral
radiance. Wien’s displacement law gives the wavelength where the radiation
has its maximum:

he  2.87-1077

M = gom ~ e [ (5.2)

The spectral radiance of a non-black body is:

B = e EX ee€l0,1] (5.3)
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The emissive power or irradiance I of a black body is the integral of equation
5.1 over all wavelengths and is known as the Stefan-Boltzmann law:

I = ol (5.4)

2 5k4
= ooy ~ 567X 10 Wm K
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Figure 5.3: Plank curve for two temperatures and the sensitivity area of the
camera.

The melt pool has a temperature of approximately 2000 — 3000 K. The
maximum radiance at such temperatures are in the near infrared region
(Am = 1um). Figure 5.3 shows the Plank curve for 2000 and 3000 K. Also
indicated are the sensitivity range of the camera and the laser wavelength.
As this figure shows, only a small fraction of the light is detected by the
camera. Also the optical components like lenses and filters influence the
fraction of the emitted light which reaches the camera.

5.2.2 Spectroscopic analysis

The spectroscopic measurements of the melt pool emissions were performed
by a calibrated HR4000 Ocean Optics spectrometer with a 0.2 mm optical
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fiber and a small quartz lens (Figure 5.4). This spectrometer is equipped
with a 3648-element CCD array and a grating with 300 lines/mm, which is
sensitive in a wavelength range of 200 to 1050 nm with an optical resolution
of 1 nm.

Figure 5.4: Photo of the Ocean Optics HR4000 spectro-
scope with measurement fiber.

Optical components

The spectrometer was first used to measure the transmittance of the optical
system. Therefore the spectrometer was placed at the camera position.
The radiation through the optical system was measured using a calibrated
light source. Also the radiation from the light source itself was measured.
The transmittance of the optical system is the ratio of both measurements.
In the same way the transmittance of the Thorlabs FES0950 filter was
determined. Figure 5.5 shows the results as well as the spectral response
of the camera. The filter has a transmission range of 450 to 950 nm.

Process radiation

During the measurements of the melt pool radiation, the spectrometer was
placed at the camera position. The wide band-pass Thorlabs FES0950
filter was in front of the fiber to protect the spectroscope from reflected
Nd:YAG radiation. The cladding experiments were performed using Stel-
lite 12 powder on a C45 steel substrate with a laser power of 1000 W.
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Figure 5.5: Spectral response of the PixeLINK PL-A741 CMOS camera (Courtesy
of PixeLINK) as well as the transmittance of the optical filter and the optical
system.

Since the transmittance of all components are known, the measured pro-
cess radiations could be corrected accordingly. Figure 5.6 shows the spectral
distribution of the radiation from the melt pool as measured by the spec-
trometer directly, as well as the resulting distribution on the camera chip.
The real process intensity distribution is obtained by correcting. This data
is obtained from a cladding experiment with Stellite 12. Other materials
show a (slightly) different spectral distribution. The intensity distribution
of the real process emission has a maximum at a wavelength of 900 nm,
which accordance to Wien’s law, corresponds to a temperature of 3200 K.

5.2.3 Intensity as function of the temperature

As discussed in section 5.2.1, the camera chip collects only a small fraction
of the radiation from the melt pool. From the spectroscopic measurements,
the transmittance of the optical system has been determined. The res-
ponse of the camera chip is known as well. Using this spectral data, the
irradiation on a camera image pixel as function of the temperature can
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Figure 5.6: Spectral intensity distribution of the melt pool zone.

be determined by integrating Plank’s law with respect to the wavelength,
taking into account the optical losses and the camera response. Figure 5.7
shows the resulting relation between camera intensity and temperature. As
can be seen from this figure, an increase in temperature from 1000 to 3500
K corresponds to range of almost 120 dB. Because the dynamic range of the
camera is only 42 dB, it is impossible cover the whole range in one image.
The camera’s gain and exposure time are generally chosen such that the
melt temperature lies around the center of the camera’s dynamic range.
This way, a temperature range of about 700 K around the melt tempera-
ture can be recorded. In the digital images the lower T),,;, and higher T}, 4.
temperatures correspond with a grayscale value of 2 and 255 respectively.

5.3 Image processing

The melt pool dimensions are determined real-time from the digital images
of the melt pool using dedicated software that was written for this purpose.
Images from the melt pool are transferred from the camera to the computer
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Figure 5.7: Relation between the temperature and the image intensity.

at a frame rate of about 200 Hz. The determination of the melt pool
dimensions is explained in the following section.

A camera image can be interpreted as an M x N matrix I; ;, where ¢, j
indicate the position along the main axes of the image and 0 < I; ; < 255
the gray value of the pixel at position ¢, 7. The images are first filtered with
a 3 x 3 Point Spread Function (PSF), as expressed by equation 5.5.

11
Gijg= > > Hulikj (5.5)

k=—-11-1

Here Hj; is an approximation of the 2-dimensional Gauss function with
o2 = O'Z = 0.7A% in which A is the distance between two pixels. This
filtering removes single bright pixels which may be caused by hot particles.
Secondly, the image is converted into a black and white image by means of

a user defined threshold value Tip eshold-
Bi,j = (Gi,j > Tthreshold) ) (56)

where B is the resulting binary image. The threshold value Tipreshoid is
selected such that it corresponds to the melt pool boundary, i.e. the mel-
ting temperature. This value is determined by a calibration procedure as
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described in section 5.5. Values for several materials are given in Table
5.3. The third step involves the extraction of melt pool features such as
orientation, length, width and area. After examining hundreds of images,
an ellipse was found as the best approximation of the melt pool shape. The
dimensions of such an ellipse are determined by the first and second order
moments of area. The moments of order p + ¢, p, 4 around the centers of

Figure 5.8: Left: original image, Center: lowpass filtered and thresholded image,
Right: fitted ellipse.
gravity of the image are defined as:

M—-1N-1

Hp,q = Z Z (i — g)p(]’ - j)qBi,j (5.7)

i=0 ;=0

where 7 and j are given by:

B
=
L

A = BiJ'

g ~
| Il
=)
> .

Il
LS

iB; /A, (5.8)

H
iN\g
]

b
£y

j = iBi;/A.

7

Il
o
.

Il
o

To obtain the melt pool width and length, first the central moments are
used to calculate the principal moments:

Ama:z::| . |:N2 05 M1 1:|
= el ’ ’, 5.9
[)\mm g 11,15 10,2 (5.9)
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where Apq; and Ay, are the principal moments, pso and pgo are the
variances in i- and j-direction respectively, and 1 1 is the covariance. The
length and width of an ellipse can be expressed as function of their main
variances as:

L = 2xR,u.
W = 2x Rmin
A = 7Ry,inRmas

1

Varmee = Amaz = ZmemR;w (5.10)
1

Varmin = Amin = ZﬂRzﬁmemax

where R4 and R, are the two radii of an ellipse. The area A,,, length
L,,, width W,,, and orientation 6,, of the melt pool can therefore be ob-
tained as:

A = poo
Lon = 4%\ mas/Am
W = 4% /A (5.11)

A _
0., = arctan <M>,
H11

3

3

3
|

with A,,, L,, and W, in pixel units, and 6,, in radians. The values of
the detected melt pool features are translated from pixel numbers into real
units by multiplying with the image scale.

5.3.1 Processing time

The image processing method as described above is implemented in C++.
The code is optimized for speed resulting in a typical processing time of 0.4
ms. Typical integration (exposure) times as used for obtaining an image are
1.0 ms. Transferring the image data from the camera to the computer by
means of the IEEE 1394 interface, is theoretically limited to 400 Mbps. In
practice, a speed of about 250 Mbps of pixel data is realized. This means,
that transporting an image with dimensions of 200 x 200 pixels requires
about 1.2 ms. Adding half the exposure, transfer and computing time gives
a typical average delay of about 2.1 ms. Figure 5.9 graphically expresses
the time line for this process. The time constant for the laser cladding
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process is given by:

R2

k
a = —.
P Cp

Here a, k, ¢, and p are the heat diffusion coefficient, the thermal conduc-
tivity, the heat capacity and the density. The spot radius is about 3 mm.
Using the material properties of Stellite 12 (see Table 5.1), the time constant
7 is 530 ms. Compared to this number, the total image processing time is
fast and can be considered real-time.

Image transfer
Calculations

Exposure

1
0 05 1 1.5 2 25 3
Time [ms]

Figure 5.9: Graphical representation of the processing times.

5.4 Accuracy of the measurements

Due to the process dynamics, the measured dimensions will fluctuate over
time. To investigate these fluctuations, an experiment was performed using
a constant cladding speed, laser power and powder feed rate of 10 mm/s,
1100 W and 21.4 mg/mm respectively. 2000 images were recorded. Figure
5.10 shows the results. The standard deviations are 53 x 1073 mm and
116 x 1072 mm for the width and length respectively, which corresponds
to about 2 % for both the signals.
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Figure 5.10: Fluctuation of the melt pool width and length as determined from
the images obtained by the camera.

5.5 Powder material and required threshold level

The calculated melt pool dimensions depend on the threshold value
Tinreshola Which discriminates the area below and above the melt tempera-
ture. This value depends on the emission of the melt pool. To investigate
the influence of the clad powder material on the corresponding Tipreshold
different powders were tested. With each powder a single track was pro-
duced on a steel bar with a diameter of 35 mm. The specific powder flow,
cladding speed and laser power were set to 30 mm?/s, 10 mm/s, and 1500
W. The physical and chemical composition of these materials are summa-
rized in Table 5.1 and 5.2.

Table 5.1: Material properties of the investigated powders at room temperature.

Melt Temperature | Conductivity | Specific Heat | Density

K] W/m/K) | 1J/Ke/K) | [Kg/m?)
Stellite 12 1528 - 1614 14.8 408 8560
Metco 42¢ 1755 20 460 7800
Ultimet 1605 - 1627 12.3 456 8470
Metco 51NS 1313 N.A. N.A. 3700
ALSi12 847 - 855 121 963 2660
Delcrome 200 1528 - 1581 11.3 N.A. 7590

The width of each track was measured at 5 locations along the track
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Table 5.2: Chemical composition of the investigated powders in wt %.

Fe C Co| Cr | W | Si| Ni | Mn |Mo| Al | Cu | Mg | Zn
Stellite 12 1.85 | Bal | 29.5 | 8.5 | 1.5
Metco 42¢ Bal | 0.2 15.9 0.7 1243 | 0.1
Ultimet 3 |0.06 | Bal| 26 2 103 9 0.8 5
Metco 51NS 1 10 | Bal
ALSi12 0.6 12 0.15 Bal | 0.05 | 0.05 | 0.2
Delcrome 200 | Bal | 0.8 4 6 5

by a microscope. During each cladding experiment images of the melt
pool were recorded at a frame rate of 30 Hz resulting in a grayscale image
sequence of about 400 frames. The melt pool width is calculated for all
the intensity values (possible threshold levels) based on these 400 frames
and compared with the actual clad width. Figure 5.11 shows the data of
Stellite 12 powder. The real threshold level is the value where the actual
and calculated widths cross. In this example the threshold level is 142.
Table 5.3 shows the threshold values as determined by the above procedure
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Figure 5.11: Predicted melt pool width at different threshold values based on
400 frames.

for all the investigated powders.
The radiation increases with increasing temperature according to equa-
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Table 5.3: Threshold values for the investigated powders.

Threshold Value | Track Width
[] [mm)]
Stellite 12 142 3.85
Metco 42¢ 231 4.12
Ultimet 196 4.01
Metco 51NS 142 3.94
ALSi12 117 4.49
Delcrome 200 93 4.10
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Figure 5.12: Threshold values determined for powders with different melting
temperatures.

tion 5.4. As the threshold value is directly linked to the melt temperature
of the clad material, a higher melting temperature gives a higher threshold
value (assuming that the contributions of all other material parameters are
small). Figure 5.12 shows the correlation between the melting temperatures
and the corresponding threshold values.
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5.6 Review and conclusions

By using a commercial CMOS camera and an optical low pass filter, thermal
images of the melt pool area can be captured. A software program has been
developed to calculate the dimensions of the melt pool. The procedure
involves the determination of the threshold value that corresponds to the
melting temperature of the clad material. This value can be determined
by measuring the actual width of a track and depends on the material.
The system, running at 30 - 300 Hz, is capable to obtain the dimensions of
the melt pool in real time thus making it suitable for a real time control
strategy.
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Chapter 6

Modeling of the melt pool

6.1 Introduction

To study the different aspects of the laser cladding process, process models
can be helpful. There are many different modeling methods, all with their
specific advantages. In this chapter, a 3D Finite Element Method (FEM)
model is described which was developed and used to study the temperature
distribution around the melt pool zone and the shape of the clad layer. This
model has been used to investigate the influence of process input parameters
on the temperature and melt pool shape and to find correlations between
melt pool characteristics. For a good bonding, a thin layer of the base
material must be melted. To realize this, sufficient laser power is required
[39]. However, too much laser power will increase the melt depth resulting
in too much dilution. Due to heat accumulation, the dilution increases as
well [40]. The developed FEM model of the laser cladding process uses a
novel method for the determination of the clad geometry.

This chapter describes first the modeled clad domain. The heat ba-
lance and boundary equations which involve the heat fluxes as well as the
interaction between the laser beam and powder jet are discussed. Next a
mathematical geometrical transformation method is discussed.

6.2 Finite Element Model

The model has been developed using the COMSOL MP 3.2 software pa-
ckage. In the model three domains are distinguished, the substrate, the
melt pool and the solidified domain. The process is modeled as a statio-
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n