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Introduction

Laser cladding is an emerging technology in the field of surface engineering. The high energy density,
versatility and selectivity of the laser beam allow the production of high quality thick metallic coatings
with fusion bonding to the substrate and low dilution. The characteristics of this technology enable
also its application in rapid prototyping and component repairing.

The properties and thus the quality of laser cladding coatings are extremely sensitive to the choice of
the laser cladding equipment, materials and process parameters and, consequently, since they are
highly sensitive to the complex of the physical phenomena occurring in the cladding process.

The definition of models for the description of the process and for the prediction of the characteristics
of the coatings becomes thus fundamental.

For these reasons Hoganas AB, one of the world biggest powder manufacturer, and the Department of
Industrial Engineering of the University of Trento started a cooperation to study and optimize the laser
cladding process and the coating properties as a function of the powder characteristics and of the
processing conditions.

With this aim, various metallic powders, and mixtures of metallic powders and hard reinforcement
particles, have been employed to produce coatings with the High Power Diode Laser Cladding
technology with coaxial powder injection. Three main processing parameters have been identified
(laser power, scanning speed and feeding rate), and these parameters have been varied in an opportune
operating window.

This PhD thesis can be divided into three parts. In the first part of the work, the influence of the
powder material and the main processing parameters on geometrical features and dilution of the clads
is investigated and discussed. Physical and analytical model that allow the explanation of the process
and the prediction of the clad geometry and dilution is discussed. Using these models, useful tools for
cladding operators and engineers are proposed.

In the second part of the work, the energetic balance of the process is presented. Energetic
redistribution in laser cladding process is analysed in detail, and quantification of process efficiency
and energy losses is given. The influence of the processing parameters and the chemical/physical
properties of the materials is considered throughout the various experiments performed.

In the last part of the work, some selected properties of the coating produced in different processing
conditions are analysed. In specific, the variation of the chemical composition of the clad due to
substrate dilution is considered, and its effect on the characteristics of the coatings is discussed.



Chapter 1
Laser cladding

1.1 Introduction to laser cladding

Wear, together with corrosion and fatigue, are the three principal processes limiting the useful life of
engineering products. They and their combined effect have annually a huge economic impact on
industries since they cause maintenance, repair and material costs for part replacements as well as
losses due to plant shutdowns. Moreover, to reduce and control wear and corrosion is important for
other reasons, such as to extend the lifetime of machinery and bio-system, to make devices more
efficient, to conserve poor material resources, to save energy and to improve safety. For these reasons,
methods of reducing degradative phenomena have always been under development.

Historically these aims have been achieved in different ways: by design variations, selecting improved
bulk materials or altering the material by alloying, by utilizing lubrication techniques to prevent wear,
by changing the environment through desiccation and use of inhibitors or by cathodic and anodic
protection against corrosion [1-3].

A possible solution to reduce wear, corrosion or fatigue is given by the field of surface engineering,
which includes surface modification, alloying and coating methods. Surface is widely recognized as
the most important part in many engineering components, since at the surface most failures originate,
either by wear, fatigue or corrosion. Application of wear/corrosion-resistant coatings is up to now one
of the most widely used means of protecting components, and has the advantage of changing the
chemical composition of the surface. This allows designing composite systems made of coating and
substrate having particular features:

e multi-material structures having performances which cannot be achieved by either the coating
or the substrate alone (for instance, thermal barrier coatings);

e systems able to provide resistance against given service conditions having cheap and less
noble base materials and more expensive and nobler coating alloys on the surface [1,2,4-7].

There is a wide variety of techniques to manufacture coatings, and proper selection can be based on
their different features such us component size and accessibility, capital costs, productivity, energetic
efficiency of the process, substrate and coating materials selection, pre- and post-treatments required,
coating integrity, coating thickness attainable, bonding mechanism, processing temperatures, substrate
distortion and so on. The coating processes can conveniently be divided, depending on the state of the
depositing phase, into four generic groups: gaseous, solution, molten or solid (Figure 1.1).
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Figure 1.1. Classification of surface engineering techniques depending on the state of the depositing phase [5].

Another common way to classify these methods is based on the coating thickness they can produce:
for instance, ion implantation, ion assisted coating, electroless and electrolytic plating, chemical and
physical vapour deposition are common methods to produce thin films of a few micron thickness,
whereas thermal and cold spraying, friction surfacing, electrochemical plating and overlay welding are
representative methods to manufacture thicker coatings, having thicknesses ranging from a few
hundred microns up to several millimetres (Figure 1.2).
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Figure 1.2. Thickness ranges of various surface engineering treatments [2].



This distinction is important to ensure the optimum performance of the coating: for instance, intense
mechanical stresses are critical for thin layer, whereas they may be adequate to decrease friction
coefficient and to resist corrosion and some form of wear; thick protective layers are usually preferred
for high surface stress conditions or intense wear [1,2,5,7-9].

Belonging to the latter group, laser cladding has recently gained an increased importance in a variety
of industrial sectors such as automotive, aerospace, navy, defence and many others.

Similar to overlay welding, laser cladding is a coating technique where a laser heat source is utilized to
fuse and deposit a layer of a selected material on a substrate in order to form a defect-free protective
coating, fusion bonded to the base material, with maximum coating material efficiency and minimum
dilution (i.e. contamination due to the substrate material that has been melted and has mixed with the
clad). The additive material can be deposited to the substrate by several methods: in form of powder or
paste, that can be either injected during the process or pre-placed, or by wire/strip feeding. The process
can be schematically described as follows: the laser beam scans the surface creating a melt pool with
the fused coating material and, partially, the substrate material. Once laser irradiation stops or laser
moves, solidification occur due to rapid heat transfer to the bulk and the coating is formed. During the
process, a shielding gas is always used to protect the molten material from the atmosphere [8-12].
Compared to the conventional heat sources, the use of the laser allows to reach orders of magnitude
higher energy densities, because a highly concentrated optical energy can be sharply focused on a
well-confined zone of the surface of the base material. Owing to these characteristics, a very thin layer
of base material is melted together with the coating material leading simultaneously to a controlled
minimal dilution by the substrate and nevertheless a very strong fusion bonding between substrate and
coating, which is a unique feature of laser cladding. The fusion bonding, together with the epitaxial
growth of the coating microstructure from the substrate, guarantee excellent adherence. The use of a
laser source causes other benefits: high energy density of the laser allows short interaction times
between heat source and base material, leading to high solidification and cooling rates. High
solidification and cooling rates generate fine grained microstructures which frequently contain non-
equilibrium phases and supersaturated solid solutions, and limit both microsegregation and dissolution
of externally added reinforcements. Distortion and metallurgical changes of the substrate are reduced
due to the low heat input into the base material. Since the laser energy is applied locally, laser cladding
is well-suited to the treatment of small areas, to repair tooling (especially on critical contacting
surfaces), to produce functionally graded parts (for instance, thermal barrier coatings) by injecting
different materials during the fabrication, and to create “smart structures” by embedding objects such
as sensor and magnets during production [8,9,11,12].

Despite its advantages over conventional fabrication technologies, laser cladding presents also some
drawbacks: the combination of the highly concentrated energy of the laser and high scanning speed
generates strong thermal gradients, which make the production of crack-free coating with brittle
material quite a hard task, due to generation of tensile residual stresses on the coating. Other
disadvantages are the limited energetic efficiency of the cladding process due to the high reflection of
laser light from the metallic melt pool surface, the high investment costs of the laser equipment and
the lack of control over the cladding process, which is given by the high sensitivity of laser cladding to
small changes in the operating parameters as well as to process disturbances [8,9,11,12].

From a historical point of view, the huge potential of laser cladding and similar techniques was
reported in mid-70’s, some years later the construction of the first working laser — the ruby laser —
made in 1960 by Dr. Theodore Maiman. In fact, the first patent referring to laser cladding was
published on April 1976 by the Avco Everett Research Laboratory [13]. The patent describes a method
of applying a metal coating by the fusion of a metallic rod or wire through a laser beam. Later on, the
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number of publications and patents regarding laser cladding in different forms (with wires, rods and
pre-placed powders, with dynamical feed of wires and, few years later, with powder feeding) began to
grow. Industry started to utilize laser cladding in early-80’s: the first reported uses were hard-facing of
Nimonic turbine blade interlock shrouds for the RB-211 jet engine at Rolls Royce (1981) and of
nickel-base alloy turbines of JT8 and JT9 engines at Pratt and Whitney (1983) [14-17]. In the
following years laser cladding technology was introduced in the automotive industry by companies
such as Fiat, Toyota and Mercedes Benz for the engine valve seat coating, and was also used in
components repair market (to re-build worn turbine vanes, tip of turbine blades and turbine bolts) and
in rapid prototyping process (stereo lithography) [11]. Some important milestones in laser and laser
cladding technology are reported in Figure 1.3.

First working First industrial First laser heat First patent of First industrial
laser — “ruby laser processing | | treatment [138] laser cladding application of
laser” — by Dr. (drilling and by Avco Everett | | laser cladding
Maiman [132] welding) Research Lab. with blown
[135-136] [13] powder by
Rolls Royce
and Pratt
[14-17]

First industrial

application of

laser cladding

First with pre-placed

First CO, and commercial powder by
Nd:YAG CW laser diode | | Caterpillar First
devices First laser by Laser Diode | | Tractor commercial kW
[133-134] cutting [137] Labs [18] Company [139] | | laser [18]

Figure 1.3. Important milestones in laser cladding.

In spite of these commercial applications, laser cladding did not receive wider industrial acceptance
since the low productivity and the low energetic efficiency of the process, both of them due to the
nature of the existing lasers. However, with the developments of the new lasers, more powerful (in the
range of kilowatt and more) and with shorter wavelength, situation has changed and laser cladding
research grew exponentially [11,18]. In particular, high-power diode lasers showed the great potential
of increasing the productivity and the cost efficiency in laser cladding processes thanks to their
advantages over other laser system, such us low price, small size, high efficiency, mobility and so on.
Because of the always increasing demand for high-quality coatings, which is caused by harsher service
condition in industrial processes and environmental restrictions, developments in the laser cladding
technology are expected to continue with more powerful and new potential laser sources (for instance,
HPDL and fibre laser), novel hybrid laser cladding methods and sophisticated knowledge-based
controllers.



Nowadays, laser cladding applications are the production of surface coatings, the production of entire
components (rapid prototyping and tooling) and the repair and the refurbishment of damaged parts

(Table 1.1).
Table 1.1. Industrial applications of laser cladding.
reference  year material application
coatings
[38] 1988 Inc625 - CrC gas turbine airfoil thermal barrier
[38] 1988 AISI 410 valve seat
[38] 1988 Stellite6 seal runner
[38] 1988 Stellites gate valve
[39] 1990 YPSZ, YPSZ — Al,O4 gas turbine engines
[40] 1992 TiC — 90MnCrVv8 tools and moulds
[41] 1993 Ni-base superalloys turbine entry temperatures (TETS)
[42] 1993 WC - 20Ni4Mo teeth of rock bids, cutting tools
[43] 1997 Ni-base alloys mining machine parts
[44] 1998 Zn—Al propeller and drive shafts, engine components
. cutting tools, inserts, diffusion barriers in
[45] 2000 Al-Ti semiconductor technology
[46] 2002 Al — Cu alloy automotive industry
[47] 2003 Ni — Cr3C, well drilling and oil extraction equipment
[48] 2005 Al/Si—TiC automotive industry
[49] 2009 Cr — CrB,, Mo — MoB automotive, aerospace, paper and plastic industries
multi material fabrication
[19] 2000 Cu—Ni building block for temperature-insensitive structures
[23] 2003 TIC-Ti propulsion system and airframe of space planes
engine components, ceramic turbine components,
[24] 2003 Cu—Ni dirf:-ct metal tools, biqmaterials_ in artificial human
implants, drug delivery devices, armour and
armament components
[25] 2005 316L — Stellite12 3D objects
[22] 2005 H13 — Ni/Cr alloy — TiC mould inserts
[26] 2007 316L — Stellite12 — FeCu — elements of cooling systems in International
WC/Co — CuSn — bronze Thermonuclear Experimental Reactor (ITER)
solid freeform fabrication
[20] 1996 316L injection moulding tools
[34] 1997 H13 tool steel moulds and dies
[33] 1998 CPM 15V tool steel rotary cutting dies
[29] 1998 Ni-base superalloy airfolds
[21] 1998 316L blade integrated disks
[30] 2000 Ni-base superalloy airfolds
[27] 2000 Ti6AlI4V large aerospace components
[28] 2002 Ti6AI4V hollow motorcycle engine stems
[32] 2002 CPM 9V tool steel rotary cutting dies
refurbishing
[21] 1998 Ni-base superalloy turbine blade
[21] 1998 Stellite6 torsion shafts
[21] 1998 Al - Si cylinder heads and blocks
[21] 1998 Stellites injection moulds and extruder parts
[21] 1998 Rene 80, Inc625 turbine parts
[21] 1998 316L turbine blades
[37] 1999 Ni-base superalloy turbine blade
[30] 2000 Ni-base superalloy turbine blade
[36] 2002 Ni-base superalloy turbine blade
[35] 2002 WC — NiCrB oilfield and forestry industries
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The leading metallic coating application is the coating of commercial aircraft gas turbines. It has been
used also in the sector of spacecraft components and for the production of surfaces for industrial parts,
such as shafts used in drilling tools, engine valve seats, tool hardfacing, hydraulic pump components
and moulds [11]. Multi-material fabrication has also been achieved with laser cladding process:
examples of produced functionally graded materials with special functionalities are structure with
overall negative coefficient of thermal expansion, injection moulding tools with embedded copper heat
sink and other particular structures [19-26]. Regarding the solid freeform fabrication, different types of
components, ranging from thin-walled structure to highly complex bulk objects, have been produced,
including large aerospace components, hip implants and hollow motorcycle engine steams, airfoils,
injection moulding tools, blade integrated disks, injection moulding dies and rotary cutting dies
[20,21,27-34]. Parts repair and refurbishing, which is one of the major application of laser cladding,
has been principally done on damaged turbine blades. Other repaired components with this technique
are moulds and engine cylinder heads and blocks [30,31,35-37].

1.2 Lasers for laser cladding

Laser materials processing involves a broad range of power densities, interaction times and transport
phenomena. Figure 1.4 presents operational regimes and associated transport phenomena for various
processing techniques, [50-52].

C=cuttingg, W=welding, A=alloying, CL = cladding;
LM = laser machining; LAM = laser aided manufacturing.
[ convection

3 vaporization and convection

3 convection, non-equilibrium partitioning in mass transfer
3 heat transfer and diffusion
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Figure 1.4. Process map for various laser applications in materials processing [50].

To perform laser cladding process, the fusion of the coating material and of a thin layer of substrate
while avoiding evaporation is needed. Thus, it is necessary to guarantee the proper amount of power
density and interaction time. These requirements limit the types of laser that can be used. Among the
many laser systems available on the market, the most commonly used in the laser cladding process are
CO;, lasers, lamp-pumped Nd:YAG lasers, diode-pumped Nd:YAG lasers and high-power diode laser



(HPDL). In the last decade, fibre laser have also been adopted. Table 1.2 summarizes the most
important characteristics of the commonly used laser in laser cladding [11,53-56].

Table 1.2. Important characteristics of the commonly used laser in laser cladding.

characteristics Cco, | Nd:YAG .Nd:YAG HPDL fibre
amp-pumped diode-pumped
Wa‘;i'ﬁlr]‘gth 10.64 1.06 1.06 065-094  0.34-2.10
wall-plug efficiency 5_10 1-4 10-12 > 50 > 30
[%0]
maximum power
[KW] 45 4 5 15 50
average power density 10° — 10° 10°— 107 10° — 10° 10°— 10° 106 10%
[W/cm?]
Se”’['ﬁgfre]”"d 1000 — 2000 200 5000 - 10000  5000-10000 100000
beam parameter product 12 25-45 12 100-1000  03-1.1
[mm-mrad] ' '
fibre coupling no yes yes yes yes

CO, lasers are relatively inexpensive. They have good beam quality, which is expressed by the low
value of the beam parameter product (BPP), and can provide very high power. The principal drawback
of CO; lasers is the light emission wavelength (10.64 pm), that is longer than the wavelength of
Nd:YAG and HPDL light: this causes technological and economical limits. As shown in Figure 1.5,
the interaction between metals and the laser light is function of the laser wavelength: in specific,
metals are less absorptive at 10 um than at 1 pm.

absorption
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Figure 1.5. Correlations between laser absorption and beam wavelength for different metals.
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This leads to a limited energetic efficiency of the process (5 — 25%). Moreover, due to its wavelength
the laser beam delivery through a fibre optic cable is not possible. As a result, the manoeuvrability of a
motion system along with a CO, laser is limited and its use for the production of complex part is
restricted [11,57].

Nd:YAG solid-state lasers have shorter wavelength (1.06 um). Lamp-pumped Nd:YAG laser is a
relatively inexpensive type of laser with a power range up to 4 kW. In comparison with CO, lasers,
fibre-coupling is possible, and the energy absorption by the metallic melts reaches values up to 60%.
The disadvantages regarding efficiency and beam quality have been solved by another type of
Nd:YAG solid-state laser, using laser diodes for excitation. The wall-plug efficiency of diode-pumped
Nd:YAG lasers ranges from 10% to 12%, and the beam quality is also improved considerably. The
technical parameters of these systems correspond to those of the CO, laser, but with the advantage of
the fibre-coupling and the improved absorption. The main disadvantage of the diode-pumped Nd:YAG
laser is the significantly higher price compared to CO; laser [11,57].

High power diode lasers (HPDL) are particularly compact and with their characteristic hat profile of
power distribution, they are tailored for laser cladding applications. HPDL beam has low beam
quality, but its cross-section can have different shapes (round, rectangular and linear). Both the wall-
plug efficiency and the energy absorption by the melt-pool can be higher than 50%. Compared to a
same power output CO, laser, the deposition rate can be higher. [58]. Since the costs per kilowatt of
laser power are much lower compared to those of the diode-pumped Nd:YAG and the CO, lasers, high
power diode lasers are the preferred tool for laser cladding.

The latest generation of lasers are fibre lasers. These solid-state laser are in the power range up to 50
kW and their features are high beam quality and a focus diameter of about 10 pum, high brightness,
irradiation mode easy to pulse, high efficiency and moderate investment costs [57].

1.3 Laser cladding process

As discussed in the previous paragraph the interaction between laser and material leads to different
processes (Figure 1.6).

lager beam ‘."f v

v rapid solification W heat conduction v

-TRANSFORMATION | adding power
HARDENING [\
-ANNEALING | \ ] ‘
v melting v
I -ALLOYING
-GLAZING
v -CLADDING
-REMELTING
-WELDING
-SHOCK HARDENING

Figure 1.6. Schematic of different laser material processing techniques [11].



Laser transformation hardening, laser remelting, laser welding and laser shock hardening are based on
a microstructural change of the surface layer. Alternatively, in laser cladding and alloying the addition
of the coating material to the melt pool generates a coating layer called “clad” with a different
chemical composition on the top of the base material. Chemical composition and features of the clad
depend on type and amount of material added, as it can be seen in Figure 1.7.

A+B A Clad B
\ 100% Composition 100%
Laser Alloying A > k)
_?@9_
Laser Glazing A
A Clad B
B 100% Composition 100%

Y/ . —J
Laser Cladding A f ':D

A+B

Figure 1.7. Different microstructures and chemical compositions of laser alloying, glazing, and cladding [11].

In laser alloying, only a small amount of filler material is fed into the melt pool. For this reason, a
complete and homogeneous mixing of additive and base material throughout the melt region is
achieved. Laser cladding is similar to laser alloying, except that dilution by the substrate is minimized
and much more addition of filler material to the substrate surface is required. The additive material can
be deposited to the substrate principally by two methods: by fusing the additive material already pre-
placed on the surface of the base material (two-step process) or by feeding it dynamically to the laser-
generated melt pool (one-step process) (Figure 1.8).

laser beam

laser beamn inert gas laser beamn

clad placed  clad clad
_ powder L
[ substrate]
(@) (b1) (b3)

Figure 1.8. Different methods of laser cladding: (a) two-step laser cladding, (b) one-step laser cladding with
(b1) paste, (b2) powder injection and (b3) wire feeding [11].

1.3.1 Two-step laser cladding process

In a two-step laser cladding process, the first step consists in the deposition of the coating precursor on
the substrate material, while the second step consists in the melting of the pre-placed layer through
laser irradiation. The precursor material can be supplied in different forms: powder or paste, wire,
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chip, strip or foil, etcetera [8,11]. Among these, laser cladding with preplaced powder is one of the
simplest and most common method [51]. Powders are usually applied in form of slurry made of
powder, water and a binder, which is often an alcohol (for instance PVA). The purpose is to guarantee
both powder agglomeration and a good bonding between the pre-placed powder layer and the
substrate. This prevent the removal of the powder particles due to the inert gas flowing during the
second step of the process and thus ensures the good quality of the final coating. Water and organic
binder evaporate by drying process at elevated temperature and by laser melting process respectively.
This may cause porosity in the final coating [8]. Alternatively, powder pre-placing can be
accomplished by some conventional coating technique such us thermal spraying or electroplating [8].
The physical process of laser cladding with pre-placed powder has been widely described in literature
[51,59-61]. As shown by Powell [60], when laser irradiation begins the surface powder particles start
to heat up, but no heat conduction is allowed between particles due to the limited interparticle contact.
Subsequently, the irradiated particles melt and, in the molten state, they can conduct heat to the
neighbouring particles: this allows the molten front to propagate through the insulating powder layer
(Figure 1.9,a). Once the melt touches and wets the substrate (Figure 1.9,b,c,d), the chilling effect of
the substrate leads to a reversal in the melt front propagation. As a result, solidification of the melt
begins (Figure 1.9,e) but the melt-liquid interface does not propagate into the body of the substrate
unless additional laser power and/or interaction time are provided. If the laser source continues to
irradiate the surface of the melt, the energy delivered might be enough to move the melt-solid interface
back down through the clad layer and across into the body of the substrate (Figure 1.9,f) [61]. The
final depth of the melt front is thus representative of the dilution of the cladding material.
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Figure 1.9. Contact history between melt, powder and substrate [61].

Figure 1.10 shows the variation of the melt front depth as a function of time for different laser powers:
on increasing the laser power and on increasing the interaction time, which means decreasing the scan
speed, the depth of melting (i.e. dilution) increases. However, it is rather difficult to provide the proper
amount of power or time in order to achieve fusion bond and to prevent excessive dilution [51,62].
Even if this technology guarantees a high material efficiency, energetic requirements of the pre-placed
powder method are much higher than those for the blown powder technique, as stated by Mazumder
and Li [59]. For these reasons, together with the fact that two steps are needed, one-step laser cladding
process is usually preferred.
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Figure 1.10. Movement of molten front with time at various laser powers [60].

1.3.2 One-step laser cladding process

In the one-step laser cladding process the precursor material is fed dynamically into the melt pool
generated by the laser source. The simultaneous movement of the laser source and of the feeding
system (or, alternatively, the movement of the base material) leads to the formation of the coating.
Large areas or complex 3D-structures can be treated by the overlap of several beads to create a layer
and by the application of consecutive layers on top of each other respectively.

Precursor material is usually in form of powder, but wire feeding, strip feeding or hybrid process are
also possible.

One-step laser cladding process with powder feeding

Laser cladding with powder feeding is the most diffused one-step method due to the wide range of
materials and alloys available in form of powder and to the good coupling efficiency between powder
itself and laser beam [8]. In a typical blown powder laser cladding equipment (Figure 1.11), three
main components are present: the laser system, the computer numerically controlled (CNC) robotic
system and the powder delivery system [62].

The purpose of the laser system is to provide the necessary energy for the process through a laser
beam. As seen in Chapter 1.2, the most common focusing systems produce circular, linear or
rectangular beams. Circular beams have intensity which is function of the radial distance, while linear
and rectangular beams have uniform intensity. Beam shape is controlled by the optics of the focusing
mirror or lens, and beam area (or spot size) can be changed by varying the working distance between
the focusing device and the surface of the component. Usually laser beam is perpendicular to the
substrate surface. Different configurations are possible, but this influences the energetic efficiency of
the process since the laser absorption of most materials is a function of the incident angle between
laser beam and melt pool surface [62,63].
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Figure 1.11. Typical blown powder laser cladding equipment with (a) coaxial nozzle and (b) lateral nozzle [11].

The CNC robotic system ensures the relative movement of the component and of the laser beam. Two
possible configuration exist: either the specimen is fixed and the laser head, together with the feeding
system, move thanks to a CNC-robot arm coupling; alternatively, the specimen is clumped to a CNC-
table which moves relative to the laser-powder delivery system [62].

The powder feeding system must be capable of delivering the proper amount of powder to the
interaction zone produced by the laser. The powder may be delivered by gravity or by a gas
pressurized system. The latter is preferred since it allows cladding in any orientation and prevents
oxidation: in fact, together with the carrier gas, a shielding gas such as helium or argon is delivered to
the cladding zone to protect the molten pool from the atmosphere.

The process starts with the laser beam, which irradiates a thin layer of substrate to form a melt pool.
Subsequently, powder is injected into the cladding zone, is captured by the melt pool and melts. After
this, the laser-powder delivery system continues its path: the melt pool begins the solidification
process along the steepest thermal gradient and clad starts to form.

The condition that determines whether the delivered powder sticks to the cladding zone to form the
clad or not is defined by the type of impact. The possible types of impact are listed below, and are
influenced by the laser energy absorption by the substrate and the powder particles:

o solid powder — solid surface: both the powder and the substrate do not absorb enough laser
energy to melt and remain in a solid-state. The powder particle is deflected and get lost.

e solid powder — liquid surface: the powder particle, which doesn’t absorb enough energy to
melt, is captured by the molten pool formed.

e liquid powder — solid surface: the powder particle melts during injection and sticks to the solid
surface of the substrate leading to powder catchment.

e liquid powder — liquid surface: both the substrate and the powder particle melt leading to
catchment.
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The catchment efficiency depends mostly on the formation of the melt pool, which allows the
catchment of the powder particles injected [11,64-66]. In particular, material efficiency is strongly
dependent on the melt pool dimension relative to the dimension of the impact area of the powder
stream [8,67,68]. In general, material efficiency of the one-step laser cladding process with powder
feeding is low, especially when compared to that of the two-step process, and remains the main
disadvantage of this technique. Values reported in literature usually range between 40 and 80%. Some
works report the possibility to increase material efficiency and productivity by using finer grade
powder (< 53 um)[10,69], with the additional benefit of the lower surface roughness of the final
coating. Nevertheless, the use of fine powders increases the risk of vaporization and aerosol emission
in the working room[70,71]; moreover the injection of these powder, that remains a critical aspect of
this technology, may be compromised due to powder agglomeration and problems in powder flow in
powder feeders and cladding nozzles.

The element that strongly characterizes the blown powder technique, as it can be seen in Figure 1.11,
is the powder feeding system. Powder feeding can be performed in two ways: off-axially, also known
as lateral feeding, and coaxially.

The off-axis nozzle provides a better powder catchment efficiency than the coaxial nozzle. Since the
geometry and the alignment of the nozzle influences the material efficiency, as stated by Marsden
[72], powder efficiency can be further increased by using a rather high injection angle between
horizontal and nozzle (Figurel.12).

Laser Position of nozzle 100
. ol L

i

8,=0°

Powder Efficiency, (%)
&
\?\
Powder Efficiency, (%)

Workpiece X Axis / ]

(@) T

0 45 6 %0 75
01, (degrees)

. —
12 a3
TN =
| N [5)
o =
I = @
B k<]
c ]
= e
k: g
O S
f"- g
+62 Y Axis
180 .50 o %0 180
(b} 62, (degrees)

Figure 1.12. Schematic of blown powder laser cladding showing (a) the longitudinal section with the inclination
6, and its influence on the powder efficiency and (b) a plan view of the clad surface with the orientation 6, and
its influence on the powder efficiency [67].

The possibility to change the position of the lateral nozzle allows to direct the powder flow to the
desired part of the melt pool. Therefore, the interaction time between powder particles and laser beam
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Chapter 1 — Laser cladding

can be controlled in order to ensure the proper heating of the powder or, in case of externally added
hard reinforcements, to avoid their dissolution. The main drawbacks of the off-axis feeding system is
the low reproducibility of the process, since small variation in the nozzle location leads to substantial
variation in clad geometry, dilution and powder efficiency, and the dependence of the process on the
cladding direction.

In coaxial feeding process, powders are injected by a cone-shaped powder nozzle which surrounds the
laser beam (Figure 1.11). This configuration allows the system to be independent on the cladding
direction. In addition, powder-beam interaction time is rather long (longer than in off-axis cladding),
leading to a more efficient preheating of the powder particles during their travel. Energetic efficiency
of the process, as a consequence, is expected to be higher in the coaxial process due to the longer
interaction times and multiple reflections occurring in the powder cloud [8].

One-step laser cladding process with wire/strip feeding

In this technology, a wire or a strip is dynamically fed into the cladding system to form the coating.
There are two possible methods the wire can be melted: in the first method, the laser beam heats the
wire extremity which melts and form a metal liquid droplet; the droplet falls on the component surface
to form the cladding bead (Figure 1.13,a). This set-up, however, works rather erratically and generates
coatings with irregular surface aspect. In the second method the wire is directly fed into the melt pool
generated on the component surface by the laser beam, and melting of the wire occurs inside the melt
pool by conduction (Figure 1.13,b) [73]. In this case, wire alignment becomes fundamental [74].
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Figure 1.13. Schematic of laser cladding with wire/strip feeding in (a) drop by drop configuration
and (b) classical configuration [73].

Wire feeding technology has always played a secondary role in one-step laser cladding technology due
to a series of problems: the limited range of materials available in form of wire, the high sensitivity of
the process to wire alignment and the poor coupling efficiency between the laser light and the
cylindrical surface of the wire. On the opposite, the main advantages of this technique are the minimal
waste of material, since usually the totality of the wire is deposited, the absence of residual powder
emission that can harm human health and affect machinery and the fact that common materials are
cheaper in wire form than in powder form.
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As discussed, feeding direction, feeding angles and tip position of the wire play a key role in this
process and are thus subject of many scientific articles. Wire can be fed from a leading direction
(Figure 1.14,a), from a trailing direction (Figure 1.14,b) or from the side (Figure 1.14,c) [75].
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Figure 1.14. Additive wire feeding directions: (A) trailing, (B) side and (C) leading [74].

Feeding angle between wire and horizontal plane and wire tip position with respect to the melt pool
can also be varied as shown in Figure 1.15.
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Figure 1.15. Possibilities of wire feed angles and positions: (a) leading wire, (b) trailing wire, (c) wire tip not
crossing the melt pool (d) wire tip in central position (e) wire tip crossing the melt pool [74].

Most of the authors suggest the use of the wire feeding from a leading direction, with a rather small
feeding angle and the wire tip placed at the leading edge [73,76-78].

Regarding strip feeding, the only difference between this technology and wire feeding is the better
coupling efficiency of the flat surface of the strip with the laser beam when compared to the
cylindrical surface of the wire. This can lead to higher energetic efficiencies and deposition rates of
the process [79].

Hybrid laser cladding process

In the hybrid laser cladding technology, an additional heat source is utilized together with the typical
cladding set-up to supply extra energy to the process. This surplus of energy, that can be supplied to
the additive material and/or to the base material, is used to increase productivity (kg/h) and deposition
rate (m’/h), to decrease the laser energy required or to produce better coatings.

The most efficient way to provide extra energy to the additive material is to use the laser cladding with
wire/strip feeding equipment, heating up the wire/strip with induction or resistive heaters before
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feeding it into the melt pool. Different works report the advantages of this hybrid process: heated
wires allow to obtain the same process productivity using a lower laser heat input (i.e. lower laser
power and/or higher scanning speed) [80], and to achieve higher deposition rates [81,82].

Base material heating is generally used when cladding with brittle hardfacing alloys with the purpose
to decrease the steep thermal gradients created during the process thus forming crack-free coatings. An
efficient and utilized method to perform base material heating is by means of induction. Examples of
the production of crack-free metal matrix composites (MMCs) clad layers [83] with simultaneous
increase in deposition rates [83,84] by using induction heater on base material are presented in
literature.

Other possible hybrid processes include the use of combined surface technologies such as laser
assisted thermal spraying, thanks to which dense multi-material structure (for instance thermal barrier
coating) [85,86] or thin coatings with good features and low heat input can be created [87], or laser +
PTA [84].

1.4 Process parameters in laser cladding

Quality and properties of laser cladding coatings can be determined by a large variety of factors such
as clad geometry, microstructure, dilution, presence of defects, residual stresses, distortion, surface
roughness, metallurgical changes in substrate and process efficiency. These factors, more or less
important, are influenced by laser cladding process parameters and, consequently, by physical
phenomena occurring in the cladding process. The chart in Figure 1.16 summarizes parameters and
phenomena involved in the process, grouping them as inputs, process and outputs.

Process parameters can be classified in beam, feeding, materials and operating parameters. Beam and
feeding parameters are generally fixed and are dictated by the choice of equipment, laser and optics.
Materials parameters are related to the choice of additive material and substrate, and include the
powder particles properties (particle size and morphology, chemical composition, thermophysical and
optical properties) and the substrate properties (geometry and mass, chemical composition, surface
condition, thermophysical and optical properties). Operating parameters can be changed by the laser
cladding operator and their variation affects the process results. Among these, laser power (P),
scanning speed (V) and feeding rate (F) are considered the principal parameters since they have the
largest effect on the characteristics of the coating. Following, interactions present in literature of these
three principal parameters with clads basic features are reported.

Height of the clad increases on increasing the feeding rate [88-90]. In laser cladding with powder
feeding, the correlations between height and feeding rate (F) and between height and powder feed rate
per unit length (F/V) are generally linear [41,91-94]. As well as height, the cross-sectional area of the
clad (A) increases on increasing F and F/V [95,96]. Beyond a threshold value of feeding rate, the
increment of A may accelerate due to multiple scattering of laser beam in dense powder cloud [96].
Laser power has a limited effect on clad height. Anyway, in literature it is reported that an increase in
the laser power while other parameters are kept constant leads to an increase in bead height [51,97].
Clad width is principally dictated by the spot of the laser beam. However, a width wider than the spot
size can be obtained with very low processing speeds and high laser powers [98]. In general, clad
width increases on decreasing the scan speed and on increasing the laser power [77,89,98,99]. In
coaxial laser cladding, these correlations are linear [91,98].
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Figure 1.16. Inputs, outputs and process parameters of laser cladding by powder injection.

Aspect ratio, which is defined as the ratio between width and height of the clad (W/H), is affected
consequently: as clad height, aspect ratio strongly depends on feeding rate and scan speed [100,101].

Substrate melting is principally controlled by the energy available per unit mass of powder P/F:
dilution increases on increasing the laser power [97,98,102] and decreases on increasing the feed rate
[88,93,94,100]. An increase in the scan speed, especially in thin beads, tends to increase dilution
[100,103-105], while for clad with higher bead heights this influence becomes less significative [8].

The comprehension of the correlations between processing parameters and clad characteristics is
fundamental for the production of defect-free coatings with desired geometry, fusion bond and low
dilution. Basically, once the additive and substrate materials are selected, a good laser cladding
process can be guaranteed by the adequate proportion between material fed and laser energy supplied.
This concept can be seen in the work of Steen et al. [106], who showed the feasibility window of a
laser cladding process with a Stellite 12 powder using a 2 kW continuous-wave CO, laser in a diagram
where the laser power per spot diameter (W/mm) is reported as a function of the powder feed rate
(g/s). The feasibility region is always restricted by power limits, dilution and aspect ratio (or,
alternatively, contact angle), and these limits can be defined by the combination of the processing
parameters. For instance, Steen correlated the beginning of the non-wetting region with the combined
parameter P/VD, where D is the spot diameter. This parameter sets the energetic limits to avoid
discontinuous clad tracks. Substrate melting, which is caused by an excess on energy above that
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needed to melt the powder, can be correlated with P/FD: this parameter can give the maximum value
before dilution sets in. Finally, the combined parameter PVD/F? is correlated with the aspect ratio:
since aspect ratio must be higher than 5 to avoid inter-run porosity (or, alternatively, contact angle
must be higher than 100°), the value of this parameter for which aspect ratio is 5 sets another limit on
the operating region.

As shown by the work of Steen, combined parameters are always used due to mutual interactions
between processing parameters and due to the complexity of the laser cladding process. One of the
most appropriate way to reveal operating window and investigate correlations is thus to create a
process map. An example of such map is given by the work of de Oliveira et.al. (Figure 1.17) [91].
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Figure 1.17. Processing window for coaxial laser cladding where laser power (P) is reported as a function of

the ratio between scan speed (V) and feeding rate (F). Vertical solid line determines the clad angle condition

required for continuous coating; two solid hyperbolas terminate an area of allowed dilution and the grey area
shows the optimal clad layer window [91].

In this graph, the laser power is reported on the y-axis while the ratio between scan speed and feeding
rate is reported on the x-axis. Operating window, which is represented by the light grey portion of the
map, is limited by dilution (solid curves), laser power limits and contact angle (vertical solid line).
Clad height (x-axis) and clad cross-sectional area (dashed curves) are also represented. All these
correlation between clad properties and processing parameters can be found by regression analysis. By
the way, creation of processing map requires large amount of cladding experiments and principal
processing parameters must be varied up to their limits.

19



1.5 Clad characteristics

As stated above, properties of laser cladding coatings can be determined by a large variety of factors.
In this section, the main characteristics of a clad are reported and discussed.

1.5.1 Clad geometry

The typical cross-section of a single clad bead is reported in Figure 1.18, where the most common
parameters associated with clad geometry are shown. These are:

o clad height (H): thickness of the clad bead above the original surface of the clad substrate;

e clad width (W): width of the single clad bead;

o clad depth (B): thickness of the substrate melted during cladding and added to the clad;

o clad cross-sectional area (A): area of the clad cross-section;

o HAZ depth (Byaz): depth of the heat effected zone in the substrate;

o HAZ area (Anaz): area of the heat effected zone in the substrate;

e contact angle (awe): also known as wetting angle, is the angle between the substrate surface
and the tangent to the clad surface.

Substrate
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Figure 1.18. Typical clad cross-section with most common geometrical characteristics.

1.5.2 Dilution

Dilution is considered an important factor in order to control the contamination of the clad by the
substrate material. In fact, even though a minimum level of mixing is necessary to guarantee a good
bonding with the substrate, an excessive dilution might influence the properties of the coating
negatively. Dilution may be measured in different ways. In the most common method, dilution is
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given by the ratio Ap/(Axt+Ap) between the cross-sectional area of the molten substrate material (Ap)
and the total cross sectional area of the clad (Ay+Ap) (Figure 1.19) [103,107-109].

Figure 1.19. Schematic drawing of the clad cross-sectional area showing the part of the cross-sectional area
emerging from the original surface of the plate (Ay) and the melted cross-sectional area of the substrate (Ap).

Toyserkani et al. and Zhao et al. [11,110] used the ratio Vp/V between the volume of molten substrate
(Vp) and the total volume of the deposited layer (V). Toyserkani et al. and Huang et al. [11,108] also
correlated dilution with the ratio B/(H + B) between the molten substrate depth (B) and the sum of the
molten substrate depth and the height of the clad bead (B + H) (Figure 1.18). All these methods are
based on the dimensional and geometrical features of the clads. As an alternative, Salehi [111] used
the iron content to determine dilution (D) through the equation D = (Lge — Pre)/(Ske — Pre), Where P,
Lre and Sg. are the iron concentration in the supplied powder, in the clad and in the substrate
respectively.

1.5.3 Microstructure

Functional properties and quality of coatings produced with laser cladding technology are strongly
dependent on final microstructure.

The first prerequisite for a successful laser cladding process is to homogenize the melt pool, and
homogenization of laser melt pool is guaranteed by convection. In fact, the large thermal gradients
within the melt pool generate intense convection by Marangoni effect [112,113]. The parameter that
characterize the influence of convection on liquid homogenization is the surface tension number S,
defined by equation

_ (@)oo

VR (1.1)

where dy/dT is the temperature coefficient of the surface tension, Q is the net energy flow per area
from laser beam, D is he laser beam diameter, 4 is the melt pool viscosity, V is the scanning speed and
k is the thermal conductivity of the clad material. For low values of S convection can be neglected:
mass transport in the melt pool is predominantly diffusive, resulting to a non-homogeneous
compositional distribution due to the short lifetime of the melt pool. For high values of S convection
has a key-role in heat and mass transfer and a homogeneous distribution of the chemical composition
can be obtained. Generally, the speed of convection for metals is several order of magnitude higher
than the scanning speed, resulting to an extremely rapid homogenization [9,11].
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Together with melt pool homogenization, the control of the solidification process is fundamental to
obtain the desired microstructure. In laser cladding process cooling rates are very high, usually in the
range of 5-10° — 10° K/s, and solid state diffusive transformations are usually suppressed [8]. For this
reason, in addition to the chemical composition and thermophysical properties of the coating alloy,
final microstructure is mostly determined by the solidification process. In laser cladding solidification
is frequently rapid since growth rates of the solid-liquid interface are often higher than 10 mm/s, and
the typical microstructures detected in laser coatings are planar, cellular and dendritic [8,9]. For a
given alloy, the solidification microstructure depends on the local solidification conditions, which are
determined by the cooling rate (R) and the thermal gradient at the solid-liquid interface (G).
Specifically, growth morphology of rapidly solidified layers is controlled by the parameter G/R. If G/R
is higher than a critical value (G/R)* a planar solidification front takes place, while if G/R gets lower
than this critical value the planar solid-liquid interface is destabilized and cellular or dendritic
solidification occurs [60]. These solidification conditions (G and R) are function of the size and the
geometry of the melt pool, which is in turn influenced by the laser cladding processing conditions such
as laser power, scan speed, feeding rate, beam diameter or temperature of the substrate [114]. In
particular, as it can be seen in Figure 1.20, they can be expressed as function of the depth of the
formed bead.

Figure 1.20. Transverse cross-section parallel to cladding direction cut through the centreline of the clad bead
showing the solidification rate (R), the scan speed (V), the angle (0) between them and the growth rate of
dendrites (Vg) [8].

The correlation between the solidification rate (R) and the scan speed (V) is
R =V-cosf (1.2)

where @ is the angle between the scan speed vector and the normal to the solid-liquid interface. Since
the angle 4 is 90° at the bottom of the melt pool (i.e. cosd = 0) while it tends to 0° at the top of the melt
pool (i.e. cosb—1), the solidification rate is equal to O at the substrate-coating interface and it
increases to a constant value during most of the solidification time as the surface is approached [8,115-
117]. This constant value is by the way lower than the scan speed and, as said before, is influenced by
the shape of the melt pool. In contrast to R, the thermal gradient G is at maximum at the bottom of the
melt pool and it decreases progressively towards the surface [114]. According to this, the behaviour of
G/R along the depth of the clad bead can be schematically represented by the illustration in Figure
1.21, where the effect of G/R on the microstructure of a bead cross-section is shown.
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Figure 1.21. Schematic illustration of the formation of the cladding layer and crystallographic analysis [118].

Epitaxial solidification begin on the substrate without the need for nucleation and proceed
unidirectionally towards the top. At the beginning of the solidification, at the bottom of the melt pool,
a plane front solidification zone appears since the liquid metal maintains contact with the solid
substrate (solidification rate is 0 and G/R presents and infinite value). With the propelling of the solid-
liquid interface and the accumulation of heat, R increases rapidly and G decreases leading to a lower
value of G/R: the planar front evolves to a cellular, and eventually to a dendritic, interface as G/R
decreases. Because of the rapid variation of G/R, this interface is very narrow. Progressively the value
of G/R decreases until it reaches a value that remains constant during most of the solidification
process: in this region, which follows the cellular interface zone, dendritic solidification appears.
Cellular and dendritic solidifications are usually columnar in shape and tend to grow perpendicular to
the coating-substrate interface (or perpendicular to temperature isotherms) since heat is mostly
dissipated through the substrate and, along this direction, the steepest thermal gradient is developed.
Close to the surface of the clad layer, finally, the heat is mostly dissipated through the surrounding
atmosphere and G is not predominant anymore: for this reason, in this region dendrites become very
fine and disorientated [118].

1.5.4 Coating defects

The main defects that can be present in coatings produced with laser cladding are cracks and
pores/voids.

Cracks in laser coatings can be divided into brittle and hot cracks. Hot cracks of laser cladding layers
are similar to welding hot cracks. Also known as solidification cracks, these defects are caused by the
presence of phases or impurities with a low melting temperature. They usually appear in the fusion
zone near the end of the solidification. Hot cracks are generally longitudinal to the clad bead and occur
along grain boundaries due to preferential segregation of solute or impurity elements. During
solidification, cellular dendrite tips rapidly grow with the consequent formation of low solidification
temperature liquid film. On subsequent solidification and cooling, interdendritic shrinkage cavities
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may form. Low dilution and high solidification rates limit the problem of the hot cracking because less
solute redistribution occurs, leading to a more uniform composition of the solidification structure
[119,120].

Brittle cracks are generated during cooling, when the hot coating tries to undergo shrinkage but it is
constrained by the relatively cold and rigid substrate. If the ultimate tensile strength of the alloy is
exceeded by the resulting tensile stress and all the possible deformability of the working piece is
utilized, brittle cracks occur. These cracks are generally perpendicular to the clad/substrate interface.
To avoid the formation of such cracks, substrate preheating is an efficient solution [8].

The presence of pores or voids in the clad layer may be caused by several reasons, and it can be
classified according to its position in the clad layer. Porosity inside the clad can be the result of the
formation of gas bubbles entrapped into the solidifying melt pool. Internal porosity can also be
present if solidification proceeds in different directions: in this case, some region of the melt can be
enclosed. Upon solidification, when contraction of these enclosed region occurs, tensile stresses in the
layer are generated and holes may be found. Porosity at the clad-substrate interface can be caused by
minor flaws on the substrate surface (such us grease, oxides, defects and so on) that may influence the
surface tension and consequently the bond between the coating material and the substrate. Finally,
inter-run porosity may occur between adjacent beads in multiple-beads laser cladding. These kind of
pores are usually caused by an incorrect design of the laser cladding process (too low aspect ratio)
[12].

Excessive dilution and compositional non-homogeneities can also be considered as defects in laser
cladding.

1.5.5 Residual stresses

In laser cladding, the laser beam is a very localized heat source having high intensity and short
interaction times. For this reason, large thermal gradients spring between the hot molten clad layer and
the relatively cold solid substrate or, in case of multiple-beads laser cladding, the adjacent bead.
During the initial rapid cooling the clad material tends to shrink, but the contraction is restricted by the
substrate and the adjacent bead: this leads to the formation of tensile stresses [67]. These tensile
stresses are directly related to the thermal expansion coefficient of the clad material (ac), its Young’s
modulus (Ec) and the temperature difference between the melting temperature of the clad material and
the temperature of the substrate during the process (47) according to the equation

Oth = EC - ac AT (13)

These stresses can be anyway partially relaxed by plastic deformation and creep. In the second stage
of cooling, from the processing temperature down to the ambient temperature, the formation of
residual stresses takes place. In this case, the magnitude and the sign of the stresses depend on the
difference in temperature between melt pool and substrate during processing, the difference in the
thermal expansion coefficients between coating and base material, their mechanical properties
(Young’s modulus and yield strength), the cooling rate, the substrate geometry and eventual solid-state
phase transformation involving volume changes [67]. If no deformation of the base material and no
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volume changes due to phase transformation are assumed, resultant stresses can be estimated through
equation

_ (ac—as)(AT)) Ec
1—VC

o 1.4)

where ¢ is the resulting residual stress, ac and as are the thermal expansion coefficients of the clad and
of the substrate material respectively, A7) is the temperature difference between melt pool and
substrate, Ec is the Young’s modulus of the coating material and vc is the Poisson’s number of the
coating material [121].

The difference between the thermal expansion coefficient of coating and substrate play a fundamental
role in the generation of residual stresses. If ac is higher than as, the larger is the difference between
the coefficients, the higher are the tensile stresses in the coating layer; if ac is lower than as, the larger
is the difference between the coefficients, the lower are the tensile stresses [8].

The effect of the temperature is clear: the lower is the difference between the melt pool and the
substrate, the lower are the resultant stresses. Substrate preheating, which lowers the temperature
difference, has always a positive effect on decreasing the tensile stresses in the coating in any
condition. Moreover, substrate preheating favours the relaxation of the evolving stresses because
decreases cooling rates, which allows more time for plastic deformation and creep to occur [8].

Inhibit the formation of tensile stresses in the coating layer is always positive: tensile stresses have
detrimental effect on fatigue, tensile, wear and corrosion behaviour of the coating and may jeopardize
the integrity of the coating [8].

1.6 Energetic efficiency and productivity of laser cladding process

In laser cladding, the energy necessary for the process is supplied by the laser light. The interaction
between the laser electromagnetic radiation and both the powder particles and the melt pool, which
involves the absorption/reflection phenomena of laser light, are decisive to determine energetic and
melting efficiencies: these affect not only the quality of the final coating, but also process productivity
and thus costs. Therefore, the comprehension of the energy partitioning in the laser cladding process is
of great interest [8]. In Figure 1.22, a schematic illustration of the energetic redistribution for a blown
powder cladding process during its steady-state is reported.

Before reaching the workpiece, the laser beam passes through the powder particles jet and the laser
light interacts with the powders: part of the energy that hits the powder is reflected off the particles
surface (Ep ren), While the rest of it is absorbed by them. As a consequence the laser beam results to be
attenuated by the powder jet, and the effective laser power available at the melt pool surface is lower.
When the “attenuated” laser light hits the melt pool, a fraction is reflected off the melt pool surface
while the remaining part is absorbed by the cladding system. The energy absorbed by the workpiece is
divided as follow: part of it is used to heat up, melt and superheat the powder and the substrate (i.e. the
energy to produce the coating Ec, which is equal to the sum of Ep and Eg), another part is lost by
conduction from the melt pool into the substrate (i.e. energy to form the heat affected zone Eyaz and to
heat up the base material Ey,) and the remaining small part is lost by radiation and convection from
the melt pool to the surroundings (E sq and Ecqny) [68,122-124].
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Figure 1.22. Schematic illustration of the energetic redistribution for a blown powder cladding process
during its steady-state [122].

Reflection and absorption of laser irradiation by the melt pool surface play a key-role in the energy
balance. Laser absorption by metallic surfaces strongly depends on the laser light (polarization and
wavelength), the optical properties of the coating material and the angle of incidence (i.e. the angle
between the laser beam and the normal to the melt pool surface, which is assumed to be flat).
Absorptivity, defined as the ratio between the absorbed part of the incoming radiation and the total
incoming radiation, is correlated to these factors through Fresnel’s equations

_ 4n-cosBi,
P 7 (n-cosBip+1)2+(k-cos 0;,)?

A

(1.5)

4n-cosBiy

s = (n+cos 0,)2+k? (1.6)

where 6;, is the angle of incidence, n is the refraction index and k is the extinction coefficient. The
refraction index and the extinction coefficient are optical constants of the coating material and are
influenced by temperature and laser wavelength [50,55,125]. In specific, they depend on plasma, laser
and collision frequency [126]. In equations (1.5) and (1.6) the suffixes p and s denote the polarization
condition of the laser beam: p-polarized light is a linearly polarized radiation having the electric field
vector parallel to the plane of incidence, while s-polarized light is a linearly polarized radiation having
the electric field vector perpendicular to the plane of incidence. In the case of circular polarization or
with randomly polarized beams, the average absorptivity can be estimated as the average values of the
p- and s-absorptivity

Agy = % (A4, + 4A;) 1.7)
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Chapter 1 — Laser cladding

Fresnel’s equations are valid for opaque medium when (n°+k?)>>1, as it is for metals at wavelength
higher than 500 nm [125]. Since in these conditions transmissivity is equal to 0 [50], reflectivity can
be calculated as well

(n-cos 0;,—1)%+(k-cos 6;,)?
Ry=1-4,= (1.8)

(n-cos B, +1)2+(k-cos 0;,)?

_ (n—cos 6i)?+k?

Ry =1-4s= (n+cos 6,2 +k?2

(1.9)
Ray =1—Aay =5 (R, +R;) (1.10)
In Figure 1.23 an example of the typical absorptivity curves obtained with Fresnel’s equations are

reported for iron at two different laser wavelengths (A = 1.06 pum for the Nd:YAG laser and A = 10.64
um for the CO, laser) [127].
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Figure 1.23. Typical absorptivity curves obtained with Fresnel’s equations for iron at two different laser
wavelengths: 1=1.06 um for the Nd:YAG laser (left) and 2=10.64 um for the CO2 laser (right).

From a practical point of view, in laser cladding the angle of incidence can be modified by varying the
processing parameters: for instance, when powder feed increases the thickness of the coating increases
consequently, leading to a more inclined melt pool (i.e. higher angle of incidence). As a consequence,
when a linearly p-polarized laser beam is used, absorption increases because the incident angle
approaches the well-known Brewster angle [88,99,124]. The angle of incidence can also be modified
by simply varying the inclination of the laser beam with the same effect on absorption. Examples of
this are reported in literature, were laser remelting tests at different angles of incidence were
conducted [128,129]. With randomly polarized laser beams, anyway, such a positive Brewster effect
cannot be realized and absorptivity cannot be modified significantly [8].

As said before, this behaviour strongly affects energetic efficiency and redistribution in laser cladding.
According to a model developed by Pinkerton and Li [130] and confirmed by empirical results,
energetic absorption tends to increase when lasers with shorter wavelength are used (HPDL rather than
Nd:YAG or CO,) (Figure 1.24).
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Figure 1.24. Modelled distributions of the input laser power for HPDL, Nd:YAG and CO2 laser types [130].

Energetic efficiency of the process, in this work estimated approximately around 15 — 50 % according
to the laser source, is however lower than conventional welding processes such us PTA (50 — 70%),
TIG (60 — 80%), MIG (70 — 80%), SAW and EBW (80 — 90%) [131].

Energetic efficiency have a direct effect on process productivity (i.e. deposition rate), since
productivity is mainly related to the effective laser power available by the system. As shown by Figure
1.25, where deposition rates of laser cladding trials with different alloys (Fe-, Ni- and Co-based) on
Fe-based substrates are reported as a function of laser power, on increasing the laser power
productivity tends to increase. Moreover, short-wavelength lasers and hybrid processes favour higher
deposition rates [8].
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Figure 1.25. Deposition rates expressed in mm®h of different laser cladding processes as a function of the laser
power for HPDL, Nd:YAG and CO, laser types [8].
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Chapter 2
Experimental procedures

2.1 Powders

The powders used for the present thesis work have been produced by Hbégands AB. Powders have
been realized with the water-atomization process and have spherical morphology. The nominal
chemical compositions of the powders utilized, provided by Hogands AB, are summarized in Tables

2.1 - 2.3 together with their particle size.

Table 2.1. Nominal chemical compositions of Ni-based powder used.

Ni-based powder  particle size C Si Bo Ni Cr Mo Nb
[pm] [%0]  [%] [%] [%] [%] [%] [%]
NiBSi 53 -150 <0.06 3.0 2.9 bal. - - -

Inconel 625 53 - 150 <0.03 0.40 -

bal. 215 9.0 3.8

Table 2.2. Nominal chemical compositions of Fe-based powder used.

Ni Mo Mn

[%]  [%] [%] [%]

Fe-based powder  particle size C Si
[pm] [%]  [%]
316L 53 - 150 <0.03 0.8

170 120 25 1.5

Table 2.3. Nominal chemical compositions of Co-based powder used.

Co-based powder  particle size C Si Fe

[um] [%] [%] [%]

Ni Co Mo W
[%] [%] [%] [%]

Stellite 1 53-150 0.25 1.0 15
Stellite 12 53 -150 1.4 1.1 1.0
Stellite 21 53 - 150 2.4 1.1 -

2.8 bal. 55 -
15 bal. - 8.0
- bal. - 12.5

In order to study the dissolution behaviour of the tungsten carbides in a Co-based matrix, Stellite 12
and Stellite 21 powder were mechanically mixed with a mixture (65/35 vol.% respectively) of
spherical and angular cast tungsten carbides having particle size ranging from 45 to 100 um and a
phase content of 61% W,C and 39% of WC. MMC powder combinations, ratios and hard particulate

details are reported in Table 2.4.
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Table 2.4. Details of the MMC powder combinations used.

powder wit. vol. carbide type shape phases density  carbide size
[%]  [%] [%0] [%0] [o/cm’] [pm]
. N spherical W,C and WC 3
Stellite12/WC 50/50 =65/35 fused/crushed and angular  (61/39 vol.%) 16.6 45-100
Stellite2l/WC  50/50 =~65/35 fusedicrushed ~_Sprerical - W,CandWC g0 0 44

and angular  (61/39 vol.%)

2.2 Substrates

The substrates used for the present thesis work are grounded plates of mild steel and grey cast iron
having dimensions of 100 x 35 x 10 mm. The nominal chemical compositions of the substrates utilized
are summarized in Table 2.5.

Table 2.5. Nominal chemical compositions of the substrates utilized.

substrate C Si Cr Mn Ni P S Mo Fe
[%0] [%0] [%0] [%0] [%0] [%0] [%0] [%]  [%]
. max max
grey cast iron 29-36 1.8-29 - 0.4-0.7 03 01 bal.
. max max max max max
mild steel 0.37-0.44 max 0.4 04 05-0.8 04 0.045 0.045 01 bal.

2.3 Laser cladding equipment

Laser cladding experiments have been carried out using a 4 kW Coherent Highlight 4000L direct high
power diode laser (HPDL), mounted on an ABB IRB 2600 six-axis robot system. Laser operating
wavelength was 808 nm. Laser beam, having a rectangular shape, was focused to a spot size of 12 x 1
mm?: 1 mm along the fast axis, i.e. scanning direction, and 12 mm along the slow axis. Intensity
distribution had the classical “top-hat” profile along the slow axis.

Powder feeding have been achieved using a Thermach AT-1200 rotary powder feeder and a Coax11
coaxial type powder feeding nozzle (Fraunhofer IWS), tailored for rectangular or scanned line laser
spots. Powder was fed into the melt pool, perpendicularly to the surface of the base material, from the
opening of four channels on one side of the head only. The angle between the laser beam axis and the
normal to the substrate surface (« ) was fixed at 28 degrees (Figure 2.1).

The carrier and the shielding gas used to obtain more focused powder stream and to prevent oxidation
of powder particles and melt pool was argon. Carrier and shielding gas flow rates were 3.4 I/min.
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powder jet

laser beam

substrate

Figure 2.1. Schematic of the laser cladding equipment used.

2.4 Processing parameters

In the present work many batches have been produced by varying the three main processing
parameters, i.e. the laser power P, the scan speed S and the feeding rate F. Different combinations of
powders and substrates have been utilized. In some cases, substrate preheating up to 400°C has been
performed in a furnace or with oxy-fuel torch. Processing conditions ranges for the different batches
produced are reported in Table 2.6.

Table 2.6. Processing conditions for the different batches produced.

powder substrate preheating P F \Y
[kW] [a/s] [mm/s]
Stellite 1 mild steel - 20-38 0.3-0.9 1-8
NiBSi mild steel - 20-338 0.3-0.9 1-8
316L mild steel - 20-338 0.3-0.9 1-8
In625 mild steel - 20-338 0.3-0.9 1-8
NiBSi mild steel 400°C, furnace 20-338 0.3-0.9 1-8
NiBSi grey cast iron 400°C, furnace 20-3.8 0.3-0.9 1-8
WC+Stellite 12 mild steel - 20-4.0 0.5 5
WC+Stellite 21 mild steel - 20-4.0 0.5 5
WC+Stellite 12 mild steel 400°C, oxy-fuel torch 20-40 0.5 5
WC+Stellite 21 mild steel 400°C, oxy-fuel torch 20-40 0.5 5

In order to study the single-bead as well as the multiple-bead cladding condition, the following
cladding strategy has been carried out: a single-bead clad of 80 mm length, partially overlapped
(overlap of 6 mm) by a clad of 40 mm length (Figure 2.2).
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Figure 2.2. Typical sample produced showing the selected cladding strategy

2.5 Coatings characterization

2.5.1 Microhardness and hardness

The microhardness tests have been performed under a Paar MHT-4 Vickers micro-indenter. A 0.1 kg
load has been applied for a time of 10 s. A minimum of 8 indentations have been executed for every
tested sample. The samples have been cut in order to reveal the clad cross-section and have been
prepared through the classical metallographic procedure (i.e., polishing with papers and cloths and
eventually etching).

The hardness tests have been carried out under an EmcoTest M4U 025 Rockwell indenter. A pre-load
of 10 kg is applied for 2.5 s; then, a load of 150 kg is applied for 2.5 s (HRC). A minimum of 8
indentations have been executed for every tested sample. The samples have been prepared by surface
polishing of the top of the clad.

Mean values and standard deviations have been calculated for every data batch.

2.5.2 Light Optical Microscopy (LOM)

A Zeiss Light Optical Microscope has been used for the optical characterization of the material
microstructures. Digital images have been acquired by a Leica DC300 system connected to the
microscope’s optical system. The samples have been prepared through lapping and polishing with
abrasive papers (220, 500, 800, 1200 and 4000 respectively) and diamond cloths (6, 3 and 1 pm
respectively).

An electrolytic etching has been carried out. On the Co alloy, the electrolytic etching has been
performed in a water solution of nitric acid (4,5 vol.%) and hydrogen peroxide (1,5 vol.%) applying a
potential difference of 4 V for a time of 5 - 60 s. On the Ni and Fe alloys, the electrolytic etching has
been performed in a water solution of oxalic acid (10 vol.%) applying a potential difference of 6 V for
atimeof5-60s.
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2.5.3 Image Analysis

The image analysis software ImageJ has been used to measure the main geometrical features of the
clad-cross section as schematically represented by Figure 1.18 in Chapter 1.5.1. In case of the coatings
with tungsten carbides, image analysis has been utilized to investigate dissolution (see Appendix 1).

2.5.4 Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray
Spectroscopy (EDXS)

A Philips XL30 Scanning Electron Microscope (SEM), operating in high vacuum atmosphere, has
been used for the observation of the solidification microstructures and microstructural details (e.g.,
carbides in WC + Co-based alloy coatings, oxidation scale in In625 coatings, and so on).

The scanning electron microscope was equipped with an Energy-Dispersive X-ray Spectroscopy
(EDXS) device, which has been used for the microstructure and microstructural details investigation
and for the study of dilution (see Appendix 2).

2.5.5 X-Ray Diffraction (XRD)

X-Ray Diffraction (XRD) analysis was done using a Cu-k o source (. = 1.5418 A), and an Image Plate
(IP) over the 26-range from 30° to 120°, in reflection geometry. The experimental patterns were
elaborated with the Rietveld method using the MAUD (Materials Analysis Using Diffraction)
software.

2.5.6 Calorimetric experiment

The calorimetric tests have been performed in-situ during laser cladding experiments, by measuring
the temperature of the sample during cooling (see Appendix 3). For the temperature measurement, two
S-type thermocouples have been used. Thermocouples have been connected to an Intab AAC-2 data
logger for the data acquisition. Data analysis has been realized by the LabVIEW 7.0 software.

2.5.7 Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) has been carried out in a Netzsch 409-PC apparatus. Alumina
crucibles have been employed.
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Thermogravimetric Analysis (TGA) has been performed to study the thermal oxidation behaviour of
the In625 coatings. For this purpose, isothermal treatments for 3 hours at different temperatures (1100,
1150 and 1200°C) have been made and a constant air flux (100 ml/min) has been insufflated during
the test. A heating rate of 40 °C/min and a cooling rate of 50 °C/min have been applied in order to
reach the desired temperature and, subsequently, to cool down the sample. A subtraction curve has
been acquired on the empty crucible for each measurement.

2.6 Powders characterization

2.6.1 Density

The density of the different powders used has been determined using an AccuPyc Il 1340 Gas
Pycnometer. The instrument has been installed and calibrated to measure density according to the
ASTM B923-10 standard.

2.6.2 Normal spectral absorbance

Normal spectral absorbance has been measured with an Ocean Optics USB4000 optical spectrometer,
which disperses and records the full reflected spectrum within an integration time of 10 second.
Radiation has been created by a DH2000-S Deuterium Tungsten Halogen Light Sources. Three
indentations have been executed for every tested powder (see Appendix 4).

2.6.3 Differential Scanning Calorimetry (DSC)

The Differential Scanning Calorimetry (DSC) have been carried out in a Netzsch 409-PC apparatus.
Alumina crucibles have been employed.

The Differential Scanning Calorimetry (DSC) has been performed to characterize the thermal
behaviour of the powders used up to the melting temperature. A heating rate of 20 °C/min and a
cooling rate of 50 °C/min have been applied and a constant argon flux (100 mi/min) has been
insufflated during the test in order to avoid oxidation.
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Chapter 3
Results and discussion

As seen in Chapter 1.4, the three principal processing parameters in the laser cladding process are the
laser power, the scan speed and the feeding rate. The reason is their large effect on the final
characteristics of the coating such us geometry, dilution, microstructure, presence of defects, particles
dissolution, process efficiency and so on. In the following chapters, the effects of the principal
processing parameters on geometrical features, dilution, energetic and material efficiency are
investigated for different cladding materials. In particular, physical/analytical models to estimate the
final geometrical characteristics and to evaluate the optimal processing conditions are proposed. The
possible influence of the substrate (chemical composition or preheating) on the validity of these
models is investigated. Finally, the properties of the coatings produced in different processing
conditions are analysed. The effect of important parameters such us dilution and, in the case of MMC,
carbide dissolution is considered and discussed.

3.1 Geometry

The effect of a single process parameter on the main geometrical features of the clad (i.e. height H,
width W and in turn aspect ratio W/H of the bead) can be seen in Figure 3.1, where different clads of
In625 were deposited on a mild steel by varying one of the principal parameters and keeping constants
the other two.

On increasing the feeding rate, height of the clad increases while width remains basically the same. As
a consequence, aspect ratio of the bead increases. On the opposite, on increasing the scan speed both
the height and the width of the clad decrease. Aspect ratio increases since the decrease in the clad
height is more pronounced than the decrease in the clad width. Finally, on increasing the power of the
laser, the width of the clad increases. Clad height slightly increases leading to a slight increase in the
aspect ratio value.

Because of the complexity of the laser cladding process and the mutual interactions between
processing parameters, combined parameters can give a better description of the correlations between
parameters and final characteristics of the clads. To investigate the effect of combined parameters,
clads with four different materials (NiBSi, 316L, In625 and Stellitel) have been produced on the same
mild steel substrate in different processing conditions.
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Figure 3.1. Effect of a single process parameter on geometry of clads produced with In625.

Clad height is linearly proportional to the powder density, defined as the ratio between the feed rate F
and the scan speed V (Figure 3.2). Powder density represents the amount of material per mm length
fed into the cladding system. Consequently, when no powder is injected into the system (i.e. F/V = 0),
clad height is equal to 0. On increasing the material fed into the system, clad height increases linearly.
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Figure 3.2. Correlations between clad height and F/V for different powders.

As shown in Figure 3.2, different correlations (different straight lines with different slopes) may be
identified for the four cladding materials considered. In order to identify a univocal correlation
between clad height and processing parameters, some considerations must be done.

The first consideration takes into account the powder loss during the process. As said before, F/V
represents the amount of material fed per mm length. Since not all the injected particles remain into
the cladding system, the parameter “material efficiency” # is introduced. Material efficiency
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corresponds to the percentage of material that remains into the system with respect to the material
injected and can be calculated by the following equation

Ws,a—Ws,b

n =100 - 3.1)

where w,, and w;,, are the weight of the sample after and before cladding respectively and w; is the
weight of the powder injected, calculated as

F.
Wy = (3.2)

where | is the length of the clad bead.

Material efficiency depends on the processing parameters as well. The relationship between # and the
main process parameters has been estimated with the trial and error method (see Appendix 5), and the
result of this calculation is reported in Figure 3.3.
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Figure 3.3. Correlation between material efficiency and V**/P.

Independently from the cladding material, material efficiency depends on the scan speed and on the
laser power, while it is not influenced by the feeding rate. In particular, material efficiency depends on
the combined parameter V**/P through equation

0.5
n=100—49 - (33)

A physical interpretation of this result will be given later (Chapter 3.4). However, material efficiency
can be used to modify powder density: since F/V represents the amount of material fed per mm length,
the combined parameter nF/V gives the effective powder mass remained into the system per mm
length.

The second consideration takes into account the cladding material. As it can be seen in Figure 3.2, four
different correlations between H and F/V can be identified according to the cladding material used. To
consider the influence of the cladding material, the material density p is introduced. Material density is
a physical property of the material and it has been measured with a gas picnometer according to the

37



ASTM B923-10 standard. Measurements of the material density of the four different cladding
materials are listed in Table 3.1.

Table 3.1. Measured density of the four different cladding materials.
material density
[g/cm’]
NiBSi 8.27 £0.01
316L 7.93+0.01
In625 8.45+0.01
Stellitel 8.57£0.01

With the introduction of p, the combined parameters #F/pV assumes a different meaning: expressed in
mm®mm (or, for sake of simplicity, in mm?), it becomes the effective powder volume remained into
the system per mm length [99]. If no variation of the clad cross-section in the clad length is assumed,
the parameter #F/pV may identify the emerging part of the clad cross-sectional area Ay. This can be
easily seen in Figure 3.4, where the measured values of Ay are reported as a function of the parameter
nF/pV. The distances of the data points from the bisector of the quadrant are qualitatively
representative of the difference between the two measurements.
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Figure 3.4. Correlation between the measured clad cross-sectional area and the parameter nF/pV.

The correlation between clad height and the combined parameter #F/pV is shown in Figure 3.5.

The height of the clad is proportional to the combined parameter nF/pV or, alternatively, to the
emerging clad cross-section Ay. This proportionality can be used to univocally estimate the height of
the clad once the processing parameters and the cladding material are selected. The correlation
between H and »F/pV is assumed to be linear and can be described by equation

<I=
oIS

where the constant of proportionality ko, calculated with the optimization of the regression coefficient,
results to be equal to 0.095.
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Figure 3.5. Correlation between clad height and the parameter nF/pV.

Clad height is correlated with the emerging cross-sectional area, and the emerging cross-sectional area
is limited by height and width of the clad. For this reason it could be expected that also the clad width
shows a correlation with the combined parameter nF/pV. When clad width is plotted as a function of
nF/pV, no significant correlation can be revealed (Figure 3.6).
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Figure 3.6. Clad width as a function of the parameter nF/pV.

The correlation between the width of the clad and the processing parameters is estimated again with
the trial and error method (Figure 3.7) and represented by equation

p2
W=98+0.6- 705 (3.5)
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Figure 3.7. Correlation between clad width and the parameter P%/V°°.

Clad width is not directly influenced by the powder density, but it is ruled by the combined parameter
P?/V®°. As well as for the material efficiency, this correlation is not influenced by the cladding
material and by the feeding rate, but only by the laser power and the scan speed. The laser power, as it
can be seen by the exponent of P in equation (3.5), strongly affects clad width: on increasing the laser
power, width of the clad gets larger. On the other hand, the faster is the scan speed, the lower is the
clad width. The effect of the scan speed, with the exponent equal to 0.5, is lower.

It is interesting to notice that clad width values range approximatively between 10 and 19 mm. Even if
the beam spot width is constant, processing parameters are able to modify the final width of the clad.
Moreover, clad width can reach values higher than the width of the spot beam, which is equal to 12
mm.

Equations (3.4) and (3.5) to estimate clad width and height respectively allow the determination of the
aspect ratio of the clad bead, defined as the ratio between the width and the height of the clad, through
equation

P2
w _ 9.8+0.6'm

—_—= 3.6
H 0.095-5-% (3.6)

Aspect ratio depends on the three processing parameters as well as the cladding material (through the
material efficiency and its density). Due to the strong influence of the clad height on the aspect ratio, it
can be said that W/H is mainly influenced by the powder density, which characterizes clad height. This
is also visible when aspect ratio is plotted as a function of F/V (Figure 3.8).
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Figure 3.8. Correlation between aspect ratio and the parameter F/V.

However, a more complete correlation between processing conditions and aspect ratio, that takes into
account also laser power and cladding material density, is described by equation (3.6). In Figure 3.9,
the values of the aspect ratio estimated through equation (3.6) are reported as a function of the
measured values.
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Figure 3.9. Aspect ratio values estimated through equation (3.6) as a function of the measured values.

According to Figure 3.9, aspect ratio can be well predicted up to the value of 20. Above this threshold
value, prediction gets worse and data points start to fall away from the quadrant’s bisector. The reason
is mainly given by the small variations of clad height that cause large variations in clad aspect ratio,
especially for high values of it.

Anyway, it has to be said that the typical values of the clad aspect ratio in laser cladding processes
range between 5 and 20. When multiple-bead laser cladding is designed, aspect ratio must be higher
than 5 to avoid inter-run porosity between adjacent beads. Moreover, aspect ratio value is generally
kept lower than 20 to guarantee proper clad thickness and process productivity.
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In this range, equation (3.6) can be used to evaluate the correlation between processing parameters and
aspect ratio of the clad.

As said before, height and width of the clad can be estimated through equation (3.4) and (3.5)
respectively. H is proportional to the emerging cross section of the clad Ay, while no proportionality is
found between W and Ay. However, a complex correlation between both the width and the height of
the clad and the emerging cross-sectional area exists. To describe the change in the emerging clad
cross-sectional area with respect to W and H, the Simpson’s rule is used. In this approach, the
emerging cross-section is considered as a portion of a circle where the secant line of the circle is
defined by the original surface of the substrate and the chord of the circle, consequently, represents the
width of the clad. Figure 3.10 shows a schematic of the emerging cross-sectional area of the clad (Ay)
and the accompanying virtual circle created below the substrate A, [140].
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Figure 3.10. Schematic of the emerging cross-sectional area of the clad (Ay) and the accompanying virtual
circle created below the substrate A, [140].

Ay can be thus estimated through equation
ay=2-(Z+2-JW2)r + H?) (3.7)

which is a well-known approximation for a definite integral proposed by Simpson. This assumption is
valid only for values of H smaller than W/2, condition which is amply satisfied in any case of this
study [140].

Using the measured values of H and W, Ay has been calculated with equation (3.7) and then compared
with the measured values of Ay (Figure 3.11).
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Figure 3.11. Comparison between clad cross-sectional area estimated with Simpson’s model and measured.
There is a clear correlation between the values of Ay estimated with Simpson’s equation (3.7) and the
measured ones, but data points deviate from the Simpson model (Figure 3.11). This is mainly due to

the fact that clads are not portions of a circle, as stated with this approach. Equation (3.7) has been
analytically modified using correction coefficients k; and k, in equation

Ay =k - [% (% +2-JW/2D)Z+ HZ)]kz 38)

Values of k; and k, have been obtained by residuals minimization (k;=2.1 and k;=0.85) and results of
this modification are visible in Figure 3.12.
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Figure 3.12. Comparison between clad cross-sectional area estimated with Simpson’s equation (3.7), modified
Simpson’s equation (3.8) and measured.

Modified Simpson’s equation (3.8) can be utilized to describe the change in the emerging clad cross-

sectional area with respect to W and H. This allows to draw a helpful graph like the one shown in
Figure 3.13, where the y-axis represents clad width and the x-axis represents clad height.
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Figure 3.13. Clad width vs. clad height where are reported: curves calculated with modified Simpson’s equation
(3.8) for different values of Ay (black curves); curves calculated with aspect ratio equation (3.6) for different
values of P/V®® (red curves); lines for different values of aspect ratio (green lines).

In this graph, modified Simpson’s equations (3.8) calculated for different values of Ay are represented
by the black curves, while the red curves represent aspect ratio equations (3.6) calculated for different
values of P¥/V°?,

For a defined value of Ay, which can be calculated once processing parameters, material efficiency and
cladding material density are known, the corresponding black curve gives all the possible
combinations of width and height that satisfy the modified Simpson’s model. Among all the possible
solutions, the identification of the (H;W) couple that describes the clad geometry can be done with the
combined parameter P#V®®, and thus with the proper red curve. The intersection between the black
curve and the red curve, both selected once cladding conditions are decided, gives the final height and
width of the clad. Consequently, final clad aspect ratio can be identified (green straight lines).

3.2 Dilution

Definition of dilution has been reported and validated in Appendix 2. In this thesis work, dilution is
defined as

__%
T An+Ap

D

-100 3.9)

where Ap represents the diluted part of the cross-sectional area (i.e. the part submerged below the
original surface of the substrate). In this case, dilution is expressed as a percentage value.

44



Chapter 3 — Results and discussion

The correlation between processing parameters and dilution has been investigated with the trial and
error method, firstly on the four materials considered separately, then on all the data together.

When the four materials are considered separately, the following equation can be used to estimate
dilution as a function of the main processing parameters

px.yy
D=m-—; (3.10)

where the calculated values of m, x, y and z are reported in Table 3.2 for the different cladding
materials. Graphical results of these analysis are reported in Figure 3.14.

Table 3.2. Calculated values of m, x, y and z of equation (3.10) for different cladding materials.

material m X y z
NiBSi 0.52 1 0.5 15
316L 0.06 15 1 2
In625 0.19 2 0.5 15
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Figure 3.14. Linear correlations between dilution D and the opportune combined parameter
for the different materials.

The values of the exponents x, y and z, which maximize the regression coefficient of equation (3.10),
differ from batch to batch according to the different cladding materials utilized. As a consequence,
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angular coefficient m differs as well. Even if all these values are different, some considerations can
still be done.

For all the four batches P and V are parts of the numerator while F is part of the denominator: an
increase in the laser power and in the scan speed lead to an increase in dilution, while an increase in
the feeding rate tends to decrease dilution. The main trends of these processing parameters on dilution
have been confirmed by other works present in literature. For instance, Olivera et al. [91] found that
the combined parameter to control dilution in coaxial cladding is P%*-V®*/F%°, while for side cladding
was found to be P-V/F by Felde et al. [101] and In(P-V*°/F*®) by Ocelik et al. [92].

From a physical point of view, these behaviours can be explained through energy transmission
phenomena. Laser power tends to increase dilution since it increases the total energy in the system,
and consequently the energy conducted through the substrate, which is responsible of dilution. With
the increase in the feeding rate, on the other hand, the mass of material into the system increases and
therefore the energy conducted through the substrate decreases, leading to a lower dilution. The effect
of the scan speed is double: on increasing the scan speed, both the combined parameters P/V and F/V
diminish, leading to a decrease in the J/mm and the g/mm available in the system: when a constant
length is considered, a lower mass of material hinders transmission through the substrate but at the
same time less energy is available. Since these effects are concurrent, a variation in the scan speed is
less effective on dilution than a change in the laser power or in the feeding rate. This is confirmed by
experimental values of the y exponents in equation (3.10), that are always lower than x and z as shown
in Table 3.3. Moreover, since increasing scan speed results in an increasing clad dilution, it can be
stated that the effect of the scan speed on F/V prevail on the effect on P/V.

When all the data are considered together (i.e. the effect of the cladding material on dilution is
neglected), the coefficients m, x, y and z in equation (3.10) becomes as reported in Table 3.3.

Table 3.3. Calculated values of m, x, y and z of equation (3.10) for the data considered together.

material m X y z
data together 0.17 1.5 0.5 2

Graphical result is shown in Figure 3.15.
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Figure 3.15. Correlation between dilution D and the parameter P**V**/F?,
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Regression coefficient is maximized (R®=0.93) when x = 1.5, y = 0.5 and z = 2. This confirms all the
considerations that have been done on the four batches considered separately. Equation (3.10) may be
used, within a certain approximation, to predict dilution independently from the cladding material as a
function of the processing parameters.

3.3 Geometry and dilution: processing map

Clad aspect ratio and dilution are two of the most important features when designing the laser cladding
process. As anticipated, the typical value of aspect ratio range lies between 5 and 20: aspect ratio must
be higher than 5 to avoid inter-run porosity between adjacent beads, while 20 is usually taken as
maximum value to guarantee proper clad thickness and process productivity. Dilution is generally kept
between 2 and 5%: some dilution is necessary to have a good metallurgical bond between substrate
and clad, but too much dilution can influence the properties of the cladding material negatively.
However, a higher percentage of dilution can be allowed if the variation of the chemical composition
of the cladding material does not affect the desired properties of the final coating.

Aspect ratio and dilution dependences on the processing parameters have been described with
equation (3.6) and (3.10) respectively. Once the desired boundary conditions for both aspect ratio and
dilution are selected, these equations can be plotted together on a 3D-graph like the one shown in
Figure 3.16, where the three axis represent the laser power, the scan speed and the feeding rate.
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Figure 3.16. Laser power, scan speed and feeding rate 3D-graph with iso-dilution and iso-aspect ratio surfaces:
(D=2%, yellow; D=15%, red; W/H=5, blue, W/H=15, cyan).
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The surfaces represented in Figure 3.16 are the so called iso-dilution and iso-aspect ratio surfaces, i.e.
the set of all the possible combination of P, V and F that allow the production of a clad with the
desired value of dilution or aspect ratio respectively. For instance, in Figure 3.16 are reported the
equations for values of dilution set to 2% and 15% and the equations for values of aspect ratio set to 5
and 15 for the coatings produced with the NiBSi alloy. Intersections between surfaces, moreover, give
the values of laser power, scan speed and feeding rate to obtain a clad with both a defined aspect ratio
and amount of dilution. A tool like this is be very useful to define the possible processing window
according to the desired final properties of the coatings.

3.4 Material efficiency

Material efficiency is the coefficient that defines how much of the injected powder remains into the
melt pool to form the clad. Its value ranges between 0, when all the powder injected is lost, and 1,
when all the powder particles are captured into the melt pool.

As described in Chapter 1.3.2, the condition that determines whether the delivered powder sticks to the
cladding zone to form the clad or not is defined by the type of impact: the powder particles that strike
on a solid surface ricochet and are lost, while the particles impinging on the liquid surface of the melt
pool are captured and participate in the formation of the clad. For this reason, material efficiency can
be simply defined geometrically with equation

n="m @a
Apj

where An, is the melt pool area and Ay; is the section of the powder jet when it reaches the melt pool
[99]. When the area of the melt pool is smaller than the section of the powder jet, some powder
particles are not injected into the melt pool but on the solid surface of the substrate, they thus ricochet
and are lost: material efficiency, as a consequence, is lower than 1. When the area of the melt pool is
higher than the one of the powder jet, all the powder particles are directed into the melt pool and
material efficiency is maximized (y = 1).
The measured values of material efficiency and melt pool area have been compared in Figure 3.17.
As supposed, an increase in the melt pool area leads to an increase in material efficiency since these
two quantities are proportional. However, the correlation between n and Ay, is not linear: the area of
the powder jet A, is not a constant in this process, and must be influenced by the processing
parameters.
Due to the complex geometry of the feeding system used, no direct information on A,; are available.
However, the correlations between melt pool dimensions and melt pool area together with the effect of
processing parameters on these quantities have been investigated in order to clarify equation (3.11).
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Figure 3.17. Correlation between material efficiency and melt pool area.

The area of the melt pool is schematically illustrated by Figure 3.18, where the top-view and the side-
view of the last part of a single bead clad are reported. The last part of the produced clads is in fact
representative of the melt pool size, shape and orientation during the deposition of the clad, since at
this very moment the laser and the powder jet have been simultaneously switched off.

Figure 3.18. Schematic of melt pool area: (a) top-view and (b) side-view of the last part of a single bead clad.

According to the Figure 3.18, the area of the melt pool is assumed to be identified with the area of a
semi-ellipse having the semi-major axis equal to the semi-width of the clad (W/2) and the semi-minor
axis equal to L", defined as the real length of the molten pool. The measure of L" can be obtained
through equation

L' =+I2 + H? (3.12)
where H is clad height and L is the length of the melt pool in the longitudinal direction (i.e. parallel to
the scanning direction). Under this assumption, the equation to estimate the area of the melt pool using

its dimensions is
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Amp =5

The correspondence between the values of the

w-L (3.13)

melt pool area measured with image analysis and those

estimated with equation (3.13) is satisfactory, as it can be seen in Figure 3.19.
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Figure 3.19. Comparison between measured melt pool area and melt pool area estimated with equation (3.13).

As expected, the area of the melt pool is directly proportional to the length of the melt pool and to the
width of the clad, which corresponds to the width of the melt pool.

Through equation (3.13), correlation between processing parameters and the area of the melt pool can
be easily explained. As seen in the previous paragraphs, width of the clad has been calculated with the
trial and error method as proportional to the combined parameter P%/V®°, With the same method,
influence of processing parameters on the length of the melt pool (L") is obtained (Figure 3.20).
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Figure 3.20. Correlation between melt pool length L* and the parameter PF/V.
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Independently from the cladding material, the length of the melt pool depends on the combined
parameter PF/V through equation

I'=16+48" % (3.14)

Both melt pool width and length increase on increasing the laser power and on decreasing the scan
speed. Moreover, an increase in the feeding rate leads to an increase in the length of the melt pool.
When trial and error method is applied on the measured values of A, these correlations are
confirmed: melt pool area is linearly proportional to the combined parameter P?F/V (Figure 3.21).
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Figure 3.21. Correlation between melt pool area and the parameter P?F/V.

The following equation

P2.F
App =17.0+ 159 e (3.15)

can be used, independently from the cladding material, to correlate the molten pool area with the
processing parameters.

Since both the melt pool area and the material efficiency have been measured, values of A, have been
calculated through equation (3.11), and the possible effect of the processing parameters has been
investigated. Assuming that the only main processing parameters that can modify the powder jet are
the feeding rate and the scan speed, the laser power has been rejected as a possible influencing
parameter.

With a certain limitation on the calculated regression coefficient (R*= 0.57), the combined parameter
which maximizes R? is the powder density (F/V) (Figure 3.22).
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Figure 3.22. Correlation between the projected area of the powder clad Ay and the parameter F/V.

If the correlation between Ay and the parameter F/V is assumed to be valid, when the grams per
millimetre of injected material are increased, a generally larger area can be covered by the powder
particles.

Even if the feeding rate F affects both the powder jet and the melt pool dimensions, the effect of this
processing parameter does not seem to be reflected on the material efficiency. Indeed, when the trial
and error method has been applied on the measured values of material efficiency, no influence of the
feeding rate is highlighted: the effect of the feeding rate on increasing the powder jet dimension in
balanced by its tendency to increase the area of the melt pool. As stated in equation (3.3), material
efficiency is only influenced by the combined parameter \V*°/P.

3.5 Effect of substrate and preheating treatment on geometry and dilution
models

In the previous chapters, models to estimate clad geometry and dilution as a function of the processing
parameters for different cladding materials have been defined. The possible influence of substrate
material or condition has not been taken in consideration, since the same mild steel substrate at room
temperature have been utilized. In this chapter, the effect of substrate preheating and different
chemical composition of the substrate are investigated. Two batches have been produced cladding the
NiBSi alloy onto the mild steel substrate preheated at 400°C and onto the grey cast iron substrate
preheated at 400°C. Results of these batches have been compared with those obtained from cladding
the NiBSi alloy onto the mild steel substrate.

In Figure 3.23 the measured values of height, width, material efficiency and dilution of the clads
produced on the preheated mild steel are reported together with the previously obtained equations
(3.4), (3.5), (3.10) and (3.3), which give the correlation between the cited properties and the
processing parameters when substrate is not preheated.
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Figure 3.23. Height, width, material efficiency and dilution of the clads produced on the preheated mild steel
reported together with the previously obtained correlations.

Clad height prediction does not seem to be influenced by substrate preheating. Data points falls close
to the straight line representing equation (3.4), or at least in the acceptable region. On the other hand,
predictions of clad width, dilution and material efficiency are slightly affected by the preheating of the
substrate. Most of the data points, in fact, lies above the three straight lines used to represent equations
(3.5), (3.10) and (3.3): when two clads are produced with the same laser power and the same scan
speed, clads produced on a preheated substrate tend to be wider than those produced on a not
preheated substrate, and material efficiency in the case of preheated substrate results to be higher. In
addition, when the three main processing parameters are the same, preheating the substrate leads to an
increase in dilution percentage.
From a physical point of view, substrate preheating can be seen like a surplus of energy given to the
cladding system: a higher amount of energy available leads to higher energy transferred to the
substrate (which means higher dilution), larger melt pool area (which means higher material
efficiency) and higher temperature reached by the melt pool (which generates higher wettability and
wider clads). Since the usable energy in the laser cladding process is mostly determined by the laser
power, a simple approach is proposed: the effective laser power available by the cladding system when
the substrate is preheated (Pes) is equal to

Pepr =P+ Py (3.16)
where P is the input power and Py, is the extra amount of power available by the system due to
substrate preheating.
This consideration is further confirmed by the dependencies of the clad properties on the processing
parameters, and in particular on the laser power. Material efficiency, dilution and clad width, which
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are influenced by the laser power, are sensitive to substrate preheating. In specific, an increase in the
available laser power generates higher values of 7, D and W, as revealed by experimental results. Clad
height, which is only partially influenced by the power of the laser through the material efficiency,
remains basically the same whether the substrate is preheated or not.

Under this assumption, the equations that correlate the processing parameters with the clad properties
considered have to be opportunely modified using equation (3.16). In case of substrate preheating, the
following equations can be used to estimate material efficiency, clad height, clad width and clad
dilution respectively

VO'
Npr = 100 — 49 - e (3.17)
F Npr
Hyy = ko v % (3.18)
Pofs?
Wpr = 9.8+ 0.6 % (3.19)
xX.vy
Dy =m- % (3.20)

The unknown value of P, has been calculated as equal to 0.67 KW. This result has been obtained
using the experimental data through the optimization of the four linear regression coefficients of the
previously cited equations. For the proposed models to estimate clad geometry and dilution, substrate
preheating of 400°C results to be equivalent to an increase in the laser power of 0.67 kW (Figure
3.24). For future works, an investigation to study and confirm the correlation between P, and the
preheating temperature is suggested.

The same approach has been applied on clads produced on the different substrate (grey cast iron)
preheated as well as before at 400°C. In Figure 3.25 the measured values of height, width, material
efficiency and dilution of these clads are reported together with equations (3.4), (3.5), (3.3) and (3.10)
respectively, which give the correlation between the cited properties and the processing parameters
when substrate is a mild steel and it is not preheated.

As before, no visible difference between the measured values and clad height prediction can be seen,
while the measured values of material efficiency and clad width are underestimated by equation (3.3)
and (3.5) respectively. Since the effect of substrate preheating has been previously evaluated, the same
assumption is used. Equations (3.17), (3.18) and (3.19) are used to estimate material efficiency, clad
height and clad width respectively, and P is calculated using equation (3.16). The extra amount of
power available by the system due to substrate preheating (P,r), which is included in equation (3.16),
is again obtained through optimization of the linear regression coefficients. This value results to be
equal to 0.67 kW, thus confirming the previous result: the effect of substrate preheating of 400°C on
the proposed models to estimate clad geometry is the same for the clads realized on a different
substrate, and it can be represented by an increase in the laser power of 0.67 kW (Figure 3.26).
Moreover, the different material used for the substrate does not have any significant effect on
equations to predict clad geometry and material efficiency.
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Figure 3.24. Height, width, material efficiency and dilution of the clads produced on the preheated mild steel
plotted as a function of the opportune parameter, using the real laser power P (cyan) and the modified laser
power P (brown). Data points reported together with the previously obtained correlations.
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Figure 3.25. Height, width, material efficiency and dilution of the clads produced on the preheated grey cast
iron reported together with the previously obtained correlations.
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Figure 3.26. Height, width, material efficiency and dilution of the clads produced on the preheated grey cast
iron plotted as a function of the opportune parameter, using the real laser power P (light grey) and the modified
laser power P (brown). Data points reported together with the previously obtained correlations.

Dilution have been excluded from the calculation of P,,. In fact, as it can be seen in Figure 3.26, even
if substrate preheating is taken into account and the corrected equation (3.20) is used to estimate
dilution, its prediction it is still not satisfactory. The measured values of dilution are always higher
than the predicted ones, and they cannot be represented with a straight line. When compared to the
combined parameter Ps-*V*°F?, dilution tends to increase linearly until the value of D = 55%, where
a threshold value for dilution is reached: a further increase in the parameter P;>V**F? does not affect
dilution anymore.

The reason of the underestimation of dilution lies in the different material used as a substrate: grey
cast iron, indeed, has a lower melting temperature than the mild steel; the lower melting temperature
of the substrate promotes dilution since, if the same quantity of energy is given as a input and same
mass and type of material is fed into the system, an higher amount of substrate is allowed to melt and
dilute into the melt pool.

In order to predict dilution when a different substrate material is used, equation (3.20) has to be
opportunely modified. In the first region of the graph, where dilution is linearly proportional to
Poi°VO°F?, a different constant of proportionality has been calculated through the optimization of the
regression coefficient. This calculation has been done neglecting the measurements of the second
region of the graph, where dilution has been considered as constant (D = 55%). As a consequence, the
equation to predict dilution in clads produced with the grey cast iron can be represented as follow

Peff1.5_Vo.5 Peffl's'VO'

5
mg* 5 [%], > <116
Dpr = ° F 15 osF (3.21)
Peps V™
55 [%], — > 116
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where m; is the new constant of proportionality and results to be equal to 0.47.
Graphical representation of equation (3.21) is given in Figure 3.27 together with experimental data.
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Figure 3.27. Dilution of the clads produced on the preheated grey cast iron as a function of the parameter

P "V °F?, plotted using the real laser power P (light grey) and the modified laser power Pq (brown).
Data points reported together with equation (3.21).
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For clads produced with the same main processing parameters, the higher value of mg with respect to
m justifies the higher dilution revealed in samples produced on grey cast iron substrate.

For the particular cladding material investigated and the processing window utilized, dilution at 55%
was found to be the maximum amount of dilution allowed by the process.

3.6 Energetic model

Laser cladding is well-known for the low energetic efficiency since a large part of the incoming laser
radiation is reflected or reradiated from the cladding zone. Together with this, there are other energy
losses which are more or less unavoidable or necessary to the cladding process. In Chapter 1.6 a
schematic representation of the energy redistribution during laser cladding process is reported and
explained. In this section, energetic balance is proposed in terms of power balance for the coatings
produced with In625, 316L, Stellitel and NiBSi. The different terms of the power balance are
investigated and discussed using equations found in literature and, if necessary, modified by the
author. Final considerations regarding the process efficiency and how it can be correlated to the
processing conditions and the final characteristics of the clad are discussed.

3.6.1 Definition of the power partitioning

A brief description of the power redistribution in laser cladding process during its steady-state is
given in the following lines, while a schematic representation in reported in Figure 3.28.
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laser beam

Figure 3.28. Schematic illustration of the power redistribution for the laser cladding process
during its steady-state.

Before reaching the workpiece, the laser beam interacts with the powder particles stream: part of the
radiation that hits the powder is reflected off the particles surface (Pyenp) and part is absorbed by them
(Pabsp). Since not all the powder particles injected remain into the system, a portion of this power will
contribute to the clad formation (the one related to the powder particles that remain into the melt pool,
(Pabspri) While the other will be lost (the one related to the powder particles lost, Pays ).

Consequently to this interaction, the laser beam results to be attenuated (P4) by the powder jet, and
the effective laser power available at the melt pool surface is lower (P-P,). When the “attenuated”
laser light hits the melt pool, a fraction is reflected off the melt pool surface (Prenmp) While the
remaining part is absorbed by the cladding system (Papsmp) according to the absorption coefficient of
the melt pool material. The laser radiation reflected off the melt pool surface is reradiated towards the
powder cloud: for this reason, part of it is absorbed by the powder particles that remain into the melt
pool with the same mechanism as before (Papspn), and thus it is not lost [62,68,99,124,130].

However, not all the power absorbed by the workpiece can be considered as the power necessary to
the clad formation (Pc) due to other energetic losses phenomena: part of this power is lost by
conduction from the melt pool into the substrate (i.e. power to form the heat affected zone P,z and to
heat up the base material Py,) and the remaining small part is lost by radiation and convection from
the melt pool to the surroundings (Pyaq and Pcony).

Reflection and absorption phenomena of laser irradiation by the cladding system play a fundamental
role in the energy balance. For this reason, the input power of the laser (P) can be distinguished in P
and Pya: P, represents the part of the laser power that, at the end of the cladding process, is absorbed
by the cladding system; Pya consequently represents the part of the power which is not absorbed and
thus lost by the cladding system when the process is over

P=PA+PNA (322)
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The part of the power which is not absorbed and thus lost by the cladding system when the process is
over (Pna) includes five quantities: the power reflected by the melt pool (Prenmp), the power reflected
by the powder particles during injection (P ), the power absorbed by the powder particles lost in the
process (Papspi), the power radiated by the melt pool (P..q) and the power lost by convection from the
melt pool (Peony) [62,99,124]

PNA = Prefl,mp + Prefl,p + Pabs,pl + Prad + Pconv (3.23)

On the other hand, the part of the absorbed power P, includes three quantities: the power directly
absorbed by the melt pool (Pasmp), the power absorbed by the powder particles that remain into the
melt pool (Passpn) and power reflected by melt pool and subsequently absorbed by powder particles
that remain into the melt pool (Papspri) [99,124]

Py = Pabs,mp + Pabs,prl + Pabs,prll (3.24)

The power absorbed by the cladding system is in turn redistributed between powder and substrate. In
fact, P, can be seen as

PA:Pp+Ps+PHAZ+Pbulk (325)

where P, and P are the part of the laser power used to heat up, melt and superheat the powder and the
substrate respectively, Pyaz is the power used to form the Heat Affected Zone and Py is the power
dissipated by conduction through the substrate. Since the only part of laser power which is effectively
used to form the clad is given by P, and P;, these two quantities together can be considered as the part
of the laser power used to form the clad Pc.

Quantification of all these terms is now discussed.

power attenuated (Pay)

To evaluate the amount of power attenuated, Mie’s theory for the scattering of the light is used. If a
powder particle cloud containing N particles per unit volume is hit by a laser beam, and the powder
particles are assumed to be identical to sphere in vacuum, the intensity of the proceeding beam
decreases in a distance z by the fraction exp(-yz), where y is the extinction coefficient [141].
Independently from the state of polarization of the incident light, the extinction coefficient is given by

Y=N-m-1% Qext (3.26)

where r is the particle radius and Qe is the efficiency factor of extinction.
Because of this, the ratio between the attenuated power and the incident power is described by
equation

| L]

U =1 —exp(N 712" Quyt * 2) (3.27)

]

Evaluation of the terms N and z in equation (3.27) is quite complex due to the setup of the feeding
system used. N is estimated with the following equation
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N = 3-F

- w273, Dp].Z -p- Vp (328)

where F is the feeding rate, p is the density of the cladding material and V, is the particle velocity.
This equation, reported by many papers in literature [99,124,130], is simply determined geometrically
assuming the laser beam and the powder stream as two intersecting cylinders.

The term z, through simple trigonometry, is assumed to be

~ Dvj
Z= sinay, (3.29)
Assuming that particles have constant velocity (V, = 2.5 m/s) and assuming the particle radius r
constant and equal to the arithmetical mean between the maximum and the minimum particle radius (r
= 50.8 um), equation to evaluate the attenuated power can be rewritten as

Pyt =P [1 —exp (”'T'D;?;x-tl}:. — aL)] (3.30)
The efficiency factor of extinction Qg is function of n,-x domain, where n,, is the refractive index
mismatch (i.e. the ratio between the refractive index of the particle and the refractive index of the
medium) and X is the size parameter (i.e. x = 2ar/4), and might be estimated through the Tables of Mie
functions [141].
However, in the present experiment the target (i.e., the liquid melt pool) is close to the powder jet with
dimensions comparable to the laser beam radius. Moreover, for large particles, most of the light is
diffused within a narrow cone in the forward direction. It is thus possible to assume that only the light
absorbed by, or reflected onto, the particle is removed from the incident beam. In such a case, the
extinction cross section should be close to the actual geometrical cross section, that is, Qe = 1 [99].

power reflected by the powder particles during injection (Pres,p)
The power reflected by the powder particles is calculated with the following equation

Prefl,p = Catt” (1 - ﬁp) (3.31)

where £, is the absorbance of the powder material at the laser wavelength (808 nm) [99,124]. The use
of the power attenuated in equation (3.31) is justified by the fact that P, is the portion of the incoming
power that interacts with the powder particles. Since S, represents the absorbance of the powder
material, 1-5, express its reflectance. The measurement of the coefficient g, for the different powders
is reported in Appendix 4.

power absorbed by the powder particles lost in the process (Paps,pi)

The power absorbed by the powder particles lost can be quantified with equation

Papspt = Page .Bp “(1—mn) (3.32)
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where 7 is the material efficiency, expressed as a coefficient that ranges between 0 and 1 [99,124]. The
term PS5, represents the power absorbed by all the powder particles, while with the term 1- # limits
the calculation only to the powder lost in the process.

power radiated by the melt pool (P aq)

The power radiated from the melt pool can be estimated using the temperature of the melt pool, its
surface area and its emissivity. Assuming the emissivity of the liquid metal as equal to 1 for
simplicity, the maximum possible radiation can be calculated with the formula

Prqq = 0sp - Tmp4 “Amp (3.33)

where oz is the Stefan-Boltzmann constant (5.7-10‘8 W/m2K4), Tmp is the average temperature reached
by the melt pool and A, is the area of the melt pool [62]. The temperature of the melt pool, which is
the only parameter unknown, has been estimated is Appendix 6.

power lost by convection from the melt pool (Pcony)

Convection occurs because the hot melt pool is exposed to the cold streams of the carrier and the
shielding gas. The rate of convective cooling of a hot body exposed to a cooler gas is given by
equation

Qconv =h-S" (Tmp - Tcg) (3.34)

where h is the heat transfer coefficient, S is the surface area of the hot body and T is the temperature
of the cooling gas [62]. Since evaluation of the heat transfer coefficient from a standard text (100
W/m?K) [142] leads to a limited rate of convective cooling and consequently to a very low value of
powder lost by convection from the melt pool (Pen < 0.01P), the convection phenomena can be
neglected from the power balance.

power reflected by the melt pool (Prefi,mp)

The power lost by melt pool reflection is estimated with equation

Prefl,mp = (P - Patt - Prad - Pconv) ' (1 - BS) - Pabs,prII (3.39)

where S is the absorptivity, or absorption coefficient, of the liquid metal material when irradiated by a
laser light and Paps o IS the fraction of power reradiated from the melt pool and subsequently absorbed
by the powder particles that remain into the melt pool [99]. This value has to be subtracted in the
calculation of P m, because, even if initially reflected by the melt pool, this radiation is absorbed by
the system and thus not lost. The equation to calculate Py 1S presented in the next point. The term
1-p in equation (3.35) represents the reflectivity of the metal melt pool. The calculation of the
coefficients f; for the cladding materials treated is reported in Appendix 3.
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power absorbed by the powder particles that remain into the melt pool (Papspri @Nd Paps prir)

The power absorbed by the powder particles that remain into the melt pool can be distinguished in two
components: the part which is absorbed directly from the input laser radiation (Passpn) and the part
which is absorbed from the radiation reradiated from the melt pool, as explained before (Papsprii)-
These two components can be estimated [99] through the following equations

Pabs,prl = Pae "1 Bp (3.36)

Pq
Pabs,prll = (P — Patt — Praa — Pconv) n- .BP Ttt ’ (1 - ﬁs) (3.37)
power absorbed by the melt pool (Papsmp)

As shown for the calculation of Pyenmp, the power absorbed by the melt pool can be calculated
[62,99,124] through the absorption coefficient S using equation

Pabs,mp = (P — Patt = Praa — Pconv) ‘Bs (3.38)

Using equation (3.38) the global power absorbed by the cladding system (P,) can be calculated. This
power is redistributed as explained in equation (3.25). The terms of this equation can be estimated as
follows.

power used to heat up, melt and superheat the powders (Pp)

With the assumptions of constant cross-sectional area in the clad length and negligible influence of the
solid-state phase transformations in the material of the clad during laser irradiation, the power used to
heat up, melt and superheat the powders is calculated with equation

Py=Ay-V py[cpp(T) (Top — Tr) + AHpy | (3.39)

where Ay is the emerging cross section of the clad, V is the scan speed, p, is the density of the cladding
material, ¢, is the heat capacity of the clad material, which is function of the temperature, Ty, is the
average temperature reached by the melt pool, T, is the room temperature and 4Hy,, is the enthalpy of
melting of the cladding material [62]. The heat capacity of the different materials has been obtained as
reported in Appendix 7, while the temperature of the melt pool has been estimated as shown in
Appendix 6. For the enthalpy of melting of the different materials, values found in literature have been
used [143-146]. These values are reported in Table 3.4.

Table 3.4. Enthalpy of melting of the four powder materials and the substrate material.

AH,,
[J/g]

NiBSi 300
316L 280
In625 275
Stellitel 310
mild steel 272
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power used to heat up, melt and superheat the substrate (Ps)

The power used to heat up, melt and superheat the substrate is defined in a similar way. With the same
assumption as before (constant cross-sectional area and negligible influence of the solid-state phase
transformations in the material of the substrate), Ps is estimated with equation

Ps=Ap-V ps- [Cp,s(T) ’ (Tmp - Tr) + AHm,s] (3.40)

where Ap is the submerged cross-sectional area of the clad, ps is the density of the substrate material,
Cp,s IS the heat capacity of the substrate material, which is function of the temperature and 4H is the
enthalpy of melting of the substrate material, which has been found in literature (272 J/g). The heat
capacity of the substrate material has been estimate in Appendix 7.

power used to for the Heat Affected Zone (Pnaz)

The power utilized for the formation of the Heat Affected Zone is quantified with equation

Puaz = Apaz*V  ps - cps(T) " (Tyaz — T) (3.41)

where A,z is the cross-sectional area of the Heat Affected Zone, measured with Image Analysis and
Thaz is temperature reached by the Heat Affected Zone. Again, the contribution of the alpha-to-gamma
transformation to the value of Pyaz is neglected, and the cross-sectional area of the Heat Affected
Zone is considered constant in the clad length. The Heat Affected Zone is assumed to reach,
independently from the processing conditions, an average temperature between Az (Tazs = 871°C)
[146] and the melting temperature (T,,s = 1515°C) [146] of the mild steel used

T + T
Thaz = %25 (342

power dissipated by conduction through the substrate (Pyui)
The remaining portion of power is dissipated by conduction through the substrate, and its only
contribution is to heat up the substrate. This term can be calculated once all the other contributions are

determined with the formula

Pbulk=PA_Pp_Ps_PHAZ (3.43)
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3.6.2 Calculations of the power partitioning

Effect of the cladding material

The estimation of the energetic redistribution during the laser cladding process is reported in Figure
3.29 in terms of approximate percentages, calculated by averaging the results obtained in different
processing conditions and with different cladding materials.
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Figure 3.29. Average energetic redistribution during the laser cladding process.

12.9%

The same calculation for the four distinguished cladding materials is represented in Figure 3.30.

Pc Pbulk pHAZ Priﬂ,mp Plost,p Prad

Figure 3.30. Average energetic redistribution during the laser cladding process for the different materials.

The major mechanism of energy loss is the reflection of the laser light from the molten pool surface.
Irrespective of the cladding material, almost the half of the input energy (50 + 3%) is lost due to this
phenomenon. The reflectivity of the liquid metal, which is however limited by the low wavelength of
the high power diode laser, is principally influenced by the melt pool surface condition, and in
particular by surface oxidation during cladding: since the melt is produced in a protective atmosphere
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guaranteed by argon injection, surface oxidation is prevented and interaction occurs directly between
the laser light and the liquid metal, that is highly reflective.

The power lost due to the powder particles injection (Piostp), that includes both the part reflected off
the powders surface and the part absorbed by the powders lost, corresponds to the 6 £ 2% of the input
power. In these phenomena, the effect of the cladding material is mainly determined by the powder
particle absorption coefficient S, and by the powder particles size. Since powder size is the same and
no big differences are found between the estimated values of f,, as reported in Appendix 4, no
significant variations of this quantity is highlighted for the four different cladding materials (Figure
3.30).

The power losses due to radiation and convection from the melt pool are low: the first one corresponds
to the 2 £ 1% of the input power, while the second one has been neglected since it is lower than 1% of
the laser power P.

Even if results of the various batches are obviously influenced by the ranges of the processing
parameters, by their combination and by the number of experiments performed, some considerations
about the effect of the cladding material on the various quantities can still be done.

Of the power absorbed by the cladding system (P, + Puaz + Ppux = 41%) more than half (= 66%) is
wasted to heat up the substrate and to form the Heat Affected Zone, while only 15 £ 4% of the input
power is used for the clad formation. This average percentage is almost the same for all the cladding
materials investigated; however, a slightly higher value is observed in the batch produced with the
316L stainless steel. This small difference is principally caused by the higher temperature reached by
the melt pool during cladding, which requires a higher amount of energy and consequently to a higher
average value of P..

The average value of the percentage of input power utilized to form the Heat Affected Zone is equal to
the 13 + 5%. Also in this case, the effect of the molten pool temperature is visible when the various
batches produced with different cladding materials are considered separately: even if the value of Pz
is influenced by dilution and so by the processing parameters, the lowest average value of Pya /P is
found for the clads produced with the NiBSi alloy, where the average melt pool temperature is the
lowest. On the other hand, the average value of Pyaz/P is the highest for the clads produced with the
316L stainless steel, where the average melt pool temperature is the highest. The melt pool
temperature affects the amount of energy conducted to the substrate and, as a consequence, the volume
of the Heat Affected Zone.

Since the values of Py, is obtained once all the other quantities of the power balance are known, any
possible effect of the cladding material on Py is not considered or discussed. However, it is
interesting to notice that the power lost to heat up the rest of the bulk is the 13 + 6% of the input
power, corresponding to about the 32% of the laser power absorbed by the cladding system. Due to the
waste of high quality laser energy, not only the energetic efficiency but also the economic efficiency
of the process result decreased. As suggested by [62], a possible solution to improve the economic
efficiency of the cladding process is the substrate preheating treatment involving a cheaper energy
source, such as flame, furnace, plasma or induction techniques.

Effect of the processing parameters and angle of incidence

In Figure 3.31, the percentage of the laser power that is absorbed by the cladding system (P,) with
respect to the input power is plotted as a function of the angle of incidence.
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Figure 3.31. P,,/P percentage as a function of the angle of incidence.

As said before, the average value of the percentage of power absorbed by the cladding system is equal
to 41%. As it can be seen in Figure 3.31, no significative variations of this value are highlighted:
irrespective of the angle of incidence (i.e. on the processing parameters), the percentage of power (or
energy) available by the cladding system remains the same. This condition is principally due to the
polarization state of the laser source and to the similar values of n and k (refraction index and
extinction coefficient respectively) of the cladding materials utilized, as extensively explained in
Appendix 3.

In Figure 3.32, the percentage of the laser power used to heat up, melt and superheat the powder (P,)
with respect to the input power is plotted as a function of the angle of incidence.
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Figure 3.32. P,/P and P,/P percentages as a function of the angle of incidence.

On increasing the angle of incidence, the percent of energy used for the powder particles increases
since a higher amount of material is involved into the process. In fact, the angle of incidence is
proportional to the clad height according to equation (A.11). As a consequence, the percentage of
energy required by the cladding system results to be higher. This is also visible in Figure 3.33, where
the correlation between the values of P,/P [%] and the feeding rate is reported.
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Figure 3.33. P,/P percentage as a function of the feeding rate.

In Figure 3.34, the percentage of the laser power used to heat up, melt and superheat the substrate (Ps)
with respect to the input power is plotted as a function of the angle of incidence.
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Figure 3.34. P¢/P and P,,s/P percentages as a function of the angle of incidence.

On increasing the angle of incidence, the percent of energy used for the substrate decreases. Ps, which
is calculated with equation (3.40), is proportional to the submerged part of the cross-sectional area Ap,
and represents the percent of energy utilized to dilute the substrate. Together with P,, which is
proportional to Ay, Ps can be used to describe dilution.

Dilution D has been defined as the ratio between the submerged part of the cross-sectional area Ap and
the total cross-sectional area (A), that is equal to Ap+Ay. Since the value of Ap is much lower than Ay,
dilution can be approximated as shown in equation

A A
D=—2—~"=2 (3.44)
Ap + An AN
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If the differences in the specific heat and material density between substrate and powder are neglected,
equation (3.44) becomes

D = r == (3.45)

Clad dilution is correlated to the ratio between the power used to heat up, melt and superheat the
substrate and the powder (Figure 3.35).
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Figure 3.35. Correlation between the P¢/P, ratio and the dilution D of the clad.

Due to the evident correlation between the values of P, and P, and the angle of incidence (Figure 3.32

and Figure 3.34), the ratio Ps/P, and dilution have been plotted as a function of the angle of incidence
in Figure 3.36.
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Figure 3.36. Correlations between the P¢/P, ratio and angle of incidence (left) and between dilution and angle of
incidence (right).

For high values of the angle of incidence, clad dilution is limited and the ratio Ps/P, tends to be low.

On decreasing the angle of incidence down to the minimum value accepted (6, = o = 28°), the ratio
Ps/P, and dilution increase with the typical behaviour shown in Figure 3.36.
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As the value of P is much lower than the value of Py, the total power used to form the clad (P. = P, +
Py) is basically dictated by P,: on increasing the angle of incidence, the percentage of power used to
form the clad with respect to the input power increases (Figure 3.37).
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Figure 3.37. P/P and P,s/P percentages as a function of the angle of incidence.

The angle of incidence is a useful parameter to describe the energy partitioning of the laser cladding
process. By varying the angle of incidence, the energy absorbed by the cladding system does not
change. However, the energetic balance of the process is drastically altered: for low &, thinner clads
with an extremely high amount of dilution are generated, and most of the absorbed energy is lost by
conduction through the substrate. This is further confirmed by the correlation between the value of
Puaz/P [%] and 6;,: for low values of the incidence’s angle, the percent of power utilized to form the
HAZ with respect to the input power is high, and decreases on increasing &, (Figure 3.38).
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Figure 3.38. Pyaz/P and P,,s/P percentages as a function of the angle of incidence.
On increasing &, thicker clads are produced. Since in thicker clads the amount of material to protect

the substrate is higher, dilution increases. Furthermore, on increasing i, the energetic efficiency of the
process increases due to the increment of P./P and the decrement of Pya/P.
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Regarding the energy used to heat up the rest of the bulk, it can be said that no clear correlations are
found between the values of P, /P [%] and the angle of incidence: the energy conducted to the
substrate seems to be dissipated through the substrate unconditionally from the incidence angle
(Figure 3.39).
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Figure 3.39. Pp,/P and Pg,s/P percentages as a function of the angle of incidence.

It has to be said, however, that the value of Py is calculated in reverse once all the other quantities
are known, and for this reason it includes all the approximations made in the energetic balance. For a
more precise evaluation of this quantity, substrate temperature measurements during laser cladding
must be performed.

3.7 Coatings characterization

In this section the final characteristics of the coatings have been focused. In particular, the effect on
clad properties of important parameters such us substrate dilution and, in the case of MMC, carbide
dissolution, is considered and discussed.

As said before, in laser cladding process a minimum level of dilution is necessary to ensure a good
bonding with the substrate, but an excessive contamination of the clad by the substrate material may
influence the properties of the coating negatively. Dilution is generally kept between 2 and 5%, but a
real upper limit can be fixed only when the influence of dilution on the coating properties is known.
For this reason, a study of the effect of dilution on some selected properties of clads produced with
Stellitel, In625 and NiBSi alloy is proposed in the following three chapters.

Together with dilution, when hard reinforcement particles are added to the cladding material to
produce MMC coatings, also dissolution of these particles is something that may influence, not
necessarily in a detrimental way, coating properties. In the last chapter the influence of different
processing condition on the dissolution of tungsten carbides in two Co-based alloy, and its effect on
final properties of the clad is presented.
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3.7.1 Stellitel

Stellitel powder has been cladded onto a mild steel substrate in different processing condition to
obtain different values of dilution.

In Figure 3.40 three micrographs representative of the microstructure of samples with low (Fe < 5%),
intermediate (5% < Fe < 15%) and high dilution (Fe > 15%) are reported. Since the initial iron
content of the Stellitel is low (0.93%), the value of Fe does not differ so much from the value of D.

Figure 3.40. Micrographs of samples with dilution lower than 5% (left), between 5% and 15% (center),
and higher than 15% (right).

Dilution influences clad microstructure. Solidification structure of the sample with low dilution (Fe <
5%) presents a pro-eutectic constituent having cellular features with small eutectic cells. In the highly
diluted sample (Fe > 15%) the pro-eutectic constituent has a dendritic structure with the eutectic
constituent segregated in the interdendritic spacing. In samples where dilution is between 5% and
15%, an intermediate solidification structure is present showing both the cellular and the dendritic
features.

Solidification structures also differ in the total amount of eutectic constituent, which is higher in the
clads with low dilution. This eutectic constituent was analysed by EDXS (Table 3.5) and SEM (Figure
3.41); it is made of the Co solid solution matrix and two different types of carbide: the white one
(Figure 3.41,a) and the grey one (Figure 3.41,b). Considering the tungsten content and the W/C ratio,
even if from semi-quantitative data it may be concluded that the white carbides are M¢C and the grey
carbides are My3Cs.

Table 3.5. EDXS analysis of the white (a) and the grey (b) carbides of samples with dilution lower than 5%
and higher than 15% respectively.

sample carbide type C Cr Fe Co W
[%6] [%6] [%0] [%6] [%0]
0 white (a) 4.7 22.9 0.6 33.8 38.0

Fe < 5% grey (b) 1.7 24.5 1.0 60.6 12.2
0 white (a) 3.9 18.4 10.6 30.2 36.9

Fe < 15% grey (b) 2.3 18.6 16.6 47.6 14.9
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Figure 3.41. Stellite microstructures showing the white (a) and the grey (b) carbides.

Hardness of the clads is reported in Figure 3.42 as a function of their average iron content.
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Figure 3.42. Rockell-C hardness as a function of dilution.

Hardness decreases with the increase in dilution: when dilution is low, it is about 61 + 1 HRC, which
corresponds to the expected hardness of a Stellitel alloy coating produced with laser. When the
average iron content of the coating is almost 20%, hardness drops down to 49 + 2 HRC. Hardness is
also highly scattered in the samples where dilution is in the range between 5% and 15%. To better
understand this behaviour, microhardness measurements have been carried out. Results are reported in
Figure 3.43.

Microhardness is strongly dependent on the clad microstructure: it is the higher in the less diluted
samples, which show the cellular solidification structure (for instance 824 + 24 HV,; where Fe =
0.9%), and the lower in the most diluted specimen having the almost fully dendritic microstructure
(for instance 675 + 3 HV,; where Fe = 20.8%). In samples where dilution is between 5% and 15%,
which show both the cellular and the dendritic solidification structures, microhardness is different: in
the cellular regions microhardness is higher (795 + 22 HV,; where Fe = 10.6%) than in the dendritic
ones (698 + 40 HV, ;). This explains the broad scattering bands of the hardness values for the samples
in this dilution range.
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Figure 3.43. Vickers 0.1 microhardness as a function of dilution with respective microstructure.

Dilution finally influence phase distribution of the solid solution matrix. As it can be seen in Figure
3.44, on increasing dilution, the a-fcc phase of the coating tends to increase at the expense of the &-hcp
phase. This may be attributed to the alpha stabilizing effect of both carbon and iron in cobalt alloys
[147].
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Figure 3.44. Distribution of a-fcc and e-hcp phases for samples with dilution lower than 5% (black), between
5% and 15% (red), and higher than 15% (blue) respectively.

Dilution influences the solidification structure and hardness of the clad significantly. It’s well known
that solidification structure evolves from cellular to dendritic on decreasing the G/R ratio, where G and
R are the temperature gradient perpendicular to the solid/liquid interface and the cooling rate,
respectively. Huang et al. [148] propose a correlation between G/R and the laser scan speed (V) and
power (P)

G 2-m-K-(T-Tp)?
e (3.46)
R Bg-P-V-cosf
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where T is the temperature of the alloy melt pool, T, is the preheated temperature of the substrate, fg is
the laser absorption coefficient and K is the thermal conductivity of the material and & is the angle
between the scan speed vector and the normal to the solid-liquid interface.

Dilution, as stated in Chapter 3.2, is promoted by higher laser power and higher scan speed. For this
reason, dilution is representative of the variation of these two parameters: an increased clad dilution is
generated with higher laser power and higher scan speed, which are also the cause of a lower G/R
ratio. As a consequence, evolution from cellular to dendritic solidification structure is favoured.

On increasing dilution, moreover, the iron content of liquid stellite increases and the carbon content
decreases; consequently the chemical composition moves away from the eutectic composition, thus
resulting in an increased extension of the solidification range. As well known, on increasing such a
solidification range, solidification structure tends to evolve from cellular to dendritic.

Due to the modification of the chemical composition of the liquid stellite, a lower amount of eutectic
constituent is formed during solidification of the more diluted clads. Consequently, being carbides
localized in the eutectic constituent, microhardness and hardness decrease.

Figure 3.40 clearly shows that carbides are larger and more spaced in the most diluted clad, thus
further contributing to the reduced hardness. Size and distribution of carbides depend mostly on
cooling rate. Cooling rate is mostly determined by the product of G and R [149], and is thus governed
by the ratio between P and V through equation

dT 2 -m-K-V-cos@ - (T-Ty)?
== (3.47)
dt Bg P

In the present work, the larger and more spaced carbides are observed in the most diluted clads, that
are produced with the highest power, the lowest powder feed and, even if with a lower influence, the
highest scan speed. Again, it seems that the solidification microstructure is not linked to the thermal
field assisting solidification. Any correlation between carbide size and the size of the proeutectic
constituent cannot be made, due to the difficulty of comparing the size of cellular and dendritic
structures.

3.7.2 Inconel 625

Inconel 625 powder has been cladded onto a the mild steel substrate in different processing condition
to obtain different values of dilution, and a preliminary study of the effect of dilution on material
properties (microstructure and microhardness) and on the thermal oxidation behaviour of these clads
has been conducted.

The microstructures of the clads exhibiting 3.9 and 45.0% of dilution respectively are reported in
Figure 3.45. In order to investigate the only effect of dilution on microstructure, these clads has been
produced using the same laser power and scan speed and varying the feeding rate.

The effect of dilution on the microstructure of the clad is evident: the microstructure of the clad with
low dilution (Figure 3.45,a) is characterized by a columnar dendritic microstructure resulting from the
typical rapid solidification of the laser cladding technique, with an interdendritic region occupied by a
fine distribution of blocky-shaped precipitates.
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Figure 3.45. Mlcrostructures of the clads with different dilution: a) 3.9% and b) 45.0%.

On the other hand, the microstructure of the clad with high dilution (Figure 3.45,b) presents the same
columnar dendritic microstructure but shows an evolution in the interdendritic region, where
precipitates are less well-distributed and exhibit irregular shape and lamellar eutectic-type

morphology.
Higher magnification micrographs of the two microstructure are reported in Figure 3.46 and Figure
3.47 together with the EDXS analysis of the precipitates.
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Flgure 3.46. Microstructures of the clad with d|Iut|on equal to 3.9% and EDXS spectrum of the precipitate.
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Figure 3.47. Microstructures of the clad with dilution equal to 45.0% and EDXS spectrum of the precipitate.
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Both of the microstructures show a dendritic y face-centred cubic phase enriched in Ni, Cr and Fe,
which is obviously higher in the clad where substrate dilution is more pronounced. Precipitates of the
less diluted clad are rich in Nb and Mo, while Ni, Cr and a small amount of Fe come from the matrix.
A significative peak of carbon is also detected, even if quantitative analysis of C with EDXS has not
been considered. Precipitates of the more diluted clad are also rich in Nb and Mo, but a higher amount
of nickel and iron and a smaller peak of carbon are revealed.

The different microstructures can be justified by analysing the solidification behaviour of the Inconel
625 alloy. Solidification of this alloy begins with the formation of y dendrites which is enriched in
nickel, chromium and iron and depleted in molybdenum and niobium. These elements segregate to the
interdendritic regions and, as the solidification proceeds further, the content of Nb and Mo into the
interdendritic liquid increases. The solidification process of Inconel 625 usually ends with the
formation of the Laves constituents or the niobium carbides (NbC) in these interdendritic regions:
Laves phases have generally hcp-structure, irregular shape and contain significant amount of other
alloying of impurity elements; carbides appear as blocky and dendritic Chinese-script morphology at
the grain boundary [150,151].

The formation of either Laves phases and niobium carbides in the microstructure is mainly influenced
by the chemical composition of the alloy. NbC is usually favoured by carbon and consequently by
high C/Nb ratios (Figure 3.48); on the opposite, iron and silicon promote the Laves phases: at low
C/Nb ratios, Laves and no NbC are formed. However, microstructures without niobium carbides are
not so common and requires very low carbon content (C < 0.01%) [152].

NbC /\

v+ NbC

vy + LAVES

J
Nb content LAVES

Figure 3.48. Extract from the pseudo-equilibrium diagram for Alloy 718 (modification of Inconel 625) showing
the formation of Laves phase during solidification [152].

On these bases, interpretation of the microstructures and the effect of dilution is proposed, as follows.
The chemical composition of the substrate (mild steel) is reported in Table 2.1. Substrate dilution
brings iron, carbon and silicon into the clad, and these elements, as said before, have a concurrent
effect. When dilution is limited, the increases of iron and silicon are too low to induce the formation of
Laves phases: interdendritic regions shows the formation of niobium carbides having principally
blocky morphology. On increasing dilution, Fe and Si promote the formation of both the Laves phases,
visible in the microstructure as the irregular-shaped particles, and the NbC having lamellar eutectic-
type morphology.
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The different phases detected in the interdendritic regions, their different shape and the total amount of
eutectic region contribute to the decrease in microhardness of the alloy, as it can be seen in Figure 3.49
where the average microhardness of the clad is reported as a function of the clad dilution.
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Figure 3.49. HV,; Microhardness of the clads as a function of dilution.

Figures 3.50 show the thermogravimetric curves of the isothermal oxidation up to 3 h at different
temperatures (1100 and 1200°C respectively) for clads with different amount of dilution.
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Figure 3.50. Thermogravimetric curves at 1100°C (left) and 1200°C (right) for different values of clad dilution.

At first sight, it is well evident that oxidation increases with temperature and dilution as expected:
when clads with the same amount of dilution are compared, the square of the mass gain per unit
surface area (W@,/A)2 is always higher at 1200°C than at 1100°C. Moreover, at both the oxidizing
temperatures, (Wg/A)2 increases on increasing dilution.

From a practical point of view it is interesting to notice that, in terms of weight gain, the increase in
substrate dilution from 3.9 to 32.0% (which can be expressed as a variation in the average iron in the
alloy from 3.7 to 32.0%) is worse than the increase in the oxidizing temperature from 1100 to 1200°C.
This is visible in Table 3.6, where the values of W,/A after three hours of oxidation are reported.
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Table 3.6. Total mass gain after three hours at different temperatures for different values of dilution.

temperature 1100°C, 3 h temperature 1200°C, 3 h

dilution mass gain mass gain
[%] [mg/cm?] [mg/cm?]
3.7 0.8 1.3
9.9 - 1.6
19.0 - 2.2
32.0 1.9 2.3
44.9 2.9 37.7

As a rule for the high temperature oxidations of metals, the data fitting allows to give important
information regarding the mechanism of the oxidation process [153]. Excluding the sample with the
highest dilution at 1200°C, which shows catastrophic oxidation, the oxidation kinetics follow
parabolic trends, as highlighted in Figure 3.50 by the linear trends. In particular, all the oxidation
curves can be fitted using a combination of two parabolic functions and show a transition to a lower
oxidation rate step after a certain time (about 30 — 50 minutes) during the isothermal holding.
Oxidation rates of the different stages are reported in Table 3.7.

Table 3.7. Oxidation rates in the two stages at different temperatures for different values of dilution.

temperature 1100°C, 3 h temperature 1200°C, 3 h
1% stage 2" stage 1% stage 2" stage
dilution  oxidation rate  oxidation rate  oxidation rate  oxidation rate

[%] [mg’cm*min]  [mg®cm*min]  [mg%cm’min]  [mg®cm*min]
3.7 0.006 0.003 0.017 0.007
9.9 - - 0.018 0.011
19.0 - - 0.037 0.022
32.0 0.025 0.017 0.037 0.022
44.9 0.061 0.042 * *

*catastrophic oxidation

Figure 3.51 shows, as a function of dilution and for the different oxidizing temperatures, the relative
decrease in the oxidation rate between the first and the second stage. This value basically expresses the
attenuation of the oxidation behaviour during the isothermal test: the higher is this value, the higher is
the decrease in the slope of the straight line in Figure 3.50.
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Figure 3.51. Relative decrease in the oxidation rate when passing from first to second stage as a function of
clad dilution.
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On increasing dilution, the attenuation of the oxidation kinetic is lower, leading to a higher mass gain.
The drop in the attenuation of the oxidation kinetic is visible at both the oxidizing temperatures and
seems to be affected by dilution: for a low value of dilution, which means that the chemical
composition of the alloy is close to the one of the cladding material, the attenuation of the oxidation
rate is higher and it is not influenced by the testing temperature. On increasing dilution from 3.7 to
9.9%, this value decreases and remains lower at any other value of higher dilution.

As known by literature, high temperature parabolic oxidation signifies that thermal diffusion of ions is
controlling the rate of the process. Such a process can be therefore correlated with a uniform diffusion
of the reactants through a growing compact scale [154]. The transitions in the oxidation behaviour,
which are accompanied by the reduction of the oxidation rates, may be for instance induced by
compositional changes of the oxide scale [155,156]. For a better interpretation of this behaviour,
characterization of the oxide scales has been carried out.

XRD patterns of the oxidized specimens at different values of dilution are reported in Figure 3.52.
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Figure 3.52. XRD patterns of the oxidized specimens at different values of dilution and for different oxidizing
temperatures: 1100°C (left) and 1200°C (right).

In the sample with the highest amount of dilution treated at 1200°C, where catastrophic oxidation has
occurred, XRD analysis was not possible. All the other samples, irrespective of the amount of dilution
and the oxidizing temperature, show the presence of three oxides: chromium oxide (Cr,Os3), nickel
ferrite (NiFe,O,4) and niobium pentoxide (Nb,Os). According to the experimental condition adopted,
the depth analysed by XRD is representative of the whole oxide scale.

The structure and the morphology of the oxidised surface of clads with different dilution and oxidizing
temperatures are reported in Figure 3.53, while a micrograph at a higher magnification of the typical
oxidation scale formed is reported together with the results of the EDXS analysis in Figure 3.54.
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Figure 3.54. EDXS spot analysis of the different oxide scales: (1) Nb,Os, (2) Cr,0O3 and (3) NiFe,O,.
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In all the micrographs, the presence of three different layers forming the oxide scale is highlighted.
The outer layer, which is rich in iron and nickel, can be identified by the mixed NiFe,O, oxide. The
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intermediate layer, formed principally by chromium, is the chromium (I1l) oxide Cr,O3. The inner
layer, which is significantly thinner than the others, is mostly made of niobium and can be thus
identified by the Nb,Os, confirming the results of XRD analyses.

In order to investigate the formation of this composite oxide scale, tests at different temperature have
been executed.

In Figure 3.55, an example of the oxide scale formed at 550°C for 20 minutes, representative of all the
samples at different dilution and temperatures, is reported together with the EDXS analysis.

EDXS spot analysis (1)

Fe

AceN SpotMagn  Det WD |——{ 5um Pt

200K/ 4.1 5000x BSE 104

a0 10.00 12.00 hav

Due to the low adhesion between iron-rich oxide and nickel-based substrate, the oxide layer is not
continuous and results to be partially detached along the sample surface. However, EDXS spot
analysis in the zone where it is well-visible reveals the formation of the mixed NiFe,O4 oxide in both
the samples investigated (high dilution, 32.0%, and low dilution, 3.7%).

In Figure 3.56, an example of the oxide scale formed at 1100°C for 20 minutes, representative of all
the samples at different dilution and temperatures, is reported together with the EDXS analysis.
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After 20 minutes at 1100°C, the oxide scale reveals both the mixed NiFe,O, oxide layer, formed at
lower temperature, and the Cr,O3 oxide layer, which however does not show the typical aspect of a
compact and protective layer. Only small traces of the niobium oxide are evidenced by metallographic
analysis.

The identification of the oxidation mechanism in a multicomponent alloy in which more than one
element can form a stable oxide is always difficult. However, on the basis of these results, a possible
interpretation of the oxidation behaviour at the two temperatures for the different values of dilution is
given.

As demonstrated by the test at 550°C, the first oxide forming on the alloy surface is the mixed Fe-Ni
oxide (NiFe,O,4). Some traces of other reactive components present in In625 alloy, such as Si, Cr or
Mo, are revealed by EDXS analysis in the outer layer, but their respective oxide is not detected in the
XRD patterns. The partitioning between iron and nickel is not proportional to the chemical
composition of the alloy since, unconditionally from the amount of iron dilution, a large presence of
Fe is measured.
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The formation of this oxide scale starts on heating.. In fact, the initial value of Wy /A when the
isothermal stage start is always a little higher than 0. This behaviour is obviously enhanced in the tests
made at 1200°C. The formation of this oxide occurs rapidly with a high oxidation rate, which is
favoured by a higher oxidizing temperature and by iron dilution.

When the heating-up stage progresses, on a second stage a Cr-rich oxide layer (Cr,0O3) and
subsequently a Nb-rich oxide layer (Nb,Os) start to form. On increasing the temperature above 600-
650°C, chemical reactions at the interface between the oxide and the alloy lead to the formation of the
thermodynamically more stable phases such us Cr-oxides and Nb-oxides. In fact, as reported in
literature, the thermodynamic stability of the oxides principally governs selective oxidation of an
element in an alloy. Simply considering the thermodynamic data, in an Inconel 625 alloy the stability
of the various oxides can be represented in the following order

Si>Nb>Cr > Mo = Fe > Ni (3.48)

When the specimens reach the oxidizing temperature and the isothermal holding starts, the formation
of the Cr (and Nb) oxide layer has already started (as shown by the test at 1100°C) and some extents
of the Cr-rich and Nb-rich layers are already visible. On increasing the time, the Cr,03 layer becomes
protective and oxidation slows down: oxidation rate decreases and the transition from the first to the
second parabolic stages occurs.

3.7.3 NiBSi

NiBSi alloy powder has been cladded onto different substrates (mild steel and grey cast iron) in
different processing condition to obtain different values of dilution, and a preliminary study of the
effect of dilution on microstructure and microhardness has been conducted.

The evolution of the microstructures of the clads on increasing dilution is evidenced in Figures 3.57 -
3.58, where micrographs of the clads produced on the mild steel with different dilution are reported.
EDXS analysis of the different constituents has been carried out (Figures 3.59), and results have been
summarized in Tables 3.8 — 3.9 as a function of the clad dilution. Due to their low atomic weight,
carbon and boron have been excluded from this analysis.

Solidification of the NiBSi alloy starts with the formation of the austenitic primary dendrites (Figure
3.59,a) made of nickel and, on increasing dilution, of iron coming from the substrate. The
interdendritic region consists in the y-nickel-boride eutectic, which can be present in two different
forms visible in Figure 3.59 (b) and Figure 3.59 (c), the nickel-boride nickel-silicide eutectic (Figure
3.59,d) and austenite (dark grey region in Figure 3.59,e) [157,158].

The difference between the various constituents is highlighted by the presence of silicon in the EDXS
analysis (Tables 3.8 — 3.9): the nickel-boride nickel-silicide eutectic shows the highest percentage of
silicon, while it lowers in the y-nickel-boride. The content of Si in the primary dendrites, averaged on
the different values of dilution, is about 2.8% in both the cases (preheated and not preheated
substrate), while no significant silicon content is evidenced in austenite, which is principally made of
nickel.
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Figure 3.57. Microstructures of the clads produced on the not preheated mild steel for different values of
dilution: (a) D = 1.0%, (b) D = 16.7%, (c) D = 25.0% and (d) D = 30.8%.
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Figure 3.58. Microstructures of the clads produced on the preheated mild steel for different values of dilution:
(@) D =0.8%, (b) D =19.9%, (c) D = 28.0% and (d) D = 55.6%.
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Figure 3.59. Morphology and EDXS analysis of the different phases observed: (a) austenitic primary dendrites,
(b,c) y-nickel-boride eutectic, (d) nickel-boride nickel-silicide eutectic and (e) austenite.

Table 3.8. Quantitative EDXS analysis of the phases observed in clads produced on the not preheated mild steel
for different dilution values.

dilution  Si Fe Ni Cr
[%]  [%] [%] [%] [%]
1.0 35 79 874 12
30.8 24 293 675 0.8
1.0 9.7 11 883 09
30.8 82 82 812 09
1.0 55 17 917 11
30.8 45 85 862 0.8
1.0 02 08 99.0 -
30.8 - 79 913 0.9

austenitic primary dendrites

Ni-boride Ni-silicide eutectic

v-Ni-boride eutectic

austenite
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Table 3.9. Quantitative EDXS analysis of the phases observed in clads produced on the preheated mild steel for
different dilution values.

dilution  Si Fe Ni Cr
[%]  [%] [%] [%] [%]
0.8 37 41 911 11
55.6 1.8 504 472 0.6
0.8 9.6 21 873 1.0
55.6 83 171 738 0.7
0.8 5.7 32 902 0.9
55.6 24 252 714 10
0.8 - 20 973 0.6
55.6 07 259 726 08

austenitic primary dendrites

Ni-boride Ni-silicide eutectic

v-Ni-boride eutectic

austenite

On increasing dilution, microstructure evolves in two different ways: first of all, the volumetric
partitioning of dendritic and interdendritic region changes. Secondly, the morphology of the eutectic
formed is modified.

To investigate the first microstructural change, the percentage of the dendritic region has been
measured with Image Analysis using the LOM micrographs for different dilution values, as shown for
instance in Figure 3.60 for the clads produced on the preheated substrate.

Figure 3.60. Microstructures of the clads produced on the preheated mild steel with different dilution:
(a) D =0.8%, (b) D =5.0%, (c) D =11.6%, (d) D = 19.9%, (e) D = 28.0% and (f) D = 41.0%.

As it can be seen in Figure 3.61, where the percentage of the dendritic region is plotted as a function of
clad dilution, on increasing dilution microstructure becomes more dendritic and consequently the total
amount of eutectic decreases. This condition is noticed in both the cases, when substrate is preheated
and not preheated.
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Figure 3.61. Percentage of the dendritic region as a function of clad dilution.

The different solidification structure can be justified on the basis of the liquid resulting from dilution.
With substrate dilution the chemical composition of the NiBSi alloy is mainly modified by the
addition of iron. The change of the chemical composition of the alloy due to dilution is expected to
move the resulting composition of the liquid alloy far from eutectic points, thus promoting proeutectic
solidification.

The evaluation of the effect of substrate preheating on final microstructure is again a consequence of
the increased dilution. In Figure 3.62 is reported a comparison of the percentage of the dendritic region

on the clads produced with the same processing parameters on the preheated and not preheated
substrate respectively.
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Figure 3.62. Percentage of the dendritic region for clads produced in different conditions.

The second microstructural evolution occurring on increasing dilution regards the modification of the
eutectic morphology, which is visible in both the conditions of preheated and not preheated substrate.

With the increase in dilution, eutectic morphology evolves towards the condition shown in Figure
3.63: the y-nickel-boride eutectic, which is present in lower percentage, evidences only the form
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visible in Figure 3.59 (b), while a silicon-rich precipitate (Figure 3.63,a) starts to be present at the
expense of the nickel-boride nickel-silicide eutectic, that tends to disappear.

EDXS analysis (a)
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Figure 3.63. Morphology and EDXS analysis of the silicon-rich eutectic formed when dilution is high.

These microstructural changes are responsible of the correlation between microhardness and dilution:
in fact, on increasing clad dilution, microhardness of the clad decreases (Figure 3.64).
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Figure 3.64. Microhardness of the clads produced on the mild steel as a function of dilution.
Even if the iron dilution contributes to the solid-solution strengthening of the austenitic primary
dendrites [144], the lower quantity and the different morphology of the eutectic constituent formed

cause the substantial decrease in clad microhardness, as visible in Figure 3.64.

In Figure 3.65, the microstructures of the clads produced on the grey cast iron substrate for different
values of dilution are reported, while the results of the EDXS analysis are shown in Table 3.10.
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Figure 3.65. Microstructures of the clads produced on the preheated grey cast iron for different values of
dilution: (@) D = 2.1%, (b) D = 16.0%, (c) D = 27.7% and (d) D = 58.7%.

Table 3.10. Quantitative EDXS analysis of the phases observed in clads produced on the preheated grey cast
iron for different dilution values.

dilution  Si Fe Ni Cr
[%]  [%] [%] [%] [%]
2.1 36 89 875 -
27.7 31 255 724 -
2.1 100 50 850 -
27.7 74 161 765 -
2.1 28 6.7 905 -
27.7 40 241 719 -
2.1 - 50 95.0 -
27.7 - 20.8 79.2 -

austenitic primary dendrites

Ni-boride Ni-silicide eutectic

v-Ni-boride eutectic

austenite

The same microstructural evolution is evidenced for the clads produced on the grey cast iron substrate.
For low dilution values, the solidification microstructure consists in the austenitic primary dendrites,
the y-nickel-boride eutectic, present in the form shown in Figure 3.59 (b), the nickel-boride nickel-
silicide eutectic and austenite. On increasing dilution microstructure is modified as before: as
evidenced by Figure 3.65, the partitioning of dendritic and interdendritic region changes, and a higher
amount of austenitic primary dendrites is found.
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Figure 3.66. Percentage of the dendritic region as a function of clad dilution.

The morphology of the eutectic formed also evolves to the y-nickel-boride eutectic and the silicon-rich
precipitates, as shown in Figure 3.65 (d). In addition, on increasing dilution the presence of the
graphite coming from the substrate is evidenced. As confirmed by literature, graphite morphology
seems to change from spheroidal (Figure 3.65,c) to vermicular and flake (Figure 3.65,d) on decreasing
the G/R ratio, i.e. on increasing dilution.
The presence of the graphite does not alter the correlation between microhardness and clad dilution
(Figure 3.67): on increasing dilution, microhardness of the clads produced with the NiBSi alloy

powder decreases.
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Figure 3.67. Microhardness of the NiBSi clads as a function of dilution.
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3.7.4 Stellites + WC

Mixtures of Stellitel2 powder/tungsten carbides and Stellite21 powder/tungsten carbides have been
cladded onto a mild steel substrate (preheated at 400°C and not) in different processing conditions
(varying the laser power) to obtain different conditions of carbides dissolution.

The EDXS maps of different elements (W, Cr, Co, C and Fe) in the carbide, in the interface and in the
matrix are shown in Figure 3.68.

C, atomic
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s gAd

Co, weight
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Figure 3.68. EDXS maps fgr the different elements present into"turﬂle material.

The tungsten carbide is well identified by the W and C maps (Figure 3.68): the microanalysis reveals
about 50 atomic % of both tungsten and carbon in the carbide area.

In the interface constituent tungsten, carbon, cobalt and chromium are detected; the continuous shell
and the globular particles surrounding WC are W-Cr carbides, while cobalt comes from the
interparticle matrix. W-Cr carbides are well compact close to the WC particle and increasingly
fragmented on moving from it towards the matrix. The fine eutectic constituent in the matrix is a
microstructural constituent of Stellite made of the metallic matrix and two different types of carbides:
the white one, Cr-rich (M-Cs), and the dark grey one, Cr-W rich (M23Cs).

Iron, which is present in higher amount than in the starting powder because of the substrate dilution, is
concentrated in the matrix dendrites.

Dissolution of carbides in the different clads, measured as explained in Appendix 1, is reported in
Figure 3.69 as a function of the laser power.

90



Chapter 3 — Results and discussion

25.0 4
2254
20.0 4 } i
17.54
% 15.04
2 1 A
g 1254
2 10o] %
2 l(l(}j i
= 754
1 ® W =0%,C=0.25% preheated
5.0 T = W=0%,C=0.25% not preheated
254 A W =8%,C=1.4% preheated
1 B W =28%,C=1.4% not preheated
00 T T T

2 3 4
laser power [kW]

Figure 3.69. Carbides dissolution as a function of the laser power for the different materials, preheated and not.

There is a clear influence of the stellite chemical composition on the dissolution of the carbides: for all
the processing conditions, the carbides in the clads produced with Stellite12, which contains a high
amount of tungsten and carbon, are much less dissolved than those in Stellite21, where no tungsten
and 0.25% of carbon are present.

Dissolution is confirmed by the EDXS analysis made on samples produced at 4 kW, 5 mm/s and
without preheating. Results reported in Table 3.11 highlight that in both the cases the tungsten and
carbon content is higher than in the starting cobalt alloy.

Table 3.11. Nominal chemical composition of the starting powder used for the matrix and chemical composition
measured with EDXS in the matrix of samples made at 4 kW.

Material Particle size Co Cr W Ni Fe Mo C Si
[pm] [%0]  [%] [%] [%] [%] [%] [%] [%]

Stellite21 powder composition bal. 27.0 - 2.8 15 55 025 10
(4kw) matrix EDXS analysis 451 207 180 20 6.6 45 2.9 0.2
Stellite12 powder composition bal. 28.5 8.0 15 1.0 - 14 1.1
(4kw) matrix EDXS analysis 445 216 230 12 6.2 - 3.2 0.1

In sample made with Stellite21 tungsten and carbon contents increase up to 18.0% and from 0.3 up to
2.9%, respectively, while in the sample made with Stellite12, where dissolution is lower, the tungsten
and carbon contents increases from 8.0 up to 23.0% and from 1.4 up to 3.2%, respectively.

While other parameters remain unchanged, dissolution of tungsten carbides always increases with the
increase in the laser power. Indeed an increase in the laser power leads to a higher temperature of the
melt pool, which enhances dissolution phenomena.

The preheating treatment increases the dissolution of the carbides. In the clads made with the same
material and processing conditions, the dissolution of carbides in the preheated clads is higher than the
one in the not preheated clads. This behaviour is also due to a higher average temperature reached by
the melt pool during the process when the substrate is preheated, which is again responsible of an
enhanced dissolution.

Figure 3.70 shows that WC particles are either spherical or irregular. The average percentage of
spherical carbides for all the measured clads (independently from the material and the processing
conditions) is 71%, which is almost the same percentage present in the starting powder.
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Figure 3.70. Average percentage of spherical and irregular carbides according to their morphology for all the
samples measured.

This reveals that the dissolution process is not selective in relation to the morphology of the carbide
particles.

As previously mentioned, some of the carbides particles display a shell of W-Cr carbides, more or less
compact, at the interface with the matrix.

Figure 3.71 shows the amount of carbide particles with and without the interfacial microstructural
constituent in all the specimens investigated.
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Figure 3.71. Percentage of carbides with and without the interfacial microstructural constituent according to
their processing condition and to the material.
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The microstructure of interface is influenced by the laser power: when the laser power increases, the
number of carbides with a clean interface decreases. The effect is more pronounced on passing from 2
kKW to 3 kW than from 3 kW to 4 kW.

Preheating enhances the formation of the interfacial microstructural constituent, as confirmed by
Figure 3.72, where the average of the results of all the samples produced in the two conditions
(preheated and not ) are reported.
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Figure 3.72. Percentage of carbides with and without the interfacial microstructural constituent according to
their preheating conditions (left) and to the different base materials (right) for all the samples measured.

As it can be seen, when the substrate is not preheated, only the 38% of the carbides analysed present
the shell. This trend is inverted when the substrate is preheated: in this case, the shell is shown by the
67% of the analysed carbides. The different chemical composition of the two materials used as a
matrix does not seem to systematically affect the formation of interfacial constituent, as confirmed in
Figure 3.72, where the average values of all the samples produced with Stellite21 and Stellite12 are
reported.

The presence of the shell surrounding either completely or partially the WC particles, may be
significant of the capability of the liquid to homogenize the W and C content in the matrix. Such a
homogenization is mostly provided by the convective motions activated by the viscosity gradients in
the liquid, due to the temperature gradients. These gradients are expected to decrease with the laser
power and with preheating of the substrate, and this may justify the less amount of particles
surrounded, more or less homogeneously, by the shell on increasing the laser power and on
overheating the substrate. The observation that the chemical composition of the cobalt alloy of the
matrix does not influence the interface morphology further confirm this conclusion, since the
redistribution of C and W atoms released by dissolution occurs mostly in the liquid state than in solid
state after solidification.

Dissolution of tungsten carbides is supposed to influence hardness of the coating in two different
ways: with the increase in dissolution, hardness should decrease because the WC/W,C volume fraction
decreases; at the same time, the average microhardness of the alloy matrix is expected to increase
because of the dissolution of tungsten and carbon.

Moreover, hardness is expected to be influenced by dilution, due to the dissolution of iron and carbon
from the substrate.

Hardness of the coating and microhardness of the matrix are reported in Figure 3.73 as a function of
dilution.
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Figure 3.73. Rockwell C Hardness (left) and matrix HV,; microhardness (right) as a function of dilution.

Even in case of deep contamination from the substrate, hardness and microhardness measurements do
not show any specific trend with dilution. Dilution does not influence the final microhardness of the
matrix and, consequently, it does not influence the hardness of the coating.

Figure 3.74 shows the effect of dissolution of WC particles on hardness and microhardness.
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Figure 3.74. Rockwell C Hardness (left) and matrix HV, 1 microhardness (right)as a function of
carbides dissolution.

When dissolution of tungsten carbides takes place into Stellite21, tungsten and carbon dissolve into
the alloy matrix and cause an increase in the microhardness, as shown in Figure 3.74. In Stellitel2 ,
where the total amount of dissolution is lower and tungsten and carbon are already present, the
dissolution of these two element into the matrix has no effect on the matrix microhardness.

The effect on the matrix microhardness is confirmed also by the hardness tests. Hardness of the
coatings made with Stellite21 tends to increase with the increase in dissolution: the depletion in the
reinforcement particles volume is balanced by the large enrichment of the alloy matrix by tungsten and
carbon. On the other hand, the hardness of the coatings made with Stellite12 slightly decreases when
carbides dissolution increases: carbides depletion is not associated with an increase in the
microhardness of the matrix alloy, and the only result is the decrease in the coatings hardness.
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Conclusions

The present PhD work, developed in the frame of a cooperation with Hoganas AB, regarded the study
of a high power laser cladding process and a preliminary characterization of the coatings produced
with this technique using different metallic powders.

At first, the influence of the powder material and the processing conditions on geometrical features
and dilution of the clads has been investigated.

Then, the main physical phenomena involved in laser cladding process have been identified and
evaluated guantitatively, and an energetic balance of the process has been proposed. The effects of the
processing parameters and the cladding material have been discussed.

Lastly, a preliminary study of the coating properties has been performed, with a particular focus on the
effect of dilution and, in case of MMC, of carbide dissolution.

The results can be briefly summarized as follows.

Geometry of the clad depends on the main processing parameters and on the cladding material, and
models to estimate clad height and width have been obtained. Clad height has a complex correlation
with the emerging cross-sectional area of the clad: it is strongly influenced by the feeding rate, the
scanning speed, the material density and, slightly, by the laser power through the material efficiency.
On the other hand, clad width is correlated with the laser power and the scanning speed. Through these
models, clad aspect ratio can be estimated with a good approximation in the range between 5 and 20,
within which typical laser cladding coatings are produced.

The analytical correlation between processing parameters and dilution has been obtained. Dilution is
mainly influenced by the laser power and the feeding rate, while the effect of scan speed is less
pronounced. In specific, dilution increases with the increase in the laser power and the scan speed and
with the decrease in the feeding rate. These conclusions are in good agreement with the results of the
energetic balance, where the dependence of dilution on the energy and powder available by the system
is confirmed: as demonstrated, dilution can be represented by the energy partitioning between the
powder and the substrate.

The effects on the models of geometry and dilution of substrate material and preheating have been
discussed. Substrate preheating can be seen like a surplus of energy given to the cladding system, and
it can be thus represented by an increased laser power. In the specific processing conditions utilized,
substrate preheating of 400°C results to be equivalent to an increase in the laser power of 0.67 kW.
Substrate material, on the opposite, does not modify the clad geometry, but it heavily affects dilution:
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in particular, the thermophysical properties of the substrate influence the energy partitioning between
powder and substrate and, as stated before, they consequently affect dilution.

The investigation on the energy redistribution in the laser cladding process confirmed the low
energetic efficiency of the process, which is mainly due to the high reflectivity of the liquid metal. No
significant variations have been observed due to the powder materials.

The angle of incidence, expressed through clad and melt pool geometry, has been identified as a useful
parameter to describe the energy partitioning of the process. By varying the angle of incidence, the
energy absorbed by the powder/substrate system does not change, but the energetic distribution of the
process is drastically altered: for low angles of incidence, generally thinner clads with high dilution are
generated, and most of the absorbed energy is lost by conduction through the substrate. On increasing
the angle of incidence, thicker clads are produced with the positive effects of both a lower dilution and
a higher energetic efficiency.

Dilution may have detrimental effects on the properties of the coatings.

Dilution in clads produced with the Stellitel powder leads to a decrease in hardness and
microhardness, which is caused by the microstructural evolution of the Co-based alloy. On increasing
dilution, cellular to dendritic transition is evidenced. This transition, explained by the lowering of the
G/R ratio and the different chemical composition of the alloy, limits the formation of the eutectic
constituent, within which carbides are localized, and consequently leads to the decrease in the coating
hardness.

In the clads produced with Inconel 625 powder, on increasing dilution, microstructural evolution is
evidenced together with the decrease in clad microhardness. In clads with limited dilution, dendritic
structure is present with interdendritic regions showing the formation of niobium carbides with blocky
morphology; on increasing dilution, the formation of both the Laves phases and the NbC having
lamellar eutectic-type morphology is promoted. In addition, dilution has a negative effect on the
thermal oxidation behaviour of the alloy. The oxidation rate increases on increasing dilution, and
catastrophic oxidation has been observed in the worst processing conditions, i.e. high dilution and high
temperature. Even with limited dilution, the relative decrease in the oxidation rate between the first
and the second stage, which basically expresses the attenuation of the oxidation behaviour during the
test, gets worse.

A clear correlation between microhardness and dilution is revealed also in the clads produced with the
NiBSi alloy. Again, this behaviour is caused by the microstructure of the alloy. On increasing dilution,
microstructure evolves in two different ways: microstructure becomes more dendritic, since iron
dilution modifies the chemical composition of the NiBSi alloy, which is expected to move far from
eutectic points, thus promoting proeutectic solidification. Moreover, with the increase in dilution,
eutectic morphology evolves towards the formation of the y-nickel-boride eutectic and a silicon-rich
precipitate at the expense of the nickel-boride nickel-silicide eutectic, that tends to disappear.

When grey cast iron is used as a substrate, the NiBSi alloy shows the same microstructural change; in
addition, on increasing dilution, the presence of the graphite is evidenced. The morphology of this
graphite seems to change from spheroidal to vermicular and flake on decreasing the G/R ratio, i.e. on
increasing dilution.
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Conclusions

In the MMC coatings produced with a mixture of either Stellite12 or Stellite 21 powder and tungsten
carbides, carbides dissolution occurs during laser cladding and influences the final properties of the
coatings. Dissolution is largely influenced by the processing conditions investigated. Dissolution gets
higher with the increase in the laser power and when substrate is preheated, mainly because of the
increase in temperature of the melt pool, which enhances dissolution phenomena. Chemical
composition of the Stellite base powder also influences dissolution: a lower content of tungsten and
carbon favours the dissolution of the tungsten carbides.

In the matrix where no tungsten and 0.25% of carbon are present, carbides dissolution leads to an
increase in the microhardness, which prevails over the decrease in the WC content, thus leading to an
increase in the hardness of the coating. On the opposite, matrix microhardness of the stellite rich in
tungsten and carbon does not get any benefit from carbides dissolution: as a consequence, hardness of
the coating slightly decreases due to the decrease of the WC content.
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Appendix 1
Carbides dissolution

Dissolution of carbides was evaluated in the MMC coatings in different ways. Image analysis was
used to measure the ratio between the area of the carbides and the area of the metal matrix in the cross-
sectional area of the bead. For every bead, three cross-sectional areas were measured.

Percentage of dissolution (d) was evaluated using the equation

d=Vye— (100 :—;) (A1)

where Vyc represents the volumetric percentage of carbides in the coating, equal to 35, Ac is the area
of the carbides in the cross-sectional area of the bead and Ay is the part of the cross-sectional area that
emerges from the original surface of the clad (Figure A.1).

Figure A.1. Schematic drawing of the clad cross-sectional area: emerging cross-sectional area (Ay), submerged
cross-sectional area (Ap) and area of the carbides in the cross-sectional area (Ac).

As shown by a typical microstructure of the coating, a microstructural constituents may be observed at
the interface between the matrix and some of the carbide particles. Carbides were then classified
according to the presence of this particular constituent as shown in Figure A.2: for instance, in
carbides (b) the interface constituent is absent, while in carbides (a) the interface constituent is present.
The relative amounts of these morphologies at the interface were measured by analysing five images
containing about 80 carbides each for every clad.

(Mogn Dot WO ' S
1600 BSE 114 tangsten carbide_1

Figure A.2. Classifications of the carbides according to the presence of the interface constituent: tungsten
carbide with (a) and without (b) interface constituent.
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Appendix 2
Dilution

Two different methods have been proposed and compared to determine dilution. In the first method
(“chemical dilution”), dilution is evaluated by analysing the iron concentration profile with EDXS
analysis on the cross section of the clad perpendicular to the laser scan direction. EDXS analysis is not
appropriate to get a quantitative measure of carbon content; therefore dilution was investigated by
considering iron contamination. Small frame (10 um x 13 pum) analyses were collected on the cross
sections along the clad thickness, from the interface up to the external surface.

Since the iron concentration has a gradient along the clad thickness, the cross-sectional area of the clad
was divided into small rectangles having constant height of 10 um and variable base, up to a distance
from interface corresponding to the gradient length, as shown in Figure A.3.

f - : — 3 8 .

iron content

L ]
distance from interface

Figure A.3. Schematic representation of the cross-sectional areas used to define the chemical dilution.

Under the assumption of a constant chemical composition along the base of the clad (verified by some
analyses), each rectangle has the mean iron concentration measured by EDXS. The remaining part of
the cross-sectional area where the iron concentration is constant (A,) was measured by Image Analysis.
Image Analysis was also used to measure the diluted part of the cross-sectional area (Ap), where iron
content is almost constant.

Chemical dilution, expressed as the average iron concentration in the clad, is thus given by equation

Fep = Z?A; Fei _ Z?‘l[(wl-_l—Z-ai)-hjei]+Ar-Fer+AD-FeD A2
where A; is the area of the i-rectangle having Fe; iron concentration measured with EDXS, A is the
cross-sectional area of the clad, h is the rectangles height, w; is the width of the i-rectangle, ; is the
width decrement for every i-rectangle (6;=h-cotga where a is the contact angle), A, is the remaining
part of the cross-sectional area where the chemical composition is constant and equal to Fe, and Ap is

the diluted part of the cross-sectional area where the chemical composition is equal to Fep.
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In the second method (“geometrical dilution”), the average iron concentration of the clad was
calculated with equation

Ap - Fe + Ap - Fe
FeG — powder B substrate (A.3)

where Ay is the part of the cross-sectional area emerging from the original surface of the plate (related
to the molten powder) and Ap is the submerged part of the cross-sectional area (related to the molten
substrate), as shown in Figure A.4; A is the cross-sectional area of the clad, Fepouger and Fegypsirare are
the iron concentration of the powder and of the substrate, respectively.

-Abp

T Ax

Figure A.4. Schematic representation of Ay (part of the cross-sectional area emerging from the original surface
of the plate) and Ap (submerged part of the cross-sectional area).

To compare the two methods, the Stellitel as cladding material and the mild steel as substrate have
been used.

The EDXS iron concentration profiles in some of the clads produced in the different conditions are
reported in Figure A.5; the horizontal line at 0.93% Fe represents the iron concentration of the starting
powder, as measured by the same technique.
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Figure A.5. EDXS iron concentration profiles of six clad investigated in different processing conditions: laser
power ranging from 3 to 4 kW, scan speed ranging from 3 to 4 mm/s, feeding rate ranging from 0.5 to 0.6 g/s.

The iron concentration of the clads is higher than that of the starting powder along the whole of their
thickness. A sharp gradient in the first 30-40 pum is a common feature of all the clads, and
demonstrates that even in presence of convective motions within the liquid pool [159] a homogeneous
distribution of iron is not completely attained. Beyond the first 100 um, a steady value is reached.
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Appendix 2 - Dilution

Geometrical (Feg) and chemical (Fec) dilution, calculated using equations (A.1) and (A.2),
respectively, are plotted in Figure A.6. The difference between the results of the two methods is very
small (less than 0.5%).
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Figure A.6. Average iron concentration calculated with the chemical method vs. average iron concentration
calculated with the geometrical method.

The results are equivalent and the geometrical method is therefore validated through the results of the
chemical analysis. The geometrical method is easier, since it’s based on a simple metallographic
investigation of the cross section of the clads. On the other hand, the chemical method is much more
time consuming but it gives a more detailed information on dilution, highlighting the concentration
profile along the clad height, which is definitely inhomogeneous. Both methods deliver a mean iron
concentration which is not truly representative, due to the gradient: they underestimate the iron
concentration close to interface and slightly overestimate that one in the upper part of the clad. Since
in practical applications it is the external part of the clad which interacts with the environment (in case
of corrosion and/or oxidation resisting clads) and any other material (in case of wear resisting clads),
the slight overestimation provided by the mean value of dilution is conservative and therefore the
simple geometrical method, in absence of any special requirements, may be preferred to the chemical
one.
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Appendix 3
Absorption coefficient of the liquid metal g

The aim of this in-situ calorimetric experiment is to determine the absorption coefficient fs of the
liquid metal material when irradiated by a laser light. The sample is used as a calorimeter, and the
determination of the energy absorbed is obtained through its temperature rise. This is of course
possible due to the high thermal conductivity of metallic plate relative to their external cooling by
exchange with the atmosphere. Thus, shortly after the laser has passed over the specimen, the absorbed
energy conducted from the laser-heated zone is redistributed to give a uniform temperature in the
plate. Once this condition has been achieved, the variation of temperature in the isothermal sample is
assumed to follow a convective cooling condition described by the following equation

_ o ar®
h-S-[T() — Ta] =-—m:-¢y i (A4)

where h is the heat-transfer coefficient, S is the thermal-exchange surface area, T(t) is the temperature

of the sample, T, is the ambient temperature, m is the mass of the sample and c, is the heat capacity of

the sample. The heat capacity is assumed to be linearly proportional to temperature according to the

equation
cp=a'T+b (A.5)

where a and b are two constants, and the temperature dependence of the heat-transfer coefficient h is
approximated by

1

h=B-[T{) —Tale (A6)

where B and e are two constants, which depend on the cooling condition.
Extrapolating the cooling curve back to the time t, when the laser was switched off, it is possible to
obtain the temperature T(ty) the sample would have reached if all the absorbed energy had been evenly
distributed throughout the volume of the sample, assuming negligible the heat losses during the
cladding period.
This temperature leads to the determination of the global absorption g, through the formula

m-cy,[T(t)—Tg,]
bo=—"""Fr— (AD

where P is the laser power and 7 represents the interaction time of the laser with the specimen.
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Appendix 3 — Absorption coefficient of the liquid metal g

Global absorption Sy has been measured for the four materials used in the energetic model (NiBSi,
316L, In625 and Stellitel) cladded on the mild steel substrate in five different processing conditions.
The experimental setup is shown in Figure A.7.

~
-

o

Figure A.7. Experimental setup of the calorimetric experiment.

For the temperature measurements, two S-type thermocouples have been spotwelded to the lower
surface of the sample in a central position, as shown in Figure A.7. Moreover, five of the six external
surfaces of the sample have been surrounded by vermiculite powder in order to have good thermal
isolation in all direction except for the upper surface, where convective cooling was taking place.
Thermocouples data have been analyzed with Origin in order to obtain the best fitting and, in turn, the
best value of T(ty). A regression curve was calculated between the time t; and t, in order to fit the two
measured cooling curves, using the equation (A.4) with the parameters e and B as variables. The time
t; was defined as the time at which the sample had cooled to a nearly isothermal state (determined as a
temperature difference between the two thermocouples of less than 1°C), and the time t, was defined
as the time at which the sample was nearly at the equilibrium (determined as a temperature difference
between the two thermocouples and the ambient of less than 3°C).

In Figure A.8 the temperatures recorded by the two thermocouples in one of the runs are reported.
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Figure A.8. Temperatures recorded by the two thermocouples in one of the run.

The red curve (1* thermocouple signal) is the record of the thermocouple welded to the plate side
where the laser scan starts, while the blue one (2™ thermocouple signal) refers to the side where the
laser scan ends. When the laser is scanning, both curves show a peak in the temperature signal.
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Then, the temperature starts to decrease according to the convective cooling condition. The points
corresponding to the previously defined values of t; and t, are shown, and between these two points
the signals are superimposing.

On the original differential equation (A.4), the method of separation of variables has been applied to
get an equation that could be used by the Origin program.

The regression curve has been calculated between the interval {t;;t;} and the values of B and e giving
the best fit (in terms of the regression coefficient) were determined for each experiment.

One of the resulting regression curves has been plotted with the thermocouples curves (Figure A.9),
and the value of T(ty) and of the global absorption g, has been obtained and reported in Table A.1
together with the other parameters used.
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Figure A.9. Temperatures recorded by the two thermocouples in one of the run and regression curve.

Table A.1. Data obtained in the calorimetric experiment.

material 0in T e B-10* Bq
[degree] [°C]

34.4 150+ 2 2.83+0.39 9.6+2.8 0.55+0.01

47.0 374 £ 21 246 +0.12 6.3+0.4 0.44 +0.03

316L 63.5 458 + 30 2.33+0.19 56+1.1 0.43+0.04
42.5 287 +12 1.99+0.38 47+16 0.47 +£0.02

54.6 413 + 25 2.04 +0.33 45+1.7 0.37 +£0.03

35.1 139+6 2.57 +£0.30 93+2.6 0.50 + 0.03

46.0 362 +19 2.52+0.22 6.7+1.2 0.42+£0.03

NiBSi 54.6 385+ 13 2.17+0.34 5320 0.34+0.01
39.9 270+ 3 244 +0.21 6.8+1.2 0.43+0.01

59.8 451+ 14 2.22+0.24 53+1.8 0.43+0.02

34.4 147 +7 2.01+0.25 6.7+25 0.53+0.03

38.9 204 +12 2.05+0.15 6.1+1.2 0.41+0.03

In625 449 349 £+ 15 1.89+0.11 44+0.8 0.40 £ 0.02
50.9 375+ 22 1.88+0.13 43+09 0.45+0.03

60.7 454 + 39 1.83+0.13 38+1.1 0.43 +0.05

34.3 155+ 2 1.95+0.09 52+1.0 0.56 + 0.01

42.3 289 +10 1.87 £ 0.03 44+0.3 0.47 +£0.02

Stellitel 47.6 386+2 1.77 £ 0.10 35+0.6 0.45+0.01
53.7 462 +13 1.77 £ 0.10 3.3+0.7 0.43+0.01

61.8 479 +18 1.80+0.11 3507 0.46 +£0.02
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Appendix 3 — Absorption coefficient of the liquid metal Bg

The values of e and B that optimize the fitting are similar for all the experiments and the regression
coefficients obtained are all of them higher than 0.98. This proves the quality of the fitting method.
The measured value S, represents the fraction of power (or energy) which is absorbed by the cladding
system with respect to the input power (or energy), and it can be represented by

‘8 _ P_A _ Pubs,mp+Pubs,prl+Pabs,prII
g P P

(A.8)
using the definition of P, (power absorbed by the cladding system) given in Chapter 3.6.1.

To obtain the absorption coefficient of the liquid metal material when irradiated by a laser light (5s),
equation (A.8) has been rewritten in the following form

P
.Bs = ﬁg.P_n.Bp.Patt_n.ﬁp'(P;Patt)" l;’tt
(P_Patt)'[l—n'ﬂp- r}l)tt]

(A.9)

The absorption of the liquid metal material when irradiated by a laser light depends on the laser light
(polarization and wavelength), the optical properties of the coating material and the angle between the
laser beam and the normal to the melt pool surface (i.e. angle of incidence). For a non-polarized beam,
the equation that can be used to correlate S to these factors is Fresnel’s equation

_ 2'n:cos i, 2'n-cosBi,
T (n-c0os B +1)2+(k-cos 0;)%  (n+cos O;p)2+k2

(A.10)

Bs

where n and k are the refraction index and the extinction coefficient respectively, both optical
constants of the cladding material, and &, is the angle of incidence.

For a single-bead clad, the angle of incidence can be simply determined from the height of the clad H
and the length of the melt pool L. However, in the particular configuration used the laser beam is not
perpendicular to the substrate surface. Indeed, the laser beam is inclined of an angle o, (equal to 28°)
with the surface of the substrate, as shown in Figure A.10.
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<

Figure A.10. Schematic of the particular setup used for this laser cladding process.
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For this reason, the equation used to estimate the angle of incidence is

H
Oin = ag + tan‘lz (A.11)

The values of absorption f; for the powder materials studied have been calculated for five clads having
different incidence’s angles. Results are plotted together with Fresnel’s equations, where the optical

constants n and k for the different materials have been obtained by minimization of residuals (Figure
A.1l).
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Figure A.11. Measured values of absorption f for the four materials together with the estimated Fresnel’s
curves.

As supposed, for a non-polarized beam absorption is not influenced significantly by the angle of
incidence in the range studied. Once the geometry of the clad is known, equation (A.11) calculated
with the obtained values of n and k allows the calculation of the coefficient S;.

To prove the quality of the extrapolated values of n and k, these values have been compared with the
values of refraction index and extinction coefficient reported in literature for the pure elements, at
room temperature, at the wavelength of 808 nm (Table A.2)
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Appendix 3 — Absorption coefficient of the liquid metal Bg

Table A.2. Comparison between the values of n and k reported in literature for Ni, Co and Fe (room
temperature, wavelength of 808 nm) and estimated for the four different cladding materials [160].

material n k
estimated

NiBSi 1.8 34

316L 1.6 3.1

In625 35 4.4

Stellitel 2.1 3.3
literature

Ni 2.2 4.9

Co 25 4.8

Fe 2.9 3.4

Some limited differences are revealed between the estimated and the literature values. However, these
small differences can be considered acceptable due to the contrasting conditions of the measurements
performed (alloys in liquid state at a high temperature).
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Appendix 4
Normal spectral absorbance

The schematic diagram of the experimental set-up used for measuring the normal spectral absorbance
of powders is reported in Figure A.12.

4
5 —

Figure A.12. Experimental setup of the experiment.

Radiation is created by DH2000-S Deuterium Tungsten Halogen Light Sources (Figure A.12,1), which
combines the continuous spectrum of deuterium and tungsten halogen light sources. Light is carried
over a silica fibre optic bundle (Figure A.12,2) into an integrating sphere (Figure A.12,3), where it
couples the loose powder surface (Figure A.12,4) deposited on a black substrate (Figure A.12,5)
located at the centre of the integrating sphere. The layer of powder is assumed to be thick enough that
no detectable light passes through it. The radiation, which is diffusively reflected by the powder,
reaches the photo-receiver (Figure A.12,6). The diffused light is collected by another silica fibre and
sent to an Ocean Optics USB4000 optical spectrometer (Figure A.12,7), which disperses and records
the full reflected spectrum within an integration time of 10 seconds. The calibration was made using a
specimen of barium sulphate powder (BaSO,) with known diffuse reflectance (=1).

Absorbance has been calculated according to the formula A = 1 — R, where R is the reflectance of a
material and is defined as the ratio of the reflected radiation to the incident radiation. For every
material, the measurements of the whole spectra between 400 nm and 900 nm has been made. For the
measurements in the visible region, the halogen lamp has been utilized.

The measurements of the spectral absorbance of the investigated powders (NiBSi, 316L, In625 and
Stellitel) are reported in Figure A.13.
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Appendix 4 — Normal spectral absorbance
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Figure A.13. Spectral absorbance in the visible region for the different powders.

As it can be seen, there is basically no difference between the absorbance spectra of the four materials.
It has to be remembered that the laser used to produce the clads is a high power diode laser HighLight
4000L, which is operating at the wavelength of 808 nm. At that particular wavelength, the values of
the absorbance of the different powder materials are included in the range 0.66 — 0.70%. Values of the
measured absorbance S, are reported in Table A.3.

Table A.3. Absorbance f, of the four powders at the wavelength of 808 nm.

material J/
NiBSi 0.69
316L 0.67
In625 0.70

Stellitel 0.66
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Appendix 5
Trial and error method

Several different approaches can be used to investigate the influence of the processing parameters and
their mutual interactions on the characteristics of the clad. Physico-computational models generally
use a complex set of coupled equations, since taking into account different physical phenomena
occurring in the laser cladding process, such as mass and heat transfer, fluid flow and phase
transformation, is required. On the other hand, empirical equations obtained from statistical analysis of
experimental data allow to simply and accurately correlate the processing parameters with the clad
properties.

In this work, correlation between an individual characteristic of the clad and a combined process
parameter has been found using the “trial and error” method, which is a simple approach to estimate
the importance of a single laser cladding parameter and/or their mutual interactions.

The combined process parameter &; has been defined as a combination of the three main processing
parameters (P, V and F) raised to opportune exponents (X, y and z respectively), as shown in equation

®; =P*-VY-F* (A.12)

and the mathematical formula used to describe the correlation between the desired i-quantity and the
processing parameters have the following form

Qi = Ai + Bi * (pi (A13)

where Q; is the investigated quantity and A; and B; are fitting constants.

The best fit in terms of regression coefficient for equation (A.13) has been calculated by varying the
exponents X, y and z between -5 and 5 with an interval of 0.5 while, if not differently specified, no
limitations have been set for the fitting constants A; and B;.
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Appendix 6
Melt pool temperature

The temperature of the melt pool has been estimated for the clads produced with four powders (NiBSi,
316L, In625 and Stellitel) on the mild steel using the equation proposed by Pinkerton and Li [130]
and modified by the author

Tinp = S R A (A.14)

4k (T) Degq

where P, is the power absorbed by the cladding system, k(T) is the thermal conductivity of the
cladding material, which is function of the temperature, D¢, is the equivalent diameter of the melt pool
and T; is the solidus temperature of the cladding material. This equation is obtained by approximating
the heated pool region as a sphere with uniform heat generation and with one half of its surface at the
solidus temperature, then by adapting the standard one-dimensional steady state solution to allow for
surface conduction only over half of the surface.
The equivalent diameter of the melt pool has been calculated using equation (A.15) as the diameter of
the melt pool assuming it to be circular

4-A
Deq = n’”” (A.15)

The solidus temperature of the different materials investigated has been found in literature [143,144].
These values are reported in Table A 4.

Table A.4. Solidus temperature of the four materials.

material Ts
[°C]
NiBSi 1040
316L 1375
In625 1290
Stellitel 1280

The thermal conductivity has been estimated through the work of Nishi et al. [161], who measured the
values of thermal conductivity of molten iron, cobalt, and nickel and their variation with T in a defined
temperature range with the laser flash method. These equations and the respective measurement ranges
are
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kpe =2.15-1072-(T —1818) +33.3  1818<T <1868  (Al6)
keo =2.79-1072- (T —1768) + 304 1768 <T < 1838 (A7)
ky; =2.30-1072- (T —1728) +53.0 1728 <T < 1908 (A18)

where T represents the temperature measured in K.

For this work, the equations (A.16), (A.17) and (A.18) are assumed to be valid not only in the
measured temperature region, but also for higher or lower temperatures, and the same linear
temperature dependence in supposed.

The thermal conductivity of molten iron has been used for the calculation of the Fe-based alloy
(316L), the thermal conductivity of molten cobalt has been used for the calculation of the Co-based
alloy (Stellitel) and the thermal conductivity of molten nickel has been used for the calculation of both
the Ni-based alloy (NiBSi and In625).

Since the thermal conductivity, which is temperature dependent, is included in the equation (A.14) to
calculate Ty, iterative method has been applied to combine the values of k(T) and Tp,.

With this technique, melt pool temperature in different processing conditions has been estimated. To
prove the quality of the estimation, the melt pool temperature has been plotted versus the wetting
angle oy (Figure A.14,left) and the aspect ratio (Figure A.14right). Indeed, the temperature of the
melt pool should be correlated to the geometry of the final clad: a higher melt pool temperature

generates higher wettability of the substrate surface by the liquid metal, leading consequently to a
lower wetting angle.
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Figure A.14. Estimated melt pool temperature as a function of the wetting angle
and the aspect ratio respectively.

When compared to the quantity o, it can be seen that the molten pool temperature decreases on
increasing the wetting angle (Figure A.14), thus confirming the appreciable result in temperature
estimation.

In addition, according to the different cladding materials used, different correlations were revealed.

This is mainly due to the different solidus temperature of the materials, which strongly affects the
calculation of Tpyp,.
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Appendix 6 — Melt pool temperature

Together with the wetting angle, substrate wettability can be evaluated from the aspect ratio of the
clad. These two quantities are in fact correlated by equation

= @ (A.l9)
which approximates the variation of the W/H ratio as a function of o, (Figure A.15).

70+

= data points
W/R=2%tan"(at,_/2) + 5

60

aspect ratio W/H

wetting angle o [degree]
Figure A.15. Aspect ratio values as a function of the wetting angle plotted together with equation (A.19).
Consequently, for the same reason, an increase in the aspect ratio value is justified by an increase in

the melt pool temperature (Figure A.14,right): higher wettability of the substrate produces a wider
clad, that is the reason of the increased aspect ratio.
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Appendix 7
Specific heat

Heat capacities of the powders and substrate used in the energetic model have been calculated using
the Neumann and Kopp’s rule. This rule states that for a given alloy, the heat capacity c, per unit mass
(expressed in Jg™'K™) can be calculated from the equation

—_ VN .
Cp = Li=1Cp,i fz

(A.20)

where N is the total number of alloy constituents and c,; and f; are the heat capacity and the mass
fraction of the i-th constituent respectively.
Since heat capacity is a temperature-dependent quantity, specific heats of different elements at

different temperatures have been used, assuming linear variation between the data points available in
literature [162,163].

Calculated heat capacities are reported in Figure A.16.
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Figure A.16. Estimated heat capacities of the powder materials (left) and the substrate material (right).
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