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1. Introduction

Society is in a continuous progress, in order to survive for long term,
communities of people need energy. This energy is taken from different sources,
however, any type of source requires processing toward to extract the maximum
amount of usable power. To achieve this maximum, in addition to optimizing work
processes, the life of raw material processing equipment must be extended

1.1. Background and motivation

According to statistics, the world rises constant consumption of energy, if
around 7.5 billion metric tons oil equivalent were consumed in the early 1990s, over
the next 20 years an annual increase in energy consumption of up to about 13.5 billion
metric tons oil equivalent is expected [1]. To obtain this amount of energy, both from
non-renewable sources (fossil) and from renewable sources (hydro-, tidal-, wave-,
wind power) is urgently needed an improvement in the quality of the acquisition
process of the raw material in case of non-renewable sources, and capture energy
when we talk about the renewable energy.

An important direction of approach, in relation to the increase of the demand
on the energy market, refers to the identification of new technological solutions of
manufacture, of reduction of the costs related to the maintenance, repair,
rehabilitation, of increase of service life of the equipment. A suggestive example is
the development of new more durable assemblies, with improved wear behavior and
a very high corrosion resistance in extremely aggressive environments (coal mines,
offshore atmosphere, hydropower plants).

For example, machines which are working in these environments, in order to
have the necessary force, are equipped with hydraulic cylinders. Because they are in
a continuous movement, these parts are susceptible to premature wear and to intense
corrosion, as well. According to a study made by the US Federal Highway
Administration, in 2002, direct corrosion costs amounted to around $ 272 billion [2];
it is currently estimated to raise these costs globally to around $ 2.5 trillion annually,
which is corresponding with 3.4% of world GDP. Besides these costs, if it is taken a
single set of components, the costs can be divided into three major categories. The
first and the most expensive category is in the year zero of the assembly: where the
costs being the initial construction investment of the structure. In the second category
are the costs associated with maintenance, repair, rehabilitation, and also the costs
related to non-functioning time for the whole assembly. The last category includes
the costs related to removal of the installation and after that a new cycle can begin.

The afore mentioned structures are designed to be in use for a certain amount
of time. Maintenance costs may be reduced if some active parts of the plant can be
rebuilt relatively easily, and the entire component does not have to be restored.
Therefore, a protective coating is used for active parts of the cylinder and the costs
are much diminished [3]

Leaving the economic side, the technical part comes into play, namely surface
engineering. The aim of this is to solve the requirements of the interface (e.g. wear
and corrosion resistance, close dimensional tolerance, hardness) for components
which are in direct contact with an aggressive environment or directly with another
assembly part, without destroying the mechanical resistance requirements, also it is
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12 Introduction - 1

desirable not to destroy the properties of the underlaying material (e.g. ductility
tensile strength, high toughness, low density) [4].

Since the 1970s the surface properties of these components ware improved
by depositing a hard chromium coating. In this process the working pieces are coated
with a chromium metal with coating thickness in range of 2,5um up to maximum
500um [5]. Due to the harmful chromium compounds: Chromite (Cr (III)) and
Chromate (Cr (VI)) [6], it had been tried to decline the electroplating chromium
method, optimizing new coating types and processes for machine parts industries.

Thermal spraying is a popular solution in replacing the hard chromium plating
process and is currently used to enhance product lifetime and also to restore
components that have emerged from nominal sizes by wear or corrosion. The
foundations of this process ware laid by the Dr. Max Ulrich Schoop at the beginning
of XX’s century, he is also called "“the Father” of thermal spraying. On 28t April 1909
in Berlin was applied the first patent for a metal spraying process, after that it took
four years for the imperial patent office to grant it [7]. However, a technological
expansion did not occur until after World War II period, during this time the powder
used as feedstock and plasma spraying were developed and introduced in industry at
a large scale.

The greatest advantage of this process is that a variety of materials can be
used to obtain coatings, theoretically any material which is not decomposing at the
melting point can be used in the process [8].

Due to the high deposition rate and having a wide range of coating thickness
from a few micrometres up to millimetres, thermal spraying is known to be one of the
most effective deposition methods, besides other methods of material depositing

1.2. Aim of the study

From all the flame-deposition methods the cheapest and more productive one
is oxy-acetylene powder flame deposition. Following the literature, it is known that
the coatings obtained by this process consists of several layers with a lamellar
structure, very high porosity and imminent threat of delamination [9]. In this case of
powder deposition, the major disadvantage is that at the interface the particle shows
a mechanical anchorage to the substrate and has the risk of exfoliating upon exposure
of an external agent/force

The purpose of the work was to obtain high-quality coatings (in terms of

corrosion resistance and wear) in two steps, succeeding the simple and inexpensive
procedure of deposition (step I) by applying a subsequent process of heating them by
high-frequency currents (step II).
Objectives- the study aim is to develop NiCrBSi coatings with good wear and corrosion
resistance in aqueous environment and with improved adhesion to the substrate.
These novel coatings will find application in the coating industry, especially in the field
of hydraulic cylinders.

The activities that are necessary to achieve the assumed objective are:
deposition of coatings, construction (design) and optimization of the elements
(components) used in the inductive remelting process, optimization for the remelting
parameters, microstructure characterization, determination of the phase composition,
examination of the adhesion to the substrate, evaluation of the corrosion and wear
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1.2 - Aim of the study 13

behaviour of the remelted coatings, influence of the heating process on substrate
material .
Consequently, the present work is structured in following chapters: in Chapter
one (introduction) is presented the motivation and aim of this work. The second
chapter presents the theoretical aspects regarding thermal spraying, engineering
methods of protection against friction, wear, corrosion and also methods of improving
mechanical properties; The third chapter is about equipment and methodology used
in current work; chapter four contains the experimental program shown in Figure 1.1.
Chapter five and six present the conclusion, pointing out some further research and
original contributions presented in this work.

Feedstock Powder Substrate Material Q&T Substrate
NiCrBSi Cr/Mo Steel (1.7227) Material
-6 wt.%Cr T
- 10 wt.%Cr Surface cleaning
- 13wt. %Cr -Alcohol
Caracterization: - Sand blasting Caracterization:
- Morphology ' -Microstructure
-Phase composition Oxyacetilene Flame -Hardness
-Porosity powder deposition

Aim of study: develop novel NiCrBSi
coatings with good wear and corrosion
resistance and with improved adhesion to
the substrate in order to be used in the
coating industry, field of hydraulic cylinders

Caracterization:
- Morphology
-Phase composition
-Porosity

Optimization of the post
treatment process

L

Adjustment of
the inductor
geometry

Optimization of the
coatings characteristics

Influence of remelting
parameters on the
substrate

[

Caracterization:

- Morfology
-Phase composition
-Porosity
-Adesion
- Hardness properties
- Wear behaviour
- Corosion behaviour

Characterization:
-Microstructure
-Hardness

Figure 1.1: Schematic of the experimental part
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2. State of the art

2.1. Theoretical aspects regarding thermal sprayed

coatings
Nowadays more and more parts/components need a coating that gives them an
increased durability while working in aggressive environments and not only.
These components can be subjected to different mechanical, chemical, or thermal
stresses. The individual stresses can be the following and can lead to:
e Chemical stresses: Corrosion
e Thermal stresses: ageing and creep
e Mechanical stresses: fatigue and wear
In reality most of the time it cannot appear just a single stress, these tensions
being combined with each other some of them are defined by the following types:
e Mechanical-chemical: friction corrosion and cavitation
e Mechanical-thermal: high-temperature fatigue
e Chemical-thermal: high-temperature corrosion.
A large majority of processes have been developed and come up with the same
goal: that the process needs to have a high quality, efficiency, and reproducibility.

Thermal spraying is a process by which a metallic, ceramic, cermet or polymeric
material is deposited on a substrate, providing a protective coating (see Figure 2.1).
The spraying consumables material is fed to an equipment that will transform it into
a semi-melted state and will accelerate it using a gas jet to the substrate. Several
layers are deposited on the surface of the base material in the form of thin lamellar,
which overlap and anchor mechanically to each other [10].

Wire A :
e = = ‘ = @ =

N -

'8 y

Powder

Molten particles Impacting of Spreading and

accelerate in gas powder particles solidification
stream on substrate

Feedstock Melting of
material spray material

Figure 2.1 Thermal spraying schematics [11]

2.1.1.Preparation prior to thermal spraying

The correct preparation of the substrate is a decisive component in the success
of the final coating. Most of the coats deposited by thermal spraying are fixed to the
substrate by the mechanical bonding. This bond depends not only on the type of
particle sprayed and its speed but also depends on the cleaning level of the substrate
and its roughness. For these reasons in practice, pre-treatments are required. The
common pre-treatment processes are listed in the Figure 2.2. The coatings that need
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2.2 Theoretical aspects regarding thermal sprayed coatings 15

a subsequent treatment by means of remelting could be subject of different
processes, like in the case of this work where high frequency currents where applied.
Further alternative methods can be remelting by an oxyacetylene flame ore even in a
vacuum oven. All these methods lead to a good bond of the coating material to the
substrate.

Degreasing and masking 1

¢ Cheamical cleaning
e Covering for the blasting operations

Roughening

e For the coating operation

Remove the covering e blasting, rough turning etc.

efrom the blasting process
Masking 2

e For the coating operation

Subsequent cleaning

e Air blowing
ealcohol cleaning

Thermal spraying and
removal of the masking

Final component

Figure 2.2 Surface processes applied prior to thermal spraying [12]

a) Chemical cleaning

The initial condition before putting into use a material, part or device is that
itis clean, without traces of oil, grease or substances that adhere to the base substrate
in order to be used in the thermal spraying process.

One of chemical degreasing processes used is combustion using high furnace
temperatures, or with the flames of a welding torch.

Degreasing in ovens or furnaces is another technique utilised when there are
old machine parts, especially cast components that are covered with oils, greases or
other paints on the inside where it is very difficult to reach with the help of liquid
solvents.
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Greases can be dissolved using chemical cleaning agents such as Acetone,
Alcohol, spirit, Nitrocellulose varnish solvent [13].

Acetone is characterized by: colorless, low viscosity, highly flammable and
can form explosive mixtures.; also this can be diluted with water or mixed with most
of the organic solutions in almost any concentrate ratio

Alcohol is also colorless, for technical use only (not good for human
consumption).

Nitrocellulose varnish solvent is a mixture of various hydrocarbons, most often
used to clean nitrocellulose varnishes; is harmful to health.

In the case of all chemical cleaning agents one must to take into account the
technical safety data [14].

Alkaline aqueous solutions( similar to soap-based solutions ) and hot water
vapor can be used to remove greases, as well.

Toxic periocular products such as methanol, perchlorethylene,
triperchlorethylene should not be used as they can seriously affect human health.

In conclusion in the case of chemical cleaning, it cannot be said that one is
better than the other. We can make an analysis according to which, depending on the
costs and advantages and disadvantages, it is the right material to choose for the
degreasing of the surface that will be covered with a layer of protective metal. The
advantages and disadvantages are presented in Table 2.1

Table 2.1 Advantages and disadvantages of cleaning agents

Method Disadvantages Advantages

Combustion due to high temperatures, it can | cleanses all grease on
produce distortions in the | the surface, even hard to
material, produce oxides on the | reach spots, has no
surface, emit smoke when burned | effect on human health
Acetone Easily volatile and inflammable, | very good degreaser
relative expensive, skin
degreasing effect.

Alcohol, spirit

Can causes states of intoxications,
easily inflammable

good solvent , favourable
cost

Nitrocellulose
varnish solvent

Harmful for  health, easily
inflammable

better grease solvent
than alcohol, favourable

cost if it is produced in
large quantities
not inflammable

Alkaline aqueous | Component drying required
solutions

b) Covering for the blasting operations

Covering materials are required to be used for all regions where there is no
additive material in the form of a protective coating needed these parts should not
be sandblasted. The materials used for surface protection are different.

There are materials that can be used only once, such as self-adhesive tapes or
materials that can stand out for many uses, such as metal strips or rubber-coated
masks, which stand out for many uses [15]. A classification of the advantages and
disadvantages are summarized Table 2.2
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Table 2.2 Advantages and disadvantages of covering materials

Covering material

Advantages

Disadvantages

Self-adhesive tape

easy to use

precise position depending
on the worker, no
temperature resistance,
cannot be used for HVOF
sandblasting, can be used
only once

Separating Agent

Favourable cost,
immediately utilisation,
water soluble

not suitable for blasting (
just for spraying) imprecise
delimitations because of
paintbrush

Solid metal mask

exact covering, can be
reused for identical
parts, favourable costs

depends on design, high
prices. requires processing
beforehand

Sheet metal mask

often in combination
with adhesive tapes.
suitable for all sprayed
coatings

depends on design, high
prices. Possibility of
distortion at high operating
temperatures

Silicon mask favourable costs for | high price, cannot be
series parts, accurate | immediately used
coverage, ideal for
critical contours

c) Roughening for the coating operations

The roughening of the surface which needs to be thermally coated has as its
main purpose the improvement of the mechanical adhesion for the coating on the
substrate. At the same time, is pursued to remove all impurities from the surface,
such as oxides or contaminants of any kind, in order to obtain an active surface. In
practice there were 3 methods which have international acceptance, namely: rough
turning, rough grinding and blasting.

Rough turning it produces a surface similar to a thread or sawtooth. It is
mainly used for forging parts because by this process the forging defects can be
eliminated, and later a prominent coating of up to a few mm thickness can be
deposited. For this procedure, the tooth or thread surface deep must be at least 0.5
mm or more. A disadvantage of this structure is that this structure must first be filled,
after which the formation of the coating thickness can be considered.

Rough griding it is a rarely applied method and like the rough turning it was
often used in the past. It similar to blasting but griding operations is carried out in an
cross griding pattern with an coarse grindstone) [9]

Blasting it is most common method

In the case of the most commonly used installations for blasting metal parts,
the agent used is thrown to the surface with the help of compressed air. Its
acceleration results in a kinetic energy that can be increased using special blasting
nozzles (Laval Nozzels) [16]. The atomic forces of attraction (Van der Waals bonds,
adhesion or cohesion) are activated and increased by the sandblasted surface, which
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improves the adhesion of the layer [17]. Adhesion of the coating to the substrate for
sandblasted surfaces is time-dependent. According to the adhesive pull strength test,
the adhesion capacity is halved at an interval of 4 hours after sandblasting.
Consequently, this means that in practice the material must be covered within a
maximum 2 hours after blasting.

Five types of materials have proven to be suitable for use in the mechanical
sandblasting process. Depending on their advantages and disadvantages, they are
presented in the Table 2.3

Table 2.3 Types of blasting materials

Blasting Cost Advantages Disadvantages Standard
Material DIN EN
Slag Particularly | Economical Suitable for ISO 11126-3
low viable precleaning, can | ISO 11126-4
be used once
Steel grit Low Long service life, | Used just for I1SO 11124-2
High toughness components
made from
weekly alloyed
steels
Corundum, Medium Very pure, Low toughness, | ISO 11126-7
pure Utilised relative short
frequently service life
Corundum, Medium Pure, utilised Better ISO 11126-7
alloyed frequently thougness, does
not break so fast
as pure
corundum
Silicon High Very hard Reacts to cobalt,
Carbide short service life
related to the
costs

Steel grit is one of the most commonly used blasting materials, it is made of
cast steel, angular, martensitic with carbide inclusions, its hardness is higher than 60
HRC. A second type is made of chromium steel, angular, with a hardness of 60 HRC
or third one mad of nickel chromium steel, round, with a hardness of 45HRC. These
3 materials are the most used due to the low price and high life service. Also, the
residues that remain after the blasting process and the subsequent cleaning with
compressed air jet, should not influence the function of the component to be thermally
covered. They are suitable for the coatings to be subjected to a subsequent heat
treatment, because they have a high melting temperature, they will not be melted
together with the coating and will not change its properties [18].

In selecting and using the materials necessary for blasting for a certain
circumstances, the following parameters must be taken into account, which decisively
influence the blasting process:

- Blasting angle

- Blasting distance

- Blasting pressure
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- Size and shapes of blasting materials

- Blasting materials

- Blasting principle

- Hardness of the component- influence the cleaning speed

- Recycling of blasting materials — the media must be collected cleaned and
reused in function of the efficiency of the cleaning process

- Care of blasting materials

2.1.2.Designing of the components for thermal
spraying

Because the spray jet is always in a straight line, only the parts in front of it
can be sprayed. For the inside diameters it is always necessary that the size of these
to be taken into account by design , the sprayed hole must be larger than the torch
head plus the minimum spray distance, if the inside diameter is larger than the
respective process can be used, otherwise we should search for another metal coating
process which doesn’t need this spray distance. Depending on the spraying process,
there are different angles of flame. The optimal angle of impact of the sprayed
particles and approaching to the base material is 80-90°. deviations of up to 45° are
possible in exceptional cases but with poorer coating quality and a lot of over spraying
particles. Examples on this subject are included in the DVS 2308 Technical bulletin
[19].

If surfaces with right angles or grooves are sprayed, the coating will always
be much more pronounced at the sharp tip and corner of the groove, which will not
give stability to this coat and also the adhesion will not be standard. In order to
eliminate this problem, the gun should always move when it reaches this groove or
the 90° angle. Figure 2.3 shows the preferred sketches for thermal spraying in which
we will not have problems during the process. It can be observed that it is desirable
that the edges, they must be rounded so as not to be stress concentrators and in
time the coating will crack. On the other hand at 90°angles it would be indicated that
the deposited coating always ends in a groove at a distance of at least 5 mm from the
shoulder. At the same time the coverings in the groove should be at least twice the
thickness of the coating as width. Also is not indicated that they have straight edges,
the most indicated is that their exits should be in a arc circle, preferably as large as
possible.

Not feasible Feasible

2
Easy build-up R>31 ; n

B [ Tia | Lo
i <

l—-“‘”‘]] el

Preferred design

Figure 2.3 Designing components for spraying [9]
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2.2. Thermal spraying processes classification

Depending on the energy source used, the thermal spray processes can be
sort into several main groups, among which we list: energy from molten liquid, energy
from gas combustion, kinetic energy, electric discharge or electron beams [20].

Each of the groups listed has its distinctive characteristics such as enthalpy,
speed of coating deposition, thickness of the coating that can be deposited, the
temperature at which the process takes place. These characteristics have a direct
influence on the coating quality. These including porosity, adhesion of the coating to
the substrate, internal connection between particles, oxides present in the each layer
that forms the final coating [21].

In order to select the optimal deposition process, the following characteristics
must be taken into account:

e the type of application in which the final component will work;
e the base material on which the coating will be deposited;

e the type of material to be deposited;

e the shape and dimensions of the part to be deposited.

The type of thermal spraying is often chosen according to the dimensions of
the part or the place where they are incorporated. For example , small dimensions of
the pieces can be deposited in the thermal spray chambers, instead plates that are
already incorporated in the assemblies (for examples on the oil platforms) must be
sprayed on that place.

In many situations an easier process will be chosen to handle under the given
conditions, even if the quality is a little lower but acceptable.
Figure 2.4 shows a classification of these processes according to the energy [20]

| Thermal spray Processes |

1 ) 1
Energy from Energy from
Energy from - gyl gy
liquid Kinetic Energy| |combustion of] Electric
gases discharge
L ! 1 L ! 1
Liquid Cold Flame Detonation . . . Plasma Energy from
spraying | | spraying | spraying | | Spraying |H|ghVeIouty| |Arc$praymg| | spraying | | beams
—— |
i i Plasma
Powder . High Velocit High Velocit: >ma Laser
flame \A:”faﬂianme —Olfy-G:sofﬂel arc Spraying ||| spra:;rngln cladding
spraying praying spraying

ASh;‘;“'de_d Plasma Spraying in
High Velocit rcorraying vacum Chamber
Coatings —{ Oxy-Liquid
fuel spraying| High velocity Plasma
- spraying

High
—| Velocity Air Shrouded Plasma
fuel spraying| Spraying
Water stabilized Plasma
Spraying
Power plasma transfer
arc
Induction plasma
spraying

Figure 2.4 Thermal spraying process classification according to the sources of
energy [20]
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2.2.1.Wire flame spraying

In addition to thermal spraying with oxygas and electric arc, thermal spraying
with wire is one of the oldest coating processes. This is one of the most feasible
procedures for reworking in construction site because it does not require high
transportation costs, also the materials to be deposited do not need to be prepared
in advance, the feed system is a mechanical one, with too little electronic involvement
in the transport of the wire which has to be melted. In this process material to be
deposited it is found in the form of wire, this is melted with the help of oxygen/gas
type fuel. Propane, hydrogen or most commonly Acetylene can be used as the fuel
gas. Particle velocity can reach approx. 100m/s [22]. This process is portrayed
schematic on the Figure 2.5

Fuel Wire or Rod Air Cap

Oxygen  Gas Nozzle Air Channel Substrate ———>|

Figure 2.5 Schematic diagram of wire spraying

The design of the spray head differs from application to application, there are
spray heads specially designed for industrial robots that are mounted in specific
locations and have rigid dimensions. For inside diameters spraying the flame can be
extended up to one meter and the spray jet is deflected with up to an angle of more
than 45 degrees. For manual operator spraying, the spray head must be as light as
possible and should be handled very easy so that it can be used for simple operations
or minor repairs [23].

In the Figure 2.6 show the project manual using head

Front Wire Guide

Figure 2.6 Cross section through hand spray head and the nozzle [9]
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The types of wires used for spraying can be of several types. solid wires, powder-
filled wires ( Figure 2.7)( the wires that contain the powder are covered by a core/shell
that holds the powder together until it reaches the flame, the core is also melted in
the fame), foldable wires, electrodes for ceramic materials - the powder is cold
pressed together with a special glue, after which it can be sintered or left in a pressed
state

Figure 2.7 Solid (a) and powder filled wires (b)

2.2.2.Arc spraying

Electric arc spraying was described by M.U Schoop in 1914 [24].He patented
a twin ark spray gun. He is considered the "father" of thermal spraying. His research
in this field has been going on for almost four decades [25].

In the 1930's, the first patent for various applications was introduced.
Because of the little knowledge of the process and the development of current source
supply , led to its application only in 1950.

In the case of arc spraying, two conductive wires of the same chemical
composition or of different compositions (in this case the result is a pseudoalloy) are
pushed into the spray head at a constant controlled speed. The current is transferred
with the help of the wire guide contacts (in most cases they are made of copper) See
Figure 2.8

Compressed Air  Wire Guides
Substrate

Figure 2.8 Principle of arc spraying
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After the feed system has been started, the wires connected to the anode and
cathode advance through their guides until they touch. The short circuit that is formed
results in an overheating of those two wires which results in the vaporization of the
material and the formation of the electric arc. Figure 2.9 shows the arc formations on
the right and the normal working gun on the left. The temperature formed in the arc
reaches up to 5000 degrees Celsius. The melted material is transferred with the help
of an air jet coming from the centre of the gun. This gas atomizes the molten material,
accelerating the particles by up to 150 m/s and throws them on the surface which
need to be coated.

Figure 2.9 Arc formation [26]

The process allows depositions of any electrically conducting feedstock wires.
Diameter of wires cand be between 1.6 and 4.8 mm

Due to the fact that compressed air is used in the transfer of the material, the
resulting layer may contain oxides, unsuitable particles or porosity. Also due to the
fact that compressed air is used, depending on the pressure set for the compressed
air, the resulting layer is more compact when the pressure is higher. Deposition rate
is between 8-20 Kg/h and reach up to 30 kg/h for St alloys and 50 Kg/h for the Zn
alloys [27].

The use of this type of process is suitable for bearings where the requirements
are that the wear coating should be porous with a high porosity, so that this porosity
is always filled with lubricating material. At the same time, this process has a
mechanical adhesion to the substrate, and due to the low particle velocity, the
adhesion on the substrate is much lower than other thermal spraying processes [28].
It is a cheap and feasible process for many industry applications. In Figure 2.10 it can
be seen the building of an arc spraying coating
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W voiss
D Oxidized particles

D Unmelled paricles

Roughened substrate

Figure 2.10 Arc spraying coating building [29]

2.2.3.High velocity oxy-fuel spraying

The high velocity oxy-fuel spraying process is characterized by a speed of
entrained particles of up to 800 m/s theoretically, in normal practice it reaches an
average of 600-700 m/s [30]. During the process the particles are heated to a
temperature between 1600 and 2200 degrees Celsius [31]. During the process,
oxygen and fuel material are mixed in the combustion chamber at high flow rates and
pressures, reaching up to 12 bar [32]. The fuels used for this process can be:
Kerosene, natural gas, acetylene, propylene, hydrogen or propane [33].

The process is a relatively new one in which the hypersonic speed of the flame
greatly shortens the interaction time between the flame and the particles. The kinetic
energy stored in the particles gives to the coating a good cohesion with the substrate
and between the particles, also a coating with low porosity and a high hardness and
density is obtained [34].

The design principle of the spray gun is shown in Figure 2.11. The torch is of older
generation and is cooled exclusively with compressed air, or in case of long use the
cooling is done with nitrogen. powder injection is done through the center of the gun,
they lead to good efficiency because the spray jet is formed symmetrically
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Oxygen Fuel Nozzle  Sock Diamonds

Compressed Air ~ Powder with Carrier Gas Substrate —>

Figure 2.11 Principle diagram of HVOF process

High velocity oxy-fuel spraying process can be considered today one of the
most used layer deposition techniques
Until now the next group of materials have been tried with successfully results
in utilisation of HVOF spraying procedures:
- Cermets ( carbide coatings, WC-Co, WC CoCr, WC-Ni,Cr3zC,-NiCr and TiC-
Ni)
- Nickel and cobalt alloys (MCrAlY, manufactures designations such as
Tribaloy, stelitte, Hastelloy or Inconel)
- Self-fluxing Ni Cr B Si alloys
- High alloyed steels (CrNi18-8 steel, Type 316 L and Cr steels)
- Cooper alloys (Cu, bronze, Al bronze and lead bronze)
- Aluminum alloys ( Al Si) and composite materials
- Molybdenum (Mo, Mo-MoO,and Mo-Mo,C)
- Oxides ( Al;03, Al203-TiOz, and Crz03) [9]

2.3. Post-processing of sprayed coatings

In order to change the microstructure of the coatings, they are subsequently
subjected to different surface treatment procedures [35]. These processes aim to
improve density, reduce oxides, reduce internal stresses etc. According to J.R. Davis,
there are three main categories in which they are divided to improve the quality of
the resulting layer [36]:

- Physico-chemical treatments: chromium plating, aluminization, sealing;

- Thermal processes: fusion, heat treatments, diffusion, isostatic pressing,
laser glazing;

- Mechanical treatments: milling, turning, sandblasting, polishing, work
hardening;

2.3.1.Surface remelting methods

Surface melting are part of the thermal process group and are used to improve
the functional properties of the surface of compact materials or coatings made by
different technologies. The most common methods are laser melting or electron beam
melting and induction melting.
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Laser melting

To use technology of laser melting, powders produced by a micronization process
are used. The shape of the powder granules should be as spherical as possible to
allow a greater distribution during the laying phase. The dimensions may vary
depending on the results to be obtained, but there is a tendency to create powders
with a constant particle size, 15 - 45 pm or 20 - 63 pm are the most used.The material
to be deposited can be transferred to the surface of the substrate by several methods:
powder injection, pre-placed powder on the substrate or by wire feed. Of these
methods, powder injection has been shown to be most effective (Figure 2.12) . In this
process, the laser beam melts the powder particles and a small portion of the moving
substrate, thereby depositing a thin layer of powder particles on the surface of the
substrate. A wide variety of materials can be deposited using laser injection powder
coating leading to the formation of layers with thicknesses between 0.05 and 2 mm
and widths of up to 0.4 mm [37].

Treatment direclion

-

wWo
Carrier gas
Laser s
beam Stellite-6/WE
- povwdler
MML coating Shielding gas
I < Substrate
Remelied
rone -
n,
Heat affecter zone Weld poal

Figure 2.12 Laser cladding schematics [38]

The most commonly used materials are pure powders of various materials, such
as aluminum, copper, tungsten (tungsten is very suitable for this technology due to
the high melting temperature) or steel alloys, cobalt chrome alloys, Inconel 625 and
718, aluminum and titanium [39].

As usual applications, it is used to obtain on the hydraulic cylinders, molten
powder in order to form a wear-resistant protective coating. Also 3d- printing of
supports for aeronautical instrumentation, both in civilian and military fields.
Examples are jet engine injectors developed by General Electric or rocket engine parts
developed by SpaceX [40].

Electron beam remelting

The electron beam strikes the surface to be remelted, bringing the surface to a
melting temperature but below the evaporation temperature of the coating material.
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This beam heats the material locally. Due to the fact that the beam it moves it will
generate a line that is melted and also thermally influenced area. The dimensions of
the remelted area and the thermally influenced area depend entirely on the strength
of the electron beam and the geometry of the focus point on the surface to be
remelted [41].The process should take place in an vacuum chamber, it is not suitable
for large samples. The process is presented in Figure 2.13

= High Voltage Cable
T~ Incandescent Cathode

Prism ~— Bias Cup
Telescope Primary Anode
for Viewing ™ - Electron Beam

» Focusing Coil
Deflection Cost

/ , Weld Bead

Vacuum Chamber

Figure 2.13 Electron Beam melting [42]

Induction remelting

One of the best-known applications of induction heating along with Preheating
Prior to Metalworking, Heat Treating, Welding, Brazing, Soldering, Sintering and
melting.

Induction heating has a number of advantages over furnace heating (such as
rapid heating see Figure 2.14, smaller scale loss, quick start, energy savings) and
compared to laser melting or electron beam it provides high production rates and
much wider applicability in industry

Remelted zone

Figure 2.14 Induction rapid heating
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Due to the fact that in the technological route a superficial remelting, with the
help of electromagnetic induction was used, this process will be presented in detail.

2.3.2.Induction heating

Induction heating is a method of heating metallic materials by electromagnetic
induction. The process is based on the property of high frequency currents induced to
flow to the surface of the conducting parts at a depth dependent on the frequency of
the current.

2.3.2.1 Process fundamentals

A high frequency electricity source is used to conduct a large alternating current
through an induction coil. This heating inductor is known as a working coil [43]. See
Figure 2.15

Figure 2.15 Schematic illustration of an induction coil [44]

The passage of current through this heating inductor generates a very intense
and fast magnetic field in the space in the working coil. The workpiece to be heated
is placed inside this intense alternating magnetic field [45].

The alternating magnetic field induces a current flow in the conductive workpiece.
The arrangement of the work coil and the workpiece can be considered as an electrical
transformer. The work coil is like the primary one in which the electricity is supplied,
and the workpiece is like a secondary coil that is short-circuited. This causes the
currents to flow through the piece. These are known as eddy currents.

Figure 2.16 Schematic of induction heating [46]
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In addition, the high frequency used in induction heating applications give rise to
a phenomenon called the skin effect. This skin effect forces the alternating current to
flow in a thin layer to the surface of the workpiece. The skin effect increases the
effective resistance of the metal to the passage of high current. Therefore, the
induction heating effect of the induction heater caused by the induced current in the
workpiece greatly increases [47].

The method of inductive heating is based on the following laws and phenomena
(effects)

1. The law of electromagnetic induction

2. The skin effect

3. Proximity effect

4. Variation of steel properties in the heating process, important for surface heat
treatment [48]

The use of the inductive heating method must also take into account the existence
of other phenomena that influence the distribution of currents in the inductor and in
the part to be heated [49]. In some cases they can be useful in others harmful. These
phenomena are known, however in almost all fields of technology, except for the
phenomenon of electromagnetic induction, they are insignificant.

The law of electromagnetic induction

For the inductive heating method, the importance of electromagnetic induction
consists first of all in the possibility of transmitting electromagnetic energy in the part
to be heated, without using contacts [50]. The use of contacts considerably
complicates the process, and in a number of cases it leads to the impossibility of its
realization (for example: the superficial hardening of the crankshaft cranks,
complicated shaped parts, etc.).

The induced electromotive voltage in a contour can be determined based on the
law of electromagnetic induction [51]:

e:-ﬂ 21
dt

Where:
- e - instantaneous value of the induced electromotive voltage in V
- Y=wd - The total flux that embraces the contour formed by w turns, each
magnetic flux ®, expressed in Wb

The expression of the total flux ® is valid if the magnetic fluxes of all coils are
the same, a condition fulfilled in many cases of interest, with sufficient accuracy.

If the variation of the total flux ® in time is close to the sinusoidal one, the
effective value of the induced electromotive voltage can be written:

E = 4.44fwd [V] 2.2

Where:
- f - frequency measured in Hz
- @ - is the amplitude of the magnetic flux measured in Wb

Power can be determined by expression:
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P =EIcosp = 4.44 fwldcosp [W] 2.3

Equation 2.3 shows that the power P is proportional to the frequency.
Therefore, as the frequency increases, the energy that is transmitted in a given
volume increases. This explains the small size and light weight of high frequency
transformers as well as the use of higher frequencies when heating small parts.

The skin effect

The skin effect is the basis of the inductive heating method, especially for
surface hardening. It consists in the irregular distribution of the current on the section,
the current density being the maximum towards one of the surfaces of the conductor
[52].

To highlight the film effect, take as an example the incidence of a plane
electromagnetic wave with the conducting half-space. Its physical properties,
magnetic permeability and electrical resistivity are constant at all points [53]. This
being a much simplified case idealized, however, for the analysis of electromagnetic
phenomena in real conductors in conditions of pronounced skin effect.

The magnitudes of the electromagnetic field in the conducting environment
satisfy Maxwell's equations [54]:

oD 2.4
rotH=]+ %
2.5
rotE =]+ En

Where:

- B= pouH - electromagnetic induction

- D= goeE - electrical induction

- Mo=4n*107 H/m - electrical vacuum permeability

- M - the relative magnetic permeability of the environment
1 el s

- €= mF/m - vacuum permittivity

- € - relative permittivity of the environment

- ] - conduction current density

Z4
Y
H 4 E
~ 1
SN PN
o) |
0 c "

Figure 2.17 Explanatory figure for solving electromagnetic field equations and
deducing formulas for resistors and reactants
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The differentially equations 2.4 and 2.5 express the laws of magnetic circuit and
electromagnetic induction. The second term on the right side of the equation 2.4
represents the displacement density, insignificant in conductive environments.

Because in a plane wave, the vectors H and E have only one component (in the
case analyzed in Figure 2.17 the vectors Hz and Ey are observed) equations 2.4 and
2.5 become:

o0H,  E, 2.6
T T TR
Oy _ 9B, _  OH: 2.7
ox ot HoH gt

Where:
- p - resistivity of the conductive environment measured in Q-m
-y - electrical conductivity measured in S/m
Further the y and z indices will not be written. If E and H are sinusoidal functions of
time then:

H= Hmej(wHSH) = Hmejﬁyejwt = ﬂmej‘“t 2.8
E=Ey

ej(wt+95) — Emejegejmt — Emejwt
Where:
- Hmand En, Hn and En - are the real and complex amplitudes of the
intensity of the magnetic and electric fields, respectively
- ©6un and e - the corresponding initial phases
- w - pulsation

Replacing expression 2.8 in equations 2.6 and 2.7 are obtained:

dH 2.9
_ﬁ =Jm =VEn
dEm H 2.10
dx ] WHoltm

After replacing in Equation 2.10 the expression Em from Equation 2.9 is obtained:

d?H,, , 2.11
Tz = JORouy o = j2K Hy,
1 WHo LY
k=—-—=
5 2

Where: § - penetration depth of the current

2.12
2 2
5= = |22 <503 |2
WHotty | Wl uf

The solution of equation 2.11 is designed like

Hy, = Ae®* 4 Bet* 2.13

Coefficients « are determined from the characteristic equation «? = j2k? and have
values:
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oy, = Fhy2j = Fk(1 +)) 2.14

Since at infinity the field must have a finite value B=0. The condition on the
surface of the conducting space x=0, on which the amplitude of the intensity of the
magnetic field Hme is given, determines the second integration constant, A=Hme. By
choosing the initial phase 64=0 it is obtained Hme=Hme is obtained. Then the
expression for Hn has the form:

—k(1+))x — Hmee—(1=1’)X/5 2.15

Hm = Hpee

From equation 2.9 it determinates:

Eﬂl = p]m = _p dZCm = \/EgHmee]% ) e_(1+j)X/5 2.16
Modules for this expressions are:
Hy, = Hpe /8 2.17
Em=plm = mee_x/8 2.18
On the surface where x=0 it will be obtained:
p
Em = Eme :\/EEHme 2.19
E H 2.20
]m=]me=%=\/E (rsne

The corresponding phases are determined from the equations 2.15 and 2.16 and
are :

- _x —_X*X,T
On=-73 and 6; = s+ 2.21
Dependency :—’“ = EE—’“as a function of relative depth % is shown in Figure 2.18
Jm Em Hip
Jme & Eme Hine
1 —
0,368
| | | -
| | 3| | Tx
1 2 4 5

Figure 2.18 Dependence on current density and magnetic field strength as a function
of depth
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At depth x=5 the Zm =1t _En _1_ 368

Jme Hme Eme e

This shows the significance of the concept of depth of current penetration. Using
this allows us to simplify many calculations [55]. Especially the calculation of
resistance and reactance. Let the parallelepiped with the edges of length | and a in
the directions of the OY and OZ axes and infinitely long edge in the direction of the
OX axis placed in the conductive space (see Figure 2.17)

The amplitude of the current In, passing through the width band a it will be
determined by applying the law of the magnetic circuit on the OabcO contour. It will
be obtained the following ecuation:

2.22
j{ Hdl = aH,y, = I,

OabcO

Because the component of the magnetic field strength in the direction of the OX
axis is zero and the side bc is far apart (at a sufficient distance) where H = 0. From
equation 2.22 it is observed that this current is in phase with the intensity of the
magnetic field on the surface. Taking into account the relation 2.20 the current I, is
expressed by the current density:

e 223
It is calculate the voltage u that balances the electromotive voltage induced by

the magnetic flux that crosses the parallelepiped section perpendicular to the OZ. For
this, the law of electromagnetic induction on the OcefO contour is applied (Figure
2.17)

de 2.24
f Edl=——=—-u
dt
Ocefo
Taking into account that Ex=0 and that the component of the integral E,ce=0 (due
to the distance of the side ce) the following equation is obtained:

U = jo®y = Epel 2.25
Where: oy - the magnetic flux that pierces the contour OcefO

The expression of the corresponding impedance of the band of width a and length
| on the surface of the space is using the relations 2.22 and 2.25:

L, Un_LBne_ 2.26
2=, T aH, JXm

Where:
- r - electrical resistance of the band
- X - internal reactance, corresponding to the magnetic flux passing
through the section OabcO

Substituting the Eme value from equation 2.16 and modifying x=0 is obtained:

P
V2Ze

z = T oz=Ly2t 2.27
= a s

Q |~
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r=xy =Ip/ad 2.28

The magnetic impedance Zn, of the parallelepiped is:

_ §Oabco Hdl _ aHme Im _ Im 229
e, T a0y VU
It is obtained:
jow
Zpn =22 = Ry + X 2.30

Where: Z is the total impedance
The magnetic impedance module is:

2.31
Zn=2= [RE+x2 3

Apparent power inside the parallelepiped:

P =2 Unl, 232

Where: Un=jo®dv and In=PvZm If we replace in the power equation:

P = Zjoy DL = 3 0 (K + jR) = Py + 1B 233

From the obtained relation it is seen that the real part R, of the magnetic
impedance corresponds to the reactive power and also to the component of the
electromotive voltage that is in phase with the magnetic flux ®v. The imaginary part
Xm is proportional to the active power - the losses in space - and corresponds to the
component of the magnetomotive voltage that is in phase with the voltage U (usually
in electrical machines this component is small while in the induction heating is defining
the process [56]. For example, in the analyzed case, of the conductive space with p=
constant and p=const, Rm=Xm. If I=a=1m the so-called impedance per unit area is
obtained:

R

Zo =Ty +jxo = B;Zmoszo‘F]'Xmo:% 2.34

Hme
Therefore:
Z=ééo;gm=%gmo 2.35

It is specified that when was obtained the equations 2.22, 2.25, 2.26 and 2.30 no
hypothesis was made on the dependence of the resistivity and the permeability of the
x coordinate. It is specified that when obtaining the equations 1.2 1.2 12. 12.3 no
assumption was made on the dependence of the resistivity and the permeability of
the x coordinate. These dependances are general and are also used in more
complicated forms of the skin effect. For example, if H and E are sinusoidal functions
of time, they are replaced by equivalent sinusoids - the first harmonic functions of H
(t), E (t) and J (t).

Formulas 2.24 and 2.28 explain the meanings of the concept of depth current
penetration, allowing properly to consider that the induced current passes only in
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layer & but with uniform density equal to J,,./v2, and beyond the limits of this layer is
zero. By this the resistance of the space is considered as the resistance in direct
current of a plate, its thickness being equal to the depth of penetration of the current
0. For calculations, especially thermal ones, it is essential that within the limits of the
depth of current penetration, the most important part of the energy is released. Using
the expression 2.18, the power is determined in a band of width a and length | (Figure
2.17). The elemental power in the layer with thickness dx, at depth x will be:

dP = %(a]mdx)2 % = al%p],znee_zx/‘sdx 2.36

The total power passing through the surface S = al of the conductive space is:

2 2 8 2.37
P= al%f e 2x/8 dx = al]mzp = alp,

0
Where: po is specific power per unit area measured in W/m?2
Within the limits of a layer of thickness x we have:
° 2.38
f e 2/8 dx = alp,(1 — e=2/%) = al(py — px)
0

2
Py_y = al%
Where:

- Po-x — Power in the layer with thickness x
- Px - Specific power on depth x
Within the delta thickness layer, replacing x=0 is obtained:
Py s = alpy(1 — e™2) = 0.865 alp, 2.39

This creates the premise that in the approximate calculations, it can be admitted
that in layer & the whole thermal energy is released.

Table 1 gives the values of the depth of penetration of the current at various
frequencies for the steel at ambient temperature, the steel heated over the Curie
point and for copper

Table 2.4 The depth of penetration of the current

0in Cm
Frequency Copper Steel
Hz At 15°C At 15°C At 800°C
p=1.8-108Q'm; y=1 | p=2:107Q-m; u=40 p=10"°%Q:m; p=1
50 1.0 0.5 7.0
500 0.3 0.15 2.2
2500 0.13 0.067 1.0
10000 0.07 0.034 0.5
10° 0.022 0.011 0.16
106 0.007 0.0034 0.05

In real conditions the conductors have finite dimensions and are not always flat.
However, even in these cases the notion of penetration depth does not lose its
meaning, because the current density becomes a negligible at a distance (2...3)8 from
the surface, and the power even faster [57]. At x greater than 20 the power is
practically zero, so the bend of the surface or the thickness of the conductor often
does not influence the accuracy of the result obtained by formulas 2.6-2.39
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Proximity effect

Figure 2.19 shows the approximate structures of the magnetic fields of two
conductors of circular section, in the case of currents with the same direction (left,
phase difference is zero) and opposite direction (right, phase difference is equal to
180°) [58]. The highest field intensity in the system having currents in the same
direction is observed at its outer surfaces of the conductors, and in the system when
the currents directed in the opposite direction, on the inner surfaces [59].

It is obvious that most of the electromagnetic energy absorbed by the conductor
comes from the strong field area, and related to this fact, there is also the highest
current density, as shown in the Figure 2.19 (the thickness of the reddish layer is
proportional to the density of current) [60]. The depth distribution of the current is
subject to the laws of the skin effect analyzed above. The proximity effect itself is a
variant of the skin effect, and consists in the concentration of current in certain areas
of the conductor surfaces, as a result of the interaction of the electromagnetic fields
of all the current conductors entering the analyzed system.

Conductor Current Density
Current Densit Conduct
\ onductol
Remote Remote
halve halve

Direction of current remains same. Current flow in opposite direction
Figure 2.19 Current distribution to the proximity effect [61]

Using the proximity effect, by choosing the appropriate inductor shape, it can
concentrate the heating in certain parts of the part [62]. For example, if the inductor
is ring-shaped and surrounds the part to be heated, then a current of the opposite
direction is introduced, the path of which is also circular in shape. The current is
concentrated in a segment whose width differs very little from the width of the
inductor [63]. The proximity effect is stronger if is a shorter distance between the
conductors. The stronger the skin effect, the higher the ratio between the thickness
of the conductor and the depth of penetration of the current [64].

The distribution of current in the conductor should not be confused with the
proximity effect or with the electrodynamic interaction between the conductors.
Conductors with currents of the same direction are attracted, and those with currents
in opposite directions are rejected.

Variation of steel properties in the heating process

When heated, the steel changes its resistivity and magnetic permeability, namely
the resistivity increases to the Curie point, after which its growth decreases.

At temperatures above 800°C the resistivities of steels of different qualities are
almost the same. On average it can be considered that the resistivity in the range
800-900°C is approximately equal to 10-6Q-m [65].
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The loop effect

It is known that if a ring or a spiral is made of a conductor and an alternating

current is passed through it, then the maximum current density will be on the inside
of the conductor spiral [66]. This phenomenon called the loop effect will be stronger
with the higher ratio between the conductor size and the diameter of the ring, and
the stronger the skin effect. The loop effect is a variant of the skin effect and is
explained by the asymmetry of the magnetic field of the spiral or solenoid. In the
inner gap of the loop (Figure 2.20) it is considerably stronger than outside; as a result,
the main part of the electromagnetic energy enters inside the conductor.
The loop effect worsens the use of the conductor section, increasing the active
electrical resistance. For the calculation of the resistance of the cylindrical and oval
inductors, inside which the heating piece is placed, it will be considered that the
current intensity is concentrated only on the inside of the conductor [67].

Coil Copper Tubing

Figure 2.20 Electro-magnetic field distribution [68]

The strengthening of the magnetic field inside the inductor due to the
proximity effect increases the heating efficiency for the parts embraced by the
inductor. In this case the loop effect is useful, although it increases the active
resistance of the inductor.

However, it makes it difficult to heat the interior surfaces, acting inversely to
the skin effect, reducing the intensity of the magnetic field on the surface to be
heated.

Distribution of current density in the inductor and in the heater
using electromagnetic flux concentrators

The Figure 2.21 shows the structure of the magnetic field of the inductor inside which
a metal shaft is inserted.
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U-shaped Flux Concentrator

Figure 2.21 Electromagnetic flux concentrators [68]

The inductor current under the influence of the loop effect, the proximity effect and
the U-type magnetic flux concentrators is concentrated on its inner surface of the ring
[69]. The density is approximately uniform and decreases towards the corners of the
inductor. This is explained by the fact that the current lines flowing at the corners of
the inductor are covered by a smaller magnetic flux than those found in the middle
part [70].

2.3.2.2. Component parts of the installation and heating methods

The installation for inductive heating of metals usually consists of the following
basic elements [71]:
- High frequency generator (with lamps, rotary or static converter);
- Inductor, represented by a spiral of the desired shape of the cross section,
or a conductor of any shape depending on the type of object to be heated;
- Capacitor battery that compensates for the low power factor of the
inductor;

Often in surface hardening installations the inductor is almost always connected
to the generator by a descending transformer [72]. Multi-coil heaters and inductors
are usually connected to the generator without transformers [73].

In a number of cases, the industrial frequency is used for heating. When supplying
a single-phase load, a device is installed instead of the generator, which transforms
the three-phase system into a single-phase system, which ensures the symmetrical
charging of the network [74].

The heating piece is placed inside the inductor or next to it according to the
requirements. The alternating magnetic field causes an induced current to appear in
the part, as a result of which it is heated by the Joule-Lenz effect [75].

There are two basic methods of heating:

Simultaneous heating method. The inductor covers the entire surface of the
part to be heat treated, it's heating being done at all points simultaneously. The
surface temperature and its distribution in depth depending on the heating time Tk,
of the energy transmitted in the piece during this time and the frequency of the
induced current. Voltage heaters that work in this way are usually called periodically
heating heaters [76].
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Simultaneously successive heating method. A thin inductor moves along the
part to be heated. In order to hardens the surface, from the inductor or from a special
device mounted next to them, called the hardening shower, the cooling medium is
sent to the heated area. In this case, the depth of hardening and the surface
temperature are determined by the speed of movement of the inductor, its width, the
power that develops in the part to be heated and of course the frequency used [77].

In thermal calculations the notion of heating time is used, for any element of the
surface being under the inductor for a certain time.

Heating time T, = 2.40

a
v
Where

T - heating time of the element in the surface

a - inductor width

v - the moving speed of the inductor or the part if the inductor is static

This method is widely used for heating bulk, bar or pipe type semi-finished
products [78].

When heating short products, or other similar parts that are used in the
subsequent hot forging process. The parts are inserted in a long inductor with the
help of a pusher, they are inserted at a predefined short time interval to, called in
industry supply or push rate. This method is a variant of the simultaneous-successive
heating method [79]. The installations working in this mode are called continuous
action heaters.

2.4. Wear of materials
Wear is usually defined as the removal of material from solid bodies, caused by
contact and relative motion, which changes the initial state of the contact surfaces.
Consequently the wear is the result of a tribological contact that takes place between
two moving surfaces [80]. Wear occurs in all cases where there is friction, whether it
is useful or harmful. The result of the wear process is expressed in units of length,
volume, mass, operating time until decommissioning. The specialized literature in the
field of tribology offers a wide variety of classification of types of wear and possible
solutions to wear problems. The version proposed by Barwell in 1957 regarding 4
basic types of wear is generally accepted [81]:
- abrasive wear
- erosion wear
- adhesion wear
- fatigue wear

2.4.1.Abrasive wear
In some cases, especially in research, wear rates are determined using
abrasive tools, however, about one-third of total economic losses are due to abrasive
wear. This type of wear is caused by hard particles from the wear process or from the
outside, which come between the contact surfaces (see Figure 2.22) [82]. The
additional feature of the abrasion process is that the abrasive usually has sharp
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angular edges, which produce a cut or shear on the surface exposed to damage [83].
The necessary condition for the appearance of abrasive wear is the difference in
hardness between surfaces [84]. The form of destruction by abrasive wear can be:

- fragile - with groove formation

- quasi-fragile - with microplastic deformation

- tenacious - formation of large deformations on the direction of movement

Two body abrasive wear

-4— -—
Three body abrasive wear

- -

Figure 2.22 Two-tree body abrasive wear [85]

2.4.2.Erosion Wear

Erosion wear is caused by the repeated impact of a solid or liquid particle with
the surface of a solid, resulting in contact, slipping of the particle and gradual
modification of the area/surface by deformation [86]. Finally dislocation of material
and destruction of the surface [87]. This process of erosion wear is often found in
hydro turbine rotors, pump rotors in sludge work systems, aircraft paddles,
hydroelectric turbine blades or gas turbine blades. The schematic of wear erosion is
presented in Figure 2.23

RAN
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"9 0

d o Flake-like
= debris

Figure 2.23 Erosion wear [88]
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2.4.3.Adhesion Wear

The mechanisms of this type of wear are related to the existence on the contact
surfaces of a given roughness, as well as of some patchiness. High local pressures
exceeding the flow limit it is obtained (Figure 2.24). In the absence of lubrication, the
wear of adhesion occurs in all forms of friction, in the contact microzones appear
welding bonds or atomic interactions between roughness in contact. Once welded due
to the high engagement forces of the two surfaces, these micro welds dislocate,
leaving gaps in the surfaces and the particles leading to abrasive erosion [89].

PN Y-

-

Figure 2.24 Adhesive wear [88]

2.4.4.Fatigue Wear
Fatigue wear is the result of cyclic stresses on the surfaces in contact (Figure
2.25), followed by plastic deformation in the atomic network of the surface layer
overlaid on the movement of sliding, rolling or combinations of these movements.
Factors that influence fatigue wear are: temperature, type of stress, concentration of
stress, frequency of variable stress, part dimensions [90].

Tangential cycling load Normal cycling load
OwiY
- ﬁ_g, - o g\ )

Figure 2.25 Fatigue wear [88]

2.5. Corrosion

Corrosion is a natural phenomenon that includes all electrochemical and chemical
processes, which aim to continuously damage metal surfaces. Since most metals are
not found as such in nature, but in the form of combinations (oxides), their metallic
state is not thermodynamically stable in the presence of other chemical compounds,
which in time leads to layer degradation through corrosion [91]

Corrosion is commonly understood as the material transformation of metal
surfaces, caused by the influence of the contact environment. As a result, the oxide
of the respective metal is composed. In the case of iron this oxide is rust. In economic
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terms, it has been observed that only preventing and protecting against corrosion
costs 5% of the GDP of an industrialized nation [92].

General corrosion is one of the most common and is characterized by loss of
material due to chemical attack or dissolution of metal parts into metal ions. When
this occurs at high temperatures, the metal ions combine with other elements besides
the formation of oxides.

Atmospheric corrosion is one of the most recognized types of corrosion, also
because the atmosphere is the most common environment in which the ensembles
carry out their activity. It is formed by the reaction of a metal with the ambient
atmosphere and can be classified as dry or wet corrosion [93].

Corrosion resistance depends on the environment, the conditions of exposure and
the nature of the material. When it comes to corrosion, each material has a unique
behavior that can range from high strength to very low strength. This behavior is
often the result of complex interactions between the material and the working
conditions (environment) to which it is exposed depending to a large extent on the
chemical composition, temperature and many other characteristics [94].
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3. Equipment and methodology for experiment
and testing

3.1. Equipment and materials

» The equipment necessary for the good development of this work is:
- Cut-off Machine (Discotom-2, Struers)
- Hot Mounting Press (ProntoPress-20, Struers)
- Grinding and Polishing Equipment (RotoPol-V, Struers)
Scanning Electron Microscope (ESEM XL 30, Philips)
- Energy-dispersive X-ray Spectrometer (EDAX)
Confocal Laser Scanning Microscope (VK-X, Keyence)
X-ray Diffractometer (X'Pert, Philips)
Thermogravimetric Analysis Instrument (STA 449 F1 Jupiter,
Netzsch)
- Universal Hardness Tester (KB250, KB Priiftechnik)
Micro Vickers Hardness Tester (ZHVpu, Zwick / Roell)
- Pin-on-Disc Tribometer (TRB, CSM Instruments)
Potentiostat / Galvanostat (VoltaLab PGP201, Radiometer Analytical)
turning machine (weipert)
Thermal spraying pistole (Methaterm MPP 85)
Induction system (Ambrell Ekoheat)
- Corrosion testing system (Liebisch S 1000 M-SC)

» Materials used for this experiment are:
- Steel: material EN 1.7225 (Heitmann Stahl, Germany)
- NiCrBSi powder (LSN Diffusion, England)
- Ethanol, 96% vol., (VWR Chemicals)
- Sulphuric acid, H,S04 98% purity (Sigma-Aldrich)
- Sodium chloride, NaCl, 299,5% purity (Carl Roth)

» The results were processed using the following software
- STA 449 F1 Software Netzsch Data Collector
- Proteus Thermal Analysis, Netzsch Data Processing
- X'Pert Data Collector, XRD Philips
- X'Pert HighScore 3.0, PANalytical
- Imagel, open access
- VK-X Analyzer, Keyence
- VoltaMaster 4, Radiometer Analytical
- Microsoft Office 365
- OriginPro 2016
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3.2. Powder deposition

Flame thermal spraying uses a siphon block in which the gases are mixed
combustible gases (acetylene, propane or hydrogen) in the case of this paper using
acetylene mixed with oxygen in controlled proportions, the ratio being 1 to 2. This
block siphon is used from two reasons one is to ensure consistent functionality and
the second is as safety to prevent back burning

The powder is in a container above the gun and is injected into the burning
oxyacetylene flame. due to the gas pressure (maximum 1.5 bar for oxyacetylene and
maximum 2.5 bar for oxygen) this powder is propelled to the substrate surface. Due
to the relatively large distance between the combustion head and the substrate, the
powder has time to be semi-melted, reaching the substrate it sticks to the substrate
and solidifies quickly, assimilating the coating. Typical flame temperatures are around
3000°C

The functional principle of spraying with oxyacetylene flame is presented in
Figure 3.1.

Figure 3.1 Flame spraying principle

The process of thermal spraying with oxyacetylene flame is very similar to
that of wire spraying. Except that it has the advantage of using powdered materials
as a raw material for coatings. In this field several types of raw materials can be
obtained, including ceramics, or another option is to mix two types of powder from
different materials that otherwise could not be deposited, see the doctoral thesis of
Mr. Kazamer [95]

Advantages:
-Spray costs are quite low;
-Particle speed is from 50 to 100m / s;
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3.3. Mechanical testing
3.3.1.Microhardness tester

The hardness of the coatings was determined using a Zwick / Roell YHVuS
microhardness test machine using a Vickers microindenter (ISO 6507).

Microidentation hardness testing is widely called as microhardness testing, it
is mainly used to measure the hardness of materials that are in the form of coatings,
these being thin films or thin layers, the measurement is not influenced by the
substrate. An indentation is made with precision and the indenter is pressed in the
sample with a specific load in the test material, set between 0.01Kg and 2 KG

The heat treatment industry has used this technique to evaluate the heat
treatment applied to the parts and to detect and evaluate the possible decarburization
of the surfaces. In laboratories specialized in metallography and defect analysis, this
tool is often used to evaluate the homogeneity of materials, the characterization of
welds and the identification of phases. For small parts in automotive industry, it is
also possible to test the surface hardness on the finished part without needing to
damage it.

In the Vickers test, a pyramidal diamond indenter penetrates the surface of
the specimen, the load is applied smoothly, without impact. The indenter is held in
the test piece for 10 or 15 seconds. The use of diamond allows the Vickers test to be
used to evaluate any material (except diamond) and, in addition, has a very important
advantage of putting the hardness of all materials on a single continuous scale [96].

The samples can be further evaluated (sometimes automatically) with
software attached to the indenter or using conventional optical microscopy measuring
the two diagonals of the indentation correlated with the test load, by mathematical
calculation will give the value of hardness. Furthermore, the indentation technique
can be used to see the adhesion of a layer deposited on a support material

3.3.2.Wear testing and wear measurements

In the present work the friction and sliding wear tests were performed with
an CSM instruments investigation tool equipped with a ball-on-disc type arrangement,
following the instructions from the DIN 50324 standard.

With the help of tribology, important information can be determined, such as
friction resistance, wear of materials or their lubrication under predefined conditions.
In practice there are several standardized methods designed to simulate a certain
type of wear in certain applications.

The pin-on-disk test (POD) is considered a relatively simple investigation,
which provides a quick response to the wear resistance of materials to abrasion.
Typically, in a pin-on-disc wear test arrangement, a pin is loaded on a flat rotating
disk specimen so that the instrument describes a circular wear track.This type of
equipment can be used to evaluate the wear and friction properties of materials in
dry or lubricated slip conditions. In our case the disc serves as a test sample, but
there are cases in which the pin or ball is the test sample and the disc is counterbody,
different shapes and chemical compositions of the pins can be used for testing. The
most convenient approach is to use balls of commercially available materials such as
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bearing balls, carbide balls (tungsten, silicon) or alumina as static partners. That is
why the name ball on disk is used more frequently and not pin on disk

The testing device consists of a simple mechanism in which a partner is
stationary, in this case the ball which it is placed on the test sample, which is fixed in
a rotating chuck, the ball is pressed with a constant force. The pin can have other
types of geometries, in practice spherical geometry (given by the ball) is used to
simplify the contact geometry and automatically future calculations that give us the
wear rate.

3.4. Microstructural Characterization

In order to obtain the optimal parameters for this work and after for
implementation in large-scale production, a multitude of tests were performed. To
correlate the parameters used to obtain the sample with the resulted coatings, a
severe characterization of these samples was necessary. Therefore, the thermal
coatings resulting from the deposition processes and the subsequent inductive heating
process were analysed. An scanning electron microscopy (SEM) combined with energy
dispersive X-ray spectrometry (EDX) for morphological and structural characterization
was used these being correlated with investigations using X-ray diffraction (XRD) to
identify the chemical composition and phases.

At the same time, the adhesion to the substrate and the porosity were
investigated, in the preliminary phases the cracks that appeared in the remelted layer
were also studied. Thermogravimetric analysis (TGA) was used to verify the thermal
behaviour of the powder and to correlate the data with those of the manufacturer.

3.4.1.Metallographic preparation

In order to be able to characterize the samples microstructurally, they require
mechanical cutting processing, followed by a well-defined metallographic preparation,
in order to be subject to further investigation processes. The samples were sectioned
using a Struers cutting machine, after that they were incorporated into the epoxy
resin after which they were ground and polished until the surface necessary for the
investigations was reached.

3.4.2.Thermogravimetric analysis (TGA)

Thermal analysis (TGA) is frequently used to observe and measure chemical
or physical changes in a material as the temperature rises. Common thermal analysis
techniques include differential analysis (DTA), thermogravimetric analysis (TGA)
thermomechanical analysis and scanning calorimetry

Thermogravimetric analysis accurately measures the weight of the sample as
a function of temperature and time. In order to work, this method requires a very
good precision in data collection, the test sample is placed in a heat-resistant crucible
and which is based on a precision scale. the crucible is constantly heated in a
controlled manner and with a predetermined inclusion rate, programmable oven.
Inside the heating chambers where the crucible is located the atmosphere can be of
two types, interactive with the sample such as gases: oxygen and nitrogen or non-
interactive such as helium or argon
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DTA measures the temperature difference using a differential thermocouple
between the material to be analysed and a reference material
In the present work, a STA 449 F1 Jupiter® device from Netzsch (Germany) was used
to determine the thermal behaviour of the samples, as well as the melting
temperature of the raw material powder.

The device used has a top charging system, the programmable oven is made
of silicon carbide and can heat up to a temperature of 1600 degrees Celsius. The
system can measure samples up to 5 grams being equipped with a digital resolution
in the nanometric range (0.025 ug). The working atmosphere is controlled with 3
mass flow regulators for the purification and protection gases, offering an optimal

control. Heating and cooling can be chosen in the range of 0.001 K min-! to 50 K min-
1

3.4.3.Scanning electron microscopy (SEM)

Scanning electron microscopy is considered one of the most important
methods of investigating microstructure for a very wide range of materials used in
industry today. This meter can provide various information such as:

e crystalline structure

e surface topography

e chemical composition

e other properties of the specimen

To obtain an image, the device uses electrons produced by a thermal emission
source, in this case it is a tungsten filament that produces electrons by heating. They
are accelerated and passed through a set of lenses and diaphragms to produce an
electron-focused beam [97]. The beam once focused hits the surface of the sample
and interacts with the atoms, the whole process taking place under a high level of
vacuum. Once the beam strikes the sample its interaction with atoms produces
secondary electrons, backscatter and Auger electrons, as well as characteristic X-rays
and light. All these data are collected by different detectors mounted inside the
working enclosure [98]

Figure 3.2 shows a principle diagram of the scanning electron microscope. In
order to fully characterise the sample a microscope built by Philips codenamed XL 30
ESEM was used in this experimental program. Its main features are:

e acceleration voltage up to 30 kV
e resolution up to 2 nm
¢ magnification range between 25X - 250 000X
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Figure 3.2 SEM operation system [99]

3.4.4.Energy Dispersive X-ray Spectroscopy (EDX)

The SEM described above is additionally equipped with an EDX spectrometer.
this technique is used to analyze the constituent elements in the part to be analyzed.

To obtain an X-ray emission necessary to characterize the part, an accelerated
electron beam is focused on the desired surface. Atoms on the surface contain
unexcited electrons. When the incident beam acts on the surface, it excites the
electrons in the inner shell, expelling them and creating free spaces for other
electrons. From the outer shell another electron will fill this empty space with a higher
energy, the energy difference between them is released in the form of X-rays. Given
that X-ray energy is known between 2 atomic shells, the elemental composition of the
surface can be measured. EDX can detect the complete spectrum of X-rays for an
analyzed sample except for the composition of the first 4 chemical elements in

mendeleev's table [100]. EDX principle is presented in Figure 3.3
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Figure 3.3 EDX principle [101]

3.5. Corrosion investigation

In an electrolyte solution one of the most widely used methods for
investigating electrochemical corrosion behavior is linear voltammetry. This is by
definition the variation of the working electrode potential over time with a linear scan
rate (u) of 2 different values, initial (Ei) and final (Ef), while measuring the value of
the current density (i).

In order to use this technique, the potentiostatic configuration of the
electrochemical cell must be composed of three electrodes: working electrode or
sample of interest (WE), reference electrode (RE) and counter electrode (CE), placed
in the electrolyte solution. These 3 electrodes are connected to an electronic working
instrument called a potentiostat

The counter electrode is usually made of inert materials (gold, platinum,
graphite) it practically affects the electrical circuit not being involved in
electrochemical reactions

The reference electrode is always an electrode in which the potential is well
known, with its help the potential of the entire measuring system is measured and
controlled. A saturated calomel reference electrode (SCE) was used in this paper. To
minimize electrolyte resistance, a Luggin-type capillary was used as the reference
electrode. A simple principle of the corrosion cell is presented in Figure 3.4 The
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samples were embedded in the resin, leaving a working surface of 1 cm2, which was
taken as the working electrode.

Working mode: The current will flow between CE and WE, the response of the latter
will be detected by RE.

These potentio-dynamic Experiments provide information on the behavior of
pitting, passivation of specific test systems / solutions, as well as on the corrosion of
cracks or imperfections in the study material. At the same time, the results collected
from the linear analysis can be processed using software to determine the corrosion
rates (Slope Tafel), passivation rates or active / passive characteristics of the tested
material.

WE Testing

Sample

CE Pt Disc

Figure 3.4 Electrochemical Cell configuration
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4. Results and discussion

I. Oxy-acetylene flame spraying

Due to the fact that we are following a technological cycle in order obtaining a
new product in the first part of this cycle, the coating layer is deposited using NiCrBSi
spheroid powder.

4.1. Characteristics of the feedstock powders

The majority and inescapable problems of the mobile and mechanical
components in the automotive, mining, aerospace and renewable energy industries
are wear and corrosion. Both affect the service life of the components as well as
reducing the performance of the whole assembly. Currently, on a large scale, cermet
materials are used to improve wear and corrosion resistance in the vast majority of
industrial applications [102, 103, 104]. The cermets are made of a metal matrix (Cr,
Co, Ni) and a reinforcement material embedded in it (WC and Cr,Cy), the majority of
the thermal sprayed coatings consist of these two powder components [105, 106].

In the present work, nickel-based powders without ceramic reinforcer were
used, intending to obtain improved results for wear and corrosion resistance of the
final coatings. For comparison, three types of powder with different chromium content
were used. The powders were manufactured by LSN Diffusion, Llandybie, United
Kingdom, one type of powder being commercial and the other two types being
specially developed for the Karl Schumacher Company, Bochum, Germany.

4.1.1.Morphology
Powder composition and particle size are presented in Table 4.1. KS-IC-45
powder is commercially available as LSN 330, as about KS-IC-55S and KS-IC-55 are
only available through Karl Schumacher. The company has given its consent for the
processing of data, the composition in Table 4.1 may differ with an error margin of
up to 2% compared to the powder used in the factory after completion of this study

Table 4.1 Powder used in thermal spraying process

Trade name | Ni[%] | Cr[%] | B[%] | Si[%] Fe[%] | C[%] | Grain Size [pm]
KS-IC-45 Bal. 6.02 1.12 | 4.19 1.5 0.25 | +106-45
KS-IC-55S Bal. 10.10 | 2.49 | 3.51 4.0 0.40 | +106-45
KS-IC-55 Bal. 13.02 | 2.80 | 4.19 5.12 0.42 | +106-45

The Cr and B elements, which are present in the chemical composition of the
powder, increase the wear resistance due to the fact that they are carbide forming
elements. The presence of Si and B promotes wettability and deoxidation (self-fluxing)
during the remelting process [107]. In addition, these elements reduce the rate of
unremelted particles following the deposition process and after heat treatment [108].
An EDX analysis on all three powders can be seen in Figure 4.1 the most important
peak observed in the figure is that of Nickel followed by the detection of chromium
and silicon, Fe element was also detected, this elements encourages chromium
segregation to the boron-rich regions and conducts to chromium-borides formation
[109].
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Figure 4.1 EDX spectrum of NiCrBSi powders

The particle morphology and size distribution of NiCrBSi type powders are
illustrated in Figure 4.2, as observed for each type of powder, the particle dimensions
are in the same range as those given by the manufacturer. As shown in Figure 4.2,
NiCrBSi powder with the name KS-IC-55S has a non-uniform particle size distribution,
which can lead to a much more porous coating obtained during the spraying process
than for equally size dimension powders. At the same time, the powder with smaller
dimensions is heated much faster than the powder with larger dimensions resulting
in more oxides in the as-sprayed coating and particle inclusions in the coated samples.
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Figure 4.2 SEM micrograph of the NiCrBSi powder: a) KS-IC-45, b) KS-IC-55S
c)KS-IC-55
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All three types of powders are obtained by the gas atomization process with
water collection, consequently the completely spherical shape. This method has a high
production efficiency and combines the obtained properties between gas and water
atomization

An eliminating condition for the industrial production of thermally coated parts
by powder spraying is that the powder mixtures need to have a free flow. A good
flowability increases productivity, at the same time increases the consistency of the
obtained coatings. To characterize powders on a large scale, the Hall Flow Method is
used, it was established as an international standard by MPIF (Metal Powder Industries
Federation) in 1945 [110]. There is also an international standard for this method,
namely ISO 4490: 2008. Table 4.2 presents the results of the physical tests of the
powders, both the flow properties and their apparent density.

Table 4.2 Physical tests of NiCrBSi powder

Powder Type Apparent density [g*cm3] Hall Cup Flow [sec/509]
KS-IC-45 4.7 15.3
KS-IC-55S 4.4 14.1
KS-IC-55 4.7 15.1

For a more detailed characterization of the powder, it was embedded in the
epoxy resin after which it was polished to observe its cross section.

Magn Det f—————— 50zm Magn Det f————— 50um
500x  BSE : 500x  BSE
..

Magn Det p———+— 50um
500x BSE

Figure 4.3 SEM cross section micrograph of the NiCrBSi powder: a) KS-IC-45,
b) KS-IC-55S c)KS-IC-55

BUPT



54 Results and discussion - 4

Figure 4.3 shows all the 3 powders used, it is observed that they all have
particles in cross section with quite large gaps inside them. These gaps lead during
the spraying process to an overheating of the particle, due to the fact that the material
to be heated is much less, which indicates to a more pronounced oxidation of them.
Resulting a coating with two types of porosity, interconnected porosity resulted from
the process of coating formation, layer by layer, and a closed porosity that is inside
an percentage of the particles.

Due to this fact, a subsequent heat treatment is suitable that brings the
coating in a molten state, closing not only the pores obtained during the process and
also the pores inside the particles.

In order to have a starting point in optimizing the remelting process, knowing
the melting point of the investigated material has a major importance. A
thermogravimetric measuring device was used to determine this point. 100 grams of
powder was placed in the Al,Os melting crucible, the heating was completed made
from room temperature up to 1200 degrees Celsius with a constant heating of 15 K
min-. All testing was done in an N3 controlled atmosphere.
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Figure 4.4 DTA curve of IC-KS-45 powder

Following the thermogravimetric analysis, a major importance is the interval
between 920°C and 1120°C. It is observed on the thermogram in Figure 4.4 that the
starting point of melting is at 1010°C and the investigated material is completely
melted at 1069°C. In order to observe which is the optimal point to produce the
remelting in chapter 4.6, were taken 4 different temperatures as working variants on
the relevant range. Similarly, if the chemical composition is changed, the starting melt
point is translated, the point as well where the material is completely melted.
Knowledge of these points leads to a slight optimization of the parameters obtained
for one type of powder, to their implementation for the other types.
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4.1.2.Phase composition

In order to characterize and compare the three types of powder, an XRD
analysis was performed, following this analysis the component phases of each type of
powder were accurately determined. The powders were scanned at the 26 angle
between 20° and 100° after the manufacturer's details regarding the chemical
composition of the powder, it can be seen in all three figures (Figure 4.5, Figure 4.6
and Figure 4.7) as the most intense peak is nickel, it is identified at the tetha angle
of approx. 44°.

Figure 4.5 shows the NiCrBSi powder with the code name KS-IC-45 in which
it is observed that most of the interpretation diagram is represented by Nickel with a
percentage of 70% and a cubic crystallization system. The second constituent phase
is composed of silicon nickel with a percentage of 14% and an orthorhombic structure.
The third phase is also an orthorhombic structure consisting of nickel and boron. The
fourth one consists of iron silicon phase with an amount of 3% of the total, and a
hexagonal crystallization structure. At the end with a percentage of only 2% of the
entire constituents of this powder is represented by the hard phase formed from
chromium and boron and is crystallized in the tetragonal system.
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Figure 4.5 XRD diffraction pattern KS-IC-45

The powder with the code hame KS-IC-55S presents in the structure only 48%
Nickel, besides this there are the chromium-nickel-silicon phases with a percentage
of 36% and the chromium-nickel phase with 5%, all three of them are crystallized in
the cubic crystallization system. The fourth phase is a hard phase consisting of
chromium and boron with a percentage of 11%, and an orthorhombic crystallisation
system. The pattern of this powder is represented in Figure 4.6.
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Figure 4.7 XRD diffraction pattern KS-IC-55
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The last investigated powder called KS-IC-55 and represented in Figure 4.7,
shows like the other two more than half of the phase composition represented by
nickel 53.5% with a cubic crystallization system. The next phase is formed from
chromium-nickel-silicon with about one third of the total phase composition and also
with a cubic crystallization structure, the third constituent iron-nickel phase with a
presence of 13%, this phase is crystallized in the monoclinic system. Finally, with the
smallest percentage the hard chromium-boron phase is present with 3% and
crystallized in the tetragonal system.

4.2. Substrate material

Choosing of the substrate material is very important for the working pieces,
it must take over all the loads and stresses which appear during the exploitation of
the workpiece. 42CrMo4 quality steel (material EN 1.7225) is a low alloy temperature
steel and belongs to the group of hardening steels. The steel used as substrate in the
present work is a temperate steel derived from 1.7225, i.e. 42CrMoS4 + QT (material
EN 1.7227 DIN - before was named 42CrMo4V) contains at least more sulphur
(approximately 0.05%), which, however, significantly improves processability. The
mechanical properties of the two types are the same. The delivery condition of
42CrMo4 is mostly + tempered (+ QT quenched and tempered) or + A annealed. In
QT state, this alloy has a relatively high strength and high toughness, also present a
good wear resistance.

The heat treatment of 42CrMo4 is of central importance for processing. It is
suitable for high strain components in the machine industry. Due to the hardness in
the tempered state, round steel rods are usually cold drawn until a diameter of about
20 mm. Larger sizes are mostly turned on lathe. This steel has significantly higher
susceptibility to appearance of surface cracks in cold and hot rolled conditions, than
in the case of other common steel types. Like all hardening steels with a relatively
high carbon content, this type of steel is difficult to weld [111]. The carbon content
greatly reduces the critical cooling rate (increasing mechanical strength). 42CrMo4 is
calmed with silicon (Si) and manganese (Mn), among others. Silicon (Si) improves
yield strength, tensile strength, wear resistance and increases hardening by lowering
the cooling rate. On the other hand, silicon, especially in larger quantities,
deteriorates the solubility of ferrite (iron) for carbon, which reduces the stability of
cementite (FesC -iron carbide). Manganese content below 10% can be dissolved in
ferrite (mixed crystal) [112]. Similar to silicon, manganese lowers the critical cooling
rate and is one of the cheapest and most effective alloying elements in terms of
hardening. Manganese binds sulphur to manganese sulphides (MnS), which prevents
the formation of low-sulphur iron (FeS).

Steel grade 42CrMoS4 + QT has a higher sulphur content, which facilitates
processing. With 42CrMo4 the phosphorus content is kept as low as possible since
causes cold fragility. In order to increase the hardness significantly, the steel grade
42CrMo4 is allied with approximately 0.9% - 1.2% chromium (Cr), this element
increases the hardness of the alloy due to its carbide formation effect.

Molybdenum (Mo) content of 0.15% - 0.3% in 42CrMo4 improves
temperature resistance, reduces the risk of brittleness, and increases heat resistance.
The wear resistance of this type of steel is also increased by the carbide forming effect
(Mo2C) of molybdenum.
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Table 4.3 shows the chemical composition of the substrate steel given by the
steel supplier. Hardness measurements was performed on the base material, using a
Zwick Micro Hardness tester, the applied load used for determining the Vickers
microhardness was 3N for 15 seconds, distance between measurements was 10mm.
The results showed that this steel has a standard deviation Vickers hardness of 315
HVO0.3.

Table 4.3 Chemical composition of substrate material

Steel C Si Mn P S Cr Mo Al

1.7227 | 0.42 0.26 0.73 | 0.012 | 0.023 | 1.13 0.21 | 0.027 | [%]

4.3. Parameters of the oxy-acetylene flame/fuel
spraying process

Prior to the tests for the present work, laboratory tests were performed to see
how the material behaves when applying the remelting treatment by electromagnetic
induction. Several tests were performed until the optimal parameters for remelting
were found. It was observed that at large differences on the preheating side, the final
coating was similar. There were no differences in structure or cracks in the coating.
The laboratory tests were performed on bars of the same EN 1.7227 turned on a final
diameter of 35mm (Figure 4.8). To be able to develop the process and see what the
influence of the applying parameters on the coating and the substrate is. The decision
was made to pass the tests on diameters of 70mm and 160 mm. these are presented
below

Figure 4.8 As—sp};ayed (left) and rerhelted (right) bars

Prior to the thermal spray process, the deposited surfaces were subjected to
a two-step cleaning process. In the first stage the parts were degreased with alcohol
being removed all the organic residues left after the turning process, in the second
step they were sandblasted with hard particles of cast iron. This second process was
used for 2 well-founded reasons: firstly, to clean the surface of the oxide residues
that appeared between the turning, transport, spraying process and the second
reason is to obtain an irregular surface, in which it will be possible to mechanically
anchor the sprayed particles. In this process the particles were accelerated with the
help of compressed air on to the work surface at an angle of 60 degrees, this angle is
set to avoid impregnation of the cast iron particles in the substrate. Following the
blasting process, all impurities were removed and a roughness of 75 micrometers was
obtained. The sand blasted samples can be seen in Figure 4.9.
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\)

Figue 4.9 Sand blasted samples

In order to deposit the coatings using the oxy-acetylene deposition technique
in the following, the relative deposition velocity was calculated:

a). Calculation of the rotation speed of the cylindrical part on which the deposit
is made:

V-1000
n=— ——
D 1 4.1
Where:

n- rotation speed of the cylindrical shaft [rpm]
V-Spraying velocity [m/min]
D- diameter of the shaft [mm]
n- 3.1415

In order to deposit on our cylinder with a nominal diameter of 160 mm, a
stipulated deposition speed of V=50 m/min=833 mm/s was chosen. From ecuation
4.1 is resulting a rotation speed of 99.47 rpm. Because the lathe is an older model,
the value closest to this value was chosen, that was 95 rpm.

b). Advance speed calculation:

v PV
ST s 4.2
Where:
Vs- Linear advance speed [mm/s]
P- pitch [mm]

Sc-shaft circumference [mm]
V-spraying velocity [mm/s]
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To calculate the feed rate of the linear system, a pitch value of 4 mm was
chosen because the spray spot has a diameter of approximately 8 mm. Half of the
spot was decided for the reason that at each rotation half of the spot will pass over
the spray made before. If the step is more than half the layer may be obtained in
waves, in the other direction, if the step is smaller the overlap is much larger and the
layer is considerably thicker, which can lead to cooling internal stresses even at its
cracking.

Spraying velocity = 833mm/s

Nominal diameter of the shaft = 160mm

Pitch=4mm

Replacing all this data in the equation 4.2 it is resulting a Vs=6.62mm/s

Thermal spraying was performed with a mixture of acetylene and oxygen
gases using a Methatherm 5P gun, with a total gas flow of 38.7 | / min. The substrate
samples were in the dimensions of: turned diameter 158.84 mm and a length of 200
mm, thermal spraying was performed in 6 overlaps up to a final diameter of 161.44,
with a coating thickness of 1.3 mm measured (the laps and diameters resulting from
each pass can be seen in the Table 4.4),following the process deposit. Subsequent
the remelting process the resulting coating was 1.12mm thick, (see Figure 4.36)
resulting in a compaction of 15%

Table 4.4 Deposition layers of KS-1C-45

Lap Diameter [mm] Coating per lap [um]

0 158.84 0

1 159.40 280
2 159.75 180
3 160.15 200
4 160.66 255
6 161.00 170
6 161.44 220

All the other parameters used in the process deposition with the help of
acetylene oxy flame are presented in the Table 4.5

Karl Schumacher

Maschinenbau und Metallspritzwerk ynquctive coating

Table 4.5 Spraying parameters

Lathe machine

Name: | Weipert | |

Burner

Manufacturer Methaterm Powder injection Internal Powder
type feed

Name 5P Powder injection 90°
angle

Nozzle 85-7B-G
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Gases

Acetylen pressure [Bar] 1.5 Oxygen pressure 2.5
[Bar]

Burner control system

Total flow 38.7

Acetylen flow [I/min] 12.8

Oxygen flow [I/min] 25.9

Powder doser

Transport Gravitation

Discharge [g/min] 100

Processing

Spraying distance [mm] 200

Spraying angle [Grad] 90

Linear moving soft Positito 2014

Linear speed [mm/s] 6.5

Number of overlaps 6

Coathing thickness [mm] 1.3

Aplication

Sample drawing Cylinder Dimension 2160x200mm

Base material 42CrMo4V

Powder

Manufacturer LSN Diffusion

Material KS-IC-45 KS-IC-55S KS-IC-55

Particle Size [um] +106-45 +106-45 +106-45

4.4, Characteristics and properties of as-sprayed

coatings

Following the deposition process with oxyacetylene flame the samples were

investigated to observe the structure.

In the case of NiCrBSi As-sprayed coatings, a network of interconnected pores
and unbound particles can be noticed, this can be explained due to the impact, recoil
and contraction of the particles once the substrate is reached. All three types of
powder have the same coatings structure as a result of the thermal spray process
with oxyacetylene flame, also having a poor substrate adhesion, as shown in Figure
4.10. Adhesion that is due only to mechanical anchoring on the substrate, which
causes this coating to exfoliate at the action of an external force. Following the
deposition, it is suitable to use a subsequent heat treatment to improve the adhesion

to the substrate and at the same time to increase the compactness of the coating.
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Figure 4.10 Cross-section SEM micrographs of as-sprayed KS-IC-45: a) near to
surface, b) at the interface, c) whole coating

Sliding wear was chosen to investigate the as-sprayed layers using a ball on
disk arrangement. This method was decided because the test machine is also
equipped with a converter that can determine the coefficient of friction.

Before the test, the sample pieces were grinded in order to achieve a flat
surface, as they were extracted from cylinders with a diameter of 160 mm, after this
process they were cleaned with acetone and dried in hot air. For each type of powder
deposition three test were performed. The working parameters used for all of the 3
samples are presented in Table 4.6

Table 4.6 Ball on disk parameters

Counterbody | Normal | Linear Speed | Radius | Stop Condition Sliding
Load [N] [cm/s] [mm] [lap] distance [m]
WC-Co ball 10 15 6 15.000 566

As can be seen in Figure 4.10, the particles on the surface of the deposited
part don't have a very good bond due to the fact that they have only mechanical
adhesion, by clamping to the previously deposited layer. This fact leads to a very
unpredictable friction behaviour, it is observed that in all cases the coefficient of
friction has not stabilized and presents a deviation quite large compared to the
average. In the case of powder type KS-IC-45 it can be said that due to the fact that
it has a lower content in Cr which automatically leads to a lower hardness than the
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other two powders, following the process, after the first 226 meters of testing, it
stabilized because the asperities, being a softer material, were flattened, as shown in
Figure 4.11.
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Figure 4.13 Friction coefficient and wear track of as-sprayed KS-IC-55

In the case of the other two types of powder, a more unstable friction
coefficient is observed, in the case of the KS-IC-55S type powder, it is noticed that
the wear trace is much finer (Figure 4.12), it is concluded that this is due to the fact
that the powder has finer granulation (Figure 4.2 b).) than the powder type KS-IC-55
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shown in Figure 4.2 c). At wear track, it is observed that the hard particles were
extracted from the coating and pits appeared, at the same time a very unstable
friction coefficient was observed Figure 4.13.

It is also observed that depending on the chemical composition, the initial
phase is extended, this remaining at low values (See Figure 4.11 to Figure 4.13). In
all types of coating a transitional zone was observed that presents an anomaly, in the
case of IC-45 powder, the coefficient of friction jumps to an approximately double
value after which at the exit of the transitional zone it stabilizes at an intermediate
value entering the zone of stand-states. In the case of the KS-IC-55 coating type, the
steady state zone did not appear in the measured range, the tests stopping in the
transition zone.

The ball used as a counter part of the WC-Co material that was exposed during
the process was worn out on a diameter equal to the width of measured trace, due
to the fact that the depth is much diminished, so it is mentioned that the trace left in
the material it was much wider because the ball was worn. The width being induced
similarly for all three coatings types, the obtaining depths are observed due to the
exfoliation of the particles.

II. Electromagnetic induction remelting

As it is observed in the subchapter destined to the characterization of the powders
(Chapter 4.1), that they present a non-uniformity of the particles, at the same time
some of them present porosity and some are empty spheres. It is imperative to remelt
this obtained coating. Before reaching the actual process of optimizing the remelting
parameters presented in chapter 4.6, it was considered necessary to optimize the
working element, that is the inductor coil.

4.5. Selection of the inductor geometry

Since it is a process of heating by high frequency currents, the study started
from the hardening process of steels. First of all, it was considered to obtain a spiral
working element formed by a working pipe with a cylindrical section, in order to obtain
a high magnetic field strength. As can be seen in Figure 4.14 in order to harder a
steel bar, a resulting magnetic field will form which will reach the surface of the part
and heat it to the desired temperature.

Magnetic field

Induced current in the work piece Current in the coil }
oo

Figure 4.14 Magnetic lines and temperature distribution cilinder heated by 4-turn
inductor [113, 114]
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Starting from this premise, an inductor with three spirals was made. After
testing it on the NiCrBSi layers, it was observed that the magnetic field given by each
spiral intersects with that given by the neighbouring spiral, but has a great influence
on the remelted coating, leaving uncoated surfaces in it, surfaces that can be seen
optically.

Figure 4.15 a) Remelting element 3 spirals, b) Optimised remelted sample

In Figure 4.15a) an element with 3 spirals is presented. From a technical point
of view, this type of element is good for inductive hardening where the steel must be
brought into the austenitic field, this phase being a solid one. In the case of NiCrBSi-
type coatings, in order to receive improvements, they must be brought to the liquid
point. As can be seen in Figure 4.14 inside the working element, the maximum
temperature is obtained in the middle of length element. The pyrometer was also
positioned directly in the middle of element as a temperature measurement point.
After dozens of optimization tests, the part represented in Figure 4.15b) was obtained.
It can be observed that due to the irregularly distributed temperature, combinated
with the translation of the element from left to right, rings of unmelted material were
obtained. This is happening for bar type parts with no diameter differences, or tension
concentrators. In the case of parts with tension concentrators such as sharp edges or
shoulders, the problem is different. In the case of sharp edges, or the end of the
cylinders, the edge will overheat which will lead to the flow of the sprayed material.
In the case of the shoulders, it was observed that the part did not melt until the
intersection of the cylinder with the difference in diameter see Figure 4.16. This is due
to the fact that the magnetic field is concentrated towards the inside of the working
element. Also, if the melting was to the edge, inside the working spiral the layer is
disintegrated and you will flow
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Not remelted

edge

Figure 4.16 Non remelted edge with 3 spiral elements

Due to the fact that no conclusive results were reached for a number greater
than 2 spirals that can be further optimized, it was decided to switch from multiple
spirals to a single spiral. According to equation 4.3 of the magnetic field intensity, it
is observed that the energy required to be introduced in the system in order to be
able to bring the material to the same temperature is proportional to the number of
turns.

nl
= 4.3

Where H-Magnetic field strength
n-number of turns
I-current intensity
r- coil radius [115]

In the tests on a single spiral of the inductor, the aim was to maintain the
coating intact during the process. It was considered 2 types of sections of the working
element, one being a circular section and the other a square or rectangular section.

Coil winding

Current Density /

Induced Heat Heating Object

Figure 4.17 Coil design [116]
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Starting from Figure 4.17 where the design for 2 types of elements is
presented, the element with cylindrical section was taken into account, for economic
reasons and due to the fact that it is easier to process in obtaining a perfect ring.
From theory it is known that the magnetic induction (B) is directly proportional to the
increase of the magnetic field intensity (H) (equation 4.4) and this is tangent to the
field lines, the direction being given by the drill rule.

Magnetic Field: H= %{25] 4.4

Besides the fact that in Figure 4.17 the cylindrical section has a much smaller
surface through which the current density is transferred, the magnetic induction is
very high and at the same time concentrated, which makes to ~“push’’ the melted
coating out from under the inductor, resulting in a coating in waves

Figure 4.18 Sample remelted with circle cross element section

In the last case, the element variant with square and rectangular section was
taken into account. The both of them was tested. Due to the fact that inside the
working spiral the magnetic field lines are in the form of an ellipse which in the case
of magnetic induction B leads it in the center of the working element at an angle close
to 0 degrees with the workpiece, succeeding in this way as the element passes over
the surface not to push the layer out of the element. According to Figure 4.17 a
rectangular element with dimensions of 20 mm x 10 mm was chosen, in order to have
a larger working surface.
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-

Figure 4.19 Sample remelted with rectangular cross element section

As can be seen in Figure 4.19, the coating does not show irregularity (which
can usually be seen at the beginning or end of the process) due to the shape of the
inductor and the applied electric field. In conclusion, the rectangular section inductor
was chosen as an element to be used to further optimize the parameters on the three
types of powder. The optimization is presented in chapter 4.6

4.6. Remelting process optimization

In order to obtain high quality coatings, it was started from NiCrBSi thermally
sprayed coatings which cannot be used in industry in this form and it is urgently
necessary to apply a subsequent process to compact them [117]. In order to obtain
these high-quality coatings, a process of electromagnetic induction heating was used.
Due to the fact that in order to reach a satisfying result a large number of factors and
variables come into question, it is not as simple as induction quenching, where,
depending on the applied frequency, an certain penetration depth is obtained [118].
In the case of the coatings, a multitude of factors that influence the process appear,
among which we list: the preheating temperature, the rotation speed of the shaft, the
distance between the element and working the part, the power applied by the
transformer and others.

Due to the fact that there are so many variables to be controlled and if all the
tests were to be done it would take a long time and is totally inappropriate for the
case of the present research. After a brainstorming session was concluded that a
solution method should be found in order to use as few tests and in this to include all
possible variants. At the same time porosity it was chosen as a factor for determining
the quality of the remelted coating.

Taguchi method was chosen, which is presented in detail below:

In 1987 Taguchi and Konishi have developed a statistical method called
Taguchi method [119]. At the beginning this method was designed to help the quality
development of the manufactured products, with the passing of years this method
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has been introduced in other fields of activity: for example Engineering or
Biotechnology [120].

The most complete method in the development cycle of a product is
considered Design of Experiments (DOE), this statistical approach tries to offer a
predictive information of a complex or a multi-variable process in just a few trials.
The major methods of DOE are listed below:

4.6.1. Full Factorial Design

In statistics a full factorial experiment is an experiment consisting of two or
more factors, each factor having several possible values or levels [121]. The
experiment considers all possible combinations resulting in @ number of NX where n
is the number of factors that influence the process and k is the number of levels on
which the respective factors are divided. For example, a full factorial design for an
experiment with 3 major factors, each one divided in 4 levels, has 81 runs.

4.6.2.Taguchi method

The full factorial design method necessitates a large number of experiments
to be completed, so the work becomes unreasonable and also difficult if the number
of factors is greater than two and has more than three levels. In order to facilitate
optimization work, Taguchi suggested a special method of orthogonal design array to
study the entire set of parameters, but having the benefits of a much smaller number
of experiments being made, also recommended the use of a function that measures
the performance of the characteristics that deviates from the anticipated value, after
that this function is transformed into a Signal-to-noise (S/N) ratio [122]

Naturally, to characterize this ration, there are three types of performance
categories: Nominal the best, higher the best or smaller the best

4.6.2.1 Steps involved in solving coating optimization

In order to use the Taguchi method, we need to take the following steps [123]
a) Primary function identification and side effects

b) Identification of noise factors, test conditions and quality characteristics
c) Identifying the objective function to be optimized

d) Identifying controllable factors and their levels

e) Selecting a suitable orthogonal array and building the matrix

f) Performing experiments

g) Data Examination; stipulating the optimal factor and its performance

h) Perform a verification experiment

To optimize the melting process, a NiCrBSi powder deposited on a common
chromium-molybdenum steel (42CrMo4V) substrate having a diameter of 160 mm
and a length of 250 was used. In accordance with the steps outlined above, a whole
series of experiments were carried out at Karl Schumacher GmBH, Bochum, Germany.
The entire procedure is presented below

a) Primary function identification and side effects

Main function: Heating at remelting point
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Side effects: decreasing the porosity
First of all, before proceeding to the next steps it is essential to find the factors
that directly influence the obtained surface and identify the noise factors

Table 4.7: Factors that affect remelting process

Control Factors

Noise factors

Applied Power

Substrate material

Preheating temperatures

Length of substrate

Process remelting temperatures

Operator skills

Piece rotation

Room temperatures

Linear feed of the melting element Noise

After listing the factors that has effect on the heating process, a decision must

be taken and only those factors that are believed to have a greater consequence on
the final result should be considered in order to obtain the experimental matrix.

b) Identification of noise factors, test conditions and quality characteristics

Quality characteristics: low porosity

Operating machine: Ambrell Ekoheat 35/25 + lathe machine
Testing equipment: DM RM-E Leica light microscope
Remelting element: copper spiral element/ section 20x10 mm
Work piece material: 42CrMo4 steel coated with NiCrBSi

c) Identifying the objective function to be optimized

The main objective of this high frequency current heating is to bring the
superficial coating (NiCrBSi powder deposited through the oxyacetylene flame
process) into a molten phase in order to close the pores resulted from the first process
and at the same time to improve adhesion to the substrate.

Due to these specifications the objective function was chosen: Porosity
Smaller-the-better

: ; P w?
S/N ratio for this function: 10 log (;)
where py=mean or average, o= standard deviation or natural variation

d). Identifying controllable factors and their levels

The optimal factors and their levels were chosen considering the TG analyses
of the powders and the specifics given by the powder manufacturer, it was also
considered the results of “Brain Storming Session” inside Karl Schumacher GmBH,
with the working team on the power applied by the high frequency generator. Factors
and levels are shown in the Table 4.8.

Table 4.8 Selected factors and their levels

Factors Levels
[Units] 1 2 3 4
Temperature[ °C] 980 1010 1050 1080
Power [KW] 40 60 80 100
Preheating [°C] 25 100 250 350
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e). Selecting a suitable orthogonal array and building the matrix

Table 4.10 Power constant - 1010°C

Table 4.9 Power constant - 980°C

Ei1

Ei2

E21

=P

Po1 | Pry

Po> | Pr,

Po, | Pr,

Po, | Pry

Ei3

E1sq

Eas

Eoq

Pos | Prs3

Po4 | Pra

PO3 | PI’4

PO4 | Pr3

Table 4.11 Power constant - 1050°C

Table 4.12 Power constant - 1080°C

Esi

Es2

Eq1

Es2

Po;, | Prs

Po, | Prs

Po; | Pry

Po> | Prs

Ess

Ezq

Ea3

E4q

PO3 I Pr1

PO4 | Prz

PO3 | Prz

PO4 I Pr1

Where Exy- Experiment number
Po, - Power and z- Level from Table 4.8
Pr; - Preheating

An analysis of all factors would take into account all the possible combinations
between the factors that influence the process and their levels, for this research being
3 factors available on 4 levels, 81 tests should be done. To reduce the number of trials
required to obtain results, the number of tests was reduced to an orthogonal array of
the L16 type outlined in the tables Table 4.9 to Table 4.12.

f). Performing experiments

In accordance with the orthogonal matrix presented at point e€). experiments
were made using the factors with their levels presented in Table 4.8. The experimental
matrix is shown in Table 4.13 total of 16 tests were carried out.

Table 4.13 Orthogonal Array with Control Factors

Experiment Control Factors
Number Temperature[ °C] Power [KW] Preheating [ °C]
Eq 40 25
E, 980 60 100
Es 80 250
E4 100 350
Es 40 100
Ee 1010 60 25
E; 80 350
Es 100 250
Eq 40 250
E1o 1050 60 350
Ei1 80 25
Ei 100 100
Eis 40 350
Ei4 1080 60 250
Eis 80 100
Eie 100 25
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g) Data Examination; stipulating the optimal factor and its
performance

After carrying out the test, porosity of the obtained coatings was investigated
in 3 different points, the results are exposed in Table 4.14. The pictures were made
at an optical microscopy and the porosity for each specimen was calculated with help
of Image] Software (Image Processing and Analysis in Java).

Since the purpose of this optimization is to reduce as much as possible
porosity in the coating, the S/N ratio was calculated and tabulated in Table 4.14

Table 4.14 Porosity measurements

Experiment Porosity Mean Standard | S/N ratio
Number Value 1 Value 2 Value 3 Value deviation
Eq 14.547 14.056 15.069 14,557 0.507 -29.169
=) 1.901 2.172 2.299 2.124 0.203 -20.381
Es 4.383 4.756 4,935 4.691 0.282 -24.433
E4 5.157 8.380 6.967 6.835 1.616 -12.528
Es 0.541 0.615 0.794 0.650 0.130 -13.974
Ee 7.719 7.117 7.258 7.365 0.315 -27.381
E; 0.250 0.316 0.180 0.249 0.068 -11.261
Es 0.328 0.412 0.374 0.371 0.042 -18.917
Eq 0.250 0.320 0.260 0.277 0.038 -17.276
Eio 0.150 0.180 0.200 0.177 0.025 -16.927
Ei1 14.010 10.850 14.050 12.970 1.836 -16.981
Ei2 0.300 0.450 0.350 0.367 0.076 -13.626
Eis 3.500 7.320 6.350 5.723 1.986 -9.195
Eiq 8.250 9.150 10.260 9.220 1.007 -19.236
Eis 15.010 10.960 13.160 13.043 2.028 -16.168
Eig 18.000 18.250 16.260 17.503 1.084 -24.162

In order to find the best set of parameters and taking into account Table 4.13
and Table 4.14, the mean value of S/N for each factor on their levels was calculated
and assembled in the table. Delta was calculated to be able to find the influence of
each factor on the process

Table 4.15-Average S/N ratio for each Factor

Temperature Power Preheating
1 -21.627 -17.403 -24.423
2 -17.663 -20.981 -16.037
3 -16.202 -17.211 -19.965
4 -17.190 -17.308 -12.478
A 5.425 3.770 8.386
Influence 30.86 21.44 47.70
[%]
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Temperature Power

0 Level 1 2 3 4 5 o Level 2 3 4 5

e | e e

Preheating

Figure 4.20 Charts showing parameter level v/s Signal to noise ratio

Due to the fact that a lower porosity is required for the process, by analysing
Table 4.15 and its schematic diagram presented in Figure 4.20 it was observed that
the optimal parameters for remelting process are the one presented in Table 4.16.

Table 4.16 Optimum Parameters

Parameter Level Optimum Value
Temperature 3 1050°C
Power 3 80 KW
Preheating 4 350°C

Porosity was chosen as the determining factor for parameter optimization,
since it is the only factor that can be measured according to the rest of the applied
parameters. It was chosen because of the fact that in some sets of parameters the
coating was exfoliated, in others the coating overheated and ran on the workpiece
and in another test when the applied power was too high this coating resulted in
waves because the electromagnetic field it was too strong under the inductor and due
to its forces it was pushed out from under the copper spiral. Table 4.14 shows all the
porosity results obtained from the optimization process for the KS-IC-45 powder. It
can also be observed that some values are very high, these are for the subject where
the coating has been exfoliated, which happened when is a poor preheating was
applied. In case where the porosity was extremely low the coat was overheated and
ran. In the following lines is presented the influence of the parameters applied on:

Following the tests performed and the method used, it can be seen from Table
4.15 that the preheating temperature has a very high influence on the developed
coating quality. This is explained in the following rows.

At a low preheating temperature and a high power used for remelting step, it
was observed that the coating was exfoliated, the parameters used in this case are

BUPT



74 Results and discussion - 4

presented in Table 4.13 experiments 11 and 16. Due to the very strong
electromagnetic field, the electrons begin to move very quickly, generating internal
stress to the interface. Because the substrate is pre-cleaned and roughly 75 microns
thick, the peaks of these asperities overheat rapidly and lead to the peeling of the
coating as seen in Figure 4.21a. The Figure 4.21b shows the coating in sample section
at the end of the crack, it can be seen that the crack propagates across the interface

Figure 4.21: Exfoliate coating a) on the surface, b)cross-section

If the preheating temperature is increased then the exfoliation problem is
reduced to zero but cracks still occur in the remelted coating, they are observed to
be present on the entire surface of the coated remelted area Figure 4.22a. Figure
4.22b shows that the cracks reach the substrate

Figure 4.22 Crack’s example: a) On the surface b)cross-section

The third parameter, namely the temperature at which the surface of the
coating is brought, has a considerable influence, if the temperature is too low
combined with a poor preheating, it results in cracks and incompletely remelted
coating as shown in Figure 4.23a. If this parameter is above the limit, then the coating
is fluidized and begins to flow from the workpiece Figure 4.23b. This can lead,
depending on the distance between the working spiral and the workpiece at a short
circuit of the installation and erosion on the cooper spiral
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Figure 4.23 Temperature influences a) to low, b) to high

Because for the other two types of powder the optimization process was done
according to the same method, it was not considered necessary to rewrite the method
again twice, therefore in Table 4.17 only the optimal parameters resulting from the
optimization process are presented.

Table 4.17 Optimised parameters

Parameter KS-IC-55S KS-IC-55
Temperature 1030 °C 1000°C
Power 70 KW 60 KW
Preheating 400 °C 550°C

4.6.3.Working distance

According to Biot Savart's law (equation 4.5) the magnetic field generated in
a point is directly proportional to the proximity of the inductor point [115]. Therefore,
it is desirable to have as small as possible distance between the work element and
the part to be fused

Biot Savart law: B =— 4.5

Figure 4.24 Element and coating destruction
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a) 7mm b) 12mm c) 20mm
working distance

For laboratory work the minimum working
distance was found to be 5 mm. For shorter
distances the magnetic field is much too strong,
removing the completely molten coating from
under the inductor, no matter how small its
intensity. The extrapolation to the industrial
dimensions was considered, in this extrapolation
the parts to be remelted and the work environment
from which they come were taken into account.
Was also took interested in the possibility that
these parts have internal stresses remaining from
previous processing, or in the case of parts in which
the coat has to be replaced after a warranty time
expires, the stresses accumulated during their
operation. Extrapolation was made on a bar of 70
mm and a length of 1000 mm, was observed a
deviation from the center axis leading to the
destruction of the element and the coating (Figure
4.24)

For this study, the deviation from the
central axis up to 5 mm was considered. This can
be found in the case of slender bars due to their
own weight, or in the case of bars in which a
process of de-stressing the metal structure has not
been done before. 3 workpieces with a diameter of
70 mm and a length of 200 mm were deposited
with KS-IC-45 powder and prepared for inductive
remelting. 3 remelting elements with a rectangular
section measuring 20x10mm were made. The first
element had an inner diameter of 84 mm which
means a working distance of 7 mm. The second
with the same configuration and the working
distance of 12 mm and in the case of the 3rd the
inner diameter was 110 mm and the working
distance was 20mm.

The applied power and the melting
temperature were kept constant for all three types
of samples, following the process, the samples
were cut and metallographic samples were
prepared for all 3 types of inductor, at the same
time one of the non-thermally influenced basic
material was prepared. . After testing, no major
differences were found on the remelted coating,
instead, significant differences were observed in
transforming the structure of the base material
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In Figure 4.26 is presented the structure of the thermally uninfluenced
substrate, also in Figure 4.25 Substrate structure a) 7mm b) 12mm ¢) 20mm working
distance the three types of structures resulting from the thermal process can be
observed

Figure 4.26 Substrate before heating
4.6.3.1 Influence of working distance 7Zmm

In the case of the working distance of 7 mm (Figure 4.25 a), a change of
structures was observed on a depth of approximately 3-4 mm.

Figure 4.27 Structure of 42CrMo 2 mm from surface

Figure 4.27 shows a structure made of ferrite which has a light colour and in
the darker part there is a perlite made of cementite and ferrite. At the interface
between layer and substrate on an interval of 20 micrometers the formation of sorbite
was observed, which can lead to a weakening of the interface, but due to the fact that
the depth is not so extended and the anchoring of the coating to the substrate is a
metallurgical connection it does not exfoliate (see Figure 4.46). Also the
microhardness HV 0.3 was measured, having a constant value of 300.

BUPT



78 Results and discussion - 4

Figure 4.28 Sorbite lamellar structure on the interface with perlit-ferite inclusions
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Figure 4.29 Micro indentention on substrate remelted with 7 mm working distance

Due to the small distance between the element and the workpiece, not much
energy was introduced into the substrate, which leads to an influence of only a
maximum of 7 mm in the substrate, which can be seen from the hardness tests.
Figure 4.29 shows the hardness tests made in section starting from the coating-
substrate interface, using a step of 1 mm between microindentations.

Correlating Figure 4.29 with Figure 4.34 it is observed that in the range 0-7
mm the hardness results show a hardness on cooling in the Ferito-Perlitic domain
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which can be observed also on Figure 4.28 where it is observed that immediately after
the first 20 microns ferrite and perlite appear in the structure

4.6.3.2 Influence of working distance 12 mm

In the case of the working element with a distance of 12 mm, according to
the Biot Savart 4.5, for the same input parameters the heating time was longer, in
order to reach the melting temperature in the surface coating. A much higher
influence on the substrate can be seen in Figure 4.25. Also, in the structure at the
interface a sorbitic structure can be observed without inclusions of perlite and ferrite,
which leads to a more fragile structure at the coating substrate interface, but because
it is still present relative over a small distance it does not influence the adhesion of
the layer to the substrate. At the same time the ferito-perlitic structure is observed
in the depth of the substrate.

Figure 4.30 Sorbite lamellar structure on the interface
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Figure 4.31 Micro indentention on substrate remelted with 12 mm working distance

Figure 4.31 shows a deviation of the hardness measurements from the initial
hardness which was 300 HV 0.3. It is observed that up to a depth of 25 mm the
coating is thermally influenced, corelating Figure 4.25 b (where it is observed that the
microhardness resulting from the treatment is below 290 HV) with Figure 4.34
structure is a rough ferritic-pearlitic structure,

4.6.3.3 Influence of working distance 20 mm

The working distance of 20mm showed that the substrate is completely
thermally influenced (Figure 4.25c), and at the interface there is a hard and fragile
martensitic structure that is not desirable in the workpiece(Figure 4.33). At the same
time, besides the fact that the working time is very high, the energy consumption is
also very high. In the same order of ideas, the structure is a rough one that leads to
a weakening of the piece, and the probability of being destroyed when the necessary
forces are applying in operation.
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Figure 4.32 Micro indentention on substrate remelted with 20 mm working distance

Figure 4.32 shows that the hardness in the first mm is so high that it takes us
in the bainitic field (see Figure 4.34), a few microns from the surface where the
indentation was made, in Figure 4.33 it is seen that at the interface is present after
the shape of the grains is present Martensite
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Figure 4.33 Martensitic lamellar structure on the interface

Taking into account the cooling diagram of the 42CrMo4V type steel presented
in Figure 4.34 and the substrate structures present in Figure 4.25, the following can
be deduced: In the case of the working element with a distance of 7 mm it is observed
that a high amount of energy was not introduced in the substrate, the cooling on the
interface taking us in the bainitic domain on a distance of only a few micrometers,
intersected with the ferrite-perlitic fine structure domain that goes up to 3-4 mm in
the substrate, after this distance the substrate is not thermally influenced. In the case
of the element with a working distance of 12 mm, at the interface, only the bainitic
structure is observed, which leads us to the conclusion that a high amount of energy
was introduced in the system, the observed structure show us the conclusion that the
substrate was completely brought into the austenitic domain and on the first 0.2 mm
the cooling was done quickly, taking us to the bainitic domain. In depth the structure
is completely formed of ferrite and perlite, up to 20mm. In the case of the third
working element, with a working distance of 20mm, the time of heating was relatively
high, which led to the complete heating of the substrate at working temperature,
during cooling a martensitic structure was observed at the interface and in the depth
of the substrate a rough structure, which is specific to a slow cooling, structure which
was also observed in the center of the piece.
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Figure 4.34 42CrMo4V cooling diagram [124]
In conclusion, in this chapter of optimizing the working distance:

e The element with a working distance of 7 mm is optimal because it
brings a compact layer, without waves and without an influence on
the substrate.

e In the case of repair parts that have already been in the industry and
whose internal stress are not known, an element of maximum 15 mm
working distance is recommended. In his case the influence on the
substrate is relatively small.

e The tests documented in this doctoral thesis were made on cylinders
with a diameter of 70mm, extra tests were made on larger diameters,
which led to a much lower influence of the depth of penetration of the
thermal influence in the substrate, inversely proportional to diameter.

4.6.4.Extra Hardening

The samples were extra hardening with a ceramic ball and a pressure of 200
bar. Figure 4.35 shows the process: a tool with a moving ball is pressed on the rotating
bar. Due to the friction force the ball need to be cooled with a cooling liquid. The parts
were polished and brought to the final mass after that the hardening process was
done, an increase of the hardness was observed with up to 10 HRC units.
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Figure 4.35 Ceramic ball hardening

In conclusion, the KS-IC-45 type powder is suitable for use in industry with a
hardening process applied before the polishing process because the surface in the first
10 micrometers will be hard and meets the quality requirements, and inside the
coating is ductile.

4.7. Characteristics and properties of remelted

coatings

The samples were obtained by depositing a coating of NiCrBSi on a steel bar
with a diameter of 160 mm and a length of 250 mm. These were sectioned and
prepared metallographically in order to characterize them (physically, mechanical and
structural).

All cross sections of the coats were investigated using a scanning electron
microscope equipped with an energy dispersion spectroscope, also the x-ray
diffraction was used to determine the phase composition. Additionally, all three types
of coating have been characterized in terms of adhesion on the substrate and
hardness.

4.7.1. Deposition coating thickness

The deposited coating has a thickness of over one mm. it was submitted so
much due to the fact that the following step is intended to implement these coatings
in the hydraulic cylinder construction industry and taking into account the subsequent
processing: Turning, rectifying and bringing in nominal measures. Coat thickness is
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shown in Figure 4.36. At the same time as it is presented in chapter 4.7.7 Corrosion
behaviour, a higher coating thickness is desirable because corrosion on these types
of coatings is selective and the thicker the coating, the logic says that reaching the
electrolyte at the substrate will be greatly slowed

_ [n2110r ) s gl PR
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Figure .36 Coating cross sectio KS-IC-45, b)S—IC—55S, C)KS-IC-55

4.7.2.Phase composition

In order to analyse the component phases in the coatings obtained by the
two-step process: thermal spray with oxyacetylene flame followed by a heating
process at melting temperature with the help of high frequency currents, XRD (X-Ray
Diffraction) aid was made, with which the powders can be described and characterized
coatings used in this experiment.

Figure 4.37 shows the comparison of coatings from XRD pattern results point
of view, it is observed that the peaks corresponding to the component phases are
present at the same theta angles but for each type of powder each peak has a different
intensity. This results in a different percentage composition of phases for each type
of powder. For each type of powder, it is explained in detail in the following rows
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Figure 4.37 Overlapped XRD diffractograms

The three types of coatings were analysed quantitatively and qualitatively
from component phases point of view, using a Phillips X'Pert type diffractometer at a
working voltage of 45kV and a current of 40mA (Cu Ka radiation). In order to obtain
the phase diagram, the 26 angle started from 20 degrees and was taken up to 100
degrees. With the step of 26 = 0.015 degrees and the step time was 1.5 seconds. The
data obtained from the process of scanning the crystalline structure of the
investigated coating were analysed using the X'Pert High Score software also after
that they was contrasted with note patterns from the ICDD and PAN-ICSD databases.
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Figure 4.38 XRD Diffractogram of KS-IC-45 inductive remelted (left) and cross-
section LM-micrograph (right)
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Figure 4.39 XRD Diffractogram of KS-IC-55S inductive remelted (left) and cross-
section LM-micrograph (right)
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Figure 4.40 XRD Diffractogram of KS-IC-55 inductive remelted (left) and cross-
section LM-micrograph (right)

Following the comparison of the peaks obtained from the test with the
database, 4 important phases were observed in the composition of the remelted
coatings. The nickel matrix, which is predominant in all 3 types of powder, as was
also observed in the XRD analysis of the powder. Following the heat treatment, the
nickel free phase was reduced from 70% to 62% in the case of type powder KS-IC-
45, from 48% to 45% in the case of KS-IC-55S type powder, and in the case of KS-
IC-55 type powder from 53.5% to 46%. This soft phase also explains the much lower
corrosion behaviour of KS-IC-45 powder, the matrix being prone to corrosion. The
dark area marked with B corresponds to the CrB (chromium boride) phase, the phase
of nickel boride (Ni3B) is the bright area marked with A. These two phases are very
hard phases which, at the same time, can be observed also in the hardness tests. At
the powder type KS-IC 55 it can be observed (Figure 4.40) that these two phases are
very finely distributed which leads to an increase in the hardness. The presence of
silicides (CrsNi16Si7) in the coating structure increases the stability of the coating at
high temperatures, at the same time this phase increases the corrosion resistance.
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The silicide are noted with C and are the darkness phase presented in Figure 4.38,
Figure 4.39 and Figure 4.40

4.7.3. Porosity

Porosity is generally connected with a high number of unmelted or improperly
remelted particles, which are included in the coating. This trapped, unmelted or
partially melted, as well as re-solidified particles create a cavity. Corrosion in the
sprayed coatings can be promoted by the high proportion of porosity, since the base
material can be attacked more easily by oxidizing elements at the interface due to
open porosity if this pores are interconnected [8].

The pictures were taken at an optical microscopy after which they were
processed with the help of Imagel image processing software in order to determine
the porosity

Following the remelting process the porosity was consistently reduced from
about 15% in the case of as-sprayed coatings Figure 4.41, it was reduced to a
percentage of 0.5% in the case of KS-IC-45 (Figure 4.42), increasing to 0.9% in the
case of KS- IC-55 ( Figure 4.44) and in the case of using the KS-IC-55S powder, it
had a value of 1.1% (Figure 4.43).

Figure 4.41 Example for marking the porosity of the as-sprayed coating (a) with
help of the measurement software (b)

As can be seen in chapter 4.4, the deposited layers are not very compact and
require a subsequent treatment of closing pores and improve their adhesion to the
substrate. Without this process these coats can be exfoliated by the action of an
external force. At the same time, these pores create micro gaps in the piston cylinder
assembly, creating a difficult tightness, where the working fluid at each stroke can be
extracted from the working environment. Figure 4.41 was taken at a magnification of
500x to be able to observe the non-melted particles embedded in the as-sprayed layer
as well as the interconnected porosity. This structure is relevant for all three types of
investigated coatings.

In order to investigate the three types of coatings in terms of porosity, after
the remelting process, with the help of the optical microscope, pictures were taken at
a magnification of 200x in order to have a relatively larger surface to be able to
investigate, for each type of sample. 3 pictures were taken in different parts of the
coating, porosity was calculated and then averaged.

BUPT



88 Results and discussion - 4

Figure 4.42 KS-IC-45 porosity: a) before, b)after measurement

Figure 4.44 KS-IC-55 porosity: a) before, b)after measurement

The difference in porosity percent between the KS-IC-55S and KS-IC-55 can
be explained by the fact that the last one has a higher content in the elements that
favours the self-fluxing process, namely Si (See Table 4.1). Also because KS-IC-45
has a lower chromium content it makes it a more ductile material, having at the same
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time the equivalent Si content as the KS-IC-55 powder and the rest of the alloying
elements in low content, manages to make this type of powder easier to process. Also
the dark gray phases that can be confused with porosity by the image processing
software are phases rich in chromium and silicon see chapter 4.7.2.

Compared to other studies on the same type of powders but through other
deposition processes a significant reduction of porosity was observed. For example
Xiao J. K. et all deposited NiCrBSi through the atmospheric plasma spray process
2.3%, adding zirconium to the composition lowered the porosity to 0.6% [125]. Zoran
Bergant in his work remelted the as-sprayed coatings in the furnace with the
protective atmosphere of argon, managing to obtain a percentage of 0.83% porosity
[126]. And Kamiri et al succeeded by remelting with oxyacetylene flame using a torch
to obtain a minimum porosity of 1.9% [127].

4.7.4.Hardness

The term hardness, as used in industry, can be defined as the ability of a
material to withstand to a permanent pressure or deformation when is in contact with
an indenter under load [128]. Vickers intender is a diamond tip with a with the angle
at the top of 136 °. The test consists in pressing the known indenter in the test
material with a predeterminated load.

Microhardness measurements were performed along the cross section of the
NiCrBSi Coatings, using a micro Zwick hardness tester. The applied load used to
determine the Vickers microhardness was 3 N (£ 0.3 kgf) for 15 seconds for each
indentation; distance between measurements was 0.15 mm. The results were
extracted using the TestXpertZHVu software, the interface of the working device.

In order to test the hardness of the coatings, from the parts that were
inductive remelted with the optimized parameters on a diameter of 160mm, for each
type of powder were extracted 3 samples obtained from different parts of the material
and prepared metallographically. On each sample, 7 measurements were made from
the outside to the substrate. Table 4.18 shows the average values for each indentation

Table 4.18 Indentation values of remelted samples

Distance 0.05 | 0.2 | 0.35 | 0.5 | 0.65 | 0.8 | 0.95 HRC
[mm] Hardness

KS-IC-45 380 | 381 | 380 |380 | 381 | 371 | 365 38
[HV 0.3]

KS-IC-55S 573 | 591 | 636 | 639 | 585 | 584 | 590 53
[HV 0.3]

KS-IC-55 733 | 753 | 695 | 702 | 695 | 748 | 720 60
[HV 0.3]

Was observed as higher amount of chromium, it results in a higher hardness.
Depending on the customer's requirements, all three types of powder can be used,
only considering that a high hardness brings problems in further processing it was
tried another procedure on the KS-IC-45 type samples.

4.7.5. Adhesion

The chromium content in the coating besides the fact that it improves the
corrosion resistance, also raises the hardness of the coating but a hard coating is not
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enough in the technological exploitation. Adhesion to the substrate is one of the most
important properties of the coatings deposited by thermal spraying. In the case of
coats deposited by any thermal spraying process, there is just a mechanical bonding
between the coating and the substrate, the particles being mechanically anchored to
the substrate as can be seen in Figure 4.10, it also can be seen that before the
remelting process there are present delamination, cracks and a deficient anchoring
on the interface. Applying the secondary process of remelting by high frequency
currents, at the boundary a metallurgical connection is formed between coatings and
substrate which leads to a higher resistance.

To investigate whether the coating has good adhesion, all three samples were
cut into sections and prepared metallographically. Indentation measurements were
made at various points on the interface using Brinell and Vickers indenters.

)

Figure 4.45 Micrographs of Brinell indentation 187.5 kgf

In the case of Brinell type indentation, indentations were made with the
application of forces increasing in load up to a weight of 187.5 kgf. Figure 4.45 shows
the trace left after the indentation of the coatings used the KS-IC-45 type powder, an
imprint that is representative for all 3 types of coatings.

Figure 4.46 Micrographs of Vickers indentation, applied forces: 1200N
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Due to the fact that in the case of using the Brinell type indenter with a ball
diameter of 2.5 mm no cracks were observed at the interfaced coat-substrate,
indentations of type Vickers were tried. This type of indenter having a pyramid type
head with a angle of 136 degrees, it introduces much more stresses into the substrate
coating interface which can lead, if the adhesion is not good to the microcracks. As in
the case of Brinell, metallographic samples were prepared, and indentations were
made at the interface with a maximum pressing force of 1200N and a holding time of
15 seconds. Figure 4.46 shows that no micro cracks appeared at the interface.

These results show a very good optimization of the remelting process, for all
3 types of powder, at the same time they show a low presence of internal stresses
and a high resistance to exfoliation due to external applied forces.

4.7.6.Tribological behaviour

When using bore cylinder type parts, it is desirable that the coefficient of
friction be as small as possible. A high coefficient of friction leads to the introduction
of additional energy into the tribological system. This energy can translate over time
into damage to the whole assembly due to micro deformations on the surface of the
coating, the introduction of vibrations in the assembly or damage by wear of the
surfaces. A pin on disk assembly was used to determine the coefficient of friction. The
pieces were polished to obtain a flat surface, then they were cleaned with acetone,
against the tested sample was chosen a static ball made of WC-Co with a diameter of
6mm, and a pressing force of 10N. The test took place with a sliding speed of 15cm/s
on a circle with a diameter of 12 mm and the test stopped after 25000 rotations equal
to 942 linear meters, almost double from the parameters used for the as-sprayed
coatings. The obtained results of the friction coefficient and wear track are presented
in Figure 4.47 to Figure 4.49
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Figure 4.47 Friction coefficient and wear track of KS-IC-45

BUPT



92 Results and discussion - 4

| Start: 0,461 Min:0419 Max:0,781 Mean: 0,654 Std. Dev.: 0,038

1,00

Initial Phase Steady-state

I
[
i
i
I
i
o i
I
i
i
i

' ' ' |
0Tl 1,26E03 252E03 3.78E02 5.05E03
|

afm] 189.00 a77.00 568,00 754,00

Figure 4.48 Friction coefficient and wear track of KS-IC-55S
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Figure 4.49 Friction coefficient of KS-IC-55

Following the tests and microscopic investigations it can be seen that the
coating obtained from the KS-IC-45 powder has a slightly higher coefficient of friction
than the other two, this can be attributed to the fact that this powder has a modest
hardness compare to the other two (see subchapter Hardness). Also from the segment
of the track you can see a semi-round worn section according to the shape of the ball,
for the other 2 types of powder, coating being harder it can be seen that the
counterpart ball was worn, followed by an irregular section on the coating, one with
a width much larger than depth. But in conclusion it can be seen that after the process
the results are comparable to laser deposition processes founded in technical
literature, possibly even a lower coefficient of friction [129]. It is also observed that
compared to the as-sprayed coatings, following the remelting process, the coefficient
of friction passes from the incipient phase directly to the steady state phase without
a transition period, which can be explained by the fact that the coating is much more
compact. Also was observed that the trace generated in the coatings is more round,
that this is due to the degree of penetration of the counterpart in the material,
resulting that the ball did not suffer a pronounced wear

The wear rate is quantified by measuring the wear groove and determining
the amount of removed material of both sample and ball. The wear rate K is calculated
with the equation:

|4 4.6

BUPT



4.7 - Characteristics and properties of remelted coatings 93

V = 2nrA 4.7

h 4.8
— 2 2
A= (3h? +457)

_ 2mrh(3h? + 4s%) 4.9
6Lds
Where: K=Wear rate [um3/Nm]
V= volume [pm3]
L= normal load [N]
d= testing distance [m]
r= pin end radius [mm]
A= cross-section area [um?]
h= height [um]
s= length [pm]

Table 4.19 Wear measurements

Powder

h[um]

s[um]

Wear rate
[mm®Nm]*10°

Friction
coefficient

IC-KS-45

10.1

535

1.35

0.681

IC-KS-55S

8.1

546

1.11

0.645

IC-KS-55

8.7

543

1.18

0.654

The Pin-On-Disk tribological investigation revealed a wear rate of 1,11*10-°
mm3/Nm for the KS-IC-55S remelted NiCrBSi coatings, compared to a higher value,
of 1.35*%10°5> mm3/Nm in the case of IC-KS-45.

As it is observed that the IC-KS-55S type coatings have a better resistance to
sliding wear, it can be concluded that they have a more compact structure as a result
of the melting process, compared to the IC-KS-55 type coatings and a higher hardness
than those of type IC-KS-45

4.7.7.Corrosion behaviour

In the marine industry that works in offshore regions, most parts inevitably
present the risk of corrosion. In order to reduce this effect, they are covered with a
protective coating which must have a very good corrosion behaviour. Corrosion is an
irreversible destruction phenomenon that occurs as a result of chemical or
electrochemical reactions.

NiCrBSi-type coatings are sustainable for providing functioning safety and
good corrosion resistance, which leads to an extended service lifetime of the
components. In order to have a good corrosion resistance the coatings must have a
low porosity. At the same time this porosity must be not interconnected, otherwise
the electrolyte reaches the substrate that does not have a good corrosion resistance
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and begins to exfoliate the superficial layer. Also, the coatings must have a very good
adhesion to the substrate; this makes the exfoliation process of the superficial layer
very difficult, in the case of the existence of interconnected porosity.

Figure 4.50 shows a cylinder which was coated with KS-IC-45 powder. This
part had an interconnected porosity and was tested under real operating conditions.
It is observed that after two years of work under offshore conditions the electrolyte
penetrated beneath the coating and began to corrode the substrate; after some time
the coating was exfoliated. The picture shows the cylinder turned in the lathe and
blasted in order to deposit a new coating for a new test.

Figure 4.50 Corroded cylinder sample

Another set of samples were prepared for electrochemical testing. Before the
electrochemical corrosion tests, the coated surfaces were polished to obtain a flat
surface, due to the fact that the samples were extracted from the deposit on the
cylindrical surface with a diameter of 160 mm. Following the preparation of the flat
surface, they were grounded until they reached a specified roughness (Rax0.1) and
then they were covered in resin to achieve a work tested surface of 1 cm2. The
corrosion behaviour of NiCrBSi coatings was investigated by electrochemical testing
in aqueous solution with a concentration of 3.5% NaCl + 5% H,S04. A saturated
calomel electrode (SCE) was used as a reference electrode, a platinum electrode as
an auxiliary electrode and the samples represented the working electrode. The
samples were polarized in a potential range from - 1000 mV to +1000 mV, applied
between the platinum electrode and the working electrode.

A classification of the corrosion resistance of NiCrBSi powder alloys is
achieved: following the process of sintering by electromagnetic induction the as-
sprayed coating formed from the KS-IC-55 powder remelted by induction is nobler
compared to KS-IC-45. The polarization curves presented in Figure 4.51 show that it
has a more positive potential and a lower total current density. As expected due to
higher chromium content, the area of positive potential is considered in more detail
in Figure 4.52 from which it can be analysed that powders with higher content in Cr
have the ability to passivate after passing through the critical point. The coating with
low chromium content has a reduced ability to form a passivation layer which leads
to more intense corrosion.
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Figure 4.51 Polarization curves of NiCrBSi coatings
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Figure 4.52 Polarization curves of NiCrBSi coatings in 3.5% NaCl + 5% H>S0,,
passivating part

In the literature Jin-Kun Xiao et al., deposited NiCrBSi-type coatings with the
addition of Zr (procedure of depositing was Atmospheric plasma spraying) and tested
them in a solution of 3.5% NaCl, a less acidic solution than the solution used in the
present work. After testing it was observed that an Ecr of -550 was obtained,
comparing the coatings obtained by us with these results, it is observed that the KS-
IC-45 type powder is in that range, and the other two behave much better, having an
Ecor at half compared to the one obtained by Jin and the team [130].

Theoretically in the compact materials the corrosion is uniformly distributed,
which in the present case, in the coating materials which are composed of several
component phases there is a localized corrosion. First time the nickel phase is more
likely to be corroded which is like a matrix in all three types of powder, at the
intersection of the phases rich in nickel with those rich in chromium or boron. Due to
the electrolyte at these joints galvanic microcells are formed which leads to the
weakening of the coating. After the corrosion of the soft nickel type phase around the
hard phases, the hard phases consisting of boron and chromium are extracted from
the coating leaving a emptiness, and the process started again.
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The results presented in Table 4.20 and the polarization curves illustrated in
Figure 4.51 show that the KS-IC-55S and KS-IC-55 powder types have almost the
same corrosion resistance, although the KS IC-55S powder has a chromium content
of 3% lower and KS IC 55 has the iron content greater. It can be concluded that, the
increase of the chromium content has the effect of increasing the corrosion resistance
of the layer, and Fe reduces the anticorrosive properties of the coating. Because the
KS-IC-55 powder has a higher Cr content and also has a higher amount of Fe in the
structure, the corrosion properties are diminished, reaching approximately those
presented by KS-IC-55S.

Table 4.20 Corrosion values of NiCrBSi coatings

Sample Ecor [MV] vs SCE Ieor [MA*cm™2]
KS-IC-45 -570 7.94*%1077
KS-IC-55S -270 4.60*%107
KS-IC-55 -230 4.30*1077

Following the results obtained by electrocorrosion tests, the KS-IC-45 type
sample resulted as the weakest in terms of corrosion resistance, but not much below
the others. Since this type of coating requires much lower processing costs and times,
it has been decided that an extra test will be carried out for this type of coatings. The
tests was made in collaboration with the specialized and DAKKS accredited laboratory
of Caterpillar Global Mining Europe GmbH. This coating was tested for corrosion in
salt mist.

A new set of samples was deposited on the cylinders with the ring section and
220mm outer diameter, were remelted with the extrapolated optimum parameters
specified in Table 4.16. After the process the samples were turned and polished in
order to obtain an Ra=0.8um % 0.3um. The cylinder was cut in half, the first part
being prepared for the neutral salt spray test as seen in Figure 4.53.

ANV

Figure 4.53 Sample before salt spray test

From the second part a sample was taken and metallographically prepared in
order to observe the structure of the coating in the section before the salt spray test.
In Figure 4.54 it can be observed that the coatings has a thickness of about one mm.
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120 488

Figure 4.54 KS-IC-45 before Salt spray test

The samples were investigated according to DIN EN 9227 AASS: 2017-07, in
the saline environment, the solution was prepared to obtain the neutral saline test.
The measured pH of the solution was between 6.5 and 7.2, the sodium chloride
concentration was 50g/l £ 5g/l, after was added sufficient amount of glacial acetic
acid in order to reduce the Ph to 3, and obtain an acid solution. The test was carried
out in a saline test chamber, the test temperature was 35°C and the duration of the
examination stopped at 480 hours, with the visual investigation of the samples every
48 hours.

4

Figure 4.55 KS-IC-45 after 480 hours Salt spray test

Figure 4.55 shows the situation after the salt spray test. A clear reaction of
the coating with the environment can be observed, but there is no recognized
corrosion of the base metals. Towards to better evaluate the existing attack, a cross-
section was made

Figure 4.56 shows the corroded piece after exposure to acid saline fog for 480
hours. In the most attacked part by the aggressive environment. It also presents the
area from which the metallographic sample was extracted in order to observe the
coating behaviour in cross section.
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Figure 4.56 Attacked area of KS-IC-45

After 480 hours, in the cross section it is observed that the coating was
attacked on a maximum depth of 70um (see Figure 4.57). As this is observed it leads
to a selective corrosion, the matrix, which appears darker dark in the cross section,
it is finds formed from the nickel-rich phase and is preferably attacked

;.," ’*—%‘
RN

Figure 4.57 Corrosion depth on KS-IC-45

As can be seen from the electrocorrosion tests and the results presented in
Table 4.20. The powder KS-IC-45 has a much lower electrocorrosive potential
compared to the other two types of powder, at the same time the corrosion current
is twice higher than in powder situation KS-IC-55S and KS-IC-55 which makes it most
susceptible to corrosion in highly aggressive environments. As a result of the extra
test obtained in collaboration with the test laboratory of Caterpillar Global Mining
Europe GmbH, it resists in very good conditions to corrosion in saline fog, reaching
up to 200 hours without visible optical pitting. At 480 hours under the test conditions,
the coating has a corroded pit only on a depth of 70 pm, and also not on the entire
exposed surface, this depth represents only 6.3% of coating total thickness. It can be
concluded that this type of coating behaves very well in the vitreous conditions in
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which hydraulic cylinders will be subjected. It can be seen from Figure 4.57 that the
acid solution attacks the matrix which is rich in nickel. At the same time, the other
two types because present a much higher chromium content and the electro corrosion
result are better it can be concluded that they are less affected by the vitreous
conditions to which the offshore aggregates are exposed. KS-IC-45 was chosen to
apply extra tests, because from an engineering point of view (processing, costs and
processing times, the price of Chromium, the price of powder) it has a very high
efficiency and a good profitability.

To observe how the obtained coatings behave in marine environments that
have a mostly neutral to basic pH [131], a new test was made for all 3 types of powder
studied in this work. The NiCrBSi powder was deposited on cylindrical samples with a
diameter of 70 mm and a length of 120 mm, melted and then turned, grinded and
polished to a Ra of 0.12 and Rz of 1.2. after which they were covered on half of them
and introduced in the testing chamber. The testing solution was prepared in the same
way in accordance with the DIN EN 9227 NSS: 2017-07 norm only that acetic acid
was not added at the end. The temperature of the solution during the test was 35°,
the testing room temperature was 48.5° and spraying pressure was one bar.

Figure 4.58 KS-IC-45 before(left) and after (right) salt spray test

After testing, corrosion points were observed on the surface of KS-IC-45 type
parts. In Figure 4.58 it is observed with the exposed eye that irregularities in the
coating structure appeared on the surface of the piece. These pieces were cut and
investigated in section (Figure 4.59). A corrosion penetration depth of only 34.4
micrometers was observed in the most destroyed part of the coating. Because the
coating is at least 900 micrometers thick, this surface destruction does not affect the
quality of the thermal coating.
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Figure 4.59 Cross section of KS-IC-45 coating after salt spray test

These punctual corrosion can be explained by the fact that during the
remelting process due to the fact that this type of powder has a lower chromium
content in the structure, some small islands with a low chromium content were
formed, which favoured a local corrosion, this led to the formation of galvanic micro

cells.

i J

Figure 4.60 KS-IC-55S before(left) and after (right) salt spray test

BUPT



4.7 - Characteristics and properties of remelted coatings 101

o .

“\'\’n. : .l?l’ a4

Figure 4.61 KS-IC-55 before(left) and after (right) salt spray test

No visible damage was observed for the samples investigated and covered
with the other two types of powder on the outer surface(Figure 4.60 and Figure 4.61).
However, these were also cut and investigated in cross section. In Figure 4.62 the
structure of the material is observed; on the surface, no traces of corrosion are
noticed, the micron non-regularities being as a result of the mechanical processing.

Magn Det —— 20 m
1000x  BSE

Figure 4.62 Cross section of KS-IC-55S(left) and KS-IC-55 (right) coating after salt
spray test

In conclusion, an addition of chromium in the chemical composition of the
powder brings a surplus of quality in the corrosion resistance of the final coating. But
due to the fact that this element also brings an excess of hardness in the layer,
forming some phases likely to introduce internal stresses in the coating and during
the cooling process, if care is not taken on the heating parameters, cracks can form.
That is why it is suitable in the industry to use KS-IC45 type powders for parts that
do not work in a strongly aggressive environment, and KS-IC-55S type powders for
parts that work in the open sea.
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5. General conclusion, unique contributions and
upcoming work

5.1. General Conclusion

The experiments were based on the introduction of a new process for
remelting NiCrBSi-type coats sprayed with oxyacetylene flame in the case of new
parts or in the case of replacement for worn coatings deposited by other types of
processes. The experiments took place on three different types of powder with the
aim of optimizing the remelting process for different hardness requirements from the
hydraulic cylinder industry.

Attempts to improve NiCrBSi-type layers by heating them with high frequency
currents have led to the following conclusions:

- As a feedstock material, the powder used was in the dimensions + 106-45
having a spheroidal shape due to the method of obtaining (by the gas atomization
with water collection process), in the cross-section having very high encapsulated
holes or porosity. The substrate used was a quenched and tempered 42CrMo4V type
steel, with a mechanical strength of 911 MPa (N/mm?)

- The spraying of the three types of powder was done with the help of a
specialized company in repairing used hydraulic cylinders. Calculating the necessary
deposition parameters, resulted for the samples of diameter 160mm a deposition
speed of 833mm/s, the rotation of the shaft being 95 rotations and an advance of
4mm per rotation, the deposition being made in 6 passes with a final coating thickness
of 1.3mm

- After deposition, the coatings showed a porosity of up to 15% and a low
adhesion to the substrate.

- The inductor type used for remelting these coats were chosen as a
rectangular section of 20x10 mm with a wall thickness of 1 mm, continuously cooled
with distilled water at a cooling temperature of 15 degrees Celsius.

- The optimization of the three types of layers was done considering the DTA
curves obtained in the laboratory and compared to those given by the powder
manufacturer. Using the Thaguchi method, was reduced the number of tests from 81
tests (as is normal for an arrangement of 3 factors influencing the process distributed
on 4 levels) at only 16 experiments plus the verification experiment, for each of the
three types of powder.

- The optimal working distance between the inductor and the heating piece
was obtained as 7mm, with an influence on the substrate on a maximum depth of 7
mm and a lamellar sorbitic structure on the first 20 microns at the coating-substrate
interface.

- After remelting, the coats were investigated in respect of the developed
microstructure with a coat thickness higher than 1 mm and a reduced porosity from
15% down to 0.5% in the case of the coating obtained from the KS-IC-45 powder.

- The presence of chromium boride and nickel boride phases brought a high
contribution to achieved hardness. Hardness increasing from 38 HRC in the case of
KS-IC-45 powder which has the lowest chromium content of only 6 wt .% to a
hardness of 60HRC in the case of KS-IC-55 powder with a content of 13% Cr

- Very good adhesion following the inductive melting process
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- Similar friction coefficient of 0.64 was observed in the case of KS-IC-55S
powders compared to 0.68 in the case of less hard KS-IC-45 powders.

- At the same time, a good corrosion resistance of the alloy formed after the
remelting process was observed, in the case of KS-IC-45 type powder after the neutral
salt spray test of 1000 hours, a corrosion penetration depth of only 3.5 micrometres
was observed and in the case of testing in an acid environment a penetration of only
75 microns, which at a coating of 1000mm does not present a problem in terms of
corrosion. In the case of the other 2 types of powder, no local corrosion attack was
observed on the surface of the coating when tested in neutral salt spray.

In conclusion, the KS-IC-45 powder is suitable for use in industry with a
hardening process applied before the polishing process, because the surface of the
first 10 micrometres will be hard and meet the quality requirements of hydraulic
cylinder industry. Inside, is the coating is ductile and presents an exemplary
machinability in comparison with the coatings obtained from the other two types of
powder. The remelting parameters can be extrapolated up to 1000mm diameters,
which in the case of coatings obtained from hard powders, due to the internal stresses
that form during cooling, it is not possible to realize it without a preheating in the
furnace of the entire part.

5.2. Personal contributions
The purpose of this work was to obtain a process for remelting NiCrBSi-based
coatings that can be subsequently implemented in industry and also to reduce the
operator's influence on the process (which is currently the case of flame torch
remelting).

Personal contributions to this study can be said to have been the following:

- Study of the specialized literature that covers the heating of materials by
different processes and the behaviour of different materials at temperature

- Choosing different concentrations of chromium in powders and calculating
the deposition parameters for the given diameter of 160 mm

- Understanding the need for a subsequent remelting process on NiCrBSi coats

- Optimizing the work element considering its section and the behaviour of
the coating when a magnetic field is applied

- Following the optimization of the working element, the selection of the
optimal method for improvement of the remelting process, considering a minimum
number of tests and also a low production cost. Choosing the Taghuci method to the
detriment of other methods.

- Optimizing the working distance considering the quality requirements, the
influence on the substrate and the residual stresses that may exist in the parts passed
once through the process of use in industry

- Comprehensive characterization of remelted coatings using different
methods

- Choosing a type of powder and implementing the process in the industry in
the collaborating company

From an economic point of view, KS-IC-45 Powder was chosen to be
implemented in industry. Industrial up to diameters of 125mm and any length all
three types of powder are suitable. During coating of components with higher values
for the diameter and length (>200 mm) using hard powders the remelting step cannot
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be realised only with the preheating given by the inductor, because the temperature
is dissipated and the cooling in the melting moment is high. This problem induces an
high degree of internal stresses in the hard coatings. KS-IC-45 being a ductile material
does not form cracks on cooling. That's why the industry agree this type of powder.
The coating has a good corrosion resistance and a good machinability.

5.3. Future work

The present work through its theoretical and experimental study led to
obtaining a new type of process for obtaining coatings for new hydraulic cylinders and
for reconditioning used ones, it can be said that this study contains only a small part
of the hydraulic industry.

Taking into account these considerations, one can go further on the following
research directions:

- Obtaining coatings with a much higher chromium content, with a preheating
in the oven before inductive melting

- Deposition of coatings by the HVOF process in a coating thickness of less
than 200 microns with subsequent inductive melting

- Laser Cladding for NiCrBSi powder with inductive preheating of the substrate
at the same time as deposition
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