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High Velocity Arr Fuel Electric arc spraying (HVAF Arcp a themal spraying technol-

ogy that is quite similar to electric arc sprayiithe difference between e two types

of spraying equipments that whereas the electric arc spraying technology uses com-
pressed air as tr@omizing gas, HVAF Arc uses the combustigroducts of propane and

air. As HVAF Arc has not been widely researched, information about how the apparatus
actually functions ad what kind of effect changing its spraying paramelaswas de-

sired

This thesis consists of theoretical and experimepéats. In the lterature review, thermal
spraying technologies and the microstructure of thermally sprayed coatidgsussed
briefly. Electric arc spraying, High velocity arc spraying (HVAS) and HVAF Arc espe-
cialy are presented in more detail. Iretexperimental part, results from tests made to
HVAF Arc specimens that have been strayed with different spraying pararastgge-
sented. These tests includ®mpositionand thicknessanalyses, surface roughness tests,
Vickers hardness tests, an eros@nd a corrosion test.

According to the results, HVAF Arc coatings have fine microstructuigh low porosity,

but are quite heavily oxidized. They are typically more oxidized than coatings made with-
out using propane as [@ocessgas, thoughhe HVAF Arc coatings have lowesurface
roughness, less pores and slightly higher hardness, due to the amount of oxides in the
coating. Typically, by changing spraying parameters the coating quafitigddVAF Arc

do not change much.
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Suurnopeuskaariruisk(HVAF Arc) on terminen pinnoituslaite, joka muistuttaa pitké&lti
tavallista valokaariruiskua. Erona naiden kahden laitte#iia on se.ettd HVAF Arc-
menetelmdssa pinnoitemateriaalin prog@ssiuna toimivat propaanin ja paineilman pa-
lamistuotteet, kun taas tavadissa valokaariruiskussa prosesasuna kaytetaan wvai
paineilmaa. Koska HVAF Aremenetelméastéon saatavilla vain varsin véah tietoa, ha-
luttiin laitteen toimintaa ja sitd, miten erilaisten ruiskutusparametrien muunteleminen vai-
kuttaa syntyvan pinnoitteen ominaisuuksiin, tutkia.

Tama tyd koostuu teoreettisesta ja kokeelisesta osasta. Teoreettisessa osassa sivutaan ly-
hyesti temisia pinnoitusmenetelmia yleensa ja nilld akaansaatavaa mikrorakennetta.
Tavalliseen valokaariruiskuun, ruiskuun nimelttéd High Velocity Arc Spray (HVASYi

tyisesti HVAF Arc -ruiskuun paneudutaan syvalisemmin. Kokeelisessa osassa seloste-
taan eriasten testien tuloksia, jotka on tghpinnoitteille, jotka on valmistettieriaisin
ruiskutusparametrein. Testeihin lukeutuvat kavalyysit pinnoitteiden koostumuksesta

ja paksuudesta, pinnankarheustestit ja kovuusmittaukset, yksi eroosiotesti jargdst ko
siotesti.

Tulosten mukaan HVAF Areruiskulla saadaan aikaiseksi hienorakenteista pinnoitetta,
jossa on vain vahan huokosia. Pinnoitteet ovat kuitenkin varsin hapettuneita. Tyypillisesti
tulokseksi saatin, ettd HVAF 18 -pinnoittessa hapettuminen ominsaampaa kuin sel-
laisilla pinnoitteilla, jotka on tehty hyodyntden kaariruiskuassg ei kayteta propaania
prosessikaasunaHVAF Arc -pinnoitteissa on kylakin tallaisia pinnoitteita vahemman
huokosia, alhaisempi pinnankarheus ja yleensa hieman suukewpils, oksidien maa-
rasta johtuen. Tyypillisesti ruiskutusparametrien muunteleminen ei aiheuta juurikaan
muutoksia syntyvan pinnoitteen laadussa.
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1. INTRODUCTION

1.1 Backgroundoft he study

The basic principles @fthermal spraying technology caliétigh Velocity Air Fuel Elec-

tric arc spraying (HVAF Arc) process were developed in mid #©80Institute of Reli-
abiity and Longevity of Machines, Belarus Academy of Scienf24. It seems that the
predecessor of HVAF Arc was called activated Arc Spray (AAR)but after a company
called Uniquecoaflechnologies Incmade some minor changes to the machine, the com-
panyseems to haveenamed it as HVAF Ar¢32]. Basicaly, HVAF Arc can & consid-
ered as a type of AAS gun.

As an apparatuIVAF Arc is very alke to electric arc spraying apparatus. The differ-
ence between these two types of spraying devices is that whereas the electric arc spraying
technobgy uses compressed air as the aimgi gas, HVAF Arc uses the combustion
products of propane and air. The addition of propane is supposed to increase the velocity
of the spraying jef32] andreduce the oxidation potential of the gd®msen the spray jet

[2], thus protecting the partislefrom oxidation

Coatings sprayed with HVAF Arc are said to have intriguing qualties sufheasi-
crostructure andligh density Therefore, more information abouhe qualtiesof HVAF
Arc coatings,and functionalityof HVAF Arc apparatuswas desiredHVAF Arc has been
studied before by Verstak and BaranoveX?], andthe predecessaf HVAF Arc, AAS,
has been widely studied by Bmenkov and Korobov [2]

1.2 Aims and structure of the study

The aim of thisthesisis to investigate the properties coatngs made withHVAF Arc,

as well as totsdy the behaviour of the equipmeigelf. This study aspires to find out

how the HVAF Arc device truly functions, what kind of effect changing the different
spraying parameters has on coating qualties, and whitle gfarameters have most ef-

fect on the quality of the created coating. It is also investigated whether coatings sprayed
with HVAF Arc differ from coatings made with conventional amray gun and if they

do, how exactly.

The thesis begins with lteratuneview, in which thermal spraying in general as wel as
microstructure of thermally sprayed coatings, electric arc spray teghfineand HVAF
Arc are discussedThe focus is on HVAF Arc and electric arc spraying, whie thermal



spraying in general and thacnostructure of thermally sprayed coatingsligscussedonly
briefly.

In the experimental part, the effect of several different spray parameters is studied using
two coating materials, Metcoloy 4 and Inconel 62Be coating specimens are studied

with regards to their composition, microhardness (Vickers hardness) and surface rough-
ness. For analysing the composition of the coatings optical microscope as wel as scan-
ning electron microscope (SEM) are used. The corrosion resistance and erosion wear is
also nvestigated in the case of some of the specimens.



2. THERMAL SPRAYING

In thermal spraying, the materials are spray deposited as fine particles to form a coating.
The different thermal spraying technologies are quite numerous, as are the applications
that usethem. In this chapter, the basics about thermal spraying technology are explained,

including what the microstructure of thermal sprayed coatings is like.

2.1 Thermalsprayingin general

Thermal spraying is a method for creating coatings that protect or nibdifpehaviour
of a substree material or a component. [LActually, there areseveral different coating
processes of which thermalraging techniques comprise. [3Bhermal spray techniques
are used to increase the lifetime of materials or to provide thith a specific property,
which can be for exaple optical or electrical. |4

What all the thermal spray techniques have in common is that the coating material is spray
deposited as fine particles. The particles can be in molten, semimolten or evén in fu
solid state as they form the coating. In all thermal spraying processes, a heat source is
used to melt the feedstock material and accelerate thelgsatoward the substrate. [33
Whether the particles are softened or outright melted depends ceatimeg hintensity of

the heat sourcqd2] The heat source can be a combustion flame, electric arc, or ionized
gas, and the feedstock may be in the form of powdiee, stick or suspensionThe
sprayed coatings are formed by the flattbrend soldified pdrcles. [33 The sistrate
remains unmolterduring the deposition[2]

Thermal spray processes are typically classified according to the type of energy source
used to heat the material. Depending on the energy source, the processes can also be clas-
sified further according to for example gun design or type of feedstock material, among
others. The different thermal spray techniques have their own niches and do not overlap
greatly in for example perforance or coating properties. [38Below is Fgure 1 where

the various thermal spraying technologies are classified according to their type of energy
source.



Classification of thermal spray processes
according to various type of energy source
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Figure 1. Classification of thermal spray processes according to their type of energy
source.[33]

In thermal spraying there areitgua lot of different possible coating materials: pure met-

als, metal alloys, hard metals, oxide ceramics, plastics, cermets, composites, and blended
materials. Apart rom compounds that decompose irreversibly during meliing and the
ones that do not hav&able meltstate and vaporize excessively in the spray process, al
most all materials are gable for thermal spraying. [33

The deposition rate in thermal spraying is quite high compared to other deposition tech-
nologies. The thickness of the coating layaries depending on the application; it can be
anything from micrometers to severallimetres. B3] Thermal spray processes are also
easy to use, and cost little to operate. By using thermal spray coatings, there are cost
reductions due to better perfmaince, longer component lfe and dmsed need for
maintenance. [10 Thermal spraying is also a very versatile technology; it can be used
on almost any component[4]

Quite amany industry use thermal spray for many important applications. The applicatio
functions are for example restoration and repair, protection from corrosion or wear, heat
insulation or conduction, decoradi purposes, and many more. [Ebme of the main
application sectors for thermal spray are aerospace, automotive, biomediaag, isad

metal processing industrie$4] In Figure 2 below there are three pictures which show a
worn shaft before, during, and after repair.



Figure 2. Aworn shaft beforeduring, and after repair. [P

2.2 Microstructureintherm alspraycoatings

In the thermal spraying process the particles are first heated by the energy originating
from the spray torch. They subsequently melt and are then accelerated by the high tem-
perature high velocity gas jet. As they impact on the swefathey spread and solidify
rapidly and then cool in the next several minutg¥3] The particles take the form of a

thin disk as they solidify. 2] Usually, the bonding mechanism between the sprayed par-
ticles and the substrate/ previously deposited layéinermal spray coatings is mechani-

cal, but in some cases it can be also metallurgical. The resulting coating structure is a
| amel | eake| i kiigpda n's p | a]tBelosvtisrasahdmatic dustratipof tBermal

spraying procesg-ig.3).
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Figure 3. Schematic illustration of thermal spraying proceps$]

Though the lamellar structure typically consists of fine grains, it also includegoron
mogenous features such as splat boundaries, ,jdgs inclusions, and unmoltepari-

cles. [ There is below Figure Where a structure of a thermally spgd coating is de-
picted. There can also be reaction products from the interaction between the particulate
material and atmospheric gas@hese reaction products can be for examblestoxides

and nitrides. The interactions can also leadthanges in the phase composition tor
selective gaporation of alloying elementd2] There may Bo be cracks in the coating
caused by residual stressiat form during cooling In the worst cee scenariothe re-

sidual stresses can cause the detachment of the eoi@tng from ts substrate. [33

! : Ra Rz _
Oxide stripes i Rp Rt Porosity Cracking

Unmelted
Embedded grits Ower-blasted area  particle

Figure 4. Structure of a thermally sprayed coatifg3]



The microstructure of thermal spray coatings is dependent upgratticle conditions at
impact, such as the temperature and velocity of the particles, and material properties of
the particle and substratsych as surface roughness] TBe temperature in the particle
bodies strongly influences the microstructure hef toatings because the evolution of the
temperature with time determines material solidification and cooling rates, which then
inluence the formation of cri@ phases and crystal size. [3Bhe particle conditions are
determined by the process paran®tef the thermal spray. These process parameters,
among others, are spray pressure and composition of the atomizingadate velocity

and size. [BThis is the reason why it is important to carefully optimize the spray param-
eters.



3. ELECTRIC ARC SPRAYING

Electric arc spraying is an efficient thermal spraying technology which uses arc produced
by two conducting wires as the heat source to melt the wires. In this chapter, the arc
spraying process is discussed, as well as the effect the spray pardmaetersn the arc
spraying process. The advantages and disadvantages of the technology are also explained
briefly.

3.1 Arcsprayingprocess

Electric arc spraying sometimes also led twin-wire-arc spraying [2B is a thermal
spraying technology in whickwo wires with opposite polarities are used as the consum-
able electrodes. The stable arc produced by themexd of the wires is utlized as the
heat source to melt the continuously fed wires. Compressed airfiow is used to atomize the
melted metal drop$36] Usually the wires are made of electrically conductive materials,
such as aluminium and copper, but ialso possible tospray norconductive materials

by using cored wires which havéhe nonrconductive materials inside a conductive wire.
The wire tips areseparated by a distance of about a few tenths of a milimetre from one
other. The electric voltage applied on them is about 40 V and causes thenaenbtite

wire tips. [23 Typical arc spraying applications are wear and corrosion resistance, ther-
mal bariers, high dielectricstrength, hard dense coatingad decorate coatings, among
others. [$

Different wire-arc spraying systems differ in the geometry of the torch, the wire diameter,
the feed mechanism for the wires and the location of the wiravitipgegpect to the torch
geometry. [2BTypical feed mechanisms are driven by either electric or pneumatic motor.
They are avaiable in push, pull or push/pull arrangements. The push/pull feed mechanism
is the most reliable andrthest reaching. [14Cortrollable parameters in arc spray are:
material of the wires, type of the atomizing gas, gas pressure, voltage, afeedirate

or arc current. In systems that allow control over wire feed rate, the arc current cannot be
controlled, and vice versa. [R3

In the arc spray process, the high temperature of the arc melts the ends of the feedstock
wires and a spray of molen metal droplets is formed by the simultaneous fiow of an
atomizing gas through the arc region. Inttially the molten metal is in the foretatve ly

large droplets which disintegrate further as the high velocity atomizing gas moves them
downstream the arc. On impact with the substrate, the droplets spread and solidify as
splats, as is typical in a thermal spraying technique. The formeiihgcdms the charac-

teristic thermal sprayed lamellar microstructure which includes sdsne porosity and



oxides. [1% Below is Figure 5in which a schematic of eleitt arc spray is presented,
alongside a picture of the typical coating.

substrate/workpiece

Figure 5. Schematic of electric arc spray with acpire of a typical coating. [15

In arc spraying, the diameter of the droplets affects critically the microstructure, porosity
and oxide content of the coating. The droplet diameter is deterrbipete melting be-
haviour of the feedstock wires in a direct current arc as well as primary and secondary
atomisation processes under tlaticen of the atomizing gas. [JThere are significant
differences between the melting phenomena at the cathodeeaauoithe. At the cathode,

the arc attachment of the wire is localized, resulting in small molten droplegs.arc
attachment at the ade, on the other hand, is more diffuse, the wire heating is more ho-
mogenous and the formedoglets are larger in size37] The result of these differe nces

is that often the droplet size distribution of arc spraying is bimodia¢ size distribution

is composed of the larger asthaller droplets [28], [§7s0 that there are two distingd
particle size ranges. [Blt should be noted, though, that the difference in the average
particle sizes lessens after the second atomization and becoteesnopll. [1]
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Not only are the droplets formed on anode and cathode of a different size, according to
Zhu et gl they are also nddistributed symmetrically about the centreline of the plume
[40]. The maximum particle densities of the anode and cathode materials do not coincide
with each other and they are not locatedhatdentreline of the pluen [40 The spray

also exhibits asymetric radial variation of velocity and temperaturieoat the pray cone

axis. [17 Al in al, these asymmetries result in a coating structure that is quite inhomo-
gereous. This is detrinental to coating qualties. [40

The production of the dropletsccurstypically in burst or pauses with respect to time.
This is because the molten metal forms on the wire tips until the liquid metal volume
becomes unstable under the influence of the atomization gas fow, and the liquid material
is swept away by the gasviio During these atomization pulses, the arc changes in length.
Usually the arc is first struck directly across the shortest separation between the wire tips.
The atomizing gas, however, deflects the arc column downstream and the arc extends. At
quasiperioit intervals, the arc becomes unstable and restrikes upstream at the original
position at mnimum separation. The periodical changes in arc length cause changes in
the voltage across the ain.Figure 6 below there is a graph of arc voltage as a function

of time. At the shortest arc length, the voltage is at minimum and the current at maximum,;
at the largest arc length, the voltage is at maximum, the current at minithbas been
suggested thatoltage minima coincide with the release of a burst of lamgplets from

the wire tips. [1$In other words, the molten droplet size varies periodicdilyL]

Rl
e
) ) ’ v’“l |
1: - | | | (b)

Time (ms)

Figure 6. Arc voltage as a function of time for standard conditions of atomizing gas pres-
sure of 280 kPa and nominal applied amaltage of 34 V, except with wireefdrate of §
1*0 gsland b 5*0 gst.[15]
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3.2 Effects of the processing parametersin arc spraying

Of different AS spray parameters, the atomizing gas flow rate is the most important in-
fluence on particle characteristicR2] The higher the fow rate, the smaller and quicker

the particles. The diameter of the droplets controls the dynamic and thermal behaviour in
the spray as well as the splashing and spreading behaviour of the droplets at deposition.
The diameter deterngs the scale of the coating microstructure; it determines the size of
the lamellae as well as the size of the pores. If the droplets are substantially sold, they
may bounce off the substrate or if they are substantially dwsted, liquid droplets,

they may splash on the substrate. 15

The flattening degree and splashing of the particles increases as flow rate increases. This
occurs because the inertia force decreases in favour of viscous force and surface tension
force when the flow rate is increasedf.the spray distance is increased, the velocity and
temperature of the particles decreases but their size remains constansp@tyearan-

eters have less influence. [22

Increased flow rate leadssoto increased hardness of the deposit, increas@: @on-

tent and decreased porosity. The oxide content of the coating increases because the spe-
cific surface of the particles in contact with oxygen increases, whie the decreasing of
porosity is caused by a greater flattening of the particles and a det@wmmodation of

the particles between themsedv [23 On the other hand, a higher droplet velocity also
causes a decrease in the time of fight, which in turn induces a decrease in the particle
oxidation. In other wordsa high droplet velocity has tweffects that act contrariwise 1]

The gas flow rate and velocity, in turn, are controlled malyatomizing gas pressure.

[1] Increasing the gas pressure increases the velocity of the sprayy cawsi efficie nt
atomization. [¥]

When it comes to othgarameters, arc voltage Haffects both arc temperature and spray
velocity; an increase in arc voltage leads to an increase in the arc temperature, which leads
to anincrease in spray temperature. The spray velocity, however, slscasaarc voltage
increases. [1] Increase in voltage causes also increase in the arc length, which increases
the enthalpy of the metal droplets. This leads to greater progress of chemical interaction
between the drop and substrate. At the same time, because the propadniompdrized

metal increases, the deposition eficiengte is reduced. The likelihood of cracking in-
creases at higher arc voltages because the arc length is then egater. [

As was already mentioned before,réhareperiodical changes in the voltagecross the
arg caused by changas arc length At the shortest arc length, the voltage is at minimum;
at the largest arc lefgt the voltage is at maximum. @ current reacts in opposiy:.)
Voltage minima seem to coincide with the release of a lufiritrge doplets from the
wire tips. [15
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The higher the current is the higher the processing rate and the heat input to the droplets.
This, too, improves the interaction between the drops and the substrate at the moment of
impact, which leads to higheadhese strength. After the current rises above a certain
level, the adhesion strength becomes constant and even begins to ddorediser

words, there is a limit after which there is no sense in increasing the current in order to
improve adhesion sngth of the coating[2]

Wire feed rate, on the other hand, affects the diameter and production rate of primary
droplets at the wire tips. Increasewire feed rate increases batlithem, and there is

also an overall decrease in the spray average \tadity. It should be noted that for any
increase or decrease in wire feed rate, the arc spray system produces a calbrated increase
or decrease in the current supplied to the arc in an attempt to provide stable melting of
more orless material per uniinte. [17]

The distance from which the coating is sprayed affects the porosity of the arc sprayed

coating. The porosity of the coatings increases sharply when the spraying distance
creases over 200 mrkig. 7).

10 |

Porosity, %

Q Lo 2,00

Figure 7. The depndencébetween the porosity of the coating and the air flow rate (Q)
and spraying distance (L). The wire used inshaly was steel 304.]2
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This sharp increase is especialigticeable wien lowest allowable consumption of com-
pressed air of-1L.5 n¥#/min is used. If the consumption of compressed air is increased to
the maximum, the porosity decreases monotonically. If the spraying distance is increased
more than 200 mnthe velocity and ehtlpy of the droplet starts to fal, which creates
worse conditionsfor spreading of the molten metal droplets on the subsrade impact

This is what leads to increased porosity of the coating. Itis recommended to use-L=150
200mm, and Q=1.752 n?/min to obtain coatings with mimum amount of pores. J2

3.3 Advantages a nddisadvantages of arc spraying

The advantages arpray has over other thermal spraying technologies are for example
low operation cost, high efficiency of productivity, low heat input to the substrate and
variant méerials available for spraying[36] Low heat input to the substrate prevents
damage, distortion and metallurgical change the substrate surface. [28c spraying

also uses its power source more efficiently than for example plasma spraying. Benefits of
using arc spraying also include thespibility to obtain thick coatings and ease of imple-
mentation. 2]

Yet another benefit of using arc spraying is tle materials introduced into the system

are completely melted and consumed in the process. This eliminates the problems caused
by partidy melted particles. Almost all other thermal spray processes that use sold par-
ticles or powder as feedstock suffer from inpdete melting of particles. [33Arc spray
coatings arelsousually denser and stronger than their equivalent combustion sty

ings. Compared to flame sprayed coatings, arc sprayed coatings have better bond
strengths and lower porosity level§]

Of course, arc spraying has also some disadvantdges.main oe of them is thathe
coating quality is relatively poor; they udyahave high porosityand low adhesion
strength. [2BIn arc spraying, there is also intense burnout of alloying elements from the
metal and saturation of the sprayed layer with atmospheric gases.pHesgenenalead

to changes in the chemical compositiof the sprayed material, lowering the alloying
elements concentration. It also leads to excess of oxides iodkiegc This decreases the
quality of the coatirg} [2] Whie arc sprayed coatings may contain more pores and oxides
compared to other theringpraying techniques, such as plasméehigin velocity oxyfuel
spraying, the higher deposition rate and low capital cost outweigh these ditagesanin
many applications. [15

Other disadvantagethat arc spraying has are that only conductive wires caspleyed.

The high feed rate also causes a large amount of emitted aerosols, high level of noise and
utraviolet and infrared radiation. Therefore high safety requirements are reggjr€xh [

the other hand, the gases used in arc spray aranumable, which makes the process

safer than the ondbat use flammable gases. [23
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The size of the particles in the spray cannot be controlled, unike in those thermal spray
processes that use powders as feedstock and where the size of the particles in the powder
determines the size of the molten droplets. Thus the abilty to adjust coating characteris-
tics in arc spray is lacking; this narrows the rao@@rc spray applications. [P® appli-

cations where the coating protects the substrate from corrds®mcorosive medium in

the envionment can penetrate into the arc sprayeatings and even to the substrate due

to the porosity and slts between the layers of coating. The result of,tlu$ asurse,
corrosion of the substrate and comosbetween the layer [35
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4. HVAF ARC SPRAYING

High Velocity Air Fuel Electric Arc spraying (HVAF Arc) is a thermal spraying process
that is very alike the electric arc spraying procd$e main difference between the two
methods is that with HVAF Arc, the atomizing gas hghdn velocity. Inthis chapter the
origins and basics of HVAF Arc process and its predecessor are discussed, as well as the
studies concerning the technology. Another arc spraying technology that also uses high
velocity spray jet is explained briefy armbmpared with HVAF Arc and electric arc
spraying methods.

4.1 Origins of HVAF arc

The basic principles dfiVAF Arc process were developed in mid 198@t Institute of
Reliability and Longevity of Machines, Belarus Academy of Scien3#.1t seems that
originally the technology as well as the spraying apparatus was caled Activated Arc
Spray (AAS).[7] After some changewrere implemented in the equipment WiyiqueCoat
Technologies (Ashland, Virginia, USAlhe company renamed the device as HVAF Arc.
The exactnature of these changes is not known, though it is said that these changes al
lowed the technology to become commercially available worldwj@28] Boronenkov

and Korobov, who have studied AAS extensively, refer to HVAF arc as a type of AAS
gun, so it is @dent that the principles of HVAF arc and AAS are the salje. [

HVAF Arc has been studied somewhat by Verstak and Baranovski. AAS, on the other
hand, has been quite extensively studied by Boronenkov and Korobov. Since the principle
of the devices is theame, the research about AAS should pertain also HVAF &rc |
There is also one small study by Nuzegarding HVAF Arc[18].

4.2 Basicsof HVAF Arc equipment

HVAF Arc is a coating deposition procesmilar to electric arc spraying. Its idea is to
combine theefficiency of conventional electric arc spraying and the coating qualty usu-
aly found inhigh Velocity OxyFuel HVOF) processes. s supposed to providéne
particle atomization combined with protection of the sprayed material frdiighh oxi-
dation by exess of propane in the gas j§82] Below is a picture of the HVAF Arc
equipment (Fig. 8)
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Figure 8. An image of HVAF argun head[29].

In HVAF arc, two consumable wires are fused by electric arc and atomized byra supe
sonic jet of aifuel combustion products. The combustion products are generated in to-
roidal combustion chamber which rear wall cota# high temperature catalystftek

flame ignition with a spark the rear wall heats up and activates continuously-tbhela
combustion during the spray process. Wire tips are located inside the chamdbéhe

flow of exhaust gases is directed along them. Wire material is atomized in a short expand-
ing nozzle where the exhaust gas velocity exsethe sound velocity. 3p] Below in

Figure 9is a sketch of the HVAF gun.

Nozzle Exhaustgas Combustion chamber
Air-fuel mixture In

Wire pushing
/ mechanism
Particle jet \
Exhaust gas flow Consumable wire

Figure 9. A schemad of the HVAF Arc gun. [32



17

The average particle size of the atomized particles varies witBil |2n range. The size
depends on the gas pressure in the cetiaou chamber and the atomizing nozzle diame-
ter. Average particle velocity is within 15fB0 m/s rangeMaximal particle velocity is
imited by the splatshattering upon impact. [32

The reduction of the oxidation potential of the gas phiadke arc zoa is a critical factor

of the HVAF arc process, because the fine spray particles created in the process are prone
to rapid infight oxidation. [2] To reduce oxidation potential of the gmside the gun

[2], an excess of the fuel gas is provided compéaoeits stoichiometric composition in

air-fuel combustion mixture[32]. A number of fuel gases can be used. The decision of
which fuel gas is to be usekbpends on availabili and cost of the gadhe choice of fuel
gasdoesnod6t affect ameoepandutgne grmaurali dayare alPwidelyp
used.[32]

4.3 HVAF Arc coating microstructure

The microstructure ofraHVAF Arc coating seems to be typically fine, witbwler po-
rosity than coatings made with conventional arc spraying. For exaimpthe stdy by
Verstak and Baranovskthe coatings made of alloy 671 and 625 had a very fine structure,
with apparent metalographic porostty less than Z#ey were alsalenser than conven-
tionally arc sprayeatoatings oHVOF coatings. [32]

In a study byBoronenkov and Koroboythe coatings made wittwo types of AAS gurs,
onewith andonewithout the combustion chamber, had the most preferable strudife.
The study in question wil be discussed more in Chapter 4.5.

4.4 Theoriesaboutthe effectof propanein HVA F Arc

In conventional arc spraying, the atomizing gas can be either compressed air or com-
pressed air combined with other fuel. The compressed air option is the one that is usually
used, since it is the cheapest. When other fuels are used beside the sgmpigas is

done in HVAF Ac, the oxidation potential of the gas phase is reduced and the heat gen-
erated during the combustion process can be uggd@h¢ hydrocarbon fuel (denoted as
CxHy) reacts with the oxygen (the oxidizer; compressed air is &ddatoxygen and 79%
nitroger) in the compressed air, as is shown in the equation (1) below that explains this
phenomenon:

50 ¢ OQQQUBRI 00 MO @)[2]

When compressedir only is used as the atomizing gas, the oxide content of the sprayed
coating is relatively high, since the molten wire material oxidizes in the wire arc spray
process. While the higher oxide content can increase the coating hardness, it may also be
detimental to the coating properties because oxidation may reduce the adhesion strength
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between the coating and the substrate. Coatings sprayed with air atomaetiako
often relatively high in porosity which, too, is detrirt@nto the coating quality[37]

The fuels that can beisedwith compressed aw@re hydrocarbons like acetylene and pro-
pane. Of the hydrocarbon fuels, propane is the most suitable for arc spraying. Propane
does not require significant starting costs, since it is already used aith gaswelding

and cutting technologies. Propane is also safer than acetylene, though the latter is also
widely used in gas welding processes. The relative safety of propane is based on its much
lower inflammation velocity which makes it less likely tackfre. [2]

In conventional et spraying, tiis also possible to use an inert gas such as carbon dioxide
or nitrogen instead of compressed air. By using them, oxidation of the formed coating
may be less than when compressed air is used. Reduced oxidationcieases the ad-
hesion of the coating to the substrate. When alloys such as stainless steels are sprayed, a
significant amount of additon elements lke chromium may be lost because the oxygen
in the compressed air burns them; with inert gasespbeisomenon may be prevented.

[1] Stil, even when an inert gas is used, there is stil some oxidation, because of air en-
trained from the surrounding atmosphere. Air entrainment can also cause a great drop in
temperature angelocity of the gas streaml][In HVAF Arc it would not be viable to

use an inert gas instead of compressed air to reduce oxidation, since HVAF Arc uses
combustion products of propane and air mixture as the atomizing gas.

The sprayproduced by arc spraying gwan also be shrouded in orde reduce the

amount of aygen the spray encounters. [¥6shroud gas decreases the rate of air in the

jet. The method can also decreasejéealivergencesomewhat. In the shroud technique,

the atomizing gas is protectbgl aninjection of a secondaryinert gas There are differe nt
methods for this injection; it can be located upstream the gunoextownwind the gun

exit. [1] It might be possible to use a shroud gas in HVAF Arc process to further reduce
the oxidation of the spraying materidt coud also be said, though, that thexdtion of

propane asaprocegsas i s al most the same as a shro

4.5 Studies aboutthe effect of propane on AAS coatings

Boronenkov and Korobov hav&udied the effecof the procesgas atmosphere by using
different kirds of arc spraying guns. Their frst sample was done with a normal arc spray-

ing gun, EM14, the second with ADM.O, which uses both propane and air, making it a

kind of AAS gun. The third sample was done with ABIM, which nozzle system is a
closed systenwith a central nozzle, and the fourth was done with the ADMjun using

a secondary propane injection as a shroud. In essence, in the case of sample 4, the gun
can be considered an AAS gun without a combustion charfiPeBelow is Table 1

where the paraeters and different compositions of the gas can be seen.
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Table 1. Parameters of thetainless steel X40Crl®ating with a differencomposition
of the procesgas [2]

Specimen | Differences Constant parameters
number | gun | Pe, F..
MPa | MPa
EM-14 [19] 0.6 0 Initial material — wire
2 ADM-10[20] | 0.35 (0.3 X40Cr13, @ 1.8 mm;
3 ADM-12 |06 |0 I=180 A;
[21. 22] U=28V; T,, = 120°C;
4 ADM-12,[21, |06 |02 L =100 mm; V,=1.8m/s; &
22] =2 mm

Symbols: P P, - pressure of air and propane; I - current; U - vaolt-
age; L - spraying distance; T, - temperature of samples preheating;
V. - linear velocity of the gun relatively to the sample; & - coating
thickness

The microstructure of the specimens can be seEigure 10below. The numbers corre-
spond to the Table 2 above. We can see that specimen 1, which was sprayed with con-
ventional arc spraying gurhas the coarsest inhomogeuns structte. Specimen 2, for

which a type ofAAS gun was usedhas thinner structure and fewvand smaller voids,

and there are fewer extended pofd® samples 3 and 4 were made with the same gun,
but in sample 4, an injection of propane was also usedcddting of sample shas more
homogenous and finer structuilgan sample 32] It can beconcluded that when the gun

uses propandhe microstructures of the coatings are preferable to wieeguth uses only
compressed air.
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Figure 10. The microstructure of thetainless steel X40CrlspecimensThe specimens
havenot been etched. Madication is250. Numbers correspond to the Table[2]

Below is Figure 11 where the differences in the microstructure of specimens 3 and 4 can
be seen more clearly. In sample 4, there are only small, point like pores (the blask poin
in the picture) where as in sample 3, the pores are more extended.
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ls? ey i
H"*{'ﬂ{ Compressed
W air,

Com-
prassed air
+ propane,

Figure 11. The microstructure dhestainless steel X40CrX®atings with different com-
positiors of the process gas. Magnification280x. | - near the shstrate; Il - a surface
layer, thin section perpendicular to the surface;-IBurface layemwith thin section par-

allel to the surface. 7]

When the microhardness of the specimens was compared, it was noted that by using pro-
pane, the microhardness wasdased. 7] In Figure 12 below, both samples 2 and four

have higher microhardness values than specimen one, though specimen 3, where no pro-
pane was used, has at least as good, if not better, values as sample 2. Sample 4 seems tc
have, on average, the highevalues.
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(a2}

Hv, gPa

oy

Thickness, mm

Figure 12. Comparison obtainless steel X40Crl&®ating microhardness sprayed with
propane injection (AAS) and compressed air (A$)AS, pure metal and portions of the
mixed structure; 2 AS oxides; 3 AAS, puremetal and portions of the mixed structure;

4- AAS, oxide$?]

In another studyoy the same authors as in the previous case, a gun that used supersonic
jet of combustion products as the carrier, gasking it a type of AAS gunyas compared

to typical arcspray gun and a plasma gun. The coatings were wibstainless steel. ||

Table 3 below the results can be seen. dbetings made with supersonic gun hase

duced porosity, better hardseand better adhesion strength than the coatings made with
other guns.
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Table 2. Comparative propeies of thestainless steatoatings AS = arc spray, Ps =
plasma spray2]

Ne | Coating | Poros-| Hard- | Phase micro- Adhesio | Friction
method |ity, % |ness, |[hardness, MPa |n coeffici
HRc | light dark | strength, |ent*
MPa
1 |[Super- |2..3 [35...3 (1200 16000 | 65 0,15
sonic 7
AS
2 |PS 6..8 |28...3 |1000 13000 | 50 0,7
0
3 |Typical |10...1 |22...2 [900 11000 | 35 0,3
AS 2 5

* - the average value at a load of 5 ... 10 MPa

An analysis of the stainless steel coatings sprayed in the study (apart from those that were
sprayed with the plasma muwas made using a difractometerwhs noted that the phase
compositions of coatings made wihe supersonic guand conventional arc spray were

the same, yet it was also found out that adding propane increases the amount of carbon in
the coating, wiah leads to an increase in the amount of residual austeZit®elpw is

Figure 13 where the difractogram of number four is the one from a specimen made with
the gun that used propane.

Ne3

Feyly Fey0s

Fe0,  Fel

Figure 13. Diffractograms ofspecimens and 4.[ 2]
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Boronenkov and Korobavave also studied how different ratios of propane and air, or in
other words, different degrees of particle oxidation, affect the wear resistance of coatings
made from steel 20X13Specimenmade with conventional ar@msying gun (EM14)

was used as a standard in the stutlwas compared to spe@ns sprayed with the AAS

gun ADM-10, which had different coefficiendf oxidant excess in the procegss when

different specimens were spraygd] The esults can be seen belin Figure 14When

the coefficient of oxidant excess 1 s smal
then the oxidation degree of droplets and thus coating oxidation degree is Si2hllest

L

|

—

Relative wear resistance

M AT

1 0,8

Figure 14. Wear resistace of AAS coatings with differesdefficients of oxidant excess.

[2]

Boronenkov and Korobov conclude that based on the studies made about the effect of the
carrier gas there is a critical number of oxides in the coating, which corresponds to the

maximum of the wear curve for the specificaterial. They also show in theh@pter 2 of

their book how to calculate the oxygen delivery to a spraying drop, which can be used to

estimate interval of process parameters which need to be implemented to get thd require

amount of oxides.Z]

4.6 Theoriesaboutthe effectof high velocity

In arc spraying in general,higher atomizing velocity leads to higher particle acceleration
[37]. This leads to a higher impact velocity, which means that the particles deform more
intenely on the substrate?]. The higher velocity also leads to a higher particle temper-
ature at impact, because the particles have a shorter fight time and therefore less time to
be cooled by entrained air. The higher temperature results in lower viscoditpetier
wettabilty of the particle material, which leadshketter conformal coatings. [37f the
particles are overheated, however, the overheatmgributes to excessive heatpit
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into the coating, which causes iaaorease in the level of resdlustressesan the coating
Increasing the velocity of the particles also leads to decreasing por@kio py using
agun with high atomizing velocity, coatings of better quality can be achieved.

The velocity of the particles can be increased in twosw&yst way meansgicreasing
the mas flow rate of carrier gas, in other words, increasing its velocity, pressaenor
sity, or increasing the crossection of the nozzle. The other way is to reducepérécle
size to reduce its aerodynamicsiggance. This can be done at arc spraying inmyeasing
pressure and velocity of the gas and lowering the arc volfHige.latter is limited by a
threshold of stability disturbance at droplet separati@h.ln HVAF Arc, it seems,the
high velocity isachieved byhaving high gas pressure in the combustion chamber

4.7 Studies about particle velocity and its effectin AAS coat-
ings

In a study by Boronenkov and Korobdkie velocity of the particles was measured from
AAS and an arc spraying gun without combustion charlilyeusing velocity rate meter
intended for luminous objects. The dedice o0 p e Ibasetl onahe princple of a rotat-
ing mirror. The currenusedin this test was 210 A, voltage 30V, combustion chamber
pressure equaled 0.32 MRendthe pressure in thepraying head was between 0223
MPa. The wire material used was steel X20Cr13, with a diameter of 1.6 masuide
ment results are in Tableb&low. The scatter of the values is related to the difference in
velocities of the particles of different diaters. P]
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Table 3. Results of theteel X20Crl3articlesd velocity measurements at arc spraying,

m/s [2]

Results of the particle’s velocity measurements at arc spraying, m/s
1100 | '

' The distance from the nozzle face,

mm

Spraying head | Velocity at the up-

with a combus- | per border of the in-

tion ¢

Spraying head
without a com-

bustion cham-

ber

hamber

terval, m/s

Velocity at the lower

border of the inter-

val, m/s

Velocity at upper
border of the inter-
val, m/s

|50

134

110

| Velocity at the lower | 42

border of the inter-

val, m/s

| 125

100

75

|52

150

120

100

70

|46

Particle size distribution of arc sprayed steel solid wires was conducted by spraying into
water. The resulting powder waslected and dried at elevated temperature. The frac-
tional composition of the particles was determined by sieve analysis method by weight
share. The experiments were conducted using a type of AAS gun, with a current of 200
A and voltage of 30 V. The spiiag distance was 100 mm, and the wire used was steel
wire X20Crl13, just like in the particle velocity study?] [The results of the test are in
Table 4 below.

Table4. Fractioned composition efeel X20Crldarticles according t@xperiments

[2]

Particle sizes intervals, microns

0-20 [20-35[35- W40- [B0- |B63-71(71-80|80- [100- [125- |[160- 200-
40 B0 B3 100 (125 160 200 B315
Fraction weight content, %
70 |66 |66 |82(76|100|118|120(|100|78|60 |64
Area share of fraction, %
389|104 |39 |66 (77|48 |49 |81 |65 |41]|23 |19
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In another study made by Boronenkov and Korobov, the magnitudepeh porosityde-
creases sharply with increasing the velocity and decreasing the particle size. In this study,
average particle velocity of conventional arc spraying gas 86 m/s and the particle

size was 1600pum. It seems thasteel wire X20Crl3vas used as the coating material.
When using a type of AA8un, the average particle velocity was 120.nTée share of
droples with adiameter of 20125um wasabout 75% andhe size of particles all in all

was up to 31%m. Their analysis showed that at the coating thickness of 0.05 mm, open
porosity of AAS and conventional arc spray diffény almost one order at different spray-

ing distancegFigure 1%elow). The porosity dhe coating surface decreases in the study
also due to the reduction of roughness. The roughness is directly related to the size of the
particles impinging on the surface?] [

7]
o

\ :
\\\/

D T T T

30 60 90 120 150
Coating thickness, mkm

Open porosity, %
I
=

]
=]

Figure 15. Influence of the coating thickness on tpen porosity. 4AS, 2,3 AAS, 1,3
I L=100 mm, 2 L =50 mm. P]

The difference in the open porosity leads to an even greater difference in the gas perme-
ability. For AAS coating, this quantity iswvo orders of magnituel smaller than in the case

of typical arc spray, with a caagj thickness greater than 0.1 mm.tWa layer thickness

of 0.05- 0.1 mm the differences 4 -5 orders of magnide. This can be seen from the
Figure 16 below.
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Gas permeability, sm/s
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1,E07
1 E-09 . . .
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Figure 16. Effect of coating thickness gas permeability. 1L sprayed with conventional
arc spray gun2,37 sprayed withAAS; 1,3- L =100 mm; 2= L =50 mm. p]

4.8 Hardnessof HVAF Arc coatings

The hardness of HVAF Arc ctiags seems to be better than thatoétings made whit
conventionalarc spray. In thestudy made by Verstak and Baranoyskte Cr-B-C cored
wire coatings made by HVAF Arc hadrdar microhardness tthose sprayed with con-
ventional arc spray, yet their macrohardness was bétterhardness test was made with
impact testerln Table 5below are results difie bothhardnesgests [30] In anotherstudy

by Boronenkov and Korobgvhe microhardness &AS coatings was better than that of
conventional arc spray coating=]

Tableb5. Hardness and elevadeéemperature erosion resistance data for HVAF Arc and
conventional electric arc sprayed hardface coatin@]

Coating Micro- Macro- Thickness
hardness | hardness | loss due
HVa00 HRC to erosion,

um

Armacor M 740 5156 116

Arc +/-95 +-15

Armacor M 750 58.5 70

HVAF Arc +/- 100 +/-2.0

Duocor 755 526 161

Arc +/- 85 +-2.2

Duocor 785 55.0 53

HVAF Arc +/-90 +-1.8

In study made biNuzzg three iron based coatingeade with HVAF Arcsprayed at three
different spray distances were investigatdthe materls used werdvietcoloy 2 Tafa
45CT, and Kanthal SW 010heir Vickers microhardness was measu(@dble § and

their microstructure and oxide content was evaluated using optical micrographs. It was
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found that the oxide content in the cross section ofdfaings increases with an increase
of the spray distancd18§]

Table 6. Microhardnesses dfletcoloy 2, Tafa 45CT, and Kanthal SW 010 HVAf Arc
coating as well as the distances they were sprayed .ff@8}

Sample name

Mean Hardness

Minimum value

Maximum value

(HV) (HV) (HV)
M130 485 436 526
M150 491 440 539
M200 494 436 530
T130 364 326 412
T150 372 353 432
T200 382 360 398
K130 320 239 366
K150 354 300 416
K200 351 298 399

The spray distances agré¢o haverelatively little effect on hardness of the coatings, even
though the increase in the oxide content should also raise harbihezs.attributes this

to the fact that the coatings were already so oxidized that the small increase of oxide
contentc aused by
hardness. 18] In the micrographsin Figure 17can be seethat the samples are quite

oxidized. There caalsobe seemark, oxidized ridgedn the image of Metcoloy .2

t he

ncreased

spray

di

Figure 17. Optical micrographs of Metcoloy 2 coating cresesction sprayed at 150m
on the leftand of Tafa 45CT coating cresection sprayed at 20@im on the right above.

[18]

stanc
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4.9 Oxidation of HVAF arc coatings

When it comes t@xidation, in thestudy made by Verstak and Baranovysk HVAF Arc
coatings made of aluminium there were no oxide scales, but there were isolated oxide
inclusions. Their amount was controlled by spray parameters. Apparent metallograp hic
porosity of the oatings was less than 1%. The coating also became practically imperme-
able to gas at thickness of 2@Q0 micron (which is quite low)On the other hand, when

the coatings were made of alloy 671 and 625, respectively, the amount of oxides in the
coatings wa similar to conventional electric arc sprayir§2

4.10 Corrosionresistance of HVAF A rc coatings

In a study by Verstak and Baranovskie talloy 671 HVAF Arc coating outperformed
conventional arc spray and HVOF coatings in elevated temperature sulfidedioat 400
eC (Table 7). In oxidation test at 70@C, the alloy 671 an®25 HVAF Arc coatings
outperformed conventional, but were inferior to HV(R&ble 8)coatings [32]

Table 7. Weight gain and »ay microanalysis data of sulftand chlorine permeation
into alloy 671 coatings after testing N2-1%HS1%HCI gases at 400C during 1440
hours. [32]

Eleciric | HYOF | HVAF
arc coating | Arc
coating coating
Weight gain due 564 528 475
to corrosion,
ma/cm”
Sulfur inside the Yes Yes Yes
coating
Sulfur at coating- fes Mo Mo
substrate
interface
Chlorine inside Yes Mo Mo
the coating
Chilorine at fes Yes Mo
coating-substrate
interface

Boronenkov and Korobowonducted an express corrosion resistance rtetiei atmos-
phere of water vapor. #howed that the resista of AAS coatings with thickness of 150
microns matches the value typical arc sprayedoating with thickness of 200 microns.

[2] So the test would indicate that the corrosion resistance of AAS coatings might be
better tharthat of conventional arc spyacoatings.
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Table 8. Weight gain and scan electron microscaggta for alloy 671 and alloy 625
coatings after testing air at 700°C during 1000 hours.32]

Electric | HYOF HYAF
arc coating | Arc
coating coating
Weight gain due
to oxidation,
mglem?
Alloy 671 323 1.89 1.68
Alloy 625 3449 2.29 2.91
Substrate Yes Yes Yes
oxidation
beneath the
coating
Depth of inter- 150 Lali] 50
granular
oxidation of the
substrate, um

Boronenkov and Korobov hawvaso studied cored wires made with AAS @ the heat
resistance of the cored wire coatings. They were interested in finding out what kind of
effect the conditions of coating formation have on those characteristics of alloying system
Fe Cr-Althat affect their heat resistance. They used corezbwiith diameter of 2.0 mm

and with a shell of low carbon steel. The contents of the wires were titanium and siicon.
[2] Chemical compositions of the coatings of the wires are shown in Yédaw.

Table9. Calculated chemicalampositions of the cored wire coatingg] [

Chemical composition, wt. %

Component
2 3

Aluminum 6.0 6.0 6.0
Chrome 128.0 28.0 28.0
Titanium 1.7 less 0.5 less 0.5
Silicon less 0.5 1.3 less 0.5
Ferrum Substrate

In the study, the initial composition of the wires was chosen so that their content of chro-
mium and aluminum were similar to haasistant alloy grade CrAlTi 23. Chromium

and aluminumcontens werechosen tde heldconstantfor all the cored wires so thahe

effect of silicon anditanium on the heat resistance of the coatiogsid be determined

The cored wire combinatns for their spraying are inable 10. The coating specimens
were held for 24 hours attemperature of 70Q in air. ]
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Table 10. Combinations of cored wird€W) used for sprayingThe combination num-
bers refer to Table 9.2]

Cored wire combinations Symbol for the cored wire coating

3and 3 a
3and 2 b
3and 1 c

Their study revealed that the lamellae in the coatings were separated by thin oxide films.
They didnot find any signi #differanhtypesdicbat-er e n
ings (Fg. 18). The main coating phase in structusas formed by solid solution of chro-

mium, aluminum and other elemersesentn iron. The predominant oxide present was

Iron oxide FexOg; there were also some of oxides inclusions @OAland CpOs. From

figure 19below can be seen that specific weidiigs of the coating specimens was-2.3

0.4 g/(nd*h). This is significantly lower than similar values for pearltic and martensitic
ferritic steels. 2]

Figure 18. Microsturctures of the crossections of coatings. The a, b, andocrespond
to cored wire combinations in Table 1@] [

Based on @&ble below, the best heat resistance belongs to the coating alloyed with the
largest amount of titanium.
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Figure 19. The specific mass loss of specimens of hesastent coatings after holding
for 24 hours at a temperature of 70Celsius. The abp, and c refer to cored wire com-

binations in Table 10.7]

Based on the EDS results in upper paable 11lbelow, which show the composition

of the coating before theeat resistance test, in the calculating the compuositfor Table

9, the error was not more than 15%. From the chemical composttion of the coating after
the heat resistance teBpronenkov and Korobosteducedhat the indiidual particles of

sizes 110 micrometers contain an rEased amount of titaniun(s-6 wt%), whie the

total content of Ti in the coatindoes not exceed 1.6 wt%. They say thatphdicles are
located at the grain bodaries in the coating and tbaide fim Al2Os, and that gectra
correspondig to the localization zones tiese particles also exhbit the sedetimes
increased content afluminum and oxygen with sew times reduced chromium and
iron, compared with the average values for the coasiegn inlower part of Table 11

They presume that the particles are TiC, since they are thermodynamically the lkeliest

option. ]
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Tablel1. EDS spectrum interpretation for coating-e&-Al-Ti before the heat resistance
test (the upper results) and after theheesistance test (the lower resultg).[

Element Al Si Ti Cr Fe Totals
Content | wt.% 6,16 0,26 (1,60 29,30 62,68 100
at. % 11,66 0,48 1,71 28,79 57,36 [100

Element O Al Ti Cr Fe Totals
Content | wt.% 4958 3565 [3,70 5,98 K.09 100
at. % 65,89 28,09 1,64 245 1,94 100

Based on the datBopronenkov and Korobogonclude that in the coatings, the formation

of averse stietural components like ferriticcarbides (Fe, C+Cz and aluminum nitride

AIN is prevented. The reasdor this is the formation of thermodynamically stable and
heatresigant carbides TiC and a layef oxides that function asdiffusion barrier Since

there are no averse structural componetts, film of aluminum oxideAl203 is mainly
formed on the surfaceudng heating, bsed on frst EDS&nalysis before heat treatment
(Table 11, upper partyvhich ensures a high level of heat resistafite authors conclude

that by adding an increased quantity of titanium and siicon into the charge of the base
alloying g/stem FeCr-Al, the formation of averse structural components can be averted.

[2]

Boronenkov and Korobov also note thia¢ adhesion coating strength of the base alloying
system FeCr-Al, when titanium is introduced tm the inttial charge of wire (variant

from Table 10) is 44MPa. This is comparable with values for cored wire coatings with
similar purpose[2] In Table 12 below the adhesion strengths of different coating tech-
niques can be seen.

Table12. Adhesion strengths of vatie coating technologies?]

CW grade developed | PMet 731 | EuTronic TAFALOY
Arc 509 26CA

Adhesion strength, | 44 43 46 54

MPa

In table below, the total porosity of the coatifgriant c)can be seeriThe total porosity
of the coating, including the open and closed porosity, is 2.8%. The maximum pore size
is 44.1 micrometers, whie the minimum paee is 0.5 micrometerq2]
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Table13. The total share of pes of longaccumulate mode, %. The coating the pores
belong in is the variant ¢ from Table 10. N is the numerical share of the pores, A is share
area, and V is share by lume [ 2]

D,mi- (02|24 |46 |68 |810 10- [12- |14- |16- | 18- |20-
cron 12 (14 |16 |18 |20 |22
n* 9.7 |45.2 |67.5 | 78.7 841 |90.6 |92.8 |94.8 | 955 |97.0 97.8
A* 0346 |125|202 26.2 |37.3 |42.7 (493|524 |604 64.9
V* 0 |07 |27 |54 |80 |142 |17.7 |228 |253 |33.1 |37.8

The authors of the study estimate that the amount of porebatata size up to 22 mi-
crometers is about 97.8% of the coating, and major part accounts for pore size to 10 mi-
crons. According to the authors the coating is formed from partickis andiameter up

to 100 mm (weight content of 69.8%8nd thusthe data demonstrates the stabilty of the
process of cored wire spraying. Based on these solutions, heat resistant AAS coatings
were developed to increase senvifee of power equipment parthat are usedh condi-

tions of gas corrosion2]

4.11 Tribological properties of HVAF Arc coatings

Verstak and Baranovski conducted a study wheeeHVAF Arc FeCr-B-C cored wire
coating outperformed conventional arc spray coatings in elevated tempeszadsien
tests.[32] The results can be seen in TabldBoronenkov and Korobokave also studied
quite widely the tribological properties of AAS coatings. Faareple they used the ap-
paratus in Figure 2Below for testing impact abrasiof2]
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Figure 20. Impact tester used for testing abrasion resistangg. [

They compared the albs®@n resistance, or loss in weigltf various materials typically

used in spraying. They used current of 160 A, voltage of 28 V, electrode diameter 1.6
mm, spraying distance of 100 mm, compressed air pressure-0f0\8Pa, and pressure

of propane of 0.8.4 MPawhen coating the specimensith an AAS gun[2]. In Table 14

below the test modebey used in their studgre shown.
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Tablel14. Wear resistant testing modeg] [

Regime | Contact pres- | Single impact energy, -
Friction path, m
number | sure, MPa J
1 233 0 30
2 | 129 72.8 30
3 | 233 133.6 30
4 233 133.6 122

The results of the abrasion study can be seenFigure 21below The relative durability

of the coatings tested in the experiment is higher than that of the standard cast steel. If the
specific load is reduck ke in mode 2, or if the sliding path is increased, lke in mode 4,
wear resistance of coating frohigh-chromium steelX20Cr13 becomes several times
higher than that of other materiallepicted as the violet bars in the figur¢2]

o 12 O Standart

2 10 @ 30XICA

2 m 650

2 8 T |o51X0A

E 6 W 20X13

2

_g 4

©

e 21 7 , -

0 N N
1 2 3 4

Test modes

Figure 21. Wear resistance of AAS coatings. The standard is castisteedimilar to
steel 5120. Test modes refertama b | e 1 4. Tested steels 30w

correspond to steels like 30CrMnSi, 1566, 6150, 42D. [

In another tribologtal study made byoronenkov and KorobganAAS Babbitt coating
with steel sold substratare compared with Babbitoatings made withurbulent shell
lining (SL), gas surfacing, and plasma spray{®S) From Hgure 22 below can be seen
that the AAS Balbitt coatings (marked as AS in the figurehave thesmallest friction
coefficient no matter thgressure usednd clearly smaller wear rate than shell lining and
plasma spraying[2]
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Figure 22. Tribological characteristics oflternative Babbitt B 83 layers. On the left,
friction coefficientat different pressuresyn the right, thevear rate. p]

Boronenkov and Korobothink that the decrease in the friction coefficient atincreasing
pressure may be because of the changdkeimatio of hard intermetallic compounds

the coatingsand the substrate playing the role of a soft interlayer. The authors also think
that the dwer friction coefficient ath wear rate oAAS and plasma sprayedoatings
compared with shel lining and gj@ufacing are probablgaused by themaller size and
greater uniformity ofntermetallic phases the AAS and plasma sprayed coatiighe
intermetallic phasearethe hardestconponents of Babbitt coatingsSprayed coating
also have high oil abiity wk toporous acting layewhich leadsto less wear when lubri-
cation is insufficient. The wear is increased plasma sprayed coatingompared to AAS
coatings probably becauseplasma sprayed coatindggve less fatigue strengthsincethey
have higher therral stressesbecause there Bxcessive ra input to the spray material

in plasma sprayingn comparison with AAS[2]

According toBoronenkov and Korobothe friction coefficient of type of AAS coaing
(shown, anctdled supersonic AS, in the Table )1$ lower than that of plasma atyp-

ical AS coatings sprayedsing similar intial core wires The authorsof the studyclaim

this is probably connected to the differences in conditions of the coating formation, and
velocity and oxidation abilty of theatrier gas inplasma spraying and standard arc spray

[2]
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Table 15. Anti-friction properties of the coatings. Determined by -bait -disc method,
load 510 MPa. [2]

Coating method | Supersonic AS :?]I;asma spray- Typical AS
F_riction coeffi- 0.03 0.05 0.15
cient

4.12 Relationship between bonding strength and permeability in
HVAF Arc coatings

Boronenkov and Korobosgtudied also the relationship between bonding strength and
permeability of AAS coatings made from stainless steel wire. The steel wire was similar

to steel ASTM 304, with wire diameter of 1.6mm. A substrate of low castesi similar

to A570-36 was used. The specimens were jet blasted before the coating was sprayed.
The dependence of the roughness on the size of the abrasive was obtained at a distance
of 50-150 mm (Tablel6 below). The angle of the jet to the surface @8%degrees. For
comparison, unblasted surface was ug2d.

Table16. Dependence of the surface roughness on the grit size and distance pigpcessi
The grit is of chipped steedJB means abrasive jet blastii@]

Grit size,
01..03/ 04..08|05..12]08..14 | 08..1.9
mm
AJB distance, 50 mm
Rough-
12 16 21 28 37
ness, Jm
AJM distance, 100 mm
Roughness,
16 20 25 35 45
Hm
AJM distance 150 mm
Roughness, [
14 18 23 34 44
pm

The results dr the effect of surface roughness of the substrate on the permeability of the
coatingscan be seen in Figure 23 belohe authors of the study came to the conclusion
that corrosion resistance of the coating with increased surface roughness is tegised
increasing permeability[2]
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Figure 23. The effect of surface roughness of the substrate on the permeability of coat-
ings. Wire: steel 33. The thickness of layers 1is20.15 mmandthicknes®f layers 3, 4,
is 0.20 mm. S@ying distance: 1, 3 150 mm, 2, 4 100 mm. g]

From Hgure 24 below can be seen that ke permeability, adhesion strength of the AAS
coating increases as the roughness of the substrate incremseasihg the height of sur-
face roughness of the subdaup to Rz40 leads to increased adhesion strefigtan

also be seen thdit the roughness increases further, Rz is not noticeably affected. The
authors think the results are samilto plasma spraying, indicating that AAS coatings are
similar in qually to plasma sprayed coating®] [
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Figure 24. The effect of base surface roughness on the adhesion strength of coatings.
Wire: steel 304. Layer thickness is 0.15 mm, spraying distanc&5@ mm, 2 100 mm.

[2]
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It is also notedin the study that ebosition eficiency (DE) increases with increasing
roughness(Fig. 25. At least, deposttion increases updddRz 40. Further than that it starts
to decrease slightly.

; /L\
80

o/
VA

W

10 20 30 40 50

Rz, mkm

DE, %

Figure 25. The effect of surface roughs®eof the substrate aleposition efficiency. Coat-
ing material is steel 304.ayer thickness0.15 mm; praying distance 150 mm. [2

4.13 HVAS

High Velocity Arc Spraying (HVAS) is a coating deposttion process which has a principle
very similar to conventical electric arc spraying. They differ in their atomization type;
ordinary arc spray uses subsonic, HVAS supersonic atomization. In supersonic atomiza-
tion, the particles are more evenly distributed and gain higher velocity, which daio lea
better coatingqualty. [34 The droplets can be ademted up to 350 m/439] and arc
temperature canebproduced up to 4000K.][én the Fgure 26 below there is a sketch of

the principle of the HVAS gun.
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Figure 26. Sketch of the principlef the HVAS gun. [12

In HVAS, two wires, acting as consumable electrodes, are drawn from spools, form a
iquid droplet due to arc heating, and are atomized by supersonic gas. The gas is acceler-
ated by convergertivergent nozzle (LAVAL nozzle). The guraé a special cooling
method to avoid the patdas adhering to the nozzle. [BH the Fgure 27 below there

are schematics of both the convergent divergent nozzle and of the conventional straight

bore nozzle.

Y e

A: Standard straight bore nozzle

B: Converging-diverging nozzle

Figure 27. Schemtic of a) standard straight bore nozzle and bheergingdiverging
nozzle. [37

In arc spraying, the nozzle design affects the eficiency of the spraying process greatly.
The arc spraying system is supplied with compressed gas, and because of itrilad exte
jet may underexpand at the nozzle exit. This underexpansion may increase particle jet
spreading, which is detrimental to coating quality. A converdivgrging nozzle can be

used to solve this problem. A convergidiyerging nozzle increases the gadocity at
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the wires intersection point. The nozzle also causes a dedre#® mean droplet size.
[1] The conventionally used nozzle a straight bore nozzle. [BThanks to converging
diverging nozzle, the coating structure of HVAS tends to be filer,porosity lowe and
oxide content higher. [11Below in Figure 28 can be seen an image of HVAS coating as
well as a coating sprayed with conventional arc spray gun.
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Figure 28. On the left, an image of HVAS 7Cr13 coating] an the right, 7Cr13 coating
sprayed with conventional arc spray gi87]

In the Hgure 28 below the formation of shock structures in the straight bore nozzle and
convergingdiverging nozzle can be seen. The strong shock structure anehif@mity

of the gas stream produced with thieaight bore nozzle cause rapid velocity de@agy.

29a). There is weaker shock structure and longer high velocity potential core in the gas
stream produced by convergidgverging nozzle(Fig.29b). [37]
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Figure 29. Shock structure of the gas stream producgd)straight bore nozzle and b)
convergemdivergent nozzle. [37

For example in a study using 3Crl3 as coating material, the HVAS coating has finer
crystaline structure and only half the @mt of porosity in conventional arc spray coat-
ing. In this case, the HVAS coating has a higher oxide content, whichutiters of the
study attribute to refining of the atomizing particlége exact amoust of oxide can be
seen in Table 1Below.

Tablel7. Chemical composition and aea content of 3Cr13 coatings [B8

Arc spray gun  Coating materials Fe Cr O Oxide
HVAS 3Cr13 80905 13.745  5.34] 16.9

AS 3Crl13 81.750 15061 3.189 10.1

In another study, 4Crl®assprayed with HVAS, conventional arc spray gun and a third
gun which had a secondary gas atoemtmBt i on
the 4Cr13 coating sprayed with A8 (the 2#nozzle in the Table Y1IBas more oxides

and lower amount of pores than the 4Crl3 coating sprayed with conventional arc spray
gun (the 1#Nozzle in the Table )183]
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Table18. Conterts of 4Cr13 coatingdNozzle 1 is a conventional arc spray nozzle, nozzle
2 is a HVAS nozzle and nozzle 3 is a secondary gas atomization [@&jzle

Porosity | Oxide Microhardness | Particles
(%) (%) (%) Diameters
(um)
4Cr13
1#Nozzle 1.98 37.94 452.33 39.95
2#Nozzle 1.04 40.98 480.30 39.98
3#Nozzle 1.16 56.76 497.58 31.49

The bond strength in HVAS coatings seems to better than that of coatings made with
conventional arc spya For example in a study bywang et althe average bond strength

in 3Cr13 HVAS coating was 60 MPa. In ordinary arc spray@atings it was only 20MPa

[34]. In a study using TiBAI2O3 cored wires, coatings adhered well with the substrate.
With HVAS, higher adhesive bond strength (average value up to 49.8 MPa), tighter mi-
crostructure and lower porosity than in conventionalspraying was achieved. ][ yet
another study, the bonding strength of HVAS Al and 3Crl3 coatings are 35.1 and
42.8MPa, 2.12 ah1.52 times that of AS Al and 3Cr13 coatind$e exact values can be
seen from the Tabld8 below. [38]

Table19. Bonding strength oAl and 3Cr13HVAS coating$38]

Arc spray gun  Coating meterials — Microhardness (HV)

HVAS Al 69.7
HVAS 3015 A}
AS Al 558
AS 3Cr13 IR0

The hardness of HVAS coatings seems to be gendrgher tlan that of conventionally
sprayed coatings. For example, in a study udiigp/Al2O3 as the coating material, the
Surface Rockwell hardness was higher in HVAS coating, having geveralue up to
57HR30N. [§ In another study, the average value of the rhardness of HVAS FeCrAl
coating is significantly higher than that of AS FeCrAl coafifgg. 30, whie the average
profle roughness coefficient value of HVAS FeCrAl coating is lower than that of the AS
one. Both coatings have tsame composition. [12
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Figure 30. Vickersmicrohardnesses (HV) of AS and HVAS FeCrAl coatings and their
substrates as a function of distance (mm) from tla¢iegi substrate interfaces. [12

In a third study 3Crl3 HVAS coatings also had higher hardessthan coatings of the

same material sprayed with conventional arc spray gun. The increased hardness also co-
incided with the increase of oxides in the coating, sheeaiier in Table 17. In Table 20
below, the values of microhardness obtained in theystath be seen. The increase in
oxides also resulted in better wear resistance in this study; in the thieidglative wear
resistance of HVAS coatings is about twice that gtiles arc sprayed coatings. [38

Table20. Microhardness of 3Crl13 HVAS coatings [|38

Arc spray gun  Coating materials  Microhardness (HV)

HVAS Al 697
HVAS EIR K] 4ol
AS Al 358
A3 K1 380

4.14 Comparison of HVAF Arc , HVAS and conventional arc
spraying

The main difference between HVAFré& and conventional electric arc spray gun is the
type of gas usedl compessed air and propane in HVARA32] and compressedira
only in arc spray gufi36] i and the velocity of the atomizing gas, which is supersonic in
HVAF Arc [32] and subsonic in arc sprd@4]. In HVAS, too, the atomizing gas has
supersonic velocity{34]. The differencebetween HVAS and HVAF £ is that the igh
velocity in HVAS is achieved by using a convergditergent nozzle[34] andin HVAF
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Arc it seems to bachievedmainly by having higher pressure in the combustion chamber
[32].

In the study by Nuzzo, the erage Vickers hardness sthinless stedVletcoloy 2 HVAF

Arc coatings was 48894 HV, depending on the spraying distance [18], whie in the
study by €é, t he stahless kstedH\¥AS BCGI13 doatings v8as 460G HV

[38]. Based on Table 2hielow, it can be said that Metcoloy 2 and 3Crl13 havaposi-

tions that are quite close to each other, so their Vickers hardness values should be com-
parable. Their hardnesglues are retaely close to each other, which indies that

HVAF Arc and HVASproduce quite similar coatings.

Table21. Composition of Metcoloy 2 and 3Cr13

C Si Mn P S Cr Ni Fe
Metcoloy 0.35 0.5 0.35 0.02 0.02 13 0.5 Bal. [26]
2
3Cr13 0.26 1 1 0.035 0.03 12.0 0.6 Bal. [25]
0.35 14.0

The microstructure in HVAF Arc coatings is finer and more homogeneous rtharc i
spray. Their hardness is higheand their porosity lesser. [BZhe HVAS coatings, too,
have finer microstructure than arc sprayetings [11] [34] [38]. However, apart rom
the hardness results of the two studmsntioned before, the studies ab&lVAF Arc

and HVAS either do not use the same materials, or if theyhdotests themselves are
quite different. Therefore it is difficult to say exactly how similar or dissimilar the coating
quality of the two arc guns ift seems safe to say that H#AArc coatings are at least as
good as HVAS coatings after all, both kinds of guns have supersonic atomizing gas
velocity, and inclusion of propane in HVAF Arc should not have any negative effects.

The main difference between HVAFrédand HVAS may be ¢hamount of oxides in the
coating: whie there was one stufB2] where HVAF arc coating had oxide content as
high as arc spray coating, there were no studiesrest was mentioned thahe oxide
content was higher. On ttether hand, the oxide contentH\VAS coatings is thoght to

be generally higher than in typical arc sprayed coatiig$. Bince the main défrence
between the guns is that ifVAS, the combustion flame is not usedhich purpse in
HVAF Arc is to reduce the oxidizing potential of thepraying gas [2]it would make
sensethat HVAS coatings would be more vulnerable to oxidation.
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5. RESEARCH METHODOLOGY AND MAT ERI-
ALS

In this chapter, the coating materials and coating preparations used in the studies made
for this thesis are discussed. Thiietent research methodologies used in the studies are
also explained.

5.1 Coating materials

Mid steelFe37was selected as the substrate matefiak substrates were sandblasted
with Al2O3 particles which size was 330 microns gnddeNKYV. The blasting agle was
approximately 90 degreesand the blasting distance was about 250 iMw®tcoloy 4 and
Metco 8625 were selected as the coating materials to be depbsitmloy 4 is an iron
based stainless steel, whichable to resist organic and rRoridizing organic acids [20].
The latteris similar tolnconel 625and is henceforth called Inconel 625 in this thesis
since it is presumably the name which is more familiar to the reddeamel 625 is a
nicketchromium alloy that has high strength, very gdabricability and outstanding
corrosion resistance [24The wire diameterusedwas 1.6 mm The composition of the
wire materialscan be seen ifables 22 and 23respectively

Table22. Nominal chemical composition of Metcoloy wire. [20]

Chemical compositon of Metcoloy

(Wt.%)
Elements Cr Ni Mo Mn Si C Fe
Composition 17 12 25 2 1 0.08 Bal

The size of specimens used was for the samples denoteeHMY1 and HVEiIHV6
5x50x330 mm. The samples HVIHV6 were cutin half, so that the size of those speci-
menthat wereused in this study was<50x170 mm. The rest of the samples were of size
5x50x100 mm, and were sprayed in batches of three so that the three samples were
sprayed simultaneously while attached to a holdat kkpt them at different distances.

Table23. Nominal chemical composition of Metco 8625 wire. [19]

Chemical composition of Metco 8625 (wt.%)
Elements Cr Mo Nb+Ta Ni
Composition 21 9 4 Bal.
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5.2 Coating preparations

The sprayingparameters that were usiedsprayingwith HVAF Arc can be seen in Talse
24-27.There were also some reference samples deposited by using conventional arc spray
unit SmartArc (Oelon Metcq Wohlen, Switzerland the spraying parameters used in
making bhese are listed in Table, dnd the samples for which SmartArc was used have
eitherpreix A SAO0 or Ai SAO0 b e f.drakthetspraying sssiong, Istep num
was chosen as 6 mm agdn traverse speed as 500 mnvs. Apart from Metcoloy samples
HV1, HV2, and HV3, which we sprayed in six passes, the spraying wasateddin

seven passes.

The first three samples that were sprayed used Metcoloy 4 as the coating material. The
arcparameters fothis session were chosey adjusting the voltage level untihe sound

of the arc was stabl@he gas parameters weaining to alter the total gas flow and that

way affect the gas flow velocity. tGer parameters were kept constartte parameters

used in session one can be seen in TaBlbelow.

Table24. Spraying parameters used in spraying session 1

Sample  Air Pro-  total Vol-  Wire Cur-  Spray M aterial
name pane pres- tage feedrate rent  dis-
sure tance
(psi) (ps)  (ps) (V) (%) (1) (mm)
HV1 78 72 150 33 54 126 150 Met-
coloy 4
HV2 82 76 158 33 54 126 150 Met-
coloy 4
HV3 86 80 166 33 54 126 150 Met-
coloy 4

During the second spraying session, which was conducted using Inconel 625 as the spray-
ing material, apart rom gas pressure, also voltage and wire feed wereinss@&ies of
threes.Only one parameter dime was varied, apart from gas parameters, which were
both varied simultaneouslyOne sample (HV7) was also sprayed without propaseg

only air as the spraying gas. The gas parameters of sample HV8X did not work; the flame
went out &#er three passedhe parameters used inss®n two are shown in Table 25
below. It should be noted, though, that wire run out in the middle of spraying sample
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HV11. It was sprayed in five passes only, instead of the seven passes which it should
have.

Table25. Spraying parameters used in spraying session 2

Sample Air Prop total Vol- Wire Current  Spray Mate-

name pres- tage feed dis- rial
sure rate tance
(ps)  (psi) YO0 (mm)
HV4 80 70 150 33 60 150 150 Inconel
625
HV5 86 76 162 33 60 145 150 Inconel
625
HV6 70 60 130 33 60 150160 150 Inconel
625
HV7 80 - 80 33 60 170 150 Inconel
625
HV8X 86 80 166 33 60 148155 150 Inconel
625
HV8 80 70 150 33 54 136140 150 Inconel
625
HV9 80 70 150 33 70 170180 150 Inconel
625
HV10 80 70 150 35 54 143146 150 Inconel
625
HV11 80 70 150 37 54 145150 150 Inconel
625

In the third spraying session, Inconel 625 was once again used. This time, voltage and
distance parameters were varied, one at a time. Two samples, iHV2 and i, w
sprayed without theropane using otherwise same parameters as samples HV1 and
IHV5, respectively. The parameters used in isasthree are listed in Table 2@low.

Table26. Spraying parameters used in spraying session 3

Sample Air Prop Total Volt- Wire Cur- Spray mate-
name pres- age feed rent dis- rial
sure rate tance
(psi) (psi) /RO () (mm)  Inconel
625
iHV1 80 70 150 32 54 150 160 Inconel

625
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iHV2 80 - 80 32 54 160- 160 Inconel
170 625
iHV3 80 70 150 36 54 130 160 Inconel
140 625
HV4 80 70 150 36 60 150 160 Inconel
170 625
HV5 80 70 150 36 60 150 120 Inconel
160 625
iHV6 80 - 80 36 60 160- 120 Inconel
200 625

In the final sessignboth Inconel 625 and Metcoloy 4 were used as wire mateiidis.
parameters of spy session four are in Table 27

Table27. Spraying parameters used spraying session 4

Sample Air Prop total Vol- Wire feed Cur- Spray mate-
name pres- tage rate rent dis- rial
sure tance
(ps)  (psi) V) (%) 0 (mm)
HV7 80 70 150 36 60 187- 150 Inconel
195 625
iHV8 80 70 150 36 60 187 175 Inconel
195 625
iHV9 80 70 150 36 60 187~ 200 Inconel
195 625
ISA1 40.6 - 40.6 35 - 200 150 Inconel
36 625
ISA2 40.6 - 40.6 35 - 200 175 Inconel
37 625
ISA3 40.6 - 40.6 35 - 200 200 Inconel
38 625
Hv12 80 70 150 33 60 135 150 Met-
143 coloy 4
HvV13 80 70 150 33 60 135 175 Met-
144 coloy 4
Hv14 80 70 150 33 60 135 200 Met-
145 coloy 4
SAl 40.6 - 40.6 34 - 198 150 Met-
206 coloy 4
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SA2 40.6 - 40.6 34 - 198 175 Met-
207 coloy 4

SA3 40.6 - 40.6 34 - 198 200 Met-
208 coloy 4

5.3 In-flight parameters

The velocity and temperature of the particles produced by HVAF Arc were measured in
fight using SprayWatch 4i(Oseir Ltd, Tampere, Finland). SprayWatch uses afast shutter
CCD camera to create digital images of the spfayalgorithm identifies individual par-

ticles in the images taken with short exposure time and measures their position, direction
and velocity. The camera also takes simultaneously another image using a longer expo-
sure time to measure the average partelmperature in the spray. Particle velocity is
measured by timef-fight method; the image processing algorithm measures the length
of the particle tracesn the CCDdetector and is converted to velocity by dividing by the
known camera shutter time. Tempteire of the particles is measuirby using two-color
pyrometry the spray is imaged on the CCD in two different wavelengths so that it is
possible to calculate the lateral distribution of the average particle temperature in the
spray using calibration formation. [21] Below in Table 28the parameters used in the
monitoring system can be seen.

Table28. The SprayWatch4i settings
Spray Watch 4i

Focus distance 250mm Streak length min 15
Aperture 4 Streak length may 600
Pexp 5

150
Texp 800 (x7) (8)

In Table 28it should be noted that 800 was used as the exposure time (T exp) in meas-
uring all except the last measuring session, in which the exposure time 150 was used.
Below in Table 23he parameters used in sprgyiduring the iflight analysis of parti-

cles can be seen.

Table29. The spraying parameters used duringflight analysis of particles

Air Prop Total Vol Wire Cur-
pres- tage feed rent
sure rate

(ps) (ps)  (ps) (V) () ()
1 80 70 150 32 70 170
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82 69 151 32 70 170
80 70 150 32 60 145
86 76 162 33 60 145
70 60 130 33 60 145
70 60 130 37 60 150
70 60 130 31 60 140
80 - 80 33 60 170

| N O g |l WDN

5.4 Opticalmicroscope images andSEM images

From each specimemne crosssectbn samplewas made First a small piece was cut
from the specimen by usintruersDiscotom10 cutter.Struers56A25 was selected as

the cutting disc. The small pieces were hot mounted into PolyFast resin with Struers
Citopress10 machine. PolyFast is camdive, so samples mounted in it can be examined
at SEM. The samples were ground witle parameters listed ihable 30. Between each

step merbned in the Table 3Ghe samples were washed with water and ethanol. When
the polishing cloths were used, treples were washed with a detergent, as well, before
using water and ethandbemiautomatic sample preparation machiB&uersTegramin

30 was used in grinding and polishing the sampksample holder was used in the
grinding and polishing processes.thihe polishing cloths, about ten drops of the lubri-
cant was added at the beginning of the polishing process and then at one minute intervals.
Lastly, the samples were washed in the ultrasound washer for three minutes.

Table30. The parameters used in polishing the crgsstional samples

Lubri

Surface  Suspension cant Load (N) per sample  Time (min)
SiC 200 water 30 1

SiC 500 water 30 1

SiC 1200 water 30 1

MD-Dac Dac 3¢ 30 3
MD-Nap NapB 1 ¢ 30 3

MD Nap-

R NapR 1 15 1

Optical microscope Leica DM 2500M and themputerprogram accompanying i, Leica
Application Suite, were used to obtain images of the €esBons of the samples with
magnifications of 10, 20, and 50, respectively. The images with the magnificEQiauere
used in calculating the thickness of the coatings; usingpotr program Imaged, the
thickness was measurdebm each samplat six different locations in the image, chosen
so that tke cursor was at x=1,& ; 6 Udihg magnification 50, at leasvd images were
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taken of each sample. These images were used to analyze with ImageJ the amount of
oxides, pores, and pure metal in the coatings. In some images there were some smudges,
but these were discounted from the analysis.

The crosssections of sanfgs were used in measuring microhardnesses of the samples.
Aload of 300 g was used in the measuremeRts. each sapte, ten measurements were
made For two samples, aload of 1 kg was usesttidy the fracture behavior and whether
there is any differese whether between samplesde with or without propandhe
measurements were carried out with Matsuzawa MMT and the hardness it measures

is Vickers hardness.

For certain samples, also SEM images were taken for porosity analysis. The SEM used
was Scaming Electron Microscope Philips XBO. For the porosity analysis, five images

with magnification of 500 were takeflso, atleast threenergy dispersive spectial}S)

were taken per sample: one with magnification 200, to repré¥enthole area, and to

othes with magnification of 1000, to represent metal and oxide spots, respectively. From
some samples, more than one oxide EDS spectrum was taken, because in these samples
there could be seen occasional oxide spots which looked different from maestaxidk

spots in the sample.

5.5 Surfaceroughnesstests

Surface roughness tests were made ospleeimenswith Mitutoyo Surftest SBO1using
standard SFEN ISO 4287. The parameters used are displayethable 31

Table31. Surfaceroughness test parameters

Surface roughness test parameters

ac 2.5 mm
N 5
standard 1SO '97
speed 0.5mm/s

In the surface roughness tests, arithmetical mean deviation of the assessed profie (Ra)
and maximum height of profle (Rz) were meadure

5.6 Corrosiontest

Pieces of approximately of dimensions o&80x5 were cut off from thespecimens A

plastic tube was glued to each piece by using epoxy resin, making itigliteThe tubes

were flled alout haliway with salt contendf 3.5 wt.% NaClThe open circuit potential

(OCP) of each coated sample surface, exposed to the corrosive media, was measured rel
ative to an Ag/AgGleference electrode. The OCP of a coating keeps changing as the
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corrosive media is penetrating the coating matefiak tes was carried nfor ten days

during which the OCP of each sample was measured once every hour for first six hours
of the experiment, twice a day during the second and third days of the experiment, and
once a day for the rest of the duration of the. tedew samples had tbe eliminated

from the experiment, sincthey started leaking souch.

5.7 Erosiontest

For erosion test, three pairs of specimens were selected so that of each pair, one had been
deposited with and the other without the propane flamé&l\AF Arc. Samples of size

15x 25x 5 were prepared from the specimens and ground with grit paper which roughness
was 200, 500, and 1200espectively, until the surface of each sample was smooth and
there were no visible oxides to be seen o8amples wer weighted before and after the

tests.

The selected test equipment was an erosion tester which uses centrifugal force as accel
erator at room temperatuf@7]. There is an image of the equipmeantquestionin Figure

31 The chosenragle was30° degreesthe velocity was30033004 RPM,and amount of

quarzt used per run waskg. As abrasive, quarzt from a Finnish supplier was selected
(NFQ quarzt,Sibelco Nordic Oy AbNisid, Finland). Theparticle size of the quarzt was
0,1-0,6 mm

Figure 31.a) An image of the erosion test equipment, b) overall view of the fixation of the
specimenli clamp, 2i specimen, 3 specimen holder, # wedge, 5 bottom ring [§]
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6. RESULTS

In this chapter, the results of the studies conducted foththess are explained. The func-
tioning of the sprging equipment is also discussduliefly. Especially the resuts from
varying spray parameters are explained in detail.

6.1 Functioning of the spraying equipment

At frst it was planned that the ratio of propato air would be varied during the spray
sessions. It became clear, however, that if the ratio of tles geas changed greatly from
78, the flame would go ouEor that matter,fithe gas parameters were changed too much
from 70 psi (propane pressurenda80 psi (air pressure), the same occurSaabout 80

psi of air and 70 psi of propane seems to work best, regardless of the coating material.

It was also not possible to adjust voltage very much, or the spray jet cliheubest
voltage for sprayinginconel seemed to be around 36 V, whie for Metcoloy, 33 V was
quite enough.t was also noted that if the wire feedte is high, the \tage needs to be
relatively high and vice versa. Since the wire feed rate affects the current, this makes
senseWire feed rate of 70 % is too high to be of much use, since it results in a coating
so thick it starts to flake off the edges. Feed rate e8®2 seems to work begbr both
Metcoloy 4 and Inconel625 Al in all, it seems thathe range of parameters tredn be

used in HVAF Arc is quite limited. fe spray jet staystable wherthe machine keeps
making a highfkeening) noise; if the noise gets down, the flame is going to golbtlie

user of the device wishes to adjust taesparameters, it can be dojest based owhat

the machine sounds like.

During spraying session threéetwiresgot frequently stuck, usually one at a tinhe.the
previous spraying sessidhere werenot asmany problems with that, though the wires

got stuck once or twiceThe mateal used inboth sessionsvas Inconel though since the

wire run out during session two, new wires were used for session thctk the anode

and the cathode wire would get stuck; there was not any difference noted between them
in this behavior.The reaon for tle sticking was poor clamping of the wires; the machine

has onlyone Wire Drive Roller per wirg¢30], which cannot be adjusted much. This causes
problems with a softer material like Inconedince the clamping is not tight enough to
keep it from pinning In the final spraying session, when Inconel was used, it took three
tries before the machine would start spraying without the wires getting $tiokn
Metcoloy was used, there were no problems with the wires, though since only six
Metcoloy coatigs were sprayed, and of the six, three were sprayed simultaneously, it
cannot be said for sure that they do not have same kind of tendency of getting stuck as
the Inconel wires.
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6.2 SprayWatch results

The results of themeasurements made with SprayWatclar¢ listed below in Tald 32
Basically, onlyby changing total gas pressuceuld the particle fluxbechanged in any
meaningful way. The velocity and temperature stayed the same regardless of which gas
pressure, voltage, or wire feed rate was used, apartthe one time when treombus-

tion flame was not used at all. This caused the temperature of the particles to rise quite a
bit, but affected the velocity and fiux relatively litle.

Table32. Results for the #ilight analysis of prticle temperatures and velocities

T T std Y, v std Flux flux std
°C) (°C) (nvs) (nvs)

2110 110 81 2 386 156
2100 128 81 1 427 177
2110 106 81 2 349 154
2120 98 81 1 341 122
2150 135 80 2 367 181
2130 109 80 2 319 137
2120 164 80 2 285 173
3000 175 72 6 306 91

The velocities obtained with SprayWatch are significantly lower than the ones mentioned
in the Table 4 from a study in which AAS gun was used. Even though the spraying pa-
rameters are not the same in this studyndbe study from whie Table 3is [2], it does

not seem likely that they alone could cause a discrepancy this great; the velocity of the
particles when combustion flame was not used in this study is significantly higher than in
the velocities from typicahrc spraying machineg; Table 3 SprayWatch can measure
particles that are bigger than 10 microhs.Table 4 it seems that very few particles are
smaller than that in the spray jet of HVAF Arc, so SprayWatch should be able to measure
the vast majority of the particles inetjet. Perhaps the differences in the measured veloc-
ties are simply caused by havirdifferent measuring equipment. Also, the camera dis-
tance was relatively long in the particle velocity measurement made for this thesis, which
causes relatively shortagicle traces. This means that the differences in parameters can-
not be captured, due to imited resolution of SprayWatch.

6.3 Micrographs

Below in Fgure 32can be seen amage of a Metcoloy HVAF Arc coatingwhich is a
quite typcal result found in this sty. An optical image taken with magnification 10 of
the every sample can be seen in appendidh& darkeroxide columns or ridges in the
image can be seen in all of tMetcoloy coatings made with HVARrc, though usually
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they are not quite as prominenthey are presenh some of the Inconel coatings, too.
However, hey cannot be found eithein the SmartArc coatings of either materialr in
the coatings made Wit HVAF Arc without using the combustion flam@herefore it
seems that the oxide columnse a by-product of the high velocity of the spray jet in
HVAF Arc.

Figure 32. Image of crossection ofMetcoloy 4sampleHV1

Below in Figure 33are images of samples HV2 and HUBcompared with the image
above, which is of HY, it can be seen that HV3 especially is thinner, denser, and has less
clear oxide ridges. HV1 has been sprayed with higher total pressure than HV2 and HV3,
otherwise their spraying parameters are identical. It would seem that in Metcoloy sam-
ples, increasig pressure causes a kind of deraiion of the coating

Hv2_10m_1 it
22207 00

Figure 33. Images of Metcoloy 4 crosections of sampldsV2 (on the leftJand HV3
(on the right)

Below images of two Incat samples can be seen (F&f). If compared to Metcoloy
samples above, they look less oxidized, less dark, but have similar dense and tight looking
structures.This is typical to the Inconel sampledV6 has those same kind of more oxi-
dized columns as Metcoloy samplgenerally have. These sailes too, were sprayed

with different total pressures, but otherwise same parameters, HV6 with lower total pres-
sure than HV5. The same kind of densification, however, cannot be seen in these Inconel
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samples as in the previous Metcoloy samples; these Insangples have approximately
the same thickness, and their structure looks very similar to each other.

HE_10x 291
3.4.2017

Figure 34. Crosssectional images of Inconel 625 samples HV6 (on the left) and HV5 (on
the right)

Below in Figue 35can befound an example of what Metcoloy and Inconel microstruc-
tures look like, respectivelyAn optical images with magnification 50 of every sample
can be seen in Appendix Bhe image is from sample HV3 (left) and HV5 (right). In
Metcoloy, the oxides form lger areas, whie in Inconel, the oxides are more dispersed
and smaller altogether.

Hiv_ga5_t it
20.32017)

Figure 35. Image of microstructure of Metcoloy 4 samidi3 (on the leftyandInconel
625 samplédV5 (on the right)

If HVAF Arc is used withoutthe combustion flamelike a conventional arc spraying
device, the resulting coating looks strikingly different from the coatings that ywro-

duced using propane. Inigbre 36 below two images of an Inconel sample that was
sprayed withoutthe combustiorfiame can be seen. The structure is clearly less dense and
has more pores than either the Inconel or Metcoloy samples discussed previously. Its ox-
ides are also less dispersed than in Inconel samples mentioned previously.
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Figure 36. Inconel samplédV7, sprayed without propane. On the left, magnification is
10, while on the right, magnification is 50.

Two of the Inconel samplewere tested with Vickers hardness load of 1 kg to see whether
the two samples break differently. Of thempés, HV4 was sprayed with the combustion
flame, the HV7 without. An image of the indentation and breaks it causes are presented
in Figure 37. The cracksat the edges of the indentation in HV7 look somewhat worse
than the breaks at the edges of HV4.

Figure 37. Image of the crossection of Inconel 625 sami&/8

Below in Figure 3&re images of two Metcoloy samples, of which the one on the left was
sprayed with HVAF Arausing the combustion flamehe one on the right witmartAc.
SmartArc coatings looks somewhat similar to HVAFrcAcoatings that we sprayed
without the combustion flameWhen the two images below are compared, it canlads

noted that whie the HVAF #& image seems to contain only one kind of oxide, thatl

dark grey, the SmartArc coating seems to have two kinds of oxidized areas: dark areas
similar to those in the HVAF Arc coating, and lighter grey areas which probably actually
comprise of lots and lots of tiny individual oxide spots.
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Figure 38. Microstructures of Metcoloy 4 samples/13on the left)and SA2(on the
right).

In Inconel samples made with SmantAthere is similar difference to be seen in the tight-
ness 6the coating structure (Fig. 3@sin the Mdcoloy imag above. However, in the
Inconel sample made with SmartArc (the image below right), there are not those light
grey areas composed of tiny dots that can be seen in the Smartarc Metcoloy coating.

Figure 39. Microstructures of loonel 625 sample#iV8(on the left)and iISA2(on the
right)

From the SEM images it was found out that there were some black areas in the images
from the interfaces of the coating3he dark areas are probably alumina residues from
the grit blasting of thesubstratesAll the images taken from the interfaces mordess

ike the image in Figure 4Below.
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Figure 40. SEM image of interface triconel 625 samplédV1

6.4 Compositions of wires and comparison of image analysis
results

Bebow are the EDS quantitative analysesb®o
Metcoloy wire from the first spraying session could not be obtaihéd. sessions men-
tioned in the &ble 33 refer to spraying session mentioned in Experimental part of this
thesis. Inconel wire that was used in third session has somewhat more iron and lesser
amounts of chromium and niobium than the other Inconel wires, but apart from that, the
amounts of different elements are quite similar to each other in the Inconel Wies.
amounts listed in 3ble 33below match relately wel the compositions indbks 22and

23 where the data from supplier of wires is shown The aluminum in the coatings is not
present in the compositions given by the supplier.

Table33. Compositions of the wires used in spraying based on EDS analysis

(Wt.(%)) Al Nb Si Mo Cr Fe Ni
session 2 Inconel 054 363 O 9.75 19.28 0.64 66.16
session 2 Inconel 043 339 O 8.63 19.31 0.63 67.62
session 3 Inconel 06 272 0 9.15 15.89 2.2Z7r 69.37
session 4 Inconel 029 353 O 9.31 1859 0.21 68.07
session 4 Metcoloy O 0 0.85 3.79 18.67 63.68 13

Below in Figures 41 and 42he results of image analyses both from optical and SEM
images can be seeWhie the amountsof oxides, pores, anthetal are not identicali
typically, the amounts of oxide obtained from optical microscope images are greater
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they show similar trends. This can be seen especially when it comes to pores; if the sample
contains lots of pores, it is seen in both results.

Comparison of oxide/metal contents obtained by
optical microscope and SEM analyses
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mmm SEM metal

SEM pores == optical pores

Figure 41. Comparison othe meamamounts of oxides, pores, and mdtam optical
microscope imagand SEM imageanalyses

In Figure 42 below, the results from optical images are compared with maximum amounts
of pores and oxidegand least amoustof metal) obtained fronthe SEM imeges. These

sets of reults are not identical, either. They seem to differ from each other about as much
as the resultsniFigure 40above, wih the exception that in Figure 4low, some of the

SEM results are greater than the results from the optical images.
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Comparison of maximum oxide/metal contents
of optical image analysis with maximum values of

SEM image analysis
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Figure 42. Comparison omeanamounts of oxides, pores, and métam optical micro-
scope image analyssnd maximum amounts of oxides and pores and minimum amount
of meal from SEM imageanalysis

FromFigures 41 and 4@an be seen that the analysis results from optical and SEM images
of Metcoloy samplegsamples HV1, HV2, and HV3jliffer from each other somewhat

In the case of HV2 and HV3, the mean values for oxideeobritom the optical images

are under the highest value from the SEM images, whie for HV1, the results from optica
images are much greater than even the maximum valuesSr&M | mage s . | t
say where this discrepancy comes fibinmay simply behat coincidentally, more heav-

ly oxidized images where chosen for optical image analysis than for the SEM analysis in
the case of sample HV2. The SEM images have better contrast, and have been taken with
higher magnification, so the results from the SiEMges are the more reliable ones,
especially when it comes to poré&3n the other hand, while the exact values for the con-
tents obtained from optical images should be regarded as unreliable, they can be used in
comparing the samples, since they show aimirends as the values obtained from the
SEM images.

(@)

When it comes to the results from Inconel images, the results of analysesfromade
samples sprayed without propaih®/7, iHV2, and iIHV6) match quite welat least when

it comes to the amount of oxidesxd metal In their optical and SEM images, the oxides

form wider and clearer areas, whereas in the imagesntikm samples sprayed with
propane the oxides are much more dispersed, making image analysis more dificult, es-
pecially when it comes to opdt images.In the Inconel samples that were sprayed by
using propane, the results differ about as much from each other as in the three Metcoloy
samples.
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In Table 34 below, the results from EDS analysis of the Metcoloy samples are shown.

From the ful ara analyses of the samples can be seen that the amount of oxygen rises in
the coatings from sample HV1 to sample HV3. The oxides in the coatings are typically
mainly chromium oxide, since the amount of chromium is usually greater in the oxides

than in the fll area analysis resuls.

Table34. Compositios from EDSanalysef samples HV-HV3. The oxide®\and B of
sample HVZefer to an image that is presented later.

sample element O Al Si Nb Mo Cr Fe Ni

HV1 ful area - - 0.62 - 3.11 19.27 63.84 13.16
oxide 14.38 - 0.19 - 2.32 2196 56.98 4.18
metal - - 0.4 - 3.46 16.84 65.81 13.48
HV2 ful area 5.15 054 056 - 3.19 17.82 60.47 12.27
oxide A 2112 - 3.03 7.37 138 44.88 20.98 1.24
oxde B 15.17 - 0.85 - 3.08 19.44 55.12 7.64
metal 0.43 275 17.73 66.14 12.96
HV3 ful area 591 - 0.46 - 3.09 17.88 60.06 12.6
oxide 14.68 - 0.45 - 2.37 18.85 57.73 5.92
metal 213 - 0.52 - 3.19 17.65 63.28 13.05

In the Fgure 43 below the oxides A and Bentioned in Table 3fbr sample HV2 are
shown and explainedEDS analysis indicates that oxide is mainly chromium oxide in
both oxides A and B There is also some niobium oxide in oxide A that is not present in
oxide B.
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Figure 43. A SEM image of sample HV2h& oxide circled in pink is oxide A, and the
oxide circkd in yellow is oxide B in Table 31
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In Table 3%below, the EDS analysis results for the Inconel samples can bdrséd®@se
samples, too, the oxides are typically chromium oxide. The different sorigmtioned in

the Table 35 are explainedin images below the Tabl85. It should be noted that for
example oxide A of HV4 and iHV5 are not necessarily of the same material; the oxides
are named A, B, etc. based strictly on the order they appear in tlee3bab

Table 35. Compositions from EDS analyse§ samples HV4, HV7, iHV1, iHV2, iHV5,
and iHVG The oxides A and B of the samples refer to images that are presented later.

sample ele- O Al Si Nb Mo Cr Fe Ni Mg Ti

ment
HV4 oxde 727 144 - 1596 6.11 40.18 0.44 286 - -
A
oxide 18.82 0.28 - 9.08 17.45 37.68 135 1535 - -
B
metal - - - 3.4 10.69 184 0.6 66.9 - -
HV7 full 472 051 - 465 10.22 19.62 0.85 59.43 - -
area
oxde 17.1 3.62 - 28.54 211 43.98 464 - -
A
oxide 20.48 0.43 - 10.53 14.28 26.68 2.39 2521 - -
B
oxide 18.94 2271 - 14.08 - 37.09 - 3.61 0.73 2.85
C
metal - - 3.27 11.09 18.8 0.87 6597 - -
IHV1 full 458 - - 3.8 8.96 19.04 187 61.75 - -
area
oxide 16.45 - - 5.29 11.33 36.88 249 27.56 - -
metd - - - 266 956 1852 191 67.36 - -
IHV2 full 453 - - 398 8.89 1944 172 6145 - -
area
oxde 21.43 21.09 - 14.66 1.6 3.89 3236 4.98 - -
A
oxde 1541 1.66 - 16.67 4.16 46.36 0.92 14.83 - -
B
metal - - - 3.19 997 18.72 186 66.27 - -
IHVS ful 406 - - 349 9.07 1934 195 62.09 - -
area
oxde 152 - - - 1.84 342 0.75 9247 - -
A
oxide 18.54 - - 781 152 37.02 235 19.08 - -

B
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metal 2.22 - - 2.5 9.84 1759 1.63 66.22 - -
iHV6 full 439 0.63 - 396 9.2 19.78 1.8 60.24 - -

area

oxide 16.09 0.6 - 10.23 144 425 193 14.26 - -

inclu- 2.24 032 - 256 1092 15.14 1.75 67.07 - -

sion

metal 2.18 042 - 3.68 955 19.17 166 63.34 - -

In Figure 44below the oxide circled in pink is referred in the TaBfas HV4 oxide A,
and the oxié circled in yellow is referred in the Tal#® as HV4 oxide BBased on the
compositios, they are both mostly chromium oxjd#ough both contain also niobium
oxide and aluminum, oxide A more than oxide B

Det WD

BSE 10.1
. S

Figure 44. A SEM inage of samplelV4. The oxide circled in pink is referred in the Table
32 as HV4 oxide A, and the oxide circled in yellow is referred in the Table 32 as HV4
oxide B

In Figure 45below the oxide circled in pink is referred in the TaBas HV7 oxideA,
and the oxide circled in yellow is referred in the Tald@ as HV7 oxideB. Oxide A
contains moreniobium and chromium than oxide B, which contains more nickéhan
oxide A. t seems oxide B contains less of chrami and niobium oxide and more nickel
than oxile A.
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Figure 45. A SEM image of sampi#/7. The oxide circled in pink is referred in the Table
32 as HV7 oxide A, and the oxide circled in yellow is referred in the Table 32 as HV7
oxide B

In Figure 46below the oxide circled ipink is referred in the TabiB5 as HV7 oxide C.
Fromthe Table35it can be seen that oxide C contains quite a bit of aluminum, which
probably explains the color. It alsntains minute amounts of magnesium and titanium,
which cannot be found in any dfe other samples, or in the other oxides, metal, or full
area analysis of sample HV7, either. Neither of those elements should be in Inconel based
on the data from the suppliein the images of the samplexiade Cis much rarer in HV7

than either oxide Ar oxide B.

Figure 46. A SEM image of sampté/7. The oxide circled in pink is referred in the Table
32 as HV7 oxide C.

In Figure 47below the oxide circled in pink is referred in the TaBkas iHV2 oxide A,
and the oxide cited in yellow is referred in the TabB2 as iHV2 oxide B. Oxide A is



69

much rarer than oxide B in iHVZDxide A contains mor@luminum andron than oxide
B, which contains more chromium. It seems thati® Ais mostly aluminunoxide while
oxide Bis mosyl chromium oxide.

fAccY  Spot Magn
20 0kV 40 1000x  BSE 101 iHV2

Figure 47. A SEM image of samplelV2. The oxide circled in pink is referred in the
Table 32 as iHV2 oxide A, and the oxide circled in yellow is referred in the Table 32 as
iIHV2 oxide B.

In Figure 48below the aide circled in pink is referred in the Tal@#® as HV5 oxide A,

and the oxide circled in yellow is referred in the TaBas HV5 oxide B.Oxide A
contains more nickel and less oxide and chromum tha®Bde Al i kel y i snodt
al, but pure ni&el, and oxide B consistmostly of chromium oxide.

10 0 kv 40 1000%
~= = = b TR .

Figure 48. A SEM images of sample HVbhe oxide circled in pink is referred in the
Table 32 as iHV5 oxide A, and the oxide circled in yellow is referred in the Table 32 as

iHV5 oxide B.
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In Figure 49below the oxide circled in pink is referred in the TaBfas iHV6 oxide,
and the small round dark thing circled in yelow is referred in the Tablas iHV5 in-
clusion. The inclusions mainly nickel.

o,

AccY Spot Magn Det WD 1 20m '
20.0kv 40 1000x  BSE 100 iHV6

Figure 49. A SEM image of sampléHV 6. The oxide circled in pink is referred in the
Table 32 as iHV6 oxide, and the small round dark thing circled in yellow is referred in
the Table 3zs iHV6inclusion

6.5 Effectof gas pressure

In Figure 50below, the effectof total gas pressuren theoxide and metal contenisn
three Metcoloy samples can be seékstal pressure is the sum of air and propane pressure
used during the spraying of the cogtiftn the three samples the amount of oxides in the
coating goes slight down as the pressurecieases.The first two samples have almost
the same amount of oxides, though.
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The effect of total pressure on oxide/metal
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Figure 50. The effect of pressure on coating compos of Metcoloy4 samples The
spraying parameters for the samples ¢e@nfound from Table 21

With the three Inconel samples, shown inukgg 51below, the amount of oxides goes
slightly up as the total pressure increaddgher gas pressure causes higher gas velocity,
and high gas velocity atomizes the particles into fparticles than lower gas velocity

[22]. Finer particles in turn oxidize more than bigger particles [22]. In other words,

the case of the Inconel sampldigher total gas pressure increases oxidation, because it
produces finer particles than lower togas pressureOn the other handh higher droplet
velocity also causes a decrease in the time of fight, which in turn induces a decrease in
the particle oxidation[1]. This may be the reason why in the Metcoloy samples the
amount of oxides decreasedlas total gas pressure increases. Two of the Metcoloy sam-
ples were sprayed with higher total pressures than the Inconel samples. Maybe after cer-
tain total gas pressure, 158 psi for example, the effect of total gas pressure changes from
increasing the amourof oxides into decreasing the amount of oxides? It is also possible
that Metcoloy 4 and Inconel 625 respond differently to the changes in total gas pressure
because the materials themselves are somewhat djffesetitere may other factors af-
fecting thecoatings

In both Metcoloy and Inconel samples, the pressure of propane is always ten psi lower
than the pressure of air. In other words, the propane to air ratio stays the same in all the
samples.In both Metcoloy and Inconel samples, the amount of pocesases from the

first sample to the second, but then the amount of pores in the third sample is lower than
in either of the first two. In any case, the amount of pores is extremely low in all of the
samples of both materials, and the margin of errquie great, so the exact amounts of
pores cannot be regarded as reliable.
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The effect of total pressure on oxide/metal content
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Figure 51. The effect of pressure on coating composition of Inconel sangpesying
parameters for theamples can be found in Table 25

The effect ofncreasing pressure on hardness of the three Metcoloylesamgn be seen

in Figure 52abelow. The hardness values increase from first sample to second, but then
the final sample has a hardness that is slightly lower than that of the second sample. The
maximum values for the hardness of Metcoloy samples, however, increase as the total
pressure increase#n Inconel samples the hardness and maximum value of hardness in-
creases as the pressure increadéhis can be seen in Figure bbelow.

In the Inconelsamples, the increase in hardness coincides with the increase in oxide con-
tent of the coating. Amount of oxides and coating hardness also correlate in the Metcoloy
samples, since the sample sprayed with total pressure of 166 has both the lowest oxide
content and hardness, whie the other two samples have higher oxide content and higher
hardnesses. This correlation between oxide content and coating hardness is quite ex-
pected, since it usually occurs in arc sprayed coatings [22].
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a) the effect of pressure b) the effect of pressure
on Vickers hardness of on Vickers hardness of
Metcoloy samples Inconel samples
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i 400 i 400 %
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hardness hardness
0 0
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total pressure total pressure

Figure 52 The effect ofotal pressure on the mean and maximVickershardness o#)
Metcoloy4 coatingsand b)Inconel 625coatings

When it comes to surface roughnestpwn in Figure 53 below, in the three Metcoloy
samples, Rz decreases slightlg @messure increasebut the Ravalues stay much the
same regardless of the total pressure .usethe three Inconel samples (Fig. Bgboth

the Raand Rzvalues increase slightlgfter the second sample, whie the first two samples
have almost the samalues with each othelt would seem that increasing the total gas
pressure decreases slightly thevaiues in Metcoloy samples and increases slightly the

Rzval ues in I nconel sampl es ,-vales of eitieioopat-n 6 t
ing materal.
a) The effect of total b) The effect of total
. pressure on surface 20 pressure on surface
“Youghness of the coating “roughness of the coating
g 100 2 80
£ 80 £
S S 60
° 60 e
8 =@ Ra 3 40 == Ra
S 40 g
5 ——Rz 5 == Rz
20 O——— 220 f——a
0 0
150 158 166 130 150 162
total pressure (psi) total pressure (psi)

Figure 53The effect of total pressure on surface roughoéa3 Metcoloy4 samplesand
b) Inconel 625 samples
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From the Figure 5delow can be seen that whiehet thickness of Inconel samples
creases as the total prassincreases, the opposite occurs in the Metcoloy samples. The
differences in thickness are greater in Metcoloy samples, even though the differences in
total pressure level are greater in the Inconel samphis. coincides with what can be
seen in the omial microscope images of the samples; increasing total pressure seems to
produce denser Metcoloy 4 coatings, whie in the Inconel samples this effect does not
seem to exist.

a)The effect of total b) The effect of total
500 PYESSUre on coating 700 Pressure on coating
thickness 600 thickness
500
— —~500
£ 400 £
® [ 400
g 300 g 300
(&) (&)
Z 200 £ 200
100 100
0 0
150 158 166 130 150 162
total pressure (psi) total pressure (psi)

Figure 54. The effect of total pressure on caogfithickness of a) Metcoloy and b) Inconel
samples.

6.6 Effect of spraying wire feed rate on the coatings

Below in Figurs 55 and 56the effect of wirefeed rate on oxide and metal conteat
coating can be seert should also be remembered that the waredf rate also controls
the current. When wire feedcieases, so does the curréerite two Figures represent two
different Incanel batches. The samples in Figure &® from the second spraying session,
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whie the samples featured in Figure &@ from sessn three. They have slightly differ-
ent spraying parameters, so they are not directly comparable.

The effect of wire feed rate on coating
microstructure
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Figure 55. The effect of wire feed rate on ¢m@ compositiorof batch Inconel 2The
spraying parameters for the samples in thaéch are in Table 22

In both of the batches, the amounts of both oxide and metal seem to stay much the same.
The sample sprayed with highest wire feed mat&igure 55has slightly lower oxide
contentthan the other samples éither of the batchesbut this could be simply a coinci-
dence.

The effect of wire feed rate on coating
microstructure

=80 0.4
S 70 3
S 60 03 &
v =
= 50 0.2 8
S 40 =
@ 30 01 £
% 20 0 g
S 10 o
0 -0.1

wire feed rate (%)

N Oxides mmEE metal pores

Figure 56. The effect of wire feed rate on ¢m@ compositiorof batch InconeB. The
spraying parameters for the samples in this batch are in Table 23
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In the batch which is denotddconel 2 in Figure 57 aboth the mean and maximum
values of hardness increase as the wire feed rate incrddsesicrease is more linear in

the mean than in the maximum values of Vickers hardriegbe batch caled Incond

that can be seen in Figure 5bdélow, the mean values of hardness decrease slightly as
wire feed, and current, increase, whie the opposite occurs in the maximum values of
hardnesslt could be that the decrease in theam hardness values in Figure iSdue to

an error, and increase wire feed rate does, in fact, correlate with an increase in hardness.

a) The effect of wire feed b) The effect of wire feed
rate on Vickers hardness rate on Vickers hardness
450 450
400 400
350 350 J-J_
= 300 Z 300
~ —&— [nconel 2 ~ Inconel 3
§ 250 mean § 250 mean
S 200 hardness S 200 hardness
£ 150 Inconel2 | 8, Inconel 3
max max
100 hardness 100 hardness
50 50
0 0
0 50 100 0 50 100
wire feed rate wire feed rate

Figure 57. The effect of wire feed rate on ¢m@ hardnesfa) batch Inconel 2Zand b)
batch Inconel 3

Based onFigure 58below, it seems that wireedd r at e hawkcae sffecd on the

surface roughness abatings, since all the coating samples/e very similar values of
both Ra and Rz.
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a) The effect of wire feed b) The effect of wire feed
rate on surface roughness rate on surface roughness
of the coating of the coating
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Figure 58. The effect of wire feed rate on ¢ surface roughness of &nconel2 and
b) of Inconel 3.

As could be guessed, the thickness of the coating increases as the wire feed rate increases,
as Figire 59below showsAfter all, increasing wire feed rate does increase the production
rate of droplets at the wire tipd7]. The riseof the thickness seems to be quite lingar.

the batch Inconel 3, however, the raise in the thickness of the coatings is much smaller
than in batch Inconel 2.

a) The effect of wire feed b) The effect of wire feed
rate on coating thickness rate on coating thickness
of Inconel 3 of Inconel 2
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S 200 = 200
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Figure 59.The effect of wire feed rate on ¢e thickness of a )bonel2 and b) of In-
conel 3.
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6.7 Effectof sprayingvoltage

Based onlgures62and 63 it seems that spraying volta
the oxide of the coatingapart from the amount of poresll the samples which voltage

was varied were madw Inconel. The two different batchesalled Inconel2 and Inconk

3 (the number refers to spraying seskibave slightly different spraying parameters, so

they are not necessarily directly comparable to each other.

The effect of voltage on the oxide/metal content
of Inconel 2
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Figure 60. The effect ofoltageon coding compositiorof batch InconeR.

In the batch featured in Figure @Bove, the amount of oxides in the middle sample is
lower than etther in the first or last sample of that bdtckhe batch marked in Figure 61
below, the oxide and metal contenisf the two samples appear to be almost exactly the
same. In both batches, porosity seems to increase as voltage incheasase in voltage
causes a decrease in spray veloctty [17], which in turn results in an increasesitypor
[22], so this observation makes sense, though since the porosity contents are very low,
the porosity results are not very reliable.
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The effect of voltage on the oxide/metal conte

of Inconel 3
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Figure 61. The effect ofoltageon coding compositiorof batch InconeB.

Based orFigure 62 it l ooks Ilike wvoltage hadmes ©ih ot
the coatings In the batcHnconel 3, which containghree samplesthe hardness increases
from the first sample to the second, but then decreases from the second sammple to t
third. In the other batch, hardness decreases slightly as voltage incrHaesetffere nces
between the samplemre in any casejuite small, and could beaused by error.

a)The effect of voltage b)The effect of voltage on
on the Vickers Vickers hardness
hardness 500
500 450
< 400 —
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8 hardnes = hardness
S 200 s g 290
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< 100 Q= max 100 hardness
hardnes 50
0 S 0
32 36 33 35 37
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Figure 62. The effect ofoltageon mean and mamum hardnes®f a) batch Inconel
and b) batcHnconel 3.

The surface roughness of the coatings stays much the same regardless of the voltage used
in spraying (Fig. 63. This applies to Ra values as well az Wlues.
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Figure 63 The effect of’oltageon surface roughnessf a) batch Inconel and b) batch
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Thickness of the coatings e,cibee streast basedon m

Figure 64below.
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Figure 64 The effecofvoltageon coating thicknessf samples frona) batch Inconel

and b) batch Inconel.3

6.8 Effect of sprayingdistance

Below in Figires 65, 66 and 6,/there can be seen the effect of distanceoxite and
metal contents of coatings frotimee different btches of sampledhe parameters of the
two Inconel batches were not the same, so the batches are not directly comatible.

t

(
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in the Metcoloy batch of samples and bachinconel 4 batch ofsamples the specimens
were sprayed simultaneousliyith the anount of pores so low, it is not possible to say
anything definite about how well they correlate with the distance. In fact, the amount of
pores seemingly does not correlate with distance in any viayseever in any of the
batches, even though accordimgFigure 7 mentioned in Chapter 3.2, the porosity should
increase as the spraying distance increases.

The effect of distance on oxide/metal
content of Inconel 3
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Figure 65 The effect oflistanceon coating composition of samples from batch Inconel
3.

In Figure 65 above, as distance incesss, the oxide content of the coating slightly in-
creases. The same occurs in Fig&below. The differences between the oxide content
of the samples is, however, very small.

The effect of distance on oxide/metal
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Figure 66 The effect oflistanceon coating compositin of samples from batch Inconel
4.
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In the case of the three dtoloy samples, shown in Figure ®elow, the same trend as

in the Irconel batches above can be sdba: increase in distance results in very slight
increase of oxide content in the coatigcreased distance increases the oxide content
because the sprayed coating droplets have more time to oxidimghtinwhen the dis-
tance islonger [35].

The effect of distance on oxide/metal
content of Metcoloy 4
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Figure 67. The effect oflistanceoncoating composition of samples from ¢faMetcoloy
4.

In Figure 68below it can be seen that batch InconeB as the distance increases, so does
the hardness of the coatinp Inconel 4 batch, the sample sprayed from furthest distance
has smallermaximum hardness value than the other two glas sprayed in the same
batch(Fig. 68b). Even so, theneanhardness in this batch does increase as the distance
increases.
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Figure 68 The effect otlistanceon mean and maximum hardness of samples fpm
batch InconeB ard b)batch Inconel 4

In the Metcoloy batcliFig. 69) the hardness increases quite steadily as the distance in-
creases. In all of the batches, the rise in hardness correlates with the slight rise in oxide
content. This is quite expected, since oxides galtgrincrease the hardness of a coating

[2].
The effect of distance on the Vickers
hardness
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Figure 69. The effect oflistanceon mean and maximum hardness of samples from batch
Metcoloy 4.
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Hardness values of all the coating samples made in this study was plotted against the
oxide content of the coatings (Fig.y@here does not seem to be any correlation between
the amount of oxides and the hardness of the coating when all the samples are considered.

Hardness versus oxide content
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Figure 70. Hardnesses of all #hcoatings made fdhis thesiglotted against their oxide
content

From Figure 71 below can be deduced that in the two Inconel batchessurface rough-
ness decreasas the spraying distance increases.
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Figure 71 The effect oflistanceon surface roughness of samples from batch a) Inconel
3 and b) Inconel 4.
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In the Metcoloy batch, too, the same correlation can be E@&eiA3 below). This corre-
lation can be seen in both Ra and Rz values of all three hatches

2842007

Figure 72.0n the left: an image of sample iHV7; on the right: an image of sample iHV9.
Magnification is 10 in both images.

In the Inconel samples of both batches, there can be seen increase in homogeneity of the
coating microstructure in the optical microscopeages. Two such images can be seen
above in Figure 72, where are images of samples HV7 and iHV9. The decreased surface
roughness may be due to increase in coating homogeneity.
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Figure 73. The effect oflistanceon surface roughass of samples from batch Metcoloy
4.
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There does not seem to be any direct correlation between the distance and thickness of
the coating. In InconeB batch of two samplesFig. 74a), the thickness increases as dis-
tance increases, but in the other Incdmeich Fig. 74b), thickness seems to decrease as

the spraying distance increases.

a) The effect of distance on b)The effect of distance on
thickness in Inconel 3 thickness in Inconel 4
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Figure 74. The effect oflistanceon thickness of samples from batch a) Inconel 3 and b)
Inconel 4.

In the Metcoloy batch (Fig. 7Below), thethickest coating is in the middle sample, so
there seems to be no correlation at all between the distance and coating thickness. The
differences in the thicknesses of the coatings ate gunal, in all of the batches.
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Figure 75 The effect oflistanceonthickness of samples from batch Metcoloy 4.
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6.9 Effectof usingpropane asa process gas

In Figure 76below, threelnconel samples sprayed with tl@mbustionflame are com-
pared with thrednconel samples sprayed without tbembusion flame. HV4 and HV7,

iHV1 and iHV2, and iHV5 and iHV5, were each pair respectively sprayed with the same
parameters apart from gas pressure. In the Figare¢he samples sprayed with tbem-
bustionflame are yellow whie the samples sprayed withoet fikme are green. The bars
with lighter color mark the amount of oxides, whie the bars with darker color mark the
amount of metal.

The effect of propane on oxide/metal content
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Figure 76. The effect of using propane on coating composition. The bars in yellow mark
samplesthat were sprayed using propane, the bars in green mark samples that were
sprayed without using propane. Regardless of the color, the smaller bar on the left always
denotes the amount of oxides and the longer bar on the right denotes the amount of metal
in the coating.

In all the samples sprayed with thembustion lame, the oxide content is higher and
metal content lower than in samples sprayed without the flame. The amount of porosity,
on the other hand, is higher in all of the samples sprayed witheulathe. This makes
sense, since the coatings sprayed withcth@bustionfiame look clearly denser in mi-
croscopic images than coatings sprayed without the flame, and previous studies indicated
that this would be the caf#. Since using theombustionflame means also higher gas
velocity, which can lead to higher oxidation [22], the difference in oxide content is also
quite logical, even though propane is supposed to shield the particles from the oxidation.
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The effect of combustion flame on Vickers
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Figure 77. The effetof propane as atomizatigas on coating hardness. The yellow dots
mark samples sprayed with propane, the dots that are the same colour as the outlines
mark samples sprayed without propane

In Figure 77 above, the effect afising the combustion flameon hadness can be seen.
Apart from HV4 and HV7, of each pair, the sample sprayed withmuitambustionflame
has lower hardness. HY sprayed without theombustionflame, seems to have higher
hardness than its parr HV4. However, HV4 has almost the same umaximardness value
than HV7, so the lower hardness of sample HV4 could be simply an 8immoe the
samples sprayed with tlm®mbustionflame have higher oxide contents, it is logical that
they would also have higher hardnesses.

The effect of flame on surface roughness
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Figure 78. The effext of propane as carrier gassnface roughness of the coatifighe
yellow dots mark samples sprayed with propane, the dots that are the same colour as the

outlinesmark samples sprayed without propane
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Based on lgure 78 the surface aughness, both Ra and Rz, seem to be greater in the
samples sprayed wittihe combustion flameThis makes sense, since the coatings sprayed
without the combustion flamdook rougher and less uniform than the coatings sprayed
using the combustion flamesvenwith the naked eyelhe higher velocity caused by the
combustionflame also produces finer particles [22], so it is not a surprise the surface
roughness would be lower in the coatings sprayed with the flame.

The effect of propane on thickness

HV4 HV7 iHV1 iHV2 iHV5 iHV6
sample name

Figure 79. The effet of propane as carrier gas on coatitigicknes. The yellowbars
mark samples sprayed with propane, ¢fneen baramark samples sprayed without pro-
pane

From Figure 7%an be seen that iHV1 and HV2, as wel as iHV5 and iHV6, the sample
sprayedusing popaneis thinner than the sample sprayed withqubpane.However,
HV4 is clearly thicker than HV7, even though it was spraygidg the combustion flame
It could be that there iso direct correlation between the coating thickness andtivere
or not thecombustion flamewas used.

6.10 Comparison of HVAF arc coatings and conventional arc
spray coatings

Below in Figue 80can be seen two different Metcoloy batches: ipsprayed with Smart

Arc, the other with HVAF Arc. It can be seen from the graph that #ige ccontent is

slightly higher in the SmartArc samples thanHWAF Arc samples. The two sets of
coatings were sprayed so that the samples have different distances, but otherwise same
parameters within the set. This is also the case in the Inconéigsotiiat are featured in

Figure 81
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Metcoloy oxide/metal content
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Figure 80. Comparison of coating compositions of Metcoloy 4 made with Smartarc and
HVAF Arc.

In Figure 81 below, two Inconel batches are compared. Of them, too, the other batch is
sprayed withSmartArc, theother with HVAF Arc. Herethe SmartArc coatings seem to
have slightly lessoxides than HVAF Arc coatings. This is a bit puzzling, since the sam-
ples sprayed without propan€ig. 76 using HVAF Arc have less oxides than either
coatings featwd in Figure 81 while logically, thosecoatings should resemble SmantA
coatings, as they botire sprayed without the combustion flame
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Figure 81. Comparison of coating compositionsin€onel 625made with Smartarc and
HVAF Arc.
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The hardnesses of the dWletcoloy coating sets (Figure BBelow), on the othenand,
seem to be quite similar, though in Smar
steadily increasing hardness, as in its Metcoloy counterparts.
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Figure 82. Comparison of coating hardnessess of Metcoloy 4 coatings made with Smatrt-
arc and HVAF Arc.

In the Inconel samples the hardnesdies arenot assimilar (Figure 83elow) as in the
Metcoloy samplesin the Inconel samples, the HVAR@&samples have somewhat higher
hardness values than SmartArc coatings.bdth sets the increasing distance results in
steadily increasing mean hardness. The maximurdnbas values, however, do not cor-
relate with the mean hardness valuaslike in the Metcoloy samples.
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Figure 83. Comparison of coating hardnessess of Inconel 625 coatings made with Smart-
arc and HVAF Arc.
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Based on the Figure 84hown below, it seems that surface roughness is not much af
fected by which device wassed. Apart from the Rz value of sample HV12, the samples
have surface roughness values that are very alike.
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Figure 84. Comparison of coating surface roughnesses of Metcoloy 4 coatings made with
Smartarc and HVAF Arc.

In the Inonel samples, too, the surface roughness values are very gifgar89. In

this, too, the Smartls coatings differ from the coatings made with HVAF Arc without
using propane, since those coatings have distinctly rougher surfaces than the HVAF Arc
codings sprayed using the combustion flame
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Figure 85. Comparison of coating surface roughnesses of Inconel 625 coatings made
with Smartarc and HVAF Arc.
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From Figure 86 below can be seen that the SmartArc coatings sightly thicke than
the HVAF Arc coatings. Neither sets shaavclearcorrelation with the distance and the
thickness of the coating.
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Figure 86. Comparison of coatinthicknessesf Metcoloy 4 coatings made with Smart-
arc and HVAF Arc.

In the hconel samples, too, the SmartArc coatings are slightly thicker than HVAF Arc
samples(Fig. 87). The differences in thickness are smaller in Inconel 625 samples than
in Metcoloy 4 samples.
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Figure 87. Comparison of coatinthicknessesof Inconel 625coatings made with Smart-
Arc and HVAF Arc.
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6.11 Erosionwearresistance of the coatings

Below in Figure 88 the results of the erosion test can be seen. The samples used in the
test were the three pairs of samples that were also used inrcgmpie effect ocom-
bustion flame on the coatings. So HV4 and HV7, iHV1 and iHV2, and iHV5 and HV6
form pairs which were sprayed with the same parameters, apart frooontigustion

flame, respectivelySamples HV7, iHV2, and iIHV6 were sprayed without cbmbustion

flame, the rest of the samples with it
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Figure 88. Results from the erosion test

It is clear from the Figuré38that the test results of all the samples are very close to one
other. Mostly worn sample is iHV1, whiée least worn is iHV5, though HV6 is almost

as ltte worn. Of the samples sprayed without the flame, IHV6 and HV7 are more worn
than their counterparts that were sprayed with the fame. However, as was previously
mentioned, the difference between iH\&d HV6 is almost negligible. The fact that
IHV1 is more worn than iHV2 is quite perplexing considering that iHV2 has more pores

and | esser hardness than i HV1. Whil e higt

resistance, lesser porosity generatipes[8]. On the other hand, since the differences
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between the samples are very small, they could be due to error of some kind or just coin-
cidental. Brinell hardness of Inconel 625 is forraked plate 175240 HB [24]. This
corresponds roughly to 17248HV. [13] The hardesgs of the Inconel samples studied

in this thesis are around 3@®0 clearly, the coating process of HVAF arc raises the
hardness of Inconel 625 wire considerably.

6.12 Corrosionresistance of the coatings

Below in Figure 89the results bthe immersion test of three Metcolaysamples can be
seen.These three samples started showing some rust on the second day of the experime nt,
approximately 25 h after the experiment startdolwever, the rust never spread any fur-

ther in any of the sanmgd; instead, the rust spots stayed the same for the rest of the ex-
periment. Approximately at the same time in the figure, the lines of HV2 and HV3 have

a lttle drop, after which they never get so low agdihis drop coincides with the arrival

of rust andindicates that the increase in the lines after the small drop is caused by the
corrosion products blocking the pores in the coating. inPAll, it is evident from the

Figure 90that the Metcoloy coatings cannot withstand corrosion very well.

Corrosion behavior of Metcoloy samples
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Figure 89. Results of the corrosion test for Metcoloy 4 samples

Below in Figure 90the results of the immersion test of Inco6@bsamples can be seen.
The sample HV8X is much thinner than the rest of the samples, and this is quite likely
the reason why st substratestarted to rust on the second day of the experiment, and con-
tinued to rust further all the way to the end of the ®atmple HV3 started to leak on the
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last day of the experiment, and so the final measurement of it wascholed in the
graph below.

Corrosion behvior of Inconel samples
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Figure 90. Results of the corrosion test fimconel 625amples

Of the rest of the Inconel sampldsy4, HV5, HV9, and iHV3never started showing any
signs of rustHV7, HVS8, iHV2, iHV1, HV11, HV10 anl HV6 started showing some signs
of rust on the seventh day of the experimemt.the end, only samples HV8X and HV8
could be said to be heaviy rusted, whie the rest developed only some quite small spots.

Whie the thinnest sample (HV8X) started to cole quite soon and quite heavily, the
thickest sample (HV9) attained quite high avalue and never started showing any signs of
rust . The rest of the samples that didnot
ularly thick, apart rom HV5, though neith were they very thinThis seems quite logical,

since the corrosion resistance of the coating is determined by its porosity and thickness
[2]. However, based on the Figur®, @ must be said that these Incor@5 coatings do

not withstand corrosion aryetter than the HVAF Arc Metcoldycoatings. The lines in

the graph rise after the small drop around 25 hours because corrosion products block the
pores in the coating, just as they do in the Metcoloy coatings.
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/. DISCUSSION

In all the studiesrom open lierature concerningither HVAF Arc or AAS, the coating

has a finer microstructure than that of made with conventional arc spraj?ljui8],

[32]. Itis also mentioned that coatings made frallmy 671 and 62%re also denser than
their counterparts spragl with conventional arc spray machin82][ These findings
match the results of this thesis, forall of the images, the HVAF & coatings have a
finer and denser structure than either SmartArc or HVAF Arc coatings made without us-
ing combustion product®f propane and aias atomizing gas. The finding also match

the theory that increased velocity of the padicin the spraying jet results in a finer
coatings structure?].

In study by Verstak and Baranovski, HVAF arc aluminium coating had isolatete oxi
inclusions instead of oxide scales, and in HVAF arc coatings madealkayn671 and

625, respectively, the amount of oxides in the coatings was similar to conventional elec-
tric arc spraying[30]. In the study by Nuzzothe coatings are clearly quitesavily oxi-
dized.[18] The amount of oxides in the AAS coatings is not discussed in any of the stud-
les conducted by Boronenkov aHKsbrobov [2] The formertwo results, especially the
results fromNuzzo are quite similar to what is observed in the studiesdacted for this
thesis: the HVAF arc coatings are quite heavily oxidized. In fact, in the studies made for
this thesis, the amount of oxidation is typically greater in HVAF arc coatings than in
conventionally sprayed arc coatings, with the exception offtee Metcoloy samples
compared to similar SmartArc samples.

In theoy, the propane used as a process gas in HVAFsRhould decrease the amount of
oxidation [32], but that does not seem to be the case. It is of course possible that by using
propane, theoxidation of the HVAF Arc coatings is less than it would be with the same
velocity obtained without using propandigh velocity of the atomizing gas floweads

to increased oxide content comparedbteer velocity, because the smaller particles pro-
ducedby high velocity have greater specific surface dhaa is in contact with oxygen

[22].

In a study by Verstaland Baranovskithe porosity ofilloys 671 and 62%orostty less
than 29932], and in AASstainless steel coating by Boronenkov &mmtoboy, the poros-

ity of the coating is about-2%. These low values match the porosity results obtained in
this thesis.

Whie FeCr-B-C cored wire coatings had a similar microhardness as conventional arc
sprayed coatings in a study by Verstak and Baranov8d], AAS coatings had better
microhardness than conventionally arc sprayed coatings in a stuBgrbgenkov and
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Korobov[2]. In the study by Nuzzothe Metcoloy 2 coatings have Vickers hardness val-
ues quite alike to hardness values obtained in the studidtsisfdhesis[18]. In the studies
for this thesis, it is also noted that the HVAF Arc sprayed coatisgglly have 40-50

HV higher Vickers hardness values than the coatings sprayedHwMk Arc without
using the combustion flameOn the other handSmartAc coatings have about the same
hardness values as the HVAF Arc coatingsen the material used is Metcoloy 4. In the
coatiigs made with Inconel 625, HVAFré coatings have slightly higher hardness values
than the similar SmartArc coatings.

In the study by\Nuzzo, increasing distance resulted in increased amount of oxidation [18],
just as it did in the study of this thesis. The reason why increasing distance can increase
amount of oxidation in a coating is that with a longer distance, the particles inrdye sp

jet have more time to oxidizd35)Whi |l e i n Nuzzods study the
realy increase the hardness, in this study of this thesis, it did, though quite slightly.

Both in the HVAS studies [38] [33and in the studies made for thiesis for HVAF Arc

the amount of oxides is greater when the high velocity gun is used instead of conventional
arc spraying gun, and the amount of pores in the coatings is about half whatcibad-in

ings made withtypical arc spraying gurin HVAS stainles steelBCrl3 coating th oxide
content was about 1[38], and in a HVASstainless steelCrl13 coating th@xide content

was about 38 % [33in the Metcoloy4 coatings made for this thesis, the SEM analysis
results indicate that the oxide content is ado@8 %.So the exact values for the oxide
content do not match very wel between HVAS and HVAF Arc, though it should be noted
that the coating materials are not identical, eitfgrleast when stainless steel is used as
the coating material, the hardneslsHVAS coatingsmade of stainless ste§] is rela-

tively close the hardness values obtained for HVAF Arc Metcoloy 2 coatings in the study
by Nuzzo [18]. Therefore, it would seem thd/AS and HVAF Arc produce relatively
similar coatings, but it is notear, exactly how similar.

It would seem that the benefits of HYVAR@watings ardéhe fne structure,low porosity

and maybe a somewhat greater hardness than in conventional arc sprayed.coatings
Whether or not the HVAF Ac coatings are harder than comi@nally sprayed coatings
seems to depend somewhat on the coating material used. On the other hand, ldVAF A
produces coatings that are a least as good as the conventional arc sprayed coatings, and
their deposition rate seems also to be quite similar.applications where the heavy ox-
idation of the coating is not a problem, such as applications that mainly require hardness
from the coating, HVAF Ac might be quite suitable, especially if high depostion rate is
needed.HVAF Arc apparatus might also bepmoved if the wire feeding system was
changed into a push/pull feeding mechanighis would likely eliminate the tendency of
Inconel 625 wire of getting stuck in the gun

In the future, it might be enligening to see how other procegss than propane winl
affect the coating quality would the coatings be less oxidized®e adhesion strength of
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HVAF Arc coatings compared to conventional arc sprayed coatings has not been tested
yet, either. A study comparing HVAS and HVAF arc would also be quite intergst
since right now, it is not certain how close to each other they really are.
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8. CONCLUSIONS

With HVAF Arc, it is possible to produce coatings with fine microstructure and low po-
rosity. However, it seems that the amount of oxidation in the coatingdatsely high

and at least when Inconel 625 is used as the coating material, the amount of oxides in the
coating is higher than when using either conventional arc spraying apparatus or HVAF
Arc without the combustion flameAlso, the coatings do not em to be corrosion re-
sistant at allThe hardness of HVAF arc coatings seems to be either a®higomewhat

higher asin typical arc sprayed coatings.

The spraying parameters of HVAF Arc cannot be adjusted very much. Gas parameters
about 70 psi propane0 psi of air seem to work best, though it is possible to adjust both
values slightly upwards. The ratio of the gases should be about 7:8, thlglge of

33-36 V is recommended; about 33 V is enough for material lke Metchlayhie In-

conel 625 saes to work better with about 36 Wire feed rate can be about-6R%; it

is possible to use a higher wire feed rate, but tHisregult in a quite thick coatingHVAF

Arc apparatus might also be improved if the wire feeding system was changed into a
pudVpull feeding mechanism.

Most of the time varying the spray parameters causkdsively little difference in the
coating qualities. The exception is whie combustion flamés not used and the HVAF

Arc is basicaly turned into conventional arc sprayaggparatus. This results in a coarser
microstructure, rougher surface, and slightly less hard coating with more porosity and
lower amount of oxides. However, there are some slight differences obtained when vary-
ing parameters when using HVAF Awdgth the canbustion flame By increasing total

gas pressure, the amount of oxides in the coating is slightly reduced, if the wires used are
made of Metcolow. If the wires aremade ofinconel 625, the amount of oxides increases
somewhat as the pressure is increaseaising voltage raisegery slightly the amountof

pores in the coatingincreasing wirdeed rate wil, naturally, result in a thicker coating.
With increased distance, the coating hardnesdigittly increased, as well as the amount

of oxides it contais, and surface roughness is decreased.
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