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Wear and caosion are severe problems in gas and diesel engine compandritprevent
theseproblems number of solutiomare available. In this thesis onetloé possible solutions,
cladding ofenginecomponents is studied with a statethe-art welding proces€;old Metal
Transfer. CMT is a rather new and ceffiective method of welding and cladding with a
limited heat input and a large variety of available materials. During this thegisat number

of cladding tests wh different cobaHbase alloy filler mterials ordifferent metallicbase
materials wergun. These tests aimed to optimize the cladding parameters for a Cored
alloy filler wire. Another region of interesvas to optimize the tribological properties of the
coatings in order toeduce fricton coefficient and increase the wear resistance of the com-
ponents. In this thesia powder feeder was used to spray particles into the melt pool during
cladding.

It was discoverethatCMT is able to restraiproblems traditional overlay welding processe
exhibit: high heat input resulting in unwanted changes of therbateial, whichalso leads
to high dilution and large amount of spattering during the procéssteandfro movement
of the filler wire reduces the heat input and the precise procagslomith mechanical drop-
let detachment reduces the amount of spattering greatly.

The CMT-process optimization was successful@arbasefiller wire, and optimal parame-

ters were achieved by cladding tesitsl analyzation of the resulihe optimizatiorresulted

in low-diluted (<5 %) Stellitecoating(450-500 HV;) with a proper fusion bond and a narrow
Heat Affected Zone (HAZ). These results were confirmed by optical and scanning electron
microscopy (OM and SEM), hardness measuremenBayDiffraction(XRD) and Energy
Dispersive XRay Spectroscopy (EDS). Unmelted particles of chromium and tungsten re-
mained in the coatings because of the rather large particle size inside the filler wire. The
particle size needs to be redudsdthe wire manufacturen order to achievéully homoge-

nous clad with low dilutiorand higher hardnes€urrently the heat input is infficient to

melt the particledut optimal in terms of dilutiorSliding wear tests were run to determine

the wear behavior of the clads producethviCMT. The workhardening ability of Stellite

was clearly visible, as hardneskwear surfaces increasag to 58% (Stellitei pin) at RT

and 63% at 300°C. The coatings produced with CMT show predictable behavior and no
cracking was detecte@ome paticles were successfully impregnated into the cializing
highrenergy ball milling powder preparation order to optimize the surface properties in
terms of wear and frictigrbut the results of their effeoh wear remairfior future studies.
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Kuluminen ja korroosio ovat vakavia ongelmia kagaulieselmodbreissa ja niiden osissa.
Niiden aiheuttamien ongelmien ehkaisyyn on moniaasélét olevia ratkaisuja, joista pin-
noittaminen on tdman tyén tutkimuksen kohde. Naiden pinnoitusta tutkitaan Hraeius-
tional GmbH:n kehittamalla Cold Metal Transfer, EIMT-hitsauksella. CMT on verrattain
uusi ja kustannustehokas tapa hitsata ja tuottaa ipieite matalalla lAmmaontuonnilla ja laa-
jalla materiaaliskaalalla. Tassa diplomitydssa tutkitaan €i¥ihoitettuja kobolttpohjaisia
Stelliitti-materiaaleja eri pgamateriaalien paalla. Naiden pinnoitustestien tavoitteena on op-
timoida CMT-prosessiparametritelliitti-tédytelangalle. Toinen tyén tavoite on tuthpan-
noitteen ominaisuuksien optimointigtta kitkakerrointa voidaan tiputtaa ja pinnoitteen ku-
lumiskest@a parantaa. Tassa tyospartikkeleita lisattiin pinnoitteeseekayttamalla jau-
hesyotinta, jollaaineitasyodtettiin hitsisulaan pinnoitustapahtuman aikana.

Ty0ssa havaittiin, ettd CMimenetelmalla onnistutaan vahentamaan perinteisissa paallehit-
sausmenetalissa tiedettyja ongelmia; korkeaa lammaontuonbiga aiheuttaa suuren seostu-
man, sek& materiaaliroiskeita, joiden maara voi olla suuri perinteisilla menetelmilla. CMT
prosessissa tapahtuva langan edestakainenvhikentaa lammontuontia ja tarkasti ssliid
prosessi mekaanie sulapisaramiirrolla vahent&a roiskeiden maara

Prosessiparametrien optimointi onnis8ielliitti-langalla suoritettujen testien ja naytteiden
analysoinnin yhteistuloksena. Tuloksena saavutettiin niukkaseosteinen (<5 9%4i}i Gieth

noite (~450500 HV;) vahvalla sulasidoksella ja kapealla lampdmuutosvythykkeella. Nama
tulokset vahvistettiin optisella mikroskopialla ja pyyhkaisyelektronimikroskoopilla (OM ja
SEM), kovuusmittauksilla, réntgendiffraktiolla (XRD) ja energiadispesella alkuai-
neanalysaattorilla (EDSPinnoitteisiin jai melko paljon sulamattomia krerja wolframi-
partikkeleita niiden verrattain suuren kokonsa takia. Tata partikkelikokoa tulee piela@ntaa
ganvalmistajan toimestanikali halutaan homogeeninen jaukkaseosteinen pinnoite ai-
kaiseksisuuremmalla kovuudelldNykyisella koostumuksella lammaontuonti ei riité partikke-
leiden sulamiseen ja yhtdaikaisesti matalaan seostumaan. Pinnoitteille suoritettiin kulutusko-
keita niiden kulumisominaisuuksien testaamisatenpin-on-disk -laitteistolla Stelliittien
muokkauslujittuminen kavi ilmi testeistad selvasti, ja pinnoitteiden kovuus kulumispinnalta
nousi 58% Stelliitti-tapin osalta huoneenlampdétilassa; 3@0asteessa nousu oli jopa suu-
rempaa (636). Pinnoitteebsoittavat ennustettavaa kaytosta eika saroilya tai pinnoitteen ir-
toamista havaittuPinnoitteen kulumiskayttdmisen optimointiin kaytettyja partikkels#éa-

tiin lisattyd pinnoitteeseekuulamyllytetyn jauheseoksen avyllautta tdman vaikutukset
kulumiseen jadvat tulevaisuudessa tutkittaviksi.
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1. INTRODUCTION

The subject of this thesis is to investigate the use ¢d ®etal Transfef cladding in
producing wear and corrosion resistant coatings in diesel and gas engines. The goal is to
study the suitability of this relatively new and ceffiective process in overlay welding

of cobaltbase alloy called Stellite and ¢ptimize the parameters of the cladding process

to certain base and filler wire materiadgother goal is to study the use of solid lubricant
impregnation into the coating to improve wear and corrosion resistance of the coatings.
The CMT-equipment is lodad in the Department of Mechanical Engineering and Indus-
trial Systems (MEI) at Tampere University of Technolobyis thesis is a part of collab-
oration project called Interreg involving Universities and companies from Northern Eu-
rope, mostly Scandinavia.

The goal of the thesis is to study the
problem with traditional arc welding/cladding methods is the high amount of heat they
transfer into the base material during the process. Heat alters the compaishiease

material, whichis not desirable, because of the possible changes in critical material prop-
erties. Another issue about traditional methods is the spattering of the filler material. This
spatter around the weld usually needs to be cleaned sncbtisumes money and time.

CMT exploits a technique developed by FronnternationalGmbH, where the tand

fro movement of the filler wire reduces heat input into the base material, and siihilarly
assiss the mechanicalow currenttransfer of thdiller material

The theoretical part of this work walks through the basics of fusion and arc welding from
the perspective of coating and overlay welding. Different overlay welding methods and
processes are introduced in order to the reader to fully uaddrthe phenomena occur-

ring during cladding. Some typical materials usedhandfacingare presented together

with the materials in the focus of this work. The wear and corrosion of engine components
are studied in the material point of vie@old Metal Transfer, CMT, is introduced to-
gether with some CME | addi ng studies and ot MHgh fico!
temperature solid lubricants are studied, and the possibility of impregnating them into
hardfacing to reduce wear and friction.

Experimentalwork includes cladding tests and the characterization ofpeeimes.
Solid lubricant addition into the clad was attempted using a powder fedtierparam-

eter optimization and characterizationdislg wear test were conductedl of the tests
were ane in order to find out the suitability of CMT to an industrial scale cladding ap-
plications.
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2. OVERLAY WELDING AND CLADDING

This thesis focuses on cladding witision welding method®8esides of these, there are

a dozen other methods thiat can be useid create a coatingsuch as thermal spraying
electrochemicamethods physical and chemical vapour depositard paintingfor ex-
ample The main idea of aoating is to create a protective layer onto the surface of the
work piece to extend its lifetim@roviding it with improvement to its normal properties.
This layer can add protection against corrosion, wagh-temperatureorrosion ero-
sion, fatigueor even improve manyf theseproperties, depending on the coating material.
Material can be claddeahultiple times if necessary, for example adgthick wear re-
sistant layers or adhesive layers, thermal barrier coatings and such.

Surface cladding, or overlay welding, often refers to a situation where a layer of material
is applied to a carbon or lealloy steel to provide a corrosiamsistant surfacedardfac-

ing refers to a slightly different situation, where a material layer with increased wear
resistance is deposited to protect the component from different kinds of wear (abrasion,
impact, etc.). Mateal layer may also have other protective feater.gsagainst corrosion
and/or oxidation. Buttering is quite similar to a bond coat, and it is applied to the surface
of a component before the final top coat. Usually, this is done for metallurgical season

if the metallurgical properties of the base material and the top layer are dissimilar and
cladding would not be successfal. Additive manufacturing/weldindpas increased its
potentialand the variety of applicatiornis the last years, meaning adding extra material
layers on top of each other to achieve demanded dimensions for a piece.

The obvious pros of overlayeldingare the enhancemesttf materialsurfaceproperties
including e.g. hardness, resistances to weamra@sion and hot corrosion, erosion and
such.The fusion/metallurgical bond between the coating/clad and the substrate material
is the biggest bengfithe coating does not separate from the base mafen@thickness

of the coating is rather easy to catdepending on the coating methad multiple

layers can be added to boost certain properties even further. There might be some negative
side effects including the changeshe base material. The heat of the processsdlher
composition othe basamaterial in the bat affectedane (HAZ).The width of the HAZ

is dependent on the energy brought by the cladding techriigigeresuls in changes of
composition which affects.g.hardness and strength of the HAZ. Too high dilution and
penetration mayesult in lack of hardness in the coating and thus complicating the pre-
diction of the lifetime of the componenfAn example of HAZ is shown inFigure 1.
Cracks caused by transformations and heat maaylt in unexpected corrosion wear
behavior. This isvhy overlay cladding is quite sensitive to different parameters control-
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ling the procesand thorough tests are required when applying coatings to new applica-
tions The high heat input may also cause geometrical changes, like bending, especially
in thin canponents.

In Figurel, the different zones can lodearlyseen. This overlay has been manufactured
with plasma transferredra welding (PTA)with a nickelbased powder with tungsten
carbide particles on a celdorked tool steel. The dilution and penewatare quite high
and the HAZ extends quite deep into the mate|i2l.

m Deposited layer

Heat Affected
Zone (HAZ)

Base metal

2 mm 100 pm

Figure 1. (a) Macrostructure, (bMicrostucture of one weld overlay bewaith different
zones visibleManufactured with Plasma Transferred Arc welding (PT2)).

In this chaptethe basic principles of electricalyowered argrocesses used in overlay
welding arereviewe together with the most common welding processes used in manu-
facturing coatings.

2.1 Fusion welding

Fusion welding is defined as a process that tisssnal energy to create a weld pool by
meltingthe metallic materialto bejoined. This thermal energy brought into the process
causes physical state changes, metal movement and metallurgical phase transformations
in the work piecesWeld pool createa metallurgical bondetween the metals when so-
lidified, as the melting process allows these mateigaigermix with eactother.Usually

a filler material with suitable material composition is addeddd more strength to the
bond.To create a weld poaind melt the filler material a powerful heat source is needed.
Figure 2 presents fusion welding tree diagralm.this thesis,electrically powered arc
processes are taken under closer inspeetimmg with lasemelding process undeadi-
ation-assisted widing. These two are marked witlark background color. [3,4]
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Flame

Thermit

Chemical

Fusion welding = B -

= Radiation

-l Electrical I- -Conduc‘tioni

L Resistance |

-| Induction

Figure 2. Fusion welding process¢3]

In arc welding the heat required to melt mésgbroduced by an electric arc. To form an
arc a power source is needed, and this power source provides the welding voltage and
current neededlypically, current is DC (Direct Current); AC (Alternating Current) is
used far lessDC means that the polayitof electricity remains unchanged during the
whole process; cathode remains cathode and anode remains theanabdenes.The
arc itself is formed between the base material and an eleciffodeeate an arc, the
welding electrode lead must be conmekto the power source (fixed connection, sliding
contact). Thavork piecelead must be connected to therk piecewith a clamp or such.
These connections and the be8SMAW (shieldedmetalarc welding) graph is presnted

in Figure 3 The electrode is wslly in a form of stick or wire, and it can be either con-
sumable gasmetalarc welding, GMAW) ornon-consumable (Gas Tungsten Arc Weld-
ing, GTAW). GMAW-processes includmetalinertgasimetalactive gas(MIG/MAG) -
welding and GTAWprocess includeungsten inert gas (TIG) -welding. For example,
CMT is categorized under GMAWTrocesseqd3,5]

Power source

O

Electrode lead

Welding torch

Electrode

Work piece Work piece lead

Figure 3. Simplified arc welding graph

In Figure4 different aravelding methods are listed. The ones most used in industries and
comparable to CMJprocess are presented in this thesis.
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Arc welding

S — I — I E— I . — . — 1
GMAW/FCAW | | EGW/ESW
SMAW GTAW Gas Metal Arc SAW PAW Electrogas
Shielded Metal Gas Tungsten Welding / Submerged Arc Plasma Arc Welding /
Arc Welding Arc Welding Flux Cored Arc Welding Welding Electroslag
Welding Welding

Figure 4. Arc welding processd8]

Figure 3 presens a simplifiedarc welding assemblyThe pwer source generatefier-
nating of directcurrent which is transferred to the welding torch via electrode |&ad.
arc is created between the electrode and the work piece, which creates leeatigh
melt them together and thus atimg a weld pool. As theeld pool solidifies, a weld bead
is created. This beecan join pieces of metals together or in dasrcladding, create a
coating. The differences of amodes are presentedhigureb.

Ions | I Electrclrss lons Electrons lons
’@ ,@ j E / //®
@ ¥

Electrons
L
@ T\
AR}
@ )
7 rr7777 2
4
g
DCSP (EN) DCRP (EP) ac
No cleaning action Strong cleaning action Cleaning every half-cycle
70% heat at wark 30% heat at work ~50% heat at work
30% heat at W T0% heat at W ~50% heat at W
Excellent electrade Poor electrode Good electrode
current capacity current capacity current capacity

Figure 5. Characteristics of operating modes for GTAW. DCSP (EN), direct current
straigth polarity (electrode negative); DCRP (EP), direct current reverse polarity (elet-
rode positive); ac, alternating currefi]

Besides arc welding, there are also other processes exploiting electrical powerlaupply.
resistance weldingthe pieces to be joinedct as resistance units, and when pressing
pieces together while current\s through them, heat is generated in the junction melting
the pieces together. Induction welding generates heat with an external induction coil via
eddy currents. Surfaces heat up and join together as they aredpoggtber.Induction
welding is typicdly used in pipe manufacturingn this thesis the focus is on the processes
which can be used inadiding, presented in chapters ar&l3. [6]
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2.2 Welding consumables

There area numbeiof different kind of welding consumables for different purposes and
processes. Term Awel di nhgfillec natesal ana vdlden@ ¢ o |
aid/adjuvanmmaterial Filler material is the substance brought into the welding zotiee

welding process, which creates the joint between the two surfaces, or which creates the
coating in cladding procedsiller materia$ include for example wire elrodes, welding

rods, powders and stripd/elding wire electrodes can be solid or cok¥dlding adjuvant

Is the substance which enables the welding to take place or makes the welding process
easier. Some example adjuvants protective gases (gon, carbon dioxideand gas

mixes) used in GMAWprocesses and flux powders in SMAW.MMA (SMA) welding

the shell of the covered electrode can be thought as an adjuvant, because it contains ma-
terials generating protective gases alag.sSome problems might be encountered when
using FCWs (fluxcored wires) as they always bring more oxygen into the weld and may
have some issues wighg.toughness. In addition, the powder inside the wire is never 100

% homogenous, as evestepin themanufacturing process decreases the constancy inside
the wire.[6]

It is also important to understand the difference between an electric conducting filler ma-
terial (for example wire electrode) and roonducting filler material (for example weld-

ing rod welding filler wire).Filler material can be cagerized with many different ways,
based on properties of the wire; material, welding process, conductivity, structure etc.
Also overlay filler materials can be categorized as a separate group. Some welding pro-
cesses can use multiple types of filler maters&multaneously, for example Submerged

Arc Welding (SAW), which uses both wire and flux powdeét.

2.2.1 Filler material transfer

There are many types of material migration processes depending on the welding method
The transfer mode is also greatly dependent on the filler material, shielding gas and the
values of current and voltage used in weldimgarc welding the migration happens via

the high temperature of the arc. Typically, the material trem@fiehe shape of a drpgr

in other wordghe transfer mode husglobular transferDroplet is formed at the tip of

the filler materialunder high heatand with the help of various forgas migrated into

the weld poolThe modes of transfer can be separatedtimae categories; contact trans-

fer, free-flight transferand slagprotected transfeDifferent materiamigrationmodesn
arcweldingare presented ihablel. Fast solidifying of the weld and the fact thatdes
affecting the droplet migration are greater than gravity, enable welding to be done in var-
ious positions. In CM3welding the teandfro movement of the wire also assists the
droplet detachment mechanically in addition of the factors mentioned in this cljyipter.

7]
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Table 1. GMA-welding material transfer mod¢g]

Group of modes Transfer mode Appearance Main governing force (effect)

Short-circuiting Surface tension and electromagnetic pinch effect

Contact transfer

Bridging Surface tension

Forced short-circuiting Strongly pronounced electromagnetic pinch effect

Globular Gravitational force

Free-flight transfer

Repelled globular Gravitational ferce and repelling forces

Projected spray

Electromagnetic force

Streaming spray

Electromagnetic force

Rotating spray

Electromagnetic force

Explosive Electromagnetic force and chemical reactions

2.2.2 Forces affecting material transfer

The forces affecting material transfer are presented Tikgse forces impact the transfer
mode of the droplet listeid the table above.

Viscosity and surface tension

Droplet is the most advantageous shape for fluids, because fluids tend to keep their vol-
ume so that the outer area is as small as possible. Viscosity and surface tension affect the
size of the filler mateal droplet at the tip of the filler. As temperature and oxygen level
decrease, both viscosity and surface tension increase. High surface tension and viscosity
values make the droplet size smal[éi.

Gravity

Wel ding in Anormal 6 position gravity pull
let grows high enough. Usually gravity is not a significant force affecting the migration,
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because ifitwerdii nvert edo position welding would
migration happens upward$p)

Plasma flow

Plasma flow enables the migration to happen at opposite direction than gravigrcThe

iIs shaped like a cone downwartdsthe direction of the work piece. Power density is
greater closer to the filler material in the arc, which causes the constrictive force of the
magnetic field to bring about an additional force parallel to the fileenal. This results

in a powerful arc plasma flow inside the aiftese forces, and expanding gases in the
arc, cause a strong plasma flow with a velocity close to the speed of sound. In conse-
guence of these phenomena a suction is created to easele¢ sliedding[6]

Pinch-force

Pinchforce, orLorenzforce, is created as the current in the filler material causes a trans-
verse magnetic field; this field creates a force that pinches the molten tip of the wire and
detaches a dropleThis is presented iRigure 6. Another force, to the direction tte

wire, impels the detached droplet to the direction of the work piece.-Rirahis directly
proportional to the square of the welding current. Rilmcbe is the most important force

in MIG/MAG-welding with inert protective gas (argon, argoix). This force is so
strong that the droplets are very small and the migration happens alris yeith no
shortcircuiting. [6]

Current (A)

|

Electrode

PoeA2 —u ~— Pinch effect force, P

Figure 6. Pinch-effect during shortircuiting transfer[8]

There are also two forces opposing the separation of the droplet from the electrode. Arc
located directly underneath the droplet can create a ftirected upwards which supports

the droplet and preventise separation of it. An arc can also overheat the droplet causing
the metal to vaporize creating a stejtn which may support the droplet upwards or even
cause the droplet to be thrown out of thrc. These forces are relevant in MAGAO
welding with high welding current$g]
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2.3 Arc

It is vital to understand the basics of the arc in order to comprehend thep@iddss,

since the whole process depends ompiteeise control of the ar¢he arc converts elec-

trical energy into heat during the wéelg process. An arc is capaldéproducing tem-
peratures and heat inputs high enough to melt any material. Arc is the most important
energy source in welding industry because it is easy to create and maintain, and also for
its high power densityshort, t is aburst of electrically charged particles in a gas medium.
Air is a bad conductor but with certain preconditions current can travel in it; if the air gap
is small enough and the voltage is high enough. Als®air gap must be ionize@ihere

are alwgs some conducting particles in air and when they are exposed to the electric field
of the welding circuit, particles travel towards the opposite pole. Negatively charged elec-
trons travel towards the positive pole (anode) and positively charged ions savegyat

tive pole (cathode)l'he voltage regions ohe arc are presentedhigure?. [5,6]

|
|
|
|
|
|
T o S——
Cathode 7] U ! U Voltage

anopde O calhode

Figure 7. Voltage distribution in the ar¢9]

The kinetic energy of thelectrons is controlled by the voltage. While travelling towards

the anode electrons collide with gas molecules, whose electronic balance is disturbed by
these collisions and they disintegrate into atoms. This phenomenon is called disassocia-
tion. This pr@ess continues, as in the collision new electrons are being released from the
atom orbits and new collisions take place over and over again. Remaining atoms, or now
ions, are positively charged and move towards cathblis.whole process of gas be-
coming @nductive is called ionizatiomhich leads to current flow in the arc of the weld-

ing circuit. The metallic substrate also has an electron clouadgnding itand by the

effect of the electric field with high temperature the electrons travel towardadhde.a

The kinetic energy of the electrons and ions is transferred into heat in the collisions at
anode and cathodfg]
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Two types of arczan be categorizei the field of arc weldingarc between neoon-
sumable electrode and work piece (in TIG and plasma welding) and arc between consum-
able electrodéfiller material) and work piece (MIG/IMAGCMT, SAW, sticklSMAW
welding). The length of the arc varies greatly depending on the welding process and pa-
rametersTypically, it varies approximately from 1 to 10 mm. Accurate measurements
can be difficult to site as part of the aozcurs in the melt and cannot be s¢éh.

The ignition of the arc can be done with either short circuit or by an external ignition
system or sparkignition. Short circuit ignitioroccurs by touching the work piece with a
conducting filler meerial. At the point of contact vetlyigh local densities of current are
created due to the small area. This causes high local heating and melting and overheating
of the metal. This produces metal steams which ionize easily. The hot cathode surface
begins to emit electrons. At the time of gtert circuit voltage drops close to zero for a

very brief period of time. After the short circuibe filler material is lifted slightly and

the arc ignitesThis shortcircuit method is used in stick welding, MIG/MA®elding,

SAW, and sometimes in TH&elding. Usually TIGwelding arc ignition is done with
spak-ignition. [6]

2.3.1 Arc types

There are different types of arc which affect the material transfer mechafiguone 8
shows the voltage and current regions of each arc Typmecharacteristics of each type
of arc are presented in this chapter.

A Arcvoltage
50

30 -

20 -
15

Welding current
| | ] l | I
50 100 200 300 400 500 600

Figure 8. Arc types in fusion weldind=short arc, 2=intermediate arc, 3=hoarc,
4=pulsed arc[10]
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In shortarc welding the filler material is transferred via short circuits. Filler wire creates
a short circuit as the droplet migrates into the weld. The number ofatauits varies
between 20 to 200ersecond depending on shielding gas and ddetors. Heat input is
moderate because the arc is extinguished during the short circuitsaBhastlding is
suitable for thin sheet welding because of the low heat inputtdrmediate aiiovelding

the filler material transfaras droplet and via shad-circuiting, but because the big size
of the droplet and arc forces cause high amounts of spattering and farsaggion
should be avoided.iure 9 presentsiller mateinial migration of shordarc andntermedi-

ate arewelding.[10]

| |
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U ﬂ
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Figure 9. Shortarc welding fop) andmedium arewelding (latte) [10]

In hotarc welding the material transfer occurs as small droplets without@hmuiting.

This method requires the use of Argoaised shielding gas, which maintains stebility

of the arc. C@based gases cause unstable arc and lots of spattering, and thus cannot be
used.Hot arc welding provides high welding speed with low spattering, smooth weld
bead, good penetration and a stable arc. The filler material migratiert amc welding

is presented ifrigure10. [10]

|

Figure 10. Material transfer in hoaarc welding[10]
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In pulsedarc weldingthe welding current is being pulsed to achieve steady arc and filler
material transfer together withvioheat input. Penetration is even along the weld and
spattering is low, and it is easier to achieve panel crackiree weld bead. Filler material

is transferred in fairly large droplets without shortuits. Pulsed arc enables the use of
thick filler wires with reasonably low voltage. The material transfeclraaism is pre-
sented irFigurel1l. [10]

current

- time

[ ——f——e

Figure 11. Material transfer in pulseégrc welding[10]

2.3.2 Arc and melt temperatures and process efficiency

The temperature in tharc is higher in the anode than the cathode. This is betaeise
electrons collide at high speeds into the anode, and some of the power at the sathode i
consumed into the emission of the electrons. The temperatures in both anode and cathode
depend vastlyamong other things, on arc type, protective gas and filler material. Tem-
peratures set mainly between 258800°C. Anode temperature is usually around 500

higher than cathodé&his concerns an arc between rmomsumable electrode and work
piece. Whente other pole is consumable the situation might be diffej@nt.

The core temperature of the arc is significantly higher than the temperatures at either of
the polesApproximate emperatures in different welding procesaesording to litera-

ture stick welding 50066000°C, SAW around 6006C, MIG ower 8000°C, TIG 10000
30000°C and plasma welding over 20080. [6]

With traditional welding methods the temperature in the weld pool in steel welding, de-
pending on the process and protective gas, is around2BTI’C. Accurate measure-
ments are difficult to achieve, as many factors affect the temperand measuring it is
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not an easy taslirc temperature may exceed the boiling point of meta].(ow-alloy
steel ~2700C), which mean the metal can vaporize and release harmful stéaaias.
pool is in a mltenstate from 1 to 10 seconds with tramital methods. This time has
been reduced with less heat input using Cpdcess[6]

Another way of estimating the heatd efficiencyof welding processes is to take a look

at power densitiesGenerally, it is statethatto melt most metals, beatsource power
densityof approxmately 10W/mn? is needed. As the intensity goes to a level ofi10

10° W/mn? it is enough to vaporize most metals in only a few microsecdiigisre 12
presents the power density spectrum and some intensity levels of typical welding pro-
cessesHigh power densities mean thiée processes are able to produce deeper and nar-
rower welds with siall HAZ. [5]
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Figure 12. Power densities of welding heat soes¢5]

Efficiency of the process relates to the power densitytypidally the higher the power
density, the better the process efficiency, becauseethitecbhnduction losses remain low.
In keyhole laser welding the process efficiency is high, but with laser clatioBneffi-
ciency is typicallyonly around 10; vast amount of the laser light is reflected off the
melt pool With MIG/MAG-welding the effitency is stated to be 780 % depending on
process parameteBépe et al[11] studied processfficiencies of controlled gas metal
arc welding processes that CMpfocess has a process efficiency around®0ther
GMAW:-variables also achieved values over?80

2.3.3 Polarity of the arc

Newer CMT-processes (CMT Advanced, CMT Pulsdvanced) exploit the cimges in

the arc polarity to improve the properties of weld and to retlueeheat input of the
process. Polarity has a big effect on the penetration and deposition raguaitbss and

it also affectehe melting speed of the filler material. The effedepend strongly on the
welding process. Penetration, the melting speed of the filler maaedadleposition rate
depend on other things than the heat (difference) of the poles. Usually is statad that
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T1G-welding thetpole is slightly hotter thatimei pole,butthis doesot necessarilgpply
to other welding processeBhe effect of polarity when using consumable electrode on
deposition rate and petration can be seenkigurel3. [6,9]

T e

- +

Figure 13. Positive electrode gives good penetratigith lower deposition rate than
the useof negative electrodfo]

Usually it is stated that penetration is greater in the +pole and deposition rate is higher in
the 1 pole with no thorogh reasoning. It is presumed that penetration depends on the
forces in the melt pool caused by #re, whichgrow stronger with higher welding pow-

ers. The arc forces affect the behavior of the melt pptiansferring itmechanicallyln
MIG/MAG -weldingless heat is being generated in the +pole tipmte. One explanation

to the lower penetration in thigole is that the melting speed of filler material is greater
which makes the weld pool bigger. This prevents the penetration of arc in the pool and
thusmakes the pool also a bit cold®olarity also affects the spattering and the stability

of the arc. In MIG/MAG weldingusing solid wire spattering is higher ifpole is used

due to a moving cathode point at the end of the Wihe. greatly increased dpering is

why the 2030 % bigger deposition rates provided by the usegofe cannot be exploited

and +pole is mostly used in MIG/MA&elding. This is nota big problem in cladding
applications which benefit ihigherdeposition ratesasthe surface isisually machined

after cladding[6]

2.4 Shielding gases

The main objective for protective gas is to protect the hemiddholten metal from the
surrounding atmospheric air and to provide propitious circumstances to the stability of
the arc. If the oxygen in air gets in touch with the molten metal distém oxidize it and

the surroundings, where nitrogen and humidity of air cause pores in the weld. The com-
position of the protective gas affects the migration of material from the filler into the weld
pool which has an impact on the amount and size ofespatround the weld. In addition,

the gas has also effects on several properties of theamdldhe procesdooks, shape,
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welding speed, strength (via combustion of additives), corrosion properties and slag for-
mation on top of the weld12]

There are active and inert gasesotad for different applications and materials. Protec-
tive gas can be either inert of active; ingaisdoes not react with the substances in the
weld pool and active does. Active gas is typically a mix of argon and carbon dioxide
(COy), argon and oxygermr argon, oxygen and GOPure CQis also used. Inert gases
are argon, helium or mix of these two. Argon is usually the main component in
MIG/MAG and TIGwelding. Pure argois not suitable foMAG-welding of steels be-
cause the arc becomes unstable,,@® or the mix of these two is usually used as an
oxidizing component to stabilize the arc and to provide more stable migration of filler
material into the weldThe effects ofifferent components shielding gaseare pre-
sented irFigure14. [6,12]

r Undercut Ar+CO,

\/

Argon =

Figure 14. Effect of shielding gas type on weld penetration and shape fofs}eel

Carbon dioxide is more beneficial than oxygen as an oxidizing element. Some of the ben-
efits are better looks and geometry of the waddd This is due thehanges ofluidity

caused by surface tensions and the amount of oxidization in the weld pool. When using
CO,, oxidization level and slag formation both decrease, and the weld requires less ma-
chining afterwards. C&also providesigherpenetratiorthan ocygen. This is mainly due
higher arc voltagand energy imports compared to argitygen gas mixe$5,12]

Helium is used with argon together with a few percent of @00, addition in MAG

welding of stainless st&e Pure helium (or AHe mix) is used in TIGand MIG-welding.
Compared to argehased gas, élium provides slightly betteside penetratiomnd an
increase in welding speed due to higher arc energy, although the arc becomes more sen-
sitive to length chares.Helium also provides better wettability of the mateadwnside

of helium is the high pricd12]

Other components of a protective gas can be hydroggnr(itfogen (N) and nitrogen
monoxide (NO) Hydrogen can be used as a component whenw@élding austenitic
stainless gels. Hydrogen addition makes the arc hotter and more concentrated providing
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greater welding speed and better penetration into the substsatisoHnakes the geom-

etry of the weldbeadsmoother and reduces oxidatiddtrogen is not a common compo-
nent, b it can be used in TI®velding of nitrogeralloyed austenitic and super duplex
steels to recover some of the nitrogen lost from the steel during the welding. Nitrogen
monoxide (NO)is used to reduce the amount of ozone) (@enerated in the welding
proces.Ozone is generated during the welding process, when ultraviolet light caused by
the arc reacts with oxygen molecul€®, splitting them into two. Oxygen atoms then
react with oxygen molecules generating ozong, @one can cause various harms to
your health and therefore the amounts of it must be kept minimum (below 0,05 ppm
(health regulations i8009)). NO reacts easily with ozone generating 8@ Q. [5,12]

2.5 Common overlay welding methods

In the following dapters some welding processes for overlay cladddmdfacingare
presenteddriefly. This is to give some type of comparison between the CMT and the
processes already widely spread in the indusfFiesreview includes plasmarc, TIG-

and lasemvelding processes. These methods are all used for prodweiaigand corro-
sionresistant overlays, such agkel-tungsten carbide (NWC), chromium carbie and
Stellite coatingsalthough they can be used to prodouest types of metallicoatings.
CMT-processcan be categorized under GMA@ocesses since it has been developed
from MIG/MAG -process

2.5.1 Plasma transferred arc welding (PAW/PTAW)

Plasma transferred arc welding is a similar process with the GTAW, tungsten electrode
and the base metal form an arc betw them while shielding gas is being flooded to
protect the weld pool from contaminangs watercooled arc constrictor is used to in-
crease the energy density in the dremperature of the plasma jet can reach up to 20000
°C. To be more precise, thereedmwo types of arcs in plasma welditiginsferred arc and
nontransferred arc. In transferred arc the plasma arc transfers from the electrode into the
work piece, which is a part of the electrical circuit. Heat is also generated via the anode
spot in thework piece in addition to the arc. Ndransferred arc means that the arc is
formed between the electrode and the nozzle of the burner and the work piece is not part
of the circuit. Plasma jet is the only source of heat. Transftemeds typically usedni
welding and cladding, and ndransferred arc in cutting and spraying applications.
Plasma arc weldingrocess is presentedkigure 15. [6,13]
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Figure 15. Plasma arc welding process. Figure shows constriction of the transferred
arc by copper nozzle and a keyhole throtigé plate[4]

Separating this process from GMAW and SAWcesses, PTAW usually utilizes con-
sumables in powder form. The consumable is fed into the process with the help of carrier
gasthrough the weldinggun. As the consumable is in powder form, as high HI (Heat
Intensity) is not needed to reach deposition rate of the same level as other arc based over-
lay methodsPTAW can be used in cladding as wglB]

PTAW processas a restrained dilution into the substrate (<10 %) compared to other arc
based processes. The overlays have very good adhesion to the surface with metallurgical
bonds and have usually low number of defeth& powder consumable also provides the
possilility to customize the composition of the coating by mixing different powder with
each other, as long as the size of the particles in the powders are somewhaiypupadl.
deposition rates range betweet@d kg/h with automated systems; the processtisowe
manually.[13]

2.5.2 Submerged arc welding (SAW)

Submerged Arc Welding (SAW) is an arc welding process where the arc burns between
the filler material and the work piece undepowder flux. Flux protects the wefldm
atmospheric contaminatiand some of it meltsreating a protective slag layer on top of

the weld.The arc burns in an arc cavity which is formed inside the flux caused by gases
and metal fumes created in the procéss.s fiwal | s 0 ar eldpooddnd e d
melted flux slag layer in front, behind and on top of the arc, respectiMaly means the

arc is not visibleto the observer which is beneficial for the working environment. The
flux powder is fed through the flux inlet in front of or cefutgally on top of the arc. The

final composition of the weld can be quite easily adjusted by additives in the flux powder.
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For examplewhen using SAW in CCOs (chromium carbide overlay) the fjgxcally
contains elements such as chromium, carbon, masgame molybdenunkxcess pow-

der is recovered and-tesed in the procesSAW provides very good deposition rates
even up to 23 kg/lwith single wire some references mentitimateven 70 kg/ftan be
achievedMultiple SAW wire systersare available to fuher increase the deposition rate
and efficiency of th@processl|iterature know values up to 100 kgkivires used in SAW
overlay welding are thick. Also strip consumables are used, providing lower penetration.
Typically strips are soft and ductile allopecause of manufacturing reasons. Strips are
mainly used for corrosion protectioRigure 16presents the schematic of typical weld
pool dynamics[6,13,14]
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Figure 16. Schematic of SA\Wrocess, weld pool dynamigy

Flux powder and slag are efficient in stopping radiation and in heat insulation. This means
higher amount of the welding energy is beusged inmelting the filler and work piece

than in processes using open arc. SQ\kess is typically automated, either the welding
torch or the work piece is being moved during the welding. Welding current varies from
300 Ato 1200 A, which is more than in typlieaic welding processeshis, together with

high welding energycauses SAW to have high penetration depths, which again cause
higher amount of melted base material. This can be an issue because HAZ is very large
and theproperties can be unpredictabéeg( fragility). Typically, direct current (DC) is

used, but alternating current (AC) is used in multipleed systemg6,13]

Quality of the weldeadis usually consistent and good without pores or closures because
of the slow solidification times of the weld. The slag and flux also provide goteigtion

to the weldln cladding solutions most common product manufactured by SAW are CCOs
when wear resistance is wanted. Tungsten carbide overlays suffer from dissolution of the
carbides because of the high temperature in the weld pool caused byddssfihe high
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amount of dilutiorrelated to high amount of HI can also cause various challenges, like
decrease in wear resistance in some coatings and altering the behavior of some overlays.
High heat input also causes large amounts of distortion indhe pieces. SAW can only

be performed in flat position and cannot be used to repasg®because of the size and

other restrictions of the proce$6,13]

2.5.3 Gas metal-arc welding (GMAW)

GMAW is general name fanetalarc active gas welding (MAG) amdetalarc inert gas
welding (MIG).It is the moscommonly used welding processes industrial JGRMAG
welding is a metaarc welding process, where an arc is created between a wire electrode
and work piecewhile the arc is beingrotected with protective gas. Melt is transferred
from the tip of the we electrode in droplstinto the weld pool. Wire is fed by a wire
feeder through the welding torch into the arc at a constant rate. Welding current is trans-
ferred from the power source via power cale contact tip in the welding torch and
into the wre. Protective gas protects the arc and weld pool from atmospheric contamina-
tion. Typically, it is stated that MAGs related tavelding of steels and MIG is welding
of nonferrous metalsThe GMAW:system consists of a welding gun, a wire feed unit, a
powe supply, electrode and shielding ggstem.The basigrinciple is presented in fig.
17.[6]
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Figure 17. Schematic of GMAW proceigq
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Arc ignition happens, when the tip of the wire touches the surface of the work piece: a
short circuit is thus created and a strong stvintuit current melts and evaporates the tip

of the wire lighting the ard?rotective gas helps to make the conditions propitious for a
steady arcProcess can be either automatized and/or robotized, or domeaity. Typi-

cally, current values range from 80 A to 350 A, depending on the diameter of the wire
and the type of the aréligh current densities are typical to GMAVocesses because

of thin filler wires. This enables high penetration values increasitighigh power val-
ues.Usually DGpower source is used, but there are alsewgllingequipment for es-
pecially for thin plate weldingGMAW-processes are versatile and are capable of pro-
ducing diferent types of welds and clads, they are easy to use, comaze and typi-

cally quite inexpensivelypical deposition rates vary betweeir Xg/h but can be up to

10 kg/h Value is strongly dependent on current, wire diamelistance between nozzle
and work piece and the quality of the wijg,12 14]

2.5.4 Laser surface cladding (LSC)

Probably one of the most important inventadmimodern times itaser (light amplification

by dimulatedemission ofradiation). It is used widely across all industries and it is also
applied in producing coating§he basic ideaf LSCis thata new layer of material (me-

tallic, composite) is fused onto the surfadehe materiaby using a coherent and high
intensity lasebeamirradiation. The laser beam itself is created by bringing energy in the
form of electrigty or light into a medium. The electrons in the medium become excited
and begin to release energy in the form of photons. After this, the electromagnetic energy
created is focused into the surface of the material. The energy absorbed by the material
turnsinto heat via the interactions between atoms in the lattice. Interactions create vibra-
tions which create localized heat energy. This causes melting and/or evaporating in the
material and creates a melt pdab]

Lasers can be divided by the medium; it can be gas, liquid or solid. Most common types
of lasers used for cladding are &l@sers,Nd-YAG lasers and diod&sers, although

fiber lasers have mostly replaced both&0d NdYAG-lasers.The substantive differ-

ence between different types of lasers is the wavelength of the light produced Q®O

um; NdYAG: 1.06 um; diode: 0.81.0 um). Figure 18oresents absorption of different
wavelengths to different metatbie amount of beam powehatis absorbed by the work
piece instead of reflecting from [tL6]
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Figure 18. Absorption of different lasers isome materialgL6]

When cladding, e additive material can be ppéaced onto the surfad@-step laser
cladding)or added into the process, and usually the additive material is in a ptowmaier

although also a wire can be ug@éestep laser cldding). The additive material can be fed
off-axis or coaxial. Theseeathods are presentedkigurel9. This process can be applied

with different material surfacing applications, such as surface property modification, re-
pairing and manufacturing complexéedimensional components. It can be easily auto-
mated, itdés fast and very accurate. Rel at
ing, starting from 0,1 mm up to 5 miHigh power laser cladding is able to deposit up to

9 kg/h, but such values neige expensive equipmentypically, deposition rates vary
between 1.5 and 8 kg/hwith conventional LSC process¢$5i 19]

Powder and
carrier gas

Laser
baam

Powder a
carrier gas

Laser beam

/ Shielding gas

/ Clad layer
Shielding gas — _ Clad layer
Substrate Substrate

Figure 19. 1-step laser cladidg; off-axis and coaxial powder feedifi$9]
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The effect of wavelength in laser cladding is significantly higher than in laser welding.
The most efficient laser is the one with the shortest wavelength. Fampéxato reach
the sameladdingefficiency as with a B kW diodelaser, a 6 kW Ce®laser or a 3 kW
Nd:YAG-laseris needed. All the lasers are capable of producing high quality coatings.
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Laser cladding equipment typically consists of the laser, a matoputgowder feeder

and a cladding nozzle. Capital costs for laser cladding equipment can vary fr@9B00
11000000 U, which is remarkably high&r t ha
proper welding equipment can be bought with less thar010 [16] .

High-power laser cladding exploits newly commercialized laser technologies, like high
power diode lasers (HPDL) up to 20 kW and fiber lasers up 100 kW. With fiber lasers the
laser energy can be focused to a tiny area, meaning much highergewéies can be
reached. By enlarging the beam to a decent level for claddingl@@®W/mmn), depo-

sition rates of 16 kg/h have been achieved with combination ofeodt and coaxial
powder feeding[20]

2.5.5 Gas tungsten arc welding (GTAW)

GTAW, also known asungsteninertgas (TIG) welding, relies on nezconsumable tung-
sten electrode with an inerérgon, helium or a mix) shielding gag8oth AC andDC
power sourceareused.The filler material can be a solid or a fillre. TIG weldingof
closefit joints can also be done without filler materials. The arotected by the shield-

ing gas,is created betweethe norconsumable tungsten electrode and the work piece
(transferred arc)Shielding gas is important for the protection against oxidation of the
filler material and molten metal. It also provides a conducting path for the cuFrent.
wire is fedinto the arc from the side. The basihismatic is presented Kigure20. The
direction of welding in the figure is to the left. If higher currents are used the torch is
usually watercooled.[5,21]
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Figure 20. Schematic of TI@velding[5]
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GTAW can be atomatized or done manually. TM#elding/cladding is required in appli-
cations, where higlquality welds are needed and atmospheric contamination needs to be
minimized. Material examples are reactive and refractory metals like titanium, zirconium
and niobium. In these metals the tiniest amounts of oxygen, nitrogen or hydrogen can
reduce ductiliy and corrosion resistance. Ti&Ilding can be applied in joining of stain-

less steel, nickdbase alloys, magnesium and aluminum. The advantages of GT&W pr
cess include higlquality welds, minimal amount of spatter, applitigp with or without

of filler wire over a wide range of power supplissjtability for almost all metalsand

the welding heat can be precisely controlled. The disadvantages inchetedieposition

rates than consumable electrode arc welding processes, possible tungsten inclusion (if the
electrode is allowed to contact the weld pool), low tolerance on filler/base material con-
taminants and contamination of the weld metal if proper dihglof the filler metal in

not maintained[5]

The deposion rate can be increased ibtwire systems are used instead of the regular
cold-wire. Also, different advanced TIGvelding systems, applying multathode and
multi-wire into the process have further increased to efficiency of the GpAibesses.
Different advanced applications and their efficiencies have been studied by Egerland et
al. [22]. With cold-wire systems the degition rates are typically less than 1 kg/h, but
with hot wire systems the deposition rates can be comparable to G2Z\Wr he dilu-

tion in TIG can be controlled, and in a study by Shanmugan E43lvalve seat rings

were cladded with Stellite-&lloy with dilution rates ranging from &7 %. This applica-

tion they studied is very similar than the one studied in the experimental part of this thesis
although the cladding method is different.

2.6 Typical hardfacing materials

The selection of suitable hardfacing (coating) material depends on the application and the
environment. By correct material selection the lifetini@ componentan be increased
greatly, and vice versién Table2 some common steels, staloysand N+ and Cebase
alloysand their properties as hardfacings are presented. Different carbides, (CioiwW

B) in an iron, cobalt or nickel matrix are used when resistance to abrasive wear is needed.
Work hardening alloys with austenitic structe.g.austenitionanganese steel) are used

if impact resistance is the property to be enharjd4d.
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Table 2. Hardfacing materials and properti¢$4]

Material type Properties of deposits Type of duty for which deposits are most
appropriate

" . & g . .
ﬁ Austenitic manganese steels Tough, crack resistant and soft. Ability to  High stress, heavy impact
= work harden
= - . & N - . 4
] 2 Marnensitic and high speed steels Good combination of abrasion and impact  Non-lubricated metal-to-metal wear.
2 = resistance. Abrasion resistance increases with
= E carbon and chromium content at expense of
L E impact resistance.
= - - - . : "
k=] & Mickel- and cobalt-base alloys Wear, corrosion and heat resistant, with Abrasive conditions accompanied by high
= good all round strength but low ductility. temperature and/or corrosion.
=
: Martensitic and high chromium  Excellent resistance to wear by most Highly abrasive conditions.
= irons minerals. Brittle.
L] ¥ y . . ga . " Py
g Tungsten carbide composites Extreme resistance to sliding abrasion by Extremely abrasive conditions where extra
=

hard minerals. Worn surfaces become rough. cost is warranted.

Heat ad corrosion resistances are also vital aspects when selecting hardfacing materials.
Cobalt and nickebased alloys are considered to have excellent resistance to both heat
and corrosion, as martensitic alloy steels and manganese steels quickly corrade unde
corrosive environmentsgigure 21presents relativevear, impactheat and corrosion re-
sistances of different materials and hardfacings.

Low Abrasion resistance High
14% Mn Steel . . Oxyacetylene
14% Mn-14%Cr M““E:tig:: alloy At:;:il;?zil?ed tube carbide and | /Low
steel sintered rods
Martensitic stainless steels Hest and
corrosion
18-8 Cr-Ni stain- : Austenitic and resistance
less steel High speed steels martensitic irons
Cobalt and nickel-base alloys High
High Impact resistance Low

Figure 21. Relative abrasion, impact, heat and corrosion resistance of hardfacing al-
loys[14]

2.7 Parameters affecting the properties of the weld

Dilution, the mixing of base ntarial and the filler material, is a vital aspect of overlay
cladding. Itdefines the final composition and microstructure of the fusion zone and there-
fore affects greatly the properties of the weld amel ¢fficiency of the processd3ilution

can be comblled in many ways and usually it is keyst low as possibl® keep the chem-

ical composition of the clagnd HAZwithin optimal limits.If dilution rate is lelow 5%,

the adhesion between base material and the caoatigdbecomeincertain, and if dilutio
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is over 20 %the costs of filler material rise and the composition of the surface region
become unwanteMT-cladding is so adaptable that the dilution rate can be anywhere
from 0 % upwardsFigure22 presens how the dilution rateanbe calculatéd. [5,25]

Figure 22. Weld bead with areas to calculate dilution ratal€ulated valug1.6 %)

Dilution rate is calculated with the follong formula:
O Qa oo -’ogﬁ_eb‘_ pmmp

where

Am = molten area below the surface of the base material
Ac = molten area above the surface of the base material

Below is listed some dilution rates for welding processes accordingradluite.[25]

1 Laser cladding 2-5 %

1 GTAW (TIG) 5-20 %
1T CMT 0-40 %
1 MIG/MAG -pulsed 10-20 %
9 Stick welding 1525 %
1 MIG/MAG 20-40 %
1 SMAW (wire) 40-70 %

Important weldingparametersand how they affect the dilution and penetratidrihe

weld are presented nexthe things listed pertains mainly to single beseplate welds.
Volumetric filler-metal feed rate and arc power are the primary factors that control dilu-
tion in fusion welding[1,5]



34

Welding current: Currenthas the strongest influence on penetration and dilution rate.
As the current increases, so do penetration and dilution. Pulsed welding has lower dilution
than continuous stegaurrent welding[25]

Polarity : Welding with DCelectrode positivgives greatr penetration and dilution than
DC electrode negativéAC positions itself between these tvib}

Diameter of the filler material: With larger diameter wires the current is usually higher,
which leads to greater dilution. If similelding current is used, penetration with smaller
diameter wire is greater because of the higher current deji2&ty.

Length of the free wire: The shorter the distance between the nozzle and base material,
the greater are both current and penetratigrich leads to greatetilution. [25]

Welding travel speed:As travelspeed increases, usually penetration and thus dilution
also increase up to a certain level of spedigr this penetration decreasBsnilarly, the
amount of filler material per weld length decreases which mean®diincreasegb,25]

Oscillation: As the length of the oscillation movement grows wider, dilution decreases.
The growing frequency of the mement also decreases diluti¢?5]

Overlapping of weld beads: The more the weldead overlap the smaller is the dilution.
With bigger overlappingdilution rates can be decreased significantly comparedeto th
values statedn page 2525]

Travel angle of the nozzleThe angle of the welding wire in the direction of the motion
has a significant effect on the dilution. If the angleliagging(<90°) penetration ath
dilution increase, and with pushing angle (39e penetration decreas§zs]

Protective gas:Gases have effects on the dilution rate, for example in MIG/MAG weld-
ing. With CQ dilution rate is higher thawith gas mixtures due to higher penetration.

If wire feed speed is increased, the dilution is decreased because it decreases the penetra-
tion and increases the amount of filler material. Welding position also affects the dilution;
if the weld pool stays al€d or under the arc, penetration and dilution are sm2ig}.

2.8 Overlay welding of Stellite coatings

This chaptereviews studies presented in literature and reports concerning Sadtite
coatings produced by various welding hwds, mostly GMAWprocessebut also some
reports with TIGwelded overlays are included as they are more common
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Fouilland et al[26] studied the friction behauwmf MIG-welded Stellite 21 hardfacings
and fricton-induced workhardening (FIWH) of the multilayer coatings produc&dat-
ings were deposited using gdseddedarc welding (GSAW) using hetvorking steel
55NiCrMoV7 as the base material (greated to 400C). The filler material was flux
cored Stellite21 wire with 1.6mmdiameter. The hardfacings weweoduced in four lay-
ers using ggon as the protective gaghey used different types of welding programs, P1
and P2 with sermautomatic (S.A.) and fulhutomatic (A.) process control. ptogram,
with less welding energy, was able to reach dilution legékgpproximately 7. 26 (SA)

and 16% (A.) with the first deposited layer, while the -pbgram resulted in higher
dilution levels 0f37 % (A.) and 40% (S.A.) with the first layerThe highest FIWH rate
were observed by the lowest diluted top layers. This behavior increases wear resistance
of the coatings.

In another study bifouilland et al[27] studied thenicrostructural variations in Gbased
superalloy caused by welding process energg. process and the materiate the same

as mentioned abo@6] with similar dilution rates. Microhardness levels of 38D

HV0.2 were rached Chemical microanalysis shows that eutectic precipitates are located
between primary dendrited a cobakrich fcc phaseCored dendrites with higher content

of Mo and Cr at their surfaces are formed during solidification with both low and high
welding energiedt was discovered that the welding energy seems to have a greater in-
fluence on the secwlary precipitation, which occurs in the deposition of successive lay-
ers as it requires high temperatures for a sufficient amount of time. Dendritic zones rich
in Mo andCr precipitate and fine cuboeghapedparticles of C#Cs can be observed
within dendites around eutectic precipitatdd2-welding program with higher welding
energy seems to produce coarser sized precipitates. It was discovered that the presence
nor the size of GeCs carbides affect the microhardness levels.

GTAW is used irthe hardfacimg of smaller sized valveShanmugam et gR4] studied

the effects of process parameters using GTAW in the cladding of valve seat ring with
Stellite 6 alloy. GTAW was studiecebause of its advantages like superior weld quality,
low equipment cost and high accuracy. Stellite 6 has great resistance to corrosion and
erosion even at higher temperatur&sStellite 6 rod of 3.15 mm in diameter was used

with argon as the shielding gga@ hey concentrated on optimizing the process parameters
to predict weld properties like dilution and weld bead geometry. They also created a math-
ematical model to predict the dilution and the bead width. They did 20 tests and the dilu-
tion rates varied & m 6 % to 17.5 %Penetration into the base material varied from 0.17
mm to 0.37 mmThis shows that the dilution is very limited with TIG.

Motallebzadeh et aJ28] studied the sliding wear characteristics of PTA deposited Stel-
lite 12 and Stellite 12 with a MX% molybdenum addition in elevated temperatuBegh
of the materials, Stellite 12 and rgbtenum, were usad powder form. Fivanm thick
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clads were deposited and groundgtbickness of 2.5 mnThey discovered that the mo-
lybdenum addition not only increased the hardness of the clad but also enhanced the wear
resistance at all temperatur@he average hardness of Stellite 12 coatings was4®0

HV2 while the coating with Meaddition had average hardness of 82HV>. The Mo

addition encouraged the eutectic reaction to forMogC carbide and Gdlo interme-

tallic as well as GeCswhich resuled in solid solution hardening of the @oh dendritic

matrix. Wear track areas were reduced with thevi% addition in all of the wear testing
temperaturesCoefficient of friction (COF) values were also slightly decreased with the
Mo-addition. The refave wear rates were significantly lowered in the clads with Mo
addition.
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3. COLD METAL TRANSFER 1T THE PROCESS

As mentioned earlier, CMprocess is a relatively new methodfo$ionwelding. It is

very versatile process capable of weldibgzing,claddingand additive manufacturing.

It has gained a market share in the welding business for its low heat input properties
dissimilar metal welding (joining steel and aluminum) and nearly spagemwelding. 1
hasproved to bean alternative for almost any ywf welding or cladding methodBhis
chapter presents the CMarocess and its variables and some results of investigations
done concerning CMTladding.

The birth of CMT process was inspired by the study of welding aluminum and steel,
which was foundimpssi bl e with traditional wel din
achievethist he heat i nput needed to be signifi
pared to traditional MIG/MAG welding, has been achieved with alternation of hot and
cold phases durintdpe welding Froniusinternation GmbHas introduced variants to the
traditional CMT-process for different applications. Comparison of the technologies
among other arc welding@cesses are presented inkg23. The basic CMTArc pro-

cess has its uppeaniit at a point, where the transition arc begins to appear. CMT process
relies on the shoitircuiting effect and for higher currents this phenomenon does not oc-

cur anymore[29i 31]

A
Uw (V]

Figure 23. Comparison of arc welding technologies by current and volfagg

Inspecting CMT welding in generahe whole proces®lieson the integrated wire mo-
tion. This motion is made possible by using two separate-avik@s; one in the wire
feeder (rear drive) and one in the welding torch (front drive). Thesseparated by a
wire buffer. The readrive pushes wire from the filler spool constantly, while the front
drive moves the wire in a back and forth motidime wire buffer helps witkhis process
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by compensating the motion of the willghe process is digilig controlled and the wire
motion varies from 70 Hz (basic CMT) up to 130 Hz with CMT Dynaifigs frequency,
with the help of new synergic lines and a new design of the welding teiltincrease

up to 160 HzWhat this precise process control doemsglwith the wire motionis the
careful detachment of the dropléts compared to traditional MIG/MAGgrocess where
the wire motion is only towards the work pietleis provides the lower heat input and
also significantly lower spattering during the walgli The arc is also adjusted mechani-
cally, so it adapts to the changes in the surfacetesgpeed of the welding. The different
variants of CMT process and their characteristics are explained in more detail in the fol-
lowing chaptersAlso CMT-Twin systens are available to further increase the productiv-
ity of the procesq29,30]

3.1 Different CMT-processes and their characteristics

In this chapter the different variations of the CMT process are explained.

3.1.1 CMT

The basic CM¥process is based on the wire matiavhich helps with the detachment of

the molten droplet. This allows the arc to be extinguigie@dically which lowers the

heat input of the proces®necycle of he CMT-process is presentedkigure24. In the

first phase, or the arcing period, thieer metal is moved towards the weld pool created

by the arc. When the filler metal enters the weld pool, arc is extinguished and the welding

current is lowered. The droplet detachment comes next, assisted by the rearward motion
of the wire, during thehort circuit.In shortcircuit phasethe current is kept low. After

this the cycle begins again as the arc is ignited and the wire pushed towards the weld pool.
The lengthof this cycle is not predefined;ig optimized live according to predetermined

arc characteristics. So the movement of the wire controls what happens in the weld pool

and vice versa. This is why the exaatue offrequency of the wire movement cannot be

stated, but the mean value is approx. 70[Bi29,30]
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Figure 24. Basic CMT process, one cy¢Bi)]

Below, in Figure25, are the characteristic curves for CNdfocessAt the top is the curve
for wire feed rate. The back and forth motion can be seen from the curng dbart



39

circuit phaseThe numbers indicate multiple variables that can be adjustegtimize
the welding process, such as power and current adjustments and the lengths of each phase
in the cycle[32]

Short-circuit phase Plasma phase
power increass ‘bum phase
V= (mis)
} (2)
-
\ / .
0 2 -
l ;/ d a a Lis)
HA) (5) _(6)
(8)
(52)
(3) 0
[ . (9) * » o= o= _
umw t(s)
(7 tis)
CMT jakso

Figure 25. Wire speed rate, current and voltage curves during a CMT ¢$2le

The basic CM¥process is an aliround welding rethod and can be used widely among
different kinds of applications, including cladding because of the limited heat input.

3.1.2 CMT Pulse

In CMT Pulsea pulsed cycle is added into the process; this also means more heat input.
This adds an extra droplet detacmint each cyclevhich leads to higher deposition
rates. In the first phase the wire is retracidile the arc being positive, like in CMT
process. Then comes the pulsed phase, where the wire is moved towards the work
piece while detaching a droplgtnultaneously The arc is extinguisheat this point and

a normal CMTcycle continues again. This CIMPulse cycle is presented in fig. 26

[30,33]
E

Figure 26. CMT Rulse cyclg30]
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Figure 27 presents the characteristic curves for CRUlsecycle. The pulses take place
in between the CMT cycle# this example there are two puls&se number of CMT
cycles and pulse cyclesin be selected betweeb00.[32]

CMT phase pulse phases
KSP Plasma phase KSP

V, (mfs) BoP EBrP

2
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497 [5:\-’.1 (14) - = -

Figure 27. Wire speed rate, current and voltage curves during a GMi§ecycle KSP
= short-circuit phase, BoP = power ramping phase, BrP = burning pHjag¢

CMT Pulse gives a very narrow beadd ismainly used for aluminunwelding For clad-

ding purposes, it is not recommended as the hpat ia greatly increased which affects

the dilution and thus the composition of the coating. It enables higher welding speeds
with the increased heat input.

3.1.3 CMT Advanced

Recentdevelopment in the CMAechnology is the CMT Advanced, and the principle of
this variant is shown in fig28. The process flows with positive and negative CMT cycles
and combines these twim other words introduces alternative current (AC) into the pro-
cess This makes the process even cooler than the normal CMT process. The polarit
reversal of the welding current takes place in the stiortiit phase which results in
lower thermal input, high gap bridgeability and bigger deposition ri@es4]

. . 4 ‘W
e -

Figure 28. CMT Advanced cycl§30]
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As can be seen in fig. 11. below, the polarity of the cycle changes afteahCMT-
phase in th€MT Advanced process.

Oikosulkujikso Plasmajakso
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Figure 29.Wire speed rate, current and voltage curvesrauCMT Advanced cycle[32]

CMT Advanced enablebé¢ use of higher WFR values, and because the droplets produced
by the negative cycle are bigger, also higher deposition catebe achieved.

3.1.4 CMT Pulse Advanced

Yet another CMTFprocess is the CMT Pulgedvanced. This combines negatively poled
CMT cycles and positively poled pulsing cycl&bis combination is presentedhigure

30. First comes the CMT negative phase where the moves towards the work piece.

It is followed by initialization phase where the wire is retracted and cycle is positively
poled, which is continued to positively poled pulsed cycles.

E
— -

Figure 30. CMT Pulse Advancedycle[30]

In Figure 31the CMT Pulse Advancedcycle is presented. As can be seen, only the CMT
phase is negatively poled, and the pubsespositively poled as in CMT PulsEhe de-
scribed pole differencesiin fact the only thingeparating the CMPulse from the CMT
Pulse AdvancedprocessCMT Pulse Adrancedis designed for special applications such
as the need for bridggaping.
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CMT cycle Pulse cycles
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Figure 31 Wire speed rate, current and voltagarves duringCMT Pulse Advanced
cycle KSR=shortcircuit phase, BoRpower ramping phase, Befburning phasg32]

3.1.5 CMT Dynamic

CMT Dynamic is the latest development in the Clamily. It has been designed in the
welding of thicker platesThe to-andfro wire movement has been increased up to 130
Hz which raise the operating limit of the process. This increase in the wire motion pro-
vides deeper penetration and enables higher welding speed with higher wire feed rate;
thus increasing deposition rat€MT Dynamic has more heat input, increased arc pres-
sure and ths more energy. These reasons mean that is not designed for cl§@aling.

The different arc modes and theifferences can be seenkiigure 32where arc current

and voltage waveforms have been collected. Thesgts were obtained be Cong et al.
[35] using an AA2319 wire consumable on a wrought AA2219 alloy plates. Argon was
used 8 a protective gas.
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Figure 32. Comparison of different CMdlternatives; (a) CMT, (b) CMT Pulse, (c)
CMT Advanced, (d) CMPulse Adanced (WFS=7,5 m/min)35]

3.1.6 CMT Pin and CMT SynchroPuls

These processes are designed for very specific applications and are not relevant to this
thesis and are thus only explained briefty CMT Pin small brads of wire r@ welded

onto a metal surface. This method is based on resistance heating and deposition of the
free wire. Different shapes and geometries can beaetlj as can be seenFigure33.

With CMT Pin different adhesive/neslip surfaces can be manufactuesd more appli-
cations are discovered as we spg¢ag]

Figure 33. Pin variantsproducedwith CMT-Pin [37]
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CMT SynchroPulse combines two power ranges in a single welding prioesss two
WFR values and combines them so that high and low WFR values alter byTtuess.
two process phases are divided into individual CMT proce3s$es.is usece.g.when
joining plates to control the buthrough. It is used in joining applications and not rec-
ommended for cladding36]

3.2 The use of CMT process in cladding

Sofar, CMT has been applied in the cladding ofldise superalloys and Al alloysr8e
studies areeviewd in this chapter. CMTeaches deposition rates up to 5Gkg/hwith
singlewire unitdepending on the process parameters and the materials in question. This
number is comparable to other similar overlay cladding methods everdexgseme.
Dilution and penetration of the process can be precisely controlled by changing the syn-
ergic line and adjusting the corrections paramef2€g.

Lorenzin et al[29] investigated the use of CMT producing Inconel 625 aflb mm
diameter wirelurface facingen carboamanganese stegheeting. They used the CMT
Pulse classic pulsed amnd CMTArc welding processe3.hey used a weld speed of 250
mm/min wih 10 mm oscillation movementigon as the protective gas and a stick of
20 mm. All methods producedolid, defectfree coatings.They came into a conclusion
that the pure CMT process produced the less diluted coating, which is @igcabn-
cerning the iron contenh the clad Inconel typically withholds 41L.7 % iron, and the
coating manufactured viitpure CMTFprocess had a maximum iron content of .5As

a comparison the coating manufactured with the PuAgednonCMT)-method had an
iron content of 1314 %. Increasing dilution affects the chemical composition of the coat-
ings and can have a negatieffect ine.g.hardness valuesorrosiorand wear properties.
Low dilution also indicates a low heat input, whichbesneficial concerning possible
changes in the microstructure and geometrical distortions

Ola et al.[38] studied repa#tCMT-cladding of Incone¥18 superalloy with an 0.89 mm
Inconel 718 wireThe investigated the geometrical and microstructural characteristic of
the cladsThey used Argon, a cordatip-to-work piece distance of 14 mm with different
push angles, wire feed rates and weld speBas.CMT-process was found suitable for
repaircladding of Inconelsis defectand crackfree clads were able to be produced with
low dilution. They alsomadecalculations of heat input values corresponding to the vari-
ous wire feed speeds used. The resuitgysst a linear relationship between heat input
and wire feed speed, as shown iiglre 34. Further calculations and statistical analysis
were used to create regression models. These models proved to be adequate in predicting
the width, depth and weld métdilution ratio of the clads; this can prove to be very
helpful in optimizing welding process parametérkey also stated that a contact angle
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of the weld bed greater than 1I5heps the overlapping of weld besdvhen adding
multiple successive passes.

140
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Figure 34. A plot of heat input Q versus wire feed speed using Inconel 718 as wire and
substratg38]

Pickin et al[39] explored the use @&MT in low dilution cladding of Al alloy 2024 with
Al-2319 filler wire. This alloy system has a tendy to solidification cracking, but CMT
process was able to extinguish this unwanted feature. They were able to control dilution
quite precisely which is more difficult with pulsed MIG welding normally used in this
application.In a study byRajeev et al[40] a commercially pure3 mm thickaluminum
platewas cladded with an AB-Mn coating.Low dilution and pordree coatings were

ale to be produced with significantly increased hardness compared to bulk material.
They used Argon as the protective gas aladided withdifferent weld speeds to study

the effects on weld dilution, geometry and characteristics. They found CMT to be good,
low-energyprocess for weld repairing of aluminuiiog componentsndable to produce

thick coatings even with single pass.

RozmusGornikowska et al[41] sudied Inconel 625 coatings on a ferrdgerlitic steel
substratelt is stated that e requirement for Nbased overlays @an ironcontent below

5 wt%. The Inconel 625iller material has an irorcontent of about 0.8/t%, and the
applied coating had an content oR-3 %, which indicates low dilution. The coatings
produced were defedtee andotherwisesuccessfuas well Zhang et al[42] studiedthe
effects of weldingspeed on microstructures AZ31 magnesium alloy clad. The sub-
strate material and the filler wire were both of the same nominal compoégitiai43
synergic program was uselthey discovered that welding speeds at range -df2Lthm/s
produced the best glity coatings due to the effects of welding speed into the cooling
rates and heat input values. Higher cooling rate give precipitates less time to nucleate and
growwhich leads to less precipitates. Lower heat input reautroweHAZ area.

Liang et & [43] studied a CMT/TIG hybrid cladding of 6061 aluminunoglIT his hybrid
method was executed such a way that the arcs of these processes were not interacting
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with each otherBoth torches were perpendicular to the weldment and thetdrish was
clamped in front of the CMorch to the welding directioitt was found that the addition

of TIG improves the wettability of molten metal and thus contributes 1pagisesveld-

ing and cladding of aluminum allo¥.IG was used to preheat the base metal and has a
big influence into the contact angled dilution of the wid bead by increasing the value

of both of these.

Dutra et al.[44] studied Inconel 625 coatings produced by MIG/MAG Pulsed +DC,
Pulsed AC and CMTprocesses to a steel plate using aMé&lding position. The coatings
were prodiced starting from bottom and then moving upwards on the plate. Weaving
motion was used and the wied¢ectrode (1.0 mm in diameter) velocity was used with each
process. Pulsed +DC exhibited the higlestragevelding power 4127 W,and the di-
lution was hgh at28%.The CMT process was the fAcol dec
%, which is low and the fusion might not be adequate. Thevé&@Gion had a dilution of

8 % and the result was the best in terms of runoff and the quality of coating. The welding
powe with CMT was not high enough for the process the manufacture a good quality
coating, as the weld beads remained quite narrow and had not enough wettabilitgr
words, the power reduction of the CMT was too great.

3.3 Synergic lines

Fronius constantlgevelops and publishes new synelgiesfor different filler materials

and filler material diametersnost of these lines are made for the demand of customers.
Synergiclinesare probably the most important aspect in Gidlding because they give

the baic parameters automatically to each filler material and thus, in theory, correct pro-
gram should enable the manufacturing of good quality welds. Of course, especially in
robotic welding, there are a number of parameters controlled by the robot and #wse ne
to adjusted correctly in order to obtain good results. Synéngiscontaining databases
need to be uploaded into the remote control from computer and selected prior to welding.
Apart from the equipment with synergic welding there are more basic-&Mipment

with less automation and adaptivity. With these machines the user also neeljlssto

the voltage in addition to wire feed rate. Also the amount of synergic lines available might
be more limited because of the design of the equipment.

Synergic inesare designed with the help of an oscilloscope and a high speed camera to
optimize the process and to see the different characteristics in more detail. Basically, the
process of creating a new synergic line starts with a low value of Wire Feed R&¢, (WF
and to that value a functioning voltage region is then defined with the help of the equip-
ment mentioned. This method is then repeated to each-Vaki® until themaximum is
reached. IFigure 35t hi s met hod is i1l |l ustragsedendany t hi
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real line. In the figure also the effects of Arc Length Correction are presented. ALC is
used to finesse the voltage of ed¢RR-value selected frorB0 % to +30%. This gives
the working area of each synergic line marked with yellow c{b®.

Synergic line
30

working area
25 o *

20 [ ]

15 .
ALC+30% ——» 4 Y
. [ ]

Voltage, V

10 ALC -30% —o—.r*

[ 2 4 € 8 10 12 14 16

Wire feed rate, m/min

Figure 35. An illustration of a synergic line

These synergic lines can be altered with the R©Gbtroller by adding characteristic
points. These modifications can be usee.@.increase the maximum Al-€alue of a
certain WRFvalue to reach a higher voltage. This requires more training and knowledge
of the system and is usually not recommended or necessary.

3.4 CMT-process correction parameters

Although choosing the correct synergic line for the right matehalld give adecent
welding result, some parametesually need to be adjusted to gain an optimal result. Arc
Length Correction, ALCis used to set the spatial elongation of the arc plasma column.
Shorter ardas aavorable effect on welding speed aghinst undercuts, and a long arc
has positiveeffects in terms of formation of wedweld seam and edge formation. In tra-
ditional processes ALC controls the voltage and WFR, but in k6tess the connec-
tions are more complef36]

ALC can be adjusted fror80 % to +30%. Reducing the arc length, the wire return time
decreases and similarly the process frequency increases. Negative value of ALC also in-
creases the forward acceleration of the wire, decreases heat input and average voltage.
The dropletdbecome smaller and the amount of them incredgsncreasing the arc
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length, the return time increases and process frequency decreases. This also means
smalleramount of bigger dropleté. o nger arc al so Al oseso mc
ong affecting the efficiency of the proce§36]

Another important process correction is Dynamic Correction, DC. The correction simu-
lates inductance and it is used to adjust the duration and property of theighaott
break.In other wads, DC controls the arc pressure by adjusting the reignition current.
Reduction of the arforce dynamic correction produces a higher reignition current and
thus a higher arc pressure. When DC value is sét tbgives 603% highercurrentduring
thesort circuit. This makes the droplet fie;
spattering can be observed. Negative value also gives more penetration, higher contact
angle of the weldheadand more stable arc. If DC is set to +5%@®wer currentin short

circuit is gained as a result. This leads to reduced heat input, lower stability of the arc,
less penetration and less spatter. Positive DC value is recommended for cladding pur-
poses, but thi;commendatiodependgreatlyon the materiald36]

Stick-out of the wire, in other words the distance from the contact tip to the weld pool,
has also effects on the properties of the weld. While -stitkchanges in CMT do not
affect the stability of the arc, shorter stiolt leads to snier penetration into the base
material, decreases deposition rate and thus gives a flattebaaadd

3.5 Pros and cons of CMT cladding

There are many benefits of CMT cladding. The equipment is rather inexpensive when
compared te.g.lasercladding, whichby the properties is probably the most similar pro-
cess. CMT has good energy efficiency and the process is flexible and capable of produc-
ing fine coatings regardless of the material. It is a cold process; dilution and penetration
can be controlled easily wdh leads to good coating properties and composition. CMT
has good productivity and with singlere systems deposition rates of around 5 kg/h can

be reached. With twin wire systems this rate can be doubled. There are also many differ-
ent materials availablwith wire diameters varying from On8m to 1.6 mm covering both

solid and cored wires.

There are not many negative aspects concerning &hdarding to literatureCMT is not

as accurate dimensionally eg).laser system but rather thin beads be prduced with

e.g. thin aluminum wire. Also the coating thicknesses are rather high. It seems that it is
not possible to manufacture 1.AL..5 mm thick clad with low dilution and fusion bond.
Whengoing belowthis thicknessarea theheat of the process issufficient which causes
defects and lack of fusion.



49

3.6 Other cold arc processes

Heat input reduction can be identified as:s
processes are available currently. These processes rely on power source regulation, shor
circuiting, polarity controlling anduning thewire motionto decrease heat input by opti-
mizing molten material transfefhe birth of these innovations and techniques has been
made possible by digitalization which enables the integration of softwaréhmequip-

ment The driving force for these low heat input process develdpng big industries

like automotive and aerospaapplications. Joininglissimilar metals lik@luminum and

steel with welding processes and tkimreet welding are some oftlsignificant benefits

these new technologies have made posdibldis chapter some advanced gas metal arc
welding processes areviewd. There are several different approaches to decrease the
heat input, mostly based on the filler material transfer @owler regulationSome of

these processes are listed below by functionality of the prd8d$s.

Advancedpower source regulation

These processes rely on the power source regulation during the short circuiting phase by
adjusting the shape of the arc curve. This is usually done by digitalized power source
control which monitors and adjust the arc in real tieguiting in predictable short cir-
cuiting and thus minimal amount of spatteriBglow is listed processes that use this kind

of power source regulatiof84]

f WiseRootE by Kemppi (2005)

f STTE, Surface Tensionransferby Lincoln Electric (patented 1988, launched
1994)

RMDE , Regulated MtalDepositionby Miller Electric Mfg. Co (2004)
CodArcc by EWM HiigghGmbH(200¢ | d

Cold MIG by Merkle

IACE , Intelligent Arc @ntrol by Migatronic (2010)

SRMAG, SuperimpositiorE by Panasonic

CBT, ControlledBridge TransfeE by Panasonic Co

Cold WelcE by CLOOS

= =4 -4 4 A4 - -9

Mechanically assistedroplet transfer

Processes of this funohality can also be described as dynamic as the whole welding
equipment, including power source, wire feeder and shielding gas flow, act as a one single
unit to optimize the result. The wire movemembt only forwards but also backwards,
helps the droptaransferand the process adapts to minimize spattering and limit the heat
input. [34,36]

f CMT, Cold Metal Transfdt by FronusInternationalGmbH (2004)
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f MicroMIGE by SKS Welding Systems Co (2009)
. CSGMIGE , Controlled ShorCircuit MIG by Jetline

AC-MIG (variable polarity) or variable polarity GMAW

Variable polarity means that the processes have both electrode positive (ERrtode
negative (EN) cycles, and the ratio between them can be controlled to obtain certain re-
sults, mostly to control the heat input. For example, with CMT Advanced the gap bridging
ability increases with variable polarity and it is also good for jgrdissimilar materials,
e.g.aluminum and steel.

f AC-MIGE by OTGDaihen (2008)
f CMT Advance& by Froniusinternational GmbH2009)
f Cold Roces& by CLOOS

Hybrid metal transfer

This process is also called GMAW and it combines the positive transfer modeata
teristics of spray transfer and short arc metal transfer mode. This is done by piilsing
the currentusing lower background current and higlrel peak current, but holding the
mean current less than the level in whignay transfer occurs. Backgroucuirent pre-
serves the arc as the peak current helps with the detachment of the {34p!&i.

f Pulsepulsé&E Arc Process by ESAB (2003)

Kah et al.[34] have put together a review of these new cold welding processes, their
disooveries are presented Trable3. No comparative studies of these different processes
have yet to & made, main reasonrfthis might simply be funding; lot of the information
gathered in the table is from the manufactulderaddition,the table has been put together
with thin sheet welding in the scope of vielihese results do not recognidiéfererces
between manual, serautomatic and robotized processes.
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4. MATERIALS AND WEAR IN ENGINE COMPO-
NENTS

There are many aggressive elements attacking materials in combustion engines. Constant
motion, friction, heat and different corrosive and abrasiveigk@st can cause serious
damage in different parts of engines. That is why special materials and coatings are used
in diesel and petrol engines, especially in valves and parts related with the combustion
process. By applying suitable coatings domponentsthe lifetime and maintenance in-
tervals can be remarkably increasBdferent lubricants are usually present in an engine
both in liquid and in solid phase. The trend recently has been towards more aggressive
operation environments (pressure, temperaior@utomotive and aerospace engines, and
liquid lubricants cease to perform thegher thetemperature in thenvironment goes

This is why an alternative, solid lubricants, have bfeemd to have potential in these
kinds of applicationsSolid lubricars form no paste with dust of adhesive particles, re-
quire no pump or cooling systems and are not affected by the pressure or heat in the
system This chaptergoes through materials and coatings used in engine components,
specifically valves and valve seata addition, wear andcorrosion processes are re-
viewed The basic principle of four-strokeengine is presented Figure36. On the top

of each picture are the valvdsft one is the inlet valve and on the right is the exhaust
valve.[15]

INDUCTION COMPRESSION EXPANSION EXHAUST

V=R =

o e

Figure 36. Four stroke engine cycld6]

During the induction stroke the inlet valve is open and the piston is moved down in the
cylinder as a charge of air is draw in. Next, the inlet valve is closed as the piston moves
up. When the piston reaches its top position in the cylinder, ignition occurs. Asisom

tion takes place during the expansion stage, pressure and temperature push the piston
down. At the end of this stroke the exhaust valve opens. It stays in an open position as the
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piston pushes the exhaust gases out of the cylinder. Exhaust valvearidsis® cycle
starts from the beginnin¢46]

4.1 Processes causing wear in engine valves

Valve wear mechanisnage generally quite difficult to characterize and investigate. They
are a combination of abrasive, adhesive and oxidative wear ¢ogeith residues from
valves, fuels and combustion gases forming tribofilms on surfaces. This residue is mostly
soot andt actsas a solid lubricant in the systefhe environmental concerns and legis-
lations are changing the conditions in the chambeattds higher pressures and higher
temperatures, and also affect the fuels in many wlaysxampleresulting in reduction

in the amount of soot formeth the 1970s when lead fuel was still in use, the lubrication

of valve components was partly becausdehd in the fuel formed oxides on the surfaces

of valves and valve seats. This effect was not known back then. When lead was removed
from fuels together with catalytic converters were introduced, this lubricating effect of
lead disappeared. This resultedheavy wear of combustion chamber components as
brittle iron oxides replaced the lubricating lead oxides and led to flaKitige oxide film

andto abrasive wearSeat surface hardening and new designs in valve seat inserts using
more suitable materialsppeared to be the solutiolSgure 37presents a valve, valve

saat and insert, tharevery prone to wear and corrosiqa7,48]

Figure37.Val ve seat and i n smactsufacesmarkedgreyinan gl
the magnification[47]

There arealso other kinds ofactorsaffecting the valve, including oxidation, adhesive
wear, micro slidingvarying temperatures, exhaust gas flow and particuldges must
endure as long as possible in these difficult, hashditions thatmakes the material
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selection vitalThe sources of stresses affecting valve head are different temperature gra-
dients, seating pressure due gas pressure and valve closing, manufacturing processes and
distortions in the valve or cylinder hedthe manufacturing process@g the hardfacing

of the valve, especially with traditional welding processes where the heat input is rela-
tively high, cause residual stress&esidual stresses can be attenuated with heat treat-
ments and heat input controllingow cycle stresss relateo the starting and stopping of

the engine when the stress and load change issutidee finor mal 6 engi n
the load is constant is not normally the cause of engine failure, but these low of high cycle
situations cause high thermal stresses andtlwadalve more[47,48]

One of the most critical factors concerning the lifetime of combustion chamber compo-
nents, especially exhaust valves, is the operating temperature. Valve temperature control-
ling is one ofhe most efficient ways to reduce hot corrosion and thus prolong the lifetime

of the valves and the combustion syst@®uring the combustioperiod,the heat input

comes via the valve flanfaceand during the exhaust period gases flow in high velocity
trarsferring heat to the surfaces of the valve head. Heat transfers away from the valve
through a small seat contact area, and lesser portion via the valve stem guide at the end
of the opening period of the valve. The deposits caused by hot corrosion can tthstu

heat transfer away fronhé valve and in that way raiske temperature in the valve.
[47,48]

A list of design changes the valve systerand solutions for wear reduction has been
composed by Forsberg et p7] and Lewis[46]. These include structural drdimen-

sional changes such as increased seat width, positive rotation of the valve, reduction of
the speed of valve impact and reduction of the seating face dingldatter of these,

angle change from 45to 30" decreases the frictional movement and leaal to great

wear reduction according to S.K. Schaefer ef48l]. Changes involving material tech-

nical aspects are hardening of the seat, seating face cladding (hardfacing), rigidity im-
provements of valve system and valvediasse of hardened valve seat inserts and lubri-
cation, especially between valve and seat.

4.1.1 Corrosion and hot corrosion processes

In high temperature (650950° C) environmentgnolten salt compounds cénom mol-

ten deposits, whichonsume the protectivaxide layer on metal surfaces. This process
called hot corrosionor accelerated corrosiooanbe quick,hard to predict and causes
wear of motor components especially in diesel engines. The salt contaminants responsible
can bee.g.sodium sulfate NaeSQy), calcium sulfate €aSQ), sodiumchloride (NaCl)

and vanadium pentoxideM>0s). Hot corrosion is divided into two typesdsd on the

form of the attack; ¥pe | or hightemperature hot corrosion (HTHC), and Type Il ordow
temperature hot corrosion. Thevéopment of these forms are driven by many parame-
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ters, such as alloy composition, thermomechanical condition, temperature and tempera-
ture cycles among other factoBamage caused by hot corrosionaowmalve can be seen
in Figure38. Severe material loggs occurred in the valvp!8,50,51]

Figure 38. Hot corrosion damage on a valve from a GM 149 V16 diesel electric gener-
ator, less tharR000 service hourb2]

Type | hot corrosion takes place in temperature region of 83D °C when fused alkali
metals start a series of chemical reactions attacking the oxide filne omaterial surface.

This lead to depletion of chromium from the substrate and escalates the oxithgtion
formation ofa porous scaleBecause of its thermomechanical stabillygSQs is the
prevailing salt.Marine atmosphere, containing &% and NaCl is the most salient
source of the sodium, but it is also found in the fuel. Bandlaircontains also impurities

like vanadium, phosphorus, lead, chlorides and sulfur, which form different salts to en-
hance hot corrosion by lowering the melting point etdiectic formation. For example,
melting point of NaSQsdecreases from 884 to 620°C in eutectic formationNaSQ

is also formed via the reaction betwewtrium chloridesulfur oxide and oxygeff1,53]

The presence of vanadium is practically unavoidable when using certain liquid fuels and
it is a major factor in accelerated hot corrosion. In specifaumstancesyery harmful

liquid vanadium phases can form at low as $35and together witNa,SQy, it enhances

the solubility of the oxide layetdTHC can be observed and characterized by color
changes and peeling of the metal. Typically, a greenish color indicates the formation of
nickel oxide NiO) in the area where hot corrosion affects. Microscopdesinspections
reveal sulfidation ancegions of depletion in the metal beneath the porous scale and oxide
precipitates dispersed in the salt filf#8,51]

Type Il hot corrosion occurs at a temperature range of @0 °C and it can be charac-
terized as localized pittingecaus®f local chloride attack, thermal cycling or erosiom.
cobaltbasealloys, NaoSQs forms mixtures with CoSg)the latterone being a corrosion
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product of cobalt from the base material ancs 8@m the combustion products. Simi-
larly, in nickelbased alloys N& Qs forms harmful salts with NiSOThese mixtures form
localized deposits of salts in crevices and pits in scatksran contrary to HTHC, high
partial pressure of gaseous S®required for LTHC to occur. In addition, microscopic
sulfidation and chromium depletion observed in HTHC are not present in L{BHG3]

In big deselenginesthe components the combustion chamber are the ones exposed to
the possible hot corrosiomhese parts include intake and exhaust valves, fuel and water
nozzles, cylindeliner, cylinder hea@nd piston crown. Most severe sites are flaaoe$

of piston crown and exhaust valves where deposits can form ovepdoiogl of timeand

the temperature is higihccording to literature, temperature of the piston cralunng
combustiorperiodrises up to 340 400°C [54] andthe face of the valve up to 6505

°C. [50,55]

4.1.2 The prevention of hot corrosion

There are several methods and approaches to prevent and control hot corrosion, for ex-
ample material selection, alloying, cmgfs, and fuel cleanliness afael composition
controlling. Alloying can be quite difficult with certain elementsgeagtungsten, vana-

dium and molybdenum enhance the mechanical properties but predispose the superalloy
to hot corrosion. Chromium has pem to be the main element in hot corrosion prevention

in quantities between 15 and @@% depending on the material its alloyed into. The effect

of Cr in hot corrosion prevention is based on its capability to stabilize the melt chemistry
and thus inhibitig the dissolution ahe protective oxide scal€obaltbased superalloys

have a higher resistance against HTHC thabasied alloy, but are more apt to LTHC.
Other beneficial alloying elements against hot corrosioreayeirconium, yttrium and
scandium (improve the adhesion of the oxide layer), silicon, platinum, titanium, alumi-
num and niobiumAlloy microstructure also has a profound effect on hot corrosion re-
sistance. For example, NiCoCrAlY alloy demonstrated better hot corrosion resistance
with increasing microstructural refinement. The reason behind this was found te be Al
rich scale, whicHormed a barrier protecting the alloy from the salt thus preventing tran-
sient oxidation and liquid salt formatio®@ne other factor that may lead into an acceler-
ated attack are secondary phases in the miaaiste.Coarse refractory metal carbides
should also be avoided to prevent hot corrogih,53]

Surface engineering is an efficient approach to protect compoinenishot corrosion.
Protective, highemperature coatings are commionforms of diffusion overlay and
thermal barrier coatings. Different types of metallic and ceramic coatings are potential in
engine combustion chamber component protecting, and sogneheve the potential to
increase the efficiency in motors by decreasing heat lo$sesmal Barrier Coatings
(TBCs)act as an insulator between the substrate and the harmful gases and salts. Usually,
they have a composite structure with an outer ceréayer on a bond coat. The outer
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layer can be.g.stabilized zirconiad the bond coat some type of MCyAbverlay(M

= some metal)Thermal barrier coatings have showed some unwanted behavior like spall-
ing and reactivity of some components of the allgyrié (Y-03), magnesia) with sulfur,
sodium and vanadiurRostlaser treatment can be used to extend the life of TBO$H1]

In addition,other, more simple methods can be used in preventingdnagsion and its
propagation. The usage of higffficiency air filters can be used in order to drop the con-

tent on sodium in engines. Fug¢anliness is also important, and the Ae&ure exhaust
emissiorrestrictions decrease the sultontent of fuels, which will most likely decrease
corrosion problems. Simultaneously, operating temperatures and pressure have increased
in the combustiomhamber in order to raise the efficienmythe engine, and asrasult,

this demands more endurance from the materials (iS@¢b1]

4.2 Special materials in diesel engine valves

There ae two types of valves in enginatake and exhaust valves. Both valves undergo

a lot of mechanical and thermochemical stresses but the environmems®tan vary
widely. This is why different types of materials and coatings are used depending on the
valve type. Alloys are usually martensitic or austenitic with various carefully planned
heat treatments to optimize the mechanical and structural pexpeftihe valvedntake

valves operate in an environment with much lower temperatures and the high temperature
properties are not as vital as in the exhaust valves. An alloy with good high temperature
strength and corrosion resistance used in the exb@@simay not have the desired prop-
erties in lowertemperaturesnd this why the different valve types can be made from
different alloys. Intake sidsuffers more from wearelated issues and not so much from

hot corrosion as exhaust sidalves [56]

Exhaust valves must withstand very harsh environments including aspects like hot corro-
sion; hot exhaust gases like nitrous oxides and different furhes.is why normal steel

is not fit for thepurposepecause low carbon alloyed steels lose their stremgttard-

ness as temperatures rise above-600°C. Intake valves can be made of these kinds of
steels because temperatutessially stay below this temperature arBlaere are also var-

ilous other properties required from a material to be suitable for sixtalve operation.
Material must be able to resist the salt attacks, in other words hot corrosioabilitys

can be improved with cladding. The material must be hard enough to resist indentations
even in high temperatures. Thermal expansion coeffeiehthe base material and the
hardfacing should be lowndclose to one another, because temperatures affecting the
exhaust valve are strongly place dependEmis way stress gradient is kept low and ther-
mal stress levels will also stay low. Material gltbhave a high fatigue resistance in the
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temperature range of the operation. It is beneficial if the seat area of the valve is high in

conductivity.Some typical valve materials used in operation are lis¢adl [48,56]

= =4 -4 A

Steel valve (austenitic, martensitic) with Stellite 6/12/20 hardfacing
Nimonic 80A without hardfacing
Nimonic 81 with Deloro Alloy 60 hardfacing
Nimonic 81 with Colmonoy 6 hardéang

In Table4 is shown the valve materials typical to certain engines. Although this list may
seem to be outdated it is fromthe 1990s the materials listed are still very much in use.
The manufacturing and cladding methods have made some progresstmge materials
remainvery similar As can be seen, the most common valve materials are +taketl
alloys, Nimonic, cladded with different Stellites. The reason why Nimonic alloys are pre-
ferred over steel valves is tfalure mechanism, as Nimonimes not fracture like steel,
and cause damage to the piston, liner and turbocharger with the resulting[g#&lces.

Table4. List of engines and the valve materials upk}

Engine Valve Hard facing
Deutz NIMCNIC BOA -
Mirrlees K Majo MNIMONIC Alloy 60
Mark 3
Mirrlees E Major 2 | Allay Steal Colbalt based
Mirrleas MB 275 MNIMONIC 81

SEMT PAG

SEMT PC4
SEMT PC2.8
Bargen (for IFO)
SWD F240
SulzerZ4n
Sulzer AS25
Sulzer A20

(far HFC)
Sulzer ATA
Sulzer S35F

B and W K84 EF
B and W L2330
GRT Ad20

BL 230 12

Akaska A Series
Daihatsu DS-26
Daihatsu DL series

Fuji H32

Hanshin EL series
Yanmar T240

Mak 240 bora
M282 M3az
Mohab F.30 (250}
Wartsila Vasa 32
Lindholmen CM275
Caterpillar 3600
saties

{Engine A
{ ar
{Engines B, C, D

Martensitic steel
(changed in service
1o KIMONIC)

Mot given
MNIMOMIC
MNIMONIC B1
MNIMONIC
MIMOMIC 8D
MNIMONIC
MIMONIC

MIMONIC
MIMONIC

| Austenitic steel

MIMOMIC

ASCrMNIW austenitic |

sleel x 80 CrSiNi
Martensitic steel
NIMOMNIC A

Mot given

SUE3

HIMONIC ar heat
resistant steeol
MIMOMIC

Mot given

| Mot given

Mot given

MIMONIC

MIMOMIC
MIMOMIC
Mot given

HIMONIC BOA
NIMONIC 81
MIMONIC 81

Stellite 20

Stellite 12

Delore Alloy 60

Alloy 60
Stellite 5

Stellite laced
Stellite welded

Calomany
Stallite faced
Stallite 12
Colomany &

Stellite faced

Deloro alloy B0
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The following Table5 lists the composition of valve materials, both base and coating
materials.As can be seen, nickel and chromium are the most important elements in ex-
haust valves. They provide corrosion resistance and ductility into the alloy among other
things.

Table5. Chemical composition of valve materi@imse and coating}8]

c Si Mn cr | N Fe Al W Ti Co Mo B
MIMONIC 81 0.05 0.5 0.5 ao bal 1 08 - 18 2 - -
MIMONIC BDA 0.1 - - 20 bal 5 1 | - 2 2 - -
X4a5CrNiW 189 0.45 2.50 1.20 18 9 bal [ - 1 = 1 = -
K45CrSioa 045 310 | 045 ] - bal - - - - - -
X80CrNISi20 080 | 225 | 040 [ 20 15 bal | - - - - — l -
En52 | 045 3.5 0.5 a5 ) 05 | bal - - - - - .
Stellite & 1 - - 26 - -~ - 5 | - bal | - -
Stellite 12 - 18 = = 29 - - - 9 - | bal - =
Stellite 20 25 - - 33 - - - 18 - bal - -
Dalaro alloy 80 05 45 = 18 bal 45 - - - - - -
21-12{N) - 0.2 1 t2s | 21 115 bal = - = - -
Caolmenoy & 0.75 1.0 - 15 70 4.5 - - - - - as
Incanel X 750 0.08 =006 =1.0 15,5 I bal 7 [V X = 25 =1.0 - -
VMS 513 . 0.08 05 1" 27 39 bal 1.0 - 2.5 = - =
Pyromet 31 0.04 <3 | <id2 227 55.5 bal 1.2 = 23 - 2.0 -
Tribaloy 800 — 3 - 17 = - - - - bal 28 -
Tribalay 700 <.08 1.0 = 15 | 50 — - | - - - 32 -

The materials are desigd and selected to enhance the lifetime and overhaul period of
both the valvesand thereforgthe critical engine components. Different approaches have
been developed to make the materials last as long as possible, including design changes
and surface emgeering. Cladding and hardfacing are one of the most important methods

to provide themuchneededroperties for the valves.

4.3 The coatings used in engine applications

Valve stems and heads are often coated to prolong the lifespan of valves. @latmge

is used in stock valves which reduces wear and protects the stem from galling. Also thin
film coatings(diamondlike carbon, DLC; titanium nitride, TiN; chromium nitride, CrN)

are used in order to add wear resistance and lubrication, dry films hethuterthe build

up of carbon deposits. In some valves thermal barrier coatings (TBC) can be used to re-
duce the heatransfes into the valve and reflect some of it back into the combustion
chamberln theory this enhances the lifespan and also improvesibg efficiency and
power.Black nitride can be used as a replacement for chrome plasnigprotects the

stems from various kinds of wear by creating a hard surface Bigdlite is anoften
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usedhardfacing material for heasguty applications, espally in diesel engine exhaust
valves. It provides protection against wear, oxidation and corrossser clad Inconel
625 is used in piston crowns against hot corrogssl.

In the nexichaptersNi- and Cebase alloys are reviewed.

4.3.1 Nickel-base alloys

Nickel-based alloys are typically cheaper than cebatied alloys. Nickebased hardfac-

ing alloys can be divided into three categories based on the composition; dczniden-

ing, carbidecontaining and Lavephasecontaining alloysNickel-based allgs contain-

ing carbidesvith similar properties as cobdase hardfacing alloys have been developed

in nuclear industry, as cobatiasealloys are sources of highly radioacti®Co isotope

after their use in the nuclear industry. These exhibit excellmas®n, galling and cor-
rosion resistances, but their impact strength are generally quite poor. Compared to cobalt
based alloys, avesphase alloysg.g.T-700) arequite similar to Stellite 6 and 12; how-
ever the hot corrosion resistance is mildly worsésx°C. [1]

4.3.2 Cobalt-base alloys

Properties including excellent high temperature hardness, corrosion and gaititanoes

are reasons why Gloasehardfacing alloys are often used in difficult environments where
sliding wear,together with elevated temperatures and the presence of corrosive media
tend to cause problems. Typical alloying elements include C, Cr, Mo, W, Niand Si. These
elementdogetherwith the allotropic nature of Co enablestproperties mentioned. €o
basealloys are subdivided to solid solution strengthened, intermetallic and carbide type
alloys Solid solution strengthened and carbide type alloyskaoavn asStellites and
intermetallic alloys are called Tribaloy&lloys with lower carbon content are relaly

soft and ductile, which makes them easy to machine. Ductility also makes cladding pos-
sible without preheating the componentd.9]

Some of the alloys workarden during machining, which is dependent onallug/ing
elements. The phase transformation for work hardening happens via the change in crys-
tallic structure of Co (faceentered cubio-Co to hexagonal close a ¢ k-€a). Thi$
transformation occurs at 417 °C, if cobalt is cooled extremely slowly. Usually, the fcc
structure is retained at room temperature because of the nature of the transformation, and
hcp transformation is only causby mechanical stress or time at high temperatures. The
low stacking fault energySFE) of the unstable fcc structure leads to material properties
like high yield strength, high workardening rate anthakes the materidéss predis-

posed to fatigue under cjc stress. These attributes lead to material capabilityref
venting damage during sliding wear and are the reasons behind the resistance to erosion
corrosion and cavitation of cobaklloying element including Cr, Mo, W and Si favor
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the phase transforation and work hardening by deducti8&E of Co matrix whereas
elements such as Fe, Ni and Mn stabilize the metastablgrigcture by promoting the
stacking fault energy[19,57]

Steliite alloys are used for their high wear resistamoeellent chemical and corrosion
performance especially in hostile environmeRange of applications is wide from gas
turbine to cutting tool coatings. Stellite is trademarked name of Deloro (Kennafoetal
these kinds of alloysStellite alloysconsist of complex carbides in a cobetromium
matrix with components like molybdenum, tungsten and cai®trer alloying elements
can be titanium, silicon, sulfur, phosphorus, manganese, boron, aluminumeanic
nickel. Usually Stellites contain-& of these componentStellites are nomagnetic al-
loys that can be tailored for specific applicatioBecause of their hardness, machining
is usually quite difficult and some special methadayneed to be usefb8,59]

Cobalt and chromium combined provide a high melting point for the alldiyomium

also provides high corrosion resistance properties and is a predocanbiote former,

which means it provides strengthening in the matrix as a solute. It forms metal carbides
M-Cs and M3sCe. Mo and W have similar roles in the alloys, forming primarilyQvand

MC carbides, and also intenetallic phases like GMo, W). Theyalso hinder the move-
ments of dislocations and slips due to their large atomic size. Most of tungsten remains
in solid solution. Nickel stabilizes the facentered cubic structure of the solution matri-
ces.Carbon content, which controls the carbide volummessential to the performance

of Stellites, and the alloys can be grouped by carbon cofitemeffect of carbon content

to hardness values of Stadlialloys is presented in fig. 3%8,59]

1 High carbon for high wear applications
1 Low carbon for high temperature applications
1 Low carbon, higher chromiufior corrosion resistandé8]

60 4

*
Stellite® 1
50 &

Stellite® 12
40 4 .

Stellite® 6
*

Stellite® 21

30

20 4

Nominal Rockwell C hardness (HRC)

10

0

0 0.5 1 1.5 2 25 3
Nominal carbon content (%5)

Figure 39. Nominal RockwéIC hardnesses of some Stelliéoys as a function of their
nominal carbon conterjt]
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When the tungsten content of a Stellite alloy increases, i haance the high tempera-

ture hardness stability of the solid solution of the alloy. Carbides are less temperature
dependent; their hardness remains almost unchanged to up t6.650room tempera-

tures carbon content and tungsten are the most imporeaneeis affecting the wear
resistance of Stelliteét elevated temperatures the carbon content is not as significant to
wear resistance as at room temperature, but material oxidation takes an important role
concerning the wear resistance. Higher chromiontent improves the higtemperature
oxidationresistanceas higher tungsten content reinforces the stability of performance at
high temperatures of Stellite alloy59]

Studies indicate that Stellite exhibits good tribologicalperties at elevated tempera-
tures. During wear testis was discovered th&tellites form oxide films with G4 and
CoCnr0O4 on surfaces that increase wear resistaje@:61]

4.4 Solid lubricants

Lubrication is one of the most vital solutions in the area of surface enginéecog-

trolling wear and friction in different applicatiors. manyindustriesthe operating con-
ditions (temperature, pressure) have become more severe in mechanical systems in the
pursuit of the higher process efficiency. Conditions tmagevere in tems of temperature
(>1000C), high stress, corrosion, friction et€onventional lubricants, like oil and
grease, have limitations concernimgapplying themg.g.sealing problems, production

of harmful paste, weight and environmental conditionsjuid lubricants have a rather
limited operating range concerning temperature, as they vaporize in temperatures above
523 K.In addition,some solidify at low temperatures and cease to lubricate the system.
This malfunctioning in the lubrication can cause seviE®mage and that is why solid
lubricants are the only solution in soemandingapplications (cylinder liners, exhaust
valves and components, nuclear valves etc.). In many,daged lubricantscan cause
contamination€.g.food industries) and thus af@bidden.Solid lubricants simplify lu-
brication andapplying them can be @b cheaper thathe useoils and greasessome

types of wear, for example reciprocating motion in gears and chains, cause the liquid
lubricants to be squeezed out whereas salioridants do not escape the system.
[15,62,63]

Classification of diffeent solid lubricants is based dheir chemistry, crystal structure
and lubricity. Most widely used and recently developed soliddahts are presented in
Table6. The wide ranges of friction coefficients per material can be explained with envi-
ronmentalfactors; friction is very sensitive to test environment, conditions, temperature
and other factors. Also the form and shape of the lubricants (for example thin film, pow-
ders, compsites, etg.affect the frictional properties. That is why no single adewalue
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can be given to each type of lubricaihe friction coefficient ranges in the table are
compiled from measurements under various different environments and test conditions.
[64]

The most common lubricants in polymer ddlibricant category are polyimide, PI, and
polyterafluoroethylene, known as PTFE or by its trade name Teflon. Both of these have
a rather high temperature resistivity (PTE&°C Pl 350 °Q and low friction coeffi-
cients PTFE offers one of the lowest friction coefficient known, which is based on small
adhesion and low shear strength. These enable HPTIHEE slide surfaces to form when
PTFE migrates on both surfaces of the sliding system. For engine applicptitynsers

are not functional because of the much higher temperathsesre reached inside en-
gines That is whyonly hightemperature solid lubricants are reviewed on this thggi$

Table 6. Solid materials with seliubricating capability[64]
Typical Range of

Classification Key Examples Friction Coefficient”
Lamellar solids Mo§, 0.002-0.25
W5, 0.01-0.2
HEN 0.150-0.7
Graphite 0.07-0.3
Graphite fluoride 0.05-0.15
H,BO, 0.02-0.2
GaSe, Ga$, SnSe 0.15-0.25
Solt metals Ag 0.2-0.35
Pb 0.15-0.2
Au 0.2-0.3
In 0.13-0.23
Sn 0.2
Mixed oxides CuO-Re, O, 0.3-0.1
CuQ-Mao0O, 0.35-0.2
PbiO-B,0, 0.2-0.1
CoO-Moll, 0.47-0.2
Cs,0-Mo(), 018
NiO-MoO, 0.3-0.2
Cs,0-510, 0.1
Single oxides B.O, 0.15-0.6
Re, 0. 0.2
MoO, 0.2
Ti(y, (sub-stoichiometric) 0.1
nid .1-0.6
Halides and sulfates of alkaline CaF, BaF, ST, 0.2-0.4
earth metals CaSO,, BaSQ,, Sr30, 0.15-0.2
Carbon-based solids Diamond 0.02-1
Diamond-like carbon 0.003-0.5
Glassy carbon 0.15
Hollow carbon nanotubes —
Fullerenes 015
Carbon-carbon and carbon-graphite-based composites 0.05-0.3
Organic materials/polymers Zine stearite 0.1-0.2
Waxes 0.2-0.4
Soaps 0.15-0.25
PTFE (L.04-0013
Bulk or thick-flm (=50 pm) Metal-, polymer-, and ceramic-matrix composites consisting 0.05-0.4
compasites of graphite, W§,, MoS,, Ag, CaF,, BaF,, etc.
Thin-film (<50 pm) compesites  Electroplated Ni and Cr films consisting of PTEE, graphite, 0.1-0.5
diamond, B,C, etc., particles as lubricants
Nanocomposite or multilayer coatings consisting of MoS,, Ti, 0.05-0.15

LG, ete.
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Selecting a suitable solid lubricant(s) is very vital in obtaining high temperature tribolog-
ical and mechanical propersieThe biggest reason for this is that usually a combination

of a low temperature lubricant and a high temperature lubricant is used, since no single
material is able to offer decent lubricating effect over a wide temperature Tdmeglelb-

ricant is eithecladded onto the surface or mixed with coating material creating a compo-
site coating. It is crucial to find an optimum content for the lubricnat high content
decreases the friction coefficient, but also softens the coating. This can make the coating
to wear faster than intendg@4]

In engine applicatios) the operating temperature is the most crucial fae®iubricars
needs to withstand temperatures exceeding’®0®ome of the common lubricants, in-
cluding molybdenum and tungsten disulfides (MO8S), silver and gaphite are clas-
sified as low temperature lubricants meaning the preferred operating temperature for them
is below 500°C. Lubricants surpassing this 50C limit include compounds like hexag-
onal boron nitride {BN) and calcium difluoride (Cal: The problen of many lubricants

is the impregnationf them aghe original chemical compoursgmost of the lubricants
tend to oxidize and/or decompdselow the melting temperatuderring the cladding pro-
cess.With some materiajghis is not an issue, dependingtbe mechanism of the wear
reduction possessed by the lubricant. For example xNSvder with70 wt% MoS,, 20
wt% TiC, 10wt% Ni) particlespre-placed using laser cladding with Ni led to the disso-
ciation of MoS and formation of various sulfides in the tnta material, but low friction
was still obtained as a resuylL9,65). Different approaches have been executed ieso
this issue for example in laser claddifit®]

4.4.1 Lamellar solids

The most typical mechanism of lubricationsaflid lubricants is the layered or lamellar
crystal structure. These layered lubricants are the most common solids used among dif-
ferent industriesThis stucture is presented Figure40. As illustrated, it shows that the
atoms in the same layer arehity packed and strongly bonded with each other, but be-
tween the atomic layers the bonds are relatively weak (van der Waals forces and such)
because they are rather far apart. This enables the layers to align parallel in the direction
of relative motion at decrease friction by sliding over one another easily. This layered
structure also helps in wear damage reduci®.
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Figure 40. Schematic illustration of layered crystallic structures of a) greg b) hex-
agonal boron nitride and c¢) molybdenumudile [64]

In this chater the lamellar solid lubricants which possess high temperature lubrication
properties are reviewed.

Tungsten disulfide, WS>

The lubrication properties of tungsteisulfide (WS) is based on the lamellar structure
and low shear strengtivhich under tibological contact cause the forming of lubricious
transfer film. WS has a rather high oxidation temperat89 °Q compared to graphite
(325 °C) and Mo5(370 °C) which enables it to preserve its lubrication ability also in a
bit higher temperature§everal studies show the lubrication properties ot Arg still
good at 300°C, but the lubricating phase oxidizes at temperatures approachintZ600
and the lubricative property will reduce significan{li/,66]

Yang et al.[67] studied the a laser clad NiCrACx-WS; high temperature composite
coating and its wear resistance and-&dificating propertiesThey used 3Wt% of WS,

in the powder and OCr18Ni9 austemittainless steel as the substrate matdtiatas
noticed that WS significantly decomposed during the cladding process due to its rather
low decomposition and oxidation temperatures, 81@Gnd 539°C, respectively Alt-
hough the Wwas decomposed, fiormed componds with Cr (CrS) which also have
lubricating propertiesThey tested friction and wear properties of coatings with and with-
out of WS at elevated temperatures. Although friction coefficients of both coatings de-
crease as temperature was rifem 17 °C to 600°C, wear rates of both increase at this
same rangeéWear rate of the coating with W lower at 300°C but higher at 600C
compared to coating without WSThus, it can be drawn from the results that:MéSan
effective lubricant fronRT to approximately 300C, but above this temperature the ef-
fectiveness decreases.
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Hexagonal Boron Nitride, hBN

Hexagonal Boron Nitride, hBN, is a white, clean lubricant. It has high chemical inertness,
oxidation resistance and thermal conductivityhds a lamellar structure like graphite and
MoS,, meaning the bonds between molecules within each layer are strong covalent, but
only weak van der Waals forces held the layers together. The applications féiehBN
high-temperature applications, sinitas less effective in lower temperatures. It has ap-
plications like nucleabased valves and pipe fittings, aerospace industry and metalwork-
ing. [15,68]

Erdemir[64] has joined together some results of the use of hBN as a solid lubricant. It
can withstandhe heat oplasma sprayingnd thus be incorporated into different coatings
(e.g.Ni-based coatings), resulting in excellent frictional and wear properties even unde
high temperature applications, as hBN does not oxidize until about°@dthere are

also some issues in the synthesis of hBN because of its poor wetting property and low
density (2.2%/cn?). This results in innomogeneous distribution of hBN, as the particles
stay on top of the melt podin addition,a higher content of hBN impairs the fage
roughnessYan et al[69] used nand\i powder to encapsulate the nasiaed RBN par-

ticles trying to solve this issue on interfacial compatibility. Tgmsved to be successful
using Ni6G10 wt% hBN mixture, as wear test results with roapsulated vs capsulated
Ni-hBN powders were compared. Friction coefficient values decreased frednc0t&
approximately 0.35 and mass loss from 28.5 mg to 6.3Jagsuation also resulted in a
more uniform distribution of the hBN particleBhe friction coefficient value achieved,
0.35, is still rather high, but a vast improvement compared to surfaces without solid lub-
ricants.

Zhang et al[70] prepared Ni/hBN(70 wt% Ni-coated hBN, 30wt% Ni) coatingon
1Cr18Ni9Ti base materialith laser cladding and ran a series of wear tests in elevated
temperaturedn this study,the hBN powders were also electroplated with Ni to improve
wettability and sinterabilitylt was discoveredhat the coatings produceahibited god

wear resistance and gradually reducing friction coefficients as the temperatua¢ aose
range of 106600 °C. In addition,wear rate improved as temperature was increased from
100°C to 600°C, where it reached its minimum value, 24 times lower tiaue at 100

°C. It was foundthat the coatings with electroplated hBN performed better than electro-
less coatings at elevated temperatures. Some softening of the coating was noticed at ap-
proximately 300°C which resulted in hBN wear debris transfer onto ¢hanter body
reducing abrasive weaAs a conclusion, laser cladding of Ni/fhBN coating is a good
method to prevent wear and add protection to stainless steel up t€8Bbang et al.

[71] also studied NiAI/hBN coatings on Nased superalloy and the results were similar;
tribological properties were excellent up to 10a0
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Molybdenum disulfide, MoS;

The lubricative effect of MoSis based on the same shearable lamellartsteievhich
enhances sliding properties of courbedies. Mo$S exhibiteddecomposition and reac-
tions with other elements during laser cladding tests executed by Yiwen Ldi7&{.al
MoSy/Ni-based composite coating have also been prepared by X8} ah AISI 1045
steel.They managed to reduce the friction coefficient from 0.82 to 0.37, but this situation
was untenable as the lack of hardness in the cladding caused thegtaddear off in
minutes and resulted mgh wear. As TiC was added into to mix of Md$i, the prop-
erties including wear resistance, hardness and-beading capacityncreased greatly,
although friction coefficient was slightly increased compared to Ao oating. This

was due higher sulfide content and hard particulate TiC reinforcement. Aftetestsr

the worn surface was smooth which indicates resistance to groove formation. This was
verified bythe 6 times better wear resistaniteexhibited,compared tchardened AlSI
1045 steel[15]

4.4.2 Halides, metal oxide based materials and others

The use of alkali fluorides, like CgFas solid lubricants based on the low shear stgém
and theirthermochemical and thermophysical stabitityelevated temperatures.

Titanium dioxide, TiO>

The lubrication properties of certain oxides in elevated temperatures, includingigio
based orsoftening of the compoundsdthus becomingnoreeasy to shear. Oxides pro-
vide good levels of friction coefficients in terms of wear and thus enhance the wear life.
Downsides are that oxieleased lubricants wear out quickly because of their brittle nature
and also do not provide lubrication in room temgiure. Oxides are used as lubricants in
high temperature applications like seals, valves, valve seats and gears for ejgthple.

The effects of Ti@-doping as a solid lubricant hanot been studied vastly. The effect
on nicketbasedardfacingcomposite coatings112,usinglaser cladding on carbon steel
with TiO2-doping shows, that it has potential in adding wear resistance by lubrication.
This was studied by Chao et |3]. The compogion of G112 is shown iffable7. With

a proper amount of TiEX~3-4 wt%) it was shown that good quality coatings with no
pores and cracks could be created. Cracking sensitivity and esestiance were greatly
improved,although some decrease in hardness was meadurediecrease of hardness
can be explained with increase of eutectic amounts. Eutectic anadsmpsovide ketter
cracking sensitivity TiO2-doping affected the microstructure of the coating by refining
grain size and in makingyaindistribution more homogenous in the coatiryse refine-
ment of grain size can be explained with generation of new phases likafdBTiC
meaning more nucleation sites in the matnxTiO,-doped G112 coating the grain sizes
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of dendritic phases were approximately 2 orders of magnitude smaller than in pure G112
coating.

Table7. Composition of hardfacing 132 powder
Alloy (Wt% ) \ Cr \ Fe | C ] B \ Si \ Ni
G112 \ 1518 \ 143 | 0.6-0.8 \ 3.545 \ 3.04.0 \ bal.

Some experimental activities show that fully stoichiometric rutile and titanium suboxides
are rather a lovwear than a low friction material.he beneficial effects ofxygen va-
cancies in rutile TiQhas been demonstrated by Garfi@y. The vacancies form a lubri-
cious oxide film and thus enhance the shearing mechanism.

Storz et al[75] studied tribological properties of therrmsdrayed Magnéliype coatings
with different stoichiometries of titanium oxides {Dbn1). They tested wear properties
at 23 and 400C. Under drysliding wear tests at 2& the coatings exhibited high friction
coefficients at the range of 0078. At 400°C the friction coefficients decreased between
0.5 and 0.6 but similarly the wear rates increased for about one order of magnitude.

Manganese sulde, MnS

Manganese sulfide, MnS, has a melting point of 181,0density of 3,99 g/cfand has
shown potential to be a solid lubricant under certain conditidasing relatively high
melting point enables it to be used in higmperature applications wte lubrication,

low friction coefficients and low wear rates are necessary. Skarveli§ &ladtudiedthe
lubrication properties of MnS addition with hard carbide particles (TiC, WC) in compo-
site coatings with promising resulfBwo types of coating powders were prepared; one
with TiC and the other one with WC. Powders contained136 of TiC/WC, 12.56w:%

Mn, 7.44wt% S and 50m% Fe. Coatings were manufactured on steel substrates with
Plasma Transferred A(®TA) welding. SeHlubricating properties of MnS occur on the
wear tracks as formation of manganese sulfide film. The addition of manganese sulfide
affected the friction coefficients decreasing them from @50 to 0.250.28 compared

to similar hard coatings without the MnS additi®multaneously, wear rates were two
orders of magnitude loweo der of10° mm?/m N) than without the MnS additiofthe
studies also showed, that to achieve low wear rates also hard particles are needed in the
matrix; MnS addition cannot provide low wear on its own. The hard particles support the
applied load and dampen mechanisms of wear. This result was discoverecbwipam-

ing results of another investigation of Skarvelis e{&l]. The wear rates decreased by
approximately 100 times in the presence of enhancing parfic&s.

Zuomin et al[79] studied the effects of TiC together with GAFnS particles on sintered
high speed steels at elevated temperatures. The lubricants were sintered into the metal
matrix instead of claddinglhe addition on MnS has some negative effenthardness
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since its hexaplanaric structure, especially in higher temperatures. Wear tests indicated
that sintered steels with TIiC+MnS performed better against softer materials, but with
harder ceramic counterpiece the friction coefficients were sipiroved compared to

plain sintered steel. The negative effects of MnS addition to hardness were also noticed
by Bolton et a[80].

Calcium difluoride, CaF

At lower temperaturecalcium difluoride Cak, is brittle and has no lubricating proper-
ties, but with rising temperature a transition occurs from a brittle state to plastic state, and
enabés the lubricativgroperties of the materiallhe lamdlar structure of CafFshears
along the basallane of the hexagonal structure creating a transfef{&#h Xiang et al.
[81] investigated higltemperatureantiwearcomposite coatings on Ti6Al4V alloy with
seltlubricating Cak using CQ-laser claddingThey added 2@t% of Cak into ao-
NICrAITI/TiC powder.It was discoveredthat the coatingvith Cak has superior wear
and friction properties compareddaimilar coating without the addition of the lubricant.
It exhibited a friction coefficient of 0.21 at 60G, which was approximale50 % lower
than the coating without CaFThe wear rates were quite similar at low and 3D@em-
peratures compared 3eNiCrAITi/TiC coating, but at 608C the addition of Cafseemed

to decrease the wear rates under dry sliding test. Lower weaate08°C were ex-
plained by wear mechanisms; the addition of Caltered the mechanism from abrasive
and oxidative wear into the generation of transfer films.

Wang et al[82] studied wearesistant CafAl.Oz coatings laser cladded on28k sub-
strates. They used AD:-30 % Cak powder mixturesand lower laser power density in
order to avoid the decomposition and vaporization oh@akwdersThe specimens were
pre-heatedbefore claddingConpared to laser clad monolithil 20z coating the addi-

tion of Cak greatly improved wear resistan¢@eom 1 to 29.29)and lowered friction
coefficient(from 0.60 to 0.48under dry sliding wear testvenat room temperaturéiu

et al.[83] studied composit Ni-Cr-C-Cak coatings laser cladded onoarliAl alloys.

They used a high content of 40% of CaF in the powder and a 5 kW CW G@ser

with 2.0 kW of laser power. Good quality coatings were produced although some vapor-
ization of Cak was bound to happen during the cladding prodesa.furtherstudy by
Luetal[84]wi t h Nd: YAG | a $ABC3/TiCiCakxrocad u aHiAdg oo
alloy, electroless plating of Cakvith Ni-P was used. Similar 40t% of Cak was also

used in this study. It wadiscoveredthat the electroless plating of GaEduced friction
coefficient of the coating significantly compared to fudated powder coating. Also wear
mass loss was decreased meaning a better wear resistance witR€afts mean that

the electroless plating of Ca&ffect the floating, decomposition and vaporization aFC
during the cladding process towards a positive direction enhancing the wear properties of
the coating.
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5. OBJECTIVE OF THE THESIS

In the pursuit of more reliable, lasting and higmality solutions in engine technolagy
material technology and surfacegineering are the key players in the field. Engine com-
ponents have to withstand high amounts of mechanical and thermal stresses with every
revolution of the engine. Especially the components in the combustion chamber are under
heavy service conditions andust endure in order to engine to continue working as
planned. Malfunctioning of these components may result in severe damage to the engine
and thus result in extra costs and downtime of the machine in quastian worst cases

even endangering lives

In the circumstances mentioned most commonly used materialsgaig iloyed, for
example supeailloys, stainless steels and other special steels. But in many occasions the
materials are still not durable enough, and lfig teason these components camlbd-

ded with a thick layer of wear and hot corrosion resistant coatings. These clads increase
the lifespan of components by a huge factor. There are many different cladding techniques
which are used to manufacture these type of coatings. For exam@egitfypes of arc
welding, thermal spraying and laser cladding methods are used. These methods provide
excellent adhesion properties between the substrate and the coating and-anewrms|

thus are available in the market with good practical experidieeusual disadvantages

of coating processes, especially-arelding, is the high heat input. Thasfectsthe base

metal properties, increase the risk of cracking and can bend or shape the components in
an unwanted way.

In this thesis a relatively newethod of arewelding is being studied called Cold Metal
Transfer (CMT). This arevelding process was brought to the market by Fronius Interna-
tional GmbH in 2005, and was first developed for thin section welding and brazing pur-
poses. The heat input of theopess is dramatically lower than in conventional welding
processes. This has been achieved by the digital process controlasiexplained in
more detaiin thepreviouschapters. The coatings studied in this thesis are those enhanc-
ing wear and corrosh resistance in engine components.

The CMT-equipment in Tampere University of Technology (TUT) is rather nevoatyd

a few cladding tests have been run before the beginning of this. thesithis reason,
there were some (and still are) some new thfogshe research team working with the
CMT. The CMT-equipment is located at TUT in a facility with other heavy equipment
(lasers, lathes and some other machining apparatus). TheegMpment is made by
Fronius and is called CMT Advanced 4000R singlee and it is attached to ABB IRB
4600 robot. The robot controls the movement of the welding torch, and it can be pro-
grammed for different types of welding, cladding or additive manufacturing applications
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(one pass, weaving motion, multipass with overlappatg,). The welding platform is a
round plate with the ability to a rotating motion for circular welding/cladding.

A few different types of base material discs were mainly used, diameters varying from
approximately 60nm to 120mm, thicknesses being fro20 mm to 30mm. The materials
were42CrMo4(quenched and tempered), which tempering steeDther materials are

a nickelbased superalloy and martensitic stainless steel. The coating materials are Stellite
12, a Caebase superalloy, and both togethettva solid lubricant powder addition, which
enhances sliding properties in low sulphur fuels burning engines.

The goal is to find the optimal cladding parametersthe Caebase filler materiaby
searching similar studies and experimebtd,mainly by méing cladding tests, research-

ing the samples and analyzing the resdlte base materials can be quite difficult to clad
because of their tendencies of cracking, and therefore some heat treatments are necessary
before and/or after the cladding procesavoid cracking and to achieve wanted material
properties and structuréSMT providesmanyprocess parameters for adjusting the coat-

ing properties.

Other challenge is that the desired coating materials are not available as solid wire. Due
to manufacturingifficulties (low ductility), Stellites are available only as tubular wires

and they are designed mainly for hot arc welding processes. The diameteradrédx

wires is usually above 1.6 mm and CNdfocess may not function with such great diam-
eters. Thavailability of 1.2 mm diameter flugored wires can also be an issue as there
are not many manufacturers for wires like this.



EXPERIMENTAL PART

72



73

6. MATERIALS

In this chapter the materials vital to this thesismesented. The base madds include
anickeilbase superalloy (to be known as ANi al
be knowstaeel 6Fr The coating material wir
1l2wireandaChase wire ( tCoaldy®) .k nScwmteriaf@eces are
presented irFigure41; Cr-steelin the middle andNialloy on the righthandside. The

exact compositions of the base materials are not reported in this thesis due confidentiality
reasons.

Figure 41. Base mteri'al discs:Cr-steeldiscson the lefand Nialloy on the right

6.1 Base materials

Nialloy discswere 30 mm thick discs with a diameter of 63 niilme alloy mainly consists
of nickel and chromium together with some other alloying elementsteéimaterial
was useds discs (D=100nm, t=30mm). The composition of Gsteel consists mainly
from chromium and iron with some other alloying elements.

6.2 Stellite 21 wire consumable

The coating tests were started watellite 21 tubular wire with 1.2nm diameter. TIs

wire was only used as a training material, as it was already in our possession and ready
to be used. Stellite 21 is trawharked name for a Co@iloy by Kennametal Incorpora-

tion. It is a corrosion resistasblid solution strengthened typdoy with mutiple appli-
cations,e.g. biocompatible hip implants, denture alloy and jet engines. The structure of
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Stellite 21 consists of a CoCrMo alloy matrix walsmall amount adispersed hard car-
bides. These carbides both strengthen and add hardness to theithlithe expense of
ductility. The final properties of the alloy can be altered via heat treatments and process
parameters. The nominal composition ofll§&e21 is presented iffable 8. Co-based
matrix dominates the corrosion properties, bringing eaoelcavitation, galling and
metatto-metal sliding wear resistance. Hard particle abrasive wear is not recommended
for Stellite 21. Surface has tendertoywork harden significantlyThis alloy is hypoeu-
tectic. [1,85]

Table 8. Nominal compositionwt%) of Stellie 21 wire consumab|&5]
Material ‘ C ‘ Mn ‘ Si | Fe ’ Cr ’ Mo ‘ Ni ‘ Co

Stelite21 | 025 08 = 08 <30 27 55 25  bal

As this alloy is not the primary material concerning this thesis, no further investigation
will be done.

6.3 Co-alloy wire consumable

The tubulay Co-basewire used is 1.2nmin diameterlt is quite similar to Stellite 21 but
with some changes in the composition. It has good resistance to abrasion, erosion, cavi-
tation and severe sliding wear.

6.4 Stellite 12 powder

Stellite 12 powder was used together withS, andW$S; solid lubricans. Stellite powder
and selected solid lubricantere ball milled together to enhance the mobility of the lub-
ricant in the powder feeder. Powder is manufactured by Hoganas Béyiuirhe name

of the powder is HMSP 2541 with particle size of -B8)um. The comosition of pre-
sented inTable9.

Table9. Nominal compositionwt%) of HMSP 2541 powder
Material ‘ C ’ Si | Fe | Cr ‘ w ‘ Ni ‘ Co

HMSP2541 | 14 11 10 285 80 15  bal

This powder was selected iagxhibits similar properties timethe Cebase wireand was
only used with Wgand Mo$S powdes.
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Different types of solid lubricant powders were used with the powder feedeil bage
powder and their ppeerties are presentedTiable 10.

Table 10. Properties of the solid lubricants

Powder Composition Particle size Density (g/crm)
MoS; 99 % MoS average 4.8
Cak 98 % Cak -100 +44 3.2
WS, 99.8 % WS average 7.5
TiO> 99 % TiG 451 22 ¢ 4.0

Titanium dioxide powder is nmaufacturel by HC. StarkGmbH The nelting temperature
is 1843°C. Wolfram disulfidepowder is manufactured by Ceraied he melting point is
1250°C. The microstructures of the powders are present&wjure4l.
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/. RESEARCH METHODS AND EQUIPMENT

This chapter introduces the CMA¥elding equipment as well as the research methods and
equipment used. Various different researgthodswvere practiced in order to investigate

the materialsMost of these methods are destructive, meaning that the component must
be broke apart in order to test certain properties.

7.1 CMT welding equipment

Welding experiments were conducted in Liaboradory of Mechanical Engineering and
Industrial Systems (MEI) at Tampere University of Technolddne characterization and
sample preparation was done at the facilitiekalforatoryof Material Scienceln this
chapter the practical part of this thesipriesented along with the equipment and reasons
behind the experiments.

Fronius International GmbH manufactures all of the CMT welding equiprniéetweld-
ing equipment consists of a TransPuls Syned®00 R powersource (1), FK 4000 R
cooling unit (3), VR7000 CMT wirefeeder (5), Robacta Drive CMT welding torch (6),
and a wire buffer (7). This whole is coolled with RCU 5000remote control (2). The
equipment is attached to an ABB IRB 4600V2.55 obotunit with digital controller (4).
This eaqlipment ispresented ifrigure43.

Robot Vo
ot C

Figure 43. CMT-welding equipmenB87]
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The power source is fully digitized and microprocessmmtrolled MIG/MAG power
source for short circuit, spray and pulsed arcs. It also supports the CMT Advanced weld-
ing. It is designed for industrial use in automated andtrapplications. Its welding cur-

rent range is 300 A (MIG/MAG) with a working voltage of-840 V. Synergic opera-

tion means that the welding is made easy by just selecting material and sheet thickness
and the machine controls the welding process autoatigtiRecommended base materi-

als for this power source are aluminum, CrNi, special metals and steel. This unit is water
cooled by FK 4000 R attached at the bottom of the [88i.

VR 7000 CMT wire feeder pushes the wire from the coil into towards the welding torch
via wire conductor with its small feeding motor. The wire buffer is an important part of
the process, as the wire feedetygoushes the wire forward. The welding torch has its
own motor for wire feeding also generating the baokforth motion of the wire. The
wire buffer lets the wire length vary meaning that it decouples the front and rear wire
drives. Wire buffer and itRinctionality is presented iRigure44.

X
i\

Figure 44. Wire buffer. Arrow indicatethe movement of the wire conducasrthe
length of the wire chang¢87]

This wholeequipmentis controlled by the remote control, RCU 5000i. It controls the
power source along with values related to weldiizga digital display. It is connected to

the system with a LocalNet connector. With this controller almost every aspect and fi-
nesse can be controlled even during the welding. Databases with preset welding programs
for different filler materialscanbeupo aded i nto it, and these
different purposes. Jobs have certain synergic lines for materials depending on the com-
position and other properties of the fillers. Synergic linaskeswereexplained in chap-

ter 33. The controllemlso stores data for each welding with timestamps and welding
values, such as minimum and maximum currents, voltages, job number and the number
of the synergic curve used.
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This welding system is connectexhd contolled by ABB IRB 460040/2.55 pbotunit.

This robotunit also includes a coordinatidturn table, rotating tabldable for the work

piece. Many types of movement can be executed to create welds wherever they need to
be done, including cylindrical shaped rod cladding etc. Rotating tableralgidgs good
possibilities for additive manufacturing withMI'. The reach of the robot iS55 meters

with a payload capacity of 40y and an armload of 20gk Capacity of the turn table is

700 kg.The whole system at TUT was built in a way that the ralstgally controls the
beginning and the end of the welding, acting as a master in a way, thee@Npiment

being a slave.

7.2 Powder feeder

For cladding tests with solid lubricants
Al one, Duo L a ®tedérnozaeavas attasheddvith a€ldamp to the welding
torch and aimed towards the tip of the wire consumable. The distance from the nozzle tip
to the wire tip was approximately8cm with 4345° angle.

7.3 Planetary mill

Ball milling was used to milStdlite 12 powder and solid lubricants to enhance the mo-
bility of the solid lubricant particles in the powder feeder ho$gpe of the planetary
mill was Fritsch Pulverisette Steel balls with 11 mm diameter were used in the milling
process.

7.4 Sample preparation

The metallographic specimemsepared wre30 mm dameter Polyfasspecimes (Fig-

ure 49. The resin conductslectricity, whichis required for scanning electron micros-
copy(SEM) inspections. This type @&pecimeris used because it can be examingtth

almost all of the research equipment required in the tests executed (microscopy: optical
and SEM; hardness testing). Preparation includes a few steps to get theskiedimien
necessary. Firsthe base needs to be cut to get the esestion ofthe weldbead This

usually takes many cuts to get a suitable micro section, as the specimen must fit into the
30 mm Polyfastspecimerbutton.In Figure 45a base material disc with sample cut away

is shownWhen the micro section is readdample preparan with Struers CitoPres$0

comes nextThe micro section is inserted into the machine and Pohgtdsstance is
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placed on top and around of it into the tube. The machine then adds heat and pressure to
mold the PolyFast resin into a hard button withrthero section in it.

Figure 45. The base material with overlay welding

After the specimerbutton is molded it needs to beogndand polished to get the cross
section visible. For that@truers manufactured Pederagrinder, polishing and lapping
machinewas used. It has an adjustable rotating plate capable of doing 150 or 300 rpm, to
which the abrasive paper of polisher plate is set. Sfjf@eimes are put on apecimen
holder (16 pieces) which is then fixed on a holder on édphe rotating plate. Correct
pressure is adjusted for the grinding using a knob in the grinder itself.

For thesespecimeg,a basi c Aprogramo was miroelke and
surfaces The program consists of 1 minute of grinding with B2R600 and P1200
(ISO/FEPA) papers with 30 N load. This brings the micro section visible if there was any
resin on it and makes the surface flat. After this the grinding paper is switched to a pol-
ishing cloth, in this case MIDAC by Struers. lis made okatin woven acetate. As an
abrasive DiaPro Dac|8n waterbased diamond suspension is uSgzecimens polished

with these for 3 minutes, suspension added for approx. every 30 seconds. T8patihe
imenis finished with even finer cloth made of porouspreme, MDChem from Struers.

A colloidal silica suspei@n, ORU, with grain size of @4 um. This final polishing is

done for two minutes; first minute the lubrication with-ORsuspension and the second
minute with just tap water. The results with thypd of preparation has proved to be
suitable and good for ogpecimen. [89]

¥
Figure 46. Typical specimerbutton groundand polished
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After polishing thespecimes are washed using an ultrasonic wagfianSonic m08
This removes any diand impurities so that trepecimercan be safely inspected with
SEM and other equipment without the fear of contamination.

7.5 Microscopy

Different kind of microscopes were used for their special capabilities for inspecting the
macrae and microstructuresf the specimes preparedTypically, the first one was the
optical microscope, which is versatile and quick to use with mfiagtions from 25x up

to 200x Optical Microscopy (OM) wasgsed to inspect the macroscopic properties of the
coatings.The opti@al microscope used was Leica DM 2500M. The Scanning Electron
Microscope used was Philips X20 with some external analyzelSEM was used to in-
spect the microstructure and composition ofdgpecimes.

7.5.1 Low-magnification images with optical microscopy (OM)

Optical microscopy is a fast way to analyze visual properties o$pgbeimes. It is a

quick way to inspedf the coating has desired properties like fusion with the base mate-
rial, if it is porefree or if there are many unmelted particles and swéth OM, Live

Image Builder-function was used to compile multiple images to get the whole-cross
section into one imagdfter acquiring images with OM they can be further analyzed to
calculate things like dilution, penetration depth, deposition rate, clgig amd other
properties. For this thesis a program called ImageJ was used to calculate the properties
mentioned. One has to bear in mind that the image acquired with OM (or SEM) is only
one crosssection of a larger whole. If the coating is not smooththatk is lot of varia-

tion, a simple crossection is not enough to provide reliable information about the coat-

ing.

7.5.2 High-magnification images with Scanning Electron Mi-
croscopy

Scanning Electron MicroscopysEM) was used to further analyze thpecimen & it

brings out differentelementsas different shades in the imagkss also capable of much
greater magnificationgfrom 10-200000x)than OM to observe thspecimes with a
higher precisionWith some adéebn of the equipment it also possible to idntiifferent
elements in thespecimenfrom a certain aregDne other strength of SEM is the much
greater depth of field compared to OM. With the equipment at TUT also microhardness
measurements can be done.
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7.6 Composition and material phases

It is importantto understand the effects of the welding process to the materials involved.
That is why thechemicalcomposition and phases need to be analyzed in order to predict
the behavior of the material under stress. This chaptgws shotly the research meth-
odsused.

7.6.1 Energy-Dispersive X-Ray Spectroscopy (EDS)

EnergyDispersive XRay Spectroscopy, EDS, is used to identify the characteristigs<

of different elements as the material is exposed to an electron B&&detectoyfEDAX

DX 4, integrated into the S#-equipmentcollects these Xays and turns them into a
spectrum from which specific elements can be identified. It can be used to determine
chemical composition from a smaller areag. size of a few microns of interest, or to
map a larger are&DS, inthis thesis, was used to identify compositional dilution of the
specimen, different carbides, unmelted particles and solid lubric§@@$.

7.6.2 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is the only laboratory technique that reveals certain structural
information of materials. With XRD such properties like chemical composition, crystal
structure, strainra layer thickness can be obtainddhe equipment at TUT is called
Panalytical Empyrean Multipurpose Diffractometiérexploits the unique-@pacings of
each material to identify therby directing monochromatic radiation towards speci-

men The incidehrays interact with the material and ggecimerproduces constructive
interference and a diffracted-pay, which are then detecteBly counting and processing
these Xrays and comparing them with standard reference patterns materials can be iden-
tified. XRD-analysis can be used to many forms of materials including solids, powders
to thin films and coatings. In this thesis XRD was used to observe the mptersas
[91,92]

7.7 Surface roughness

Surface roughness measurements were used to estimate the quality of the surface of wear
test pieces, as the wear surfaces needed to be fine enoughvieatitests to be reliable

and consistentAt this point the disks were alreadyogind to achieve a surface fine
enough.Mitutoyo SJ3}301 devicewas used t o me asAccodlingttthe r O
standardASTM-G99the surface roughness needs to be at led&BRan.
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7.8 Vickers hardness measurements

Material hardness is measured by its ability to withstlendts caused by another material
whose hardness is known. Hardness is evaluated by the siesrafentationcaused by

the test; in softer materials the rkha deeper and bigger than in harder materialsther
words, hardness is materials ability to withstand plastic deformadmnlness measure-
ments are executed to evaluate materials properties and to predict functionality in differ-
ent circumstances. lHdness effects wear, brittleness, machinability and many other vital
properties of a material.

Hardness measurements of this thesis were executed with Vickers hardnessngst
Matsuzawa MMTX7 hardness testeYickers test can be executemall metllic mate-
rials and it has the widest range of hardness valésis testa pyramid shaped diamond
tip (facet angle 139 is pressed with a certaload F (in N) onto a surface of material, in
this case the cross semtiof thespecimes. The load is pplied for 10 second®imen-
sions d and @ of theindentationcaused by the tip are measuradd the hardness value
is a result from the ratio between the load value and the area of thédptit.of the
indentationis marked with the letten. Indentaion is presumed to be similar, square
based pyramid, as the diamond tip with the same apex aftidetest arrangement is
presented ifrigure47. [93,94]

Figure 47. Principle of the Vickers hardness t¢34]

The result of the test is presented as follows: xxxHVyy, for example 350HV10. If the
load time differs from the defined 41b secods, values are presented xxxHVyy/zz, for
example 350HV10/2(93]

350 is the hardness value,

HV is the unit,

10is the approximate load in kijyramforce (kgf), where 10 kgf88,0665 N,
20 is load time (20 s), only statddiffers from defined (1615s)

= =4 4
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Standard SFEN ISO 65071 states some requirements for the circumstances and the test
piece itself. The concern mainly the cleanliness and surface of the test piece. The surface
investigated must be smooth and flat, free from impurif@®ign materials and espe-

cially from lubricants. The surface quality must be good enough for reliable measure-
ments of the indentationtn samplepreparation it must be taken into account that the
surface hardness is not affected by measures usedtwa ¢mld forming[93]

All of the hardness measurements were done with a similar method and pétieh is
described irFigure48.

.
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Substrate - .

Figure 48. Hardness measurement pattern and an exampler@age

7.9 Wear tests (Pin-on-disc, ASTM-G99)

Wear tests fospecimes have beerunto determine their wear behavior under conditions
similar to service condition®in-on-disk tests also gives friction coefficient valudgar
testswere done at TUT with pton-disk deviceCETR UMT-2. The equipment in TUT
enables the testing to be done also in elevated temperatures which is an important issue
considering the operating environmenteof). engine components a diesel or a gas
motor. Materials tend to behave differently und@ym temperature and in elevated tem-
peraturesBelow is a schematic presentation of a-pmdisk test device, whemR is the

pin contact distance from the center of the diskis the diameter of the diskn the
predetermined force of the test ands the rotational velocity of the disk. The sliding
velocity v = Ry. Testing time is also predeterminékhe wear results are measured by
the material loss in the specinserboth separatelffhe test schematic is presented in
Figure49. [95]
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Stationary Pin
Holder

Rotating Dis}::

Pin Specimen

Figure 49. Schematic presentation oftypical pinon-disk test devicfO5]

In this thesis, a force sensor with range ofZ20BN with 10 mN resolution was used. The
disk size is 70 mm in diart@r, and the pin diameter is 6.35 mm.
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8. CLADDING TESTS

The goal of this thesis was to investigate the suitability of @N&fiding of wear and
corrosionresistant coatings wit@o-alloy on materials used in engine componeAts-

other main agenda was to sout a suitable solid lubricatitat can withstand the process,

in order to further reduce friction and wear in the applications mentidnadge amount

of coatings with altered process parameters on different substrates were produced during
the completio of this thesis. Tests were executed in order to gain knowledge on the pro-
cess and to optimize the properties of the coating. In this chapter the results of these clad-
dings are reviewed.

8.1 Basic cladding tests

The basic tests were executed to investigaeGMT-process and the effect of the vast
amount of parameters in the properties of the coating. The tests wergezkwithStel-

lite 21 wire andCo-alloy consumables trying out synergic lines and protective gabkes.
first tests executed witBtellite 21 were not that vital and were executed to optimize
parameters before starting out wib-alloy; that is why the tests usirigp-alloy are em-
phasized moreDuring all of the testghe angle of the torch was 9ferpendiculato the
base materialThe compete minutes of tests can be found in appedand B

8.1.1 Stellite 21 coatings

The claddingestsbeganwith Stellite21 wire The goal with these tests was to optimize
parameters towards a low dilution and low heat input direclibe. substrate material
used was mainly a 20 mm thick disc of 42CrMo4 with a diameter of 120 Some
claddings were manufactured blialloy substrate and o@r-steelto see the effects dif-
ferent base materials have on the procbggs were cleaned with acetone prior to ex-
periments and clamped to avoid the movement and distortion during the welding tests.
All of the tests were run with CMprocess using synergy curve no. 1206t ell.2 i t 2 1
mmo in database M0B271 with Argon as the protective gas. Other parameters such as
wire feedrate (WFR) travel speedndarc length correction (ALC) were changed one at

a time to observe and monitor the effects of each paraniigng cladding tests, both
stringer beads and weave beads were manufacwitbdone or multiple overlapping
bead. The complete parameter prodiegs can be found as appendix A
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Wire feed rate was altered between 5.0 and 8.0 m/min depending whether weaving mo-
tion was used or not. With weaving motion WFR was at the low end of this range. Trans-
verse velocity was ated between 3.5 mm/s and 13.3 mm/s. With single bead the veloc-
ity can be higher and when using weaving motion, the value we found close to optimal
was 3.5 mm/s. Although the cored wire showed a bit of sparkling and crackling during
the tests, cladding witboth weaving and linear motion, using single and multiple passes,
CMT was successful of manufacturing nearly spdtese and defeefree coatings when
inspeded with the naked eye. Figure pfesents sample STAPR2. The parameters used

in manufacturingf this clad areshown in Table 11along with other coatings which were
prepared to samples. The cr@estions of the samples in the table are presented in chap-
ter 9.1.1.

Table 11 Stellite 21 cladding process parameters

Sample SP1-004 ST21006 ST21020 ST21022
Material Clad Stellite 21 Stellite 21 Stellite 21 Stellite 21
Base 42CrMo4 42CrMo4 42CrMo4 Nialloy

Number of beads 1 4 2 1
Synergic line 1291 (Stellit 21)| 1291 (Stellit 21)] 1291 (Stellit 21) | 1291 (Stellit 21)
Voltage(Vave) 10.4 10.3 11.6 12.1
Current(Aave 194 187 152 139
Arc power, U x W) 2018 1926 1763 1682
Welding energy 202 193 504 481
E=((U x 1)/ v)IJmm)
Wire feed rate fn/min) 8.0 8.0 5.0 5.0
ALC Y -30 -30 +15 +30
DC -5 -5 -5 -5
Protective gas 100% Ar 100% Ar 100% Ar 100% Ar
Travel speedv (mm/s) 10.0 10.0 3.5 3.5
Weavingstringer(width) stringer stringer weaving (12nm) | weaving(12 mm)

=

- ~N

-
0 1 2 3 4 8 6 7 8 9

Figure 50. Sample ST2022
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8.1.2 Co-alloy coatings

The tests with this wire werdasted after parameter optimization with Stellite 21 filler
material. Stick-out remained the same during all of the tests at 17 lAmst coatings
samples TH12&01 to TH12G002,were produced with a high heat input synergy line,
A F C WardFkcing( 1 3 5and with a straightforward motion without weaving. Mison18
was used as protective gd%sts with this synergic line produced lots of spatter and
seemed to be too hothe parameters of sanests are presentedTiable12. Figure 51
presents the first sgtes produced witlCo-alloy.

Table 12. Co-alloy process parameters

Sample TH12G001 TH12G007 TH12G016

Material Clad Coalloy Coalloy Coalloy
Base 42CrMo4 42CrMo4 Crsteel

Number of beads 1 3 (ayered 1

Synergic line FCW Hadfacing (1357) G3Si (1362) G3Si dynamic (1640

Voltage Vave) 25.6 9.4,9.0,7.8 14.8

Current(Aave 242 60, 59, 58 190

Arc power, U x M) 6195 564, 531, 452 2812

Welding energy 466 56, 53, 38 803

E = ((U x 1)/ v¥tnm)

Wire feed rate in/min) 8.0 1.0 5.0

ALC %Y -30 -6,-11,-17 -30

DC -5 0 -5

Protective gas Mison18 Mison18 Mison18

Travel speednim/s) 13.3 10, 10, 12 3.5

Weavingétringer(width) stringer stringer weaving (16nm)

Figure 51. Sample TH12®01top) and TH12G002 (latter)

After these first tests and the evaluations of properties it was decided to change the syn-

ergic line to a one with less heat infat samples TH12&03 to TH12G010. Some help
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from a representative from Pronius was received andvasgeergy line for G3Si was
chosen. One reason for this selection was the fact that there was also a dynamic synergic
line for thismaterial, whichwasto betested The fAdynamico term me
wire motion is increased from H¥ to up to 14z compared to the normal CMT option.
During first tests also a coating with three layers on top of each other was manufactured
for the purposes of testing the hardness that can be achieved with the equipment and filler
material. This excludes the issuesh dilution affecting the hardness and gives a refer-
ence point for the achievable hardness values for the co@itiege beads are presented

in Figure52. The objectiveof these first testwas to optimizehe parametersndto test

how thestringerbeals could be overlappeWWFR was altered between 8 m/min and 9.5
m/min andtravelspeed between 8.5 mm/s and 16.7 mm/s. Coatings were produced both
onCr-steeland 42CrMo4 substrates and Mison18 was used as the protectilzEgaas

mainly set at 0 and AL@as set to © and 10%. All of the processes seemed to produce
solid and pordree coatings with only a minimal amount of spattering.
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Figure 52. Samples TH12®06 top) and TH12G007 (atter)

After stringerbeadtests and sme microscopic and other measurements it was decided to
carry on the test with weaving motioBase material was mainly S355 steel plate
(200x400mm, thickness 1Bm), butwith some samples algor-steeldiscs were used.
Tests TH12@011 to TH12G016 were perated with G3Sil (dynamic and normal) syn-
ergic lines with ALC-30% and DC at5. They werananufacturedavith weaving motion

and the goal was to optimize the width of the bead to approximately 19 mm; this is the
optimum value for one applicatiomhis wa done by adjusting the weaving motion width

at the range of 12 to 16 mm. Other parameters were kept constant; WFR 5.0 m/min with
3.5 mm/s travel speed. Mison18 was used as the protectivBayaples TH1215 and

-016 are presented kigure53.
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Figure 53. Samples TH12®15 top) and TH12G016 (atter)

Next samples TH12®17 to TH12G024 were manufactured witlyrsergy line 1291 for
Stellit21, other paranters were kept almost the same; ALC was adjuatede range of
-15%to +30% and travel speed was lowered to 3.0 mm/s to reach a good coating quality.
These coatings were manufactured on S355 steel platestarting current and duration
were increased a bit (120 current for 0.4 seconds) to get rid of a hole that appesred
the startAt the end of these tests the best result (THD2&)was achieved with ALC 0

%, DC-5, WFR 5.0 m/min with 3.0 mm/s travel speed as the width of the weaving motion
was 16 mmSample TH12&24 is presented iRigure 55. Table 13presents pragss
parameters of further tests.

4
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3

Figure 54. Sample TH12®24



Table 13. Co-alloy process parameters
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Sample TH12G024 TH12G030 TH12G034
Material Clad Coalloy Coalloy C(.)alloy
Base Crsteel Crsteel Nialloy
Number of beads 1 1 1
Synergic line Stellit21 1.2mm (1291] Stellite6 1.2mm (1656] Stellite21 1.2mm (1657
Voltage Vave) 14.9 13.7 15.4
Current(Aave) 155 166 172
Arc power, U x W) 2310 2274 2649
Welding energy 770 758 883
E = ((Ux1)/vi¥nm)
Wire feed rate in/min) 5.0 6.0 6.0
ALC Y 0 0 0
DC -5 -5 5
Protective gas Mison18 Mison2 Mison2
Travel speednim/s) 3.0 3.0 3.0

Weavingktringer(width)

weaving (16nm)

weaving (16nm)

weaving (16nm)

After examination it was ruledhat too high dilution caused the lack of hardness with the
previous testsThe protective gas, Misonl8, with high amount of-C@ay also have
caused thisGas was changed to pure Argon (TH1@5 1 TH12G027) and then to
Mison2 with 98% Ar and 2% CO; for TH12G028 to TH12034.Base materials were
Cr-steeldiscs and with TH12G033 and-034the base wabhlialloy. ALC was kept at 0
% and DC at5. WFR was altered between 5.0 m/min and 6.0 m/mpraeide enough
material toproduce a dense coating with aflthe synergic lines. Travel speed was kept

at 3.0 mm/s. Different Stellitsynergic lines were used to see the differences between

t hem. The

Nn1653

i nes

used
Stell it e eRtifepallsedmedtpraduce gense and geeent took-

wer e

1291 St el

ing coating with no holes and reasonably smooth surfAsesage voltage values ranged

from 12.0V to 15.4\andcurrentfrom 149A to 176A. Figures 58nd % present samples

TH12G-030 and TH12&34, respdively.

N

I

g

10

Figure 55. Sample TH12®30
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Figure 56. Sample TH12®34

Fronius Xplorer was introduced at one point of the claddings. It is a program which col-
lects data of the process at 0.1 second interdatlad with the parameters of TH12G
0300on Cr-steeldiscwith 6.5 m/min wire feed speed was manufactured and the graphs of
process paraeters are presentedrigure57. The paramets are also presentedTiable

14. Although the wire feed rate seemsvary vastly, the mean value calculated from this
data is 6.5 m/min, whictvasthe preset value. This exhibits how the process is adapting
all the time during cladding.
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Figure 57. TH12G-045 cladding parameters



Table 14. Co-alloy process parameters

Sample TH12G045
Material Clad Coalloy
Base Crsteel
Number of beads 1
Synergic line Stellite61.2mm (B56)
Voltage Vave) 147
Current(Aave) 169
Arc power, U x W) 2484
Welding energy 828
E=((UX/v)dmm)
Wire feed rate if/min) 6.5
ALCY 0
DC -5
Protective gas Mison2
Travel speednim/s) 3.0

Weavingktringer (width)

weaving (16nm)
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After evaluating these samples-on-disk wear test disks were cladd&arthispurpose,

synergc

l1@a®86nNnStellite

60 was

chosen.

Mi s on Z

speedf 35 mm/s, WFR 6.0 m/min, ALC @, DC -5 and weaving width was decreased

to from 16 mmto 12 mm. Base material was 42CrMo4 steel. A larger area needed to be
coatedso 8 beads wegoducedvith 10 mminter-track advancand 80 mnbead length

Total amount of 5 disks were cladded with these parametessage voltages were
around 13/ andcurrensat around 165 A. No cracking was detected during cladding and
the coaihgs seemed to be dense with no blow holes. After cladding the disks were imme-
diately put between ceramic plates to cool down.

After cooling down the discs were lathed to 70 mm diameter and 10 mm thick discs to
prepare them for piondisc wear tests. Theladded surfaces were also fine ground to
reach a fine surface roughness 00RB&1 0.4Q After the treatments the thickness of the
clad in the discs was agpimately 23 mm. One machined disc is presenteéigure

58.

3

Figure 58. Wear test disc
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8.1.3 Stellite 12 coatings (reference)

During the testsa coil ofStellite 12 coredwire with was foundwith no proper markings
about manufacturer or composition. It was decidebeased as a referente seethe
differences between this dtheCo-alloy used. Only one test clad was manufactuzed
the parameters can be seeable15. There is no knowledge of the age or the manu-
facturer of this wire.

Table15. Stellite12 process parameters

Sample ST12001

i Clad Stellite 12
Material

Base Crsteel

Number of beads 1
Synergic line Stellite 21 1.2mm (1657)
Voltage Vave) 12.9
Current(Aave) 176
Arc power, U x W) 2270
Welding energy 257
E =((Ux]1)/v)ynm)
Wire feed rate n/min) 6.0
ALC% 0
DC -5
Protective gas Mison2
Travel speednim/s) 3.0
Weaving/stringer(width) weaving (16nm)

The clad looked similato Co-alloy and the welding and melt pool seemed to act also in
a similar way thar€o-alloy. Sample $12-001 is presented iRigure59.

v =3 2 Sl ol [

Figure 59. Sample ST1P01
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8.2 Cladding tests with solid lubricant powders

Some tests with external powder feeder connected to the welding torch were conducted
with Cak, TiO2 and WS, solid lubricants.The manufacturer of Cafpowder isCerac

with grain size of 48,00 um, TiOx-powder is manufactured by HC Stark Amperit with
grain size of 45/221m andWS,; manufactured by Cerac with grain size less than 1 pum.
Thetestsetup is presented iRigure60. MedicoatA G i St a npbwdel ferdewas
usedwith a powder feeding nozzle type Coax 8 (manufactured by Fraunhofer IWS, Dres-
den, Germany)Argon actedas the carrier gaet 6 I/min, and in addition to carrier gas,
shielding gas with a flow rate of 15 I/min was us&te powder feeding nozlkan be

seen on the left side.

Trian

Figure 60. CMT and powder feeder nozzle setup

The feed rate of the Cafubricant was calculated via deposition rate of @wealloy-
cladding (~3.0 kg/h) so that the goal was to have approxiyna@e20 wt% of Cak in

the finished cladding. The feed rate vaetat 7% (8.2 g/min, and was raised to &
considering the amount of powd®suncing away fronthe melt pool. Powder stirrer was
set to 30%. Tests wereun with pushing andiraggingmotion, meaning the movement

of the welding torch was altered between tedlgih Cak, Co-alloy consumable was
used, and with Ti@Stellite 12 wire was selected. The table of parameters is presented
below.Tablel6 lists the parameters for the cladding manufesd withdraggingmotion.
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Table 16. Solid lubricant addition coating process parameters

Sample TH12@G037 ST12003

. Clad Coalloy Stellite12
Material

Base 42CrMo4 42CrMo4

Solid lubricant (feed rate) 100%Cak (~9 g/min) 100%TiQ (~1 g/min)
Number of beads 1 1
Synergic line Stellite6 1.2mm (1656)| Stellite21 1.2mm (1657
Voltage Vave) 131 12.9
Current(Aave) 161 169
Arc power, U x W) 2109 2180
Welding energy 703 797
E = ((Ux1)/vi¥nm)
Wire feed rate in/min) 6.0 6.0
ALCY 0 0
DC -5 -5
Protective gas Mison2 Mison2
Travel speednim/s) 3.0 3.0
Weavinghktringer(width) weaving (12nm) weaving (12nm)

Less amount of Ti@was used in literature sowasdecided to set the feed rate to ap-
proximately 1 g/m for TiO,. This means around &t% TiO>-content in the finished
coatingThe fl ow of powder and gas from the p
effect on the process and perhaps a little more power could have been used to guarantee
proper adhesiorSimilarly, higher amount of welding energy will cause the decomposi-

tion of the solid lubricants particles which have much lower melting point than the me-
tallic materials usedlhe clads with lubricantdaition can be seen Figures 6l and .

0 1 : 3 4 5 6 7 8
Figure 61. Sample TH12@®37; Cak-addition,draggingmotion.

Cak seemed to rise on top of the clad and dark, brittle slag was formed on top and on the
sides of the weld bead. Also a greenish color could be observed in the slafpriméed
a darker slag on top of the bead and seemed to have a stronger cooling effect on the
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process. Lubricant additions also had an effect on fluidity of the melt pool and both
seemed to make the contact angle smaller; the effect was stronger with TiO

[ETTe
3 4

Figure 62. Samples ST1002 and-003; TiG addition. ST12003 withdraggingmotion
(right to left), ST12002 with pushing motiofieft to right).

Other solid lubricants, MoSand WS, were also used, but for their fine particle siké (
pum) another kind of approach was used to get a proper feed from our powderTaeder.
lubricants were mixed with RTA-gradeStellite 12 powder(grain size 56150 um) using
planetary mill, Fritsch Pulverisette Bhe powders were mixed as different gamands
for 3 hours, with 1Imm steel ballsand 4:1 ballpowderratio. Powder mix 110wt%
MoS; + 90wt% Stellite 12 and two mixes of WSpowder: pwder mix 2. with Dwt%
Stellite 12 and 30wt% WS, and powder mix 3. with %@% Stellite 12 and Bwt% WS,.
Table 17 presents process parameters for the cladding tests.

Table 17. Solid lubricant addition cladding process parameters

Sample TH12G041 TH12G042
Material Clad Coalloy Coalloy
Base Crsteel Crsteel
Solid lubricant (feed rade | Powder mix 1. (14.5 g/min| Powder mix 1.14.5g/min)
Number of beads 1 1
Synergic line Stellite6 1.2mm (1656) Stellite6 1.2mm (1656)
Voltage Vave) 16.4 15.7
Current(Aave) 172 176
Arc power, U x M) 2821 2763
Welding energy 940 921
E = ((Ux1)/v)¥nm)
Wire feed rate fn/min) 6.5 6.5
ALC Y 0 0
DC -5 -5
Protective gas Mison2 Mison2
Travel speednim/s) 3.0 3.0

Weavingéktringer(width) weaving (12nm) weaving (12nm)
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Tests with Powder Mix 1. seemed both to produce dense anftéel®atings. The color
difference of the two beads is significant as can be seEmume 63. TH12G-041 pro-
ducedwith pushing motion of the powder nozzle seems to have a visible dark slag layer
on top the beathat TH12G-042 does not havd@he processes thesiges looked quite
similar, only the gas flow from the powder nozzle seems to have some effects on the
shape and looks of the beads.

7 8 9 0 N 12 13 W

Figure 63. Samples TH12®41 (pushing) and TH12G42 @dragging

Two mixtures of Stellite 12 WS, powders were milled, but only a coating with Powder
mix 2. addition was successfully manufactured. Powder mix 3. with higi§érof fine

sized WS did not run through the powder feeder because of the small particle size, and
a coatng was not manufacted. Table18 presents the coating parameters.

Table 18. Solid lubricant addition coating parameters

Sample TH12G043 TH12G044
Material Clad Coalloy Coalloy

Base Crsteel Crsteel
Solid lubricant (feed rate) | Powder mix 2(15.2g/min) | Powder mix 2(15.2g/min)
Number of beads 1 1
Synergic line Stellite6 1.2mm (1656) Stellite6 1.2mm (1656)
Voltage Vave) 17.2 171
Current(Aave) 172 173
Arc power, U x W) 2958 2958

Welding energy

986 986
E = ((Ux1)/v)¥nm)
Wire feed rate (n/min) 6.5 6.5
ALC Y 0 0
DC -5 -5
Protective gas Mison2 Mison2
Travel speednim/s) 3.0 3.0

Weavingéktringer(width) weaving (12nm) weaving (12nm)
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Similarly, as with powder mix 1, the coatings seem dense and defect free. Also the colo
differences are comparable, as the bead produced with the pushing motion of the powder
feeder is significantly darker &n the one produced wittraggingmotion, presumably
because of a slag lay@figure 64. A high speed video was also recorded of TG4

which shows that the powder feeder nozzle is headed correctly and the powder particles
hit both the melt pool and the arc.

8 98 10 1N 12 ¥ 14 15

0 1 2 3 4 5 6

Figure 64. Samples TH12®43 (pushing) and TH12G44 @dragging

8.3 Remarks during basic cladding tests

It was noticed that especially ti@o-alloy wirei s @Al eaki ngo maoner i al
ductor thus impairing the movement of the wire and resulting in defect in the cladding
process and the coatings themselvsworst case scenario the powder céotk the
movement of the wire entirely and cause the stoppage of the welding process. This leak-
age also affects the composition of the powder inside the wire and therefore to the com-
position and material properties of ttlad itself, including propertieke hardness and

wear resistance. During tipin-on-disk cladding, hat lasted a few minuteshe wire con-
ductor, especially the part from the wire buffer to the welding torch, needed to be removed
and cleaned with pressurized air between each disk tamaproper movement of the

wire. This issue might be influenced with drive roll wheels designed for tubular wires and
the adjustment of the drive roll pressuféese things may cause distortion of the wire
shape and open up the seam, together withabkdndfro movement of the wire, prob-

ably caused the leaking of the wik&hen this leaked powder material was collected from
the wire conductor and analyzed with SEM, it was discovered to include particles of
chrome, boron, silicon and calciumith solid wires this problem does not exist to our
knowledge.
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To find the optimal parameters and synergic lines can be time consuming, but with expe-
rience this thing will not be an issue any longer. Usually, even with incorrect parameters,
a coating was able teebmanufactured.
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9. RESULTS, DISCUSSION AND FURTHER AC-
TIONS

A large amount of test coatings were manufactured during the completion of this thesis.
The results of these testgere preented in the previous chapter, @adding TestsIn

this chapter the redsland the reasons behind them are analyzed. Also further actions are
considered.

9.1 Characterization

In basic cladding tests different parameters, synergic lines and protective gases were tried
to optimize the process characteristics for StelteandCo-alloy consumablewvith dif-

ferent substrate materials. Agenda of these tests was to find out the effect of different
parameters to the macroscopic and microscopic properties of the coatings.

9.1.1 Stellite 21

As mentioned, this filler wire was only used to mtatture a decent coating to finceth
parameters to begin wiBo-alloy. Singlestringerbeads appeared to be quite good, with
a limited amount of dilution. As multiplstringerbeads were overlapped to produce a
wider coating, it was found that the pardens were too cold anthere was no fusion
bond Single stringebead can be seen in figuse. and 4 bead coating with oVapping

is presented ifrigure66. The height of the bead Figure65is 3.04 mm and the width
is 3.67 mm.

Figure 65. Specimer8T21004. Singlestringerbead.
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When inspectingrigure 66, specimerST21-006, it can clearly be seen that the process

has not enough heat for a proper fusion and the dilution is practicallyfBere are many
defects between the dds and the overlapping probably causes the lack of fusion, as the
beads only fuse with each other and not the base material. This is caused by both the lack
of welding energy and the perpendicular angle of the welding tdrehangle can cause

the arc tgump into the previoubeadinstead into the base material thisfigurethe first

bead is on the right side of the image showing a better adhesion into the base material.

L e ST SRR

i i 3 " [ " . ~ st 4 ; ‘. ‘_ .
Figure 66. SpecimersT21006. 4stringerbeads ovedpped.

After first testgt wasdecided to experiment with weaving motion. After a few parameter
optimization testa weaving bead was manufacturedNialloy. It seemed to be low
diluted and still dense with the naked eye, but the-i®lslges revealed théte dilution

was not sufficient for a proper adhesion. There is also a lot of unmelted particles near the
fusion at the bottom of theeld bead. This is presentedRigure67. The height of the

bead is 2.55 mm and the width is 13.83 mm.

Lo e . R G S Y e R PR R A T M, BN W s

Figure 67. SpeC|merST21014 .Sing.lé bead W.ithIV\)é.é\}i.ng.

Also two-bead cladding with weaving motion was manufactured with 10intentrack
advance but after OMinspection lack of fusion at the edges was discovered and also
some holes and unntetl particles near the fusion line. Otherwise the coating is good
with a low amount of dilution. Thispecimens presented ifrigure68.



103

Figure 68. SpecimersT21020. Two beads with weaving.

After two-bead testing we returned singlebead weaving oNialloy and added a bit of
power by increasing ALC to +3%. This resulted in a very good coating with proper
amount of dilution The bead can be seen in f&f. The etchedspecimens shown in
Figure69at the latter image, wheHAZ is visible as a darker area beneath the clad. The
depth of the HAZ is only 0.89 mm, which is an excellent value for coating produced with
a welding processThe dilution is even and there are hardly any defects or unmelted
particles. The width of thkead is 14.67 mm and the heigh2.i2 mm with 6.5% dilution

and a deposition rate of 2.32 kg/h.

Figure 69. SpecimergT21022. Single bead with weaving motidiespecimenn the
latter image is etched to reveal the HAZ.

After thistest,it was decided that the parameter optimization had been successful and it
was time to concentrate on the more essential mat€azad]loy.

9.1.2 Co-alloy

At the beginning o€o-alloy cladding tests it was important to find some boundary values

for the welding energy to optimize dilution of the clad. It was decided to start with a
synergic line with high energfror t hi's pur pose, tomcorédo v e r ¢
wires 1357 fAF CWwasahostri. Wien invgstigated it was clear thagythe

ergic line was way too hot and the dilution was $80rhe hardness measurements pre-
sented later on confirmed the negative effect of dilution on the microhar@pessmen
TH12G-001is presented ifrigure70. The clad is otherwise good with no visillefects
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and only a small amount of unmelted particles near the fusioTleeheight of the clad
Is 2.6 mm, width 7.1 mm and dilution 38. The deposition rate&as5.0 kg/h.

”

Figure 70. SpecimeMH12G001. Single &ringer bead.

Similar results were observed wispecimes TH12G003 to-005, with slightly lower
dilution rate and a bit more unmelted particles. The esestion of the 3ayer cladding

with extremely low weldingenergy is presented Figure71. Even though the wding

energy was low, the bead is attached properlysande amount of dilution happened. As
mentioned, this test was done to exclude the effect of dilution on hardness. This was suc-
cessful and measured microhardness readings were over 500 HV

-‘;» ] S LA S 0_'
(] =% ..‘.-. .

Figure 71 SpecimérTHlZGOO?,S layers on tob of each. 6ther

Otherwise the G3Si (1362) and G3Sil Dynamic (184@grgic linegproved to have too

high welding energy and were not appropriateofegrlay welding of this particular wire.

Same tests were run (TH12@081 TH12G015) with these or similar (G3Sil (1622))
syrergic lines, but even with ALC30 % the welding energy was too highRigure 72
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presentspecimenTH12G-016. The height of the clad is 2.6 mm, width 19.3 amd
dilution 16% with 3.9 kg/h deposition rat&@he level of penetration was still too high, as
hardness measurements presented later, will exhibit.

Figure 72. SpecimeMH12G016. Single bead with weaving.

SpecimenTH12G-016 was also etchedwih Kal | i ngds No. 2 etoch
The OMimage of the ethedspecimenis shown inFigure 73. Thedepthof the HAZ is
2.72mmmeasured from the originaurface of the base material. The hardness measure-
ment marks are also visible in this imadée etch was clearly too strong as the clad is
corroded together with the substrate.

Figure 73. SpecimemH12G016, etched.

At this point it was decided to change the synergic line backStedlit 21 (12919 which

had been r@sonably good with the Stellite 21 cored wiFbe next coatings were prepared
with this A12910 synergic |ine and with
seemed cooler with the selected program, the properties of the coating were still inade-
guatk in terms of hardness. Figure pdesentspecimenTH12G-024. Even though the
welding energy is significantly lower thanéng. TH12G-016, the dilution was still at 21

%. This may have been caused by the reduction in travel apeéar the change in AL-C
value.TH12G0 16 was manufactur ed wwhichalsb chight a mi ¢
have an effect on the properties.
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Figure 74. SpecimenTH12G024. Single bead with weaving.

After analyzing thessamplesthe protective gas was &k under evaktion and then
changed to purergon and on to Mison2 (Argon with % CQO,). CO; typically increases

the penetration, which was the problem in the manufactured dlatts Mison2 the di-

lution seemed to be more under control and more eafjigt®d with parameter optimi-
zation. At this point other synergic lines for Stellites were tried to see the effauts
noticed that the best results were obtained with Stellite 6 (1656) and Stellite 21 (1657)
synergic lines, which are really close @ach other in terms of heat inp@pecimen
TH12G-030 is showrfFigure 75). The height of the bead is 2.3 mm, width 19.3 mm with
1.7 % dilution and 3.0 kg/h deposition rate. Even though the dilution is close to zero, the
coating is still adhered to thessmmaterial properly. Quite a lot of unmelted particles are
visible, otherwise the coating is dense with some minor defects.

- — e e e e e e e i

Figure 75. SpecimemH12G030. Single bead with weaving.

Different base materials were also testboth Cr-steelandNialloy to see the effects of

base to the process. The effects were not significant, and clads with consistent quality
were able to be producegigure 76presentspecimenmH12G-034. It is practically sim-

ilar to TH12G-030 although the bagnaterial is different. With slightly increased welding
energy the dilution rate is% with deposition rate of 3.3 kg/h. The height of the clad is
2.5 mm and the width is 19.2 mihhe latter image presents the saspecimenwvhen
etched. HAZ is verynarrow;only 1.19 mm. HAZ is visible as the gray, separate area
beneath the clad.
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Figure 76. SpecimemH12G-034. Single bead with weavingpecimerin the latter im-
age is etched to reveal the HAZ.

Further analysis revealed that ntlve hardness level of 48850 HV was obtained and
the basic cladding tests were finished with the goals achi@SEg-image(Figure 77
reveals that theanmeltedparticles are mostly chromium and tungsten. The white particles
are100wt% tungsten and theadk are1l00wt% chromium.An EDSanalysis was taken

from the black spot marked with number 1.

‘Magn  Det WD 1 200uyg;

150kv'54 100x  BSE 10.3 Th12G-034

Figure 77. TH12G-034, SEMimage

The results of the ED&nalysis can be found rable19. The results indicate that there
are somesubstances related to the manufacturing of the wire and/or the weldability of the
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material inside the wire or at the shell of the wire which are not listed in the material
certificate. The amounts of theskementsare low.

Table 19. Results of ED&nalysis, TH12&34

Element(wt%) | Al

Si

Cr |Mn | Ti

Co

=

O | Ca

K

Na

Mg | S

Point 1. 24.0

72125 03 14

4.4

7.7

19.1: 3.0

11.2

7.6

1.2 0.6

EDSanalysis was also taken from smaller areas to inspect composition in different struc-
tural areasThe spots are marked with numbers in Figure 78 and the compositions are

listed in Table 20.

AccV -Spot Magn
20.0 kv<5.0 -2000x

Det WD F——————— 10m
BSE 10.4 Th12G-040

Figure 78 TH12G-040, SEMimage. EDSpoint analysis from the numbered points

The EDSanalysis points were chosen from the dendritamfthe interdendritic zone and
one from a black particle/area between the dendrites. The composition of the areas was
quite different, as the following Table 20 presents.

Table 20. Results of the ED&nalysis TH12G040

Element (wt%) Al Si [Cr |[Mn| Fe| Co| W | O | Ca
Point 1 03 12 216 0.7 82 641 39 - -
Point 2. 121 0.9 296 09 53 400 40 6.8 0.3
Point 3. 02 14 335 10 7.2 520 47 - -
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The black area seems to be a bit similar than the black dot in@1gFigure 84 and

Table 24) wih high amount of aluminum and other substances not mentioned in the ma-
terial certificate. The tungsten content within all areas is a bit low, as some amount of it
remains unmelted even after the process. The chromium content seems to be higher in the
interdendritic zone, as the cobalt content is higher in the dendrites. Although carbon is a
difficult element for EDS and its composition cannot be accurately measured with it, the
results show that carbon tends to locate in the interdendritic zone; the spikes are

higher there than in the dendritic zones. It forms carbides with chromium and tungsten.

EDS was also used to identify different zones and some bigger particles in the matrix. It
was also used to reveal iron concentration in clads. Figureeg@ms an EDS analysis
through the whole depth of the cladding. The points of analysis were chosen on the hard-
ness measurement marks with an area of 15px30The thickness of the clad is 2500

pum. The iron concentration is below % which is good valuand indicates low dilu-

tion.

100 EDS-analysis of TH12G-040
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Figure 79. Composition \Wt%) of clad TH12GE040

An XRD-analysis was also run to identify material phases in the clad. The diagram of the
results is presented Figure80. The peaks that could be médied were cubic Co, hex-
agonal Co and orthorhombic chromium carbideGzr
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Figure 80. XRD-analysis of TH12&°IN

9.1.3 Stellite 12 (reference)

The reference wire was tested with
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St el |

be very close to that witGo-alloy. The most noticeablelifferencewhen inspected with

OM is that the unmelted particles are more evenly spread across the clad and not so
strongly localized near the fusion line. The welding energy of the process alddave

been a bit highr to guarantee proper adhesion, as there are some defects in the boundary
between the clad and the base matdralght of the bead is 2.4%m and width is 18.9

mm. This specimernis presented ifrigure81.

"
PRI S O —

Figuregéyli.hS[;ecimerSleoolj _Single bAeadiwithA\‘/\A/-ea;/in_g;

ghit—|

The SEMimages and ED@nalysis showed that this wire had some differencé&3oto
alloy. In Stellite 12wire, the chromiunexistsas chromium carbide (Cr&articles, as in
Co-alloy the particles e pure chromium. Also in the melted area the concentration of W
and Cr are higher than @o-alloy. Three particles were analyzed using EDS; these areas
of analysis aremumbered from 1 to 3 iRigure80. Also an area with both dendrite and
interdentriticzone was analyzed. Bharea is presented ligure81 with white rectangu-

lar.
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Figure 82. ST12001, SEMimage
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Figure 83. ST12002, SEMimage

The results of th&DS-analysisare presented ihable21.
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Table21. Results of ED&nalysis, ST1-D0land ST12002
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Element (vt% ) Al Si |[Cr|{Mn|Ti | Co|W | O |Cal K| C|Fe
Point 1. - - - - - 100

Point 2. 181 11.3: 116 30.7 7.8 34 - 1241 1.2 3.7

Point 3. - 881 - - - - 11.9
Area 1.1 278 15 - 1543 11.2 4.1

The XRD-analysis(Figure &) shows higher peaks of Co and s thanCo-alloy clad-
ding. Otherwise than that the identified phases are the same; cubic Co, hexagonal Co and
orthorhombic chromium cartbe, CrCs.
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Figure 84. XRD-analysis of ST:R01

lubricant coatings

First test with the CMT + powder feeder wagnewith Co-alloywire with Cak addition.

The OMimage,Figure85, shows no signs of any extra particlegha clad, only some
greenish color on top of the bead with the naked eye. Other than that, the clad looks
similar with some unmelted particles and a few defects. The holes are probably caused
by the carrier gas flow from the powder feeder, which makepribeess cooler and de-
stabilizes it. In this chapter, the direction of the motion, dragging or pushing, means the
angle of the powder feeder nozzle. This angle does not seem to have much of an effect
on the structure of the bead. The angle of the weldiral toas been the same®@iring

all tests.
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Figuré 85. TH12G037. Single b-eadjrag.gingmotion, CaE—add.itio.n.

As the clad was analyzed with SEM+EDS, a layer was found on the surface of the clad.
The results of ED@nalysis argresented iTable22. The areas of analysis ararked
with numbers irFigure 86.

~ AccV SpotMagn Det WD ——— 20um
200kV 5.0 996x BSE 10.4 Th12G-036 \

Figure 86. TH12G-036, SEMimage

The results of the analysis suggest that the>@adficant has not wetted properly and
has rose on the surfaoéthe clad. Only a few particles were found inside the clad with
some indication of Ca or Fhis result applies both on TH12@6 and-037.

Table22. Result of EDSnalysis, TH12@)36
Elementwt%) | Si | Cr |[Mn | Fe | Co | W F | Ca

Point 1. - - - - - - 38.3 6.17
Point 2. 0.8 180 0.7 141 623 4.1 - -
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For TiOx-lubricant Stellite 12 wire consumable was usebhe test setup was similar with
some changes in the feeate of the powder. ABigure 87 shows, there are a bit more
holes in thdusion layer area which indicates lack of energy in the cladding process, alt-
hough welding energies were basically similar with both solid lubricant tests. Similarly,
as the previous, there is no indications of JFgarticles of any kind in the ONmages.

Figure 87. STlZOOé. Single bead', drégging moﬁon, Piaddition

A closer inspection with SEM and EDS revealed that the¥eo signs of TiQinside the
clad. As the surface was inspected with higher magnification, a laysrfoumd. Ths
layer is presented iRigure88. This layer was analyzed with SEHEDS The results of
the analyzere presented imable23. The results show that the Tiubricant has not
diluted into the matrix but has rose on the top of the clad.

Table 23. Results of ED@nalysis, ST1-003
Element (wt% ) Al Ti | Cr [ MNn | W | O

Surface layer 1.2 50.0 181 5.0 1.4 243

XRD-analysis of TH12&37 and ST1003 shows no signs of any other phases than the
ones in pure wire without any solidbricant additions: cubic Co, hexagonal Co and or-
thorhombic chromium carbide, .
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Figure 88. ST12003, SEMimage

To improve the flow of the lubricant particles in the powder febdsesand also to add
some weight to impnee the wettability of the particleStellite 12powder and solid lub-

ricant particles werdall-milled. Figure89 presents a clad produced with powder mix 1.
which contained 9Wt% Stellite 12 and 10n7% Mo$S,. Slight undercut can be observed

at the edgesfdhe clad. This can be a sign of either too high travel speed or too low arc
voltage[96], as the rapid solidification draws the melted base material into the weld and
not allowed to be wetd properly. Torch angle adjustment could also fix this problem.
Most likely this is caused by the extra material addition as a powder which causes the
lack of voltage. Otherwise the clad is dense with only a few minor porosities near the
fusion border.

Figure 89. TH12G042. Single bead, dragging motion, Mealdition

SEM-image shows tiny black dots (<utn) in the interdendritic regiong.hese kind of

dots are not visible in pureo-alloy-clad, as seen iRigure90 of TH12G-042. EDS-point

analysis indicates a strong Mo and/or S peak at these regions, but as the area of measure-
ment is bigger than these particles/dots, the analyzation proved to be a bit troublesome.
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Figure 0. TH12G042 SEMimage

Theblack dots were analyzed and for that an image with greater magnification was taken.
In this imaggFigure91) the areas of interest are marked with corresponding numbers for
EDSanalysis.Table 24 also presents composition of an area analyzed from approxi-
mately 20um from the surface of the clad.

-
-
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Figure 91. TH12G 042, SEMimage



Table 24. Results of ED&nalysis, TH12@&42
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Element (wt% ) Al | Si| Cr ([Mn| Fe | Co | W | O |Ca|Mo| S
Point 1. - 14 188 08 186 56.9 35 - - - -
Point 2. 04 18 391 09 136 385 58 - - - -
Point 3. 73 - 297 65 9.0 245 27 58 0.6 39 838
Area near the surface - 17229 08 174 519 53 - - - -

The analysis show that the lubricant/Stellite 12 powder mix has diluted entodtrix of
the clad. It can be presumed that a portion of the black dots consist of the solid lubricant.
The iron content of this coating is a bit higher due to higher amount of dilution caused by

the higher welding energy.

The clad produced with powdenix 2 addition with dragging motion has some big po-
rosities at the bottom of the cla@his specimenTH12G-044 is presented iRigure 92.
Very minor undercutting effect is also visible, but not as cleaiithisTH12G-042.These
porosities appeared to bealer with the pulling motion of the powder feeder nozzle, at
least at the cross sections observidds has usually been vice versa with the solid lubri-

cantspecimes.

Figure 92. TH12G044. Single bead, dragging motion, YA#ldtion

SEM-images were also taken to inspect any signs of W$he matrix. AsFigure 93
indicates, there are some black dots similarly as in THA2&with MoS. The spots of
EDS-analysis are marked with numbers in the figure.
































































































