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Hardfacing is one of the methods to protect base material from severe wear and
corrosion environment and provide life extension to the component. In this work, erosion
resistance and impact resistance of four hardfacing alloys were tested in their as clad
and post weld heat-treated conditions; two iron based alloys and two nickel based alloys
were selected. The hardfacing was deposited by cold metal transfer (CMT) welding
because the method provides the advantages of automated precise welding, low dilution,
spatter free deposits and high degree of flexibility. Two cladding strategies were adopted
while hardfacing; cladding on quench and tempered steel and cladding on soft annealed
steel, which was later followed by heat treatment. The deposits were examined for their
heat input, dilution, cooling time (Tss) and deposition rate. The erosion resistance of the
alloys was tested with pulse jet equipment and impact resistance was analysed with
hammer mill test; both tests were conducted at Tampere University. After hardfacing, the
samples were grinded and cut according to the dimensions that would fit in both test
equipment. Before the test the samples were analysed for their microstructure, phase
and hardness to differentiate the results of as clad and heat-treated conditions. After the
erosion and impact tests, the wear depth of the samples was analysed with Alicona
optical surface profilometer. It was revealed that post weld heat-treated samples are not
suitable for high wear resistance and there are high chances that heat treatment
produces crack in the heat affected zone. The results of the erosion tests and impact
tests yielded that iron based alloys, in their as clad state, offer high wear and impact
resistance as compare to the nickel based alloys.

Keywords: Hardfacing, Cold Metal Transfer, Erosion, Hammer Mill, Pulse Jet
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1. INTRODUCTION

Wear is often encountered in moving and sliding contaceghee lubrication is ineffec-
tive. Wear preventioins one of he biggest challenges many applicationsand conse-
guently damages from wear leadsstdstantial economic loss€%, counter measures
are a necessity to avoid wear losgeswear is not a material property but rather a system
property Any changes in the system can alter the wear Itaieone of the reasons that
wear characterizatiois complex, as wear ratariesin different envionmentsRecent
researches have proved that surface coatings are efficient areffeostve method to
improve wear resistancelowever hardfacingoy welding techniquesffers a better re-
sistance in severwear environmerdas compared to thermal spraying and thermal hard-
ening[1, 2].

Hardfacing offers propertiesuch ashigh resistance to abrasion, adhesion, impact, cor-
rosion or a combination of these factdfgardfacing provides a permanent metallurgical
bond with the base material aptbved to becost effectivan many applicationas com-

pared to thermal spraying ahdrdening But, the major drawback of hardfacing is the
high heat input to the substrate during weldibg2]. Variety of methods havieeen de-
veloped to produce a hardfaced coating that offers high deposition rates and low heat
input. But due to the high cooling rate it is necessary to characterize the weldment area
and changes that have occurred in the base material after wélditigese changes can

have a significant impact on the propesfythe whole component and can lead to unde-
sirable result$2].

This thesis worKocuses orexamining the erosion resistanoffour different hardfacing
material deposited by Cold Metal Transf€éMT). The deposits were characterized under
impact loads to observe the mass loss of single weld overlay. The erosion resistance
plannedto be characterizednder wide particlesize distribution and high velocito,
pulse jet equipment was utilized for observing erosion resistarttardfacingdeposis.

The erosion resistance of the deposits was observed twdelifferent impingement
angles and at high velocitieBhe hardfaed deposits were also compared for erosion re-
sistance iras clad and posteattreatedconditions It was one of théasksin this thesis

to compare erosion resistance of hardfacing alloys before and after heat tre@itraent
changesn the base materidefore and after heat treatment were characterized by optical
microscopy,hardness measuremenksray Diffraction (XRD), SanningElectron Mi-
croscopy (SEM) andlectron Dispersive Xay Spectroscopy (EDS) analysill the
samples wereompared with theiperformance under impact loads and erosion re-
sistance.



2. HARDFACING

Hardfacing is defineds the deposition of special alldyg various welding processes
exposedareas to prevent base materials from damiigen applications of hardfacing
lie in the areas where there is need to encounter severe wear, corrésioinaar sliding
wear from unlubricatedr insufficient lubricatednetatto-metal contacts[2]. Applica-
tions of hardfacing include mining tools, crushers, ballsaifid earth moving equipment
Hardfacing is utilizedn many areas and utilized in wide applicafiseeFigure 2.1
Hardfacingis also tilized to reover partsthat have deteriorate@lawedcomponents
can be hardfaced to original dimensions,chhiesults inincreasdn the life time of the
componen{3].

The information about the base matedald the alloy to be hardfaced is essential but
some other parameters need to be consid@tezlparameters include geonyetf com-
ponert, prevenion ofsurface crackg, minimize stresses and distortion, deposition qual-
ity and cos{4]. Adequate selection dfieseprocesselatedparameters can lead to effec-
tive surface protection. Hardfacinga versatile process@various alloys can be depos-
ited to identical or nofidenticalbase materialselection of alloys depends on the nature
of application[5].

a

Figure 2.1 Applications of hardfacing, (a) flange bore hold, (b) turbine housing
(c) Crusher roller, (d)Rail head6]



2.1 Hardfacing methods

Thereis avariety of methods that are used to produce a hardfaced coBtggvary in
their form offiller materia) heatsource anabperationmode seeFigure2.2. Venkatesh

et al [7] list parameters that differentiate between the methods to be selected. The param-

eters include base met@mpositionsize and shape of the componeatcessibility of
the area to be weddl, coatingthicknessdilution, state of thdiller material to be hard-
faced whether in the form of wires, rods or powders and number of p@ssElse com-
mon methods that are utilized for hardfacing are discussthe followingsectiors.

Method Form of filler Approx. min  Dilution of  Usual mode of Deposition
deposit deposit, application rate*,
thickness,

mm %o ke/h

Oxy-acetylene, with weld- Bare wire, rod or tube 0.5 1to 5 Manual fto3

ing rods

Oxy-acetylene with Powder 0.08 1twS}5 Manual o7

powders

Tungsten-inert gas (TIG) Bare rod, wire or tube 1 5t0 10 Manual o2

Plasma transferred arc Powder 0.25 5 to 30 Fully automatic tto7

Shielded metal arc Flux coated wire, rod or tube (manual), flux 2 10 to 30 Manual 1to3

cored wire (semi-automatic) Semi-automatic 21010

Open arc Tubular wire, which may be flux-cored 2 15 to 25 Semi-automatic 2to 10

Metal inert gas (MIG) Bare wire or tube 2 10 to 25 Semi-automatic 210 10

Submerged arc Bare wire, tube or strip 2 15 to 35 Fully automatic 2 to 70

Electroslag Bare rod or tube 20 Fully automatic 50 to 350

Figure 2.2: Methods for hardfacin{g]

2.1.1 Oxyacetylene gas welding

The technique uses acetylemeygenflame to heat the substrate and melting the filler rod

to produce a coating. Temperatueeshigh as300&C are achievedwhen acetyleneis

combusted byxygen.Whenthe flame is sprayed on the surface, a small percentage of
carbon is absorbed on the surface that creates a watery and glazed appearance that is

called O60sweating6. T hwhishprodugegvery sirang mdtatuw
gical bond with the surface and also contributes to reduce dilttlmnhardfacing rod is
melted drop by drop on the sweated ardspread quickly [8, 9].

This technique has the advantage of operating at low cost and good gliadigtings
requireoperator skik. The egqiipment is portablegasily availake and requires no con-
sumption of electricityDilution levels encountered with this method range ft®6%0
and thermal shocéf the weldments also low because of slow coolif@]. The method
is suited for a vast number of materials but generally recommdadadah carbon ad

chromium containing filler rds. This technique is not suited for hardfacing of larger

componentsPowders can also be used as a filler material idstéaods[10].

me |



Albert et al.[10] have deposited wear resistant hardfacingwfgsten carbid@NC) in a

matrix ofnickel, copgr and silicon alloyy oxyacetylene welding'he hardfacing con-
sisted ofuniform WC particlesdispersed in the matriwith a volume fraction of 40%
uniform coatJow dilution with small percentages of porosifyue toalack temperature
control in oxyactylene welding, thdéine powders of tungsten carbide®lted in the ma-

trix, which led to anincreasen the wear resistance of the matrix but at the expense of
reduced toughnes$he deposited coating by oxyacetylene welding resulted in improved
wear resistance and increased the lifetime of the compbyezight timesHowever it

is advised that uniform size distribution of tungsten carbide particles would lead to better
quality coating[10].

2.1.2 Shielded metal arc welding

Shielded metal arc weldinEMAW) uses ardetween an anode and a cathadethe
heating source to eit the base metal and deposit the allbys iako known as manual
metal arc welding (MMAW). Electrodes are used as a filler material which is coated by
various types of binders. Bindedisintegrate during arcing aedrve different purposes
which includes arc stabilization, preventidiom oxidation @ad contamination during
welding and solidification, surface cleanlinegstag blanket and improves compatibility

of weld metal by alloying elementseeFigure2.3 [11]. Amado et al[12] have proved

in their article that efficient coating ofubularelectrodes in SMAW increases the alloy
transfer efficiency and results in low dilution for hardfacing applications.

The process works by connecting the electrode to the electrode holdes, tbanected

to the power sourcehe other end of the supply is connected to the work terminal. Arc
ignites when the electrode is brought close to the workpiece, and then the eléstrod
pulled backo deposit the weld drgi1]. The main process parameters are the control of
current and voltage, which depend on the selected filler material and the base metal. The
oriertation of the electrodes also an important parametitiat needs to be taken into
accounf12].

Electrode Core Wire — &

Shielded or I/

Heavy Coatmg
Gaseous Shield /

Projecting Sheath /—/J \

Slag

Penetration

— —

BASE METAL
| Molten Crater
Weld Deposited Weld Metal

Figure 2.3: Schematic diagram of shielded metal arc weldihd)]



There have been various studies in SMAW welding regarding different process parame-
ters, but one of the key propesis to study théransfer of molten metal on the substrate.
The mode ometal transfer determars the stability of the process, geometry of weld bead
andspatter contro]12]. The weld drogletachmenbccursby shortcircuiting, which is a
very short periodaround4-5ms) of time, it arises when the weld drapucheshe weld
pool and created zero resistance mutleased currenDue to increased current, heating
of the contact between the weld drop and the molten pool resulescreased surface
tension, lower viscosity of theeld drop,increment in electromagnetic forces, which
results in weld drop transfeBhort circuit time depends on the surface tensfdahe weld
drop detached from the electrodlenger shorcircuiting times is not recommendéd-
causeit leads to procegsstability [13].

Amado et al[12] havestudied wear resistahiardfacing by SMAW texaminethe ef-

fects of diferent elecwdes with varyingurrentvalues.Thearticle revealed that tubular
electrodes were most suited for hardfacing applicdierauséhey offer a higher depo-
sition rate as compared to solid electrodeder the same current values. Higher current
values can lead to a higher deposition rate with solid electbodat affects the coated
binders, which can disintegrate at high currents before performing their intended func-
tions. Solid electrodes also resulted in higher stointuiting timesand lover shoricir-
cuiting frequenciesvhich leads to larger drop diametérhe study by Amado et g2]

also proves that even at high current vales the weld drop trasfersby shortcircuit-

ing and for hardfacing applications the ideal limit for short circuit is less than 3ms, which
is provenby the study conducted §ruz et al.[13].

2.1.3 Metal inert gas welding

Metal inert gas welding (MIG) also uses electric arc as the source offheanain dif-
ference between MIG and SMAW is the supplgloieldinggasand use of wire electrode
SMAW uses coated fluand electrode as rodghereas MIG usefiler metal inthe form

of wires andshielding gas, which is supplied externally, to protect weld pool from oxida-
tion or other atmospheric attack. Mi& a subtype of gas metal arc welding (GMAW)
with other subtype being metal active gas welding (MAG). The differeneeebatMIG

and MAG lies in the use of shielding g#se former uses inert gases while the latter uses
active gaseous mixtur@he advantage of MIG weldinig that the process is automated
or semiautomatedwhich increases the deposition ratareetypes d wires ae utilized

in MIG, flux cored solidandtubular, the diameter of wires ranges from-2r8m[14].

The setup of MIG welding consist of power source, welding torch, wire feeder, shielding
gas supply and in some cases an external cooling for the weldinggeethigure2.4.

The welding torch also contains the nozzle for shieldiasesthe inert gaseais mixture

can bechangedaccording to requirement®C current is recommended tipositive
electrode potentialDC reverse polarity sometimes resultsain unstable erratic arc



which can disturb the shielding gas environment and cause contaminatie@nvirelth
pool. Alternating current is not preferred as it periodically causes arc extifitdipn

As the process is automatedsemiautomatedthe wirefeeder supplies the wire camt
uously. Thewire feeder uncoils the wire at a rate selected by the opetatodd depends
on the filler wireburn rate under constant arc lengilihough it is necessary to maintain
a constant arc length, it can beanged by altering the voltaga/en small changes in
voltage can cause the arc length to akG welding, like other arc welding processes,
uses high current low voltage fomiging the arc The range of current and voltage de-
pends on the weld metal, shielding gas and mode of mateifer{14, 15]

Water Tank
l————

Wire Spool
_—

Feed Rollers

GMAW Gun

Wire Electrode Shielding Gas
crecirode ) — g

Work Piece *
—_—

Figure 2.4: Schematic diagram of the components of MIG weldiird

Cruz et al.[13] described that the metal transfer in SMAW only takes place by-shor
circuiting, while as per Ersost al.[16] metal transfer in MIGoccursby threedifferent
modes,globular, spray transfer armshort circuit. Foulland etal. [15] have defined a
fourthmokof met al transfer whi &dchmethodrdiffersend a s
arc voltage and current, shielding gas, extension of electrode, composdiaieaeter

of the filler wire.

Short circuit mode, describad sec. 2.1.2, is recommended for tiepairing of joints,
welding ofthin sheets, heat sensitive materials and where there is need for single pass
welding. This mode results in lack of peraion of filler metal, largespatter and high
cooling rateof the weld poo[14].

In globular modethe weld drop transfer under the influence of gravitational forces. The
size of the deposited weld drop is significantly larger than the diameter of the wire. It
occurs at a low curreffevel and high percentage of carbon dioxglased as a shielding

gas alorg with some percentage of arg@nly horizontaland flatdirection welding can



be carried out withthis methodbecause increased size of weld drop makes deposition
difficult in vertical directionExcessive spattes encountered with this methbdwever

it can be reduced by using only €@s a shielding gas. Generalyp0% CQ is not rec-
ommended as it can significantly reduce the corrosion resistance, especially in case of
stanless steelfl4, 16}

A steady surge in arc current gradually increases the rate of eleoteditiey andesca-
latesthe frequency of the weld drop transfét.a high current value, the gravitational
forces acting on the weld drop becomes insignificant as compared to the electromagnetic
forces and a stream of molten metal is detached from the electrcdstrddm osmall

size molten dropletenly formsa t a certain | evel of high
Cc u r r Enhis mdide of transfer is termed as spray transfer and is characterized by small
molten droplets, high arc voltage and current. It is suitable for wedtditigck sections

in flat and horizontal positions armteated less spattas compared with other modes

The drawback of this mode is the use of high current, which res@isviated heat input

[14, 16]

Pulse transfer is a recent development mode of metal tran$¥#G. This modeoffers

a low heat input and an advantage to weld in multiple directions with minimum spatter.
The process wiks bycreating a pulse between high and low levels of current. The mean
value of current generally falls in the range of currents encountered with globular and
spray transfer, the high value associates with spray transfer while low current is a char-
acterstic of globular transfeilt is suited for a variety of materials and deposition quality

of the weld is relatively higfil4]. Pulsed MIG reduces the level of heat input, several
millimetess thick hardfacing can be deposited aeduired machining is less. Fouilland

et al.[15] reported these resulighile depositingstellite coating on top dfiot working

steel.

2.1.4 PTA Hardfacing

Plasma Transfer Arc (PTA) is aelding process that utilizdransferredolasmaarcas a
heat source for weldindrigure2.5 shows a schematic diagram of PTA welding. A tung-
sten norconsumable electrode is used to generate plasotetween the torch and base
materialby ionizing the gas supplied by nozzle, which is surroundeatifige; the ioni-
zation gas mostly consssf Ar or a mixture of AmndHe. Filler metal in form of powders
are used in PTA,; filler metal in the form ofr&$ can also be used, the process is called
Plasma Arc Welding (PAWA carrier gas is use transfer the molten material to the
workpieceand a shielding gas is used to protect the weklt gas such as Ar is used to
fulfil thesepurposs [8, 17, 18] PTA is also utilized in hardting applications for the
advantages of low dilution and high deposition rates; dilution rates/% and deposi-
tion rate of 5kg/hr are achieved frdrardfacing byPTA welding, according to reference

[8].
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Figure 2.5: Schematic diagram of Plasma Transfer Arc weldBig

Ulutan et al[19] deposited hardfacing ¢feCrC compositat different currentso ana-

lyze for wear losses, they reported that the hardfacing was free of crackstypanol
bonding defects. The results also included that minimum wear losses were encountered
with the hardfacing that was depositgda current of 100A.

2.1.5 Cold metal transfer

Cold metaltransfer(CMT) welding is a modified form of Metal Inert Gas weldingp
cess, which was developed by FronambHin 2004. Invention of CMT was accompa-
nied by multiple advantages which includes low heat inpassibility to weld dissimilar
metals with high accuracgnd complete automation. The process differs from conven-
tional MIG/MAG process by the mode of material transfer, wha$inot beepreviously
encounteredl0]. CMT deposits materials by dip metal transfer mode that is based upon
mechanically assistedroplet deposition. The weld droplet detachment by CMT s the
deciding factor thasupersedethis technology as compared aodinary MIG welding

[21]. Experiments have proved that CMT hakighe melting potential for thesame
electrode as compared to MIG/MAG welding, so power utilization is much improved
[22].

The basic components of the welding equipnagatsimilaras in MIG, whch consist of

power sourcefjller metal wire, shielding gases and a welding torch. The difference lies

in the innovation of welding torch and the introduction of a wire buffer. There are two
separate wire drivesntegratedthe front drive moves the wiie forward and backward
positions while the rear drive creates tension in the wire and pushes it forward. The front
drive is connectedvith an alternating current servomotor, which oscillates the \aire
frequencies up to 7Hz andassst inthe weld drogl et achment . A &6wir e
porated between the two drives, it assists in creating additional space for wires and also
separates the two wire drivg3].
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Figure 2.6. Pulsating current phenomenon while drop detachni2Bit

FroniusGmbH represents the behaviof the pulsating currerand weld drop detach-
ment shownin Figure2.6. To understand therpcedure of the weld drop detament in
CMT thoroughly, Selvi et a[20] and Kah et al[21] have broken down the weld cycle
into stgs. Thesuccess of these steps lies in the absclut&ol of arc current and voltage
seeFigure 2.7, which is whythey are controlledby an algorithm installed in the CMT
program, the three steps are

1 Peak current phase The peak current phase signifies thigiation of arc with a
high pulse of current and a constant voltage. The arc ignites and heats the work
piece and the electrode.

1 Background current phase The current is dropped in this phase, reduction of
current enstes that weld drop does not retract from the electrode but remains
attached in the form of a globule. The current drop in this ssagsponsible for
the low heat inpuand alsoprevents damage to the work piece from excessive
heating.

9 Short circuit phase: once the current is lowergthe electrodés pushed to the
weld pool which initiates a short circuit. As soon as the short circuit is sensed the
voltage is brought down to zero and current is brought to minimidmch dimin-
ishes the arc. By the help afternating currenservomotorthe wire oscillates
produdng a back draw force in the wirthat results in liquid fracture and weld
drop transfer to the pool. Then the gun moves fonaaxtthe cycle starts again.
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Figure 2.7 Waveforms for current andoltage in a CMT cyclg0]

Amin [24], conductecheat sarce models for CMT and presentedjraphicaimodel of
the weld dropgletachment in sequenaeeFigure2.8. Pickin at al.[25] carried out com-
parisons betweethe utilization of current as a function of the wire feed ratéMT and
MIG welding, their trials have concluded that welding performed by CMT has certain
advatages oveMIG/MAG welding, that are

1 Reduced Heat Input By comparing the utilization of current between pulsed
MIG and CMT, experiments revealed that, for the same amount of current the
materal deposition is higher in CMT. The relationship betw@érR (wire feed
rate)andim (mean currentjs linear in CMT wlich was analyzed by weld bead
penetration. The reduced current increases the efficiefnthye process and pre-
vents burnout of thevorkpiece

1 Control of Material Penetration: Dilution of the wire can be controlled by al-
tering the duration of the short circuit phase, which is irrespective of the wire feed
rate and current relationship. Adjusting this short circeitiqu not only influ-
ences the shut off time of the dnat alsceffects the frequency of the arcing phase
and alsanhibits furtherheat transfer to the workpiece.

Figure 2.8 Stages of weld drogetachment, (1) armelts the base metahd wire (2)
creation of weld dropesulting in short circuit (3) arc extinguishasad wire retracts
backafter detecting short circuit (4) wire moves forward and arc reigrjd$
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Ola et al[26] deposited Inconeél18 superalloyiller cladson 718 substratey CMT, the
article revealed that clads bfconel 718 superalloywereeffectively deposited by CMT
and results in low dilutionThey further recommended cladding of Inconel 718 by CMT
for repairing damaged or wowut parts The research also added that microstructure of
the clads were free from cracks and porosity with a strong metallurgical ®aackt al.
[27] havereveaédthat it is a challenge welding aluminum to galvanized rsiiéel, but
this welding was successfully done through CMhe article added that CMT is one of
the versatile methods when welding dissimilatats provided that parameters are cho-
sen according to the selected materials.

2.1.6 Laser cladding

Laser is the abbreviation of o6Light Ampl
Laser is an intense form of lighthich is released bgn atom in the exted state. Energy

can be provided in the form of electricity to excite the atom and release a ;ptiigon
photon is the source of generating laser. Usually it is believed that power is the deciding
factor between a white light and a laser, however ribisthe case as some lasers have
lower intensities than the light froen torch. There are three distinguishing fastoe-

tween a flashlight and a laser. First, the flashlight is much broad than a laser, secondly,
white light consist of manycolors while &ser consist of a single wavelength photons
Third, photons in a laser are aligned in a single direction, while light waves are aligned
randomly in a flashlighf28].

The uniquecharacteristic of laser is the capability to produce a very narrow and uniformly
aligned beam. Because of this property, lasers find a wide variety of applications ranging
from bar codes to laser printingn materials processing, lasers have been eftiyieni-

lized for cuting, drilling, welding and in heat treatment applicatioRsecise cuts and
holes are made in an efficient and eeffective manner. The cuts made by lasers are
muchprecisethan mechanical cuttef28].

Different kinds of surface treatments are @rout by laser technology thacludes
surface hardeningurfacemeltingand claddingSurface hardening involves producing
wear resistant layers on surface of componantdting of surface does not take place.
The source provides an excellent heat sink for cooling and automatic quenching takes
place producing a hardened surface laj@sers for surface melting are intended for
making controlled alloy additions to makeniear or corrosion resistant. Lasers produce
fine microstructures as compared to ordinary means of allplyowgever this application

has yet to find wide industriapplication[29].
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Figure 2.9 Methods of claddinga) predeposition (b) codepositida9].

Lasercladding is a fusion process which melting of an alloy and the substrate takes
place to produce a cladligh power dioddasers(HPDL) are best suited for producing

clads becausef their high efficiency and they are maintenance.fiide alloy can be
predeposited or codeposited in the form of foils, powders osWwiure powders areec-
ommended seeFigure2.9. If the alloy is predeposited, the lasers directly interact with

the alloy and melts it, the melt front moves until it reaches the substrate resulting in melt-
ing of substrate and dilution of the alldithe alloy is codepos#d, some fraction of laser

melts the alloy and other fraction melts the substrate. The substrate acts a heat sink and
fast cooling takes place. The dilution encountered with laser cladding is generally low,
typically around 59429, 30]

Dilution is one of the deciding parameters that differentiates between clad quBiiies.
lution needs to be kept at a low level because it affects the hardness of {34 Iting

et al.[30] carried out laser cladding nickel base alloys with the addition of WC powders
to study the dilution effects. It oncluded that, a higher powder feed rate resulted in a
decrease oflilution andtensile strengththe optimum parameters however produced a
dilution level 0f4-8%. Hemmati et al[31] carried out a similar study to investigate the
dilution levels by laser cladding nickel base alltiyvas revealed that irotontent in the
alloy greatly influences thdilution levels and the precipitation phases. Additionatly
was stated that an effective control over the parameters can result in very low dilution
levels by laser claddindsmado et al[32] recommends in thearticle, that powder fillers

are most appropriat®r wear resistant hardfacedatings Moderate intensity and large
scanning speeds of lasers are besedudor hardfacing applicatioras these parameters
lead tohomogenous distribution M/C particles.
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2.2 Hardfacing materials

There are variety of alloys that are used as consumables in hardfacing applications but
generally, they are categorized in four sections, giveialie2.1. The selection of ap-
propriate hardfang material is important as the economic success dependf38h it

Table2.1: Classification of hardfacing alloy83]

Group Hardfacing alloys | Totalalloy content, = Principal alloying el-
% ements

la Low alloy Iron basec 6-12 Cr, Mo, Mn
Alloys

1b High alloyiron based 12-50 Cr, Mo, Mn, Ni, Co
alloys

2 Nickel based alloys 40-70 Cr, B, SIC, Fe

3 Cobalt based alloys 40-70 Cr,CW, Mo

2.2.1 Iron based alloys

Iron based alloys are the most ceffective hardfacing alloys availabl&éhe cost in-
creases as the percentage of alloying elements incré&sgsare also widely utilized in
hardfacing application because of their wide availability and compatibility to weld with
dissimilar metals. Wear resistancaroh based consumables depemdhe alloycontent

The main alloying elements are carbon, ohitgmn, vanadium, molybdenum, niobium and
tungsten.These elements form hard phases by precipitation hardening which increases
the wear resistance of the akdg, 34].

Nature of the precipitated carbides depends on the solidification mode i.e. hypoeutectic,
eutectic or hypereutectidhe primaryprecipitatedcarbides are of thstoichiometric
composition MCz and M3Cs, where M indicates the highest amount of carbide forming
element M7Cz carbides are generally favored in hardfacing application due to their higher
resistance to wear than-iCs carbides Hypoeutectic and eutectic composition alloys
favors the precipitatio of M23Cs in an austenite matriHypoeutectic MsCs tend to be

fine lamellar structure, while the morphology of eutebigCs tend to be equiaxed den-
drite. Hypereutectic alloys favors the precipitationNdfCsz carbidesin an austenite ma-

trix, the reasombeing the content of carbon and principal alloying elermltitough both

types of carbides can be foumdhypo and hypereutectic alloj@s-37].
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Figure 2.11 Structure of a hypereutectic ¥&r-C alloy[36]

Sabet et al[38] compared the wear resistance ofGeC hardfacing alloys with hypo

and hyper eutectic compositioris.was revealed that hypereutectic alloys produced a
higher resistance to wear; the reason being the content of carbon and chromium. Accord-
ing to Sabet et aJ38], in hypoeutectic alloys proeectic austenite nucleates beforeQdl

and the microstructure consist of eutectigQylin a primary austenite matrix. While in
hypereutectic composition alloys, the structure comsisprimary carbides followed by

the growth of eutectic austeniteigure2.10and2.11 presents the structure of hypo and
hypereutectic F€r-C alloys, with MCz being as chromium carbides.
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2.2.2 Nickel based alloys

Nickel based hardfacing are mostly utilized in the areas where there is need to prevent a
combination of wear andorrosion or to encounter thermal degradatiyoplication of
hardfacing of these alloys includalve seatsnuclear reactorspiral conveyor screws

These alloys generally have a hardness abbM&RE, and they are known for maintain-

ing their hardness &&mperatures around 8%0. Properties of these alloys depend on the
content of alloying elementsgrincipal alloying elements of nickddased consumables

are given in tabl@.1. These elements solidify and combine to form various phases that
contribute tothe properties of the alloyl'ypical phases consist 0fNi, NizB, NisSi,

CrsBs, CrrCs and FeCs [6, 36, 39]

Figure 2.12: Bright and dark field images of Ni based hardfacing, E represents eutectic
phaseg40].

Solidification rateand alloy contentontrols the microstructure of nickel based hardfac-
ing which mainly consist gbrimarydendritico-Ni with eutectis of carbidesand inter-
dendritico-Ni [41] , Figure2.12. Hemmati et aj42] carried out their research ifmquire

effect of alloy content on the properties ofBHCr-Si alloys. It was observed that high
content of chromium tends to cause cracks, it was concludedahgnt of chromium

could be suppressed and addition of small amount of niobium can prevent crack growth.
However,control of welding parameters such as feed rate, cladding speed and heat input
also have dominant effect on the microstructure. These ptaoan be effectively con-
trolled by choosing a suitable hardfacing technique; researches sutpgesiser clad-

ding of nicketbased alloys have produced a superior microstructure as compared to other
methods[39, 41, 42] Thick coatings of nickebased alloys with strong metallurgical
bond have been able successfully deposited by laser techid®igy

Nickel based alloys can provide good resistance to wear in low to mild abeasiven-
ment, but it will degrade in severe wear environments. It is a common practice to add
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tungstercarbide(WC) powders with nickel alloys to improve abrasion resistafAddi-

tion of WC increases the overall hardness of the alloy and wear resistance depends on the
volume fraction of these particles. Nickel based alloys provide a tough matrix and suitable
interphase for WC powders that increase the performance of the hardfacing in severe wear
environmentsThe overall structure consist of a matrix ®Ni, eutectic carbides and
WC/W-C particles Figure2.13 [6, 36]

Primary y-Ni dendrite

Ni/Ni;B eutectic

Monocrystalline WC
coating

Eutectoid W,C/WC

103KX  20.00kV  105mm  CZBSD ALBERTA |

Figure 2.13: Microstructure of NiB-Si with WC powderg36]

WC is introduced into the melt in the formpardwders these powders should not undergo
meltingotherwise the wear resistance is suppressed to a high dégraeid melting of

WC powders, a low heat input should be selef36d43] Katsich et aJ43] studiedwear
properties of WC/Ni based alloy deposited with different vabfesurrent 50, 80 and

110A were selected amurrent values. Their researEigured out that as the heat input

levels were increased, the carbides began to degrade and reduced the wear resistance of
the alloy. The alloy deposited with 50A incurred minimum mass ilosgear testas
compared talloysdeposited with higher values of current.

2.2.3 Cobalt based alloys

Cladding ofcobalt based alloys find applications in the anghere there is need to coun-

ter severe wear environment at high temperaflinese alloys have good resistance to
abrasion, erosiorgorrosion and oxidation. Cobalt based hardfacing have very low coef-
ficient of friction, because of this property they are utilized in low lubricated areas, or
where there is risk of metal to metal sliding wedaor hardfacing applications, cobalt
chromium alloys are usedpenmercial name for these alloyssisllite, and main alloying
elenent is chromium with some amounts of carbon, molybdenum and tungsten. There are
various grades of stellite for different applications, each grade differentiated from another
by the alloy content. The wear resistance depends on the carbide content;afcraent

bon in the alloydictateghe fraction of carbidejgl4, 45]
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Figure 2.14: Dendritic and interdendritic regions of tmeicrostructures of Stellitga)
low magnification, (b) high magnificatida6]

The microstructure consgdf dendritic cobalchromiummatrix with and interdendritic
carbides of the orderof M7Cz and M23Cs, seeFigure 2.14. Molybdenum and tungsten
increase the strength and wear resistance by forming intermetallic phaset\id, @4

and carbides of the order of MC and®/46]. Due to these high amount of carbides,
stellite alloys are susceptible to cracking but these cracks can be avoided by selecting
adequate process and parameters. Hardfacing of stellite cleposited by SMAWGas
Tungsten Arc WeldingGTAW), Plasma Trasfer Arc PTA) or laser cladding44].

Cobalt based alloys have superior properties as compared to-loedezl alloys, one of

the reasons is the crystal structure of cobatrix. Cobalt has #&ace centered cubic
(FCC) crystal structure at temperature above °€l7and when cooled slowly thee fcc
transforms to hcp. As the cooling rates in welding are considerably high, cobalt retains
the fcc structure which is unstable aresha very low stacking fault energy. This fcc
structure can transform to hcp by mechanical stresskg providing enough tempera-

ture. The fcc crystal due to its low stacking fault energy providesltheveith high yidd
strength, low fatigue damage ahdjh work hardening; the alloy is able to withstand
higher stress due to transformation from fcc to hcp. These attributes give the alloy higher
resistance to material damage in wear conditions with a combination of resistance to cav-
itation and corrosiof47].
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3. WELDING OF QUENCH AND TEMPERED
STEELS

Quencledand Tempered steglsferto class of steels that have been subjected to quench-
ing and temperingreatmentfor improvement of mechanic@roperties.Typical micro-
structures of quench and tempered steels consist of tempered martexsite, small
amount of pearlitand very minute amount of retained austenite can also be pifeabent
steels contain 2% silicoSteels containing lessah 0.5% carbon are not usually quench
and tempered; 0520.55% carbon steels are mostly subjected to quenching and temper-
ing. Oil quenching is preferred to minimize stresses and tempering in the range€-of 350
700°C can induce tensile strengths of a0&0DAMPa; applications of these steels include
shafts, tools and machined paf48]. Major alloying elements in these steels include
silicon, manganese, chromium and vanadium; the role @fiali elements include inhi-
bition of coarsening of cementite, higher cooling rate to avoid nose region in CCT dia-
gram and secondary hardenii@, 48]

Welding of quenched and tempered stesl®ne of the suitable methods to produce to
strong joint that is metallurgically bonded. Welding involves fusion of filler metal and a
base material that produces a coalescence of molten metalddllny high cooling rate.
Fusion welding can be classified according to their heat sowraesburcefor welding

vary from oxyacetylene, lasers, electron beam and electrid-seat input in welding also
affects the base meétavhich can include localized melting, residual stressessand-
tural changes. Due to the high heat input, distinct zones are created in the bagé8netal,
49], which are discussed in the following sections.

3.1 Fusion zone

Fusion zone represents the area in which the materials have undergone melting, and the
chemical composition of the fusion zone depends on the materials involved in melting,
Figure3.1 The fusion zone may not hathe equal balance of base metal and filler metal

and the composition can depend on many factors indudielding process, melting

point of the materials and cooling rg&®]. The amount base metal in the fusion zone is
termed as dilution and as discussed in section 2.1, low dilution can result in higher hard-
ness in the fusion zone.
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HEAT
SOURCE

Figure 3.1: Schematic diagram of the welding process showing; fusion zone, heat af-
fected zone and the base m¢&l|

The strength of the fusion zone depends on ticeostructureand microstructure ide-
pendent on theolidification modeDuring the solidification of an alloy three modes of
solidification carexist whichincludes planar, cellular and dendritseeFigure3.2 How-

ever, as the cooling rate is very high in weldidgndritic mode of solidification is favor-

able in welding solidification according to the constitutional supercooling th&buey.
morphology of the grains during solidification and the size of the these grains depends on
the temperature gradier®) and tle growth rateR), higher cooling rate results in finer
structures of the dendrites in the fusion zpt8, seeFigure3.3.

@ |

Figure 3.2 Basic modes of solidification: (a) planar (b) celluf@) columnar dendritic
(d) equiaxed dendritif49]
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Figure 3.3 Effect of temperature gradient and growth rate on the morphology and size
of grains in weld solidificatiop49]

The mechanical properties are greatly affected by the grain structure, size and the orien-
tation of the grains. The grains in the fusion zone grow by epitaxial growth ezpion
taxial growth thatdepends on the welding methaghile grainsaway from the fusion
zone grow by competitive growthseeFigure 3.4. In both the growth mechanisms, the
grains orient in the direction where the heat dissipation is maximum. The direction of
maximum heat dissgtion or easy growth directiondependon the crystal structure of

the materials; for bcc and fcc materials, 100 is the easy growth direction for dendrites.
Due to this directional growttthe properties of the weld become anisotropic and me-
chanical propeies perpendicular to the direction to the weld are significantly suppressed.
To encounter these problems, some measures such as inocaratiexternal excitation

are adoptedBoth measures result in grain refining as increasing the amount of grains; as
increasing the amount of grains results in the increase of tensile sti4agHi]
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Figure 3.4: Epitaxial and competitive growth in fusion zda8.

3.2 Partially melted zone

Partially melted zone (PMZ) is the area adjacent to the fusion zone, presence of liquation
is the evidence of the existence of PM&Ae heat transferred in the PMZnist enough

to completelymelt the base metdiutit is above the eutectiemperaturend phasgin

PMZ consiss of solid and liquid

Kou [49] explains that how concentration gradient can oatthe PMZ, he explains five
differentmechanisms about the formation and changes in concentration in the PMZ upon
reheating and then cooling. Howeygat j onldbe
considered as a more favorable approach in the ctratien gradient in PMZElements

that have the tendency to segregate at grain boundaries include phosphorous, silicon, and
nitrogen[52]. Grain boundary segregation explains that upon retgeand cooling the
matrix rejects the solute and solidifies
as Ohypereutecticdéd and thid49contributes |

3.2.1 Hydrog en cracking in PMZ

Intergranular hydrogeeorackingcan occur in the PMZ, as hydrogen can easily diffuse in
the liquid phase of the PM2&geFigure 3.5. Liquidated grain boundaries serve as pipe-
lines for hydrogen to diffuse in the PMZ, this is because liquathlhas higher capacity

to allow hydrogen to diffuse througas compared to solid iron. When this solute segre-
gated and hydrogen rich liquid soligifit provides nucleation sites for hydrogen cracking
to occur in the PMZ49].
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Figure 3.5 Hydrogen cracking in the PMZ of HY0 welded stedi9]

3.3 Heat affected zone

Heat affected zone (HAZ) is the area that occurs after the PMZ during weélthedneat

in HAZ is not enough to melt the base material but it is sufficient to cause significant
structural changes. The hardness of wadened, transformation hardened and precip-
itation hardened steetsin decrease in the HAZ; because during reheating and cooling in
HAZ grains undergo recrystallization and growth that suppresses the hardness values
[49]. As a consequence of heating and rapid cooling, a variety of microstructures can
occur in HAZ depending on the alloy. Strémgnd ductility of steels are considerably
reduced and cracks can initiate in HFS3].

One tool for estimating microstructure of HAZ is by the use of continuous cooling trans-
formation (CCT) diagrams. CCT diagrams were generated by continuously cooling aus-
tenite at differentooling rates; So, these diagrams help in better understanding of the
welding conditions. These diagrams consist of phases which include, bainite, pearlite
ferrite and martensite; the diagram also uses martensite start (Ms) and martensite finish
(Mf) tenperatureg18].

As describd above, the region of HAZ suffers a heating and cooling cycle; heating from

the fusion zone and cooling from the base métad. heating rate decrease as tistatice

from the fusion boundary increases, Bagure3.6. This makes it important to determine

the cooling rate because it is less sensitive to the distance from fusion boundary. The time
taken to cool from 800C-500°C (Tgs) is particularly important. & many steels that are

utilized in welding, this time represents the saitdte transformatioaf ausenite. Two
parameters can be utilized to determine the thermal cycle in HAZ; peak temp€Fadure
andTgs. Both these parameters depend on the hpat to estimate the thermal behavior

of HAZ; the relation of heat input with Tp afi@d;sis given in equations 3.1 and 3.2
where 0696 represents heat input, O6rd rep
represents constant for thicknésselaiont o t he wel d bead and va
2, depending on the thickness of specimen to weld bead48tio
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Figure 3.6: Curves representing the thermal cycle of welds in H&}

Quench and tempered steels are more prone to form martensite in HAZ, because of the
presence of chromium, nickel antblybdenum. Because of these alloying elements, un-
tempered martensite can form at an increasing rate in quench and tempered steels. This
untempered martensite is very brittle with poor toughness and contains residual stresses;
this untampered martensitenckead to cracking in HAZ18].

Studying the hardenability is also a key parameter, since it describes the depth of for-
mation of martensite in HAZ. CCT diagrams are used to predictige hability in HAZ

and utilizes the time between Ms and Mf temperature to predietaitdenability can
depend on some factors that include content of alloying element, carbon peragatage

size of austenitand thickness of specimé¢is]

Hardness of the martensiteHAZ is of particular importance; since, higher hardness of
untempered martensite can often result in crackMigher percentage of carbon leads

to higher content of artensitg18] , seeFigure3.7. That is why it is a challenge to weld
large thick sections that contain carbon percentages higher than [@85%8asedon the
carbon percentage in the base metal, hardenability of different steels can be compared.
International Institute of Welding (V) have derived a formula to estimate carbon equiv-
alent (CE) in carbon steels thatliags carbon percentages and other alloying element
percentages to compare the hardenability. The formula is given in equation 3.3; the for-
mula is useful to judge that if preheating or post treatments are required after welding.
For example, if the CE i®$s than 0.35 than no preheating is required; if the CE is be-
tween 0.380.55 than preheating is required but post treatiisamit necessary. If the CE

is higher than 0.55n that caseboth preheating and post treatments are advigaBle

48].

CEw = %C+ %Mn/6+ % (Cr+ Mo + V)/5 + % (Si+ Ni + Cu)/15 (3.3)
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Various structural changes are observed at different levels of HAZ, these levels have dif-
ferent structure, hardness and toughness values from one another. Because of these
changesHAZ is further categorized intthree subzones; coarse grain (CGHAZ), fine
grain (FG1AZ) and intercritical (ICHAZ) [54], seeFigure3.8 and3.9. These zones are

discussed in thollowing sections.

so it is not described separately.
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Figure 3.8. Subzones of HAZ according to iron carbide diagram, with their subsequent

hardnesg54]
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Figure 3.9 Optical micrograph of zones in a weldment and subzones off $%4Z

3.3.1 Coarse grain heat affected zone

This zone is present next to the PMZ, the temperaturinsizone can reach to around
1250 C (>Ac3).Structures for steels in this region mainly include bainite and martensite,
but small amounts afi ferrite can also be presefi6]. Yanet etal. [56] explains the
phenomenon of high hardngss compared to other HAZ subzonasyl coarse grains in

this zone. They propose thadarse grains ae due to high temperature, and re¢pehte

to very high temperatures dissolves the existing precipitates of steel in the coarse grains.
Although in theory, the hardness of coarser grains should be less than fine grains, but
precipitate dissolution in grains increases the hardness of ties zo

Lan et al[55] and Qiu at al[57] focused their attention on determining the impact tough-
ness values in CGHAZ, as acdorg to them crack propagation in subzones of HAZ de-
pends on toughnexRiu et al.[57] have fiown that impact toughness in 6BZ is lower

as compared to RFAZ, they explain that lower impadbughness is due to the large
martensiteaustenite constituents; upon reheating and rapid cooling partition of carbon
and silicon occurs and carboich austenite transforms to martensitel carbon deficit
region transforms to bainite, the amount of ange transformed to martensite is termed
as Omaatehent ee cAocorstituentsu kean et 65 dbserved that
highest amount of MA constituents are present on the coaysen boundaries in the
CGHAZ, they also concluded thatelvage fracture occurs in the B&Z and the initi-
ation sites are the M\ constituents on the grain boundaries.

3.3.2 Fine grain heat affected zone

Temperatures in FGHAZ can reach around Ae€312°C), precipitates are not usually
dissolved in this zondghe hardness is a bit low than B&Z and the creep resistance of
this region is lowThe grain size in FBAZ is small and theroperties of this zone ke

between CEAZ and ICHAZ. As there is not a congté dissolution of precipitates, the
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structures differ from CBAZ [56]. The microstructure of FBAZ consist of granular
bainite, polygonal ferrite (massive ferrite) and acicular feffe 57]

Lan et al.[55] and Qiu at al[57] made comparisons of the impact toughness between
CZHAZ and FZHAZ. They revealed that impact toughness of FZHAZ is higher as com-
pared to CZHAZ, they present two main reasons for this phenomEmsinreason being

low constituent of MA, less amount of MA constituent than CZHAZ results suppressed
amount of crack initiation sites and toughness is higher. Secondly, due to the presence of
acicular ferrite; acicular ferrite hinders the crack pr@ag due to its high angle grain
boundaries. They further explain that acicular ferrite grows on the boundaries of precipi-
tates and increasing the amount of Ti, Al, Mn and Si can encourage the growth of acicular
ferrite and inhibit crack propagatiohan et al. [55] explins that fracture surface of
FGHAZ contained features of quadieavage and ductile fracture as conggiato cleav-

age fracture in CBAZ; they concluded that this mechanismgofasicleavage is due to

the presence of high angle misoriented grain boundaries of acicular ferrite.

3.3.3 Intercritical heat affected zone

This zone is characterized by its partial transformation from ferrite to austenite, the tem-
peratures in this region abetween Acl and Ac3000-700°C). As new austenite grains

are formed, prior martensite can undergo tempering and also precipitate redissolution can
occur. This zone has the lowest hardnassl impact toughnessnong the subzones of

HAZ and this area is pre to creep failures6]. The microstructure of ICHAZ consist

of granular bainite, quagiolygonal ferrite and-A constituentg55].

Li et al. [58] have explained the reason for low iagp toughness in ICHAZ. They hav
further divided the ICHAZ intdhree zones according to temperature;-93&C, 830
770°C and 770700°C. According to them the impact energy is the lowest in the region
of 830-770°C and primary reason beingMconstituents. It was found that-® constit-
uents emerge in the microstructaigove Acl and they attain a critical size in the tem-
peratre range of 77830°C, while above 830 M constituents form a slender shape
and starts to settle on grain boundarig®t al.[58] concluded that the critical size of-M

A constituent is @m and it is primarily responsible for low impact toughness. Although
they did not explaitompletely the relation of M\ constituents and impact toughness
but one hypothesis could be that occurrence of twinned martensiteAircdstituent
may be the reas of low impact toughness.

3.4 Effect of preheating

Cold cracls in weldingare important to take in consideration and also crucial to adopt
counter measures to avoid weld cracking. Cold cracking in welding can be a result of
entrapped hydrogen, formation martensite in HAZ and thermal stres$g3-61]. Mar-
cus[59] has described in his article that preheating can be effective in hydrogen escape
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from the weldment and prevent cracks due to hydrogen embrittlement. Baek66{ al.
deposited metal powder on tool steel to produce a hardfacing by laser cladding with var-
ying preheating temperatures. They concluded that higher preheating temperatures can
suppress thermal stresses, as the cooling rate of the substrateTifdgvabserved that
dendritic morphology at the interface did not exist at a preheating temperature greater
than 300C and instead was replaced by cellular graires.et al.[61] explained that
suitable preheating temperature at a higher depth would inhibit the growth of martensite
in HAZ and prevent cold cracks.

Preheating temperatures can be different for each material and can depend on several
factors. Marcu$59] lists factors that can influence the pratieg temperature, they in-
Clude:

The carbon equivalent of the base metal and the weld metal.
Type of weld joint and thickness of the weldment area.

Heat inputby the weldingorocess selected.

Transformation and shrinkage stresses

Diffusion rate of hydrogen in the weld metal and base metal.

= =4 4 A4 A
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4. EROSION WEAR

Erosionwear is degradation of materiay the impact of flowing particles under the in-
fluence of fluidtravelling at signiftant velocity Erosion is encountered in various ma-
chineiies, examples include; erosion of turbine blades by dust in an aircraft, erosion of
hydro-turbines by sand particles and degradation of pump impellers in mineral pro-
cessing. In many cases, the matere@moval by erosive wear is small but collective dam-
age is significant.If erosive are solid particles themechanism similar to abrasion will
occur, if liquid is involved then wear takes place by repetitive impacts. In order to prevent
erosion; the sty of erosion mechanism is necessary, mechanisms of wear by erosion is
shown inFigure4.1 Different mechanisms are involved in erosion and depends on vari-
ous parametel$2], these ee discussed in detail in the following sections.
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Figure 4.1 Erosion mechanisms:(a&brasion, (b) surface fatigue (c) brittle fracture or
plastic deformation (d) melting (€) macroscopic erosion with secondary effemtgstf)
tal lattice degradation fronmpact by atom§s2]
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4.1 Effect of particle angle

Particle impingement angle can vary between 0 f0I9% found that at low impingement
angles (<30), ductile materials undergo severe loss by erosion, where as brittle materials
suffer high wear rates at high impingement anff2$, seeFigure4.2. This study was

also confirmed by Kleis et d63], when they experimented 0.2%C steel with different
abrasives at an angle oB0°, Figure4.3. They proposed that at certahreshold velocity
cutting component is dominant in ductile and soft materials by sharp edge particles while,
high wear rate is encountered in brittle materials by impact component.

Wear rate
Wear rate

Ductile
material

Brittle

|
|
|
|
|
|
|
|
|
|
|
|
material :
|

|
30° 90° 80-90°

Impingement angle Impingement angle

Figure 4.2: Effect of impingement angle on ductile and brittle matefé®$
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Figure 4.3 Effect of impingement angle on ductile and brittle materials (a) wear rate of
0.2% C steel , (b) wear of brittle materialfl) glass gritand (2) corundum63]
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4.2 Effect of pressure/ velocity

Particle velocityat the point of impact on target has the dominant influence on erosion
rate among other parameters. There is a certain threshold velocity at which wear rate is
negligible irrespective of the andlg?]. Kleis et al[63] experimented the erosion rate of

mild steel at different velocities with three different abrasives at an impact anglé, of 90
seeFigure4.4. Stachowiak et aJ62] proposes a formula for determining wear rate above

a certain threshold velocityhe formula is presented in equation.4.1

-dm/dt = kv (4.2)
Where m represents Omass | o0ossbd, t equals
constanté6, v shows O6velocity of the abra:
L,
mm’/kg 80 /

60 /

50
40

30 / V.

20

. //3/'
S/

/

2

30 40 60 80 100 150 vo, m/s

Figure 4.4: Effect of velocity on wear rate of mild steel at impact angle uf Bree
curves represent different abrasivés) quartz sand(2) quarry sand and3) river sand
[63]

Islam et al[64] sudied the combined effect of impingement angle and particle velocity
on the wear rate of X42 pipeline steel using alumina as abrasives. According to them, at
low impact angle and at low velocities30-40m/s) metal ploughing was the erosion
mechanism, hoaver it was also observed that alumina particles were embedded on steel
under these conditions. At low impact angle and high velocigémfs), the wear oc-
curred by metal cutting which were5gum in size. Under these conditiQesosion occurs

by fractureof ridges, material degradation by brittle fracture occurs by repeated impacts
from abrasives; in certaitaseswork hardened layer is also observed at high velocities

at different impact anglesgeFigure4.5. Islam et al[64] have also discussed the effect
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of high impingement angle with high and low velocities on the wear rate. Adrgfle

and low velocity it was observed that, alumina particles embedded into the steel matrix
and resulted in ridges around dimples and material removal occurred by fracture of ridges.
At high velocity and 99angle, erosion occurred a similarmanner to low velocity, but

high erosion rate was observed due to damage of embedded alumina in the steel matrix
by incoming particles that led to secondary cutting.

Figure 4.5. SEM images of erosion mechanism of X42 steel at low angle and high ve-
locity, (a) series of ridgesn work hardened laydb) deformed layer of steel (c) sub
surface crack propagation (d) material fracty@]

4.3 Effect of particle size

Alteration in particle sizean cause changes in the wear aate can also affect the wear
mechanismFigure4.6 shows the erosion behavior of various materials tested with a par-
ticle size distribution of 8.7837um against different impingement angles at a velocity

of 152m/s. It ca be observed that particle size not only affects the wear rate but also has
significant impact on the wear resistance of materials. The factors including work hard-
ening and toughness catso affect trese results. The materials which are neither hard
nortough inhibit higher wear rat¢62].
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Figure 4.6. Erosion rate of different materials with small and large particle 52

4.4 Effect of erosive type

Properties of abrasivedfer a considerable effect on the wear rétes stated by Satch-
owiak et al[62] that particle hardness and shape can cause alteration in the erosion rate.
The ratio of abrasive hardnesd&oget material hardness is the controlling parameter and
can be utilized to suppress wear rates. Hardness of particles also effects the nesde of w
i.e. ductile or brittle. Hardness of particle has a much more severe effect on the brittle
mode of fracture as compared to ductile mdthaticle shape can also have an impact on
the wear rate; sharp particles with low hardness show higher wearnatdsunt parti-

cles with higher hardne$62].



33

5. MATERIALS AND METHODS

This chapter describes theaterials that were used as base materials, filler wires for clad-
ding andmethod doptedfor hardfacing. The chapter also discussed different methods
that were seleted for examining the hardfaced coatings to determine their behaviour un-
der high impact forces and high velocity erosive wear conditiaditionally, the char-
acterizatiormethodsadopted to analyse the sampdes also mentioned in this chapter.

5.1 Base materials

There were two steels used to serve as base materials for hardfacing. One material was
guench and tempered stesld other one is 42CrMagteel The elemental compd&n

is presented iffable5.1 As described before, the hardfaced coatingsdaé evaluated

for their properties and wear resistance in as clad anetie@d¢d conditionsSo for this
purpose, both steels were selected in thairmeattreatedand heat-treatedstates Both
materials were received bars Figure5.1 shows an image of 42CrMo4 bar

Table5.1 Composition ofjuench and tempered stegld 42CrMo4

Basema- % C %Si %Mn %S %Cr %Ni %Mo | % Fe
terials

Qand T 045 0.35 0.8 0.05 1.5 - 0.4 Bal.
steel
42CrMo4 | 0.41 0.30 0.7 - 1.1 - 0.2 Bal.

Figure 5.1 Image of52x 10x2.2cm42CrMo4bar

5.2 Hardfacing wires

Four hardfacing were chosen in the fornmdfularwires seeFigure5.2, for examining
their impactwear resistance aratosive wearesistanceThe materials were chosen due
to their higher wear resistance (according to the manufagamdavailability; the wires
were purchased fromurum GmbH Two nickel alloyseinforced with tungsten cade
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powders and two iron based alloys were selectetbésrials to beleposited as hardfaced
coating.Throughout the thesis report the alloys will be regarded with their commercial
names as described by the manufacturer. The description of the alloys with their commer-
cial names is discussed in the followireggons.

Figure 5.2: Hardfacing tubular wires

5.2.1 Nickel based wires

Two nickel based wireseinforced withsphericaltungsten carbidé/WVC) powders were

used as hardfacing deposits in this theBe differencebetween th two wiredlie in the
diameter of the wire and size of tungstecarbide powdershe diameter of one wire was

1.2 mm while the other had a diameter of 1.6mm. The commercial name of the 1.2mm
diameter wire iNI2 PLUS, while the other is known afiFD PLUS commercially. The
matrix of both doys included consist of NCr-B-Si and the reinforcement is composed

of sphericaWC powders with varying siz& he ratio of alloying elemenia the matrix

is not samen the two wires According to the manufacturer, AIPLUS also contains
some other grial carbides which have a hardness in the range of 3000 HV

5.2.2 Iron based wires

Two iron based alloys were also selected to be hardfaced for thiskagk andFD605
are the commercial names of these wires and the diameter of both wires is ER@&am.
is a hyper eutectic high alloyed wire, while FD60%3 isypoeutectic low alloyed wire
consisted of some special carbid€se chemicalcompositiongin wt. %) of both wires
is given inTable5.2
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Table5.2 Composition of iron based hardfacing wires

Alloys  %C | %Si  %Mn | %Cr %Mo %Nb %V %W  %S.C %Fe

FD65 5.2 1 0.4 21 7 7 1 2 - Bal.

FD605 2.6 - - 7 1.3 - - - 10-12 | Bal.

5.3 Cold metal transfer welding equipment

The cladding was performéday Cold Metal Transfer weldinghe theoretical details of
the process is discussed in section 2.1.4. The CMT equipment is placed in the laboratory
of mechanical systems ahechnical serviceat Tampere Universi (HervantaCampus.

Froniu® explainsa general display of CMT equipmettitrough aschematic diagram
presented ifrigure5.3. The CMT welding equipment consist of (fljcroprocessor and
digitally regulated GMA power sour¢8200/4000/5000 AX2) Remote control for weld-
ing and weld data monitoring, (3) FK 4000 R cooling u4ljt robot controller(5) VR
7000wire feeder, (6) digitally controlled welding torch, (@e buffer, (8) wire supply

Robot
Control

Figure 5.3: Schematic diagram of CMT equipm§2iB]

The CMTwelding equipment in Tampere University is a TPS 4000A powaicswith

a working voltagef 7-34 volts. The equipment is automated and controlledBpB IRB
460040/2.% robot,seeFigure5.4. The robot is able of perform welding in 6d motions
and contrded by RCU 5000i remote control. Thebot also includes a table where weld-

ing is performedThe table is also grounded with one end of the power source for welding
operations. The table has an additional feature of rotating, which can be utilized during
additive manufacturing.
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Figure 5.4: CMT equipment at Tampere University

5.4 Hammer Mill impact wear tester

Hammer Mill equipmentbelongs to Tampere Wear Center (TW@}hich is placedn
Tampere University, Hervantampus Hammer Mill is used make largapacts on the
selected materialsvhich is used to characterize impact wddre hammer mill can work

on a wide range of impact energies, which can be calculated from the frequency of the
impacts and the angular velocibrasive particles can also berimduced with the im-

pact forces, this feature is used to characterize 3 body abrasion mainly occurring in crush-
ers.A schematic diagram of hammer mslpresented ifigure5.5.

Wear resisfant part (&)

Hammer (1)
Shaft 2)
Flanges (3

Stop block (7)
/ Specimen (8}
Container [14]
/

Inverter (12) AC motor (Sl // Feeder (15)
Inverter (6) e
ra | ) )
|"-_r: == I Rocking device (16}
! =™~ variable gap (17)
!
. i = Eccentric system (11
-] AC motor (13)
O T\
1 A1
'l\ 1
i [— — \n&n
Brackets (10)
Metal covers {18}

Specimen table (9]

Figure 5.5: Schematic diagram of hammer mill equipm&af
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From Figure5.5, it can be seen that A€urrentprovides power for the rotation of the
shaft Alteration of the frequency in the AC power supply is usaglterimpact energies.

The hammerFigure5.6, is attached to the emd the shaftoy a connecting rod; there are

two connecting rods joined with the shaft, so every rotation results in two impacts. The
specimen to be tested is placed on a table (9), the table is inclined and pivoted to a fla
load carrying blocklt is possible to change the impact angle by changing the size of the
pivots. Abrasivegif needed)are introduced from above, the feed rate can be changed by
adjusting the opening of the abrasive container.

Figure 5.6: Hammers used in hammer mill

The objective to useammer milltest in this work was to carry out the mass loss of the
hardfaced coating under high impact foraes the weld overlay was restricted to a single
layer, it was important to know the mass lossler extreme conditiong\nother task
from the hammer mill test was to obsettie occurrencef cracks in the HAZ after ex-
posing to largempact forces.

5.4.1 Hammer Mill impactt est procedure

It was planned that hammer mill test will be conducted &e@uency of 7.6z and
10.5Hz on the four weld hardfacing alloys for three hoamsl mass loss would be calcu-
lated after every 30 minute$he angle of impact in the Hz test will be 9@ while the
angle of impact in the 10 frequency will be 68 So, a total of 16 tests had toe
conducted with the hammer mill test; 8 tests wittHz. 6f the four alloys in as clad and
heattreatedconditions and 8 tests with 1815 in their as clad anteattreatedstates.

5.5 Pulse Jet erosion wear test equipment

To characterize erosion under zero and ninety degrees, Pulsquiamnent was em-
ployed, seeFigure5.7. The pulse jet is designed to characterize wear occurring under
high pressure air supply with a wider particle size distribution at parallel and perpendic-
ular impingement angles
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Figure5.7 shows the pulse jet equipment, which is placed at Tampere University. The
chamber contains the nozzle and the sample holder; the ehaaa capacity to contain

5-10 kg of erosive particles depending on the size distiolm. Air is supplied by the
nozzlein the chamber; the air pressure is controllechlpyesure valve which is con-
nected to a small air tank. The air tank is used to supply air at a constant flow with pressure
controlled by pressure valve; 6 bar air grege was used to test specimens in this thesis.
The zero degree specimen holder is designed to hojdcerniain dimension specimens

240 mm length and 20 mm wide flat specimesith thickness of 20mm so the speci-

mens had to be machined according todineensions dictated by the pulse jet specimen
holder.According to the previous research conducted by pulse jet, the actual impingement
angle for parallel specimen holder is 1glBut in this work the impingement angle will

be referred tas@ero degregor garallebsince the angle is too low. The other specimen
holder is placed at the top of the chamber which is used for characteriza@i6hiof
pingement angles; the dimension of perpendicular specimen is not restricted as different
height and widtlcan be used, but the length must not exceed 90rhm0° specimen
holders also has ledges attached which protect edge wear along the 240 mm length for
both specimenseeFigure5.8.

The pulses are created by the opening and closing of the relay whattrslled by the
microcontroller the amountof pulses camlsobe selected from the microcontrolléne
current settingdof microcontrolleroperates at 2z frequency cycle with same open and
close time. The microcontroller is attached to a DC powerlgufy some reason the
relay seems to work when the voltage set is above 5 volts.
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Figure 5.7: Pulse Jet equipment

Ledges for edge pro-
tection

Figure 5.8: Tungsten rod welded to the specimen holder for edge protection
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Figure 5.9: Sclematic pictureof the Pulse Jet

The working of the equipment guiite simple; the chamber is filled with erosive particles

of intended size distribution. When the pulses are turned on the particles move upwards
with a high velocity hitting th@° specimens first and thenteracting witlf90° specimens

until falling back to the chamber under gravity. The cycle goes on until the desired pulses
are completed. The test creates lot of dust, specially from the small particles, so ventila-
tion is provided at the top the equipmen

As described in section 4.2, velocity of the abrasives has a dominant effect on the wear
rate of the specimens, so it is important to determine the velocity of the erosive particles
that ravel under a pressure of 6 bar in pulse jet equipriéetmeastement of velocities
wasdetermined by previoussearch conducted on the pulse fle& research was con-
ducted forvolumetric measurement for air escaping under 10 pulses. This led to the meas-
urement of velocity of air ured constant pressuré par)after acquired time of 2.and

3ms Average of particle size was considered for determiniagptrticle velocity irpre-

cious studiesHowever when larger particles are used as abragw2sim), the particles
velocity is in the range of 285m/s under angssure of 6 bar.

5.5.1 Pulse jet erosion wear test procedure

Every hardfacing alloy, in their as clad dmehttreatedcondition, had to be experimented
with the pulse jet equipment at @8nd 9@ erosion tests. The tests were planned to be
carried out at a preare of 6 bar, under 40,000 pulses and mass loss wouldasured
after every 10,000 pulse&ranite particlesof size <4mmwere selectedto be used as
erosive particles.
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5.6 Characterization Techniques

Various characterization techniques were utilized falymng cladding of hardfacing
alloys, hammer mill specimens and pulse jet specimens. Microstructuresiofagad-

ding was analyzed by optical microscopy and Scanning Electron Microscopy (EM).

ray diffraction and Energy Dispersive-rdy Spectroscopy (ES) was conducted on all
hardfacing specimens, in as clad de@ttreatedstates, to study the microstructure and
phase analysis in detail and also to observe the changes occurred in the microstructure
after heat treatmentlardness measurement were earout by Vickers hardness and
Zwick hardness tester; the surface crack density was conducted by stereomicroscopy. In
addition, hammer mill specimens and pulse jet specimens were analyzed for their wear
depth after testing through opticairfaceprofilometer (Alicona), Figure5.10 shows an

image of opticasurfaceprofilometer.

Figure 5.10: Image of opticakurfaceprofilometer
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6. CLADDING OF HARDFACING ALLOY S

Cladding had to be carried ocam heattreatedand soft base materials for four hardfacing
wires The aim was to usguench and tempered st@elpulse jet test, while 42CrMo4
was plannedo be used in hammer mill test.

As described in chapter 3, welding can result in cracking in the PMZ and HAZ, so to
avoid crackingpreheating was conducted prior tadding. The preheating method and
equipment is described in the following section.

6.1 Preheating

Advantages of preheating are described in section 3.4, it is evident that preheating can
prevent cracks occurring due to temperature gradient, hydeogkooldcracks. The es-
timation of correct preheating temperature is necessary for cracks prevémiqre-
heating temperature was selected to be25@hich was calculatechdhe basis of carbon
equivalentin the base material.he details of the calculation of the preheating tempera-
ture can be found from referenf®9]; a graphical representation of the estimation of
preheating tempature is presented Figure 6.1. A portable heating deviogas used to

heat the base materials before cladding.

|
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. |
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carbon equivalent CET in %

Figure 6.1: Graphical representation adstimated preheating temperature based on
carbon equivalen59]

6.2 Cladding

Cladding of the four hardfacing wires was conducted on the preheated base materials by
CMT, the parameters were adjusted for the four different alless, Bble 6.1 Some
experience is required for selecting the cladding parameters ohaadfacing alloys, as



43

each alloy has different elemental composition and propeRAieshe claddings were
deposited by weaving modeith an overlapping of 50%n multi beads The width of
single weld weave bead of FD605 is 16mm, while other alloys ceepfia weave bead

of 4mm.The single weld weaving bead of FD605 is large, as compared to other alloys,
that is why the velocity of deposition is kept loAs can be seen fromable6.1, that

wire feed rate (WFR) is comparatively low for NIFRLUS, the man reason is due to a
large diameter of 1.6mnMison 2 and Mison 8 shielding gases were used duheg t
cladding; Mison2 includesAr, 0.03% NO and 26 CQ, while Mison 8consiss of Ar,

0.03% NOand 86 CQ..

Table6.1 Cold Metal Transfer welding parameted different hardfacing alloys

Alloys Wire Di- Mean Mean Mean Travel Shield-
ameter Wire Voltage = Current Speed ing
(mm) Feed Rate (volts) | (ampere) (mm/sec) gases
(WFR),
m/min
NI2 1.2 5.6 14.2 164 10 Mison 2
PLUS
NIFD 1.6 3.5 12.5 192 10 Mison 8
PLUS
FD65 1.2 4.3 16.5 153 10 Mison 2
FD605 1.2 55 15.3 155 2.8 Mison 2

First the cladding was completed on 42CrMo4 bars (softhaadtreated to complete
specimens required for hammer mill teli2 PLUS was the first hardfacing wire to be
cladded, then FD63;D605 and NIFDPLUS was the last onghe parameters are listed
in Table6.1 On a single 42CrMo4 bar, three claddings were completed for hammer mill
specimens along with a cross section speciff@nmicroscopic study); the three clad-
dings were separated from each other by a distan@@mm. The clads were separated
by saw cutter to obtaimdividual hammer mill specimefcach hammer mill specimen
had aweld beadength of 77mmandtotalwidth variedwith the number oingle weave
bead clads23 single weldladsweremade on FD65 and NRLUS, while 14 clads were
made on NIFDPLUS and8 clads on FD605igure 6.2 presents an image of claddings
made on 42CrMo4 bars, then cut to make specimehdmmer mill test

Next, the cladding was conducted other selectebase materiah soft andheattreated
specimensequired for the pulse jet tegtfter the claddingpn quench and tempered steel
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specimensthe specimens weiait in half by saw cutterWater jet cutting was utilized
for further separation of the cladding to obtain two 240mm Idngp@ples, seEigure
6.3.

As described earlier each hardfacing alloy has its own unique characteristics, to study
these characteristics claddings for crossi@es were also prepareigure6.4 presents
cross sections of the four hardfaciitpys.

30 mm

Figure 6.2: Claddings of the four hardfacing alloys for hammer mill test, (a) FD605 (b)
NI2 PLUS(c) FD65 (d) NIFDPLUS

Figure 6.3: (a) Claddedspecimerirom quench and tempered stesplecimen (b) Sample
obtained by cutting the claddegecimenn half by water jet cutting
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Figure 6.4: Cross section clad images of the four selected alloys. From left to right, (1)
Single weldveavebead ofFD605, (2)five beads oFD65, (3)four beads oNIFD
PLUS (4)five beads oNI2 PLUS

6.2.1 Calculation for cooling time (T gs)

The cooling time affects the microstructweHAZ, as described in chapter So, it is
important to calculate the coolitigne from 800500C (Tgs) to estimate the microstruc-
ture of HAZ The cooling time can be calculated from the welding energy (E), heat input
(Q) and preheating temperature @l The formulas for calculation ofgEare listedin
equations 6.1, 6.2 and 6\8hile the values for E, Q anddfor each individual alloy is
listed inTable6.2 The details of these welding parameters can be found in ref¢é&fce
and[67].

Welding Energy (E) =68 U x 1/ 1000x V (6.1

Heat Input (Q) = Ex k (6.2

Teis= (67001 5 x To) .Q. {(1/ 5001 To) i (1/800To)}.F3 (6.3
Where,

U= mean voltagé¢volts)

| = mean currentampere)

V= travel speedmm/min)

k= welding efficiency(for this case k=0.8)

Fs= threedimension welding coefficient (for cladding=+1)
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Table6.2 Welding energy, heat input and cooling time values of the hardfacing alloys

Alloys E (KJ/mm) Q (KJ/mm) Teis(Sec)
NI2 PLUS 0.23 0.18 2.21
NIFD PLUS 0.24 0.19 2.28
FD65 0.25 0.20 2.40
FD605 0.84 0.67 7.96

6.3 Heat treatment and grinding

After preparation of the cladded specimens of all four hardfacing alloy®th selected
basematerialsn soft and as clad states, the clads on both soft base materials were under-
goneheat treatment The parameters selected wdreating to 858-860°C, oil quench-

ing then tempering at50°C.

After the heat treatment of claddings on soft substratethe prepared specimens, in as
clad andcheattreated for hammer mill and pulse jet test wgrended for making smooth
surface on the claddin@he grinding of specimens was done outside the university prem-
isesin a workshop specializing in grindingis a costly procesgigure6.5 shows grinded
hammer mill specimens.

Figure 6.5: Grinded hammer mill specimens (a) NMRUS(b) FD65 (c) FD605 (d)
NIFD PLUS
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7. RESULTS

This chapter includes the results acquired through the cladding of the selected alloys, in
as clad andheattreatedstates, by different analysis and measurements. The chapter also
includes the outcome of the hammer nmipact weatest and pulse jetroson weartest

7.1 Cladding Results

Thecladdings of the hardfacing alloys were analyzed by different techniques. Cross sec-
tions were prepared for the four hardfacing alloys in as clacheattreatedconditions;

cross sections were appropriately cut, mounted as 50mm SEM buttons, grialbed-

ished Grinding was completeuly Struers Tegramin 30 with 2Qé1, 50Qum and 100Qm

SiC grinding papersespectively while polishing was also dorgy Tegramin 30with

3um, Jum and OPU polishing clothsThe samples were thetchedin 5% nitalbefore
analysis etching in nital was done to reveal HAZ in the specimé&igure 7.1 shows
image of the grinded, polished and etched specimens of the four samples.

Figure 7.1 Cross section specimen prepared as 50mm SEM buttons

As described in chapter 2, dilution is one of the deciding factors when analyzing hardfac-
ing deposits, dilution, deposition rate and net melting rate for as clad conditions are also
presented in fddwing sections for each alloy; heat treatment did not affect the dilution
so, the dilution is same for as clad dmehttreatedstates.The dilution, deposition rate

and net melting rate were calculated from image analysis by Image J; the details of the
method of calculation can be found from referef@®]. The calculation ofleposition

rate and net melting rate required the density of each hardfacing thboglensity was
measured by Waltedensity meter.
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7.1.1 Cladding results of NI2 PLUS hardfacing alloy

3000 um

Figure 7.2 Cross section image a6 cladNI2 PLUSacquired at 2.5x

Figure 7.2 presentsa profile image of as clad NIPLUS cross sectiordeposited on
42CrMo4 bar.The image shows smalingsten carbidearticles spread throughout the
coating with longverticalcracks and pores. The volume fraction oftilnegstercarbides
was analyzed by Image J amdsfound tobe around 12%while theaverageporosity
levels revolved around 3% heaveagesize oftungstercarbidesvere found to bén the
range of 3@35um. Thecoating thicknesdilution, deposition rate and net melting rate
are preseied inTable7.1

The HAZ isquite visible and only affected a small percentage below the clagdtheg
averagedepthof HAZ below the clads 1.4mm Higher magnifications of the cladding
were captured to analyze the cladding at a greater degtire 7.3 presents images of

the cladding taken with optical microscopy at 50x magnificafldve Figureshows pri-
maryo-Ni dendrites and nickel alloy matrix surrounded with tungsten carbides, the clad-
ding also contains some secondary carbides that are difficult of characterize from optical
microscopy.

While cladding NI2PLUSby CMT, it was observed that lot black colored powder was
produced that surrounded the clad area, it was collected and planned to be analyzed later.

Table7.1 Calculated parameters of NRLUScladding by image analysis

Average Density Dilution (%) Deposition Net melting

Coating (gm/cm?) rate rate

thickness (kg/hr) (kg/hr)
(mm)

2.91 9.1 2.2 3.112 3.19
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Figure 7.3 50x magification image of as clad NIPLUS(a) clad interface (b) main
clad structure

XRD analysis was conducted on the grinded as cladPNI2S specimen to obtain accu-
rate results that presents information about phase and elemental afrédyses’.4 pre-
sents the resulisf XRD on NI2PLUSIn as clad stateXRD reveals that secondary car-
bides inFigure7.3 are actually vanadium carbidasd matrix consist of NB and N;B.
SEM images and EDS analysis were also conducted on the cross section sp&tiens,
images and EDS analysis are presentétgare7.5and table 22 respectivelyThe anal-
ysis confirm that the structure of NRLUS consst of primary dendritio-Ni, nickel al-
loyed matrix, vanadium carbides and tungsifidme matrix mainly consistof nickel d-
loyed with carbon and tungstgeresence of boron in the matrix was confirmed by XRD
but EDS cannot detect boron becausisaight weight.
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Figure 7.4: XRD of NI2PLUShardfacing alloy in as clad state



Figure 7.5: SEM images of NIPLUSIn as clad condition, (a) 300x (b) 1@0(c)
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2000x with EDS analysis points

Table 72 EDS analysis of NIPLUSas clad

50

Element (wt%) C Ni \% W
Point 1 10.96 79.66 - 9.38
Point 2 8.48 90.30 - 1.22
Point 3 12.84 4.67 22.93 59.56

The clad on soft base materials were subjected to heatiriesf a cross section profile
image of theneattreated\12 PLUSIis presented ifrigure?.6. It can be seen that the heat
treatment of the cladding produced cracks in the clad as well as in thedzs&l. The
crack is generatesh the middle of the coating drextended to the base materighe
HAZ region is no longer visible becsel of tempering of the specimdre hardness of
as clad andheattreatedNI2 PLUS was measured at a load of 1000gbaracterize the
variations in hardness be@and after heat treatmerttethardness profile of as clad NI2
PLUS and heattreatedNI2 PLUS is presented ifrigure 7.7. The hardness values that
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exceeds 600HV are basically the hardness from the corners of the carbide, while the peak
hardness of 2400HV corresponds the Wa&l\Wardness from the center of the carbide.
Separatehardness was measuratia load of 300gm ofive different points (for both

matrix and tungsten carbides) and the average of the values was maasuresljlts are
presented ifrigure?.8.

Figure 7.6. Cross section image bkattreatedNI2 PLUSacqured at 2.5x
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Figure 7.7: Hardness (HY) profile of NI2PLUSalloy in asclad andheattreatedcon-
dition

For observing changes in the cladding after heat treatment, high magnification images
were takenFigure7.9. FromFigure7.9, it is seen that no major changes occurred in the
cladding and images of NIPLUSalloys in as clad anbeattreatedcondition resemble

each other. XRD analysis of NRLUS heattreateds presented ifrigure7.10 the anal-

ysis by XRD alsaeveals that there are no phase changes occurrecheffetreatment

for this alloy. SEM images and EDS analysis were also carried out to observe post heat
treatment affects; the results are presentédgare7.11andTable7.3. Interface of both
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clad were also observed with SEM at a magnification of 388gfFigure7.12 cracks are
clearly visible at interface iheattreatedmage.
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Figure 7.8 Hardness of NI2 matrix and carbides in as clad aedttreatedconditions

Figure 7.9 High magnification (50x) images of NF.USin heattreatedcondition,
(a) basicclad structure(b) clad interface
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Figure 7.10: XRD analysis bNI2 PLUSIn heattreatedcondition
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Figure 7.11: SEM images of NIPLUSheattreated(a) 300x (b) 1000x (c) 2000x with
EDS points

Table7.3 EDS analysis of NIPLUSheattreated

Element C Ni V W @)
(wWt%)

Point 5 9.90 80.31 - 9.78 -
Point 6 10.73 80.64 0.75 7.89 -

Point 7 13.35 5.13 23.24 56.67 1.42

























































































































































