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SUMMARY

XH7 is a high speed steel alloy developed for use in surface coating to improve the impact
and abrasive wear resistance of machine parts and tools. The desired structure of the material
is a martensitic matrix with fine carbide and boride precipitatesoider to form these
precipitates carbide forming elements such as: W, Cr, V, and Nb, are added to th& hbgy

been found that XH has a tendency to form an area with a ferritic matrix phase when laser
cladded.

The thesis has been performed in ordersolve the problem of scatter in the microstructure
of laser cladded XH. In order to achieve this théesis is split into two partdaracterization,
and development.

During the characterization phase simulations, microscopy and mechanical tesisefiso
identify the phases present in XH explain the solidification behaviour of the material, and
explain the reason for the formation of the ferritic matrix. In this part of the thesis it was found
that the softer ferritic matrix formed in the slowgécooling regions of the clad, while the faster
cooling regions showed a martensitic matrix. Apart from the matrix phase both areas
contained the same phases namely: NbGBY¥nd a eutectic structure made up of eithesBV

or M23Gs, and fine grains of mak phase. It was concluded that the ferritic matrix formed
when the formation of NbC depleted the carbon content of the liquid. The reason this did not
happen in the martensitic areas is caused by the high cooling rate which allowed austenite to
begin sadifying before the carbon in the liquid had depleted significantly.

During the development phase several alternative alloys te7 Xtr€re developed. With the
goal of preventing the formation of ferrite. The two most promising were labelledEldnd
XH7C.

KeywordsHigh speed steel, laser cladding, surface coatitigy characterization
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1 Introduction

Overlay welding is a welding procedure that places a weld metal clad on top of a base material.
Generally, this is done to improve the wear or corrosion resistance of a part by cladding it with
a different material compared to the base material.

The subject of this thesis is a new high speed steel alloy developerse in laser cladding
and pgasmatransferred arc welding.

X-H7 is an iron based alloy for overlay welding processes as laser cladding and plasma
transferred arc welding. The alloy has a high hardness of around 65HRC and it is designed for
applications requiring resistance to abrasive amgbact wear. However, it was found that
under certain conditions soft spots were formed during laser cladding. These soft spots are
not found on PTA welded coatings. It is the goal of this project to find ways to avoid the soft
spots while maintaining thevear and impact wear performance.

1.1 Goaland criteria
The goals of this thesis have been defined as:

1 A deeper understanding of the development of the microstructure during the coating
process.

1 Anindepthunderstanding of factorgfluencing the microstrucire and resulting
coating properties.

1 Identify chemical composition that provides a large process window and robust
properties

1.2 Description of project
The thesis can be divided in twdhpses:

1 The first phase is the characterization of the-Khhaterial this part focusses on:
o Explanation of the behaviour of the material during solidification.
o ldentification of the phases present in laser cladded7XH
o Identification and reason for the formation of the soft areas in laser cladded
XH7
1 The second phase ibé development new variants of XHto resolve the problem of
the soft areas.



2 Background

2.1 High speed steel

High speed steel§HSSyre defined as iron based alloys @drbon, chromium, vanadium,
molybdenum, tungsten, or combinations of the$&] This group of steels is named because
of their main application is machining materials at high cutting speguscarbon and alloying
elements used in thesgpes of steel are used to give thdngh hardenabilitywear resistance,
hot hardness, and good toughnes®ommercially there are two types of H&Sined:

1 Standard HSS: Tool steels that serve almost all cutting conditions
1 Intermediate HSS3maller group that are useable for more limited cutting conditions

The minimum requirements a material must meet to be classified as HSS are liJiabled.

Tablel. Minimum requirements foHSS classificatigh]

Requirement Standard | Intermediate
Carbon % 0,65 0,7
Chromium % 3,5 3,25
Vanadium % 0,8 0,8
Tungsten% 11,75 6,5
Minimum alloy contentfor alloys
containing >5% Co 22,5 13
Minimum alloy contentfor alloys 21 12

containing <5% Co
Ability to be austenitized and tempered a
temperatures above 510°C

63HRC 62HRC

HSS alloys share sorsieilaritiesin properties

High alloy content

High enough carbon content to allow hardening to 64 HRC

Uniform hardness throughout the entire cressction

High temperature hardening and martensite start temperature high enough to
allow cooling in air.

Possess high amount of carbide/boride/nitride particles that contain a high amount
of the alloying elements.

E I
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2.1.1 Alloying elementdn HSS
The most commonly added elements addedH8S and their intended effects dg [2]:

Carbon Carbon is the most important element and is usuadjiitly controlled. Variations in

the carbon content can have large consequences for the mechanical properties and
microstructure of the alloyRsing carboncontent will increase hardnesand strength
decrease lhie martensite start temperatur@nd increases the amount of formed carbides.
These carbides contribute to the hardness and wear resistance of HSS.

Silicon Silicorhas a small effect up toWt% Increasing the Si content raises the hardness but
also slightly lowers the toughnes8nother effect of alloying with silicon is an increased

Lo oo o i €



solubility of carbon into the matrix, it also promotes the formation ofQMdarbides but does
not affect thedistribution of carbides.

ManganeseManganese increases strength and hardness but increasesritfieriess. This
element is notnormally used in large amounts in HSS because the increased brittleness
increases the chance of cracking during quenchyanganese also influences the amount of
retained austenite.

Chromium Chromium is added to HSS in quantities between 3 and 5% and is mainly added
for its hardening effect antbr the formation of carbide€r:G and CvG. A different effect
of chromium igo shrink the austenite forming area and the stabilizaiderrite.

Tungsten Tungsten is found in almost all high speed steels. It is used to form hard carbides
that significantly increase wear resistance and improves hot hardness, resistance to tempering,
and causes secondary hardening. If the tungsten concentratiaiedseased,t is usually
replaced by molybdenum.

Molybdenum molybdenum forms the same carbides as tungsten does, however since it has
about half the atomic weight it can replace tungsten by a factor of 1 Mo for Bedause the
melting point for molybdenum is lower than that of tungsten molybdenum alloyslesea
narrowerhardening range. Molybdenum alloys have a higher toughness than tungsten alloys
but have a lowered hot hardness. In order to improve the hot hardness most molybdenum
HSS alloys also have an addition of tungsten and vanadium.

Vanadium Vanadiums added for its ability to form very hard stable carbides, these carbides
greatly improve the wear resistance and slightly raise the hot hardness.

Cobalt Cobalt is added to HSS to increase the hot hardn&liésying with cobalt raises the
liquidus tempeature and thus gives a higher austenisation temperature allowing more
carbides to be dissolved and resulting in more retained austenite. This latter effect is slightly
compensated by also decreasing the stability of austenite and raising the martensite sta
temperature.

2.2 Martensite formation

When steel is quenched rapidly enough from the austenitic field it transforms into martensite
This diffusionless transformation occurs when there is not enough time for diffusion
controlled processes to occuMartensite is a term used in metallurgy for any product of
diffusion less transformation, a transformation where the movement of atoms is less than one
interatomic spacing. In steels, martensite is formed when the cooling rate is high enough that
thecarbg/ | G2Ya Ay &2aSziaAi2lye ANy (5K26E dEGkCPaydatukayed (0 K S
a2t AR &a2f dzi xrey2 BN Of NDRFAAFYPGSR & hQ

2.2.1 Martensite growth

¢CKS YINILISYaAadnsS LKFEaS ohQo Aa 2F0Sy ®BRMWMYSR Ay
grain diameter. More martensite forms by transforming the remaining austenite between the

plates that have already been formed. The transformation of martensite starts at the

GYF NI SyaaasS adlNIihe in&tensid Kdish (NSnperatue shows the
temperature where more cooling does not increase the amount of martensite. In practice this

does not mean the material has fully transformed as there will always be some retained
austenite.

The martensite transformation starts when the freeeNH & o6 NNA SNJ (2 vy dzOf S|
overcome The value for this term is given by the following equation:
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Equationl. Free energy barrier taucleation

Where:

1T GKS O2KSNByild AyiSNFIFOAILIE SySNHe 2F (KS O
k D= the volume free energy release

s = shear strain

K = Shear modulus of austenite

The critical nucleus size (c*=thickness and a*=radius) required for the formation of

martenste can be calculated by:

a
Yo

g PRIIC =
YO

Equation2. Qritical nucleus size

@
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Il TGSNIJ kDfF Kl a alkSyhesNdigihikatiie requikes crikical radius becomes

low enough for martensite plates to start growing rapidly until they hit a high angle grain
boundary or a different martensite plate. At firdhih plates with high a/c ratios will form
GKAOK gAff GKAOISY FFOUSNI F2NXI A2y @ LY YSRA
fine twins with an outer region of regularly arranged dislocatidwsv carbon steel contains

a high dislocation densitysometimes arranged as a cellular structure instead of twins. High

carbon steel contains only twins.

2.2.2 Transformation temperatures
The martensite start temperature can be estimated using the following formula:

Di J vtvoodrn coa x0¢é pDi pOO O €& VO E

0w pOQXYQOYQTW

Equation3. Martensite start temperature

[4]

2.3 Laser cladding

Laser cladding is a surface coating technigiaxerein a high energy density laser is used as a
heat source. The process is used to coat a metallic surface with a different metallic material.
The areato be cladded is heated through absorption of energy delivered by a high power laser
beam. Becausesdar light is highly monochromatic and directional it allows focussing of the
laser into a very high power density. Because of the high power density the energy can be
focussed on a specific point on the surface of the substrate, this results in a rglé&mwdheat

input into the substrate material compared to other processes. The low heat input has
minimal effect on the substrate which allows laser cladding to be used on both thick and thin
parts. [5]
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Despite having low heainput into the substrate the heat input into the focus point is
extremely high causing high heating rates on the surface. After the heat source has moved
away diffusion of heat into the cold material causes the heated area taygelich. This high

heatingand cooling rate causes: A refinement of the microstructure and in some cases the
formation of metastable phases.

The laser cladding process can be modibigdiarying one or more of the process parameters.
The most important parameters in laser claddiage: Laser power, bearsize beam

manipulation methods, travel speedpwder feed methodand powder feed rateThe effect
of adjusting the parameters is shownTable2.

Table2. Influence ofncreasedprocess parameters on clgtoperties[6]

Geometrical | Hardness Jad width
Parameters Clad height| Melt depth dilution /cracking
Laser power - + + - +
Feed rate + - - + -
anntlty of _ + i i N N
coating material
Laser sposize + - - + -

Powder is blown directly into the melt pool by a carrier gas at an angle-4538The particles
are heated as they pass through the laser beam and melt when they reach the melt pool. In
order to prevent high dilution it is important that the laser powsrigh enough to melt the
clad material without melting too much of treubstrate. Powder that strikes the substrate
surface instead of the melt pool is deflected. This method can be used to produce a high

guality cladding with low dilutionFigurel shows a schematic representation of theaxiat
fed powder laser claddingrocessused at hdganas

\ "\.\ \I \‘ '\\ l';' l{ ‘( ”. ‘(
| ;j;’ /

I IV | == Processing direction

\ 1"} l‘n | u! |
L]
U ol
‘\ | N FPowder stream
| | [ Laser beam
Depaosited . \‘ || | “
material \ > /
5 Melt paol
Dilution arsa \/ \
Prd Mg

Shield gas

il Workplece

Figurel: Coaxialfed powder laser cladding processage supplied by Hoganéas

2.4 Plasma Transferred Arc overlay welding

Plasma transferred arc welding is a coating method for metallic surfaces. The principle behind
PTA welding is the formation of an electric arc between acmmsumable tungsten electrode
and the substrate materials to create a melt pool. This arc is eskedal by ionised plasma gas

10'Q8 6 P QEE———— pTT
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between the electrode and the substrate. Filler material is fed into the arc either in wire or
powder form to create a metallurgical bond with the substrate.

2.5 Comparison between PTA andaser cladding

When these two deposition thniques are compared it can be said that PTA has a higher total
heat input per kg of deposited material than laser cladding. This results in higher dilution,
larger heat affected zone, lower cooling rate, and a generally a coarser microstructure.

2.6 Descrigion of the material

XH7 is a high speed steel alloy developed for use in surface coating to improve the impact
and abrasive wear resistance of machine parts and tools, for example in industries like
agriculture and mining. The desired structure of thetemel is a martensitic matrix with fine
carbide and boride precipitates. Large hard particles are not desired as they would increase
brittleness. Higher carbides and borides likes8are not desired due to their lower hardness
and poor wear and abrasiy@operties. Carbide and boride forming elements such as: W, Cr,
V, and Nb, are added to the alloy. In order to provide sufficient hardenability to the matrix an
abundance of solubn hardening elements lik&V, Cr, and Si are also added.

2.6.1 Soft areas

It hasbeenfound that XH7 has a tendency to formnaarea with asoft matrix phasevhen

laser claddedFigure2 shows a typical etched cross section of laser cladded, X dark
areas are thesofter areasFigure3 shows thesofter darkareain higher magnificatiopwhile
Figure4 shows theharderlight area, alsan higher magnification

12



FiguréZ. Typical example aftchedlaser cladded XH, The dark area shows significantly lovardness than
the light area Etched in 3.3.

Figure4. Microstructure oflight areain Figure2, etchedin 3.3

13



3 Phase 1l

The first phase of the thesiss concentrated onthe characterizationof XH7 clad
Characterization is performed to receive informatiom the microstructure angrroperties of
the XH7 material.

3.1 Experimental

3.1.1 Material

The XH7 material used in these experiments is an atomized powder, the composition of this
is shown inTable3. The patrticle size range of the powder ugsedoverlay weldings 53

150pm.

Table3. Chemical amposition of XH
Composition Wt %)
Fe| C| Cr| Nb| Ti | W | Other
Bal | <1 | <5 | <2 | <1 | <10 <7

3.1.2 Cladding conditions

The powder was cladded by PTA and laser. Hettinger PTA was usiee éxperiments. Fo

laser claddingwo different type of lasers ere used: directiode laser, and a fibre laser.
Varying process parameterseve used to clad thenaterial. The parameters that were altered

are: laser spot size, cladding speed, laser power, and deposition rate. These parameters
where used to produce clads with differeheights, widths, dilution, and single or multiple
track and layersThe parameters used can be foundppendix 1

3.1.3 Simulationof solidification
Thesolidification properties of the samplesed A Y dzf I § SR dza ATyednofi KS O 4LINE 3
The program version used was 3.1 and the database was TCFE®6.

3.1.4 Metallography

The alloys that arexamined for this thesiwere cladded unto éow alloyed carbon steelnd
then a cross section was cpérpendicular to the cladding directidor further examination.
The crossection was mounted in Bakelite, grinded gralishedas follows

1 AbkOsgrinding stoneuntil a flat surface is achieved
1 6 minutes on a 9um cloth

1 6 minutes on a 3um cloth

1 0,5 minutes on a 1um cloth

After polishing the samplesere etched to reveal the microstructure. The composition of the
etchantusedwas:

1 2100ml, 95% ethanol

1 1ml, concentrated hydrochloric acid

1 2g, picric acid
This etchants called3.3 andwas used because earlier studies performed¢iagianas AB
have shown that it was the most effective.

3.1.5 Microgructure analysis
The microstructure of the all@ydiscussed in this repomvas studied using light optical
microscopy, sanning electron microscopy, aedergy-dispersive Xay spectroscopy.

14



The microscopes used are:

9 Leica DM600O0 lighdptical microscope

9 Hitachi SU6600 SEMquipped withbruker SDS detector for chemical analysis.

1 Hitachi TM3030 tabletop SEM

The hardness of the samplessmeasured using a atzusawa MM7 microVickershardness

testet GKS KI NRYySa&a 0 S ST¥fe valies givénRn thigdepoft Are |-

KI a

an average of at leagtmeasurements taken in an area.

In order to identiy the soft phase formed in the XHalloy an EBSD analysiasperformed
at Chalmers University of Technologyhis method is used to characterize the grain
orientation, and phases of crystalline materialiis method has been used to identify the

crystd structure of the soft matrix in XH.

3.1.6 Heat treatment

This experimentvasperformed tocharacterize the microstructure die soft areas found in

the XH7 laser cladded coatingd hiswasdone by heating the samples to the austeration
temperaturefollowed bycooling thento room temperature. Two cooling methods have been
used one where the samples were left to cool in the furnace and one where the samples were
cooled rapidly in oilThe samples selected for this experiment are?x¢fadsrom the Nseries

Appendix 1The parameters of the heat treatment are shownTiable4.

Tabled. Heat treatment parameters

Samples | Temperature | Time Cooling
N18,N19, | 1000°C 60 minutes | In furnace
N20

N36,N37, | 1000°C 60 minutes | In oil

N38

All samples have been heated to 1000°C faraace with a nitrogen atmosphere. After one
hour, samplesN18,N19, and N20 were left to cool in the furnace for one hour, samaNss,

N37, and I88 were cooled in an oil bath.

15
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3.2 Results

3.2.1 Simulation
Themicrostructure of XH wassimulated using the programirhermacal&. In this chapter
the results ofthesesimulationsperformedfor the XH7 material will be discussed

Simulation of thephase diagram of th¥H7 alloyhas been performed usinthermo-Calc, the
results of this simulation can & seen inFigure5. The vertical black line has been added to
designate the carbon content present in-XH

XH-7

2.000
1950
1'900 -
1'850 -
1,800 -
1,750 -
1,700 -
1'650 -
1,600
1'550 -
15001 |
1'450 -

1.400 -
1350 1

1300 - ——
1250 - .
1200 FC?_A!

1150 1 LAVES_PHASE_C14

1100 - — M2B_TETR#2
1,050 — —  M7C3
1,000 - \\‘ CR2B_ORTH
950
900
850
800
750 =2
700
650 \
ggg 1 -—-—j e e | __—____/
500 ' : N\ ]

15 2 25 3 35 4 45 5

0 05 1
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Figureb. Simulated phase diagram XH

M6C
M2B_TETR
FCC_A1#2
B2M
FCC_A1#3
BCC_A2
CEMENTITE
LiQuID#2
LiQuIiD
M23C6
MC_SHP

Temperature [Celsius]

When theblack line inFigure5 is followed the following phase are expected to forarst at
1470°C a boride (B2M) is formed whishstableuntil 1100°C.Next at 1400°C a carbide
(FCC_A1#3) is formed. At 1300°C austdifi@C A1) forms. ARA0°Ca Boride(M2B _tetr#2)
forms. At 1150°@ carbide (FCC_A1#Zorm. At 1120°C al liquid has solidified.

The amount of each phase at different temperatures can be seé&igimre6. Theamount of
B2M phase isnultiplied by 10 in this figurdoecause the highest amount formed asly
0,22/0l% the amount of FCC_A1l and the liquid has been divided byH®.composition
below the solidus at 1000°C and 1.1% carbon of these predicted phases can be foabtein
5.
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Figure6. Vol%Phasess function of thefemperaturg°C) simulated using Therm@Galc 3.1

Tableb. Predicted phasesnd their composition at 1000°€imulated using ThermGalc 3.1
Mass fraction alloying elemeni\(t%o
Phase Vol% | Fe C B Cr Nb Ti W \Y;
FCC_Al1#1 80,7 92,7 | 0,6 0,0 28| 0,0 0,0 0,7 0,2
FCC_Al#2 2,9 3,6 | 141 0,0 58| 90 2,6 18,4 | 46,5
FCC_Al1#3 2,6 0,8 | 12,8 0,0 2,7 | 57,8 9,9 6,9 9,1
M2B tetr#1| 13,8 | 37,0 | 0,0 5,8 70| 0,0 0,0 50,3 | 0,0

At 1000°Gand 1,1% carbon four phases are predicted:

1 FCC_Al1#JAustenite matrix containing 0% CarbonlIf Equation3 is applied to this
composition the martensite start temperature would be 267°C

1 FCC_A1#2: Vanadiupasedcarbidewith high solubility of niobium chromium,and
tungsten, and a mderate amountof titanium.

1 FCC_A1#3: Niobiurbased carbide with high solubility oftitanium, tungsten and
vanadium

1 M2B_tetr#1: Tungsten borideontaining a high amount of iron ana moderate
amount of chromium.

3.2.1.1 Scheil solidification diagram

The simulated<heil diagram of the XH alloy is shown ifFigure?7. The Sheil diagram
provides information about the solidification behaviour of the alloy and twipbases are
formed.

17



XH-7 scheil diagram
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Figure7. XH7 Scheil diagramsimulated using Therm@alc 3.1
The<heil diagram predicts that:

At 1450°C a tride (BM) is precipitated

At 1400°C Aarbide (FCC_A1#2s precipitated along with the boride.

At 1300°C ferrite (BCC_AZ2) forms along with the carbide.

At 1250°C a boride (M2B_tetr) forrelong with the ferrite and carbide

At 1100°C austenite (FCC_A1) start to form along with the ferrite and boride.
Finallyat 1070°C a carbide (M23C6) forms and the last of the liquid solidifies around
1040°C.

3.2.1.2 Phase diagram v&cheil diagram

= =4 8 4 -8 A

If the result of the phase diagram is compared to the result of $keil diagram themost
important differences are the formatioaf ferrite instead of austenitand the formation of a
higher carbide (M23C6) in the last stage of solidification.

The reason for thesdifferencesis probably caused by the change in composition of the liquid
as the matrix and carbides begin to solidifygure8 shows thechangingcarbon content of

the liquidvs the temperaturecalculated supposing that equilibrium conditions are achieved

during solidiication. Figure9 also shows the changing composition of the liquid during

solidification, important to notice is the strong increase of the ferrite stabilizing elements
chromium and vaadium
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Figure9. Changing composition of liquidith the tenperature, data taken froniThermo-Calc simulation

3.2.2 Microstructure analysisxH7

Microscopic examination ofaser claddedXH7 alloy was performed to characterize the
microstructureof XH7. This was done through a combinatiorlight opticalmicroscopy, SEM
and EDS. Because two distinct areas can be distinguafterdetchingin 3.3these areas will



be described separateliFigurel0showsa typicalcrosssectionof XH7. The image shows two
areas a darker and lighter on&easurements show that the light area is coresably harder
than the dark are, 940H/ compared to 600M. The difference in colour is probably caused by
the difference in effectiveness of the etchant causing the softer area tetbleed slightly
deeperthan the harder arealnteresting to note is that the dark area always forms near the
top surface of the clad, this is the area of the clad that is cooled slaavessolidifies last
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Figurel0. XH7, sampleN2. Two clearly distinguishable areas can be sg@era lightly etched area, and
(B) a more strongly etched area

3.2.2.1 Microstructure oflight area

Figurellshowsthe hard light aredound in the XH7 alloy Threephases can be distinguished
in this area independently of which sample was investigated

1. A hard matrixconsistingof cellular anddendritic martensite
2. Aeutecticstructurebetween themartensiticmatrix
3. 9mall round carbides.
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Figurell. XH7, SampleN35 microstructureof light area etched in 3.3. Martensitic primary dendrites
(1), eutectic structure (2) and carbide or boride particles (3) are observed

Figurel2 shows a SEM image of a-XHladat higher magnificationFigurel3 shows an EDS
mappingof the elements preserdand Table6 shows the measured composition of the phases
found. Fourphases can be distinguished:

1. A martensitic matrix this matrix phase consists mainly of iron but also contains
amounts of chromium, tungstemiobium and silicon.There also measured are high
amounts of carbon and borgnbut because these elements have yetow
characteristic energ(>500 eV}hese valuesan be unreliable due to the difficulty in
analysing then by EDS

2. A grey intercelluldmterdendritic phase containing high amounts of vanadium,
tungsten, niobium and ironAt high magnification this phasgpears to be made up
of a mixture of two different phases but becausetloé finenessof these phaseg is
difficult to resolvethem.

3. A white intercellulafinterdendritic phase consisting mainly of tungsten, with a
contribution of chromium and vanadium.This phase also shows a high signal for
boron, which indicates a borid€ombined with the information obtained in Thermo
Calc this phase is identified as theBAtetr.

4. Dark particles with a grey shellhe EDS maghows that these particldsavea strong
signal of niobium and a slightlyeakersignal for titaniumin the centre this can be
seen infigure 14 Figure 15shows a line measurement along the diameter of one of
these particles in this figure it can clearly be seen that the titaniumasigrcreases
near the centre of the particle and decreases near the edges.
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15.0kV x10.0k SE

Figure12. XH7 light areaetched in 3.3 as observed by SEM. Four different phases are identified
martensite (1) eutectic (2), tungsten rich boride (M2B) (3), titanium and niobium rich precipitate

Table6. Chemical composition of the phases identifiedhia light area
measured by EDS analysis

Wit%
Phase| B cl ] v |c]|] Fe | N[ W
1 1,3/119(09 23| 27]80,6| 1 5,6
2 201 3,21 01| 2,8 5 70,51 0,8 12,9
3 40|24, 00| 66|56 | 37,7 15]|41,2
4 57191 30|37]| 25| 18,4 |37,1| 18,6
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Figure13. EDS Map X, Light areaetched using 3.3
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Figurel5. Line measurement along diameter FCC_A1#2
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3.2.2.2 Microstructure ofdark area
Figurel6 shows thesoft darkarea found in the XH alloyas observed under a light optical
microscope Three phases can be distinguished.

1. Asoft matrix consisting oferritic or austenitc dendrites
2. Aeutecticstructurebetween thematrix phase
3. Small roundprecpitates.

Figurel7 showsthe microstructureof a XH7 cladas observed by SEMigurel8 shows an
EDS mgping of the elements present in XH Four phases can be distinguished:

1.

2.

3.

A matrix phase consists mainly of iron but also contains amounts of chromium,
tungsten, niobium and silicotdardness measurements show that unlike the light area
this phase is not méensite, it is assumed that this phase is either ferrite or austenite
The EDS analysishows a high amount of boron and carbon, but because these
elements have very low characteristic energy (>500 eV) these values can be unreliable
due to the difficultyin analysing then.

A white intercellular phase consisting mainly of tungsten, with a contribution of
chromium, and vanadium. This phase also shows a high signal for boron, which
indicates a boride. Combined with the information obtained in Thef@adc thiphase

is identified as the ¥B_tetr.

A grey intercellular phase containing high amounts of vanadium, tungsten, niobium
and iron. At high magnification this phase appears to be made up of a mixture of two
different phases but because of its fineness difficult to identify this phase.

Dark particles with a grey shell. The EDS map shows that these pdrtiukes strong
signal of niobium and a signal for titanium in the cenae example of this can be seen

in figure 14 Figure 15shows a line measurement along the diameter of one of these
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particles, this figure also shows an increase in signal strdogtitanium towards the
centre. Combined with the information received from the Ther@alc simulation it is
believed that this pase first formed as titanium boride (B2M) which then acted as a
nucleation site for niobium carbide ((FCC_A1#2).

Figurel?. _7', Sample3zdé'rk area

Table7. Measured composition dark area

Wt%

Phase| B c | si|] T[] Vv ]c[wMm | Fe Nb W
1 14171080214 | 26| 25| 851]| 0,7 51

2 43124100, 00]| 38|54 |21|575| 17 23,8

3 21,30|00|00|24|52|28| 747 | 04 11,4

4 3218200923712 10| 21,9 40,0 11,6
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Figure.‘lf)S Map XH, Darkarea ‘
3.2.2.3 Eutecticstructure
In both the light and dark areas in XHalloy a eutectistructure can be observetihe main
difference was the amount of eutectic phase larger in the dark areas when compared to the
light one. This can be observed by comparing figure 11 anthi$eutectic structure consists
of:
1 A grey phase which makes up the majority of the eutedhcs phase shows strong
signals foiiron, tungsten, chromium and carbon
1 A very fine dar&r phase because of the fineness of this phase it is difficult to analyse
the composition

An image of this eutectic at high magnification can be sed¢ngarel9 and an EDS mapping
of this area can be seen Figure21. These images are taken from the Si@Aseries, the
cladding parameters for this series can be seefjgpendix 5

When XH7 is cladded using PTA the microstructure formed is coargepared tolaser
cladced material PTA cladded XHis seen irFigure22, in this image the same phases can be
distinguished as in laser cladded-XHlloy.

1. The martensite matrix

2. The nobium carbide (FCC_A1#2)
3. The tungsten boride (M2B _tetr)
4. The grey eutectic

Because othe coarser structure however it can also be seen that the darker eutectic phase
in this case aractuallyfine grains of matrix material: Martensite, ferrite or austeniteis
thought that this is also true for laser cladded-XH
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SEM MAG: 10000x HV: 15kV
Figurel9. SCAHY close up oéutectic etching in 3.3,
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Figure22. XH7 PTA claded XH7 eutectlc structure as seen under SEM




3.2.2.4 Hardness measurement
The result of the hardness measurement performed on the lightdar# areas found iXH
7 alloy isshown inTable8. These measurements show that the dark area is significaofter

than the light area.
Table8. Hardness XH

Light area| Dark area
940HV 600HV

3.2.2.5 EBSD

In order to identify he matrix phase found in thdark areas found in XH cladsan EBSD
analysis has been performenh two sample®f this alloy.Theresults of thisandysis is shown

in Figure23. The matrix is identified as having a BCC crystal structure. From this analysis it can
be concluded that the matrix in theofter areas of XH alloyisferrite.

EBSD Layered Image 9

10pm
Figure23. XH7 laser cladded, sample N32 , etched in 3.3. EBSD analysis of dark &
showing a bcc crystallographic structure in the areas marked in blue, NbC (yellow).

3.2.3 Heat treatment
The results of the heat treatment experiment can be seenahle9.

Table9. Microstructure of laser cladded XtHafter heattreatment at 1000° C followed by cooling in furnace and in oil.
Sample Before heat treatment After heat treatment

N18
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N19

N20

N36

N37

N38

The images itable 9show that thedark arean all samples has become less distinct from the
light area after heat treatment and etchingdespite the different cooling ratedt should be
noted however that difference istill visible.

— LB Lot Fr z;:v“-,-,';.,. oa ol

] N R ORI (s i AR - :
Figure 24. XH7, sample N20, Etched in 3.3 Figure 25. XH7, sample N20, Etched in 3.3
Microstructure of the dark arebefore heat treatment Microstructure of the dark area after heat treatment.

Figure24 shows themicrostructure of thedarkarea before heat treatmenfior sampleN20, it

can be seen that a white cellular/dendritic phase is present, also present are a grey eutectic
LIKF&aSs YR OFNDPARS&akoO02NARSaAD 9. {5 |lylfeara
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hasidentified the white phase as ferrite, s&BSDFigure25 shows thedark area after heat
treatment hasbeen performed. The ferrite has been mostly replaced with martensite
although some ferritas still present The amount of eutectic has decreased.

N

Figre26. H7, sample , Etched in 3.3 Mlcrructure
of the light area afteheat treatment.

Figure 25 and Figure 26 show the microstructure of thedark and light areas after heat
treatment. Figure25 shows that the formedark area still contains some ferrite thas not
present in theformer light area It also suggests that the ferrite istained from before the
heat treatment, sincet has not formed in thdight area.

Figure27. Dark area after heat treatment, oll quenhed
sample N38

Figure25 shows thedark area of sampldN18 after heat treatment, andrigure27 shows the
darkarea of sampldN38 after heat treatment. For both samples the ferrite has transformed
into a martensite matrix, both samples also contain remaining ferrite.

3.2.3.1 Hardness measurement

The hardness dhe martensite inthe samples has been tested after the hé@atment. The
results of these measurements is shownTiablel0. The results in this table are an average
of five measurements in an area. When qmared with the results inTable 8 the
measurementsshow an increase in hardness in the former soft area but a decrease Iin
hardness in the former hard are@his difference in hardness could be the reason for the two
areas can still be seen as separate areas in microscopy, since the etchant effectefieihe so
area more than the harder area.
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Tablel0. of XH7 former dark and light area observed
after laser cladding after heat treatmeniN36

Formerdarkarea | Formerlight area

870HV 737HV
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3.3 Discussion

From the information received the simulations and the microstructure analysis a description
of the solidification behaviour of the XHmaterial can be made.

Solidification of K-7 begins around 1450°C with TiBhids a very pur@recipitate containing
only titanium and boride.

At 1400°C a FCC carbide with a high niobium content but also high solubility of titanium,
tungsten, and vanadiursolidifies InFigureg, it can be seen that when this precipitate begins
to form theamount of TiB beginsto decrease

Figure 15hows a line measurement performed across the diameter of this carbide showing
an ncrease in titanium content in the centrd similar result can be observedrigurel4

where the titanium signal is concentrated in a more narroeeathan the signal for niobium.
For thisreasoniit is believed that this carbide uses the JaB a nucleation site

At 1300°C the phase diagram predicts the formation of austenite while the Scheil diagram
predicts the formation of ferrite Themetallographicanalysisof the XH7 material however
shows that both phases amgresent. Austenite (transformed into martensitdprms in the
faster cooling regions and the ferrite in the slower cooling area near the surface of the clad.
In order to provewhether the ferrite could form through diffusional transformation from
austenite the heat treatment experiment was performed. Here six clads weeded to
austentization temperature for one hour. Three samples were cooled rapidly in oil and three
where @oled slowly in airAfter heat treatmentall these samples showed a martensitic matrix
provingthat even with slow cooling the austenite could transform into martenaitd no solid

state transformation of austenite into ferrittakes place From this expriment it can be
concluded that the ferrite phase forms directly from the liquld. order to explainthe
formation of the ferritetwo observations are made:

1 The area with a ferrite matrix always forms near the surfdeere the clad is cooled
slowest This should be the last area to solidify.

1 Figure8 shows that thesolidfication of the NbC decreases the carbon content in the
liquid, with its lowest concentration right before solidification of the matrix begins at
1310°C.

Because of the higher cooling rate in the light area of the7Xdtad it is possible thahe
austenite begansolidifying before the NbC had time sufficiently decrease the carbon
content in the liquid.

At 1250°C a tungsten borideegins solidifying, this phase has a high content of iron,
chromium, and vanadium. And if it formed near the NbC it also contaime fiobium.

The phase diagram also predicts the formation of a vanadium based carbide with a high
solubility of niobium, chromium and tungsten around 1150°C. This phase is not fouaditiy

and instead the vanadium appears to be in solid soluithoal the other phasesThe absence

of thisphase is thought to be caused by the rapid cooling lamdsolidification temperature

just before the solidus temperature.

Around 1100°C all liquid is solidifisdo a mixture of two phases through a euteat&action.

When the lighter eutectic phase is compared with the phase identified aB_kétr,
compositions infable6 and Table7 it can be seen that they have a similar chemisiyr this
reason this pase could actually be M2B_tetr with a different chemistry caused by the
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temperature and location at which it solidified. The difference between them is that the phase
in the eutectc contains more iron and lessobium, andtungsten. The difference in inoand
tungsten could be explained by the fact that the eutectic composition is done through an area
measurement that also contains the darker phase, which is believed to be the matrix phase.
It is thought that the grey phase found in the eutectic isBMietr that formed atthe solidus

this would correspond with results obtained in the Then@alc simulation that shows a
similar change in composition before and after the solidus at 1120°C -Gf 4Bl shown in
Tablell. The reason the Chromium content does not change could again be explained by the
addition of matrix phase in the measurements, bringing the average chromium content down.

Table11. Composition change of M2B_tedfter solidus

Temperature| W Fe Cr B
1200 66,9 24,8 3,6 4,7
1100 50,4 37,6 7,9 5,8

Another possible phase that could be formed in the eutectic reaction other thaMtiBe tetr
is a M3Gs. This phase is predicted by the Scheil diagram and if the altered liquid composition
from Figure9 is taken into account it can alse@rin at the solidus according to the phase
diagram.The simulated composition of this phase is showmhable12
Tablel2. Simulated composition of
M23C6 at 1000°C
Fe| Cr| C B | Mn
86| 7 | 35|16 1,1

3.4 onclusion

When laser claddeche majority of theXH7 materialforms:

1 A hard martensitic matrix @ntaining finecarbide/boride precipitates and a eutectic
structure.

1 A smaller aremormally near the surface of thelad where the cooling rate is lower
forms a softer ferritic matrixThis is caused by a combination of the loweoling rate
and depletion of the carbon content in the liquid due to the formation of carbides.

The heat treatment experimerghows that:

1 Martensite start temperature is high enough to prevent ferrite formation even at slow
cooling rates.

1 The ferrite brms during solidification, instead of transforming from austenite during
cooling.

1 The soft area can be removed through heat treatment at 100@3®@everthis solution
is notdesirablebecausethe hardnessof the coating remains unevesnd processing
time and costsare increased
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4 Phase 2

4.1 Experimental

In order to solve the problem of soft areas in-XHilloy, alternative compositiongere
developed. The strategy used while developing these alloys was making small changes to the
XH7 composition to influence specific properties to either provide information on the
behaviour of the alloy or to provide a solution to teeatterof the microstucture. The goal

of the developed alloys is shownTiablel3.

Before atomization the alloys have been simulated using TheZalo.
Tablel3. Goals set for thelesign of #ernative alloyso XH7
Alloy | Goal
XH7A | Stabilize ferrite, increase soft area, increase amount of precipitg
XH7B | Stabilize austenite
XH7C | Stabilize austenite, increase martensite start

4.1.1 Process

The three alloys were atomised and sieved between 53 and 150um to fulfil the requirement
of the cladding equipment. Multiple clads of each powdaraproduced with varying laser
cladding parameters order to produce clads with differemwllutions.

The parametersisedcan be found in:

XH7A  Appendix 2
XH7B  Appendix 3
XH7C Appendix 4

4.1.2 Materials

Alloy XH7A was developed to increaseea where ferrite is formed at high temperature. The
alterations to the composition come at the expense of the iron content, the carbide/boride
forming elementsvere kept constant

Alloy XH7Bwasdeveloped to decrease the ferrite forming area and exptrarea where
austenite is stable. The alterations to the composition come at the expense of the iron
content, the carbide/boride forming elementgere kept constant.

Alloy XH7Cwasdeveloped to decrease the ferrite forming area and expand the areaavhe
austenite is stable. In order to prevent large amounts of retained austenite the martensite
temperature is raised. The alterations to the composition come at the expense of the iron
content, the carbide/boride forming elementgere kept constant.
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4.2 Resuts

4.2.1 XH7A
The simulatiorof the phase diagranof alloyXH7Ais shown irFigure28.
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Figure28. Phase diagram of alloy XH\ simulated using Therm@alc 3.1

When the phase diagram fhigure28is compared with the XH phase diagram ifigure5
the most important difference that can be seethat for alloy XH7A the ferrite forming area
has been increasedhe vertical black line shows the carbon contenXi7A. It can be seen
that unlike in normal XH material this alloy will move through the ferrite forming area during
solidification

Figure29 and Figure30 show the etched crossectiors of a single track and a multiple track
clad of XH7A alloy.
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Figure 29. Laser cladded XWHA sample NHV1. Etched in 3.3

Figure 30. Laser cladded XPA s mplé NHV17. Etched in":3.3. E()‘\'/er\‘/ifenw of the coatings sectior
multitrack coating

In Figure29two areas can be distinguished:

1. Large dark area wbin covers most of the sample.

2. Athin light area along the interface with the substrate.

In Figure30three areas cambe distinguished:

3. Large dark areas wth cover most of the santg
4. A light area at the interface ween clad and substrate

track clad clad

Figure31 and Figure32 show the structure of the dark areas referred to as 1 and fgyures
Figure29 and Figure30. It can be seen thah both cases this areausists mainly of a white
phasea eutectic, andthere are also carbide and boride precipitates present. The white phase
wasidentified as ferrite and the eutectiappeard to be a mix of carbides and borideghe
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hardness measureith these areas is on average 569. Fhe relatively coarse orange patrticles
in Figure32 were identified as niobium carbides

Figure33. Area 2 inFigure29 Figure34: Area 4 rFlgure30

Figure33 and Figure34 show the structure found in the interface between the clad and the
substrate it can be seen that the ferriteund in the rest of the cladvas replaced by
martensite. The hardness measuredhese areas is onvarage: 736HV

Figure35: Close up of@a 5 inFigure30

Figure35 shows the overlapping region between two tracks which looks like a white band at
highermagnification. At higher magnification 5 different regions can be distinguished, which
are designated®a A to E.

A. Ferritic region of the preexisting track
B. A martensitic regionvith a hardness of 881 HV
C. Aregion with fine ferritevith a hardness of 498 HV
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D. A region with coarser ferrite than region C
E. The normal ferritic region of the newly made track

4.2.2 XHT7B
The simulation ofhe phase diagram ddlloy XH7B is shown ifrigure36
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Figure36. Phase diagram of alloy XHB, simulated using Therm@alc 3.1

When the phase diagram shown kigure36 is compared to the phase diagram of -XHh
Figure5 the most important difference is thdecrease of the ferrite forming are&t high
temperatures ferrite can start solidifying at 0,4%rbon Because the ferrite forming area is
pushed back compared to the original -XHt is expected that no ferrite wilbrm. Because of

the austenite stabilization effect of the alloying elements however there is a risk of some
amount of retained austenite.

Figure37 and Figure38 show the etched crossection of XkH/B clad. Theprimary phasds
composed ofmartensite containing an amount of retained austenite. Algsible are a
eutectic phase and small precipitates.

Figure39 shows a higher magnification of the cressction. In this imagé phases can be
seen

Figure40 shows the EDS mapping of this material

1. Amartensitic phase consistingainly of iron but also contains amounts of chromium,
tungsten, niobium and silicon.

2. A lighter phase in the martensite which is not seen in the original Xiéterial. This
phase is expected to be retained austenite caused by the addition of austenite
stabilizing elements.

3. Dark particles with a grey shell. The EdD@lysisshows that these particles show a
strong signal of niobium and a slightly weaker signal for titanium. Guedbwith the
information received from the Therm@alc simulation it is believed that this phase
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first formed as titanium boride (B2M) which then acted as a nucleation site for niobium
carbide ((FCC_A1#2).

4. A white intercellulafinterdendritic phase consisting mainly of tungsten, with a
contribution of chromium. This phase also shows a high signal for boron, which
indicates a boride.

5. A greyeutectic structurecontaining high amounts of vanadium, tungsten, niobium and
iron. This structure is maglup oftwo different phases, but because of the finengss
the compositioncannot accuratelybe measured separatelyThe two phases are
described below

Figure38. XH7B, sample 11
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Figure39. XH7B,sample 12
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Figure40. EDS mapping éfigure39

Hardness measurements of the martensite matrix show that the hardness of this alloy is
852HV, this value is lower compared to the hard phase found ir7Xhkhterial.
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