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Abstract

Abstract

Agglomerated and sintered 25Ni(Cr)-73Cs powder was deposited onto 304
stainless steel substrates by HVOF thermal sprayidgst spraying thermal
treatments were carried out on as-sprayed sampléi$ferent temperatures (700°C
and 800°C) in air (oxidising). Samples were heaated from 1lhour up to 16 days
and furnace cooled. The powder, coatings and sibstvere characterised by a
variety of techniques including optical microscop);ray diffraction (XRD),

scanning electron microscopy (SEM), microhardnessing and thermogravimetric

analysis (TGA).

The results of agglomerated and sintered powdertingbamicrostructural

characterisation show that the as-sprayed coatngpdsed the carbide phase;Cy,

a small amount of amorphous phase and a metaldselwvhich was Ni-rich. The
spray process also led to the formation a smallerihof CrOs in the coatings. In the
heat treated coatings, the carbidesOgrand CssCs were found at the coating
substrate interface, the amorphous structure phese eliminated. With heat
treatment, matrix phase supersaturation was redusbde widespread carbide
nucleation and growth generated an expansive aarkkeletal network especially
near the coating/substrate interface. An initidtesong of the coatings occurred but
subsequently the hardness increased again aftaty® was a function of carbide

development.

The oxidation kinetics of the 25Ni(Cr)-75{% powder and coatings during elevated
temperature oxidation in air at 650°C to 1000°C ehalso been studied. The
oxidation behaviour was found to be governed by@lpolic rate law up to 800°C.

The activation energy of the coating oxidation tiga; Q, was found to be 164

kJ/mol. The mechanism of high temperature oxidatb25Ni(Cr)-75CgC, coating

on top surface has been discussed.



Abstract

Inter-diffusion between the coating and the 304nkdas steel substrate has been
investigated. A distribution of the precipitate paaCpsCs within the 304 steel was
found from etched substrate samples. The decrdade anicrohardness measured
with distance away from the interface also revedhad diffusion occurred between
coating and substrate during the annealing per@atbon diffusion distances at
different annealing conditions in this work haveebemeasured according to the
appearance of the £€s precipitates and variation in microhardness awaynfthe
interface. A simple mathematical model has been tsecalculate the theoretical

carbon diffusion distance in substrate.
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Chapter 1 Introduction

Thermal spraying is a coating process in the f@fldurface engineering which is
used extensively for a wide range of industrialli@agtions. The technique generally
involves the spraying of molten or semi-molten pewdr wire feedstock to form
metallic and non-metallic coatings. There are maagations of thermal spraying
technology, such as high velocity oxy-fuel sprayitldvVOF), vacuum plasma
spraying (VPS), flame spraying (FS) and arc sprayim HVOF spraying an
oxygen-fuel mixture is burned in a chamber at hpgbssure and flow rate. Powder
particles are injected into the hot gas and heatecklerated to give extremely high
particle velocities and low temperatures comparét wther thermal spray process
such as air or vacuum plasma spraying (Smith, 19918 coatings produced through
HVOF spraying develop low porosity and high boncersgths with lower thermal
input. Due to these characteristics, HVOF spraysgvidely used in aero-engine
components, engineering components of pumps, sbaftompressors, and many

other applications which are all under the aggvessiorking conditions.

There is an extensive range of materials that eatihvérmally sprayed for a variety of
applications in industrial machinery. Some of thesserials include cermets such as
WC-Co, Ni(Cr)-CgC,, ceramics such as A)s;-TiO,, Cr,O3; and metals such as
Mo-based alloys, aluminium bronze, and nickel alopmong them the WC-Co,
25Ni(Cr)-75CgC, based cermets are the most commonly used for anehcorrosion
resistant coatings at ambient and elevated tempersatrespectively. These system
provide high hardness, good wear resistance and goatection against aqueous
corrosion. However, in air or other oxidising elmviments WC-Co coatings begin to
degrade as the temperature is increased and sézwgeratures are limited to below
about 350°C (Berger, 1996). On the other hand, NH@Z;C, coatings can be used
extensively to mitigate wear at higher temperatuveere WC based cemets are not

suitable. Ni(Cr)-C4C, coatings can operate in oxidising environmentsewvice
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temperature up to 900°C (He, 2000). At lower terapges Ni(Cr)-CiC, system

coatings still can be used to against wear andsimm.

The complex metastable state of as-sprayed Ni(€&J-Qoatings leads to complex
microstructural and compositional transformatiorteewthey are exposed to elevated
temperatures. The mechanical properties also chamgarticular the microhardness
which is commonly related to the performance ofbihr coatings under wear
conditions (Matthews, 2003). Recently, several psolhave investigated the
microstructural characterisation and microhardnessation in relation to carbide
development and other microstructural changes @t kreated NiCr/CrC thermal
spray coatings. (Guilemany 2002; Matthews, 2003; 20©1) However, knowledge
about this area especially the effect of heat rtmeat is still limited. Also the
microstructural development will depend on theiahias-sprayed coating structure.
This will in turn depend on the feedstock powded #me HVOF spray system used.
Also during high temperature operation there is pwogential for interdiffusion
between the NiCr-G€, coating and the substrate material. This could l&a
changes in the properties of both the coating dmed substrate. This aspect has

received little attention in the literature.

A future aspect of considerable importance is thidagion behaviour of NiCr-GC;

coatings in air at temperatures as high as 8008Ch &igh temperature oxidation of
nickel-based chromium carbide coatings has beeatestlby only a few investigators
(Matthews, 2009; Ye, 2008). However, the knowledbeut this area especially with

the mechanism of the oxidation of chromium carbsdgtill very limited.

The overall aim of this work was to investigate @féects of elevated temperature
exposure on the microstructural evolution of the€CINCrC, coated 304 stainless
steel system. Specific objectives were as follows:

() To investigate as-sprayed microstructures pceduby the Met Jet HVOF system

and changes in as-sprayed microstructures as # w@slong term exposure to

2
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elevated temperatures and oxidising environmentso Ao better understand the

relationship between the observed changes in ntraaare and hardness.

(i) To investigate and explain the changes of pstiuctures occurring within both

the coating and the substrate as a result of leigipérature inter-diffusion.

(i) To investigate and explain NiCr-gZ, coating oxidation in air at the coating

surface at elevated temperatures from 650°C to 1000
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Chapter 2: Literature review

2.1. Thermal spraying

Thermal spraying is a well-established technolodyctv is extensively used for a
wide range of industrial applications for applyingear and corrosion resistant
coatings in many main industrial sectors, includagyospace, automotive, power
generation and offshore. In this technique, typycpbwder or wire are melted or
partially melted by a heat combustion source, aattd by the hot gas and impacted
onto a properly prepared substrate. Solidificatb@eurs very quickly with cooling
rates of splats around %8/s. Thus, the as-sprayed deposit can be ultednained.

In the following sections the main spraying teclusis) and some post-spray

treatments will be introduced.

2.1.1.Thermal spraying techniques

There are many variations of thermal spraying tetdgy which are widely used in
the thermal spray industry. Apart from high velgcixy-fuel spraying (HVOF),
some other common thermal spraying processes asepl spraying (PS), flame

spraying (FS) and arc spraying (AS).

Plasma spraying (PS):

In the arc plasma process a plasma is created Isleatric arc between a nozzle
shaped copper anode and a tungsten cathode. Aigadly argon, flows around the
cathode and through the anode. A high voltage digeh between the electrodes
ionizes the gas and forms a plasma exiting thewgarrthe nozzle, resulting in very

high temperatures, up to 16000°C, being generdtee.powder is injected radially

into the plasma, melted or partially melted, acee=sl up to ~200 rifsand deposited

onto the surface forming a coating.
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Plasma spraying involves three principal techniques plasma spraying (APS),
argon-shrouded plasma spraying (ASPS) and vacuumsma spraying (VPS).
Typical bond strengths of alloy coatings by VPS hrgher than 80 MPa with
porosity typically less than 5%. The thickness mang about 150-50@m. VPS

installations are usually developed to depositingatfor hot corrosion resistance
with materials such as Ni-based alloys which ardelyi used for gas turbine and

aircraft engine components (ASM, 1987).

Flame spraying (FS):

Flame spraying sometimes called combustion flanrayapy. Powder, wire or rod
can be used as the coating materials in this tqaleniFor the powder flame spraying
process, powder is fed directly into the flame bstr@am of compressed air or inert
gas (argon or nitrogen). The melted particles a&casgd in the direction of the
workpiece with a speed of about 30-120’nasnd coated on the surface. For the wire
flame spraying process, the wire feed rate and dlaettings must be balanced to
produce continuous melting of the wire to give refiparticulate spray. The flame
melts the end of the wire/rod, which is atomizedcbhynpressed air and accelerates
towards the substrate. The highest melting poimhatierial which can be deposited is
2800°C. Typical values of the bond strength artnénrange of 15 MPa for ceramics
coatings to 30 MPa for other materials. The rarfgeooosity is usually about 10-20%.

The thickness range is about 100-2500 (ASM, 1987).

Arc (AS) spraying:

Arc spraying is a thermal spray process in whicpaa of electrically conductive

wires is melted by means of an electric arc. Théenanaterial is atomized by jets of
compressed air or gas and sprayed on to the stésteace with a velocity about
240 ms and rapidly solidified to form a coating. The tyg@i¢emperature in the gun
is about 5500°C, and the bond strength is in thgeaf 10-30 MPa. The range of
porosity in the coating is usually about 7-8%. khiess range of the coating is

approximate 100-1500m (ASM, 1987).
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2.1.2.High velocity oxy-fuel spraying (HVOF)

The HVOF (high velocity oxy-fuel) thermal spray pess is nhow one of the most
widely used thermal spraying techniques. The HV@EH was invented at the end of
the 1970s and beginning of the 1980s. Nowadayse taee a number of different
designs of HVOF guns which use different methodsciaeve high velocity spraying
(Wirojanupatump, 1999).

In the HVOF process, the fuel is burnt with oxygera high pressure (up to 12 bar)
with the temperature of the gas up to 3000°C awcdlaated to very high velocities
up to 1000 md. The powder is injected into the hot gas jet asuspension in a
carrier gas. Typical liquid fuel is normally kerogewith H and GHg as gas fuels.
The combustion chamber and the nozzle are watdedo&chematic designs of
different high velocity oxy-fuel spraying guns asbown in Fig 2.1. The bond
strength of HYOF coatings can be as high as 90 MRa.range of porosity can be as

low as 0.5%. Thickness range is typically about-300um (Sturgeon, 1992).

According to the different types of fuel, the HV@pray gun system can be classified
into two groups. One of them is gaseous fuel guhg&khvinclude Diamond Jet,
HV2000, Top Gun and Jet-Kote. The other is liquidlfguns such as the JP5000 and
Met-Jet guns. They are all based on the same fued@iprinciples, but each one
has differences in design. Firstly, the powder fpedition of the HV2000 and Top
Gun is different from that of the Jet-Kote and Daard Jet systemdn the HV2000
and Top Gun systems, powder is fed axially intolihek of the combustion camber
whereas for the Jet-Kote and Diamond Jet systempdivder is fed into the exhaust

barrel at a different distance from the chambeyaoh case (Wirojanupatump, 1999).

Kamnis (2008) has studied the numerical simulatbinconel 718 particles during
thermal spraying by Met-Jet HVOF system. He foundl tthe location of powder

injection in the gun is very important to generatmsistent coating products. The
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particle velocity and particle surface temperatprefiles from different injection
positions as well as the gas flow velocity and terafure profiles are compared and
shown in Fig 2.2. It is clear to see that the daw fat the combustion chamber exit
reaches highest temperature of 3000K and the texrtyserat the powder injection
location drops to 2200K. Additionally, Kamnis alemamined the effect of different
particle sizes on particle behaviour during thermsplaying. The velocity and
temperature profiles of particles of different sizange from 5 to 40m are shown in
Fig 2.3. It is clear to see that the smaller pkasidiave higher velocity during thermal
spraying. It is also apparent that large parti¢Bfs or 40um) have low temperature
profiles (less than 1300 K) during the flight whaenall particles (um) reach the

maximum temperature of 2000 K.

Characteristics of thermal spray processes angraged coatings introduced by
different thermal spraying techniques are companedable 2.1. In this table the
HVOF sprayed coating gives the highest bond streagt lowest porosity compared
with other sprayed coatings. Hence, it is expedtedyive better environmental
protection and other properties. Compared to simpillasma air spraying, HVOF has
lower thermal energy-combustion temperature thasmsrph; but higher kinetic
energy-gas velocity at the nozzle exit which isesgpnic, compared to subsonic gas
velocity of plasma (Berger, 1996). Investigatioystulin (1990) and Ohliger (1990)
on a Ni-Cr base alloy, using HVOF and plasma systéheir results showed that

HVOF thermally sprayed coating gave better coasitigctures than that by plasma

spraying.

In this research, the Ni(Cr)-62, cermet system was investigated for the production
of sprayed coatings which can potentially be usdtigh temperature-wear resistance
and oxidation resistant applications in aerospaw#® @ngineering industries. The
Ni(Cr)-CrsC;, coatings can have good performance in environmattservice
temperatures up to 800°C. As mentioned above, itite \relocity oxy-fuel (HVOF)
thermal spraying process has been shown to befdhe best methods for depositing

7
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conventional Ni(Cr)-CrC feedstock powders, becahsehypersonic velocity of the
flame shortens the time of interaction betweenpitwder and the flame (Matthews,
2009). The microstructures of 25Ni(Cr)-75Cs coatings sprayed by three different
thermal spraying systems (HVOF DJ, Plasma arc an8)Aave been compared by
Berger (1996). He showed that the HVOF processdctedd to thicker and better

coatings than these produced by other methods.
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2.2. Metallurgy of Ni(Cr)-Cr 3C,

2.2.1 CrC-NiCr

Nickel-chromium-chromium carbide contains chromiwarbide which has good
performance of high temperature wear resistanceéCrNilloy as the metallic binder
phase has moderate strength and oxidation resestahcelevated temperatures.
Ni(Cr)-CrsC, cermets coating are used for a wide variety ofliegipons such as

aircraft gas turbines, steam turbine power plamid auclear power systems. The
following section covers the results of investigati into the chromium-carbon,

nickel-chromium and nickel-carbon systems.

2.2.1.1. Chromium-Carbon system
The binary phase diagram recommended by VenkatraandnNeumann (1990) is
shown in Fig 2.4. According to the diagram, threellwwharacterised carbides of

chromium can be listed as&€s, Cr,C3 and CgC, in Table 2.2 (Louis, 1971).

At 1534110 °C the first eutectic reaction L = (@rLr.3Cs happens and the solubility
of C in the Cr-C solid solution phase extends @ wt% C. A peritectic reaction of
L + CrrC3 = CrgCs takes place at 1576+10 °C. Moreover, at 1727+%th4&e is
another eutectic reaction L = + CrzC, and a melting temperature of 1756+10 °C
for Cr,Cs. The second peritectic reaction forming@xr happens at 1811+10 °C due
to the reaction L + C = QC,.

Crystal structures

In the Cr-C system, three kinds of crystal struesuare formed of the intermediate
phases named as&ts, Cr,C; and CgC, (Louis, 1971). C1:Cs has the lowest carbon
content and is reported to be a complex fcc crysgitél the cube edge 1.0655 nm with
116 atoms/unit cell (Xie, 2006). €35 is reported as an orthorhombic structure with a
rather elongated c-axis (c/a=2.683) and its uritaomtains 80 atoms (Music, 2004,

Esteve, 2005). Xie’'s (2005) report indicated tma€Cr,C; there are many Cr atoms at
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a distance of about 0.25 nm from C atoms and that@n reacts strongly with the C
atom at these distances. The structure e€£is orthorhombic with lattice parameter
dimensions of a=0.1147, b=0.5545, ¢=0.2830 (thécatraxis). In each individual

type of structure carbon atoms are situated atémre of a trigonal prism and the
corner of the prisms are occupied by chromium atdensry vertical cell contains a
C atom, but only alternate horizontal cells doGattrell (1995) indicated in his study
of the crystal structures of transition metal cdelsi that the structure of £ can be

regarded as units stacked in vertical columns, eadhconsisting of two vertical and

four horizontal cells.

Mechanical properties

In the carbide series (&€s, CrCs; and CgC,), CrC, has the best mechanical
properties and coatings with greater content of tiarbide will have better wear
resistance. The Vickers hardness of@ztis 1600 kgf/mm. Cr;Cs chromium carbide
has a typical nominal hardness of 1300 kgffmamd CssCs has the lowest value of

hardness 1000 kgf/mfin the carbide series. (Storms, 1967)

2.2.1.2. Nickel-Chromium system

From the chromium-nickel binary phase diagram op Zb (Venkatraman, 1990), the
melting points of nickel and chromium are 1455and 1907C, respectively. A
eutectic reaction happens at 1345xtending from 47 to 65 wt. % and the eutectic
point is at 53 wt. % Cr. Two solid solutions, famentered cubic (FCC) nickel and
body-centered cubic (BCC) chromium, are formedrauthe eutectic reaction as L =
Cr + Ni. Solubility of Cr in Ni in the solid stais restricted at 500 to 21 wt% Cr,
but there is a nickel-rich single phase regioaQMiwith an orthorhombic structure

extending from 22 to 37 wt% Cr which interveneskeb80C.

The nickel-chromium series of alloys led the way higher strength and wear
resistance at elevated temperatures (Chawla, 1988)nickel-chromium alloys are
used for a wide variety of applications such asraft gas turbines, nuclear power

10
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systems and chemical and petrochemical industolesdrrosion resistance and heat

resistance.

2.2.1.3. Nickel-Carbon system
The nickel-carbon phase diagram is shown in Fi@uée(Venkatraman, 1990) which
includes a simple eutectic reation L = Ni + C whiakes place at 1326(% with the

solubility of carbon in nickel in the solid state0.6 wt% C.

2.2.1.4. Chromium-Nickel-Carbon system

The phase equilibria of the chromium-nickel-cartsystem which gives valuable
information at the service temperature were studmgd Kajihara (1990) and
Velikanova (1998). They calculated isothermal sextiat 1200, 1100, 1000 and 800
C of the ternary Cr-Ni-C system which are shown ig B.7. There are three
carbides: CCs, Cr,C3 and CgC,. Kajihara (1990) investigated the solubility of
nickel in CgC, which is about 1 at.% at 1100 He also indicated that carbon can be
dissolved in the nickel-rich fcc phase only to ahwery limited extent and is also
severely restricted in the chromium-rich bcc ph&¥eh the increasing temperature,
the carbon solubility in the fcc phase increasediKdnova (1998) also gave vertical
sections of the Cr-Ni-C phase diagram in Fig 2.8cWhare through the tie lines

between Ni and different carbides.

11
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2.2.2.Characterisation of HVOF sprayed Ni(Cr)-Cr3C, coatings

2.2.2.1. Characterisations of the as-sprayed Ni(Cr)-CsC, coatings
25Ni(Cr)-75CgC;, coatings produced by thermal spraying generallyikexigood
wear and corrosion or oxidation resistance at ébelvéemperatures. However, these
wear and corrosion resistant behaviours are sagmfly affected by the
microstructure of the coatings. Therefore, it igportant to understand and control

microstructure formation.

Microstructures

Generally, in HVOF spraying of cermet powder, et are heated so that the
metallic phase becomes molten or partially moltdowang the carbide phase to
begin to dissolve into it. Also the particles argp@sed to an atmosphere which
contains oxygen and has the potential to oxidiseptirases present. On impact with
the substrate the molten phase re-solidifies &t bapling rates. Therefore, coating
microstructure formation is complex and will deperaty much on precise process
conditions and powder type. In previous investmadi (Table 2.3), four types of
Ni(Cr)-chromium carbidepowder based on different manufacturing techniques,
namely: agglomerated and sintered; sintered anshery blended; and composite,
were employed for thermal spraying researches. Atsdings were deposited using

different HVOF thermal spray systems.

Agglomerated and sintered

Agglomeration (spray-drying) is the most versatéehnique to agglomerate the
metals and carbides or cermets together. In thiggss, a slurry which contains
finely dispersed material, organic binder and waded into a centrifugal atomizer
or nozzle atomizer by pump. The slurry is driedwhbt air in a drying chamber and
the moisture in the droplets evaporates duringhflijm the chamber. Powder is
discharged continuously from the drying chamber.the sintering process, the

powder produced from spray-drying will be heatetbat temperature to burn off the
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organic binder and sintered at high temperaturtuse the particles together. This
technique is an ideal process where the end-pradust comply with precise quality
standards regarding particle size distributionidresd moisture content, bulk density,

and particle shapePgwlowski, 1995)

There are a number of published works on microgiracformation and phase
transformations in thermally sprayed agglomeratesNi@r)-75CgC, powder
coatings. For example, Zimmermann (1996) has redattte phase analysis of the
agglomerated and sintered 25Ni(Cr)-78Grpowder coatings by using the Diamond
Jet system. The phases existing in the as-recqigeder were clearly identified by
XRD as CgC, and Ni(Cr) and the coatings showed only@r He (2000) and
Manish (2006) also reported 4L was the only carbide phase present in as-sprayed
agglomerated 25Ni(Cr)-75€Z, powder coatings. Additionally, Matthews (2009)
also found significant G€, phase peaks indicated by XRD after spraying the
agglomerated and sintered 25Ni(Cr)-78Gr powders using a HVOF Microjet
system. He mentioned, however, that the conceatrati CrCs which might be
formed in flight, was too low to be distinguisheefiditively from the background in
the XRD pattern. Similar work has been done by 8u0eg(2006), he used XRD to
analyse the agglomerated 25Ni(Cr)-78Grpowder and coatings sprayed by the DJ
HVOF system. It is reported that powders compriSef,, Cr,C; and Ni matrix. The
coating also showed clearly these same two carbMeseover, Guliemany (1996)
reported three carbide phasess@y Cr,C; and CpsCs were present in both the
agglomerated and densified 25C#75Ni(Cr) powder and its as-sprayed coating.
These three carbides £&» Cr,Cs, Cr,3Cs were also found in Monhanty’s (1996)
investigation of the sliding wear behavior of thefiy sprayed agglomerated 75/25
Cr3Co/Ni(Cr) powder coatings produced by the Jet KotélMOF system. Some of
the investigators above (Matthews, Guilemany andl #lso found an amorphous
matrix phase based on Ni(Cr, C) in the as-spragedirtg due to the dissolution of

carbides during the spraying.
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Sasaki et al. (1992) using a DJ (Diamond Jet) H\&&tem reported that X-ray
diffraction showed that the only chromium carbideage present in a coating using
sintered, crushed 75Ni(Cr)-25» powder was GEC,. However, Edris (1997) has
characterized the sintered and crushed ZBL75Ni(Cr) powder and the coating
sprayed by the Top Gun-HVOF spray system. The powdly contained G, and
Ni(Cr). The as-sprayed coating appeared to haventhe carbide phase s,
retained G4C, and the Ni(Cr) matrix. Edris explained that highoking rate during
deposition process most probably lead to the faomaof fine scale €C; and
amorphous regions in the coating. Wirojanupatun®{2 using XRD analysis also
found CgC, and some GCsin the sintered and crushed 25C#75Ni(Cr) powder
coating by Top Gun HVOF spraying. In addition, #astence of GC, Cr,Czand
Cr3Cs was confirmed in Ji's (2006) report. In his expent, the sintered and
crushed G4C,-25wt%Ni(Cr) powder was used for a CH-2000 HVOFagpsystem
introduced in Li's (1999) report. The results shdvikat the G4C, particle size was
significantly reduced after the spraying and@rcarbide was mainly present around
the primary C4C, carbide, and the small £Cs carbide dispersed in the Ni(Cr) alloy

matrix with a nano-crystalline structure.

Blended

Wirojanupatump (2001) has also reported the phasalysis of blended
75Ni(Cr)-25CgC, powder and HVOF-sprayed coatings by Top Gun sysfEne
phases existing in the as-received powder werelgletentified by XRD as GC,
and Ni(Cr) phases whilst the coatings showed omf£as the carbide phase. Shaw
(1994) claimed that Q€ decarburizes as a result of HVOF spraying usidgtdote
gun forming predominately @€ and Cs3Cs phases. This agreed with the results of
phase identification of the blended 75Ni(Cr)-28Grpowder coating sprayed by a
Jet Kote HVOF system (Hwang, 1993). The phasedifatshwere CgC,, Cr,C and
Cr23Ce. In addition, Crawmer (1992) reported that X-raf§rdction scans showed the

presence of GE; and C3Cs phases in coatings.

14



Chapter 2 Literaturereview

Composite

Composite 30NiCr-70CrC powder coating has beenietuthy Wirojanupatump
(2001) using a Top Gun HVOF spray system. In hisDXResults, C#Cs was
identified as the only carbide in both powder atsdais-sprayed coating. Ye (2008)
reported the XRD patterns of the Diamond Jet-sgra@e (39 wt%)Ni-(7 wt%)C
coatings showed @€, as the only detectable carbide phase in coatirgy.aldo
mentioned small amounts of & might have formed through decarburization of
Cr3Cy, but its concentration was too low to be distisped from other overlapping

peaks.

As mentioned above, most of the investigators mieid the as-sprayed coating
matrix contained the carbides appearing in differgrey levels of contrast in the
SEM, and was formed as a result of the partialoflis®n of chromium carbide and
the formation of an amorphous matrix phase wittCNiC). On the other hand, some
of the investigators indicated thatsCs was the only carbide in the as-sprayed
coatings whilst some other investigators foundGzor Cr,3Cs in their coatings. So
the formation of other carbides during thermal gm@g has not been fully understood

by the previous researchers.

Coating performance is strongly dependent on tregireg microstructure, which in

turn is dependent on the characteristics of theistgpowder from which the coating

is formed and the spray system employed. Wirojatwrpga (2001) has compared the
microstructual characterisation of NiCr-CrC coasirgprayed by different types of
powders based on different manufacturing technigqueading sintered and crushed,
blended and composite. But in his studies the agegtated and sintered powder was
not investigated. Although, several researchers ladso attempted to compare the
microstructures of 25Ni(Cr)-75€C, coatings sprayed by different HYOF spraying
systems including Diamond Jet, Top Gun, JP500QJah&ote (Zimmermanne, 1996;

Beger, 1996). Little has been reported about tlaing sprayed with Met Jet system.
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Oxidation during coating deposition

The oxidation behavior of 25Ni(Cr)-754C, powder during thermal spraying has
been studied. An investigation by Sasaki (1992pnieyl that in the sintered, crushed
and clad 25Ni(Cr)-75GE€; coatings using a METCO DJ (Diamond Jet) systermethe
were some oxides (mainly £3) formed on the coating surface with a depth of
20um and very little oxidation within the body dfiet coating. Sobolev (1995)
indicated in his report that the coating structdoemed by Top Gun HVOF spraying
of the composite and agglomerated 25Ni(Cr)-38powders have GD3; near the
particle surface. Guilemany (2002) claimed thatirduthermal spraying there were
structural and compositional modifications of theges present in the initial powders
and oxidation of the particles took place duringagmg leading to the formation
Cr,03. Zimmermann (1996) showed that the 25Ni(Cr)-A&zcoatings applied with
Diamond Jet and the JP-5000 systems all contgi®;Grs the only chromium oxide
during spraying. He also mentioned,Cy and C§sCs appeared as oxidation products
in the coatings. However, these phases were difficuetect due to the high number

of coincident diffraction lines.

In Wirojanupatump’s (2001) work, there were twofeliént oxides identified in the
XRD spectra of the sintered and crushed 25Ni(CO#fG, powder coating, they
were CpOz; and CrO. While in as-sprayed composite 25Ni(CiE6, powder
coating, several different peaks of chromium oxidese found in the XRD spectra
namely CsOsz, CrO and (3O, CrO4. The mechanism of phase formation was
explained in his thesis Wirojanupatump (1999). étsvexplained that the liquid may

precipitate either solely through eutectic solchfion as

Cr(Ni,C,0),, — Cr(Ni,C,0), +Cr,0,,

or through monotectic and follow by eutectic sdiadtion as
Cr(Ni,C,0), - Cr(Ni,C,0), +L,

and then

L — Cr(Ni,C.0) *+Cr,04
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Matthews (2009) has studied the oxide scales foraredgglomerated and sintered
Ni(Cr)-Cr,C3 coatings during thermal spraying. He indicated ttme Ni(Cr) and
Cr3C; phases oxidised independently. The carbide formménaadherent GO3; scale,

the Ni(Cr) splats form large bulbous NiO scalessorall sections which are exposed
to the surface, whilst on larger matrix regions i® scale is consumed by a solid
state reaction with GD3 to form NiCrO,. Edris (1997) found the presence of phases
with the CpO3; and NiCpO, (spinel) crystal structures from his XRD spectfaha
as-sprayed coating. As mentioned above, a sumnfapyxide phases in as-sprayed

Ni(Cr)-Cr,C3 coatings by different investigators are listed able 2.4.

Microhardness

Microhardness of 25Ni(Cr)-75¢C, as-sprayed coatings produced by different
spraying systems has been investigated in prewwtudies. Wirojanupatump, (2001)
reported the influence of three different 25Ni(CBHEKLC, powders on the coating
characteristics by using Top gun HVOF spray systéhe sintered and crushed
powder coating shows the highest microhardnesse\valid H\sq, the micohardness
of the blended powder coating is 650 4dy/ and the value of the composited powder
coating was 820 H)o. Furthermore, Matthews (2003) used agglomerated and
sintered powder by GMA Microjet HVOF system, andnied the microhardness
1155 HVWsee Moreover, the microhardness of agglomerated arhsitied
25Ni(Cr)-75CgC, powder sprayed by DJ2700 HVOF gun was 743ddiGuilemany,
2002). He also claimed that higher coating micrdhass values will be achieved
when samples are oxidised and forming hardOgiphase in the coating during

thermal spraying. These micohardness values aeel lis Table 2.5.
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2.2.2.2 Characterisation of Ni(Cr)-CrC, coatings and the effect of elevated
temperature exposure

HVOF chromium carbide coatings are widely used fhigh-temperature
wear-resistant applications in aerospace, automodind other industries. During
deposition compositional degradation occurs throdigholution of the carbide phase
into the matrix. High temperature exposure leads trensformations in the
microstructure, which also influence the mechanipedperties such as coating
microhardness. Few previous researchers have dt@ibli(Cr)-75C§C, coatings
after annealing at elevated temperatures withiiemdiht exposure times. An overview

of all types of work is listed in Table 2.6.

Microstructure
Previous work on both short term and long term kreattments of 25Ni(Cr)-756€,
thermal spray coatings shows the rapid transfoomatif the metastable as-sprayed

coating composition upon exposure at elevated testyoe (Matthews, 2003).

For the short term (<24h) annealing conditions,|&@nany (2002) has studied the
25Ni(Cr)-75CgC; coatings after 1hour annealing in air at 450, @68 880°C. The
XRD patterns show a dramatic microstructural dgwelent in the coating after heat
treatment. After 760°C the amorphous peak fromagisprayed coating disappeared,
with narrow, intense Ni(Cr) peaks dominating thetnmaphase spectra. €2, was
the only carbide phase detected throughout theogbest heat treatment. He also
mentioned that all the samples treated above 450%W an increase in the intensity
of the CgC, peaks. GO; was detected in these XRD spectra with low intgnsi
noisy peaks indicating that this phase was presewery low concentrations after 1
hour exposure. With continued exposure, the intgrdithe CpO3 peaks increased in
XRD spectra. The SEM cross sectional images o$lmist term heat treated coatings
also show a greater amount of black layers@grthan that in the as-sprayed coating.

The results published by He (2001) also showed @ngd; was the only chromium
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oxide detected by XRD from the 25Ni(Cr)-753Cs coating after 8hours annealing in
air at 800°C.

For the long term (>24h) annealing conditions, &qfi997) has studied the HVOF
sintered and crushed 25Ni(Cr)-73Cs powder coatings heat-treated at 900°C for 50
and 100 hours. The XRD patterns of these coatifigs the top 50um had been
removed show clear evidence for the presence g€;CHe explained the carbide
change during the heat treatment from@ito CrC; on the basis of thermodynamic
equilibrium. In the ternary phase diagram for Cr,aNd C the average composition
of the starting powder gives a thermodynamic dgviarce for the formation of the
M-Cs; and MsC, phase in heat treatment process. Moreover, Eddisndt see a
noticeably different GOz content after 100hours 900°C annealing compareti€o

original coating (having removed the surface layer)

Matthews (2003 & 2009) has investigated the micunstire of agglomerated and
sintered 25Ni(Cr)-75GE€, powder HVOF coatings after long term exposure fidm
to 60 days at 900°C. Fig 2.9 shows the SEM (BSEgms of his coating samples.
After 2 days heat treatment, marked precipitatibfine carbide particles occurred in
the matrix. Such phase development happens due apid rrecovery and
re-crystallisation of the matrix phase and the eatbn of carbide grains from the
supersaturated matrix as it tends towards an equih composition. After 20 days
heat treatment, a significant structural modificatitook place which involved the
loss of the faceted or rounded structure of thigaintarbides and the development of
a sponge-like three dimensional structure geneyainvidespread skeletal network.
XRD analysis indicated that the NiCr phase undetwetrystallisation and a
reduction in Cr content as the carbide phase dpedloCsC, was the only carbide
phase detected in the coating throughout the pesfoldeat treatment (Matthews,
2009). These fine precipitates in the matrix hagerbverified as GE, by He (2001)
in TEM examination of the sample annealed at 800AZcording to the

microstructures of these annealed coating samp@ebkamatic illustration of the three
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generalised regions of carbide development wittsplat during heat treatment of the
HVOF coating was given by Matthews (2003) in Fig®.Region 1 occurs in the
middle of the largest splats in pools of materdqately unaffected by the deposition
process. Carbide dissolution is minimal and therimmg@hase in this region becomes
softened but not melted during spraying. Regiorc@ios midway between the splat
core and periphery in large splats, or in the geoftesmaller splats. Great amount of
carbide dissolution occurs and sponge-like agglatesrformed via coalescence of
large number of nucleated carbides in this regiegion 3 is at the splat boundary,
where the carbides formed long thin stringers wittee dimensions and forming

plate like morphologies.

Mirohardness

High temperature exposure of these coatings infleerthe mechanical properties
significantly such as coating microhardness. Inoatiog, microhardness mainly
depends on the microstructure, such as precipitatinich depends on size,
distribution and behaviours of the precipitatesnfed, usually causes hardening
(Mott, 1940). A high density of fine, hard and disgped precipitates in the matrix
significantly increases microhardness (Ardell, 198bhe size, distribution and
density of precipitates result from the combineféafof nucleation and growth of
the precipitates, which are determined by heatrtreat processing, mainly the heat
treatment temperature and time. This has beenestumy many investigators (Han,
1982) (Sundararaman, 1988) (He, 1995) For most stype precipitates, the
relationship between the nucleation of precipitatied heat treatment temperature can
be represented by a C-shaped curve (Haasen, 1B@8ken also showed that a
typical hardness vs ageing time curve in precijpitahardening alloys shows three
stages, under-aged, aged and overaged stages.afdheess of the alloy increases
sharply in the under-aged stage and reaches itémuax value in the aged stage,
then decreases with increasing ageing time in ther-aged stage because of

coarsening of precipitates. According to the presiaesearches on the coating
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hardness at different annealing conditions, theallt®@scan be separated into two

groups as short-term and long term exposure.

The short-term investigation of microhardness vanma has been studied by
Guilemany (2002). In his work heat treatments wengied out on samples following
different annealing temperatures (450, 760 and @BGh air for lhour. The
microhardness of the coatings is listed in Table S3amples treated at 760°C show
the highest microhardness because finely distrtbudarbide precipitation in Ni
matrix was produced and hard ;O phase was formed as well. With higher
temperature heat treatment at 880°C, a growth efctrbides was produced, which
decreased the coating hardness. Similarly, Zimmemn{&996) also found that peak
hardness was achieved in the range 600 °C ~ 8@X&C1lhour heat treatment, with
the coatings softening at higher temperature. Hdicated this response was
attributed to the precipitation of chromium carlsdeith heat treatment, with the
peak hardness achieved when the carbide nuclehedathe optimum size to
strengthen the structure. Softening at high temiperavas due to the coarsening of
the carbide structure. In He's (2001) work, the nolh@ardness of the
25Ni(Cr)-75CgC; coatings all increased with increased exposurallttemperature
ranges from 200 to 800°C. He indicated that theemse in microhardness is
attributed to the precipitation of a high densitynano-sized oxide particles which
lead to significant increase in the mirohardnesterhal oxidation process is thought
to be responsible for the precipitation of the drspd CiOs particles during heat
treatment. Furthermore, other investigators Mur{B907) and Kim (2001) also
reported the microhardness changes in short-teposexe, they found an increase in
hardness in the HVOF sprayed 25Ni(Cr)-78Gr coatings after short-term heat

treatment below 800 °C and a decrease in hardndssigher temperature.

The long-term investigation of microhardness vaiathas been done by Matthews
(2003). In his work, the microhardness of HVOF 28N)-75CgC, coatings was
assessed following treatment at 900°C for up tal®gs in air and argon. In Fig 2.11
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initially all the samples showed a drop in hardneBsis was attributed to the
reduction on strengthening mechanisms of the mptrase with heat treatment. After
30days hardness recovered and achieved stable syathis was due to the
precipitation and development of the carbide phékealso mentioned that the air
treated coatings were consistently harder thanettiesated in argon as a result of
internal oxidation. Suegama (2006) also found atcreimse in hardness in the
HVOF-sprayed 75%GE€,-25%Ni(Cr) coating after heat treatment in air @“C and

880°C for 2days, which resulted from the formatioh chromium oxides and

precipitation of chromium carbide. Further, the mlardness variation of the
coatings was studied by Tao (2009) as a functiomimirostructural development
following heat treatment at 650°C for periods ofta@200h in air. He indicated the
carbide precipitation and content increased, regulfrom phase transformation
(CrC,; — CrC3 — Cr3Cg) compensated the hardness decrease by grain cmayse

and further led to the increase in the overallioggahardness.

2.2.2.3 Summary

As above, the previous work on both short term kmd) term heat treatments of
25Ni(Cr)-75CgC, thermal spray coatings shows the rapid transfoamadf the
as-sprayed coating composition and microstructirelevated temperatures. The
amorphous matrix phase from the as-sprayed codisagppears after short term trials
and carbide starts to grow and form new carbideh sas CfCz or CrsCs with
continued exposure. The microhardness of thesengsashows a drop initially. It
recovers and achieves a stable hardness valuelafigrterm exposure due to the
precipitation and development of the carbide phasese experiments above have
only been investigated with the coatings which wemoved from the substrate
before heat treatment. As a result, the charaet@iss in each coating after exposure
are homogeneous. However, no research has beemnd@&®us on annealing the

coating with substrate together.
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2.3 Microstructural features of austenitic stainless stel

Stainless steel 304 is the most popular gradearsénies of austenitic stainless steel
based on 18 wt% Cr and 9 wt% Ni and is used indeewariety of applications which
require a good combination of corrosion resistaacel formability. Normally,
austenitic stainless steels are given a high-teatper heat-treatment which gives a
fully austenitic solid solution. However the expoes of austenitic stainless steel to
elevated temperatures for long periods of time casult in the formation of
chromium-rich carbides precipitates (Sedriks, 1996Phase transformation and

formation of such precipitates will be describedha following sections.

2.3.1 The Iron-Chromium-Nickel system

Austenitic stainless steel is mainly based on theCENi systems due to the high
alloying contents of Cr and Ni. Chromium is thengpipal alloying element in
stainless steel. The binary iron-chromium equilibridiagram (Fig 2.12) shows that
chromium restricts the occurrence of thop to the extent that above 13wt% Cr the
binary alloys are bbc ferritex over the whole temperature range, while thera is
narrow (i-y) range between 12 and 13 wt% Cr (Llewellyn, 1998hereas chromium
restricts the formation of austenite, nickel has thpposite effect and, and as
illustrated in Fig 2.13, the iron-nickel equilibnu diagram displays an expanded
austenite phasey) field. In the context of stainless steels, chnomiis therefore

termed a ferriteo) former and nickel an austenitg former.

A ternary diagram for the Fe-Cr-Ni system just belbe solidus temperature (about
1400 to 1450°C) is shown in Fig 2.14 (ASTM, 200@pmpositions approximating to
the stainless steel 304 (18% Cr-9% Ni-70% Fe) wdaa@gredicted to fall within the
aty field. In order to better understand the phasaticeiships the vertical section
through the ternary diagram were introduced by (MSTR004) Fig 2.15 shows
sections for constant iron contents of 50, 60,80),and 90%. In these equilibrium

diagrams the dashed lines are used to separaphd#se fields at lower temperatures
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which means the transformations are not observdédrypractical conditions. Instead
an alloy cooled from the field across dashed lines will remain austenttainless
steel 304 (18% Cr-9% Ni) in the 70% Fe phase drmagshows that it will across+y
dashed line and remainandy phase when it was cooled from higher temperature.
The existence of fcc austenite phageand bcc ferrite phase)(in XRD spectra of
as-received stainless steel 304 has been provathhy investigators. (Karimi, 2008;

Burstein, 2000)

2.3.2 Structure and morphology of precipitates

Simple austenitic steels usually contain betwe&8 @nd 0.1 wt% carbon apart from
chromium and nickel. The solubility limit of carbaabout 0.05 wt% at 800°C up to
0.5 wt% at 1100°C. Therefore, solution treatmertvben 1050°C and 1150°C will
give a supersaturated austenite solid solutiom@mrtemperature by rapid cooling.
However, slow cooling or reheating within the rarife0-800°C will lead to the
rejection of carbon from solution, usually as chnam-rich carbide, MsCs, even if
the carbon content of the steel is lower than O (Bhadeshia, 2006). To better
understand the microstructure of these precipitaggsseudo-binary phase diagram
for Fe-18% Cr-8% Ni alloy with varying carbon comitds illustrated in Fig 2.16
(Colombier, 1967). This figure shows that in stagd steel 304 containing less than
0.1% carbon, the equilibrium structure at room terafure should containaustenite,

a ferrite, and carbide (BCsg). It also shows that carbide phase;@% exists below
about 900°C, and it goes into solution when thelsgeheated to 1100-1150°C and
on quenching a precipitate-free austenite is obthinWhen the supersaturated
austenite is reheated to elevated temperaturesnwitie y+M»3Cs field, further
precipitation of the chromium-rich §Cswill take place at austenite grain boundaries.
Hong (2001) also found p4Cs precipitates on the grain boundaries of staintssl
304 after certain heat treatment. Hiroyuki alsoigated that the frequency of
intergranular carbide precipitation increases witie holding time at every

temperature (Fig 2.17). Sourmail (2003) studieddm®mium concentration profiles
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in austenitic stainless steels and found the chuomdepleted zone on the grain
boundaries and around carbides in austenitic s&snéteels. Combinations will be
sufficient to precipitate the chromium-rich,Ms in certain time-temperature, but
insufficient to re-diffuse chromium back into thesgenite near the carbide (Sedirks,

1996).

2.3.3 Transformation of metastable austenite

Many investigators have also studied the effegblastic deformation on austenitic
stainless steels (Burstein, 2000; Tavares, 200@igdiaon, 1970; etc). The formation
of deformation induced martensitic in metastablstenitic stainless steel 304 have
been extensively reported. Pecker (1977) repohtatistainless steel 304 transformed
into o” (bcc) martensite from (fcc) austenitic during plastic deformation beltve

M temperature and in hydrogen gradients. Reed (1862)reported that most of the
300 series stainless steels can undergo martetrsitisformations and form (hcp)
martensite and.” (bcc) martensite as a result of cold working,tipatarly below
room temperature. Mangonon and Thomas (1970) stutie transformation during
tensile testing of a stainless steel 304 and faimatle martensite is formed at the
beginning of deformation and reaches a peak valugbaut 5% of tensile strain
during the tensile test. After this tlephase decreased to almost zero at 20% of
plastic strain. They also indicated the martensitecreased continuously with strain
and at high plastic deformations this was the anbrtensitic phase present in the
steel. Furthermore, an increase of tliemartensite volume fraction in metastable
austenitic steel due to heat treatment at 400°€ d#formation was also reported by
Gauzzi (1999) and Guy (1983). A phase distributiothe surface layers of stainless
steel 304 after hydrogen charging and during ageah temperature is given in Fig
2.18 by Rozenak (2006). The amountsphase increased to 56% and tligohase
increased to about 4% on the surface. These amofistanda” phases decreased

rapidly from the surface to zero at a depth of appnately 3.7 um.
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As mentioned above austenitic stainless steel eamelvily plastically deformed by
grinding or rolling. A martensitic phase transfotroa occurs which causes
significant changes in the bulk and surface medahnproperties such as
microhardness or strains (Peterson, 1997) of tlog.dh Burstein’s (2000) work, he
showed that martensitic structures in stainlessl &@4 after cold-rolling or grinding
can be removed by appropriate electrochemicalnresat in aqueous solutions at very
low temperature or by the conventional annealirgatinents at several hundred
degrees °C. Fig 2.19 shows the X-ray diffractiottgras of type 304L stainless steel
surface with different treatments. Fig 2.19a is théinal surface achieved by
polishing to 0.25 um and it is clearly to see albpeak ofa” phase at 2=44.69°.
Fig 2.19b is the surface after electrochemicalg@tisatment in 8 M sodium nitrite at
a temperature of 80°C, and the martensite phaséd®s removed. Fig 2.19c is the
original polished surface after a thermal anneapngcedure at 750°C for 20 min,
which shows the loss of the martensite phase. FI®d2 shows the steel after
cold-rolling with the formation of a significant martensite peak. Fig 2.1%hows
the cold-rolled steel after the same electrochentreatment as in b, and the peak
due to martensite is substantially reduced. Addéily, microhardness of these
surfaces was measured as well. As a result, tifacguafter annealing thermally at
750°C for 20min shows a decrease on hardness cethparthat of the original
surface. While the surface using electrochemiestiment at lower temperature still

remains high hardness, despite the loss of matg¢ensi

2.3.4 Summary

Microstructural features of austenitic stainlessekhave been introduced above. To
conclude, the austenitic stainless steels sucip@s304 containing 18 wt% Cr and 8
wt% Ni are based on the Fe-Cr-Ni and Fe-Cr-Ni-CGeays. In the phase diagrams,
nickel balances the effect of chromium to stabiltke austenitic phase. /Cs

chromium-rich carbides are the most commonly entsed precipitates in austenitic

stainless steel, and these precipitates mainlyramtthe grain boundaries. Moreover,
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the transformation of metastable austeqi{écc) to martensite.” (bcc) occurs when
steel is cold-rolled or has mechanical surface djngn However, the newy
martensite can be removed by certain electrochénucaelevated temperature

annealing treatments.
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2.4 Atomic mechanisms of diffusion

Diffusion is a process where material is transgbky atomic motion. There are two
basic mechanisms for diffusion: substitutional uifbn and interstitial diffusion. The
reason for the two types of diffusion stems frone tielationship between their
relative atomic sizes. Subsitiutional diffusion o mainly by a vacancy mechanism
by a similar size or substitutional atoms; wherdsrstitial diffusion occurs when
diffusing atom is small enough to move between ldrger atoms in the lattice.

Interstitial diffusion requires no vacancy defdaterder to operate.

2.4.1 Carbon activity

Carbon activity is very important information foiffdsion process since the greater
the difference in carbon activities, the greater ginadient of carbon activity on the
diffusion interface. The carbon diffusion flow assothis interface is proportional to
this gradient. For instant, carbon always diffuses site of lower carbon activity
value in steels. As Sopousek (2008) mentionedsréport that carbon concentration
cannot be used instead of carbon activity in stegisch may lead to erroneous

conclusions.

The influence of alloying elements on the carbotivdg in steel was reported by

Sanbongi (1957). For determining the effect of(xlioy element) on the activity

coefficient of C,., the interaction parametee) is defined by the equation

el =adIny. /0N, and was calculated and shown in Table ZI& relation between

the atomic number of the elements and the valuestefaction parameter is shown
in Fig 2.20.According to the Table 2.8, the elements with pesivalues increase the
activity of C in molten iron while those with negett values decrease it. Additionally,
Sopousek (2008) calculated the carbon activity tekls with different chromium
concentration in P91 using the CALPHAD method. Adoaog to the results he

suggested that chromium can reduce carbon actiaity, it is same as the results
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given in Sanbongi’s table where shows Cr has tlgatinee value and will decrease

the carbon activity.

The experimental measurement of the activity obearmentioned by (Nishizawa,
1977) and (Lee HM, 1974) are in principle and passiBut such experimental
results are few since the measurement of activisealways connected with the
necessity of long time equilibration. Nowadays thmwst effective method of
obtaining the activities of elements is using thedgnamic calculations based on the

CALPHAD method (Sopousek, 2008).

2.4.2 Mechanism of carbon diffusion in austenite atnless steel

Carbon diffusion in austenite plays a critical ratephase transformation in steel.
Studies of carburization of austenitic stainlesselst have been done by many
investigators (Michal, 2006) and (Stasiek, 2006he Taim of carburization in
industrials is to increase the carbon concentraiiothe surface layers of a steel
product by carbon diffusion in order to achieve axder wear-resistant surface.
During the carburization, the high concentrationcafbon maintains at a stable
constant value at the surface of the steel. Astime time carbon continually diffuses
from the surface into the steel which gives a cotraion profiles obtained after
different times shown in Fig 2.21 (Porter, 1992)ccording to Fick’'s second law by
using the boundary conditionsz @x=0) = G and G () = Gywhere G stands for the
carbon concentration at boundary condition. Theagqgn of carbon diffusion in steel

was given as

_ _ _ X
C=C,-(Cq Co)erf(—z \/(D_Ct)j (2.1)

where G stands for the carbon concentration at the suidsteel, G is the original
carbon concentration of the steel, x is the cadiffasion distance. The ‘erf stands
for error function which can be shown graphicatiyFig 2.22 Since erf(0.5x 0.5 the

depth at which the carbon concentration is midwetwben G and G is given by
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X
2./(D,t)

D. is the carbon diffusion coefficient which is onfetloe most important parameters

[ X jzo.S that is x=,/D.t when erf(

=1(Porter, 1992). Further,
2,/(Dt

in the modelling of phase transformation in st@&&éle carbon diffusivity Ralso based
on the substitutional atoms contained in the s®eth as chromium. This influence

can be expressed in the form of (Foret, 2001)

D, =D, ,, exdl B N, ) (2-2)
where Q) is the carbon diffusion coefficient in a nonalldysteel, as expressed in
(Million, 1995) by the equation
(1) Temperature from 1100°C to 800°C

D, = 225%10° ex;{—ﬁj [cm?s, ki/mol]  (2-3)
RT
(2) Temperature from 750°C to 500°C

@j [cm¥s, k/mol]  (2-4)

D_ . =191expg —
°© F{ RT

from the experimental data angS is the Cr-C diffusion interaction coefficient

which is expressed in (Million, 1995) by the eqaati
(1) Temperature from 1100°C to 800°C

o = 9q- (133;000j [at.fr."] (2-5)
(2) Temperature from 750°C to 500°C
=997~ (12100(3 [at.fr.] (2-6)
Million (1995) also gave a common equationGsf which is
o - 73'8_(10800()) [at.fr!] (2-7)

N in equation 2-2s the thermodynamic chromium equivalent in therafeaction

which is expressed from the equation,
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Ne =D K& N, (2-8)
This equation relates to all substitutional elerseint the steel. c) is the
equivalence constant which is the ratio of theradBon coefficient of element j and
chromium. The equivalence constant value of eagmeht can be obtained by Table
2.9 and 2.1(Pilous and Stransky, 1998). In Table 2.9 each efdns related to a
characteristic numbef. and according to this number the equivalence cahila, )

can be obtained from Table 2.10.

Nowadays, comparable numerical procedures have deerioped and implemented
in general purpose thermokinetic software such a€TBA, Thermo-Calc or
MatCalc which are based on the databases for adilen$ involving computational
thermodynamics and diffusion controlled simulatieisshng CALPHAD method. The
CALPHAD method is based on the fact that a phaagrdm is a representation of the
thermodynamic properties of a system which arestma of the properties of the
individual phases. Thus the multi-component phaagrdms can be calculated by the
given thermodynamic properties. Sopousek (2004 &82@nd Kozeschnik (2002)
have reported the simulation by using these comphdsed software in their work
which shows good agreement by comparing with thpeemental data and the
results. Thus the computer based modelling of cadiffusion is suggested to be

used in future work.

2.4.3 Summary

In this section the previous work on carbon diffusin steel has been introduced
which includes carbon activity and carbon diffusiondelling methods. To conclude,
diffusion is driven by an activity gradient fromhagher value to the lower. The
carbon activity is also influenced by alloying ekmts in an alloy. Furthermore, the
mechanism of carbon diffusion in austenitic staslesteel can be simulated by
modelling using the equation for calculation or pater based software. Computer

simulation can be useful for modelling the elenwistribution in future work.
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2.5 Oxidation of metal and metal carbide

2.5.1 Oxidation of metals

Oxidation of metals is a reaction between metats@tygen with an oxide produced
at the surface. The purpose of oxidation experim@&generally to assess reaction
kinetics and mechanisms with studies on scales stmoctural and morphological

viewpoints, transport properties in scales, phaseiary reactions.

2.5.1.1 Thermodynamic considerations
Thermodynamics is the study of heat in changingsfgay and chemical processes; it
also allows prediction of the final equilibrium t&dor a reaction. The second law of
thermodynamics is an expression of the universaldaincreasing entropy, stating
that the entropy of an isolated system which isim@quilibrium will tend to increase
over time, approaching a maximum value at equiliioti For phase changes, the
second law is most conveniently written in termstiod Gibbs free energyAG)
which is a measure of the thermodynamic drivingdothat makes a reaction occur.
The equation for Gibbs free energy is:

AG =AH -TAS (2-9)
where AH is the enthalpy andS the entropy of the system. The enthalpy is a
measure of the actual energy that is liberated vihemeaction occurs. The entropy is
a measure of the change in the possibilities feordier in the products compared to
reactants. Under these conditions the second latessta negative value faxG
indicates that a reaction can proceed spontaneoviihput external inputs; a zero
value means a reaction is at equilibrium; a positiglue indicates that a reaction is a

thermodynamically impossible process.

On the other hand, the process of oxidation of #ahie an electrochemical one,
which may be represented, for divalent metal MtH&yfollowing reaction;

Mg %20, = MO (2-10)
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The above reaction includes two half-reactions: dkiglation half-reaction which is

the formation of metal ions and occurs at the mstale interface as follows:
M=M? +2¢e (21)

The other half-reaction is oxidation which producgygen ions and happens at the

scale —gas interface as follows:

%0, +2e” =0~ (2-12)
For the oxide scale formation, it is necessary tattrons be conducted to the
scale-gas interface, at which point the reducteaction occurs; in addition. Mions
must diffuse away from the metal-scale interfacel/ar & ions must diffuse toward

this same interface. Furthermore, the scale matgg@irthe metal from rapid oxidation

by building a barrier to ionic diffusion and/or efgcal conduction.

The standard free energy(s, available for the formation of an oxide is vetitas:
AG = -RT InK (2-13)
Here, R is the universal gas constant and T iK#iein temperature. K is called the

equilibrium constant which is used to describe e¢leilibrium state of the reacting

system. In the specific case of a reaction (2-10),
K = ay, [, " [y, (2-14)

Here &0, ay and @, are activities of the components in the reactidb.is expressed
as:

AG = -RT |n{%} (2-15)

a, [&,”

Plots of the standard free energy of reactid@ as a function of temperature
commonly called Ellingham diagram, is used to methe stability of metals and
their oxidized products at high temperature. Ehiagn diagram in Fig 2.23 ia
particular graphical form of the Second Law of Thedynamics AG = AH - TAS].
The values of th\G on an Ellingham diagram are expressed as kJ p& 6 to

normalize the scale and are able to compare thdistaf these oxides directly. In
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the diagram, the noble metals which are difficoltokidise occur at the top of the
diagram, and the more reactive metals are at ttterholn Fig 2.23he standard free
energy value of chromium is below that of nickehiglh means chromium is easier to

be oxidise than nickel at certain temperatures.

2.5.1.2 Kinetics of oxidation

The rate of reactions cannot be determined by tbdymamics. Therefore, kinetics is
introduced to express the rate of oxidation prgcedsich is dependent on the
temperature, pressure of oxygen, surface areaeaudion time. Three basic kinetic
laws have been used to characterize the oxidattes rof pure metals, namely:

parabolic rate law, linear rate law and logarithmaite law.

The parabolic rate law assumes that the rate dbngyratep in the oxidation process
is the diffusion of ions through a compact baraethe oxide with chemical potential
gradient as the driving force. The concentratiorisddfusing species at the
oxide-metal and oxide-gas interfaces are assumde twonstant. The diffusivity of
the oxide layer is also assumed to be invariants Pplarabolic rate law is usually
associated with uniform, coherent oxides, suchaskidation of Ni, Cr, Fe and Cu.

The parabolic rate law follows an Arrhenius typlatienship:

(Am/a)> =K t+C (2-16)
where a is the area on which the reaction happefAmis mass gain, Kis the
diffusion rate constant which is directly proporab to diffusivity of ionic species, t

is the reaction time and C is the time-independsoristant. The diffusion rate

constant K can be written:

K, = Aexp(Q/RT) (2-17)
where A is the constant of partial pressure of rmcting gas, Q is the activation
energy of the reaction, R is the gas constant and Kelvin temperature. The

expQ/RT) term in equation 2-17 shows that chemical reactrates are

34



Chapter 2 Literaturereview

temperature-dependent. The parabolic oxidationdaggests that temperature is the

most important factors affecting metal oxidation.

The linear rate law is applicable to the formatamrd build-up of a non-protective

oxide layer, such as porous scales those whicke fiéikthe linear rate line is
Am/a =K.t (2-18)
where I is a constant. Under these conditions oxygen w&ayd available for

reaction with an unprotected metal surface as #ideodoes not act as a reaction

barrier.

The logarithmic rate law often obeys for relativéiyn films at lower temperature

and the oxidation rate is inversely proportionatinee with the equation:

Am/a=K,log(K,t+K;) (2-19)

where K, K, K, are constants.

Pilling-Bedworth ratio
The Pilling-Bedworth ratio (P-B ratio) is defined tne ratio of the oxidation rate and
the tendency of the film to protect the metal frimrther oxidation are related to the

relative volumes of the metal oxide produced onetahconsumed:

_ oxidevolumepermetalatom _ (M ,.4e) [(Orea)
metalvolumepermetalatom n(M,....) {O..ic)

P-Bratio

(2-20)

In equation(2-20) Myigeand Mpetaiare the atomic or molecular mass of the metal and
oxide, poxide aNdpmetar @re the oxide and metal densities and the number of metal

atoms in the oxide (Donald, 2006).

Pilling and Bedworth realized that, when R is [d#&mn one, a pure metal oxide tends

to be porous and non-protective because it cammarahe whole metal surface. If
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the ratio is between one and two, an adherent, aronp, protective film forms and
the kinetics of film formation follow parabolic,niear, or logarithmic rate laws
(William, 1997). For the ratio greater than twolaege volume of oxide forms and
may crack and flake off from the surface, expodmegh metal which continues to
oxidize. Table 2.11 presents P-B ratios for mettadd form protective coatings and

for those that do not.

In addition to R, factors such as the relative ioehts of thermal expansion, the
adherence between metal oxide and metal, a rdiativgh melting point and good
high-temperature plasticity for the oxide shoulsloabe favorable in order to produce

a protective oxide (William, 1997).

2.5.1.3 Oxidation of Ni, Cr and Ni-Cr alloys

The oxidation of nickel has been studied for maagrg. Under normal temperature
and pressure conditions, single NiO scale formsclwhs controlled by outward

cation (NF*) diffusion. A duplex NiO scale forms under higimigerature conditions,

which includes small equiaxed grains at the metadeinterface and large columnar
grains in the external part. Birks (1983) showeat the large columnar grains in the
outer layer grew by outward cation migration and #imall equiaxed grains at the
inner layer grew by inward migration of oxygen. iton (1982) indicated that

oxygen penetrated down to the metal-oxide inter&aue that short-circuit diffusion

of oxygen contributed to the growth of the inngfeliaof the duplex scale.

Chevalier (2005) has studied the oxidation kinedied morphology of Ni in air under
atmospheric pressure over the temperature rang®@®@WC. The plots of weight gain
per unit area vs. time at high temperature indec#tte oxidation of pure Ni showed a
parabolic reaction with the activation energy o022 kJ.mot'. Chevalier (2005)
noted that the oxide grain size increased with tvatpre as well as the numbers of
pores and a very few platelets are visible on sspecimens. Peraldi (2002) also

agreed about the morphology and microstructure @ Ncales grown at high
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temperature on high purity nickel. Cross-sectiomahges of a nickel specimen
oxidized at 800°C for 12 hours taken by Chevalleaws a duplex microstructure
composed of small equiaxed oxide grains near nuedde interface and large

columnar oxide grains on top of the oxides in Fi242

The oxidation of pure Cr forms a stable chromiundexCrO3 at temperatures up to
1000°C. The GOsscales are normally formed as an oxidation praiackayer for
many engineering alloy, it increases the alloy’'sisi@nce to hot corrosion at high
temperatures. Volatilization occurs of the@glayer occurs when the temperature is
over 1000 °C. Birks (1983) stated that oxide scatgmire Cr started to be thinned by
CrO; evaporation at 1000°C. Berthod (2005) has stuthedvolatilization of the
external chromia layer formed by oxidation of a30Cr alloy and also indicated the
vaporization of chromia into volatile Cg@ccurred when the temperature was higher

than 1000°C. The formation of Cgfllows the reaction

Cr,0,(s) +0,(g) = 2CrO, (2-21)

The mechanism of chromia volatilization is explair®y Birks (1983). The volatile
metal and oxide species formed at the metal-oxitkrface are transported through
the oxide lattice, mechanically forming cracks Ire toxide layer. With continuing
exposure, the volatile oxide gases form directlthatoxide-gas interface and oxygen

diffuses through a barrier layer of the volatilizeddes.

Nickel chromium alloys have excellent resistancéiggh temperature oxidation and
corrosion and good wear resistance. The oxidatemabour of this alloy has been
studied by several people (Ignatov, Berthod an@rmjl Alloys in this system with
low Cr (<20 wt%) contents show a mixture of nickeld chromium oxides scales
within different temperatures. Ignatov (1965) shdwbat at 400°C the oxide of
nickel (NiO) was formed originally on this alloyt &00-700°C the oxide of

chromium (Cs03) was formed with a matrix of almost pure Ni, witlifused oxygen
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in alloy, at 800-1000°C an outer layer of NiO wagtried with an inner layer of NiO
containing NiCsO4 which was a spinel type structure. Birks (19838)cated that the
outer scale advanced into the metal and th®4{nternal oxide scales are surrounded

by NiO and a solid state reaction happens to for@riD,,
NiO + Cr,0, = NiCr,O, (2-22)

Since Ni ion diffusion is much slower through th&CNO, spinel than it is through
NiO, NiCr,O4in the scale acts as diffusion blocks for migrathtigons. Thus as the
Cr content of the alloy increases, the volume foactof spinel increases which
reduces the total Ni flux through the scale andakidation rate starts to fall. Finally
as the Cr content is increased upto 10% at 10aG680mnode of oxidation is changed
to form a complete external scale oGy (Birks, 1983). A schematic diagram (Fig
2.25) of the initial oxidation of Ni-20Cr alloy wagiven by Allam (1978). It also
shows the co-existing of NiO, &3 and NiCpO,4 on the top surface during the initial

exposure time.

The volatilization of the external chromia layerred by oxidation of NiCr70/30
alloy was studied at 1000, 1100, 1200 and 1300°Béthod (2005). The activation
energy for oxidation of 70Ni30Cr alloy is 167 kJithavhich was calculated from the
mass gain curves obtained by thermogravimetry a@n kasis of the differential

equation describing the oxidation kinetics.

2.5.2 Oxidation of carbides

High temperature oxidation of titanium carbide, gsten carbide and chromium
carbide were studied by some investigators (Votiovand Berger) due to these

compounds excellent performance as wear resistaignmals.

High temperature oxidation of titanium carbide Ihaen studied in the temperature
range 600-1200°C by Voitovich (1997). He reporteat & one-layer oxide scale was

formed at 900°C and a two-layer scale was formedhé temperature range of
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1000-1200°C. The inner layer had a multiphase &tres and was composed of
various titanium oxides (TiO, 7®3, TiOy). The outer layer was composed of TjO
only. It was assumed that an outer scale was foimmedthe inner scale via diffusion
of titanium cations, whereas the inner layer waséa by the diffusion of oxygen.
Voitovich (1997) also indicated that the oxidatmrcompact titanium carbide at high
temperatures (1000-1200°C) had four stages. Owitlakinetics followed the
parabolic law in the first three stages; parabokedation was displaced by linear

behavior with time.

Berger (1998) compared the oxidation behaviour of,WCrC,, and TiC from
WC-Co, 25Ni(Cr)-75G4C, and TiC-Ni-based materials in his studies. He dat#d
Cr;Czhad the best oxidation resistance behaviour beaafuee formation of dense
oxide layers which was detected as@yronly. On the other hand, WC showed the
lowest oxidation resistance due to the linear ddpeoe of mass gain on oxidation
time in isothermal heat treatment with results ioathngs without protective
properties against further oxidation. The oxidagoducts of WC were detected as

WO3which was characterized by a high volatility.

2.5.3 Oxidation of metal-chromium carbide compositsystems

High temperature oxidation of nickel-based chromioarbide coatings has been
studied by a few investigators (Kunioshi, Mattheamsl Ye etc). Kunioshi (2006) has
studied the high temperature oxidation behavior &fVOF sprayed

75(Ni20Cr)-25CsC, coating compared with Ni-20Cr and WC-20Cr-7Ni cog8.

These coating has been compared by weight gain &ft@urs oxidation at various
temperatures. 75(Ni20Cr)-256C, and Ni-20Cr coatings show higher oxidation
resistance than the that of WC-20Cr-7Ni coatingpeermlly at temperature over
800°C. On the other hand, the surface morphologh®foxidized specimens in his
report shows that the crystallite size of the chtomoxide significantly increases at

higher temperature.

39



Chapter 2 Literaturereview

Matthews (2009) has studied the oxide scales foromellended powder NiCr-gZ;
coatings after 850°C heat treatment. He indicabtedl heat treatment led to carbide
formation and a reduction in the Cr content of Mj(@natrix. During the heat
treatment, carbide elements are diffused into ti@r Nplats which increase the Cr
content of this phase. €3 is therefore able to dominate the matrix phask doam
an early stage and prevented bulbous NiO formatith extended oxidation, lateral
Cr,0O3 growth from the matrix phase begins to encroactr dlve carbide splats and

dominate the coating scale to topography showngr226.

Ye (2008) also indicated in his report about oxatatbehavior of Cr39Ni7C cermet
coatings at 800°C during 100h heat treatment. ada black tarnish layer formed
on the coatings surface after oxidation exposurkaitarge amount of gDs in the

XRD pattern after heat treatment. As a result,ingatas covered by @Ds.

The high temperature oxidation behavior of the teglanickel-based chromium
carbide cermet system has been investigated b&e(2007). He indicated that the
presence and the concentration of the interdendré@rbides network of cast nickel
alloys can help chromium diffused towards the ottatafront. Chromium carbides
have an effectively influence on easy chromiumudiibn. The diffusion coefficients
increase when the density increases. Since thetaiooa part of chromium in the
carbides the grain boundaries act as rapid diffugiaths for chromium and this
contribution is bassed to the volume diffusion bfanium. Berthod also found the
depth of the carbide-free zone depends on the otrat®n of the initial carbides.
Since the chromium carbides disappear from theatid front at a depth which
increases with time and also with temperature dumxidation. Moreover, the
oxidation kinetics increases when the carbides eaination in the alloy increases.
The activation energy for oxidation of 70Ni30Crogllis 167 kJ-mao! Ni-30Cr-0.8C
alloy is 204 kJ-mé! and Ni-30Cr-0.2C alloy is 201 kJ-rffohich were calculated
from the mass gain curves obtained by thermograwymen the basis of the
differential equation describing the oxidation King
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Table 2.1 Comparison of the coating properties With FS, AS and HVOF (ASM,
1987; Sturgeon 1992; Thorpe, 1993)

Typical ) .
. . Typical Bond Porosity .
Spraying Sprayed particle Thickness
. _ temperature strength (% by
system material velocity , (pm)
B in gun (°C) (Mpa) volume)
(ms?)
Plasma
) Powder 120-900| 5500-16000 80 <5% 150-500
spraying(PS)
Flame Powder ,wire
) 30-120 2800 10-30 10-20% 100-2500
spraying(FS) or rod
Arc Powder ,wire
) 240 5500 10-30 7-8% 100-1500
spraying(AS) or rod
High velocity
oxy-fuel Powder 1000 2800 90 0.1-2% 100-300
spraying(HVOF)

Table 2.2Characterisation of three carbides of chromium {§,01971)

Phase | Crystal structure Lattice paramete(nm)

Cr,Ce | Complex fcc with 116 atoms per unit cell | a=1.0655

Cr.Cs Hexagonal with 80 atoms per unit cell a=1.401, c=0.4525

CriCs, Orthorhombic with 20 atoms per unit cell | a=0.1147, b=0.5545, ¢=0.2830

41



Chapter 2 Literaturereview

Table 2.3 Summary of previous studies of carbidesph present in the as-sprayed

CrCy—Ni(Cr) powder coatings (* means possibly existugse)

HVOF Carbide Phases i
Powder ] Reference
System coating
Agglomerated and sintered )
] DJ CirC, Zimmermann (1996
25Ni(Cr)-75CgC,
Agglomerated
. DJ CrC, He (2000)
25Ni(Cr)-75CkC,
Agglomerated and densified
. DJ CirC, Cr/Cs Suegama (2006)
25Ni(Cr)-75CkC,
Agglomerated and densified )
DJ CrC,, CrrC3 CrCs |  Guilemany (1996)

25Ni(Cr)-75CkC,

Agglomerated and sintered

Microjet CrC, (Cr,Cy* Matthews (2009
25Ni(Cr)-75CkC, ) 5C2 (CrCy) (2009)

Agglomerated

Jet Kote Cr,C; Cr,sC Monhanty (1996
25Ni(Cr)-75CkC; CiCs, CrrCs,CrazCe y ( )

Agglomerated and densified

JP5000 Manish (2006
25Ni(Cr)-75CkC, C (2006)
Sintered and crushed .
. DJ CirCy Sasaki (1992)
25Ni(Cr)-75CgC,
Sintered and crushed .
. Top-Gun CsC,, CrCs Edris (1997)
25Ni(Cr)-75CkC,
Sintered and crushed Wirojanupatump
. Top-Gun CsC,, CCs
25Ni(Cr)-75CkC, (2001)
Sintered and crushed .
i CH-2000 CsC, CryC5 Cry3Cq Ji (2006)
25Ni(Cr)-75CgC, ' '
Blended Wirojanupatump
. Top-Gun CsC,
25Ni(Cr)-75CgC, (2001)
Blended Jet Kot CiC, Cr,C CrC Shaw (1994)
et Kote r r aw
25Ni(Cr)-75CkC, 2 e e
Blended Jet Kot CiC, Cr,C, CiiC H (1993)
et Kote r,C, Cr wan
25Ni(Cr)-75CEC, 2, L2k, LR g
Blended

Jet Kote Cr;,C; CrsC Crawmer (1992
25Ni(Cr)-75C§C; CiCy, CriCs, CrasCe (1992)

Composite DJ CirC, (Cr,Cy)* Ye (2008)
F r e
Cr-39Ni-7C SeiTs
Composite Wirojanupatump
. TOp'Gun CE3C6
30Ni(Cr)-70CrC (2001)
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Table 2.4 Summary of previous studies of oxide phgsesent in the as-sprayed

CrsC—Ni(Cr) powder coatings

Powder

Oxide phases in coating

Reference

Sintered, crushed and clad
25Ni(Cr)-75CkC,

Cr0O3

Sasaki (1992)

Composited and Agglomerated
25Ni(Cr)-75CgC,

Cr,0,

Sobolev (1995)

Agglomerated and densified
25Ni(Cr)-75CgC,

Cip0O,

Guilemany (2002)

Sintered and crushed
25Ni(Cr)-75CgC,

CpO3, CrO

Wirojanupatump (2001)

Composite 30Ni(Cr)-70CrC

gD, CrO, Cr0O,

Wirojanupatump (2001)

Agglomerated and sintered
25Ni(Cr)-75CgC,

Cr203, NIO, NiCr204

Matthews (2008)

Sinter-crushed 25Ni(Cr)-75€C,

Cr,03, NiCr,O,

Edris (1997)

Table 2.55ummary of previous studies on Microhardness frdfarént Ni(Cr)

—CrC, powder coatings with different HVOF spray systems

Powder HVOF System | Microhardness Reference
Blended 25Ni(Cr)-75GL, Top Gun 650 HYyo Wirojanupatump, 2001
Sintered and crushed o
) Top Gun 910 HVyg Wirojanupatump, 2001
25Ni(Cr)-75CgC,
Composite -
. Top Gun 820 HVyo Wirojanupatump, 2001
30Ni(Cr)-70CrC
Agglomerated and sintered o
. GMA Microjet 1155 HV;q9 Matthews, 2003
25Ni(Cr)-75CkC,
Agglomerated and densified )
. DJ 2700 743 HV3q9 Guilemany, 2002
25Ni(Cr)-75CgC,
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Table 2.6List of previous studies on HVORi(Cr)—Cr;C, coatings under different

types of annealing conditions

Powder Gun system Annealing conditions References
n Air heat treatment )
Agglomerated and densified Guilemany,
. DJ 2700 450°C 1hours, 760°C 1hour,
25Ni(Cr)-75CgC; 2002
880°C 1 & 24hours
Agglomerated Air heat treatment
. DJ He, 2001
25Ni(Cr)-75CgC; 200,400,600,800°C 8hours
Sinter-crushed Air heat treatment .
. Top gun Edris, 1997
25Ni(Cr)-75CgC, 900°C 50 & 100hours
Agglomerated and sintered o Air heat treatment Matthews,
. GMA Microjet
25Ni(Cr)-75CgC; 900°C 2,5,10,20,30,40 and 60 days 2003, 2009

Table 2.7Microhardness of the agglomerated and densified(3N75CrC,

coatings (load = 5009) ( Guilemany, 2002)

As-sprayed 450°C 1hour 760°C 1hour 880°C 1hour
Air annealing 743 HVsq0 807 HVsqo 1015 H\ggg 900 HVsgg
Table 2.8 Interaction parameter (Pilous and Strgrks&98)
Xi |S P Si Al Cu/Ni |Co|Mn |(Cr |V Ti
€X 5.54~4.78| 5.24~4.02| 4.23~3.4| 2.7~2.4| 1.2 | 0.48| 0.2 | -0.47| -1.4 | -2.25| -3.34
C
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Table 2.9 Characteristic numberg for individual elements on the periodic system

of elements (Pilous and Stransky, 1998)

Characteristic Period

number v/ 1 2 3 4 5 6 7
1 Sc Y La*) | Ac**
2 Ti Zr Hf Ku
3 Y, Nb Ta
4 (0) Cr Mo W
5 F Cl Mn Br TcJ Re At
6 He Ne Ar Fe Kr Ru Xe Os R{
7 H (L) Na K Co Rb Rh Cslr Fr
8 (Be) Mg CaNi| Sr(Pd)Cd Ba P Ra
9 B Al Cu Ag Au
10 C Si Zn Cd Hg
11 N P Ga In T
12 (O) S Ge Sn Pb
13 As Sb Bi
14 Se Te Po

*) Lanthanides, **) actinides, () position of théements in the brackets is not certain. Statistical

processing of experimental data shows [tiéat |/ij , wherei=N, H, B.

Table 2.10 Dependence of the equivalence constb(ry&) on characteristic numbers

vl elements in the periodic table of elements (Pilang Stransky, 1998)

Characteristic number

_ 1 2 3 4 5 6|7 8 9 10 11 12 13 14
ve
Equivalence constant
_ 11.40|4.35|2.08|1.00(0.386|0|-0.259|-0.442|-0.574|-0.673(-0.749(-0.807 |-0.852|-0.887
K(J:r(C)
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Table 2.11 Pilling-Bedworth Ratios for a Numbemxétals

Protective Nonprotective

Ce 1.16 K 0.45
Al 1.28 Li 0.57
Pb 1.40 Na 0.57
Ni 1.52 Cd 1.21
Be 1.59 Ag 1.59
Pd 1.60 Ti 1.95
Cu 1.68 Ta 2.33
Fe 1.77 Sb 2.35
Mn 1.79 Nb 2.61
Co 1.99 U 3.05
Cr 1.99 Mo 3.40
Si 2.27 w 3.40
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Fig 2.2 Particle velocity and particle surface tenapure profiles from different

injection positions in HYOF Met-Jet gun system (Kasn 2008)
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Fig 2.3 Particle velocity and particle surface tenapure profiles for different size

particles in HYOF Met-Jet gun system (Kamnis, 2008)
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Fig 2.7(continued) Isothermal section of the Cr-Ni-C phdsgram (Velikanova,

1998)
T.°C T T T T T T T T
16121
1579 | L ]
L+8§ 1455°C
1400 | \\ \ L0 LR A
o\ \L+g+8 1324°¢ L)
b 1316°C L
Iy +C
5 1255°C 7 (N
1200 = 1308 °C 1249 .
. (Ni) +o
; (Ni)
o (Niy=
1000 Ry N)+8 e ;
g’,; @)
+
)+ (Ni)+o £
Z/ =
800 | ¥ 4 é
aak 1 : iT 3 I I l
0 20 4@ 60 80 100
Cr,,C; at % Ni Ni
(a)

Fig 2.8The vertical section of the Cr-Ni-C phase diagrémough the tie line with
Ni and carbides (a) @Cs (Velikanova, 1998)

52



Chapter 2 Literaturereview

1781 °C
3

L+o+§

15
1400 H\V ?

1200

1000 |

Ni)to+9 O

Sy

1829°C ’
L+C
L+t+C

1600

1455 °C_]

1400

_1255°C Lix

< 1249°C -
L+3+s L+(Ni)+C

Ol + <

1200 |

1000 |
S (Ni)+8+1 Ni)+t+C

g0 | |8+

0 20 40 60 80
&l o at. 9% Ni Ni

(c)
Fig 2.8(continued) The vertical section of the Cr-Ni-C phaliagram: through the tie
line with Ni and carbides (b) &23 and (c) CsC, (Velikanova, 1998)

53



Chapter 2 Literature review

Fig 2.9 BSE images of the HVOF microstructure i@ dis-sprayed condition and after
2, 20 and 60 days of treatment at 900 °C (Matth@@83)

54



Chapter 2 Literaturereview

Fig 2.10 A schematic illustration of the three ¢debdevelopments in different

regions within a splat during heat treatment of HWOF coating (Matthews, 2003)
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Fig 2.11 Vickers microhardness values of the HAVIH &VOF coatings treated in

air and argon at 900 °C (Matthews, 2003)
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Fig 2.12Iron-Chromium equilibrium diagram (Llewellyn, 1996)
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Fig 2.17 Optical microstructures of 304 stainldeglsthat were heat-treated at
1,000K for (a) Os, (b) 100s, (c) 1,000s and (dp@0s (Hiroyuki, 2000)
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Fig 2.22 Schematic diagram illustrating the maistdiees of the error function (Porter,
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Fig 2.23 Standard free energy of formation of deldoxides as a function of

temperature (Birks, 1983)
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Fig 2.24 SEM observation of a fracture cross-saatioNiO scale formed during 12

hours at 800 °C in air under atmospheric presfeea(di, 2002)
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Fig 2.25 Schematic diagram illustrating the oxidatof Ni-20Cr in the initial

exposure time (Allam, 1978)
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Fig 2.26 Surface dflended 75(Ni20Cr)-25@€, coating oxidised for 48h at 850 °C
(Matthews, 2009)
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Chapter 3. Experimental procedures

3.1 Introduction

Thermal sprayed 25Ni(Cr)-7563, cermets have been used extensively to mitigate
wear and high temperature oxidation resistancehig work the main aim was to
understand the effect of elevated temperature oa thicrostructures and
microhardness of the coatings deposited by the HY€@i€ess using a Met-Jet gun
system. Two packs of powder with the same compmusitagglomerated and sintered
75CBC,-25NiICr powder ordered from different companies,raveselected. Both
original powders and coatings were characteris@tyus variety of techniques. The
details of materials used, spraying conditions ahdracterisation techniques are

described in the following sections.
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3.2 Materials

3.2.1 Ni(Cr)-Cr;C, powders

Two kinds of agglomerated and sintered A&IZ25NICr powder were ordered from
Metallisation and Praxair Company. Suppliers andabr specifications of the

powders are listed in Table 3.1.

3.2.2 Substrates

The substrate used was stainless steel 304. Therr¢his was chosen as a substrate
is because stainless steel has excellent behawoiooorrosion resistance and heat
resistance and is widely used in a range of higmperature atmospheric
environments and many corrosive media. Therefbig,groject is to understand how
as-sprayed microstructures change as a resultngf term exposure to elevated
temperatures and oxidising environments. TablesB@wvs the composition of the
steel provided by the supplier. The bulk stainktsgl was cut into the dimensions of
58 x 25 x 2 mm. These sample dimensions were usec@llf coating deposition.
Substrates were cleaned and roughened just prieoating by grit blasting with

brown alumina of ~250 um patrticle size.
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3.3 Thermal spray procedures

3.3.1 Sample preparation and HVOF system

Substrate preparation

Substrate (stainless steel 304) was cut into skperees with the dimensions of 58 x
25 x 2 mm. SWI solution was used to clean the serfaf the substrate, in order to
get rid of the oil and water. The next step wasotgghen the surface of the substrate

by grit blasting with brown alumina of ~250 um pelg size.

HVOF system preparation
The MET-JET Il system was chosen for HVOF thermaaging and includes 4

components:

Met-jet gun

The Met-Jet gun made by Metallisation is shown ig.31a, which has unique
features to give the most consistent and religiays The combustible mixture is fed
into the combustion chamber through an array ofspgiving a wider flame front and
promoting complete burning within the chamber. Thgrogen pilot system is
sequenced to burn both before and after the mameflto ensure a clean start and
stop without fear of fuel being sprayed out onte tork piece. Powder injection is
designed on both sides of nozzle and the pressiingkich are very low preventing
burnt gases running along the powder feed tubeaamansducer is used to measure
the chamber pressure avoiding inaccurate measutatuerto leaking lines. Overall,

the gun is robustly constructed to give a longiseriife.

Met jet mass flow meter controller
The Controller which is shown in Fig 3.1b bringgédther all elements of the system
and provides the necessary controls and interlaxlensure easy, consistent and safe

operation. Only the most robust components are gsethat it will continue to
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provide trouble-free service. The controller coméaia mass flow meter control

system giving coating quality and reliability.

PFIl powder feeder

The PFIl Powder Feeder shown in Fig 3.1c is a pr&tisystem using a positive
displacement feed screw to accurately meter povess rate. The speed of the feed
screw is controlled through a closed loop contggtem and thereby maintains an
extremely accurate and consistent feed rate wtschasily reproduced. The PFII
integrates with the associated control systemsve warnings of low gas flows or

blockages of the powder feed tube or spray noZ#be. unit can be mounted on a

fixed ground or wall stand or fitted with castoos mobility.

Cooling system
The cooling system shown in Fig 3.1d can be acelating cooler, a refrigerated
chiller, or in some cases a water/water heat exgaystem depending on the

operational circumstances.

3.3.2 Deposition procedure

Oxy-fuel (kerosene) mix is atomized after it pass@®ugh an orifice into the
combustion chamber, thereby creating a stable,nckad uniform combustion
process. Pressure in the combustion chamber istonedi to ensure the proper
combustion mode and constant pressure which diredtects the powder particle
velocity. The unique, converging/diverging exitzate of the combustion chamber
is so designed to create a supersonic jet thattamaga low pressure area where the
powder is radially injected through multiple poriBhe powder then mixes with the
hot combustion gases and is accelerated towardssubstrate. This results in
producing consistent coating quality with residstaésses in compression mode. The

substrates will be mounted on a turntable which bald 12 pieces/6 pieces of
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substrate and rotated while the gun is traverseiicaly. The schematic diagram of

spray gun and sample holder are shown in Fig.3.2.

The spray parameters are very important to thegutigs of the coatings. The spray
gun supplier provided some parameters for the rdiffepowders. In order to get the
optimum coatings, these parameters have been reddifi the next chapter the effect
of spray parameters such as the oxygen/fuel flas, fipw and powder feed rate on

the coating structures will be introduced and diedai
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3.4 Heat treatment of Ni(Cr)-Cr3C, coatings

The specimens of as-coated substrates were hatadrat 70@ and 80CC in air

for 1hour, 2, 8 and 16 days. These samples wetedezside the furnace from room
temperature to 700 or 800C and then maintained for the selected time and they
were cooled inside the furnace to room temperatbii@wever the response of
substrate stainless steel 304 was also assessedeaiftg annealed for various times
at 700C and 80°C in air. These results are used to provide a reterefor

comparison with annealed coated samples.
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3.5 Powder and coating characterisation

3.5.1 Size analysis of powder sample

The powder size was measured by a Mastersizer @éfiele analyser with the Low

Angle Laser Light Scattering (LALLS) method. Thisadysis system allows accurate
results over a large size range (0.02-2000um tilp)cdt was assumed that each

particle of the agglomerated and sintered powdes similar in shape and their size
distribution was thus measured by the light sciatiesize measurement. By using the
laser diffraction measurement, particles are passealigh a focused laser beam.
These patrticles scatter light at an angle thatverisely proportional to their size. The
angular intensity of the scattered light is therasuged by a series of photosensitive
detectors which have been optimized to achieve mmaxi resolution across a broad
range of sizes. The map of scattering intensitgu®@angle is the primary source of
information used to calculate the particle sizeritigtion which can be predicted by

the Mastersizer 2000 software.

3.5.2 Optical Microscopy (OM)

The optical microscope (Nikon UFX-II with attach&llkon FX-35A camera) was
mainly used to analyse the coating microstructsiesh as the thickness, porosity,
oxide, deformation of the substrate, and distrdoubf phases. On the other hand, the
transverse section provides information about thitase of the substrate and changes
in the microstructure, which occurred during theatowg deposition. (Pawlowski,
1995) Samples for optical microscopy were polisard etched before examination.
To etch the NiCr-CrC coatings 10% oxalic acid intevawith electrode potentials of

6V was recommended for use. (Edris, 1997)

3.5.3 X-ray Diffraction (XRD)

X-ray diffraction is a routine technique used fdmape analysis of powders and

as-sprayed coatings. It was carried out using aefsmD500 equipped with
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DACO-MP X-ray diffract meter and was operated atM@nd 20mA to generate Cu
K. radiation at wavelength of 1.540A. Difractogramerevobtained using the Cu, K
radiation with a step size of 0.02° and a 4 secoodhting time for a range of

20 values (20°~100°) The exposure area for coating samples was aldsnam.

Peak identification and phase determination wendopaed with the aid of the
JCPDS powder diffraction files. A given substanbeags produces a characteristic
diffraction pattern which is like a fingerprint dhe substance to be identified.
However, diffraction can show the presence of a pmmmd whereas chemical
analysis can only show the presence of separateeals. Substances are classified
using the Powder Diffraction File. In this systemyaone powder is classified in

terms of d spacing o8 ositions and relative intensities.

In order to insure the X-rays were collected frdra tight region of the sample, the
depth of X-ray penetration should also be consilehe this project two kinds of
materials were used for X-ray diffraction, staisleteel 304 and 25Ni(Cr)-754)
coatings. The calculations of the depth of x-raggteation in these two materials are

as follow.

» Calculate the depth of x-ray penetration in staslsteel 304
20=20°~1009 G,=90%, Cu K1.542A
Composition: 70.5%Fe+19.5% Cr+8.6%Ni+1.38%Mn

According to the table ‘Mass Absorption coefficieptp (cnf/gm) and Densitiep’

(Cullity, 2001)
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U, =3044x 787=239560m 44, =2523% 719=18140cm™
Uy =4883x891=4351cm™y,, =2725x 747=20356cm™
U'=T705%,, +195%L,, +86%L,, +138%u,,,

=21081cm™

Gx - (1_e—px/sin€)
In(*
1-G,
o X=
2u
- Xppepe = 095UM
- Xoperop = 418um

= Depthof X - raypenetratia in stainlessteel304 is095~ 4.18im

) 3ing

» Calculate the depth of x-ray penetration in 25(&INXlr)-75(CgCy)coatings
20=20°~1009 G,=90%, Cu K1.542A

Composition: 70%Cr+20%Ni+10%C

U, =2523% 719=18140cm™ 11, = 4883x 891=4351cm™
He =4.219% 227=9577cm™
U'=T0%, +20%4, +10%4. =13578cm™

G, = (1_e—/.o</sim9)
1
1-G,
2u
— Xpgone = 147UM
- Xpp-100 = 649UmM
= Depthof X - raypenetratioin 25NiCr- 75Cr3CZoatingss1.47t06.49um

In(.—~)ind

o X=

3.5.4 Scanning Electron Microscopy (SEM) and EDX aadysis

The scanning electron microscope (SEM) is a typeleftron microscope capable of
producing high resolution images of a sample serfAcPhilips XL30 SEM was used

for analysis and characterisation of both powdet ematings with an accelerating
voltage of 15kV in secondary and backscatteredreleenodes and for EDX analysis.
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The spot size is about 4-4.5nm on the surfaceeotfimple and the scanned areas are

squares having sides of between 5um and 1 mm gtHéRawlowski, 1995).

X-rays, which are also produced by the interactbelectrons with the sample, may
be detected in an SEM equipped for energy disper&iray spectrometry (EDX).
EDX is used for identifying the elemental compasitiof the specimen and
guantifying light elements such as carbon and omyge a thin window mode.
However, in order to ensure the accuracy of EDXyama system when quantifying
carbon in the NiCr-CrC coating, a 100% cobalt stmddvas calibrated before and

after analysis of the samples.

3.5.5 Thermogravimetric Analysis (TGA)

The oxidation behavior of NiCr-@€, powder and coatings in thermal air was
investigated using a TA instruments Q600 thermagratric analyzer. Oxidation
tests of NiCr-CrC powder were carried out in comeiadrgrade bottled air at 700
and 800C with a compressed air flow rate of 100 sccm amdped heating rate of
50°C/min. It was held at the test temperature for mthrean 4 hours after the
temperature was attained. Oxidation tests of NiGE&powder and coatings were
carried out with the temperatures at &50700C, 800C, 900C and 100CC. In
addition, for each coating sample a square of 3rBtast specimen was cut from the
thin foil of a debonded coating layer for oxidatikimetic studies. These specimens
were cleaned, dried and weighted. The total surdsea for each specimen was also
recorded. As a result, a continuous plot of changaass versus time was recorded
for each of the test temperatures. These curveg weed for determining the
oxidation kinetics of NICr-GC, coating debonded from a 304 stainless steel

substrate.

3.5.6 Hardness tests

The Vickers hardness test is the standard microleaslitest employed for thermal
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spray coatings and substrates. The indenter is ranpgal diamond of normal
dimensions that is charged with a load in the rahd®& to 50N. The specimens for
Vickers testing should be metallographically patidh Most of the measurements
made on the longitudinal sections are used forcaptmicroscopy observations.
(Pawlowski, 1995). Micohardness testing of the NGZ€ coatings was performed
using a 300g load on a Leco M-400 Hardness tesiidr avdwell time of 5s. An
average microhardness measurement was calcula@dtén random indents which
were taken from close to the top surface, in thediei of the coating and close to the
coating/substrate interface. Ten readings shoudige adequate assurance that the
hardness of a given specimen has been appropriatefsured. Obvious coating

defects and edges should be avoided during hardeadmgs.

The microhardness of the as-coated 304 stainles$ suibstrate was measured using
a 100gm load with a dwell time of 5s and obtainesimf ten indents along a line
parallel to the surface and in the middle of thé&kb@ihe microhardness of these
samples was also measured at approximately 5um @araythe grit blasted surface.
Microhardness measurements were also taken fronstratdycoating interface
penetrates to the substrate edge to determine dissilyiity of a variation in

microhardness through the depth of substrate.

3.5.7 Porosity analysis

The porosity in coatings was estimated with Imag@fdware which is a Java-based
image processing program developed at the Natitmstitute of Health. It can

calculate area and pixel value statistics of usdindd selections and intensity
thresholded objects. In the previous studies ingasirs (e.g. Venkataraman, 2007)
have been using ImageJ software to analyse theostiactural features (pores) in

plasma sprayed ceramic coatings and obtained gsodts.
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Table 3.1 Nominal powder characteristics

Chemical Size | Trade :
Powder type Supplier
formula (um) | name
Agglomerated and . Praxair
) 75CRC,-25(Ni20%Cr) | 15-45 | 1375VM
sintered us
Agglomerated and . Metallisation
) 75CRC,-25(Ni20%Cr) | 15-45 | 99785/32
sintered UK

Table 3.2 Compositions of the stainless steel 30¢iged by supplier

Composition Wt. %

C Max 0.08

Cr 18-20

Fe 66.345-74

Mn Max 2

Ni 8-10.5
Max 0.045

S Max 0.03

Si Max 1
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Fig 3.1HVOF thermal spray system (a) MET JET spray gurcébiroller

(c) powder feeder (d) cooling system

Cooling water substrate
Dxygen Powder i;\ l F]
Iﬁydrogm_. Chamber Barrel
—_—
Fuel J
= ="
plug
Met Jet Gun

Turntable

Fig.3.2 Schematic diagram of spray setup
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Chapter 4: Microstructure formation in as-sprayed

Ni(Cr)-Cr 3C, coatings: Results and Discussion

4.1 Results

4.1.1 Introduction

Two types of nickel chromium-chromium carbide (NiCrC,) powders produced by
different companies namely Metallisation and Praxaave been sprayed onto
stainless steel substrates by HVOF thermal sprayiAg-sprayed coating
microstructures were found to depend on the spraggss and powder characteristics.
The investigation of the effect of HVOF thermal apiparameters, namely powder
feed rate and carrier gas flow rate on coating osicucture were studied and
reported in this chapter. As-sprayed coatings Aedwo powders were characterised
by a variety of techniques including optical mia@ogy, X-ray diffraction, scanning

electron microscopy (SEM), microhardness testirdy@orosity analysis.
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4.1.2 Feedstock powder characterisation

4.1.2.1 Morphology and size range

The secondary electron images of the powder arenrsho Figs 4.1 and 4.2, which
reveal a largely spherical particle morphology. Bewparticles from Metallisation

appear denser and with a smoother surface thapotvder from Praxair. In Fig 4.1

the particle size range is approximately 1540 which is quite close to the size
distribution results given by the powder supplieTable 3.1. Laser diffraction size
analysis of the powder from Metallisation showsraakl size distribution ranging
from about 15 to 8wm with the average size of 3&n (Fig 4.3). On the other hand,
the Praxair powder size range was about 1Q#5rom its SEM images in Fig 4.2.
The particle size distribution of this powder agsedmined by laser diffraction

analysis is shown in Fig 4.4 with the most sizegeathO to 105um with the average

size of 43um.

4.1.2.2 Phase Analysis

XRD identifies phases in the powder. Both of thpsaders give the same set of
peaks in their XRD patterns shown in Figs 4.5 amél Zhe first set of peaks
represent a fcc lattice which belongs to Ni badexy solid solution. The second set

of peaks represents an orthorhombigGzicrystal lattice.

SEM-BSE images of the as-polished sections of thHiQr-Cr;C, powder from

Metallisation shows a uniform particle structuresHig 4.7. The brighter regions
could well be metallic phase (higher mean atomiainer) whilst the darker regions
represent carbide phase (lower mean atomic numis&M-BSE images of the
as-polished sections of the 25Ni(Cr)-75C+ powder from Praxair shown in Fig 4.8
exhibit a very porous microstructure with clear ttast between the carbide and
Ni(Cr) matrix phases. Phase composition reveale@DX-SEM showed the bright
areas (M) in Fig4.8vere identified as a Ni(Cr) alloy whereas the darkas (C)

contained principally chromium and carbon with anposition close to chromium
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carbide C4C; as expected from XRD reults. The chemical comjosstin atomic
percent (at %) of different phases in the powddemened by EDX analysis are
summarised in Table 4.1. The carbide grains arenlgveistributed, forming an

interconnecting network within each powder particle
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4.1.3 Influence of spray conditions on coating degdion efficiency

Both Metallisation and Praxair powders were spraysithg the same oxygen and
kerosene flow rates based on ‘MET JET Il SPRAY BMETERS’ recommended
by Metallisation. The powder feed rate and cargas flows were varied for the
Praxair powder. Table 4.2 shows the parametergdoh spray run. In order to get
better flowability, powder was stored in an alumamican and dried in air at A2

for 18 hours immediately before being sprayed. Tbating using Metallisation
powder gave a thickness about 200 uym and the thickness of the coating from
Praxair powder was about 46@ um. The estimated deposition efficiency of both

spray runs is calculated below.

For the thermal spray using Metallisation powdke, total powder feeding time was
403s and the scan time was 354s. Total weight wipo used for spraying was 384.4
g. Powder feed rate of this spray run was aboug/&8in while the Metallisation
recommended value is 70 g/min. Estimated deposeificiency ) is calculated

below:

Do: deposition efficiency, hl: coating thickness, tifeoretical coating thickness, t1.:
scan time (time for the gun starting to have valtmovement until it stopped), t2:
total powder feed time (time for the powder staytto come out until the gun was
shut down), ml: powder deposited on the scanned, ane2: total powder
consumption, d: diameter of carousel, s: scan mtsta p: density of

25Ni(Cr)-75CgC; coating (Metallisation product catalogue)

Dozﬁxloo @
h2

m, =d Ors0h, p
__m
= 2
> = A s 0D 2

m_m

t1 t2
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= m =-=m, (3)

From(1), (2)and (3)

_ p, =4I Py o @)

t, tm,

Deposition efficiency Metallisation powder
.-d=222cm  s=88m p= 7125k%3 =314
t, =354s t, =403s m, =398.371 h, =200um

_dors, op

O=D 01
0 t, O, h, %
222x1072mx 314x 88x10>mx 7125k%3 x403sx200%10°m
= %
354s%398.37x1073 kg
=25%

For the thermal spray using Praxair powdgfot this spray run was 611s andaas
544s. Total weight of powder used for spraying %25.949. Powder feed rate of this
spray run is about 51.56 g/min and the metallisatecommended value 70 g/min.

Estimated deposition efficiencyys calculated below:

Deposition efficiency Praxair powder
.-d=222cm  s=88m  p= 7125k%ng 7= 314
t =544s t,=611 m,=52594g  h, =400um
d M, O
t, tn,
222x102mx 314x 88x102mx 7125k%3 x6115x 400x10°°m

= - % =37.3%
544sx52594x10 kg

0= D, = h%

According to the calculation above powder, fromxama had a better deposition
efficiency than Metallisation powder. The charastion of both coatings will be

introduced and compared in the following sections.
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4.1.4 Coating from Metallisation powder

4.1.4.1 Optical microscopy

Optical micrographs of as-polished, cross-sectidwi€it-Cr;C, Metallisation powder
coatings are shown in Fi§9. Features present in the middle of the coatiolyde
bright regions (M) corresponding to alloy matrixeyg layers (O) corresponding to
oxide and some dark regions (P) corresponding tostty. Coating porosity was

measured by computer based software ‘Image J' amed the value 1.8+0.8%.

4.1.4.2 X-ray diffraction

The results of X-ray diffraction analysis for theeidllisation powder coating is
shown in Fig 4.10. All the information was obtairfeaim the coating after about 100
um being ground away from the top surface. The npaiaks can be identified as:
Cr3C, and Ni(Cr). In addition, some weak peaks at ther&lues of 33.6° and 54.8°
are identified as arising from £33 A significant broad diffraction halo between 40°
and 45° is seen in the XRD pattern from the coatutgn it is compared with the

original powder pattern in Fig 4.11. (XRD pattesmprovided in Appendix)

4.1.4.3 Scanning Electron Microscopy

The microstructure of the as-sprayed Metallisapomwder coating was revealed by
backscattered electron (BSE) imaging of coatingssections shown in Fig 4.12.
The coating had a generally dense structure witanalom distribution of micron
sized incompletely melted carbide particles (damkl light grey), dark region$)

representing pores and bright contrast regions (M).

Phase compositions, analysed by EDX-SEM are showhable 4.3. According to
this table it is possible to identify the phase positions from backscattered electron
image in the SEM. In Fig. 4.12 the dark angulatipi@s which are marked withi@
are identified as GE€, and the brightest phase marked witMncorresponds to the

Ni(Cr) solid solution matrix. The grey regionS)(are seen to contain Ni as well as
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Cr and C. The average composition of the coatirgvshhigher carbon content ~
37at% than that in the original powder ~30at% Inig is probably not significant

because it is difficult to measure carbon contgrnEDBX analysis.

4.1.4.4 Thickness and hardness

The average thickness of this coating was 200#8 Microhardness tests were
performed along a line parallel to the interfacetiie middle of cross-sectioned
coatings using a 300 gm load with a Vickers indenithe average microhardness

from ten measurements of the coating is 829485V
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4.1.5 Coating from Praxair powder

4.1.5.1 Optical microscopy

Optical micrographs of as-polished, cross-sectior&sNi(Cr)-75CgC, Praxair
powder coatings are revealed in Fig.4nwltl3ch shows the coatinmicrostructure near
the top surface, in the middle and at the coatuizggBate interface respectively. Some
layered structures (O), which are probably bandexide are present as arrowed in
the middle of the coating. The coating appearsetadasonably well bonded to the
substrate with limited porosity in the coating atdhe interface. Some black regions
(P) which are considered as pores are indicatedrign4.13. Coating porosity

measured by ‘Image J’ gave the value 3.2 +1.1% .

4.1.5.2 X-ray diffraction

The X-ray diffraction pattern for the Praxair powdmating is shown in Fig.4.14
from which the presence of the primary phasesCCand Ni(Cr) is identified. In
addition, CpO3 peaks, presumably arising from ;O which formed during the
spraying process, also exist at 2-Theta valuetdi°233.6°, 41.8°, 54.8°, 63.5° and
65.1°. All the information was obtained from theating after about 100 um had been
ground away from top surface. Comparing the traoenfas-sprayed coating to the
trace from the original powder, Fig.4.15 also shavestinct decrease of Ni(Cr) peak
at 44.3° with a large broad diffracting halo betwe&®° and 45in the coating trace
which has the similar peaks shown in Fig 4.1XRD pattern is provided in

Appendix)

4.1.5.3 Scanning Electron Microscopy

The typical surface topography of the NiCrCx coating from Praxair powder is
shown in the SEM micrograph of Fig.4.16. Large &pta 10um along with much
finer spherical particles which are probably a ltesidroplet disintegration at impact
during spraying process are found in Fig.4.16a. tlm other hand a number of

apparently unmelted particles (U) are observed lasvs in Fig.4.16band are
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typically 3~4um in diameter.

The as- sprayed coating from Praxair powder exdiba dense coherent structure
with various phases present which are revealethenctoss-sectional backscattered
electron image as shown in Fig.4.17. As shown ibl§&.4phase compositions of
different regions were analysed by EDX-SEM spotlysis In Fig.4.17 the dark
angular particles which are marked withare identified as GE€, and the brightest
phase marked withitvl corresponds to the Ni(Cr) solid solution matriheTlight
grey carbides@1) are possibly from GE, that partially dissolved forming Cr(NG»
carbides on solidification of the splat. The gregaaG2) are the Ni(Cr) matrix with
carbide that has possibly re-precipitated duringtsgplidification. The dark laye)

in the matrix could possibly be the oxide phasegithe high oxygen levels in EDX
spectrum. The oxide phase could be@grwhich was identified by XRD. From the
EDX result, regionG is Cr-rich phase and also contains significant am® of
carbon. The average composition in the coating shagher carbon content ~ 35at%

than that in the original powder ~30 at%.

4.1.5.4 Thickness and hardness

The average thickness of this coating was 4Q0%4 The average microhardness and

stand deviation value of the coating is 10674454V
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4.2 Discussion
4.2.1 Comparison of the coating from Metallisationand Praxair

powder suppliers

As mentioned before, two kinds of agglomerated amdered 25Ni(Cr)-75GEC;
powder from different suppliers were used in HVORertmal spraying.
Characterisations of these two powder coating®duited in previous sections will

be compared as follows.

First, the Metallisation powder coating shows adoworosity which is possibly due
to the microstructure of the original powder. IreithSEM cross-section images
Metallisation powder shows a denser and more unmifstructure than the Praxair
powder. Second, Praxair powder coating exhibithérngleposition efficiency and a
thicker coating after a certain number of passé&d] Praxair powder coating also
has a higher microhardness than the Metallisatiowder coating. In the SEM

cross-sectioned images of the Metallisation povet&ting, more un-melted carbide
particles are visible than in the Praxair powdeaticmy. More significant in-flight

carbide dissolution occurred in the HVOF Praxawger coating, the Ni(Cr) matrix

become supersaturated with Cr and C, as highlightethe grey area (G2) in Fig
4.17. These grey areas contain more carbon thabriglet matrix area (M), which

will cause the increase of matrix hardness. Onatier hand, the Praxair powder
coating shows higher oxide (f03;) peaks in its X-ray diffraction pattern than the
Metallisation powder coating. Higher microhardngatues will be achieved in the
Praxair powder coating due to the formation of tlaed CpOs; phase and also the

increased matrix supersaturation.

Characterisation of the coatings sprayed from twaolk of powder is summarised in
table 4.5 which includes porosity, thickness, démosefficiency and microhardness.
Praxair powder coatings have been used for alfuhber experiments, because its
better coating deposition efficiency and highernoh@ardness.
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4.2.2 Comparison with previous work

In this section some comparisons between the asxsgrPraxair powder coating and
previous work on HVOF thermal sprayed NiCrCx coatings will be discussed. As
the thermally sprayed coatings contain an enormauiety of features, it will be

useful to compare them by the principal phasescamgtituents observed from this

work and previous researches.

Carbide phases

SEM observation revealed the rounded carbides vétious size distributed in the
Praxair powder coating after thermal spraying. Hi2X analysis of these phases
shows a composition close to3Cs. Some light grey carbide$() in Fig.4.17 are
considered as Cr(Ni, carbides from the EDX spectrum. This is becaus¢hef
solidification of partially dissolved GC, carbides. The XRD data indicated the
presence of GEC, as the only carbide phase in as-sprayed NiG&{IPraxair powder
coating. Several investigatafglatthews, 2009; Guilemany, 2002; Wirojanupatump,
2001; etc) working on NiCr-GE, coatings using HVOF systems, reported the
presence of carbide phases in coatings listed bleT2.3. In the main these were
identified only by XRD. Some of the investigatossMatthews (2009) and Ye (2008)
reported the presence ofiCg as the only carbide in coating, but they also meetl
that the amount of @€; which might be formed in flight might be too low be
distinguished definitively from the background reoisy XRD. Other investigators
such as Guilemany (1996) and Wirojanupatump (2a0#), reported the presence of
CrC,, CrCs, CrsCs in their thermally sprayed coatings. This might daised by
several reasons. (a) Different powder type withfed#int carbide phases or
constituents in the original powder gives differezgults. Guilemany (1996) found the
appearance of g€,, Cr,Cz and Cg3Cg carbide phases in his 25Ni(Cr)-75%Cs cermet
powder by XRD which might give different carbidegsles in the as-sprayed coating.
(b) Different HVOF systems (spray guns) or thers@hy parameters might also give
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different results. In different spraying conditiptise gas temperatures might affect the

decarburization of GE, and lead to the formation of £1; and CgsCs (Ji, 2006)

Ni(Cr) rich matrix

It is possible to distinguish the alloy matrix pbas the SEM as a light contrast area
(M) shown in Fig 4.17. The EDX analysis shows thentbal composition of this
phase as Ni and Cr rich metallic regions with a position close to 80 wt%Ni, 20
wt%Cr. However, there is still a small amount ofd€tected in this area which
possibly can be due to (a) the signal picked froendarbides phase nearby or (b) the
dissolution of carbide precipitates in matrix. @e bther hand, some light grey area
(G2) are also found in matrix in Fig 4.17 which revaaignificant amount of carbon.
These regions can be considered as Ni(Cr) alloyixnabntaining carbide having
re-precipitated during splat solidification. Thisipgr-saturation of Ni(Cr) binder
phase with Cr and C due to the inflight dissolutioihsome chromium carbide
particles during the spraying process is found riodpce peak broadening in the
X-ray diffraction pattern forming a significant anpbous phase structure giving a
background seen betweert=20° and 50°. Several investigators reported the
presence of the broadening of peaks in their XRBultse. Guilemany (2002)
indicated that in the solidification process a mdrthe NiCr matrix solidifies with an
amorphous or nanocrystalline structure becausé&eiigh cooling rate. Matthews
(2003) also found similar peaks in his studies lamexplained that the dissolution of
carbide into the matrix and the consequent sotidifon of the super saturated matrix

with gave rise to an amorphous background in th®>Rectrum.

Oxide phases

In the SEM, around 1um thick oxygen rich string@3 were identified in Fig 4.17.
The XRD data showed the presence ofQgrin the as-sprayed coating as the only
oxide phase. As mentioned in the literature (Kam2@98), in the Met-Jet system the
gas temperature can reach up to 3000K and thecsutéamperature of some fine
particles with the size around 5 pm can be heapetb 2000K. At this temperature
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these small particles can easily form chromium exig oxidation of Cr present in

the Ni(Cr) matrix.

In comparison several investigators (Table 2.4preul the presence of L) as the
only chromium oxide during spraying. Some of theesgchers also proposed other
oxide such as GD4 by Wirojanupatump (2001) and the NyOx with spinel crystal
structure reported by Edris (1997) and Matthew®820These oxide phases were not

observed in this study.
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4.2.3 Mechanism of microstructure formation

4.2.3.1 Melting and dissolution

In HVOF thermal spraying, the flame temperaturaltered by the fuel quality and
the oxygen to fuel ratio (O/F ratio). As mentiorteefore, in Kamnis’ (2008) Met-Jet
system model the gas temperature can reach up5@°Q7and the particles surface
temperature can be from 1000°C to 1750°C depermlinthe particle size. In this
work, during the whole deposition process sintezed agglomerated NiCr-6Z,
powder was injected into the gun then heated, actteld and deposited on the
substrate forming a coating. Some particles sucthasNiCr alloy can be fully a
molten due to the melting point at 1440°C. Whertb&scarbide phase is likely to
remain solid due to its higher melting point arour80°C compared to that of the
metal phase. Some £ particles (< 5um) will experience relatively higher
temperature, albeit for shorter times, than largees. They will dissolve into the
molten metallic (NiCr) phase forming a variety afntrasts G2 region) in the
solidified coating. Fig 4.17 shows rounder edgesarbide particlesG1) indicating
their partial dissolution which is schematically pa#ed in Fig 4.18. The
thermodynamics of dissolution are governed by twrnghase diagram, where
liquidus surface projection is shown in Fig 4.10isl clear to observe that £k
dissolves in the liquid metal to form liquid phasdéth the temperature from 1742 °C

to 1829 °C.

4.2.3.2 Oxidation during spraying

The formation of oxides of NiCr and carbide areapntpd in HVOF spraying because
of the high temperature gaseous environment batinglecombustion and the free jet
exhaust gas stream emerging from the nozzle. R2@ dhows the relationship
between oxygen flow and fuel flow (kerosene) rdtibowed by the stoichiometric

reaction for kerosene:

C,,H,. +1850, — 12CO, +13H,0
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In this graph the oxygen/fuel stoichimoetric linen@oyed in this work (107%

stoichiometric) was plotted which would lead to @sx oxygen in the spray gun (7%
excess @) available to oxidise of the powder particles.tRarmore air would have

been turbulently mixed into the exhaust gas jat kst the gun which contributes to

in-fight oxidation. The Ellingham diagram in Fig23. which gives the data on

standard free energies of formation of oxides shitas chromium is more likely to

be oxidized than Ni and C below 1200 °C. Howeveanse of the negative free
energy slope in the C/CO reaction with temperatuies stability of this reaction at

temperature higher than 1200°C is greater thann@rNi oxide formation. Carbon

can be oxidised to CO and escape from the alloydeowlt is hard to measure
accurately and compare the C concentration befodeadter spraying by EDX but

some investigators (Matthews, 2003) (Li, 2002) earbon loss of in-flight particle

and 25Ni(Cr)-75GC, coating during HVOF spraying, as a result of COQGfD,

formation.

4.2.3.3 Solidification

The microstructure of the HVOF thermal sprayed iogatmainly depends on the
powder particle solidification. A splat is formedrin a molten droplet which strikes
the substrate, flattens out and solidifies. Thees@dtic diagram of splat formation is
shown in Fig 4.21. The final shape of a splat i®eined by droplet spreading and
rate of solidification and the splat morphologyoaidfects coating properties such as
porosity. The rate of solidification during dropldeposition is unknown due to
difficulties in in-situ measurements. But the siitétion is influenced by droplet
overheating, substrate temperature, thermal coméststance, and thermo-physical
properties of all relevant materials (Javad, 20880 in the present system the splat

will be a two phase mixture of carbide and molte(CN) alloy.

During the deposition process shown schematicalllfig 4.22, because of the high
cooling rate about Y(K.s* (Moreau, 1992) after hot particles have arrivecthat
substrate, the solidification process of each sjdatls to strong non-equilibrium
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solidification of the liquid (Ni, Cr, C) phase. Tip@ssible phases present following
impact and solidification include: chromium carl@démainly CgC,), chromium
oxide (CpOs3), metal rich crystalline (NiCr) and amorphous m®gagNi Cr C) as
shown schematically in Fig 4.23. As described abaveschematic depiction of
NiCr-Cr3C, powdercoating build-up process in HVOF thermal sprayhsven in Fig
4.24.

91



Chapter 4 Microstructure formation in as-sprayed Ni(Cr)-Cr3C,
coatings. Results and Discussion

Table 4.1EDX analysis results for average compositions éasarements) of different

phases of polished €2,-25NiCr agglomerated and sintered powder from Rraxa

Phase composition (at%)

Region
Cr Ni C
C
59.8+2.7 - 40.2+4.1
(dark area)
M
16.0+1.8 84.0+2.1 -
(bright area)

Table 4.2Spray parameters of each HVOF thermal spray exgeitsn

Parameters Metallisation Praxair

Oxygen flow (L/min) 900 900
Fuel flow (mL/min) 435 435
Chamber pressure (Bar) 7.4 7.4
Nozzle length (mm) 100 100
Spray distance (mm) 355 355
Powder port Twin Twin

Gas flow (Ltr/Min) 4 6
Powder feed (R.P.M) 253 300
Vibrator amplitude 50 50
Numbers of passes 26 30
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Table 4.3EDX (Cobalt standard) results for average commst(4 measurements )

of 25Ni(Cr)-75CgC, agglomerated and sintered Metallisation powdeticga

Phase composition (at%)
Region
Cr C
Whole area 20x2Qum 45+1.8 18+2.1 37t4.8
C (dark area) 56+£2.3 1+0.2 43t5.0.
M (bright area) 23+1.9 74+3.9 3:1.0
G (grey area) 41+43.1 29+2.8 30+3.1

Table 4.4EDX (Cobalt standard) results for average compmst(4 measurements)

of the 25Ni(Cr)-75G4C;, agglomerated and sintered Praxair powder coating

_ Phase composition (at%)
Region
Cr Ni C O
Whole area 20x2Qum 43+£2.9 21x1.1 36+2.3
C (dark area) 55+2.8 1+0.2 44+4.9
M (bright area) 20+1.2 76£3.5 4+1.2
G1 (grey area) 53+2.4 9+1.3 38t3.2
G2 (grey area) 4831 | 30:1.8 2243.6
O (Dark layer) 30+2.3 5+0.8 65t3.1

Table 4.5Summary of the characterisations of the coatipgaygd from
Metallisation and Praxair powder

Metallisation powder coating

Praxair powder coating

Thickness gam) 200+£3 4004
Porosity (%) 1.8+0.8 3.2+1.1
Microhardness ( HVzqg) 829148 1067+44
Deposition efficiency (%) 25 37.3

Phases in coating

NI(Cr), CrC,, Cr0s

N I(Cr), CrC,, CrOs
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(a) )
Fig.4.1 Morphology of 25NiCr-G4C, agglomerated and sintered powder from
Metallisation by SEM

WD pb—— 100 pm

(a) (b
Fig.4.2 Morphology of 25NiCr-G4C, agglomerated and sintered powder from
Praxair by SEM
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Fig.4.3Patrticle size distribution of 25NiCr-€2, agglomerated and sintered powder

from Metallisation by laser diffraction analysis
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Fig.4.4 Particle size distribution of 25NiCr-¢2, agglomerated and sintered powder

from Praxair by laser diffraction analysis
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Cr3CZ-25NiCr Powder from Metallisation
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Fig.4.5 X-ray diffraction diagram of 25NiCr-G€, agglomerated and sintered

powder from Metallisation (2Go 100) (Provided in appendix)

Cr3C2-25NiCr Powder from Praxair
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Fig.4.6 X-ray diffraction diagram of 25NiCr-G€, agglomerated and sintered

powder from Praxair (2@o 100) (Provided in appendix)
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(@ (b)
Fig.4.7 Morphology of 25NiCr-CG4C, agglomerated and sintered powder from

Metallisation by backscattered electron image-SEM
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Fig.4.8 Morphology of 25NiCr-CG4C, agglomerated and sintered powder from

Praxair by backscattered electron image-SEM

Fig 4.9 Optical micrograph of the polished, cross-sectibag-sprayed 25NiCr-g,
coating from Metallisation powder
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Fig 4.10X-ray diffraction pattern of agglomerated and eratl powder as-sprayed

coating from Metallisation (20° to 100°)
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Fig 4.11X-ray diffraction pattern of NiCr-GEC,agglomerated and sintered powder

from Metallisation compared with its as-sprayedticmp(30° to 60°)
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Fig 4.12Backscattered electron image-SEM show cross-seofi@5Ni(Cr)-75CsC,

(Metallisation) powder coating at different mageéiions
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(d)
Fig 4.12(continued) Backscattered electron image-SEM strass-section of

25Ni(Cr)-75CgC, (Metallisation) powder coating at different magrations
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Fig.4.130ptical micrograph of the polished, cross-sectibag-sprayed NiCr-GC,

coating from Praxair powder (a) top surface (b)atedand (c) coating/substrate interface
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Fig.4.14X-ray diffraction pattern of agglomerated and sietepowder as-sprayed

coating from Praxair (20° to 100°)
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Fig.4.15X-ray diffraction pattern of NiCr-GEC,agglomerated and sintered powder

from Praxair compared with its as-sprayed coatdtj (o 60°)
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(d)
Fig.4.16 SEM micrographs show surface topography of Praxeir-CrsC,

agglomerated and sintered powder coating
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(b
Fig.4.17Backscattered electron image-SEM show cross-seofibhCr-Cr;C,

agglomerated and sintered (Praxair) powder coating
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(d)
Fig.4.17(continued) Backscattered electron image-SEM shoasesection of

NiCr-CrsC, agglomerated and sintered (Praxair) powder
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Fig 4.18Schematic diagram of the dissolution of chromiumbicke (CgC,)
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Fig 4.19 Projection of the liquidus surface of @eNi-C system
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Fig 4.20 Oxygen and Kerosene ratio graph in HVOR-8& thermal spray system

(Red dash lines are total weight input lines; @reéash lines are stochiometric lines)
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Fig 4.21 Schematic diagram of the solidificatiom amcrostructure development of a

single splat (Herman & Sampath, 1996)
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Fig 4.23Schematic diagram of powder particle before arg\anhthe substrate.
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Fig 4.24 A schematic depiction of NiCr-4Ck coating build-up process in HYOF

thermal spray.

108



Chapter 5 Effect of elevated temperature exposure on Ni(Cr)-Cr3C,
coated stainless steel: Results and Discussion

Chapter 5: Effect of elevated temperature exposuren

Ni(Cr)-Cr 3C, coated stainless steel: Results and Discussion

5.1 Results

5.1.1 Introduction

NiCr-CrsCythermal spray coatings are extensively used forde wange of industrial
applications due to their properties such as hayldmess and good wear resistance at
high temperatures or in aggressive environmentsicélethe purpose of the work
reported in this chapter was to investigate thentlaé stability of NiCr-C¢C, coated

stainless steel.

The characterisation of the as-received and heatetd 304 stainless steel, used as the
substrate for coating deposition, will be introddidest in this chapter. The aim of
this work was to analyse the effect of elevatedpemture exposure on the bulk 304
stainless steel and to better understand theordtip between the observed changes
in microstructure and microhardness. The respoifistheo 304 stainless steel was
assessed following heating for various times atZ0énd 800°C in air. These results
are used to provide a reference for comparison withealed coated stainless steel

substrates which were heated in air to 700 + 8dG6f@arious times.

The characterisation of heat treated NiCg&scoated samples will be described in a
following section with the variation in coating amslbstrate microstructures

characterised and correlated with the variatiomicrohardness. The main purpose of
this work was to investigate how the as-sprayedastcuctures change as a result of
exposure to elevated temperatures and to bettesrstathd the relationship between
the observed changes in microstructure and hardiées changes were assessed

after exposure at 700°C and 800°C for periods ftomour up to 16 days in air.
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This chapter also describes changes which occumrédte stainless steel substrate as
a result of high temperature inter-diffusion betwége coating and the substrate. The
characteristics of these microstructural changee vgtudied by SEM-EDX, XRD
analysis and microhardness variation. Specificalig, changes which occurred with

distance from the interface from the coating wekestigated.
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5.1.2 Characterisation of as-received and heat tréed 304 stainless

steel

5.1.2.1 Characterisation of 304 stainless steel nesial

The material used as substrate for spray depositaan304 stainless steel in the form
of sheet 2 mm thick. Apart from the near surfabe,304 alloy was two phaset(a)
with a composition, analysed by EDX-SEM, as shown Table 5.1. The
compositions of the as-received 304 stainless giemlided by the supplier are
shown in Table 3.2. The stainless steel had anarqdi grain structure and a
microhardness of 229.5+1k,100. However, the samples which were used for spray
deposition were prepared by grit blasting. The atffef this was to modify the
microhardness near the surface as shown in Fig BHis figure shows three rows of
the microhardness indents at the top grit blasteface, the mid-plane and the
bottom as-received surface. Clearly, grit blas@ignificantly increased the surface

hardness.

XRD of the as-received 304 stainless steel surf@asealed that the structure
comprised the face centred cubigphase and the body centred cubiphase as
shown by the peaks a6243.65%nd20=44.69°n Fig 5.2a. XRD of the grit blasted
surface shows a large peak due to reflection fionmartensite phase with the
expected strong austenite phasgspeaks in Fig 5.2b. This two phase structure, in
nominally austenitic steel, has been observed pusly (Burstein, 2000) and is a
well known effect of surface deformation. The X-mjfraction pattern for the grit
blasted surface after annealing at 750°C for 20utes followed by oil quenching
shows the loss of the peak due to themartensite phase a6244.69°in Fig 5.2c.
The XRD pattern of the annealed surface at 750fQ@minutes with air cooling
shows a decrease of the peak from ¢hemartensite phase ab244.69°, and an
increase of the peak fromaustenite phade Fig 5.2dwhich is similar to the XRD

pattern of as-received 304 stainless steel showkigrb.2a. This martensitic phase
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generated by grit blasting can be reduced by arthleannealing procedure at 750°C

for 20 minutes.

5.1.2.2 Heat treated stainless steel substrate
Substrate samples were annealed for various tim@&802C and 80°C in order to
provide a reference for comparison with coated $asmwhich were annealed. These

annealing treatments had a number of effects asusdtelow:

Surfacey/a phases and oxide

The XRD traces from the top surfaces of samplesy &f¢at treatment at 700°C and
800°C for 2 days followed by air cooling are showrFig 5.3 along with the XRD
trace taken from grit blasted stainless steel 80Big 5.3a. The XRD traces from the
top surface of the heat treated samples Fig 5.8docashow several strong g
peaks at 2=33.59°and20=36.19°. On the other hand, martensitic phase from Fig
5.3a shows a gently decreasing intensity while thphase grows relatively in
intensity with increasing time and temperature. ™®RD traces indicate that the
longer the exposure time and higher temperature gitgater chromium oxide
thickness on the top surface. Additionally, someakvgeaks which might be
chromiume-rich carbides B4Cs are found from the XRD trace of the 800°C annealed

sample. These PCs peaks are highlighted in Fig 5.3.

Microstructures

Fig 5.4 shows the grain structure of as-received 38Ad 304 following 2 days
annealing at 800°C followed by air cooling. There aptical micrographs of the
specimens polished and etched using 12ml nitrid acd 35ml hydrochloric acid
solution in 53ml HO. Many of the grains in the as-received stainiete®l 304
contain twins. In heat treated specimens, there measffect on grain size but the
frequency of carbide precipitates increased albeggtain boundaries with increasing

exposure temperature at 800°C.
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Microhardness measurements

The microhardness of as-received and heat treatagles was measured using a 100
g load with a Vickers indentor and obtained from iedents along a line parallel to
the surface and in the middle of the sheet. Theahardness of these samples was
also measured at approximately 5um away from the bdasted surface in an
identical manner. The values obtained are giveign5.6. The hardness measured
near the grit blasted surface (Fig 5.6a) shows ghdni value than the hardness
measured in the middle of the bulk (Fig 5.6b) whishdue to the mechanical
deformation by grit blasting. The microhardness snead near the grit blasted
surface shows a rapid reduction in the first hduheat treatment. With continued
exposure the hardness decreases gradually. Thehardness measured in the
middle of the bulk decreased in the initial permfdthe heat treatment and slowly
increased after 2 days treatment. Thermal treatmer00°C generated consistently
harder 304 than at 800°C. The time temperatureti@msformation diagram in Fig
5.5 shows that the austenite stainless steel 304 (wdk 0.08% C) forms MCs
precipitates at both 700 and 800°C after one howmealing followed by furnace
cooling. Coarsening of these carbide precipitatggoduced during annealing which
has been considered as the most notable effeti@rdhess loss. As the diffusivity of
carbon atoms in the iron based matrix is highdrnigiter temperatures, a sample heat
treated at 800°C will give a faster coarsening essand form a larger size but lower
amount of carbide precipitates in matrix and boupdaan the sample heat treated at
700°C. Hence the samples heat treated at 700°Gioorg a larger amount of finer

precipitates in matrix shows higher hardness vatas at 800°C.
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5.1.3 Characterisation of Ni(Cr)-CrC, coating following high

temperature exposure

5.1.3.1 Introduction

The purpose of this section of work was to looktla long-term evolution of
NiCr-CrsC, coatings in terms of microhardness and microstrectand to better
understand the response of these coatings to etevamperature exposure. In this
work, coatings were heat treated at 700°C and 800°&r, for times of 1 hour, 2
days 8 days and 16 day#$e variation in microstructures and the correlatiath the

variation in microhardness and interfacial intggwill be described.

5.1.3.2 Exposure at 700°C in air

Optical Microscopy

Specimens of as-polished, cross-sectioned NiGGLcoatings were examined by
optical microscopy. Fig 5.7 shows the microstruesuobserved in the middle of the
coatings which were annealed at 700°C for timegiranfrom 1 hour up to 16 days.
In Fig 5.7 some pores (P) and layered structurgswi@dch are probably bands of
oxide present are arrowed. Comparing these fougesidéaken from different heating
times, it is difficult to see an obvious changeokide layers. However, the porosity
showed a rapid growth in the middle of the coatmith continued exposure. In
addition, the formation of oxides and microstruatufeatures at the interface of
cross-sectioned coatings are shown in Figs 5.85a8dThe microstructures of the
original as-sprayed NiCr-@€, coating are also provided as a reference for
comparison with these annealed coating sampleshtrd to identify any oxide layer
on the coating surface before heat treatment. ¢n58, there is a very thin oxide
layer formed on the top of the coating at 700°Cairshort term lhour air heat
treatment. However, the oxide layer appears tokdémcwith a longer period of
exposure. For the coating sample which was expfuseth days at 700°C, a thicker
oxide layer can be found on the surface of theimgaMore details about oxide

formation on the coating after annealing will béraduced in next chapter. In Fig
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5.9(c)a very thin oxide layer started to build-up alohg tnterface within 2 days of
heat treatment and thickened with continued exgoduar Fig 5.9(e)a more porous
coating-substrate interface is formed with larggide layers and higher porosity

between the coating and substrate.

X-ray Diffraction

The XRD patterns from the as-sprayed coating aeatlatings annealed at 700°C for
times of 1 hour to 16 days are shownFig 5.10. The top layers of these annealed
coatings (approximately 20 pm thick) were groundl aemoved before XRD
examination. From the as-sprayed coating, the pahghases were identified as
Cr3C, with an amorphous halo believe to result from dagmlidification of a Ni-Cr-C
liquid. After 1 hour heat treatment, this amorphdwdo disappeared, while with
increasing exposure time the crystalline matrix ksehecame more defined and
increased in intensity relative to the carbide gedlhe carbide peaks also became
more defined. No significant new carbide phasesewdstected from the ground
coating surface after heat treatment. The onlyidariphase which dominates the
carbide spectra is €Z,. No definitive peaks of G§Cs or Cr,Cz are found. Peaks
corresponding to GD; also occurred indicating the formation of somedexiayers
within the coating. The intensity of &J; peaks does not show any significant

increase with increase in annealing time.

The coatings after 2 days and 16 days annealing0@tC were removed by a
mechanical method from the substrate and on XRIxtepa obtained from the
surface of the coating that was in contact with sbbstrate. These are given in Fig
5.11. It is apparent that spectra from the coating bottager show a significant
difference from the as-sprayed coating and alsm fifee top surface of the same heat
treated samples. The dominantCxr peaks at @ from 46 to 49° in the as-sprayed
coating show a rapid decrease after 2 days angeatid nearly disappear after 8 days
time. Instead of GEC, peaks, peaks corresponding t@4Cg and CyCz appear and
increase in intensity in the XRD spectra after hesttment.
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Scanning Electron Microscopy

The phase changes in the heat treated coating samglre also investigated using
SEM. Typical SEM-BSE images taken from the middégion of the coating
cross-sections which were annealed in air from Lhod6 days at 700°C are shown
in Fig 5.12.The mid-grey contrast layers which are the as-gatagoating matrix
phase give a marked reduction in contrast with ghecipitation of fine carbide
particles after 1 hour air anealing. Extensive itirtprecipitation occurred with 8
days heat treatment. Carbide nucleation forming precipitates occurred mainly in
regions where the greatest dissolution occurrethgwpraying. However there is no
significant change in the large carbide particliégsra88 days annealing in air at 700°C.
With continued exposure, some carbide particlesosaded with lighter grey
contrast are found in the coating after 16 daysaairealing. These lighter grey (G)
contrast features in Fig 5.12 were analysed by EHEXA and results shown in Table
5.2 which did not show any evidence of,Cyand CssCs. In addition, Table 5.2 also
gives the composition of the bright phase (M) imtony whichcorresponds to the

Ni(Cr) solid solution matrix with small amount cdirtoon.

SEM-BSE images of the coating at the interface whth substrate are shown in Fig
5.13. There is no apparent change in the coatitegfate microstructure before 8
days annealing at 700 °C. With extended exposumrgathe coating-substrate
interface large carbide particles disappeared eitcarbide precipitation was more
significant and formed sponge-like agglomeratectiprates with lighter contrast at
increased times (Fig 5.13 e). The phase compogfitimese sponge-like carbides (G)
shows relatively low carbon content in Table wiBich must be GEC; or CriCs as
detected in XRD patterns. After 16 days heat treatnsome large dark carbides can
still be found within the coating. These carbid€3 ére identified as @€, by EDX
analysis from its phase composition. In Table B8domposition of the bright phase
(M) corresponding to the Ni(Cr) solid solution nwatn the coating shows a very
small amount of carbon dissolution. In additionmgodark layers (O) above the
coating interface irFig 5.13 eshow high oxygen content by EDX analysis which
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suggests chromium oxide. These fine carbides maIgEdC; or Cr3Cs as found by

XRD.

Microhardness measurements

The microhardness tests were performed along aplarallel to the mid-plane of
cross-sectioned coatings using a 300 g load orckeY8 indentor from three specific
areas which were 20 um away from the coating sefiacthe middle of the coating
and 20 pum away from the coating-substrate interfie@ measurements were made
through each area as shown in Fig 5.14. The avenagestandard deviation of these
measurements were calculated and compared in Hg. 3n each sample, the
hardness measured near the coating top surfaceotlishow a significant difference
from the hardness measured in the midplane of tbatirg. However, the
measurements near the interface with the substhawed a lower hardness than that
of the mid-line and the difference gradually in@e@ with continued exposure. The
same general trend in microhardness occurred &t dfothe coating mid-plane and
the interface after 700°C heat treatment. A rapttliction in hardness occurred over
the initial period of heat treatment. With contiduexposure, the hardness quickly

increased, reaching a stable value after 8 dayreatment.

5.1.3.3 Exposure at 800°C in air

Optical Microscopy

Specimens of the as-polished, cross-sectioned QNiglZ, coatings which were
annealed at 800°C for times ranging from 1 houtaid6 dayswere shown irFig
5.16. Some black holes (P) and layered structu@@smhich are probably bands of
oxide were presented as arrowed. Comparing theseofetical microscopic images
taken from the middle of the coating within diffeténeating times, it is difficult to
tell an obvious change in these oxide layers. H@nethe porosity showed a rapid
growth with continued exposure which is quite sanilo these coatings annealed at
700°C. In addition, the microstructures of the soces and interfaces annealed at
800°C for times ranging from 1 hour up to 16 dages shown in Fig 5.17 and Fig
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5.18. The microstructure of the as-sprayed coatiag used as a reference in Fig 5.17
(a), andit is difficult to find any oxide layer on the caag surface before heat
treatment. In Fig 5.17 (b), oxide appears to thicke the top of the coating within
one hour heat treatment. After 2 days a thin olagler built up on the coating in Fig
5.17 (c) with continued exposure. In Fig 5.17 (adl &) thicker oxide layers (~10 um)
can be found on the surface of the coating afteg lperiods of exposure up to 16
days at 800°C. Meanwhile, oxide and voids also wecuat the coating-substrate
interface, and they grew quickly with continued esyre at 800°C. Fig 5.18(e) shows
the coating sample exposed for 16 days with a lot @bgpity at the coating-substrate
interface. Moreover, a thick oxide layer also fodhadout 10 pm away from interface
in the coating. Coatings heat treated at 800°C skloavmore obvious increase in the
oxide and porosity levels, and it also gave weak&rface integrity than those

coatings which were heat treated in 700°C.

X-ray Diffraction

The XRD patterns of the coatings annealed at 8G6f@mes of 1 hour to 16 days
are shown in Fig 5.19The top layers of these annealed coatings were gataand
and removed before XRD examination with approximaf pm removed. The
spectra of these samples are similar to thoseeotdlatings annealed at 700°C3Gr
is the only carbide phase detected throughout #reog of heat treatment. £

peaks are also found as the only oxide in coating.

The coatings after 2 days and 16 days annealir8p@tC were removed from the
substrate and XRD spectra received from the surfdcthe coatings that was in
contact with the substrate in Fig 5.20. It is apparthat spectrum from the coating
bottom layer show a significant difference from #sesprayed coating. The spectrum
reveals a large number of peaks that are relatedriCs or CrCs. Summary of
phases present in these annealed NiG&Lcoatings compared with the original

as-sprayed coating and powder is shown in Table 5.6

118



Chapter 5 Effect of elevated temperature exposure on Ni(Cr)-Cr3C,
coated stainless steel: Results and Discussion

Scanning Electron Microscopy

Typical SEM-BSE images taken from the middle are#he coating cross-sections
which were annealed in air from 1 hour to 16 day8Q®°C are shown in Fig 5.21.
Coating samples annealed at 800°C show similareptlagnges to coatings annealed
at 700°C. Fine carbide precipitates occurred thnoug the coating during the initial
2 days exposure and tended to coalesce and forgerlararbides of complex
morphologies with extended exposure. The origindhge carbides did not show
significant changes in coating microstructures ra@@0°C annealing in air. Phase
compositions analysed by EDX-SEM are shown in Tabfe In Fig 5.21 the dark
particles pointed as €an be identified as €, and the bright phase (Morresponds
to the Ni(Cr) solid solution matrix. The grey regi¢G) whichcontains many fine
carbide precipitates shows a Cr-rich phase withisggnt amounts of carbon. There

is still no evidence to show new carbides in theaaafter heat treatment.

Coating samples annealed at 800°C started to fomgmifisant sponge-like

agglomerated precipitates along the coating-sulesinéerface after 2 days exposure
shown in Fig 5.22. This sponge-like area expandegids the coating centre with
the increase in exposure time. During heat treatnthe initial carbide grains lost

their previous faceted or rounded structure; thegwgthrough coalescence and
dissolution, forming a network of carbides where i matrix does not act as the
binder for the carbides. The phase compositiorhe$¢ sponge-like carbides (G) in
the coating after 16 days 800°C annealing (Figd).2kows very low carbon content
in Table 5.5New carbides such as g or Cr3Cs detected in XRD patterns might
form in this region. While the composition of thaght phase (M) is detected as a
region of Ni(Cr) solid solution matrix it contaiextremely small amounts of carbon.
In addition, some dark area®)(above and along the coating interface in Fig &.22

show high oxygen content by EDX analysis which daotlicate chromium oxide.

Microhardness measurements
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Fig 5.23 showed the microhardness measurements fhoee different areas of
cross-sectioned coatings using a 300 g load onckeYs indentor. The average and
stand and deviation of these measurements werela@d and compared in Fig 5.24.
In each sample the hardness measured near thagdap surface did not show a
large difference to the hardness measured in tloephane of the coating. However
the measurements near the interface showed a lbasiness than that of the
mid-plane and the difference gradually increaseth wontinued exposure. On the
other hand, coatings after 800°C heat treatment thadsame general trend in
microhardness as the coatings heat treated af@@C7@ rapid reduction in hardness
happened over the initial period of heat treatm&wuith continued exposure the
hardness quickly increased, reaching stable vadftes 8 days of treatment. In all
instances the coating samples with 700°C heatnesait had higher hardness values
than the coating samples after 800°C heat treatraerihe coating surface, the
mid-plane and the interface. The average and stwwiation of these coatings

measurements were calculated and compared in Zg 5.

5.1.3.4 Summary

In this section, the microstructure and microhasgdneesponse of HVOF sprayed
NiCr-CrsC, coatings were assessed following exposure intan0@ and 800°C for
periods of up to 16 days. Transformation from arhoys phase to crystalline phase
within the Ni(Cr) binder is found to occur withintour at both temperatures. With
long term exposure new carbide phasesC&and CpsCs, started to form near the
coating/ substrate interface. However, the bulkhefcoatings did not appear to form
new carbides. All samples showed a drop in hardmasially, and it started to
increase after 2 days heat treatment. The microleasdfrom the region near the
coating/substrate interface with new carbide phgags a lower value than that from
the middle region of the coating or near the togase. Coating exposure at 800°C
showed more significant microstructural changes tbaating exposed at 700°C,

especially the structures at the coating-subsinégeface.
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5.1.4 Charactersiation of Ni(Cr)-Cr;C, coated stainless steel

substrate following high temperature exposure

5.1.4.1 Introduction

In this section the changes occurring in the stamisteel substrate as a result of high
temperature inter-diffusion between the coating #redsubstrate will be described.
SEM with EDX analysis was used to study the mictmstire of the substrate after
annealing. XRD was also used to identify the phaskikh formed close to the
coating-substrate interface. Microhardness measmem were also made to

investigate its variation with distance from theenface with the coating.

5.1.4.2 Scanning Electron Microscopy
Microstructures formed in the interface regiondaling the heat treatment are shown
in Fig 5.26 and 5.27. Samples were etched in disalof 12 ml nitric acid and 35 ml

hydrochloric acid 53 ml D.

Fig 5.26 (a), the as-sprayed coated sample, iredmatequiaxed grain structure in the
steel substrate. At 700°C after 1 hour, Fig 5.26 $gnificant grain growth in the
steel changed the grain size from around 10-20 @m20:30 um. Evidence for
precipitates is clear to see at the interface witlieasing time at temperature. At
higher magnification, very fine scale precipitati@ppears in a band initially around
10 um wide but extends to 20-30 um after 16 daig,5R26 (i). Grain boundaries
etch more readily, with fine precipitates becomivigible, which are certainly
sub-micron. On the coating side of the interfacanges occur to the original £
precipitate  morphology as described in a previogstien. Some elongated

precipitates begin to form at the substrate interfafter long term exposure.

At 800 °C after 1 hour, in Fig 5.27 (a), signifitgmain size change occurs within the
substrate. Some small equiaxed grains aroundu2+&ppear to be formed along the

interface in a band and some large grains growensteel from around 10-20 pum to
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20-30 um. At higher magnification (Fig 5.27d), védine scale precipitates appear to
be forming in a band along the interface after 9sdexposure. After 8 days heat
treatment, shown ifrig 5.27 (f), two distinct precipitates with needllee and fine
spherical shapes are found in substrate. Graindaoigs etch more readily, with fine
precipitates becoming, visible which are certairdyb-micron. After 16 days
exposure, it is clear to find three different rewon the stainless steel substrate in Fig
5.27 (g) namely: a precipitate free zone, a preaipirich zone and a grain boundary
precipitate zone. As mentioned above, at both 7G07€800°C annealing treatment,
debonding at the coating/substrate interface ishieisafter a period of 2 days.
However, the degree of the debonding is more seatetke higher temperature. At
800°C the porosity in interface continues to inseaver the 16 days of the
annealing treatment. But at 700°C the mild poroattyhe interface does not worsen

significantly.

Further SEM examination of cross-sections at greditgances from the interface
was introduced to establish the extent of intefudibn and precipitation, Fig 5.28. At
800°C, after 2 days, Fig 5.28 (shows thafollowing etching grain boundaries are
straight decreased to a depth of around | @B0As that the entire section received an
identical etching treatment, it seems reasonabssome that intensity of etching is
related to more extensive grain boundary precipitatit is known, from a previous
section, that uncoated heat treated stainless 3@elill also form grain boundary
precipitates but not to such an extent. Howev&08rC after 16 days in Fig 5.28, it
is evident that precipitates are much coarser aingboundaries and also grain
boundary precipitation has occurred further inte gample due to the longer time
available for high temperature diffusion. As theguency of the carbide precipitates
can reveal the extent of carbon diffusion in thiesttate, the diffusion distance can be
estimated by measuring the distance from the ocg/atibstrate interface to where the
precipitates no longer formed on the grain boumdarTable 5.7 shows the summary

of the measured diffusion distance of all the ateteaamples.
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EDX analysis has been also applied to the sampetheated at 800°C after 16 days

in Fig 5.28.As low carbon content levels cannot be measureld thik SEM/EDX
analysis, in the present study it is possible tasnee interdiffusion only of the
elements Fe, Cr and Ni. This has been done in tagswfirstly, a line scan is
performed by scanning the area along a line peipelad to the interface from the
coating to substrate and collecting the SE, Gr Re Ko and Ni Ko signals. This
gives a qualitative identification of the compasitivariation as plotted in Fig 5.29.
Chromium shows a 10m depleted zone from interface in the steel sutestison
seems to have been diffused from the steel suestrad the coating around 20m
distance, and nickel shows a relatively high contenthe substrate within the
distance of 3Qum from interface. Secondly, another EDX/SEM analyisas been
done by using a series of area scans over the zodiested at Fig 5.28. The data
were collected and compositions calculated usingtandard ZAF correction
procedure. In each zone, EDX area analysis has baamed out in 5 evenly
distributed measuring areas with the size 502 (zone 1), 50x1@m (zone 2) and
50x20 um (zone 3). Each area has been analysed 4 timeseaunlds are shown in
Table 5.8 and plotted in Fig 5.30. It is clear thatis significantly enriched at the
interface, Cr is depleted as is Fe. The estimaiffdsobn distance for the elements

are around 2m for Fe and Ni and 10m for Cr in the 304 stainless steel.

5.1.4.3 X-ray Diffraction

XRD was performed on the substrate side of intedadter the coating was removed
by a mechanical method. As before, the examinattas done on 700 and 800°C
annealed samples which had been exposed for 2atay46 days respectively and
shown inFig 5.31. With the XRD, method the X-rays are chited to penetrate
around 4-5um. Therefore in all cases the diffraction data welbresent the depleted
zone and a distance into the diffusion zone. At°@)Qhe phases can be seenyas
(f.c.c), CpO3; and carbide phases which include@r Cr,C; andCr,3Cs. Cr3C; is
probably a residual particle since less porositymf at the interface at 700°C.
However, at 800°C the phases identifiedvaféc.c), CrsCs, Cr,C3 and CsOs. With
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increasing annealing time less;Cs and more CxCs phases were found. Oxide

formed due to air reaching the interface layermyiannealing.

5.1.4.4 Microhardness measurements

Microhardness measurements on coating and coatestraie samples after 700°C
and 800°C air annealing are shown in Fig 5.32 aB8.INiCr-CrC coating shows a
much higher hardness than the stainless steel.nTfibehardness of each coated
substrate was measured from the coating/substrageface penetrating into the
substrate with 5am between each indent. The average microhardnésssvaf each
substrate sample measured far from interface acessdown in Fig 5.32 and 5.33. In
these figures, it is immediately visible that themhardness variation occurred on
every annealed 25Ni(Cr)-754C), thermal spray coatings and substrate. The values o
these microhardness indents measured on the csalstrates from the interface to
the middle, are gradually decreasing and gettiegdst towards to the end. The
hardness decreased with distance into the subsindéitea constant value is reached.
The microhardness measurements taken from thengoatross the interface into the
substrate for these annealed samples are plott€dgis.34. It can be seen that a
gradual decrease occurs in the coating-substredane. From the SEM images it is
evident that carbide precipitates occurs due tbaradiffusion from the coating and
the diffused C encourages the formation of carpigeipitates on grain boundaries it
is these precipitates which are the reason fomitreased hardness. According to this,
a summary of diffusion distance in substrate cagiben in Table 5.9 which is based

on the microhardness variation versus distance dwaybonded interface.

5.1.4.5 Summary

Inter-diffusion between the coating and the substfilne stainless steel 304) has been
described above. A distribution of precipitates t@nclearly found from the SEM
images of these etched substrate samples. A piaeigree zone, a precipitate rich
zone and grain boundary precipitate zone can berebd in each sample. XRD
results detected from the substrate interface SbiYCs as the main precipitate in the
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diffusion zone. Moreover, the variation in the mitardness measured away from the
interface also revealed that diffusion occurredMeen coating and substrate during
the annealing period. By measuring the appearahttee precipitates and variation

in microhardness away from the interface, the diffio distance was estimated which

is useful as a reference for diffusion modelling.
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5.2 Discussion
5.2.1 Influence of heat treatment on the structureof Ni(Cr)-Cr 3C,

coatings

5.2.1.1 Microstructures of Ni(Cr)-CrsC, coatings after heat treatment

Annealing of NiCr-CgC, coated samples for 1 hour to 16 days at 700 a@&iBthen
slow cooling caused a disappearance of the diffiiféection halo from the coating
spectrum as shown by XRD trace in Figs 5.10 an@®.5The fcc Ni peaks have
clearly increased in intensity andsCs has been detected as the only carbide phase.
According to the ternary phase diagram for Cr, N & at 800°C shown in Fig 2.7 (d)
and the average composition of the coating (70 Wt%20 wt% Ni, 10 wt% C), the
equilibrium phases for that composition are fcddsed alloy and @€,. That means
there is a thermodynamic driving force for the fation of the phases present in the
annealed coatings. The formation of carbides faligwannealing has been reported
in the case of chromium carbide coatings with 280wWkli20Cr binder by many
investigators (Matthews, 2003) (Guilemany, 2002)r{& 1997) etc. In Matthews’
XRD spectrum of the HVOF NICr-@C, coating after 2 days annealing at 900°C,
Cr3C, was detected as the only carbide phase througheyteriod of heat treatment.
The same results have been documented by Guilel2@®2) from his short term
annealing of coatings at 723K, 1033K and 1153K.\@osely, Edris indicated in his
thesis that the XRD trace of heat treated 25Ni{{&E#C, coating at 900°C after the

top 50um had been removed showed clear evidence for gez=pce of GCs,

According to the SEM images Fig 5.12 and 5.21s evident that with continued
exposure carbide nucleation forming fine precipgabccurs mainly in Ni(Cr) alloy
matrix which contains a high retained carbon cotre¢gion. Due to the low annealing
temperature diffusion of dissolved Cr and C is fedi to those regions forming
precipitation in close proximity to the retainedrlides. EDX results provided in
previous section did not show any evidence of nembides such as &2; and
Cr23Ce.
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The XRD spectrum detected from the bottom layeghefcoatings, Fig 5.11 and 5.20,
shows the decrease ofsCy peaks and the formation of new carbides such a£&£Cr
and CrC; specifically after 800°C annealing. The lattice who an entire
disappearance of €2, peaks at @ from 46 to 49°. The initial GE, carbide
decomposes into Cs and Cy¢C; during the heat treatment due to carbon loss by
oxidation This has been proved by EDX analysis in Tableab@®5.5 which all show
high content of oxygen in some areas. It is alse tucarbon loss by diffusion into

the substrate.

With continued exposure diffusive processes beconportant and morphological
modifications take place at the coating interfakg shown in Figs 5.13 and 5.22, the
coating after 16 days at 800°C shows an importasdification in its structure. The
initial faceted or rounded carbides are lost areldglowth of the individual carbide
grains led to coarsening of the ‘sponge-like’ aggoates, generating a more porous
appearance to these features. Since a networkrbidea is produced, Ni(Cr) alloy
matrix does not act as the binder anymore. Sinmierostructures were found by
Matthews (2003) in his coating samples after 20 @Mhdlays of heat treatment in air
at 900°C and Guilemany (2002) in his sample treate830°C for 24 hours. The
difference between their work and the present greAQnealing temperatures and
exposure time are different, in this work, relatyewer temperature were used. (ii):
In their results the network of carbides was fornreavhole coating, in this work it
only forms at the coating interface. This is beeatl®ir heat treatment experiments
were carried out using the coating removed fromssabe, whilst in this work the
sample and substrate were heat treated togetten the above, it can be predicted
that temperature is very important to the changeazting microstructure, and a
temperature of around 800°C seems to be borderdinghe other hand, in our work
the coalescent carbide structure only formed neatirg interface which is due to the
carbon diffusion from coating into substrate. So #@ere is no report about the

investigation of the characteristics of the NiCg@rcoating which is heat treated at
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higher temperatures with coated substrate. Theigidfh between this coating and

stainless steel substrate has not been reportbé previous research either.

5.2.1.2 Microhardness of Ni(Cr)-CgC, coatings after heat treatment

The microhardness value of a material is basecherhardness and volume fraction
of the hard phase and the hardness of the matageptA rapid reduction in hardness
occurred to the coating after heat treatment atofBD0°C, Fig 5.25. The as-sprayed
coating had a supersaturated Ni(Cr) solid soluaaisnits matrix due to the carbide
dissolution during spraying which gives signifidgnhigher hardness. During the
heat treatment, the dissolved Cr and C precipitatetie form of fine carbides and
recrystallized the matrix which is evident in th&B images by reducing matrix
contrast, also there is a change in the d-spaditigeoNi peaks due to a reduction in
the amount of dissolved Cr and C. Crystallizatidrthe amorphous phase usually
causes a decrease in hardness (Inoue, 2000),drestké change in microstructure of
amorphous phase has a negative influence on hardfeise coatings. Additionally,
in the initial heat treatment the formation of sedary carbide precipitates in the
binder will also lead to softening of the Ni(Cr) ima and a decrease in the coating
hardness. This has been observed in case of chrogaubide coating with 20 wt%
Ni20Cr binder by Murthy (2007). With continued espoe, the microhardness starts
to recover after 8 days at both 700 and 800°C. itmsl recovery occurred with
carbide nucleation and growth forming an expansaide skeletal network in the
matrix. The transition from the growth of individuearbide precipitates to the
development of a widespread carbide network inntla¢rix can be seen in the SEM
images provided in the previous section. The largarbides, formed through
agglomeration and coalescence, increase the hargakee of the coating. The same
general trend in microhardness changes was repobstelatthews (2003). In his
work, the microhardness response of HVOF 25Ni(G+3C, coatings was assessed
following treatment at 900°C for periods of up t@ @ays in air. He indicated the
initial decrease of hardness was attributed to tléuction in strengthening
mechanisms of the matrix phase. And the hardness/eey after 5 days resulted
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from the precipitation and development of a carbpdease. However, Guilmany
(2002) suggested that 25Ni(Cr)-75Cs coatings show a rapid increase in hardness
after heat treatment in air in his work. He indechthat higher microhardness values
are achieved in the samples heat treated in anismgdatmosphere due to the
formation of the hard GD; phase. In our work, the samples were all anndaled

as well, but from XRD and SEM images, there is idence of a significant increase

of Cr,O3 phase. This suggests the present coating hagdessity.

Microhardness measured at the coating interfacelagively lower than that of the
coating bulk which is due to the different microstures in both regions. As shown
in the previous SEM-BSE images, significant spolikg-agglomerate precipitates
were found at the coating interface which causedeerease in hardness. With
continued exposure, the initial carbide grains grtiwough coalescence and
dissolution forming a network of carbides where Miematrix does not act as the
binder for the carbides. EDX results show that riagion of Ni(Cr) solid solution
matrix contains extremely small amount of dissoleatbon and gives a softer matrix.
On the other hand, in the carbide seriegs@eCr,C; and Cp3Cs), CrzC;, has the best
mechanical properties with higher hardness (Ha984)L XRD patterns show @25
and CpsCs peaks only occurred in the coating interface ditmat treatment which is

the other reason why coating interface gives aidvaedness.
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5.2.2 Diffusion between the coating and the substie at elevated

temperature

5.2.2.1 Activity calculations for elements diffusio between coating and substrate

The direction of element diffusion is driven by ofieal potential which can be given

asu =RTIna according to Henry's law (Porter, 1992). In thiguation ais the

activity which is very important for the diffusiqmrocess. In this work, the activities
of the elements in Ni(Cr,C) coating matrix and 38&dbstrate at 800°C were
calculated by Thermo-Calé for windows with SSOL4 and TCFES5 steel databases
respectively. The element composition of Ni(Cr,d@ating matrix can be estimated
from the Cr-Ni-C phase diagram in Fig 2.7 (d). Timatrix with the maximum
dissolved carbon at 800°C was pointed as G onpthése diagram which gives the
composition of 89 wt% Ni, 9 wt% Cr and 2 wt% C. Acding to the results in Table
5.10 carried out byrhermo-Cal€4, Fig 5.35 shows a much higher carbon activity
value in the coating than in the substrate whiclamsecarbon might diffuse from
coating to substrate during heat treatment. Fomet Ni, the diffusion direction
could be from coating to substrate. However, thHéusion of element Fe and Cr
might happen from the substrate to the coatingnduthe heat treatment process

according to this chart Fig 5.35.

The diffusion directions of alloy elements predittey activity can be also revealed
by experimental results. Fig 5.30 shows the diffasbccurring at the interface
between the coating and the substrate during thetheatment. In Fig 5.30, the loss
of Cr and Fe from the substrate interface is causeélements diffusing into the
coating while the increase of Ni is caused by tleenent diffusing from the coating.
Moreover, the line scan result shown in Fig 5.360afjives the same diffusion
direction of Cr, Fe and Ni. On the other hand, beeait is difficult to measure the
weight percentage of carbon in the sample by SENKEDe to its low energy on the

EDX spectrum, the carbon change between coatingsabstrate cannot be abtained
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like other alloy elements. But the precipitate mlsttion (Fig 5.26~5.28) and
microhardness variation (Fig 5.34) can be used efeaence to prove the carbon
diffusion has happened in the stainless steel mibstiuring exposure. Additionally,
the coating interface shows sponge-like carbidecsires forming GC; and CgsCs

after heat treatment. It is evident that carbors loscurs in this region by carbon

diffusion from the coating to substrate.

5.2.2.2 Modelling of carbon diffusion in as-coatedtainless steel 304

According to the results mentioned in the previsastions, a schematic diagram of
the carbon diffusion progress between the coatimg) the 304 substrate at high
temperature is shown in Fig 5.36. In the as-sprag@ufdition (t=g), the coating
matrix is Ni(Cr,C) due to the rapid solidificatiaugng thermal spraying. In some
cases, the surface region of;Cxr has become dissolved forming a surrounding
Cr(Ni)sC, phase. At this time, the main constituents in shbstrate are Fe(Ni,Cr),

with low carbon concentration (<0.1 wt%).

As heat treatment begins (t=0), more of the surfemgion of CsC, becomes
dissolved. Due to the higher ratio of diffusionyb@n is able to diffuse into the
matrix from the Cr(NHC, phase. Diffusion also occurs across the coatibgisate
interface, C and Ni diffuse into the substrate iraand Fe diffuse into the coating.
Little diffusion of Cr across the coating/substrateerface occurs, due to its higher

atomic mess and thus lowers the diffusion ratio.

As heat treatment continues (t=1), the surroundidpide phase continues to grow
forming a network. Due to the carbon diffusion itlb@ coating matrix, the carbide
phases surrounding the original carbide partictegtain lower carbon content. This
results in lower carbon Cr(N3; phase forming in addition to the Cr(pl} phase.

At the coating/substrate interface, pores whichenfermed due to the rough grit

blasted substrate surface start to grow during hibat treatment and hinder the
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diffusion flux across the interface. In the subgtnaatrix, precipitates of piCe Start

to form nearby the interface due to the carborudi@in from coating.

As heat treatment continues further (t=2), the@urding carbide phase continues to
grow, completely dissolving the original s particles near the interface. The
continued carbon diffusion from the surroundingotde phase into the matrix results
in lower carbon concentration in carbide phasemiiog Cr(Ni),Cs; and Cr(Ni}sCe.

At the interface, pores continue to grow; chromiaxride starts to form around the
pore surfaces. Oxygen at the interface may reattt warbon diffusing from the
coating matrix and carbide precipitates in substregar interface, resulting in loss of
carbon as C@or CO gas. The carbide precipitation continuesdour, progressing

deeper into the substrate matrix.

As heat treatment continues further (t=3), the id&riphase in the coating continues
to grow forming a linked sponge-like carbide netivof Cr(Ni);C3 and Cr(Ni}»3Cs
phases. At the interface, porosity increases atehdg at which only a low diffusion
flux passes. Carbide precipitation continues tauogrogressing deeper still into the

substrate matrix.

The above, describes the effect of high temperates treatment on the coating
substrate microstructures near interface, by ddfusSince carbon diffusion is the
key issue for the formation of precipitates in asted stainless steel substrate during
annealing, the modelling of carbon diffusion isrtren effective way to understand
this process. In this modelling work, two condisdmave to be considered in order to
simplify the process of carbon diffusion from coatito steel. First, the diffusion of
Ni and Cr from the coating to the steel during tlagbon diffusion will be ignored,
due to the speed of interstitial diffusion of carbat low temperature being much
quicker than that of the substitutional diffusiointleese Ni and Cr alloy elements in

steel. Second, as the original coating containshnimigher carbon concentration than
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that of stainless steel substrate, during the sibiu process the high concentration of
carbon maintains at a stable constant value aintieeface with the stainless steel
substrate. According to these two conditions, tlggadon of carbon diffusion

distance in substrate stainless steel 304 was gisen

x= /Dt

The equations of carbon diffusivity.Dvere mentioned in the previous literature

chapter.
Dc = Dc(o) EXdﬂgr NCr)
Sample heat treated at 700°C and 800°C:

@j = 369%x107°(cm? / s)

D. (07005 = 1.91exp{— o

D.oysoosr = 225x10°° eXF{‘%) = 6_87x10"8(cm2/5)

r 121000 .
g 7005 = 99.7 _( j = —2466(at.fr.")
r 133000 .
S 800K 94_( T j = -2995at.fr.")

According to Table 2.8, 2.9 and 2.1M,,, of stainless steel can be expressed as
Ng = Z KN =18%x1,, +8%x(-0.442) ;, +2%% 0.386,,,, +1%(-0.673 4, = 0.146
= D005 = 105(1m?/5)

= Dc(800)§3}£) = 2'86(/’”]2/8)
So the equation of carbon diffusion in substraaentss steel 304 is expressed as:

(1) at 700°C

Xy00s = 1050 (5.1)
(1) at 800°C
Xagoy = 2860 (5.2)
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According to equation 5.1 and 5.2 the distanceasban diffusion in samples heat
treated at 700 and 800°C after 1 hour, 2 days,y8 dad 16 days can be calculated

and summarised in Table 5.11.

Compared with Table 5&nd 5.9 after a period of 1 houthe carbon diffusion model
indicates slightly shorter diffusion distances attb700 and 800°C than is measured
in the sample. It is likely that, this increasetfudiion distance in the sample is due to
further diffusion during the cooling period in the@nace, whereas, the period of the
diffusion in the model is exactly 1 hour. After ertled exposure, the diffusion
distance predicted by the model is significantlgager than the measured diffusion
distances in the sample in Table 5.7 and 5.9. fireposed that the low diffusion
distance measured in the sample is due to the ippwtdsthe interface, blocking the
carbon flux into the substrate. The higher poroait00°C thereby leads to a greater
difference in predicted diffusion distance relatite measured than the 700°C
samples. In addition, the oxidation within the dogitnear the interface might react
with carbon forming CO or COgas which escapes. This may also cause reduced

carbon flux across the interface.

The precipitate free zone forms due to the depietiochromium which is because of
Cr,0O3 at the interface. Additionally, carbon loss in tlaisea might be the second
reason of forming a precipitate free zone. Thieabs arises from the combination of
carbon diffusing into the substrate and loss aso€0G; by oxidation and the extent
porosity at the interface preventing carbon diffigsinto this region from the coating
resulting in net carbon loss. After formation atd2ys the precipitate free zone
continued to grow suggesting very little carborfudifon occured from the coating
the substrate after this point and the concentrajradient will resemble that in Fig
5.37.The maximum carbon concentration in the substsbeiow the precipitate free
zone and continues to move away from the interéecéme goes on. In conclusion
after the formation of precipitate free zone difusoccurs from this maximum point
and not the interface.
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5.2.3 Summary

During heat treatment of the coated samples, stmmical potential gradients
across the interface line can induce significanmiglaange diffusion of rapidly

diffusion elements, such as carbon. This transfecasbon across the sample is
responsible for significant changes in microstrugtsuch as dissolution of carbides

on the coating side and precipitation on the sabsside.
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Table 5.1EDX area analysis results for average compositibissainless steel 304

(Average of 4 area analyses)

Elements Atomic % Weight %
Cr 20.9+0.8 19.5+0.8
Mn 14+0.1 1.3+0.1
Fe 69.8+1.2 705+1.2
Ni 7.8+0.6 8.6+0.6

Table 5.2EDX (Cobalt standard) analysis results for avei@gapositions of

different phases from coating middle area aftedds air annealing at 700°C

(Average of 4 area analyses)

Phase composition
Phase
Average Cr Ni C
M .
. Atomic% 16+2.2 82+3.2 2+0.6
(bright area)
C
Atomic% 58+2.0 0 42+2.7
(dark area)
G
Atomic% 57+£2.7 8+1.1 35+2.1
(grey area)

Table 5.3EDX (Cobalt standard) analysis results for avei@gapositions of

different phases from the coating interface afedays air annealing at 700°C

(Average of 4 area analyses)

Phase composition
Phase
Average Cr Ni C 0]
M .
. Atomic% 17+2.1 82+2.8 1+0.6 0
(bright area)
C
Atomic% 63+3.1 0 37+2.6 0
(dark area)
G
Atomic% 81+2.9 5+0.9 14+1.9 0
(grey area)
O .
Atomic% 29+2.2 4+0.6 0 67+2.1
(dark layer)
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Table 5.4EDX (Cobalt standard) analysis results for avei@gapositions of
different phases from coating middle area aftedds air annealing at 800°C

(Average of 4 area analyses)

Phase composition
Phase
Average Cr Ni C
M .
(bright area) Atomic% 17+1.8 82+2.9 1+0.3
C
Atomic% 63+2.7 0 37+2.1
(dark area)
G
Atomic% 60+2.2 6+1.1 34+2.1
(grey area)

Table 5.5EDX (Cobalt standard) analysis results for avei@gapositions of
different phases from the coating interface afedays air annealing at 800°C

(Average of 4 area analyses)

Phase composition
Phase
Average Cr Ni C @]
M .
. Atomic% 13+1.3 86+2.3 1+0.8 0
(bright area)
G
Atomic% 86+3.2 2+0.8 12+1.2 0
(grey area)
0] .
Atomic% 30+1.9 1+0.2 0 69+2.5
(dark layer)
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Table 5.6Summary of phases present in the Praxair NiGECpowders, as-sprayed

and heat treated coatings

Coating middle Coating interface
Powder CrsC,, Ni(Cr)
As-sprayed coating Cr3C,, Ni(Cr), CrOs
700C air annealing for 2 Cr3C,, CrrCs, Chi3C, Ni(Cr),
CriCy, NI(Cr), Cnr0Os
days Cr0s
700C air annealing for 16 Cr7Cs, Cr3Cs, CrCo, Ni(Cr),
CriCy, NI(Cr), Cr0Os
days Cr0s
800C air annealing for 2 Cr3Cs, CKCs, CrCo, Ni(CH),
CrC,, Nl(Cr), Cr0Os
days Cr03
800C air annealing for 16 Cr3Cs, CKCs, CrCo, Ni(Cr),
CrCy, Nl(Cr), Cr0Os
days Cr03

Table 5.7Summary of the diffusion distance of the annealmated substrate

samples by SEM-BSE images

Diffusion distance estimated by SEM-BSE images
700°C 800°C
1 hour 10Qum 180um
2 days 14Qum 300um
8 days 23@um 400um
16 days 37@m 590um
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Table 5.8EDX analysis results for average compositionsiiééigent diffusion areas
on the stainless steel substrate after 16 daysagaling at 800°C. (Average of 4

area analyses) See Fig 5.28 and 5.30

Element (Wt. %)
Substrate region
Cr Fe Ni
1 14.6+0.2 64.3+0.3 21.1+0.4
N 2 15.7£1.0 65.1+0.5 19.2+0.5
% 3 16.8+1.2 64.9+1.2 18.3x0.4
- 4 17.7+0.8 65.6+0.5 16.7+0.5
5 20.2+0.9 65.4+1.0 14.4+0.5
1 19.4+0.4 67.5+0.1 13.1+0.4
2 19.940.7 70.8+1.5 9.3+0.8
g 3 19.6+0.3 71.6+0.9 8.8+1.1
" 4 20.2+0.2 71.4+0.4 8.4+0.3
5 20.2+0.5 71.4+0.8 8.4+0.8
1 20.4+0.1 71.5+0.2 8.1+0.1
2 20.3+0.6 71.5+0.4 8.2+0.5
g 3 19.6+0.1 71.8+0.2 8.6+0.2
w 4 19.6+0.9 72.0+0.9 8.4+0.1
5 19.510.2 71.9+0.2 8.6+0.1

Table 5.9Summary of the diffusion distance of the anneatsated substrate

samples by microhardness variation

Diffusion distance estimated by microhardness
variation
700°C 800°C
1 hour 100um 200pum
2 days 150um 350um
8 days 250pm 450um
16 days 400pm 750um
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Table 5.10Activities of the elements in NiCr-gC, coating and stainless steel 304

substrate at 800°C calculated by Thermo-Clc

Element Activity in NiCr-Cr 3C, coating | Activity in Stainless steel 304
C 1.9x10" 5.8x10"
Cr 4.1x10* 5.3x10°
Ni 3.3x10° 1.7x10"
Fe 0 3.5x10°

Table 5.11Summary of the diffusion distance of the anneatsted substrate

samples by carbon diffusion modelling

Diffusion distance estimated carbon diffusion modéhg
700°C 800°C
1 hour 62 pum 101um
2 days 426um 703um
8 days 852um 1405um
16 days 1204um 1987um
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Fig 5.1 Microhardness (100 g load) of (a) grit bdsstainless steel 304 and grit

blasted stainless steel 304 after 20 minutes 78dt@aling followed by (b) air

cooling (c) oil quenching
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Fig 5.2X-ray diffraction patterns from 304 stainless sw@face with Cu K
radiation. (a), Original as-received surface. §tface after grit blasting. (c), Grit
blastedsurface after a thermal annealing procedure at@%®° 20 min with oil
guenching. (d) Annealing at 750°C for 20 min withaoling. (XRD patterns of

these samples are provided in appendix)
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Fig 5.3XRD patterns of following heat treatment of stasslsteel 304 (a)as-received
grit blasted surface, (b)700°C 2 days air coolef8d0°C 2 days air cooled.
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Fig 5.4 Optical morphology of 304 stainless steglas-received, b,c,d,e following
heat treated at 800°C for 1 hour, 2 days, 8 days$,18 days and air cooling

s & 0.08% C
0.06% C
2 8001 0.04% C
E 200 | (ﬂ.ﬂl‘i
= soof
Austenite
Austemie + Mﬂ,‘Cﬁ
m 1 i | L
0.1 1.0 10 100
Tume th)

Fig 5.5 Influence of C content on the kinetics 236 precipitation austenitic

stainless steel (Philip, 2003)
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Heat-treated 304 steel hardness{near grit blasted surface)
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Fig 5.6Bar chart showing (a) Microhardness of as-receamsdiheat-treated 304

measured approximatelyn from the grit blasted surface. (b) Microhardnefss

heat-treated stainless steel 304 measured in ttglane of the sheet. In both cases

values are the average of 10 indents.
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as-sprayed and 700°C air annealed NiG@Ggcoatings for times of 1 hour, 2, 8 and

16 days (P stands for pores; O stands for oxide )
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Fig 5.10 X-ray diffractograms from ground top sedgaf coatings annealed at 700°C
from 1 hour to 16 days. The XRD spectrum of the@syed coating is used as a

reference. (XRD pattern of 700°C 16 days anneaargple is provided in appendix)
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Fig 5.11 X-ray diffractograms from the coating-suéte interface followed by annealing

at 700°C for 2 days and 16 days. The XRD spectrias-@prayed coating is used as

reference. (XRD pattern of 700°C 16 days anneaargple is provided in appendix)
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Fig 5.12SEM-BSE cross-section images of coating middle ard¢lae (a) as- sprayed
condition and following heat treatment at 700°C(tmyl hour, (c)2 days, (d)8 days
and (e)16 days
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Fig 5.13SEM-BSE cross-section images of the coating interterea after heat
treatment at 700°C for (a) 1 hour, (b) 2 days8(dpys and (d) & (e) 16 days
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Fig 5.19 X-ray diffractograms from ground top sedgaf coatings annealed at 800°C

from 1 hour to 16 days

7000
6000 -
2 1 800° C 16days
S 5000 -
> ®*
@ i v © 0o
£ 4000 A
2
< s00° C2d
2 3000 - ays
7
% -
E 2000 4~ e N N
1 As-sprayed
1000 -
oV
oY
0
L} I L] I L} I L] I L} I L]

30 35 40 45 50 55 60
20(°)

Fig 5.20 X-ray diffractograms from the coating-sute interface followed by
annealing at 800°C for 2 days and 16 days. The Xp&ztrum of the as-sprayed

coating is used as a reference.
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Fig 5.21SEM-BSE cross-section images of coating middle afes heat treatment

at 800°C for (a) 1 hour, (b) 2 days, (c) 8 days @)dL6 days
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Fig 5.22SEM-BSE cross-section images of the coating interterea after heat
treatment at 800°C for (a) 1 hour, (b) 2 days8(dpys and (d) & (e) 16 days
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Fig 5.24 Microhardness measurements from middlerediace on coating samples

after 800°C heat treatment
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Fig 5.26SEM/BSE lower and higher magnification images ohetl cross-sections
of coating-substrate interface following annealiogincreasing times at 700°C
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Fig 5.27SEM/BSE lower and higher magnification images ohetl cross-sections

of coating-substrate interface following annealiogincreasing times at 800°C

161



Chapter 5 Effect of elevated temperature exposure on Ni(Cr)-Cr3C,
coated stainless steel: Results and Discussion

EDX line scan

Fig 5.28SEM-BSE images of etched NiCr4Cs coated substrate samples which

have been annealed at 800°C for 2 days and 16 days
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Fig 5.29 EDX line scan across the coating/subsirég¢eface of the sample after 16
days 800°C air annealing shown in Fig 5.28 (b). Ttal scan length was 2@®n.
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164



Chapter 5 Effect of elevated temperature exposure on Ni(Cr)-Cr3C,
coated stainless steel: Results and Discussion

6000

5000

4000

1 700° C 16days
3000

oV OV

Intensity (arbitrary units)

1000 4 700° C 2days

0
T T T T T T T I r T T
30 35 40 45 50 55 60
26(°)
°
6000
® y(FCC)
°.°Cr7C3

5000 QCr23C6
o
‘= 4000
>
% 1 800° C 16days
% 3000 -
s s *
3 2000 v v o o
= -
c
(] J
9
£ °

1000 4 800 CZdays

04
r T r T T T T I r T T
30 35 40 45 50 55 60

20(°)

Fig 5.31 X-ray diffractograms from the substrattesof the interface following
annealing at 700 and 800°C for 2 days and 16 dXy&D pattern of 800°C 16 days
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Chapter 6 Effect of elevated temperature oxidationon

Ni(Cr)-Cr 3C, coating: Results and Discussion

6.1 Results

6.1.1 Introduction

Thermally sprayed 25Ni(Cr)-75€2, coatings have better oxidation resistance that
WC-Co coatings and are thus employed as protectaéings at temperatures above
500°C (Matthews, 2008). In high-temperature oxmati25Ni(Cr)-75C4C, can react
with oxygen in air environment to form a stable aethse chromium oxide &3; on

top of the coating (Kamal, 2009).

The characterisation of the oxidation of powder aodtings during heating in air
using the thermogravimetric analysis (TGA) techeiquill be introduced first in this
chapter. The aim of this work was to quantify teationship between the oxidation
rate and temperature. Powder was heated in alGi&C7and 800°C and coatings were

heated at 650°C, 700°C, 800°C, 850°C, 900°C an@1D(h air.

The coating cross-sectional and top surface oxidgphology will be described in a
following section. Exposure of 25Ni(Cr)-75{% coatings at 700°C and 800°C for 1
hour, 2 days, 8 days and 16 days showed an ox@e growth in cross-section.
Oxide morphology on the top surface was examinemhguscanning electron

microscopy (SEM). Furthermore, in a subsequentm@ette x-ray diffraction patterns

from oxidised coating top surfaces are provided slmamv complex phases which vary
with temperature and time. It can be used to iflettie oxide phases and help to

better understand the phase transformations.
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6.1.2 Thermogravimetric analysis and oxidation kinécs

6.1.2.1 Oxidation of PraxairNi(Cr)-Cr 3C, powder

Oxidation experiments 0r25Ni(Cr)-75CgC, Praxair powder were carried out at
700°C and 800°C and a sample was held at the éegidrature for approximately
200 minutes after the set temperature was attatezbntinuous plot of mass gain
(percentage) as a function of time was recordeaéch of the test temperatures and

these are shown in Fig 6.1.

For powder oxidized in air at 700°C in Fig 6.1(@@enounced oxidation starts during
the initial 30 minutes. During this period the sdnpvas heating to the set
temperature and shows a rapid increase in mass A that the weight gradually
increased with increasing time. The total weighhgd the 25Ni(Cr)-75G4C, powder

heat treated at 700°C for 200 minutes was abowit&o3

Powder oxidized in air at 800°C shows a similandren mass gain as that of the
powder oxidized at 700°C, Fig 6.1(b). In the ifditd® minutes the curve of weight
gain shows a rapid increase and then it incredsesyswith time. Compared with the

curve of 700°C after 30 minutes, the sample heat&200°C shows a greater weight

gain rate with a total weight gain of 10.9 wt%.

6.1.2.2 Oxidation of Praxair Ni(Cr)-CrsC, powder coatings

TGA experiments or25Ni(Cr)-75CgC, coatings removed from the substrate were
carried out at 650°C, 700°C, 800°C, 850°C, 900°@ a000°C in air and they were
held at the test temperature for approximately @0Qutes after the set temperature
was attained. A continuous plot of mass gain (% &snction of time was recorded
for each of the test temperatures and they are showig 6.2. In the 650°C, 700°C
and 800°C samples the mass gain (%) at the entead2@0 minute period increased
with increasing temperature suggesting that oxatiatate increased with temperature

in this range. However, the 850°C, 900°C and 1008dmples show little change in
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a gain after 50 minute. The 1000°C sample showeid@eased mass gain but there
was also a small mass loss at around 100 minute.tl# total mass gain of
25Ni(Cr)-75CgC, coating, the coating heated at 1000°C has theebigimass gain
which is 0.52 wt%. The mass gain (%) of other daspxidized at 650°C, 700°C,
800°C, 850°C and 900°C after 200mins were 0.137wi293wt%, 0.418wt%,
0.401wt% and 0.391 wt%.

Comparing these TGA results of coatings with thoEgowder, the curves of these
powder samples show a much higher mass gain (%)tttwse of the coatings within
same oxidation condition. This occurs because th&dpr has a porous structure

giving it a significant greater area to volumeaaier unit weight.

6.1.2.3 Calculation of Ni(Cr)-CrC, Praxair powder coating oxidation kinetics
Oxidation kinetics of 25Ni(Cr)-75@C, coatings were quantified through
measurement of their mass gain per unit are@/4) as a function of time at
temperatures of 650°C, 700°C, 800°C, 850°C, 900A@ H000°C in air by using
thermogravimetric analysis (TGA). For coatingsprmunced oxidation starts at
approximately 650°C. Typical plots of mass gain peit area vs. time for the
oxidation of 25Ni(Cr)-75GC; coatings at temperatures from 650°C to 1000°C are
illustrated in Fig 6.3Up to 850°C the oxidation of 25Ni(Cr)-754Ck, coating samples
appear to follow parabolic kinetics. Above 900° tboating follows a complex

kinetics in 200 minutes exposure time.

Parabolic oxidation rates can be represented byfall@ving equation, where t is

oxidation time and K and C represent oxidation ktmeonstants (Birks, 1983):

(Am/a)® =Kt +C [6.1]

To establish whether the oxidation follows parab&inetic behaviour the data were

plotted as (Am/a)?vs t. Fig 6.4(a) shows a plot ofr/aY vs time at 650°C. The
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data appear to show a linear relationship and & fiiesg line passes through the
origin gives a k value of 2.02x(kg?m“min™). Fig 6.4(b) and (c) shows a similar
plot at temperatures of 700°C and 800°C k value3&5x10°(kg’m™min™) and
1.40x10° (kg?m™“min™). Fig 6.4(d) shows a different plot with two stage oxidation
at temperature 850°C, in the first step there amesindications of initial transient
behaviour up to approximately 50 minutes which shawlinear relationship and
gives the k value of 5.34xTkg’m™“min™) are obtained. Thereafter in the second step
the relationship also appears linear and the b#stgf line gives the k value of
1.21408x10 (kg?m“min™). Fig 6.4(e) and (f) shows a more complex paraboli
kinetic behaviour with three stages of oxidatioesmperature of 900°C and 1000°C.
In the initial 30minutes the data from each tempeeashow a rapid increase iim
with a best fitting line passing through the origigives a k value of
6.49x10%(kg’m™“min?) heated at 900°C, and 1.63 X1Rg’m“min™) heated at
1000°C. From 30minutes up to 110 minutes, the ngasemple oxidized at 900°C
shows a smaller rate of oxidation with a kalue of 9.42 x18°%kg’m™“min™).
Whereas the data of coating sample oxidized at TD@&Mows a weight loss during
this time period and gives awalue of -6.10 x18(kg’m™“min™). The reason of this is
CrQOsvolatilisation which will be discussed in a subsewgfusection. In step lll, after
110 minutes the oxidation rate of both coating damptarted to grow again with a
stable increase rates kalue of each best fitting line is 6.82 X1(kg’m™min™) at

900°C and 3.19 xI¥kg’m™“min™) at 1000°C.

The experiments at 650°C, 700°C, 800°C, 850°C, @afxid 1000°C were repeated 3
times and the k value of the individual experimats summarized in Table 6:The
average oxidation kinetic constant k will be usedr fthe calculation of
25Ni(Cr)-75CgC; coating activation energy of the oxidation reatct{@. Values of k
and k after 850°C are also listed in Table 6.2.
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In Table 6.1 the oxidation rate at 650°C shows ltdweest k value and the rate at
1000°C is significantly higher than others. Theerabnstant k is normally found to
depend upon temperature according to the Arrhesquation

k = AexpQ/ RT) [6.2]

Where the pre-exponential constant A is called ftequency factor and Q is the

activation energy of the reaction. Taking logarithm

Ink =In A-(Q/RT ) [6.3]
so that a graph in which In k is plotted again&TLivill have a slope of —Q in Fig 6.5,
R is the gas constant (8.21J/mol K). The activatemrergy of coating oxidation
reaction Q for a parabolic rate of oxidation of 2&MN)-75CrC, coating is

164.5kJd/mol.
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6.1.3 X-ray Diffraction and phase identification

The original top surfaces of coatings oxidised @0°C and 800°C in air with
different exposure times were examined using XRDI aasults obtained are

described below.

6.1.3.1 Ni(Cr)-CrsC, coating heated at 700°C in air

The XRD patterns of the coating top surfaces heetedtemperature of 700 from
times from 1 hour to 16 days are showrFig 6.6. The XRD pattern of as-sprayed
coating is also used as a reference. In the agegpreoating, the principal phases
were identified as GE, and a fcc phase with a lattice parameter clogbabof Ni.
Nevertheless, after 1 hour heat treatment sigmifi€2,O3; peaks were found a2
values of 24.7°, 33.8°, 36.3°and 54.9°. With longeposure time at 700, the
intensity of the GIO3 peaks present increased. A coating with 16 dags theatment
had the highest oxide peaks from coating surfacemall peak which could have
come from CsO4 was also found at®2values of 31.2° in the XRD spectrum from the

coating with 16 days heat treatment (provided ipédix).

6.1.3.2 Ni(Cr)-CrsC, coating heated at 800°C in air

XRD analyses indicate that heat treatments caaigct a temperature of 80drom

1 hour to 16 days gave the same phases as thegdetated at 700. In Fig 6.7
some intense QD3 peaks were found atAvalues of 24.7°, 33.8°, 36.3°and 54.9°
from the coating after 1hour heat treatment. Thenisity of the GiOz; peaks present
show a tremendous increase in the samples oxi@is800C following 2days heat
treatment. With longer exposure time, the intensifythe CpO; peaks shows
increased. The coating following 16 days heat mmeat had the greatest oxide
thickness on the coating surface as indicated byhtgh ratio of GOz to Ni peaks.
At 8days and 16days exposure time, a small pe&lt:0l,is identified at B values of
31.2° in the XRD spectrum. Coatings heated at@0$hows a significant increase of

Cr,03 peaks as compared with coatings heated atC700
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6.1.4 Scanning electron microscopy and EDX analysi®f the

microstructure

Oxide scale formed on the coated surface at 7068C3880°C from 1 hour to 16 days
exposure time was characterized by cross-secte@hination using a backscattered

electron imaging coupled with EDX analysis to detieie the phase compositions.

6.1.4.1 Cross-sectional morphology of Ni(Cr)-GC, coating heated at 700°C in air
Microstructures of polished, cross-sectioned 25NHGCrC, coatings were
revealed by BSE imaging. Fig. 6.8 shows the micuottires taken from near the
surface of the coatings which were heated in afO&°C from 1 hour up to 16 days.
In Fig 6.8 (a), there is a very thin and discontinsi oxide layer which is less than 1
um thick formed on the top of the coating followihdiour in air. However, the oxide
layer started to increase in thickness and contislyavith longer periods of exposure.
The thickness of a continuous oxide layer increaséa (~1 um) for the coating
sample that was exposed for a longer period ofy® (idg 6.8b). After 8 days (Fig
6.8c) exposure the thickness of the oxide scalehexh~2um. For the coating sample
which was exposed for 16 days at 700°C (Fig 6.8dhick oxide layer can be found

on the top of the coating cross-section with therage thickness of ~an.

As shown in Table 6.3 which corresponds to Fig.(d,8phase compositions of
different regions were determined using the EDXt spalysis. Region O shows high
oxygen content which can be identified as oxidesphacluding Cr, O and a small
guantity of Ni. Surely, region M has a fine scalenostructure possibly matrix and
carbides whilst region C shows grey irregular péeticorresponds to the carbide

phase.

6.1.4.2 Cross-sectional morphology of Ni(Cr)-GC, coating heated at 800°C in air
BSE imaging of the polished, cross-sectioned 25M{GCrC, coatings which were

heated in air at 800°C from 1hour up to 16 dass shown in Fig. 6.9. Oxide scale
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started to form with the thickness of rtfh on the top of the coating within 1hour heat
treatment at 800°@ Fig 6.9(a). Thickness of the oxide layer incexhgto (~2.5um)
for the coating sample that was exposed for a lopgeod of 2 days (Fig 6.9b). After
8days (Fig 6.9c) exposure the thickness of theeosichle reached ~4m. For the
coating sample which was exposed for 16 days &t@QBig 6.9d), a very thick oxide
layer was formed on the top of the coating crossks® with the average thickness of
~5 um. Coatings heat treated at 800°C gave a higheleakiickness on the coating

surface than those heated at 700°C.

EDX analyses of phase compositions from differegions of coating heat treated at
800°C after 16 days (Fig. 6.9d) are shown in T&xe Region O gives high oxygen
content which can be identified as oxide phase.idReiyl is probably a Ni solid

solution since C level is so low, whilst region &ygirregular particle corresponds to

the carbide phase.
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6.1.5 Top surface oxide morphology of Ni(Cr)-C4C, coating

Topographic features of the oxide scale formed &Ni@r)-75CgC, coatings
oxidised at 700°C and 800°C in air from 1hour toldys exposure time are compared

in this section.

6.1.5.1 Top surface oxide morphology of as-sprayedi(Cr)-Cr 3C, coating

The typical surface topography of the as-sprayedting is shown in the SEM
micrograph of Fig. 6.10. The coating shows a rosigifiace and the spherical particles
of the prior agglomerated powder do not form aamif distribution with a number of
spherical particles which are typicallyupn in diameter. Large splats ~Lfn along
with much finer spherical pattern (B) which is pbis a result of droplet
disintegration at impact into small size partickhsring the spraying process are
observed as shown in Fig. 6.10(b). Phase compositiere analysed by EDX-SEM.
Due to the oxygen K peak overlapping the chromiunpdak in spectrum, pure
chromium EDX spectrum was obtained in Fig. 6.1-aasference (the Cr&to Cr
La peak length). Fig. 6.12 shows the EDX spectrurthefregion on the top surface
of the as-sprayed coating corresponding to Fig(6)18nd (b). The EDX analysis
from the smooth spherical particle (A) in Fig 640¢@oes not show a significant
guantity of oxygen. Those small particles (B) watliiameter less than#Zn show a
small oxygen peak in Fig 6.10(b). The evidence ftbm is a change in the ratio of
Cr L-line to Cr K-line compared with the pure chriom reference. These oxides

were probably produced during the spray process.

6.1.5.2 Top surface oxide morphology of Ni(Cr)-GC, coating heated at 700°C
and 800°C in air

Ni(Cr)-Cr 3C, coating air heated at 700°C after 1 hour

The surface topography of the coating after heatinogh 1hour in air at 700°C is
shown in the SEM micrograph of Fig 6.13 which showslltiple surface

morphologies. At high magnification a number of icughape (A) particles ~0.m
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and plate-like crystals (B) produced on the oriassprayed spherical phases (C) in
Fig. 6.13. EDX spectra of these phases in Fig. 84@w a change in ratio of Cr
L-line to Cr K-line indicates the presence of oxyde both the cubic-shape and the
plate-like crystal phases. However, the EDX speftsen spherical surfaces do not
indicate any oxygen. These cubic-shape particle® leeen fully oxidised and the
small plate-like crystals are the projection of twdde phase with the preferred

direction of growth in the early stage of their d®mpment.

Ni(Cr)-Cr 3C, coating air heated at 700°C after 2 days

The surface topography of the coating after 2 daiysheat treatment at 700°C is
shown in the SEM micrograph of Fig. 6.15 which shaive entire surface of the

coating has been covered with oxide. The smalkgiké crystals have changed into
fine cubic crystals and the larger spherical ctgskeave become more angular. The
size of the oxide precipitates grows (approximafielyn) and there are no plate-like

crystals or spherical phases in this stage. Thiemaece direction of growth of the

plate-like crystals disappeared and all of the exidcome into cubic shape. The EDX
spectra (Fig 6.16) show region A and B marked o Bil5(a) and (b) have very high

content of oxygen.

Ni(Cr)-Cr 3C, coating air heated at 700°C after 8 days

After 8 days air heat treatment at 700°C, the serfeopography of Ni(Cr)-GE;
coating is shown in the SEM micrograph of Fig 6.17.this stage nothing has
significantly changed, apart from the growth of theéde phase (up to ~3m) shown

in Fig 6.17(b). However, there are still some smalte particles (A) which are due
to the different growth rates of the different paes. The EDX results (Fig 6.18) of
region A and B marked in Fig 6.17 show very higinteat of oxygen. On the other
hand, the Ni peak in the EDX spectra has decreagadly and nearly disappeared.
This is a result of the Cr oxide that was formedywsense and thick scale to stop the
penetration of the X-ray beam. Hence the Ni ricagghunderneath can not be readily
detected.
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Ni(Cr)-Cr 3C, coating air heated at 700°C after 16 days

The surface topography of the coating after 16 daydeat treatment at 700°C is
shown in the SEM micrograph Fig. 6.19. The majooityhe oxide phases (Fig. 6.19a)
have grown up to ~dm and some larger crystals of ~uB can also be found along
the coating surface in Fig. 6.19b. The EDX res(ifgy 6.20) of region A and B
marked in Fig 6.19 show high content of oxygen #mel Ni peak is now barely

visible.

Ni(Cr)-Cr 3C, coating air heated at 800°C from 1hour to 16 days

Fig. 6.21shows the surface of the oxidised coating afterutfzar heat treatment at
800°C. The entire surface has been oxidised anéredwy cubic-like crystals of ~ 2
um. Some nano-sized plate-like crystals can alsioined in places. EDX results (Fig.
6.22) of region A, B and C marked in Fig. 6.21 shavhigh content of oxygen.
Compared with those samples heated at 700°C inrlHwicoating treated at 800°C
indicates greater oxide growth. Temperature hasmignificant effect on oxidation
process than time. When exposured for over 2 daysbvious changes are observed
from the plan view except for the increase in graire. Fig. 6.23, 6.25, 6.27 are
images of the samples treated in 800°C from 2 ¢ayks days. They show similar
oxidation progress as the samples treated at 708ft€r 2 days heat treatment at
800°C, two kinds of surface morphology are seeoat@xist which are cube-shaped
and elongated grains. The size of these grainsases with increasing exposure time.
EDX results of these analysed regions (Fig. 6.226,66.28)all show very high
oxygen content and the Ni peak in EDX spectra g¢isaped after 2days heat
treatment at 800°C. The characterisation of thepaayed coating and the coatings

oxidised at 700°C and 800°C are summarised in Téble
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6.1.6 Summary

As mentioned above, the oxidation kinetics of thmvger and coatings during
elevated temperature oxidation in air at 650°C @QEC have been studied using
TGA experiments. The activation energy of coatingdation reaction Q for the
Ni(Cr)-CrsC, coating was found to be 164.5 kJ/mol. SEM exantiremd XRD
analysis show a significant increase in the oxidalesformed on coating surfaces
during the heat treatment. The oxide morphologitelinges in coating show that in
the initial exposure cubic-shaped and plate-likestal phases were found on coating
surface, with continued exposure these crystalsvgguickly and form large

cubic-shaped and long crystals.
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6.2 Discussion
6.2.1 Kinetics of the elevated temperature oxidatio for Praxair

Ni(Cr)-Cr 3C, powder coating

TGA results of 25Ni(Cr)-75GE, Praxair powder carried out at 700°C and 800°C
show significant mass increase after 200 minutes. tdtal mass gain of the samples
heat treated at 700°C and 800°C is 6.3 wt% and W8, respectively. While the
Praxair 25Ni(Cr)-75GC, powder coating heat treated at 700°C and 800°@gjiv
much lower mass gain which is only 0.293wt% andL®m%. This occurs because
the powder has a more porous structure givingsigaificant greater area to volume

ratio per unit weight than the coating.

Oxidation of 25Ni(Cr)-75GC; coating could start with nucleation and growth ofttb
NiO and CyOs, and this transient stage finishes when thgOgiscale becomes
continuous. It was indicated in last section tihat dxide formed during the transient
oxidation stage is mainly of gD; since no NiO was detected in the parts of external
oxide that remained on surface after test. Thendonsidered here that the total mass
gain that results from the transient oxidation stag essentially due to £0s
However the weight loss due to the formation of @i not be considered in this

section.

The thermogravimetric study of the oxidation of 2&N)-75CrC, coating in the
temperature range 650 to 1000°C indicates thakitetic curves deviate from the
parabolic rate law above 800°C. Temperatures betwgs0-800°C, the specific
weight gain curves follow a parabolic kinetic (FBg) law. According to Wagner’'s
theory (Birks, 1983), to get a parabolic law implithat the oxidation process is
dominated by the diffusion of species through th@ming CrOs scale. The lower
values of the rate constant K, for 650°C and 70@t€ indicative of very slow
oxidation. The oxidation rate increases at 800°Clowver temperatures, &D; has a
low oxygen diffusivity value and hence acts as @eutive layer against oxidation to
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control the outwards Cr cation diffusion or inwamsygen anion diffusion through
this existing chromia scale. This fact is corroledaby Table 6.1, which shows a
slower oxidation rate for 600°C than 700°C. Fig €3&(b) show a thin layer on
coating than in Fig 6.9 (a)&(b), which further \ddies the slow oxidation rate at

lower temperature.

With further temperature rise up to 1000°C oxidati@ate increases sharply and
oxidation follows complex parabolic kinetics. Iretimitial stage of the coatings from
850-1000°C the oxidation rate increases rapidly.egas the curve of the sample
oxidized at 1000°C shows a weight loss during sédcoxidation stage due to the
chromia volatilization, because chromia is not lgtabhen the exposure temperature
is too high. The external part of the,Of scale is continuously oxidised into Gr@
new oxide that is volatile and leaves the scala mgaseous form. The formation of
CrO;s by the reaction is

2Cr,, +30,,, = 2CrO [6.4]

3(9)

In these conditions €fions and oxide species form at the metal-oxiderfate and
transport through the oxide lattice and mechanidalimed cracks in the oxide layer.
With continuing exposure, the volatile oxide Gr@rms directly at the oxide-gas
interface and oxygen diffuses through a barrieedaf the volatilized oxides gDs.
The evaporation of CrQis explained schematically in Fig 6.31, resultstire
continuous thinning of the protective Og scale so the diffusive transport through it
is rapid. During the TGA we do have a mass spectaghetect some gases such as

CrQsa.

In the previous researches, none of the investigétave studied the high temperature
oxidation of bare Ni-Cr-C cermet coatings. Ye (2008ve the TGA results with the
squares of the mass gain as a function of oxiddioe for the Cr39Ni7C coated

SS400 sample at 1073K which followed by parabddie law y=kt. Kamal (2009)
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have studied the high temperature oxidation studiez5Ni(Cr)-75CgC, coating on
Fe- and Ni-based superalloys at 900°C. His reshitsved (weight gain/aréayerse
number of cycles plot for 25Ni(Cr)-7543, coated superalloys for 100 cycles at
900°C followed the parabolic rate law. On the oth@nd, Castello (1998) has studied
the oxidation of Ni-Al-C¢C, alloy at 1100 and 1200°C; he indicated that the
formation of volatile chromium oxide CgQat high temperature could have enhanced
disruption of the scales. Berthod (2005) reportee waporization of chromia into
volatile CrGy happens at temperature higher than 1000°C by istyidlye oxidation of

a Ni-30Cr alloy. Same studies also have been doypeBbthod (2007) on
Ni-30Cr-0.2C alloy which shows a significant raté ahromium volatilization at
1200°C. In Bethod’s report, the activation energw&ue for a parabolic rate of
oxidation of 7ONi30Cr alloy is 167 kJ-nmfoWwhich is very close to the Q value of the
25Ni(Cr)-75CgC, coating (164.5 kJ/mol). This shows that the oxatatof Ni(Cr)

alloy phase has dominated the process of the 25NA&CEC, coating oxidation.
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6.2.2 Mechanism of the elevated temperature oxidam for

Ni(Cr)-Cr 3C, coating

6.2.1.1 Mechanism of the high temperature oxidationf Ni(Cr)

The agglomerated and sintered 25Ni(Cr)-A&zrpowder coatings consist of large
amount of Ni(Cr) in matrix. GO3; NiO and NiCpO, are expected to be formed as the
main oxides on Ni(Cr) matrix during the high tenadare oxidation. The oxidation of
matrix before steady state can be explained bigahoxidation which often affects

the ultimate selective oxidation process in whialydhe most stable oxide is formed.

In the initial stage both Cr and Ni form oxide €s31C$O3; and NiO, on coating top
surface (Allam, 1978). Since the Ni-containing @sdyrow much quicker than £
a significant amount of oxide mixed with NiO andOwiO4 form on the top of GO3
layer. NiCrO, spinel here is formed via solid phase reactiowwben NiO and GOs

with the reaction indicated as below.
NiO + Cr,O, = NiCr,O, [6.5]

In the further stage, there is no more NiO on dpevhich might be fully reacted with
Cr,03 as Ni(Cr}Oq4, thus a continued Ni@D, spinel external oxide layer forms with
Cr,0O3 as internal oxide scale. With continued expos@iace Ni ions diffusion is
much slower through the NigD,spinel than it is through NiO, Nigd,in the scale
act as diffusion blocks for migrating Ni ions. Thas the Cr content of the alloy
increases, the volume of fraction of spinel incesawhich reduces the total Ni flux
through the scale and the oxidation rate starfaltdhen CgOsstarts to form on the
NiCr,0O4. Finally a complete external scale oG forms at steady state. The model

used to explain this behaviour is summarized iukEd.29.

To compare, Matthews (2008) has studied the oxitles formed on blended
NiCr-Cr,Cs coatings after 850°C heat treatment. He indicatathide elements are
diffused into the NiCr matrix during the heat treant and increase the Cr content of
the phase. Then €D; is therefore able to dominate the matrix phaséestam an
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early time and prevented bulbous NiO formation. W\&ixtended oxidation, lateral
Cr,0O3 growth from the matrix phase begins to encroactr dlve carbide splats and
dominate the coating scale with,Og crystals on coating top surface. On the other
hand, other several investigators reported theepies of NiCsO, in either Ni-Cr or
25Ni(Cr)-75CgC, coatings. The formation of NigD, via solid phase reaction
between NiO and GDs in the oxide scales has been reported by Kamd&l8Rhe
also found NiC§O, spinel presented in the top surface scale of ZEMH{5CEC;

coatings after 900 °C oxidation.

6.2.1.2 Mechanism of the high temperature oxidationof Cr3C, particles in
coating

The agglomerated and sintered 25Ni(Cr)-A&zpowder coatings consist of 75wt%
chromium carbides which are used to mitigate hegingerature wear and erosion.
Cr,Osscales are frequently formed on the surface ofcttremium carbides at high
temperatures to protect the alloys. In other caadson in C4C, particles can be lost

by the formation of CO.

Studies on the oxidation of chromium carbides angedimited, but the research on
other carbides such as titanium carbides can lpguheAccording to Bellucci’s (2003)
studies on the oxidation mechanism on TiC, a schdiagram of proposed oxidation
of chromium carbides is presume in Figure 6.BBe scheme shows in the initial
oxidation outside of chromium carbide particlesnisra continued external £¥;
layer within which the solid-state transport of @mium and oxygen occurs. From
previous studies on oxidation of chromium (Kofsta880) (Lillerud, 1980), it was
shown that chromium diffusion is quicker than oxygkffusion in CpOz under 1100
C.Tsai (1995) calculated the oxygen and chromiunk loiffusion coefficient (IR)

and grain boundary diffusion coefficient {fpin Cr,O3; scales. The oxygengband

Dgb at 800°C are equal t@.6x10°cm?’s™ and59x10**cm’s™. The chromium B

and Qp values are equal t®9x10**cm’s™ and 11x10*cm’s™ respectively.
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The scale growth is dominated by counter-curreffiision of oxygen and chromium
by both the bulk and the grain boundary, the maenemenon being grain boundary
diffusion. On the other hand the chemical potergradient of carbon decreases from
the carbide/chromia to chromia/gas interface wileeerapid consumption of carbon
sustained by the combustion reaction. The growtlchaweism of CiOz; scales on
chromium carbides can be explained as chromiurusB through the initial chromia
scale and form new external chromium oxide, sinmgtausly carbon from chromium

carbides also diffuse through the chromia scateedop surface and burnt as CO.

XRD results in (Fig 6.6&6.7) show clearly £ is the only carbide in coating
surface after oxidation. The depth of x-ray perigtnain CrO3; oxide scale is also
concerned which is from 1.34~5.98m calculated in the previous chapter of
experimental procedures. Comparing with the SEMssiection images in Fig 6.8
and Fig 6.9 show that the average thickness ofeoldabout from 1~fum which is
still in the range of the depth of x-ray penetmatidhese results can be used to
presume the reaction between chromium carbide aygen are fully reacted without
forming new carbides such as;Cg or CriCs. The equation between £» and Q
can be written as:

Cr,C, + 3250,,, = 15Cr,0, +2CO,, [6.6]

In the previous studies by Kamal (2009), who intkdathe oxidation of the g,
phase would lead to decarburisation and formatio@rgC; and CpsCs as observes

from his XRD analysis of 25Ni(Cr)-75€Z, coated superalloys after air oxidation at

+0. +0,

A +0, +0,
900°C. He also gives the equatlonC, - Cr,C, - Cr,,.C, - [CrMET] - Cr,0;, which
describes how the carbides follow the stepwiseti@aof CrC, with air and form

Cr.0Os3,

6.2.1.3 Mechanism of the high temperature oxidationf Ni(Cr)-Cr 3C, coating
The life of CEC—NiCr coating in oxygen containing atmosphere ghtiemperature
is dependent upon the formation of a protectivelexdcale. The schematical diagram

189



Chapter 6 Effect of elevated temperature oxidation on Ni(Cr)-Cr3C, coating:
Results and Discussion

in Fig 6.29 gives a whole picture of the mechangdrthe high temperature oxidation
of 25Ni(Cr)-75CgC; coatings. Essentially, in the early stage of oxadaa significant
amount of oxide mixed with NiO, Ni@Dd, and CpOs are first formed on Ni(Cr)
matrix. Equally C§Os; are also formed outside of the chromium carbiddigles
which are exposed on the top of the coatings. b ftirther stage, a continued
NiCr,0, external oxide layer with @D; as internal oxide scale are formed on Ni(Cr)
matrix, and a continued &D; oxide layer are formed surround;Cs. With continued
exposure, a complete external scale gfOgiis formed in both matrix and chromium
carbide with a small amount of N, spinel remaining in the Ni(Cr) matrix. The
Cr,0O3 phase is thermodynamically stable up to very heghperatures due to its high
melting points as well as it forms a dense, comtirsuand adherent layers that grow
relatively slow. The GO forms a solid diffusion barrier on top of the coagtiwhich
inhibits interaction of oxygen with the underlyiegating. The reaction rate is high
initially as oxygen and the reacting elements mdbating are in direct contact. Once
the CpO3; oxide form a complete external complete scaldusiibn of either species
becomes increasingly difficult due to the growinffusion barrier. As a result, the
rate of mass gain due to oxygen uptake reducestimtih The growth of oxide scale
typically displays a parabolic dependence with tiamel its longevity is dependent
upon the concentration of the scale-forming elementthe coating material,

temperature, oxidising conditions and alloy microsture (Birks, 1983).
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6.2.3 Summary

As discussed above, the 25Ni(Cr)-75Cx coating indicated a less mass gain
compared to its feedstock 25Ni(Cr)-73Cs powder in the same oxidation condition.
The oxidation behaviour of all the 25Ni(Cr)-753Cs coatings at different
temperatures followed a parabolic rate law. TheCNHCrC, coatings after high
temperature oxidation show the presence of maixigeoof Cr in the upper region of

the scale. In the subscale region, the phasesleeve@re oxides of Cr and Ni spinels.
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Table 6.10xidation kinetics constants f@86Ni(Cr)-75CgC, coating for various

constant temperatures of exposure

k Average ki

Temperature
Expt 1 Expt 2 Expt 3 ( kg?m™*min™)
2.03x10"
650°C 2.02x10"° | 2.41x10" 1.66x10" 40 69X 102
3.51x10°
700°C 3.55x10° 4.35x10° 2.63x10° 2 293101
800°C 1.40x10° 8.98x10° 2.31x10° 1540
+1.85x10°
5.36x10°
850°C 5.34x10° 4.88x10° 5.87x10° 1 27510°
6.30x10°
900°C 6.49x10° 7.98x10° 4.44x10° 4595 10°
1000°C 1.63x10’ 1.70x10° 9.98x10° 9-32x10
+1.89x10°

Table 6.20xidation kinetics constants o knd k for 25Ni(Cr)-75CgC, coating

from 850 900 and 1000°C

Average kt¢

Temperature Average kst e
( kg?m“*min™) ( kg?m™“*min™)
850°C 1.56x10°+1.09x10°
900°C 9.61x10'°+5.36x10" 6.62x10°+3.71x10"
1000°C -5.76x10°+4.70x10"° 3.35x10°+1.23x10°
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Table 6.3EDX analysis results for average composition effthases present in

25Ni(Cr)-75CgC; coating heat treated at 700°C with 16days

Phase composition

Phase
Average Cr Ni C O
O at% 27.8+1.4 8.5+1.6 0 63.7+1.3
(oxide) Wt% 48.8+1.2 | 16.7+1.4 0 34.5+1.1
C at% 57.5+2.4 1.62+0.5 40.9+2.9 0
(angular carbide) wit% 80.5%£1.8 5.1+0.2 14.4+2.0 0
M at% 19.9+1.3 75.9+1.6 4.2+1.2 0
(metal alloy) W% 18.6+1.0 | 80.3+1.4 | 1.1+0.9 0

Table 6.4EDX analytical results for average compositiomiffierent phases of the

25Ni(Cr)-75CgC; coating heat treated at 800°C with 16days

Phase composition

Phase
Average Cr Ni C @)
O at% 28.9+1.2 6.6+1.3 0 64.5+1.0
(oxide) Wt% 51.5+¢1.0 | 13.2+1.1 0 35.3+0.9
C at% 61.2+1.8 1.1+0.4 37.7£2.0 0
(angular carbide) wit% 84.2+1.5 3.1+0.4 12.7+1.6 0
M at% 17.5£1.4 81.7+1.5 0.8+0.4 0
(metal alloy) Wt% 15.9+1.2 | 83.7+1.3 | 0.4+0.1 0
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Table 6.5Summary of the surface topography characterisatidhe as-sprayed

coating and coatings oxidised at 700°C and 800°C

As-sprayed | 700°C lhour 700°C 2days| 700°C 8days | 700°C 16days
i 1. cubic-shape ) ) )
Types of 1. spherical 2. plate-like 1. cubic-shape 1. cubic-shape 1. cubic-shape
morpholo 2. splats ' ] onl onl onl
P 9y P 3. spherical y y y
Very High
Oxygen None High Veryhigh | Veryhigh | Very high
content Very low g yhg yhg yhg
Low
Average SHmin ~0.5um x 0.5um | ~lum x lum | ~3um x 3um | ~4um X 4um
grain size diameter ' ' # " H
Ni peak in
Strong Weak Very weak None None
EDX spectra
800°C 1hour 800°C 2days 800°C 8days 800°C 16days
Types of 1. plate-like 1. cubic-shape | 1. cubic-shape 1. cubic-shape
morphology 2. cubic-shape 2. long grains 2. long grains 2. long grains
High Very high Very high Very high
Oxygen content g ) y _g y _g y _g
Very high Very high Very high Very high
Average grain ~3um X 3um ~5um x Sum ~5um x 5um
verage grai ~2um x 2um um X 3u M X 2 LM X S
size ~1pum X 3um ~2um X 3um ~2um X 4um
Ni peak in EDX
Very weak None None None
spectra

194



Chapter 6 Effect of elevated temperature oxidation on Ni(Cr)-Cr3C, coating:
Results and Discussion

NiCr-Cr3C2 Powder 700°C
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Fig 6.1 Plot of change in mass gain percentagefascéion of time for
25Ni(Cr)-75CgC, powder at (a) 700°C and (b) 800°C in air, the dblitee shows the

time when the holding temperature was reached
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NiCr-Cr,C, coating 650°C
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NiCr-Cr,C, coating 900°C
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Fig 6.2 Plot of in mass gain (percentage) as atiomof time for25Ni(Cr)-75CgC,
coatings at (a) 650°C (b) 700°C (c) 800°C (d) 8508900°C and (f)2000°C in air.
Dotted line shows the temperature at which theeseperature was reached in each

case.
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NiCr-Cr,C, coatings
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Fig 6.30xidation kinetics fo25Ni(Cr)-75CgC; plot of mass gain per unit area
versus exposure time for temperatures in the r&ébgéC ~1000°C. (t=0 concerted to

the time when the sample reached set temperature)
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Fig 6.6 XRD spectra obtained from top surface of coatingdised at 700°C with
different exposure times from 1hour to 16days dmed¥RD spectra of the as-sprayed

coating given as a reference (Provided in appendix)
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Fig 6.7XRD spectra detected from top surface of coatingdised at 800°C with

different exposure times from 1hour to 16days (Rled in appendix)
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Fig 6.8High magnification BSE images showing a cross-sealiview of the
25Ni(Cr)-75CgC, coatings heat treated at 700°C with different expe times (a)
lhour, (b) 2 days, (c) 8 days and (d) 16 days

206



Chapter 6 Effect of elevated temperature oxidation on Ni(Cr)-Cr3C, coating:
Results and Discussion

207



Chapter 6 Effect of elevated temperature oxidation on Ni(Cr)-Cr3C, coating:
Results and Discussion

1
*

s

Ace. S.tM
1

- 5
% : agy, D
(190,200 kV 48 aoog‘hs

(d)
Fig. 6.9High magnification BSE images showing a cross-seeliview of the
25Ni(Cr)-75CgC, coatings heat treated at 800°C with different expe times (a)
lhour, (b) 2 days, (c) 8 days and (d) 16 days
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Fig. 6.10 SEM images of top surface morphologys$arayed 25Ni(Cr)-75QC;
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Fig. 6.12 EDX spectra of the phases detected osudpce of the as-sprayed coating,
(a) and (b) corresponding to Fig 6.10 A and B
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Fig. 6.13 SEM images of top surface morphology®fi2Cr)-75CgC, coating

oxidised at 700°C for 1hour in air
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Fig. 6.14 EDX spectra of the phases detected osudpce of the Ni(Cr)-GE, coating
oxidised at 700°C for 1hour in air, (a) (b) and¢ojresponding to Fig 6.13 A,B and C
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Fig. 6.15 SEM images of top surface morphologyhef25Ni(Cr)-75C4C, coating
oxidised at 700°C for 2 days in air with the magafions
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Fig. 6.16 EDX spectra of the phases detected osudpce of the Ni(Cr)-GE, coating
oxidised at 700°C for 2 days in air, (a) and (bresponding to Fig 6.15 A and B

Fig. 6.17 SEM images of top surface morphology®fi2Cr)-75CgC, coating

oxidised at 700°C for 8 days in air

211



Chapter 6 Effect of elevated temperature oxidation on Ni(Cr)-Cr3C, coating:
Results and Discussion

fon

r
mn "
e ur 9

TrTTTT
u < ‘ b -

Camigy vy
(b)

=

Fig. 6.18 EDX spectra of the phases detected osudpce of the Ni(Cr)-GE, coating
oxidised at 700°C for 8days in air, (a) and (b)yesponding to Fig 6.17 A and B

Fig. 6.19 SEM images of top surface morphology®fi2Cr)-75CgC, coating

oxidised at 700°C for 16 days in air
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Fig. 6.20 EDX spectra of the phases detected osudpce of the Ni(Cr)-GE, coating
oxidised at 700°C for 16 days in air, (a) and @esponding to Fig 6.19 A and B
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Fig. 6.21 SEM images of top surface morphology®fi2Cr)-75CgC, coating

oxidised at 800°C for 1hour in air
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ig 6.22 EDX spectra of the phases detected onudpce of the Ni(Cr)-GC, coating
oxidised at 800°C for 1hour in air, (a) (b) and¢ojresponding to Fig 6.21 A, B and C
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(a) (b)
Fig. 6.23 SEM images of top surface morphology®fi2Cr)-75CgC, coating

oxidised at 800°C for 2 days in air
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Fig. 6.24 EDX spectra of the phases detected osudpce of the Ni(Cr)-GE, coating
oxidised at 800°C for 2 days in air, (a) and (bresponding to Fig 6.23 A and B

Fig. 6.25 SEM images of top surface morphology®fi2Cr)-75CgC, coating

oxidised at 800°C for 8 days in air
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Fig. 6.26 EDX spectra of the phases detected osudpce of the Ni(Cr)-GEC, coating

oxidised at 800°C for 8 days in air, (a) and (responding to Fig 6.25 A and B
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Fig. 6.27 SEM images of top surface morphology®fi2Cr)-75CgC, coating
oxidised at 800°C for 16 days in air
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Fig. 6.28 EDX spectra of the phases detected osudpce of the Ni(Cr)-GEC, coating
oxidised at 800°C for 16 days in air, (a) and @esponding to Fig 6.27 A and B
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Chapter 7: Conclusions

This research work has concentrated on the imagiig of microstructure evolution
of NiCr-CrsC, coated 304 stainless steel during elevated teryverair exposure in
the aspects of microstructure, mirohardness, aatngesubstrate inter-diffusion and

coating oxidation. The findings lead to the follogiiconclusions:

(i) Two kinds of agglomerated and sintered 25NKZ3L5C, powder from different

suppliers Metallisation and Praxair were used inQfVthermal spraying. Praxair
powder coating exhibited a higher deposition effimy than the Metallisation
powder coating. It also gave higher microhardnémss tthat of the Metallisation
powder coating. Praxair powder coatings were thasen for all the experiments in

this work.

(i) The study on the as-sprayed Praxair powdertiegashow that a complex
microstructure comprising both unmelted angulatigas. XRD analysis confirmed
the presence of crystalline phases in the coatietuding f.c.c Ni(Cr), G4C, and
Cr,0O3 together with a significant fraction of amorphaalsase as indicated by a broad
halo at the XRD pattern arouné Eange 40° to 50°. g, was confirmed as the only
carbide present in the as-sprayed coating. The @mas phase formation appeared
to be due to the dissolution of carbide into theltem Ni-rich phase and the
consequent super-saturation of the matrix withrigt @, leading to amorphous phase

formation on rapid cooling during deposition.

(iif) The microstructure and microhardness respooiselVOF sprayed NiCr-GEC,

coatings were assessed following exposure in ai0@tand 800°C for periods of up
to 16 days. Transformation from amorphous phaserystalline phase within the
Ni(Cr) binder is found to occur within 1 hour attbdemperatures. With long term

exposure new carbide phases;@Grand CpsCs, started to form near the coating/

218



Conclusions

substrate interface. However, the bulk of the cmadid not appear to form any new
carbide. With heat treatment, matrix phase superadon was reduced, while

widespread carbide nucleation and growth generatearbide skeletal network near
the coating/substrate interface. All samples shoaettop in hardness initially, but

the hardness subsequently increased again aftey2 dhe microhardness of the
coating from the region near the coating/substiatterface showed a lower value
than that from the middle region of the coatingyaés as a result of losing carbon by

carbon diffusion from the coating to the substrchteng heat treatment.

(iv) During heat treatment, as the strong chenpoaééntial gradients occur across the
interface, carbon started to have a significang lcange diffusion from the coating to
substrate. Microhardness values measured on thstratéd showed a significant
increase near the coating/substrate interface aaduglly decreased further away
from the interface. Precipitates of (€Zs) found by BSE-SEM from the etched
substrate samples started to grow further away tramnterface in the substrate with
continued exposure to high temperature. EDX amalsi line scans showed that
during the heat treatment Ni also diffused from dtoating in to substrate and Fe
diffused from the substrate into the coating. A¢ thterface between coating and
substrate there was an increased pore size andetlused the flux of elements by
diffusion. A physical model of the element diffusidetween coating and 304

substrate at high temperature has been proposed baghese phenomena.

(v) The oxidation of 25Ni(Cr)-75GE, coatings during elevated temperature
oxidation in air at temperatures ranging from 6563@000°C were also investigated.
The thermogravimetric study of the oxidation of 28M)-75CrC, coating indicated
that the specific weight gain curves followed a abalic kinetic law between
temperature 650-800°C. With further temperature tp to 1000°C oxidation rate
increased sharply and oxidation follows complexapatic kinetics. Weight loss

occurred in the sample oxidised at 1000°C due ¢oviblatiization of chromia. The
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analysis of the rate constant as a function of txatpre revealed that the activation

energy of the coating oxidation reaction, Q, waé.2&J/mol.

The principal topics for future work on HVOF thertgasprayed 25Ni(Cr)-75GEC,

coatings are recommended as follows:

® The mathematical modelling of inter-diffusion instwork needs considerable
developments. In future work, the diffusion of iy and C from coating to the
steel and diffusion of Fe from substrate to coashguld be considered. The
carbon concentration near the coating interfacailshonot be considered as a
constant value, as the value could decrease witiincmus carbon diffusion
from coating to substrate. For this complex modglithe computer based
software such as DICTRA, Thermol-Calc or MatCalalddbe used to simulate

and model the element distribution in the coatiygjem.

® TEM is required to investigate precipitates in thigbstrate during elevated

exposure temperature. Electron probe microanal{fSBMA) to obtain more

accurate quantitative composition analysis of ohf&rsion is also required.
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