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Abstract

Carbide based materials (SiC, TiC and ZrC) have long been suggested for use within core
components and structural materials in the next generation of fission reactors. Their
characteristics satisfy the reactor material criteria in terms ofl gnechanical property,
corrosion resistance, fission product retention ability, and low neutron cross section absorption.
However, a major drawback of such materials is their brittleness. Thus, the aim of this project
is to overcome this brittle behaviohy the fabrication of carbide composites. In addition to
this, understanding the various composite interfaces (Ex. TiC/TiC, TiC/SiC and SiC/SiC) will
give crucial information for materials design and simulation.

TiC-SiC composites were prepared by spark plasma sintering (SPS). The relative density
of TiC-30%SiC (70% and 30% mole of TiC and SiC, respectively) anebUBGSIC (50% and
50% mole of TiC and SiC, resgaely) reached to approximately 99 % without sintering aids
at SPS temperature of 2100, 50 MPa. Morphology and mechanical properties correlation
were investigated by Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM). They xhibited excellent thermal and mechanical properties. Thermal
conductivities of TiC30% and 50% SiC are 67 and 50 W/m Kespectively and stable over
1007 500°C. Their Vickers hardness was-36& GPa. Remarkably, the fracture toughness of
TiC-SiC compoges (~ 7.9 MP&m) was considerably higher than TiC, SiC and previous
reports.

Moreover, ZrGSiC composites were prepared and investigated by similar procedure as
TiC-SiC composites. Their mechanical and thermal properties were worse theBiCTiC
composites in that their facture toughness and thermal conductivity was about SR
30-50 W/m K?!at room temperature. However, Z8C composites are interesting arrn of

low neutron absorption.
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1. Introduction and research objectives

To meet increased demand for electricity with the provision of clean, reliable energy and
a reduction of air pollutionnuclear powerhas been considereds important electricity
production In 2011,2236 million tonnes COemissionwas producedrom generating 2518
TWh of electricity by coafired reactors, whereas only 73 million tonnes ob@@s produced
from nuclear pwer plants generating the same amount of electr|dify According to an
International Energy Agency (IEA) reportuclear energy accounted for approximateB.7
% of total world electricity in 201f2]. More than 430 commerciauolear power plants in 31
countriesarein operationanda further 72 power plants anaderconstructiorn2].

In mid-2001, the Generation IV International Forum (GIF) wlaarteregdwhich consists
of members from 14 countrie8rgentina, Brazil, Canada, France, Japan, South Korea, South
Africa, the UK, the USA, Switzerland, the EU (Euratom), China, Russia and Australia with the
aimof shaing theirR&D knowledg€[3]. In late 2002, GIF announcedoadmap of proposed
new reactor concepts for Generation IV (Gen V) nuclear reactors for deployment between
2020 and 203(03-6]. The purposes of new desigaseto enhance safety, reliability, grect
against proliferatiomnd minimise nuclear wasf8-6]. There are six candidates falvanced
systems from 130 proposed systethsee thermal neutroeactory GFR, SFR and LFR) and
three fast neutroreactos (VHTR, MSR and SCWHB-6]. The new reactors operate at higher
temperatures than todays r g3&6¢. Fuohermore, fast neutron reactafer significantly
more efficient use of uranium fuel. Runninbe reactors ahe high temperatures requires a
material that retainshape and strength, while also allowing neutron tran$pp#]. Hence,
materials selection and development ismaportantkey to the success of the Gen IV reactors.
Material characteregtionand insitu experiments should be integrated to construct an accurate
model to predict reactor damage during thi&time in extremeconditions (high temperature,
high pressure and neutron irradiation) inducing material defects from atom scale to macro scale
[7, 8].

After the Fukushima accident in 2011, several cladding materials are proposed to use in
Gen IV reactorsnstead of Z+tbased materials tonproved safety for watezooled reactors in
a lossof-coolantaccident (LOCA)[4, 9]. Refractory carbides such as silicon carbide (SiC),
zirconium carbide (ZrC) and titanium carbide (TiC) are promising candidates for LFR, VHTR
and GFR reactors according to their superior properties; their high melting paelieak
resistance to fission products attack, high thermal conductivity at very high temperatures, and

low neutron absorption crosectiong4, 9]. Therefore their properties may allow tH&iC-
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basedcladdings to operate at higher temperatures (>>83(10-14]. However, the drawbacks

of SiC include beinghallengingto sinter without sinteringidsand having a low fracture
toughnes$l5, 16] Incorporatiorof refractory carbidesuch as TiC and ZrC in SiC have been
reported to enhance their toughngss22]. SiC/SiGibre havebeen widely studietbr cladding
[10-14]. By contrast, there are few reports regarding TiC/SiC and ZrC/SiC composites for
nuclear applications, even though the thermal conductivity of TiC/SiC composites tend to be
better tharSiC/SiGibre due to the benefit of TiC conductivity whighcreasegproportionally

to temperaturg$5, 16] In contrast, SiGiCrinre thermal conductivity changes inversely to
temperaturg10-14]. The structural properties of TiC/SiC and ZrC/SiC composites baist
understoodn the contextof the applications in which thewill be used Development of
databases that correlate physical, chemical, and nuclear properties would accelerate and
facilitate innovations in nuclear desigirs 8.

Therefore this research aim® derelop the pocess route to manufacture T8BZ and
ZrC/SiC composites with high density, strength and toughnesgaotthermal conductivity,
correlate microstructure with mechanical and physical properties, and understand the
toughening mechanisms in #ecomposites.



2. Literature review

2.1 Generation IV (Gen IV) nuclear reactors

Table 2.1 shows the six proposed designs of Gen IV reactors ¢ @F25]. The three
fast reactor designsonsistof GFR (Gascooled Fast Reactor), SFR (Sodhaooled Fast
Reactor) and LFR (Leadooled Fast Reactor). The other three thermal reactor designs are
VHTR (Very hightemperature reactor), SCWR (Supercritical watssledreactor)and MSR
(Molten Salt Reactor).

Table2.1 Summary of Gen IV reactor systefi2d]

Neutron Core outlet
Reactor system Coolant .

spectrum | temperature (°C)
Gascooled fast reactor (GFR) Helium gas Fast ~ 850
Leadcooled fast reactor (LFR) Liquid metalPb, PbBi Fast 550-800
Sodiumcooled fast reactor (SFR) Liguid sodium Fast ~550
Very high-temperatureeactor (VHTR) Helium gas Thermal > 900
SupercriticaWwatercooled reactor (SCWR) Supercritical water Thermal 350620
Molten salt reactor (MSR) Molten salt Thermal 700-800

All six designs have extremely high operating temperatures and nelanoageup to
~150 dpa (displacement per atom) compared to previous commercial reactors; for example,
PWR (Pressurized Water Reactors) operat&25 °Jd4, 23-25]. The thermal neutron reactors
use thermal neutrons whi@re moderated by a neutron moderation, so their energy (0.025
MeV) is significantly lower than fast ngon reactors (20 MeV) [26]. Nevertheless, for
thermal neutron reactors, the nuclear cremsion ofuranium235 is much higherThus
thermal neutron reactortend to cause fission reaction of uranit#85 instead of being
captured by uraniur@38 resulting in increased fission yiel@6]. On the other hand, fast
neutron reactors continue the fission reaction by fast neutrons without the neutron moderator.
Hence, they have an advantage in ternth@increase the transmutation of undesiralaled
fertile isotopes into usable fuel, leading to the reduction of nuclear {Magie2325, 2730].
Non-water coolants are applied to Gen IV nuclear reactors as sh@wble?.1. Helium
gas as a coolant providing a high energy newpattrum due a low absorption crossection
is proposed to use in VHTR and GFR, which run at an extremely high tempddatby@3
25, 2#30]. Sodium is a candidate for SFR reactor because of its edatiow melting
temperature (98C), low neutron capture cresgction, low occurrence of troublesome fission

products,excelent flow characteristics andxcellentcompatibility with fuel and structural
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materialg[4, 5, 2325, 2730]. LFRutilisesa lead (Pb) or a leadismuth eutectic (RBi) as

the coolant. An obstacte using PiBi is the generation &f°Po (the highly active isotop§},

5, 2325, Z7-30]. One of the most challenging aspects of lead technology is its corrosive nature,
which requirescarefuloxygen ontrol and the use of highly corrosioasistant materialg?,

25]. However, SCWR is the light water reactor thpératesbove the thermodynamic critical
point of water (374C, 22 MP3, which only exists as vapo[8, 4, 2325, 31]

2.2 Material challenges for Generation IV nuclear reactors

Gen |V reactors share some similar desirable requirements for the structural materials
used in the core reactor (which contains the fuel assemblies, the moderators and the control
rods) and outside the core reacférstly, excellent dimensional stabiliggainst thermal and
irradiation creep and void swellings are requi#d24, 25, 27, 28, 30[Secondlyfavourable
mechanical properties such as strengtictility, creep rupture, fatigue and crefpigue
interactions ar@ecessary4, 24, 25, 27, 28, 30Moreover, acceptable resistance to radiation
damage (irradiation hardening and embrittiement) under high neutron dosEsO(dpa or
6di spl acements per at essdtal [4 24 &3, 27u28, 3@]mthis i t t | e
regard, resistance to stress corrosion cracking (SCC) and irradiation assisted stress corrosion
cracking (IASCC)are essential Finally, workability, weldability, andcost areother crucial
aspects that need b@ considereaith the materials selection procd82].

As shown inFigure2.1, the Gen IV reactor operates dtighertemperature and neutron
damage level (dpa) than Gen Il/lll reactors. The high operating temperature of the Gen IV
reactors would limit theitilisation of zircaloy as the cladding, 8, 30] The beta to alpha
phase transformation in the zircaliakes place at @mperatur@bove 800 °C resulting in the
embrittlement of the cladding, 10, 33, 34]In the Fukushima Daiichi accident in 20X,
lossof-coolant accidentOCA) occurred in fgh-temperaturesteam (> 400 °C ) and directly
contacted the zircaloy cladding, leading to a reaction between water and Zr to generate
hydrogen gases which then ignited/explod88, 36] During LOCA, the mechanisms
protecting against corrosion and deformation were slowed down. Thus, an intexzstent
tolerant fuel cladding has led meodificationof zircaloy by a coating process and development
of novel fuels with aradvancedcladding concept (metallic fuel and composite fyi&8, 28,

37]. Corsequently, advanced materials such &4 stainless steels, austenitic stainless steels,
ODS alloys and refractory ceramics are proposed as candidates for fuel claddings in the

Generation IV reactors, based on the maximum service temperature and abstngtioras
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shown inTable2.2 [5, 25, 32, 38]13]. Hence, the cladding material analysis related to the

newfuels needs to be investigated to evaluate the patémel performance.

Table2.2 Calculatedeffectiveneutron absorptionrosssection(neutron absorption cross
section per unit of yield strength compared to Zr alloys) and maximum service temperature
for selected materials for Generation IV nuclear rea¢i@ks

Materials Maximum service Effectivg neutron absorption
Temperature (°C ) | crosssectionrelative to Zr alloys
Zirconium alloys 400 1
F/M stainless steels 500 15
Inconel 500 15
Austenitic stainless steel 600 15
ODS alloys 700 15
Nb-1Zr alloy 800 20
Zirconium carbide (ZrC) 900 0.20
Silicon carbide (SiC) 900 0.10
Tantalum alloys 1000 50
Molybdenum alloys 1100 10
Tungsten alloys 1200 35

*Based on neutron irradiation betweendp@dand 50dpa(the displacement per atonpg is the
average times that an atasdisplacedor a given fluence)

ODS alloys. Refractory

alloys. SiC
TRISO Fuel with Y
SiC and/or ZrC :
1500 I I
1300[ | 1
VHTR
< 1100 sie—
g GFR fusion
-E 9200 [ - \% allo}, ODS steel
@ SCWR
a F/M steel
E 700 LFR 1
= P
500 ;&rrenl (Gen Il) fission reactors 1
300 : : - -
0 50 100 150 200 250
- Displacement Damage (dpa
Accident tolerant fuel | ao ( )
cladding - Austenific stainless
SiC composites and steel, F/M steels .
MAX phase Refractory alloys.

ODS alloys, SiC
Figure2.1 Main characteristics of Generation iclear fission reactor systeniote:

Abbreviations: FM, Ferritici martensitic stainless steels (typicaliyl2 wt.% Cr); ODS,
oxide-dispersiorstrengthenedteels (typically ferrititmartensiticladapted fronj32]
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2.3 Application of carbide materials in Generation IV nuclear reactors

Carbidebased materials are suitable fogh-temperatur@pplications and considered as
potential candidates for core components and struchatarialsn Gen IV reactor$s, 13, 25,
30, 32,38]. Their characteristics satisfy theincriteria of cladding materials for VHTR, LFR
and GFRregardingcorrosion resistance, fission product retention abgixgdlent mechanical

property, and low neutron cross section absorg@a@n3841].

Reactor Parameters Reference Value
VHTR Reactor Reactor power 600 MWth
Coolant inlet/outlet Temperature | 640/100 °C
Core inlet/outlet pressure Dependent on process
Control Rods Helium mass flow rate 320 kg/s
Average power density 6-10 MWth/m
Reference fuel compound ZrC- coated particles in blocks,
Graphite pins or pebbles
:{::wr Net plant efficiency > 50%

Graphite
Reflector

Oxygen

) Hydrogen

Hydrogen
Production Plant

Figure2.2 Outline of VeryHigh-Temperaturdkeactor (VHTR) componenglapted fronj4,
25]

GFR Reactor . Electrical Reactor Parameters Reactor Value
Generator
)power Reactor power 600 MWth
Helium
1 £ Net plant efficiency 48%
(direct cycle helium)
Turbine
‘__ — Coolant inlet/outlet 490 "C /850 °C
[:] Pressure At 90 bar
1
"| ! "I i - Recuperator | Average power density 100 MWth/'m?
t ) - Reference fuel UPuC/81C { 70/30%)
I ! Compressar compound with about 20% Pu
' = ' content
1 e et | g oter || pre Het | Yolume fraction, 50/40/10%
i sl coalar )| caoler | | FuslGas/sic
Control
Rods = ! Conversion ratio Self-sufficient
Compressor -
' ) Burnup, Damage 5% FIMA: 60 dpa
p
= I —

Figure2.3 Outline of Gascooled Fast Reactor (GFR) componeadapted fronj4, 25]
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SiC

Porous Pyro[itic
Carbon ca rbon

1mm

Figure2.4 The tripleisotropic coated fuel particle (TRIS()2-45]

Triple-isotropic coated fuel particle (TRISO) is the candidate fuel aladiding
methodology of VHTR Figure 2.2) and GFR Figure 2.3) [8, 45]. The TRISO (~ 1 mm
diameter) consists of a URernel at the centre, surrounded by an inner porous pyrolytic carbon
layer (PyC), a silicon carbide layer (SiC), and an outer dense pyrolytic carbopdl2yts].

The porous carbon absorbs the gaseous fission products, the SiC layer acts as a hard barrier to
fission products, and the outer PyC layer provides strength as shdvigune 2.4 [42-45].
TRISO has several advantages in terms of ability to retain figwiodwcts and burrup
efficiency.However,variousphenomena can lead to TRISO failumgadialshrinkage of PyC
layers Figure2.4b) from neutronrradiationandirradiaion creep of PyQayers fromoutward
and inward stresglifferencesgenerated by containing fission gadd®]. Furthermore,
tangential stresses in the SiC layers cause timdding between PyC and SiC layers resulting
in cracking along fuel particles as shown Rigure 2.4b [42-45]. Therefore, the failure
mechanisms need to be understood to genacategrate model® assess how thael behaves
relative to the criterig42-45]. Additionally, dternatelayers are introduced to improve the
efficiency of containindissionproducts, for example, ZrC layer as shown iigure2.4c [42-

45].
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Table2.3 GFR fuel matrix and structural material reference requirenj2is

Requirement

Reference Value

Melting and decomposition temperatu| > 2000 °C
Radiationinducedswelling < 2% over service life
Fracture toughness > 12 MPa n¥?
Thermal conductivity > 10 W/mK

Neutronic properties

- Have low neutron absorption
- Maintainpropersafety parameters
during service time

Furthermore, silicon carbide (SiC), zirconium carbideX) and titanium carbide (TiC)

are candidates for fuel cladding GFR. Their properties meet the requirement of GFR materials

apart from the fracture toughnddsic) as summarised ifable2.3 [29]. Their properties and

applicationswill be explainedurther.

2.3.1 Silicon carbide (SiC)

Silicon carbide is a refractory ceramandits bonding is strong covalent (300 kJ/mol

bond energy) leading to a high melting point, thermal and chemical stadxitgmely hard

and robust materials[15, 46] There are more than 250 polytypes of siliaarbide, for
example6H-SiC, 4H-SiC and 3ESiC as showim Figure2.5. Hexagonal 6HSIC and 4HSIC
(USiC) are the most common structures, although they differ in their stad&iregs:
ABCACBABCACBA, ABACABAC and ABC respectivelyl5, 46] Their structures have a
closepackedayer (0001) of the hexagonal systeandthe (111) plane of theubicsystem is

identical, while their stacking layers differ. The cubic &i C-SiC, kzincblende)is the

preferred polytypes for TRISO fuel coatirigegarding previous repagr-SiC possibly has

hi gher radiation

3C

Figure2.5 Crystal structure of 3GiC ( £iC), 4H-Si C-SiC)@nd 6HS i C-SiC)U

resi st anc8C[ag48s,141H st

4H 6H

neutron
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2.3.1.1Physical and mechanical propertie®f SiC

The thermal conductivity)  eSiCisfshownin Figure2.6. TheK of high purity single
crystal SiCis significant higher compared to polycrystalline SB2low-73°C theK of SiC
dramaticallyincreasesith increasing temperatufd6]. However, above73°C, it decreases
with increasing temperaturg46]. Thermalconductivity also depends on microstwes.K
lessens with decreasing grain size because of grain boundary scattering. Hahever,
differences ingrain sizes become less significant with increasergperaturébecausehe
phononphononscatteringdominatesother grain boundary scatterifith, 46, 48] Impurities

such as residual sintering addés also lower th& [46].

500 T

! Highly pure & dense
Eswngle-.’poly-cryslals

400 T+

300+ !

Poly-crystal, large grains

200+ !

Poly-crystal, small grains

Thermal Conductivity [W/m-K].

Porous poly-crystal,
small grains

100+ @

0 500 1000 1500 2000
Temperature [K]

Figure2.6 Thermal conductivity of SiC at elevated temperat(4és.

Additionally, Figure2.7 illustratesthe coefficient of thermal expansi¢nU ) b-SiCf As
a result of thdirm covalent bonding of SiC, thermal expansion is small§4« 106 K1) [46].
Apparently b-SiC exhibits a linear thermalexpansionfrom room temperature up to

approximately 700 K, theroughly stabilisesas a function of temperatures.
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The elastic modulussf) of porefree SiC is abou#d70 GPa at room temperatyfb,

46]. At elevated temperatures, Sifdms protect bulk SiC resulting in a slight decrease in the

elastic modulug15, 46] The fracture toughness (i)

sintering additives measured from several methsdspproximately 5 MP a

summarisedn Table2.4.
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Table2.4 Fracture toughness data of SiC at room temperature

: Sintering | Fracture Toughness
Materials Additives ( MPa &m) Method Ref.
Si ntSsCc U B,C 2.63.4 Vickers [54, 55]

2.013.4 SCH [54, 56, 57]

3.01 DTe [56]

3.95.4 SENB [58]

2.91 CNB?¢ [58]

4.7 Fractography [59]

5 ALO 3.84.7 Vickers [60]

Hotp r e s -Sietd U wé éo 3.94.4 SCH [57]

' 3.85.2 DT® [56]

Hot i sost &tCi AIN 4.55.1 SCH [61]
CV D-SiK 2.415.1 Vickers [50, 6265]

2.7 SCH [50]

3.84.1 DCB" [65]

3.7 DTe [65]

3.4i4.4 SENB [65]

3.46 (0.169 Vickers [46]

3.20 (0.12) CNB? [46]

SinteSiCed b B, C 2.613.0 Vickers [66]

3.1 DT® [67]

2.3 SENB [68]

Hotpr es-Si€d b Al 2545 SCH [69]

Hot 1 sost &ICi AIN 3.5 SCH [69]

Reactiorb o n d-8i@ b Al 3.7 SENB [69]

aCarborundum Co., HexoleSA.
®Norton Co., NG203.

¢ Numbers in parenthesis are one standard

eDT: Double torsion.

fSENB: Singleedge notched beam flexure.

9 CNB: Chevron notched beam.

deviation. h DCB: Double cantilever beam.

d SCF: Surface crack in flexure.

2.3.1.2Effect of irradiation and elevated temperature on SiC

Silicon carbide haveenwidely studiedfor nuclear applications, such as advanced
nuclear fuel forms, structural components for fission reactors systems, blanket structures for
fusion energy systems and tinemobilisationof nuclear wast§l1, 15, 46, 47, 70, 71]t has
a low neutron absorption cressction (0.10 relative to zirty), which is anessential
characteristic of cladding materials. TBe&C-basedcladding (the Westinghouse concé?s))
has claimed more benefits than zircaloy claddiregardinglower absorption of thermal
neutrons, no hydrogen pick up, low corrosion rate, slower degradation in a severet arxiden
no hydrogen generation a&levatedtemperatureq428]. Furthermore the ultimate tensile
strength ofSiC-basedmaterialschangesslightly from 0- 1500 °C, whereas that of zircaloy
claddinggdrop significantly [7]In addition zircaloy isoxidisedin steamat 1200°C, while the
mass of the SiC rarely chandés].
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Neutron irradiation and fission products cause failure in SiC through swelling,
irradiationinducedcreep and thermal conductivity degradation. The microstructure evolution
of p ol y c S sawithagraln isines ardund-B) um (fabricated bychemicalvapour
deposition, CVD)was investigatedinder fast neutron irradiation (1130 °C, 1.5 X°1tin?)

[72, 73] The formation of voids is likely to start from silicon vacancies and carbon vacancies
(black spot defect), then further accumulate to form dislocation loops, which seemméoebe
substantiaht 1460 °C. The results indicated that with incnegsiradiation temperature, the
size of dislocation loops increased and the density decreassmpératures belo®00 °C,
defectsand small dislocation loops were predominate before developing to ricore
extensivedislocation network§72, 73]

The behaviouro f -Si€ (a mixture of 4H and 6H form) under irraiitim has been
investigated74-77]. Several modes of damage can occur during irradiagimd formations
from incoming ionand helium clusters, a disptament of asingleatom, andamorphisation
[74]. -SIT has been imphted using He (with 024.7 MeV He ions up to 25Gppn), giving
rise to a distortion of theorrespondingarbon atom network’4]. At present, the mechanism
of electronamorphisatiorremains unclear and with many attempts to explain the details by
using electrorbeam irradiation within a transmission electron microscof@ EM).
Amorphisatioroccurs with acceleration voltages of 300 kV at room temperdtigare2.8),

and the sizef the damagezone is increased with increasing irradiation t[iF.

(b)

Figure2.8 Time evolution of microstructures during irradiated with a 300 keV electron beam
at a flux of (a) 0, (b) 4.1x28 (c) 8.3x16% and (d) 12.4 x18 ecm?[78].
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During service, cladding materials have to withstand high radiation levels and high
temperatures. Defect formation from neutron irradiatnfluencestheir mechanical integrity.
Moreover, corrosion/oxidation resistance to fusledulatorsand coolants arthesignificant
development issue of SiC for the fuel cladding.

2.3.2 Zirconium carbide (ZrC)

In principle, ZrC has similar properties and characteristics to titanium carbide (TiC),
which is a Group IV carbide. The unique properties come from a weak métaild of Z¢Zr
and astrongcovalent bond of Z€ (5.812 eV), which is slightly higher than that ofGGbond
(4.677 eV)[79]. The physical properties of ZrC crucially depend on the stoichiometry. The
only stable structure of Zr@S that a carbomtom is in an octahedral site (at stoichiometry),
forming afacecentredcubicclosepackedstructure (Fm3m space grougigure2.9).

Figure2.9 The crystal structure of ZrC (red balls asldck balls represent Zr atoms and C
atoms, respectig)

2.3.2.1Physical and mechanical properties of ZrC

It hasbeen reportethat as temperatur@éscreasethe thermal conductivityK) of ZrC
increases markedlyi{gure2.10), which is an opposite trend to the S&ponseThis increase
is attributed tothe contributions of phonon and electronic conduction, and the changes of
specific heafl5, 79] The thermal expansion of ZrC follows the same trend as cdhgides.
Therefore,it is easy to avoid mismatch expansion in the carbide composites. The thermal
expansion coef fi cRagdiffraction)reportedierareaseas with indreasing
temperaturgl5, 79]

The Young modulus of single crystat@ (C/Zr = 0.890.94) is about 406 GPa and
decreases with porosity, as showable2.5. The fracture toughness of higlurity ZrCo o3

measured by \dkers indentation is approximately 1.4 MBam[68]. However,from the
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Chevronnotched beam flexure method (ASTM C1421) is 2.7 MPatwice as large as that
measured by indentation techniques [@]C readily oxidisesat ~ 600 °C, which is a lower
temperature than that of SiC. Shimadal proposed the oxidation mechanism of ZrC which
startswith the formation of oxycarbide at low temperatuj&g]. With a temperature increase
to ~1300 °C, zirconia starts creating passive oxide layers which are a bararygen

diffusion and protects ZrC from further oxidatipi®].
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Figure2.10 Variation of thermal conductivity with temperature for near stoichiometric and
hyperstoichiometric Zrg79]

2.3.2.2Effect of irradiation and elevated temperature on ZrC

Irradiation hasa strongeffect on the physical and mechanical properties of zirconium
carbide Irradiationinduces the formation of dislocation loops as well as other microstructural
changes. Neutron irradiation of less tlmaredpaat 130- 350 °C induced 2 3.5% swelling in
ZrC, resultingin lattice expansions and grain boundary crafk8]. Recently, ZrGos was
tested under fast neutron irradiation (~1.5%1@n¥ at 150- 1500 °C)[79]. The density
decreased with increasing irradiation temperatures with a slight change in lattice parameters
[79].

Figure 2.11 illustrates how the microstructure changed from neutron irradiation as a
function of temperaturg81]. At moderate temperatures (660000 °C), the dminant defects

were unidentified loopsHigure 2.11a) [81]. At 1260 °C, there was a mixed population of
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distinct Frank loopsHigure2.11b), while at 1496 °C, the microstructures further evolved into
prismatic loops and small voids (~ 5 nm) as showRigure2.11c [81]. Moreover, it was
reported that proton irradiation caused swelling which lattice parametergech@®9 % and
0.11% at 0.7 and 1.5 dpa respectively ( 2.6 MeV at 82774])

1496°C

fhho| [ ]

Figure2.11 Left-unidentified small loops at dose level of 3.7 #I/n?, 660 °C and (a) 2.0
x10%° n/n?, 1023 °C. Middlemixed Frank and (most likely) prismatic loops for (b) 9.4%R10
n/n?, 1260 °C and (c) RigHarge prismatic looat 5.8 x16° n/n?, 1496 °C[81]

The thermal properties of ceramics depend upon composition porosities, chemical
compositionand lattice defectdrigure2.12 illustratesthe variation of thermal diffusivity of
ZrCo g7with irradiation temperature in a fluence range 2.8 x1¢°n/n¥ (E > 0.1MeV) [79].
The thermal diffusion of Zrgsz was projected to fall by about 15 % at < 12Q0) attributed
to increased phonon scatterif@5, 79, 81] This relative insensitivity of thermal
conductivity/diffusivity of ZrC to neutron irradiation at higher temperatures leajtributed
to the increased contribution from electronic heat conduction and the reduced number of matrix
defectd75, 79, 81]
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Figure2.12 Variation of thermal diffusivity of ZrGgz with irradiation temperature (Numbers
next to data points indicate fast neutron fluence in?X A7) [79]

The mechanicgbroperties of ZrC stronglglependon the Zr/C composition, leading &0
challenginginvestigation. Irradiationnduceshardeningof zirconium carbide. The elastic
modulus of ZrG gs irradiated to a fluence of 1.5 x ZOn/n¥ increases ~1.2 % at room
temperature. However, &.00°C, thereis no change in the elastic modulus. The hardness of
the same sampléscreases12% and ~7% at room temperature &bd0°C respeavely [82].
Furthermore, irradiation causes a reduction in fracture strength due to solutetsmyetdhe

grain boundary.

2.3.3Titanium carbide (TiC)

Titanium carbide (TiC) is an interstitial carbide form of the Group IV neatdl carbon
The properties and characteristics are quite similairimonium carbideand hafnium carbide
in that the metalo-carbonbonds are relatively stronger than the mataietal bondg15].
TiC has unique properties such as high strength, Wwagdrresistance and high melting point
(3067 °C)[15]. Therebre, TiC habeen utilisedn several applicationsuch as coating, cutting,
grinding materials, and nuclear materials for the Gen IV nuclear reactor. TiC crystal structure

is NaCl structure (space group Fm3ag shown irFigure2.13
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Figure2.13 Titanium carbide (TiC) crystal structure

2.3.3.1Physical and mechanical properties of TiC
TiC propertiesare summarisedn Table2.5. Compared to ZrC, the Young modulus of

TiC is slightly lower[15]. Also, TiC hadetterchemical stability in that it is resistatat most

acids and slow oxidation processes at 8001%; 48, 83]

Table2.5 A summary of th&ey properties of carbide matelisd15]

However

, t

carbide), and UN (uranium nitride), which prevent thermal misnig@#h

24

M Crvstal Young Thermal Thermal | Vickers
Carbide (°(|:o ) struycture modulus | conductivity |expansion | hardness
(GPa) (Wm1K) [(x10%°C) | (GPa)
TiC 3067 | Rock salt 410510 21 7.4 28-35
ZrC 3420 | Rock salt 350440 20.5 6.7 25.9
USiC 2545 | Hexagonal 470 43 51 24.528.2
b-SiC 2545 | Zinc blende| 290410 25.5 3.8 24.528.2
TisSIC, | > 3000 | Hexagonal 343 34 9.1 4-6
2.3.3.2Effect of irradiation and elevated temperature on TiC
The thermal expansion coefficient (U) of
shown inFigure2.14. TiC exhibits significantly higher thermakpansion compared to SiC.
he benefit of TiC is that the U i
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Figure2.15 XRD diffraction pattern (a) and Raman spectra (b) of TiC crystals irradiated at
room temperature with 1.2 MeV Au ions at several fluen@@3. Note:the fluence is the
number of particles or photons, or the quantity of energy, passing through the medium

Pellegrinoet al reported the irradiation effects on TiC by M2V Au ions[77]. Even

at the highest fluence used (7 x116n7?), TiC is not amorphized upon ion irradiation as

confirmed by XRD results iffigure2.15a. At a fluenceof 2.8 x 134cnt! (Figure 2.15c), the

shap of XRD hasbeen ascribedo a significant increase of disorder level without

amorphisationfound at the fluence of 2.8 x ¥0ocnt! [77]. The formed carbon vacancies

destroy the symmetry of stoichiometric TiC (NaCl structure) atsiteeof nearby atoms,
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thereforeallowing the Ramatactive modes obtained by Tiith x < 1 after Au irradiation as
shown inFigure2.15b [77].

Overall, the different response to irradiation of TiC and ZrC as compared with SiC could
bebecausdiC and ZrCpresenta mixture of covalent, metalli@nd ionic bonds, whereas SiC
is predominantly covalefit5]. Thus, the more ionic character of TiC and pt&yanessential
role in the dynamics (mobility and recombination) of defects created during irradiation to
prevent amorphisatigii5, 70, 7577].

2.3.4Carbide basedcomposites

So far, the general properties of SiC, TiC and ZrC have been discussed as well as the
effects of irradiation orstructuraland mechanical properties. We found tHag primary
drawback of SiCTiC, and ZrC is their brittleness. Their fracture toughnssgpproximately
3-5MP a . &emamic composites have been investigated to overcomieetigsiouy which
improvesnot only mechanicglropertiesut also chemical and physical properfi&$, 41, 85,
86]. SIC/SiGirre cOmposites have reported toughnessipfto 2630 MP a  [87h Hence,
andherceramic matrix composit€€MC) materials such as TiC/SiC and ZrC/SiC composites
areattractivein terms of high fracture toughness, yet still have low neutron absofpti@0,
75, 77,81]. Furthermore, in terms of heat transfer, their thermal conductivities increase
proportionally to temperature, but SiC and SiC/SiGmposites decreasslightly as
temperatures increa$g7, 19, 88] In this session, we wikummarisehe literature reviews
based on SiC/SiC, TiC/SiC and ZrC/SiC composites.

2.3.4.1SiC/SiC composites

SIC/SiC composites are promising materials for Gen IV reactors: VHTR, SFR, GFR.
They are also proposed tse as accidentdblerantfuel (ATF) cladding in Light Water
Reactors (LWR) due to their slower reaction with steam and better retention of mechanical
propertiesduring high temperatures, orlassof-coolantaccident (LOCA)[10, 89] The
SiC/SiGisre composites consist of three major components: fibre (SiC fibre), interphase (PyC
or BN) and matrix (SiC) as shown igure2.16. According to a U.S. Department of Energy
report, the third generation of Sfibre or Hi-Nicalon Type S can withstand 1800 °C with high
tensile strength (even at 1800 °C), a high Young modulus, and highath®onductivity{90].
SiC matrix preparations include chemicabpour infiltration (CVI), naneinfiltration and

transient eutectoid (NITE), polymer infiltration and pyrolysis (PIP), and reaction sintering (RS)
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[90]. Katohet al.reported the characteristics ®IC matrix as shown ifable2.6 [71]. NITE-

SiC shows excellent mechanical properties among other methods.

Tyranno™-SA

.

SiC Matrix

¢ -‘-.2073

PyC Interphase

&

Figure2.16 Microstructure (gb) and TEM micrograph (c) of SiC/SiCaude by NITE process
(the naneinfiltration and transient eutectjghase)89, 91]

Table2.6 Key properties for SiC/SiC assumed in blanket designs and typical values for CVI
and NITE compositeg1]

Key properties (unit) 2D CVI 3D CVI NITE
Thermal conductivity, thru -thickness (W/m K)

Norrirradiated, 500 °C ~15 2540 1540
Non-irradiated, 1000 °C ~10 20-30 30-30
Irradiated, 500 °C 2-3 5-8 -
Irradiated, 1000 °C 4-6 12-18 -
Electrical conductivity, thru -thickness (S/m)

Non-irradiated, 5001000 °C 0.1-1000 - -

Irradiated, 5001000 °C - - R
Tensile properties, inplane

Ultimate tensile stress, 500000 °C(MPa 250350 | 100200 | 300400
Matrix cracking stress, 500000 °C (MPa) ~150 - 200250
Modulus, 5001000 °C (GPa) ~250 ~200 300400
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Interphase instability from materials mismatchPySiC and BN/SIC is a drawback of
this compositg71]. MAX phase (T3AIC2and TsSiC) is proposed to use as the interphase.
MAX phases are a carbide/nitride layered ternary compound with the general foraAX M
(M: early transition metal; A group element X: carbon/nitrogen; n =-B). Interestingly, this
phase combinesanique propeties from metals (high electrical conductivity, high thermal
conductivity, and machinability) and ceramics (high elastic moduligh-temperature

strength, and oxidation and corrosion resistd@zg

2.3.4.2TiC/SiC Composites
Although SIiC has excellent mechanical properties, oxidation resistance, and nuclear
application, the low fracture toughness of SiC-(8 MPa &am) makes it | e
applications. The introduction of transition metal carbide iniSizIl knownthatcan improve
the fracture toughness of SiC ceramics. Several investigations have shown that the dispersion
of TiC particles results in the improved fracture toughness of SiC ceramics by deflecting the
cracks around the TiC particlg&6, 93]
Chenet al reported an effect of SiC on TiC/SiC composite properties prepared by spark
plasma sintering (SPf)7]. The electrical conductivities increased significantly as introduced
SiC, 25 x 10° S m* at room temperature, whichhggherthan TiC and Si€17]. The thermal
conductivity of Tid SiC composite was between that of TiC and SiC which increase
proportionally to SiC content, but slightly decreases with temperatu4g¥8 K- nr! at the
room temperaturg)L7]. Cabrercet al also studied # characteristics of TKSIC with various
SiC content$19]. With the increasing of SiC volume contents to 50 % vol, fracture toughness
(Kc)r eached to 5.6 MPa.am af9l.ri buted to the cr
SIC particle size alsaffectsthe composite properties and microstructyigds 95] Kim
et al showed that the s madiSiCkdto thefinerrmiciostrgcturpso wd e r
[95]. Furthermore, Aret al. reported that the higher th¢SiC content the more elongated
grain shapes, according iU phase transformati on, whi ch
properties as shown figure2.17[94]. Also,t he strength i1incr-8i@sed pr
contents ( > 10 % vol), whereas t-Bi€coftensct ur e
as shown irkFigure2.17[94].
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Figure2.17 Flexural strength and fracture toughness of SiC/TiC composites as a function of
USIiC content$94]

2.3.4.3ZrC/SIC Composites

There are two major limitatiors ZrC; poor shtering due to aextremely highmelting
point, and low oxidation resistance due to the formation cdi¢tigeporous oxide layer. Wwas
proposedhat SiCis the most successful additive to improve these drawlj@@sTable2.7
summarises the mechanical properties of ZrC/SiC compaitesm temperature, compared
to ZrC. The composite Vickers hardness and fracture strength are significantty tiraatZrC
[22, 96]

Table2.7 Mechanical properties of ZrC/SiC composites and-BaSed ceramics in the
previousliterature[22, 96]

. Sintering Vi cke Fracture Fracture Young
Materials method hardness Strength Toughness| modulus
(GPa) (MPa) ( MPa (GPa)
ZrC-30 vol% SiC SPS 188+1.2 | 523.4+19.6/ 40+0.3 | 390+6.9
ZrC SPS 17.9+0.6 407 + 38 - 464 + 22
ZrC-9 vol% MoSp SPS 20.0 + 0.5 591 + 48 3.3+0.4 467 + 22
ZrC-20 vol% SiC HP 9.6 450 3.9 -

ZrC readily oxidises at 800 °C to form zirconium oxide (ZyGnd residual carbon.
However, silicon oxide (Si€) duplex layersenhancethe oxidation behaviour of ZrSiC
composites. The oxidation properties of ZrC/30 vol % SiC composite were investigated in air
using the furnace and oxyacetylene torch in the range 6iB00 °C[97]. Figure2.18(a)
represents the specific madsange as a function of exposure time at 800 and 4@ 0®hich

indicates that the oxidation process mainly occurred via limited interface reaction due to the
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oxide layer of Zr@. At 1300 °C and 1500 °C, the ZrC/30 %vol SiC has higher oxidation
resistance in air than ZrC as shownHigure 2.18(a) [97]. The oxidation rate of SiC is
negligible at @aemperaturéelow 1100 °C in thair. Thus, theactiveSiO, layer can seal pores

and cracks resulting in an increased density anaceztioxygen diffusiofB7].
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Figure2.18 Specific masshange ¥m) as a function of exposure time (t) for (a) ZrC
30%SiC during oxidation at 800 and 1100 °C, (b) at 1300 and 1800 °C and (c) optical
micrograph of ZrC and ZrC/30% vol SiC oxidized at 1300 and 1500 °C for 1®ijin

Further more, t he&Si €x ichantpiosn t @ #iC Bant€ntsbinv ar i 0
ambient air has been repor{@8]. The oxidatiorbehaviour®f thecompositevere influenced
by the formation of Zr@andSiO, and temperature ranges. ZrC/ 30 wt% SiC 2ofd wt SiC

showed good oxidation resistance up to 1700 °C, which is much more stable tHa8]ZrC

2.4 Sintering of ceramics

Sintering is a process of joining particles together with heat. The processes can occur
with or withoutaliquid phase. The presence of liquid phase is called the liquid phase sintering,
and solid state sintering for an absence of liqphdse[99, 100] The densification cabe
achievel by the application oéxternalpressure during heating, givitige method of pressure
sintering in which hot pressing, hot isotactic pressing, and spark plasma sinteriygicale
exampleg99, 100]
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2.4.1 Solid-state sintering

Thereduction in the surface free energy of the sintering compact is the driving force for
sintering. Thiscan happen by (1) an increase the average size of particle leading to
coarsening, and/or (2) the eliminatiaf solid/vapour interfaces bthe creatia of grain
boundary area, followed by grain growth, which leads to densification. These two mechanisms

are usually in competitiof®9, 100]
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Figure2.19 Schematic of two possible paths by which a collectiotheparticlecan lower
itsenergy. (a) Densification followed by grain growth. In this case, shrinkage of the compact
has to occur. (b) Coarsening where the lapgéns grow at the expense of the smaller ones
[99].

Grain growth Figure2.19a) is the process where the increase in the average grain size
of polycrystallinematerial and carsening [Figure2.19b) is the process where the increase in
the average grain size is accompanied by an increase in the average p{®8, sifio)]
Coarsening also increases the diffusion distance for matter transport, thereby reducing the rate
of sintering.The coarsening mechanisms therefor need tsuppressedo achieve a high
density Additionally, the microstructuras stabilized such that the pores and the grain
boundaries remain attached, which depends primarily on the ability to reduce the intrinsic
(porefree) mobility of the grain boundari¢48, 83, 99, 101]

The grain boundaries play anportantrole inthesinteringprocess. The grain boundary
is a region with a complex structure, abou® Lnit cells wide, between two crystalline
domains.In the sintering of polycrystalline materials, part of the energy decrease the to
elimination of internal surface area associated with the pore goes into creating new grain
boundary arealhe grain boundary moves by diffusion of atoms (ions) from one side of the
boundary to the other so that atoms previously aligned with one grain becomes waiitined
the others, causing it to grow at the expense of its neigh#8u83, 99, 101]Growth occurs
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in such a way that the convex grain loses atoms while the concave grains gains atoms with the
result that the boundary moves toward its centre of curvature.

The presence of the grain boundaries also dictates the equilibrium shibpegofes at
the intersection with the boundaries. At equilibrium, the chemical potential of the atoms in the
pore surface must be the same everywhere, which is equivalent to saying that the curvature of
the pore surface is the same everywldB 83, 99, 101] There must also be a balance of
forces at the junction between the grbmundary and the pore surface to ignoring pdssib
torque as shown in Equation 2.Eor exist densification, the grain boundary eneogy (ieed
to be less than twice the solid/vapour enggy). This implies that the equilibrium dihedral
angl e fing &)hastode less than 180°.

Al © — Equation2.1[99]

(b)

Figure2.20 Pore shape and pore stability are determined by the dihedral angle and the pore
coordination number: (a) The pore with the concave surfaces will shrink while (b) the pore
with the convex surfaces will grow (or become metastdbi)

Thelocal driving force duringhesinteringprocess itself is curvature differenchhatter
transport during sintering is driven pgtential chemial gradients arising from differences in
the curvature of the free surfaces in the compact of parfide83, 99, 101]When compared
to atoms under a flat surface at the same &atpre and composition, the atoms under a
convex surface have a higher chemical potential while the atoms under a concave surface have
a lower chemical potential. This gradient in the chemical potential produces a driving force for
matter transport fromhe convex particle surfaces and from the grain boundaries between the
particles to the concave necks between the parfg883, 99, 101]

Atomic transport from the grain boundaries to fill up the pores and is dependent on the

effective stress on the grain boundaries. The relationship betweexid¢nealy applied stress
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(Ga) andthe effective stress on the grain boundaky kas been commonly achieved by using

the stress intensification factor)(that depends on the geometry of the porous compact:

” n %0 Equation2.2 [83]

The stress intensification factor is also equal to the ratio of the totalsgossnal area (of the
solid phase plus the poreg}, to theeffective crosssectional area (of the soljghase only),
Ae. Forpadlycrystalline materials« is equal to the crossectional area of the graifg, divided

by the grain boundary aregm:

%o — — - Equation2.3 [83]

In sum the curvature causes local variations in partial pressures \awdncy
concentrations. The difference of partial pressure (P) betwveenvex surfacand concave

surface ( Bonvex> Peoncave™ Priat), thereforehe atomsnigratefrom the convex to the concave.

2.4.1.1Factor affecting solid state sintering
Thecritical factors that control sintering are summarised bg#fy 83, 99, 101]
1 Temperature:tiis clear that increasing temperature vaignificartly enhance the
sintering kinetics because of diffusivity is activated.
Greenbody densitythe higher the green density, lessg@volume has to be eliminated
Atmosphere: itcan enhance the diffusivity of a ratentrolling speciese.g, by
influencing defect structure. The sintering atmosphere gaisiso considerAlso, he
solubility of the gas in theolid effect on the gas pressure in the pores.
1 Impurities or sintering aidsheir effecs can be summarized as follows:
o Fom a liquid phases introduction of mall amount sintering aids which can
from low-temperature eutectics attterefoe enhanced sintering kinetics.
0 Suppress coarsening by reducing the evaporation rate and lowering surface
diffusion, e.g. boron ir6iC
0 Suppress grain growth and lower grain boundary mobility
o Enhancethe diffusion rate. Once the rafi@niting ion during sintering is
identified, the addition of the proper dopant that will go into solution and create
vacancies on that sdéttice, in principle, enhance the densification kinetics.

o Narrow grain size distributions artkcrease the abnormal grain growth
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1 Particle sizesince the driving force for densification is the reduction in surface area,
the larger the initial surface area, thegher the driving force.however powder

agglomeration according to dominant electrostatic on particle need to be concerned

2.4.2The liquid-phase sintering

Liquid-phase sintering offers significant advantages eukd-statesintering. Itis much
more rapid and results in uniform densification. In many cases, the presence of liquid phase at
grain boundaries probably plays arsfgcant role for examples of these are silicon ceramics,
such as SiC and 4, where the native silicon oxide film the starting powders is only known
approximately, while the silica participates in forming the liquid phase together with the
intentionallyintroduced additives. It can enhance grain boundary transport rates significantly,
accelerating densification even below any eutectic temperatures in the additive/host system
[48, 83, 99, 101]

During liquid-phase sintering, the compositions of tretatg solids are formed a liquid
phase upon heating. A wetting liquid will penetrate between grains and exert an attractive force,
pulling them togetheg8, 83, 99, 101]A sequence of dominant stages is shown bé&ligure
2.21;

1 Melting: meling of the liquidforming additive and redistribution of the liquid

1 Particle rearrangement: particle rearrangement ofdkid majority phases driven by
capillary stress gradients.

1 Solution precipitation: densification and shape accommodation of the sloéise
involving solutionprecipitation The chemi@l potential gradient induces the
dissolution of atoms at the contact points and their precipitation away from the area
between the two particles, which naturally leads to shrinkage and densification.
Furthermore, the kinetics of densification will be much faster ii&ne case of solid
state sintering, because diffusion is now occurring in the liquid where the diffusivities
are orders of magnitude higher than those in the solid state.

1 Skeleton sintering: final densification driven by residual porosity in the lighabe:
once a rigid skeleton is formed, ligyuhase sintering stops and sedihite sintering

takes over, and the overall shrinkage or densification rates are significantly reduced
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Figure2.21 Time dependnce of shrinkage evolution of liquid phase sinte[88]

The rapid densification can only happen when the liquid phase sintering meet the
condition: (1) appreciable solid/liquid solubility in order for material transfer away from the
contact aremto occur, (2) théiner the solid phase, the higher the capillary pressures that can
develop and the faster the densification rate, (3) wetting of the solid phase by liquid is needed,
and (4) sufficient amount of liquid to wet the solid phase must sepi@3].

If sufficient liquid is present, initial rearrangement leadsulty dense materialsThe
relative amount of liquid andolid at this condition depends on the rearranged density of the
solids. In the event that the solids could rearraonggpproach a dense random packing, then
approach a dense random packing, then approximately 35 vol% of liquid would fill all the voids
space without further solid skeleton densificaf@8, 83, 99, 101]Such large volume fractions
of liquid are often used in porcelains and in cemented carbides. In the case of clay ware and
porcelains, the liquid phasemolten silicates that remain as glass after cooling. This gives the
ceramic warglassyappearanceand such ceramics are referred to as vitrifiadestigations

remains a subject of study. One reason is that equilibrium is difficult to determine.

2.4.3PressureAssisted Sintering technique
2.4.3.1Hot pressing

Hot pressing is a convenient laboratory method for prepdengesamples. Due to the
driving force for densification is thehemical potentiagradient between the atoms in the neck
region and that at the pore. Chemical potential and vacancy concenatigict from applied
pressure. The concentration of vacancies in an area subjected to £stsess shown in
— 0

0 P Equation2.4
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0 p — O Equation2.4 [99]

w h e nis theleffective stress at the boundary due to the apptiesksts is the equilibrium
concentration of vacancies, aWd is the molar volum¢99]. Forcompressiveapplied stress,
b is negativeandthe concentration of vacancies at the boundary (i.e., between the particles)
is less than thattahe edges, which results in a net fluxvaicancyfrom the neck into the

boundary area and leads to densificaff].

Load cell

|__—~ Vacuum enclosure

- Insulation

Heating elements

Specimen

I Die

Ram

Hydrolic ram actuator system

Figure2.22 Schematic of the hot pressing procf$

The schematic dhehotpressing process is shownHRigure2.22 Schematic of the hot
pressing procesSample is generally contained in a graphite die at applied pressures. In some
cases, boron nitride coating say can be used to reduce reaction of the graphite with the sample
at the process maperature below 1350C. An example oftemperaturgdressure profile is
shown inFigure2.23 which an applied pressure is usually maintained during thedmeh
periodas well.The covalently bonded materials such a€ BSiC, and SN4 canbe densified
by the hot pressinfL02]. For example, at 165 under 50 MPa with metal additives (Al, B
and C), SiC obtained apptimately 95% relative densifit02].
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Figure2.23 Schematic temperature/pressure schedule for hot pressing with high strength

2.4.3.2Hot Isotactic Pressing (HIP

Hot-isostatic pressing (HIP) uses isostatic pressuring and heat to solidify the sample.
There are two alternative methods for HIPing; encapsulated and not encapsulatéde For
encapsulatethethod, the power sample is sealed in deformable metal contamuensvacuum
prior to HIP[48, 83, 99, 101]Forthenotencapsulated methodyothershaping method (dry
pressing or injection moulding) is used to compact the powder sample before HIPing.

Schematic ofthe HIP is shown inFigure 2.24. A compressor introduces inert gas
pressure, and the sample is heated to the sintering temperature, which may be ug@ 2000
and as much as 200 MPa. During HIPing, the isostatic pressure from the collapsed container
transmits to the sample. Heating etts are typically graphite, molybdenum, tungsten, or
tantalum. HIPing is also used to recondition parts in which internal damage, such as resulting
from fatigue or creep, may have accumulated during service. Also, commercial hot isostatic
presses may haweternal chamber diameters approaching 1 metre. Moreoverstaraured
monolithic SiC ceramics with a grain size of approximately 100 nm could be prepared by HIP
at 1850°C, using BC,AIN and AbOs as sintering aidgL02].
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Figure2.24 Schematic of hot isostatic pressing equipnj2i]

2.4.3.3Spark plasma sintering (SPS)

SPS is similar to a conventional hot pressing apparatus with different heating source as
shown inFigure2.25. Heating rate can reach to 6@min by passingmON-OFF DC current
pulse through a powder compact contained in a graphite die, under an applied pressure of 30
50 MPa. The temperature is usually measured by optical pyrometer on the graphite die wall
because specimen temperatures are difficidviduate A design of sintering die and punch
assembly made of graphite estremely importansubject to joule heating according to the
sintering progress, interaction of powder material, system resistivity, and the function as direct
heating elements in ordeo tassume the role of maintaining the homogeneity of sintering
temperaturg¢99, 101:103].

Extraordinary high densification rates achieve faster easlerthan in conventional
sintering processe$99, 10:103]. Material transfers are promoted by spark discharges
generated in the voids between the particles as sholigume2.27. When a spark discharge
appears in a gap or at the contact point between the particiestefialsat an early stage of
sintering, a local higitemperature state (discharge column) of several to ten thousands of
degree centigrade is generated momentdfl, 10%:103]. This causes evapation and
mel ting on the surface of powder particles
the area ofthe contactpoint between particled=igure 2.27. The main factors promoting
sintering in these processes arexiideheat generated by the power supply or Higlguency
induction heating elements and the plastic flow of materials caused by the hydraulically or
mechanically driving pressuf89, 102103]. The various phenomena according to-ORF

DC pulse is summarised kiigure2.27.
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The SPS gains a few advantages over conventional sintering methods such as example

minimizing grain growth, enhancement of eleatn@gration and strong preferential orientation

effect. However, the limitation of specimen shapa ttawbackof SPS in thabnly simple

slabs can be contained in the compressiof98ie101103].
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Figure2.25(a) Schematic of plasma sintering anddlspark plasma sintering apparatus
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Figure2.26 Effect of ONNOFF DCpulseenergizing103]
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Figure2.27 Basic mechanism of neck formation by spark plasma sintgtD®j

2.5 Fracture toughness

Fracture toughness (# is a mechanical property term thadicates material resistance
to fracture aghe presenceof cracks or other stresoncentrating defects. For ckafree
samples, the loading (F/n) will share in each chain of atoms (where F is loading, aad n is
numberof chain)[104-106], Figure2.28a. For cracked samples, loading is now carried by a
few bonds at the crack tip which leads to a stress redistriblignme2.28b. Asthe presence

of flaw will locally amplify the applied stress at crack tigd) [104-106]. Catastrophic failure
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occur whenlkip 8 Umax (Figure 2.28c) which is the reason why brittle fracture occurs rapidly
and wihout warning, with cracks propagation at velocities approaching at velocities

approaching the speed of soytd4-106].

(©)

Gmax

"ﬁp/'[\

Stress

Interatomic distance, nm

Figure2.28 (a) Depiction of a uniform. (b) Stress redistributiora@ssultof the presencef
a crack. (c) The relationship between given applied loads versus interatomic di@8nce

As applied stress, for umifm solid, the work done is converted to elastic energy that is
stored in the stretched bonds. It can be defined by theuadsa the stresstrain curveThe
total energy change of the system upon introduction of the Ia&ikply shownn Equatin

2.5, whereo is theintrinsic surface energy of the materialstthe thickness of the plate.

Strain energy

+ 2yt
v
surface energy

2 2 2
B Voogm Oy [mcot
Umt - UEI + -

2E 2E | 2
v :

Elastic energy -
Strain energy released

Free energy in the absence of stress Eq uation2.5 [99]

Failure is caused by thepontaneousxtension of cracks, which can be describgdhie
Griffith/Irwin criterion (Equation 2.5 The general idea of fracture is to balance the energy
consumed in forming new surface as a crack propagates against the elastic energy released.
Fracture ofmaterialin tension occurs when stress intensity factay (kore than critical stress
intensity factor (Kc),

0 AN A Equation2.6 [48]

Wherel is the stress in the uncracked bodys a crack length, and Y is a geometric
factor, which describes the geometry of crack as shown in
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Figure2.29. The critical condition for fracture, then, occurs when the rate at which energy

is released ikigherthan the rate at which it is consumed.

Figure2.29 Schematic representation of (a) an interior crack and (b) and edgd48ack

2.5.1Toughening
The ideas behind the toughening progs$s enhance the energy needed to extend crack
propagation. The toughening mechanisms for ceramics are sunuhisise/[104-106];

1 Crack deflection: The process of crack deflection is that cragksor twist away
from planar geometry shown figure2.30. In polycrystalline materials, cracks tend
to be deflectedlong weak rain boundary. For homogeneous materials, cracks tend to
crack in planar: however; the nomiform materialsthe crack tend to propagate
along weak interfaces as a deflection. For composite materials, according to the
residual stress from thmal expansion mismatch between matrix and reinforcement,
the crack is deflecteéndthe strain energy release rateyigaterin the direction of
deflection.

1 Crack bridging: The crack surface behind the crack tip is shieldelijbynens such
as whiskers, continuous fibre or eletgd grains as shown figure 2.30b. The
bridging reduce the cracktip stress intensity by support partially the appliead.
The increased fracture toughness is influence by increasing in fibre reinforcing phase,
the difference between Youngbés modul us
of the fracture energy of matrix and reinforcement

1 Transformation toughening Transformatiotoughened materials owe their
consideral® toughness to the stresgluced transformation of a metastable phase in
the vicinity of propagating crack. Since the original discovery that the tetraggmenal

monoclinic transformation of zirconia
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1 R Curve behaviour. R curve behaviour refers to a fracture toughness wharkase
as the crack grows as shown in Figure x. piimarymechanisms responsible for this
type of behaviour are the same Hwat operative during crack bridging or

transformation toughening.

Deflected
ciack front

(a)

Undeflected
crack froat

Flaw size, ¢

Figure2.30 Schematic ofa) crack deflectiorj99]

According to literature reviews, SiC, TiC and ZrC are promising candidates for nuclear
generation 1V bth in-core and outore structure material according to their mechanical and
neutronic properties. In order to improve the fracture toughness of these carbides, an
introduction of other carbidds form carbide composites could increase the eneequired
for crack propagationAdditionally, spark plasma sintering (SPS) is reported that is the
excellent pressurassisted sintering technique for dense ceramic composites. Therefore, in this
project, TiC/SiC and ZrC/SiC will be prepared by SPS.
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3. Experimental procedure and background

3.1 Characterisation techniques and their background
3.1.1X-ray diffraction (XRD) technique and phase refinement

This technique is used to determine crystal structures, orientatiorcsyestallinitiesof
powdered orpolycrystallne specimens. e di f fract i on fingaprinbe ronfs ar
materialsand therefore can be used for phase identification by comparison with standard XRD
diffraction pattern$107, 108]

-
- -
S~

X-ray
detector

X-ray
source

-
-~
--------

Figure3.1 X-ray diffractometry working schemgL07, 108]

Figure3.1 illustratesthe simple schematic of-Kay diffractometry, consisting of-Ray
sources, detectors and specimens. When ifayXeam hits the specimehe detectors move
andrecordthe diffracted beam intensities as a function @f Zhe sharpintensities appear
whenBr a g g 6 s | & satisfied asaghowniBquation 31, wheren stands for an integer,
& stands f ordisvingevpahaespagin@bh07, 408]d=achpeakcorrespondso a
plane of atoms in a crystal structure. Peak intensities rfelgtiease concentrations, and peak
widths arenfluenced bycrystallite size/strain effecfd07, 108]

CQYQE &—_ Equation3.1

The Rietveld method is a full profile fitting used to refine phase conEd®. Varying
parameters such as crystal parameter, thermal parameters, scale factors, phase fraction and
specimen displacement backgrounds in control mahage been used to minimise the
differences between the calculated diffraction and experimentalld¥h GSAS and Topas

softwarewere used in thiproject

44



3.1.2Scanning electron microscope (SEM) and chemical analysis

SEM is used to investigate the surface morphology, topologglaemical composition
of materials. In principle, an electron beam from an electromsgaembardednto a specimen.
The signals that return from the specinaga collected, which contain tlufferent types of
electron interation: secondary electrons (§backscattered electrons (BSE), characteristic X

rays, Auger electrons amathode luminescen¢€L) as shown irrigure3.2.

Primary electron Beam
Backscattered electrons (BSE)

Secondary electron (SE)

X-ray photons
Photons of Visible light CL

Auger electrons

Sample surface
Secondary electron (SE)

Backscattered electron BSE
\

]

]
!
4

Characteristic X-rays

Continnum X-ray

Y —
Ay 4
. -
'-\..\__---;',:_--f—-— Secondary fluorescence

<«+— BSE spatial resolution
«+—» X-ray spatial resolution

Figure3.2 The different types of signals produced when keglergy electrons impinge on a
specimerj110]

In this prgect, SE, BSE and characteristierXy were the main techniques to characterise
the samples. SE are specimen electrons ejected by the primary electron. The contrast in SE is
primarily due to topographyn order to reveal mordetailed structurenformation SESEM
images were taken ktw incident electron voltag8SE are primary electrons scattered by the
atoms in the specimen which escape from the specimen surface, whose intensity is proportional
to the atomic number of the target elemdat0]. In fact, the interaction volume of BSE is
much larger than of SE, so the BSE signal can be pni,(but SE is about 10 nm depending
on the incident beam enerdynergy Dispersive XRay Analysis (EDX) is a technique used
for elemendl analysis depending explicitly on the energy differences of two involved electron

shells.
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3.1.3Transmission electron microscopy (TEM)

TEM is well known as a powerfubol providing a broad range of characterisation
techniques with high spatial and analgticesolution111-113]. TEM images are generated
from electrons which have been transmitted through the specimen. Hence, TEM specimens
need to be thin enough to let electrons plaissigh[111-114]. Electronscoming through a thin
specimen are separ at ed eléctmonsoor scattetesl by aavaretgd of 6 d i r
processes within the specimen resulting in-ooiffiorm intensity as shown ifigure 3.3.
Thereforejnformationwe get from TEM can be attributed to some form of electron scattering
[113].

Incident electron
beam direction

Thin specimen

Forward scattered

Diffraction pattern Ream directions

Figure3.3 Signals produced by electron bombardment of a thin spedii&h.

The contrasts or 6grey scale differencesbd
the materials morphologies. Also, TEM image contrast arises because ddittkersg of the
incident beam by the specimen. There are thma& contrast mechanisn{d13]. Firstly, a
massthicknesscontrast:thick areas scatter electrons more than thin areas, so they appear as
darker contrasts. Secondly, a diffraction contexgiainedby Kinematical theorgan be used
to review crystal defects such as dislocations, stacking faults and precipltates13]; in
addition, vhile taking images the objective aperture is then used to stop diffracted beams, and
only undiffractedelectrons attribute to the imadé4.1-113]. Finally, the phase contrast results
wheneer electrons of different phases are allowed to pass through the objective dpfture
113]. Also, for crystalline specimensliffraction patterns (DPsjyive direct crystallographic
information about small areas of the specimen which relate to the TEM ifidgek13].

In this project, aombinationof TEM image and DFs were used to characterise TiC/SIiC

composites: gr 4 mwatmosfonations, ard icrgstallographic information.
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3.1.4Flash method

The thermal diffusi vi tnyethgdBfjertivesasnplerhasbsenr e d
stabilised at the desired temperatugealnearly instantaneous pulse of energy (usually a laser
or another discharge source) is deposited on its front face, and the temperature increases on the
rear face of the sample are recorded as a function ofasnsbown irFigure3.4. The thermal
diffusivity is then determined from this thermogram relai@dhe thermal conductivity_§,

specific heat (Cp) and density (as follows[115]:
| —_ Equation3.2

Energy Pulse

Front face ~ l llllll
|

Final Temperature =T, + AT(t)

Rear face /

Figure3.4 Schematic of the flash meth§til5]

3.1.5Hardness measurement

Hardness is a measure of resistance to localised plastic deformation. Difference
geometries of indenters are utilised to form a permanent surface impression, each of which
gives a different numbé48, 100, 108] Thus, care shouloe exercisesvhen comparing yaees
determined by different techniques. Vickers indentation was used in this research because it
well suits the hardness of small selected areas ospb@men The Vickers indenter has a
diamond square pyramid shape as showkignre3.5.

136°

Figure3.5 Geometry of Vickers indentation
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Ow Equation3.3

The depth of the resulting indentation is measured and related to a hardness number. The
broaderand deeperresultant indents represent softer and lower materials. Hardness can be
calculated by Equation 3w8here P is loading (kg), and d is the length of the resultant indent
(mm)[48, 100, 108]

3.1.6Three-point bending test

It is difficult to perform atensiletest on brittle ceramics due to obstacles in specimen
preparation and setyg8, 104, 116, 117]Moreover, the failure of ceramics after only 0.1%
strain necessitates that tensile specimens be perfectly aligned to avoid the presence of bending
stresses, whichre not easily calculate@hus, the bnding test is more appropriate for brittle
materials whose stressrain curvegxhibitlinear elastic behavioureforefailure. In addition
either simple rectangular or cylindrical geomesrguitable Figure3.6illustrates the geometry
for threepoint bendind118,119].

id

h

F |

<Dy
P
I

O

o)~
1

t-JI"U

Figure3.6 A threepoint loading scheme for measuring the ststssin behaviour and
flexural strength of brittle ceramics

Flexural strength, modulus of rupture, fracture strength or bedgth is the stress at
fracture. For a rectangular specimen, the flexural strepgthgnd the flexural strair<Y) are
given byEquation 3.4 and 3.kespectively, wher& is the load at fracture, L is the distance
between support points, slbeam thickness, b is beam width, and D is the maximum deflection
of the centre beaifil8, 119]
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" — Equation3.4

Q — Equation3.5

However, the drawback of the bend test is the variatigsize differences and stress
distribution. Therefore, the strength of the ceramic élloverestimateid massiveflaws are

locatedin the inteior of the specimen.

3.1.7Fracture toughness measurement

Toughness is a measure @fergyabsorption for plastic deformatidd8]. Fracture
toughness in tension is tliec (critical stress intensity factof38, 118, 119] Mateial failure
happenswhen{ st r ess i nt e Manlytayinderdation and & berfd tekt are used

to measure K for ceramics.

3.1.7.1Fracture toughness from the indentation

Fracture toughness ({ can be obtained from the Vickers indentation freet(\VIF).
Cracks are created on four corners after Vickers indent on a flat ceramic surface. The crack
lengths (I) are inversely proportional to the toughness of matgriZs121] Several equations
were proposed to calculate the fracture toughness which depends on the types of cracks formed
underneath indent surfadd®2, 123] Median cracksKigure3.7a) are formed at high loading,
andpalmaqvistcracks are predominantly formed at low loading (< 10 kigure3.7b). Their
Kic can be calculated yquation 3.§124] andEquation 3.7125], respectively.

Thehigh-quality surfacesieedto be prepared and finished by 1 um diamond suspension.

The grinding and polishing methodse showrin Table3.1.
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Figure3.7 (a) median and (HPalmquistcrack system developed from the Vickers indents
[122]

0 Tt p ¢— 8 (Astiset al) Equation3.6 [124]

0 T8 T P& 8- (Niharaetal) EquatioR.7 [125]

3.1.7.2Fracture toughness from a bend test

The fracture toughness of a specimen can also be determined usingpothtdexural
testwith a precracked specimerhe precracks can ba straightthrough crack formed via
bridge flexure (pb), a seralliptical surface crack formed via Knoop indentation (sc)aor
chevron notch (vb) ashown inFigure3.8[118, 119]

win)=

pb vb
Figure3.8 Scheme illustrating prerack typeg$119]

In this research, the pracked beam methoglf) was used because the setup is not too
difficult and thecracksarelarge enough to measu®l8, 119] However, the test specimens
need tobe handled with extensive care prior to a bend st indentation method led to
consistently higher fracture toughness values compared to the results obtained by the bend test,

due probably to underestimation of the real crack length in the indentation fie22d
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Severapre-crackswere introducedn abarshapedpecimen (similar size to the samples
for threepoint bending test) byQlLkg Vickers indentation as shown kiigure 3.9. Each bar
with pre-crackswas then placed in the thrpeint bend fixture and loaded up to fracture
initiation. A consant crosshead speed of 0.24 mm/min was employed for loading. The tests
were carried out at room temperature in ttandardatmosphere. Graphs of loads
displacement were recordeahdthe maximum force was determined from each trace. The

fracture toughnes value, kK, was calculated fronfEquation 3.8 where U is fracture
toughnessi{ 0 #d&), g is function of theatio— for therepointing,0  is maximum force a

(N), "Yis outer span (mpis a precrack size (mm) is the thickness of bar sampteijs the
width of bar sampl§118].

(b)

-

DOy

Crack

300 pm T

Figure3.9 Scheme of (a) preracks on a bar sample and (b) thpeint bending set up

0 Q

Equation3.8 [119]

@ PRW o p Ww ¢Puv ocdadw & w
W p ¢ Wlw
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3.1.8Gain size analysis

The mean grain sizes can be defined in several ways as shévwguia3.10. Since the
crosssectioncutsthrough grains randomly, some observed grains are smalleadheaigrains
[126]. Few hundred grains need to be measured to create a graiisgibetibn histogram. In

this project, SE and BSE SEM images were analysed by the combination of manually and
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automatic modes to obtain ferret diameters (>100 grains) by ImageJ prograhanmages

were adjustedbinarizationby chosen suitable threshold26]. Consequently, thgrayscales

were significantly different between pores and matrix or between grains and boundaries.
However, noise in the image will effect on the grain size measurement in that they shift a grain
size distribution histogram to the low mean the mediandhaactual value. The ferret diameter

measured by ImageJ will be used to plot a grain size distribution curve.

FERET'S DIAM

MARTIN'S
DIAMETER

G\

- -»

SCANNING ~\_LINEAR
LINE W
SCANNING DIRECTION

@ ©
Figure3.10 Some stereological definitions of grain diam¢fi&6]

3.2 Preparation of titanium carbide/ silicon carbide composites (TiGSIC)

Commercial silicon carbide, SiC, (cubic structure, 99.8 % purity, 1 um Alfa Aesar) and
titanium carbide, TiC, (99.5 % purity, 2 um Alfa Aesar) powdsese mixedinto different
mole ratios of TiC (100%, 70 %, 50 % and 0 % respectivdlge mixedpowderwasthen
milled by a roller mill machineExcalvariable speed motor driv a speed @) in isopropanol
using 1.0 mm diameter zirconia balls at room temperature for 24 hours. The powder was then
collected and dried at 90 °@fter tha, the 7.5g of received powder was sieved through a 200
mesh sieveNext, it was pourednto cylindrical graphite die diameter20 mm) andcold-
pressed at 1.5 psi for 15 minutes. To avoid welding and in order to obtain a more uniform
current flow, thin grphite foilswere placedetween the powdeendthe graphitedies.The

pressegowder was then sintered by spark plasma sintering (SPS, FCT Systeme GmBH spark
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plasma sintering system, type HP D 1050, Germany) under argon gas. The maximal uniaxial
load is ® MPa at 2100 °C for 15 minutes.

3.3 Preparation of zirconium carbide/ silicon carbide composites (Zr€SiC)

Coarse zirconium carbide, ZrC (99.5 % purity, 44 um Alfa Aesag useds a starting
material. Itwas milledby the sameoller mill machine(Excalvariable speed motor driva a
speed of6) using zirconia media (1.0 mm in diameter) in isopropanol for 24 hours before
mi xi ng wS3iQ (99.8Rsipuriey, 1 im Alfa Aesar). It was then dried at 90 °C and sieved
through a 200 mesh siewgext,themi | ed Zr C powd e r-SiC powders. Thei x e d
mixed powders were milled, dried and seived as previoliblg.7.5g of received powdesas
pouredinto cylindrical graphite die with @iameterof 20 mm andgain coldpressed at 1.5 psi
for 15 minutes. Win graphite foilswere, as before, placdeetween the powderand the
graphitedies.Again, thepre-presseghowder was sintered by spark plasma sintering (SPS, FCT
Systeme GmBH spark plasma sintering system, type HP D 1050, Germany) under argon gas.
The maximal uniaxial load is 50 MPa at 2100 °C for 15 minutes.

3.3.1ZrC patrticle size

The particle size of the milled ZrC powder was measurddalsgr diffraction technique
(wet method, Mastersiz&000 laser particle size analyser, Malvern Instruments). 90 % of the
ZrC powder was milled down to about 5 um as showrigure3.11.

10

Volume density (%)

0.01 0.1 1 10 100 1000

Paricle size (um)

Figure3.11 Particle size distribution of ZrC powder
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3.4 Sample characterisation

X-ray diffraction (Bruker D2 phaser) waslisedto observe the phase structures of the
samples, using weighted Cu KU r a80°apeardtionn ( &
at 30 kV, 20 mA. The samples were ground and polished before investigating their surface
morphologies by armptical microscopeand scanning electron microscopy (SEM, Hitachi
TM300 and Inspect F FEGEM). In addition chemical analysis was evaluated using SEM
EDX. Transmission electron microscopy (TEM, Philips EM 400 and FEI Tecnai Spa#)
used to study their grains and interés The TEM samples were thinned by diamond laps and
finished by ion milling. The bulk density of the sintered samples was determined by the
Archimedes method in distilled watesing a balance with an accuracy of&m1g (MS104S,
Mettler, Toledaand Switzerland). Thermal conductivitywas identifiedby a flash method
(Flashline 3000, TA instruments) with the square shape specimens (1 x 1 x 0.2 cm).

Hardness tests were conducted using a Vickers indenter with a 1 to 10 kg load for 10
seconds (Durascan 70hreepointbending testaiere measuredt room temperature with the
head loading rate of 0.24 mm/miHdunsfield test equipment LTDThe samplesvere cut
into a bar shape (5 x 2 x 20 mm), and both surfaces were ground until flat.

The fracture toughneg¢Kkic) was measured by two methods indentation method, and
by bend testingFor the indentation methodjckers indenter was loaded at 5kg on a polished
sample The Kc was calculated from the resultant crackHoyation 3.6For the bend test, a
barshaped sample was put under a series ot@eks by 10 kg of Vickers indentdvsfore

being processed by thiereepointbend testing. Then theddvas calculated biEquation 3.8

3.5SEM specimen preparation

The SPSed samples had their residual graplpers ground out from their surfaces by
diamond grinding pads, using an automatic machina ¢ o Me t .EThef, 5h@ir surfaces
were polished as per the sequeaseshowrin Table 3.1 to review theactualmicrostructure.
This surface preparation method was also apppti¢de samples for the Vickers hardness test,
the indentation test and the thg@int bending test.

3.6 TEM specimen preparation

TEM sample preparatiowas adapted from the tripod polishing metHad3]. The
SPSed samples were cut into 250 pm thin slices by a slow speed diamond saw (Buehler Isomet
low speed saw). They were then attached to glass slides using G2 epa@gagluScientific).

The TEM specimens were mechanically thinned using diamond lapping films (UltraPrep
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lapping film) in a sequence of 15, 9, 5, 3 and 1 pm until a thin foil with a thickness of
approximately 480 um was obtained. The specimen was funttedished wih Ar ion milling
(PIPS 1l, GATAN) at 6 keV at an incident angle fumtil getting a hole. Finally, the surfaces
were finished with 0.5 keV.

Table3.1 Grinding and polishing sequences for SEM specimens

. . Load on Base speed (rpm)/ | Time
SUEEE AIEENE Elrs specimen(N) | direction (mins)
Diamond grinding disk | P600 20 241 rpm/ comp. Until flat
surface
, - . Until flat
Diamond grinding disk | P1200 20 241 rpm/ comp. surface
Diamond grinding disk | 3 um 10 241 rpm/comp 20 mins
3 umMetaDi
TexMet Supremealiamond 10 141 rpm/ contra 20 mins
suspension
1 pmMetaDi
MicroCloth Supremealiamond 10 141 rpm/ contra 20 mins
suspension

Comp. = Complementary (platen and specimen holder both rotate in the same direction)
Contra = Platen and specimen holder rotate in opposite directions
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4. Results

Porosity in ceramics plays amportantrole in controlling their properties. Pores are a
saurce of stress concentration which cause subsequent crack growth resulting in a decrease in
strength. Furthermore, pores reduce thermal conductivity. Hence, in order to maximise the
mechanical and thermal properties of ceramics, the demségsto be cosidered. Without
sintering aids, it is well known that SiC, TiC and ZrC difécult to densify. According to the
literature reviews in Chapter 2, spark plasma sintering (SRSp@ddensification process of
ceramic powderfl6, 102, 127129]. As with all sintering techniques, the performance of SPS
depends on temperature. Therefore, S8 used to prepare TiC and SiC wahrious
temperatures to optimise the highdshsityfor TiC-SiC and ZrCSiC composite preparatio
In addition, the results of SPS temperature optimisation and characterisation of SPSed TiC,
SiC, TiGSiC and ZrCSiC composite will be explained in this Chapter.

4.1 Spark plasmasintering (SPS) temperature optimisation
The optimisation of ceramic processing starte@inming the optimum SPS temperatures
for SiC powders and TiC powdefgure4.1 shows the densityf&PSed TiC and SPSed SiC
as a function of temperature. The word ASPSe
SPS. It is clear that the densities of SiC and TiC were strongly dependent on the SPS

temperature.
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Figure4.1 A plot showing the relative density against SPS temperature céldtenship
between TiC and SiC

Notably, aconsiderabledifference in the relative density between TiC and SiC was
found. TiC density increased gradually a function of SPS temperature. The maximum
relative density was ~97.5 % at 200@and then slightly dropped to ~ 96.5 % at 21G(the
solid blueline, Figure4.1). On the other hand, the relative density of SiC was approximately

77 % at 2000C and dropped slightly to ~ 73 % at 210D (the solid blackline, Figure4.1).
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Figure4.3 Grain size distribution curve of SPSed TiC at 2000 °C (calculated from 190
grains)
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Figure4.2 shows a secondary electron SEM image of the SPSed TiC at’€00be
grains had a polygonal shape. Notably, diffe
observed relating to the surface texture and roughness of SPSgdli€ Furthemore, the
different orientations of TiC grains have different hardness, thus during grinding and polishing
process, the surface finish in eagtain was different giving additional contrast in the SEM
i mages. The i mage anal y eanalysesgoin siagssandeshafels froeng e J 0
SEM images. The grain size distribution of SPSed FiGure4.3) shows that the mean grain
size was approximatie31 um. For the SiC SPSed at 2000 a continuous network of SiC
(grey contrast) and micspore (black contrast) was present as showhigure4.4, and the

grain size could not be measured.

Figure4.4 Backscattered electron SEM micrographs (BSE SEM) of SPSed SiC at 2000 °C
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Although at 2000C TiC and SiC reach the highest density, SPSed TiC is considerably
denser than the SiC. Although for both materials the optimum density was &C26408 did
not necessarily mean that the same would be true for the composite material. THeréfere,
SPS temperature optimisation was undertaken using a mixture of 50%mole TiC and SiC (TiC
50%SiC) with the aim to get TiC/SiC composites containing dense TiC and SiC parts.

The TiC-50%SiC composites were significantly denser than SPSed SiC and TiC. The
relaive density of the composites increased as a function of SPS temperatures and reached a

maximum at 2100C as shown irFigure4.5.
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Figure4.5 Relative density of Ti€50%SiC versus SPS temperatures
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2100e C

Figure4.6 SEM micrographs of Ti&0% SiC at SPS temperatures of 1800, 1900, 2000 and
2100°C. Not that the bright grey contragipresenta TiC grain, and the dark grey is a SiC
grain according to chemical analysis by EISEM

61































































































































































































































































