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Abstract

Nuclear fusion offers a prospect of a safe, econahmnd environmentally friendly
source of energy. For the advanced concepts of nuclear fusichaS&d fibre reinforced
composites were proposed as a structural material for the first wall of the reactor vessel,
enabling higher operating temperaturesl @fficiencies. Already developed techniques
for fabrication of Si@SIiC composites are currently unable to achieve all of the design
assumed values for these materials, therefore further development is needed. The main
drawback in fabrication of SKSIC composites is densification of SiC matrix in 3D
woven fabric preform using low activation elements and at temperatures at which the
properties of the fibre reinforcement are preserved. Therefore, in this wankvel
combined process of electrophorefimfiltration) deposition (EP(I)D) and polymer
infiltration and pyrolysis (PIP) was introduced as a possible way to fabricate {8iSiC
composites with reduced porosity and increapeaperties.The work was performed
within the European fusion researchogramme (FP7EURATOM 1 Fusior) andwas
coordinated angerified by European Fusion Development Agreement (EEDA)

Feasibility of densification by the combined process of EPD and PIPiniedly
evaluated on bulk SIC samples. By tailoring the electetlin properties of the
suspensions and employing optimal electrical conditions, deposits with high packing
density (~60 %TD) were obtained. Polymer infiltration and polytaareramic
conversion was studied in order to optimise the infiltration and pysofy®cedure. To
ensurethe formation of crystalline material, needed to achieve the desired properties,
additional heat treatment at 1600 AC and 17
deposit by six polymer infiltration and pyrolysis cycles resulted matrix material with
~87 %TD, with uniform submicron porosity. The material was characterised by flexural
strength of 337N75 MPa, hardness of 1740 HV
conductivity of the matrix material achieved nearly 60 W,

Based on the results of comprehensive analysis of the EPD of bulk SiC, electrophoretic
(infiltration) deposition was successfully utilised to infiltrate thick conductive SiC fibre
preform. By separation of fibres from the deposition electrode, eldigldcpenetration
through the thickness of the preform was ensured in order to provide a driving force for
migrating particles. Due to the same polarity of zeta potential of migrating SiC particles
as for thefibres the particles were able to penetrateotighout the 5.4 thick fabric
preformand thus filled the voids within it. Best results were obtained from suspension
with 50 wt. % of solids loading at current density of 2.5 mAcwfter densification of
the material by six polymer infiltration and ysis cycles, a SiCSIiC composite was
formed, composed of pure, crystalline SiC with a more favourable microstructure in terms
of pore size and porosity distribution in comparison to other fugiade composites
prepared by statef-art techniques (CVRIP).

The resulting Si€SiC composite was characterised by high thermal conductivity in
achieving 60 WritK™ at room temperature and 30 WKitat 1000 AC, whi ch i
the highest thermal conductivities reported for such material. Initial mecharogegrties
characterisation of the composite material revealed a need for a more stable interphase
layer between the matrix and the fibres.
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Povzetek

Fuzija tehnologija pridobivanja energije z zlivanjem (fuzijo) lahkih jegeedstavilja
var en, enknookojurprijazen energetski vima prihodnost. Napredni koncepti
b o d ofuzijskih elektrarn predvidevajo uporabo z vlakni utggakompozitt na osnovi
silicijevega karbida(SiG/SiC) v strukturnh delih prve stenereaktorja Uporaba

materialov na asovi SICbinamroanogo | i |l a vi gje del ovne tempe
izkoristek elektrarneKompozit, pripravljeni po znanihpostopkh, ne dosegajo vseh
zahtevanihlastnostj zato je za uporabo teh materialev bodol|l i h fuzi j skih
nujennadaljni razvoj. Glavro oviro predstavlja e § &wmay | e v a nzkeramika t r i c e

na osnovi SiCv prazninah tridimenzionalnékanine Iz Si C vlaken. Zgog

potrebnod o s 2Uparabde nizko aktivacijskih elementov in pri temperatuadd 1800
ACprikae r i h v I ak n az albdistmysti Predstayljerm jdedo je bilo izvedeno
v okviru evropskega fuzijskegarograma(7. OP,EURATOM 1 Fuzija) in je bilo vodeno
in preverjancs straniz d r u d DA (Earopean Fusion Development Agreement)

Kotnovra| in pripravieSikOmpozitbal j[SgG&niI mi l astno:¢
predlagali kombiniran proces K i v kiffiljragijo ut leani ne S pomol
elektroforetskegaann a ganj a ( EF N)matiicaz infiltgirargeim éenvpeotizp e
polimera (PIP) U | vitost gredlaganegarocestsmonajprej prevdtipriz go gl evanj u
matrice brez viakerNa o0 s n o wil ekttt udikjiamet i | niSIC prahars t no st i
izbire primernih pogojeve | e kr of or et sskne gripravih sunoweey avisgka
gostoto pakiraja delcev (~60% eor et i ).Redgobhej e smacespreul il
pretvorbet e k ol e g a v keminikoniP® rgao g | @ namasgiz SiC in g ekeat

ponovlijenoi nf i I tracijo in pirolizo poli m& a smo u
% gostotoin enakomerno poroznostp v el i kost j o Mgtedalizkgzuged 1 Om
relativno visokate r mo presodnost 60 WK™, upogibnot r dnost 33 7K75 MPa,
1740 HV in elastilni modul 260 GPa.

Naosnovidognanj raziskave | e k't r of or e tS&Ckmatgeabrenwakesigpa nj a
EFN v nadaljevanjuuporabili za infiltracijo debele prevodne tkaniie SiC vlaken,
prevlelenih s tankim. sEZojlemi pvrpbitvdlakea @I
el ektrode smo zagotovil. ftk&noan srteamprimerno el ekt r i
gonilno silo za gibanje delcev. Zaraeihakega predznaka naboja delcewlaken in
posl edilno elektrostae¢lsd&ie glaa lokicelanp debaimoid &k o mi
tkanine inpogopomazapolnili praznine znotraj tkanine. Najl ejregultde smo dosegh
suspenzijos 50 ut. %vsebnostjoprahu inpri gostot toka 2.5 mAcnf. S § eksatnim
infiltriranjem in pirolizo polimerasmo uspeli pripraviti SIiG/SIC kompozif sestavljen
i zkl julno Iz kim £ s tuagloidmiedptigeny poraz8alit@o por v
primerjavi s kompoziti pripravljenimi s postopkom CVI ali PIKompozit ima sicer
zaradi neustreznih lastnosti prevleke na vlaknih neustrezne mehanske lastnosti, vendar pa
se odlikuje povisoki t e r frgrelvaunostin sicer60 Wm™K™ pri sobnih pogojih in 30
Wm'K*pri 1000 AC, kar je ena i zmpodobemaj vi §j i
material.
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Abbreviations

D = Deuterium

T = Tritium

EFDA = European Fusion Development Agreement
ITER = International Thermonuclear Egpmental Reactor
EPD = electrophoretic deposition

EP()D = electrophoretic (infiltration) deposition

PIP = polymer infiltration and pyrolysis

% TD = percent of theoretical density

TMAH = tetramethyl ammoniumhydroxide

CVvD = chemical vapour deposin

CVI = chemical vapour infiltration

RS = reaction sintering

NITE = nanaginfiltration and transieneutectoid

SITE = slip-infiltration and transiereutectoid
SIG/SIC = silicon carbide fibre reinforced silicon carbide matrix composite
FE-SEM = field emission scanning electron microscope
TEM = transmission electron microscope

EDXS = energydispersive Xray spectroscopy

XRD = X-ray diffraction

DSC = differential scanning calorimetry

TGA = thermogravimetric analysis

FTIR = Fourier transform infraad spectroscopy

> = thermal conductivity

| = density

V! = electrical conductivity

G = zeta potential

G = induced zeta potential

Pe = Peclet number

Ip = Damk©°hl er number

2D = two-dimensional

3D = threedimensional

PyC = pyrolytic carbon

FM fibre-matrix



Introduction 1

1 Introduction

1.1 Fusion energy

Fusion energy is one of the future prospects towards an unlimited, environmentally friendly
power source. In the face of the increasing global energy and the economic, political and
environmental risks of usinigssil fuels, fusion energy, if successful, has the potential to make a
maj or contribution to the worldbs energy neec
fusion, a process in whiclhinder proper conditionswo light atoms combine to form a heawv

atom, is the natural process in the Universe providing energy of the stars and tbad@&zrrthe

proper conditionsthe low atomic number elements react to convert mass to efiergy ofin) c

via nuclear fusionThere has been considerable researchrteféeused on achievement of a
controlled thermonuclear fusion (CTF) to produce energy on Earth. This task, however, has
proven to be a very challenging one, from understanding the basic physics on one hand, to
development of new materials needed to igaitd contain the plasma on the other.

There area few reactions possible to achieve controlled thermonuclear fusion (CTF)
involving deuterium (D), tritium (T), helium (He), lithium (Li), boron (B) and even proton (p) or
neutron (n). Due to the highest csasection (probability that a fusion reaction will occur) and
high energy outputhe reaction betweedmydrogen isotopegeuterium(D) and tritium(T) or the
so-called DT reaction is regarded as the easiest (occurs much faster and at lower temperatures in
compalrison to other reactions) and most immediately prominent reaction to achieve nuclear
fusion~.

O YO '0Q & p @ Q® )

The difference in masbetween the reactants and the produstgonverted into energy
according to Ei=nsfneidstrobtise ersmy is @leased as the kinetic energy
of neutron (about 14 MeMor D-T reaction, which has to be captured and its energy
transformed into heat which can then be used to form electrical power. The products of this
fusion reaction are not radioactive byeifs however the neutron can induce radioactivity in the
materials used in the structural and functional components of the reactor wall. By careful
selection of the appropriate materjalse level of radioactivity should decrease quickly, so that
after alout 100 years, it is expected that the material can be recycled or stored relatively easily.
The induced radioactivity can also be reduced or in some cases even avoided by choosing
different fusion reactions (e.g. reaction between a proton (p)ttendsobpe of boron (B™)
resul ting o) howeverthey8re maaerdifficult tb igrste and sustain

To achieve nuclear fusion of D and, We must overcome the Coulomb barrier due to
electrostatic repulsion between the protons. This can be achieved by accelerating a beam of D
and T or by heating up the-D mixture to such high temperature that a haégtergycollision
occurs.Inthessc al | ed fAmagnet i c -TgasWilireqaérena tanperdtulesoven n o0 ,
10°K (10 times hotter than the core of the Sun) in order to fuse. At these tempetarigems
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become ionised and matter is in the state ofnpasTo reach temperatures of 100 million
degrees Celsius, powerful heating of the plasma is required and the thermal losses must be
minimised by keeping the hot plasma away from the walls of its container. This is achieved by
placing the plasma in a tor@lb chambeitokamak (us. toroidal'naya kamera s magnitnymi
katushkamt toroidal chamber with magnetic coils), made by strong (superconducting) magnetic
coils which prevent electrically charged plasma particles from escaping (the fusion neutron is not
confined because it has no electrical charge)

Lithium
blanket

Deuterium
Helium
) Vacuum
Primary vessel
fuels
DT, He ——]
L s Generator
Exchanger 3 mn[[[]]:l ﬂ
Steam Turbine
generator
Figurel: Fusion powe plant concept.
A different approach is used in the-saa | | ed Ai nerti al c dusidni n e me n

reaction is achieved byompresmg and heahg of a very small BT pellet(~2 mm in diameter)

to a density of 1,000 gcthand temperature 10 kel ultra-high power lasers or ion beants.

order to have a steady power output, the pellet has to implode at least ten times a second, a
condition not achievable with current staffeart laser technology

In order to demonstrate the feasibility of commercial use of fusion to produce electricity,
several steps still have to be readh order to demonstrateeii st eady st at e-0 oper
plantscale experimental reactorlTER (International Thermonuclear Experimental Reactor) is
being built at Cadarache near Aeéx-Provence in France by a consortium of the EU, Japan,
Russia, BA, China, South Korea and Indid) To test the candidate materials at a relevant
fusion irradiation conditions, the International Fusion Materials Irradiation Facility (IFMIF), a
neutron source based on thelLDstripping reaction, is planned within the framework of an
internationh agr eement bet ween Japan and the®Europe
The gathered knowledge will serve as a platform for the construction of a prototype
(demongrational) fusion power plant DEMQOa stepping stone towards commercial use of
fusion
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1.2 Structural materials for fusion reactor

In order to achieve the demanding conditions required to achieve atomic fusion of deuterium and
tritium and to minimise the efféx of induced radioactivity (mitigate radioactive waste), a new
set of materials with enhanced propertied toabe developed. Fusion materials must operate in a
very demanding environment which includes various combinations of high temperatures,
chemical interactions, timalependent thermal and mechanical loads and especially intense
neutron fluxes. The firstvall neutron spectrum ai D-T reacting plasma contains a large 14
MeV component, which causes hidtsplacement rates (120 djp&r year at a neutromall
Ioadingéof 2 MWnT) but also causes higher transmutation rates than are experienced in fission
reactors.

There are three main groups of materials considered aadtivation structural materials for
fusion power plants; martensitic steels (RAFMeducedactivation ferriticmartensitic steels,
ODS-oxi de di spersed steel sé)bjde (8i@h Maitensitosteels| oy s
are being used extensively in higgmperature applications, including fission reactors. The
database on properties in a radiation enviramme extensive. Based on higgmperature
strengt h, t he upper operational temperatur e
constituents of martensitic steels, iron and chromium, have relatively good activation properties
and the main source of acttian comes from alloying elements. Leagtivation martensitic
steel s ar e for med by reformul ating (Nh,e nsta
molybdenum(Mo) etc. which are the main source of activation. These elements are replaced
with low-activation ones such asanadium V), titanium (Ti) and tungsten V). Vanadium
alloys are composed afanadium titanium, chromiumand silicon, which all qualify as low
activation el ements. lt has been found that
aboe 650 AC |l eaving a rather narrow operating
stems not only from the lowctivation properties, but also from the mechanical strength at very
hi gh temper at’uenablsg highel dpé&rdling fe@peratures and efficiencies. None
of these material groups existed 20 years ago in their cidorenf, however their development
is crucial for successful operation of future fusion power plants.

There are several design concegita fusion power plandiffering on the used materials and
consequently the operatiomiperature, efficiency, size of the reactor etc. The European Fusion
Power Plant Conceptual Study (PPCS) from 20€ansiders four major types of fusion reactors.
PPCS A and PPCS B conceptual designs are more conservative and are based on limited
extrapolatims in plasma physics performance compared to the design basis of ITER. The
technology employed in these two models stems from the use oefememsolutions for the
blanket. PPCS C and PPCS D are based on successively more advanced concepts in plasma
configuration and in materials technology. In both cases the objective is to achieve higher
operating temperatures and efficiencies. A summary of basic parameters and materials used in
each concept is gathered in Table

The most advanced conceéptModel D isbased on the Se€ooled LithiumLead (SCLL)
concept, drafted on the most attractive features of existing blanket designs such as European
TAURO ° and US ARIESAT *°. It assumes the maximisation of the coolant outlet temperature
and the minimisation of the energy stored in the vacuum vessel (minimisation of afterheat,
operating pressure and chemical radioactivity with water andiithis concept, SiZSiC was
proposed as a structural material since it allows a high coolant temperature, shows very low short
term activation and afterheat levels. In combination witiLPbi (Li enriched at 90% ifiLi) as
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a breeder/coolant, it offerssystem capable of achieving high energy conversion efficiency and
has a potential of achieving fusion energy economic competitiveness associated with high safety
standards.

Table1: Main parameters of the PPCS models

Model PPCS A PPCS B PPCSC PPCSD

Design Concept WCLL? HCPPB’ DC° scLL®

Parameter (plasma physics)

Unit size (GW) 1.55 1.33 1.45 1.53

Fusion power (GW) 5.00 3.60 3.41 2.53

Aspect ratio 3.0 3.0 3.0 3.0

Major radius (m) 9.55 8.6 7.5 6.1

Plasma current (MA) 30.5 28.0 20.1 14.1

Parameters (engineering)

Average neutron wall load 2.2 2.0 2.2 2.4

Divertor peak load (MWH) 15 10 10 5

H&CD Efficiency 0.6 0.6 0.7 0.7

Plant efficiency 0.31 0.37 0.42 0.6

Coolant blanket water He LiPb/He  LiPb

Ti/Towt[ AC] 285/325 300/30 480/700  700/1100
300/480

Coolant divertor water He He LiPb

Ti/Towt[ AC] 140/167 540/720 540/720  600/900

Structural Material

First wall RAFM RAFM RAFM SIG/SiC
(ODS)

Divertor W/Cu W W/ODS W/SIiG/SiC

3aWCLL: WaterCooled LithiumLead, > HCPD: HeliumCooled Pebble BedDCLL: Dual Coolant? SCLL: Self
Cooled LithiumLead

SIG/SIC as a structural material is also proposethe Japanese DREAM (DRastically Easy
Maintenance) concept, based on a helitznoled ceramic breeder (HCCB) which assumes
inlet/outlet heliumc ool ant temperatures of 600/ 900 AC
of 50 %.

In addition to the applicain of SIC composites as a structural material, it was also proposed
to use Si@SiC for functional application as a flow channel insert (FCff. However such
application requires a completely different set of (functional) material properties (low electrical
and thermal conductivity etc.)
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Figure2: PPCS D- SCLL outboard blankemid-plane crossectior®. All dimensions are in mm

1.3 Silicon carbide compositesfor fusion application

Silicon carbide (SiC) was first proposed as a low activation fusion reactor mbajeHalpkinsin

1975 however serious development of this mat
driven by the emergence of composite materials that provided enhanced towayithesplied

the ability to use this typically brittle materials in engineering applicdficBelection of SiCas

a structural material of a fusion reactasbased on its intrinsic properties of hitemperature

stability, high oxidation resistance, anéry low activation and afterheat levels after being
exposed to high energetic neutron irradiation.

Pure SiC is a covalent compound with exceptional properties, such as extremely high melting
point(Z7 30 AC) , | ow spedi,ficxiwneatgihotn (r3e s2ils tga/nccne u
mechanical strength 300 MPa) and elastic modulus (>4G®a) and high thermal conductivity
(490 W/mK) ' There are more than 200 known polytypes of, Siiere the cubic polytype
is referredto as b-SiC and all other nooubic structures (hexagonal amtdombohedrgl
col | ec t-8i@ Ehese poltgpeslall consist of identical closely packedCSiouble layers,
whose stacking sequence differs along a certain direction. The nearest neighbgenserdrof
atoms is identical in all crystal structures. Each carbon atom is tetrahedrally surrounded by four
Si atoms, and each Si atom is tetrahedrally bonded to four carbon atonishigiprigh orbitals®.

The strong directional bonding érthe mass difference between Si and C atoms render the
cryst al | i-SiCeexcéptianatly stalile uhder neutron irradiafibhe main limitation of
pure SiC is its inherent brittle nature (fracture toughness of 3 to 4 MBaamd consequently
high probability of catastrophic failure under load. Therefore, to ensure sufficient fracture
toughness and reliability, the proposed material for structural parts is«SiSi€omposite,
composed of a SiC matrix reinforced with contina&iC fibres woven into a twdimensional
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(2D) or, preferably, thredimensional (3D) fabric.

Continuous Sidibre reinforced SiC matrix composites, &IC, have been already utilized
in highly demanding engineering applications (aerospace, advancédnfrsystems, thermal
protection, etd. However, thesevereenvironment of the fusion reactor dictates different set of
requirements and a simple development of existing materials has proven to be futile. Various
approaches have been used to producenaposite with acceptable properties; however, the
overall materials properties are in many cases a compromise, where one characteristic goes on
account of another. In recent literature two processes, used to prodyf®iCSikave been
singled outas beingi f usi on gr adeo; c h ¢ovil) ¥ antl naneafiftrationr i n f i
and transient eutectoidNITE) process®. In comparison to other fabrication techniques these
two are most developed and even industrialised processesSiCN$iC composites are being
produced for several years industrially, mostly for aerospace applications.-dsEEE
composites are commercially available under its commercial nameNCEEa?!. Since both
processes still have certain drawbacks (cost, inappropriate additithes) promising techniques
alsoremain in consideratio

Continuous fibre reinforced ceramic matrix composites are typically comprised of a ceramic
matrix, reinforcing(ceramic)fibres and a thircompliantinterphase layer between the matrix and
the fibres. The properties of a composite material are inflaebgdibre weaving architecture,
volume fraction of fibres (total volume fraction as well as fraction of fibres in different directions
i dependent on the type of weaving), type and density of interface layer and matrix properties
(density, pore size andsdtribution, etc.). The main obstacle in fabrication of dense/SiC
composite is difficulty toform a dense SiC withirthe SiGfabric, in particularwith 3D
architecture



Introduction 7

1.3.1 SiC fibres

The high strength potential of ceramic matrix composites (CMCYeézttly related to the use
of small diameter higistrength, highmodulus ceramic fiboreS hermemechanical and thermo
chemical propertiesf fibresas well as their ability of weaving into complex shapes define in a
great exten{together with thenterphag layer) the overall properties of the composite. The
main objective of introduction dfigh-strengthcontinuous fibres into brittle ceramic matrix is to
increase fracture toughness of the material. Toughening occurs primarily as a result of
delaminationand fibre pulout (Figure3), which can be described as a crack shielding process.

As a crack passes through the matrix and intersects the fibre, it is deflected along-tmatiibxre
(FM) interphase, so that the fibre slips it the matrix. Delamination of the fibre from the
matrix continues until the fibre fractures and is pulled out from the matrix. Fibrous toughening in
ceramic composites can be only achieved if the bond between fibre and the matrix 3. weak
Types of weak FM interphase are discussed in more detail in contin(&¢icionl.3.3).

Long (Acontinuouso) f wobken stisicturese aree soslcedyby meti pr o
spinning of organanetallic precursors, chemical vapour deposition (CVD), conversion of
carbon fibres into SiC, etc. that results in different microstructures, chemical composition,
geometry and thermmechanical progrties. To ensure sufficient flexibility the fibres, their
di ameter has to be sufficiently I ow. To achie
typical flexible fibre) the diameter of cryst
hasb be <10 e&m

a) b) c) d)

r 3 F F 3
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Figure 3. Sequence of steps involving fibre pollit. Incoming crack momentarily stopped by the fibre
(a), interfacial shearing and lateral contraction of fibre resulting in debonding and further increment of

crack extesion (b), breaking of fibre and further crack extension (c) and fibreoptifd) .

Pioneering work in the field of small diameter silicon carbide filtvas performed in Japan
in the mid 1970 $dlevelopeld @ procass fori fabricatientof the Ifibres by
controlled pyrolysis of polymeric precursor. In the next decade, in 1982, Nicalon SiC fibres with
di ameter of 15 em wer e ¢ ommeQo.did,aapbny Amorphowsu c e d
microstructurealong with the presence of oxygen and free carbon in the first generations of SiC
fibres (Nicalon, HiNicalon of Nippon Carbon and Tyranno Lox M and Tyranno ZMI of UBE
IndustriesLtd.) was detrimental for the mechanical properte composites; especialin
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temperatures above 1200 AC or oxidizing envir

The need for a more temperature stable and oxidation resistant SiC fibre for high temperature
applications (e.g. gas turbine generator industry) was a major driving force for further
development. Théhird generation neestoichiometric SiCfibres exhibit properties much closer
to those of bulk SiC. HNicalonType-S (Nippon Carbon Co. Ltd.), Tyranno SA (Ube Industries
Ltd.) and Sylramic (Dow Corningg ATK COI Ceramics Inc.) are currently considerexithe
most developed types 2°, however the current production of these fibres is rather low which
contributes to their very high price.

The American company Dow Corning extended the approach adopted by Ube Indigtries
(Tyranno LOXM fibre) using boron as a sintering aid for the development of polycrystalline
Sylramic fibres with diameter of 10 em and t
currently produced by ATK COI Ceramics, whidarther improved the Sylrai fibre by
heating in presence of nitrogen. Thecstled SylramieBN is claimed to show reduced creep
and increased oxidation resistance due to theiBiNsurface?®. The use of both, Sylramic and
SylramiciBN fibres is not suitable for fusion application due to the presence of boron and
nitrogen, which are unstable under neutron irradiation.

Hi-NicalonS fioreshae a di ameter of 12 em a+iCghimsey ar €
(50 nm to 100 nm) surrounded by pwtit carbon. To reduce the excess of free carbon, the
starting compound polymeric precursor (policarbosilane, PCS), is electron irradiated and
pyrolysal in hydrogen atmosphefe

Tyranno SA fibres are produced from polymeric precursor grafted with aluminium (reaction
of aluminium acetylacetonate with PCS), which promotes dnokisig of the precursofibre
and plays a role of a sintering agent during igh mper at ur e heat treat ment
Tyranno SA3 fibres are composed of cubic and hexagonal SiC phases with minor amount of
residual free carbon whose concentration increases near the ckttte fibre?”. There are two
grades of Tyranno SA fibre available (Tyranno
7.5 em, respectively, and t hé® Dueyshigathetnialt e (g
corductivity and better thermal stability in comparison to other types of SiC fibres, Tyranno SA
fibres are preferred for nuclear applicatfon

An alternative approach tproducing ptymer derived SiC fibres is the fabrication of the
iSCSO fibres by Specfahtdy bt ma dsesfLidb(Wnitesl. by USF.
Kingdom), by chemical vapour deposition (CVi3) Fibres with diameter in the range of 100 to
140 em are fabricated by deposi tfib@norontd33Si C or
em car bon mo n dbre). The maim problénSvits these fibres is large diameter,
which does not allow thelfres to be knitted or woven. Additionally, a drawback of the Sigma
fibres is a reaction between the-&re and Si&@im at processing as well as at operating
temperatures’, while the carbon core represent the main limitation of the-f&€&s to be used
in fusion applications.

The fibres contribute not only to the mechanical properties of the complusitalso to its
thermal conductivity, which significantly depend on the crystallinity, oxygen content and
porosity. As a consequence of amorphous structure, first and second generation of Satefibres
characterised byow thermal conductivity (1.5 8 Wm™K™) and are not suitable for high
temperature application also due to high oxygen content and tendency to recrystallize and
consequently deteriorate mechanical properties. More advanced (third generation) fibres are
crystalline and therefore exhibitghmer \values of thermal conductivitythermal conductivity of
Hi-NicalonS fibresand Tyranno SA3s 18 Wm™'K™ and 65 Wm*K™, respectively?®. The
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properties and elemental composition of commercialbilalle silicon carbide based fibres are
summarised iMable2 and the crossection of Tyranno SA fibre is illustrated irfFigure47.

1.3.2 Fibre architecture of the composites

The reinforcerant of the matrix with continuous fibres is primarily selected with the aim to
minimize the probability of catastrophic fracture. The type of weaving affects the volume ratio of
the fibres and matrix, and may significantly affect the physical propertidseafomposite’™.

We can distinguish between twvdimensional (2D) ad threedimensional (3D) woven
architecturs (Figure4).

When usiig textile structures as reinforcement in composites it is important to realize the yarn
position that is as straight as possible, becausenmped fibres can bear the highest loads and
induce the highest stiffnesé In order to obtain dticiently high shear strength and through
thickness thermal conductivity, the proposed optimal fibre architecture for a fusion relevant
SiC;SIC is a 3D orthogonal woven fabric prefo(figure4b). In comparison to 2D reinforced
material where individual (2D) shedfSigure 4a) are infiltrated with matrix material and then
stacked to obtain the desired thickness, the introduction of the third fibre direction in 3D

reinforced materialsnakes it more diffialt to fabricate a composite with a homogeneous dense
matrix throughout the thickness.

» =
-

i

-

w

-

»

.

»
»

Figure 4. Comparison of representative models of a 2D plain woven and 3D orthogonal fibre

reinforcement architecture rendered with Tex&elifferent colours represent major weaving directions
of fibre bundles.
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Table2: Details of manufacture, composition and properties of commercially available advanced Sifibbased® *®2°,

Trade mark  Manufacturer Production  Production  Composition Density Average Thermal Axial thermal Tensile Youngi
process temperature diameter expansion conductivity  strength  modulus RT
coefficient (tc RT RT
1000 A
[ AC] [wt. %] [g/c] [ em] [ ppm/ A [WmK] [GPa] [GPa]
HiNicalors Nippon Carbor Crosslinking > 1500 68.9 Si 3.05 12 N/A 18 2.5 400
with electron 309C
irradiation 020
Tyranno SA  Ube Industries Crosslinking > 1700 67.8 Si 3.02 10 N/A 65 28 375
with oxygen 31.3C
030
<2 Al
Tyranno SB  Ube Industries Crosslinking > 1700 67.8 Si 3.1 7.5 N/A 65 2.9 375
with oxygen 31.3C
030
<2 Al
Sylramic COlI Ceramics Crosslinking > 1700 67 Si 3.05 10 54 46 3.2 400
with oxygen 29C
080
2.3B
0.4N
2.1Ti
Sylramic iBN  COI Ceransc Crosslinking > 1700 SiC/BN 3.05 10 54 > 46 3.5 400
with oxygen
SCSUltra Specialty CvDonC N/A SiConC 3.0 1402 N/A N/A 5.9 415
Materials filament
SigmaTM TISICS CvDonW N/A SiConW 3.4 106140 N/A N/A 4 400

filament
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1.3.3 Interphase layer

Interphasdayer is defined as a thin compliant layer between the fibres and the matrix
material, designed to impede or deflect propagating cracks, allowing predictable-pseudo
plastic deformatiof.

The interphase layer between matrix and fibres must be optimised in order to deflect
propagating cracks and thereby to prevent catastrophic failure associated with brittle
materials, which can be achieved by a weak fihggrix bonding®*®. If the strength of
the bonding is too high, the formation and the propagation of the first matrix-onach
may induce the failure of the brittle fibres hynotch effect. For a weak interphase, a
crack in the matr can lead to debonding or crack deflection at the interface, crack
bridging, fibre fracture, and finally fibre pull out. All these additional energy absorbing
phenomena lead #nhancedracture toughness and a roatastrophic failuré”.

However, the role of the interphase is not only to deflect propagating cracks, but also
to maintain a good load transfer between the fibres and the matrix. Therefore the
interphase should be nedthtoo strong nor too wedk

Several types of fibrenatrix interphase layer structures (Figiiewere proposed to
achieve the desired effect: a) simple weak interphase between fibre and matrix, b) layered
structure, with layers parallel to the fibre surface and weakly bonded to each other, c) a
multi-layered intgphase, consisting of interchanging layers of different materials (e.g. (X
Y)n), strongly bonded to the fibre surface, but with weak internal interfaces and d) porous
interphase layet*.

a) b)
e —
M | M

Figure 5: Schematic illustration of crack deflection in different type wofeiphase layer (I)
between fore (F) and matrix (M)a) weak interphase, b) interphase with a layered crystal

structure, c) multlayered interphase, d) porous interphése

Most frequently used interphas®terials inSiC-based ceramimatrix composites are
chemically vapour infiltrated (CVI) layers of pyrolytic carbon (PY&Y or boron nitride
(BN) “>42 which have a layered crystal structure (the layer being roughly parallel to the
fibre surface and weakly bonded to one another to promote crack deflédtiBnje to
dimensional changes of Py and helium generation in BN under neutron irradiation,
multi-layered CVD PycSiC ((PyC/SiC)n) and pseugmrous SC interphase were
suggested as a better alternative in order to increase irradiation stasffitiffhe multi
layered PyESIiC interphase appears to offer the best irradiation stability and post
irradiation fracture strength.

The thickness of the interphase in ceramic matrix composites usually varies between
0.17 1¢& n?* Katoh et al® reported on the insensitivity of ultimate fracture strength on
PyC interphase layer thickness in GWICG/SIC, however due to irradiation effects
(especially in Gbased interphases) a thin interphase layer (=100 nm) is preferred for
nuclear application.
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1.3.4 SiC matrix

Matrix formation is the final stage in the fabrication of ceramic matrix composites.
Ideally the SIC matrix in SiSIiC composite for structurdlsion application would
consi st of pur e, -siltce casbade, with sulficiently highrmedhanicat b
and thermal properties. However, a filveenforced composite with such a matrix
mateial is extremely difficult to fabricatelypically matrix phase in SiC based ceramic
matrix composites is formed by one of the following processes: Chemical Vapour
Infiltration (CVI), Polymer Infiltration and Pyrolysis (PIP), also refferd to as Liquid
Polymer Infiltration (LPI1) o by reaction sintering (RS)ypically by melt infiltration

(MI), also called LiquidSilicon Infiltration (LSI) or by \apour Silicon Infiltration (VSI).

Chemical vapour infiltration (CVI) is one of the most developed processes fo
fabrication of continuous fibre reinforced composites. In the case ofSB¥ASIC, SiG
matrix is deposited on Siibres woven in 2D or 3D preform from a vapour phase,
typically a mixture of hydrogen and metkyichloro-silan“® 4. CVI process yields high
c r y st aSiCl niatmie wittb a finegrained microstructure at modest temperatures (<
1200 “Aa)ts drawbacks are higtost, slow deposition rate and above all, high
residual porosity, usually higher than 10 %. Composites fabricated by altkbugh
characterised by crystalline SiC matrix, have relatively large gradients of density and
residualporosity. Large pore size in CM3IG/SIC limits the throughickness thermal
conductivity and is a concern from the mechanical properties point of view (e.g. fracture
toughness).

In Polymer infiltration and pyrolysis (PIP) process, the matrix material nse&d
through infiltration of fabric preform with liquid polymer precursor (e.qg.
polycarbosilane), which after heat treatment transforms into SiC cetamidt has to be
stressed that various pceramic polymers (St-based, SCC-O-based and SC-O-N-
based) are used that result in ceramics with various chemical compositions and various
behaviour. In the past, senal disadvantages of the PIP process such as low thermal
conductivity and poor radiation stability resulting mainly from the -stmchiometric
amorphoudike polymerderived SiC temporarily hindered the development of fusion
grade composites. Later, ingwed polymeric precursors (e.g. StarP&,SSMR10 by
Starfire Systems In¢?) yielded in near stoichiometric crystalli®C that leads to much
improved properties of Si€eramics™. Higher temperature stability of third generation
of SIC fibres also enabled higher processing temperatures, resulting in a crystalline matrix
material. The main drawback of the pess however still remains the incomplete filling
of the voids within the preform and crack formation due to dimensional changes during
polymerto-ceramic conversionA more detailed description of the process is given in
section 1.4.

Reaction sintering(RS) is yet another possible route for fabrication of«/SiC
composites. The matrix material is produced by reaction between C and Si. Silicon can be
introduced in carboibased composite either by liquid silicon infiltration (melt
infiltration) >*°* or by vapour silicon infiltratiori>. Thecomposites fabricated by reaction
sintering exhibit relatively high densities and good mechanical properties, however, the
presence of the matrix secondary phases such as silicon, carbon and silica and
consequently, thermal and irradiation instability leé tomposite render reaction sintered
materials unsuitable for fusion application.

1.3.4.1Ceramic processing

SiC matrix can also be fabricated according to ceramic processing routes, by slurry
infiltration and high temperature/high pressure sintering. Howesrgsification of SiC is
a challenging task, due to its covalent nature and lowdgélisivity. Near theoretical
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densification of pure Si C can only be act
pressures (50 MPa)’. Pressureless solid state sintering of SiC can digewed by

addition of sintering aids (B, C,AlL,LB etc.) at temper a@tlhees ex
main limitation of the soligstate sintered SiC for structural applications is its low fracture
toughness (33.5 MPant’?) 8. Densification can be achieved also at lower temperatures
(17001850 AC) by | i qui d,OpAl@:0eY,C-AlN sintering aidy ( LPS
compositions were found to be the most effective and pressureless or psassues
(Hot-pressed, Hetsostaticaly Pressed) materials with near theoretical densities were
produced. Pressure is normally used to reduce the smtenmperature and to prevent

mass loss during sintering, due to decomposition gOABnd SiQ, which results in

inadequate and irreproducible densificattdrt®. Other type of additives based on rare

earth (LaO;, Ce03€ ) and met al oXxi des0s6()BewWer eCadl, s ¢
investigated®™ ®2 Fracture toughness of LFSC (6 7 MPant?) and strength (>7D

MPa) are higher than for solgtate SiC, on the other hand the oxidation resistance is

lower due to the presence of the intergranular phase.

Standard additives used for sintering SiC, however, involve elements (e.g. boron,
aluminium) that should be amt®d in fusiongrade materials due to their adverse effects
on properties of the composite under operation conditions (extensive absorption of
neutrons, formation of lontjved radioactive isotopes, etc.). Boron, with its 20 % of the
isotope B, is one ofthe strongest thermal neutron absorbers and is transformed into
stable helium andLi already at very moderate neutron fluences. Transmuted He
segregates at grain boundaries causing embrittlement of the m&téfiaDn the other
hand aluminium, whose isotop®l is long lived (726,000 years hdife and enits a 1.8
MeV gamma ray), is a major contributor to materials radioactiVitpame consideration
has to be taken into account when usingQilas a sintering aid in the case of liquid
phase sinteringNext to high neutron activation, secondary phases formed from oxide
additives are also less stable under neutron irradiation and are more prone to &velling
Furthermore, densification of the Si@atrix within a SiCfibre preform appears even
much more chllenging than for the monolithic Si€@ramics since high temperatures
associated with sintering of SiC may degrade the properties of the fibres (stable up to
1 8 0 0 *).AS@ndardsintering processes are also not suitable for densification of SiC
matrix material due to shrinkage (~20%) associated with densification. Densification is
constrained by the reinforcing phase (fibres), which leads to the formation of crack like
voids ®. Therefore a derfitation process resulting in a pure SiC (at moderate
temperatures) is required to achieve all the potential advantages of SiC over other
materials.

A modified liquid phase sintering (LPS) is used in EE (nanacinfiltration and
transient eutectoidprocess?®® ® ¢, 2D pyrolytic carborcoated fibre preforms are
infiltrated with mixture of nanes i z i€ pdwder with 1020 % of sintering additives
such as AlO; and Y,O3 by tape castingPolycarbosilane (PCS) is added to enhance
densification of matrix inside fibre bundlebifiltrated fibre preforms are stacked t
obtain desired thickness anénsified by hepressing at high temperatures (175800
AC) under pressures r an g/Bi@ gpmdositesfabritafied byo 2 0
NITE exhibit high densities and sufficiently high strength, however due to its 2D
reinforcement architecture and the presence of secondary oxide phase (YAG) which
lowers its thermal conductivity, is not resistant to radiation damiagad contribute
greatly to neutrom ct i vati on of t he materi al, it os
guestiomble.
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1.3.5 Requirements

Fusion reactor core is among the most challenging material environments. High operating
temperature, high heat flux and especially high energy neutrons, which cause degradation

of material through atomic displacements and transmutgtroducts, make material
requirements very demanding. Certain material properties for the design of the reactor

were setin the PPCS Model D conceft The design assumed properties and typical
measured values of fAfusi oTmablaBr aded materi al s

Table3: Design assumed values for &IC composites for structural application and measured

literature values B®*fusion gradeo materials

Assumed
Property Unit design Typical measued value
requirement
SCLL 3D CViI NITE
structures
Density [gem™] >3.0 2.8i2.9 2.7712.93
Porosity [%] <5 >10 2.419.2
Youngo6s Modu GPa 200-300 ~200 3001 400
Poi ssonds r a 0.160.18
Therm.a_lexpansmn I AC 4% 10°
cooefficient
Thermalconductivity 1,1
: Wm~K
(through thickness) [Wm ]
Nonirradiated RT > 20 25140 1540
Noni rradi ated > 20 20i 30 10i 30
Irradiated, RT > 20 5i 8*
Il rradi at ed, > 20 12/18*
Ultimate tensile stress, . ,
5001000 AC [MPa] 300 1001 200 3001 400
Matrix crackingstress, .
5001000 AC [MPa] - - 2001 250
Oxygen content % <0.5
Sweling( 1000 AC % <0.2 >0.5 >1
Specific contact dose mSwhL <0.95

(after 100 years)

Cost ukg™ <300 >100000

* Based on model calculation

1.4 Polymer infiltration and pyrolysis (Pl P)

As was already previously statetie Polymer infiltration and pyrolysis (PIP) procass
one of the standard techniques for formation of ceramic matrix in fibre reinforced
composites.
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The major advantages of polymagerivedmaterials is their intrinsihbomogeneity at the

atomic level, low processing temperatures (polymer precursor is transformed into
amorphousceramic materiala t temperatures bet ween 800
applicability of established polymer processing techniques. The resulting siiopof

polymer derived matrix depends primarily on the selected polymer precursor and
processing atmosphere.

At heating, polymer precursor crelisks into an unmeltable, prgeramic polymer
network (thermoseg)followed by an organkinorganic transibn which results in
amorphous ceramics, which cryst®allises at

The main problem of the PIP process is the significant weight loss of the precursor
polymer during pyrolysis (up to 40 %, depending on the polymer), dilne tevaporation
of low weight oligomers and structural rearrangent with evolution of gases
(hydrocarbons, hydrogen). Weight loss, together with the transformation of liquid
polymer precursor (density ~dcm®) into a ceramienaterial of higher density2(5i 2.7
gcm?® for SiC precursors) implies the volume reduction of the matrix (> 50 %), with
formation of macro and micro pores in the matrix. After crystallisadidaitionalmicro-
cracks are formedithin the bulk matrix materialTo achieve a reasonaldensification
of the materiathe process opolymer infiltration and pyrolysis procebas to be repeated
several times. This leads to a significant reductionporosity and simultaneously
hardening of the matrix. Mechanical characteristics of the coiepase improved with
the number of PIP cycles until reaching a maximum of strength. Nevertheless, the porous
microstructure (inevitable formation of large voidmpromises the integrity of the
material®.

In order to overcome the need for sever& Byclesand minimise residual porosity
(and pore sizexeramic powders, such as SiGCB SsN4, BN are used gsassive (inert)
fillers, which do not undergo any volume shrinkage during heat treatment and are
compatible with the matrix. The use of passifillers enables faster infiltration and
reduction of the number of necessary PIP cycles. To achieve a homogeneous distribution
of passive filler material narmetric powders are desired, especially in processing of
threedimensional fabric preforms. Theomogeneous dispersion of such nametric
powders into an initially amorphous matrix can also act as a crystallisation nucleus for the
matrix formation*°. However only limited amount of SiC powder can be added to the
polymer, since higher amounts fifer powder result in higher viscosity of the slurry
thuslowering theimpregnation efficiency. Moreover, during infiltration the preform may
act as a filter to the SiC particles resulting in a inhomogeneous distribution of the SiC
filler within the preform®®,

Another approach to reduce the need for multiple PIP cycles is the use of active filler
controlled pyrdysis (AFCOP) proposed by Gréfl. Active filler material (typically metal
or metallic silicide) expands during reaction with decomposition products of a polymer
phase or the reactive atmosphere, (NHz€ ) and thus compensate
the polymer during pyrolysi@=igure6).

f

(
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polymer without filler + passive filler + active filler

XXX

r ettt be
ettt b
r ettt
R R

shrikage L
porosity : @ passive filler @ active filler

@ reacted filler

Figure6: Microstructural changes during polyraegramic conversioff.

1.5 Infiltration of fibrous preform

In order to minimise processing time and formation of large voids in the CVI or PIP

processing of SIZSIC composites infiltration of SiC fibre preformstwiSiC powder

prior to densification was proposed. Infiltration of fibrous (or any porous) preform can be
achieved by infiltration of particles in a suspension into the porous structure. To achieve
infiltration an external force acting on the suspensiopaoticles in the suspension has to

be applied. The driving force for infiltration can be achieved by application of a pressure
difference, by applying an external pressure (e.g. presssisted infiltratior?® "+ %) or

by vacuumassisted infiltratiorf>.

Alternatively, electrophoretic (infiltration) deposition was suggested as a possible
technique for the fabrication of fibre reinforced composites, where the electrophoretic
force exerted on the charged particles in the suspension is thegdforice for the
infiltration. The process was already successfully utilized for fabrication of -oxidie
composites and 2D reinforced SiC composites.

1.5.1 Electrophoretic deposition

1.5.1.10rigin of surface charge

When a surface is immersedana polar (e.g. aques) mediumit acquires a surface
charge by oneor the combination of processes of ionisation, ion adsorption and ion
dissolution. Surface charge influences the distribution of ions in the polar medium.
Counterions (ions of opposite charge) are attrate@rds the surface and-amns (ions

of same chargeare reppeled away from the surfad®gether with the mixing tendency

of thermal motion, this leads to the formation of an electric double (&jgure7), made

up of the chaged surface and a neutralising excess of counter ions ovEm€o
distributed in a diffuse manner in the polar mediinAt the surface there isiemmaobile
Sternlayer, which consists dayer ofspecifically adsorbed ions and solvent dipdlbe
plane which passes through the centres of these ions is callehénddelmholtzplane

IHP), followed by a layer of solvateshonspecifically adsorbed ionghe plane which
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passes throuhg the centres of the solvated angpexifically adsorbed ions is called the
outer HelmholtzplaneOHP). lons aitsidethe Stern layeform a diffuse layer or Gouy
layer (also Gouy-Chapman layer)where there is freenferchange of ions and solvent
moleculesin electrophoresis (or electroosmosex) applied external electric field causes
tangential fluid flow along a charged solid surface. In such tangential motion a thin layer
of fluid adheres to the surface forming a hgamamically stagnant layer, which extends
from the surface to some specific distance, where trmaked hydrodynamic slip plane

Is assumed to exisThe potentialat the slipplanebetween the stagnant layer and bulk
solutionis extrengly important in éectrokinetic effects and is called tb&ectrokinetic or
zeta pot'ential, s

hydrodinamically hydrodinamically
stagnant layer mobile layer

@ anion

@ cation

@ water molecule

Solid surface

IHP OHP
I (Gouy layer) I electrolyte »

diffuse layer free

Figure7: Schematic representation of the electric doldpfer according to Bockris, Devanathan,
and Mugobte %

The surface ofSiC powders igypically oxidizedby a thin pasivationlayer of SiQ.
After dispersion of powder in aqueous medium the sur@®eg is hydrated resulting in
the formation of silanol groups (8iH) on the surface of SiC particlés Silanol groups
are ampbteric in nature, relatively strongly acidic and weak alkales@ertt pH above
the isoelectric point silanol groups react with @biform StO” with negative charge on
the surface of the SiC powders. At lower pH, silanol groups reactHitns and form
Si-OH,",with positive charge on the surface of SiC powders. The reactions are expressed

as:
Yo YQUQ® YQU 00

The resultingpH of theisoelectric point(pHiep) is related to the amotiof surface
oxide layer which shifts the isoelectric point of SiC to that of silicacfst2i 3.5).
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1.5.1.2Electrophoresis

Electrophoretic deposition (EPD) is a colloidal forminghteque where charged
colloidal particles from a stable suspension are degbsinto an oppositely charged
substrate by the application of electric fiéldf°. EPD offers the ability to easily fabricate
dense homogeneous green bodies, enabling fabricateomasfety of composite materials
(particulate laminates, fiborecomposites, functionally gded materials, etc.). The process
iIs composed of two steps; electrophoresis and deposition. Electrophoresis is an
electrokinetic phenomenon, where the external applied field induces the movement
(electrophoresis) of charged solid particles through thediqgrhe forces acting on the
suspended particle under the application of electric field are electrostatic Coulomb force
(Fo), St okeds fFg viscoud deag @ the liguady, elaxatipn forde.4, due to
the action of the electric field on iomd opposite charge to that of particle within the
double layer) and retardation fordez(induction forces in the double layer caused by the
electric field)(Figure8). The velocity of the charged particles under applied etefiéid
(Ve) can be calculated by

0 o0 20 (2

whereue is electrophoretic mobility of the particles and E is the strength of the applied
electric field. The electrophoretic mobility of a particlg,, dependdinearly on the
dielectric constant of the fluid) and the zeta potential of the particles) (@nd is
inversely proportional to the fluid viscositydf. The relation between these quantities is
given by Henry equation:

O -——M i (3)

where 3 is the permittivity of vacuum anél ( a rs) Hfeinctiory wherer is the
particle radius and™ the Debye length (double layer thicknestfined as

B

I - (4)

where e is the elementary electric charge, n; the charge number and number
concentration of iom (the solution containhl ionic species)k is the Boltzmann constant
andT the thermodynamic temperature.

Henr y 6 s fades adcdarding to which of the forces acting on a particle above
have to be considered (depending on particle size and double layer thickness). For small
particles in dilute solution, the double layer is thick &n@l ¥r )1 ( n e gdxatigni b | e
effect). For large particles in concentrated solutions, where the double layer fs thia,r )

r el

Y 1.5 (negligibl e elAlkaherrsitugtibns teadtta imternrediatea r d at i

numerical factorg® °

For aqueous suspensiorigpically the Debye screening layer is much smaller than
particle size(f ( srl))and Equation 2 is reduced to thilmholtzSmoluchowski
equation, where electrophoretic velocity is expressed as:

b 60 — (5)
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Figure8: Schematic representation of EPD proc&tegatively charged particle migrates toward
the anode (positively charged) due @mulomb electostatic force (E), the forces opposing
electrophoresis are Stokes frictional forcey)(Felectrophoretic relaxation force ff and

retardation force (.

Equations describing electrophoretic transport were derivenhfiarte dilute particle
suspensin. However situation is more complex if we consider a concentrated colloidal
suspension. Particles in colloidal suspension will exhibit a reduced electrophoretic
mobility due to the presence of neighbouring particles whitkct thefluid velocity in
theimmediate vicinity of each particle and modify the structure of particles double layer
(ion distribution) Several models were developed describing the reduction of
electrophoretic mobility as a fation of particle concentration and e n s fyr@tion.
Eledrophoretic mobility is reduced with increasing particle concentration and/or smaller
3 r The reduction in mobility is even more pronoundadthe case ohigh surface
potentials Jg| > 100 mV) However for aqueous systems, where the double layer
thickness istypically very small relative to particle sized (>>1) it is expected that
electophoretic velocity of a given particle }| €100 mV)is not effected by the presence
glf other particles and therefattee HelmholtzSmoluchowski equation (Equation 3) holds

1.5.1.3Deposition

Although theelectrophoretic depositioas a process is known sinceat e 19200 s
has been explored extensively to form differenaterials deposits %%, the exact
mechanisms of the deposition progeare still not entirely understoodseveral
mechanisms were proposed to explain experimental results, however a general
understanding of deposition of charged particles is lacking. Proposed mechanisms
(focused mainly on cathodic depositjpcan be dvided intothree majorcathegories
particle aggregation due to the pressure exerted by incoming pasielespcoagulation
(charge neutralisation at the electroded electrochemical coagulatioriidcculation of
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particlesduetol ower YHg of &

In 1940, Hamaker and Verw&§suggested that deposition of particles at EPD is akin
to sedimentation and that deposit is fedrby particles accumulatiott. was supposed
that applied electric field exerts sufficient force to overcome particle mutual repulsion and
particles deposit due to the pressure exerted by those incoming and in the outer layers.
This concept is feasible wh deposition does not occur at the electrode (deposition on a
porous membrane). Observation made by Vandepleat zeta potential of the particles
gShifts towards the isoelectric point with increasing solids loading supgp@tsiechanism
Grillion et al ® suggested that precipitation (deposition) of particles occurs by particle
charge neutralization upon contact with the opposite charge of the electrode. Such
explanation is only valid for monajer deposits at the electrode, and does not provide
any explanation for deposition of thick deposits or deposition when pastesterode
processes are prevented.

Koelmansproposed that deposition is governed by elettemical coagulation of
particles by an increase ianic strengthnear the depositing electrode, whidbcreases
the interparticle repulsiordwers the particle zeta potenjiand induces flocculatiof?.
This theoryhoweveris only applicable in aqueous systems where electredetions
generate OHions whichcauss increase in elenblyte concentration near the electrode.
For systems where there is no incread ionic strength near the electrode, Sharkar and
Nicholson® offered an explanation involving distortion of the double layer (thinner
ahead and thicker behind) due to applied electric field and fluid dynamics. Counterions
the extended double layer behind the particle may interact with ions in the suspension
(also migrating toward the counter electrode) and thus reduce the thickness of the double
layer. The next incoming particle with thin (leadieglge) double layer carow approach
close enough to favouwan der Waals attractive forces and induce coagulation
(deposition).De and Nicholsof® showed that, in contrast to the claim by Sharkar and
Nicholson, for suspensions involving” Hor H:O") ions, H are not inexcess in the
vicinity of the calhode but are depleted by electron discharge in the cathodic reaction.
This increases the local pH towards the isoelectric pointdpldecreasing zeta potential
and thus facilitating coagulation.

1.5.1.4Electrophoretic (infiltra tion) deposition

The process of eledphoresis camlsobe used to infiltrate porous substratiesthe
process of electrophoretic (infiltration) deposition, an electric potential gradient between
the electrodes is used to drive the charged particlebdansolution into the porous
preform. Three driving mechanisms influencing particle penetration are ideffifiee
electrophoretic force exerted on the particths, hydrodynamic drag force exerted on the
particles due to the electroosmotic flow of the solvent inside the pores, and the random
Brownian force due to thermal fluctuaterof the solvent molecules. The particles
subjected to these forcesgrate through the porous substrate, until tregch the walls
of the pore and are captured and deposited onto the walls by the short range van der
Waals forcesAccording to the work ofHaber and GaDr ®” 88 the penetration of
colloidal ceramic particles into porous substrate based on plibpathistribution
function, is enhanced at large values of Peclet numBgr>1) and low values of
Damk?© hl er s/p. iPecimtbneimber (is a netimensional parameter in fluid
dynamics which determines the relative significance of the convective process in relation
to the diffusive process:

5 o)

U — (6)



Introduction 21

where v is the particle velocity (sum of electroosmotig)(and electrophoretic
velocity () of a charged particle)y is the mean pore radius, afdis the diffusion
coefficient of the particle. According to StokEmstein relation diffusion can be
expressed as:

o — ©)

wherek is the Boltzman constant ands particle radius.

On the other hand, /ptdéteeminbsatime katichbetween diffusiorb e r  (
and deposition time scales, namely:

- (8)

where) stands for local depositionratear ge Damk®°® hl er number r e
where the deposition of particles is governed mainly by diffusion, whereas small values
comespond to a process controlled by tbheal deposition rate. As was stated by Haber
and GalOor %" very low or zero valuefo Damk©° hl ers number (e.g.
result in the deepest particle penetration through porous substrate, which might be
achieved by the introduction of a repelling force (stronger than van der Waals attraction
forces) between the particles are tpore walls. When electrostatic forces are used to
prevent particle deposition, according to Bowen et’althere is a critical filtration
velocity below which the particles are excluded from the pore due to electrostatic
repulsion, therefore the elect field acting on the particles (and resulting electrophoretic
velocity) has to be sufficiently high to overcome the effect of electrostatic repulsion
between the pore wall and the penetrating particle.

The movement of particle inside a porous substsadecombination of electrophoretic
and electroosmotic velocity. The direction
wall and can either contribute or oppose the motion of the particle through the substrate
87

For the sinple case of electroosmotic floparallel to a charged plane (straight
capillary wall), the electroosmoti velocity of the electrolyte solution under the applied
electric field parallel to a plane wall is given by Helmh&inoluchowski equation

b 60 —X 9)

which is of the same fornfwith opposite sigh as Equation 3 for electrophoresis
(assuming the pore radius is much larger thanwhi double layer thickness) ®.
However, the straight cédlary model of porous media is not a realistic model for fibrous
systems, for it does not consider the effects of poentation,geometry, tortuosity, etc.

89 Several authors have used unit cell models to predict the electroosmotic mobility of
electrolyte in fibrous poraimedia®®!. Aswas determined by Kozak and Daviésind
Ohshima®, for moderate surface potentials and lasgé> 107) electroosmotic velocity
reduces to HelmholtzSmoluchovgki equation and for smallvalues of a 1 the
electroosmotic velocity decreases as the porosity decreases.

As was determined by Keh and Chidtiin their analysis of electrophoresis of a
colloidal sphere in a circular cylindrical pore, the direction and velocity of particle motion
is determined by the dédrence in particle and wall zeta potenti&s-(gy). The migrating
particle is alsaffectedby the electrophoretic enhancement due to electrostatic interaction
between the particle and the pore wall and by the hydrodynamic retardation of the pore
wall resulting in a decrease in electrophoretic mobility as a function of pgpticéesize
ratio.
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1.5.1.5Use of EP(I)D for fabrication of SiG/SiC

The use of EPD in the infiltration of fibrous preform was reviewed by Boccatini
Most of the previous research has been focused on th&diadm of oxide based
composites in particular with 2D reinforcemetft *°. Since oxide fibres are nen
conductie, they are placed in front of the electrode and the particles migrating towards
the electrode with the opposite charge, gradually fill the fibrous prefioritine case of
conducting substrategshe substrate (porous structure, fibres)used as depositn
electrode™ ¥

Literature on fabrication of SiC based composites by electrophoretic deposition is very
scarceand limited to infiltration of 2D reinforcementBoccaccini et al?® infiltrated 2D
plain woven SiC fibre mats with silica and alumina from aqueous suspension to form a
SiG/ mullite composite. They reported on a full infiltration of fabric preform indicating a
possibility to use EPDotinfiltrate 2D and possibly also 3D fabric preforms. Streckert et
al. ® reported on infiltration of a thick NicaleHVR-fabric with SiC powder rbm

acetone suspension. A very porous fAgreen
% TD was obtained. Due to inefficient particle infiltration macro voids and virtually no
particle infiltration bet ween *infileated Db r e

carbon fabric by SiC particles in ethanol suspensions. They noted a significant
improvement of the infiltration with suspension containing 10 vol. % of solid content (in
comparisond 1 vol. %), which was attributed to the collective movement of particles. In

a more recent research, Lee et Qlinfiltrated 2D SiC reinforcement with mixture of SiC
powder and sintering aids in a toluene/ethanol solvent mixtiCefabric was used as an
anode or cathode (depending on the surface charge of SiC particles) and placed between
two oppositely charged electrodes in order to increase infiltration by deposition from both
sides. In a related study, Gil and Yoth reported on an increased infiltration of intra
bundle areas by combination of EPD and ultrasonification of ethanol suspensions
containing SiC with AlOs-Y,05-MgO sintering additives. Same principle of infiltration

of a 2D fabric from both sides, was al¥emonstratetby Yoshida et al*®?in anaqueous
system.

The feasibility of electrophoretic (infiltration) deposition for infition of 3D
conductive fibre reinforcement was not yet demonstrated and such reinforcements were
even termedinot suitable for fabrication of fibre reinforced ceramic matrix composites by
electrophoretic depositiorn”.

0O Ct
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2 Aims and Hypothesis

Silicon carbide based ceramic matrix composites are among the candidate structural
materials for nuclear fusion alpgation. The intrinsic properties of SiC (high temperature
stability, low neutron activation and after heat levels etc.) have rendered SiC the material
of choice for advanced fusion concepts envisioning higher operating temperatures and
higher efficiencis of the fusion reactorHowever, arrently available processing
techniques have not been able to satisfy all the requirenmepdsed on SiC composites

for fusion application; therefore further development is essential for successful
implementation of tls material in future fusion power plants.

The desired process should enable fabrication of dense SiC matrix within the 3D fibre
preform at moder ate temperatures (<1800 AC
cause degradation of Sifibres In orderto preserve the advantages of SiC in nuclear
environment (low neutron activation, low afterheat levels), material should consist only of
low-activation elementsuch asSi, C, Cr, Fe, V, Ti and Wwhile standard sintering
additives, such as ADsz or B shold be avoidedAdditional drawbacks of ehsification
by standard sinteringre high temperatures and pressures normally employed and large
shrinkage associated with densificatidviaterials produced bytateof-art processes
such as chemical vapour infdtion (CVI) or polymer infiltration and pyrolysis (PIP)
suffer from inherent porosity with large pore size due to the nature of densification
process. On the other hand reactive sintering (RS) or-iméification and transient
eutectoid (NITE) processgealthough successful in densification, result in a material with
secondary phases (Si, SJ@ in the former and YAG in the latter) which deteriorate the
stability andlow activation propertiesf the material under neutron irradiation.

The aim of the coposed work was to define and develop an alternalioe-
temperature, lovpressureprocessing route for fabrication of SiC fibre reinforced SiC
composite materials (SiSiC) intended for structural application in future fusion reactor.
The proposedconcep envisages the use of electrophoretic (infiltration) deposition
process for the infiltration of the SiC fabric preform with SiC powder, which would be
densified at e mper at ur e s bybpelymeninfiltiaBod @Gnd Py@lysis process.
The combined pragss would produce a densgghly crystalline SiC matrixintroduction
of large amount of crystalline SiC powder prior to densification would enable more
efficient densification and would prevent the formation of langgids during
densificationwhich isone of the main drawbacks tbfe existing stateof-art process

The use of electrophoretic deposition for fabrication of ceramic matrix composites
have already been demonstrated, however the relatively small volume of work performed
has been focused maingn nonrconductive substrates and 2D reinforcements such as
fibore mats. In order to utilize electrophoretic (infiltration) deposition, appropriate
suspension properties and infiltration conditions should be determined. By studying the
infiltration kineticsof a thick conductive porous substrate, improvement to the existing
concept of infiltration of conductive fibrous preforms by use of electrophdnasisobe
made. Determination of optimal condition fdensificationof fibrous preforminfiltrated
by lage amount of powder material, which acts as a passive, filliéh appropriate
preceramic polymer precursor and establishing a suitable heating regime in order to yield
a crystalline ceramic with desired properties is needdidrnative approach of active
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filler controlled pyrolysis can be uselliring polymer pyrolysiso reduce the processing
time and increase densification.
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3 Materials and Methods

3.1 Materials

Aqueous suspensions aii ® mi c-Si€ powder with =0 . 6 ¢ mH.C.&drck,2 ,
Germany) nanosizd -$C powder with ¢=50 nm (Hefei, Keier nano, Chinahd CrSj

with ds=4. 539 em (ChemPur , Ger many) were prep
deionised waterThe surface charge aferamic particles was modified witl2.8 M
tetramethylammonium hydroxid (TMAH, SigmaAldrich Chemie GmbHGermany)or

1 M hydrochloric acid (HCI, Sigm&ldrich, Germany) W powder(Secco), with average

grai n si 2was dsgersetl in absglute ethanBigfmaAldrich Chemie GmbH

Germany) with the addition of citric ac{@€A, Johnson Matthey GmbH, Germany

For the EP(I)D experiment3yranno SA Grade 3 (UBE Industries Ltd., Japan) fibres
of 7.5 & m wera useliasa fibee treinforcemeritiqure 47). The fibres were
orthogonally woven into 30abric preformof 5.4 mmin thicknessby Shikobo Ltd.
Japan and a thin layer of pyrolytic carbon (PyC) of thickness of approximately 100 nm
was applied as an interphase layedtalian National Agency for New Technologies,
Energy and Sustainable Econanidevelopment ENEA. The ratio of fibres oriented in
the x, y and z direction was 1:1:0.1 with total fabric fibre volume fraction of 0.85.
study the infiltration condition?AN based carbon fibregith 7 e m i n (Te#hoa met er
Tenax America Inc., USA woven into anoncrimp 3D orthogonal fabric preform of
thickness 4.5 mn{3TEX, USA), were used. Unless stated otherwise, thee§ were
treated with sodium dioctyl sulfosuccinate (SDOSS, Sigidaaich Cheme GmbH
Germany)o increase the wetting @ibre preform withthe suspension

For the polymer infiltration and pyrolysis process, allyidridopolycarbosilane
(AHPCS) (StarPC%' SMP-10, Starfire Systems, USA) was use8MP-10 is a
hyperbranched partiigl allyl substituted polycarbosilane, with compositional formula
[Si(CH,CH=CH,),CH.],[SiH-CH.], 1 {where x = 0.5 %)%. AHPCS average structure
andSMP-10 polymerbasic properties are shownkigure9 andTable4 respectively.
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Figure9 AHPCS fiaver ayeodo structure
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Table4:Basic properties of StarPESSMP-10 ",

Property Value

Density 0.998 gerit

Appearance clear, amber liquid
Viscosity (25 AC) 0.040.10 Pas

Flash Point 89 AC

Moisture Absorption < 0.1 % in 24h ataom temperatures
Surface Tension 30 mN/cm

Odour none

DOT/IATA Regulations non hazardous

3.2 Electrophoretic deposition

3.2.1 Suspension

Aqueous suspensions of submicron SiC and nanosized SiC were prepared with various
solids loading of 1070 wt. % and 150 wt. %respectively. Nanosized SiC powder was
heat treated at 650 AC f or 3 Mixadisusperisionsr e movVv e
of submicron and nanosized SiC powder and submicron SiC anghvEn®i also prepared

with 5180 vol. % of nSiC and B0 vol. % of CrSk respectively. Suspensions of
submicron SiC with 110 vol. % of W were prepared in absolute ethakt#ctrokinetic
properties of powders in suspensions were measured using a Zeta Probe analyser
(Colloidal Dynamics, USA)Conductivity and pH of theuspension were also evaluated
using conductivity meter (Portamess 910, Knick, Germany) and pH meter (Metdghm
Switzerland)with Polyclave 120electrode(Hamilton, USA. The pH levelsn aqueous
suspensionswere adjusted usingetramethylammonium hydreide (TMAH) and
hydrochloric acid (HCI). Suspensions were homogenised using ultrasonic processor
(UP400S, Hielscher Ultrasonics, Germany) with power of 400 W &b a@nplitude, for 3

min at 0.5 s pulse before each characterization measurefe¢mipotentl of used fibres

was measured in a dilute agueous suspension (Riage Analysis Light Scattering
(ZetaPals Brookhaven Instruments Corporation, USA). Fibres were crushed ifCa B
mortar andapproximately0.1 g was dispersed in 100 mL of distilled wate was
adjusted using 0.01 M HCl and 0.011 M NaOH.

3.2.2 Electrophoretic deposition

EPD experiments were conducted in a glass beaker with suspension in which two flat
graphite electrodes were immersed at a mutual distance of 2 cm using a power $ource (0
64V, Thrulby Thandar Instruments, United Kingdom). Constant current depositions with
current density o2i 10 mAcni were applied for 520 minutes. A cellulose membrane

was placed in franof the depositingelectrode to prevent bubble incorporation due to
water electrolysis. For the EP(I)D experiments, fibre preform was either used as an anode
or was placed in front of the anode, separated from it by a cellulose membrane. Prior to
infiltration, the fibres were immersed in 0.005 M solution of sodium dioctyl
sulfosuccinate (SDOSS) in water and dried in air. The deposits were carefully dried in
humid atmosphere.
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Figure 10: Scheme of electrophoretic deposition cell where a) fibres are in contact with the
electrode ant) fibres electricdy isolated from the electrode.

3.3 Polymer infiltration and pyrolysis

EPD and EP(1)D samples were infiltrated with polymer precursor eitheée@ssited, or
afterbeingprs i nt er edil&t0 01 A0 i ACvacuum.

Prior to infiltration, thepreceramicpolymerwas agitated with a magnetic stirrer in
order to degas the polymer and heate®@l 0 0 AN Gamples were evacuated to
1000 500 Pa(unless stated otherwisend then infiltrated with the polymer using a
pressure difference between the chambers withptilgmer and the samplérate of
infiltration was monitored by visual examination of fracture surface of infiltrated samples
after infiltration under various conditions (temperature, time, evacuation).
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Figurell: Schematic represgation of thepreceramigolymer infiltration system.

The infiltrated samples weteeattreated tol 0 0 0 A C in anhigltempeoature
tube furnace (RHTC 8Q@30/15, Nabertherm, Germanyh order to pyrolyse the
preceramic polymerHeating profile was djusted in order to minimize the effect of
dimensional changes during lpmer to ceramic transformatiorAfter pyrolysis the
samples wereuftherheat r e at ed a7 006G 0AC AiCh ovacuum
Astro furnace (Thermal Technologies In¢&JSA). To study the polymetio-ceramic
transformation the aseceived polymer was pyrolysed and additionally fiesdtedat
varioustemperatures p t o .1800 AC

The entire experimental procedure is schematically presenkegurel12.

n
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3.4 Characterisation

3.4.1 Viscosity

The rheological properties SiC suspensions with different solids loading andlSMP

polymer and polymeSiC powder mixtures, were meared using a Physica Modular
Rheometer MCR301 (Anton Paar Gmbh, Austria) usirgpree (CP5&2, CP202) and

plate methodVi scosity was measured at temperature
in the interval of 1100 §. Temperaturedependent viscity measurements were
performedat shear rate of 5'dn the temperature range ofi201 0 A C.

3.4.2 Wetting angle

Wetting angleon presintered SiC and PyC substrateas measured with Theta Lite
optical tensiometer (Attension, Biolin Scientific, Finlangjngdistilled water or SMP10
polymer. Substrates were washed with acetonedistlled water prior to measurements.
In the case of water wetting angle measuremémeseffect of surfactants was evaluated
by immersion of substratato aqueous solutions oD®SS or DBSAWetting angle was
determined approximatelys after the droplet was released to the surface of the sample.

3.4.3 Thermal analysis

To determine the curing temperature of the SMPpolymer, differetal scanning

calorimetry (DSC200 F3, Netzsch, Gemny)was employedsp t o 400 AC with
rate of 10 Knin™’. Thermal gravimetry analysis (TGA, Mettler Toledo, Switzerland) of

the polymer was prefor med i nwitaaheatingrategfen at mo
3 Kmin™.

3.4.4 Electron microscopy

Morphology and size of used powders and the microstructures of the fracture surfaces or
polished crossections of the samples were examined using a-éelidsion scanning
electron microscope (FEGEM) (JEOL JSM7600F, Tokyo, Japan) equipped with an
energydispesive X-ray spectroscopy (EDXS) system INCA (Oxford Instruments, United
Kingdom). A quantitative, standardless EDXS method with a virtual standards data
library, combined with a spectral acquisition time of 60 s and beam energy of 6.5 keV,
was used to anadg the composition of Si@atrix and SiCfibres in the composite.

For the transmission electron microscopy (TEM) stydiee specimens were cut,

ground and polished into 100 em discs, whi
standard procedures for TENbeximen preparation by dimpling and ion milling (BAL
TEC, RES 010) using-kV Ar'i ons at an incidence angle of

electrontransparent areas. Powder specimens w#aeed on a copper grid The
morphology and crystallinity of the samplegre studied using 28KeV transmission
electron microscopes (JEQIEM 2100and JEOL JEM 2010F, Jeol Inc., Tokyo, Japan).

3.4.5 X-ray diffraction analysis (XRD)

Phase composition andystallinity of powders, fibres, pyrolysed polymer ceramic
residue and bulk naterials was evaluated by -Xay diffraction (XRD) using a
diffractometer (D4 Endeavor, Bruker AXS, Karlsruhe, Germany) with B&ggtano
geometry, a Cu KU r aXdeneagydispersivesdetectoitoymea nd a S«
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derived ceramic residueamplesand ceramic fibresvere crushed into powder prior to

XRD analysis. An estimate of the crystallite size of the pyrolysis residue ledt

treatment in the temperature rangel®6®0i180 0 AC was obt ained from
using DebyeSherrer equatioff”.

3.4.6 Fourier transform infrared spectroscopy (FTIR)

A PerkinElmer 2000 FAIR spectrometer (PerkinElmer, Waltham, MA) was used to
record IR spectra of the -asceived polymer and crushed powder residue after heat
treatment at different temperatures. The spectrometer is equipped with Specac Golden
Gate Diamond AR (Specac Ltd., Orpington, U.K.) as the sample support. The data were
collected in the wave number range of B8000 cni using spectral resolution 2 €nand
8 scans.

3.4.7 Density & Porosity

Densities of green deposits and samples after densification wesain@@ausing Bulk

Density Measurement System (Densitec, Exelia AG, Switzerland) based on the
Archimedes principlan silicone oil M3 5 0 , Car | R° t h Pdeosiimdiry Gern
measurements were performed using aimiiguision porosimeter (Pascal 140 / 440,

Thermo Scientific, USA) in the range of 180a 400 MPa. Pore size and distribution of

the material was alsoharacterised bgD X-ray computed amography(CT) at Henry

Moseley Xray Imaging Facility at University dlanchesterimaging was performeon

disk shaped sample with diameter of 10 mm and 4 mm thickossgg theNikon Metris

320 kV custom bay.

3.4.8 Thermal conductivity

Room temperature thermal conductivity of bulk samples measured on a Physical

Property Measurement System (PPMS, Quantum DesignW$A) with a 9 T magnet

using the standard foyarobe lead configuration. Measurements wegdopmed in the

temperature range between 300 and 400 K. The samples were in the form of small bars

with the maximum size 4 mm I 4 mm I 15 mm.
Composite samplefr thermal diffusivity measurements were in the shape of disks,

10 mm in diameter and 4.8.8 mm in thickness. Thermal diffusivity was measured

through thickness by laser flash analysis system (LFA457, Netzch, Germany) in the

temperature range from roommperature to 1050 K in vacuum. The thermal diffusivity

values were determined using the Cowan algorithm and pulse corrédgasurements

were performed padlly at NuclearResearch And Consultancy GrougRG) in Petten

and partially at the National In#ute of Materials Physics in Bucharesthermal

conductivityof the samples was calculated according to the equation:

a=WC (10)

where U is measurGsipe¢ hiefrimal heath fasd vji tgen
Specific heat of the materialas measured directly or wasalculated following the
mathematical approximation suggesby Snead’:

C,=925.65+0.3772T7 . 9259713 . 1M 46T?T 10 (12)

Changes in density with increasing temperature due to thermal expansion of the
materal were also approximated according to equation:
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dy /-3agT = (12

where thermal expansion due to temperature increase can be expressed according to
approximation derived for 3SiC highpurity CVD SiC as

a=-1.8276+0.0178 T1. 55 42T+ 405 2%4T8(10°PK™L 0 (13

3.4.9 Mechanical characterisation

3.4.9.1Hardness& Elastic modulus

Hardness was measured using Vickers nanoindentation (Fischeroscope H100C, Helmut
Fischer, SindelfingeiMaichinigen, Germany). The instrument records insteatas
measurements of indentation depth and load, from which microhardness and modulus of
elasticity can be calculated. Samples were polished and indentation force of 1 N was used
for 10 s.

3.4.9.2Strength

Strength of the bulk matrix material was measured on gakples of 17.4 mm in
diameter and thickness of £ mm. The samples were grinded and polished in order to
minimise the effect of surface imperfections. The strength was measured usingppiston
three ball biaxial strength testing (Galdabini Quasar 50y)Itdhe measured sample is
supported on the bottom (flexural) side by three balls equidistant from its centre. The
upper face of the specimen is centrally loaded with a piston of radius 1.4 mm, as shown in
Figure9. The supporting balls are made of siess steel with radiusf 1.4 mmand are
equally spaced along a concentric circle with radius of 11 mm.

2rg

‘[ _____ () [ f\i
-

Figure 13. Schematic of fixture for testing biaxial flexure properties using piston on three ball

configuration.

In the ar@a underneath the pistpthere exists an equibiaxial tensile stress state where
initialization of fracture is expected. The flexure strength was determined from the peak
load at failure according t§°

. —Op ¢& —Op — O, (14)
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where

0 -, (19

wherev is the Poisson ratio of the specimen (assumed to be 0.19 for SiC (ref)), b is the

radius of the loaded area (e.g. contact radius of the loading pistde)thie radiuof the

support and R and t are the radius and the thickness of the disc specimen, respectively.
Strength of composite samples was measatedniversidad Poli&nica de Madrid

usingstandard thregoint bending techniqueith 35 mm span, and free rolleiSamples

were cut into bar shape of 3 35 mm and grinded on all surfac&exural strength of

composite material was measured framdinr oom

air atmosphere
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Materials and Method:
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4 Results

4.1 Suspension

For a successful electrophoretic dgiion (and electrophoretic (infiltration) deposition),

suitable suspension properties (zeta potential, conductivity, viscosity) are of key
importance To determine basic electrokinetic behaviour of i@vder in aqueous

medig zeta potentiati iet)y a(nid) cofndB5 wt . % a
submicron SiC powdewxere evaluated.

The pH dependent val UFigweld lBoelectriapoict (IEHP)ohr e s h
SiC in aqueous suspension was established aB.pHThe natiral pH of aqueous SiC
suspension was very near the IEP, which explains why the initial suspension was very
unstableWi t h decreasing pH, &6 was increased u
absolute value of ¢ Gerdgctivityofcthe espensods linearly t o 80
slightly increased with addition of TMAH up to pH~10. Further increase in pH caused
exponential increase in conductivip to4 m&m* at pH 12. With HCI addition,he
conductivity of suspensionas alsexponentiallyincreased

a b
) 4 )
20 - B starting PHigp=3.8 4.5 -
10 - ‘Q/ point HCI TMAH ,
‘ 41 addition addition ,
0 . T ; ; : , pH ) - ;
2 t 6 8 10 12 35 < »
-10 - S —
— -20 - : £ 31 "
S . 3 '.
£ -30 - e E£25
Mo o N o 5 |
501 HCI . TMAH
addition *. addition 1.5
-60 - N ‘. :
. 1 - ' *
=70 - ’, ke = starting ;
te ‘. ] ™ 4 K
-80 - LI 0.5 ‘b/ point ”
-90 0 O

2 4 6 8 10 12 14
pH

Figuel4 Dependance of ¢ and conductivity (G) as a

suspension.

The effect of solids loading on electrokinetic properties of SiC powder in aqueous
suspensions was evaluated with aqueous suspensions Wi \i© % of SiC powler in
waterwithout additives and at pH10 with addition of TMA(Huspension containing 70
wt. % of solids loading without additives could not be prepared, due to high viscosity)
The effect of solids loading had a minor effect on the zeta poteRiglré 15a) for
suspensions witf~-65 mV) or without additiveq~20 mV) Slightly lower values were
measured for suspensions containing low (< 20 wt %) or high (> 60 wt. %) solids loading.
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Figure 15: Zetapotential ) and ¢ o n d uaf agueous tSIC sugpénsias a function of

solids loading

By increasing the solids contemt the suspensioralso the conductivity increased
from ~ Q1 mScnt for suspension with 1@rt. % solids loading te-0.2 mScm® at 60 wt.
% solids loadingor suspensions without electrolyte addition (pH).~Bhe increase in
conductivity was more pronounced in suspensions with addition of TMAH (pH10), where
from initial 0.15mScm’ the conductivity was linearly increased up to6-thScm® for
suspensions containing 70 wt. % of SiC powder

To enable full infiltration of the suspension in the fibrous preform, the viscosity of the
slurry should beminimised Viscosity of dispersedSiC suspensionat pH10gradually
increasedvith solids loadingfrom 0.001 Pas for suspension containing 10 wt. % of SiC
powder to 0.007 Pas fob0 wt. % of solids loadingSuspension containing 70 wt. % of
solids loadingexhibited a large increase in viscosity to 0.119 Pa to high viscosity,
suspensias with > 60 wt. % of solids loading are nstiitable for electrophoretic
(infiltration) deposition.

d[Pas]

0,01 -

0,001

0 10 20 30 40 50 60 70 80
wt. % of SiC powder

Figurel6: Viscosity of aqueous Sisuspensionat pH10as a function of solids loading.
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4.2 SiC matrix

4.2.1 Electrophoretic depositian (EPD)

Due to high price of reinforcing fibre arunited availability of the fibre preform, the
processing conditions were initially determined for deposition of bulk SiC matrix and
later transferredb fabrication of composite material.

The effect of sspension properties on the properties of EPD green deposits was
evaluated by measuring densitydsfed green bodiesRegardless of the solids content in
the suspensionhé highest deposit densitiffer individual solids loadingyvere obtained
in thepH range of9i 11, (Figurel7 a). To determine the optimal concentration of powder
in suspension, depositions were preformed from suspensions with pH10. Densities of
dried green deposits increased with the amount of powder in suspapsio 50 60 wt.
% where the measured density was60 % TD(Figure 17b). Further increase in solids
loading resulted in deposits wittower packing densitiesFigure 18 illustrates as
deposited bulk SiC matrix formed from a suspension with 50 wt. % of solids loading at
pH10, and its fracture surfaceigure18b).

a) ., b) 70
pH10
65 A 85 -
) s
60 - ) \ 50 wt. % 60 - p °
.. . e L. .
a . \ ) .
= 55 4 o’ : ~ 55 .
= , = '
- -A ¢
50 - 50
. . 30wt. %
A A~
45 “a 45
40 T T T T \ 40 .
7 8 9 10 11 12 13 10 30 50 70 90
pH wt. % of SiC powder in suspension

Figurel7: Green densities of deposits formed by E&Da function of pknd solids loading
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Figure 18 EPD green deposit formed from suspension with 50 wt. % of SiC po{ajland
scanning electron micrograph of its fractured surface after dfiging

As it is evident fromFigure 19a, applied current density(j) had no effect on the
density of the depositfiowever for depositions below 2 mAch the rae of deposition
was much slower and longer times had to be employed to yield a deposit with thickness >
5 mm. Thicknes of the formed deposit increaseith time and applied current density
(Figure 19b). At the applied current density of 4 mA&mna 9 mm thick deposit was
formed in 10 min.
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Figure 19: Green deposit densityas a function of current density ahd thicknesof formed

deposit(h) as a functiorof current densityand time

In order to increaséhe density of green depositan attempt was made also by usang

bimodal particle packing of subombn and nanosized Si(hSiC) powder The as

received nanosized SiC powders hydrophobic and thusould not be dispersed in

water. TEM examination of fibres surface revealed that the surface of nSiC powder is
coated with a thin (~ 2 nm) layer of carb@figure20a). Since carbon is hydrbpbicin

nature, the layer was buratf f by heating the powder at 650
surface layer was removed and an amorphous B#3sivation layer (typical for SiC
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surface, preent also osubmicronSiC) was formedFigure20b).

Figure 20: Transmission electron micrographs ofraseived nSiC powdefa) and after heat

treat ment

at).

650 AC

n

ai

r
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Electrokinetic propeies of nanosized SiC powder (nSiC) were evaluatigll aqueous

suspension containing 5 wt. % of powder. Due to similar surface chemikey

electrokinetic behaviour was comparable to the submicron pdidgre21). Isoelectrc
point was determined to be at pH 3.6, and natural pH of the suspension was 5.4.
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Electrophoretic deposition of SiE€SiC mixtures was conducted at pH ~Hdfect of
nanosized SiC addition on packing density was evaluated by meabutingensity of
green deposits. On the contrary to the expectations, the addition of nanosized powder had

an adverse effect on deposit densifyg(re 22). At smaller additions (up to 15 %)
measured densities were only slightbwered in comparison to deposits formed from
only submicron powder, whereas at higher concentrations of, ti&Cdensities were

funct
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significantly lower (< 50 %TD). Deposition of only nSiC resulted in a deposit with 43 %
TD.

70

65
L.
60 ¢
* L]
55 .
L]
[ ]
Pl .,
°
ES s .
45 . .
40 +
35
30 T T T T
0 20 40 60 80 100

% of nSiC

Figure22: Density of SIC EPD green deposits as a function of amount of nSiC in the
SiC-nSiC mixture.

Fracture surface of dried green deposit revealed that the nSiC powder is
homogeneously disbuted throughthe deposit and no gradient structures were observed
(Figure23). Af t er heat t r,ehae hanosized poader isiné IOnger doserved
and the resulting microstructure is comparable to samples without nSiC addition after pre
sintering.

Figure23: Fracture surface @iC EPD deposit with 1@it. % of nSiCa) as deposited and b) after
sintering at 1600 AC
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4.2.2 Polymer infiltration and pyrolysis (PIP)

4.2.2 1lInfiltration

In order to promote the infiltration of the liqupteceramigolymer precursor into pous

substrate (EPD deposii} is desirable that there is a good wetting of the substrate with

the liquid (low wetting angle) and that the liquid viscosity is as low as possible.
Therefore, ® reduce the viscosity, the SMP polymer was heatedshear sess
measured t 3 8s aAufiction ofhearratein the rangeof 0.1 -10 s exhibited a

Newtonian fluid behaviouwith viscosity 0f0.086 Pas Figure24a). As it is evident from
(Figure24b), the visosity of SMR10 polymer decreased with increasing temperatpre

t o 1 1Measiv€l room temperature viscosity of as received polymef@sPas,

which decreased to 0.015 Pas ,thereidadharpAC. A
increase of viscositio 0.259 Pas, most likely due to thieset of croséinking reactions.

a) o9 b)0.30
0.8
0.25 -
0.7 -
= 06 - 0.20 -
o
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0.2
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0 T : r . 0 : T : T . ; . .
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Figure24: a) Shear stressf SMP-10 polymer as a functioof shearateme as ur e dangby 30 AC
Vi s c o s afunctigrod temperature measured at shede of 5 8.

SMP-10 polymerreadily wets theSiC substratavith wetting angle oftl9 N 4Figure
25). Comparison of wetting angle of the-eeseived polymer at room temperature and
pol ymer heated at 1O0eblekliangd.i d not show any
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Figure25: Wetting angle measurement of SMP with SiC substrate at a) room temperature and
b) 100 AC.

The effect of polymer heating and evacuation prior to infiltration on infiltration depth
was examinedo ddgermine the conditions needed for full infiltration. As is evident from
Figure 26, depth of infiltration was time dependeBty longer infiltration the depth of
infiltration was increased. Enhanced infiltration was observeceadge of samples.

Figure26; Fracture surface of infiltrated substrate after a) 5 min and b) 15 min of infiltraiilon
pol ymer heated at 100 AC.

Figure27 shows the influence of temperature andaation on infiltration deptas a
function of time.Full infiltration of 1 cm thickbulk samplespre i nt er ed witht 1700 /
pol ymer heat eathieved aftér @®Dmindtefiltnasion rate was reduced in
the case when samples were additionellsgcuated prior to infiltration, most likely due to
increasen polymer viscosity since the samples were not heatéthe polymer was not
heated infiltration was much slower and full infiltration was not achieyegten with
prolonged infiltration timeof 24 h).
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Figure27: Infiltration depth (h) oSMP-10 polymerinto presintered SiC sampless a function of
time (t) for as received polymez () or polymer preh e at ed t o 1)®Owithal @) wi t h

evacuation of samples.

4.2.2.2Polymer-to-ceramic transformation

To minimise the effect of dimensional changes dupgeplysis the polyme+to ceramic
conversionof SMP-10 polymerwas studied by thermal analysiIhe mset of cross

linking was observed with DSC analysis ofraseivedp | y mer precur sor at
a sharp exot her nriglre 2§.eThekmo gravimérg Gnalysis (TGA)
revealedthatdr i ng heat treatment up ,thereidad26® AC i
weight loss which corresponds t@4.6 vol. % (taking into account the density of-as

received polymer is 0.998 géhrand density of amorphous SiC residue2i83 gcni®).

Weight loss occurs irhteemajor steps.fom r oom t e mp e r, théraiisad0 t o 2 8
% weightlossmai nly in the region between 110 AC
initial crossl i nki ng and formation of a ttheerismoset.
major, 14 % weight loss, followed kagditional4 % weight loss after heating to 1080C
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Figure28: DSC of SMP10 in argon and TGA analysisof SMPO during pyrolysis

in nitrogen atmosphere

Fourier transform infrared spectroscopy (FTIR) was performed on polymer derived
material heated to 400, 600, 800, 8300 0 0 a n d to @&y the reaions during
polymerto-ceramic transformatiorThe observed peaks in the ranges of 28000 cnt',

2000 2140 cnt and 8701070 cni* were attributed to &, SiH and SiC bonds(Figure

29). With increasing temperature also the intensity of the peaks increases due to higher
degree of crosbnking and gradual formation of ceramic network structuréd @nd Si

H bonds are reduced with increasing temperature and disappear upon heating above 1000
AC.
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Figure29: FTIR spectrafor SMA 0 heated at 400 AC, 600 AC, 800

data is offset for comparison.
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Figure30 shows XRD spectra of polymer after pyrolysis and additional hesttriest
at 1400 AC, 1500 AcC, 1600 AC, 170@eayC and
diffused peaks indicating amorphous structure of the ceramic are seen. After additional
heat treatment of amorphous polymer derived, $€ peak intensity increas. The
crystallite size of samples hetatr e at ed at temperatures abov.
usingthe DebyeScherrer equation. The crystallite sizes were found to be approximately
4,10, 30 and 50mat 1500 AC70Qa&@@ A&EsPectivel In the
diffraction patterrof powderr e si due af t e rC cdneiastlso a ginot pegakl1l 8 0 0
at 33d pwhichkorrespondstothedp | ane of 6HSIGloi ssanite (L

O Moissanite 3C
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Figure 30: XRD of SMP-10 polymer and SiC matrix infiated with SMP10, heatreated at

different temperatures. The data is offset to aid comparison.

Amorphous nature of pyrolyseBMP-10a f t er heat t r evasalse nt at
confirmed by transmission electron microscopy (TEMigure 31a). TEM of SMP-10
polymerheatt r e at e d raveals lag®abeastofOnalr der ed nanRSICcr yst a
(Figure31b). A rough estimate of the crystal size supports the crystal size determined by
powder diffraction.



46 Results

Figure31: Transmission electromicrographs o6MP-10p ol y mer heat tr eat ed
b) 1600 AC.

Microstructure of the EPD deposit infiltrated witBMP-10 after pyrolysis and
crystallization shows that the space between the initial SIC grains is filled with
amorphous polymederived SiC after pyrolysigFigure32a). After crystallization at 1600
A Cthe microstructure reveals wdtceted, connected SiC graifiBigure 32b). The
contrast change in SiC grains under transmissiectren microscope (TEM) indicates
the presence of stacking faults.

Figure 32 Transmission electron micrograph of EPD samipfédtrated with SMR10 polymer

after a) pyrolysis and b) crystallization.

In addition, the compars of the appearance of the fracture surfaces of the green
EPD-formed part and the body after the first PIP cy&B1)confirms that the preceramic
polymer deposits onto the SiC particles, resulting in SiC grain growth to formra well
faceted SiC grains. Thi#ansmission electron micrographs of the EP1 sanfpilgufe
33c) in comparison to the SiC (BF12) powd€&igure33a) also indicate a minor increase
in grain size, which appears to be the result of thieapl crystallization of the polymer
precursor on the surface of the SiC patrticles.

at
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Figure33: Transmission electron micrograph of BF12 powder gaanning electron micrograph
of a fracture surface &PD green depsit (b), transmission and scanning electron micrographs of

EP1 sample fracture surface after crystallization (c), (d), respectively.

Even though the infiltration and the resulting densification and increase in strength
were achieved, the samples after s were extensively cracked after first PIP cycle.
In order to overcome this drawback, the samples weresiptered prior to PIP
processingFigure 34 shows that extensive crackinduring PIP processingbserved at
samples witout presintering Figure34a) was avoided by preintering of EPD samples
at temperatures above 1600 AC.
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Figure34: Optical mcrographs of sample after densification wathe PIP cycle (EP1) without a)
and with presintering b).

Presintering resulted in neelormation Eigure 35) which provided sufficiently high
strength to withstand the stresses during polyt&eramic conversion. By pr&@ntering
the particles coalesd togetheand facetation of graingigure35b) occurred resulting in
increased pore size beneficial for further infiltration with polymer precursor.

Figure35: Fracture surface of preinteredePD depositat different magnifications

4.2.3 Density & porosity

For successful densification of SiC magreeveral PIP cycles were needed due to large
shrinkage of the polymer during heat treatment. As it is evidentfigore 36, density of

the sample densified by one PIP cycle (EP1) increased from initial density of 62 %TD of
EPD deposit to ~ 67 %TD. Gradual increase in density was obsdteeéach PIP cycle

up tosix cycles(EP6)when it reached a plateau. Afteine PIP cycleqEP9) there was

no noticeable increase in densitycomparison to samples densified only by six cycles.
Due to this fact and the fact that multiple PIP cycles are associated with very long
processing times, in further experiments only &P cycles wereemployed for
densification



Results 49

100

95 -
90 - EP9

85 - EP6

801 o EP3

754

% TD

01 & EP1
65

60 EPD

green

deposit

50 T T T T T T T T
o 1 2 3 4 5 6 7 8 9

Number of PIP cycles

55 -

Figure36: Densification of SiC matrix with number of PIP cycles.

Increase in density was also observed by microstructural investigation of polished
cross sections of samples densified with differamnber of PIP cycleBy comparison
of themicrostructures of samples after dii>1)or six PIP cyclesEP6)(Figure 37) it is
evident that the density is increased and the amount of porosity is reduced.

Figure 37: Microstructure evolution with densificatiafter a) one PIP cyclgEP1l)and b six PIP
cycles(EP6)

Porosity evolution in the densification steps reveals that duringiptering at 1600
AC and 1700 AC,ize indieasednirerd initah60 pnoto #44 sm and 224
nm, respectively. During each consecutive PIP ¢ymeosity and pore sizeexereduced
achieving ~13.5 % porosity with pore size 80 nm after 6 PIP cycles.
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Figure 38: Evolution of porosity during densificatiowith maximum heating temperature of 1600

AcC

4.2.4 Active filler controlled pyrolysis (AFCOP)

Since further processing of samples densified with six PIP cycles did not result in a
sufficient increase in density of the materialdain order to avoid long processing times
associated with repetition of several PIP cycles, faster and a more efficient densification
would be desirableOne of the possible paths towards this goal is the use of active filler
controlled pyrolysis, whichugygests the use of ®alled active filler materials which
react with pyrolysis byproducts and thus compensate for the shrinkage of the polymer
during pyrolysis. Due to limited selection of elements that ensurenémtronactivation

of fusion relevant matial, W and CrSj were selected.

4.2.4.1Chromium silicide (CrSi,)

In order to utilize active filler in the densification of SiC matrix, it has to be
electrophoretically caleposited with SiCTo assss the feasibility of ecdepositione o f

aqueous suspension of GG8%as measured and c o mgxlibiteeld t o 6
similar electrokineticbehaviw i n aqueous suspensionagf as Si C,
-73 mV at pHL1.5 (Figure 39). Suspensions with ace filler to SiC ratio of 15/85 and

30/70 were prepared. The solids content of powders in the suspensions was kept constant

at50 wt. %. Aqueous solution of tetramethylammonium hydroxide (TMAH) was used to

increase the pH of the suspensions. $lKesuspasions containing Crgivere deposited

at pHIOwWher e both wused powders exhibited high
suspension was 0.6 mSémScanning electron micrograple$ the fracture surface of
depositreveal a good dispersion 6f Sk within the SiC matriXFigure40).
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Figure 40: Backscattered canning electron micrograph of cleposited Cr$iSiC composite

fracture surfacd.arger, Ight greyparticlesrepresent Cri

Since the meltingemperatureof CrSki s 1 4*7 @nd &é@molten CrSi, formed
clusters within the matrix after heagt trea
werepresi nt ered at 1400 A CionoMiaaturesigfaceswaftet RIR a | i
revealed that Crgiacted only as passive filler and did not react with pyrolysis
byproducts. Howevedd ur i ng addi t i on al thefCeSaréactedmwighe&SiCme n t
to some extent. At the surface of the sampletheaes a f or mati on of a -~
dense layer with larger areas of SiC ang0zrCrSp inside the sample also formed larger
clusters ofa Cr-Si-C phase which could not be identified. The XRD analysis of the
sample showed mostly SiC, however thereene few peaks that could not be resolved
with available XRD library.
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Figure4l: Backscattered scanning electron micrograph edeposited Cr3iSiC compositafter
crystallisationat different magnificationd_ight colour epresents chromium rich areas.

4.2.4.2Tungsten (W)

The use otungstenas active filler material waiitially evaluatedusing drypressed
samples wh different WSIC ratios. W reacted withreceramic polymer and polymer
derivedSiC and formed a composite matmaterial, composed of W, SiC, WSW5Sis,

WC and WC. Samples with high W concentration (> 90 wt %) resulted in a nearly fully
dense material composed of Ws8% and W,C, already after one PIP cyclapwever
during densification there was also 10 % shinkage of the sampleAt lower W
concentrations (< 50 vol. %), the resulting material was composed of WSiand SiC

and no shrinkage was observthterial with high tungsten concentration exhibited good
mechanical properties (flexural strength of 3¥®a, hardness of 1100 HV and E
modulus of 269 GPa) and increasing thermal conductivity from room temperature (15
Wm'KY) to 1000 7KW THe2irkreas®nin thermal conductivity with
temperature could be especially beneficial in combination with sgiCe its thermal
conductivity at high temperatures is decreased.

Figure42: Polished cross secti@nd fracture surfacef a pressed W after densification by RitP

different magnifications
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In the case of tungsten it is ilmgsible tousean aqueous suspensitor EPD, due to
tungsten oxidation®, therefore, ethanalas used to prepare teaspensionsSince W is
a metal only relative values of, could be measured using arbitrary value of dielectric
constant, therefore electrophoretic mobility (independent of dielectric constant) was used
to evaluate probability ofdeposition. Without additives W and SiC exhibited
electrophoretic mobilitywith opposite sign(-0 . 2 3®Talnod 0. 5%9m?/Sd*T 10
respectively. Citric acid (CA) was used to reverse tbarface chargef W, since it was
already demonstratetthat addition of citric acidyields ahigh density deposits of SiC
from ethanol suspensiof®. After the addition of 0.1 wt. % of citric acid, the
electrophoretic mobility of W and SiC wefe. 0 2 2m*2'6*and 0 .%8v2d410
respectivelyCathodic deposition of mixed suspenswith the addition of CAesulted in
a successful cadepositionwith homogeneous distribution of W particles SiC mdrix
(Figure 43), however deposition from ethanol resulted in lower green densites
comparison to aqueous deposition of @il resulting porosity after PIP processing was
higher than in the samples without W.

Figure 43. Backscattered scanning electron micrograph efleosited WSIC composite after
heat tr eat naediferenamagnifigtidi@d ight Colour represents Wich areas.

4.2.5 Mechanical propertiesof SiC matrix

Mechanical propertiesf SiC matrix were evaluated after one, three and six PIP cycles.

With increasing the density of the material also the mechanical properties were increased
(Figure 44) . Sampl es densified wi t h ma xC ma | h
(temperature of prsintering and additional heat treatmemtjhibited a large scattering in
measured values, especially after more PIP cycles were performed. After six PIP cycles
(EP6) the measured values varied from 62.7 MPa to 391.4 MPa. Sampléedliets

1700 AC showed more uniform failure behavi
measured value was 277.12N113.1 MPa with t
After six PIP cycles (EP6) the ave,ywidhge str
highest measured value of 411.2 MPa.
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Figure44. Evol uti on of fl exural strengt hmeasWed@atn g6 s mo
room temperatureOpen symbol s represent samples densifie
repree nt samples densified at 1700 AC.

In majority of the cases fracture was initiated at or very near the tensile surface plane
underneath the loading balFigure 45). In the case of sampledensified at lower
temperaturg 1 6 0 QtheArGcjure was also initiated at defects deeper in the samples.
Failure with twoefold symmetry was the most domingdRigure45), however disks broke
also into three or more pieces. The number of fracture pieces increaseseaghrea
strength, due to stored elastic enefy

Figure45: Fracture pattern and the fracture origin.

Samples densifiedt1 6 00 AC or 1700 AC exhibited near|
modulus(Figure 44). Frominitial value of 70 GPa after one PIP cy¢lelastic modulus
was ncreasedup to 260 GPa after six PIP cycles. Microhardneeasurements of
samples heat treated at 1600 AC also show ar
~390 HV after one PIP cycle the value was increased to 845 HV and 2300 HV after three
and$ x PI P cycles respectively. I n the case o
values after one PIP cycle were comparable
additional densification, values of microhardness were slightly lower than for the samples






















































































































































