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Abstract

Silicon carbide multilayer composites containing short carbon filb@zgSiC) were
prepared bytape casting and pressureless sinterifige short C fibres were firstly
dispersed irsolvents with the aid of dispersaand then mixed with i€ slurry to

limit fibre breakage.The relative densities, mechanical properties, oxidation
behavior of Cs/SIiC multilayer composite were evaluated Thermal expansion,
diffusivity and conductivity behavior ithree directions were teste@ihe effect of
addition of short C fibres on shrinkage, mechanical and thermophysical behavior

was discussed.

Triton X100 was found to be the besine for Toho Tenax HTC124with water
soluble coatiny amongBYK-163, BYK-410, BYK-2150, BYK-9076 BYK-9077
and Triton X100 dspersantsAlthough the average fibre length (0.5 to 0.6 mm)
after mixing was only onsixth or -fifth of original length (3 mm), it is still much
longer than in other ¢SiC composites using bathilling, indicaing that mixing

the SiC slurry with the bre-predispersed solution is an effective method for adding

fibres with limited breakage.

Fibres were homogeneously distributed in the s&aped tenéd to align fairly well
along the tape casting directiofhe relative densit of the composite containing
shortC fibres decreased withthe fibre amount The Cs/SiC multilayer composit®
demonstrated significananisotropic shrinkage behavidn different directions,
while theaddition of short C fibres hindered the shrinkage in the plane containing
the fibres (X andY directions)during sintering Elastic modulus bending strength
and fracture toughnesdecreased with increasegorosity which implies that
bending properties are affected significantly by residual porosibyvever, due to
residual thermal s#ss, the fracture toughness of SIGHSIC) multilayer
composits was higher than that of SiC multilayer, which indicates that the fracture

toughness of Sithased thermal protection system could be improved through



designing itsarchitecture

The weight bss during oxidation testvaslargerfor Cs/SiC multilayer composite
than for SiC multilayer and increased witthe porosity and thdibre amount.
Passive oxidation of SiC was stidlccurredafter addition of short fibresSpecific
heat of Cs/SIC multiayer composite slightly increased with fibre amouniNo
significant different in thermal expansion behavior of SiC, 5 and 10 vaL#5iC

multilayer compositgin different directions was found.

In X direction before oxidation treatment, the thermal dwoctivity firstly slightly
increased afteaddition of 5 vol.% short C fibre, and then decreased with further
fibre addition. However, in Y and Z directions, the thermal conductivities decreased
with the increase of fibre amount befooxidation treatment. After oxidation
treatment, the thermal conductivities decreased with the increase of fibre amount
regardless of test directions.inBe fibre aligned along tape casting direction,
Cs/SIiC multilayer composite demonstrated highest thermabnductivity in X
directionregardless of fibore amount. Moreover, due to the presence of the interface
betweenadjacentlayers, Z direction showed lowest thermal conductivBgcause

of the oxidation of C fibre (inCs/SIC multilayer composi® and formation of
silica (both in SiC multilayer andCs/SIiC multilayer composi®, thermal
conductivities of SiC multilayer an@s/SiC multilayer compositedecreasedfter

oxidation treatment

Keywords: Multilayer composite; Short C fibre; SiCTape castingMechanical

properties; Thermophysical propertie$hermal conductivity
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Chapter 1. Introduction

Re-entry vehicles with higher flight speed (order of 8 km/s in plan) have to endure
extreme environment during space mission. In order to be maneuverable at hypersonic
velocities, controlled surface with sharp leagliedges are required. However, the
low-radius components would be subject to much greater aerothermal heating than
blunt ones. For leading edges and nose cap, the maximum temperature may be more
than 2000 € [1]. Moreover, the other external componentstitése hypersonic
vehicles would also experience high temperature over 130®]C Thus, thermal
protection systems (TPS) represent a key issue for the successhityref future
spacecraft§3]. The TPS materials must be lightight and be able to Wistand high
temperature, high heat flux and mechanical strength associated with vibrations at
launch and reentry into Earth's atmosphef4]. Current available thermal protection
materials will not survive such extreme condition. Therefore, new matshialgd be
developed for advance TPS.

1.1 High temperature thermal protection materials

High temperature thermal protection materials include refractory metalsolithic
ceramics ceramic foams, ceramic multilayer and ceramic matrix composites (CMCs).

Refradory metals include alloys of molybdenum, tantalum, tungsten and niobium.
Although refractory metals were used in the first generation of solid propellant
rockets, they are hard to be used as TPS materials of future reusable spacecraft due to
their high dasity, high cost and low oxidation resistafnspe

1.1.1 Monolithic ceramics

Generally, monolithic ceramics are hard, strong in compression, chemical inert and
can withstand very high temperaturé]. Considering the high temperature and
corrosive environment,xades, borides and silicides are preferredthos application.

The passive oxidation of borides and silicides would generate glaSsyaBd SiQ

layers, respectively. These thin glass layers are very effective in limiting the inward
diffusion of oxygeninto the inner bulk and thus enhance the resistance to oxidation.
Some basic properties of several ceramic materials, which are regarded as potential
thermal protection materials, are listedrable1.1.



Tablel.1 Some basic properties of several cerasiowingpotentialasthermal protection

materials
Elastic Thermal
Density Melting
Materials modulus conductivity _ Reference
(g/cnt) point (€)
(GPa) ( W/ ( mAl
HfB, ~11.1 ~480 ~100 ~3250 [22], [7]
MoSi, ~6.26 ~441 ~54 ~2280 [8]
ZrC ~6.73 ~407 21 ~3530 [9], [10]
ZrO, 5.95 ~242 0.6/2.3 ~2710 [11], [12]
ZrB, ~6.09 ~520 651 135 ~3040 [13], [14]
Al;05 3.9 400 18i 40 ~2070 [15], [16], [17]
SisNy4 ~3.44 ~310 ~80 ~1900 [18], [19
SiC ~3.21 ~450 120270 ~2800 [15], [20], [2]]

HfB, present rather high density, which is unfavorable for future TPS matérils
MoSi, suffers from pest oxidatiom the temperature range between 400 to 600 C
[23]. Oxidation of ZrC to Zr@and CQ or CO could not generate the protection layer
[24]. It should be noted that thermal conductivity is another essential parameter for
advance thermal protection materials.tétals with low thermal conductivity would
inhibit the conduction of heat to the interior of the vehicle, while the component with
high thermal conductivity would help spread heat, avoid hot spots, and survive high
heat flux environment25|. Moreover, hjh thermal conductivity is also favorable for
thermal shock resistancg26]. Therefore, ZrB is very promising for thermal
protection materials over 2000 €. It is worth noting that the densities #DASEN,

and SiC are much lower than that of ZrBhaefore, they are all good candidates for
using below 1600 €. Compared with AD; and SiN4, SIiC features lower density,
higher elastic modulus and thermal conductivity. Therefore, SiC has long been

-2-



recognized as the ideal material for using below 1602%.

However, monolithic ceramics show a catastrophic fracture behavior under applied
stress because only very small eneigyabsorbed during fracturg8]. Their low
fracture toughness remains the major concern for widely application in severe
environment

1.1.2 Ceramic foams

The porous structure aferamic foams results in many attractive properties, such as
low density, high chemical stability and high temperature resistd®@e Thus,
ceramic foams are very suitable for various applications including themswahting
materials for furnacé30], fire protection material$31], catalyst support§32, 33|

and gas combustion burn€i33]. However, their compressive strength is very low
(only a few MPa), which make themmpossible to serve as multifunctional thermal
protection materialsince high mechanical properties and low thermal conductivity
are essential.

As st altldMondlithic cBramicé, t he main drawback for
(ZrB2 and SiC) is their low fracture toughness. Therefore, a great quantity of research
has been carried out and many methods have been adopted to improve fracture
toughness. These methods falioittwo categories: (i). Introduction of second phases

to prepare ceramic matrix composite, (ii). Processing ceramics with a multilayer
structure. The key factor for improving toughness is the presence of weak
interfacedéinterlayersor residuéstresswhich allow energy dissipation before fracture
through mechanisms of crack deflection, pat and bridging of fibre or whisker

[34], and interface delaminatiof35]. Detailed literature survey of ceramic matrix
composites and multilayers will b i v e .2 Cenamid natrix composite8 a n d
fil.6 Ceramic multilayers , respectivel y.

1.2 Ceramic matrix composites

Composite is made from two or more constituents (magaxd reinforcements) with
significantly different physical or chemical propertj&§]. Thematricesin CMSs are
ceramic materialsvhile the reinforcements (usually other disperseadme phases)

are designed to improve toughness of conventional ceramics, the main disadvantage
of which is brittleness.



1.2.1 Matrix

ZrB, and SiC have beeregarded as most promising materials for TPS of future
spacecraft, as discussedfih1.1 Monolithic ceramice. Furthermore, density of SiC
(3.21 g/cni) is much lower tharhat of ZrB, (6.09 g/cni), which makes SiC very
attractive for application below 1600 @n the past decadeSjC-matrix composites

have been widely investigated and its fracture toughness has been improved greatly.
The different reinforcements and processing methodgemeral described n1.22
Reinforcemert .

1.2.2 Reinforcement

The reinforcements and processing methods, which are currently used in other
ceramic matrix composites, have also been adopted im&i€Gx composite. Thus, in
present dissertation, only developments in -Biflrix composites ra discussed
Generally, according to their aspect rgtength/diameter ratigthe reinforcements in
ceramic matrix composite could be classified into particulates, whiskarephases

short and continuous fibri&7]. These reinforcements could be addefore CMCs
preparation or irsitu formed during processing.

1.2.2.1 Particulates

Particulates generally mean the equiaxed ceramic reinforcements with an aspect ratio
less than about T hey are cheag andmoreeasy to obtain than other reinforcements.
Moreower, the composites reinforced with ceramic particles could be fabricated by
conventional ceramic processing method$C and TiB, particles with higher
coefficient of thermal expansion (CTE) than that of SIC matrix are widely used as
reinforcements. The iger shrinkage of second phases, which is caused by higher
CTE during cooling from the fabrication temperature, is expected to create residual
compressive stress in surrounding SiC matrix. This compressive stress could partial
counteract the tensile streasthe crack tip and improve fracture toughness of the
composites.

Wei et al [38] have studied the effect of TiC amount (up to 24.6.%dlon
mechanical properties of S&intered by hepressing at 2000 Gwith 1 wt.% Al and
1 wt.% C assintering aids.Fracture toughnesgnaximum toa bout 62 ane® a A m
four point flexure strength increased with TiC volume fractiémacture path

-4-



observation revealedhat crack deflection by the TiC particles improved the

toughness and strengtindo et al[39] further nvestigated the effect of TiC amount

(O to 100 wt.%) on elastic modulus, hardness, flexural strength and fracture toughness

of SICG-TiC compositespreparedby hotpressing at while BC and C were used as

sintering aids. The maximum fracture toughness wastab 6 “Aitaaddition

of 50 wt.% TiC (equal tovolume percent of 40 vol.Y% The toughing mechanism

should be attributed to cracks deflectiaround thesecond phaseEndo et al.[40|

also studied the effect of various processing parameters on demsitynechanical

properties of SIETIC composite®btainedby hotpressing. The additives (0.5 wt.% B

and 1 wt.% C) helped to decrease sintering temperature from 2105 to 2000 C.
Significant densification in SiG50 wt.% TiC (equal to 40 vol.% TiC) was obged

above 2000 €.Chae et al]41] examined the effect of €Z, as additive on the

densification and mechanical behavior of S® vol . % TicC-Ucomposi
transformation of SiC as observed in SK30 vol.% TiG10 wt.% CgC, specimen

during hotpressingThe i n si tu gr-8i@grains mmprovedifracugat ed U
toughnessCho et al[42, 43] prepared SC-30 wt.% TiC composites by hot pressing

with the liquid forming additives of BO; and Y,Os. The in situ growth of elongated

USIiC grains duringanneding treatment improved the fracture toughness (4.4

MP a Awf ashotpr es s ed c o mp o s {’tAe sthl.[4Y] further.foind MP a A m

t hat t h-SiC phase thasaal gredd effect on microstructure and mechanical
properties of hepressed Si€30 wt% T C composites. The bY
transformation during annealing led to thesin t u gr owt h-SiG frains.]l ongat e
Moreover, a strong relationship b8ECween fr
was observed, which implies the improvement of fractoughness could be mainly

attributed to crack deflection around TiC phases and bridging of elongated SiC grains.

At the same time, some researchas® explored other processing method to prepare

SIC-TIC compositesLin et al. [45] prepared Si€TiC in-situ composites by low

pressure chemical vapour deposition on graphite insSiGCI4-C3Hg-H, reaction

gases. A dense SiiIC deposit without porosity was obtained. The maximum fracture
toughness determined by the" Kimdtah46at i on me
sintered SICTIC composites (up to 45 wt.% TiC amount) by pressureless sintering

with help of ALO; and Y;Os. As a result of crack deflection and bridging by

el ongated SiC grains, fract/awasobtairediighness
SIC-30 wt.%TiC compositesLuo et al.[47] fabricated SIETIC compositegup to 45

wt.% TiC amountpy spark plasma sintering (SPS) in vacuum without addifitie.
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bending strength and fracture toughness showed a strong trend with relative density,
and the maximumf@at ur e toughne®¥s was 6.2 MPaAm

TiB; is another reinforcement which has been widely used im&ittix composite
Janney[48] prepared Si€l5 vol.% TiB, composites by hegpressing with B and C as
sintering aids. The addition of particles increased ttength and fracture toughness

by 28% and 45%, respectivelyyer that ofmonolithic SiC. Furthermore, addition of
TiB, also improved the oxidation between 1000 and 1200 Cho et al.[49]
investigated the effect of additives (8 and Y,O3) amount on themicrostructure

and mechanical properties of SliB,c omposi tes. The bYU phase
SiC grains during annealing could be accelerated by the addition®©f &hd Y,Os.

Since these ks i t u e | -Bi@ grains evdre héneficial to fracture ghuness,
fracture toughness increased wit¥Watadditiv
addition of 14 wt.% AIO3; and 6 wt.% ¥Os. Cho et al.[50] further investigated the
effect of TiB, amount on properties of SiIB, composites by hegpressing at
1850 € with Al, O3 and Y,0O3 as additives. Coarsening of TiBnd in situ growth of

e | o n g +SiC gmiins Wccurred during annealing treatment. A maximum fracture
toughness Yifvas dhtathedPSEBA wt.% TiB, compositesKim et al.

[51, 52] tested the soligbarticle erosion properties of hptessed Si€l4 vol.% TiB;
composites with 5 vol. % AD; and Y>O3; as sintering aidsThe materials exhibited
maximum erosion at 607 and their erosion rates did not increase monotonically with
increasing particle sizélhe plastic deformation is observed for both materand

more prominent for monolithic SiC, and the presence of plastic deformation may be
reflected in the anomalous angular dependence of the steady state eroskumorate.

al. [53] evaluatedelationship between microstructure andghness charactsticsof
U-SiC/TiB, a n d-SiCiTiB, composites by indentation tests. Crack bridging and
sliding and pullout of TiB particulates were observedbrSiC/TiB, composites while

only crack bridging of TIBpar t i cul at e sSiCi#sconfpasites. dhey n U
contributed the enhanced lowgack toughness to the weak interface created by the
TiB, and sintering additiveddowever, commercially available TiBbowdes are in

large particle size anarehighly reactive withwater which makes themot favorable

as a farting powder.Therefore, SiC matrix composites with in situ TiBave been
researched extensiveliyamoto et al[54)] firstly fabricated TiB-TiC and TiB-SiC
composites by a high pressiBGPa)combustion sintering process without sintering
aids. TiB particles were formed by an in situ reaction between Ti and B
(Ti + 2 B ¥Y).THoBeve, the explosive reaction would cause defects and ceramic
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parts with complicated shapes are difficult to prep&eai et al.[55] used TiN and
amorphous B as reactants torrh in situ TiB (2TiN+4BY 2TiB,+N,) in the
hot-pressing process. The composites containing 20 viB4presented0% higher
fracture toughness thamot-pressedmonolithic SiC ceramicOhya et al.[56, 57]
preparedTiB, particles by in situ reaction betwe&C and B TiC+2BY T i .BC). A
dense (> 98% of theoretical) of THSIC composites was obtained by pressureless
sintering and the fracture toughness increased Blikorespect tahe monolithic SiC
ceramic.Zhang et al[58, 59 developed another process twr in situ TiB by
reaction between Tifl Si and BC (Si+2TiH,+B4CY SiC+2TiB,+2H,). The
composite containing 3001.% TiB,e x hi bited a fractur® toughn
and the main toughening mechanism were sireisced microcracking, crack
bridging ly TiB, particles and crack deflection around Tiarticles.In-situ reaction
between TiQ, B,C and C 2TiO+B4C+2CY 2TiB,+4CO) was also reported to
prepare SI€ETIB, composited60, 61].The presence of TiBparticles suppressed the
grain growth of SiC and fadtated different toughening mechanisms to operate which
increased fracture toughness of the composite.

As discussed above, -B1i t U e | ®iCggaatnefdmeddby b YU phase
transformation are beneficial to fracture toughneiss elongated grains bridgin

Therefore, greaefforts have been paid to develop Si@sedmaterialsreinforced

with elongated SiC grainlnamed asself-reinforced SiC). The selfreinforced

microstructure can be obtained by ¢Blection of the starting SiC powders gyl

postsintering treatment at temperature between 1800 to 2000 € to promote

formation oflargeelongatedr plateletlike grains Kim et al.[62] investigated effect

of initial Uphase amount on the microstructure and mechanical properties of
liquid-phasesintered and subsequently annealed SiC materials. The average size of
grain decr eased wiiCamountan the asgect rago raachedtthie a | U
maxi mum a$iCalnod% tthen decr e as-8@ ameint The i ncr e a !
strength increased while the fracsi€Cre toug
amount.Cho et al.[63l added 1 Bt C%paftiUcles -8G a seec
powder s. The -Bi@ seds ateeleratéddhe grairf growth of elongated

large grains during annealing, which led to a coarser microstructure. Zhanéef al.

added 2 .-SiC particle®dntolultrd i n-8iC (890 nm) to control the final
microstructur e. -%i@ seedskowsd fine,suniferi, tatd @quiaxed)

grains after hepressng and subsequent annealing treatment. However, materials with

U-SiC seed presented anisotropic microstructure consisting of elongated grains, owing
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to the overhqarsesetun Mdbfanical test results indicatdthta small

amount of grain growth in the fine grain
mechanical properties. Kim et &l65] compared Rourves of two liquigphase

si nt eSiCe @he BiC with fine and equiaxed microsture wasobtained by

hot-preséng and subsequently annaag without seed. Another SiC with coarse and

bi modal grain size di sSirG bwitti-Bihhsaeedséd pU epar
was found that the coarse microstructure was beneficial to toughand damage

tolerance while a fine microstructure was beneficial to strengtheRiadture|66]

firstly developed a Sitased materials with uniformly distributed elongsit@ped

USiC grains and high amounts (20 vol.%) of seephdse yttrium aluminum gaet

(YAG). The fracture pattern of the in sitaughened SiC was intergranular.
Crackwa ke bridgings, whi ch wlQ graineanth eighced by
thermalresidual stresses in the microstructure, were observed copiously. A measured
twofold increase in the indentation toughness was obtained in the utosighened

SiC relative to a commercial Si®adture et al[67] further evaluated the crack

growth resistance curve {&urve) of the in situ toughened SiC. The®ve is a plot

of the total eneng dissipation rate as a function of the crack size and can be used to
examine the processes of slow stable crack growth and unstable fracture. Their
evaluation revealed an enhanced toughness in theclawe§ region and degraded

toughness in the shectadk region. The enhanced lomgack toughness was the

result of crackinterface bridging, while the degraded showck toughness was due

to weakened grain or interface boundaries and to internal residual stresses from
thermal expansion mismatcKim et al.[68] hotp r e s <Si€ gartitles containing

7.2 wt.% YzAls01, and 4.8 wt.% Si@as sintering aids. The microstructure changed

from equiaxed to elongated grains during subsequent annealing treatment. This
self-reinforced microstructure improved the fracture glaoess from 3:3.8 (as

hotpressed) to 515 . 4 MP @adnealed 8 h)Kim et al. [69] prepareda

fineegr ai ned Si C #riCtbyg hokpeessisg. Althoagminobviousb Y U

phase transformation was observed during subsequence annealing treatmeaity the g

gr owt hSiCoirhprovied the fracture toughness of fgrained SiC from 1.9
MPaZmo 6. 1Y M ®thahi70] tested two SiC materials with equiaxed

grain structure and platei ke grains due to grain growt
transformatiorduring sintering, respectively. It was found that the more sharply rising

R-curve behavior and the better flaw tolerance of SiC materials with phase
transformation were attributed mainly to grain bridging of crack faces by-ljHate
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grains.Lee et al.[7]] investigated the effect of sinteriaglditive composition on
fracture toughness of SiC ceramics? The fr
was obtained while 5.7 wt.% ADs-3.3 wt.% Y;03-1 wt.% CaO was used as sintering
aids. Kim et al. [72] studied he effect of seed shape on the microstructural
development in liquigphase sintered SidQhe samples witttarge b-SiC particles as
seedsshowed &imodal microstructurevith large equiaxed grains dispersed in small
grain matrix.However, the materialwith b-SiC whiskers as seegsesentedimodal
microstructure of small matrix grains and large elongatedl{kedl grains.Sciti et al.

[73] discussed in detail the effect on annealing on the microstruatutenechanical
properties of liquidbhasesintered dicon carbide After annealing, grain coarsening
formation of elongated grains and gradeamination of equiaxed grain would be
occurred. Furthermore, througimovement toward surface andsubsequence
volatilization, reduction of secondary phases woulb de found. Moreover, due to

the movement of liquid phases toward sample surface, an inhomogeneous
microstructure would be observed. They also concluded that the best condition of
annealing to modify microstructure without creation of pores and othestslesteould

be at 190@C and holding more than 2 h.

1.2.2.2 Whiskers

Whiskers are dislocatioffree filamentary single crystalwhose aspect ratis are
greaterthan10. They are remarkable for their high strength whiolnld approach the
theoretical strength of ¢ material[74]. Therefore ceramic whiskers arevery
attractive materials for reinforcemeimt ceramicmatrix composites tenhance the
mechanical and thermal properties high temperature and stress applications.

The main toughening mechanism whiskea-reinforced ceramiagnatrix composites
are formation ofnicrocracls, elastic strain energgbsorbng, bridgingand pultout of
whiskess and crack deflectiormroundwhiskers [75]. SiC whickers, which present
typical tensile strength about 8.4 GF&|, arecommonly used in SiC systerShe et
al. [77] firstly reported thepreparation othe SiC whisker reinforced Si(SiC,/SiC)
compositegup to 10 vol.%) Although the addition of SiC whiskers inhabited the
densificationprocess, the fracture toughness increaséd whisker amount from
4.65mmonolithic SiC) to 6.9MP a A2rwith 10 vol.% whiskers)Kim et al. [78§]
studied the fect of different b-SiC whiskersamount (0 to 20 wt.%) on the
microstructure and mechanical properties of,d88C compositeSiC whiskerggrew
abnormally, consuming neighboring figeainsandresulted a bimodahicrostructure
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consisted of large, red i k®C goainsand f i n e ,-SiCeggainswher &1 b
wt.% whiskers were addedrurther addition ofvhiskers (20 we6) or annealing at
higher temperaturded to a unimodal microstructuceieto impingementf whiskers
growth. The fracture toughness bfmodal microstructure increased with increasing
whiskeis amount from 2.8ngonolithic SiC) to 6.7M P a R?fwith 10 wt.% whiskers).
Zhanget al.[79] dispersed 5 wt.% SiC into SiC powder by kallling and obtained
SiC,/SiC composites after subsequence pressureless sinteringddhien of SiC
whiskers was beneficial to the densification process. The fratbuighnesswas
slightly improvel from 5.96 to 6.5MP a Anwhile the bending strength was
enhanced greathfrom 416 to 1122 MPa (2.5 wt% Sj€2.5wt.% TIN/SIC
composites) However, the whiskers would mamagedduring ball milling which
weakens their toughening effedWloreover, continuous intergranular glassy phase
from sintering aidswhich will be soften and volatilize at elevated temperathies a
negative effect on high temperature properties of compog3itesefore, CVI method
was adopted to fabricate SUSIC composites to avdidama@ of wiskers and to
eliminate sintering aidsHua et al.[80] prepared 25 vol.% SiZSIC composites
without sintering aiddoy CVI method. The density,flexural strengthand fracture
toughness of obtained SiSIC composites were 88.72%038 MPa and 721
MP a B2nrespectively.The improved fracture toughnessas attributed to crack
deflection the bridging and pullout of whiskes. The low flexural strengthwas
attributedto the random orientation of whiskers and weak bonding strength between
whiskersand SiC matrixHua et al[81] compared the mechanical properties36f2
vol.% SiCy/SIiC and25.0 vol.%SiC,/SIiC compositepreparedoy CVI. The flexural
strengthand fracture toughnessf SiCy/SiC and SiC,/SiC compositesvere 373 and
425 MPa,and6.18 and3.34M P a A’mespectively. Huat al.[82] further tested the
high temperature properties 86.0 vol.%SiC,/SIiC compositegabricatedby CVI.
SiC, /SiC compositepresented a constant strengthd@b +32 MPabelow 1000C ,
and thengradually declind to 208 +15 MPain range 0of1000 to 1500 € due to the
decreased whiskeanatrix interfacial bonding strengtfher fracture mode chande
from the toughened to the brittle fractuabove 1000 €. Therefore, it could be
concluded that the high temperaturecimnical properties dbiC,/SiC composites
depends on thevhiskersmatrix interfacial bonding strengtiWu et al.[83] firstly
used ite huskdo pyrolyze SiC whiskers, particles and amorphous carldmich was
mixed withB4C as well as Mo powdets prepae aporous preformThen molten Si
was infiltrated into the preform to react wiimorphous carbon, B as well as Mo
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and formed SiC, B;»(C,Si,By as well as MoSi The SiC whiskers acted as strong
frameworkand improvedhe hardness of the composites.

1.2.2.3 Nano-phases

Carbon nanotubg€CNTs)areone dimensional carbon materialgh lengthdiameter

ratio greater than 1000. They can be envisioned as cylinders composed otipolled
graphite planes with diameters in nanometer scale. The cylindrical nanotubg usuall
has at least one end capped with a hemisphetteedfuckyball structureCNTs exist

as either singlevalled or multiwalled structuresand multiwalled carbon nanotubes
(MWCNTs) are simply composed of concentric singhalled carbonnanotubes
(SWCNTs).Generally,according to the rolling arg, the whole family ofCNTs is
classified asarmchair, zigzag and chiradbes of different diameteras shown irFig.
1.1[84].

Armchair

Fig. 1.1 Schematic diagram showing how a hexagonal sheet of graphene is rolled to form a CNT

with different chiralitied84].

CNTs present very low density (typically lower than 1.5 djcraxtremely high
elastic modulughigher than 1 TPa) and strength (above 13 GIPathermore, the
high length-diameter ratiqgreater than 10Q0which is relevant to load transfer with
the matrix, also make them veaytractiveas reinforcement. Moreovdhey undergo
plastic deformation under tensile strength and have an expsoteghtion to failure

of 201 30% [85]. Therefore, thausage of CNTs to improve fracture toughness of
brittle ceramic hadeen widelyinvestigatedin the past decadg$6]. One of the
biggest challeges in processingomposites containinganotubs is to achiewe a
good dispersiof87]. It is very important that the individual nanotubes are distributed
uniformly throughout the matrix and wedeparated froneach otherThe presence of
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agglomerates isxéremely detrimental to propertieespecially in ceramic matrices,
sincethey can acts defects leading to stressncentrationand prematurdailure.
Moreover, with a good dispersignstrengthening and toughness effect of each
nanotube could be fully deloped. Anothecrucial factor for composites containing
nanotubs isthe interfacial bonding betwee¢he CNTs and the inorganic matiixg|,
whose effect has been well proved in other composites system. Based on the
experienceof fibre-reinforcedcomposie, theirinterfaces should be of intermediate
strength to maximizéhe energy involved in debonding the CNTs from riegtrix at

the same time as maintaining effective interfalmall transfer. In the case of poor or
stronginterfacialbonding, CNTs may @&n act as a source of microcracksllead to
failure. Besidesthe common toughening mechanisanacks deflectiorat the CNT/
matrix interface crack bridgingby CNTs and CNT pullout, instead of crack
formation, a new mechanismpofanot ub e ¢ earbl aanpisze®@bsenved ins h
some samples witbertain geometriels39].

Ma et al.[90)] firstly reported the preparation and mechanical properties of CBiTs/
composites.They disperged naneSiC powders and carbon nanotul{@® wt.%)in
butylalcohol using arultrasonic shakerand then hepressed the mixed powders.
Sintering aids (BC in their work) was necessary for densification of CNTs/SIC
compositesThe addition of carbon nanotube slightly improved the bending strength
and fracture toughness. Zhan et [8l1] fabricatedfully dense nanocomposites of
singlewall carbonnanotubes with nanocrystalline alumina matrix by sydalsma
sintering andfracture toughness &7 MP a A2 mwhich wasnearly thredimes that
of pure nanocrystalline aluminhavebeenachieved.These results demonstratit
the potential of CNTs as reinforcement Ma& researct90] had not been fully
exploited Hereafter Kamalakararet al.[92] synthesizedCNTs/SiC composite flakes
by spray pyrolysis and observed their microstructulidnostensoret al.[93] prepared
CNTs/SIC composites by a reaction bonding techniguee addition of a small
amount of CNTs decreasedelectrical resistivity of the ceramic composites
significanty. Wang et al[94] reporteda rapid, low temperatummicrowaveinduced
reaction to create a novel nanosc@lTs/SiCcomposite. The reaction, which was
completedwithin 10 min, involvel the decomposition of chlofsimethylsilane and
the simultaneous nucleation of nanale SiC spheres on tHeNTs. The bulk
compositewas a branched trekke structure comprised of threkmensionally
arrayed CNTs/SIiC composite Li et al [95] firstly modified the SWNTs by
(iodomethyhtrimetlylsilane via a radical reactipmnd thenrSWNT/S-C-N ceramics
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with nanotube contents of up to 1.Wb6 were obtained through pyrolysis of cross
linked SWNT/polymer composites at 1000 &he high viscosity of the SWNT
/polysilazane mixtures wasundto be the mosimportant prerequisite for attaining
good nanotube dispersion in theGN matrixWang et al.[96] fabricatedMWNT
-Ci/SIC composite bypolymer infiltration and pyrolysigprocess.After chemical
treatment MWNTSs weredispersedn the antimonysubstituted polymethysilan@-
PMS).ThenA-PMS containingMWNTs was infiltrated into 3[@arbonfibre preforms
and then the samples wepgrolyzed The addition of 1.5 wt.% of MWNTSs to the
Ci/SiC compositamproved theflexural strengthand fracture toughnes29.7% and
27.9%, respectivelydiang et al.[97] preparedMWCNTS/SIC compositedy tape
casting lamination and hepressing.t was found that the MWCNTSs were retained
after sintering. An improvement in toughness waservedn composite with 0.25
wt.% MWCNTSs.

Carbon nanfibres (CNFs)are cylindricnanostructures with graphene layers arranged
as stacked cones, cups or plafdsey havesimilar dimensions to MWNg and also
presentexcellent mechanicgbroperties (tensile strength2.20 GPa and modulus:
1060300GPa f or 0. 15 dibres)9B.amtket composite sappbcation
areas, CNFs are considered as relatively thick and long nanotubes without
compromising on composite properties in comparison with CNfesrefore,CNFs
have attracted remarkable attention as reinforcements of mategalily. Hirota et

al. [99] dispersedCNFs intob-SiC powder andgsynthesizedCNF/SiC compositegup

to 15 vol.%) by pulsed electriccurrent pressure sinterindhe 10 vol.% CNF/SiC
composite exhibitech bending strength oD720 MPaand a fracture toughness of
D5.5 MP a R2mMoreover, CNF/SiC compositealso presented higher mechanical
properties at higher temperature (890 MPal200 € ). Shimodaet al. [100]
investigated theeffect of CNFs (between 1 and 10 wt.%) on the thermal and
mechanical properties 0ENFs/SiC composites prepared by hotessing CNFs
dispersedvell in CNFs/SiCcompositewith low CNFs contentgbelow 5 wt.%), and
CNFs agglomerates and many pores located inside the agglomesatesbserved in
composite with 10 wt.%&NFs The CNFs/SiCcomposite withb wt.% well dispersed
CNFs exhibited enhancedtermal conductivity(80 W/mA) and fracture toughness
(5.7M P a BrKita et al.[101] fabricatedCNFs/SiCcomposite byhot-presing. The
introduction of untreated CNFs improved the fracture toughness from 3.8
(monolithic SiC) to 5.2M P a R?rfwith 6 wt.% CNTs). Moreover, the addition of
acidtreatedCNFsenhanced the relative density and fracture toughness to 99.0% and
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5.7 MP a BmespectivelyTaguchiet al.[107 discussed theffect of CNFs on the
mechanical and thermal properties of SiC/8dnpositedabricated by the polymer
impregnation and pyrolysis procesbhe addition of CNFs slightly decreased the
bending strength and elastic modulwkile improved the thermal conductivityf
SiC/SiC compositeBorrell et al.[103 investigated the efict of CNFs (0100 vol.%)
ontribological behaviouof CNFs/SiCcompositeprepared bygpark plasma sintering
Since CNTsackd as a sort of lubricating media in the interfatlke wear rate
CNFs/SiCcompositesiecrease with increasing CNFs content

Yang et al.[104 107 directly formed SiC nanowires on the surfaceTgfanngSA
fibres, and then the SiC fibre preforms containing SiC nanowires were infiltrated by
SiC matrix by CVI methodThe formation of SiC nanowires significantly improved
the bending strength and frac¢ toughnessZheng et al.[108] reported the
preparation oflargescale composite powders containing SiC particles agiN4Si
nanowires bycombustion synthesighe obtaine®isN4 nanowires werstraightwith
uniform diameters of 250 nm and lengths of tens of micronEhe growth
directions of the nanowas were characterized to be [101] and)]10

As a promising thermal protection materighrbon fibre reinforced carbon (C/C)
compositeis different to other ceramic matrix compes (such as ZrB or SiG
based composite) since its matrixgsaphite The detailed literature survey ofC/C
composite will be discussed ifiL.3 Modified C/C composites individually. The
research in fibre (mainly SiC and C fibre) reinforced SiC matrix composite is very
extensive, dtailed literature survey ofibre (continuousand chopped) reinforced SiC
matri x composi t e34Caitidudus fiore reigforce®i@ mairin ~ fi
composite®  a h5Shaoifi fibre reinforce®iC composité , rieey.pect

1.3 Modified C/C composites

1.3.1.1 Processing of C/C composites

C/C composites are the material consisting of carbon fibres as the reinforcement in
the matrix of graphite. They were developed for the nose cones of intercontinental
ballistic missiled109, and fave been most widely known as the material for the nose
cone and wing leading edges of the Space SHuitlé.

The conventional preparation route of C/C composites could be divided into three
staged111]: (i). Carbon fibres are weaved to prepare preforithefdesired structure
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and shape. (ii). Densification of the composite, (iii). Transformation of amorphous
carbon to crystalline graphite (graphitization heat treatment). The temperature of the
graphitization treatment may vary within the range 1300 €. Typical
graphitization temperature is 2500 €. Graphitization of cadsarbon composites
results in increase @lastic nodulus and strength of the composité?].

The densification (second step) is the most essential process for preparati@ of C
composite. This process could be achieved by liquid phase infiltration[(LF3).14]

or chemical vapor infiltration (CVI) methdd15116]. The LPI route starts with the
impregnated carbon fibre preform which consists of carbon fibres and a polymeric
liquid carbon precursor (such as resin or pitch). The followed pyrolysis process at
high temperature transforms the polymer to a carbon mjdtii¥. The CVI process
involves the infiltration of a carbonaceous gas (such as methane) into the carbon fibre
preform at &vated temperatures. The gas decomposes and creates pyrolytic carbon
matrix starting from fibre surface under proper processing conditib§. The C/C
composite fabricated by CVI presents higher mechanical properties than that by LPI
method[11912Q.

It shauld be noted high porosity accompanied by low strength is generally observed
after once densification process, which due to mass loss of volatile materials and
volume shrinkage of precursors during pyrolygi®1]. Therefore, three or more
densification cyas are required to obtain desired density for C/C composite
regardless of methods. Since the decomposition or pyrolysis processes are
indispensable and very slow, it generally requires several weeks and several
processing steps to make a single pap?. Thus, the preparation process of C/C
composites is very timend cosiconsuming, which greatly limits their applications.

1.3.1.2 Oxidation resistance of C/C composites

C/C composites are very attractive for TPS application because of their low density,
high spedic stiffness, high specific strength, small thermal expansion coefficient,
good corrosion and heat shock resistance ability]. Despite such many advantages,
C/C composites without efficacious aotidation coating could not be used above
500 € due tosevere oxidatiofl124]. Therefore, research work on C/C composites is
mainly focused on promotion of oxidation resistance.

To present, there are two methods to improve oxidation properties of C/C composites,
i. e. enhancing their own oxidation resistance asing antioxidation coatings. In the
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first research field, BO; [125, B4C [126], Si[127, 128§, SiC[128 129, MoSk
[1300, ZrB, [126, 131], HfC [132,TaC [133 and ZrC[134] havebeen introduced
into the graphite matrix as oxidation inhibitors. However, the improvement of this
method is limited since the oxidation of carbon fibre could not be fully inhibited.

Making a thin oxidatiosresistant coating (such as borides and silg)iden C/C
composites has been proved to effectively improve the performaBGéd36. The
coatings could be prepared by chemical vapor deposition (CVEY) 138, plasma
activated chemical vapor deposition (PACVIQABY, sokgel [140 and liquidphase
methods[141]. However, large thermal stress would be generated at the interface
between coatings and C/C composites due to large theiysical difference. It will

lead to the initiation and propagation of cracks and finally failure of coating3.
Therefore, optimizadn coating structure to avoid the thenploysical mismatch of
coatings and C/C composites plays an important role in developing future coatings.
Recently, multicomponent[143144], multilayer [145146 and composite graded
coatings[147,148 have been widely invegited. However, to the present, there is
still no C/C composite which could be used in oxidizing atmosphere above 2000 €
for long time.

1.4 Continuous fibre reinforced SiC matrix composites

SiC and C aremost commonly usedibre to improve the fracture tougéss of
ceramic matrix composites, and very exciting results have been obtdihed.
research in SiC and C fibre reinforced SiC matrix composites will be discussed in
fil.4.1SiC/SiC compositesandfil.4.2C/SiC compositay respectively.

1.4.1 SiC/SiC composites

1.4.1.1 SiC fibres

Silicon carbide fibre reinforced silicon carbide matrix (SiC/S@@mmsites have

been suggestefbr high-temperature engineering applications due to their excellent
specific mechanical properties at elevated temperatu9], and heir good
microstructural stability under higénergy neutron irradiation makes them attractive

to be used as blanket components in fusion or structural material in fission reactors
[150. Properties of SiC fibres have a great influence on the $i@ISiC composites.
Hi-Nicalon, TyranneSA, Sylramicand SCSfibres whose basic propertieselisted
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in Table 1.2 [151], are commercially availableSiC fibres and have been widely
investigated as reinforcement.

The performance of SiC fibres could be greatly affected by their composition and
microstructure. Tensilestrength and creep resistance Mfcalon fibre, which
containing 11.7 wt.%0oxygen would be degraded due tarbothermal reduction
reactions above 1200 €157. Fig. 1.2 shows typical creep strain versus time curves

for typical SiCfibres as measured at 1400 € in air under a constant stress of 270
MPa[153.
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Fig. 1.2 Typical creep curves for Sifibres tested at 1400 € in air under a constant stress of 270

MPa[153.

Generally, the creep properties coulddsterioratd by small grain size and by the
high diffusion of impurity second phasaghe grain boundarie§&rowth of fine grain
and decomposition abxy-carbide seconghhasedead toa concurrent reduction in
creep ratef Hi-Nicalon SCS6 and Sylramic fibres, whicboarse grain (D100 nn)
and high mpurity, also show a high creep behavior. Agiminationor minimization
of second phases from grain boundarigee fbres with coarse grain (D100 nn)
demonstrate excellent creep resistance.
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Table 1.2 Basic properties dfli-Nicalon, TyrannaSA, Sylramicand SCSibres[15]]

Room temperature properties

_ o Average
Density  Grain size Cost
Trade Name Manufacturer Composition (wt.%) diameter . .
(g/cn) (nm) Tensile strength Tensile modulus  (US$/Kg)
em
(em) (GPa) (GPa)
Hi-Nicalon NipponCarbon 62Si+37C+0.50 2.74 5 14 2.8 270 8000
Hi-Nicalon Type S NipponCarbon 69Si+31C+0.20 3.05 100 12 2.5 400 13000
Tyranno SA 13 UBE Industries 68Si+32C+0.6Al 3.02 200 7.510 2.8 375 5000
67Si+29C+0.80
Sylramic COlI Ceramics 3.05 100 10 3.2 400 10000
+2.3B+0.4N+2.1Ti
SylramiciBN COI Ceramics SiC+BN 3.05 >100 10 3.2 400 >10000
SCS6-9/Ultra Specialty _ .
70Si+30C+traceSi+C 3 10i 100 701 140 3.56 3501390 9000
SCS Materials
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Although ultra SCS display very high strength and creep properties, the diameter of
these fibres is too | ar ger fibrelshaPingdnto) , whi c
complex architectural preforms and limits their applications. Therefordiddion

(the firstly developed second generation fibre);Ndcalon Type S, Tyranno SA and

Sylramic fibres are the most common SiC fibre used in SiC matrix composite.

1.4.1.2 Processing of SiC/SiC composite

After winding the SiC fibre into preform, common methods usedréatethe SiC
matrix include chemical vapor infiltration (CVI)154], polymer impregnation and
pyrolysis (PIP)[155] and direct conversion processésuch asliquid silicon
infiltration (LSI) [156]). CVI is very attractive becauséhe damage ofSiC fibre
during procssing is minimizedHowever,sincethe matrix densificationvould stop
when surface pores are clos€¥I-SiC/SiC compositegsuallycontain 1020 vol.%
porosity[157], which is very detrimental to their mechanical and thermal conductivity
properties.PIP process offers the advantageslofv processing temperatur@ijgh
impregnation efficiengy controllable microstructure availability of largescale
component with complicated shamnd neanet shape technologiedHowever,
significant volume shrinkag@arge than 60%) will occur due textraordinary high
volume shrinkage and pronounced density increase in the pebgaranic
conversion Therefore,several repetitions have to be perfornmedobtain a high
densification level, whichmakes the process botime and costconsuming[15§).
Moreover, theinsufficient crystallization of polymederived matrix also limits
application of PIP procegd59. LSI process is well known tto produce dense SiC
with an applied pressurelt possesss the advantages diigh densy, good
leaktightness, good thermal conductivity and reasonable productionHwosever,
its application is stillimited by several drawback3he presence of residual silicon
phase from the infiltration of molten silicorwill make themicrostructue instable.
Moreover, theseesidual silicon phasewould also be detrimental tweep resistance
and radiation behavior of SiC/SiC composifé$(. Meanwhile, significant filre
damagesvould occurin the reactive environment at elevated temperatwkih is
also unfavorable for mechanical atindtrmalproperties ofSiC/SIiC compositegL67]].
Since each method has its limitatidrybridizationof two or threetechniquesseems
to be an effective way tobtain a higkstrength and homogeneous mattikybrid
CVI-PIP [162 163, PIRLSI [164, 165 techniqueshave been reported to prepare
SIC/SIiC compositesimproved SiC/SiC composites with high density and high
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strength were successfulfabricated. In order to further improve the properties,
CVI/Slurry infiltration/PIP has alb beendeveloped[166]. For compensabn the
polymer shrinkageduring pyrolysis CVI/ reaction bonding/PIP has been adopted
[167]. Al powders whosecarburization and nitridation resettin volume expansign
were addedh the first infiltration process.

Recently, nancinfiltrated transient eutectoid (NITE) procdd4$8 172 and dectroph
oretic depositiofEPD)[173 175 have been exploiteb prepare SiC/SiC composite
with high performanceliquid phase sinteringwhich has long been considered
inappicable to Si@SIC processingdue to too harsh sintering conditions for
SiC-based fibresis adopted INITE processThe successful development of NITE
attributes to optimizationof sintering condition, appropriate protectiohfibre, and
emergence of th advanced SiC fibreShe matrix of NITE SiC/SiCconsistsof
polycrystalline SiC and small amount of isolated oxide graiwwyever, there are
some critical issuesuch asstabilizationof second phases at high temperatued
improvemenbf creep and xidation resistanceahatneed to be overcomBecently, n
order to improve the thermmechanical performances of SiC/SiC composte,
process combined NITE and CVI was studjédf. Although anearly-full matrix
densification was obtained, the preparedC&IC composite presented a lower
strength due to sevedegradation of fikes andinterphaseEPD is another technique
adopted in fabrication of SIC/SIC composites recently. Aftgsridizationwith PIP
method [175, SIiC/SiC composites with relative high density and good thermal
conductivity properties were obtained.

Despite their heterogeneous microstructure and their complex processing, hybrid
processeslemonstrate a vemgromisingroute tocombineadvantage ohigh materia

purity and process controllabilityf the CVI andcheapelprocess of LS| or PIRith

less timeconsuming However, additional researe@md development have to be done

in order toexploitthe whole potential of combingmocesses.

1.4.1.3 Interfaces

The interfacebetween reinforcement and matrix plays a very important role in the
mechanicabehavior of composites. It transfers load from matrix to fibres, prevents
the early failure of the filves and deflects themicrocracksparallel to five axis
Therefore, greatefforts have beemmade to agptimize the interface in SiC/SiC
compositesCoating SiC fibresvith interphases layeis thesimplestway to treat the
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fibre surface. The besnterphase material$or SiC/SiC composites have been
postulatedo be those witha layered structur@aralleing to SiC fibre surface while
these layers are weakly bonded to each other but strongly adhere to fibres.

Pyrocarbon(PyC) and boron nitride (BN)have been well investigated as the single
interphasePyC has a structure similtr that of graphitén which graphene layers are
stacked roughly parallel to each othidowever, theselementary graphene layease

of limited sizeand stacked with rotational disord¢fi77]. The rough laminaPyC,
which is usually deposited by CVhas atendency to grow with graphenayers
parallel to filve surface.To achieve a strongibre/interphase (FIponding Nicalon
fibre should be preleaned due tenrichmentof oxygenand free carborat the
surface [ 178] while Hi-Nicalon fibres should be preeated to stabilize the
microstructure[179. The bonding between PyC antbishiometric SiC fibes (Hi-
Nicalontype SandTyranno SA) which are more stable in microstructure and consist
of free carbon on surface, is expected to be relative stkdmigeover,the thickness of
PyClayeralso has a greatfluenceon thethermal residual stresses anddburface
roughnesswhich finally affect thenechanical properties of SiC/PyC/SiC composites
Yang et al[18( found that he tensile strengtbf SIC/PyC/SiC cmpositesncreased
from 60 to near 300MPa when the carbon layer thickness increases to 100 nm
Although PyCwas thought to be the best interphase in SiC/SiC compasi¢éems of
mechanical behavipthe oxidation of the PyC can ocawen at low temperate (500

€ ) and leads tanterfacialdegradationBased on sel§ealingmechanismsboron (B)

is doped into the single layét81]. However, B,Os; would volatilize at 600C in
environmentscontainng water which significant reduce the lifetime of composite
Anothermethod to improve Py®Gxidationresistance is replace part of PyC by SiC or
TiC to make a multilayer interphaseshich will be discusseshdependentlyater. As
analternative hexagonal BN\which has a layered structure similar to that of giteph
presents better oxidation behavior than PyC. The BN interphase could be deposited on
SiC fibre by CVI from BFs-NH3 [182], BCls-NH3-H, [183 and B[N(CHs3),]s [184].

BN interphase could be formed by in situ reacfib®5. The occurrence of corrosion
and chemiclareactivity of BN with oxygen and moistur@hen prepared at low
temperaturestill need to be solved.

As mentioned abovegnother method to improve the oxidation resistance of PyC or
BN interphases is to prepamultilayer interphasesMultilayer interphaes, which
extend the concept tdyeredstructureto the nanometescalesarea stack of films of
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different materialsvhoseelementarysequence repeatasgveraltimes. The oxidation
resistance of SiC/SiC could lgeeatlyimprovedafter replacingoxidation-prone PyC

or BN singlelayer interphases (10@00 nm thick) by (Py&SiC), or (BN-SiC),
multilayer interphases which the thickness of the PyC or BN is reduced to a few
nanometersThis design is based afiffusion of oxygenelementand formation of
heding condensed oxidesS(O, or/andB,0s). (PyG-SiC), are the most investigated
multilayerinterphasesince thepioneering worlof Droillard andhis colleague$186|.

SiC sublayers are either microcrystallizgdth rough SiC/PyC interface$)80 or
nanocrystallized(with smooth SiC/PyC interfaceq 187]. Sublayer thickness is
ranging from 3 to 100 nm for PyC and 10 to 500 nnSi&@ while the number of PyC
-SiC sequences is in tmange of 3o 10. PyCis usuallydeposited firstly on the fibre
surface while SiC has also been depositear po increase fibrenterphases bonding
[188. Replacingthe PyC single interphase by a (P8IC), multilayerinterphasehas
little effect on theroomtemperaturetensile behavior 0SiC/SiC compositewith
Hi-Nicalon fibres [189]. Similar conclusion has also been observed in SiC/SiC
composite withTyrannaSA fibres [190. The lifetime of SiC/SiCcompositeswith
multilayerinterphaseat high temperature in air is improvederthat withsingle PyC
layer[189.

(BN-SIC), [191] and (PyCTiC), [192] have been studied also to improve the
oxidation resistance. Thadvantage of(BN-SiC), is that B atoms which are
beneficial forcrack healing at intermediate temperasishave already been in the
interphasesAlthough the lifetime ofHi-Nicalon'SiC composites with BN-SiC),
multilayer interphases demonstrated significant improvemmegrthat with BN single
interphaseat 700 € under load, the interfacial bonding beeme pretreated
Hi-Nicalonfibre andBN was too weakand therthe crack deflection occued at that
interface andnot within the multilayer interphase [191]. Although TiO, is not
commonly regarded as healingides (PyCTiC), multilayer interphasegould also
improve theoxidation resistance of SiC/Sgbmposite. The lifetime dfli-

Nicalon'SiC composites witliPyGTiC), multilayer interphases is much high{eB00
h) than that withPyC singlelayer interphas€20 h)at 700 € under loagdwhichcould
beexplairedby the strong fibrenterphased®onding[197.
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1.4.2 C/SiC composites

1.4.2.1 Carbon fibres

Although SIC/SIiC composites have demonstrated very good mechanical and therma
properties, the high price of SiC fibres makes their adoption very difficult for wide
application. Carbon fibre reinforced silicon carbide matrix (C/SiC) composites
representa relatively new class of structural materiafer space and military
applicatons.

Compared with SiC fibres, C fibres present lower density, high strength (for high
strength fibre), highmodulus(for high orultra-high modulus fibre) and very high
thermal stability well abov&000 € in inert atmosphereMoreover, the price of
continuousC fibre is much lower than that of SiC fibres (usually higher than 10000
US$/Kg as shown inTable 1.2). Intermediatemoduluscarbon fises can now be
purchased foabout20 US$/Kg, while high-modulus, higply conducting filbes can

cost as muchs3000US$/Kg. The basic properties of sornemmerciakcarbon fibres

are listed infable1.3. The main drawback of C fibres is their low oxidation resistance
which will lead todegradationn an oxidizing atmosphefeeyond 45& [193.

Commercial carbon files are fabricated by using pitch or polyacrylonit{lRAN) as
the precursor. Producing@ fibres from PAN involves polymerization of PAN,
spinningof fibres, thermal stabilizatiorgarboniation and graphitization. Production
of pitch-basedC fibres involves melt spinningf pitch precursor fites, stabilization
(oxidation), carbonizationand graphitization. Pitch-based carbon filves are
theoretically capablef modulus equal to that of graipe single crystal (about 10
GPa) which is significantly higher than the highestodulus obtained from PAN
basedcarbon fives (650 GPa [194]. Pitchbasedcarbonfibres also demonstrate
betterelectrical and thermal properties tHaAN-basedibres.

1.4.2.2 Processing and interface of C/SiC composites

Generally, manufacturing techniquethat have been used in processing SiC/SIiC
composite have all been adopted in fabrication of C/SIC composite. C/SiC composite
have been prepared by CMI95, PIP[196], liquid siliconinfiltration (LSI)[197] and

hybrid methods[198 199. Since the advantage and disadvantagihede methods
have been discussedfih.4.1.2Processing of SIC/SIC compo®i¢heir application in
C/SiC composite will not be further reviewed.
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Table 1.3 Basic properties of some commercial carbon fibres

Room temperature tensile properties

Trade Name  Manufacturer pensity
(g/en) Strength (GPa) Modulus (GPa)

T300 Toray 1.76 3500 230
T700 Toray 1.80 4900 230
T1000 Toray 1.80 6400 300
M40 Toray 1.81 4400 380
HTA40 Toho 1.76 3950 238
IMS65 Toho 1.80 6000 290
UMS45 Toho 1.79 4500 430
SIGRAFIL C SGL 1.80 3800 230
Panex35 Zoltek 1.81 4100 240
P-120S Cytec Thornel 2.17 2400 820

Note: Thedata is from manufacturgy we.bsi t e

To control the interfacial bonding between carbon fibre and SiC matrix, similar
interphases (such as PyR00, 201] and multilayerinterphase [201, 202]) that
developed for SiC/SIC composite have also been used in C/SiC composite. Thus,
research in this field will not beissertatd.

1.4.2.3 Improvement of oxidation resistance

Due to thermal expansion mismatch between carbon fibre anth&iix, there are
many pores and microracks in the matrix. Therefore, combining with the low
oxidation resistance of carbon fibr€/SiC compositesdemonstrate very poor
oxidation resistance, whiatannotmeet the requirement for long term application in
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high temperatureSame to C/C compositethere are two methods to improve
oxidation properties of GIC composites, i. e. enhancing their own oxidation
resistance and using aoixidation coatings.

Boronbased particlesuch a3,C [203, ZrB, [204] and SiB [205 206, have been
introduced into the SiC matrix to improve the oxidation resistance of C/SiC composite.
Furthermore,Viricelle et al. [207, 208 designed multilayeselfsealing matn to
improvethe oxidation resistance &iC/SiCcompositeslfy alternate leemical vapor
infiltration of the bororcontaining phases and SiCThe typical microstructure of
multilayer matrix is shown ifrig. 1.3. SiC and borofcontaining phaseare expected
toact asi me ¢ h a n i (defldcting masierackg and glass formers, respectively.

At temperature range of 600 to 1200 €,@s, which is formed due to oxidation of
borontcontaining phases, could fill the matrix cracks and improve oxidation properties.
Moreover,microcracking and debonding betwettre different layers could occur in

the multilayered matrix. The function is as same as that of multilayered interface
between thefibre and the matrix, and could improve the fracture toughness.
Furthermore, the deflection of microcracks in the matrix detionding between
layers will provide new energglissipating mechanisms, apart from matrix
microcracking,fibre/matrix debonding andibre pull-out. Therefore, it will be very
interestingto investigate the mechanical behavior of this mewltilayered maix. Liu

et al.[209 prepared thimew kind matrix in C/SIC composite, af@und thatflexural
strength of C/Si€BC, composits decreased about 20% whii@acture toughness
increasd about 19%due toweakbonding interface between R/SIiC. However,
Zhanget al. [21( observed thatensile strength and failure strain of the GBSC
increase with temperatures up to 1000 €, then deccbag¢gh temperature The
interlaminar shear strength (ILSS) and the-pliane shear strength (IPSS)
demonstratedthe similar tedency to the tensile strengthde attributed these
behaviors to the thermagsidual stress and crystallization ofBin the multilayered
matrix. Therefore, the processing and composition have a great influence on the
mechanical behavior of this new kingatrix, and more work should be done for fully
understanding the properties of the matrix.

Anti-oxidation coatingdased on SiC or otheselthealing glassoxides for C/SIiC
composite have been well investigated in the past deda&s SiC isafundamenth
coating materiabecause thexidation of SiC is passive up to 1700 € and the formed
SIO; film has a low oxygen diffusion coefficienYttrium silicate, which has similar
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thermal expansion coefficient with SiC, low evaporation rate and low permeé&ility
oxygen, isanothercandidatefor antroxidation coating material211]. However, the
defect such as cracks in coating, whichumsavoidabledue the thermal expansion
mismatch between composites and matrix, leadxpgen diffusion inward and
oxidation d interface andibre [217]. Thereforecomposite coating(Si-MoSi, [213,
3Al,05-2SI0, mullite [214], HB,-SIC [215), SIOGbariumstrontium aluminosilicat
[216 and SICN-SGSIiO7 [217]), multilayer coating (SiC/B/SiC[218), SIC/GB/SiC
[219 andZzrC/SiC[220)) and compsite multilayer coating(Y »SiO7/celsianY ;SiOs
[221] andZrB,-SiC/SiC[222)) have been studied.

Fig. 1.3 Typical microstructure of multilayed matrixin (a) SiC/SiC 207] and (b) C/SiC
composite$21(.

However, die to the anisotropic thermal expanshmhavior ofC/SiC, the oxidation
protection is more difficult than for nereinforcedcarbon or graphite bulk materials.
Therefore, cracks are apt to form due to thermal expansiomismatch between
coating andhe C/SiCcomposite whetemperature changesamatically As a result,
sophisticated oxidation and corrosion coatingsuld only reduce the material
degradationn a certain temperature interval under static conditions, but all available
protection coatingsare not able to prevent oxidation completely under dynamic
conditions.

1.5 Short fibre reinforced SiC composite

Although SiC-basedcompositeswith long carbon fibes displaygreaty improved
toughness processing of these compositeCVI, PIP and LSI) is usually
time-consuming and very expensividoreover,owing to thé high matrix porosity
they easily undergo oxidation and then need tailored surface coatinggplaration
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as TPS of space vehiclegherefore, a an alternativeSiC compositeseinforced with
short SIC or C fibres have been widely studied recentlyecause of their easy
adaptability toconventional manufacturing techniquaasd low fabrication cos23.
Additionally, only the short fibres which directlget in touchwith the oidizing
atmosphersufferdegradationwhereas the inner fibres would be protected by the SiC
matrix [224]. The research in SiC matrix composranforced withshort SiC and
cabon fibre (SIG/SIC and G/SIC) will be dissertatd in fil.5.1 SiCsf/SiC
composited a h=d2CdVSiC composited respectively.

1.5.1 SiC4/SiC composites

Itatani et al.[225] firstly prepared10-50 wt.% (10.551.2 vol%) SiCs/SIiC
compositedy hotpressingwith sintering aid of A|ICs. The chopped SiC fibres were
dispersed with SiC powdeby ballmilling. The 5 mol% of Al,Cs was found to be
the best amount for densification $fC compositeThe fracture toughnesses 8iC
composites with 2@0 wt.% were between 313.4 MP a A2nwhich was about.5
timesof that of hotpressed SiC cemic (2.4M P a AmFurthermore, 40 wt.9%8iCsf
SiC compositesvith 5 mol.% AlLCs showedexcellent heatesistance at 1300 € in
air due to the formation of a Siayer at and near exposed surfa&so et al[226]
further investigatedhe effect of SiC fibre length on the mechanical properties of
SiCs/SiC. The original mean fibréengthswere 214, 394 and 70& mrespectively.
The short SiC fibres were mixed with SiC powder by-balling, and theSiCs/SiC
compositesontainng O0r 50 wt.% chopped SiC fibre were fabricated by-piassing.
Flexural strengtidecreased with increasing of mean fibre length fr@&d @14 m

to 281 MPa (70@& mfor 30wt.% SiC/SiC composites. However, fracture toughness
increased with mean fibre length from 3.4 (214nto 4.7MP a ﬂzr(VOGS m for
40wt.% SiCs/SiC composites. Moreover, 100 nm carbon layer on 06SiC fibre
further improved the fracture toughness to BL@ a A*nThey also investigated the
effect of short SiC fibre on the thermal conductivity properties SIC/SiC
composites227]. Addition of chopped SiC fibres (more than 20 wti#greasedhe
thermal conductity, and the 100 nm carbon interface showed little effect on the
thermal properties.

Lee et al.[228 229 prepared theSiCy/SiC composite by tape casting and hot
pressing. Short SiC fibres (3 mm) were added into SiC slurrpaymilling and
Al,03-Y,03-Ca0O was used as sintering additiost of SiC short fibres were
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oriented along the tape casting directidhe relativedensity increased with sintering
temperatureThey also observed that the bending strerayitl fracture toughness
increased with sinteng temperature, whichdicatesthe mechanical properties have
a very strong relationship wittelativedensity from my point of viewl'hey tested the
high temperature mechanical propertiesSets/SiC composites up to 1400 . The
maximum strengthdeceased with fibre amount and testing temperatared all
samples demonstrated almost same strength at@40Chese results implyhat the
degradation of SiC fibre at high temperature affected strength, and weakening of
matrix grain boundary phase domieathe strength at 14@D. Therefore, it could be
concluded that the ADs-Y,03-CaO system, which will bsoftenat high temperature,
IS not afavorablesintering aid for application at high temperatwkreover, in order
to modify the interfacial bondg between fibre andhatrix, polycarbosilangPCS)
was coated on the short SiC carbon surf2&€]. However, the PCS coating did not
form auniform, weak and reaction barrier layer in their work.

1.5.2 C4/SIC composites

Ju et al[231] firstly preparedlO vol.% Gi/SiC composites by hgiressingThe short
carbon fibres and SiC powder with sinteriagls were dispersedby ultrasonic in
n-octyl alcohol. A mixture of 2 wt.% AIN and 0.5 wt.% graphite was found to be the
mosteffective sintering aid for SiC and £SiC composites among AIN, ADs;, B4C,
graphite, AIN+BC, AIN+graphite, BC+graphite and AD;+B4C. Addition of short
carbon fibres decreased the density and strengths8iC compositesiue tothe
higher porosity level However, introduction of short C fierimproved the wear
properties because of the formation of a thin, smooth and adherent debris film

Li et al. [232 fabricated G/SIC functionally graded composites by spark plasma
sintering (SPS)The short carbon fibres and SiC powder with sintears (graphite
together with AJO3, AIN, and B,C in differentratios respectively) weréispersedy
ultrasonic incyclohexanal They concluded that &+graphitewere not suitable for
C«/SiC composites. However, only microstructure @fSSC composites witli0 to

40 vol.% short carbon fibre was shown in the literature and no faljpwesearch was
reported.

Zhou et al.[233 obtained 020 vol.% G¢SIC composites by hgiressing. The
chopped C fibres {& mm) were dispersed in SIC powder with sinteraids (0.4
wt.% B4,C+2 wt.% C) by balimilling. The fibres weralispersedvell in the obtained
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the composite. However, relative densitydabending strength decreased while
fracture toughness increased with fibre amoufihe added C fibre did not
demonstrate any lubricating effect under low load condition while the friction
coefficiens of G/SiC composites were much lower than that of ntidmo SiC.

Tang et al.[234] investigated the mechanical and tribological properties @8iIC
composites with fibore amount up to 53 vol.%. The short C fibres were firstly
dispersedn ethanol with OPL0 as dispersing agents magneticstirrer for 2 h, ad

then mixed with SiC and 1 wt.% Si+Al+B additives by ballling. The composites
were prepared by hgressing. The average frictiaoefficientsdecreased linearly
with fibre amount. Fractureoughnessncreased with fibre amount to 7MP a A*m
(with 53 vol.% fibre). However, bending strength decreased with increasing fibre
amount over 15 vol.%.

He et al.[235 237] prepared 20 vol.% &SiC composites by hgiressing. The short

C fibres (4 6 mm) were dispsered in ethanol by ultrasonic for 30 minh, and then the
mixed SiC+polycarbosilane (PCS) was added to the suspension and this new
suspension was furthdispersedor 30 min. MgO+A}Os+Y,03 was used as sintering
aids. The relative densitybending strength and fracture toughness increased with
amount of additive$235. The amorphous interphase in the composites protected the
fibres from direct contact with matrix and improved the fibratrix baxding [235

236]. Actually, the relative density increased firstly with PCS amoun2@0wt.%)

and then decreased with more PCS @Dwt.%), and bending strength and fracture
toughnesshowed the same tref@37]. Although they did notoncludein their work

[237], it is obvious that the mechanical properties gfSIC composites have a very
strong relationship with relative density.

Zhang et alfabricated 30 vol.% ¢SiC composites by hgiressing usiné\l ,03/Y ;03

[238 or Al ,04/Lay05 [239, 240 assintering additivesThey mixed the short carbon
fibre with SiC powder by balnilling. Reaction of AJO3/Y ;03 additives with SiQon

the surface of SiC or its oxidation products caused formation and distribution of a
amorphous loweutectiepoint phase amnd the SIiC grains and carbdibres
Couping with high sintering temperatursevere diffusion oyttrium ions into carbon
fibre with the contribution of themorphousfiilm was observedExcess sintering
additives improvd the roomtemperature flexuraltsengthbut decreasedhe fracture
toughnes$238. Al,0O5/La,03 was found to banother effective additivia their work.

It is very interesting t@mbservethe formation of Sihanewhisker structureduring
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anrealing atl750 € for 1 h. Although the formation mchanism was not clear, this
kind of whisker structure waseneficialfor mechanical properties.

Ding et al.[241] prepared G/SIiC composites bgpark plasma sintering (SPS). The
short C fibres (3 mm) weraltrasonically dispersed into the mixed slurry with SiC
and sintering aids to avoid the damage of the fibfé® mechanical properties of
obtained G/SiC composites were much lower than thenolithic SiC. However, the
relative density, bending strengtimd modulus increased with sintering temperature.
The poor mechanical properties of obtaine@SBC composites should latributedto

the micrecracks which are generated during process due to thegmalexpansion
mismatch between fibre and matrix.

Zhang et al.[242] fabricated Cs/SIC composites by liquid silicon infiltration
ChoppedC fibres(3 mm)were pretreated by ultrasonic and then mixed with SiC+C
suspension by ball milling. SiC matrix was bonded by the reaction between liquid
infiltrated Si aml C. Relative density, bending strength and fractimeghness
increased with fibre amount up to 30 vol.% and then decreblesdever, due to the
reaction with liquid silicon, C fibres have beeompletely convertedinto SiC.
Moreover, the average C fibtength in the final composite was about&f due to

high velocity impact during batilling.

Fig. 1.4 Main toughening mechanisms in ceramic composites. (a) Crack deflgefioiib)
Pull-out and bridging oélongatedyrain[63], Pullout of (c) nanotubesl 58], (d) whiskerd80]
and (e) fibreg167].

Raetheret al.[243 investigated the oxidation behaw of C/SiC composites. The
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short C fibres were not dispersed but imdhe. The oxidatioroccurredalong the
short C fibre bundles and their contact was the dominating mechanism while the
effect of micrecracks on the oxidation behavior could be negleéc

As a summary of above literature discussion about ceramic composites, the main
toughening mechanisms in ceramic matrix composites are crack deflection by second
phases, pulbut and bridging of reinforcement, as showirig. 1.4.

1.6 Ceramic multilayers

1.6.1 Ceramic multilayers

Although a great progress in toughing ceramic has bebievedby introduction of
secondary phases, the brittleness of ceramic has not been overcome in nature except
of long fibre reinforced ceramimatrix composite.In research of natural biomaterials,

such adurtleshell and nacre, it has been found that these natural biomaterials have
well-constructed lamated structuresas shown irFig. 1.5 [244, 245. Nacreconsists

of more than 99 vol.% inorganic phase, aragonite wafers, andthess 1 vol.%

organic phase, mortar of proteins. Thaticular configuration imparts over one order

of magnitudehigher bending strength and toughness than thoseagionite single
crystds. The work of fracture of nacre 3900 times higher than that of pure aragonite

[246.

Clegg et al.[247] originally reported the preparation and mechanical properties of
SiC/C multilayer in 1990. Si@owderwith 0.4 wt.% B was firstly mixed, and the
doughlike materialwas pressed into a-rBm-thick-sheet and then rolled into flat
sheets (about 20 dgnnthickness)After cutting the thin SiC sheets were coated with
graphite stacked and pressed to form a plaque ~2 mm thick. After debinding and
sintering, a SIiC/C multilayer with relative density of 98% was obtairidee
load/deflection behavior ahonolithic and laminated SiC is shown kig. 1.6. The
monolithic SiC behaved in a linear elastic fashion until catastrophic failure. The
laminated materials also deformed in a linear elastic faglimtihthe crack reached

the @ame stress intensity as the monolithic SiC, and then the cracks deflected along the
SiC-C interface. The apparent toughness increased from 3.6 PL& A’nmand the
work of fracture increased from 28 to 4625 4/urthermore, Clegg et al. built a
numercal model (using Monte Carlo method) to simulate the fracture behavior of
SiC-graphite lamilate§248 253. The built model allowed accurate prediction of both
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load/distancement curves and thbsorptionof energy within the specimens (by
interfacial craking).

Fig. 1.5 Typical microstructure ofiacre (a) Aragonite layer$244] and (b) Fracture surface of

aragonite layers in the nacre of a blue mugs&].

However, due to difference in thermal expansion behavior between the SiC and
interlayer (i.e. graphite), delamination was usually found during sintering. The
interfacial materials must be chemically compactibleth the laminateto be both
cofired and laterused at an elevated temperatusoreover, itmust also reliably
deflect cracks[254]. The requirement of chemical compatibility suggests bHwdh
lamina and interlayer should ideally be made from the saateral, which implies

that porous interlayers could be used. Group of Clegg firstly established that the levels
of porosity to ensure crack deflection should be more than 37 Y252, which isin
accordance wit their experimental resultf?55. However, Reynaudet al. [256]

found that evencompositescontaining more than 40 vol.% porosity interlayers
behaved in a brittle mannendTariolle et al.[257] found a significant deflection for

a rather high valug46 vol.%) in B4C. Actually, Leguillon and his coworkers
calculated thathe porosity requiredor crack deflection decreases with the porous
layers thicknes$258), which can explain theoatradictiors. Althoughincrease of
porosity in the porous interlayeceuld promote crack deflectioand hencencrease

the fracture toughnesgore interaction effect in the porous interlayers cannot be
neglectedThere is a criticalolume fraction(60 vol.% observed by Ma et &259 in

Al,O3 lamilates) above which thé&acture energy of the systendecreased with
porosity

Up to the present, many ceramic multilayer structures have been reported in the
literature: SiC[2601264], SIC/C[247 253, SiCl/porous SiG255 257, SiC/porous
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Al,0; [265 266, SIC/BN[267], Al,Oy/porous AbOs [259, Al,04/SiC [268, 269,
AlLOY/TIN [270], AlLOYTIC [271], Al,0y/TisSiC, [272, 273, Al,04/Zr0; [274, 275,
SisN4 [276, SisN4/SIC [277], SEN#/BN [278 279, SisN4/TisSiC>[280, MoSi,/SiC
[281].

Laminated SiC/C

Load (N)

Monolithic SiC

M . 1 i "
LLRE} 0.2 0.4 1. .5 1.0

Deflection (mm)

Fig. 1.6 Theload/deflection behavior of monolithic and laminated S€7].

Theoretically, coupling thetoughening mechanism in compositesigrocracls,
bridgingand pultout of secondary phasesd crack deflectioaroundreinforcements

and multilayer structuresegsidual thermal stressrack deflectiorat weak interface,

crack bifurcation incompressivdayers[275 282 andtunnelcracks intensilelayers
[283]) could further improve the toughness. Therefore, many efforts have been
devotedto preparationof multilayer with toughening single composite layPetall
literature survey ofceramic multilayer composites i | | be 1lgiCeramic i n
multilayer composites .

1.6.2 Processing of ceramic multilayers

Mechanical rolling was usechithe firstwork of ceramic multilayer structur€legg et

al. [247, 248 mixed the powder with aqueous solution and then pressed santples in
2-mmtthick sheets, which was finally rolled into 28@-thick flat sheets Sputtering
[281], extrusionmolding [269 and mwderinjection malding [284] have also been
reported to prepare ceramic multilaydrsthe past decadesiany methodssuch as
slip castinggel casting, freeze castingentrifugal castingdectrophoretiodeposition
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andtape castinghave been adopted fpreparation oteramic multilayes. Recently,
depositiormethods have also been adopted to fabricate multilayers.

1.6.2.1 Slip casting

Slip casting of ceramics is a technique that has long been used for manufacturing
traditional ceramicsSlurry, also known as slipis firstly prepared by balmilling
ceramicpowders along with binders, plasticizers, deflocculants, etc., in a solvent or
water. Subsequentlythe slip is poured into a porous mold (usugllgster of Par)s

where the liquid parts of slip will be absorbeddapillary action and then a ceramic
layer with desired thickness could be formed against the pladter.sequengal slip

castirg of different powdersuspension and sintering, the multilayer composites could
be obtained.

Requenaet al.[285 fabricated A}O3/Al,O3+4 vol.%ZrO, multilayer compositesby
slip castig. The layerthicknessof Al,O3 andAl,0s+4 vol.%ZrQ wasabout 1D € m.
Zhang et al[286 preparedSiC/C multilayes by slip casting The thicknesses of
graphite layes and SiC layers wer&aried from 3 to 20 and 100 to 606m,
respectively.Apparent fracture toughnesscreased from 4 to 1M P a Amanda
strorg effect of SiC and graphite layer thickness on apparent fracture toughness and
bendingstrength was observedtu et al.[287] obtained SiC/C multilayers bglip
casting The SiC/C multilayers demonstrated@nlinear loaddisplacemenbehavior
and exhibited gradual, nortatastrophicfailure. Yu et al. [277] further prepared
SiC/SEN4 multilayer composites by slip castinbhe work of fracture as high as 406
kJ/m?, fracturetoughness as high as 1P a A’rand astrength of 380MPa have
been achieved.

1.6.2.2 Gelcasting

Gel casting is a forming process similar to slip casting for making congblaged
parts.It was firstdevelopedor ceramic forming by ProfOmatete and hisoworkers
[288. In the process, ceramic powdase dispersed into a watkased monomer
solution.After a catalyst and initiator are added, the slgolidifiesto form astrong,
crosslinked solverpolymer gel filled with the ceramic powdéihis forming process
hastwo outstandingadvantageq) Capability of producingeramiccomponentsvith
complicated shap€ll) Greenbody could bemachned due to its high strengf@89.
However, n the initial period after its inventiorthe process dichot appear very
attractive from indusyr due tousage oftoxic organic additivesThen,Janney et al
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[290 reported that methacrylamide (MANMYith methylene bisacrylamide (MBAM)
as monomer androsslinker were suitable for aqueous gelcastiagd theywere
much lower in toxicity as compared to the previousgdacrylamideg288|.

Montgomeryet al. [29]1] prepared the ADs/porousAl,Os; bilayers by gel casting.
They first casted a lower density slurry, and a higher density slurry was then
immediately cased beneath thefirst layer, and thenboth layers were gelled
simultaneouslyThis methodnduced a smalyjradation between the two layeiihey
found thatthe volume change of each layer can be matdiyethiloring the AbOs
particle size and Alvolume fraction,which resulted in a density step and no
macroscopic crackingvlontgomeryet al.[292] reported another method to produce a
sharp interface between two layers. Theytially filled a steelmold with initiated
slurry, which was therfrozen immediatelyby dry ice.A glass slide was placed in
contact with the slurryo close the system and create a flat surfAfter removal of

the glassslide, thesecond initiatedlurry containing poréorming fugitive filler was
caston the solid surface dahe frozen layerFinally, the entirdilled mold systenmwas
heated tesimultaneously gel both layerk was observed that tHailure initiated at
the interface between the layetge tostress redistribution by modulus mismatch
Baskinet al[293 fabricatedsinglephase laminatawith alternating layers of aligned
and randomly oriente&eTiGs; by gel casting A mold with removable dividers was
used in their work, and the preparation process of laminates is shokig. ifh.7.
Hovis et al. [294] using a stackble mold systemmNeoprenegaskets and Escalt
film-covered glass slides to produgaFeg,0,9 laminates by gel casting, as shown in
Fig. 1.8.

Based on theimilar laminateprocessing method of Hovis et[@PB4], Montgomeryet
al. [295 296 used hermoreversible gelcasting (TR®) produce AIO; laminates.
TGD involves arapid, reversible, crodmking process to form a polymeretwork
rather than a monomer reactia® in traditional gelcastin@he reverible polymer gel
is atriblock copolymerwhose midblock is selectivegolvated by an alcohol. Below
Tgel (60°C in their work) the triblockcopolymer end blocks aggregate into nanometer
size spherical domainsvhich arerandomly dispersed in matrix of solvent and
solvated midblocks. Thaggregates provide the sites for physical crosslinihgyve
Tge (60°C in their work) the endblocks dissociatandcreate a freely flowing liquid.
The thermoreversible gel camaintain itsthermoreversibilityevenbeing filled with
high amountceramic powderSince thesolid can be reheated form a liquid and
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thenbe re-cased, the waste oferamicpowdersand polymess could beminimized
[295 296.
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Fig. 1.7 Laminategpreparatiormethodby gel casting reported tBaskinet al.[293.
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Fig. 1.8 Laminategpreparatiormethod by gel caimg reported byHovis et al.[294].

1.6.2.3 Freeze casting

Freeze castingechniqueis a novel environmentally friendly forming methaghich

has attracted much attention due to its simplicity and the absence of organic
substance$297. In the forming process, the ceramic suspengraater is used as
solvent)is poured into a mold, then frozen and subjected to sublimative drying of the
solvent (water) under vacuurarozenwater (ice)temporarily act as a binder to hold

the parts togéer for unmolding. The sublimation of the solvent (water) is made to
eliminate the drying stress, and to avoid shrinkage, cracks and warpage of the green
body that generally existing in the normal dry[2§8].

Munch et al.[299 formed large porousAl,O; scdolds with architecturedy freeze
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casting The layered AlO; scaffoldsweresubsequently infiltrated with the polymeric

second phasé&.heyalso fabricate nacre i k e -afdmoirakar 6 structures,
high ceramic content, by subsequently pressing $leaffolds in the direction
perpendicular to the lamellae in order to collapse them, followed by a second sintering

step to promote densification and the formation of ceramic bridges between the

A b r i. @He Rdellar compositesind bick-andmortar archiecturesare shown in

Fig. 1.9a and b, respectively. The final composites demonstrated bending strength

over 200 MPa and fracture toughness as high a8 Ba A?nTheir fracture behavior

is similar to that of natureacre as shwn in Fig. 1.9c andd.

Fig. 1.9 Typical microstructureand fracture behaviaf Al,Os/PMMA compositeprepared by
Munch et al[299. (a) Microstructureof lamellar architecturgb) Microstructure obrick-and
mortar architecturg(c) Fracture behavior ddémellar architecturand (d) Fracture behavior of

brick-andmortar architecture

Freezecasting technique imainly used for the preparation of posogeramics with
widely controllable porosityAligned pore channels and a porous gradient can be
achievedvia controlling the freezing direction and temperature gradigd]. Koh et

al. [301] prepared irsitu denseporous bi-layered vyttriastabilized zircora (YSZ)
composits by feezecasting techniqueThe thickness of dense and porous layers
were 125em and 1.7 mm, respectively. Zhang et [&02 fabricated énse/porous
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bilayeredAl O3 by introducingan electric field into the freezsasting processand

they found that the thickness of dense layers could be controlledebiric field
intensity. Howewer, amajor problem of freezeasting is the low strength of green
body, when the frozen suspension is volatilized, the green body becomdsittery

and difficult to handle, and further efforts are underway to improve the strength of
green bodyUp to pesent, dense ceramic multilayer materials prepareddszd
casting techniqubave not been reported yet.

1.6.2.4 Centrifugal casting

Centrifugal castingwhich could prepare thin layers (down to aboutf), has been
adoptedo produce ceramic multilayers. Chang etfal3 foundthat the addition of
high concentration electrolyteeould modify the interactionpotential while the
shortrange attractive forceserediminished.This is beneficial because thesulting
weakly attractive network of particles resist®ss segregation during centrifuging,
yet the shortange repulsive forces amaufficiently strong to have a lubricating
influence, thus promoting high packidgnsities. In this manner, Marshallatt[ 304]
fabricatel Ce-ZrO,/Al,O; multilayer. Strong interaction between these layers and
martensitic transformation zonesrroundingcracks and indentation were observed.
The transformation zones spread along the region adjacent to the layer, which
incressed the fracture toughnedsucchini et al. [305 also successively obtained
Al,04/ZrO, multilayer by @ntrifugal casting

1.6.2.5 Electrophoretic Deposition

Electrophoretic depositio(fEPD) is another widaised method to prepare multilayer
materials.EPD is usuallycarried out in a two electrode celind its mechanism
involves two stepdn the first step an electric field is applied between two electrodes
and charged particles suspended in a suitable liquid move toward the oppositely
charged electrode (electropbeis). In the second step the particles accumulate at the
deposition electrode and create a relatively compact and homogeneous film
(deposition) 306]. There can be two types of electrophoretic deposition depending on
which electrode the deposition occuas shown inFig. 1.10. When the particles are
positively charged, the deposition happens on the cathode and the process is called
cathodic electrophoretic depositi¢fig. 1.10a). The deposition of negagly charged
particles on positive electrode (anode) is termed as anodic electrophoretic deposition
(Fig. 1.10b). It is essential to produce a stable charpadiclessuspensionfor
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applying EPDiechnique to process materials
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Fig. 1.10 Schematic illustration of (agathodic and (b) anodic electrophoretic deposition process

The application of EPD to layered ceramics has been pioneered by Sadkais
co-workers [307, 308 (ZrO./Al,O3 in their work) in ethanol When the desired
thickness of thdirst layer is reached, the deposition electredeld be moved to a
second suspension fdeposition of a layewith different composition. By changing
back and forth, agreen multilayermaterial is obtained. The depositedsamples
demonstrated a high green density (about 60%eadretical [307, 308. Hatton et al.
[309 preparedZrO,/Al,03 multilayer byEPDin ethanolsuspension. They fowl that
the fracture behavior of obtainedrO./Al,O; multilayer was relatedto the
compressivaresidual stresstlf) and layer thickness (t), whilé is a function of t.
With decreasing’t, the fracture followed a sequence from spontandelamination,
multistage fracture with extensive cradkflection, to catastrophic failure with, and
finally without, deflection step$309. The work ofFerrariet al.[310 andFischeret
al. [31]] focused on optimizedZrO, and Al,O3; aqueoussuspensions, whiclare
always more preferable thaorganic solventsdue to environmental and economic
considerations Furthermore,Hv i z dtoa [312] produced symmetrical planar
functionally graded material dfAl;,O3+10% ZrGQ)/(Al,03+30% ZrO,)/(Al,03+10%
ZrO,) by EPD and pressureless sinterififne obtainednateriat exhibited excellent
hardness in the exterior laye(somparable to that of pure alumjnand highly
enhanced resistance against transversal propagation of surfacedtnacgshermal
shock tsts[317].

SiC/graphite[313 314 and SIiC/TiC[315 316 have also been fabricated by EPD
method.Vandeperreet al.[314] prepared SiC/graphiteultilayer tube and concluded
that it is possible to manadture tough complegharped SiC/graphitenultilayer by
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EPD. You et al.[315, 316 preparedSiC/TiC multilayer by EPD from acetonebased
suspensionsThe growth rate of the SiC was almost twicattbf theTiC at the same
deposition voltage and solids loadifighey found that th&iC/TiC multilayer without
sintering aids could not be densified jessurelessintering, even at 2000 [315
316]. However,SiC/TiC multilayer could be densified gpark plasma sintering (SPS)
at 1800€C and 35 MPawhile the relativedensity was 98.9%x316.

1.6.2.6 Tape casting

Tape casting, which is also known f@octor blading or fknife coating, is a welt
establishedechnique fotargescale fabrication of products with large areas and small
thicknessegranging from % o 5 (), Bucheasmultilayered capacitors, multilayered
ceramic packages, piezoelectrics, ceramic fuel cells, and lithium ion baff&riés
The chief advantage of the tape casting process is that it is the best way to form
large-area, thin, flat ceramior metallic partswhich areimpossible toprepareby
other techniques such as pressing or extrusiothe ceramic industries, tape casting
procesds considered comparable to traditional slip castimgeit also uses a fluid
suspension of ceramic pigles as the starting point for processihgy.tape casting
technique ceramic particlesdispersantssolvens (@aqueousor organic) plasticizers
and bindersare firstly well mixed (usually by bathilling or ultrasonic method) to
prepare a stable slyrrwith required viscosity. Then, the slurfg poured into a
reservoir andit is made to flow under a blade and onto a plastic substateshown

in Fig. 1.11[3189.
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Fig. 1.11 Scheméic diagram of the tape casting procg3sg).

Then dense and flexible ceramic green tdgg. (1.12) could be obtained after fully
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evaporation of solvenfThick ceramicgreen multilayercan be obtaied simply by
stackingand pressing together a large number of green tajiesdesiredsequence
After debinding andugsequensintering, ceramic multilayer could be prepared.

=
Fig. 1.12 Dense and flexibleiS green tape prepared in our lab.

Moreover,pore forming agesst (usuallystarch) could be added into the slurry during
milling. During debinding, thespore forming agestcould be decomposed and form
uniformly dispersed pores. The size of the pores cbealdontrolled by changing the
size of pore forming agest [261]. Therefore, dense, porous or dense/porous
multilayer could beeasilyproduced by tape casting methda. presenttape casting
process is the most widely usedthwa to prepare ceramic multilayemdfollowing
ceramic systembave been successively fabricated by this proce&3[260 264,
SiC/C [319, SiC/porous SiC[254, 256, 258, SiC/BN [267], Al,Os/porous AO3
[259, Al,O4/SIC [269, AlL,O4/TIN [270, AlL,O3/TIC [271], Al,0s/ZrO, [274], SkN4
[276], MoSk [320] and B,C/BN [321].

1.7 Ceramic multilayer composites

As stated in above literature review, processing ceramic matrix composites and
ceramic multilayers are the most investigate@thod to improve the fracture
toughnes. The key factor for improving toughness is the presence of weak
interfacedéinterlayersor residual stressyhich allow energy dissipation before fracture
through mechanisms of crack deflection, gt and bridging of fibre or whisker
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[34], and interface delaminatiof85|]. Theoretically, coupling the above methods
(multilayer with tougheed single composite layer) may further improve the
toughnessin this case there are toughening phenomenh inside the single layer
and between the layers.

Boch et al.[274] prepared AIOs/ZrO, multilayer composite by tape castinbhey
found that fracture¢oughnessof pure Al,O3/Al,O; multilayer (4.8 MP a Amwas
higher than thiaof conventionalAl .05 (3.7 M P a AmnandAl ;05+5vol.%ZrO,/Al .05
+10vol.%ZrO, multilayer compositedemonstrated highest fracture toughness (5.65
MP a BmBuenoet al.[327 preparedAl,O5/Al,TiOs multilayer compositeby slip
casting andthe apparent toumess valueas high asl2 MP a A*rwvas achieved
Tomaszewskiet al. [323] fabricated Al,Os/LaPQ, multilayer compositeby tape
casting and the greatesbrk of fracturewas 1100 J/mM. Zhou et al.[324 stacked
ZrB,-SiC layers with different SiC amount to preparB,-SiC multilayercomposites.

The flexural strength and fracture toughness of the,#Z28vo.%SiC/ZrB,+30vo.%

SiC multilayer compositeswere 960484 MPa and 8.&3 MP a A’mespectively,
which were much higher values than those of monolithiGZ8BC composites They
attributedthe significant improvement in mechanical properties to the presence of
residual compressive stresses arising ftomthermal expansiomismatch between

the adjacent layel824]. Zhang et al[325 found thatthe apparent fracture toughness

of ZrB,-SiC multilayer compositeswas strongly dependent on the position of the
notch tip, which wasccordance with theoretical calculation. Tr8,-SiC multilayer
compositesshowed a higher fracture load when thetch tip located in the
compressive layer, whereas a lower fracture load as the notch tip within the tensile
layer. Therefore, he toughening effect of residual compressive stresses was verified
by the appearance of crack deflection and-jpopvent.However, their calculation
indicated thathe highest residual compressive stress did not correspond to the highest
apparent fracture toughneg®5. Wang et al[326 fabricatedSiC/ZrB, multilayer
compositedy roll-compaction ad spark plasma sinteringnd amaxmum fracture
toughness of 12.3¥3 MP a Amvas measuredThe significant improvement in
fracture toughnessould be attributed to the crack deflection along the interfacial
layer and the presence of residual stressése samplé326).

Wu et al.[327] fabricatedSiC,/mullite multilayer composites btape casting and hot
pressing.The SiC whiskes were added during batilling processHigh degrees of
SiC whisker orientatio was determined byisually and by Xray diffraction.Lim et

-42-



al. [328 preparedsiC,/Al,O3 multilayer composites biape casting and hot pressing.
The SiC whiskes were added during batilling processThe wear rate was highest
in the directiorparallel b the tape castindirection and lowest in the direction normal
to laminationdirection respectively. They suggested that thatrix grain size and
roughness due to whisker orientation were responsibleséar behavior Lim et al.
[329 further investigate the effect of temperature on thebological behavior of
SiC,/Al,03 multilayer compositedt was found thathte effect of whisker orientation
on friction and wear characteristics was not dependent on test temperatures. The
highest wear rate wadwaysobtained with a Si@vhiskeroriented parallel to the tape
casting direction at all tested temperaturés reviewed infl.5.1 SiCsf/SiC
composites, Lee et al[228 230] prepared th&iCs/SiC composites by tape casting
and hotpressing. Short SiC fibres were added into SiC slurrigdymilling. Most of
SiC short fibres were oriented along the tape casting directionreléigse density,
bending strength and fracture toughness increased with sintering temperature.

After successfullyprepared SiC multilayef60 263, our group has beesxploring

the possibility to prepare, by tape casting, sheets#8iC composites, whichan be
stacked into a multilayer structure, and finally strengthened by pressureless sintering
This processing path could provide an alternative method {#8iC composite
preparation; such a kind ofs{SiC composite layers could be also integrated anto
SiC-based multilayer TPS, with the aim to optimize its thermal conductivity behavior.
The uniform distribution of short C fibres within the SiC matrix entails the greatest
importance in the processing of these composite tapeserally,as mentioned in
aboveparagraph, short fibres as well as other reinforcementguld be introduced
easily by conventional powder processing techniques, such awibialty. Fuso et al.
[33Q firstly tested the effect afispersard anddispersion methodn the dispersio of

Toho Tenax HTA40 fibregwith epoxy coatinyj The results are listed ifable 1.4.

After the powders were wetlispersedby ballmilling, carbon fibressolvent and
TEA were addednto the slurryfor 12 h balmilling. Finally, 5, 12, 17 and 23 vol.%
C«/SIC multilayer composites were obtained after tape casting, debinding and
pressureless sinteringowever, die to high velocity impact during batilling, short
carbon fibres would be greatly shortened dutiadj-milling process,which would
hinder the strengthening and toughening effect of fiokéier 2 h ball milling, Zhang

et al.[247 found thatthe averagearbonfibre length in the finalCs/SiC composite

was about 6m, which was much shorter than that of original length (3 mm).
Additionally, the breakage of C fibregould also produce large amount of residual C.
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Although C and B were used as sintering amdSiC systemredundant C would be
detrimental to the dengftion of the Si€based composite331]. Therefore, mixing
the SiC slurry witha fibre-predispersed solutioseems to be an effective method for
adding fibres without breakage.

Tablel.4 Effect of different solents dispersants and dispersion method on the dispersion

behaviorof short carbon fibres (the dispersant amount is 5 wt.% with respectdoltieat)[ 330

Sovent Dispersant Dispersion method Efficacy
Water No Ultrasonic Very low
Ethanol No Ultrasonic Very low
Butanol No Ultrasonic Very low
Mixture No Ultrasonic Low
Water PVA Ultrasonic Very low
Water TEA Ultrasonic Very low
Mixture BYK Ultrasonic Low
Mixture TEA Ultrasonic Low to medium
Mixture TEA Mechanical Good
Mixture BYK Mechanical Medium to good

Note: ThefiMixtured means the mixture of ethanol and butanol.

Vega Bolivaret al.[337 firstly dispersedshort carbon fibres in the mixture ethanol
and butanoby ultrasoniamethod and then théibre-predispersedolutionwas added
into SIC slurry bymechanical stirringToho Tenax fibregwith epoxy coatiny and
Alfa Aesar(uncoatedere testedand the €SiC composite green tapes with 5 vol.%
short C fibres were obtaineHowever, the short C fibres wenet well dispersedand
bundles of fibreswere observed in the composites. Particularly, oadles of
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fibresand increased porosity in the neighimatrix [332]. Therefore, morefficacious
fibre dispersion should kechievedo develop the effect of short C fibres.

1.8 Scopeof current research

Since the dispersion of C fibres widpoxy coatingn water ororganic solvent was
difficult [330, 332, The C fibreswith watersoluble coating which is more
compatibility with water or organic solverijbased onalcohol3, are expected to
demonstratdetter dispersion result. In present work, the effect of seven dispersants
on the dispersion behaviof ®oho Tenax HTC124 fibresvith watersoluble coatinyy

was tested. Then the{SiC multilayer composites with different fibore amount were
prepared by tape casting and presureless sinteFimg.relative density, mechanical
properties, oxidation behaviand thermophysicalproperties werevaluatedand the
effect of addition of short C fibres on these properties was discussed.
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Chapter 2. Experimental

2.1 Materials and processing

SiC multilayer and /SiC multilayercompositespecimens were fabricated by tape
casting tehnique and pressureless sinterifidhe preparation of SiC multilayer
involves SIC slurry preparationtape castinggreen samples preparatiatgbinding

and pressureless sinteringowever, he processing methoir Cs/SiC multilayer
compositeinvolves (Fig. 2.1): SiC slurry preparation, fibre dispersion in solvents,
addition of the fibrepredispersed solution into the SiC slurry, tape casting, debinding
and pressureless sintering

SiC Slurry Preparation Fibre Dispersion

u-5iC, B and C as starting powder; = "
Ethanol and butancl as solvent; PO RCI | b Fiee L i)

Fish oil as dispersant; Ethanol and butano] as solvent:
Polvwinyl butyral as binder; ) ) _
Polyethylene glycol as plasticizer; Triton X100 as dispersant

Mixed SiC slurry and fibre-predizpersed
solution together by mechanical stirring

|

Tape Casting

Thickness=200--300pm

|

Green Samples
Preparation

Debinding Treatment
BOOT under argon atmosphere

|

Pressureless Sintering
2200°C for 30 min under Ar

Fig. 2.1 Preparatiorprocess of ¢/SiC multilayer composite by tape casting and pressureless

sintering.

2.1.1 Slurry preparation

The composition of SiC slurry is shown imble 2.1. U-SiC powdes (H.C. Starck
UF-15, 15 ni/g, with a ma n particle ,sathaml (0o998%0 . 7
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SigmaAldrich, Germany, butanol (0 994%, SigmaAldrich, Germany, fish oil
(Afom medical, Italy, carbon (AlfaAesar flake 710 ¢ mjandboron (H.C. Starck
amorphous grade 1i2 € m)were firstly mixed for 24 hn an alumina jarwith
alumina milling ballsFish oilwasadded as dispersant for SiC particles. Carbon and
boron wereused assintering additives Afterward, plasticizer (polyethylenglycole,
Bisoflex 102 Cognisand binder (polyvinilbutyral, Butvar B76 @utia) wereadded
into theaboveslurry andthen mixed for 48 h.

Table2.1 Composition of SiC slurry

Components Composition Wt.%)
Ethanol 19.87
Solvents
Butanol 30.50
Dispersant Fish oil 0.10
Ceramic pwder SiC 33.58
B 0.34
Sintering Aids
C 1.01
Binder Polyvinylbutyral (PVB) 5.00
Plasticizer Polyethylenglycol (PEG) 9.61

In preliminary study, Toho Tenax HTA40 fibre with epoxy coating was used as
reinforcement[330 3327. However, the epoxy coating made it very difficult to
disperse HTA4O0 fibre in a mixture of ethanol and butanol, hence a bad dispersion of
fibre in SiC slurry was occurre@herefore,Toho Tena HTC124 (fibre length of 3 or

6 mm) with water soluble coating was used as reinforcem&fith the help of
dispersant, the short fibres were firstly dispersed in the solvent by ultrgg60ie¢v
Ultrasonic Processp6onics) The solvent was chosen as tape of 40 wt.% ethanol

and 60 wt.% butanol, same as to the SiC slurry in which it has been successfully used
for tape casting.The dispersion effect of BYK63, BYK-410, BYK-2150,
BYK-9076, BYK9077 (BYK Additives & Instruments) and Triton X100
(SigmaAldrich) were testedNonionic surfactant Triton X100 (7 wt.%) showed the
best dispersion resulivhich will bediscussedn in detail.lt should be noted that the
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dispersion of fibre does not mean to disperse C fibre as uniform.slumeans
separate fiker from bundles to single fibre, which results in a good dispersion of single
fibre in SiC slurry after mixingThe time for dispersion of 5, 10 and 6l.% fibre
content were 20, 40 and 60 min, respectively. Then-pbeelispersed solution was
obtained.

The SiC slurry and the fibrpredispersed solution were mixed together by mechanical
stirring at 200rpm in Stirrer Typer PW (Velp Scientifica s.r.l, Italy) at room
temperature, and thehe slurry with homogeneous fibre dispersion was obtaifduk
higher the fibre amount, the longethe mixing time (2, 4 and 6 h for 5, 10 and 15
vol.%, respectively).

2.1.2 Tape casting

After degas, he slurry was cast on a moving Mylar support, with the layer
thickness controlled by the height of the bladenfh) and by theadvancement speed
of the Mylar support (10@hm/min). The organic solvents were then slowly removed
by controlled evaporation in air at ambient temperaflihe width and thickness of
green layer were 100 mm and 20860¢ mrespectively.

2.1.3 Green samples peparation

The green tapesf SiC andCs/SiC were cut into proper shape and thearefully
detached from the plastic suppofthe multilayer specimens were obtained by
painting a gluing solutiobefore stacking next layer, as showrkig. 2.2a.

Fig. 2.2 Stacking process of green multilayer samples. (a) Paint gluing solution gRen(ioyal

air inclusion.
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The gluing solution was made of water, ethanol and polyvinyl alcohol (PVAjein t
weight proportion of 10:10:1. A mandrel was passed on the samples to make
successive layer adhere without the formation of air inclusion, as shdwamn ih2b.

It should be noted that the roughness of Iegide (in contact wth Mayler film) and
upperside (in contact with ains differentdue to the presence of the Mayler film, as
shown inFig. 2.3. The rougher uppeside was always pasted with the smoother
lower-side of another tape during stacking

0.5
fjemi lower-side
AN AMANANANNAASVIWA S VN Bl Z
0
upper-side
Re=0.0 pm
0.5
1.25mm

Fig. 2.3 Roughness profikof lowerside (in contact with Mylar filmandupperside (in contact

with air) of SiC green tape

‘/Tnpe casting
/ direction

} 18 layers

Cutting plane

A

55 mm

Fig. 2.4 Preparation processrfgreen specimens for bending test.
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The preparation process for green specimens for three point bending test is shown in
Fig. 2.4. Ten tapes with dimension &400x 60 mmwere stackedThe length direction

of cut tapes waperpendtular to the tape casting directioAfter removed of the
edging,eight specimens with dimension of ab6012>X2.5 mmwere obtained.

In order to meet the thickness requirement for fracture toughnessntesty layers
were stackedand 9 samples with dimsion of about 6x8x5 mm were cut.For
preparing SiCICs/SiC) multilayer compositg two SiC layers and on€s/SiC layer
(total 18 layers) were stackatternatively and then another two SiC layers (thus total
20 layers) were stacked on the upper searfaicCs/SiC layer to make sure both side
of the composites were SiC layer.

The preparation process of samples for thermal diffusivity test is more complex.
Thermal conductivity properties in X (parallel to tape casting direction), Y
(perpendicularto tapge casting andhicknessdirection) and Z (through thickness
direction) directions wertested as shown irrig. 2.5.

Tupe casting direction ?J
e e

P

g X
_: e — B F— —— —
i =

Fig. 2.5 Threedimensional Cartesian coordinate system useésoribe test directions of thermal

properties. X direction is parallel to the tape casting direction; Y direction is perpendicular to tape

casting and thickness direction; Z direction is the through thickness direction.

10 mim

e
-

Pl
W$$ Tape casting
= direction
Stack tapes l
=] fs } 18 layers

33 mim

 c— 2
i ' i ‘ i ‘ 32 mm
Z-1 Z-1 23

Fig. 2.6 Preparatiorprocesof green samples for thermal properties test in Z direction.

Cutiing plane l Cutting plane
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Sl mm

Tape casting
direction

108 layers

Cold mounting resin

Cuiting|
planc

Tape casting
direction

5 mm

Vi

Fig. 2.7 Preparatiorprocesf green samples for thermal properties te3t direction.

One hundredand eight layers of green tape with dimension ok38 mm were cut
and stacked. The length direction of cut tapes paapendiculato the tape casting
direction. Then the stacked samples were fixed by cold mounting Rssi S.A,
France). After removed dlie edgingby cutting machinelomet 4000, Buehler, Lake
Bluff, IL, USA), three samples for thermal conductivity test in Y direction were cut
firstly, as shown irfFig. 2.7. Finally, three samples for thermal conductivity tesKin
direction were cut, as shown ifg. 2.8. The thickness of green samples for thermal
conductivity test in X and Y directions were 5 mm. Hh@westspeed of the cutting
machine (1.2 mm/min) was used to avoid delamination ohgisgges during cutting.

-51

For X direction samples



Tlape casting e 30 mm _
direction e T
ST 5 o

Tape casting
/ direction X1
7 - :'::5
[ / +
< : Cut by
: 1 machine <3
1‘
1

-3

Cutting plane

Fig. 2.8 Preparatiorprocesf green samples for thermal properties te3t girection.

2.1.4 Debinding process

In order to remove the binder and the other organic components, a debinding

treatmenshould be performed before sintering.

10 — Butvar (binder)
Peg (plasticizer)
80 — fibre coated with
Triton X100
=
= 60
=
I
=
Z 4
20
0k
M i i | " i i i A
[} 200 400 Gl ROD 10

Temperature (°C)

Fig. 2.9 Decomposition curves of binder, plasticizer and fibre dispersant.

The main organiccomponentsin SiC green samples at@nder and plasticizer
Howeve, in G/SIC green samples, there is also the presence of fibre dispersant
(Triton X100) in addition tdbinder and plasticizer The decomposition behavior of
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binder, plasticizer and dispersant was tested by TGA from room temperature to
1000€ at a constat rate 0f20 €/min in flowing chromatographic air (50 ml/min)

Fibre coated with Triton X100 was used to evaluate the decomposition behavior of
Triton X100. The result is shown kig. 2.9.

Most of the organic components woub@ decomposedefore 400C (Fig. 2.9).
Moreover, the organic materials will decompose faster aodmpletely at
comparatively lower temperature under slower heating raf® (8 [333. Therefore,
the process, as shownfiny. 2.10a, was used for debinding treatment. The debinding
treatmentwas performed up to 80€ in argon atmosphere in Elite thermal systems
limited (Tersid s.r.l, Italy).

(b

®) e "oy

et 2200 °C

B0 | 2200

S0

Fig. 2.10 Schematt diagram ofa) debindingand (b) pressureless sinteripigpcess

2.1.5 Pressureless sintering

Usually, pressure requiring techniquese widely applied in fabrication of ceramic
composites ananultilayers However,due to shape and size limitatioaad high
equipment cost these methods are difficult to extendwards large industrial
applications Thus, pessureless sinteringas adopted in present workh& samples
were submitted to pressureless sintering treatment in argon (partial pressure of 55 Pa)
at 2200 € for 30 min in a furnace operating under controlled pressure and
atmosphere (TAV. S.p.A, ItalyXhe sintering temperature and time were based on the
preliminary experimen{262 330. The sinering process is shown iRig. 2.10b.
During debinding and sintering process, the samples wkreed on a graphite
support and a graphite weight was put over thhenavoid sample deviation from
planarity.
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2.2 Experiment methods

2.2.1 Densty measurement

Geometric density awerd meAsurednipmesen evarldiThed e nsi t y
geometric density measurements were performed by measwgight and

dimensions of geometrically regular sampl@he Ar chi medes 6 densiti e
samples at roomiemperature were measured with deionized water as immersion

medi um accordi ng t dhedreticaldensity Was salculaged bythe i p | e .
rule of mixtures.

2.2.2 Mechanical properties test

Elastic modulus was evaluated by an impulse excitation techmmyadving the
analysis of the transient composite natural vibratinirindoSonic MK5 instrument
and RFDA MF basic instrumen{IMCE n.v. Belgium). The flexural strength was
determined omsinteredspecimensvithout surface polishingith a span of 40 mm an
a crosshead speed of 0.1 mm/min. All tests have been performed on atéz@st
samples, in order to improve statistical significance of the results.

Fracture toughness test®remeasured at room temperature usingdingle edgeV
notch beam (SEVNBIjnethod The samples preparation and testing process were
accordance with CEN/TS 14426 standard A starter notch of depth and width
approximately 0.5 mm was prepared by a thin diamond saw blaBebicol S.A
Switzerland. Afterward, diamond paste §1h was applied to the starter notch, and
then the Whotch was prepared bgciprocaing a razor blade in the sawn notch for 2
min. The depth of the Wotch was measured by calibratemptical microscope
(Reichert Microscope, Austriapepths of the Mhotchat bothsideswere read as,
anday, and he average depfa) of and average relative depft) of the \Lnotch(a)
was calculated byEq2.1 and 2.2, respectively Fracture toughness tsswere
performed on sinterespecimensvith a span 020 mm and a crossead speed of 0.1
mm/min.The fracture toughnes$§c was calculated bizg2.3 and2.4.
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Q18 2.1)

2
a

h=—= 2.2
W (22)

s _3h oy (2.3)

where:
Y =1.9472- 502471 +11.89547% - 180633° +1459867" - 4.68967°  (2.4)

whereF is the fracture loadB is the test piece widthWVis thes p e ¢ | de@hSdso
the support span (20 mm in the present wadgpectively.

2.2.3 Oxidation properties test

Bulk samples dimension of about>#x2 mm, and100' 200 mg in weght) were cut
from sintered materials for oxidation te3thermogravimetric analysi€STGA) was
carried out on a Mettlefoledo TGA/SDTA851e systemp to 1600C at aconstant
rate of10 €/min in flowing chromatographic air (50 ml/min).

2.2.4 Specific heatcapacity measurement

Specific heatapaciy (C,) of SiC multilayer wasneasured by a calibrated differential
scanning calorimeter (Pyris DSC, Perkiri ElImer Instrument Co., USAom 30 to
600€ with a heatingate of10€/min. Details of the principle and pocedure of the
experiment can be found elsewhég&4] and will not be elaboratedere Samples
(dimension of abou®x3%x1.5 mm, andabout 50mg in weighj were cut from sintered
materials forspecific heat testThree measurements Gf were performed tamprove
statistical significance of the results

2.2.5 Thermal expansion behavior test

The thermal expansion behavior SiC multilayer and Cs/SiC multilayer composites

in X, Y and Z directions were examined d¢mermemechanicalanalyzer (TMA)
(Setaram Instrumeation, France)rom 25 to 1500 € with a heatingrate of 10
€/min. The cuboid samples with dimension ofx8x4 mm were used for thermal
expansion behavior test, while the height (8 mm) direction was the testing direction.
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The argon atmosphere was maintdire a flow rate of 20 ml/min to ensure the
equilibrium of temperature and prevent oxidation of samplHEse coefficient of
thermal expansion (CTE) in X, Y and Z directions were calculated from the thermal
expansioncurves In order to improve statisticaignificance of the resultshermal
diffusivity and expansion testeave been performed otihree sampleson each
direction.

An average linear CTE was obtained accordingd@.5:

dl -1,

a S
T |OCDJT IOQT_TO)

(2.5)

wherelp andlt are referred to the length & (room temperature in present wodqd
temperaturd, respectively.

2.2.6 Thermal diffusivity test

Drill s coated with diamond were used to prepare the samples for thermal conductivity
test. The mternaland outerdiametes of the drills were 13 and 15 mm, respectively.
The schematic diagranof cut samples for thermal diffusivity test in X, Y and Z
directions is shown ifrig. 2.11.

The sides of the disk samplesvere polished with Si@vaterproofsandpaperin order

to investigate the effect of oxidation, the thermal diffusivity properties in three
directions before and after oxidation were measured. The oxidation treatment was
performed at 150€ for 2 h in NabethermHT64/17 furnace Nabertherm GmbH
Germany in air. Theremaining SiC materials after drilled were cut to prepare
samples for thermal expansion test in different directidhe. thermal diffusivity D)

tests were performed om thermal properties arigzer (Flashline 4010, Anter
Corporation, $A) from room temperaturto 1500 € with a heatingate of5€/min

in argon atmospher&he diameters of the samples were about 12.7 mm.

The thermal conductivities) of SiC multilayer in three directions wetalculated by
Eq2.6:

k=r@ ® (2.6)
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@127 mm

pd
X direction
sample
Thermal diffusivity Snmple
test direction
Sumple
Thermal
Y direciion _difﬁlﬁiﬂl}' test
sample direction
ﬂ'.
*
&
Thermal difTusivity
test direction
ik 12.7 mm
F direction
sample

Sample

Fig. 2.11 Theschematic diagrarof cut samples for thermal diffivity test in X, Y and Z

directions.

2.2.7 XRD analysis

X-ray diffraction (XRD)analysiswas performedn Rigaku D/MAX diffractometer

betweer20 and80A (wWithiGu Kyr adi ati on (&=0.1504 nm) at
of 30 kV and generator current 80 mA. The scanning speed and the step size were
0.08°/min and 0.02, respectively

2.2.8 Microstructure observation

The polished surface was observed dpticd microscope Reichert Microscope
Austrig) and Zeiss Supra 25 Field Emission Scanning Electron Micros¢Sg).
The fracture surfaceasobserved oiZeiss Supra 25 Field Emissi&@EM.
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Chapter 3. Microstructure of C/SIC
multilayer composites

As mentioned infil.7 Ceramic multilayer compositesthe uniform distribution of
short C fibres within the SiC matrix entails the greatest importance in the processing
of these composite tapeGenerally, short fibres could be introduced easily by
conventional powder processing techniques, such asndailg [233 234, 239).

However, carbon fibre woullle cut shorter during ball milling, which would hinder

the strengthening and toughening effect of figéesl]. Additionally, the breakage of

C fibres could also produce large amount of residual C. Although C and B were used
as sintering aids, redundant C woubé detrimentalto the densification of the
SiC-based compositd331]. Therefore, mixing the SiC slurry witha solution
containing fibresdispersedn solventspreviously, seems to be arfesftive method

for adding fibres withouseverebreakage.

Vega Bolivaret al. [337 tried to disperseloho Tenax HTA40 fibrewith epoxy
coating(sizing), andCi/SiC composite green tape with 5 vol.% shortil@es was
obtained.However, the short C fibres were not weispersedcand bundles of fibres
were observed in the composité83Z. The fibre without sizing or without
solventsoluble sizing seems to be moraiigble for dispersion. Therefor&oho
Tenax HTC124 fibres with wateoluble coatingvere tested in present work.

3.1 Dispersion of short carbon fibresin solvent

BYK-163 [335], BYK-410 [336], BYK-2150 [337], BYK-9076 [337, 338],
BYK-9077 [337] and Triton X100[339 are widely used fodispersion carbon black

and nanotubed herefore, these six dispersants were used in present work to disperse
short carbon fibreslt should be note that it is beneficial forhe processing and
properties ofCs/SIC multilayer compositeso use small amount dispersaiine
dispersion effect athe six dispersants is shownFig. 3.1.

It is obvious that tha@onionic surfactant Triton X10@emonstrateche best dispersion
effect among the six dispersants. order to dispersearbon fibre in the solvent,
surfactant molecules orient themselves in saclay that hydrophobic tail groups
face toward thdibre surface while hydrophilic head groups face towte aqueous
phase, producing a lowering of tHaore/solvent interfacial tension[340]. The
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chemical structure of nonionic surfactant, TritorlB0, is given inFig. 3.2. The
hydrophobic octyl group offriton X100 (polyethylene glgol) can interact with
carbon fibrethrough adsorptioand cover the carbon fibre over &sial length while
the hydrophilic segment can interact with sodventthrough hydrogen bonding

(a) (b)
Zﬂ_pm Sﬂﬂm
(c) 1) NG A
500 pm ' - A |
(o) R

& 1 ’

v

500 pm

Fig. 3.1 Effect of dispersant (1 wt.%) on fibre dispersion (0.885%) in mixture of ethanol and
butanol (a) without dispersanfb) BYK-163, €) BYK-410, @) BYK-2150, €) BYK-9077,
(f)BYK-9076, @) Triton X-100.

-59-



The dispersing power of the surfactant depends on Ivonlyfit adsorbs onto the
fibre surface and produces by this adsorption energy barriers of sufficient height to
hinderaggregation. Generally, hydrophobic tail groups tend to lie flat on the graphitic
surface because graphitic unit cells match well witle tmethylene units of
hydrocarbon chaing341]. Longer tails means high spatial volume and more steric
hindrance, thus providing greater repulsive forces between individual chbbbes

Thus, efficiency of adsorption and consequently dispersing power facgnts are
greatly affected by the tail length of the surfactamt tail length factorTriton X100

has an effective chain length of nine atoms oltlpneansTriton X-100 should exhibit
weak dispersing powertheoretically which is contrary to the experimental
observationslt is assumed that thieenzene ring in the tail group of Triton-200
(benzene ring factdicontributes more to dispersi@&ffect[342. Actually, nolecules
having the benzene ring structure adsorb more strongly to the graphiéicesdtfe to

‘i stacking [34Lp3¢3.Wne eevaert | otnai | |l ength f acHt
ring f act thelaiter contrbptesimere to dispersaffect[347].

D—ECHZ—CHE—D}—H
X

Fig. 3.2 Chemical structure of Triton 2400

In order to observe the presence of Triton X100 on the surface of carbon fibre, the
microstructure of dried fibres dispersed in solvent with Triton X100 were observed, as
shown in Fig. 3.3c. The original commercial fibres Kig. 3.3a) and dried fibres
dispersed in solvent without any dispersaniy(3.3b) were used for comparison.
There is no significant differee betweeroriginal fibres and fibres after dispersion
without any dispersant. However, on the surface of dried fibres after dispersion with
dispersant, the presence of Triton X100 was very clear, and evetikdrofriton

X100, as pointed out by red arrewn Fig. 3.3c, wasobserved

However, t should be noted that tlgwoddispersion of fibren present worldoes not
mean to disperse C fibre as uniform sluityneango separate fibre from bundles to
single fibre, which resudtin a good dispersion of single fibre in SiC slurry after
mixing.
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s 220

Fig. 3.3 Microstructure of (apriginal commercial fibrs, (b) dried fibres dispersed in solvent

without any dispersanfc) dried fibres dipersed in solvent with Triton X100.

3.2 Dispersion of short carbon fibresin SiC slurry

After a good dispersion of fibres was obtained, fibee-predispersed solutiowas

then mixed with SiC slurry by mechanical stirrinigshould be noted that the carbon
fibre would also be shorten in present work due to the mechanical stirring. The fibre
length distribution after mixing was observed. Parts of mixed slurry containing
different C fibre amount ¢orresponding to 5, 10 arikb vol.% in the final sintered
sample¥was dissolved in a large amount of ethanol. Afterward, the diluted slurry was
taken out by dropper and then dropped on Mylar filfter the solvent was
evaporated completely, the fibre length distribution was observedogiical
microscope Forty-two different areas were observed to improve statistical
significance of the results.

Typical fibre length distribution anthe statisticalresultsin the mixed slurryare
shown inFig. 3.4. The original fibre length was about 3 mAs shown inFig. 3.4b, d
andf, the average fibre length in the slurwhose fibre amount in final sintered
samples were 5, 10 and 15 vo).%ere about 0.6, 0.55 and 0.5 mespectivelyThe
mixing time for preparationf slurry with 5, 10 and 15/0l.% fibre amountwas?2, 4
and 6 h, respectively.Therefore, prolongation of mechanical mixing time slightly
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decreased the average fibre lendgtbwever, it should also be noted that the amount
of very short fibre (less than 0.1 mm) orrébfragment increased very sharply with
mixing time. Meanwhile, the amount of longer fibre (longer than 1 mm) also
decreased with mixing time.

[ Frequrney Distribrarss
i b == Camlasive Froguvey

*"ERENRETEDF
(%) Aouanbauy aspeynen y

(%} Kxoanbag aupepnuony

]

¥requeney Enstrilsabian | )

EE S8 % & E
(%) Aamankasg aaprenmny

M
-

Fig. 3.4 Typical fibre length distribution anstatisticalresuts aftermechanicamixing of SiC
slurry andfibre-predispersed solutiotfa), (c) and (e) are thepical length distributiorn the
slurry whosefibre amount irfinal sintered samplesere5, 10 andl5 vol.%respectively(b), (d)

and (f) are theorrespndingstatisticalresultsof (a), (c) and (e), respectively.

Since the fibre length observation was carried out in the slurry to make the green tapes
and no obvious mechanical damage could bmccurred during dissolution and
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observation, the observed fiblength distribution would beas sameasthat in the
C4/SiC green tapg Moreover, sinceno significant mechanical damage would be
occurred during debinding and presureless sintering, it coukpéeulatd that the
average fibre length in sinteréd 10and 15 vol.%Cs/SiC composites would b6.6,
0.55 and 0.5 m, respectively. Although thaveragdibre length (06 to 0.6mm) after
mixing wasonly onesixth or-fifth of original length (3 mm)it is still much longer
than in other G/SIC compositesising baltmilling. Zhang et al[247] found that the
average fibre length decreased from original 3 mm te 60n the final composites
after 2 h balimilling. Thus, the fibre length in present workaisoutten times othat
in Zhangs work indicatingmixing the SiC slurry with the fibrpredispersed solution
is an effective method for adding fibres witimited breakage.

3.3 Microstructure of C /SiC multilayer composites

3.3.1 Green tapes

After tape casting and drying, the gre€w/SiC tapes wereobtained A good fibre
dispersion before tape casing is essential touhsexjuenprocessesA comparison of
fibre aggregation and good dispersion in greenségpehown inFig. 3.5. The fibre
aggregationa (markedoy red arrows) were clear observed-ig. 3.5a.

Roughness profike of upperside (in contact with airdf SiC andCs/SiC green tapes
are shown irfig. 3.6. It is obvious that the roughness on the uigiée face increased
with fibre amount fig. 3.6). Cross section surface sfackedyreen tapgof 10 vol.%
C«/SiCis shown inFig. 3.7. The fibreswerewell distributed in the green tape, amaol
fibre bundlewasobserved

Fig. 3.5 Comparison ofa) fibre aggregation and (lpodfibre dispersionn Cy/SiC green tape
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Fig. 3.6 Roughness profieof ypperside(in contact with airpf SiC andCs/SiC green tape&)
SiC, (b) 5 vol.%, (c) 10 vol%, (d) 15 vol% Cs/SiC green tapes.

Fig. 3.7 Cross section surface sfackedgreen tapgof 10 vol.%Cs/SiC. (a) lowermagnification

and (b) higher magnification.

3.3.2 Debinded samples

Fracture surface ofCs/SIC multilayer composite (5, 10 and 15vol.%) after
debinding are shown ifrig. 3.8a, b and c, respectively.Fibre bundles were not
observed, Wich indicates that the fibres are homogeneously distributed in the tape.
Moreover, the fibres temdito align fairly well along the tape casting direction, since
orientation of fibres in different directions was rarely observed.

Generally, arsotropicphases are supposed to be oriented along tape casting direction
since the slurry is sheared when passing the casting bladghiEnsmenons more
obviousin the slurry containing whiskel827, 328 or short fibreq229, 330, 337.
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Suchan alignment will be frozem the green tape due kagh viscosityof the slurry
and its psedoplastic rheological behavidB44]. Therefore,anisotropic shrinkage
behaviorcould be observed in the final products because ddnisotropic green tape
microstructure[345. It should be noted that even in the slurry contairptagelet
shapedparticles,which demonstrate the moahisotropic green tape microstructure
not all particles are completely oriented in the castiingction[346. The shrinkage
behavior of SIC multilayer an@s/SiC multilayer compositewill be described in
detail inf4.1 Shrinkage behavior

Fig. 3.8 Fracture surface @./SiC multilayes with different fiboreamountafter debinding. (a) 5
vol.%, (b) 10vol.% and (c) 15 vabae.

3.3.3 Sintered C/SiC multilayer composites

Representative morpholag of sintered SiC multilayer andCs/SIC multilayer
composits areshown inFig. 3.9. The microstructure observation was carried iaut
the middle part of the samples, and the polished surfaceewvpsndicular to théape
casting directionSiC multilayerwas well sinteredwith few small residual pores.
However, there were many poresGg/SiC multilayer composit® while amount and
size of pores increased with fibre amoudhexpectedlyit is very hard to observe the
fibre in the compositelt is well evidentthat the grain size of SiGecamesmaller
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after addition of short C fibee which is a typicaphenomenorin ceramic composite
after addition of reinforcemef830, 347).

(2)

Fig. 3.9 Representative morphol@s of sintered SiC multilayer an@s/SiC multilayer
composits. (a) SiGmultilayer, (b) 5vol.%, (c) 10vol.% and (d) 15 vol%C/SiC multilayer

composits.

¢ 6H-5IC ¢ 4H-5iC = Graphite

15 vol% € /SiC

2

= 10 val' €_J/SiC
£ N, T T
E_; S val% € /SiC
= : __1

20

Fig. 3.10 XRD patterns of SiC multilayer ar@/SiC multilayer composite
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Fig. 3.10 shows XRD patterns of SiC multilayendCs/SiC multilayer composite
The peakintensityof graphiteincreasd with the fibre amount 6H-SiC (Uphase) was
the main phase in SiC multilayer ar@/SiC multilayer composite However,
formation of 4HSIC wasdetected by XRD after sinteringi@. 3.10).
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Chapter 4. Mechanical properties of G#/SIC
multilayer composite

In this chapter, the mechanical properties and rela¢d@dviorof SiC multilayer and
C«/SiC multilayer compositewill be discussed. Since the mechanical propegres
usually strong affected by thelative densitywhich is with the total porositythe
densification behavior of SiIC multilayer ai@/SiC multilayer compositewill be

discussed firstly.

4.1 Shrinkage behavior

Density and shrinkage of SiC multilayer a@¢/SiC multilayer compositeare listed
in Table4.1. Therelative densit of the composite containing C fibsalecreased with
the fibore amount The Cs/SIC multilayer composite demonstrated significant
anisotropic shrinkage batiiorin X, Y and Z directions. Moreovett is well evident
that the adtion of short C fibres hinded the shrinkage in the plane containthg
fibres (X and Y directionshut improved the densificatiorperpendiculato that plane
(Z direction)duringsintering The highetthe fibre amount the lowerthe shrinkagen

length.
Table4.1 Density and shrinkage of the SiC multilayer andSIC composites
Fibre amount  Relative density Shrinkage (%)
Materials
SiC multilayer 0 888 191 20.7 21.4
5 831 51 19.0 317
C4/SiC multilayer

_ 10 813 39 151 264

composites
15 72.0 3.0 131 298

As mentioned imMi3.3.2 Debinded sampl@s anisotropic phases are supposed to be
oriented along tape casting direction since the slurry is sheared when passing the
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casting blade. This phenomenon is more obvious in the slurry containing whiskers
[327, 328 or short fibreg229, 330, 337. Such a alignment will be frozen in the
green tape due to high viscosity of the slurry and its pseudoplastic rheological
behavior[344]. Therefore, anisotropic shrinkage behavior could be observed in the
final produds because of the anisotropic green tape microstru@aie

With the shrinkages in three directions, giginkage anisotropy fac®((xz; and(yz)
[345, which are used to describe the microstrucamisotropy could be calculated
by Eg.4.1 and4.2, respectively.

Yo =100° (1- % (4.1)
V4

¥, =100% (1- );—Y) (4.2)
Z

where 3k, 3y and 3y are theshrinkagein X, Y and Z directions, respectivelfyhe
calculateddxz and(yz of SiC multilayer andCs/SIiC multilaye composits are listed
in Table4.2.

Table4.2 Calculateddxz andQyz of SiC multilayer andC/SiC multilayer composite

Materials Fibre amount (vol%) Oz Avz
SiC multilayer 0 10.7 3.27
5 83.9 40.1

Cs/SiC multilayer

10
composites 85.2 428

15 89.9 56.0

The calculated]xz; and(yz of SiC multilayerwere10.7 and 3.3, respectively. These
values are close to the result gnound standarcglumina particleg 345, which
indicates thdaint orientation of raw SiC particles in the green tape along tape casting
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direction (X direction).However, after addition of sho@ fibre, the Qxz and Qyz
increased sharply to merthan 80 and 40, respectively. Furthere) the values of
dxz and(yz increased with the increased fibre amodrte high value of]x; and

dyz indicates most of the fibres weadigned along thetapecasting directiorwhile
some fibres were aligned in Y directioAnyway, most of fibres were ithe tape
casting plane (X¥ plane) according to the calculation, and it is confirmed by the
microstructure observatiqirig. 3.7 andFig. 3.8).

Compared the relative density and shrinkage value in thireetions, i is clear that
the decreased relative densityGg/SiC multilayer compositeshould beattributedto
the low shrinkage in X and Y directions, especially in X directidnis easy to
conclude thathese fibresexerteddelayingeffect on shinkage along fibre direction
[330, 348. Since most of the fibre were aligned along X directtbe, shrinkage iX
direction(most fibre gong this direction) wagreatlyinhibited and thelelayingeffect
increased withthe fibre amount Becausea smallamountof fibres were along other
direction in the tap plane, these fibredsoinhibitedthe shrinkage ity direction

In present work, B and C were used as sintering aids. The addition of B activates the
sintering process byrpmoting the formation of a liquid phase;E5iC [349. The role

of free carbon is to react with the SiCayer on the surface of SiC particles,
preventing reaction between the SiC and the, &@er at high temperatuf&31, 349.
Carbonalso inhbits grain growth of SiC331. Addition of short C fibrecould
slightly increase theamountof free C, whichcould be aenefitfor the densification.
However, the short C file hasdelaying effect on shrinkage along fibre direction,
which is detrimental to the densificatiohherefore, the addition of short C fibres
improved the densificationn Z direction andhindeed the shrinkage iX andY
directions the plane containinthefibres).

4.2 Mechanical propertiesof C¢/SiC multilayer composite

4.2.1 Sress/displacement curve

Representativbending curve of SIC multilayer andCs/SiC multilayer composite
are shown irfFig. 4.1. The stress/displacement cureé SiC multilayer rosaup to a
maximum and then fellabruptly corresponding to fracture of multilayer without
crack deflection. Thischaracteristicwas also observed iIrCs/SIC multilayer
composits.
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Fig. 4.1 Representativbending curve of SiC multilayer arz}/SiC multilayer composite

However, &dderlike curve which corresponds to failure of single layer and crack
deflection, is an importantharacteristicfor dense SiC multilayerespecially in
buckles [267]. One sample of5 vol.% Cs/SIC multilayer composite presented
ladderlike curve (Fig. 4.2), and crack deflection irb vol.% Cs/SiC multilayer
compositewas also observed (as shown in enldrgeew in Fig. 4.3). These
phenomeann indicate theadditionof C fibre would not change the crack deflection at

weak interface.

230
Svol% C_JSiC f
200 -
F 1s0f
3
= 10
o ’r,:'j
50 | Jfﬁ
L ’,—"’r-
0 ¥ 1 1 1
0.00 0.05 0.10 0.15 0.20

Displacement (mm)

Fig. 4.2 Ladderlike bendingcurvein 5vol% C¢/SiC mudtilayer composite
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Fig. 4.3 Crack deflection irbvol.% Cs/SiC multilayer composite

4.2.2 Mechanical properties

Relationships among fibre amount, relative density and elasittulusor bending
strength of SIC mitilayer andC/SiC multilayer composite areshownin Fig. 4.4.

Since the elastic modulus of C fibre (240 GPa) is lower than that of SiC (450 GPa),
elastic modulus o€s/SiC multilayer compositeshould decrease withe increaeof

fibore amount. Moreoverdditionof C fibres decreased thielative density and then
increasd the residual porosifywhich leads to thevorseningin elastic modulus. The
combinedeffects lead the elastmnodulusto decreasénearly with fibre amoun

As discussedh 3.2 Dispersion of short carbon fibres SiC slurry, the average fibre
length Fig. 3.4) in present system is much longeanthat in Zhang et al.l242/&
work. Zhang et al[247] reported that increase of short carbon fibre from 10 to 30
vol.% improvedflexural strengtifrom 213 to 416 MParhus, the addition offert C
fibre in present work shouldlso demonstratenprovanent effect onthe bending
strength. However,he addition of short C fibres increased the residual porosity.
Bending strength ofs/SIiC multilayer compositedecreased with fibore amount. This
behavior implies that bending strength is affected more significantltheyesidual
porosity. Actually, a very strong relationship between bending strength and relative
density has beereported forSiC-basedcomposits reinforcedwith short SiC fibre
[228 229 or C fibres [233 237, 241]. These results suggdbiat the bending strength
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may begreatly limited by theamount of residual porositfhe rationale behinthis
hypothesis may be thpbreslower the initial microcrackingtress in the matrix.
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Fig. 4.4 Relationships among fibre content, relative density and elasiitulusor bending

strength of SiC multilayer an@s/SiC multilayer composite

4.2.3 Fracture toughness

Relationships among fibre amount, relative density faacture toughnesqKc) of
SiC multilayer andCs/SiC multilayer compositeareshownin Fig. 4.5a. The fracture
toughness ofCs/SiC multilayer compositedecreased slightly with the increase of
fibre amount, which should be due to therease porosit{Fig. 4.5a).

The fracture toughness value of SiC multilayer was about 2.24MPaHowever, it
should be noted that thmsultilayer composites composed by alternative layers of SiC
and C4/SiC layer demonstrated improved fractuteughnessthan that of SiC
multilayer (Fig. 4.6). The fracturetoughnessf SIC/(5 vol.% C4/SiC) and SiC/(10
vol.% Cs/SiC) multilayer composite were 2.41 and 2.35 MRa'?, respectively.
They were 7.5% and.9% higher than that of SiC multilayerespectively.The
improvement of fracture toughness in ®i€/(Cs/SiC) multilayer composite should

be attributedto the residual thermal stre$824, 325. These interesting results
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indicate that the fracture toughness of -B&sed thermal protection system could be
improvedthrough designing itarchitecture
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Fig. 4.5 Relationships among fibre amount, relative densityfeaxturetoughnesgKc) of SiC

multilayer andCs¢/SiC multilayer composite

&
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Fig. 4.6 Fracture toughness aifultilayer composites composed by alternative layers of SiC and

C4/SiC layer.

4.2 .4 Fracture surface

The fracture surface of SiC multilayer a@g/SiC multilayer compositeare shown in
Fig. 4.7. The fracture behavig of SiC multilayer andCs/SiC multilayer composite
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was catastrophjand few fibre pulout was observed (as pointed out by red arrows in
Fig. 4.7c andd). In present work, the carbon fibres werd surfaced treated, and then
they were in direct contact with SiC matrix. Generally, the interface betwesrated
fibre and matrix is very strong, and would make the interfatgabnding or fibre
pull-out more difficult[236, 237]. As mentioned above, the SiC grain size decreased
with the increase of fibre amountig. 3.9). Finer grain would also be beneficial to
strength.However fibres can affect the strength irvesal other waysthe aldition of
short Cfibres hindes the shrinkage during sintering and resutt enhanced residual
porosity which is detrimental to strengtbn the other hand also producs slight
increase ofree C amounivhich could help sinténg.

The addition of short carbon fibre hinders the shrinkage in glan&iningfibres and

leads to the increase of residual porosity, which resulted inléheeasehe elastic
modulus, bending strength and fracture toughnBsstefore, the sinteringrpcess of
C«/SiC multilayer compositeshould be improved for application requiring high
mechanical strength. This last result could be achieved by applying pressure during
sintering, optimizing other sintering parameters or using more effective sinéisg

Fig. 4.7 Fracture surface of SiC multilayer a@g/SiC multilayer composit (a) SiC multilayer,
(b) 5, (c) 10 and (d) 15 véb Cs/SiC multilayer composite
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Chapter 5. Thermophysical properties of
C«/SIC multilayer composite

Besides mechanical properties, the thermophysical properties, such as oxidation
resistance and thermal conductivity, are also very important for the application in
thermal protection system. The mechanical behaviors@BiC multilayercomposite

has beenillustrated in AiChapter 4Mechanical properties of SESIC multilayer
composit®. In this chapter, the oxidation properties, thermal expansion andahe
conductivities will bediscussed.

5.1 Oxidation properties

The oxidation curve (from TGA measurements in ao) SiC multilayer andCs/SiC
multilayer composite are shown itrig. 5.1. It is well evidentthat the weight loss of
C«/SIC multilayer composite was larger thanthat of SiC multilayer andwas
increased withthe increase diibre amount and porosityowing tothe oxidation ofC
fibres.

101
100 F
99 [
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97 F
> 9% :——SiC
T g5 [em—SiC-2 cveles
= g4 L— Svol% C /SiC
g 03 :_—Svul"fq. {_fgr"!ii{f-l cycles
92 ¢ 10vol% C_/SiC
M e 10vol% C_JSiC-2 cycles
N 15vel% C SiC
80 k
ss L I5vol% C /SiC-2 cycles

1 L | L 1 3 1 i 1 e 1 i 1 M 1

L] 2000 400 o600 800 1000 1200 1400 1600 18500
Temperature (C)

Fig. 5.1 Oxidation curves of SiC mtilayer andCs/SiC multilayer composite

The oxidation curvesf Cs/SiC multilayer composite could bedivided into three
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zones. Up to 600C , the oxidation of SIC multilayer an@s/SiC multilayer
composite was negligible However, between @® and B0O0 € (zone 2), SiC
multilayer andCs/SiC multilayer compositeundewenta progressive loss aveight
(Table5.1).

Table5.1 Comparison of weight loss during oxidation and cardenuntin materials

Maximum weight loss up to

1300 € (Wt.%)

C fibre content
Free carbon conten

Materials ' _ .
in volume in weight (Wt.%) First Second
(vol%) (WL.%) oxidation Oxidation
SiC multilayer 0 0 4.5 0.2 <0.1
. 5 2.8 4.4 2.4 0.1
Cs/SiC
multilayer 10 5.8 4.2 5.7 0.1
composites
15 8.9 41 11.2 0.2

Depending on the oxygegrartial pressurand temperatureoxidation of SiC will lead
to the formation of @ondenseghase oxide, Sifds), or a volatile suboxide, SiO(g)
[350. At low temperature and higbxygen partial pressuréghe condensedSiO,
would be formed athe surface of SiGulk. Thecondensed®iO; is protective and
could prevent inner material frofarther oxidation 351]. Thus, the formation d&iO,
is termed as$ipassive oxidatiol(Eqg5.1) [350, 351]:

) 3
SIC, + 502(9) -

SiO,, +COy, (5.2)

At high temperature and lowxygen partial pressureghe volatile SiO would be
formed. Its formation could not protect the inner materials and SiC will be
characterized by significant mass losbus, the formation d&iOis termed agactive
oxidatiord (Eq5.2) [352:

SiC.,+0 SiO,.,+CO

© T V2q) " ©) ) (5.2)

It is worth tonote that theoccurrenceof passive oxidatio(Eg5.1) will cause the
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weight gain, andccurrenceof active oxidation (Eq5.2) will cause the weight loss.
Moreover, the active oxidation woutitcuronly at very lowoxygen partial presser

[353.

Therefore, theveight losscould not be ascribed to oxidatiat SiC, since the passive
oxidation mechanism involves &eight gain, and the conditioof oxidation test
(oxygen partial pressarof 0.21) was ery far fromthose typical of active oxidation
[353 354]. The second oxidation cursef SiC multilayer and Cs/SiC multilayer
composits (resuting from a second run in TGA equipmerghowed negligible
weight loss between 60 and BOO €, which indicates that the weight loss
phenomenonvas due to the oxidation of resialC (carbon was added to the slurry in
order to helpsintering and an addanal amount of carbon also forms owingthe
pyrolysis of plasticizers and binders) C fibre that get in touch with the gaseous
atmosphere Moreover, the neglective weight loss of SiC multilayerd C./SiC
multilayer composite indicates that the pass oxidationof SiC was stilloccurred
after addition of short fibres.

The weight ratios between SiC, carbon (added as sintering aighandC fibrewere
designed for obtaining multilayer composites with finatditbolume percent of 5, 10
and 15 respetively. From the amount of solid components weighted for the
preparation of these materials and knowing the amount of free carbon coming from
thermal decomposition of binder and plasticigeig. 2.9), it is possible to calculate
the weight percent of free carbon and carbbres contained in SiC multilayer and
C«/SiC multilayer composit(Table5.1). In SiC multilayer, the carboamountis 4.5
wt.%. In Cs/SiC multilayer composite thetotal amountof carbon that can buris
given bythe sum of carbon file and free carborSince the weight loss of multilayer
SiC during the first run was only 0\#t.%, it is obvious that th@assivating silica
layer works well asbarrierin this case In Cs/SiC multiayer composite containing
carbon fibre, the weight lossccurringduring the firstoxidationrun was higher and
increased with the increase fitbre amount andnaterial porosityHowever, in the
composites with 5 and 10 vol% C fibre, the weight losseslaghtly lower than C
fibre amount and much lower than total carbpercent Therefore, thgassivating
silica layer alsogrants protection tdahe Cs/SiC multilayer composite In the 15
vol.% Cs/SIC multilayer composite the weight loss is very sidi@ant, andit is
higher tha C fibre amount Conclusively the weight loss ofCs/SiC multilayer
composits is related to fiboramountand porosity.
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Actually, after the first run a passivating silica layes grown on the specimen
surface, thus providingrotection against further oxidatioherefore, the weight
changes o6iC multilayer andCs/SIiC multilayer compositeduring second oxidation
cycle werenegligible

Above 1300 € of the first run weight loss was observed in SiC multilayer due to
oxidaton of residual carbon. However, weight gain was foun@#5iC multilayer
composits, which shouldoe due to thepassive oxidationf SiC[350 351].

5.2 Specific heat capacity

According toEQq2.6, it is necessaryo obtain the specific heat capacity order to
calculate the thermal conductivity. Theneasuredspecific heat capacity of SiC
multilayer andCs/SiC multilayer compositefrom roomtemperatureo 600€ is
plotted inFig. 5.2. The specific heat capacity of SiC multilayerd C/SiC multilayer
composits increased with temperatuend fibre amount frommoom temperaturéo
600€ .

2200

L = 5iC

2000 = Svol.% C_/SiC
4  J0vol. % Cg.j"ﬂif
v 15vol.% C_/SiC

- i -y |337)
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1600 =
Fitting curve in present work

1400 -

1200 -

1000 Fitting curve from Munro's paper o

Specific Heat {J-Kg"-“fl]

800

1 i 1 i 1 i 1 i 1 L 1

ﬂ"]_ i '
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Temperature (°C)

Fig. 5.2 Temperature dependencespecific heat capacity of SiC multilayandC¢/SiC
multilayer composite The red line is the fitting curve in Mur@owork[355), the olive line is the

fitting result in present wét andpurple line is the specific heat of grapHi&6|.
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Themeasurediata was fitted tostimateits specific heat capacity at high temperature
(above 60 ). The fitting result of measured data and fitting result from kb
paper 355 are also shown ifig. 5.2. Since there was about 4.5 wt.% graphite in the
sintered SiC multilayer, the specific heat capacity of graphite is showig.ib.2 for
comparisor{ 356. The spedic heat capacity represents thiesorptiomability of heat,
and it could be calculated from the contribution of ¢bastituers. Since the specific
heat capacity of graphite is higher than SiC, especially at high temperttere,
measuredC, in present wrk slightly increased with the fibre amount due to the
contribution of graphitgTable 5.1), and was slightly higher than Murisofitting
curves above 100 .

The fitting equationmeported by Munro anih present work fospecifc heat capacity

is written as=q5.3 [355 and5.4, respectivelylt should be noted that fitting equation
used in present woras based on the Muné equation, and onlhhé value in his
equation was slightlghanged Since the value differencamongspecific heat were
very little, Eq 5.4 was used for thermal conductivity calculation in SiC multilayer and
Cs/SIC multilayer composisin present work

C, =1110+0.15T - 425exp (- 0.003T) (5.3)

C, =1200+0.1 - 600exp (- 0.0033) (5.4)
whereT is the temperature B .

5.3 Thermal expansion behavior

The relative lengtlthanges of SiC, 5 and 1@1.% C4/SiC multilayer compositein
differentdirectionsfrom room temperature to 15@0 are shown irFig. 5.3a, b andc,
respectively.The relative length changecreasedwith variation of temperatey and
no significant difference among the thermal expangiehaviorof SiC andCg/SiC
multilayer compositein three directions was observdébr comparison, the relative
length changes of Sj&G and 10 vol.%Cs/SIC multilayer compositein X direction
are shown irfFig. 5.4. There is no significant difference amotige thermal expansion
behavior of SIC and Cs/SiC multilayer composite below 1300€ was found.
However, between 1300 and 150Q the relative length changdecreaed with the
increase of fibre amount. This behavior shouldthebutedto the increase of porosity
after addition of fibre since there was no obvious difference amount 5 and 10 vol.%
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C«/SiC multilayer compositein differentdirections
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Fig. 5.3 The relative length changes(af) SiC, (b) 5 and(c) 10vol.% Cs/SiC multilayer

composits in different directions from room temperature to 1600
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Fig. 5.4 The elative length changes of SiC a@gd/SiC multilayer compositein X direction.

Although CTE of C fibre in wal direction is very low (close to zer¢p57, SiC
matrix alsoexhibits a low CTE (about 410°° /€ ). Moreover, the fibre amount in
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present work wa low (5 and 10 vol.%). Thus, the thermal expansion behavior of
C«/SiC multilayer compositewas slightly affected by the addition of short C fibre.
As a representativ@nly thermalexpansion behavior of Si@ultilayerwas discussed

in below.
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Fig. 5.5 Temperature dependence@fE of SiC multilayer in X, Y and Z directions.

The averageCTEs from 300 to 150& were shown inFig. 5.5. The CTEs of SiC
multilayer in different directns were very close, and slightly increased with
temperatureThe CTEs of SiC multilayer increased fra@wx10° /€ at 300 € to
5.0xL0° /& at 1500 €. The CTE data and corresponded fitting curve of a sintered
U-SiC from Munrd® paper was alsshown in Fig. 5.5 [355. The equation given by
Munro is expressed &3)5.5:

a(l0®/7C)=4.22+833A0"T - 3.51&xp( 0.00527) ° 10% (5.5)

After changed some parametersbn5.5, the fitting result for SiC multilayer could
be given a&q5.6:

a(l0®/7C)=5+3A0°T - 2@xp( 0.0014) (5.6)

Since nosignificant difference of the thermal expansioehavior of SiC multilayer
and Cs/SIiC multilayer compositin different directions was found, tinethermal
expansiorbehaviorcould be considered asotropic Therefore, thie mass density of
at high terperature could be calculatadcording td=q5.7:
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r(M=ro@+aqr- 29]°

w h e is thgdensity at the room temperature@2b

5.4 Thermal diffusivity properties

Fig. 5.6 shows thehermal diffusivitestemperature relationshipf SiC multilayer, 5
and 10vol.% Cs/SIC multilayer compositein three directioa before and after

oxidationtreatment
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Fig. 5.6 Thermal diffusivitiestemperature relationshigf (a) (b) SiC multilayer, (c) (d)5 and(e) (f)
10vol% Cs/SiC multilayer compositein three directios. (a) (c) (e) are before oxidation treatment

and (b) (d) (f) are after oxidation treatment, respeltive
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Regardless of testing directignmaterials and oxidation treatmerihar thermal
diffusivities decreased with the increase of temperatutbe present testing range
The thermal diffusivity in Z direction was the lowest among the three directicals
materials due to thepresenceof interface between layerdlowever, it is very
interesting that the thermal diffusivigf SIC multilayerin Y direction was slightly
higher than in X directiorf-or 5 and 10 vol.%/SiC multilayer composit therma
diffusivities were found in this order: X > Y> Z.

For SiC multilayer, thehermal diffusivities in all directions were slightly decreased
after oxidation treatmento be more clearhe thermal diffusivitie®f SiC multilayer
and Cs/SiC multilayer corposites in Z directionfrom 30 to 1500 € beforeand after
oxidation treatment are shown Ifig. 5.7a and b, respectively.The decrease of
thermal diffusivities after oxidation treatment was more significantCidSiC
multilayer composits, especiallyin 10 and 15 vol.%C./SiC multilayer composite
This phenomenorwill be discussed in more detail 6.5 Thermal conductivity

properties.
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Fig. 5.7 Thermal diffusivities of SiGnultilayerandC¢/SiC multilayer compositein Z direction

from 30 to 150@& (a) before and (b) after oxidation treatment.

5.5 Thermal conductivity properties

Fig. 5.8 shows he thermakonductivitiestemperature relationshigf SiC multilayer,

5 and 10 vol.%C«/SiC multilayer compositein three directions beforand after
oxidation treatment The thermal conductivities of SiC multilayer and Cg/SiC
multilayer compodes in Z directionfrom 30 to 1500 € before and after oxidation
treatment are shown Fig. 5.9a andb, respectively.
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According toEqg2.6, the thermal conductivity shows tlsamilar trend as diffusivity

when density and specific heat are same or close (as in the present work). Regardless
of testing directions, fibore amount and oxidation treatméetthermal conductivities
decreased alevatedtemperaturéfrom 30 to 150& ). In orderto illustratethe effect

of fibre addition and oxidation treatment, ontiiermal conductivitiesat room

temperature are used foomparisorand discussion.
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5.5.1 SiC multilayer

Comparison of hermal conductivities comparison of SIC multilayerdnY and Z
directions at room temperature before and after oxidasi@mown inFig. 5.10. It is
obvious that the thermatonductivitiesin all directionsslightly decreased after
oxidation treatmentMoreover, it is very integing that SiC multilayer showed

highest thermal conductivity in Y direction instead of X direction.
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In order to understandts thermal conductivity behaviorin different directions,
microstructureof SiC multilayer in different direction (or different plane) was
observed, as shown kig. 5.11.

Fig. 5.11 Microstructure of SiC multilayer in (a)-X plane, (b) XZ plane and (c) *¥Z plane.

The interface between SiC layers in the sintered SiC multilayer was not clear.
However, the interfaceould be observed in the fracture surface of sinteredS8iC
multilayerbuckle(Fig. 5.12) [2627]. There were elongated SiC grains partially aligned

in X, Y and Z directions, especially in Y directi¢hig. 5.11a). As discussedn 4.1
Shrinkage behavigr dthough anisotropic phases are supposed to be oriented along
tape casng direction there was faint orientation cdw SiC particles in the green tape
along tape casting directioHowever, the orientation and growth of SiC grains could
also be affected by the sintering procg%ss8 359. Although the SiC grain growth
mecharnsm in present system has not been well understood, the pressureless sintering
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process may also contribute to the faint grain orientation difference in three directions.

Fig. 5.12 Fracture surface of sinter&IC multilayerbuckle[262].

Heat transfer in ceramic materials is usually predominantly via phonons, which travel
through the material until they are scattered. Therefore, the thermal conductivity in
SiC multilayer is limitel by intrinsic phonon scattering, which could be affected by
grain boundaries, pores, impurities and dislocations. Phonon mean free path (PMFR, I)
could be calculated byq5.8:

1=K (5.8)
r@CQZp
E

v= | 5.9

; (5.9)

wherev andE are the group velocity of the phonons and elastic modulus, respectively.

The elastic modulus and density of SiC multilayer at room tempenaere331 GPa,
and 2.894 g/cth respectively. Thus, the calculatedas1.07x.0* m/s, which is close
to the Li ubs -pressddSiC(1a6x10a/9)[360 and theotetical value
(1.33x1.0" m/s) [361]. The calculated PMFRs of SiC multilayer in X, ahd Z
directionswere 16.8 18.9 and 15.4 nm, respectively. The PMFR of pure iC at
room temperature is 29.4 nf@6(. The impurity in the sintered SiC multilayer is a
reason for the decreased of the PMFRZ. Moreover, gice the sintered SiC
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multilayer was not fully dense (relative density was about 90%), the residual pores
could also decrease the thermal conducti\gy3, 364]. Generally, the less scatter of
phonon and higher thermal conductivity would be found with theetagyain at
constant condition. Therefore, the different average size and number of elongated SiC
grain in different directions also contribute to the different PMFR. Usually, the
thermal conductivity increased linearly with grain siZ&65-367]. Thus, the Y
directions demonstrated the highest PMFR and thermal conductivity. Moreover, the
interface between SiC layers would also detrimental to the movement of phonon and
conduction of heat, which lead to lowest thermal conductivity in Z direction in SiC
multilayer. After oxidation treatment, a thin layer of silica was formed surrounding the
sampleg 260, 263. The formed silica layer presents very low thermal conductivity

(I ess t han [268], WhichnrdsKlts Yo the slight decrease of thermal
conductivity in SiC multilayer in all directions.

5.5.2 C4/SIiC multilayer composites

The effect of fibre addition on the thermebnductivities of Cs/SIC multilayer
composite before andafter oxidation in X, Y and Z directions are shownFHig.
5.13a, b andc, respectively.

In X direction before oxidation treatment, the thermal conductivity firstly slightly
increased afteadditionof 5 vol.% short C fibre (froni12.4 to 119.2 W/(rK)), and

then decreased with further fibre addition (98.4 WKjnin 10 vol.% Cs/SiC
multilayer composite However, in Y and Z directions, the thermal conductivities
decreased with the increase of fibre amount befmxmlation treatment. After
oxidation treatment, the thermal conductivities decreased with the increase of fibre
amount regardless of test directions.

Comparison of Hermal conductivities comparison & and 10 vol.% Cs/SiC
multilayer compositein X, Y and Z directionst room temperature before and after
oxidationis shown inFig. 5.14. Different to SiC multilayer, the thermal conductivities

of Cs/SIC multilayer compositebefore oxidation were in this order: X > Y> Z
regardless of fibre amotinlt is obvious that the thermadonductivitiesin all
directions decreased after oxidation treatment. The order of thermal conductivities in
10 vol.% C4/SiC multilayer compositedid not change after oxidation treatment.
However, after oxidation treatm, it is very interesting that the 5 vol.%@/SiC
multilayer compositeshowed highest thermal conductivity in Y direction, which was
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slightly higher than in X direction.
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Fig. 5.14 Thermal conductiviescomparisorof (a) 5 and (b)L0 vol.%Cs/SiC multilayer

compsitesin X, Y and Z directiongtroom temperature before and after oxidation.

The carbon fibres used in the present work were -BAdkd, whose thermal
conductivity is usually in the range between1Zb W/(mK) in their axial direction
[369. Moreover, sice the sintering temperature in the present work was 2200 €
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carbonizationor graphitizationare expected to occliB70, 371], which will further
improve the thermal conductivity of carbon fibf&s2, 373.

Addition of shortC fibre would generatseveralopposte effecs. The higher thermal
conductivity of C fibre would be beneficifdr the increase of thermal conductivities
in planecontainingfibre, especially in tape casting direction (X directiddpwever,
on the other hand, the addition of C fibre intedi the shrinkage of compositedso
especially in X direction)which will lead to the decrease of thermal conductivities.
Moreover, he grain growth of SiC waalso strongly inhibited by the addition of
fibres(Fig. 3.9), whichresults in the decreased of thermal conductiViberefore, the
influence of fibre addition on thermal conductivity@$/SiC multilayer compositeis
the competitive resulamongthese effectsThus, in X direction before oxidation, the
thermal condudtities firstly slightly increased after addition of 5 vol.% fibre and
then further decreased in 10 vol@g/SiC multilayer composige(Fig. 5.133). In Y
and Z directions, due to the increased poroaitg reduced grain sizéhe thermal
conductivities decreased with fibre amoumniy( 5.13b andc).

Before oxidation treatmentjree fibre aligned along tape casting directiGg/SiC
multilayer composite demonstrated highest thermal comductivity in Xediion
regardless of fibore amouniMoreover, due to the presence of the interface between
adjacentayers, Z direction showed lowest thermal conductitywever, more fibre
would be oxized in samples for testing thermal conductivity in X direction beaaiu

the fibre®alignment Therefore, 5 vol.%C/SiC multilayer composieshowed even
slight higher thermal conductivity in Y than in X direction after oxidation treatment.

In order to illustrate thergsotropicbehavior in thermal conductivity, amiaotropic
factor (\ ) was introduced. Thengotropicfactor (» ) could be calculated kyg5.10:

f= W3 100 (5.10)

z

whereax anda; arethermal conductivity in X and Z déctions, respectively.

The calculated of SiC multilayerandCs/SiC multilayer compositeis shown inFig.
5.15. From room temperature to 1580, then values of SiC multilayerwere mainly
in the range of 8.5 and 13.2. Howevéhe values ofa in Cg/SiC multilayer
composite were from 15.2 to 24.1, which is almost two times of that of SiC
multilayer. It indicates that the thermal conductivity propertie<CafSiC multilayer

-91-



composits are highly aisotropic Cs/SIC multilaye composite demonstrated higher
thermal conductivity in X direction and lower thermal conductivity in Z direction,
which is favorable for thermal protection system.
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Fig. 5.15Anisotropicfactora of SiC multilayer andCgs/SiC multilayer compositeat different

temperature.

The addition of short C fibre hinders the shrinkage in plaoetaining fibre,
especially inX direction, which leads to the increase of residual poroBitg. residual
porosity seems to eb the main parameter affecting the mechanical properties.
Therefore, the sintering process a#/SiC multilayer compositeshould be improved

for application requiring high mechanical strength. This last result could be achieved
by applying pressure dugnsintering, optimizing other sintering parameters or using
more effective sintering aidslowever, br thermal protection systesywhich do not
require highmechanicaktrength the residal porosity would bebeneficialproviding

the decrease of thermalonductivity through the thicknessCs/SIC multilayer
composite displayacceptabléhermal conductivityn plane(X and Y directions) due

to the presence of carbon fibre, and showed decreased thermal conductivity in Z
direction due to increased porositydainterface between adjacent layérkerefore,

this kind of composite layers could be integrateb @ thermal protection system
structure designed as shownHig. 5.16. Theouterdense SiQayers are expected to
grantexcellent oxidationresistancgFig. 5.1) andfairly goodheat conductivityn the
plane.The Cs/SiC compositdayersin the middle of the multilayer architecture could
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grant acceptablethermal conductivityin plane and provide decreadethermal
conductivitythrough the TPS thickness

Heat flux

¥

SiC Multilayer —_ l ‘

Inner materials

Fig. 5.16 Prospective application @./SiC multilayerfor thermal protection system.
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Conclusions

This thesis addressed on the fabrication, microstructurechamical and
thermophysical properties ailicon carbide multilayer composites containing short
carbon fibreqCs/SiC) prepared byape casting and pressureless sinteriig short

C fibres were firstly dispersed solvents with the aid of dispersaad then mixed
with SiC slurry tolimit fibre breakageThe relative densgs mechanical properties,
oxidation behaviorof Cs/SIiC multilayer composite were evaluated Thermal
expansion, diffusivity and conductivity behaviorthree directions were tesl. The
effect of addition of short C fibres oshrinkage, mechanical and thermophysical
behaviorwas discussed

Triton X100 was found to be the besne for Toho Tenax HTC124with water
soluble coatinpamongBYK-163, BYK-410, BYK-2150, BYK-9076 BYK-9077 and
Triton X100 dispersantsThe average fibre length in sintered 5, 10 and 15 vol.%
C«/SiC compositesvere about0.6, 0.55 and 0.5 mm, respectively. Although the
average fibre length (0.5 to 0.6 mm) after mixing was only-sxt or -fifth of
origind length (3 mm), it is still much longer than in othef/SIC composites using
ball-milling, indicaing thatmixing the SiC slurry with the fibrpredispersed solution

is an effective method for adding fibres with limited breakage.

Fibres were homogeneolysdistributed in the tapeand tenéd to align fairly well

along the tape casting directiorherelative densit of the composite containinghort

C fibres decreased withthe fibre amount The Cg/SIC multilayer composite
demonstrated significamnisotopic shrinkage behavion different directions, while
theaddition of short C fibres hindered the shrinkage in the plane containing the fibres
(length and width directionsfluring sintering Elastic modulus decreased with
increased fibre amourand porogy, while bending strengtand fracture toughness
also presented a very strong relationship with the relative density. These behaviors
imply that bending properties are affected significantly by residual porbgitgover,

due to residual thermal stregbie fracture toughness of SiCL/SIiC) multilayer
composite was higher than that of SiC multilayer, which indicates that the fracture
toughness of Sidased thermal protection system could be improved through
designing itsaarchitecture

The weight losgluring oxidation testwas largerfor Cs/SiC multilayer composite
thanfor SiC multilayer and increased withe porosity and thébre amountPassive
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oxidation of SiC was stilbccurredafter addition of short fibreSpecific heat oSiC
multilayerand Cs/SiC multilayer compositeincreased with temperatyrand specific
heat of Cs/SiC multilayer compositeslightly increased with fibre amount. However,
no significant different in thermal expansion behavior of SiC, 5 and 10 \@}/%iC
multilayer @mposite in different directions was found.

In X direction before oxidation treatment, the thermal conductivity firstly slightly
increased afteadditionof 5 vol.% short C fibre, and then decreased with further fibre
addition. However, in Y and Z direotis, the thermal conductivities decreased with
the increase of fibre amount befaredationtreatment. After oxidation treatment, the
thermal conductivities decreased with the increase of fibore amount regardless of test
directions. $ce fibre aligned almy tape casting directionCs/SiC multilayer
composits demonstrated highest thermabdnductivity in X direction regardless of
fibore amount. Moreover, due to the presence of the interface beadgentiayers,

Z direction showed lowest thermal condutt}i. Because of the oxidation of C fibre
(in Cs/SiC multilayer composi® and formation osilica (both in SiC multilayer and
Cs/SIC multilayer composis, thermal conductivities of SiC multilayer ad/SiC
multilayer compositedecreasedfter oxidation treatment
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