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ABSTRACT
This review article presented an understanding of brittle ceramic materials. The main
topics including typical properties, fracture mechanic and toughening of ceramic materials were
proposed. Toughening arose from the ability of materials to absorb energy and plastically
deform before being fractured by different mechanisms such as crack deflection, transformation
toughening, microcracking and fiber pull-out through particulate or fiber reinforcement in
ceramic matrix. This information can be used for guiding the processing design to increase the

strength of ceramic materials.
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dvrududundsuanuiourlitagianm
wilen WeRansandanuduuesauduingd
(critical stress intensity factor, Kg) Fauduen
SuUszavsanunumusonIsuenn K @1anse
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(fiber) W3edawnes (whisker) vouesfinailanile
wuludeiiuvenesiindnuienis (Callister and
Rethwisch, 2014) LileU¥ulganisdesinuaiuidu
wazALAsEANEluIagNaY
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=

Yo u318nwds (monolithic  ceramic) 9
Wisuidsuiu cMC Tugudl 1 uandlvidiuintan
lwsinifinnsiadunss (reinforce) fBaynALaY
dlesaiiles (continuousfiber) fifn K Wi

(Matthews and Rawlings, 2008)

Fibre-reinforced

Displacement

JUT 1 auduiusseninausanseii (force) fun1snsedn (displacement) vasianesniinudaiu CMC

(Matthews and Rawlings, 2008)
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Fasdinuay CMC Maduusafooynia
winANudeY (failure)  TuanweagiReanue
ANudsmenuuuiTulandeannlasulsansgein
fiuTannuanunsafiazsuls luaaedl cMC - 4
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ofesuIuige (Rosso, 2006)
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fnvfineanlan (oxide ceramic)

ALO,)

LU aygiun
(Alumina: waridlalas (mullite:
3AL,0,.25i0,) w5130 afalulasa (nitride

ceramic) v Fanaululesa (silicon  nitride:

SisNg) swlvdaesidnsiinaislua (carbide

ceramic) WU FANBUAISIUA (silicon  carbide:
SiC) (Chanadee and Niyomwas, 2016) Wudu @4
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thermal expansion: QL) ka¥nN13919#73 (contract)
iwiwLﬁymﬁuﬁ’uﬁ’sLa%muﬁaﬁﬂﬂﬁmﬂﬁm
AAsEaLletInALSeu (thermal  stresses)
nmsudinngamafiasiunszuiunisnds vi
ThAnsesdn (crack) tulwileves CMC (Rosso,

2006)



252

KKU Science Journal Volume 44 Number 2

Review

nedhaduuseisoynia mindulseans
m?umaﬁuﬁmmﬂmm%ﬁ)u%aﬁaLa'%ml,iaﬁﬁhqq
niveileiy se8¥11v89 CMC 2ziAntuluiieity
IﬂEJL%iJC:{umﬂU%L?ML5u39UDQﬂBQBHﬂ7ﬂLﬁ%ZJLLSﬁ
Wion155nuwusal waznsdifiaSunsilyd
Juduly mnduuszanamsvensfuieminan
Souvasiuaiuussdidgenimontofiuasyilviin

AMULAUAY (tensile  stress) Yuludulonazyinla
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meedl 2 dussdvBanumunusemsuaniinuesaaiesiinias CMC v1eUszAn
a9 Kc (MPa.m™?) 91989
ALO; Callister and Rethwisch, 2014
LAS Barsoum, 2003
SiC Callister and Rethwisch, 2014
SizNg Callister and Rethwisch, 2014
ZrO, 10.0 Rosler et al., 2007
Mullite 3.5-4.0 Ghahremani et al., 2015
Porcelain Rosler et al., 2007
ZrO,-Al,04 6.5-13 Barsoum, 2003
TIC-ALOs 4.3-5.1 Cheng et al., 2014
SizNg-TIC Barsoum, 2003
SiC-AlL,O5 7.5-9.0 Callister and Rethwisch, 2014
SiC-LAS 15.0-25.0 Barsoum, 2003
C-SiC 4.8-5.0 Yunlong et al., 2013
B4C-SiC Moshtaghioun et al., 2013

ZrO,-mullite

10.0-11.0

Khor et al., 2003

NAAEASNISUANIN LU TaALYTIEN

o

Tanuselasanizianeslinnnuiinag

o
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wihdazdewaduaudeaunusensLAnTn
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Uaesesd1d (crack  tip)  AsAuTiTIniuae
Lﬂ'u%’yummﬁaﬁaaﬁusﬁuﬁ’ugﬂmwmwmzﬁm
(crack geometry) uazmIiSesvessesin e
msduAsIvaneses1nfunils dergaiunine
ANLAUINGS seuazintuazanefiauin

A1saniin (Callister and Rethwisch, 2014)
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Wevewwfuusizldfunnuduuuy
Bamieju (elastic stress) szuvazaiIamdnutuly
aoeguuuulaun waauaAIINATea (strain
energy) LAENE I UAUAD (surface energy) Tngfi
wusznelulaseasneazinoon (elongate) uwaz
avaundsnuanuesenl’ Faszuuasnenenuteu
AaY (relax) LazUanUagnaIuAIILLATEAMIY
MsadeuRasesdn (fracture surface) Imilae
WU fufvessesdrilmifignasredudu
uwnaariavesialawndu (dislocations) Tnefina
lawnduarey w vshalndadudatesesinuas
indeuiiluuussunuiden lip  plane)  anelu
1ASIASHEAN ATAUTUTUVDIANULAY (stress
concentration)  geluusnalndiuvargdauan
daalinalawndundeuiidouiu (elide) fu was
mumuLu R Y nig U vessess
(crack front) yinlvianuuwau (sharp) vasUany
seu¥1700a9 dewalifaninisiudsundas
wqaﬂiwﬂﬂiLUﬁaugﬂmﬂLLUULUiWLﬁuLLUU

witlen (fracture to ductile transformation) See

Midundeuilddmdongaadluiian og1slshau
am'iﬂqﬁ‘uaﬂmmmﬁﬂLﬁm%mﬁ'aé’mmﬁ
UanudoundenuauaIenilAganingnsnves
wiuiignldlunisadefiufiolud (Mul  and
Bacon, 2001)

Tnwdnilug seirilutaneniinazlniy
Tufienaiovazdsainfufinuosnnuduidi
nsgy  dwaliiAndIve9598FMUURUUS BY
anuiiludumsdieglnanndatssesiinayd
yuInanad wag o dunsdilnasenlunin Ay
Wudseglunuiisainiuussnsgyinasdanviify
auLdufinsgvindotan esaindimiauise
veefnaziivuavosnanduld fafu unands
U%Lamﬁmﬁﬁmﬁ]gﬂL'%aﬂdw%nml,ﬁmmﬂmﬁu
(stress raisers) (Callister and Rethwisch, 2014)

Tagvilu ms¥nlufanesidndunsin
WUURIULNTUNIDNITI1IHIUNEN (transgranular

or transcrystalline) LWiWa’i@S%ﬁ’Jﬁ]xﬁhuquﬂiu

1 (Carter and Norton, 2007) ﬁ'ﬂLLamqiugUﬁ 2
(a) haz (b)

U 2 (a) dnwazdraesdmiunissrasiunsuluianesin (FauUainn Wang and Li, 2015) uae

(b) dnwarnisiamunsuludansniin ALO; (FinuUaan Maiti and Sil, 2010)
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waninludasiesdnaiunsailalagnisuiulse
laseai1agania (microstructure) YoeTaRYsIHN
AanN5gadu (absorb) wasnulusendnemissn
faenalniig 9 19U n1sinLuseus1a (crack
deflection) seeiniiviliAansiUdsua (crack
induced phase transformation) N13AIUALTOE
3139801 (controlled micro-cracking) Wan13
wsuunssaeLduly (fiber  reinforcement) lugu

(Warren, 1992)

ASYNLMTes317 (crack deflection)
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Guo et al., 2015)
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Invasa8s51ianasnig (Ritchie, 1999)
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WI9NANNSPUVR L LENY daNalAinAIuLAY
faluBaSadl (tensile radial stress) YU Favinlisos

Crack path

Tensile

FpReuideuauIAEEULTY (Somiya et al,

2003) fauandlugui 4

Tensile radial stress
in the matrix

/I\

ﬂ'ﬁ“ﬂﬂ?ﬂﬁ?%@ﬁi@ﬁl%’]’]éjamawﬂ’]ﬂLﬁ%ﬂLLi\iLﬁ@ﬁ]’]ﬂﬂ’]’mLLG’]ﬂG]I’N"U’eN duusegansnisvenean
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*?aqwamf‘jaﬁu SIC  LESULIWIEaUNIA
993 TIC TulSunadesay 25 TneuSuins 3 TiC &
K Whag mmﬁumﬁgmdw SiC wihiuSesag 60
warSewag 40 AINEIRU ANUUANAIIVDY
Fuuszansnisveneiuiiesananudeudadu
(o) vouiiofiu SIC waveyna TIC azdwaliiin
ANUAUANATY (residual  stress)  Tusun1Aka
Vnalngseuvesiieiiu mnuduiaiintuluie
fuilosannsinmessesiinsey 9 DUNIAVDY
TiC fjﬁwlﬂajmmwumwiammmﬂﬁﬂLLasmw

udausewaaslinfiiuTu (Somiya et al., 2003)

N1SLANAINNLNTEIR8N 15 U AB UL &

(transformation toughening)
nalnidunsidsulaiiedudanisia
vosseein ngundweslaiile (210, viqsiinng
Wasuanmaszlnuea (tetragonal) Tuiduly
TuAdfin (monoclinic)  iogamgildaugatu s
nswasuraiivhliaansdeunuandeUsanms
ilugnmaifnsesiniuluddefanesiin mau
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Tnueafuatios (metastable tetragonal) Widoeg
wnuiivzidualuluadfinfivaies (stable
monoclinic)  iileYaquaugnldnuiigumgigau
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(Callister and Rethwisch, 2014)
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Y v =

WAUBRTUUSIURITRES 1 lnanuUa8 SRS 1Ay
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(Callister and Rethwisch, 2014)
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n134insae3139an1a (microcracking)
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(b) 5985700899 NN TUABUWENTIAMUALMLEI (stress-induced phase transformation)

(Callister and Rethwisch, 2014)

MICROCRACKS

31J17’i 6

NSLAAYYRIT0851I90NANIAUULLAYA19UD45889 (ANUWUAdRIN Rice, 2000)
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nsugaeanvadule (fiber pull-out)
AMUMATEINTOAUNUNIUADAITLANTN
Tudaquesiiin Aousunaundssnuiigngadusenis
wihevessesindivengenn é’aﬁu’uﬂszmumsg}m
Fundsufivinavalevessesdn viliaan
nuUsEn1sLARTLRLTY (Dassios, 2007)
qumaansuauﬁuimﬂumwwﬁﬂﬂm,ﬁu
mmmmusiammmﬂﬁﬂﬁgﬂﬁ@uméﬁumﬂmLﬁa
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(continuous-fiber)  #3pldLNBILEIITN LU SiC
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SIDE VIEW

CRACK ——m=
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2014)

and Rethwisch,
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\devne (failure mechanism) nalandsluTanuay
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52924 1: initial debonding—A1mT
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JUN 7 wuudnaeuanisuIuvessesIintuniuiuiveaduly (Rice, 2000)
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seesil 2: crack deflection—iJuszaei

nasuAliuiTaguauiidguiisanesianisvitane
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5382l 3: bridging and sliding—laf
9095085 1AdeuHulY aviifufisasznioen
(stretch) sevinadulodeniasmudon

(bridging) é’dLLamﬂugUﬁ 8 uway 9

BRIDGING

FIBER FAILURE &PULL-OUT

Ul 9 wuudiaeanalnves fiver-bridging

(AawUasann Warren, 1992)

v v
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aaiile (friction) annnnsideulaa (sliding) vesiia
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~ A | < P
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YRIWUTE NISHNMVBITRELAN NISLARALNIWTDL
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deYannaniuussieluiios 4 ndsudiagauld
aeluvsnauvesasniudenssifintuisseiu
Ingadaduannglfiduloifinanuidenie

(failure) TagtanizusIundduidvusdule uin

£
=

AMULFET8Ye L UleNULANTUARBALUIVDINTS
wanveanusy dulematuazgnasesn (pull-out)
(3UN 9 uaz 10) Fausingnisaldanaiiisslend

Aonsiauiaguaudusgauniesnnnday

3P

30kv X500

50pm

seugnldlulunmsadrausadenniudou (shear
frictional force) Tuseninansiaeulaavendulen
FHUenannLuIvesdumasiia fenaliminnis

nszanglndveanasnuluvinuniniulaigses

$1 nfiduleduaunnludanuay Faduningis
fnunnadmsuideulaauindeiguiu ety

WasuYesTessNdwlngMitinduiliosainaiu
Wuaznszaeuavgnidlvlunisasiusadeaniy

ulufigasesitulindesnuliiissnesdanis

gefllnonmety

17 50 SEI

JUN 10 nma1e9InndesganssAiBidnaseuluudeiniInvesiuiuaniin (fracture surface) iuana

anwarvesnsvgneenvendulelutannan C/Sio, (Gao, 2015)

unay
Jaoasrfinusizilutaniiviunld
Uselowuluraneaiy 19w 91uUseAuInssy

a

(sculpture)  WazaUTARY (polishing) Fapanal
numusenisuanindudsdfyiidesfinnsanidle
WrTagesdnluldusgloyilugalaseadng
(structure)

nMsuansinLuuSIwvesdansiin Lin

91n5085 19 balLEdes RI5085179z818fI99RN

'
al

AURFNI9vaIIRanTeyii Tnensiinsesdndu

navnsviivuadniedluiletan namaninis

.y '
Yaa = =

wanitnyinlidnlanseuiunisuaninland sy

Wuddrelunisesnuuulasadisvesaniesi-
finifieananudemslaserdefiugiuainudain
nalnnsiiuAEmuUieNsUANNEIENsEa
Tanlveglugluuuresiannaulnenisile embed)
FuaSunss 1wy oymenieduloadudefiues
fin Fediasuussazadanalnnsgadundssly

SEUINNTEUIUNITS1? Y lsesd1aaounlagn

¥
=

amsengAn1sveNeda Mlinisuaninliiindu

dewalmiantongnisldnunuiuiy



260 KKU Science Journal Volume 44 Number 2 Review
LE]ﬂﬁ’]’i'e?]I']\iaﬁ Guo, W., You, Y., Zheng, G., Wu, S. and Lin, H. (2015).
Askeland, D. and Fulay, P. (2009). Composites: Improvement of fracture toughness of ZrB,-

Teamwork and Synergy in Materials. /n

Essentials of Materials Science and
Engineering, Second Edition. USA: Cengage
Learning. pp. 543-579.

Barsoum, M. (2003). Mechanical properties: Fast
fracture. /n Fundamentals of Ceramics. UK:
IOP Publishing Ltd. pp. 35-366.

Callister, W. and Rethwisch, D. (2014). Composites. In
Materials Science and Engineering: An
Introduction. USA: John Wiley & Sons, Inc.
pp. 634-680.

Carter, B. and Norton. G. (2007). Fracturing: Brittleness.
In Ceramic  Materials/  Science  and
Engineering. USA: springer. pp. 325-337.

Chanadee, T. and Niyomwas. S. (2016). Self-
propagating high-temperature synthesis of
Si-SIC composite powder. Key Engineering
Materials 675-676: 623-626.

Cheng, Y., Sun, S. and Hu, H. (2014). Preparation of
ALOs/TiIC  micro-composite ceramic  tool
materials by microwave sintering and their
microstructure and properties. Ceramics
International 40: 16761-16766.

Danzer, R, Lube, T., Supancic, P. and Damani, R.
(2008).

Engineering Materials 10(4): 275-298.

Fracture of ceramics. Advanced

Dassios, K. (2007). A review of pull-out mechanism in
the fracture brittle-matrix fiber-reinforced
composites. Advanced Composites Letters
16(1): 17-24.

Ghahremani, D., Ebadzadeh, T. and Maghsodipour, A.
(2015). Spark plasma sintering of mullite:
Relation between microstructure, properties
and spark plasma sintering (SPS) parameters.

Ceramics International 41: 6409-6416.

SiC  composites  with carbon interfaces.
Journal of the European Ceramic Society 35:
1985-1989.

Guo, T., Zhao, Y., Zhou, G., Han, Y., Zheng, Y., Shan, Z.,

Hui, D., Xu, F. and Qiu, Y. (2015). Fabrication

and characterization of three dimensional

woven carbon fiber/silica ceramic matrix

composites. Composites Part B 77: 122-128.

and Bacon, D. (2001). Dislocations and
Fracture. In Introduction to Dislocations. MA:
Butterworth-Heinemann. pp. 232-235.

Khor, K., Yu, L., Li, Y., Dong, Z. and Munir, Z. (2003).
Spark plasma reaction sintering of ZrO,-
mullite from

composites plasma

spheroidized ~ zircon/alumina  powders.
Materials Science and Engineering A 39: 286-
296.

Krenkel, W. (2008). CMC Fiber-Matrix Interfaces. In
Ceramic Matrix Composites: Fiber Reinforced
Ceramics and their Applications. Weinheim:
WILEY-VCH Verlag GmbH & Co. pp. 189-191.

Lamon, J. (1993). Interfaces and interfacial mechanics:
influence on the mechanical behavior of
ceramic matrix composites (CMC). Journal
de Physique IV 3(C7): 1607-1616.

Maiti, K. and Sil, A. (2010). Relationship between

fracture  toughness characteristics and
morphology of sintered Al,O; ceramics.
Ceramics International 36: 2337-2344.

Matthews, F. and Rawlings, R. (2008). Ceramic Matrix

Materials:

Composites.  In Composite

Engineering and  Science.

Woodhead Publishing Limited. pp 18-125.

Cambridge:

Mei, H., Zhang, L., Xu, H. and Cheng, L. (2014). Damage

mechanism of a carbon fiber ceramic

composite  during  the  step-loading



M5A15INBANERS 1. VN 44 avun 2

Ly

unaad 261
indentation and its effect on the mechanical Rosso, M. (2006). Ceramic and metal matrix
properties. Composites: Part B 56: 142-148. composites: Routes and properties. Journal

Mitchell, B. (2004). Structure of Composites. /In An of Materials Processing Technology 175:
Introduction to Materials Engineering and 364-375.

Science: for chemical and materials Somiya, S., Aldinger, F., Claussen, N., Spriggs, R,

engineers. New Jersey: John Wiley & Sons,

Inc. pp 103-105.

Moshtaghioun, B., Ortiz, A., Garcia, D. and Rodriguez, A.

Rice, R. (2000).

Richie,

Rosler, J

(2013). Toughening of super-hard ultra-fine
grained B4C densified by spark-plasma
sintering via SiC addition. Journal of the
European Ceramic Society 33: 1395-1401.

Particle (and grain) effects on elastic
properties, crack propagation, and fracture
toughness of ceramic composites at ~ 22°C.
In Mechanical Properties of Ceramics and
Composites. USA: Marcel Dekker, Inc. pp.
4a57-472.

R. (1999). Mechanisms of fatigue-crack
propagation in ductile and brittle solids.

International Journal of Fracture 100: 55-83.

., Harders, H. and Bé&ker, M. (2007). Fracture

Mechanics. In  Mechanical Behavior of

Engineering Materials. Berlin  Heidelberg:

Springer-Verlag. pp. 129-164.

Uchino, K., Koumoto, K. and kaneno, M.
(2003).  High-Temperature

Handbook

High-Strength

Ceramics. In of  Advanced
Ceramics VOLUME Il Processing and their

Applications. UK: Elsevier Inc. pp. 267-275.

Wang, Z. and Li, P. (2015). Dynamic failure and

Warren,

Yunlong,

aaaaa

fracture mechanism in alumina ceramics:
Experimental  observations and finite
element modeling. Ceramics International
41: 12763-12772.

R. (1992). Introduction. In Ceramic-Matrix
Composite. New York: Chapman & Hall. pp.
5-6.

Z., Ming, H., Xiangga, Q. and Xiaogang, S.
(2013). The influence of additive content on
microstructure and mechanical properties
on the Cy/SiC composites after annealed

treatment. Applied Surface Science 279: 71-
75.



