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WHY CERAMICS
1989 ICTP Spring College in Materials Science FOR STRUCTURAL PURPOSES ?
"Ceramics and Composite Materials” Because of their strong chemical bonding
covalent
covalent - jonic

many ceramic materials have a high inherent strength
anda high melting temperature

This leads to possibilities for the development of rigid high strength

materials with
HIGH TOUGHNESS AND HIGH g empertare s
TEMPERATURE CERAMICS - high hardness
- wear resistance
- resistance to chemical attack
- low density
- special thermal properties
- special electrical properties
In practise have problems with;
- brittleness
The materials have a high resistance to plastic deformation.
Therefore difficult to relieve stress concentrations.
- Low fracture toughness K
Gordon Dunlop - role of glassy phases inherited from liquid phase sintering
Department of Physics - hi idatj
Chalmers University of Technoelogy - of nitrogen and carbide ceramics
412 96 Gisteborg - role of glassy phases
Sweden _
- fabrication
- forming, sintering
- machii e
May 1989

General references
M.H. Lewis, Ceramics: applications and limitations in Materials at their
Limits, Inst of Metals, London, Book 392,1986.
M.V. Swain, New developments and applications of engineering
ceramics, in Proc 1987 Conf, Inst Met Matls Australasia,



CERAMICS OF MAJOR INTEREST FOR

STRUCTURAL APPLICATIONS
A0
SigNy4
SiC
0,
(BN)
(TiB,)
BASIC PROPERTIES
itive data taken from
Comparitive "he;‘odem Ceramics Engineering” D. W. Richerson
Marcel Dekker, NY 1982
Density - low atomic weight, low coordination number, open
structures

Melting temperatures - high

Thermal conductivity - generally Iower thzn metnl.s
Thermal expansion " oo

Electrical resistivity - high
Elastic modulus - high

Strength:
0! = 1-I£k
Y
-role of flaw sizes
fracture toughness
Thermal shock resistance
- thermal conductivity

- coeff, thermal expansion
- fracture toughness

72 3. MECHANICAL PROPERTIES A°™ THEIR M A\SUREMENT

Table 3.1 Typical Room-temperature Elustic Modulus Values for
Important Engineering Materials

Average olastic modulus, E

Material GPa pal
Rubber 0.0035-3.5 5 x 1025 x 105
Nylon 2.8 0.4 x 106
Polymethyl mathacrylate 3.5 ’ 0.5 x 106
Urea-formaldehyde 10.4 1,5 x 108
Bulk graphite 6.9 1x 108
Concrets 13.8 2 x 106
NCl “.2 6.4 x 106
Aluminum alloys 69 10 x 108
Fused 5i02 69 _ 10 x 108
Typleal glass 69 10 x 106
ZrO, 138 20 x 106
Mullite (Alg51,0;3) 145 21 x 108
U0y 173 26 x 106
Iron 197 28.5 x 105
Mgo 207 30 x 108
Ni-base superalloy {IN-100) 210 30.4 x 10°
Splnel (MgAls0,) 264 36 x 108
SigNg . 304 44 x 108
BeO a 45 x 10°%
Al303 _ 380 55 x 108
sic 414 80 x 108
TIC 462 67 x 108
Dlamond 1035 150 x 10°%

Source: Data from Rels, 6, 7, and 8,
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Table 2.1 Specillc Gravity of Ceramic, Metalllc, and Organlo Materials

2.1 pHYsl PROPEF

Table 2.1 (continued) . ...

a5

Density
Material Composition {g/cm3)
Ceramic materiala

a-Aluminum oxide a-Ala04 3,95
r-Alumiaum oxide T-Al043 3.47
Aluminum nitride AlN 3.26
Mullite AlgS1,094 3.23
Boron carbide ByC 2.51
Boron nitride BN 2.20
Berylium oxide BeO 3.06
Barium titanate BaTiO4 5.80
Diamond c 3.62

Graphite C 2.1-2.3
Fluorlte CaFg 3.18
Cerium oxide CcOz 7.30
Chromlum oxide Cra045 5.21
Spinel MgAls0y 3.55
Iron aluminum spinel FeAla04 4.20
Magnetits FoFe204 5.20
Hafnlum oxide 110, - \\ 9.6
Spodumene L1AIS1304 QY 3.20
Cordlerite Mg2Al4SisOyg ? 2.65
Magnesium oxide MgO fj\ 3.5
Forsterite MgoS10,4 \Q‘ ':% 3.20
Quartz S102 5 D 2,65
Tridymlte 5103 }Q‘J\h 2,27
Criatobalite S0 § 2,32
Silicon carbide sic > 3.17
Sllicon nitride SigNyg 3.19

Denaity
Material Compoaition (g/cm3d)
Titanlum dioxide TIOg 4.26
Tungsten carbide we 15.70
Zirconjum oxide 2r0y 5.80
Zlrcon ZrS104 4.65
Metals
Aluminum Al 2.7
Iron Fe 7.87
Magneslum Mg 1.74
1040 Steel Fe-basa atloy 7.85
Haatelloy X Ni-base alloy B.23
HS-25 {L605) Co-base alloy 9.13
Brass . 70 Cu-30 Zn 8.5
Bronze 95 Cu-5 Sn 8.8
Sllver Ag 10.4
Tungsten w 19.4
Organlc materials
Polystyrene Styrene polymer 1.05
Teflon Polytetrafluoroethylens 2.2
Plexiglass Polymethyl methacrylate 1.2
Polyethylene Ethylene polymer 0.9

Soclety for Teating and Materlals Specification ASTM C373 [1], The lalter
technlque permits direct measurement of bulk densily, open porosity, water
abaorption, and apparent specific gravity and indirect asseasment of closed
porosity. The procedure involves first measuring the dry welght (D). The
part is thon hoiled in water for 5 hr and then allowed to cool in the water for
24 hr. The wet weight in alr W and the wet welght suspended In water S are
then measured. The following can then be calculated;



Organic Materials

... Table 2,2 Melting Temperatures of Coramle, Metallic, and

Approxdmate
melting temperature
Material *C *‘F
Polystyrene (GP grade) 65-75 150-1702
Polymethyl methacrylate 60-90 140-2002
Na metal 98 208
Polyethylene 120 2508
Nylon &b 135-150 275-3008
Polyimides 260 5008
Teflon 290 5508
By0g3 460 860
Al metal 660 1220
NaCl 801 1474
Ni-base superalloy 1300 ~2370
(Hastelloy X)
Co-base superalloy 1330-1410 2425-2570
(Haynes 25)
Stainless steel (304) 1400-1450 2550-2650
CaFg
Fused S10p ~1650 3000
SiaNgb ~1750-1900 3180-3450
Mullite 1850 3360
Al203 2050 3720
Spinel y 2135 3875
B4C - 2425 4220
P o 2300-2500  4170-4530
BeO 2570 4660
ZrOs (atabilized 2500-2600 4530-4710
MgO 2620 4750
wC 2775 5030
UO2 2800 5070
TiC 3100 5520
ThOg 3300 5880
W metal 3370 6010
ct 3500 6240
HIC 3890 6940

& Maxdmum temperature for continuous use.

b subli mes,



HY J. MECHANICAI. PROPERTIES AN’ {IEIR ME REMENT

Table 3.5 Typical Room Temperature Strengths of Ceramle Materlals

MOR Tenslle
Material MPa kpai MPa kpal

Sapphire (aingle-crystal 620 90 - -
Alz0gq) -

Al203 (0-2% poroaity) 350-580 50-80 200-310 30-45

Sintered Al203 (<5% 200-350 30-50 - -
porosity)

Alumina porcelaln (90-95% 275-350 40-50 172-240 25-35
Al203)

Sintered BeO {3.5% 172-27s 25-40 90-132 13-20
porosity)

Sintered MgO (<5% 100 15 - -
poroalty)

Sintered stabilized Zr0, 138-240 20-35 138 20
(<5% poroaity)

Sintered mullite (<5% 175 25 100 15
porosity)

Sintered spine] {<5% A3-220 12-32 -- 19
porosity)

Hot-pressed SIgNg (<1% 620-965 90-140 350-580 50-30
poroasity)

Sintered SlaN“ ~5% 414-580 60-80 - -
poroslily) ’

Reactton-bonded Si3Ng 200-350 30-50 100-200 15-30
{15-25% porosity)

Hot-pressed SiC {<1% 621-825 90-120 - -
porosaity)

Sintered SIC {~2% 450-520 65-175 - -
perosity)

Reaction-sintered SIC 240-450 35-65 - -
{10-15% free Si)

Bonded SIC (~20% 14 2 - -
porosity)

Ilmii]l“

3.1 FRACT1 TOUGIIN 93

Table 3.5 (continued)

MOR Tensile
Material MPa kpal MPa kpeal

Fused S103 110 16 69 10

Vycor or Pyrex glasa 69 10 - -~

QGlasa-ceramic 245 10-35 - -—

Machinable glass-ceramic 100 15 - -

Hot-pressed BN (<5% 48-100 7-15 - ~-
poroaity)

Hot~preased B4C (< 5% 310-350 45-50 -— -
porosity)

Hot-presaed TIC (<2% 275-450 40~65 240-275 35-40
porosity)

Siatered WC (2% porosity) 790-825 115-120 - -

Mullits porceiain 69 10 - -

Steatite porcelain 138 20 — -

Fire-clay brick 5.2 0.75 - -

Magneslte brick - 28 4 - .

Insulating flrebrick 0.28 0.04 - —
(60-85% porosity)

2600°F insulating firebrick 1.4 0.2 - --
{75% porosity)

3J000°F Insulating firebrick 2 0.3 -~ -
(60% porosity)

Graphite (grade ATJ) 28 4 12 1.8

Mode I 1s most frequently encountered for coramio materials, Stress
analyais solutions for K for a variety of crack locations within simple ge-
omelriea have been reported by Paria and Sth {25). Experimental data for
a variety of matariala have been obtalned for the critical streas intensity
Ki~. This Ia the atress intensity fnctor at which the crack will propagate ..

nng lead to (g‘a‘chlre..l 1t {3 alao reforred to as [racture toughnesa and is
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APPLICATIONS OF HIGH PERFORMANCE
CERAMICS

Heat engines
- gas turbines
- piston engines
Nozzles, seals
- metallurgical industry
- chemical industry
- houschold plumbing
- face seals at rotating interfaces
Ammour plate
- composite, light weight amour
Biomaterials
- limbs, joints, teeth
Wear parts
- bearings
Machine t1ools
- cutting tools
- dies for extrusion
- knives
High temperature heat exchangers
specific stiffness melting / decomposition
E/p TC
AIN 4 2450
ALO; 3 2050
SiC 6 2600
Si3N, 4 1900
steel 1 §400 - 500

6

THE MICROSTRUCTURE OF HIGH
PERFORMANCE CERAMICS

General

The microstructure is a product of fabrication Pprocesses

- raw materials
- powder technology
- grinding
- mixing
- colloid chemistry
- sintering aids
liquid phase sintering
- forming process
- cold pressing
- slip casting
- injection moulding
(bum off problem)
- sintering
- pressureless
- hot pressing
- hot isostatic pressing
- thermal history
- heat treamment

Fabrication variables determine microstructure

- compositions
- micro and macro

- grain morphologies, sizes and size distributions

- glassy phases
- volume and composition

- secondary crystalline phases



Silicon nitride SisN‘

Two polymorphs

a,p

both hexagonal crystal structure with difference in stacking

sequence
¢ ABCDABCD--
B ABAB—

a - SisN4 generally forms by vapour phase reaction
B - SiyN4 forms by liquid phase reaction

unit cell dimensions:
sructure atd) c(d) P (gfem?)
o - SiyN, 7.148 5617 3183
B - SiyN, 7.608 2911 LRL]

@ O

iig. 3.1:  The B- Si;N, structure that is built up by comer sharing SiN, teuahedra
fver refevence (55).

YN 98| layer A
AN OSt layer B

YN ®Si layer C
AN OSi layer D

Liquid phase sintering of SiyNg

Liquid phase is neccessary for densification because of:
- low diffusivity
- protective oxide layer on SiqN, particles
Solution - precipitation reaction:
@-SisNy + 5i0, + MO -1BOL . B._Si;N, + M-Si-O-N
surface  additive glass phase

Common additives

MgO
*Y30;  (+ALOy
S5¢)04

Additives react with SigN + SiO; to form a low melting liquid
- this liquid generally forms a giass on cooling
- possibility of forming secondary crystalline
phases during slow cooling or heat treatment
Fig. 2, INnecke composition prism for the Y-5i-Al-O-N sysiem. The compaositions

marked A-E cover the region investigated and represent additions of up 10 20wt%
Si]_N‘.

¥203:28i0,

3415042810,

— 8N
Y204 37405 5A120, 203

Fig. 1. Experimenta) behaviour diagram for the Y,0.-A1,0.-5:0, system.
Compositions of the specimens which were invesliﬁlaea ‘ra ind?cated as Also
dre the experimentally determined eutectic temperatures.




SiAlION

a-SizNy +5i0; + AIN + MO 180T, B-Si;  ALO, N, , + M-Si-AL-O-N
surface  additives glass phase

Solution of balanced amounts of Al & O in B-SisN, lattice
Considerable solid solution is possible.
‘MJDN;(_J; 2505} ADg

7(3AL0, AIN)

{AIN ALOL

gﬁt;§3i557;§ﬂ‘m

Fig. 3.7:  Behaviour disgram for the system Si,N‘-SiOI-AIIOS-AIN a1 1750 9C, afer
reference (77).

STAGE)
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XA
;@ !
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(POLY T YPOND ) SURIACE SHiCa

Fig. 4. Sintering reactions and the evolut ion
of microstructure for HPSN and 55N
Ceramics.

Silicon carbide SiC

a-SiC - hexagonal
p-SiC ~cubic

SiC has -high strength
-better high temperature strength - than SizNy
-poorer fracture toughness - than Si3N‘
-poorer thermal shock resistance - than SigN,

Sintering additives

B+C - removal of SiO, on SiC powders via C
- catalysis of surface/ gb diffusion via B

Al/ AlOy
- leaves alumino silicate residues at ghs - sofiens at 1200 C
- poor high temperature properties

Ferates (GPa)
1o <
HPSIC

, TEMPERATURE °C
0 500 1000

Fig.12, Bend strenqth (MOR) - temperature
relationships for various SiC-based
Cermmics (aee-vable—iid) .
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Zirconia ZrO,
Ref: R. Stevens, Magnesium Elektron Publication No. 113
Primarily ionic bonding
Three polymorphs of pure ZrO,:
monoclinic MM 'C teragonal 2MC cybic 2680°C Liquid

Infloence of "stabilising” additions eg. MgO, Y,0,4 C20

- extension of cubic and tetragonal phase fields to lower
transformation temperatures .

PHASE DIAGRAMS:

LIOWND

2600

CUBE ana

i

b1 -~
¢ P TETRAQONAL
<
W
£ ]
: 1800 - &
= -«
3 &
¥ H
+ 1000 w
-

Y

TETRAGONAL and MgO

1000 - L

° 1] 20 0
2r0y Mole% MgO

40

12
Sintering of ZrO

Z10, is relatively soft at sintering temperatures 1400 - 1500 'C
- fonic bonding
Always have liquid phase present during sintering (small volume fraction).
Usually no intentional addition of sintering aids.
Tetragonal - monoclinic transformation

) .
diffusionless shear process, near sonic velocities

- ¢f. iron base alioys "ceramic steel”

- volume expansion m —t ~ 5%

This transformation is the basis of transformation toughened ceramics
/ i / ,
! ! I} [

r
FIG_UIE X mMa.mmm'
mmm&nuﬁzﬁki‘,mm_“‘
voull [attice mraia i with the P son. .

ie) (L]

FIGURE 9. Schematic illustration of how slip and twinning mas accomglish the same
magnilude of inhnmoerneans thesr langle v
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TZP - tetagonal zirconia polycrystals

- low solute oxide additions - gencrally 2-4 mol% Y,0,
- sintered in the tetragonal single phase field
1350-1500 -C

For stabilisation of ¢ phase to lower temperatures
- grain size < critical size
usually g.s. =0.2 - 1 pm
- impurity silicates, AL,O5 & Y0, additions
- pick-up of Si etc from ball mills
provides liquid phase sintering medium

TT(A)etc.

Fig.13, Phase equilibria and related

microstructures for 2r03-toughened
ceramics, 2 uoh

14

PSZ - partially stabillsed zirconia

- alloyed with 8-10 mol % Mg0, C20, Y,0;.

- sintered in cubic phase field 1650-1850 "C
- produces large (ca. 100pum) cubic grains

- cooled and heat treated in t4¢ phase field 1100-1450 'C
- coherent precipitates of t in ¢ matrix

- time & temp of heat treatment is critical to development
of appropriate size precipitates

small ipi

(0-2um) are constrained and do not transform to m

- except in tensile stress field

eg. &t tip of propagating crack

‘wge ..

transform to m on cooling and cannot then participate in

- if precipitates are 100 small - then might not transform in stress
field and therefore will not participate in transformation
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‘Two phase zirconia toughened ceramics

Tetragonal stabilised zirconia can be dispersed in other ceramic matrices
« grain size of t-ZrO, is critical for thermal stability
(eg. swability to room temperature)
- and fracture toughening.
- typically in 0.2-1 pm range depending upon matrix and
impurity levels.
critical grain size for t-. is ~ 0.5um
- in AlO4 with 0.5-5 pm grain size

/

SOME COMPARITIVE PROPERTIES
(Magnesium Elektron Ltd Publ. no. 113)

O (MPy) Kj. MNm¥2)
9
GO, Fz 650 66
Y,0,PSZ 650 6.4
ZTA (25 vol% ALO3) 1200 15
SiAION + 25 vol% Z1O, 950 8.5
TZP 880-1275 7994
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STRONG TOUGH CERAMICS

Refs:
L. R. W, Rice "Capabilities and design issues for emerging tough
ceramics”™ Ceram Bull. 63, 1984, (2), 256.

2. FF. Lange “Powder processing science and technology for
increased reliability” J. Amer. Ceram. Soc, 72, 1989, 3-15.

3. F.F. Lange et al. "Processing related fracture origips: L, I1, ITT”
J. Amer. Ceram. Soc, 6§, 1983, 396-408.

Fracture strength given by:

" Yy
Improve strength by

-inc:easedmuglms,l(k
- decreased flaw size, c,

FIleizeappmchwimpmvedtelilhility
eg Rice:

(A)INCREASE STRENGTHS, (B} STATISTICAL
BY REDUCING FLAW S|ZE.S' /PROBABILISTIC ©) ;'%UNCATR BlTJ%gTRENGTH
I

——

FREQUENCY
PROBABILITY

\
S N
FREQUENCY
*
]
¥
x

log CUMULATIVE
FAILURE

STRENGTH . log FAILURE STRESS STRENGTH

Flaws: - Largest flaw provides the weakest link.
Flaws introduced by:
raw materials
powder processing
extrancous particulates
drying
bum out of polymeric binders
differential sintering of agglomerates
surface machining
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Introduction of flaws during powder processing steps:
Ref. F'F. Lange J. Amer. Ceram. Soc, 72, 1989, 3-15.

1. Powder manufacture

2. Powder preparation

3. Consolidation to shape

4. Densification / microstructural development

&d:mpuninnodmanhmogugitywhichcmpeuin.ordwehp

further, into the finished product.

Identify heterogeneities by
-genemllynnallnmbulmﬁtvohmddiﬂiuﬂtmﬁndbyoﬂwr
means

FREQUENCY

POTENTIAL STRENGTH

Fig. 1. Schematic plot of frequency versus
potential strength of different flaw populations
potentially present in a ceramic material. Fre. :
quency distribution and ordering depends on

processing method and material charac-
teristics.
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IMPROVING FRACTURE TOUGHNESS

Main approaches:

microcracking
residual stresses
crack bridging
crack deflection

* transformation toughening

* whisker reinforcement
* fibre reinforcement

Historical trends in improving toughness and strength

-'- Peywymsing Gasemm

. i A i " i
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Figurs 1. Nistorical tremd of tha fraccursy
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TRANSFORMATION TOUGHENING - Steady state zone

eg. TZP, PSZ Transformed particles in wake of crack tip exert closure stresses on
Ref: DJ. Green, R.H.J. Hannink & M.V. Swain "Transformation
toughening of ceramics” CRC Press, 1989 &Ko = 02143EVeTh2/(1-v)
Basis: ' E elastic modulus

Volume increase ~ 5% V vol fraction transforming precipitates

Zr0;,t - m phase transformation eT dilational strain due to transformation

h width of transformed zone

Mamnﬂmoomnmd,m:fumedpmclpmlgmm v Poisson's ratio
Crack frontal zone

tensile stresses at crack tip decrease constraint
— transfonmation

thissanewhauuhoesst:mintmsityatcmcktip
- crack tip shielding

FIGURE 12. Amdumumhamm“.
mmmhmahdzhbmmmnﬁthuw
w.wuumwumw.mhhm-ﬁun
acting ia a direction © close the crack.

STRES SJP

this leads to R curve behaviour

‘

FIGURE 8. Ia crack-tip shickding, the mwesses acar a crack lip arc reduced
locally, wo their saagnitude is describod by & bocal sress-imtensity facior (K1) rather
an the applied vabuc (KJ).
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R - curve behaviour
Resistance to crack growth increases as crack
extends
12
ol
os |
|
“« o8|
-1
04
02
00 s 1 1 1
] 2 4 ] a 10

Ach

FIGURE 13. The toughening incroase (AK,). sormalized by its ssymp-
totic valee (AK,c), that ocown m & crack extends, such that the ansfor-
matiow zome is deft behimd the crack tip. (Afer McMecking, K. and Evana,
A.G.,J. Am. Cerom. Soc., 65, J42, 1982.)

Figurs 7. Observad R-cirvee fn tramefetmeticn
toughened coramics.

Effect of temperature and solute additions:

FRACTURE TOUGHNESS

I {“’:

To
TEMPERATURE

FIGURE 8. &Wkd’heﬂmdwww*lﬁim
N P ia). The touthaass i

fracture sough ofa f

on the

decreasing tempersiure until the t-Zr(, can no longer be rewined.

with

. A Lol ' L o he. J. 4,

e L] e " "o 1200
TOMPERATURR ("G}

Figure b. Teapersture dapendenacs of the
tosghuess of Ng-PEX materisis.
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Effect of particle size and volume fraction:

highv

ﬁ lowv
Zz

b 4

g

e

W

T

=5

5

< —_———
£ monociinic

PARTICLE SIZE

FIGURE 19. Effect of particle sizr and volume fraction of zircosia on
fracture soughness,




25

MICROCRACK TOUGHENING
Cracking due to localised residual stresses from:
- phase transformations
- thermal i i - single phase
] expansion anisotropy - single p
- thermal expansion, elastic mismatch
- multiphase materials
(2) Spontaneous formation of microcracks during fabrication
- particle size > critical size
toughening by crack tip bifurcation

Cratical

crack

Figure (20) The martensitic transformation that occurs in Zr0, tetragonal to
monochine 8t 900-1100°C) with its 3-5% wolume expansion, develops
microcracks around the ZrQ; particles (a8). A crack propsgating into the
paruicle is devisted snd becomes bifurcated (b), thus ncreasing the
measured fraciure resistance.

\
it

N

This mechanism gives significant toughness increase but generally little
Increase in strength

- microcracks are likely failure origins

26
(b) Formation of microcracks in crack frontal zone

= crack tip shielding
g, ZTA, overaged PSZ
Particle size <a-iﬁcalsichortponmmncnckingduring
fabricati

~ 0.5 critical size for spontaneous cracking

Shielding effects
-- dilation due to cracking

1 L T

v i FRONTAL

l:_:, ek PROCESS ZONE

P /

gL CRACK

UNCRACKED SECOMD Prasl MATIOLE E

w 1.2

2

P

T 2 T )

* 1ol

1 | i
0 0.1 0.2 0.3
/ MICROCRACK DENSITY, {,
T Fig. 9. Effects of a fronal microcrack process 2one on loughening.

Fig.8. A schemalic showing the dilatation that accompanies micro-
Cracking, following relief of a residual tension. ]

As for transformation toughening, effect of frontal zone on AK is small.

ll;lesmce of process zone wake enhances toughness. Therefore get
-curve,

Evans:
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FIGURE 16. Schemmic represemation of lanice displacements developed
m the particle matrix iverface o3 & reslt of the setragonal 80 monoclinic
tamsformation. Particles have twin variant boundarics paralie! to (a) (100),,
planes and (b} (001}, planes. Positions of masimem strain are powentisl
sites for mi k festion. {Afier Muddle, B. C. and Hagarink, R.
H. 1.7 Am. Ceram. Soc.. 69, 547, 1986.)
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Other crack tip shielding effects:
- decrease of effective elastic modulus

- microcracks degrade process zone material - negative effect
- fracture surface already available for propagating
crack

Influence of particle size on microcrack toughening:
optimum size for maximum toughening effect

PARTICLE 8IZE

FIGURE 17. Schematic ithustration of the effect of particle site on frac-
tare toughncss of & microcracking sterial. For sl pasticles, the critical
microcrecking stress in 00 high &0 form & zone arownd & crack. As one
approsches the critica] siae, te Wughmest incresses a he 20mc height
increases. At large partiche sinss, the material comaing microcracks before
wiressing. (Afer Evans, A. G, and Fabes, K. T., J. Am. Cevam. Soc., 67,
153, 1984.)
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CRACK TIP INTERACTIONS

Obstacles in crack path impede crack propagation
N -imsta:ﬁauhetmawkﬁpmmﬁeldm@
stress concentations / residual stresses associated

with obstacles.
Crack bowing [ o
4 ®
e Q i
RN — = oo oo

RELATIVE TOUGHNESS G
w
¥

"o 01 02 03

VOLUME FRACTION OF RODS

FIGURE 25. The peadicied iflasuce of crack deflects

K. T. and Evans. A. G., Acsa Mesoli., 31, 365, 1983.)

on the frncse iough-
md-mmm-mmdmm.m
mumumm(munuhmAmm.

o4

UNDEFLECTED
CRACK FRONT

«.CRACK FRONT aT
MAXS
.
.

o0 o ®
*2 08

FIGURE 24. A comperison of crack bowing and crack deflaction wech-
amisma. in 5, 2 crack fromt is thown bowing round » set of obutackes. I
b.hm#hmhuﬁﬁmnm.hc.uﬂ
mrm-dhmmimuﬁphmnudd-ehh
m.huﬁc&.uﬁmhﬂmmhmﬂ-
oW,

UM TWIST

I f/ﬁf%/ |

Fig 11, Schematic ilustraling the Iwisling of a crack between rod-shaped

parlicies
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WHISKER COMPOSITES/?®

Ref: % :Vem and V. Sarin, Fracture of whisker reinforced ceramics
o lished in "Applications of fracture mechanics to composite
materials”, Bd. K. Priedrich, Blsevier,
¥SiC, 8izNy, AO, single crystal whiskers
exceptionally high tensile strength (> E / 100)
*0.5 - 1.0 um diameter
100 - 200 pm length

Signiﬁcmtimpmvminﬁmm@nuswiﬂam-mvol%
whiskers

pa
oy

FRACTURE STRENGTH, MPa

Figurs 13,

Yaristion of the
sad wuilice wich walem fregtion of 3iC whishare,

s, 0% R

i I i 1

L e . [ V] [V
VOLLARE MRACTION OF BIC whaseame

Foughneee of alwwing’

Toughening mechanisms:
~ crack bridging
- pull out
- crack dcﬂeqtim . :
- microcracking ﬁ

Soze proposad Coughening aschanisos in vhisker rainforced ca

alcs (nocs chag pull-ouc of & whisker inclined to che
plane musc Lovolve bending of che vhisker (b)).

crack

- "% e
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Crack bridging: Pull-out:

- requires a weak whisker / matrix interface
eg. whiskers coated with graphite

Combined toughening mechanisms:

-gt'tlflf:lm mechanisms are additive and often complement each
I.

eg.AwhizkerlmanWnblyoﬁmmdforpull-out is likely to be
favourably oricnted for crack deflection.
Roomtwepmpeniadwkiskardrfamedmndcs:

Table 4. Summary of room temperaturs properties of whisker reinforced
ceranics. Whisker volume fraction is 0.2 unless otherwise stated.

Matrix Fracturs toughness Fracture strength Veibull Ref.
-3/2
FIGURE 20.  Comparisoa of 4 crack fully bridged by Frictionally K. (M¥m ) (MPa) modulus, m
wn:“-uu-::em“::th-.:—hm ntPfo composite matrix composite matrix composite
ing forming & bridging 2oue bahind the moving crack Frow.
Alumina 1.7 6.7 510 600 4.6 13.4 65
o 3.7 8.9 - . .
. 4.7 9 600 805 14
. 4.7 8.5 520 650 15
. 4.5 8.2 300 550 66
. 5 9. 5w 385 650 25
- 5 8.6 k.33 640 16
FULLY BRIDGED CRACK 313!! ? 10, Swrw 700 500 17
SISN,. 7 9.7 700 510 17
4.7 4.8 790 720 19
. " 6 5 900 600 18
PANTWILY - - . . _ 10 24 67
CAACKS . 4.7 6. 4%n 700 975 i3
HOSRDANG Zireonia 6.2 10 1100 600 68
won Mﬂ."Sl.2 5.3 8.2 - - 21
RPN I Mullice 2.2 6.6 . 438 14
PIGURETS.  The swreny y bouded. e 2.8 P 244 452 T

= 3 fenction of coack size. lehllyw'dm.mhlngium
mhdmmtwudmawtnn.ﬁ-:.uﬂum&ﬁhnbmﬁhiq
matria cracking. She sireagth docs depend on crack size and the magiinade of e Cordierite 2.2 3.7 180 260 15
sireagthening depends on the sisr of the bridging zone. (Afier Murshall, D. B. " 4.5 N 360 23
#nd Evans, A G Proc Sth Inr. Conf om Compotite Materials, Hperigan,

:’. CI;‘Tn;Tl). and Dhungea, A_ K. Eds.. gical Society, . Clasa* 1 14 100 100 2

* poorer vhisker dispersion; w+ V.  0.3; + Corning 1723, a = 5.2x10°% &1
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FIBER REINFORCED COMPOSITES
Reference: R. W. Davidge, Fibre-reinforced ceramics, Composites, 1§

(2) 1987, 92
Semi-continuous fibers C, SiC
often complex composition
Currendy available ceramic fibers:
Cutvastly Aveilshls Cersmle Fibres
Mamufseturer Susignatien Cosponition Temalle Tewwile Demsjey Mamatar
. Scrongth OGN Mod O .-! Cmi)
Nippen Corbea Nicalew $1(60),C03),0(10)  1.3-3.3 Liteil0 1.3 10-20
Aves ©~i-4 H1C{C cers) 1y 0 kN ] 180
» Nextal 312 u.sl;t?.l,o,{m 1.7 134 1.7 n
a1 L3
Dulfent 14 ,oi(n) 1.4 s 3.9 »
Aot £ oo - - Al-0+(83) 810,15} leld~1.8 20=-2%0 1.2 i T H
. el -~
Mote ressucly svailable Fibews -

The Treasas ‘w, M, c 0 3.0 3200 1.4 10
Aves 1, ¢ 1.8 mo-313 - =10
Suw Carmiag L ] n,c, w0 1.752.1 irs-;m 1.3 0 -
Calaness L 4] M, c,o, n Lo 1=2,4 140-173 2.3% 10~1%

- [ ] e, o 1.0=1.4 17%=210 1.63% 10
» Naxtal A0 n,o,,sw,.l 1 19 3.0% 10~-11
- Buztal 400 Al;0y,810,,850 1.3 e 105 10-42
Bulonc D164 Algoy-tro, Li-1.4 »3 4.2 »

eg.Nicakm(SiCinMpemdwiﬂ:SiOZandﬁeeQminfolmtof
lithium aluminium sil; (LAS) glass ic:

Stage I: matrix gacking and load transfer to fibers,
Stage II: reduced modulus - elastic extension of fibery,
Stage III: fiber pull-out.

€ |

=h=

STRESS ; ~
Acra) | \
i FIER

;‘mx CRACKING FULL-OuFY \\

(2] STRAIN L] 1%

Fig.)6. The optimal stress-strain behaviour of
4 ceramic composite, typified by an
LAS glass ceramjc containing
unidirectional ‘Nicalon' Si¢ fibres
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Fabrication of fiber composites
- wide variation of fiber weaves
glass / glass ceramic matrices
- low pressure hot pressing

Gmmldifﬁadtyofdcnﬁﬂuﬂonwilhnormalpowdaproceuing
outes

Infiltration by:

chemical vapour deposition (CVD)

' ->1000°C — 80 - 85 % density
- can make a thin interface coating on woven
structure prior to deposition of matrix.
- require intetface to be sufficiently strong to allow

hadmferﬁommauixtoﬁbemyetmkmough
to fail preferentially prior to fiber failure.

liquid penetration - sol ge! routes

Example:

SiC - 8iC fiber composite by CVD infiltration
P.J. Lamicq et al. Bull Amer Ceram Soc. 65 (2) 1987, 336

Kijc ~40 MPavm
- temperature insensitive to 1200 °C
- extreme sizep R-curve
-nomducﬁoninsmgﬂlanthmml:hocklesﬁng
from 1300°C into water

Strength ~ 400 MPa
Problems:
- high temp degadation of fibers
- oxidation / creep response of matrix

Aim; Raise operating temp of this type of composite to
1500-2000 °C
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HIGH TEMPERATURE
BEHAVIOUR

OXIDATION OF Si;N, CERAMICS

Ref: C. O'Meara, PHM. Nilsson & G.L. Dunlop Oxidation of high
performance ceramics based upon SiyN, , Metals Forum 1985 8 194

SisNy - unstable with respect to oxides

Pure Sl]N‘
high oxygen potentials:
SizNg + 302(8) — 35i05(s) + 2Nx(®)
Si0, forms compact passivating scale.

Low oxygen partial pressures PO, < 8 x 10~4atm., 1600 K:
SisNg + 38i0; — 65i0(g) + 2N»(g)

2Si3N4 + 302(8) - GSiO(x) + 4N2(8)

Parabolic rate law (passivating oxidation)

(&/AP =Kt

34
OXIDATION OF POLYPHASE Si3yN,

More rapid oxidation than pure Si;N,

- influence of intergranular glassy phascs
and secondary crystalline phases

Glassy phase:

- softens at high temperatures (~1000°C)
- increased mobility of diffusing species
—increased oxidation rate
- contains metallic cations
- continuous with oxide scale
- difference in composition
- diffusion couple
- intergranular glass / oxide scale

Rate lmiting process for oxidation ?

- outward diffusion of cations ?
- inward diffusion of oxygen ?

Overall oxidation kinetics - parabolic
- NB not because of passivation

D.R. Clarke and F.F. Lange, J Amer Ceram Soc, 1980, 63, 586 :

INTERIOR scaLE A !
" g’} ———s m-—-——-""‘——’fl -0
....... g [ . .-'—'
weol ! ‘
e

8i,M,0 i

AN (2N e Ba/aN—bde - W

Fig. 3. Schematic diagram ilfustrating the mechanism for oxidation of
MgO-fuxed B-5i,N., proposed by Clarke and Lange {17}
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Polyphase oxide scales

Outwards diffusion
— concentration of cations in oxide scales increases with time
- this effects viscosity / diffusivity of oxide scale
- low melting silicate eutectics

- formation of crystailine phases
istobalite Si0,
silicates Y50,
MgSiO,
ywrialie  (HNa,Fe). (Y.La)sSigOs;
miserite  (CaK,Na,ALY).SiO,

Role of subscalar secondary crystalline phases

Oxidation of secondary crystailine phases
- molar volume changes

Ref: F.F. Lange, Int Met Rev 1980, 25, 1

. M, ¥, 81,0,MN, v-N MELLITE Y,0,

H  Y,8L0, N, v-nararrte
K YSION ¥-HG-WOLLASTOMTE
4 Y.SLON, wvau

Fig. 4. Behaviour diagram ith ing phase
in the Si,N,-5i0,- Y, 0, system, Af.rer Lam lJl
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TABLE |. Molar Volume Changes upon Oxidetion of
Secondery

Crystailine Phases

m Phase Onidation Product Volume

Change

»

¥-N meilitiee Y500, + 810, +30°
(VSLO0N)
K 0.5Y, N 12¢
B Mo *
Y-N 1.5Y, . (810),0 .
v suOuN) ey
J4 Fi¢ s 35t
20N, S0 '

Avoid: Y-N mellilite; K-phase; J - phase.
= catastrophic oxidation 900-1200 "C

Good oxidation properties if material fabricated in:
SigNy - SizN;0 - Y5510,
md  SigNg-Y;Si0;- Y,Napatite phase fields
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CRYSTALLISATION OF INTERGRANULAR GLASSY

PHASE
- during heat treatment
or high temperature service
Refs:  M.H. Lewis, A.R.Bhatti, R.J.Lumby & B.North

J. Matls.Sci, 1980 15 103

LK.L. Falk & G.L. Dunlop, Crystallisation of the glassy phase
in a SyNg material by post sintering heat treatments, J.
Matls.Sci, 1987 22 4369

Influence of temperature and oxidising environment;

TAILEIIIMMHM»X Giffraciomstry ia meteria) heat ineased higher vsmpory -
=Y, 5.0, f = BT 50, W = ¥ Na-wollanomis (YSK),;;’A = Y, N-apatiee. - " "
Temperaiwe Depth dalow oxide acale

#ind time

-0 100 mm 200 g 250 pom 00 yern L.3mm

oo C -w ’ a WA

100k

145 c ’ [ AW

125h

m:'.c s i ’ eWA LWA CW,A
Stillhnvethinlntu'gnnularﬂlmsofghsy phase after full

Tisati

Crystallisation to sppropriate ine phases can lead to

considerably improved oxidation and creep properties
cg. B.S.B Karunaratne & M.H. Lewis J. Matls Sci. 1980 13449
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HIGH TEMPERATURE MECHANICAL BEHA VIOUR

Refs:
1. W.R. Cannon & t.G. Langdon Creep of ceramics
L J Matls Sci 1983 |8 1
II. ibid 198823 1

2.J.E.Marion, A.G. Evans, M.D.Drory; & D.R.Clarke High
temperature failure initiation in liquid phase sintered materials
Acta Met 1983 3] 1445

3AG Evans & A. Rana High temperature failure mechanisms
in ceramics Acta Met 1980 28 129

4. A.G.Evans & W. Blumenthal High temperature failure in
ceramics in "Fracture mechanics of ceramics”™ Eds R.CBradt et
al. Plenum NY 1983 p.4

5. F.F.Lange High temperanure deformation and failure
phenomena of polyphase Si 3N¢ materials in "Progress in
hitrogen ceramics” Ed P.L Riley, Martinus Nijhoff Publishers
1983 pd67

6. B.S.B Karunarame & M.H. Lewis High temperature fracture
and diffusional deformation mechanisms in SiAION ceramics J.
Matls Sci. 1980 15 449

Creep equation:
&= AGHT (W/d)P(0/G) D exp(-Q/RT)

PHARR and ASHBY: ON LIQUID-ENHANCED CREEP l

. vieceshy §
ssrmarvaos
10BAGE,
1MBAnE:
7171717138
1777

i l-relrrel col o Nal
T

»

ol LUBRICATION Ib) DFFUSIONAL CAEEP o} (NFFUSKONAL DEWSIFICATION

Fig. 11. Mechanisms for liquid-enhanced creep.
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