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Microstructures 

Abstract 

E.vperiments with AI203/TiC ( A T C )  and with 
tetragonal ZrO2(Y203)/A1203 (TZP-A)  reveal a 
basiccdly d(ff'erent distribution q/amorphous phase at 
the grain boumhtries. However. it? both types t?/ 
ceramic, the grain jaeets are J)'ee o1" f laws like 
micropores (which are t.vpieal O' observed it? sintered 
cdttminas) and are. hence, characterized by a high 
cretin boumklrv toughness. On the other hand. the 
macro,~'copie toughness o1" TZP-A is in the same range 
as thole q/'Ircln,~'/brntation-/J'ee A TC ceramics, because 
trans/brmation toughening, though heine the one 
inll~ortanl dissipation process in TZP-A,  makes rather 
a ,wna[/ contribution. ThereJbre the eonwarison o /  
materials" with d(ffc, renl grain boumhtrv structures and 
loughening nwehanisms like A TC and TZP-A gives 
rise to the idea that their high strength is not achieved 
hi' an enhanced macroscopic toughness but by an 
inherent reinforeen?ent ()/ their mierostruetures, 
reset/ling in an increased grain hottn¢ktrl" toughness 
which procides a shnihtr strength-improvhtg mech- 
anism independent o['dissipatice processes: limitation 
o['the usual suheritical growth oJextrinsic flaws due to 
the inqnoced pelJ'eetion o[grain boundaJ 3" structures. 

EYperimente rail A/2 03/TIC (ATC) und mit tetra- 
gonah, m ZrO2( YzO3)/AIz03 (TZP-A)  zeigen eine 
grtmdlegeml cersehiedene Verteilung der amoiThen 
Phase an den Korngrenzen. h7 beiden Keramikt)'pen 
sind die Korn/'aeetten./i'ei l,on Fehh, rn wie Mikroporen 
(die aher typiseherweise #? gesintertem A luminium- 
o.vid beohaehtet werden). Diese Werkstqffe sind daher 
&,'eh eine hohe Zdhigkeit  der Korngrenzenbereiehe 
gekennzeichnet. Andererseits abet liegt the makro- 
skopisehe Ziihigkeit yon TZP-A in der gleichen Gr6- 
J3enordnung wie die makropische Zahigkeit yon 
unwandlungsfreien A TC-Keramiken, da die um- 
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wandhmgsbedingte Ziihigkeitssteigerung nar einen 
cerhiiltnismi!fiig geringen Beitrag licqc, rt. ohgleich sie 
den wichtigsten Dissipations-Vorgang in TZP-A dar- 
stelh. Der Vergleieh yon Werkstoffen rail untersehied- 
lichen Korngrenzenstrukluren und =bhigkeits- 
.weigernden Mechanisnwn. wie der Vergleieh con A TC 
uml TZP-A,  ./iThrt s&her zu dem Ge&mken, da/3 die 
hohe Festigkeit dieser Werkstoffe niche au/~gruml einer 
cerhesserten makroskopisehen ZOhigkeit erreichl 
wird, sondern thtrch eine inhdrente I/t, rst6rkttng ihrer 
GcJi'ige entsteht, c#e sit einer gesteigerten Zdhigkeil 
der Korngrenzenbereiche fiihrl, s#e ihrerseits einen 
iihnlichen festigkeitssteigernden Mechani,wnus &tr- 
stelh, der unabhiingig yon dissipativen Vorg&Tgen ist: 
die Begrenzung des iiblichen unterkritisehen Waehs- 
turns yon extrinsischen Fehlern in/blge der erh6hten 
Peljc,klion der Korngrenze/1,s'lrttktttr. 

Des e.vp&'ienees mem;es conjoin temenl s u r  A 12 03,/TiC 
(A TC) el sur de la zircone t&ragonale ZF02[ Y203 )/ 
Ale03 (TZP-A)  mettent en &'idem'e une distribution 
radica/en?ent d({l~,rente de hi pllase amorl~he au.v 
,ioints de grclin. CcT)endatll, chins [es deu.\ types de 
eeramiques, h,s J'aeettes de grain sonl exeniples de 
dOjbuts tels que des micropores ( qui sont O'piquement 
obsercc;s &ins les alumines ./)'ill&,s) et sont, en 
consOquenee, earac't&'isOes par une t&laeit{ {/ec&' ~h,.s' 
joints de ,~rain. Par ailleurx, ht tOnacitO maeroscotffque 
de let e&'amique TZP-A est the monte orth'e que celh, 
des eOl'CllIIiqlles A TC lle conlporlalit pas de trails'- 
Ibrmatio., car h, ren/breement par fran.~'li.'mafio, tic, 
phase, hien qu'&ant le seul m&'anisme de dissipation 
important darts TZP-A, rel.x;sente une contribulion 

plu t f t  faible. Donc, en comparant des mat6riaux 
comme A TC el TZP-A,  poss&hmt des structures de 
joints de grain el des m&'anismes de ret!/brcement 
d([l~;rents, an arrive h la conclusion que leur rOsistanee 
m&'anique O/evPe /?'esl pas due h utIe tOtlacit{ 
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macroscopique amkliorbe, mais ?: un renforcement 
intrinsOque de leurs microstructures, dont dbcoule une 
t&Taciu; des jo#lts de grain ambliorke qui fournit  un 
mbcanisme similaire d'augmentation de la r&istance 
indbpendent des processus dissipatfs: la lhnitation 
de la croissance subcritique habituelle des dbfants 
extrinskques, due ~ l'amOlioration des structures de 
joint de grain. 

Notation 

2ao + s 

Cm-zr02 

3, Dm~ x 

Gc 

KIIc SB 

K~Sf N" 

K,~ 

KC 

PIF 

AT 

Vm 
Xm 

ZXXm, 
ACm_z o2 

Average size of flaws at triple-point 
junctions (existing as voids or filled with 
glass) plus standard deviation 
Concentration of monoclinic ZrO z re- 
lated to the whole structure ( = X  m 
multiplied by the volume contents of 
ZrO2) 
Average (linear intercept technique) and 
maximum grain sizes in sintered struc- 
tures 
Young's modulus (Eo: theoretical value 
of damage-flee structures) 
Frequency of triple-point flaws (voids or 
filled with glass) 
./.a related to the frequency of all triple- 
point junctions (completely and incom- 
pletely sintered) 
Macroscopic critical energy release rate 
Macroscopic toughness of polycrystal- 
line structures (samples), measured by 
different methods: 
Indentation strength in bending 
Single-edge notched beam (notch width 
here 0"1 mm prepared before sintering to 
avoid preparation-induced martensitic 
transformation) 
Fracture toughness of monocrystalline 
bulk material (crystal lattice) 
Critical stress intensity (toughness) of a 
fracturing grain boundary (depending 
on the microstructure of the interfaces 
between two grains) 
Percentage of intercrystalline fracture 
along a crack path 
Temperature difference used to calculate 
strains resulting from thermal misfit 
: Cm.zrO2 @ A C m . z r o  2 
Spontaneously generated monoclinic 
contents (related to the ZrO2 phases 
only), measured by X-ray technique 
Stress-induced increase in X m, Cm.ZrO2 
on fracture surfaces 

~ZrO2' 
~A1203 
rotK °) 

i--,gb 

~t/m 

P, Pth 

Omc 

(re 

ag o 

a,(r) 

O'pc 

O-~e s 

(O 

Average coefficients of thermal expan- 
sion in ZrO 2, A1203 
Macroscopic fracture energy (fracture 
toughness) of a microcrack-free struc- 
ture without contributions of energy 
dissipative processes 
Fracture energy of a grain boundary 
Transformation strain 
Poisson's ratio 
Density of sintered structures (p,h= 
theoretical value) 
Density of microcracks that intersect the 
macroscopic fracture surface of a sample 
Macroscopically measured fracture 
strength of polycrystalline samples 
Grain boundary strength (~ K ~ / ~ o  or 
~. K~cb/(2ao + s) 1/2) 
Localized at some stress concentrator 
microscopic stress field 
Initiation stress for martensitic trans- 
formation 
Effective residual tension stress due to (i) 
thermal misfit and thermal expansion 
anisotropy, and (ii) visco-elastic 
relaxation 
Damage parameter (= (2/9)Pmc) 

1 Introduction 

Well-known concepts treating grain boundary 
energies (F "b) in metals 1 and ceramics 2 can be 
related to stress intensity (K~c) formulations by 
inserting F "b instead of F into the general relation- 
ship Kit= [2EF/(1-v2)]  1/2 where E is Young's 
modulus and v is Poisson's ratio. A measuring 
method for the critical stress intensity K~c that 
characterizes the toughness of plain macroscopic 
interfaces has been proposed by Suga & Elssner. 3 
Similarly, the microscopic equivalent is the interface 
between two grains, the grain boundary, which 
can be described by a grain boundary toughness 
K~cb. 4 

Hence, just as on the macroscopic scale, the grain 
boundary strength depends on K~  and on the size of 
flaws existing adjacent to the fracturing interface 
(e.g. small pores at the position of triple-point 
junctions). Grain boundary structures with im- 
proved microscopic K~ b should be able to raise both 
the macroscopic (sample) toughness at crack insta- 
bility and the resistance against subcritical crack 
growth. The latter reduces the finally developed 
critical flaw size and may result in an increase of 
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strength which is more pronounced than that of the 
toughness Kit. s 

Different grain boundary toughnesses have been 
measured depending on doping concentrations 4 and 
on sintering atmosphere, 6 and are observed to be 
associated with the occurrence of amorphous grain 
boundary films. For aluminas sintered with and 
without additions of unstabilized zirconia it has 
been demonstrated by high-resolution TEM that 
grain boundaries containing amorphous phases 
coexist with entirely glass-free interfaces; 7 even if a 
triple-point junction is completely filled with glass 
the amorphous phase frequently does not enter the 
adjacent boundaries. The frequency of amorphous 
interfaces in such structures is increased by powder 
processing technologies that enhance the glass 
concentration an effect that is often accompanied 
by a decrease in the grain boundary toughness. 

This decrease should be the more pronounced if 
the occurrence of amorphous films favours the 
development ofmicropores within the fiat boundary 
facets as observed previously.'* Figure 1 presents an 
example of a replica TEM micrograph showing the 
fracture surface of hydrogen-sintered alumina 
doped with 0.15wt% MgO and 0"06wt% Pb, and 
containing an impurity level of about 0-3 wt% SiO 2. 

Clearly most of the grain surfaces are decorated by a 
lot of micropores with a size of 50-150nm. Any 
misinterpretation of these features as random 
artefacts is excluded by the existence of plain and 
almost defect-free transcrystalline fracture areas. 
Nonstationary nucleation s and growth of such 
microporosity have been discussed as being pro- 
rooted by 

(i) high residual microstresses, 
(ii) low microviscosity or high diffusion const- 

ants within the interfaces, 9 and 
(iii) sufficiently long time periods of cooling 

through the temperature interval corre- 
sponding to rigid grains but deformable 
interface regions. ~° 

The three conditions together are required to 
generate grain boundary microporosity which, 
therefore, can be suppressed by avoiding just one of 
them. For example, rapid cooling is observed to 
increase the strength, of, of sintered alumina at 
almost unchanged residual stress due to a mech- 
anism of kind (iii). 1~ The same examinations have 
revealed lower residual stresses in alumina sintered 
in air than after sintering in hydrogen, and it is just 
the air-sintered ceramic that exhibits an especially 
low micropore density according to mechanism (i) 
and associated with the highest K~. 6 

Fig. 1. C/PI replica micrograph of the fracture surface of 
hydrogen-sintered alumina doped with 0.15wt% MgO/0.06 
wt% PbO and with an impurity content of 0.3wt% SiO 2. 
Micropores are visible on most of the grain surfaces (before 

fracture: grain boundaries}. 

In addition to amorphous phases and micropores, 
the spatial and size distribution of incompletely 
sintered triple-point junctions is a third feature 
expected to affect the micromechanical perform- 
ance. A favourable, if only indirect, influence of 
decreasing grain sizes can then enaerge from at least 
two processes: the size of triple-point pores de- 
creases (at constant sample density) with the grain 
size and, during the cooling of the sintered struc- 
tures, the smaller grain sizes bring about an intense 
relaxation of developing residual stresses, thus 
hindering the generation of microporosity. 

The present study was intended to establish 
whether, in ceramics with median macroscopic 
toughness K~, technological measures based on 
mechanisms (i) and (ii) to suppress grain boundary 
microporosity would be able to enhance the 
strength, e.g. by reducing the subcritical growth of 
extrinsic flaws. To find an answer that is generally 
valid the question was addressed examining ex- 
tremely different structures: as an example in the 
sense of mechanism (i) a transformation-free struc- 
ture (AI_,Og/TiC [ATC]) without any amorphous 
boundary phase was used, and submicron Y-TZP 
(tetragonal ZrOx stabilized with Y203) where all 
interfaces are covered with glass was tested with 
respect to mechanism (ii) To avoid misinterpreta- 
tions caused by the mentioned extremely different 
grain boundary structures in ATC and in Y-TZP 
sintered alumina was included into the investi- 
gations as a second transformation-free material. 

To evaluate the possibility of an increased 
strength due to improved grain boundary perfection 
and reduced subcritical growth Y-TZP will be 
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suitable only if its failure is not simply initiated by 
very small intrinsic (associated with the small grain 
size) Griffith flaws. Hence questions have to be asked 
about the character of the defects that initiate 
fracture in Y-TZE 

Recent attention has focused on Y-TZP as being 
the first pressureless sintered ceramic with a simple 
globular (equiaxed grain) microstructure and a 
bending strength of about 900-1300MPa without 
reinforcement by fibres, whiskers or elongated 
grains. ~2a3 The strength can be further increased by 
hot isostatic pressing and by adding 10-40wt% 
alumina--al though with 3mo1% 3(203 the macro- 
scopic K~c usually does not exceed 6 M P a x ~ .  14"15 

The fine ZrO2 powder raw materials and the 
influence of 2-3 tool % Y203 additions 16 allow green 
bodies to be sintered to densities of 98-99% of the 
theoretical maximum at fairly low temperature, 
preserving small ZrO 2 grain sizes of about 0"4- 
0'8 llm. It has been argued by Hoshi et  al. 17 tha t - -  
additionally to an influence of Kic due to trans- 
formation toughening--the high strength is caused 
by the small grain size assumed by Wang et  al. 18 to be 
associated with corresponding small (intrinsic) 
Griffith flaw sizes. 

This interpretation is substantiated by experi- 
ments with single-phase, transformation-free alum- 
ina ceramics: here, too, the strength is almost 
doubled (to about 700MPa with conventional 
powder processing) when fine dispersed raw 
lnaterials enable sintering to 99% density at low 
temperatures, resulting in small grain sizes of 0"8 
l~m. lv'l~ Further, whereas the 'usual' strength of 
pressureless sintered alumina toughened with about 
12vo1.% of unstabilized ZrO 2 (ZTA) is 600-700 
MPa, there are examples of 1250-1400 MPa with an 
extremely narrow grain size range of 0"3 2"0gtm and 
with a toughness of only about 4'5 M P a x ~ .  2°'21 
Additionally, Shin et  al. 22 have noticed improved 
strength in HIP-ZTA associated with a d e c r e a s e  in 
the stress-induced transformation--indicat ing a 
reduced influence of energy dissipation on the 
strength in the range above 900 MPa. 

However, there is one strong argument against 
small intrinsic flaws proportional to the grain size 
acting as the main cause for such high strengths. It 
emerges from the mechanical data of just those high- 
strength-small grain size zirconias and aluminas 
that applying simple fracture mechanics gives the 
size of the critical flaw at instability (Klc/O-f) 2 in the 
range between 101tm (TZP) and 40/tm (AlzO3)--a 
fair order of magnitude more than the respective 
grain sizes but close to the usual sizes of extrinsic 
flaws produced due to technological shortcomings. 

It is another objective of this study to give 
evidence about the extrinsic or intrinsic character of 
the flaws which are responsible for the fracture of 
fine-grained Y-TZP. 

2 Materials and Methods 

Fundamental  data and processing parameters are 
documented in Table 1. Homogenization of the 
a lumina/ t i tanium carbide material (ATC) was 
achieved by attrition milling in water for 40 min with 
85% A1203 balls, whereas all other ceramics were 
prepared with a planetary ball mill. Different 
structures of tetragonal zirconia polycrystals (TZP) 
were fabricated with low (TZP-L: 0"2 wt %), medium 
(TZP-M: 0.5 0 '6wt%) and higher (TZP-H: 0.8 
wt%} SiO 2 concentrations, divided into batches 
with coarse (index C) and with very fine-grained 
(index F) alumina additions; since all of the TZP 
structures investigated here contain some AlzO 3, the 
index A used in the abstract is omitted. The coarse 
alumina grains, introduced to produce large flaws by 
differential sintering as described by Tuan & 
Brook, 23 have been generated using low-strehgth 
alumina milling balls of different impurity levels 
with coarse grains. Two TZP-MC structures with 
different A1203 grain size distributions had to be 
prepared to evaluate (i) the possible influence of 
rising SiO 2 concentration at constant grain size (LC 
MC[a]) and (ii) the effect of different A1203 grain 
sizes at a constant SiO2 content (MC[a]-MC[b]) .  
All specimens were pressed uniaxially with 200 MPa 
fi'om freeze-dried powders. The final dimensions of 
sintered bars were 6 × 4 x 50 mm 3. 

For comparative purposes alumina and zirconia- 
toughened alumina (ZTA) ceramics were prepared 
by basically the same technology as that used for 
TZP but with addition of 0"15 wt% MgO and 0'06 
wt% PbO to prevent exaggerated grain growth and 
to yield small concentrations of a low viscosity grain 
boundary glass phase. A range of technological 
measures was used for the production of the well- 
known standard materials to get a general idea 
about the performance independent of one special 
technology. Therefore, for A1203 and ZTA, Tables 1 
and 2 give some ranges for the evaluated parameters 
arising from, for example, different sintering atmo- 
spheres or different raw materials for the ZrO2 
addition. 

Sintering conditions were varied in a first step. For 
example, for TZP the tested range of parameters was 
constant heating rates between 1 and 100 K/min, 
temperatures 1250 160OJC and isothermal hold 
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Table 1. Fundamental  data for the examined materials: raw materials, opt imum sintering conditions used and most important 
parameters characterizing the resulting sintered structures 

AlzO 3 ATC ZTA TZP-LC TZP-MC[a] TZP-MC[b] TZP-HF 

Composition AI203 
(wt%) +0-15 MgO 

+ 0.06 PbO 
+ 0.2 0.4 SiO 2 

Basic raw Alcoa A 16SG 
materials 

Sintering 1560 1600 C, 
conditions 1-2-5 h, 

H 2 or air 

p. g/cm 3 3-92 3-94 

P"I%, % 98'3 98'8 

/)(Dm,.x),/~m 2.5 3.0 

E, GPa 375-390 
E/E,, 0"94 0"98 

- ~ t n  

Cm z,)~, vol.% 
AYm 
AC,n-z~o, 

A1203 AI203 ZrO2(Y203) ZrO2(Y203) ZrO2(Y203) ZrO2(Y203) 
+ 4 0 T I C  + 17ZrO 2 + 16 AI203 + 28 A1203 + 25 AI203 + 6 AIzO3 
+0"5 SiO2 +0.15 MgO +0"15 SiO2 +0"6 SiO2 +0"5 SiOz +0"8 SiO2 

+ 0"06 PbO 
+ 0-2-0"4 SiO2 

CT 3000SG Alcoa A 16SG Dynazirkon F-5Y 
+ Starck TiC + Soviet ZrO2 

(c.a.s.) or ZrOCI 2 . 
8 H 2 0  

1800'C, 3 h, 1500-1580 C,  140OC, 6 h, 1500'C, 2 h, 1450' C, 4h,  1350' C, 4h, 
Ar + HIP: 1 h, H 2 air air air air 
1400" C/2 h, 
Ar(100MPa)  

4-23 4" 14-4-18 552 5" 15 5-28 5"93 
98"3 98"0 98"9 98.4 98'8 99.0 100 

A1,O3:2"8 AI203:2"2 ZrO2:0"6 0"7 0"6 0'25 
TiC: 1"8 ZrO2:1"1 A1203: 1'8(8) 1-8 (7) 2.0 (20) 0"6 (2) 

390 350 360 220 265 240 210 
0-98 0.94 0.84 0"92 0-85 0-93 

0.29 0"03 0"05 0"06 0"02 
3-3 23 3'2 4'0 18 

+0"10 + 0 1 4  +0"17 +0 '10 +0"11 
1"2 11'2 107 6"6 10'0 

Symbols used tbr TZP ceramics: L/M//H--low/median/"high SiO 2 contents; C /F  coarse/fine-grained AI203 additions. 

times 1 8 h. Since the objective of  the work was not 
to study the effect of  differing sintering conditions 
but to evaluate interdependences between micro- 
structures and macroscopic properties as generally 
t.wical for the different materials, Tables 1 and 2 
present sintering results for only those conditions 

that produced the highest strength for ATC and for 
TZE respectively. 

The density p was measured following Archi- 
medes" principle, the average grain size /3 by the 
linear intercept technique. Young's modulus E was 
determined from the resonance frequency of bars, 

Table 2. Quantitative results of  structural observations and macroscopic mechanical parameters. The density of  microcracks 
intersecting the fracture surface is Pm~' See text for parameters that characterize triple-point size and frequency 

A [2 03 A TC Z TA TZP LC TZP MC[a] TZP-MC[b] TZP HF 

K~", MPax/m 1.4 1.8 2-3 (1.8j - -  ( ~ 5) 
gO ' *L  K k ,, Kit 0"58-0"74 0"98 0"74 ~ 1 

o~h, GPa 1"6 2"1 4-0 (2"8) 20 35 

2ao + s, ttm 0"6 ± 0.40 0'31 _+ 0'20 0"35 ± 0"32 0"05 + 0"05 
0"69 _+ 0"55 

fa, x 109 m -z 21 47 38 79 300 
tr~ 0 153-0343 0"224 0-185 0'075 
p,,¢ 0"73 1'16 0"75 1-8 1'4 

r. 
I S B  K k , M P a , f m  3"7-3'9 4"8 

KS rN", M P a \ ' m  3.5-3.9 - 5'3-6"3 4'4 4'3 5"4 4"3 

crf, M Pa 
2 0 C  400+30  Sintered:664 ± 18 600±55  974_+ 13 731 ± 17 942+72  689_+53 

~460 ± 40 + H I P : 7 5 3 ±  14 -665 ± 35 
1000 C - -  738 ± 84 370_+_ 45 - -  - -  392 +_ 12 

Calculated results for Kt~ and o-g ° are given in parentheses. 
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and the monoclinic amount of Z r O 2 ,  X m (related to 
all ZrO2 phases), was assessed from monoclinic, 
tetragonal and cubic (111) reflections using Co-K, X- 
rays. From the volume contents of all ZrO2 phases 
the concentration of monoclinic ZrO2, Cm.zro 2 
(related to the whole sintered structure), was derived. 

The occurrence of monoclinic Z r O  2 in unstressed 
structures was due to the spontaneous martensitic 
transformation of originally tetragonal zirconia 
grains during cooling of sintered specimens. High 
residual stresses are then generated, 24 which, 
depending on Cm.zro2 and matrix properties, may 
or may not provoke spontaneous microcracking. 25 
Since this kind of microdamage is reflected in the 
elastic behaviour but not in the relative density 
(p/p,,,), Table 1 includes (E/Eth) for all the examined 
materials. 

The grain boundary toughness K~g~ was estimated, 
as has been introduced previously. 4 The basic idea is 
that under conditions of slow, quasi-static crack 
growth the ratio of K~ to the lattice value K~/. will 
determine the percentage of intergranular fracture 
(PIE related to the whole inter- and transgranular 
fracture path): 

Kf~/K~ =f(PIF)  (1) 

It had been shown that in a two-dimensional 
analysis the functional dependence f(PIF) is the 
same one as that of./(~) describing the decrease of 
the stress intensity K~ at some inclination ~ of the 
crack plane against the tension stress. Whereas in a 
first treatment the relation for a crack inclined as a 
whole, Kl(~)=1(~)= cos 2 :¢, had been used, it was 
understood that this f(:0 would become increasingly 
incorrect at large PIF: 6 when studying the behaviour 
of the tip of a slowly propagating crack, it is more 
realistic to address the crack as a straight one with a 
short inclined tip, e.g. just circumventing a grain. An 
elaborated analysis of the problem gives a weaker 
dependence on ~ than cos 2 c~; this has been graphi- 
cally represented by Cotterell & Rice 26 and is 
reproduced in Fig. 2. This .1(:0 is used here to 
calculate K~b/K~ =./(PIF). 

TEM micrographs were used to measure the 
average size 2a o of triple-point flaws (voids or glass- 
filed pores), the standard deviations s of this 
parameter and the frequencyf a of these microscopic 
stress concentrators. Related to the frequency of all 
of the triple-point junctions (completely sintered, 
incompletely sintered but free of glass, pores filled 
with glass),./~ gives the relative density of that kind 
of flaws. 

C Pt replicas were prepared from fracture sur- 
faces for two purposes. Firstly, replication was used 

PIF (*/,) 
0 10 20 30 40 50 60 70 80 90 100 

1 , i ~ I i i i i 

I I i I i I I 

OI 10 ° 20 ° 30 ° 40 ° 50* 60 ° 70 ° 80 ° 9 0  ° 

Fig. 2. Angular dependence of the crack tip stress intensity K~ 
for an inclined crack and for a crack perpendicular to stress with 
an inclined tip of infintesimal length, 26 used to determine the 
ratio K~/K~ of the critical stress intensities of grain boundary 

and crystal lattice. 

to reveal microcracks which intersect the fracture 
surface, and a quantitative determination of this 
crack density, Pine, can be performed. 25"27 Secondly, 
tiny micropores as shown by Fig. 1 usually are very 
flat, lens shaped and, therefore, extremely difficult to 
identify by high-resolution TEM but are well 
reproduced by replica micrographs. 

The macroscopic fracture toughness K k of the 
transformation-free ceramics was determined by 
measuring the indentation strength in bending (ISB) 
at a Vickers load of 10 kg. 28 The basic presupposi- 
tion of this method is that the ratio of the indent size 
to the produced crack length is describable by the 
ratio of elasticity to hardness without influence from 
other factors that do not affect ElM. 29 Hence 
erroneous results may be produced when applying 
this ISB technique to materials with different degrees 
of load-induced phase transformations and, there- 
fore, varying residual stresses. For example, Hecht et 
al. 2° found significant differences up to 150% for a 
variety of ZTA, Mg-PSZ, Ce-TZP and Y-TZP 
materials when comparing Ktc measured by con- 
trolled flaw and by microindentation methods, 
respectively. Therefore a single-edge notch beam 
method (SENB) has been proposed in which a 
0.1 mm narrow notch is produced before sintering, 
avoiding any additional transformation of ZrO 2 
grains on notching or reannealing sintered struc- 
tures. 25 This method has been used here for A1203  

(for comparative purposes), for ZTA and for all 
kinds of TZP materials. As a previous test, both the 
ISB and the SENB techniques were applied for 
sintered, 98"5% dense A1203 with an average grain 
size of 2"5 #m, and the results were almost identical: 
KI ISB- 3"7-3"9 MPav/m, KI sENB: 3"5-3"9 MPax/m. 

c - -  

All K k and strength data were obtained in three- 
point bending tests with a cross-head velocity of 0"5 
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(strength) and 1 mm/min (K~c). The span was 25 mm 
for Kit, 30mm for room-temperature strength 
testing and 40mm when measuring at 1000°C in a 
vacuum. A1203 and ZTA specimens were tested in 
the as-sintered state, whereas ATC and Y-TZP 
samples were ground with a resin-bonded 40-50 #m 
diamond wheel--a treatment that avoided grinding- 
induced transformation and resulting residual stress 
influences on the strength. 

3 Experimental Results 

3.1 Structural observations 
General characteristics of the examined ceramics are 
concentrated in Table 1. In contrast to hydrogen- 
sintered A1203 (Fig. 1) and ZTA, fewer grain 
boundary micropores were detected in air-sintered 
alumina at the same doping and impurity level, and 
almost no such pores were observed in ATC (Fig. 
3(a)) and in TZP (Fig. 3(b)) in spite of the basically 
different distributions of glass phases in the bound- 
ary regions of those latter materials. TEM analyses 
revealed the following features (for high-resolution 
TEM micrographs see Refs 7 and 30). 

- - In  ATC all of the grain boundary facets are free 
of any amorphous films or thin crystalline 
third-phase layers. About  1/5 of all of the triple- 
point junctions are incompletely sintered ()'~ in 
Table 2), existing almost exclusively as glass- 
free voids. 

- - In  both A1203 and ZTA the typical situation is a 
coexistence of neighbouring grain facets with 
and without glassy interfaces. The frequency of 
incompletely sintered triple points, most of 
them being glass-free pores, is about the same in 
A1203 and ZTA as in ATC. Their size, however, 
is doubled in alumina with respect to ZTA and 
ATC (Table 2). 

- -Only in TZP are all of the grain boundary facets 
covered with glass at a SiO2 content of 0-2-0"5 
wt%; the thickness of these amorphous films 
(about 0"6 nm) is somewhat less than in A1203 
or in ZTA. The absolute frequency of triple- 
point flaws, almost all of them filled with glass 
in TZP, is very high because of the small grain 
size and the resulting large number of triple 
junctions per volume. On the other hand, their 
size is extremely small for the same reason, and 
their relative frequency is remarkably low. 

In spite of the perfect microstructure of the TZP 
matrix with the lowest relative frequency and 
smallest size of (glass-filled) triple flaws and with 

(a) 

(b) 
Fig. 3. C/Pt replica micrograph of micropore-free grain 
boundaries on fracture surfaces of(a) ATC (A1203/TiC with 0.5 
wt% SiO2) and (b) TZP-MC[b] (ZrO//3 mol% Y303 with 25 

wt% of coarse-grained A1203 and 0.5 wt% SiO2). 

interfaces that are free of microporosity, the amount  
of unstably formed regions of intergranular fracture 
was found to be largest in TZP, as is typical for very 
fine-grained structures (>90% in AI20 a free sub- 
regions). It is much smaller (58%) in ATC, which is 
free of  microporosity and of  amorphous interfaces 
and has a larger grain size than Y-TZP. The crack 
density detected on fracture surfaces is lowest in 
ATC (0.75) and in air-sintered alumina (0.73) but is 
somewhat increased in Hz-sintered A1203 (1'16). It is 
on a median level in TZP (1"4) and highest in ZTA 
11"8). 

It has been suggested that the stress concentration 
at a propagating macrocrack provides local stresses 
which, close to the tip, are higher than any grain 
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boundary strength that has yet been measured in 
alumina, with the consequence that the generated 
microcrack density should not depend primarily on 
K,~ but on the local sizes and associated width of 
distribution ofmicroflaws. 4 This idea agrees qualita- 
tively with the results for transformation-free 
structures presented in Table 2: with similar residual 
stresses, the materials with the lowest triple pore 
frequency (air-sintered AlzOa: fr~, = 0"153) and the 
smallest pore size (ATC: 0.31 ~m) exhibit the smallest 
microcrack densities of 0"73-0.75. 

To ensure a low degree of  spontaneous martensitic 
transformation (in Table 1 X m relates to Z r O  2 and 
Cm ZrO2 relates to the whole structure) it is sufficient 
to ineet one of the following conditions (Table 1): 

- - low silica content at /)(ZrO2)~ 0"6 pm (TZP- 
LC); 

--reduced Z r O  2 grain size at a n  SiO 2 content of 
0-5-1% (TZP-HF: 0.25 pm). 

However, stress-induced transformation on fracture 
is obviously governed by other features: all of the 
examined TZP structures on fracture revealed the 
same AX m ~ 0.14 + 0"04. 

/a) 

3.2 Mechanical measurements 
The result of crack path studies is exemplified by Fig. 
4. The percentage of intergranular fracture was in 
the range of 55-75% for the various aluminas 
investigated, but only 12% for ATC. With eqn (1) 
and Fig. 2 these PIF give K~f, as documented in 
Table 2. The grain boundary fracture toughness is 
about 40% higher in ATC than in pure A1203 

ceramics, a result that agrees well with the observed 
absence of any glassy grain boundary phases and of 
interface pores in ATC. To calculate the absolute 
value given in Table 2 an averaged KL=2"35 

M P a x / m  (according to the volume contents of 
AI203 and TiC) was used, based on the data 

K~(A1203) = 2-5 M P a x / m  and KL(TiC) = 2.2 
MPav/m,  as derived from various sources. 31-34 

Compared with A1203, the improvement by 40% 
in K,~ is associated, however, with an increase of the 
macroscopic K~ by only about 30%, whereas the 
strength is increased by 50% (sintered ATC) or even 
75% (HIP-ATC), respectively. Hence there must be 
additional mechanisms that are responsible for the 
high room-temperature strength of ATC besides 
that of the macroscopic toughness. No significant 
change in the strength of ATC has been observed 
from room temperature up to 1000°C. 

Crack propagation-induced martensitic trans- 
formation in ZrOz-containing ceramics is demon- 
strated by AX m and AC,,_zro2 in Table 2. Resulting 

(b) 
Fig. 4. Scanning electron micrographs showing radial cracks 
emanating from Vickers indentations: (a) crack tip in alumina 
(as-sintered surface); (b) crack in ATC (thermally etched surface). 
The percentage of intergranular fracture (PIF) was observed to 
be independent of the investigated location along the crack and 
unaffected by the used regime of thermal etching that, however, 
produced some surface porosity at 1400°C/2 h/Ar(CO). PIF is 
obviously smaller in ATC, representing an increased grain 

boundary toughness. 

residual stresses might affect PIF and produce 
incorrectly calculated Kff values. Therefore this 
method should not be used to evaluate the interface 
toughness of such materials. However, the micro- 
crack density in ZTA can be compared with the 
various TZP structures listed in Table 2: in TZP Pmc 
is much lower in spite of a significantly enhanced 
ACm zro2 and associated increased residual stresses 
actir/g on fracture. This is an indication of a raised 
K~  in TZP (free of micropores (Fig. 3(b)) and 
containing a very low relative frequency of ex- 
tremely small triple flaws). It turns out that under 
such circumstances microcracking is not promoted 
by amorphous grain boundary phases, the frequency 
of which is much higher in TZP than in ZTA. All this 
reasoning leads to the conclusion that an approxi- 
mation, K~ ~ K~, should work for TZP just as has 
been measured for ATC. However, tetragonal Z r O  2 

(3 mol% Y203) monocrystals show very high K~ = 
6 -9MPax /m.  35'36 Regarding the macroscopic 
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toughnesses of the investigated TZP materials in 

Table 2, K{~ ,~ K~ ,~, 5 M P a x / ~  is assumed to be a 
realistic estimate. 

There is no ready indication of transformation 
toughening in TZP: in comparison with ZTA 
significantly enhanced ACm.z~o: are associated with 
lower KI¢ (Tables 1 and 2), and no correlation 
between K~¢ of different TZP and their ACm.z~o: can 
be found. 

Some influence of microcrack toughening might 
be suggested by the increase of the crack densities 
and of K~¢ in the pure oxidic materials ranking 
A 1 2 0  3 < TZP < ZTA (Table 2). On the other hand, 
ATC has almost the same toughness as TZP but with 
a fairly low microcrack density. This, however, gives 
no bias against a microcrack mechanism as long as 
the effects of the different residual stresses and of K~ 
are not considered (cf. Section 3.3). At higher 
temperatures the TZP MC[b]  exhibits a similar 
drop in strength, as observed with ZTA in spite of the 
high A1203 content of 25%. 

3.3 Complementary calculations 
In addition to the high K~, a further contribution to 
an increased grain boundary strength of TZP should 
result from the small size of microscopic stress 
concentrators. Since microfracture will be initiated 
by the larger of the flaws, it has been proposed to 
estimate the microstrength with 

a~ b= x ~  K~b/x/2(2ao + s) (2) 

instead of using the average size 2%. 4 For TZP this 
procedure would give a grain boundary strength of 
about 20 GPa in the presence of usual triple-point 
voids. In TZP, however, no such voids exist because 
all incompletely sintered triple junctions are filled 

with glass. The glass increases the triple-point/ 
matrix ratio of Young's moduli from zero (for a 
pore) to about 0"3, and for aspect ratios of 0.5-2 this 
effect reduces the local stress to about 0-55 (Kreher, 
W., pers. commun., 1990). The consequence is a 
further increase of the effective a~ b in TZP to about 
35 GPa (Table 2), and the difference compared with 
other ceramics might become even greater when the 
low relative triple flaw frequency in TZP is 
considered. Because of very similar grain boundary 
structures K~g~ in ZTA is expected to be on the same 
level as in AI203 with a somewhat higher micro- 
strength due to smaller triple flaws. 

As mentioned in Section 3.2, to evaluate the role 
of competing energy dissipative mechanisms the 
ratio of residual stresses to the critical stresses 
initiating microcracking (ar gb) or phase transforma- 
tions (%¢) must be incorporated, in addition to the 
degree of transformation ACm_z~o: and the gen- 
erated crack density Pmc" The model proposed by 
Kreher treats within one framework (I) microcrack 
dissipation of stored elastic strain energy in single- 
phase ceramics, (II) microcracking around trans- 
formed monoclinic ZrO2 and (III) transformation 
toughening 37'3s (including wake effects). In Table 3 
E 0 is the Young's modulus for undamaged structures 
(free of microcracks) and a~ h and ap~ are used as 
introduced previously (ape is evaluated with a 
formula given by Ref. 39 and using experimental 
data for the size of transformation zones in ZTA and 
Y-TZP). The volume contents ACm.z~o2 of trans- 
forming ZrO 2 are taken from Table 1, and V m = 
Cm.Z~O_, + ACm.z~o2 is the sum of the spontaneously 
generated and of the fracture-induced monoclinic 
contents. The linear strains from transformation 
and thermal misfit are estimated with commonly 
known data for A T =  - 1500 K. The residual tension 

Table 3. C o m p a r i s o n  ot" the  effects o f  (1) m ic roc rack ing  due  to the rmal  m i sma t ch  (or expans ion  an iso t ropy) ,  o f  (1I) mic roc rack ing  
a r o u n d  t r a n s f o r m e d  monoc l in i c  Z r O  2 particles,  and  o f ( l I I )  mic roc rack- f ree  t r a n s f o r m a t i o n  t o u g h e n i n g  using the model  0I" K r e h e r  3s 

with Po i s son ' s  rat io v = 0'2 

A 1203 A TC Z TA TZ P M C[h] 

E o, G P a  400 400 360 
ate h, G P a  2 4 28  

ave, M P a  - -  1"3 
ACm ZrO2' VOI'°/° 1"2 
V.,,, vo l .% 4"5 
~: . . . .  % 1"4 

(~z,o2 - Z~A~2O0 AT, % - -  - - -0 '3  
a~e ~, M P a  60 60 AI203 ma t r ix :60  
co 0" 16-0"26 0" 17 0"40 

Diss ipa t ion  m e c h a n i s m  I I I I1 
G j 2 F ° (  1 - u)) 1"03-1 "07 1"04 1" 13 4" 14 
Gc/2V ° 0"87~0"97 0"86 0"68 2"48 
KIUK(~c ~ 1 ~ 1 1"6 

215 
35 

1"7 
8 6  

12"6 
1.4 

- 0 ' 3  
~ 0  

0.31 

I l l  11 Ill  
2"34 1-08 1'31 
1.40 0"75 0 9 0  

- -  ~1  
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stresses have been measured in A120311 and in 
ATC; 4° they are expected to be near zero in the fine- 
grained TZP due to its extended ability for 
relaxation. With the microcrack densities p,,~ from 
Table 2 a damage parameter for arbitrary micro- 
crack orientation is defined by o~ = (2/9)Pms. 

The resulting critical energy release rates are given 
in Table 3 for the three competing mechanisms 
related to the 'dissipation-free' toughness 2F ° (which 
becomes decreased by a factor (1-co) due to 
microcrack damage). Since residual stresses should 
be small in Y-TZP, no calculation for microcrack 
dissipation associated with thermal expansion 
anisotropy (I) was performed for this material. G~ 
calculated for this mechanism (I) in ZTA assumes all 
microcracking to be associated with (I) only--which 
is certainly not true: since preferred cracking around 
monoclinic ZrO 2 grains is observed, energy will be 
dissipated first of all by process (I|), and mechanism 
(I) must be overestimated in Table 3. 

The following results are indicated by Table 3: 

- -Fo r  usual A1203 and ATC ceramics no signifi- 
cant enhancement of the toughness occurs due 
to microcracking around the crack tip or in the 
wake. The most probable explanation for the 
difference between the macroscopic KI¢ of 
alumina (~3.SMPax/m) and the basic levels 
K~ and Ki~ (1.4-2.5 MPax/m)is  dissipation by 
crack branching and grain bridging as pro- 
posed first by Hiibner & Jillek 41 and by 
Knehans & Steinbrech. ~2 

- -As noted previously in experimental work, 25 
microcrack toughening is the dominating 
mechanism in ZTA explaining the 60% increase 
in toughness compared with A1203. 
Although transformation toughening is the 
most important dissipative mechanism in TZP, 
its contribution to the macroscopic toughness 
with about +30% is so small that it is only 
sufficient to balance the toughness decrease 
which is associated with microcracking de- 
scribed by (1 - ~o). Contrary to A1203 and ATC, 
in TZP with its fine grain size, crack branching 
should be unimportant: following Table 2, for 
zirconia K~¢ ~ K~ ~ K~--in good agreement 
with the estimation of dissipation mechanisms 
in Table 3 (assuming the dissipation-free level 
K ° in Y-TZP to be given by K ~  or by K~). 

4 Discussion 

The incorporation of 20/~m large A1203 grains in 
TZP-C (Fig. 5) is associated with the introduction of 

Fig. 5. Composite of four replica micrographs imaging the 
fracture surface of TZP-MC[b] (3mo1% Y203-ZrO 2 with 

25 wt% of coarse A1203). 

flaws due to (among other effects) differential 
sintering; resulting flaws are expected to approxi- 
mate the A1203 grain size. 23 Further, following 
Table 2, A1203/A1203 interfaces should exhibit 
lower K~g~ than ZrO2/ZrO 2 boundaries, and this 
local heterogenization of Kg~ in high alumina TZP/ 
A1203 may provide additional microflaws generat- 
ing cracking with all the possible useful or damaging 
consequences. However, at room temperature no 
detrimental effect of the coarse A1203 on the 
strength is observed. The conclusion is that both 
with such a high concentration of coarse A1203 and 
also at low contents of small AlzO3 grains (TZP 
HF as well as pure Y-TZP with similar strength of 
about 1000MPa) the macroscopic mechanical 
behaviour is not determined by small intrinsic flaws 
of the 0"6/~m TZP structure but, as suggested in 
Section 1, by more extended, at least about 20 ~m, 
large defects produced extrinsically, e.g. by powder 
processing, sintering or grinding. 

The microstructural observations and the data in 
Table 2 confirm the correspondence of micro- 
porosity within plain grain facets with the grain 
boundary toughness K ~  for transformation-free as 
well as for transforming ceramic microstructures. 
However, no simple correlation exists with the 
occurrence of amorphous grain boundary films, 
substantiating the idea of three independently 
working requirements for microporosity, as discus- 
sed in Section 1. Whereas in Y-TZP a continuous 
amorphous boundary phase prevents nucleation 
and growth ofmicropores by hindering the develop- 
ment of sufficiently high residual stresses, in ATC it 
is the absence of such glassy interfaces and the 
associated high boundary viscosity that produces 
the same microstructural result and enhances KI gb. 
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All of the examined ceramics reveal fracture- 
induced microcracking or crack branching well 
above the limit of significance but without a general 
correlation to K~c b. As demonstrated by TZP whose 
ACre ZrO2 is higher than that of ZTA but with a 
decreased crack density, homogeneously distributed 
amorphous interfaces and a high degree of stress- 
induced transformation do not necessarily promote 
microcracking. 

Instead there is some indication of a correlation 
between the crack density and the distribution of 
microflaws in agreement with the idea that isolated 
microcracks (separate from the macrocrack) are 
produced at the sites of such flaws due to the local 
stress concentration. Therefore the low degree of 
microcracking in TZP (compared with ZTA) is 
understood as a consequence of a high grain 
boundary strength promoted by a high grain 
boundary toughness and by the small size of glass- 
filled triple-point flaws. 

In ZTA and Y-TZP microcrack toughening and 
transformation toughening are the dominat ing 
microprocesses that dissipate stored elastic strain 
energy on the scale of some grain sizes (Table 3). 
Whereas in ZTA the mechanism provides a rela- 
tively high toughness, in TZP it only balances the 
detrimental effect ofmicrocrack damage. The reason 
is the high critical stress for the initiation of 
martensitic transformation in Y-TZP. Hence the 
macroscopic toughness of Y-TZP should be gen- 
erated by, finally, the high basic level of K~: for TZP 
the calculations (Section 3.3) resulted in KI¢ ~ K~ ° 
K~ u ~ K~i. It is this exceptionally high K~, probably 
due to some kind of energy dissipation mechanism 
within the grains as discussed by Michel et al. 36 and 
by Heuer et al., 43 that produces the macroscopic 
toughness. Of course there is no direct influence of 
processes inside the grains on fracture because of the 
very low degree of transgranular spalling, but 
similar mechanisms will take place at grain surfaces, 
giving rise to an enhanced boundary toughness as 
long as no additional interface damage occurs. 

As to ATC, the conclusions derived in Section 3.3 
from Table 3 suggest a similar macroscopic tough- 
ness tbr ATC as for A1203, whereas the measure- 
ments (Table 2) reveal K~(ATC) ~ 1.3KIc(AI203) and 
give approximately the same ratio for the K~c b. 
Although at present no theoretical model predicts 
the quantitative influence of K~ b on KI~, it seems 
reasonable to expect the increased K~  of ATC to be 
the reason for the improve macroscopic toughness. 
Therefore the macroscopic toughness of TZP and 
ATC has to be understood without energy dissip- 
ation above the scale of the grains. In both ceramics 

there is a perfect interface structure (Fig. 3) and a 
high K~ that play the deciding role. 

Then, comparing with the reference materials 
AI203 and ZTA, the final question is why with 'usual' 
extrinsic flaws both TZP and ATC exhibit an 
increase of the strength that is much more pro- 
nounced than that of their K~c. The idea that appeals 
most to the present authors is an intrinsically caused 
reduction of the growth of the extrinsic flaws, the 
original 'starting' size of which is always about 10- 
30 gm. Usually, on loading a ceramic part, such flaws 
grow subcritically along grain boundaries till they 
reach instability at a size of 50-150/tm, but in Y-TZP 
and ATC extremely high K~ b decrease the subcritical 
velocity by some orders of magnitude, and the result 
is a corresponding increase of the strength even at 
constant KIc. s Two recent observations substantiate 
this idea. Working on R-curves of Y-TZP, Anderson 
& Braun ~.4 found no influence of humidity and 
cross-head speed: no further reduction of  an 
eventual subcritical growth was possible. For ATC 
preliminary experiments made in the laboratory of 
the present authors showed the usual v~(K0" 
relationship, but compared with A1203 sintered 
similarly in a reducing atmosphere the crack growth 
velocity v in ATC was about 4 7 orders of magnitude 
lower than in A1203. 

Since strengthening by inherent reinforcement 
(increasing K~) appears to be associated with the 
production of micropore-free grain boundaries, the 
reduction of grain sizes will be a beneficial measure if 
microporosity is suppressed by reducing residual 
stresses under the condition of a homogeneously 
distributed amorphous phase: visco-elastic relax- 
ation occurs the faster the smaller the grain size. .5 Of 
course the high-temperature strength is naturally 
restricted with amorphous interfaces, at least for a 
glass composition such as is common in TZP with 
coarse A1203 additions. As demonstrated by Table 
2, it is the alternative way to suppress microporosity 
by increasing grain boundary viscosity (ATC) that 
gives a high strength not only at room temperature 
but also at 1000'~C. A reduction of the grain size will 
be favourable here too, since in any structure this is 
associated with a smaller size of microscopic stress 
concentrators and, thereby, increased grain bound- 
ary strength. It should be remembered, however, 
t h a t  in transformation-free as in transforming 
ceramics with or without amorphous phases a 
decreasing grain size almost always reduces the 
energy dissipative mechanisms discussed in Section 
3.3. 

In addition to the original aims of this work, the 
results enable further insight into the nature of 
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microcracks that intersect the macroscopic fracture 
surfaces. In Section 3.1 it was suggested that the lack 
of a correlation between crack densities and Kff 
occurs because close to the macrocrack tip the local 
stress concentration overcomes a~ 'b. Whereas this 
probably remains true for A1203 and ZTA, the 
hypothesis must be questioned for ATC and TZP in 
the light of their high aft (Table 2): evaluating the 
local stress at a distance r in front of a surface crack 
by al(r) = Ki /x /~ r ,  46 with the maximum K I = Ki¢ : 
5 MPaxflm, the local stress exceeds 5000 MPa at r _< 
0"3/~m. Regarding ag b and the grain sizes for ATC 
and TZP in Tables 1 and 2, it should be impossible to 
generate isolated microcracks by failure of indiv- 
idual interfaces separate from the macrocrack. 
Therefore the images of fracture surfaces used to 
determine the 'microcrack' densities (e.g. for Table 2) 
probably do not always show originally isolated 
microcracks that have linked up in a second stage: at 
least for TZP and ATC they are more likely to reveal 
traces of macrocrack branching and bridging, as 
discussed by Knehans & Steinbrech. 42 Nevertheless, 
the conclusion of an almost negligible contribution 
of microcrack toughening in both these materials 
remains correct. 

The interdependence of the concentration of 
amorphous phases and grain size with the strength 
of Y-TZP needs further examination. It has been 
argued by Whalen et  al. 4v that an increased S i O  2 

content in Y-TZP favours Y203 segregation in grain 
boundaries, causing a destabilization of the tetrag- 
onal phase. 4s Table 1 supports these findings as to 
the spontaneous  transformation in TZP/A1203 (cf. 
TZP-LC/MC) but rejects it as a generally working 
influence for the stress-induced transformation on 
fracture. 

Further, following the results in Tables 1 and 2, at 
similar grain sizes similar high-strength Y-TZP can 
be produced with 0.15 as well as with 0"50wt% SiO2 
(TZP-LC/MC); but with really equal grain sizes the 
higher strength was observed for the purer material. 
Hence no generally working description for the 
effect of SiO 2 under varying circumstances can be 
derived at present. 

As to the grain size, in addition to the effect of 
K~ ~ K~, the macroscopic toughness of Y-TZP 
might be raised by making use of the 30% increase 
due to process (III) in Table 3 if microcrack damage 
can be avoided in spite of  the high ACm.zro2. In fact, 
Anderson & Braun 44 have reported increasing K~c 
with growing grain size (i.e. decreasing ap~) in Y-TZP. 

Compared to Y-TZP, where Y203 reduces the 
grain growth 16 and stabilizes the tetragonal modifi- 
cation, stabilization with Ce gives a much higher 

toughness of 1 0 - 2 0 M P a x / ~  but with a modest 
strength of 600-800 MPa. 49 If the conclusions 
derived in the present work are correct, then the 
different strengths obtained with different stabilizers, 
such as Y, Ce, Mg and Ca, are caused first of all by 
different grain boundary structures due to different 
segregation, glass composition and stress relaxation 
(at different grain sizes), whereas a differing trans- 
formation behaviour may affect Kic. A comparative 
examination of grain boundary structures in differ- 
ently stabilized TZP ceramics would be informative 
in this connection. 

5 Conclusions 

(1) 

(2) 

Experiments with large AI203 grains (2-20 pm) 
within a fine-grained TZP matrix (0.6 #m) did 
not reveal any influence on the strength at room 
temperature. It is concluded that (a) the 
strength of this pressureless sintered Y-TZP is 
controlled by extrinsic flaws generated by 
powder processing, sintering and grinding, and 
that (b) the starting size of such flaws approxi- 
mates at least to that of the largest of the added 
A1203 grains. Therefore it turns out that the 
small grain sizes in Y-TZP do not result in a 
direct, adequate reduction of the original flaw 
sizes that initiate the macroscopic fracture. The 
important consequence is that the high strength 
of these ceramics should be caused by a 
decreased difference between the original and 
the final flaw size developed on fracture, i.e. by a 
strong limitation of subcritical crack growth. 
Previous examinations of different alumina 
structures revealed an interdependence of 
improved grain boundary perfection and rising 
K~. Further  experiments with AlzO3/TiC 
(ATC), the grain facets of which material are 
almost completely free of any amorphous phase 
and free of microdefects, give evidence that it is 
possible: 

(i) to raise K~g~ to a level of 0.90-0-95K~ by 
eliminating micropores due to the elimi- 
nation of amorphous  grain boundary 
films, 

(ii) to raise by this means the macroscopic 
toughness K~c, and 

(iii) to increase the strength more than K~c by 
reducing subcritical crack growth as a 
consequence of (i). 

Of course the elimination of amorphous phases 
gives additional benefit at high temperatures. 
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(3) However, a high level ofmicromechanical grain 
boundary parameters does not necessarily 
require the elimination of amorphous phases: 
the comparison of the degrees of transforma- 
tion and microcracking on fracture in Y-TZP 
and in ZTA gives reference for the increased 
grain boundary strength in the first material-- 
associated (as well as in ATC) with an extreme 
perfection of  grain boundaries. In Y-TZP the 
obvious cause is the high relaxation ability of 
the extremely fine-grained structure with its 
continuous amorphous grain boundary phase. 
Such interface structures are assumed to 
generate the high room-temperature strength in 
Y-TZP by a mechanism as proposed in con- 
clusion (1). It is clear, however, that this concept 
does not work at high temperatures. 

(4) Theoretical analyses of the experimental results 
demonstrate that the macroscopic toughness 
K~ in Y-TZP is--quite similarly to ATC--first 
of all dictated by the high level of grain 
boundary strength and toughness (and to a 
much smaller extent only by transformation 
toughening, which is the main mechanism of 
energy dissipation in this material). 

(5) Hence an inherent reinforcement of ceramic 
microstructures with the objective of a direct 
impact on high strength is possible with two 
alternative concepts: (a) raising the high- 
temperature viscosity of grain boundary 
regions by almost complete elimination of  
amorphous phases on grain boundary facets, 
and (b) by enhancing the relaxation efficiency 
with a continuous thin glassy film in an 
extremely fine-grained microstructure. Discon- 
tinuously distributed amorphous phases are 
regarded as especially unfavourable in this 
respect because they provide increased possi- 
bilities for the residual stress-assisted develop- 
ment of grain boundary micropores. 
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