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The el'lieet en" indenlrtr I�pad J‘�' and "t.�in�t;:ttt:h tip radius .r art the eraelr resistsnee Iiaelur ti.’|__ �pf I�[rill + 3� |npl.".�is
"t';Et_. eentntie is studied by mieraittdentatinn and bending tnetheds. I‘�rlaterials eampesed at‘ llltllfis tetragnnal
phase {T�pbaselt ant] Tl] — Slit‘?!�ET�|1|base wen: u:�a:t.l� ln betth materials, an i.nenettse i.n t""a.11rl a t:leert.~z|stt: in re�uuste
a decrease in Kg . The higher sensitivity aHC|__ te I�' and tr is rthsert'e�ti in ltHl"�ti T�phase spe�eirnens. This elTeet
is esplained by the invelrentettt aftttartertsite�type phase trattsfiartttatiatts.

In recent years. there has been increasing interest in the
physieemeehanieal prttpenies at‘ eemtnie materials. The rea�
spns far this are. first. the ever�increasing pretduetietn rate and
range pi applieatittrt ei engirteerirtg and instrumerttal eeram�
ies and. seeetntl. the use pf naneerystalline ppwders in ee�
ratrtie teel1rtt:tlngy_ wltieh is essential far imprewemeitt pi"
physietnneehanieal preperties and. what is mere impertant.
the stability etfeeramie materials� The latter eireumstanee has
stimulated efthrts in physical studies ti�wing ta which the me�
ehanieal pruperties t:�I‘ eeratttie materials became eeittretlled
parameters. cutrespdndingly with a wider range rt�l' their ap�
plieatlen [ll. Esperirnental data were etblained an these ma�
terials with a sntisl'aetn�ry reprt:�tlncibility pf measurements
using varipus metltpds and lab�t:tratpry teelntiques I2]�

Dar gttal in this wars was ta sttltly the physieameeI'ta�
nieal pretperties etfa ceramic based en Ert]: with 3 |tt�ul.'l»i=
‘E301. The eeratrtie was prepared by sintering nartuet�ystallirte
pew�ders [Test]�h]t with a erystallite size smaller than 31] nm
and prtwders with a erystallite siae smaller tht=tn liltlrtm
[available item the ‘�t'i:tl‘nagdrsltii l"�‘lining and Smelting
Plant, ‘t"M5P]t. A teehttelegy based en e�rtld isetstatie pressing
and special sintering regime was used tp prepare test speci�
mens with a standard size efli as +1 at 41] mm.

[t was established by it�ray diffraetdntetry that the Tnseh
sp�eeimens were pf tetragunal t'Tl phase whereas the W�’i5P
specimens were pf TU EliU'i=i= T�phase attd the rest were
muneclinie {Ml and cttbie {C} phases.

lrlier�uinderttatian methed and three� and I't:tur�peint
bending tet:hrtie|t.l�ti“�5 Using rtutehtetl specimens were emplttye�tl
tn study the erael�t resistance t'ae|dr Eh. as a fitttelipn elf the

' Ft. Ft. Galltin Dattetslt Institute ef Engineering Physics. Hatianal
.�aeadenty eftleienee t�tt”l.ll�trailttc. l]~rtIl~t.‘1slt. LII�trsine.

indentetr lead F and the ‘ti’�npteh diameter nl. lndentatien tests
were earrierl rtul using a standard pymtnidal diamnnd�tipped
‘tlielters indentdr in the lead range pf F = 4!] — 3111] l'�1'lPa.
Based art tlte ttteasured values etl" tlte itttpressien diameter En
and the radial eraelr length �r. the eraelt resistance faeter Eh.
was detemtirted using relatietn (l 1| |_3]

I {L5 Iit F .1'�:'.=tl.tIllS — —. l
1| [Ht] '1“ ii

where E is the elasticity nte�dulus and HP is the "�"ielters hard�
ness�

In bending tests. the Eh. Factdr was measured by the
SE‘y't�IB [sittgle�edge�‘tf�netelt beam] methdd using a ll�"�11tIt�’[{.'|!|
Ill! — l.ti mm deep b [4]. ln the iirtal stage. the V�ncteh was
trimmed {usually a raapr blade was used} te impart a eurya�
ture at radius r.l' In the nrtteh tip� The radius rt was varied in
tlte range ed" 1 �Itltl pnt. ln the three�paint bendirtg teelt�
niquc the lhetpr Kg was tletennincd by the tlamtttla [2]

tit. = tt“"stel� eit

where H’ is the specimen thiel�tness. Fmt is the lead at failure.
and SD is the lead�peint distance.

at = $5 0.45 — I155.

_ taa�art �attats�s.astt + atttlt
. |\t, 't.l—3eltl—el "
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Fig. I. Tlte crack resistance l'aeu:t�r Kg. platted as a futtcticn at‘ the
indcntcr lead F: I ':| ceramic with ltltl'?�ii T�phase: 3': ceramic with
‘lit — Bit‘!�3 T�phase.

ln the fettr�peint bending technique. the eerrcspending
cspressien is

_ F�H11 S — S|]' i 3
Kl‘? B“: 11.5 “I 1 I: J

where 5| is the lead�paint distance,

Ict = i=a.s�as.
IF

tsas�ease + l.35t:: 1 in —t:r}|t1
.5’�[tell = l.ilEE't' — l.32t5et — ,_ .|fl+tt'l

Shawn in Fig� I is the eraclt resistance factnr .tf|L_ platted
as a ftutctiert cf the indenter lead. .I"I.s is seen. fer bath types
ef ceramic. the indenter lead increment ef abcut I�itllil lt�'1Pa
causes a decrease in Hg, by a facter ef 2.5 te 3. The ebservcd
behavicr in these ceramics dilTers frern that cf high�strength
pelycrystals. single crystals. and glasses [5. ft] fer which Eh.
is cnnstant ever a wide range af E

The faeter Eh pletted as a fitnctien cf the ‘v’�neteh tip ra�
dius using bending test data is shnttnt in Fig� 2 {hate that the
three�paint and fear�peint tests gave identical results}. The
esperitttental peints in Fig� I are well fitted by straight lines
platted en the ceerdinates Kb versus Elne will nete the
higher sensitivity efthe craelr resistance facter efthe single�
phase ceramic t�rt the ttcttch tip radius� .�its is ltncwn. twe crite�
ria � � a ferce eriterien and an energy criterinn are causi�
dered in the theery cf craclt nuelcatien and grewth [Ti]. The
feree critericn is based en the fellcwing cenditien: the lccal
stress at tlte eracl�r meuth erf is assunted te be higher than the
theeretical stress. The energy eriterien is based en the use cf
the surface energy y�

�|,,|'F:�tl'l:l'_'1'.I'l‘ll1'l:

I. The erael�r resistance faeletr Kg. p�lette�d as a functiem ef the
‘t�’�neteh tip radius tr: I] ceramic with ltilJ'i'i. 1'�phase; .§'_‘| ceramic
with l't.'l — iii�I‘!�is T�phase

In fracture mechanics, the stress intensity facter HIP is
used as a eritcrien at‘ laeal Fracture. The nnasintum stress at
the craclt tip is determitted as

r K
flm:|:tzflJ;“�E?‘

where r‘ in the craclt length. tr is the stress. and t� is the eraclr
tip radius�

The eenditien fer cracls prepagatien is

its an se,_..."F. [51

where rrfl � t]�l E is the tlteeretical stress�
Using the "�1'�rteteh te as a medel fer the craclr prefile

ntaltes it pnssible tn establislt a relatien between the tip
radius tfcr a eenstnnt ncteh depth} and the fracture taugh�
ness KR.�

lt fellews frem the abeve rclatictnships that the bending
test methed allctws ene te etbtain a relatienship Eh =_,t"(t'] in
qualitative agreement with the theery. This implies that re�
laztatien is a precess ef miner [if any] itnpertance fer the
stress behavtar at bath the aims tnu plastic strainll and the
meuth ef the crack� The different craclt resistance in different
batches may be due ta the ditTcrencc in phase campesitian�
As is lrnctwn. mechanical stress initiates ttansferntatien
tcughening, In the crystalline partially stabilised aircenia
[PS2] this preeess invelvcs a transiticn frem the tetragenal
te the mctnctclinic phase and it is the mc�st intense at the eracl»:
meuth where the stress eencenttatien is masimum. Within
this medel� the highest cmch sensitivity is espected itt speci�
mens with a higher percentage ef the tetragetnal phase. in
agreetnent with esperiment�

Ft feature in the relatienships .tlt'|r =f[r] in Fig. 2 de�
serves particular nctte. The twn plats when estrapelated as
tr �—t� it give reughly the same intercept value cf Kg. at
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4�Tilli lvlF'a�m'i3� This fact may be espiained by the
medcl used: fer values cf r smaller than the crystallitc dia�
meter. the rele efthe tetragenal phase as a teughetting faeter
is minimutn.

The t:|ualitative agreement ef eur results with the theeret�
ical mu�ticl {5} ef fracture mechanics prevides evidence that
the nucleatien ef new craclts and the prepagatien efcraclts
prccsisting en the ceramic surface is net an easy precess�
This eenclusiett fellews frem the fact that in ceramic materi�
als the craclt tip radius is reughly the same as the t:t�intcr�
ate�mic spacing ln the absence ufplasiic strain this parameter
shettld remain censtant. llienserntcntly. enc sheuld net cspcct
a relatirtnship te esist hetween the ftacture teughness factnr
and the ‘v’�netch tip radius sittee r :ti=� rt in all cases. The inhi�
bitten cf craclt nuelcatien anti prepagatien in FSFI ceramics
catt be effected enly via transfemtatien teugltening� The me�
chanical stress at the craclt tip initiates the iett�aganal�tn�
meneclinic phase transitien: ef the twe phases. the latter has
a larger velume� which impescs a ccmstraint en the craclt
grewth. Fer the santc rcasen the craclt nuelcatien is made
ttitiicutt en a bent specit'rten's surface. as u.�as sheum esperi�
mentally in [E].

Anetlter itnprtrtant finding in nur study was that the frac�
ture tciughnfis faetet iii“. was fettnd tc be dependent en the
indenter lead� The craclt length e as a ti�tnctien cf the inden�
ter lead F is sheun itt Fig� 3: platted en the ceerdinates
versus Fl it is apprettimated by straigltt lines.

A similar dependence ef the craclt length en the applied
lead is inferred frem a tnedcl ef steady craclt grewth [T]:

c =L . tat
'.'t"nEy ' '

where F is the tensile paint lead applied ta beih craclt edges�
Cln reaching a critical lead value. the craclt grewth is ini�

tiated. The craclt is grewing unifermly, with its length being
prepcrtienal te the square ef the lead, which is bemc eut cs�
pcrimentaliy [see Fig. 3}.

The dependence cf the fracture teughness faetet Hg
[which is a parameter ef the material] en the indenter lead
calls fer a caveat in using the micreindentaiicn methed fer
studying the teughness preperties ef FEE ceramics�

The ebservcd abnunnality ef craclt prepagatien has alse
a geemetrical aspect. .+'ts is I�t|'tewn, the “radial” PSI craclts
are distributed ever the irttlcntatien depth. This specific fea�
ture ef the craclt femtatiett in aircenia� uneemntett te ether
materials. is csplainctl by a mechanism invctlving the activa�
tiett eftlte 'l" — lvl phase transitien net enly in the mettth cf
the craclt. but alse in a zene lecated directly beneath the
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Fig. .3. The craclt length pletted us a fu�rtetiun efthe indenter leu�d F:
I lccrt�mic with ll]'lZi% T�phuse; 3' J ceramic with Tl] — Silt‘?�"it T�phttsc�

indenter as it penetrates inte the tnaterial. The qu.asi�hydre�
static pressure preduccd dttring the indcntatien ameunts te
abeut ll] Elia. which is higher than the pressure fer pelymur�
phic transitien frem the meneclinic te the rltembie phase
t"�it t�"rPa}� The initial state ta test speeitnens was the tetragenal
phase: enc is�euid assume thcretere that a T — C phase transi�
tien might eccur in a acne affected by the indentatien pres�
sure accempanied by a decrease itt velume�

lt sheuld be neted in eenelttsien that the micre�
indentatien methed can be used te study the strength beha�
i.�ier ef PSF. ceramics. albeit with the caveat that F = certst in
carrying eut experiments. Still. the data ubtained tlnder these
eenciitirtns sheuld he regarded as tentative. Pt�lere e:tperitnett�
tal vi.�erlt is needed re substantiate the use rt�l' this methed Fer
further studies.
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