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ABSTRACT

Computer simulation of the microstructure and strength pro-

cesses taking place in PZT ceramics by sintering and follow=-
ing fracture due to growing macrocrack is developed. As shi-
elding macrocrack mechanism it's considered the phase trans-
formation of the secondary phase inclusions in the vicinity

of the crack tip caused by growing macrocrack stress field.

Estimations of fracture energy alterations are received and

condition of the catastrophic crack growth is discussed.
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INTRODUCTION

Creation of new ferroelectric ceramics (FC) demands of inves-
tigations revealing causes of strength and fracture toughness
variations. Microcracking and phase transformations taking
place in the FC to render a main effects on the parameter al-
terations. As rule, the optimization strength problem is di-
vided on the some separate studies, namely: 1) investigation
of the spontaneous microcracking by cooling; 2) crack inter-
actions with defect distributions; 3) evaluation of the crack
resistance caused by microcracking or (and) phase transforma-
tions near growing macrocrack. However a material optimizati-
on demands a joint study of these problems.

The aim of this report consists in discussion of catastrophic
crack growth condition and in estimation of fracture energy
change in dependence on the presspowder initial porosity, in-
tergranular cracking and phase transformations on a basis of
the computer simulation.

Computer model corresponds to the next processes: 1) micro-
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zgzﬁztufalrormation bf sintering; 2) scontanaous crecking Wy
ng; I3 mafrucrgc& Propegation tzking inte account an
energy¥ absorpticn thanks to thase trsnsformatiens near crack

CERAMIC SINTESRING AND COCLING MICROFRACTURE

We used the physical model of radient ainte fig z
ramics (Belymev et al., 1959}.Elt Was cnnsidzigg Eﬁ: ?IE&EE-
basl:?proplem Tor quesilinesr equation or heat conductivit
with PC microstructure formation, together (Karpinsky and B
Farinev, 91992). It was supposed that sintering Tront with
unit ?h}cknass Was performed ms g twn-dim&nsiﬂn;l lat*Ica
containing 1000 cells with characterissic 2ize b:‘medarrau-
ge? in zquare patiern. Zvery cell corresponded te powder gra-
nolar or pore, We considersd a presstowder sample in the fur-
nace. It was assumed that the temperature distribution in the
furnaca T d?pandad on one coordinate ¥ and coansisted of é COn-
stant and linear tempsreture curva, Irizial porosity C_ inp

the sample wae defined a pricri. Computer medel contained
next Bteps: 1) st5udy of the therms: Zront propagation and de-
finition of the sintering region; 2) nowder recryatallyzation
model in this region; 3) microstrucsure shrinkaga. 5

Spontaneous microcracking of grain boundaries w i
cocling, Abave the Curie tempearsture tha ferraa§:¢$gigéegﬁgg
a cubie structure and the microefracture iz caused by the con-
fldarahle thermal gradients, anly {Karpingky snd Parinew
1392}, Here we neglected by affect of elastic anisobrapy
({Tvergaard and Hutehinson, 1987}, Below the Curie poingy;ha
residual stressee are eppearad due to tre deformation ph;aa
mismatches and thermal sxpansicns hetween adjacent greins
_ﬁlsarenkﬂ,_q957}. Deformation phase mismaten is a mein cause
cf the PC microcracking by cooling in this tempersture inter—
::iiiCumpEter‘modala of microfracture have baen developed
:—‘grin:ﬁ.{ﬁg‘gﬁsw and Parinov, 1991; Harpinsky et al., 1992,

MACHCOCRACK IN THE CERAMIC

Growing macrocrack in the FC has been inveati ed i
of the graph theory by Karrvinsky and Farincvigﬁgqﬂ.a%uqttgg-a
raper the different fracture mechaniams (intergranular. trans-
Eranular and mixed fracture) weres considerad and e craék inL
taractions with microcracks, poras and grain phases were in-
vestigated, toc. Karpinsky et 8l., 1992; Farinov, 1992 studi-
ed an influence of tha microorsck pProcess zone oﬂ the varicus
Microatructure and atrength parametars, A4 real crack trajec-
fory corresponded. to the minimal trajactory length {zee Fig,1}
Effsctive surfaces Tracture ane , tonnectad with fracture.
toughness Z”c by formula Kq¢-i5_§51n waB given by

Yol Y/t (1)
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Fig. 1. Example of a macroerack propagation in the FC modal
sample {a)} the represantation of FC atructure frag-
ment in the computer; (b) s macrcerack propagation in
the microstructure [circles], spontanecus cracks are
shown on the grain boundarie=, porosity are shaded.

whare E 12 Young's modulus; Xb is the grain boundary energy;

h ia the zample width. It was carried out for rectilinasr
intargrenular boundary ED' xb'

Cther ersck reslatance mechanism is studiad in thia report,
It'e connected with existence of the thesa transformationa
cauzad by the internal stresses near growing macroerack.
Crack growth in the PC is defined by its domain structurs gnd
by exietence of many phases. Studies of crack propagetions
through domain boundariea have been shown a neceasity of cal-
culation them parameters for progoosis of FO atrength apd
fracture toughneas (Karpinsky et al., °981). Domain recrian-
tation influenze on the fracture touzhnesa was invaatisated
oy Fisarenko, 1987 on the structure model in the vicinity of
a crack tiv. Analogous phase trensiticn processea are typiecal
for eeramicg reinforced by partially-stebilized zirconis par-
Eicles (PSZ) (Porter et ml., 1973}, In these materiszla it's
pos3ible a phaee transformation from tetragonal to monoelinie
crystal structure under stresses., Fracture tcughness slters-
tiona are caused by enerzgy sbaorptien by the phase tranasfor-
mation (PT) zone surrouniing growing crack tip. It's known
that PZT cerpmics have twe phases in the morphotropic transi-
tions regions (MTR), namely: tetragenal (T} and rtombohedral
(FE) ferroslectric phases, Volume fraction phase correlations
are defined by technological heterogeneities and by fluctus-
tions of the component corcentrations, Thay are csused by
electrical fields pnd by machanical stresszes {Tsupov, 1930).

Stressaa in the vicinity of the crack tip inm ceramic of MTR
boundary compoeition can ta initiate the phesge transitions in
the ceramic grains. We use the enerzy belance method
(Cherspanov, 1374) for qualitative evaluation of the areck
unstability conditions at FT zcne presence. Then far stressed
sarple is carried out
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3+SW=87 (2)

where Sé,_%’w, 7 are the selected elastic energy; absorbed
eénergy owing to phase transformation and surface energy
g;owth due to the crack propagation on the length 2 §1, accor-

ingly. We consider infinite, elastic, plane, single phase
body with finite crack by length 21, growing under monotoni-
cally increasing load@ .

Suppose that the phase transformation energy W(1) is equal to
sum of the own strain energy for secondary phase inclusions

and interaction ener Y of inclusions with elastic crack field
(Grekov et al., 1987§

W(L)aW _Lc(i'-)df R Lc(i-)wintcf)df- (3)

ngeSl the transformed zone and the boundary of this region
given by equation

Ry =Kfeos?(©/2)(1+sin( 9 /2))2/ (0@ i) (4)

where C(T) is the sécondary phase fraction in f . Here K, is

the stress intensity factor; §={r,?}are crack-tip polar co-
ordinates the transformed boundary;ngc is the ecritical
Stress.

Then we define a dependence between W and 1. It's caused by
dependence of the PT zone size and secondary phase density on
a crack length 21 and on a value of theG. Hence, it's impor-
tant a physical basi§ of the PT zone boundary definition and

crack tip. So, it was found by Isupov, 1981 g volumetric phg-
Se correlation in PZT ceramic at condition of the mechanical
stress homogeneity and supposition of an isotropic distribu-
tion of the orientation cerystallographic direction angles in
grains relatively to infinite force direction, Ceramic grain
has rhombohedral or tetragonal symmetry at uniaxial loading.
The choice is defined by maximal projection of the lattice
distorsion vector on tensile loading direction, Thus, it was

-Proposed that the phase transformation condition in PZT cera-

mics is determined by tensile stress directed along of the
elementary cell edge and exceeding a critical stress,

G,,coszJ.B G’lc (5)
where G,] is the main maximal stress near crack tip
61=(K1/J29rr')cos(<P/2><1+sin<W2)) (6)

is_the minimal plane angle between direction of the 61 and
100} at given point,

It was supposed that the FC had rhombohedral symmetry. Then
it's existed the '.ralue(E'),]c which depend from rhombohedral

distorsion value of lattice or from ceramic composition situ-
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ation at the phase diagram relatively of morphotropic.bounqa-
ry. In general case a direction of ‘cheGS,1 don't coincide with

edge of rhombohedron because ceramic grains are orientated
randomly. Rhombohedral distorsion of PZT pseudocubic lattlcg
ls only a few (less 30') (Yaffe et al., 1971). Then we consi-
dered a simple model, where a ceramic was performed by the
randomly orientated grain distribution in a cubic matrix be-
fore loading. Analogously to Isupov, 1981 it was supposed an
existence of the homogeneous distribution of grain orientati-
ons independent from neighbours, This supposition neglected
by natural ceramic anysotropy which took place due to prepa-
ration processes.

We proposed a texture absence in FC sample and used a problem
about cube misorientation (Mackenzie and Thomsog, 4?57;'
Mackenzie, 1958), Then a misorientapion angle distribution
density for crystallographic direction {100} is equal to
dP(al )=(8/(5% ))sin(L ) (X °/32-(1/{D) tan(d /2))dad , 04d&p
dP(l )=0 ", dAL>p cos p =2/3 &)

A secondary phase concentration C(T) is given by

(3]
o, 0)=(1/03] B(d) , Bearceos (G @) (8)

where d is the mean grain size. Combining expressions (7) and
(8) one can to obtain

C(r, @)=(1/a)> (X (1-{@ 1./ G ) /20-(8/(55Y3) )
(arccos({6 4,/ G- {1-6,,/6,)) (9)

then an addition to §J caused by phase transformation energy
is equal to

R I Ry
w(l)-woijo"'c(r,’?)r dr d‘p+“lojo wint(r,‘P)C(r,‘P)r dr 4=

-A 6412 (10)
In the (10) W, and Wint Were defined in form (Kunin, 1975)

4o=2a2(1) P M2/ (133 (1-201-2 ) X,/ (301Y )(X 4+ X))
Wing=My Gy Gii-(2K1/J2Tr)cos(W/2);
My =M/(1-2(1-2Y,)/(3(1=Y ))); M= Av/(3a)

LS he compression modulus;%is Poisson's ratio; M is
zggr;he;; ;odulus? V is the elementary cgll_volume; AV is the
variation of the V by phase transition; indices 0,1 are cor-
responded to matrix and inclua}on; A is the constant degenT
ding from average quasiisotropic elastic constants of tle in-
clusion and matrix and difference of elementary cell volumes




(Sharmqrgur. 1997). It's noted that from e
a0 exisgtence of two thases in PT zane to follows gimultanec—
usly by conditinn:'ﬁqaiG,F{EJGE.EE-GM. Then a valuseG, ig
2qual to infinity at p-eo from condition (g but in it
© 4 reaches s defined valueEm{EW:bEJl).‘I; S

©_>2.25@
then crack tip is surrounded by T-phass fully ?niti&teﬂqu
internal mechanical stresses, Far simplicity we limited 1
considerstion by dilatation caused awing to volumetric vepi-
ation mismatches of both phases. Then wa rasyrneg to (2) ard
proposed sn ordinary expression

§8-G>F1 81/(2x )

whersa Eg is Young's modulus for mat
balancs energy equation

Xpreseiona (7)-(3)

(1)

TiX. Fence it follows m

6™ 1 - g2y, §1/(22,) - -+ Yy 81 (123

In (12)we selected a soclution by
and %o decressad to zero at l-mem

© (T /(oE)~( 5%/ (62D -2 ¥, /a1y V2112 (13)

As 1t follows grumg(ﬂsj for sufficiently little crack gizes
14-’-1=-*|EBA a’hEof!' BOY grest external stress dep'® lead ta

gataatrophia_cracl growth. Thus, safe eracks exiat in the P27
in model limits, Analegous rezult but corresponding to dislo-
cation plastic zone wagz recelved by Vilman and Murs, 1979,
This results have interestin chysical sense, In PP zZone the
tetragonal imelusione 8ituated in mora denge rhombchedrg]
matrix to creats the compressing stressas causi

: 1ng 8 macro-
crack shielding. For shoprk cracks lnilc energetics show 5 mo-

re advaptageoua initiation of thase tranaformations near
crack tir top compare with its catastraphic Erowth at anv
Ereat stresses. Calculation Zives s more hnigh ¢ritiecal laad
to compare with Griffith's formula for erack length 1=1 . In

particular, ?EFrltica; loed in our model for crack lemgth Ple

which®@ was the posi tively

have factor

Purther, expressions {2), {11 and (13) give

s""'(rgliq'f"'lcf”VEV“EEi}—#H’t}5'1. at 131, (714)

hence SwWei .:‘Sl at 1=1, but at 1»1_ we decomposed an ex-

: 1 o
pression E1ulcf1} /2 on degreag 1¢f1 and to limditad by threa
tarms of tha eXpRnIion

§u=-(1,1) ¥, $1 (15)
In (14) an evalumtian was received in supposition

mal aprlied stress (the Griffith'a atress )
Tophie crack growth. am it's sesn from (1

about mini-
causing a catast-
%) and {15) a creck
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prase transformation initiation.

i ane decrease on the
Isngth increase corresponds to ex§§?gei°teggghat e

: iy &
timations have qualitative character, since they den't tak
into account s growing crack dynamics.

i i surface ensrgy
[ nase influence on the sffective :
7 i::ozgiggaged taking irto account a small deflecticn the

] F prey = If15} Dn l i_n
Gr rajectory. We integrated sn expression |
fﬁ%:;r:;ign 11m{ts [1¢,Li and result waa divided on gemple
wWwidth h

Yo=(Term) )plnlT/1.) (16)

DISCUSEICH OF CALCULATICHS

i i R rties in dapsnden-
: 1+ mputer gimulation tha FC prope f :
aiski gngiigg ;ﬂrnsity € were received., They ara Ehﬂd? in
. . 1 [ n__+n0 Zrowa
the Table 1. Shrinkage kaefficient kannpftnup+ ep*Per

iz the call number of the apen,
«ith 0. Here ﬂup‘ ncp. n,, 15 The ce

a e
:1useﬁ*:gruait3 andi grain phase, respec:Lv;ly,uEgziggf, dec
;ease of the Zzrain size Rc to ccmpensates k, 1

Table 1. Computer simulation results.

Initisl porosity, GD. %

Fropertiea - = = = = =
ki 0.00 D.02 0.04 0,14 0.2B 0,945
R _/R° 1.00 0.9% 0.90 0.8% 0.83 0.79
g 0.12 0.1 0,10 010 0.10 0,09
"

Yo 1-35 1.00 1.00 0,82 a.ai 3?;
1 A7 017 0.16 0.1 g
L,ﬁ Yv 0-17 0.7

This results to cause tha close wvalues u{ tra glusigﬂpgggiizf
for gll considered cases of the porous Fl. Grain ;ing il
se establishes a decresse of the spontangaus c:a:-menotonical
;n fo- Effective fracturae anergy xwth has no% ' 13
dependence on ©_ in gheee trensformetion absence at the v

i i It'a reached minizum at the Gpniﬂﬁ. Anglo=—
nity of crack tip. I

ous discrepant dependence cf the fraffura Enfiﬁ{ﬂiﬁﬁﬁiﬂ}gr
ﬁize has been observed bghPlsarEEﬁgiueEEZ'c;EEhe N
] ue Then sn i T

1, £ave the wvalue "Upm. _ 3 W
rgrmgzions on the fracture energy EE;’Xa wad approximetely

11
equally for all wvalues of The C_ and they f?pﬁeﬂantad a2 sSma
Egntributinns in common fracturk® energy values.

E
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