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ABSTRACT

A method of fracture testing with controlled crack growth in ceramics is
used for studying crack kinetics behavior under the given loading history.
A computer-aided real-time data acquisition system enhances the
informativity of a simple single specimen bend test in quantification of
the crack growth parameters. Controlled fracture data are shown for
alumina and for two grades of yttria-stabilized zirconia, all suggesting
microstructure dependent fracture properties. Observed ambiguities in the
crack growth diagrams for controlled testing are discussed to demonstrate
the importance of the consideration of a crack growth history for the
correct description of inequilibrium fracture behavior.
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INTRODUCTION

Nonlinear fracture effects caused by the crack interaction with ceramic
microstructure give rise to the cbvious crack growth parameters dependence
on the loading history. As a result in the lifetime prediction for ceramic
structural elements the problems of undesired errors arise because of the
uncertainty in the slow crack growth parameters. For the purpose of
quantification and appropriate simulation of possible ambiguities in slow
crack growth behavior the methodology of controlled fracture testing under
predetermined loading history seems to be promising for better
understanding of fracture kinetics.

The present paper addresses the question of controlled fracture testing
with the emphasis on the crack kinetics monitoring, which is based on the
improvement of displacement-controlled fracture testing in a stiff loading
device. Some characteristic fracture kinetics data for alumina and
tetragonal zirconia polycrystals are presented. These materials are
expected to exhibit the microstructure dependent fracture properties,
namely, the microcrack-induced rising crack growth resistance resulting
from the thermal expansion anisotropy for the former, and the
transformation toughening for the latter.
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EXFERIMENTAL PROCEDURE

Standard Single-edga notch hengd [SENB) tegt Jeametry has the

BONDtonoos ]y
Fising E-calibration, which prevents +q cont

rol the fractpre PIODCERS. The
best way to the effective controlled crack gTowth test ig g5 utiliza the
test gecmetrieg having descending part pf the K-calibration curve [Munz,
1983; Fraiman, 1983]. Pahst [1975) was Frobahly among  the first who

for the SENE test gecmetry

Moreover, a stabla crack
displacement rate is balievad to give the
indirect meISUTement of tha crack wvelocity, theceby,
feceiving the V-K diagram [Kleinlein and Hibner, 1877: Fields st a], 1983;
Steinbrech at al, 1983, 19g4; Wilde et a1, Concerning  the
Publicaticns mentioned,

the fellowing maip Problems may he noted. The
Crack Jength region for stability seems to be defined empirically, leading
o the tegt results  dependence on

the testing machina rigidity,
displacement rate, and cn the type of starting noteh fstraight—thmuqh or
chevron). Theg indiract determination of the crack velocity using the
Constant cross-head displacemant rate is vary approximate, gJiving
only ap average estimate of a real wvelocity, i hardly
dependant op the rigidity of the testing mackipe_

data acquizitign and processing {Hennicke st al,
However, the main advantage of the Computar data

acquisition copsigts in
the real-time mONitoring of the

crack growth. The dpplication af
With the compoter-aidad real-time
i tha szingle

The schematic showing the tasting Arrangement

is given in Fig. 1 (Barowik
et al, 1990). T4 B0Eure the contrplled fracture a special Farallel elastic
element (PEL] jg used, which bears tha exterpal igag P gimultaneons |y
with tha tagt specimen {Borovik, 1935 In the fracture test

With PEL the
simple three poipt SENB gecmetry ig used with a thip diamond-gaw cyp az 4

starting noten, External loading ig applied via the PIOPEr choice of the

CToes-head displacement functicn O=it) resulting frem the manual control
on the appropriate ydraulic testing machina. The values of tpe spacimen
load F. and deflection u. are monitored by the COBDULET i real-time

a4 program, which manages data storage and
pusbpruceaﬂin.g. The real-tims lcad—displacmnt record represepts the raw

for t caleulatien of fractore kineticg
characteristics. Taking inte aceogpt 2ll compliance components of the
loading schame for the test Epecimen in Flg. 1. it L& posaible to derive
tha E-calibration 0f the SENE tast in PEL-unit as follows:

L Uaft) Coma ¥Y(A/W)
B (t, AW = —_— i1
WE Ws2 Cem fcp-\--l + tvb] + t;--l Cun

whera Y{A/W) is tha calibraticm fonckion of cooventicnal three-point
test (Srawley, 1876}, L, B, and W are the specimen dimensions. A

crack depth, Cen is the testing machine coopliance, Co., is

SENE
ig tha
the PEL-unit
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; - e i - e
m:ﬂtunlr:alliif’s;:g‘::m mechanics, flnﬂmf?n:;ul:rrelastiﬂ material. J;
linear elastic : defined for a f Cem have
: i bility are nat the value of C
T ke comet ferut ok o6 T L T caibiatEin v craok
follows from the e ition of the mazimm tabpility of fracture may
minor influence on ;at I’t"h; crack length for the s ah o
Length curve, aj::;cnmpllﬂ tn Ehe spe-:u}fqnirﬂnnff: s imum in t’l-:
iepmad gy, oo otches close to  the Dtk i Bl explici
R s aild eaabre fatis N e . B Eeeabtssaten’ (01
K-calibration sfnh:x]:; oy rigidity in
introdection o

Fig.

- B ture
system tput of the frac
t and opotpu ; an tha
the actual inpu . history
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be directly esp {g more Aaccura
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e T4 " ]
cracnhl::ﬁ—:égg the magnitude of Em;;mbl& Clm"‘:“hp“fy ) ﬁl:'ilat'lr%
growt ' i it i3 poBEL the final.
= i t diagram . and
the maﬂ—ﬂlspla:gﬁzmcfcml Lengths, tn:st:ﬂr:inqis in . A
having only two the load-displacement ;:Eentﬁ of record whare E‘I:D;
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starts to move with low acceleration, which results in the gradual slope
of respective extent of the V-K diagram. This extent appears to reflect
the behavior observed in a conventional R-curve test. Crack retardation
occurs under decreasing stress intensity with a more steep slope of the
V-K diagram. If additional crack extension is induced by further increment
of the cross-head displacement, the acceleration branch follows the former
slope, while the retardation is shifted to the higher stress intensities
with an equivalent increase in the crack growth exponent (see the data for
AOT-21 specimen). The comparison of data in Fig. 3 shows that the crack
growth exponent for the crack retardation is proportional to the preceding
crack extension, and, therefore, is dependent on the loading history. The
observed dependence is similar to the reported “"memory" effect (Knehans
and Steinbrech, 1982), that was explained by microcracking related
phenomena during the growth of a macrocrack.
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Zirconia ceramics were tested under a single or several successive crack
Iconia ceramics (szzyum) runs on each specimen. TZP2Y as well as TZP2YSA showed similar fracture
i kinetics features (Figs 4 and 5), namely, the slow crack growth diagram
reveals the plateau-like middle extent. Since such behavior is hardly
dependent on the loading history, it is useful to consider the test in

élg!lﬁé_gggggigg 1% ex detail. The crack starts from the notch having a relatively high stress
characteristicS aue t pected to exhibit microst intensity and moves with acceleration to the maximal velocity in excess of
ambiguities are obvio: Susceptibility to micrOCIUCtPre dependent fracture 10-3 m/s. It is not unusual for the transformation toughened ceramics and
S in the V-K diagram (Figrasfln?"tln fact, strong corresponds to the minor nonlinearity of the load line and almost flat

. - Initially the crack R-curve with a very steep rising part (Burns and Swain, 1986). After
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sllowing the crack te retard (TER2Y-20 or TIPIYSA-43) a coneiderable

reduction in strees intensity follows, which rorresponds to minor velocity

rhanges, thus, the plateau-like regicn appears in the diagram (n = 4...8).
Finally, after a certain fthreshpld® velue of stress intensity is
achieved, the crack turns into the arrest regicm, forming laft-sida extant
2f the steep slopa in the diagram but in the low stress intemsity range.
[hus, the obtained V-K diagram will bpe referTed to herein as having
high-toughness steep, low-toughness atesp, and plateao eztents. It is
obvipus, that the diagram shows 2 well-gefined similarity with the classic
three-stage environmental slow crack growth diagram. However, all presant
szperiments wers eonducted in the ambient lahoratory enviconment (20..-25%
and Telative humidity of #0,...90%), hence, the appearance of middle
typical of the ertramely low bumidity is prlikely to resolt

plataan a.'r.tent'}

srom the environmental effect. It iz expected to bhe canged by

microstructure related phencmena. Li and Pzbet (1930] found a similar

fpatore im the slow crack growth behavior for ¥g-P3L ceramics with a
Eovewer, in double torgicn

relatively low content of tetragonal phase.
tests they could probably rocord only the middle and left parts of the
diagram shown in Fig. 4 oT 5., because the DT-measurements are carried oot
during the crack srrest stage. The abruopt change of the diagram glopa was
waplained by the sffective crack retardation, which takes place abova the
certain leval of stIess intensity. Angther exampla of
microstructure-induced effects raflected in the V-K diagram was pbeerved
py Troczinski and Nicholson {1991} for a glass-metallic composite, wherea
tne norigontal extent in the low Strees intensity region wase attributed te
the growth and interconnection of microcracks at the notch tip. In oot
ezperiments,it is notable, that,for the gecond and  following crack runs
[see TIF2¥-01, 04 in Fig. 4. or TIPIYSA-44 in Fig. 3). the starting stress
intensity value was gubstantially lower as compared to that af toa first
run and does not ezceed the limits af tha low-toughnesg steep extent of
the V-E diagram. This effect is believed to ne gimilar to that cbserved by
Li and Papst. and may be explained as 4 CONEeqUEnCE of stresg-indoced
phase transformations. During the initial leading af the notched specimen,
the transformation zone develops, that endoces the compression stresa
giving Tise to the starting valua of K. Aftar that, the following decreasa
in the stress intensity i3 not accompanied by the pquivalant crack
valacity reduction as is dictated by the‘high-toughness steep extent of
the diagram, and the crack rapidly overcomes the compression zone. When
the crack growth un is repeated after full pnicading, there is no mOTe
hindering influence of the starting comprassion 2IoOe, and the abgserved
slow crack growth seems to OCCUT witnout transformaticn toughening effacts
in the low regicn of the stress intepgity wvariation. Trangition £rom
lme-toughness steep extent of the v-K diagram to the plateau regiom
[refarred to =2 gualitative IinCrease of crack rtetardaticm due toO
trangforzation; L1 and Fabst, 1580) was never obsarved in anyone of
subgequent Tuns, although the crack velocity did mnot ercead the uppeT

boundary  of the iow-toughnass  extent. In contrast to tha
microcrack-induced behavior of alumina oeramics, 1o TIP cera=ics an
evident logs of high initial toughness is observed during both the

intensity,

subsequent monotonic crack eatension with a decreasing stress
and repeated sucCCESSive crack rong onder subsequent loading after initial
£4ll unlcading. Hence, the probability i retaiped to initiate the slow
crack growth inside the low toughness regicn, after the specimen oOT
strocteral alement ig sohjected to am gverlpad. This in turn may i ]
critical in any sitwation ccncarned with repeated Iloading, @&.d.. cycllc
fatigue crack extension [Grathwohl and Liw, 1991).




CONCLUSIONS

growth diagram in confirmation of the "memory” effect attributed to the
irreversible microcracking around the crack tip. In the test with
Successive crack runs in the same specimen crack resistance increases
gradually in the crack acceleration extents with the slow crack growth
exponent remaining almost unchanged. Respective crack retardation extents
appear to be pProgressively shifted to higher stress intensities depending
on the previous crack increment with a Proportional increase in the crack
growth exponent. For the transformation toughened zZirconia of TZP2Y and
TZP2Y5A grades the ambiguities in slow crack growth behavior are
contradictory to those of microcracking in alumina. During crack
acceleration from the starting notch, a relatively high level of crack
resistance is demonstrated, but during subsequent retardation the crack
missed the initial high level of toughness, ang all subsequent extensions
of the same Ccrack show relatively low toughness values. Thus, the obvioug
'toughening relief" is observed. A decrease in stress intensity at the tip
of retarding crack took place with minor variation in velocity, and
characteristic plateau region appeared on the V-K diagram. The observed
behavior (both for TZP2Y, and TZP2YSA) is indicative of possible weak
resistance to slow Crack growth in some kinds of "tough" ceramics, which
may be susceptible to low stress intensity cracking after surviving an
overload, despite the high initia] crack growth resistrance demonstrated
in the R-curve test. Therefore, inequilibrium fracture behavior in
fine-grained transformation toughened TZP-ceramics implies the limitations
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