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A bstract

[he probleny of Wfetone predictions me the ereep range
of coranes s studied for o an alunnig contamme
Massy phase Lifetime measi ements are carvied ot
at OO C o Different vanges of ifetime characterised
M tadure due to suberttieal crack grovwde and creep
actire can be wdentified  Lifetime pedictions are
nertornied on the bases of mear fractune imeclanies
CKoconcepr) and  hased onocieep crach prowth
OO mtewrals 1 Wndse the predictions bused on
the CVconcept agree well with the imeasurements, the
mredicttons with the Cly mtegral extend over a larger
vange of lifetines

Das Problew dev Lebensdauercorhiorsage nn Krieeh
peverh von Kerannhen ward e Aoy vd, das
cie Glasphase enthalr, widersucht Die Lebensdaier
vrde beremer Temperatio con OO C bestimmt Ey
wornten verselnedene Berewche me der Lebensdaner
oestnnmt werden, de durel conmrerkrinsches Rifp
vachstnr amd Krwechbrach ceruesacle werden Die
Lobensdancrvorhersagen swurden anf der Busts de
wearen Bruchmechanh - (K Konzept ) und - des
Keweehbrucivaclstines (Cro Cy biregral ) dureh
repidiet Waleend dhe Vorhersagen, basierend anf dem
C Konzept, or guer Cheremstmmumg it den
speranentellen Daten sund, ergeben die Vorliersagen,
hasierend anf dem CO Integral, cme 2u lunpe
Lebensdaner

Le probleme des predictions de i durde de e des
cerantigies soflicudes dans lewr domame de flwage o
ete Ctudie porr e alunne: contenant e phase
vitrense Lesmesures de dwée devie ont etéreahisées a
HIOO C Differents domames de durée de cre ont pu
ctre rdentifios ol sont caractérises par iune rupture due
a de la crowssance sons critique on par e fraciure en
fhuage Les predictions de durée de cie ont $t0 réalisées
sur base de laoméeanmque hmdare de laoruptire
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teoncept de KW et sur hase de b coossanee de o
frssure en fhiage ¢ CHomtdgrales GOy ) Les prédictions
basces s Ae concept CY osont enaccord avee ey
mesures, tandis que les prédictions effectides a partr
do Lontdgrale COy convrent un plies caste doname de
dndée de e

I Introduction

At low temperatures the farlure of ceramics can be
deseribed by the methods of Tingar elasne acture
mechames This allows Hifetimes to be predicted lor
components exposed to any type ol loadimg
However, at elevated temperatures  especrally
the tange of creep —the fatlure behaviour becomes i
complea one ' Essennally, the Tolowmg ciuses
account for the Euture of cerime components in the
high temperature range which mav occur both
individually and combmed with each other

e Spontancous fatture occurs when the stress
apphed attains or exceeds the stiength

e Fracture ut elevated temperatures may he
caused by subcritical crack propagation which
starts from exasting flaws  In the ranpe ol
apphcability ol [mear-elastic fracture mech
anies the crack growth rate s correlated with
the stress mitensity factor &y and lrequently a
power law 1s obtamed which apphes 1o a4 wide
range ol velocities®

MIERIS (1

e In cise of noticeable creep, creep mduced
delormation stsell may lead to a Lalure Iinnt o
the function ol a component 1s aflected by an
excessive plobal deformation

e True latlure, which s directly correlated with
creep imduced deformation, consists i creep
rupture This s the result ol increasing internal
damape which s accompanied by the formation
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and growth of pores. For metals, the experi
mental findimg of failure due (o creep s
deseribed by the Monkman-Grant telation
accordmg to which the product of mimnimum
creep tate and hitetime 15 a constant
e Inaddition to creep-induced dumage caused by
the tormation of pores the growth of existing
cracks or of cracks developmg duting creep e
by the coalescence of pores, should be tuken
mto account, which growth can be studied
usmg tracture mechames methods Whereas in
the range ol suberitical crack growth which can
be described by hinear—clastic fracture mech
anies, the stress intensity factor was the stress
variable at the crack, this is the CHontegral in
the range of noticeable (secondary) creep
The tate of creep crack growth 1s expressed

fyy *

N = A Y ()

The exponents N, deternuned for this law are
clearly smaller than the values typreal ol'egn (1)
(N 1o

e A lurther farlure mode n the high temperature
tange consists of oxidation, for which up to
now no quanttative prediction of hfetime is
possible

It has been the goal of an expenimental study made
on AlLO, contaming a glassy phase to ind oul
whether the lifetime can also be properly predicted
by fracture mechanics methods in the zone ol creep.
One ol the questions to he clunfied has been up to
which temperature levels and for which hifetime a
prediction based on the KA concept has to be used
instead, into which the parameters ol the creep law
are mtegrated. Moreover, 1L was nvestigated
whether. under conditions ol creep, failure 1s caused
solely by the growth of existing cracks or whether
detects are newly formed as pores and micro-cracks.
In that case 1 had to he examined whether the
[tfetrme can be estimated using a creep fracture
criterion
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Fig. 2. Testing deviee tor creep and Tifetime testy

2 Material and Experimental Setup

Short charactersation of the material used.

o Incit strength (20 €C) Werbull parameters,
m =165 a,, = 165 MPuy

e Fracture toughness 20 ¢
00 ¢ 4 1-52MPa m,
SOMPa_ m

e Flasticity data (20°C)  Young's modulus,
E = 325GPa, Poisson ratio, v =024

e Further data. density 375 g,em’, imean gram
size, Spm, composition, 96%. ALO,, 27%
SIO,. 1 3% MpO, 002° Ca0), 002% Fe,0),

Bending spectmiens 35 « 45 - dSnun were dia
mond machied and then anncaled in vacuum
for Shat 900 'C. Figure | shows mert bending data
obtamed i tour point bending tests with a loadmg,
rate da;dr = 1500 MPa s using a transient recorder.
The Weibull parameters obtained with the maxi
mum likelthood  procedure  are =165 and
a, = 365 MPa. Figure 2 illustrates the creep testing
device used m the creep tests  Wath this device the
displacements can be measured within the mnet
toller span where the bending moment 1s constant

Y4 MPu'm
1200 C. 3 -

3 High Temperature Behaviour

3.1 Creep behaviour

Figure 3 shows creep curves obtained at 1100 €
under different loads The bending stresses noted
i Frg 3 oare the elastically caleulated outer fibre
stresses A pronounced primary creep range 1s
obvious, which 1s followed by a nearly hnear part
caused by secondary creep.

The parameters of the creep law have (0 be
determimed from the strain time curves measured
[or different loads

For an analytical representation of the creep law
one can simply divide the creep stramns ¢, into a
primary component ¢, and a secondary component
L,

o=t R}
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Fig. Vo Creep omves measuared al 1100 ¢

The secondary component 1y described by o modi
fied Notton power Liw

L= Dl

_‘I fora 0 |
/'_?—IA'” for a0, | )

where the fuctor 2 takes mto consideration the non
svimmelne creep ol ceramics contamimg a glassy
phase The primary creep behaviour s described by

= Ca™u " (5

As i consequence of Bernoull's hypothesis that
pline cross sections remain plane durmg o bendimy
(est, the total stram- composed ol an elastic part
andacreep part s a limear function ol the distance
from the centre e one can denve a differential
cquation that allows the stiess and stram develop
mentn the bendmg bar 1o be detenmimed”

A M|
er: —."+-I’ J‘L]\'i'—:l‘ orde (o)
' - I - I

where v= 2 s the distance from the centre hine
normalised on halt ol the specimen hewght (1) The
solution ol this equation—which must be deter
mined numernically m most cases—vyields the tinie
dependent siress distribution, On the other hand, the
strans also result as a lunction ol time For any
chosen set ol unknown creep parameters a set ol
creep eurves is obtiined  The best set ol patameters
w1l then be obtamed by use ol i least squares
yvocedure where the calculated and mensured creep
curves e svstematically compared unttla mimimmn
n deviations s obtiined  The procedure has been
withned in detail in Rel 9 For the present ALY,
setamie the creep parameters were determined to be
15 shown n Table |

Table | ¢ reep paramerers at OO ¢

Proomny creep Secomdany creep
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Fag. 4 Liletimes measured meostane four pomt hending tests

[ should be noted that it was possible (o describe
the tensile and compressive secondary creep with the
SUINE STess exponent

3.2 Lifetime measurements
Lifetime measutements were carried out m statie
four pomt bendimg tests with Y5+ 45 < d5mm
specimiens at TOOGFTO0and 1200 C7 From the results
plotted in Fig dannteresting stress dependency can
be seen The general leatures are deseribed schemati
callv i Fre S For high minal bendimyg stresses
vausing short liletimes o at curve with a strong
mnfluence ol the stress on lifetimes s obtamed (range
o With decreasing load applied. o steep curve
olTows, with the Iifetimes much less stress sensttive
(range ). and m the case of very Tow stress an
merease mostress sensttivity can be stated (tange 11
ALTOOO Conly tange T ean be observed whereus at
1200 C only the ranges 1T and TH ocewn

As suggested by Fig S the nearly hinear depen
denares ol log o on loga, sugeest a power law
relation

11, (7)

For the three regions the resulting exponents are
entered m Table 2

Since the Ifetime tests were performed ina creep
(esting apparitus, it was also posstble to measure the
stanns at flure: The result s given m Fig 6 where
the fracture stram s plotted as a function of the

[T - ¢ I has 1

Fig. 5. Lietme repony (schematio)
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Table 2. Exponents of the stress-hienime 1elation, egn (7)

Temperature ¢ C) N Nu Mu
1 000 5K
1100 K 41
[ 200 44 112
o -
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Fig. 6. Strains al falure tor diffierent temperatures @, 1000 ¢
I IR

mitially apphed outer ibre bending stiess a,, The
strinns at Macture decrease with increasing stiess.
Figure 7 shows the mmmum creep rates oceur
ring in the secondary creep range, as a function ol
the lifetunes, lor the tests at THOO Cand 1200 C.In the
tests performed at 1000 C no linear part of the creep

curve and therelore no suthiciently constant value of

the mimmum creep rute have been obtamed
In the log-log representation ol Fig 7 a nearly
lInear dependency 1s found, e a description

LM = constant (&)

I “min

Is possible. From the slopes which are identical with
— | mone obtams =14 for 1HOO Cand m =113
for 1200°C° A common representation ol all data for
both temperatures vields e = 109 The correspond
mg relation isentered i Fig 7 as a dash dotted hine
The slope of =1 10915 i pood agreement with the
Monkman-Grant relation.'” which suggests a slope
ol = . Consequently. the Monkman-Grant product
1s actually a constant

In addition to the lifetime Llests performed lor
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Fig. 7 Mimimum creep rates i the seeondary creep ranpe
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Fig. 8. Comparsen ol lletimes Tor () natural cracks and
() artthierally mtroduced Knoop cracks

specimens with a natural Baw population tests with
artificial surlace cracks were also performed In
order 1o penerate  surfuce  cracks, Knoop n
dentations were made on polished specimens and
lifetime tests were carried out at 1100 C with the
cracked side posttioned i the tensile region InFig 8
the tesulting hletimes are compared with those
obtaimed for the specimens with natural Aaws

In o number of fests the cruck extension was
measured The mtial crack width 2¢ was measured
under the hight microscope Then the specimens were
loaded at 1100 € with SO MPa bending stress and
alter pertods of about 200 the specinens were
cooled down under load, the new crack width was
measuied and the test was continued Results are
tepresented m Fig 9. which shows an incredse in
crick size after an meubation tme ot about 20 h

3.3 Fracture-mechanical measurements
Creep induced crack growth deseribing the propag
ation ol pre existing cracks or cracks generated
during creep has very often been stud-ed lor metuls,
but nvestigations anto  ceramic  materials  are
seldom.”

In the case ol secondary creep the crack tp
stresses are poverned by the C¥ antegral, o path
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Fig. 9. Extension ol Knoop induced surfuce cracks during
static load rests ar THn ¢
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Fig 10, Delmhon of the ¢ ntewral

ndependent energy rate line mtegral which lor one
cimenstonal cracks (Frg 10) 1w defined as

(' = | Hidr- T '"ds ()
I

{10)

where 111 s the stram energy density Toas the
taction vector o, s the displacement vector, and ds
i a hine length mcrement along the contour T
Copoverns the stiesses and stigims i front of a
crack tip under stendy state ereep conditions
[n the creep power tate mterpretation ¢ can be
capressed by the power difference of twodennically
foaded structures contaminy cracks of depths ¢ and
o+ da respeciively e
1 Ji

- L= | Fdo I
B du ", o tHh

(B =specrmen thickness) Tlas relation oflers the

|||n||"" \W”"\H

—’J“‘ a+da

Fig 11 () Increment of enerps rate d8 4 for iwo cracks with
crack denethe o and ok da () Geometrieal and loading
dquantities

possibility 1o deternime ' experimentally The
quimtiies miroduced moegn (H) e expliuned in
b |

Equation (1) 18 the basis ot a number of procedures
used 1o determme YA multiple specimen evalu
atton procedure based on dynamie bendimg tests
pettormed with notched or pre cracked bending
bars ot different displacement 1ates s been
proposed by Landes & Beples ' The expernnental
mputare the load displacementenives for tesiswith
very dillerent displacement rates and the crick
length data which are determimed Trome partial
unloadmes Dunmg the penodical partal unload
mgs the displacements are recorded  An example s
shown i Fig 12

The slopes ol the partal unloadings decrease with
mereasig crack fength Durmg partial unloadimg
and reloadimg hasteress eflects were observed
Theretore the wsially apphed complianee relation
could not be apphed, Dyvnamie bending tests were
mterrupted meodiflerent states and the specimens
were hroken at room temperature Then it way
posstble to meastie the crack wize on the fracture
surface and one pomnt ol the relation slope ol the
hvsterests = £ () b been determined A senies ol
such tests then yielded the complete calibration
curve The result of a smgle dynanie bendimng tesl
petlotmed sith a bar contammg asaw cul ol S0 pm
width and ¢ ¢ 2 O~y undergomyg a displacement rite

o = 2om los shown e Fag T20) The crack st

-.v”l'.
! !
z /
.
()
1l : 1 [
T (i
!
1
hme (b))
(h)

Fig. 12, () Parnal unloadings ina dyvnimie bending test (b)
Dy bendimg test performed to apply the procedure ol
Landes & Beples ' (displacement rate 2 pm hy
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dy* ‘“\\:\'\
da —

crack langlh a

crack length O_

displacement rate )

Fig. 13, The procedure of Landes & Bepley'! (schematie)

ptopagating approximately when the maximum
load 1s reached and the ollowing crack growth s
nearly proportional to the time

The procedure of Landes & Begley comprises
several steps which are explaimed by the schematic
tepresentation n Frg 13 The detailed deseription 1s
given i the origmal paper !

(1) In the fust step the load F s plotted as a
function of crack length ¢ and displacement
tute o The area below the resulting curves
gives the energy rate U Ha, 0)

(2) The representation {4 = f(0.a) provides the
dertvative U Ca as a function of o

(W Fromegn (1) C* s calenlated and plotted
versus o

R

20 | [ | K
lg (L% TR

Fig. 1d. Cieep rates versus € * obtained with the procedure of
Lundes & Bepley

(4)  The basic data directly give daidr = [(a,0)
and, finally, the combmation of steps Yand 4
tesults m the dedr versus CF curve

The final 1esult of the procedute 1s plotted i Fig 14
as a relation dadr = C A least squares fit yields

dadr=24d 107 CH"
(C* i Nombhy daedr inomdh)y (1)

with a relatively low crack growth exponent com
pated with the exponents of A controlled sub
critical crack growth

3.4 Some microscopic observations on creep cracks
Crack generation and crack development were
investigated on some specimens with polished
surlaces The static bending tests were interrupted
alter fixed pertods and the specimens were cooled
down under load. Under the SEM the tensile region
was seirched for visible cracks and then the high
temperature fests were continued Frgure 15 shows
a sequence of photographs tor one and the same
location at three different times. Several cracks are
visihle. They follow appropriately oriented prain
boundarnies Crack branchig and mtensive crack -
surface iteractions cun be detected In Fig [%(b)
onecan see a broken gram boundary at an extremely
large pram from which micro cracks start which end
up as macro cracks. Figure 15¢) consists ol (wo
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(c)

Fig 15 Creep orack e the enstle reron ol o Pendimo b
loaded wil oy — 6ONPG G0 -t 3 (hy Do and (o) Tathy

photography of the broken specimen which have
been 1omed together

A statistical evaluanon ol crack genceration and
crack descelopiment s ogiven e big 16, On the
polished tensile side ol o bendime bar o hsed surtace
arei (B Tota) was anspected  under the heh
nicroscope morder to detect surlace cracks 1o be
made more visible the sutface was pamiled with
mivture of coloured penetiatimg hgumd and acetone
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Ny 0 T T
ok widlh 20 (mm)
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Fig 16 () Area on the tensile side of o bendine bar maspeeted
o creep crack s (hy ey Size distnlbiiion ol creep crachs
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The crack sizes 2e were measured and divided into
classes of 125 um width From Fig le(b)-(e) the
generation (imerease in the total crack number) and
the propagation ol cracks (shilt of distribution to the
right) becomes obvious

4 Lifetime Predictions

Results of Iiletune measurements 1 static bending,
fests have been reported i the expernmental part
The resulting miterdependency of the measured
Ifetimes (1) and the mrtial outer fibie bending stress
(a,) showed an miteresting behaviour Three tegrons
with sipntheantly different slopes i the log {#,) versus
log(a,) plot have been identihed. In order (o
nnderstand ths behaviour, predictions ol the hile
times were made on the basis of fracture mechanical
concepls such as hinear -elastic and creep hacture
mechames and on the Monkman-Grant telution
which describes fatlure due 1o creep damage

The fracture 'mechanical procedures require the
stresses in the test specimens to be known, Since all
creep parameters are known, Irom Section 2. the
fime dependent stresses can be computed accordimg
toegn (6) The result s shown m Fig. 17 The elastic
solutton at the moment of loading (£=10) pives a
Iinear stiess distrtbution with the mitial outer libre
bendimg stress o, With increasing time, the stresses
become reduced at the tensile surface, and the
neutral axis shifts 1o the compressive surface. Two
regtons are obvious where the stresses are nearly
constant durmyg the test These regrons are called
Skeleton pomnts” independent ol the fact that the
curves fan out m reality

4.1 Liletime predictions using fracture-mechanical
methods

The startimg pomt are cracks or pores resembling
cracks as can alwavs be found in ceramie materials,
The stresses around the crack tip which account for

lension

COmpressinn

Fig. 17. Strens disinbution in o bending bar under creep
condilions

crack growth can be treated using the fracture
mechanics concepts histed

e Stress intensity factor K tor linear-clastic
material behiaviour,

o ./ miegial for clastic-plastic deformation,

o Cuntegral for viscous behaviour

4110 Apphcationof mear elastie fractire mechanies
The loading parameter of linear fracture mechanies
1s the stress mtensity factor A which can be
caleulated rom the crack size o, o charactenstie
stiess a, and the fracture mechanwes geometry
lunction ¥

K=agal (13)

This parameter controls subcritical crack growth in
the tange ol apphcation of hnear-elastic fracture
mechanies
da ,
— = 1K) (14)
ds
For a number ol ceramics a power law correspond
g to egn (1) applies m a large range of velocities
The hictune ol a loaded component then results
simply from the integration of the crack growth law
starting from an mital crack length @, up (o the
cnitical value a
"ty [TH 1
Qu
r‘:’ d/=| —— ()
o O Wi '(I\’
Falure occurs when the stress mtensity factor
attans the fracture toughness &), 1e il

K=K, (16)

As has already been shown, the stress distribution in
the creeping bending bur depends on the time One
posstble treatment by fracture mechanics consists i
the determination ol stress intensity lactors using
the principle ol superposition For this. the stress
distribution 18 approsimated by an n-degree
polynomial.

r1=§‘(‘"(—",) (17
y 1

(ni

As i the hiterature special stress mtensity fuctors ol
stresses distributed accordig to a power law up to
the degree n = S are available,' also the total stress
intensity lactor is known as a result ol superposition

N JZ(_‘,,( ;—"-‘,H)")',, (1%)

(nh

K =

Due to the himited number of single solutions, this
approach is restricted o stress distributions which
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Fig. 18, Viaotnal crack merement S

do not exhibit escessive varatons Thes applies
above all to espernments condueted at high siresses
Fecause mothat vase the resultmg hifetimes are only
short and after these short peoods the desitions
From the Tinei imtal distertbutions are soli nnmoi
Moreover specmens Ll under Tngh loadimg o
telnively small critical craeh fengthe

[n order to be able to determime stress mtensity
[rators for any stess distributions using the weghi
funcnon method (see e svnoptic representation ')
suttablv avernged siress mtensity Lactors can be
defined Tor sem ellipnical sutace flaws Physically
meanmglal averagme mowhich the local contn
butions of the energy release rates G e aseraeed
Has been proposed by Cruse & Besuner " TG s the
[ocal energy telense tate mea victaal enlingement by
AS ol the crack suluee S the total energy ielense
rate takimy mto account A= G reads

GdIAS) = KJASY (1Y)

I
ryy = -
ITAS
ahiere Lo tor the case ol plane shress and
(= (0 =0 fon the case ol phine sttt The
varable

h— Gy (20)

s now termed werghted averaged’ stiess milensity
actor Tt ean be understood that atter averagmg ol
ocal stress miensity Lactors the average obimed
nist depend on the form of the vortual crack
nerement To seta it on the tandom approach
Chuse & Besuner' proposed crack  mcrements
with two degrees ol freedom Tor senneelliptical
sutface cracks The two erack merements fuive been
represented e Figs 18 and 19

With some espenence accamulated. one can

mmedtely see that the at parts of the curves ol

the hifetime dragram (regron 1ol Fig S are
mdicatimg suberitical crack growth whereas i the
steep part gregron H ol Frg Sy ¢ doven ereep erack
growth s or at least ninght be the canse

A

VL o

i

Fig. 19. Viroual crack iarement AS,

of 41O, M

| !

Fig 20 Lidcnmes ol e konoop damaped specimens prediced
from the Tiletme s ot (7 specnmens with naoeal ol
poputanon applvme Tinear Toactonre medame,

By mteeration of the power law the A diiven
crack growth can be caleualated as o fnnetuon ol the
thne

da= 1A de= Thydi (2

The bitetime s determimed by thie failare condition
stress mtensiy factor = fractire touehness The
data ol the power law are obtinmed by adaptanon to
the hfetmmes methe shore term range A mean crach
depth of S4 g was assumed whiuch s obtamed from
the mean mert stength and the fracture toughness
A Inooducmye the tme dependent stiess disn
bution, the exponent N = 109 1 obtamed Tl
adapted” dependence on Tiletme has been tepie
sented m Fre 200n o dash dotted curve The finely
davshed curves correspond o the nunmum (a,, =
45 ) and masmmnm Gy - 109 gk crack s sizes
whneh tesult frome the masimom and  mmmnm
measured strength

A fist possibihity of verthennion s oflered by g
stiple relation which interimks the Wetball param
cters ol hiletime o, and stengtly g ot

vers " (22)
ni,
From the Werbull parameter of the hiletimes of a
constant stress lesel (g = 175 for 6 = ROMPa i
100 C) and the Wetbull paramceter of strength
(=105 see Section 1) the exponent N =14 1y
obtamed na good agreement with the adaptation
ol hiletime
Addional measamrements made on specimens
with Knoop cracks have been evaluated as o second
means ol vertheation{Frg 200 The crack growth Lw
obtamed with the natural cracks provides the
prediction entered tor the specimens with Knoop
cracks  TEos o exeellent awreement with the
expermment  Tlhis makes obvions that the short
Hletmes are equivalent to a Talure e conformity
with the A concepl

12 The €V concept
[l the A concept apphes predomimantly to describe
the hmean elastie maternal behaviour the ¢ ntegral
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mus( be used 1n cases of noticeable creep The C*
mtegralcan be caleulated from the stress a, the crack
length w, and the parameters D, 1 ol the Norton
creep law, The followmg equation holds?

Y =uDo"" “!I’(H.ll Y (23

The data avanlable from the literature are not vel
suthcient to determine the geometry function gla, n)
for semi crrcular and semi-elliptical surlace cracks,
However, the geometry function can be obtined m
an approximation from the respective cortection
lunction ol the A concepl 1l gla.ny s known tor a
reference case! M

and

W)

ulany,

SAMAREA Y ( _)L) (24)
ela i), - Y, )

respectively

The relerence case used 1s the cireular internal crack
(penny shaped crack) whose geometry functions are
known for K™ and for ¢+

L}

iy (2%)

".,'(”‘”’ = —_—
N NI I IR
With n =225

la.n) =098y ~ ) (26)

15 obtamed Thus, the problem of determimation ol
¢ can be reduced to the more faniliar problem ol
stress intensity factor determmation for anv stiess
distitbutions

In calculating the development ol stress distr
bution versus time i a structure subjected to creep
two very closely Irmited zones are mostly tound, the
skeleton points (sohd crreles in kg, 21) where the
stress, beginnig at the moment ol load application
up to und meluding the steady state case, undergoes
mimor varations As n the skeleton-pomt approxi
mation all time-dependent stress curves ocenr
hetween the two limit curves for 7 = O (elastic stress

I T
A : |
" |
- |
- ' |
! |
‘— X-—— 9 |
| 1
|
|
| i
ot hed coordin ate

Fig. 21, Limit cases ol the stress distribution estabhshing the
skeleton points

distribution) and - 4 (asymptotic siress distr
bution), these two limrt cases can be used (o predict
two limit cases of the lifetime under condimion off
creeperack growth between which the litetime in the
teal expermment should lre For the linear stress
distribution the averaged stress ntensity factors
accordimg to oegn (20) are represented by the
peomeltric lunctions

Vo= 02— 09148+ O 173 = 1253 + 5 306%°
= 2193 = 46520+ 195!
Ve= 128402200 =0 M8 =002y +72914°

— Yoo =6 183+ 2723
and o results Tor the steady state stress distribution
Y =192 09088 + 01682 + 0216y + 64184
= 29758 = S0y 4+ 2 2709

Vg = 128402248 = 02500 + 06457 + 8 508y
—ARTsf = 1172/ f + 2 86h B!

with y=at. i =u e

When the vertes belonging to the major axis of the
ellipse pets close to the Tateral specimen border a
Sswitch over” s eflected from  the semi elhptical
surface crack to the straight through crack having
the sume depth The followmg relation can be
obtamed ftom Ret 21 tor through cracks under
bending load

gla.m) =y, yi‘—_’—ql —y) b7

To facthtate use of the values iry tubulated m Ref 21,
they are Atted with respect to the relative crack depth
y and the Norton exponent # The expression 1s
obtamed

4 '
/ll =‘ll:| :(')Jr??“"u“ —7"[,!1 'l:l- ‘:8'
e

vl -t
with the coelficients
Ay =ddds Ay = =932 Ay, = = 3790
.‘,I_v = — 458 ."l“ = 3084 ‘4‘“ = | 34543
""l‘z(’l‘:‘ ,4‘12—:}-367 ‘_"J::_hs‘)7
Ay =8908 Ay, =20228 Ay = = 1333

However, 1t should be recalled here that egns (27)
and (28) are applicable in an approximation only
because the function /iy had been determined to
apply to materals exhibiting a symmetric deforma
tton behaviour However, these deviations are ol
minot importance to the liletime prediction because
the major part of the hifetime 1s consumed’ in the



Lol e Dehaciom

Lig. 22 Development of asemn elhipical surlace crack durimg

creepanduced crack oronth fohid curves eady atate stre

distrbation dashed corves cateulated o the basas of the il
st denbuton) mstal st g, = TOO NP

siate Characterised by the semn elliptical surlace
clack

The crack growth tates developmg m the range ol
creep can hikewise be descrtbed by o power Tiw (2),
vl to A conttolled suberitical ¢rack growth
Aceording to Riedel? the exponent is given by

\ - no (0]
n+4l

which compared with the exponents of suberitical
crick growth v rather small The exponents are
eapected 1o he shghthy fess than ity Especially for
the materal imvestizared it resulis from egn (29) that
aithn =22 N =07 Thevalue of N Tound i the
creep crack growth expermments (N =09 s¢e egn
(N agrees wellwith the value obtamed fromeqgn (29)

The crack growth patameter lor the €8 coneepl
aas deternned Tor THOOC o Section 2 The lile
e calenlations bimed  on these data anclude
The numencal mtegraton of the coupled svstem ol
Jdillerential equations

da= (Y dr do= AN de 030

aith the values £ A, accordimg toegns (M and (1)
Freure 22 shows the development of an orginally
semit eneulan crack ol depth g = S0 am as a function
o the e up 1o the switch over pomnt determined by

The dashed curves resualt from the linear imitial
stress distiibution and the sohd Tmes are based on the
deady state stress distitbution Tecan be seen [rom
the crack velocrty at the moment of switch osver
whieh has mueh mereased compared to that ol the
mital crack, that the corresponding time mitervals
are neglimble Tomevident that the shape—aresult ol
the Tow power ol the crack growth law = remains
neatly senn cneula

Liletime caleulations were performed Tor the two
[ cases of stress: The tesult ol prediction has been
represented m Frg 23 for the measurements made al
FO0 C The authors started at o mean mital crack
depth of S0 pm (corresponding to the ert strength
and (o A, ) The prediction on the lelt hand side 15

of 1oy 207

Fig. 2V Liletimes Tor bendmg Toad calcubited by the ¢
concept (LT ¢)

valid Tor the hmear mitial stiess distribution. on the
tirht hand side Tor the steady state stress frcan be
castly tecognised that duc to egns () and (29) the two
[t curves descrtbimg the hifetime can be expressed
by
Wl N, T e (30
teothe slope e the dagram loga = f(logr) s
=1 2925 The actual hiletimes must occutr beltween
the two Tt curves Considerimg the good agiee
ment ol the caleulated it curves with the
meisured lifetmes, the conclusion can be drawn that
m the steeprange of hifetine curves Lnlure caleulired
by the €78 concept must occu
In additton, tensle tests were petlonned il
FI00 €7 The fom values represented m Frg 24
have been measured  Also Tor the esperiments
conducted under vmasial tensile Toadme hitetine
predictions were petformed accordimg to the ¢
coneept. In that special load case an analvieal
funciion can be mdicated for the Tdetime becviise
ol the nearly constant geometts funcnon With
b= constant = 12X mtegration ol eqn (2) leads to
tll| \ —u(', N

DT A DN Ny 1)

The elimmation of the fimal crack length (o) which,

Fig. 24 Liteome estmates for wensile loadmg wang '
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Fig. 25, Lifetimes for bending load caloulated by the ()
concept (HTON )

due to the problematic fracture toughness &), m the
range ol noticeable creep s not known, was
dispensed with and o, was considered to be
parameter. [Cappears trom the caleulation that this
vartable does not exert o marked mAuence on the
Ietme Frgure 24 shows the predicted relationship
between tensile stress and lifetime for o range ol
relevant final crack lengths as well as the values
determined in the experment

Withm the range of uncertimties caused by the
final crack length which s not accurately known. un
optimum agreement can be found between the
prediction and the experiment

S8 Prediction based on the C(t concept

For the apphcation ol the ¢ concept 1t has 1o be
tuken mto consideration that valid ¢t values are
obtained only after sufliciently long times 7 so that
the condinon of Riedel?

KL =)

= 3
En+ 1ct (+9)

Loty 1,
15 Tulfilled m the tests The charactenstie time 1, fon
the begmning of the lifetime test (re calculated with
the mitial stresses) s entered in Fig 25 as o dotted
Ime 11 the condition (33) 15 violated one has to use
the Ctry integral, which ¢an be determimed from
Riedel's* mterpolation tormula

<_'m=( |4 )(_'* (34)
‘ !

Identical calculations as performed with the ¢
infegral were carnied out with the €'(7) integral which
replaced Cfoanoegns (2) and (12) The numerical
integration was started ala time 7, = 5 During this
tme span, which s necessary for a smooth apphe
ation of the bendig load the creep crack state 15
undetined Figure 29 shows the predictions based on
the () concept The two limit curves are shilted to
lower hiletimes and only the it curve resulting
from the steady state stress distribution are
agreement with the measurements,

[

Fig. 26. Liletme estimation tor tenwle loading aceording 1o
Monkman & Grane ™!

4.2 Prediction according (0 Monkman Grant
To ofler the complete varnation of leasible predic
tions o prediction will be made here for creep
mduced fracture as the cause of Tarlure: Accordmy to
the Monkman-Girant relation, the product ol the
mimmnuni creep rate and the hifetime 1s a constant
Figure 7 showed the dependence ol the mmimum
creep sttams on the hifetime: A stranght hine with a
slope ol approximatels — | could be recopmsed.

As all imformation about the Monkman-Grant
product his been determmed tom values measured
at the steep branch of the Iifetime diagram, pood
agreement of a prediction with (he bendimg tests 1s
prictically pre programimed

Therelore, the creep rupture data obtamed i the
bending (ests have been used 1o caleulate the
Ifetimes 0 the four tensile creep tests The dashed
hne i Fig 26 shows the prediction according (o the
creep rupture concept. Also here a rather good
agreement 15 obtamed between the prediction and
the measurement

In conclusion, the question anses whether creep
mduced crack growth or creep rupture 1s responsible
lor the filure in the high temperature range The
study deseribed makes evident that both causes
taken together might account tor farlure Additional
microscopie pretures show that both existing cracks
(e g Knoop cracks) grow and new cracks develop
Thismeans that both eflects are competing with each
other

S Summary

The study related to the tadure behaviour under
static loading of ALOcontainimg glassy phases By
acomparison made between predictions on the basts
ol the

o A concept (suberitical crack growth).
o CHand (1) concept (creep crack growth),
e Monkman-Grant relation (creep rupture)

predictions have been made By a comparison with
the expetiments the range I, charactensed by failure
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due to subermieat crack growth, has been identified
The steep tange Hon the bletme dragram can be
described both by creep mduced crack growth and
Dy creep tuptine

Whitlst the predicnons based on the ¢ concept

aviecd amazmely well with the measurements the
predictionswith the Conmtegral extend over a lnge
Cinee ol Tifetimes,

Takime mto conuderation the apreement ot the
iz 5

crllerent tvpes of predictions with the measired
Fletines and the nocroscopic indimgs 10 seems
chyvons thacin the Tong hietime tange both elfects
compete swith each other

Acknowledgement

The financial suppore ol the Deutselie Forschongs
sememsehalt oo gratetully acknowledged

Relerences

Grithwoll G Rewmies of creep and slow cracle orowth
el temperature tapture ol hot pressed sheon mmnde Ty
Detormaon of ©oramics I Plenim Pablnhine Corpora
fon 98 pp »73 Ro

Quinn o Dy Cerannc Yarerads and ©omponeniy for
foviey oW Bank & H O Hawner Verdao Dearache
KNecionnche Gesellachate Bad Hlonnel Germans 1986
A 00

Fete TOokeller K& Nung DY Determmanon ol A
curses of ot pressed sihicon nonade at elesared enipera
tes Dt brace Y (1oRs) VoL

Riedel B Frvacto e ar Hiod Temperatines Spromeer Verlpe
Bechm 1ox”

Kiomp K Hane ToPabt ROE & Gerold N o b o
ceramte marerial Ine Thd Conterence on Creep and
Dractire of Divmecrine Yaterwalds and Stowctiimes 1 ondon
O8O e [0 40
Martin G Lo 1

& ANuny D Determimation ol creep

of 410, 200

0

16

19

20

ciach o vrowth o mecerannes oo froc id FORS Conference
Mueabure 19
Fer T Keller W
WOPh

Foerr TOoKeller k& NMuone DY Snanalsan ol the creep ol
hot presed aheon arnde e bendie 1 Ve Sar 23
[TO88 467 7

Fere Tokeller ko NTiBbach N Nuane DY & Pt hovi,
L Creep parameters ol alonma contamme o elase, phawe
deternimed i bendmo crecpoests Tobimer Corame Soc T
cloy 1ode v

Monbiman boo & Goant N b Aocempical relanonslip
Detsseen raptire il and numnnuny crevp tale e creep
taptuine et Proc EST Y S6 0100y Yo% 60
Landes 1D & Bevley 1A ASTNL ST 00
[

Tete T Nhoane D

Lo Lo

& Rowentelder O German Patent

1970 np
& Nemmann o Local aren mennats
surhace cracks e plates under poser shaped
dieecdianbutions v Frace Vech 36 01990) 647 4
Fert T NLuthedh €& Nune D Npprosmiate werelhi
Pane ton tor 20y and 30 prablemes oo tnal Bowndany
Plements 6 (198 I8 60

Croew TN & Beauner 10N
Fvans N G & Wiederhorn 8 NI
materal .

Licrape (O Ty 60 T
Prool testime ol eeranm
ancanalvieal baes tor taduee predicton fie 7

frace 101974 Vo0
Ritter 1T 1o desion and Ltione talure ol bt
nnvertals o Dracoe Yo of Corarnc 10 Plenum
Pre, 19w Py O RG
Amworth RN Some abvervations on creep vk

arowtle due 0 Brac 20001080 147w

Nipworth BN Chell 6 G Coleman N Goodall |
WoGooch D Hoel TR K S T & Neare ¢
CEGB aowment procedue tor defecres i plant operatme
methe creep ranoe Fae Frace buono Yae S T TTO8T)
I

Fada 1L The Stese v of Croackee Handhool Tl
Rescarch Corporation 1986

He A S & Thchimon TN The penny aped cracl,
and the plane sram cnack o mbmite hods o power L
naterial ISV Trany 8 (10811 K30 J0

Mumar Vo German M D& STh € 8 Ncenomecne
approach tor elaste plasae Lathme anals e FPRT Report
NP9 Palor Mo [9s1

Gorder N Toiwacklome vmer Zoekoechappaatur
Hochlevaumo Levamihen and - Zuel oechnnter o huneen
anStlnmtedbwerkeaoflen K Berc bt 48740 Karlaahe
NMay 1991



